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ABSTRACT 

Nasopharyngeal Carcinoma (NPC) as a typical malignancy that occurs in high-

incidence areas, e.g. southern China region, including Hong Kong, and it has aroused 

wide interests for local researchers to study. The Epstein-Barr virus (EBV) was reported 

as a vital herpes virus for the growth of NPC. Two significant proteins in EBV, namely 

Epstein-Barr Nuclear Antigen 1 (EBNA1) and latent infection membrane protein 1 

(LMP1) are crucial for virus maintenance and EBV-infected cell development, and 

essential for cell proliferation and differentiation of EBV latent life cycle, respectively. 

Thus, inhibition of EBNA1 and LMP1 can be regarded as effective and potent therapy 

on EBV-associated cancers.  

In this thesis, the conjugation of core-shell structured upconversion nanoparticles 

(UCNPs) with distinct EBV-specific peptides including EBNA1 and LMP1 targeting 

peptides to achieve both impressive inhibition on EBV-positive cancers in vitro/in vivo 

and visualization on EBV-positive cells with responsive upconversion emission signals 

were investigated. Taking advantage of lanthanide-based UCNPs, their unique 

photophysical properties offer deep tissue penetration depth, negligible photobleaching 

and photocytotoxicity, and therefore provides a solid foundation for convincible 

theranostic studies. Furthermore, desired inhibitory performance was achieved, it was 

shown that ~50 g/mL of nanoprobes can inhibit half of EBV-infected cell viability and 

only 0.25 mg/tumor of nanoprobes dosage via intravenous injection can prohibit 64.7% 

of growth inhibition of an EBV-positive tumor. 
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overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.27 Two-photon confocal images of UCNP-P6 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P6 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P6 treated with HeLa cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P6 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P6 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-negative HK1 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.28 Two-photon confocal images of UCNP-P6 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 
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bright field, UCNP-P6 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P6 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P6 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P6 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P6 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 

Figure 3.28 Two-photon confocal images of UCNP-P6 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P6 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P6 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P6 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P6 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P6 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 

Figure 3.29 Two-photon confocal images of UCNP-P6 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 
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UCNP-P6 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P6 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P6 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P6 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.30 Two-photon confocal images of UCNP in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with C666 cells for 

1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, UCNP 

treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image respectively; 

(i)-(l): bright field, UCNP treated with C666 cells for 6 h, DRAQ5 fluorescence and 

overlay image respectively; (m)-(p): bright field, UCNP treated with C666 cells for 12 

h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): bright field, UCNP 

treated with C666 cells for 24 h, DRAQ5 fluorescence and overlay image respectively; 

(u) Lambda scan of UCNP in EBV-positive C666 cells in different time intervals of 1 

h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.31 Two-photon confocal images of UCNP in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with HK1 cells for 

1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, UCNP 

treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image respectively; 

(i)-(l): bright field, UCNP treated with HK1 cells for 6 h, DRAQ5 fluorescence and 
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overlay image respectively; (m)-(p): bright field, UCNP treated with HK1 cells for 12 

h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): bright field, UCNP 

treated with HK1 cells for 24 h, DRAQ5 fluorescence and overlay image respectively; 

(u) Lambda scan of UCNP in EBV-negative HK1 cells in different time intervals of 1 

h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.32 Two-photon confocal images of UCNP in EBV-negative HK1-LMP1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with HK1-LMP1 

cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP treated with HK1-LMP1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP treated with 

HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-

(t): bright field, UCNP treated with HK1-LMP1 cells for 24 h, DRAQ5 fluorescence 

and overlay image respectively; (u) Lambda scan of UCNP in EBV-negative HK1-

LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.33 Two-photon confocal images of UCNP in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP treated with 

LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 
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bright field, UCNP treated with LCL3 cells for 24 h, DRAQ5 fluorescence and overlay 

image respectively; (u) Lambda scan of UCNP in EBV-positive LCL3 cells in different 

time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.34 Two-photon confocal images of UCNP-P5 in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with C666 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with C666 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with C666 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with C666 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.35 Two-photon confocal images of UCNP-P5 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with HK1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-negative HK1 cells 



xxiii 

 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.36 Two-photon confocal images of UCNP-P5 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P5 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P5 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P5 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P5 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P5 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 

Figure 3.37 Two-photon confocal images of UCNP-P5 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 



xxiv 

 

Figure 3.38 Two-photon confocal images of UCNP-P7 in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with C666 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with C666 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with C666 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with C666 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.39 Two-photon confocal images of UCNP-P7 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with HK1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-negative HK1 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.40 Two-photon confocal images of UCNP-P7 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with HK1-
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LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P7 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P7 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P7 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P7 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P7 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 

Figure 3.41 Two-photon confocal images of UCNP-P7 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 

Figure 3.42 Representative immunofluorescence images of LCL3 cells after treatment 

with UCNP-P6 at different time intervals. The fluorescence from second antibody of 

LMP1 was displayed in red and the fluorescence from UCNP-P6 was displayed in green, 
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ex of UCNP-P6 = 980 nm, ex of 2nd antibody for LMP1= 488 nm. The LCL3 cells 

were incubated with UCNP-P6 at 0 h, 3 h, 6 h, 12 h, 18 h and 24 h respectively. Scale 

bar = 10 m. 

Figure 3.43 (a) Digital photographs of tumor after treatment of (a) PBS (b) UCNP-P5 

(c) UCNP-P6 (d) UCNP-P7 (e) UCNP; (f) Tumor volume after treatment of UCNP, 

UCNP-P5, UCNP-P6, UCNP-P7 and PBS during 33-day experimental period; (g) Tumor 

weight after treatment of UCNP, UCNP-P5, UCNP-P6, UCNP-P7 and PBS during 33-

day experimental period; (h) Body weight in UCNP, UCNP-P5, UCNP-P6, UCNP-P7 

and PBS group after experimental period of 33 days (i) Organ weight of heart, lung, 

liver, spleen, skin, kidney and brain in UCNP, UCNP-P5, UCNP-P6, UCNP-P7 and PBS 

group after experimental period of 33 days. 

Figure 3.44 ICP-MS results in different organs and tumor by detecting Gd ions after 

treatment of UCNP and UCNP-Pn (n=5,6 and 7). 

Figure 3.45 (a) Tumor volume of HeLa cell xenograft after treatment of UCNP, UCNP-

P5, UCNP-P6, UCNP-P7 and PBS during 33-day experimental period; (b) Body weight 

after treatment of UCNP, UCNP-P5, UCNP-P6, UCNP-P7 and PBS. 

Figure 4.1 Main components of Powder X-ray diffraction instrument  

Figure 4.2 Internal structure of Tecnai G2 20 S-TWIN Transmission Electron 

Microscope 

Figure 4.3 The working diagram of Fourier transform infrared spectra instrument 

Figure 4.4 The diagram of operation principle of Zetasizer 3000 HAS instrument 
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Figure 4.5 The working system of confocal laser scanning microscope Leica TCS 

SP8 

Figure 4.6 The working diagram of absorbance measurement system of CLARIOstar 

microplate reader (BMG LABTECH). 

Figure 4.7 The synthesis working diagram of coprecipitation method 

Figure 4.8 Illustration diagram for principle of immunofluorescence assay 
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CHAPTER 1 INTRODUCTION 

1.1 Epstein-Barr Virus 

Epstein-Barr virus (EBV) who named by two scientists ─ Professor Michael Antony 

Epstein, and Professor Yvonne Barr. Both of them proved the existence of EBV and 

discovered and researched the infection way of the virus in 1964. After a few years, in 

the year of 1968 they confirmed that EBV has close connection with numerous human 

malignancies and numerous premalignant diseases.1-5 

1.1.1 Structure of EBV 

EBV is one of the most common viruses in the herpesvirus family, which links to at 

least seven distinct types of human cancers, generally, Burkitt’s lymphoma and 

nasopharyngeal carcinoma (NPC) mainly caused by EBV and normally have high 

incidence in the south of China. Additionally, EBV infects the majority of human beings 

around the world, especially more than 95% of human population in adults.6,7 In other 

words, the world population of EBV carriers is over 6 billion. When the person is 

infected with the virus, he/she normally would be under life-long virus carrier state, but 

in most situations, the person could stay asymptomatic.8 Moreover, EBV is one type of 

DNA tumor virus, which is associated with lymphoid/epithelial cancers. Furthermore, 

EBV always exhibits dual tissue tropism, infection of B lymphocytes and infection of 

squamous epithelial cells.9,10 The former one has three classical characteristics: the 
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growth of transformation in vitro (normally in lymphoblastoid cell lines, LCL), the 

establishment of latency and the colonization of host. For the later one, it displays the 

opposite side to the infection of B lymphocytes in terms of the features, for instance, 

virus replication linked with differentiation or dissemination of virus could move to 

other hosts. 

 

The structure of EBV is usually composed of a DNA viral genome, viral tegument, 

envelop and envelop protein.11 The innermost is the DNA viral genome, which includes 

a linear double-stranded DNA genome and a membrane layer called envelop coating 

the nucleocapsid; the viral proteins on the surface of the envelop are called envelop 

proteins. They play a significant role in several vital functions, such as virus self-

assembly, movements of the host and virus entry. As shown in Figure 1.1, the basic 

simplified structure of EBV particle is illustrated, and the electron microscopy image 

of EBV particle is shown in Figure 1.2. 
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Figure 1.1 The simplified illustration diagram of the structure of EBV particle. 

 

 

 

Figure 1.2 The electron microscopy image of EBV particle.12 Reproduced from Ref. 

12 
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1.1.2 Infection ways of EBV 

There are three typical ways of EBV infection, virus entry, lytic infection and latent 

infection, with latent infection being the most common among them occurred in the 

EBV-infected cells.13,14 Virus entry, is the process of EBV particles entering into the 

host cells after close contact. When EBV infected B cell, the glycoprotein on the virus 

would interact with a receptor CD21 on B cell surface; after that, EBV can internalize 

and transport to the nucleus of the host cell. Lytic infection, which requires six viral 

replication enzymes to go through the whole lytic infection way, and the replication of 

it starts at the origin as a rolling circle, after the amplification of viral genome thousands 

of times, the generation of the virus is produced endlessly until the cell is completely 

destroyed. For the infection way in the most common cases of cells, latent infection 

possesses a few traits unlike lytic cycle. First and foremost, Epstein - Barr Nuclear 

Antigens1 (EBNA1) is the only viral proteins required in this process.15 Secondly, 

replication initiates at the origin of replication (OriP) for EBV and the replication 

process occurs once and only once per cell cycle. Lastly, quite stable plasmid copy 

number is maintained evenly in daughter cells. 
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Figure 1.3 Different models of Epstein–Barr Virus (EBV) infection in humans.16 

Reproduced from Ref. 16 
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1.1.3 EBV-associated cancers 

There are diverse typical EBV- caused diseases among individuals globally, for instance, 

Burkitt’s lymphoma, Hodgkin’s lymphoma, post-transplant lymphoproliferative 

disorders, and nasopharyngeal carcinomas (NPC). As mentioned above, EBV could 

stay in the host chronically and even lifelong time. Once EBV is expressed and 

triggered, it is unlikely for the medical healthcare systems of the world to handle and 

cure all the EBV-associated cancers easily with regard to recent medical technology. 

Some statistics have displayed that approximately 60% of the patients failing therapy 

due to unmet medical needs and around 200,000 cases of EBV-associated cancer per 

year are diagnosed in the world with confirmed EBV-positive malignancies. Moreover, 

the current chemotherapy agent (5Fu+cisplatin) has a severe toxicity profile, limited 

efficacy and non-specific property toward EBV-related cancers, and they are also 

surgically intractable. To conclude, EBV can cause malignancies in both 

immunosuppressed host and immunocompetent host. The EBV-associated diseases and 

cancers are summarized in Table 1.1. 
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Table 1.1 The summary table on EBV-associated cancers.8 Reproduced from Ref. 8 
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Among all the diseases and cancers resulted from EBV, NPC has the highest incidence 

in southern China, including Hong Kong and its surrounding areas. It is commonly 

known that the origin site of NPC is the pharyngeal recess of Fossa of Rosenmüller.17 

Some environmental factors which can trigger NPC should also be taken into account, 

for examples, chemicals, traditional food (especially salted fish in Cantonese region) 

and smoking habit as well. From different subjects, they have varied focuses on 

objective of study, such as more attention is paid on EBV infection, stem cells, stromal 

interactions and its metastases in cell biology field, while DNA of EBV, antibodies, 

miRNAs, even methylated DNA are normally focused by the scientists in the diagnosis 

area. In this study, we would like to achieve both therapeutics and diagnosis of EBV-

related diseases and cancers in an interdisciplinary manner.  
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Figure 1.4 (a) Illustration image of nasopharyngeal cancer, retrieved from National 

Health Service website11 (b) Image of Metastatic nasopharyngeal carcinoma in a lymph 

node.18 Reproduced from Ref. 11 and 18 

 

 

 

 

 

 

 

 

 

(b) (a) 
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1.1.4 Epstein - Barr Nuclear Antigens 1 

To date, it was found and investigated that there are total six nuclear viral antigens 

(EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C and EBNA1), three membrane 

proteins (LMP1, LMP2A and LMP2B), two tiny nonpolyadenylated EBV-encoded 

small RNAs (EBER1 and EBER2) and several transcripts from the BamHI A regions 

(BARTs) and all of them are expressed in the stage of EBV persistent infection.19  

 

Epstein - Barr Nuclear Antigens 1 (EBNA1) is the only viral protein expressed in all of 

EBV-positive cancer cells and plays a critical role in the partition of episome during the 

cell division of EBV-infected cells.20 It is known to be associated to all EBV-related 

abnormalities. Besides, EBNA1 also has strong connection with EBV-positive tumor 

cell growth, transcription and maintenance. In addition, EBNA1 is a master regulator 

of EBV latency and gene regulation. More importantly, the structure of EBNA1 dimer 

has already been solved and it is uniquely viral, as shown in Figure 1.5. Furthermore, 

considering the important role of EBNA1 acted in the formation of homodimerization, 

a rational experimental design about interfering with the dimerization of EBNA1 is 

non-existent. Therefore, we choose EBNA1 as a target to visualize and further kill EBV-

associated tumor cells, in a process simply illustrated in Scheme 1.1. 

 

In general, the EBNA1 protein has about 641 amino acids (a. a.) and there are five 

functional domains, including Gly-Arg domain (a. a. 325-367), unique region 1 (a. a. 
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64-89), Gly-Gly-Ala domain (different in length), unique region 2 (a. a. 367-379) and 

nuclear localization sequence (a. a. 379-386), as shown in Figure 1.6. For the final one, 

nuclear localization sequence (NLS), there is just one a.a. sequence in EBNA1, RrRK.21 

Additionally, the function of NLS is like a vehicle, which transports EBNA1 between 

cytoplasm and nucleus in the EBV-infected cells. Furthermore, the majority of EBNA1 

was found in the nucleus of the infected cells, in other words, the cellular location of 

EBNA1 is the nucleus and the minority of EBNA1 is in the cytoplasm or other 

organelles. As discussed before, EBNA1 has been studied and found to be responsible 

for the development and the maintenance of the EBV episome, and EBNA1 can only 

function upon dimerization (its active state), therefore, hindering the course of 

dimerization should be a novel tactic to disturb the growth of EBV-infected tumor 

cells.22, 23  
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Figure 1.5 Top: The crystal structure of EBNA1 dimer - DNA complex (PDB code: 

1B3T).24 Reproduced from Ref. 24; Bottom: A simplified diagram of EBNA1 

functional domains. 
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Scheme 1.1 The dimerization process of EBNA1 and inhibitory dimerization process 

during EBV infection. 
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Nowadays, with the therapeutic development in NPC and other EBV-related cancers as 

well, the treatment on the diseases improved a lot with the assistance of new modern 

science and techniques, for instance, improvement on precision of chemoradiotherapy 

and chemotherapy, radiotherapy separately, and the resolution of functional bioimaging. 

However, all of them cannot tackle the issue of low specificity at the root. 

 

Based on these, more scientists decide to select therapeutic targets to eradicate EBV-

associated cancers completely. There are around five categories of approaches to be 

developed and researched, the first one is epigenetic therapy, which investigates the 

reactivation of EBV lytic cycle or modification of tumor microenvironment. Second is 

EBV-targeted immunotherapy, such as using cytotoxic T lymphocytes (CTLs), which 

were produced by immune activation from cytotoxic endogenous T cells, and vaccines 

to restrain EBV via the immune system in human bodies. Then, several EBV-induced 

cells signaling pathways were proposed by researchers, for example, nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-ĸB) and Sonic hedgehog (SHH) 

etc. Next, programmed death-ligand 1 (PD-L1) and cytokins etc. are considered and 

evaluated from the viewpoint of EBV tumor microenvironment. Last one is EBV-

encoded latent proteins, such as BamHI A rightward open reading frame 1 (BARF1), 

Latent membrane protein 1/2 (LMP1/2) and EBNA1. 

  

Recently, a few EBV inhibitors towards EBNA1 have been suggested as anti-EBV-

infected tumor drugs.25-28 For instance, M.-S. Kang et al found several inhibitory agents 
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belonging to the category of small molecules which could hinder EBNA1- and oriP- 

dependent transcription after screening more than 40000 small molecules. N. Li et al 

also explored and identified inhibitors that are capable of interfering with the DNA 

binding of EBNA1 through applying the screening method. Both of the small molecules 

discovered from aforementioned researchers belongs to inhibitory agents which can 

interfere with EBNA1-dependent transcription, while several potent inhibitors were 

capable of disturbing sequence-specific EBNA1 DNA binding domains have been 

discovered as well. For example, S. Thomoson et al identified and investigated 

inhibitory agents for EBNA1 DNA binding through high throughput screening means. 

S. Y. Kim at al examined a small molecule called Eik1 by using the same approach as 

S. Thomoson, which can be regarded as a quite selective and efficient inhibitors toward 

EBNA1. It was reported that Eik1 can inhibit approximately 60% of EBV-infected cells 

at low dosage of 30 M via restraining the dimerization of EBNA1. 

 

Nevertheless, all of the above can hardly be desirable options to cure EBV-associated 

malignancies through targeting EBNA1 even though they displayed good performance 

in terms of inhibition on EBNA1 function more or less. The major reason is that they 

are untraceable in the cells due to the non-fluorescent properties, they cannot tell the 

biological activity in vitro/in vivo and whether the inhibitory agents can locate in the 

nucleus of EBV-infected cells or not. Additionally, their poor biostability is also an issue 

needed to be solved.   
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1.1.5 Latent membrane protein 1 

The EBV-encoded latent infection membrane protein 1 (LMP1), which is in charge of 

cell motility, cell transformation and cell survival, initially at the stage of proliferation 

and differentiation of EBV latent life cycle.29,30 LMP1 normally has two types of ways 

of travelling, local recurrence and distant metastasis in the EBV-infected cells. 

Furthermore, EBV tumor formation and progression are closely linked with LMP1. As 

shown in Figure 1.7, LMP1 normally exists at a rather primary stage of EBV infection 

when compared with EBNA1. LMP1 is commonly expressed on the transmembrane of 

infected B cells during latency type 2 and 3.31 Moreover, LMP1 is expressed in the most 

of EBV-associated cancers, which is similar with EBNA1 that is expressed in all EBV-

related diseases as noted above.  
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Figure 1.6 Summary diagram on different viral proteins in EBV latent life cycle. 

 

 

 

 

 

 

 

 

 

 

 



18 

 

In addition, it has been investigated that EBV-associated lymphoproliferative diseases 

were induced by LMP1 disturbing on signaling pathways of the host. LMP1 

oncoprotein is a potent and promising inducive agent of lymphoproliferative diseases 

via a wide range of interactions with other proteins of host cells. Hence, LMP1 can also 

regulate some signaling cascades inside the host, the majority of them may contribute 

to cell division and growth.  

 

LMP1 is important to the generation of lymphoblastoid cell lines, which was verified 

by Kieff’s group.32 They evaluated the carcinogenic activity of LMP1 and proved that 

the expression of LMP1 exhibited dramatic increases in cell growth rates and resistance 

to cellular inhibition caused by chemotherapy drugs.  

 

There are some amino acid sequences in LMP1 that are explored and discovered, they 

are listed with their corresponding functions in Table 1.2. Among them, the FWLY 

motif (amino acid, a.a. 38-41) is quite vital for transmembrane 1-2 induction of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-ĸB) activation.33 Basic 

structure of targeting area on amino acid sequence FWLY in LMP1 is shown in Figure 

1.7.   
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Table 1.2 Summary on distinct amino acid sequences and their functions in LMP1 
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Recently, NF-κB is proved to have the ability of facilitating EBV tumor proliferation 

and progression, besides, it also has numerous functions on inflammation, induction of 

growth, and immune response to stimuli from external environment such as cytokines, 

free radicals, and viral infection.34 It is likely that EBV interfered with the expression 

of NF-κB signaling pathway, its associated cancers could be generated as a result from 

the expansion of the functional role in normal growth induction.  
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Figure 1.7 Basic structure of targeting amino acid sequence FWLY in LMP1. 

