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ABSTRACT 

 

Upconversion nanoparticles (UCNPs) have been utilized for biological applications. 

Unlike conventional linear excitation molecules, UCNPs are excited by 980nm and 

emit photon in visible and near infrared region. The unique photophysical property 

offers superior penetration depth and lower photo-cytotoxicity. With the aid of 

various vectors such as target-specific peptides and photosensitizers, the UCNPs can 

precisely interact selectively with designated proteins (Cyclin D1 and Polo-like 

Kinase 1) and cancer cells so as to achieve theranostic effect. This thesis illustrated 

the upconversion mechanism and anti-cancer effect by UCNPs conjugated with 

peptides. Two research studies focus on Cyclin D1 or Polo-like kinase 1 (Plk1) 

specific peptides coated UCNPs function as key cell cycle inhibitors, in vitro imaging 

agent and in vivo tumor suppressor. Apart from inorganic nanomaterials, graphitic 

phase carbon nitride (g-C3N4) nanoparticles coupled with porphyrin moieties act as 

cancer directional photodynamic therapy agents was also described in the aspects of 

detailed photophysical measurements and in vitro theranostic studies. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Fundamental of Lanthanide Chemistry and Photophysics 

The name “Lanthanides” comes from the name of its first element, namely 

Lanthanum. (atomic number Z = 57) The lanthanide series is located in the bottom 

roll of the modern periodic table. According to the International Union of Pure and 

Applied Chemistry
1
, there were in total 15 elements, atomic number range from 57 

(lanthanum, La) to 71 (lutetium, Lu) discovered and grouped in to this series. In 

this chapter, a general introduction to lanthanide ions, including energy-level 

structures, spectroscopic characteristics, crystal field theory and selection rules, is 

discussed 

Atomic Theory of the f-Block Lanthanides 

Generally, all of the lanthanide free ions (Ln), except scandium and yttrium, 

are trivalent with unfilled electron shell structure 4f
N
 (N = 1 – 14) and process 

similar electronic configuration. ([Xe] 4f
N
5s

2
5p

6
) Only few of those elements are 

found in stable form of other ionization such as Ln
2+

: Europium, samarium and 

ytterbium or Ln
4+

: cerium and terbium or very unstable Ln
5+

: Neodymium
2
. There 

is an important characteristic of lanthanide called Lanthanide Contraction which 

the 4f orbital is not shielded from the rising nuclear charge and the atomic radius 

shortening throughout the series
3
. This phenomenon is caused by the penetration of 

5s and 5p orbitals into 4f orbital. Furthermore, all the ionization energies increase 

with increasing atomic number in lanthanides up until gadolinium due to gradual 

increment of electron-nucleus interaction and increasing nucleus charge. Beyond 



2 

 

gadolinium, the population of 4f subshell is associated with electron spin reversing. 

Hence, the energy required for ionization decrease in terbium and rise gradually 

afterwards as shown in Figure 1.1. 
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Figure 1.1 a) Atomic (Black line) and ionic radii for coordination number 6 (red 

line) and for coordination number 8 (green line); b) first (black line), second (red 

line), third (green line) and fourth (blue line) ionization energy of lanthanides
4
. 
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Spectroscopic characterization of lanthanide ions 

The trivalent lanthanide ions spectroscopic properties are attributed from 

firstly f-f intra-configuration transition as well as 4f
N-15

d and charge transfer 

transition. As mention before, the electronic configuration of lanthanides is [Xe] 

4f
N
5s

2
5p

6
. The electrons in inner 4f orbital is shielded from environment by outer 

5d and 6s orbitals which make the spectroscopic properties of lanthanide less 

dependent on the host materials. 

All of the quantum states or orbitals are determined by theirs own wave 

function and energies by solving theirs Schrodinger equation. However, in the 

multi-electron system for lanthanide ions, it is impossible to solve the energy-level 

structure precisely since numerous parameters related with three spatial coordinates 

and time coordinate of each electron should be taken into consideration. Luckily, 

under comprehensive assumption, some of the problems can be simplified by 

eliminating some trivial interaction like many other quantum mechanics problems. 

Firstly, the energy of orbital is constant in time domain. Second of all, the position 

of nuclei in comparison to the electrons is stable because of huge variation in their 

mass. Furthermore, the perturbation from different nucleus-electron interaction has 

to be taken into account when solving the Hamiltonian. It is because Hamiltonian is 

possible to be solved accurately only for one-electron or hydrogen like system. 

Under those simplifications, the shape of f orbitals can be determined by solving 

Hamiltonian for f electrons. Each individual electron is expressed by its quantum 

numbers, namely n, l, m, s. The term n, l, m and s stand for principle quantum 

number, orbital angular momentum quantum number, magnetic quantum number 
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and spin quantum number respectively. In addition, according to Pauli exclusion 

theory, only one electron can occupy in a given quantum state. As a result, 

degeneracy of energy splitting level takes place as shown in Figure 1.2. 

 

 

Figure 1.2 Energy levels diagram of trivalent Ln
3+

 ions. The classification of terms 

or multiplets is demonstrated in Russell-Saunders symbols.
53
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These energy states can be described under Russell-Saunders coupling
5
 

scheme by the term symbol 
2S+1

LJ which consist of (2S + 1)(2L + 1) states in which 

the term S and L represent the total electron spin and orbital angular momentum.
6
 

There are 2J + 1 microstates (J is the total angular momenta which is the sum of S 

and L) since the coupling consist of orbital angular and spin angular momenta in 

quantum mechanics. The reason of using this coupling scheme instead of other 

schemes (jj coupling, Racah coupling and intermediate coupling)
6
 is that the 

lanthanides for which Coulomb interaction is much stronger than spin-orbital 

interaction. In this coupling model, the spin momenta si and orbital momenta li of 

all the electrons are first coupled by exchange interaction to form a total spin and 

angular momenta S and L respectively. After that, the total angular momentum J is 

formed by the coupling of S and L.
7
 Therefore, by the 

2S+1
LJ term symbol can be 

utilized to describe the possible microstate of lanthanides. 

L 0 1 2 3 4 5 6 

State S P D F G H I 

Furthermore, Hund’s rule is one of the essential qualitative rules for the 

determination of lanthanides energy-level structure. It suggests that (1) the highest 

spin multiplicity (2S + 1) values have the lowest energy values. If the spin 

multiplicity is the same among these terms, those with the largest L values have the 

lowest energy values (ground state). (2) For an electronic configuration less than 

half filled, J is as low as possible to achieve lowest energy and vice versa for a 

shell more than half filled. Based on the Hund’s rule above, the ground state 

electronic configuration of lanthanide ions can be determined. Let’s consider the 
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trivalent Er
3+

 as an example. It has the configuration of 4f
11

 which belongs to the 

case of an electron number exceeding the half-filled shell. The total spin angular 

momentum S for these three unpaired electrons is 3/2 in maximum and the 

maximum orbital angular momentum L is 6. As per Hund’s rule second guideline, 

the energy state with J = 6 + 3/2 = 15/2 will be the lowest one. Hence, the ground 

state of Er
3+

 should be 
4
I15/2. 

1.2 Absorption and luminescence of light 

After absorption of light, there is energy (radiative and non-radiative) release from 

the media. The non-radiative energy can be released as heat or other vibrational 

energy of the media; the radiative energy is emitted as light photon and generates 

emission signals. 

On the whole, the absorption of light intensity is expressed by Beer-Lambert Law
8, 

9
: 

I = I0e
-x

 

Where I0 and I are the initial light intensity and light intensity absorbed by the 

media after passing the distance x in this media. The absorptivity of such media is 

characterized by the extinction coefficient  which is external environment 

dependence such as temperature, pressure and so on. In the view of quantum 

mechanics, electronic transition between initial and final state is governed by 

selection rule and described by wave function I and f respectively. The selection 

rule for electronic transition is expressed by the integral Rif: 

𝑅𝑖𝑓 = ∫𝜑𝑖 𝜇𝜑𝑓𝑑𝜏                       (1) 



8 

 

 is a transition momentum operator which may represent electronic dipole, 

magnetic dipole, or electric quadrupole. According to the equation (1) the integral 

is zero for transition between the states of same parity so the intra-subshell 

transitions (s-s, p-p, d-d and f-f) are prohibited and only allowed for the transition 

with variation of orbital momentum number. (∆𝑙 = ±1) 

1.2.1 Electronic absorption 

Intra-configurational f-f transition 

 The f-f transitions for lanthanides are excited by magnetic dipole and 

electronic dipole.
10

 The magnetic dipole transitions are parity-allowed while 

electronic dipole transitions are parity-forbidden by selection rule and the 

intensities of magnetic dipole transition are independent of local environment of 

the host materials. However, due to weak electronic dipole transitions, the 

extinction coefficients of f-f transitions are up to 2 orders of magnitude weaker than 

that of f-d transitions. In addition, the intra 4f-4f transitions are forbidden by 

Laporte’s rule. It stated that electronic transitions with same parity cannot occur 

because of electric dipole transitions. Lanthanide ion located in host material is 

exposed to external electric field of the host material. The crystal field interaction 

mixes the electronic states with various parities and f-f transition can occur in terms 

of induced multipole transitions. However, only small radical extent of f-orbitals is 

involved in this forced transition, so the intensity is much lower but sharper than d-

d transitions. In addition, the electric dipole transitions depend on the local 

symmetry of crystallographic site which make this type of transition 

“hypersensitive”.
11
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Inter-configuration f-d transition 

 According to selection rule, f-d transitions are Laporte allowed due to 

opposite parity. Therefore, the intensity of such transition is higher than f-f 

transition. In absorption spectrum of lanthanide ions, 4f
N→4f

N-1
5d transition can be 

found. The energy state of 4f localize below the lowest of 4f
N-1

5d of lanthanides 

and the energy level of 4f
N-1

5d is usually about few tens of thousands of cm
-1

. The 

energy of f-d transition is higher in gaseous state than that of solution state for 

about 15,000cm
-1

. In general, only f-f transition is involve in the absorption spectra 

of trivalent lanthanide. On the other hands, since Sm
2+

, Eu
2+

 and Yb
2+

 have lower-

lying 4f
N-1

5d configuration than other Ln
3+

 with 4f
N
 configuration, so electronic 

absorption spectra can also be observed. 