Reproduced from Ref. 33 
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Furthermore, it is well-known that FWLY has direct intermolecular association with 

NF-ĸB signaling pathway which is essential for cells proliferation.35,36 In addition, 

LMP1 is regarded as a primary oncogene of EBV, and it can aid the stimulation of NF-

ĸB signaling pathway, which is crucial for the growth of lymphoma cells.37,38 In other 

words, NF-ĸB signaling pathway in LMP1 acts a significant role in cell growth and 

transformation. Thereby, LMP1 is an attractive therapeutic target as well for the therapy 

of EBV-related tumors.  
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1.2 Lanthanides 

Generally speaking, the term lanthanides (Ln) refers to a series of fifteen elements with 

consecutive atomic numbers Z ranged from 57 (lanthanum) to 71 (lutetium) in the 

periodic table. As the radii of ions and chemical property of scandium (Z=21) and 

yttrium (Z=39) are similar, they are often included in the rare earths family.  

1.2.1 Lanthanide Ions 

The radii, term symbol of ground state, electronic configurations of lanthanide atoms 

and their corresponding trivalent free ions is shown in Table 1.3. Furthermore, all the 

free ions in the rare earths family, except scandium and yttrium, are normally in the 

form of trivalent state (Ln3+) with unfilled electron shell structure 4fN (N = 1 – 14) and 

possess very similar electronic configuration ([Xe]4fN). Moreover, the term Lanthanide 

Contraction, which is a significant characteristic of lanthanide, means that the 4f 

orbitals are not protected from the increase of nuclear charge and the decrease in atomic 

radius throughout the lanthanide series. This is different from other groups in the 

periodic table. In addition, Figure 1.8 also provides us basic information on the energy 

levels of Ln3+ ions. 
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Table 1.3 Common electronic configurations of lanthanide trivalent ions and 

corresponding ground state, radii39 

Atomic no. Name of Lanthanide Electronic 

configurations 

Ln3+ ground 

state 

Radii of 

Ln3+ (Å) 

57 Lanthanum (La) 4f05s25p6 1S0 1.048 

58 Cerium (Ce) 4f15s25p6 2F5/2 1.034 

59 Praseodymium (Pr) 4f25s25p6 3H4 1.013 

60 Neodymium (Nd) 4f35s25p6 4I9/2 0.995 

61 Promethium (Pm) 4f45s25p6 5I4 0.98 

62 Samarium (Sm) 4f55s25p6 6H5/2 0.964 

63 Europium (Eu) 4f65s25p6 7F0 0.950 

64 Gadolinium (Gd) 4f75s25p6 8S7/2 0.938 

65 Terbium (Tb) 4f85s25p6 7F6 0.923 

66 Dysprosium (Dy) 4f95s25p6 6H15/2 0.908 

67 Holmium (Ho) 4f105s25p6 5I8 0.894 

68 Erbium (Er) 4f115s25p6 4I15/2 0.881 

69 Thulium (Tm) 4f125s25p6 3H6 0.869 

70 Ytterbium (Yb) 4f135s25p6 2F7/2 0.858 

71 Lutetium (Lu) 4f145s25p6 1S0 0.848 

 



25 

 

 

 

Figure 1.8 Energy levels diagram of Ln3+
 ions. The assortment of multiplets and terms 

of Ln3+ ions is illustrated in Russell–Saunders symbols.40 Reproduced from Ref. 40 
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Russell-Saunders coupling can be utilized to describe these energy states by the term 

symbol 2S+1LJ which consists of (2S + 1) (2L + 1) states in which the term S and L 

represent the total electron spin and orbital angular momentum.39 As the coupling 

comprise orbital angular and spin angular momenta in terms of quantum mechanics, J 

is the total of S and L, which is called the total angular momenta for 2J + 1 microstates. 

The values of L (L=0,1, 2…,7,8) with their corresponding representative letters (S, P, 

D…, K, L) in the respect of spectroscopy are displayed in Table 1.4. 

 

Table 1.4 The values of L with their corresponding representative letters 

L      0   1   2   3   4   5   6   7   8 

 State   S   P   D   F   G   H   I   K  L 
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1.2.2 Lanthanide Luminescence 

Technically, the phenomenon of luminescence can be divided into two categories: one 

is that the material gives out light because of thermal radiation when it is heated; the 

other is the material gets excited and absorbs energy from the environment, then transits 

to the excited state (non-steady state) from ground state and return to the ground state. 

During the whole process, it releases energy in the form of light. The lanthanide-based 

materials belong to the latter one, such as rare earth phosphors. Furthermore, the atoms 

of rare earth elements are rich in electronic energy levels, and the phenomenon of 

luminescence in lanthanide compounds is commonly based on their transitions between 

4f electrons in the f-f configuration or the f-d configuration41,42. 

 

Fluorescence and Phosphorescence 

Fluorescence means that when materials are irradiated by light (e.g. applying X-ray or 

UV irradiation), the electrons are excited into the excited state after light absorption, 

and immediately cease stimulating then emitting light with wavelengths longer than the 

irradiated light (e.g. wavelength in the range of visible light); numerous fluorescent 

materials stop emitting light immediately upon stopping light irradiation. Moreover, 

there are some materials that, after removal of irradiation light, can still emit light for 

quite a long time, this phenomenon is called afterglow and the kind of materials is often 

called long-lasting or persistent luminescent materials. In daily life, people generally 

define all kinds of weak light as fluorescence. Phosphorescence is a slow process of 
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photoluminescence and similar to fluorescence in terms of the whole process. 

Phosphorescent decay process is usually forbidden by the transition of selection rules 

in quantum mechanics, so the emitting progress is very slow. Phosphorescent materials 

generally refer to substance which can emit light in dark environment, such as the night 

pearl. Theoretically, fluorescence and phosphorescence are two main kinds of 

molecular luminescence.43 The difference between fluorescence and phosphorescence 

is in their electronic energy transitions, in which fluorescence has no diversity in 

electron spin, induces short-lived (less than lifetime value of 10-5 s) excited states of 

fluorescence. Nevertheless, for phosphorescence, there is a change in electron spin, 

which gives rise to a longer lifetime of the excited state (normally at the range from 

seconds to minutes). In addition, fluorescence and phosphorescence often appear at 

longer wavelengths than the excitation radiation.44-52 

 

Quantum yield and lifetime 

Quantum yield represents the ability of materials to convert the absorbed light energy 

into fluorescence, and is defined as the ratio of the number of photons emitted to the 

number of photons absorbed.53 Φ is the symbol to indicate this. The fluorescence 

lifetime is defined as the time in which the fluorescence intensity of molecules 

decreased to 1/e of the maximum intensity after removal of excitation. Normally, 

fluorescent molecules have vastly short lifetime in nanoseconds, however, tunable 

lifetime can be achieved by adjusting some conditions like the ion doping concentration 

for lanthanide ions emitting.  
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1.2.3 Energy Transfer 

Stokes Shift 

Stokes shift, named after Irish physicist --- G.G. Stokes, is defined as the shift in 

wavelength, and hence the energy difference, between the excitation and emission 

energy of a fluorescent molecule.51,52,54 However, Tanner et al demonstrated that the 

term has not been precisely used in some certain circumstances.55 In his research paper, 

he reckoned that as the absorber and emitter are two different entities, the wavelengths 

of absorption and excitation also intrinsically vary within a vast range and the term 

Richardson shift should be used instead of Stokes shift. In addition, Denning shift ought 

to be utilized for the condition that the separation of maximum absorption and emission 

with the same chromophore, the same multiplet terms, different crystal field electronic 

transitions.   

 

Anti-Stokes Shift 

Moreover, one mechanism that is opposite to Stokes shift, which means that the 

excitation energy is lower than that of its emitted energy, is called Anti-Stokes shift. 

Additionally, upconversion is a process studied frequently as a classic Anti-Stokes 

example. In theory, upconversion is the process that efficiently converts low-energy 

excitation photons, which are normally near infrared (NIR) light, into higher energy 

output (e.g. NIR, visible, UV) through the practice of long lifetime and authentic ladder-

like energy levels of trivalent lanthanide ions embedded in the lattice of desired 
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inorganic host; as a result, the wavelength of excitation is longer than emission 

wavelength.  

 

The mechanisms of upconversion (UC) can be classified into five types: (I) excited 

state absorption (ESA), (II) energy transfer upconversion (ETU), (III) photon avalanche 

(PA), (IV) cooperative energy transfer (CET), and (V) energy migration-mediated 

upconversion (EMU).56 There is no universal mechanism for the entire series of 

luminescent Ln3+ ions because different energy transfer processes will normally lead to 

distinct efficiencies of UC. First of all, the ESA process involves numerous energy 

levels including the absorption of two pump photons by one single ion. Hence, the 

luminescent centers energy level in the middle could remain a stable level with the 

populations of electron while the subsequent absorption of a second pump photon is 

permitted. There are also two leading factors aiding the ESA processes: a high pump 

power density and a large absorption cross-section. If these standard requirements 

cannot be met, then the ESA processes would be prohibited. Moreover, an ESA process 

is prone to occur in the environment with a low doping concentration (less than 1%) 

since the process of non-radiative cross-relaxations which decrease the luminescence 

intensity dramatically would be led by a high doping concentration.  

 

Another one is energy transfer upconversion (ETU), which is more efficient than ESA. 

There are commonly one sensitizer and one activator, located in the place where the 
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absorption of the activator is lower than that of the sensitizer called upconversion unit. 

The sensitizer and the activator would be excited to their excited states after excitation 

of lower energy photons. After that, the activator can accept energy photon via non-

radiative way from the sensitizer through a dipole–dipole resonant interaction. The 

processes of ETU are beneficial from lanthanide ions due to their multiple excited states. 

The photon avalanche (PA) process, which is demonstrated as the gap of energy 

between the middle and ground states of the luminescent centers, is not coherent with 

the energy of the pump photons as shown in Figure 1.9c, and this theory was initially 

proposed in 1979.57 The intermediate states would take the occupation between two 

ions from an over-excited ion and a ground state ion via cross-relaxation. This process 

is repeatable as the intermediate states are enhanced dramatically compared with the 

threshold of excitation. However, the efficiency of upconversion emission with PA 

process was quite low, especially in nanoclusters. To date, there are only few literatures 

on PA-related upconversion process, namely one research work in LnVO4 nanocrystals 

(NCs, Ln = Ce, Nd).58 The forth one is cooperative energy transfer (CET), which is 

similar with ETU and sensitizers/activators are involved in CET process. But there is 

no actual intermediate energy level existed in the activator ion, two sensitizers are 

cooperatively activated to a virtual excited state and then energy transfer could be 

achieved concurrently to an adjacent activator in a common CET process.59 In addition, 

the process exhibited low efficiency as well.58 A theory on energy migration-mediated 

upconversion (EMU) was proposed as a new energy transfer pathway for efficiency 

enhancement.63 Typically, the luminescent center of EMU process usually consists of a 
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migrator, an activator, a sensitizer and an accumulator. The process of the shuttle from 

intermediate energy levels to ground states in the form of electrons is observed and 

classified as radiative emission. Firstly, the excited state of the accumulator is 

accumulated. Then, the absorbed energy from the higher excited state of the 

accumulator is transferred to the migrator ions; the energy was eventually trapped in a 

nearby activator.  

 

As stated above, the efficiency of upconversion is dramatically distinct according to 

varied energy transfer pathways. For ESA, the limitations of efficiency are power 

density and Ln3+ absorption cross-section. PA commonly exists in upconversion 

systems with a high doping concentration and under high-power density excitation 

because there are frequent cross-relaxation processes occurring in the luminescent 

centers. In CET processes, the efficiency is still low if there is not a strong excitation 

from low doping concentration of cooperative sensitizers, especially in nanocrystals. 

ETU is considered as the most efficient one among the five possible energy transfer 

mechanisms for UC emission. In the past decades, the measurements of efficiency of 

the energy transfer pathways were investigated and contributed by Auzel, Cases et al. 

and ETU-based upconversion nanoparticles have been examined mostly in a wide range 

of fields based on their research due to the relatively high quantum efficiency of ETU 

process.  
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With regard to the practical application of lanthanide photo upconversion and 

downconversion, the former one is a multi-photons process with low efficiency, 

normally utilizing NIR light (e.g. 980 nm/808 nm) as excitation to visible area, hence, 

it is suitable for in vitro imaging and NIR-triggered therapies such as photodynamic 

therapies (PDT). While for downconversion, commonly from NIR excitation to short-

wave infrared (SWIR) emission, it is a single-photon process and high efficiency, and 

is suitable for in vivo imaging. 

 

 

Figure 1.9 Illustration diagram of five types of upconversion processes, (a) ESA, (b) 

ETU, (c) PA, (d) CET, (e) EMU. Reproduced from Ref. 56 
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Antenna effect 

In a lanthanide complex, the energy absorbed by the organic receptor (ligand) is 

transferred onto the excited states of Ln3+, and sharp emission bands generating from 

the metal ions are recorded after speedy internal conversion to the emitting level. This 

phenomenon is known as the sensitization of the metal centered complex (also called 

antenna effect) wherein incident excitation is initially absorbed by a chelating organic 

chromophore and then transferred to the metal. In addition, there are broad practical 

uses of lanthanide complexes.66-68 A brief illustration of Antenna effect is displayed in 

Figure 1.10. 

 

 

 

 

 

 

Figure 1.10 Brief diagram of Antenna effect 
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Förster Resonance Energy Transfer (FRET) 

Förster resonance energy transfer (FRET), is a mechanism which describes the energy 

transfer between two molecules: donor and acceptor.69 The donor molecule is firstly in 

its excited state, and its excited energy is then transferred to an acceptor molecule 

through non-radiative dipole–dipole coupling (interaction).70 A simplified diagram is 

exhibited in Figure 1.11. More importantly, FRET should fulfill three requirements: 

first, there must be spectral overlap between the donor’s emission spectrum and the 

acceptor’s absorption spectrum; second, the distance between the donor and the 

acceptor shall be shorter than 10 nm; lastly, the dipole orientation of the two molecules 

should not be equal to 90 degrees.  

 

Excitation                 FRET                Emission 

 

r 

Figure 1.11 Simplified diagram of FRET mechanism (D: donor, A: acceptor, r: the 

distance between donor and acceptor)  
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According to the equation below, the efficiency of FRET is inversely proportional to 

the sixth power of the distance between donor and acceptor, therefore, the efficiency 

can be changed dramatically even if the distance altered a bit.71  

 

We can conclude that the distance between donor and acceptor is a crucial parameter 

for the efficiency of FRET.  
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1.2.4 The Photophysical Properties of Lanthanide Ions 

Electronic 

All the trivalent ions of lanthanides have unpaired f electrons except for lanthanum and 

lutetium, which possess empty and fully filled 4f shells respectively. The general 

electronic configurations are shown as [Xe] 6s25d14fn (n is from 0 to 14). They present 

quite desired spectroscopic and magnetic properties from lanthanide ions. 

 

Spectroscopic 

Transitions of electrons between f orbitals in lanthanide ions are forbidden by the 

Laporte rule.72 Consequently, the electronic transition spectra of lanthanide ions are 

relatively weak and the absorption bands peaks are narrow. Since 4f-4f transitions are 

forbidden, the progress of an excited f electron decaying to the ground state will be 

slow, leading to sharp emission bands throughout the visible, NIR I and, for some 

lanthanide ions, NIR II range. For the same reason, they have relatively long 

luminescence lifetimes as well, as shown in Figure 1.12.73 It is easy to distinguish 

luminescent lanthanide ions because each of them has a specific characteristic emission 

spectrum. 
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Figure 1.12 Normalized emission spectra of lanthanide ions. Reproduced from Ref. 

73 
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Magnetic  

Lanthanides, except lanthanum and lutetium, are highly paramagnetic as 4f electrons 

are single or partially paired, especially gadolinium (Gd3+), where all the electrons have 

parallel spin and this property is quite suitable for the practice of gadolinium complexes 

as desired contrast agents in the application of Magnetic Resonance Imaging (MRI). 

Furthermore, erbium is ferromagnetic when the temperature below 19 K, 

antiferromagnetic between 19 and 80 K and paramagnetic above 80 K. Additionally, 

the magnetic property of lanthanide can be utilized in the manufacturing of 

superconductor, magnets and batteries in the hybrid car also other components, 

lanthanide-based materials are considered as promising agents in biomedical and life 

science applications as well.74-76  
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1.3 Synthesis of Lanthanide Upconversion Nanoparticles 

Nowadays, lanthanide-based upconversion nanoparticles (UCNP) have aroused a wide 

range of interests around the world. When compared with traditional materials such as 

organic dyes and quantum dots, UCNP have narrower and sharper characteristic 

emission and excitation peak, longer lifetime (more than 10 s), and better resistance 

against photobleaching and photoblinking. There are five critical parameters in 

evaluating UCNP and its related disciplines, size, shape, surface, defects and self-

assembly. The first two are regarding poly-dispersion, ensemble of UCNPs with a 

distribution in size and shape. The others are considered frequently about the issues on 

the structure and composition, charge, bonded or adsorbed impurities, quantities and 

distribution of organic and/or inorganic capping ligands and so on. 

  

As a matter of fact, core/shell structured UCNP are applied in many biomedical 

applications increasingly due to the luminescence enhancement from shell layer, which 

plays a dominant role in increasing emission intensity. For a desirable core/shell 

luminescent functionalized nanomaterial, it should consist of a core, a shell and 

functional ligands at least. The core is the luminescent center, in charge of the control 

of excitation and emission wavelength. The shell is to overcome the surface defect and 

protect the luminescent core, and for multifunctional control as well. For the ligand 

attached on the surface of UCNP, their duties are to ensure mono-dispersity, achieve 

surface functionalization and tune the optical properties.  
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To date, thermal decomposition, hydrothermal/solvothermal synthesis, high 

temperature coprecipitation are the three main approaches to synthesize the high-

quality lanthanide ions (Ln3+) doped luminescent core only and core-shell UCNPs for 

further bioapplications via adjusting their physicochemical properties with tunable 

crystalline phases, shapes, morphology and sizes.77 A few representative TEM images 

of up-converting nanoparticles are presented in Figure 1.13. 

 

 

Figure 1.13 Representative TEM images of lanthanide-doped nanoparticles including 

(a) LuOF, (b) LaF3, (c) α-NaYF4, (d) NaYbF4, (e) β-NaEuF4 synthesized by the thermal 

decomposition method;78-80 (f) α-NaYF4:Yb3+, Er3+, (g) β-NaYF4:Yb3+, Er3+, (h) LaF3, 

(i) YF3 , (j) α-NaYF4 synthesized by the hydro(solvo)-thermal method;81,82 (k-o) β -

NaYF4 or CaF2 nanoparticles synthesized by the Ostwald-ripening method.83-87 
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1.3.1 Thermal Decomposition 

In this method, organometallic compounds were generally applied as reaction 

precursors, like lanthanide trifluoroacetate which decomposes and resolves at a raised 

temperature in a high-boiling point organic solvent as surfactant such as oleic acid (OA), 

1-octadecene (ODE), and oleylamine (OM). However, several significant parameters 

should be taken into account, for instances, nature of solvents, precursors concentration, 

temperature and time of reaction during the thermal decomposition process. Recently, 

Capobianco and co-workers reported the numerous synthesis of monodisperse 

lanthanide ions doped or co-doped UCNPs with a remarkably narrow size distribution 

via some optimized routes.88-92 In addition, a highly vacuumed environment is required 

during the reaction since the Ln3+ trifluoroacetate precursor is air sensitive and the 

generation of a few toxic by-products such as HF would raise safety concerns and 

further constrain the usage in biomedical applications. 

 

1.3.2 Hydro(solvo)thermal  

Unlike thermal decomposition method, the hydro(solvo)thermal synthetic process is 

normally conducted in a sealed vessel called autoclave and the reaction proceeds under 

high temperature and pressure. One of the most representative examples was 

demonstrated by Li and co-workers, they introduce a general “liquid-solid-solution” 

(LSS) synthetic way for the synthesis of monodisperse nanoparticles.93 The mechanism 

of reaction was based on phase transition and separation occurred at the interfaces of 
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the liquid, solid and solution. 