Ligand-Metal Charge transfer transition 

 It is a transition involving electron transfer from ligand to the ground state 

of trivalent lanthanide ion. Since the transition is Laporte allowed, the intensity of 

charge transfer bands is broad and as high as f-d transition. The spectroscopic 

position of the charge transfer state relies on both of the type of hosts as well as 

lanthanides. Considering the term J = L + S is a reasonable quantum number under 

Russell-Saunder approach, the specific crystal field effect can be utilized to 

described the perturbation of original spin-orbit symbols. It has been stressed that 

the interaction between the f electrons and the crystal field is trivial
12, 13

. But in the 

absorption spectra, the frequencies of the absorption of complexes are shifted to a 

lower level. It reveals the interaction is present and causes some effects to 

intermolecular charge transition. In addition, crystal field effect also contributes to 
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the hypersensitive transition. It can be observed that there is red shift of absorption 

maxima, splitting of absorption bands or varied intensity of absorption peaks. 

Stokes shift emission 

As shown in Figure 1.3, the energy level of excited state parabola at 

equilibrium is located higher than that of ground state at the value of dQ = Q1 – Q0. 

According to Frank-Condon principles,
14, 15

 it assumed that the electronic 

transitions are so fast that the nuclei movement of this transition can be omitted. So 

a straight arrow is used to illustrate the transition between two states. Besides, the 

horizontal lines of parabolas represent the vibrational modes of different states. 

From Maxwell-Boltzmann statistics, the highest population at low thermal energy 

is the lowest vibrational mode of ground state. Consequently, after the electrons of 

lanthanide at ground state absorbs quanta of photon and promoted to excited state 

via various transition mentioned previously, higher vibrational mode of excited 

state is populated and followed by fast relaxation by intersystem crossing to its 

lowest vibrational mode. Eventually, radiative decay occurs and photons are 

emitted. In emission spectra, one can observe that there is a shift between the 

excitation curve and emission curve. This shift is called Stokes shift and denoted as 

E (energy difference between absorbed and emitted energy). It depends on the 

electron-host coupling in the ground and excited state which varies for different 

luminescent lanthanide center and host materials. In addition, Peter Tanner pointed 

out that the term Stokes shift is mis-used in certain situations.
16

 As mentioned 

before, Stokes shift is referred when there is significant difference between the 

excitation and emission energies. But Prof. Tanner suggested that Richardson shift 
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should be used because the absorption and excitation wavelength of various 

chromophores are not identical and can be deviated wide range sometimes. 

Furthermore, it is unclear that Stokes shift refers to the onset or the maximum 

emission of lanthanide ions. On the other hands, Denning shift should be used 

where absorption and emission peak maxima of same chromophore having same 

multiplet terms, identical crystal field electronic transitions. 
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Figure 1.3 Configurational illustration of 2 energy levels at position of equilibrium 

Q0 and Q1 denoted as ground and excited correspondingly. 
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Anti-Stokes shift emission 

Apart from Stokes shift emission, opposing mechanism namely, anti-Stokes 

emission is also feasible. In such situation, the emitted energy is higher than that of 

its excitation source. Excluding the thermal population of excited state and phonon 

assisted process, there is a process called upconversion can be observed which the 

emitting energy can be two or even three times higher (For thermal population and 

phonon assisted process, the emitted energy is only slightly higher than the 

absorbed one.) comparing to excitation one.  

The upconversion process utilizes the photon in NIR region and converts to 

UV/visible emission in non-linear multiphoton absorption mechanisms
17-21

. All of 

these excited state populated by non-linear process is governed by the 

upconversion power’s law below: 

Iem ~ P
n
 

The power to function of n in the above equation represented the number of 

photon taking part in the upconversion population. It gives an essential information 

about energy transfer which participates in the system is power dependence of 

upconversion emission. By plotting the logarithmic of the power of the laser to the 

upconversion emission intensity, one can acquire the number of photon population 

in the upconversion by the value of the slope of the flitting curve. There are 

basically four energy transfer pathways namely (i) excited-state absorption (ESA), 

(ii) energy transfer upconversion (ETU), (iii) energy migration-mediated 

upconversion (EMU), (iv) photon avalanche (PA).  
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Figure 1.4 Schematic energy-state diagram for various upconversion processes. A) 

Excited-State Absorption, b) Energy Transfer Upconversion, c) Photon Avalanche, 

d) Energy Migration-mediated Upconversion.
54
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Excited-state Absorption 

ESA involves energy transfer within one single lanthanide ion. It absorbs 

pump photons successively arise from ladder-like structure of a simple three-

energy-state diagram as illustrated in Figure 1.4. The electron of the lanthanide is 

promoted from G to E1 and from E1 to E2 consecutively. Finally the upconverted 

electron emits photon after returning to G from E2. In order to achieve high ESA 

efficiency, a ladder-like configuration of the energy levels of lanthanide is required, 

for instance, Er
3+

, 
22

 Ho
3+

,
23-24

 Tm
3+

 
25-26

 and Nd
3+

,
27

 in which the excitation 

wavelength is also coherent with the power output emitted from the 975 nm or 808 

nm diode lasers. 