 

1.3.3 High temperature coprecipitation 

The strategy of this approach is based on the small amorphous sacrificial UCNPs 

coprecipitated at room temperature which then grow with the assistance of the Ostwald-

ripening  process at relatively high temperature around 300℃. Furthermore, high 

temperature coprecipitation is comparatively low in cost, have easily controllable 

reaction conditions, short reaction time and simple experimental steps94, 95. What is 

more, the drawbacks on low luminescent efficiency, broad size distribution and non-

uniform morphology can be improved dramatically by using OA and ODE as capping 

ligand and solvent respectively.96 

 

In conclusion, lanthanide doped fluoride nanoparticles such as NaYF4, NaGdF4, BaYF5, 

KGdF4, CaF2, NaLuF4 are widely accepted and utilized due to its highest upconversion 

efficiencies, high chemical stability and low phonon energies (less than 350 cm-1). To 

sum up, to prepare hydrophobic nanoparticles is normally via thermal decomposition 

or co-precipitation, to fabricate hydrophilic nanoparticles directly is commonly through 

solvothermal synthesis, and microwave-assisted approach is appropriate for the 

synthesis of both hydrophobic and hydrophilic nanoparticles. 
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1.4 Surface Modification 

Conducting surface modification of nanomaterials is crucial for further research in 

terms of materials science and biology fields. Because for ideal nanomaterials to be 

applied in biomedical fields, they should be biocompatible, hydrophilic, have a high 

quantum yield, and exhibit specific binding with corresponding biological molecules. 

Nevertheless, it is unlikely to achieve all the features at the same time, since the 

quantum yield of inorganic luminescent nanocrystals is normally lower than that of the 

corresponding bulk nanomaterials due to nonradiative decay from defects on the surface 

of the nanoparticles.97 In addition, the majority of high-quality nanoparticles fabricated 

are commonly prepared in organic solvents, therefore, the surfaces are capped by 

hydrophobic ligands, i.e. oleic acid (OA), and that will definitely limit their biological 

application. Hence, making surface modification for nanocrystals to enhance their 

quantum yield or luminescence efficiency and improve biocompatibility of them is 

significant. 

1.4.1 Ligand exchange 

Ligand exchange, is an approach to transform hydrophobic surface of nanocrystals into 

hydrophilic one, with little change on their element compositions and morphologies. 

For instance, in general, the previous capping hydrophobic ligands on the NP surface 

such as OA are replaced by other hydrophilic moieties, such as poly (ethylene glycol) 

(PEG) diacid,98 poly (ethylene glycol) (PEG)–phosphate,99 polyacrylic acid (PAA),100 

hexanedioic acid,101 2-aminoethyl dihydrogen phosphate (AEP)102 and so on. However, 
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owing to the quenching effect from the high-frequency vibrational groups such as -OH 

and -NH2 participated in the process of ligand exchange, the luminescence efficiency 

of hydrophilic nanoparticles is lower.103 

 

1.4.2 Ligand free treatment 

Ligand-free synthesis is one type of method to remove the oleate ligand i.e. OA from 

the surface of nanoparticles. Generally, acid washing is the most common way to obtain 

hydrophilic bare surface nanoparticles. After that, the ligand-free NPs (positively 

charged) can be capped on hydrophilic and biocompatible molecules with negatively 

charged functional groups such as –COOH, –NH2 and –OH, then this category of NPs 

could be used for further bioconjugation or bioapplications.103 

 

1.4.3 Bioconjugation 

Bioconjugation is a necessary step for hydrophilic NPs after ligand-free process in order 

to make them bifunctional or multifunctional. NPs are usually bioconjugated with some 

biological molecules or functional ligands such as peptides to achieve specific and 

selective therapeutic effects towards certain diseases including cancers and to have 

biocompatible properties as well, hence they can be regarded as promising agents in the 

field of bioimaging and cancer therapy.  
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1.5 Upconversion nanoparticles for bio-applications  

1.5.1 Bioimaging 

Bioimaging is rather significant in biomedical fields because it can achieve tumor 

therapy visualization and better monitor the functionalized nanocrystals in the living 

system. The most desired category of bioimaging is that non-invasively visualize 

biological processes in real time. Bioimaging aims to interfere as little as possible with 

life processes. Furthermore, it is conveniently utilized to obtain the information on the 

three-dimensional structure of the observed specimen from the outside, i.e. without 

physical interference or damage.  

 

Bioimaging spans the observation of subcellular structures and entire cells over tissues 

up to entire cellular organisms. In general, light, fluorescence, electrons, ultrasound, X-

ray, magnetic resonance and positrons are utilized as sources for imaging.  

 

Nowadays, there are numerous well-developed imaging techniques such as computed 

tomography (CT), magnetic resonance imaging (MRI), positron emission tomography 

(PET), single photon emission computed tomography (SPECT), fluorescent imaging 

(FI), photoacoustic imaging (PAI), and ultrasound imaging (USI). Moreover, there is a 

summary on merits and shortcomings of recent imaging methods listed in Table 1.5. 
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Table 1.5 Summary of bioimaging techniques 

Imaging Mode Spatial Resolution 

  25~200m 

25~100m 

 

Less than 1mm 

 

 

 

 

Merits Drawbacks Examples 

CT 

MRI 

3D data 

Soft tissue 

imaging 

 

 

 

Low sensitivity 

High toxicity 

from leaky 

metal 

Short half-life 

of radioactive 

tracers 

AuNPs104; Ln3+ 

NP105 Gd/Fe based 

NPs106 

 

124I-labeled C 

dots107 

SPECT 

 

 

 

PAI 

 

 

Long half-life 

of radioactive 

tracers 

 

 

 

 

 

Long scan time 

 

 

99mTc-labeled iron 

oxide NPs108 

 

Quantum dots; C 

dots; Ln3+ NP109 

AuNPs110 

 

 

 

 

 

 

PET 

0.5~2 mm 

2~3mm High sensitivity FI 

5m~1mm 
Low scattering 

of sound 

Handy 10~100 m 

Organ 

functional 

information 

 

Nanobubbles111; 

Silica NPs112 
UI 

No 3D data 

Interfered by 

acoustic 

absorbing 

substance 

 

Limited 

view 
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Lanthanide upconversion nanoparticles have a wide range of applications such as 

multimodal bioimaging, biodetection assays and visualized tumor treatment. Recently, 

Lin et al reported a upconversion luminescent system, which are desirable examples of 

upconversion nanoparticles for biomedical application, photodynamic therapy (PDT) 

and photothermal therapy (PTT). PDT and PTT agent moieties are coated on the surface 

of UCNP for in vivo optical imaging and cancer inhibition.113 Nowadays, the 

bioconjugate with different functional compounds or the UCNPs for underlying the life 

span is very mature for multimodal in vivo imaging. Hence, Lin et al reported 

Na0.52YbF3.52: Er upconversion nanoprobes for MR/CT imaging and its core shell 

structure can perform PDT as well.114 Zhao et al introduced a core – shell structure 

UCNP which can achieve trimodal imaging, i.e. UCL/MR/CT imaging, and it is able to 

kill tumor after loading two types of anticancer drugs.115 They showed responsive signal 

and emission as well and guide the drugs to the cancer cells. 

 

Normally, there are three tissue transparency windows in the NIR region: NIR-I, 650-

950 nm; NIR-II, 1000-1350 nm; NIR-III, 1500-1800 nm.116 Because the light 

absorption of tissue is at a relatively minimum level in these ranges, it assures deeper 

tissue penetration depth. In the past few years, researchers reported many fabricated 

UCNPs, whose wavelengths cover the first window of NIR,117 second window of 

NIR,118 and both NIR-I and NIR-II wavelengths region as well.119 Higher resolution 

and deeper tissue penetration depth is possible with the NIR-II window due to its lower 

scattering coefficient when compared to the NIR-I window. 120 
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1.5.2 Cancer Therapy  

Nowadays, chemotherapy, radiotherapy, photodynamic therapy and photothermal 

therapy are the most common cancer treatments associated with UCNPs and PLNPs. 

Additionally, they can work separately and collectively, and combining two or three of 

them is a trend for cancer therapy. Chemotherapy means that anti-tumor drugs are 

directed to tumor sites, normally encompassed by nanoparticles and are released when 

they are close to the tumor. Radiotherapy uses a kind of agent that is responsive to 

ionizing radiation and then kills the tumor. PDT and PTT have similar principles, both 

uses a type of agent which generate toxic reactive oxygen species (ROS), such as singlet 

oxygen (1O2) and heat respectively under light excitation to kill tumors. These 

categories of chemical agents are called photosensitizers. Recently, PDT with UCNPs 

are reported in many research papers,121-123 also some reports demonstrated the 

potential of combination of multimodal imaging with PTT,124 imaging-guided PDT and 

PTT,125 chemotherapy, radiotherapy combined with PDT dual modal imaging.126  
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1.6 Outlines of this thesis 

In Chapter 1, basic structure of EBV, infection way of EBV and EBV-associated 

malignancies followed by the functional role of EBNA1 and LMP1 in EBV was 

introduced. Then, the fundamental of lanthanide ions and their photophysical properties 

were reviewed briefly. Next, the synthetic approaches of lanthanide-based 

upconversion nanoparticles, surface modification on UCNP followed by its related 

bioapplications were introduced as well. 

     

In Chapter 2, core-shell structured UCNPs have been synthesized, characterized and 

consequently bioconjugated with EBNA1- specific peptide which can prohibit EBNA1 

dimerization to obtain the final nanoprobe UCNP-P4 that would be utilized for both 

bioimaging and inhibition of EBV-related cancer cells. The photophysical properties of 

core-shell UCNP have been studied and confirmed that our nanoprobes showed 

stronger luminescent emission compared with the core UCNP and UCNP-P4 due to the 

quenching effect. Then UCNP-P4 exhibited a two-fold responsive enhancement 

emission with the addition of 10 M EBNA1 because EBNA1-specific P4 peptide on 

the surface of UCNP are able to bind with EBNA1 protein, then ‘glue’ them together 

and with a similar phenomenon like AIE. The characterization assays of UCNP-P4 have 

been done to prove the success of surface modification through TEM, XRD, FTIR, DLS 

and zeta-potential measurements. Furthermore, the biological performance in in vitro 

behaviors assays presented its capability for the simultaneous imaging and control of 
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the growth of a tumor latently infected with EBV (e.g. nasopharyngeal carcinoma) cells 

or tissues, their inhibition effects have been evaluated by MTT cell inhibition assay via 

hindering the dimerization process of EBNA1, thereby demonstrating that UCNP-P4 is 

specific to the EBV- associated cancer cells. Moreover, the confocal images indicated 

that UCNP-P4 is a type of nanoprobe with good biocompatibility and solubility. The 

subcellular localization was suggested to nucleus due to one sequence of nucleus 

permeable in peptide (RrRK) proved by subcellular co-staining imaging. Intriguingly, 

the emission from UCNP-P4 can be recovered when incubated with EBV-positive cells 

in the form of ‘AIE’ because the EBNA1-specific peptide on the surface of UCNP has 

a strong binding affinity with EBNA1 via both the hydrophobic interactions with the 

YFMVF motif and electrostatic interactions with RrRK motif. An obvious decrease on 

EBV-infected tumor volume and weight after treatment of UCNP-P4 was observed as 

well without any influence on mice body weight. In light of the aforementioned results, 

it was confirmed that the performance of our nanoprobe UCNP-P4 is desirable to 

achieve therapeutic intervention on EBV-associated cancer cells specifically with the 

function of visualization simultaneously. 

 

In Chapter 3, the dual-targeting pH-responsive luminescent nanoprobes with responsive 

upconversion emission for inhibition and monitoring of EBV-associated cancer have 

been designed and synthesized. The pH linker prepared by Schiff’s base reaction was 

introduced between UCNP and dual-targeting peptide, such a rational design not only 

empowered the nanoprobes to cleave when attached with EBV-infected cancer cells in 
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order to increase the cellular uptake and accumulation in cell xenograft but also with 

specific and sensitive emission enhancement responses toward EBV-positive cell lines. 

The corresponding characterization assays on the prepared samples were conducted. 

The photophysical property of nanoprobes was investigated later in aqueous and in 

different pH environments, it was proved that the nanoprobes have the property of 

responsive enhancement emission and pH-cleavable attributes according to the results. 

Furthermore, the stability of UCNP and UCNP-Pn (n=5,6 and 7) were examined under 

different pH buffer and varied time points, the nanoprobes showed desired stability 

property from the experimental results. Notably, the nanoprobes exhibit selective 

cytotoxicity towards EBV-infected cancer cells, especially in LMP1-positive cell lines. 

More importantly, the therapeutic efficacy of nanoprobes shows satisfying performance 

in terms of in vivo inhibition of EBV-positive tumors. Therefore, our study thus 

developed a new generation of pH-responsive lanthanide-based upconversion 

nanoprobes with dual-targeting protein specific peptide and responsive emission signal 

for suppression and monitoring of EBV-infected cancers.  

 

In Chapter 4, detailed descriptions of the synthesis and characterization of all the as-

prepared samples in each chapter were described in this experimental section. 
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CHAPTER 2 RESPONSIVE UPCONVERSION NANOPROBE FOR 

BIOIMAGING AND INHIBITION OF EBV-ASSOCIATED 

CANCERS VIA TARGETING EBNA1 

2.1 Introduction 

Lanthanide ions are well-known for their unique photophysical and chemical 

properties.1 In general, lanthanide-based materials have been extensively utilized in 

various research area, especially in biological applications due to their distinct 

luminescent properties, such as signature emission profile, long luminescence lifetimes 

as well as hypersensitive transitions for certain lanthanide ions which could reflect the 

change in the coordination environment of the metal center. Lanthanide complexes 

could also be tailored to exhibit excellent attributes like high biocompatibility and low 

cytotoxicity. Furthermore, lanthanide-doped upconversion nanomaterials can convert 

near-infrared (NIR) excitation to ultraviolet (UV) and visible emissions and have led to 

numerous applications in the fields of information technology, biotechnology, energy, 

and photonics.2 In the last decade, optimized and facile ways have been developed to 

synthesize upconversion nanoparticles with well-defined phase and size, core–shell 

structure, desirable optical emission, and good surface properties.3-5  

 

The renowned photophysical phenomenon, lanthanide upconversion (UC), it can obtain 

high energy photon/emission from low energy photon excitation.6 There are numerous 



65 

 

previous examples in utilizing upconversion nanomaterials (UCNM) for biomedical 

applications, such as monitoring drug delivery,7,8 generating reactive oxygen species 

for cancer therapy (photodynamic therapy)9,10 and magnetic resonance imaging 

(MRI).11-13 However, practical applications for preclinical and clinical trials are 

relatively limited when compared to those of molecular lanthanide complexes, for 

instance, GdDOTA, and even the use of practical cellular imaging (such as in depth 

molecular biology studies) is still very rare. The advantage of molecular lanthanide 

complexes for in vitro studies is the ease of confirming the targeting of 

protein/biological small molecules via the responsive antenna effect from the organic 

chromophore to the lanthanide ion.14 There are very limited examples in the literature 

with responsive UCNM for in vitro and in vivo imaging of tumor cell-associated 

proteins.  

 

Sodium gadolinium fluoride (NaGdF4) is an ideal host material for the doping of 

luminescent lanthanide ions due to its high photochemical stability, low vibrational 

energy and its ability to mediate energy exchanges between the lanthanide dopants. The 

dopant Yb3+ ions in core are designed to absorb the excitation energy from 980 nm NIR 

laser and to subsequently transfer the energy to dopants Er3+ in the core. In addition, 

NaGdF4 was chosen as the outermost shell layer for protecting the upconverting 

processes from quenching and for tuning the optical emission efficiently by doping 

other emitter ions. 
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The Epstein-Barr virus (EBV), which was investigated comprehensively over a few 

decades and proved to have a strong relationship with several human malignancies 

including Burkitt’s lymphoma, Hodgkin’s lymphoma, post-transplant 

lymphoproliferative disorders, gastric carcinoma, and nasopharyngeal carcinomas, and 

it can stay for decades or even lifelong inside the host cells in the latent form of 

infection.15-17 The Epstein-Barr nuclear antigen 1 (EBNA1), the only viral protein that 

is expressed in all EBV-associated tumor cells, plays a significant role in maintenance, 

replication and transcription of the EBV genome when it is in its dimeric form.18 

Nowadays, it is well-documented that EBNA1 has close connection between latent 

EBV infection and the development of various lymphoid and epithelial malignancies.19-

22 Hence, EBNA1 can be regarded as a potential and promising target for the cure of 

EBV-infected cancers.  

 

Recently, some EBNA1 dimerization inhibitory agents in the form of small molecules 

or specific peptides have been proposed and developed as anti-cancer drugs.23-26 

However, their stability and poor emission quantum yield have limited their further 

application in various in vitro and in vivo studies, for instance, the prolonged emission 

evaluation study of the EBNA1 localization. Moreover, all of these agents have weak 

or absent fluorescent property so that they cannot be tracked the in vitro and in vivo 

biodistribution. These EBNA1 inhibitors suffer from wide emission range, short 
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fluorescent lifetime, poor sensitivity and interference by biological autofluorescence 

due to their organic-based property. Based on these aforementioned issues, there is a 

demand to design and develop more potent and stable anti EBV- related cancer agents.  

 

With respect to this issue, we have designed and synthesized two types of dual 

functional fluorescent EBNA1-targeting probes, JLP2
27 and L2P4.

28 These represent the 

first reported bioprobes for simultaneous bioimaging and inhibition of the growth of 

EBV-infected tumor cells which can tackle the issues of untraceable property and poor 

solubility of the previously reported EBNA1 inhibitors. Nevertheless, more stable 

EBNA1 specific biomaterials with responsive upconversion are needed to contribute to 

the “complete eradication of EBV-associated tumors” with a more thorough 

understanding of the EBNA1 function in tumor cells. 

 

Herein, we report a new combination of peptides coupled with UCNM to show the 

responsive emission of UCNM upon binding with the EBV latent protein – EBNA1. 

By conjugating the selected core–shell structure upconversion nanoparticles (UCNP)- 

NaGdF4: Yb3+, Er3+@NaGdF4 with our reported EBNA1-targeting peptide P4, the 

peptide gained improved biocompatibility and stability from the solid support. The UC 

is quenched gradually with the coating of P4 molecules. However, these P4 molecules 

“glue” all UCNP together. Upon binding with EBNA1, responsive upconversion 

emission is achieved for imaging. This responsive UC emission from UCNP-P4 with 
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EBNA1 has been confirmed in aqueous, in situ and in vitro conditions. The toxicity and 

UC of UCNP-P4 in EBV-positive cancer is higher than in EBV-negative cancer cells, 

when compared with our previously reported targeting probes and the negative control 

UCNP without the P4 coating. Moreover, gadolinium (Gd) in the NaGdF4 host 

possesses paramagnetic property, which can act as a desirable magnetic resonance 

imaging (MRI) contrast agent. In addition, the host is also a promising computed X-ray 

tomography (CT) contrast agents due to the high K-edge value and large X-ray mass 

absorption coefficient of Gd,29 hence, our nanoprobe has large potential in multimodal 

bioimaging in biomedical application. 

 

 

Figure 2.1 Structures of our EBNA1-specific peptide 
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Scheme 2.1 Table of contents of our work 

 

2.2 Results and Discussion 

2.2.1 Synthesis and characterization 

The structure of EBNA1-specific P4 and table of contents about this work are 

demonstrated in Figure 2.1 and Scheme 2.1 respectively. Click chemistry is a category 

of biocompatible small molecule reactions commonly used in bioconjugation, allowing 

the connection of the substrates with specific biomolecules through simple coupling 

reactions. To obtain high chemical yields of final product with as little as possible by-

products in a rapid and simple way, click reaction was introduced in the synthetic route 

of this study. All the products produced during the synthesis were characterized by X-

ray diffraction (XRD), Transmission electron microscopy (TEM), Dynamic light 

scattering (DLS), surface zeta potential, Fourier transform infrared (FTIR) 

spectroscopy. The aim of this work is to conjugate UCNP with EBNA1 - specific 

peptide to get UCNP-P4, hence, to achieve simultaneous bioimaging and inhibition of 

EBV-associated cancers.  
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Scheme 2.2 The synthetic schemes of the dual functional up-conversion nanoparticles 

(UCNP-P4) from the NaGdF4: Yb3+, Er3+ @NaGdF4 (UCNP) coated with EBNA1-

specific peptide. 