Energy Transfer Upconversion 

ETU is different from that of ESA, which two neighboring lanthanide ions 

take part in the whole energy transfer process. In Figure 1.4, the ion I is firstly 

excited form the ground state to the intermediate level E1 by the absorption of 

pump photon which termed as sensitization. Then, the contained energy is transfer 

to the ground state G and intermediate level E1 of ion II, namely activation, 

promoting ion II to the emitting state E2 and finally generate the emission signal as 

the energy difference between E2 and G of ion II. The difference of electronic 

migration mechanism can be distinguished by methods of the photoluminescence 

(PL) excitation spectra; PL lifetime measurement and the concentration-related 

optical properties of luminescent states of UC Ln
3+

 ions. In the case of the ESA, the 

luminescence decay curve should show a single-exponential characteristic while 

there is a rising edge in the initial stage observed for the ETU process.
28
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The ETU efficiency is sensitive to the distance between neighboring Ln ions which 

related to the dopants concentration in the nano-material whereas the ESA process 

is dopant-concentration independence. There are deleterious cross-relaxations 

evoked due to concentration variation in the UCNPs which leads to concentration 

quenching mechanism of emission. Among the whole Ln series, Yb
3+

 function as a 

sensitizer perfectly since it possess largest absorption cross-section in the NIR 

region (about 975 nm) which optically transparent in biological tissues. To date, 

ETU process is essential for the UCNPs which comprised of ions pairs of 

Yb
3+

/Tm
3+

, Yb
3+

/Er
3+

 and Yb
3+

/Ho
3+

. 

Photon Avalanche 

The PA actually is a looping energy transfer process which involves 

excitation source from ESA and feedback from cross relaxation. The E1 of ion II is 

firstly promoted by non-resonant weak G absorption. The circulating process 

begins with exciting ion II at the E1 state, with ESA process, to emitting E2 state. 

An efficient cross relaxation takes place between ion I and ion II, namely E2 (ion II) 

+ G (ion I) →E1 (ion II) + E1 (ion I). The looping process is rounded by energy 

transferred from ion I to E1 state of ion II. The avalanche effect is generated by one 

ion II at E1 produces two ion II at E1 state in the circulating process; two ions II 

will produce four ions II at E1 state and so on and so forth.
29-30

 

Energy Migration-mediated Upconversion 

The EMU process is based on UCNPs with core-shell structure in which 

consists of four types of ion: (type a) sensitizers, (type b) accumulators, (type c) 

migrators, (type d) activators as shown in Figure 1.4. A sensitizer absorbs photons 
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and subsequently excites a neighboring accumulator to E2. Then, the migrators ion 

extracts the harvest E2 energy state from the accumulator. The energy hops via the 

migrator ion sub-lattice and trapped by the activator ion. Hence, the energy is 

released as emission signals from E2 of the activator ion to G. The keynote of 

EMU process is that the core-shell structure of the UCNPs facilitates modulation in 

activator composition and concentration by congregating the excitation energy and 

transferring the energy from the accumulator to the activator in one step. This 

energy transfer mechanism can eliminate the luminescence quenching by cross 

relaxation.
31

 

Second harmonic generation (SHG) and two photon absorption (TPA) 

SHG is a process the emission line is of twice energy higher than the 

excitation line. I was firstly observed by P. A. Frankens, A. E. Hilla C. W. Petersa 

and G. Weinreicha on quartz material using ruby laser as an excitation source.
32

 As 

the progressive development of laser technology, non-linear optics has become 

gradually well-understood and several reference books have been written on the 

matter recently.  

Moreover, TPA process is simultaneous absorption of two incident photons 

resulting in population of upper excited state. This mechanism is different from 

ESA mentioned before which the intermediate excited state in TPA is a virtual 

state but metastable state in ESA. Therefore, the probability of ESA is much higher 

than that of TPA. (Figure 1.5) 
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Figure 1.5. Energy schemes of a) two photon absorption (TPA) and b) second 

harmonic generation process (SHG) 
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1.3 Synthesis 

Regular morphology, desirable crystalline phases, and narrow size distribution of 

the UCNPs are the crucial elements to modify the physicochemical properties so as 

to evaluate the suitability towards certain biological application. To date, there has 

been numerous synthetic strategies, in which thermal decomposition, 

hydro(solvo)thermal synthesis, high temperature coprecipitation are the most 

common approaches, to synthesize the high-quality water soluble lanthanide (Ln
3+

) 

doped UCNPs.
33

 

Thermal Decomposition 

The thermal decomposition method is based on decomposing organometallic 

compounds such as metal trifluoroacetate (La(CF3COO)3) at an surging 

temperature in a high-boiling point organic solvent like 1-octadecene (ODE) and 

oleic acid (OA). The crystallinity, size and morphology can be tuned by varying 

the reaction time and temperature, nature of solvents and concentration of the metal 

precursors.
34

 However, this process involves a quick nucleation which is possible 

to produce more defects in the synthesized UCNPs. In addition, the reaction 

requires a highly vacuum environment as the Ln
3+

 trifluoroacetate precursors is air 

sensitive and there are by-products like toxic HF gas evolves which restricts the 

large-scale use due to the safety concerns. 
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Hydro(solvo)thermal 

Unlike thermal decomposition, the hydro(solvo)thermal synthetic process take 

place in a sealed vessel called autoclave which allow the reaction undergo in high 

temperature and pressure. One classical example reported by Li and co-workers 

who describe a general “liquid-solid-solution” synthetic pathway for the 

monodisperse nanoparticle as illustrated in Figure 1.6. It states that the reaction, 

phase transition and separation occur at the interfaces.
35

 This approach can create 

high crystalline phase at lower temperature compared with thermal decomposition 

and a set of reaction processes can be implemented at the same time. However, the 

nanoparticle growth cannot be observed which makes it disadvantageous. 

 

Figure 1.6 Diagram illustrates the synthetic process of hydro(solvo)thermal.
54
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High Temperature Coprecipitation 

The coprecipitation strategy is based on the small amorphous sacrificial 

UCNPs coprecipitate at room temperature and grows with the assistance of the 

Ostwald-ripening process at surging temperature about 300
o
C. This approach is 

comparatively lower cost, milder reaction conditions, shorter reaction time and 

simpler experimental procedures.
36

 By manipulating various capping ligand and 

solvent like OA and ODE respectively, the shortages of low luminescence 

efficiency, wide size distribution and irregular morphology can be improved. 

1.4 Lanthanide Doped Upconversion Nanoparticles for Biological Applications 

High sensitivity detection and precise analysis of cancer biomarker moieties 

in human physiological fluid sample are crucial for early cancer diagnosis as well 

as therapy which consequently increase patient survival rate. To reach this target, 

some efficient analytical methods such as heterogeneous and homogeneous 

fluorescence resonance energy transfer (FRET) assays, and time-resolved FRET 

assay techniques have been well established based on lanthanide-doped 

luminescent nanomaterials in the past years. The main difference for heterogeneous 

and homogeneous assay is that solid-phase and washing steps are involved in 

heterogeneous assay whereas homogeneous assay is a “mix and measure” process 

which does not require washing separation as illustrated in Figure 1.7.
37
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Figure 1.7 Diagram illustrating the working principle of a) homogeneous and b) 

heterogeneous fluorescence resonance energy transfer (FRET) assays
37
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Furthermore, bioimaging also play an important role in cancer treatment. 

Bioimaging based on upconversion lanthanide doped nanoprobes provides a non-

invasive mean for visualizing morphological details in cell and tissues in order to 

give a real time evaluation of the nanoprobes in animals. By combining the 

detection, visualization and therapy, multimodal nanoprobes for bio-medical 

application have been developed and drawn tremendous attention in the past 

decades. There will be a comprehensive review on the most update advances in the 

development of these nanomaterials detection of biomolecules and tumor 

biomarkers, bioimaging and theranostic nanoprobes. 

In vitro Biodetection 

 Heterogeneous assay 

 Since UCNPs are excited by 980 nm diode laser and generate intense 

visible emission, so heterogeneous bioassay with UNCPs provides an effective 

strategy to completely eliminate the interference from background noise. In 1999, 

Zijlman et al firstly demonstrated the sensing of prostate-specific antigens in 

human prostate tissue by UCNPs bioassay.
38

 After that, the development of this 

technology surged rapidly. For example, Tanke and co-workers revealed a study on 

the detection of limit (LOD) of 1ng/L probe DNA with heterogeneous assay with 

Y2O2S: Yb, Er. The sensitivity is 5 times higher than the commercial Cyanine 5 

stain.
39

 Lately, Liu and co-workers has developed a novel bioassay kit which utilize 

the surface modified lanthanide-doped fluoride UCNPs to sense biomolecules such 

as avidin carcinoembryonic antigen and urokinase plasminogen activator receptor. 
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The kit can detect the biomarkers with LOD range from 40 to 100 M in solution.
40 

(Figure 1.8) 

 

 

Figure 1.8 Diagram illustrates the flow of biomolecules detection by UCNPs 

doped with Yb
3+

, Er
3+

  excited by 980 nm laser and the emission spectra of 

bioassays as a function of the avidin concentration (right).
33
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 Homogeneous assay 

 Due to tedious isolation and washing procedures of heterogeneous assay, 

homogeneous FRET assay utilize the distance-dependent energy transfer between 

the excited donors and near acceptor. Same as the heterogeneous one, UCNPs are 

used to detect the analytes, so no background signals can be found. Li et al 

established a sensitive DNA detector with streptavidin modified NaYF4: Yb, Er as 

a donor and reporter DNA as energy acceptor to sense the small quantity of target 

DNA range from 10 to 60 nM.
40

 In another pioneer study, Zhang and co-workers 

also showed that the oligonucleotide-functionalized UCNPs can push the LOD 

down to 1.3 nM.
41

 

 Time-Resolved assay 

 Apart from the emission intensity, the emission long-lived lifetime of 

lanthanide doped UCNPs can also be applied to detect various analytes. It is 

because the lanthanide emission lifetime (s to ms) is much longer than that of 

autofluorescence (ns). This detection technique is called time-resolved which the 

responsive signals are collected after designated delay time to eliminate the 

background signals. Liu et al developed sub-5 nm amine functionalized ZrO2: Tb 

by hydrothermal then ligand exchange process. Up to 3.0 nM of avidin was 

detected and the high sensitivity is due to small size NPs.
43

 

In vitro and in vivo Bio-imaging 

 NIR-to-NIR Luminescence Imaging 

 Near-infrared excitation has been known for excellent penetration through 

biological tissue but the ultraviolet and visible emission has drawn back the 
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suitability as a good imaging probe. Hence, in lanthanide series, thulium is often 

used as dopant because of intense NIR emission between 750 and 850 nm from the 

3
H4 to 

3
H6 transition. Various UCNPs nanosystems such as NaGdF4,

44
 NaLuF4,

44
 

NaYF4
45 

and NaYbF4
46

 have been applied in the field of in vivo full body imaging. 