 

 

 

 

 

Scheme 2.3 Schematic illustration of the dual-function for imaging and inhibition 

of UCNP-P4 in EBNA1 dimerization. (Red arrow: IR exciting radiation; yellow 

starburst: visible UC emission) 
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The preparation of UCNP and bioconjugation with P4 is shown in Scheme 2.2. Scheme 

2.3 summarizes the sequence of events for the binding of P4 to EBNA1 protein, by 

stopping the dimerization process (inhibition) and providing responsive UC emission 

(monitoring). The shape and morphology of NaGdF4:Yb3+, Er3+@NaGdF4 (UCNP) and 

the peptide coated nanoparticles (UCNP-P4) were investigated using Transmission 

electron microscopy (TEM). The size and shape of UCNP from TEM images is similar 

to that previously reported for the synthesis of beta phase NaGdF4 nanoparticles.30 

Figure 2.2 (a) and (b) show TEM images obtained from UCNP and UCNP-P4, and the 

size of them is approximately 24 nm and 27 nm respectively. It is obvious to see from 

the TEM image that there is a thin coating layer (~3 nm) surrounding the initial UCNP 

which is indicated by the yellow arrow. Upon addition of EBNA1 (conc.: 10 M) with 

UCNP-P4, binding-induced aggregation was observed, as shown in Figure 2.2(c).  

 

      

   

Figure 2.2 TEM images of (a) the initial nanoparticles (UCNP) (Scale bar: 20 

nm), (b) UCNP coated with the EBNA1-specific peptide (UCNP-P4) (Scale bar: 

10 nm), (c) UCNP-P4 with addition of EBNA1 (Scale bar: 50 nm). 

(b) 
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The phase composition of the initial nanoparticles (UCNP) and the peptide capped 

nanoparticles (UCNP-P4) was determined by powder X-ray diffraction (XRD).  The 

initial nanoparticles (UCNPs) (Figure 2.3) were indexed to the standard hexagonal 

phase NaGdF4 (ICDD#27-0699). The diffraction pattern agrees well with the standard 

pattern thus the matching result indicates that the NaGdF4: Yb3+, Er3+ (UCNP) 

nanoparticles are present in a pure hexagonal phase without other impure phases. The 

XRD pattern of the peptide coated nanoparticles (UCNP-P4) shows no changes from 

the two-theta angles (compared with the un-coated nanoparticles, UCNP) and implies 

that the coating of peptide does not induce changes in crystal structure of the UCNP. 

The experimental result obtained from XRD is also consistent with the non-crystalline 

nature of EBNA1-specific peptide. 
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Figure 2.3 X-Ray diffraction patterns of initial nanoparticles (UCNP) and the peptide 

capped nanoparticles (UCNP-P4) indexed with a standard hexagonal-phase NaGdF4 

(ICDD#27-0699).   
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The initial surface modification of the lanthanide nanoparticles NaGdF4:Yb3+, Er3+ 

(UCNP) could be evidenced by FTIR. The corresponding IR transmission spectrum of 

the amine-functionalized UCNP is shown in Figure 2.4. The board absorption band at 

3436 cm-1 is due to the O-H / N-H stretching vibration. The absorption peak at 2920 

and 2853 cm-1 corresponds to the stretching vibration of the C-H bond. The IR 

absorption peaks at 1637 and 1385 cm-1 are attributed to the N-H bending of the amino 

group (NH2) and the C-N bond stretching vibration. Hence, the IR transmission 

spectrum obtained supports the capping of UCNPs with poly(ethylenimine) (PEI).31 

 

The next step in the course was attachment of a reactive alkene handle (Step B, Scheme 

2.2). Also, this modification step was verified by the IR spectrum, as shown in Figure 

2.3. However, the additional absorption peaks at 1636 cm-1 correspond to the stretching 

vibration of a C=O bond.31  

 

In the final step (Step c, Scheme 2.2) of the synthesis, the N-terminal cysteine of the 

EBNA1-specific peptide (P4) was reacted with the reactive alkene on the nanoparticles 

to obtain UNCP-P4. Figure 2.3 shows the FTIR spectrum obtained after coating of the 

UCNP-C=C with P4. The small absorption peaks around 3159 to 3537 cm-1 represent 

the N-H bond stretching while the doublet absorption peak at 703 and 620 cm-1 stands 

for the stretching vibration of the C-S bond.31 
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Figure 2.4 FTIR transmission spectrum of (a) UCNP with OA ligand, (b) Ligand free 

UCNP, (c) amine-functionalized NaGdF4:Yb3+, Er3+ @NaGdF4 (UCNP-PEI), (d) click 

reaction-modified NaGdF4:Yb3+, Er3+ @NaGdF4 (UCNP-C=O) and (e) EBNA1-

specific peptides-coated UCNP (UCNP-P4). 
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In addition, the hydrodynamic diameter and surface charge of the nanoparticles were 

recorded by dynamic light scattering (DLS) and zeta-potential measurements 

respectively, as shown in Figure 2.5 and Table 2.1 respectively. The aim of DLS test is 

to investigate the diffusion properties of particles in solution, from which the 

information of apparent hydrodynamic diameter of the particles could be obtained. We 

carried out DLS measurements of both UCNP and UCNP-P4 in DI-water. The 

hydrodynamic diameter size of UCNP-P4 is enhanced around 20 nm compared with the 

UCNP. This small increase in hydrodynamic diameter could be ascribed mainly to the 

dwelling effect of the outer peptide coatings on UCNP. Moreover, the polydispersity 

index (PDI) is an important parameter to determine the size distribution of 

nanomaterials; when it is smaller than 0.05, it indicates highly monodisperse 

nanoparticles but it rarely observed. A value higher than 0.7 means broad size 

distribution of nanocrystals. From Table 2.1, it is obvious to see that our samples UCNP 

and UCNP-P4 have quite desirable result (~ 0.1) from PDI and implies monodisperse 

size distribution of UCNP obtained. UCNP-P4 has a similar hydrodynamic size 

distribution to UCNP as well, successful peptide conjugation on the surface of UCNP 

can be further verified. 
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Figure 2.5 Zeta potential of UCNP, UCNP-PEI, UCNP-C=O and UCNP-P4. 
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Table 2.1 Summary data on DLS and zeta potential of UCNP and UCNP-P4. 
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2.2.2 Photophysical properties  

Emission spectra 

The upconversion photophysical properties of the UCNPs and UCNP-P4 were 

examined in aqueous solution (conc.: 0.5mg/ml) under near- infrared excitation at 980 

nm by a continuous-wave (CW) 980 nm laser. The UCNP and peptide-coated UCNP-

P4 exhibit similar upconversion emission spectra under near-infrared excitation. As 

shown in Figure 2.6 (a), three upconversion emission peaks at 520, 540, and 654 nm 

arise from 2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively. 

These three peaks are the most common and typical upconversion emission present in 

nanoparticles doped with Yb3+ and Er3+ ions. In addition, the emission intensity of core-

shell UCNP is approximately ten-fold larger than that of UCNP-P4 as the peptide 

coating diminishes the emission from the whole nanosystem. The emissions of both 

UCNP and UCNP-P4 are green. 
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Figure 2.6 The upconversion luminescence spectra of UCNP and UCNP-P4. 
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2.2.3 Luminescence titration assays 

Before studying the selective cytotoxicity of UCNP-P4 and visualizing its 

localization in EBV-positive cells, the responsive emission from UCNP-P4 after 

addition of BSA, EBNA1, HSA and EBNA1-Y561A was detected. UCNP was 

chosen as control. A luminescent titration assay was conducted in PBS buffer to 

evaluate the genuine binding affinity of UCNP-P4 towards EBNA1. Intriguingly, 

there was an emission enhancement in UCNP-P4 upon addition of EBNA1 when 

compared with UCNP-P4 alone. Then UCNP-P4 exhibited the strongest emission 

intensity – a two-fold enhancement - when 10 M EBNA1 was added, as shown 

in Figure 2.7 (a). This hinted that EBNA1-specific P4 peptide on the surface of 

UCNP may bind with EBNA1 protein, then agglutinate UCNP with EBNA1, and 

the aggregation occurred which is similar with the form of aggregation-induced 

emission (AIE), as confirmed by the TEM image shown in Figure 2.2 (c), hence 

leading to the emission increase. The binding affinity of UCNP-P4 towards 

various proteins was further investigated, as shown in Figure 2.7 (e). No emission 

change occurred for UCNP-P4 with the addition of BSA, EBNA1-Y561A and 

HSA (Figure 2.7 (b), Figures 2.7 (c) and Figure 2.7 (d)), and the same results 

were observed for UCNP upon addition of these four proteins as well, as shown 

in Figure 2.8. It indicated that UCNP-P4 is rather selective towards EBNA1 over 

BSA, HSA and EBNA1-Y561A. 
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Figure 2.7 Luminescence titration of UCNP-P4 (conc.: 0.5 mg/mL; excitation at 980 

nm) towards (a) EBNA1 and (b) BSA, (c) EBNA1-Y561A and (d) HSA. (e) change in 

emission intensity of UCNP-P4 on addition of EBNA1, BSA, EBNA1-Y561A and 

HSA.  

 

 

 

 

(a) (b) 

(d) (c) 

(e) 
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Figure 2.8 Luminescence titration of UCNP (conc.: 0.5 mg/mL; excitation at 980 nm) 

towards (a) EBNA1 (b) BSA (c) EBNA1-Y561A and (d) HSA. 

 

 

 

 

 

 

 

 

(a) 

(c) 

(b) 

(d) 
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2.2.4 Dimerization inhibition assay 

Previous studies have illustrated that inhibition of the EBNA1 dimerization 

process is a novel and effective approach to eliminate latent EBV-infected tumor 

cells. An obvious inhibitory effect of EBNA1 dimerization was observed in the 

EBNA1 dimerization assay, as shown in Figure 2.9, which is consistent with the 

strong binding of UCNP-P4 with EBNA1 reflected by luminescence titration 

assay. 

 

 

 

Figure 2.9 EBNA1 dimerization inhibition assay of UCNP and UCNP-P4. 
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2.2.5 Inhibition efficacy--- MTT assays 

In the cytotoxicity experiment, UCNP-P4 demonstrated higher cellular toxicity in EBV 

- infected cancer cells (NPC43 and C666-1, ~IC50 = 57 g/ml and 58 g/ml respectively) 

than that of non - EBV infected cancer cells (HeLa, ~IC50 = 1 mg/ml) and normal MRC-

5 cells (~IC50 = 0.7 mg/ml). These results show the selective toxicity of UCNP-P4 

towards EBV-infected cells, and present similar effect when compared with our 

previously reported probe L2P4. In the previous study, molecular docking simulations 

were carried out and it proved that peptide P4 can firmly bind to EBNA1’s dimeric 

interface by hydrophobic interactions with the YFMVF motif. On the one hand, this 

binding ability is enhanced through electrostatic interactions with the RrRK motif, 

therefore, the dimerization process of EBNA1 was prohibited and EBV-positive cells 

were further killed. On the other hand, the IC50 values of UCNP in EBV-positive cancer 

cells (NPC43 and C666-1) were around 12-fold and 17-fold larger than UCNP-P4, 

respectively. These results also indicate and confirm that the EBNA1-targeting peptide 

P4 is critical in inhibiting the EBV-positive cell viability. 
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Figure 2.10 Cell viability inhibitory activity of UCNP and UCNP-P4 on (a) latently 

EBV-infected nasopharyngeal carcinoma NPC43 cells (b) latently EBV-infected 

nasopharyngeal carcinoma C666-1 cells (c) non-latently EBV-infected human cervical 

carcinoma HeLa (d) Human normal lung fibroblast cells MRC-5 were assayed.  
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2.2.6 In vitro imaging of nanoprobes  

In vitro bioimaging experiments had been conducted in EBV - positive nasopharyngeal 

carcinoma NPC43 and C666-1 cells, and EBV-negative cervical carcinoma HeLa cells, 

EBV-negative MRC-5 normal cells acted as control via NIR excitation from multi-

photon Leica SP8 confocal microscope equipped with Ti: Sapphire laser. Under NIR 

excitation (980 nm), emission can be observed in the confocal images. The lambda scan 

inside the two - photon microscope can be used to monitor the in vitro emission spectra 

(resolution = 3 nm), hence it was able to determine whether the emission of images is 

from background noise or nanoparticles. The cells were incubated with 50 g/ml UCNP 

and UCNP-P4 for 12 hours respectively. Upconverted emission from UCNP was 

observed in the cytoplasm of cells with 980nm laser excitation (power = 0.89 mW). By 

the support of lambda scan function in the microscope, the emission spectra of UCNP 

were obtained from the cells. Two erbium transitions (4S3/2 → 4I15/2 and 4F9/2 → 4I15/2) 

are shown in Figure 2.11 (c) and Figure 2.13 (b) with the excitation at 980 nm in the 

experimental group of C666-1 and HeLa, NPC43 and MRC-5 respectively. 

 

As shown in Figures 2.11 a1-a9 and Figures 2.12 a1-a9, EBV-positive cells (C666-1 

and NPC43) treated with UCNP displayed luminescence only from the cytoplasm, 

while UCNP-P4 treated cells showed emission mostly from the nuclei. However, 

luminescence from both UCNP and UCNP-P4 can only be observed in the cytoplasm 

of EBV-negative cells (Figures 2.11 b1-b9 and Figures 2.13 a1-a9), which indicated 
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that UCNP-P4 is able to provide visualization of the nuclear EBNA1 under two-photon 

NIR excitation. This can be further proven by subcellular localization imaging with the 

aid of DRAQ5 nuclear dye in EBV-positive (C666-1 and NPC43 cells) and EBV-

negative (HeLa and MRC-5 cells), as shown in Figures 2.14 – 2.17.  

 

C666-1 cells were treated with UCNP and UCNP-P4 for 3 h. After that, stronger 

emission was observed in the UCNP group while weaker emission was observed in 

UCNP-P4 due to the presence of numerous hydroxyl and amine groups present in the 

environment of the peptide coating layer. These groups possess high vibrational 

energies (3200 - 3600 cm-1) and are able to quench the excited lanthanide ions through 

nonradiative relaxation processes.35 Intriguingly, the emission intensity was recovered 

after 12 h incubation with EBNA1 protein because the EBNA1-specific peptide on the 

surface of UCNP has a strong binding affinity with EBNA1 via both the hydrophobic 

interactions with the YFMVF motif and electrostatic interactions with the RrRK 

motif.28 As a result the relaxation process was distorted and UCNP exhibited a restored 

emission signal after the interaction with the protein on the surface. 
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Figure 2.11 Two-photon confocal images of UCNP and UCNP-P4 in EBV-

positive C666-1 cells and EBV-negative HeLa cells (Scale bar: 25 m, ex=980 

nm, em=500-700 nm; a1-a3: bright field, UCNP treated with C666-1 cells for 3 

h and overlay image respectively; a4-a6: bright field, UCNP-P4 treated with 

C666-1 cells for 3 h and overlay image respectively; a7-a9: bright field, UCNP-

P4 treated with C666-1 cells for 12 h and overlay image respectively; b1-b3: 

bright field, UCNP treated with HeLa cells for 3 h and overlay image respectively; 

b4-b6: bright field, UCNP-P4 treated with HeLa cells for 3 h and overlay image 

respectively; b7-b9: bright field, UCNP-P4 treated with HeLa cells for 12 h and 

overlay image respectively). (c) Lambda scan of UCNP-P4 in EBV-positive 

C666-1 cells and EBV-negative HeLa cells. 
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Figure 2.12 Two-photon confocal images of UCNP and UCNP-P4 in EBV-positive 

NPC43 cells (Scale bar: 25 m, ex=980 nm, em=500-700 nm; a1-a3: bright field, 

UCNP treated with NPC43 cells for 3 h and overlay image respectively; a4-a6: bright 

field, UCNP-P4 treated with NPC43 cells for 3 h and overlay image respectively; a7-

a9: bright field, UCNP-P4 treated with NPC43 cells for 12 h and overlay image 

respectively). 

 

 

 



91 

 

    

 

Figure 2.13 Two-photon confocal images of UCNP and UCNP-P4 in EBV-negative 

MRC-5 cells (Scale bar: 25 m, ex=980 nm, em=500-700 nm; a1-a3: bright field, 

UCNP treated with MRC-5 cells for 3 h and overlay image respectively; a4-a6: bright 

field, UCNP-P4 treated with MRC-5 cells for 3 h and overlay image respectively; a7-

a9: bright field, UCNP-P4 treated with MRC-5 cells for 12 h and overlay image 

respectively; (b) Lambda scan of UCNP-P4 in EBV-positive NPC43 cells and EBV-

negative MRC-5 cells). 
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Figure 2.14 Two-photon confocal images of UCNP and UCNP-P4 with DRAQ5 

nuclear dye in EBV-positive C666-1 cells (Scale bar: 25 m, ex=980 nm, em=500-700 

nm; a1-a4: bright field, co-staining with DRAQ5 nuclear dye, UCNP treated with C666-

1 cells for 12 h and overlay image respectively; b1-b4: bright field, co-staining with 

DRAQ5, UCNP-P4 treated with C666-1 cells for 12 h and overlay image respectively). 
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Figure 2.15 Two-photon confocal images of UCNP and UCNP-P4 with DRAQ5 

nuclear dye in EBV-positive NPC43 cells (Scale bar: 25 m, ex=980 nm, em=500-700 

nm; a1-a4: bright field, co-staining with DRAQ5, UCNP treated with NPC43 cells for 

12 h and overlay image respectively; b1-b4: bright field, co-staining with DRAQ5, 

UCNP-P4 treated with NPC43 cells for 12 h and overlay image respectively). 
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Figure 2.16 Two-photon confocal images of UCNP and UCNP-P4 with DRAQ5 

nuclear dye in EBV-negative HeLa cells (Scale bar: 25 m, ex=980 nm, em=500-700 

nm; a1-a4: bright field, co-staining with DRAQ5, UCNP treated with HeLa cells for 12 

h and overlay image respectively; b1-b4: bright field, co-staining with DRAQ5, UCNP-

P4 treated with HeLa cells for 12 h and overlay image respectively). 
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Figure 2.17 Two-photon confocal images of UCNP and UCNP-P4 with DRAQ5 

nuclear dye in EBV-negative MRC-5 cells (Scale bar: 25 m, ex=980 nm, em=500-

700 nm; a1-a4: bright field, co-staining with DRAQ5, UCNP treated with MRC-5 cells 

for 12 h and overlay image respectively; b1-b4: bright field, co-staining with DRAQ5, 

UCNP-P4 treated with MRC-5 cells for 12 h and overlay image respectively). 

 

 

 

 

 

 

a1 a2 a3 a4 

b1 b2 b3 b4 



96 

 

2.2.7 In vivo inhibitory effect investigation  

To further investigate the performance of UCNP-P4 in vivo, intra-tumoral injections of 

UCNP-P4 were carried out towards the C666-1 derived xenografts in BALB/c nude 

mice. The C666-1 cell xenograft growth was effectively inhibited by treatment with 

UCNP-P4. On day 10, an obvious difference was observed in tumor size when 

compared with the control, and at the end of the experiment (day 21), the average tumor 

volumes were decreased by 16.9% as shown in Figure 2.18 (a). On the last day of the 

experiment, the mice were sacrificed and the tumors were harvested and weighed. 

Results of tumor weights showed that the UCNP-P4 treated tumor (0.44 g) is much 

lighter than the control tumor (2.85 g) and the difference of their sizes is significant, as 

shown in Table 2.2. In addition, cell necrosis was frequently observed in tumor nodules 

in the C666-1 xenografts with the UCNP-P4 treatment (Figure 2.18 (c)) and this is 

possibly due to the cytotoxic activity of UCNP-P4. In contrast, tightly packed cancer 

cells were observed in the control tumor (Figure 2.18 (c)). Importantly, the treatment 

with UCNP-P4 had no significant influence on the mice body weight when compared 

with the solvent control, as shown in Figure 2.18 (b), indicating that this dosage of 

UCNP-P4 had no adverse effects on the animal. It is likely that UCNP-P4 is a safe and 

specific agent to treat the EBV-associated tumors. 
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Figure 2.18 (a) Tumor volume measurement on injection of PBS control and 

UCNP-P4. The inset is of tumor inhibition effect of UCNP-P4 after injection in 

C666-1 cell xenograft. (b) Mice body weight measurement on injection of PBS 

control and UCNP-P4. (c) Representative images of center region of 40X PBS 

control (blood vessel and cellular division indicated by star-like symbol) and 20X 

UCNP-P4 treated tumors formed by C666-1 cells H&E, hematoxylin and eosin. 
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Table 2.2 Summary data on tumor weight of C666-1 cell xenograft with different 

treatment. 

Treatment                                     Weight/g 

 

     UCNP-P4                                                             0.44 

 

PBS buffer                                      2.85 
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2.3 Conclusion 

In conclusion, we designed and synthesized the EBNA1 specific dual functional 

nanoprobes for imaging and inhibition of EBV-infected tumor cells, utilizing 

NaGdF4:Yb3+, Er3+ @ NaGdF4 core–shell upconversion nanoparticles conjugated with 

P4 (reported EBNA1 specific peptide, the sequence is YFMVFGGRrRK). Due to 

conjugation with lanthanide nanoparticles, the peptide gained better biocompatibility 

and stability from solid support of lanthanide-based UCNPs. By combining them in this 

work, a newly developed dual-functional, target-specific, luminescent EBNA1-specific 

bioprobes with the ability to visualize EBNA1 and inhibit its dimerization would 

become the ultimate weapon towards eradicating EBV- associated tumors.  

 

More importantly, the upconversion emission enhancement from NaGdF4:Yb3+, 

Er3+@NaGdF4 is only achieved upon the binding with EBNA1 both in aqueous and in 

vitro conditions, and this is a rare example of utilizing upconversion nanomaterials with 

a responsive enhancement signal for a real application. This work provides a simple 

aggregation method (with optimization required for future studies) by using peptide 

molecules to link with upconversion nanomaterials, in order to obtain stronger signaling 

for imaging and to be more specific for tumor suppression. This study has opened a 

new window for the biomedical application of lanthanide upconversion by taking 

advantage of its merits (e.g. no photo-bleaching) and is especially important for the 

anti-cancer drug and tumor imaging agent design. 
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CHAPTER 3 DUAL-TARGETING pH-RESPONSIVE 

UPCONVERSION NANOPROBE FOR MONITORING AND 

INHIBITION OF EBV-ASSOCIATED CANCERS 

3.1 Introduction 

In the last decade, nanomaterials have been researched and investigated as promising 

agents for tumor bioimaging and cancer treatment owing to the enhanced permeability 

and retention (EPR) effect.1-4 Thereinto, lanthanide-based upconversion nanomaterials 

have emerged as desirable agents for bioimaging due to their merits of low biotoxicity, 

high photochemical stability, narrow and sharp emission band, minimal 

autofluorescence, high penetration depth and uniform size distribution.5-12 There are 

numerous examples in applying upconversion nanomaterials for biological uses, such 

as in vivo self-assembly imaging,13 magnetic resonance imaging with tumor 

diagnosis,14 improvement on photodynamic immunotherapy,15 administration of 

chemotherapy and photothermal therapy,16 drug delivery with photodynamic therapy 

and photothermal therapy.17-21 The design of pH-responsive system has promising 

potential in biomedical field, which benefits to precise drug delivery, controlled drug 

release towards the target in weakly acidic tumor microenvironment. However, the real 

biomedical application on pH-responsive nanoprobes with responsive upconversion 



105 

 

emission for inhibition and monitoring of the certain cancers is still scarce, especially 

dual-targeting for tumor cell-associated proteins simultaneously.  

 

Epstein-Barr virus (EBV) is pandemic in human beings and there is an increase of 

approximately 200,000 new cases in the globe annually.22,23 EBV has implication in 

various lymphoid and epithelial cancers, and a close relationship with a wide variety of 

human malignancies such as Burkitt’s lymphoma, Hodgkin’s lymphoma, post-

transplant lymphoproliferative disorders, HIV-associated lymphomas and 

nasopharyngeal carcinomas.24,25 Notably, EBV can cause lifelong latent infection inside 

the host.26 The Epstein-Barr nuclear antigen 1 (EBNA1), normally in the form of dimer, 

has been revealed to play a significant role in the maintenance, replication and 

transcription of the EBV genome and is the only viral latent protein expressed in all 

EBV-associated cancers by previous studies.27,28 EBNA1 also facilitates the growth and 

development of EBV-infected human malignancies.29,30 Thus, EBNA1 can serve as a 

promising target for the effective treatment of EBV-related cancers. The EBV-encoded 

latent infection membrane protein 1 (LMP1) is initially at the stage of proliferation and 

differentiation of EBV latent life cycle, which involves in the development of EBV-

associated tumors.31,32 There are six transmembrane domains (TM 1-6) in the LMP1 

structure and the FWLY motif (amino acid, a.a. 38-41) is important for TM1-2 induction 

of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-ĸB) activation.33 

Furthermore, it is well-documented that FWLY has direct intermolecular association 

with the NF-ĸB signaling pathway which is essential for cells proliferation.34-36 In 
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addition, LMP1 is regarded as the primary oncogene of EBV, and it can aid the 

activation of NF-ĸB signaling pathway, which is critical for lymphoma cells survival 

and growth.37,38 Therefore, LMP1 is an attractive therapeutic target as well. 

 

In the past few years, several EBNA1 dimerization inhibitors have been proposed as 

anti EBV-associated cancer drugs.39-42 Nevertheless, their poor stability and untraceable 

property dramatically limited these inhibitory agents’ biological application. Recently, 

we have reported three types of dual functional fluorescent EBNA1-targeting bioprobes, 

JLP2,
43 L2P4,

44 and UCNP-P4.
45 These represent the first generation of bioprobes for 

simultaneous bioimaging and inhibition of EBV-infected cancer cells with responsive 

emission signal when binding with EBNA1, especially upconversion emission 

enhancement exhibited in UCNP-P4. Based on this, the next generation of bioprobes 

with higher tumor accumulation, higher specificity and better stability are demanded 

for the final goal of complete eradication of EBV-associated tumors. In view of the fact 

that LMP1 is considered as a new potential target protein to improve the treatment 

selectivity and the FWLY motif is critical for the mediation of intermolecular 

interactions with transmembrane in LMP1, three dual-targeting protein-specific 

peptides (Pn, n=5,6 and 7) are designed by combining previously reported P4 peptide 

sequence (YFMVF, EBNA1 inhibitor motif and RrRK, nucleus permeable motif) with 

the FWLY motif for targeting the membrane, then the YFMVF motif was engineered 

and placed at three different sites, which are at the C-terminal side (P5: -Ahx-

YFMVFGGRrRKGGFWLY), in the middle of the whole peptide (P6: -Ahx-
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RrRKGGYFMVFGGFWLY) and the N-terminal site (P7: -Ahx-

FWLYGGRrRKGGYFMVF), to evaluate any effect on the capacity of killing EBV-

infected cancer cells.    

 

Herein, pH-responsive luminescent nanoprobes UCNP-Pn (n=5,6 and 7) with 

responsive upconversion emission upon binding with transmembrane protein LMP1 

and the EBV latent protein – EBNA1 for inhibition and monitoring of EBV-infected 

cancers were designed. The sensitivity towards acidic environment of pH-cleavable 

linker is verified. Furthermore, the nanoprobes UCNP-Pn (n=5,6 and 7) are capable of 

targeting towards EBNA1 and LMP1 as dual-targeting protein-specific peptide (n=5,6 

and 7), therefore, our nanoprobes possess the attribute of aiming towards EBV-

associated cancer cells with high specificity. Notably, the enhanced cellular uptake and 

accumulation in EBV-positive tumors is exhibited due to positively charged surface of 

the nanoprobes.46 Hence, the EBV-infected cells and tumors is inhibited and suppressed 

after treatment with the nanoprobes. Meanwhile, the responsive upconversion emission 

from the nanoprobes with EBNA1 and LMP1 is confirmed in aqueous solution and in 

situ. These results reveal that the explored the dual-targeting nanoprobes UCNP-Pn 

(n=5,6 and 7) with pH-cleavable linker are promising agents for noninvasive EBV-

infected cells in vitro imaging and EBV-associated tumor suppression. 
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3.2 Results and Discussion 

3.2.1 Synthesis and characterization 

Scheme 3.1 illustrated that the nanoprobes entered the EBV-positive cells due to 

endocytosis after attaching the transmembrane selectively because of FWLY targeting 

on LMP1, eventually the nanoprobes arrived the nucleus of the cells owing to the drive 

of the YFMVF motif binding with EBNA1. The whole process can be monitored via 

responsive UC emission and EBV-positive cells were killed by hindering the process of 

EBNA1 dimerization. Furthermore, as shown in Scheme 3.2, the preparation of pH-

responsive dual-targeting nanoprobes with responsive upconversion emission, high 

biostability and uniform size are demonstrated for inhibition and monitoring of EBV-

associated cancers. To reveal the process of surface modification on the size and 

morphology, UCNP and UCNP-Pn (n=5,6 and 7) were first studied by transmission 

electron microscopy (TEM). The TEM images of NaGdF4: Yb3+, Er3+ (size: ~25 nm), 

NaGdF4: Yb3+, Er3+@NaGdF4 (size: ~30 nm) and UCNP-P5 (size: ~33 nm) were shown 

in Figure 3.1(a), Figure 3.1(b) and Figure 3.1(c) respectively. As shown in Figure 3.1(c), 

a thin layer on the surface of UCNP can be observed in the inset which represents the 

nanoprobes in the red rectangle area (indicated by a black arrow). Similar TEM images 

of UCNP-P6 and UCNP-P7 are shown in Figure 3.2 and Figure 3.3. A size increase of 

around 3 nm in UCNP-Pn (n=5,6 and 7) than UCNP was observed, it implies successful 

bioconjugation of UCNP with Pn (n=5,6 and 7). Likewise, the nanoprobes UCNP-P4 

and UCNP-P8, which targeted with EBNA1 and LMP1 respectively were also 
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synthesized with uniform morphology, as shown in Figure 3.4.  

 

 

Scheme 3.1 Schematic illustration of nanoprobes from normal tissue to EBV-infected 

cancer cells. 

 

 

 

 

Scheme 3.2 The synthetic schemes of UCNP-Pn (n=5,6 and 7) from the NaGdF4: Yb3+, 

Er3+ @NaGdF4 (UCNP) coated with dual-targeting protein specific peptides. 

 

 

 

 

(a) (b) (c) 
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Figure 3.1 TEM images of (a) core upconversion nanoparticles NaGdF4: Yb3+, Er3+ 

(Scale bar: 50 nm), (b) NaGdF4: Yb3+, Er3+@NaGdF4 (UCNP) (Scale bar: 50 nm), (c) 

UCNP coated with dual-targeting protein specific peptide P5 (UCNP-P5) (Scale bar: 50 

nm) 

 

 

  

 

Figure 3.2 (a) TEM image of UCNP coated with dual-targeting protein specific peptide 

P5 (UCNP-P5) (Scale bar: 50 nm) and (b) magnified resolution TEM image (Scale bar: 

20 nm) 

 

 

 

(b) 

(b) 

(a) 

(a) 
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Figure 3.3 (a) TEM image of UCNP coated with dual-targeting protein specific peptide 

P7 (UCNP-P7) (Scale bar: 50 nm) and (b) magnified resolution TEM image (Scale bar: 

20 nm)  

 

 

      
 

Figure 3.4 (a) TEM image of UCNP coated with EBNA1 specific peptide P4 (UCNP-

P4) (Scale bar: 50 nm) and (b) TEM image of UCNP coated with LMP1 specific peptide 

P8 (UCNP-P8) (Scale bar: 50 nm) 

 

(b) (a) 
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To further investigate the crystal phase of UCNP and UCNP-Pn (n=5,6 and 7), the X-

ray diffraction (XRD) patterns of the as-prepared samples were tested via X-ray 

diffractometer. As shown in Figure 3.5, the XRD patterns of UCNP-Pn (n=5,6 and 7) 

were consistent with UCNP in terms of the diffraction angles the patterns of UCNP and 

UCNP-Pn (n=5,6 and 7) matched well with the standard hexagonal phase structure of 

NaGdF4 (ICDD#27-0699), which indicates that there is no impure phase introduced 

during the process of surface modification. All the samples formed the pure hexagonal 

phase structure. 
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Figure 3.5 XRD patterns of initial nanoparticles (UCNP) and the peptide capped 

nanoparticles UCNP-Pn (n=5,6 and 7) indexed with a standard hexagonal-phase 

NaGdF4 (ICDD#27-0699). 

 

The corresponding Fourier transform infrared (FTIR) transmission spectrum was 

performed by Fourier transform infrared spectrometer to study the process of peptide 

conjugation of UCNP. As shown in Figure 3.6, the stretching vibration of the C-H bond 

showed absorption peaks at 2928 and 2856 cm-1.48 After the coating of dual-targeting 

protein specific peptides, the stretching vibration of the aromatic C-C bond (1622, 1515 

cm-1) and C-H bond (837, 801 cm-1) is observed as doublet absorption peaks because 

benzene ring existed in the FWLY motif of the peptides.49 Therefore, the reaction of 

surface modification was evidenced and confirmed by the corresponding FTIR 

transmission spectrum.  
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Figure 3.6 FTIR transmission spectrum of UCNP, dual-targeting protein specific 

peptides coated UCNP-P5, UCNP-P6 and UCNP-P7. 

 

 

To further evaluate the aggregation degree of the as-prepared samples, dynamic light 

scattering (DLS) measurements and stability studies were carried out, as shown in 

Figure 3.7. The solution of UCNP and UCNP-Pn (n=5,6 and 7) displayed negligible 

aggregation in phosphate buffer solution (PBS) and fetal bovine serum (FBS) after 1 

day, 4 days and 7 days, revealing the desirable stability, low aggregation and uniform 

size distribution of these nanoprobes for biomedical application, which were highly 

consistent with TEM images results. In addition, the UV-vis absorbance spectra of 

UCNP-P4, UNCP-P8 and UCNP-Pn (n=5,6 and 7) under different time intervals (Conc.: 

0.5 mg/mL) and different pH buffer (Conc.: 0.5 mg/mL) are shown in Figure 3.8 and 
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Figure 3.9 respectively. In Figure 3.8, the characteristic peak of aromatic group was 

observed in the range of 260-280 nm51 and tiny differences of absorbance peak intensity 

were exhibited among all nanoprobes during the experimental period of 7 days.  

 

The capability of cleavage of the pH linker was also studied and remarkable differences 

of absorbance intensity were observed under a range of pH 7.4 to pH 5.0, as shown in 

Figure 3.9. These indicated that the peptide layer on the nanoprobes also had excellent 

stability as the nanoprobes provided solid support to the coating layer of peptides, and 

demonstrated outstanding pH-responsive ability which is consistent with pH-

responsive upconversion visible emission spectrum of the nanoprobes. Additionally, 

approximately 80% of specific peptides was released from the initial nanoprobes during 

the process of pH decrease (Figure 3.9). It is worth noting that the DLS sizes of 

nanoprobes UCNP-Pn (n=5,6 and 7) decreased significantly when they were measured 

in pH buffer from pH 7.4 to pH 5.0 whereas the size of UCNP remains nearly the same 

in different pH buffer, as shown in Figure 3.10. This may indicate the excellent 

sensitivity towards acidic environment of pH-cleavable linker introduced in the 

nanoprobes by Schiff’s base reaction and it leads to the cleavage of peptides on the 

surface of UCNP. The nanoprobes could be separated from the site of pH-cleavable 

linker (imine linker) into two portions, UCNP and Pn (n=5,6 and 7) after involvement 

with weak acidic environment where similar condition of tumor microenvironment had, 

hence, it was evidenced and concluded that the nanoprobes possessed pH-responsive 

property which is coherent with out expectation. Then the surface charge of the samples 
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was recorded by zeta-potential measurements in Figure 3.11, the results rationalized 

that positively charged surface of the nanoprobes changed from the negatively charged 

surface of initial UCNP due to positive charge of amino group of designed peptides 

results from the successful conjugation of dual-targeting protein specific peptides. 

 

 

 

 

 

 

Figure 3.7 DLS measurements and stability study of (a) UCNP (b) UCNP-P5 (c) 

UCNP-P6 (d) UCNP-P7 in PBS and FBS solution. The insets in (a), (b), (c) and (d) 

demonstrate the corresponding digital photograph of PBS and FBS solution containing 

UCNP, UCNP-P5, UCNP-P6, and UCNP-P7, respectively. 

(a) (b) 

(c) (d) 
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Figure 3.8 UV-vis absorbance spectra of (a) UCNP-P5 (b) UCNP-P6 (c) UCNP-P7 (d) 

UCNP-P4 and (e) UCNP-P8 under different time intervals. (Conc.: 0.5 mg/mL) 

 

 

 

 

 

 

 

 

(d) (e) 
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Figure 3.9 UV-vis absorbance spectra of (a) UCNP-P5 (b) UCNP-P6 (c) UCNP-P7 (d) 

UCNP-P4 and (e) UCNP-P8 under different pH buffer. (Conc.: 0.5 mg/mL) 
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Figure 3.10 Size variation of nanoprobes in pH range from pH 7.4 to 5.0. 

 

 

 

Figure 3.11 Zeta potential of UCNP, UCNP-P5, UCNP-P6 and UCNP-P7. 
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3.2.2 Molecular dynamics (MD) simulations 

200 ns MD simulation were run with all three peptides and the conformations as shown 

in Figure 3.12 were obtained after performing clustering analysis. All RMSD were 

generally less than 6Å, these stable values indicating that all three peptides bind stably 

to the dimerization surface, as shown in Figure 3.13. Although there are three different 

motifs with three different arrangements in our experiment, we can observe a constant 

binding pattern in which the YFMVF motifs would try to interact with the key residues 

(Y561, M563 and F565) on the dimeric interface which is consistent with previous 

reports. With the molecular mechanics Poisson-Boltzmann surface area (MMPBSA) 

method, the binding free energy for all three complexes were calculated. Both 

calculated generalized Born (GB) and Poisson-Boltzmann (PB) values correlated with 

each order, with increasing binding energy from P5 < P7 < P6, indicating that P6 would 

have the highest binding energy.  

 

The YFMVF motif was located at the center of peptide P6, which can interact well with 

the key residues as shown above. Besides, the RrRK motif would interact with 

aspartate-rich tail in EBNA1 (D602, D601 and D605), forming a salt-bridge interaction, 

which is also consistent with our previous study. The main interactions of three peptides 

towards EBNA1 is indicated from MD simulations result, which is the hydrophobic 

interactions between the peptides and the key residues on the dimeric interface (salt-

bridge, occurred between RrRK motif and D601, D602, D605 of EBNA1) , which aid 

the binding affinity of nanoprobes to EBNA1.  
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From the representative conformation, we can observe that P5 and P7 are having slight 

interaction with the aspartate rich-tail in EBNA1, but not as clear as in that of P6. Hence, 

since P6 has two types of main interaction with EBNA1, it is suggested that it has the 

strongest binding interaction with EBNA1.  

 

 

 

 

Figure 3.12 The representative conformations of (A) P5, (B) P6 and (C) P7 with EBNA1 

in the MD simulation. All binding energies calculated generalized Born (GB) and 

Poisson–Boltzmann (PB) values were shown for each designed peptide. 
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Figure 3.13 The RMSD of protein EBNA1 and designed peptides. The RMSD values 

of peptides (a) P5, (b) P6 and (c) P7 with EBNA1 in the MD simulation. Red and blue 

line represent the start and end of conformation respectively. 
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3.2.3 Photophysical properties 

The upconversion photophysical properties of the UCNP and UCNP-Pn (n=5,6 and 7) 

were evaluated in DI-water at the same concentration of 0.5 mg/mL under continuous-

wave 980 nm near-infrared laser excitation. All of the as-prepared samples exhibit three 

characteristic upconversion emission bands centered at 520, 540, and 654 nm which 

correspond to the 2H11/2, 
4S3/2→

4I15/2 and 4F9/2→
4I15/2 transitions respectively owing to 

the efficient energy transfer from trivalent ytterbium ion (Yb3+) to trivalent erbium ion 

(Er3+), as shown in Figure 3.13 (a). Furthermore, the upconversion emission intensity 

of UCNP is approximately 6-fold higher than that of UCNP-Pn (n=5,6 and 7) in Figure 

3.14 (a) due to the quenching effect from the peptide coating which results in the 

dramatic decline of the emission. 
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Figure 3.14 (a) The upconversion visible emission spectra of UCNP and UCNP-Pn 

(n=5,6 and 7), (b) pH-responsive upconversion visible emission spectrum of UCNP-P5; 

(c) Luminescence titration of UCNP-P5 (conc.: 0.5 mg/mL; ex = 980 nm) towards 

EBNA1. 
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To further verify the association between the pH-responsive ability of the nanoprobes 

in aqueous solution and their optical properties, the upconversion visible spectra of 

UCNP-P4, UNCP-P8, UCNP and UCNP-Pn (n=5,6 and 7) were systematically 

investigated, as shown in Figure 3.14 (b) and Figure 3.15 respectively. It is noted that 

UCNP-P4, UNCP-P8 and UCNP-Pn (n=5,6 and 7) show the responsive upconversion 

emission 2-fold enhancement when the acidic environment adjusting from pH 7.4 to 

pH 5.0, this hints that the cleavage ability of pH linker in acidic environment of the 

nanoprobes is highly sensitive and the reduction of the quenching effect facilitate the 

emission intensity recovery of peptide-capped nanoprobes. While UCNP is rather stable 

at different pH buffer and the upconversion emission intensity shows no difference. 