For example, Li and co-workers employ the 10 nm citric capped NaLuF4: Gd, Yb, 

Tm (quantum yield up to 0.47%) to perform whole body images in mouse model. 

Li also point out that the UCNPs can achieve penetration depth up to 2 cm and 

down to 50 cells can be detected.
47 

(Figure 1.9)  

 Single-Band Luminescence Imaging 

 In order to achieve effective optical imaging, single-band emitting UCNPs 

with high chromatic purity has been utilized in bioimaging. Wang and co-workers 

prepared Yb/Er, Yb/Ho, or Yb/Tm doped KMnF4 generate single-band red, red, or 

NIR emission respectively. Liu injected the UCNPs into the pork tissue at different 

depth from the surface, emission signals can be detected up to the depth of 10 mm 

beneath the surface.
48

 More recently, Zhao et al reported 30 mol% Mn
2+

 doped 

NaYF4: Yb, Er gave red emission in red region of the visible spectrum. Deep tissue 

imaging was performed by this nanomaterial after PEG conjugation.
49

 



27 

 

 

Figure 1.9 In vivo imaging of mouse models by subcutaneous injection of UCNPs 

scanned from a) chest side and b) back side. c) and d) are nude mice subcutaneous 

injection of 50 and 1000 cells respectively which the signals are generated from the 

UCNPs incubated for 2 hours.
47

 

  

Black Mouse 

Nude Mouse 
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Theranostics Upconversion Nanomaterials 

 Target Drug Delivery 

 With surging development in the area of oncology and other categories of 

biomedical nanotechnology, the design and fabrication of multimodal 

nanomaterials that would spontaneously undergo drug delivery, targeted diagnosis, 

and therapy have attracted intensive attention in recent years. Particularly, 

multimodal nanomaterials with intrinsic structure and suitable optical properties 

seem to be a perfect system for biomedical applications in targeted drug delivery. 

For instance, drug vehicles based on lanthanide doped upconversion nanoparticles 

were prepared to transport the drug molecules to the target cells by changing the 

surface of the NPs to specific biological vector. Lin and co-workers reported 

NaYF4:Yb/Er@mSiO2 nanoparticles for delivering anticancer drug within the 

porous silica shell.
50

 More recently, target specific peptide has emerged as a new 

direction in development of biomedical nanomaterials. Shi et al modified the 

surface of the UCNPs and coated nuclear localizing peptide (TAT). Then the 

anticancer drug doxorubicin was loaded to achieve cancer-killing purpose.
51

 

 Optical Disease Theranostics 

 To achieve simultaneous diagnosis and therapy of diseases, the multimodal 

NPs offer promising opportunity due unique optical properties. For example, 

phototherapy like photothermal therapy or photodynamic therapy is a type of 

medical treatment in which light with designated wavelength is used to treat 

diseases including different kinds of cancers. It is because the optical therapy is 

low cost, high efficiency and non-invasive. In PDT treatment, the cancerous tissues 
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are destroyed by cytotoxic reactive oxygen species and singlet oxygen which 

generated from photo-activated photosensitizer molecules. Traditional organic 

photosensitizers functioned as PDT agents are mostly activated by ultraviolet 

and/or visible light with low penetration depth, which limits their application for 

treating tumors under the skin or inside the body. The use of UCNPs in PDT can 

provide deeper penetration than that of visible light excited PDT agents since 

UCNPs is excited by NIR light. (980 nm) Very recently, Liu and co-workers 

reported a pH-sensitive PDT agent by coating two layers of chlorine e6 (Ce6)-

conjugated NaYF4:Yb,Er,Mn NPs with strong red upconversion emission at 660 

nm to “turn on” the photosensitizer Ce6. Since the tumor extracellular environment 

is acidic, the cellular uptake of NPs in greatly enhanced and the PDT efficiency is 

increased to terminate the cancer tissues.
52
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1.5 Objective of thesis 

In Chapter 1, fundamental of lanthanide chemistry and photophysics followed by 

the basic concept of absorption and luminescence of light was introduced. 

Secondly, synthetic method of lanthanide doped upconversion nanoparticles and 

most recent biological applications were reviewed. 

In Chapter 2, the surface functionalization of lanthanide nanoparticles with cyclin 

D-specific peptides to prepare novel nanomaterials (UCNPs–P1) which can target 

the CDK4/cyclin D complex was presented. Inhibition of the CDK4/cyclin D 

complex through the substrate recruitment site on the cyclin positive regulatory 

subunit is  ohesion d as being a promising anti-cancer target. However, poor cell 

internalization, low sensitivity towards enzymatic degradation in vivo, and 

ineffectiveness in monitoring via indirect screening are all issues which must be 

overcome. The nanomaterials prepared (UCNPs–P1) are cell permeable and 

parallel emission spectra in vitro and in an aqueous biological environment are 

displayed. They can also be used in low dose concentrations under harmless NIR 

excitation and emission via upconversion. Uniquely, in addition to acting as a 

bioimaging probe, UCNPs–P1 also exhibits promising cytotoxicity towards cancer 

cells. In light of the aforementioned properties, the prepared functionalized 

nanomaterials (UCNPs–P1) offer the first real dual acting system for cyclin D 

imaging and simultaneous inhibition of cancer cell division. 