 
 

Figure 3.15 pH-responsive upconversion visible emission spectrum of (a) UCNP (b) 

UCNP-P6 (c) UCNP-P7. (d) UCNP-P4 (e) UCNP-P8 (conc.: 0.5 mg/mL; ex = 980 nm). 
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3.2.4 Luminescence titration assays 

To investigate the selective binding with EBNA1 of UCNP and UCNP-Pn (n=5,6 and 

7), luminescence titration assays were conducted by addition of various proteins, i.e. 

BSA, HSA and EBNA1 in the samples. The binding affinity of UCNP-Pn (n=5,6 and 7) 

towards different proteins was mimicked and performed in PBS buffer to verify. As 

shown in Figure 3.17, there is nearly no emission difference in UCNP with addition of 

these three proteins and in UCNP-Pn (n=5,6 and 7) with the addition of HSA and BSA 

(Figure 3.18 b, Figure 3.18 c, Figure 3.16 a, Figure 3.16 b, Figure 3.19 b and Figure 

3.19 c respectively). A two-fold enhancement in emission intensity was observed for 

UCNP-Pn (n=5,6 and 7) upon addition of 10 M EBNA1 when compared with the 

emission of UCNP-Pn (n=5,6 and 7) without any additives (Figure 3.18 a, Figure 3.14 

c and Figure 3.19 a). Additionally, the change in emission intensity of UCNP and 

UCNP-Pn (n=5,6 and 7) towards EBNA1, BSA and HSA were plotted in Figure 3.17 d, 

Figure 3.18 d, Figure 3.16 c and Figure 3.19 d, respectively. The results implied that 

the YFMVF motif for targeting EBNA1 of the new designed peptides on the surface of 

UCNP could still bind with EBNA1 and induce aggregation between the nanoprobes 

and EBNA1,45 hence, leading to the emission enhancement. It is indicated that UCNP-

Pn (n=5,6 and 7) is highly selective to EBNA1 over BSA and HSA, which is quite 

consistent with our previous work on UCNP-P4. 
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Figure 3.16 Luminescence titration of UCNP-P6 (conc.: 0.5 mg/mL; ex = 980 nm) 

towards a) BSA and b) HSA, c) change in emission intensity of UCNP-P6 on addition 

of EBNA1, BSA and HSA. 

 

 

 

500 550 600 650 700

0

5000

10000

15000

20000

UCNP-P
6
 : 0.5 mg/mL


ex

: 980 nm

0 M BSA

10 M BSA

E
m

is
s
io

n
 i
n

te
n

s
it
y
(a

.u
.)

Wavelength (nm)

500 550 600 650 700

0

5000

10000

15000

20000

25000
UCNP-P

6
 : 0.5 mg/mL


ex

: 980 nm

10 M HSA

0 M HSA

E
m

is
s
io

n
 i
n
te

n
s
it
y
(a

.u
.)

 

Wavelength (nm)

(a) 

(b) 

(c) 



128 

 

 

Figure 3.17 Luminescence titration of UCNP (conc.: 0.5 mg/mL; ex = 980 nm) 

towards (a) EBNA1, (b) HSA, (c) BSA, (d) change in emission intensity of UCNP on 

addition of EBNA1, BSA and HSA. 
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Figure 3.18 Luminescence titration of UCNP-P5 (conc.: 0.5 mg/mL; ex = 980 nm) 

towards a) EBNA1, b) HSA, c) BSA, d) change in emission intensity of UCNP-P5 on 

addition of EBNA1, BSA and HSA. 
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Figure 3.19 Luminescence titration of UCNP-P7 (conc.: 0.5 mg/mL; ex = 980 nm) 

towards a) EBNA1, b) HSA, c) BSA, d) change in emission intensity of UCNP-P7 on 

addition of EBNA1, BSA and HSA. 
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3.2.5 Dimerization inhibition assays 

To evaluate the dimerization inhibitory capability of the samples, dimerization 

inhibition assays were performed to reveal any inhibitory interaction between the 

nanoprobes and EBNA1 in situ directly. As shown in Figure 3.20 (a) and Figure 3.20 

(b), UCNP-Pn (n=5,6 and 7) exhibited the ability of hindering EBNA1 dimerization at 

a quite low concentration of 0.1 g/L, especially as UCNP-P6 can inhibit over 70% of 

10 g EBNA1 dimers which shows the highest inhibitory rate among all the samples 

(Figure 3.20 c). The density of EBNA1 dimers maintained at the same high level after 

incubation with PBS buffer and UCNP. These results are consistent with the data from 

luminescence titration assay.  
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Figure 3.20 (a) First trial on EBNA1 dimerization inhibition assay of UCNP and 

UCNP-Pn (n=5,6 and 7) (b) Second trial on EBNA1 dimerization inhibition assay of 

UCNP and UCNP-Pn (n=5,6 and 7) (c) Quantitative determination of EBNA1 dimer 

with different treatment of PBS, UCNP and UCNP-Pn (n=5,6 and 7), respectively.   

(c) 

(a) 

(b) 
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3.2.6 Cellular inhibitory performance study 

The inhibitory effect of the as-prepared nanoprobes on both EBV-infected cancer cells 

and non-EBV-infected cancer cells was investigated by MTT assays to test the cell 

viability. The cytotoxic assays were performed among EBV-positive C666 and NPC43 

cells, EBV-negative MRC-5 and HeLa cells, LMP1-positive LCL3, HK1-LMP1 cells, 

LMP1-negative HK1 cell lines. The MTT cell viability assays of Pn (n=5,6 and 7) were 

firstly performed; as shown in Figure 3.21 and Figure 3.22, the results revealed high 

cytotoxicity among EBV-positive cells (NPC43 and C666) and LMP1-positive cells 

LCL3 when compared with EBV-negative cell lines (MRC-5, HeLa) and LMP1-

negative HK1 cells. As shown in Figure 3.23 and Figure 3.24, UCNP-P6 exhibits the 

strongest inhibitory effect in all EBV-positive cells and LMP1-positive cells except 

HK1-LMP1 cell lines because whether causing any influence on artificial addition of 

LMP1 in the cells or not would not affect the growth of HK1 cells. UCNP-P7 showed a 

higher cytotoxicity than UCNP-P5 in EBV-related cancer cells whereas UCNP-Pn 

(n=5,6 and 7) and Pn (n=5,6 and 7) do no harm to EBV-negative cells (MRC-5 and 

HeLa) even at quite high dosage of 200 g/mL. In addition, the IC50 values of UCNP-

P6 in EBV-positive cell lines NPC43 (IC50 = 54 g/mL; C666, 37 g/mL), LMP1-

positive LCL3 (IC50 = 11.8 g/mL), Namalwa cells (IC50 = 26.1 g/mL) are much lower 

than that of in LMP1-negative HK1 cell lines (IC50 = 1027 g/mL), EBV-negative cell 

lines HeLa (IC50 = 1086 g/mL) and MRC-5 (IC50 = 1280 g/mL), same situations 

were displayed in UCNP-P5 and UCNP-P7 as well, which demonstrates the selectivity 

of new designed dual-targeting protein specific peptides and UCNP-Pn (n=5,6,7) 
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towards EBV-associated cancer cell lines, thereby verifying that UCNP-Pn (n=5,6 and 

7) can selectively kill EBV-infected carcinoma cells but maintained relatively nontoxic 

to non-EBV-infected tumor cells.  

 

Notably, these results are consistent with our previously reported probes L2P4 and 

UCNP-P4. It can be confirmed that UCNP-Pn (n=5,6 and 7) exerted highly selective and 

potent cytotoxicity towards both EBV-positive cells and LMP1-positive cells. It is 

worth noting that UCNP-Pn (n=5,6 and 7) is more selective towards EBV-infected 

carcinoma cells compared with the previous bioprobes due to the conjugation of dual-

targeting protein specific peptide on the surface of UCNP, hence, transmembrane 

protein LMP1 can be first targeted by the FWLY membrane-targeting motif in EBV-

infected cancer cells and then the EBNA1-inhibiting YFMVF motif and nucleus 

permeable RrRK motif are prone to cause inhibitory effect on the nucleus, where 

EBNA1 is initially located. Therefore, the dimerization process of EBNA1 can be 

hindered efficiently and EBV-infected tumor cells were significantly inhibited. 
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Figure 3.21 Cytotoxicity assay of P5, P6, P7 on (a) EBV-positive nasopharyngeal 

carcinoma C666, (b) EBV-positive nasopharyngeal carcinoma NPC43, (c) EBV-

negative human lung fibroblast normal MRC-5, (d) EBV-negative human cervical 

carcinoma HeLa were assayed (incubation time: 24 hours).  
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Figure 3.22 Cytotoxicity assay of P5, P6, P7 on (a) LMP1 positive LCL3 cells, (b) LMP1 

positive HK1-LMP1 cells, (c) LMP1 negative HK1 cells were assayed (incubation time: 

24 hours). 

 

 

 

 

 

 

 

 

 

 

 

 



137 

 

 

  
 

 

Figure 3.23 Cytotoxicity assay of UCNP, UCNP-Pn (n=5,6 and 7), UCNP-P4 and 

UCNP-P8 on (a) EBV-infected NPC43 cells, (b) LMP1 positive HK1-LMP1 cells, (c) 

LMP1 negative HK1 cells were assayed (incubation time: 24 hours).  
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Figure 3.24 Cytotoxicity assays of UCNP, UCNP-Pn (n=5,6 and 7), UCNP-P4 and 

UCNP-P8 in EBV-positive (a) C666 cells, (b) LCL3 cells and EBV-negative (c) HeLa 

cells, (d) MRC-5 cells (incubation time: 24 hours). 
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Table 3.1 Summary on IC50 (half inhibitory concentration) values of UCNP, UCNP-Pn 

(n=5,6 and 7), UCNP-P4 and L2P4 in C666, LCL3 and MRC-5 cells and the 

corresponding selectivity index 
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3.2.7 Cellular uptake ICPMS 

To reveal the uptake efficiency of nanoprobes in vitro, the assay was conducted via 

inductively coupled plasma mass spectrometry (ICP-MS) in C666, HK1, HK1-LMP1, 

LCL3 cells lines. With the aid of lanthanide content in the nanoprobes, direct 

monitoring and investigation on cellular uptake efficiency can be achieved by ICP-MS 

evaluation. As shown in Figure 3.25, UCNP-P5 exhibited the largest amount of cellular 

uptake in LCL3, HK-LMP1 and C666 cells, UCNP-P6 and UCNP-P7 showed similar 

uptake rates among these cell lines due to enhanced cell permeability with hydrophilic 

specific peptides and effective peptide-protein binding, indicating that the specific 

peptides can have interaction with LMP1 and EBNA1. Furthermore, the cellular Gd 

concentration enhanced as time goes by in LCL3 and C666 cells, while the Gd amount 

in HK1-LMP1 cells shown a slight decline after 12 h; this is possibly because the 

peptide-protein binding amounts reached the threshold on the transmembrane, the 

addition of peptides would be washed away with PBS before ICP-MS study. However, 

all the nanoprobes remain at a relatively low level (less than 1 ppm) in HK1 cell line 

after 24 h monitoring, which indicated the nanoprobes can enter EBV-positive and 

LMP1-positive cells and then be retained selectively whereas the Gd uptake amount in 

UCNP among all the cell lines is much lower than other nanoprobes because there are 

no specific peptides coated on the UCNP. Hence, UCNP cannot attach and further 

accumulate in EBV-positive or LMP1-positive cells selectively. 
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Figure 3.25 The cellular uptake profile of UCNP and UCNP-Pn (n=5,6 and 7) by ICP-

MS in (a) LCL3, (b) HK1-LMP1, (c) HK1 and (d) C666.  

 

 

 

 

 

 

 

 

 

 

(a) 

(d) 
(c) 

(b) 



142 

 

3.2.8 In vitro bioimaging 

After the study of cytotoxic behaviors of UCNP-Pn (n=5,6 and 7) and the toxicity of 

nanoprobes is in microgram scale (IC50 = ~50 g/ml in EBV-positive cells), in vitro 

imaging was further conducted in EBV-positive C666 and LCL3 cells, and EBV-

negative HK1-LMP1 and HK1 cell lines. C666 is a nasopharyngeal carcinoma (NPC) 

cell line, LCL3 is a lymphoblastoid cell line which overexpressed both EBNA1 and 

LMP1, HK1 is an EBV-negative cell line, and HK1-LMP1 was generated by stably 

expressing the EBV oncoprotein, latent membrane protein1 (LMP1) variant (B95.8) 

into the parental HK1 cell line by transfection. All these cell lines were treated with as-

prepared samples for different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h, with UCNP 

set as control. Fluorescence signals in the cells were imaged under 980 nm excitation 

wavelength.  

 

As shown in Figure 3.26, the UCNP-P6 nanoprobe initially attached on C666 cell 

membrane because the FWLY motif binds with LMP1, this process enabled more 

nanoprobes to attach on the transmembrane. Nanoprobes entered the cells through 

endocytosis, eventually penetrated to the nuclei with assistance of the drive of the 

YFMVF and RrRK motifs binding towards EBNA1. The lambda scans were 

investigated among all the cells and the in vitro emission spectra were recorded at each 

time interval and detected from erbium transitions, where its emission intensity can be 

regarded as direct evidence of the nanoprobes’ existence. More importantly, a two-fold 

responsive UC emission enhancement can be observed after 24 h incubation, which is 
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consistent with luminescence titration results. Furthermore, the emission was detected 

mainly from the nucleus, which can be confirmed by the fluoresence from DRAQ5 

nuclear dye. However, this phenomenon cannot be observed in other cells. For HK1 

and HK1-LMP1 cells, because the targeting proteins LMP1 and EBNA1 were absent, 

the emission signals declined dramatically and finally cannot detect any signals (Figure 

3.27, Figure 3.28). Whereas most emission signals in LCL3 cells can be recorded at 24 

h when compared with first recording time, the fluorescence signals mainly remained 

on transmembrane according to confocal images since nanoprobes binding with LMP1 

on the membrane, as shown in Figure 3.29. 

 

In addition, the UCNP control were rapidly excreted out of the cells, therefore, UCNP 

not only had no inhibitory effect on any cells, but also exhibited weak or absent 

emission signals after 24 h observation, as shown in Figure 3.30 – Figure 3.33. 

Moreover, UCNP-P5 and UCNP-P7 also have similar situation with UCNP-P6, they 

exhibited two-fold responsive emission enhancement mainly from nuclei can be 

observed in C666 cells as well, while in HK1 and HeLa cells the intensity declined 

dramatically and no signals could be detected. Additionally, the emission intensity can 

still retain the majority of emission signals from cell membrane even after 24 h 

incubation in HK1-LMP1 and LCL3 cells, as shown in Figure 3.34-Figure 3.37, Figure 

3.38 – Figure 3.41 respectively. 

 

As we demonstrated previously, hydroxyl and amine groups high vibrational energies 
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from peptide coating would quench the excited state of lanthanide ions.45 Strong 

interaction of the YFMVF and RrRK motifs with EBNA1 can disturb the surface 

quenching process and as a result, the nanoprobes exhibited a recovered emission signal. 

After targeting and binding with LMP1 or EBNA1, on one hand, the pH linker in 

nanoprobes was cleaved responsively from the weak acidic microenvironment in cancer 

cells, and more peptides were dispersed in the cells, hence the inhibitory performance 

would get enhanced; on the other hand, nanoprobes without the pH linker would recover 

emission intensity due to diminished surface quenching effect, these two main 

underlying reasons would have a synergetic effect with regard to fluorescence intensity 

enhancement.  
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Figure 3.26 Two-photon confocal images of UCNP-P6 in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with C666 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P6 treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P6 treated with C666 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P6 treated 

with C666 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P6 treated with C666 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.27 Two-photon confocal images of UCNP-P6 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P6 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P6 treated with HeLa cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P6 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P6 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-negative HK1 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.28 Two-photon confocal images of UCNP-P6 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P6 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P6 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P6 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P6 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P6 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 

 

 



148 

 

 

Figure 3.29 Two-photon confocal images of UCNP-P6 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P6 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P6 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P6 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P6 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P6 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P6 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.30 Two-photon confocal images of UCNP in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with C666 cells for 

1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, UCNP 

treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image respectively; 

(i)-(l): bright field, UCNP treated with C666 cells for 6 h, DRAQ5 fluorescence and 

overlay image respectively; (m)-(p): bright field, UCNP treated with C666 cells for 12 

h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): bright field, UCNP 

treated with C666 cells for 24 h, DRAQ5 fluorescence and overlay image respectively; 

(u) Lambda scan of UCNP in EBV-positive C666 cells in different time intervals of 1 

h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.31 Two-photon confocal images of UCNP in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with HK1 cells for 

1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, UCNP 

treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image respectively; 

(i)-(l): bright field, UCNP treated with HK1 cells for 6 h, DRAQ5 fluorescence and 

overlay image respectively; (m)-(p): bright field, UCNP treated with HK1 cells for 12 

h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): bright field, UCNP 

treated with HK1 cells for 24 h, DRAQ5 fluorescence and overlay image respectively; 

(u) Lambda scan of UCNP in EBV-negative HK1 cells in different time intervals of 1 

h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.32 Two-photon confocal images of UCNP in EBV-negative HK1-LMP1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with HK1-LMP1 

cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP treated with HK1-LMP1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP treated with 

HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-

(t): bright field, UCNP treated with HK1-LMP1 cells for 24 h, DRAQ5 fluorescence 

and overlay image respectively; (u) Lambda scan of UCNP in EBV-negative HK1-

LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.33 Two-photon confocal images of UCNP in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP treated with LCL3 cells for 

1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, UCNP 

treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image respectively; 

(i)-(l): bright field, UCNP treated with LCL3 cells for 6 h, DRAQ5 fluorescence and 

overlay image respectively; (m)-(p): bright field, UCNP treated with LCL3 cells for 12 

h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): bright field, UCNP 

treated with LCL3 cells for 24 h, DRAQ5 fluorescence and overlay image respectively; 

(u) Lambda scan of UCNP in EBV-positive LCL3 cells in different time intervals of 1 

h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.34 Two-photon confocal images of UCNP-P5 in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with C666 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with C666 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with C666 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with C666 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.35 Two-photon confocal images of UCNP-P5 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with HK1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-negative HK1 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.36 Two-photon confocal images of UCNP-P5 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P5 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P5 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P5 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P5 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P5 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 
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Figure 3.37 Two-photon confocal images of UCNP-P5 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P5 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P5 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P5 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P5 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P5 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P5 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.38 Two-photon confocal images of UCNP-P7 in EBV-positive C666 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with C666 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with C666 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with C666 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with C666 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with C666 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-positive C666 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.39 Two-photon confocal images of UCNP-P7 in EBV-negative HK1 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with HK1 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with HK1 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with HK1 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with HK1 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with HK1 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-negative HK1 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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Figure 3.40 Two-photon confocal images of UCNP-P7 in EBV-negative HK1-LMP1 

cells (ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with HK1-

LMP1 cells for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): 

bright field, UCNP-P7 treated with HK1-LMP1 cells for 3 h, DRAQ5 fluorescence and 

overlay image respectively; (i)-(l): bright field, UCNP-P7 treated with HK1-LMP1 cells 

for 6 h, DRAQ5 fluorescence and overlay image respectively; (m)-(p): bright field, 

UCNP-P7 treated with HK1-LMP1 cells for 12 h, DRAQ5 fluorescence and overlay 

image respectively; (q)-(t): bright field, UCNP-P7 treated with HK1-LMP1 cells for 24 

h, DRAQ5 fluorescence and overlay image respectively; (u) Lambda scan of UCNP-P7 

in EBV-negative HK1-LMP1 cells in different time intervals of 1 h, 3 h, 6 h, 12 h and 

24 h. 
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Figure 3.41 Two-photon confocal images of UCNP-P7 in EBV-positive LCL3 cells 

(ex=980 nm, em=500-700 nm); (a)-(d): bright field, UCNP-P7 treated with LCL3 cells 

for 1 h, DRAQ5 fluorescence and overlay image respectively; (e)-(h): bright field, 

UCNP-P7 treated with LCL3 cells for 3 h, DRAQ5 fluorescence and overlay image 

respectively; (i)-(l): bright field, UCNP-P7 treated with LCL3 cells for 6 h, DRAQ5 

fluorescence and overlay image respectively; (m)-(p): bright field, UCNP-P7 treated 

with LCL3 cells for 12 h, DRAQ5 fluorescence and overlay image respectively; (q)-(t): 

bright field, UCNP-P7 treated with LCL3 cells for 24 h, DRAQ5 fluorescence and 

overlay image respectively; (u) Lambda scan of UCNP-P7 in EBV-positive LCL3 cells 

in different time intervals of 1 h, 3 h, 6 h, 12 h and 24 h. 
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3.2.9 Immunofluorescence imaging  

To further investigate exact subcellular localization of LMP1 and relative location 

between LMP1 and nanoprobes in LMP1-expressed EBV-infected LCL3 cells, 

immunofluorescence imaging at different time intervals was carried out, which can 

facilitate clear observation of dynamic movement of LMP1 and nanoprobes inside the 

cells, also provide overall qualitative and quantitive assessment on LMP1 in LCL3 cell 

line. The fluorescence from the second antibody of LMP1 was displayed in red and the 

fluorescence from UCNP-P6 was displayed in green, as shown in Figure 3.42. The 

localization of LMP1 in LCL3 cells was verified by the fluorescence of LMP1-antibody 

and it was obvious that LMP1 was located at nuclear membrane, as shown in Figure 

3.39. The nanoprobes were initially observed in the cell membrane and cytoplasm at 3 

h and 6 h, it gradually reached nuclear membrane and entered the nucleus at 12 h and 

18 h. Notably, the nanoprobes predominately entered the nucleus at 24 h, which can be 

evidenced that nanoprobes are able to have interaction with LMP1 located at the nuclear 

membrane firstly and then bind with EBNA1 in cell nucleus.  
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Figure 3.42 Representative immunofluorescence images of LCL3 cells after treatment 

with UCNP-P6 at different time intervals. The fluorescence from second antibody of 

LMP1 was displayed in red and the fluorescence from UCNP-P6 was displayed in green, 

ex of UCNP-P6 = 980 nm, ex of 2nd antibody for LMP1= 488 nm. The LCL3 cells 

were incubated with UCNP-P6 at 0 h, 3 h, 6 h, 12 h, 18 h and 24 h respectively. Scale 

bar = 10 m. 
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3.2.10 In vivo inhibition & biodistribution study 

To reveal the antitumor efficacy of the nanoprobes in vivo, the therapeutic effects of 

them were investigated in C666 and HeLa derived xenografts in BALB/c nude mice. 