In Chapter 3, cell cycle regulating protein, polo-like kinase 1 (Plk1), was chosen to 

inhibit. It is because the inhibition of CDK4/cyclin D complex formation has 

several limitations such as cross binding between cyclins and CDKs, power affinity 
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between different cyclins and only designated cell phases are involved. On the 

other hands, Plk1 takes part in the whole cell cycle regulation and inhibition effect 

can be achieved by depleting polo box domain and kinase domain. This chapter 

will be illustrated and studied the cancer cell inhibition effect of various sizes and 

morphologies of UNCPs coated with the Plk1 specific peptide. The results clearly 

indicate that our spherical NaGdF4@SiO2-P1 nanoparticles in 60 nm achieve better 

performance for in vitro imaging, G2 phase cell arrest, and, hence, cell cycle 

inhibition compared with 10 nm BaGdF5-P1. Therefore, it offers a potentially 

interesting system for the development of new cancer therapies. 

In Chapter 4, Theranostic photodynamic nanomaterials nowadays are suffering 

from poor solubility and non-targeting toxicity. It is now shown that our water-

soluble graphitic-phase carbon nitrite-based material (g-C3N4) conjugated with a 

positively charged porphyrin, P2, (conjugating concentration: 60 M mg
-1

) as a 

new concept of photodynamic therapy agent. (g-C3N4-P2) The pH sensitive 

emission of g-C3N4 can be the gate for the 
1
O2 generation from g-C3N4-P2. The 

quantitative amount of 
1
O2/light emission from a photosensitizer porphyrin can be 

controlled by the pH sensitive emission of g-C3N4 in acidic pH, (pH 4 – 8) 

especially in tumor tissue acidic condition and may thus be utilized as the potential 

cancer (acidic) selective PDT agent. 

In Chapter 5, detailed description and characterization of all nanomaterials in each 

chapter were written in this experimental section.  
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CHAPTER 2 BIFUNCTIONAL UP-CONVERTING 

LANTHANIDE NANOPARTICLES FOR SLECTIVE IN VITRO 

IMAGING AND INHIBITION OF CYCLIN D AS ANTI-

CANCER AGENTS 

 

2.1 Introduction 

Being one of the key cell cycle regulatory proteins subject to ectopic over 

expression in tumor cells, cyclin D1/CDK4 has long been the focus of oncologic 

research lens for cancer targeting.
1-4

 The consensus sequence of it has been found, 

in many cell cycles and tumor suppressor proteins, to be the cyclin-binding motif. 

Cell cycle regulation involves processes crucial to the survival of a cell, including 

the detection and repair of genetic damage as well as the prevention of uncontrolled 

cell division. The molecular events that control cell cycle are ordered and 

directional. Cyclins and cyclin-dependent kinases (CDKs), determine cell 

progression through the cycle ensuring the orderly coordination of cellular events. 

Alterations of cell cycle controllers are among the main causes of cancer 

onset.(Figure 2.1) The family of D-type cyclins (D1, D2, and D3) are important 

regulators of the G1-S phase transition
5
. Aberrant overexpression of the D cyclins, 

and cyclin D1 in particular, has been linked to loss of cell cycle control and a wide 

variety of malignancies. Of notable importance, the cyclin D1 gene is amplified in 

w20% of breast cancers, and the cyclin D1 protein is overexpressed in greater than 
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50% of cases.
6
 In 2001, Yu and co-workers (2001) pointed out that c-neu/erbB-2 

and the Ha-ras oncogene induced tumorigenesis by triggering the cyclin D1 

promoter.
7
 Hence, depletion of Cyclin D1 expression prevented oncogenic 

signaling (Figure 2.1). On the other hand, other oncogenes, such as cmyc and wnt-1, 

that could activate expression of other effectors, such as the related cyclin D2, 

efficiently induced mammary tumors in these Cyclin D1-knock-down mice. 

Intriguingly, c-neu/erbB- 2 and Ha-ras oncogenes induced other types of tumors 

(mainly salivary gland tumors) and efficiently transformed cyclin D1 null 

fibroblasts in culture, denoting that the critical role of Cyclin D1 in mediating c-

neu/erbB-2 and Ha-ras oncogenesis is specific to mammary epithelial cells (Figure 

2.2). 