The mice were randomly divided into five groups: (1) control (PBS), (2) UCNP, (3) 

UCNP-P5, (4) UCNP-P6, (5) UCNP-P7. When the tumor size reached ∼100 mm3, 

different formulations were intravenously injected into the tumor-bearing mice through 

the tail vein for a 33-day treatment. The tumor sizes and body weights of the mice were 

recorded every three days. The relative tumor volumes of mice in the control and UCNP 

groups displayed rapid growth whereas obvious inhibitions of tumor growth were 

observed in other groups to C666 cell xenografts, but not towards HeLa, which could 

be attributed to the specific and selective toxicity of the nanoprobes, demonstrating that 

the nanoprobes initially interacted with EBNA1 and LMP1, hindering the dimerization 

of EBNA1 and further inhibited tumor growth. Furthermore, UCNP-P5 showed greater 

suppression on tumors among C666 cell xenografts, the tumor volumes and tumor 

weights were declined by 30% and 39% respectively after 33-day treatment, 

presumably due to its effective and high cellular uptake efficiency, which had been 

proved through the results of ICP-MS cellular uptake. Hematoxylin and eosin (H&E) 

staining of tumors also showed only in C666 cancer cells and vasculature were 

remarkably damaged (Figure 3.43 a-g), which implied that cell necrosis occurred inside 

the tumor. Additionally, no obvious fluctuation in mice body weight and no significant 

difference among vital organs were observed in all groups during the 33-day treatment 

period, as shown in Figure 3.43 h-i respectively, indicating no obvious side effects of 
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these formulations. All the results evidenced that our nanoprobes are safe and specific 

agents towards EBV-associated tumors via targeting EBNA1 and LMP1 at this dosage. 

 

To evaluate the biodistribution in vivo after injection of nanoprobes, the tumors and 

major organs including brain, heart, liver, spleen, lung, kidneys were excised for the 

study, as well as skin and blood. After the organs were digested in concentrated nitric 

acid, the Gd ion content in the various organs was examined via ICP-MS. As shown in 

Figure 3.44, the concentration of Gd from nanoprobes in tumor is higher than that in 

other organs after tail vein injection of nanoprobes to mice, which indicated that the 

nanoprobes accumulated in tumor effectively due to the enhanced penetration and 

retention (EPR) effect. In addition, the partial accumulation of nanoprobes in the 

reticuloendothelial system (RES), such as liver, spleen and lung, were detected as well 

after injection which deduced that excretion process occurred in the mice body. 
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Figure 3.43 (a) Digital photographs of tumor after treatment of (a) PBS (b) UCNP-P5 

(c) UCNP-P6 (d) UCNP-P7 (e) UCNP. Scale bar: 10 mm; (f) Tumor volume after 

treatment of UCNP, UCNP-P5, UCNP-P6, UCNP-P7 and PBS during 33-day 

experimental period; (g) Tumor weight after treatment of UCNP, UCNP-P5, UCNP-P6, 

UCNP-P7 and PBS during 33-day experimental period; (h) Body weight in UCNP, 

UCNP-P5, UCNP-P6, UCNP-P7 and PBS group after experimental period of 33 days (i) 

Weights of vital organs, i.e. heart, lung, liver, spleen, skin, kidney and brain in UCNP, 

UCNP-P5, UCNP-P6, UCNP-P7 and PBS group after experimental period of 33 days. 
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Figure 3.44 ICP-MS results in different organs and tumor by detecting Gd ions after 

treatment of UCNP and UCNP-Pn (n=5,6 and 7). 

 

 

 

Figure 3.45 (a) Tumor volume of HeLa cell xenograft after treatment of UCNP, UCNP-

P5, UCNP-P6, UCNP-P7 and PBS during 33-day experimental period; (b) Body weight 

after treatment of UCNP, UCNP-P5, UCNP-P6, UCNP-P7 and PBS. 
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3.3 Conclusion 

In conclusion, we have designed and synthesized the dual-targeting pH-responsive 

luminescent nanoprobes with responsive upconversion emission for inhibition and 

monitoring of EBV-associated cancer. The nanoprobes initially can be recognized by 

LMP1 located at LMP1-positive cellular transmembrane through peptides on the 

surface of UCNP, and further attracted by the majority of LMP1 on nuclear membrane 

to nucleus. During the process, pH-cleavable linkers in nanoprobes were activated in 

tumor microenvironment, meanwhile, nanoprobes were driven into nucleus via RrRK 

motif. In the end, the peptides cleaved from nanoprobes achieve inhibition on EBNA1 

dimerization and UCNP realized monitoring function in vitro. The pH linker prepared 

by Schiff base reaction was introduced between UCNP and dual-targeting peptide, and 

such a rational design not only empowered the nanoprobes to cleave when attached 

with EBV-infected cancer cells in order to increase the cellular uptake and accumulation 

in cell xenograft, it also led to specific and sensitive emission enhancement responses 

toward EBV-positive cell lines. Notably, the nanoprobes exhibit selective cytotoxicity 

towards EBV-infected cancer cells, especially in LMP1-positive cell lines. More 

importantly, the therapeutic efficacy of nanoprobes shows satisfying performance in 

terms of in vivo anti-tumor activity of EBV-positive tumors.  

 

Our study thus developed a new generation of pH-responsive lanthanide-based 

upconversion nanoprobes with dual-targeting protein specific peptide and responsive 

emission signal for suppression and monitoring of EBV-infected cancers. The pH linker 
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in our nanoprobes can be cleaved when entering tumor environment, hence, the 

separated parts can achieve the final goals for further treatment and visualization of 

EBV-associated cancers. This study has opened up a new road for the bioapplication of 

lanthanide-based upconversion nanoprobes and is vitally critical for imaging agents and 

imaging-guided therapy design and development on the eradication of EBV-associated 

cancers. 
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3.4 Future work 

In future work, we will try to measure the stability constant of nanoprobes and t1 

relaxivity values of UCNP modified with dual-targeting peptide or without peptide, 

before and after binding with EBNA1. Additionally, 24 h live imaging of nanoprobes 

in EBV-associated cancer cells compared with UCNP-P4, L2P4 these old probes will be 

explored to study and compare the cellular uptake rate. Immunofluorescence imaging 

for other probes (i.e. UCNP-P4 and L2P4) in LMP1-expressed EBV-related cell lines 

will be examined. More importantly, any downstream effect on the nanoprobes caused 

to P65 in NF-kB signaling pathways in LMP1 will be further confirmed by GFP 

signaling assays and luciferase reporter assay.  
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CHAPTER 4 EXPERIMENTAL PROCEDURES 

4.1 Experimental procedures for chapter 2 

Chemicals and Materials 

Gadolinium acetate hydrate, erbium acetate hydrate, ytterbium acetate hydrate were 

purchased from Sigma – Aldrich and all of them are 99.9% trace metals basis, then 

dissolved in deionized water (DI water) to form solutions with concentrations of 0.2M 

Oleic acid (OA), 1-octadecene (ODE), sodium hydroxide (NaOH), ammonium fluoride 

(NH4F), 0.1M HCl, dimethylformamide (DMF) were purchased from Sigma - Aldrich 

and NaOH, NH4F dissolved in methanol to obtain 1M and 0.4M concentration solution 

respectively. Methanol (reagent grade), ethanol (reagent grade), cyclohexane (reagent 

grade), polyethylenimine, branched (PEI), 6-maleimidohexanoic acid were purchased 

from Sigma - Aldrich. 1 – (3 – Dimethylaminopropyl) – 3 – ethylcarbodiimid 

hydrochloride (EDCI) was purchased from Dieckmann. All of these chemicals were 

used without further purification. 

 

Synthesis of NaGdF4: Yb3+, Er3+ upconversion nanoparticles 

Hydrophobic NaGdF4:Yb3+, Er3+ was prepared by the co-precipitation method 

according to previously reported procedures.1 Generally, 4 mL of OA, 6 mL of ODE 

and Gd(CH3CO2)3 (0.312 mM), Yb(CH3CO2)3 (0.08 mM) and Er(CH3CO2)3 (0.008 mM) 

with the molar ratio of 78: 20: 2 were heated at 150 °C and stirred for 40 min. Then, 
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NH4F (1.6 mM) and NaOH (1 mM) in MeOH solution were added and maintained at 

50 °C for 30 min. After that, the solution was heated to 100 °C and placed under vacuum 

for 10 min, and nitrogen was switched on to form a sealed environment. Next, the 

contents were heated to 290 °C and maintained at that temperature for 90 min. Lastly, 

the solution was washed with cyclohexane and ethanol twice and the UCNP collected 

via centrifugation after cooling down to room temperature. 

 

Synthesis of NaGdF4: Yb3+, Er3+@NaGdF4 core-shell upconversion 

nanoparticles 

The shell precursors were firstly prepared by mixing 2 mL aqueous solution of 

Gd(CH3CO2)3 (0.2 M) with 4 mL of oleic acid and 6 mL of 1-octadecene in a 50 mL 

flask, followed by heating at 150 °C for 40 min. After cooling down to 50 °C, the 

NaGdF4:Yb3+, Er3+ core nanoparticles from the above step were added along with 5 mL 

of methanol solution of NaOH (1 mmol) and NH4F (1.6 mmol). The reaction mixture 

was stirred at 50 °C for 30 min, followed by degassing at 100 °C for 10 min with 

magnetic stirring. After being flushed with nitrogen, the reaction mixture was heated to 

280 °C for 1 h and then cooled to room temperature. The resulting nanoparticles were 

precipitated by the addition of ethanol, collected by centrifugation at 6000 RPM for 3 

min, washed with ethanol several times, and redispersed in 4 mL of cyclohexane. 

 

Synthesis of hydrophilic amine-functionalized core-shell upconversion 
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nanoparticles 

In order to obtain hydrophilic UCNP for further biological application, it is significant 

to remove the hydrophobic OA ligand from UCNP surface for ligand free treatment. 

The UCNP were collected by centrifuge and the supernatant was removed. Then 0.1 

mol hydrochloric acid (HCl) was added and the mixture was sonicated at 50 °C for 1 h. 

After that, the hydrophilic UCNP were collected by centrifugation (14000 RPM, 30 min) 

for three times, and the final product was dispersed in deionized (DI) water. Then the 

ligand-free UCNP were dispersed in a 10 mg/mL PEI solution and stirred for 12 h to 

obtain PEI-UCNP.2 Finally, the PEI-UCNP were washed with deionized water by 

sonication and collected by centrifugation with 14000 RPM for 30 min. 

 

Surface modification of UCNP for click reaction 

21 mg 6-Maleimidohexanoic acid, 52 l DIPEA, 23 mg NHS, 38 mg EDCI were added 

into ethanol solution and stirred 30 min for initial activation, then PEI-UCNPs solution 

were added and stirred overnight. And the obtained solution was collected and rinsed 

with ethanol twice.    

 

Bioconjugation of EBNA1-specific P4 peptide on the UCNPs 

Finally, the modified UCNP and 30mg EBNA1-specific P4 peptide were reacted with 

each other in PBS buffer at pH 7.4 at room temperature overnight. The UCNP-P4 was 
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washed with methanol and collected by freeze drying.  

 

Characterization  

Powder X-ray diffraction (XRD) patterns of the as-prepared UCNP and UCNP-P4 were 

recorded by using a Bruker AXS D8 Advance X-ray diffractometer at 40 kV and 40 mA 

with Cu-Kα radiation (λ =1.5418 Å). The morphology of UCNP and UCNP-P4 was 

imaged by using a Tecnai G2 20 S-TWIN Transmission Electron Microscope (TEM), 

operated at 200 kV. The Fourier transform infrared spectra (FTIR) of UCNP and UCNP-

P4 were characterized by a Perkin Elmer Paragon 1000 PC spectrometer at room 

temperature in the range from 400-4000 cm-1 with resolution of 4 cm-1. The dynamic 

light scattering (DLS) and zeta-potential measurements were performed with a 

Zetasizer 3000 HAS instrument. Visible emission spectra of UCNP and UCNP-P4 were 

measured by using a SpectroFluorometer System (Horiba/Fluoromax-4) equipped with 

a 980 nm laser as the excitation source. 
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Figure 4.1 Main components of Powder X-ray diffraction instrument  

 

 

Figure 4.2 Internal structure of Tecnai G2 20 S-TWIN Transmission Electron 

Microscope 
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Figure 4.3 The working diagram of Fourier transform infrared spectra instrument 

 

 

Figure 4.4 The diagram of operation principle of Zetasizer 3000 HAS instrument 

 

Cell culture 

Human cervical carcinoma HeLa cells were purchased from the American type Culture 

Collection (ATCC) (#CCL-185, ATCC, Manassas, VA, USA). The HeLa cells were 
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grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 1% penicillin and streptomycin at 37C and 5% CO2. 

Nasopharyngeal carcinoma C666 - 1 cells were grown in Roswell Park Memorial 

Institute (RPMI) media 1640 supplemented with 10% FBS, 1% penicillin and 

streptomycin at 37C and 5% CO2. Human normal lung fibroblast (MRC-5) cells were 

grown in MEM medium. NPC43 cells were maintained in RPMI 1640 with 10% FBS 

and 4 μM Y27632 (inhibitor of Rho-associated, coiled-coil-containing protein kinase; 

Enzo Life Sciences). All medium used was supplemented with 10% serum (FBS), 1% 

penicillin and streptomycin at 37 °C and 5% CO2. 

 

In vitro imaging 

Cells were seeded onto a coverslip in 35 mm culture dishes for 24 h. The cells were 

firstly incubated with UCNP and UCNP-P4 for 3 h or 12 h in the dark, and for cells 

treated 12 h, then co-stained with DRAQ5 nuclear dye for 0.5 h (concentration: 50 nM).  

In vitro imaging was conducted by using a multi-photon Leica SP8 confocal microscope, 

equipped with a coherent femtosecond laser (690–1050 nm), argon laser (432 nm, 457 

nm and 488 nm), He–Ne laser (632 nm), ultraviolet lamp and a controlled CO2-content 

stage-top tissue culture chamber (2–7 % CO2, 37 °C).   
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Figure 4.5 The working system of confocal laser scanning microscope Leica TCS 

SP8 

 

MTT cell viability assay 

The MTT viability assay was performed according to standard methods. In general, 

cells (3 × 103 per well) were seeded onto 96-well plates 24 h before exposure to the 

nanoprobes. The cells were incubated with the probes in the dark overnight. The 

cytotoxicity was determined by the MTT reduction assay. The cell monolayers were 
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rinsed with PBS and then incubated with 50 μl of MTT solution (0.5 mg mL−1) at 37 °C 

for 3 h. Then solution was then removed, and 100 μl of dimethylsulfoxide (DMSO) 

solubilizing reagent was added before shaking for 30 min to dissolve the formazan 

crystals produced in the living cells. The absorbance of the formazan crystals was 

measured at 540 nm and 690 nm, using a dual-wavelength CLARIOstar microplate 

reader (BMG LABTECH). 

 

Figure 4.6 The working diagram of absorbance measurement system of CLARIOstar 

microplate reader (BMG LABTECH). 

 

Luminescence titration experiments  

The binding selectivity of UCNP and UCNP-P4 were measured by luminescence 

titration assays. The analysis was conducted via the gradual addition of EBNA1, human 

serum albumin (HSA), EBNA1 mutant (EBNA1-Y561A) and bovine serum albumin 
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(BSA), then the addition process was ceased when the influence on luminescence 

intensity from the nanoprobes was saturated. 

 

Dimerization inhibition assay  

Ten micrograms of the EBNA1 (DNA-binding domain fragment of a.a.468-607) was 

first incubated with UCNP and UCNP-P4 (conc.: 0.1 g/L) at 4 °C overnight. Then, 2 

mM disuccinimidyl suberate (DSS) was added to allow the samples to undergo 

crosslinking reaction at room temperature for 30 min. The samples were subjected to 

be separated on an SDS-denaturing gel and be detected using Coomassie Blue staining. 

PBS buffer is introduced as control group. 

 

In vivo inhibition assays  

C666-1 cells and HeLa were suspended at 1 × 107 in 200 μL of serum-free medium 

(RPMI 1640) and DMEM respectively, and then injected into the right flank of female 

six to eight-week-old BALB/c nude mice, which were obtained from The University of 

Hong Kong. When tumors reached an average volume approximately 1500 mm3, the 

intra-tumoral injections were performed. UCNP and UCNP-P4 in PBS buffer at the 

desired dose (0.25 mg/tumor) were injected directly into the tumor using a 24-gauge 

syringe. Mice receiving an equivalent volume of PBS buffer served as the control. All 

the injections were performed in 150 L/tumor. Body weight and tumor volumes were 
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measured three times per week. Tumor volumes were calculated on the basis of the 

equation volume V=(L×W2)/2, where L and W refer to the longer and shorter 

dimensions respectively. Intra-tumoral injections were performed twice a week, after 

21-day treatment duration, the mice were sacrificed, and their tumors were collected 

and weighed. Investigators were blind to the treatment groups during the experiments 

and data analysis. All animal experiments were approved by the Department of Health 

of the Hong Kong Government and all animal procedures were performed in 

accordance with the Guidelines for Care and Use of Laboratory Animals of Hong Kong 

Baptist University and approved by the Animal Ethics Committee of Hong Kong 

Baptist University. 

 

Preparation of formalin-fixed, paraffin-embedded (FFPE) tumor 

tissues and hematoxylin and eosin (H&E) staining  

The transplanted tumor tissues were fixed with formalin, and embedded in paraffin 

accordingly to the general practice. The histologic sections were prepared and stained 

with hematoxylin and eosin. 
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4.2 Experimental procedures for chapter 3 

Chemicals and Materials 

Gd(CH3CO2)3, Yb(CH3CO2)3 and Er(CH3CO2)3 were purchased from Sigma–Aldrich 

and all of them are 99.9 % trace metals basis, then dissolved in deionized (DI) water to 

form solutions with concentrations of 0.4 mM. Oleic acid (OA), 1-octadecene (ODE), 

sodium hydroxide (NaOH), ammonium fluoride (NH4F), hydrochloric acid (HCl), 

ethanol, methanol, cyclohexane, triethylamine (TEA) and dimethyl sulfoxide (DMSO) 

were purchased from Sigma - Aldrich and NaOH, NH4F dissolved in methanol to obtain 

1 M and 0.4 M concentration solution respectively. SH-PEG2k-CHO was purchased 

from Shanghai Yuanyang Biotech Co., Ltd. Human serum albumin (HSA) and bovine 

serum albumin (BSA) were purchased from Sigma–Aldrich. All of these chemicals 

were used without further purification. 

 

Synthesis of NaGdF4: Yb3+, Er3+ upconversion nanoparticles 

Similar synthetic method with chapter 2 was followed and conducted. Hydrophobic 

NaGdF4:Yb3+, Er3+ was prepared by the co-precipitation method according to 

previously reported procedures.1 In general, 4 mL of OA, 6 mL of ODE and 

Gd(CH3CO2)3 (0.312 mM), Yb(CH3CO2)3 (0.08 mM) and Er(CH3CO2)3 (0.008 mM) 

with the molar ratio of 78: 20: 2 were heated at 150 °C and stirred for 40 min. Then, 

NH4F (1.6 mM) and NaOH (1 mM) in MeOH solution were added and maintained at 
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50 °C for 30 min. After that, the solution was heated to 100 °C and placed under vacuum 

for 10 min, and nitrogen was switched on to form a sealed environment. Next, the 

contents were heated to 290 °C and maintained at that temperature for 90 min. Lastly, 

the solution was washed with cyclohexane and ethanol twice and the UCNP collected 

via centrifugation after cooling down to room temperature. 

 

Synthesis of NaGdF4: Yb3+, Er3+@NaGdF4 core-shell upconversion 

nanoparticles  

The method on synthesis of core-shell UCNP in chapter 3 was similar with chapter 2 as 

well. The shell precursors were firstly prepared by mixing 2 mL aqueous solution of 

Gd(CH3CO2)3 (0.2 M) with 4 mL of oleic acid and 6 mL of 1-octadecene in a 50 mL 

flask, followed by heating at 150 °C for 40 min. After cooling down to 50 °C, the 

NaGdF4:Yb3+, Er3+ core nanoparticles from last step were added along with 5 mL of 

methanol solution of NaOH (1 mmol) and NH4F (1.6 mmol). The reaction mixture was 

stirred at 50 °C for 30 min, followed by degassing at 100 °C for 10 min with magnetic 

stirring. After being flushed with nitrogen, the reaction mixture was heated to 280 °C 

for 1 h and then cooled to room temperature. The resulting nanoparticles were 

precipitated by the addition of ethanol, collected by centrifugation at 6000 rpm for 3 

min, washed with ethanol several times, and redispersed in 4 mL of cyclohexane. 
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Figure 4.7 The synthesis working diagram of coprecipitation method  

 

Synthesis of hydrophilic aldehyde-functionalized core-shell 

upconversion nanoparticles  

The UCNP-CHO with good biocompatibility were synthesized by strong thiol-metal 

interactions between Gd3+ ion and thiol group. In order to obtain hydrophilic UCNP for 

further biological application, it is significant to remove the hydrophobic OA ligand 

from UCNP surface for ligand free treatment. The UCNP were collected by centrifuge 

and the supernatant was removed. Then 0.1 mol hydrochloric acid (HCl) was added and 

the mixture was sonicated at 50 °C for 1 h. After that, the hydrophilic UCNP were 

collected by centrifugation (14000 rpm, 30 min) for three times, and the ligand-free 

UCNP was dispersed in deionized (DI) water. Followed by adding 10 mL SH-PEG2k-

CHO (200 mg). The mixed solution was incubated at room temperature with slow 

stirring for 24 h and excess SH-PEG2k-CHO was removed by centrifugation with 14000 

RPM for 30 min. Then, the purified UCNP-CHO were re-dispersed in 10 mL DI-water.  
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Coating of dual-targeting specific peptide on the UCNP 

The UCNP-Pn (n=5,6 and 7) were synthesized through a typical Schiff’s base reaction. 

Briefly, UCNP-CHO (200 mg), dual-targeting protein specific peptide Pn (n=5,6 and 7) 

(65 mg) and 21 μL of triethylamine (TEA) were co-dissolved in DMSO (2 mL). The 

mixed solution was maintained for 24 h at 40 °C under magnetic stirring at 300 rpm. 

The mixture was rinsed with methanol to remove extra peptide and UCNP-Pn (n=5,6 

and 7) was obtained after freeze drying.  

 

Characterization 

Powder X-ray diffraction (XRD) patterns of the as-prepared UCNP and UCNP-Pn 

(n=5,6 and 7) were recorded by using a Bruker AXS D8 Advance X-ray diffractometer 

at 40 kV and 40 mA with Cu-Kα radiation (λ =1.5418 Å). The morphology of UCNP 

and UCNP-Pn (n=5,6 and 7) was characterized by using a Tecnai G2 20 S-TWIN 

Transmission Electron Microscope (TEM), operated at 200 kV. The Fourier transform 

infrared spectra (FTIR) of UCNP and UCNP-Pn (n=5,6 and 7) were characterized by a 

Perkin Elmer Paragon 1000 PC spectrometer at room temperature in the range from 

400-4000 cm-1 with resolution of 4 cm-1. The dynamic light scattering (DLS) and zeta-

potential measurements of the as-prepared samples were recorded on a Zetasizer 3000 

HSA instrument. Visible emission spectra of UCNP and UCNP-Pn (n=5,6 and 7) were 

measured by using a SpectroFluorometer System (Horiba/Fluoromax-4) equipped with 

a 980 nm laser as the excitation source. UV-vis absorbance measurements were 

recorded by Agilent Technologies Cary 8454 UV-Vis machine.  
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Cell culture 

The EBV-negative human lung fibroblast MRC-5 normal cells and human cervical 

carcinoma HeLa cells were provided by the Shanghai cell bank, Chinese Academy of 

sciences. EBV-positive C666 and NPC43 cells, LMP1-positive LCL3, Raji and LMP1-

negative HK1 cells were supplied by the Hong Kong NPC AoE Cell Line Repository. 

HK1-LMP1 was generated by stably expressing the EBV oncoprotein, latent membrane 

protein1 (LMP1) variant (B95.8) into the parental HK1 cell line by transfection. This 

cell line was established and cultured as previously described.3  

 

Human cervical carcinoma HeLa cells, LMP1-positive HK1-LMP1 cells and LMP1-

negative HK1 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM); 

Nasopharyngeal carcinoma C666 cells, LMP1-positive LCL3, Raji cells were 

maintained in RPMI 1640 medium; Human normal lung fibroblast (MRC-5) cells were 

grown in MEM medium; NPC43 cells were maintained in RPMI 1640 with 4 μM 

Y27632 (inhibitor of Rho-associated, coiled-coil-containing protein kinase; Enzo Life 

Sciences). All medium used was supplemented with 10 % fetal bovine serum (FBS), 1 % 

penicillin and streptomycin at 37 °C and 5 % CO2. 

 

Cellular Uptake of nanoprobes by ICP-MS 

To examine the intracellular concentration of nanoprobes in different cell lines, namely 

C666, HK1, HK1-LMP1, LCL3 cells, 1 x 105 cells were plated in each well in six-well 

plates and incubated with the nanoprobes at 50 μg/mL for different time intervals of 1 

h, 3 h, 6 h, 12 h, and 24 h. After co-incubation, the cell culture medium containing the 

nanoprobes was removed, and the exposed cells were further rinsed with 1 mL PBS 

three times. After that, the cells were trypsinized and re-dispersed in 1 mL cell medium. 
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The cells were collected by centrifugation at 1500 rpm, and the cell pellet was digested 

in 100 μL concentrated HNO3 (69 %) at room temperature for 3 h. Then, each cell pellet 

in centrifuge tube was filled up to 10 mL with 1% HNO3. The cellular uptake of the 

nanoprobes was recorded via an Agilent 7500 series ICP-MS instrument. All ICP 

experiments were performed three times, and the values of Gd concentration (ppm) 

obtained were calculated and averaged. 

 

Western blotting  

LCL3 cell pellets were treated with phosphatase and protease inhibitors at 0-4 °C for 

30 min. The total protein concentrations were calculated by protein absorbance. The 

protein was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to cellulose filter membranes. The membranes were 

blocked with 3% BSA in Tris-buffered saline in 0.1% Tween 20 (TBST) for 1 h with 

gentle shaking and subsequently incubated with primary antibodies (1:1000) in 3% 

BSA in TBST at 4 °C for overnight. After rinsing with TBST buffer three times, the 

blots were then incubated with corresponding secondary anti-rabbit antibody (1:6000) 

for 1 h. After that, the blots were rinsed again with 3% BSA in TBST for 1 h shaking at 

room temperature. Lastly, the density of bands was determined by image analysis 

system after washing with TBST buffer three times. 

 

Immunofluorescence imaging 
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LCL3 cells were firstly incubated with nanoprobes on microscope slide, then adding 

formalin for fixation. permeabilized with 0.2% Triton X-100 in PBS for 10 min, then 

washed with PBS and incubated with tritonx for 15 min then rinsed with PBS three 

times. After that, cells were incubated with 3% BSA in PBS at 4 ℃ for 30 min. Then, 

LCL3 cells were incubated with 3% BSA in PBS containing primary antibodies (1:500) 

overnight at 4℃. The slides were treated with secondary antibodies (1:250) and prolong 

gold with DAPI for staining the nuclei, the microscope slide was imaged under a multi-

photon Leica SP8 confocal microscope, equipped with a coherent femtosecond laser 

(690–1050 nm), argon laser (432 nm, 457 nm and 488 nm), He–Ne laser (632 nm), 

ultraviolet lamp and a controlled CO2-content stage-top tissue culture chamber (2–7 % 

CO2, 37 °C).  

 

 

Figure 4.8 Illustration diagram for principle of immunofluorescence assay 
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In vitro imaging and subcellular localization imaging  

Cells were seeded onto a coverslip in 35 mm culture dishes for 24 h. The cells were 

firstly incubated with UCNP and UCNP-Pn (n=5,6 and 7) for 12 h in the dark, then co-

stained with DRAQ5 nuclear dye for 0.5 h (concentration: 50 nM). In vitro imaging 

was conducted by using a multi-photon Leica SP8 confocal microscope, equipped with 

a coherent femtosecond laser (690–1050 nm), argon laser (432 nm, 457 nm and 488 

nm), He–Ne laser (632 nm), ultraviolet lamp and a controlled CO2-content stage-top 

tissue culture chamber (2–7 % CO2, 37 °C).   

 

In vitro cytotoxic assays 

The MTT viability assay was performed according to standard methods. In general, 

cells (3 × 103 per well) were initially seeded onto 96-well plates and incubated overnight. 

The cells were then treated with UCNP and UCNP-Pn (n=5,6 and 7) at 37 °C 5 % CO2 

in the dark environment for 24 h. The cytotoxicity was determined by the MTT 

reduction assay. The cell monolayers were rinsed with PBS and then incubated with 50 

μL of MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution 

(0.5 mg mL-1) at 37 °C for 3 h. Then the solution was removed, and 100 μL of 

dimethylsulfoxide (DMSO) solubilizing reagent was added before shaking for 10 min 

to dissolve the formazan crystals produced in the living cells. The absorbance of the 

formazan crystals was measured at 540 nm and 690 nm, utilizing a dual-wavelength 

Labsystem Multiskan microplate reader (Merck Eurolab). 



193 

 

Luminescence titration experiments  

The binding selectivity of UCNP and UCNP-Pn (n=5,6 and 7) were measured by 

luminescence titration assays. The analysis was conducted via the gradual addition of 

EBNA1, human serum albumin (HSA), and bovine serum albumin (BSA), then the 

addition ceased when the influence on luminescence from the probes was saturated. 

 

Dimerization inhibition assay  

Ten micrograms of the EBNA1 (DNA-binding domain fragment of a.a.468-607) was 

first incubated with UCNP or UCNP-Pn (n=5,6 and 7) (conc.: 0.1 g/L) at 4 °C 

overnight. Then, 2 mM disuccinimidyl suberate (DSS) was added to allow the samples 

to undergo crosslinking reaction at room temperature for 30 min. The samples were 

subjected to be separated on an SDS-denaturing gel and be detected using Coomassie 

Blue staining. PBS buffer is introduced as control group. 

 

Modelling and Simulation of Peptides 

The designed peptides were docked into the dimerization interface of a putative EBNA1 

monomer reported in previous study (obtained from Protein database ID: 1B3T) using 

HADDOCK version 2.2. The parameters reported for non-standard residue (Ahx) was 

used in this simulation. The system was described using ff14SB variant force field. 

After solvation with 10 Å explicit TIP3P water box, the system was minimized and 
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proceed to unbiased MD simulation using GPU version of PMEMD engine in Amber 

16 Software Package. All systems were heated from 100K to 300K in 1 ns. The system 

was further equilibrated for 1 ns with constant pressure and temperature before 

proceeding to the 200 ns NPT production stage. SHAKE-enabled setting to constrict 

hydrogen bonds were used for all equilibration and production stages. Langevin 

thermostat were used to control the temperature throughout the simulations.   

 

Post-Simulation Analysis 

The conformational clusters of EBNA1-complex were obtained using default settings 

with distance defined by C atoms Root Mean Square Deviation (RMSD) by using 

cpptraj. The most abundant cluster for all complexes were used for interaction analysis. 

The binding free energies between protein and peptides were calculated using 

molecular mechanics Poisson-Boltzmann surface area (MMPBSA) method. The whole 

production trajectory for all systems were used. The salt concentration was set to 0.1M 

in GB calculation.  

 

In vivo inhibition assays  

C666 cells and HeLa were suspended at 1 × 107 in 200 μL of serum-free medium (RPMI 

1640) and DMEM respectively, and then injected into the right flank of female six to 

eight-week-old BALB/c nude mice, which were obtained from The University of Hong 



195 

 

Kong. When tumors reached an average volume approximately 200 mm3, the 

intravenous injections were performed. UCNP and UCNP-Pn (n=5,6 and 7) in PBS 

buffer at the desired dose (0.25 mg/tumor) into the tumor using a 24-gauge syringe. 

Mice receiving an equivalent volume of PBS buffer served as the control. All the 

injections were performed in 100 L/tumor. Body weight and tumor volumes were 

measured three times per week. Tumor volumes were calculated on the basis of the 

equation volume V=(L×W2)/2, where L and W refer to the longer and shorter 

dimensions respectively. Intravenous injection methods were performed twice a week 

via tail vein, after 33-day treatment duration, the mice were sacrificed, and their tumors 

were collected and weighed. Investigators were blind to the treatment groups during the 

experiments and data analysis. All animal experiments were approved by the 

Department of Health of the Hong Kong Government and all animal procedures were 

performed in accordance with the Guidelines for Care and Use of Laboratory Animals 

of Hong Kong Baptist University and approved by the Animal Ethics Committee of 

Hong Kong Baptist University. 

 

Preparation of formalin-fixed, paraffin-embedded (FFPE) tumor 

tissues and hematoxylin and eosin (H&E) staining  

The transplanted tumor tissues were fixed with formalin, and embedded in paraffin 

accordingly to the general practice. The histologic sections were prepared and stained 

with hematoxylin and eosin. 
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CHAPTER 5 CONCLUSIONS AND PROSPECTIVE 

Conclusions  

In this work, NaGdF4:Yb3+, Er3+ @ NaGdF4 core–shell upconversion nanoparticles 

with EBNA1 specific peptide were initially designed and synthesized. The 

photophysical property and cytotoxicity of the nanoprobes were subsequently probed. 

The viability of EBV-infected cells was significantly prohibited whereas the 

nanoprobes do no harm to non EBV-related cells or normal cells. Notably, upconversion 

emission with a two-fold enhancement was observed only upon addition of EBNA1. 

After that, the dimerization assays, cellular localization and in vivo tumor inhibition 

efficacy of nanoprobes were investigated as well. The results suggested that our 

nanoprobes can hinder the process of EBNA1 dimerization, therefore, an excellent 

inhibitory performance can be achieved in C666 cell xenograft tumor. Additionally, the 

data on in vitro confocal imaging also evidenced that the nanoprobes were able to get 

inside the nucleus of EBV-infected cells and bind with EBNA1. Based on these, it can 

be proved that our newly developed dual-functional, specific, luminescent EBNA1-

specific bioprobes with the ability to visualize EBNA1 and inhibit its dimerization 

would become the ultimate weapon towards eradicating EBV-associated tumors with a 

responsive upconversion enhancement for in vitro imaging.  

 

In order to upgrade our nanoprobes in terms of cellular uptake, biostability and 

inhibitory performance, and make nanoprobes more universal towards EBV-associated 
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cancer cells, the strategy of binding with another critical transmembrane oncoprotein 

LMP1 first then interacting with EBNA1 in nucleus was come out of our mind. 

Therefore, the second generation of dual-targeting pH-responsive luminescent 

nanoprobes with responsive upconversion emission for inhibition and monitoring of 

EBV-associated cancer were rationally designed and synthesized. The target EBV-

infected cells can be uptake more new generation nanoprobes since there is a pH linker 

designed between UCNP and dual-targeting peptide which is cleavable in tumor 

microenvironment weak acidic condition. Significant responsiveness and desired 

selectiveness towards EBNA1 were studied, also the binding affinity of nanoprobes and 

EBNA1 were undergone molecular docking simulation. Downstream effect of 

nanoprobes towards LMP1 were studied by western blotting as well. In addition, 

subcellular location and cellular uptake rate of nanoprobes were investigated through 

confocal imaging and dynamic live imaging at different time intervals, which indicated 

that the nanoprobes possess rapid cellular uptake rate and the final location is nucleus 

where EBNA1 located. The results of immunostaining study demonstrated LMP1 

location and the relative location of LMP1 and nanoprobe, which were consistent with 

the data of confocal images. More importantly, excellent inhibitory performance of the 

nanoprobes can be observed in EBV-infected in vitro and in vivo, especially in LMP1-

positive cell lines.  

 

To sum up, we developed a new generation of pH-responsive lanthanide-based 

upconversion nanoprobes with dual-targeting protein specific peptide and responsive 
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emission signal for suppression and monitoring of EBV-infected cancers. This study 

has opened up a new road for the bioapplication of lanthanide-based upconversion 

nanoprobes and is vitally significant for imaging agents and imaging-guided treatment 

design and development on the eradication of EBV-related cancers. 

 

Prospective 

During my PhD study, my research work focused on the synthesis of responsive 

nanoprobes for monitoring and inhibition on EBV-associated cancers via targeted 

protein of EBNA1 and LMP1. At first, we designed and synthesized the probes 

rationally, selective cytotoxicity and tumor suppression towards EBV-positive cancers 

in vitro and in vivo were examined and confirmed respectively with responsive emission 

signals, confocal laser scanning microscopy imaging were further conducted with the 

aid of lanthanide characteristic emission from UCNP. 

 

Thanks to the desirable merits of UCNP, such as deep penetration depth, non-toxic 

nature, tunable lifetimes/emission wavelength and taking advantage of the properties of 

lanthanide ions from UCNP, luminescence emission is supplied and solid support to 

peptide is provided in order to achieve the aims of visualization and inhibition 

respectively. Thus, specific peptides could fulfill their full potential to inhibit EBNA1 

due to good biostability support from nanoparticles. 

 

In fact, nanomaterials or nanomedicine have a bright future for cancer treatment and 
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bioimaging. There are numerous strengths for nanomaterials for cancer drug delivery, 

they include increase in solubility and stability and pharmacokinetics of the drugs in 

blood, prevention on nonspecific interactions during circulation, enhancement of drug 

accumulation in tumor tissue through passive and active targeting, minimization on side 

effects, reduction of long-term immunotoxicity.   

 

In future work, what we need to do is isothermal titration calorimetry (ICT) binding 

affinity assay towards EBNA1 and nanoprobes, and histological analysis of nanoprobes, 

in order to better understand the biological and physiological function of EBNA1 in 

EBV-related cancers. 

 

Although the structure of LMP1 is not yet clearly figured out, its basic biological 

functions, the quantification of overexpression value of LMP1 in different cell lines 

including LMP1-positive cell lines such as LCL3 cells and HK1-LMP1 cells, LMP1-

negative cell lines like HK-1, EBV-positive C666 cells were evaluated and investigated. 

In addition, whether the other signaling pathways would be affected except NF-kB like 

Pl3-kinase, ERK-MAPK, JNK/p38, which have a strong connection with cell survival, 

still needed to be researched and it is currently far away from the level of complete 

understanding. 

 

In this work, my research paved a new way for desired strategy on therapeutic 

intervention of EBV-related diseases and malignancies via the nanosystem. This thesis 
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provides fundamental study and realized real applications of upconversion 

nanomaterials on EBV-associated cancers treatment and imaging. However, this is not 

enough to entirely understand the physiological roles of EBNA1 and LMP1, and the 

probes currently could still not completely hinder EBV-related tumor growth. 

Hypotheses are put forward concerning the EBV-positive cells microenvironment and 

functions of EBNA1 and LMP1 and it is hoped that this may arouse the interests among 

researchers and scholars who were studying in the areas of EBV-caused tumors and 

cancers.   
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