In addition, there are some literatures published in the issue of Cancer Cell provide 

renewed and more convincing evidence that, indeed, Cyclin D1-dependent Cdk4/6 

kinase activity is essential for tumorigenesis mediated by the c-neu/erbB-2 

oncogene. Landis and co-workers describe a new strain of gene-targeted mice that 

consist of a germline mutation which the lysine in position 112 is exchanged by 

glutamic acid within the cyclin D1 locus.
8
 Previous studies have revealed that 

Cyclin D1K112E binds with normal affinity to Cdk4 and Cdk6, as well as to other 

effectors, including different transcription factors. However, Cyclin D1K112E 

cannot trigger the catalytic activity of Cdk4 or Cdk6, causing the generation of 

kinase-defective Cyclin D1-Cdk4/6 complexes. These knocked-in mice, designated 

as cyclin D1KE/KE, share the same neurological defects (leg clasping), defective 

cerebellar development (in combination with Cyclin D2 deficiency), and reduced 
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size as cyclin D1 null animals. Surprisingly, cyclin D1KE/KE mice display normal 

retinal development and expansion of the mammary gland during pregnancy. These 

results provide genetic evidence for a crucial biological role of Cyclin D1 that is 

independent of its well established role as the activating subunit of Cdk4/6 kinases. 

Furthermore, a limited number of tissue specific defects are observed, including 

profound hypoplasia in the retina and a defect in the ability of the mammary 

epithelium to proliferate and form lobuloalveolae in response to hormonal signals 

during pregnancy. 

Besides to reporting crucial functions in development, several models have 

described the essence of cyclin D1 in mouse tumors. Expression of cyclin D1 in the 

mouse mammary gland under the control of the mouse mammary tumor virus 

(MMTV) promoter leaded to deregulated proliferation and the eventual formation 

of mammary adenocarcinomas that expressed high levels of cyclin D1 protein.
8
 

Several other reports emphasize the role of cyclin D1 as a critical downstream 

target of other oncogenes. For example, in three models of oncogenic ras-induced 

skin tumors, deficiency of cyclin D1 resulting in risen latency and reduced 

penetrance of tumor formation. These results denote that cyclin D1 is a preferred 

downstream effector of oncogenic ras signaling in these models.
9
 In addition, 

cyclin D1 has been revealed to be a critical downstream target in mammary tumors 

induced by MMTV-ras and MMTV-ErbB-2.
10

 Whereas MMTV-ras and MMTV-

ErbB-2 transgenic mice succumb to mammary gland tumors between 6 months and 

1 year with virtually 100% penetrance, their MMTV-ras; cyclin D12/2 and 

MMTV-ErbB-2; cyclin D12/2 littermates are totally resistant to tumor generation. 
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These results summarize that cyclin D1 is a necessary target of the ras and ErbB-2 

oncogenes in mammary tumor formation in the mouse. 

 

Figure 2.1 Diagram illustrating the role of various cyclins and the cyclin 

dependent kinases in different phases in the cell cycle.
12
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Figure 2.2 Therapeutic opportunities to block ErbB-2/HER-2 oncogenic signaling 

Normal mitogenic signaling (left) and Erb-2 (and presumably HER-2) signaling 

(right) is mediated by Cyclin D1 or other D-type Cyclins through activation of 

either Cdk4/6 kinases, kinase-independent interaction with Cdk4/6 and p27Kip1, or 

interaction with other targets. Boxes at the bottom indicate the main biological 

consequences of each pathway.
2
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To date, selective inhibition and imaging of cyclin D1 can and must be carried out 

separately and alternatively with the use of specific peptides, small molecules or 

complexes.
12

 In the past years, the development of kinase suppressors has been 

surging to modulate cyclin and CDK complexes, either by mimicking the function 

of natural CDK inhibitors, such as p21, p16 and p27, or by modulating the cyclin-

CDK complexes or their targets directly. The great argument is whether to utilize 

peptides or small molecules. Peptides are more specific being derived by the linear 

protein sequences, indeed they should mimic the catalytic or the regulatory 

subunits of the cell cycle controller complexes, but on the other side they usually 

demonstrate worse pharmacokinetic characteristics. On the other hand, small 

molecules achieve better pharmacokinetic features but lack of selectivity because 

many protein kinases show high sequence similarity within the active site.
13

 

Furthermore, It has become clear in the past ten years that most human 

malignancies, including lung neoplasms, have aberrations in cell cycle control. The 

tumor inhibitors gene retinoblastoma is a critical player in the G1/S transition and 

its purpose is abnormal in most human neoplasms. Retinoblastoma function is lost 

as a result of phosphorylation by the CDKs. Thus, modulation of CDKs may have 

an important use for the therapy and prevention of human neoplasms. Direct CDK 

modulators are small molecules that target specifically the adenosine triphosphate 

binding site of CDKs. In contrast, indirect CDK modulators affect CDK function 

by modulation of upstream pathways required for CDK activation. The first 

example of a forthright small-molecule CDK modulator tested in the clinic, 

flavopiridol, is a pan-CDK suppressor that not only accomplishes cell cycle arrest 
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but also halts transcriptional elongation, promotes apoptosis, induces 

differentiation, and has antiangiogenic properties. The second example of direct 

small-molecule CDK modulators tested in clinical trials is UCN-01 (7-

hydroxystaurosporine). UCN-01 has intriguing preclinical characteristic: it inhibits 

Ca
2+

-dependent protein kinase C, promotes apoptosis, arrests cell cycle progression 

at G1/S phase, and abrogates checkpoints upon DNA damage.
14

 (Figure 2.3) 
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Figure 2.3 Diagram illustrating the way to modulate cyclin dependent kinases 

(CDK) by competing with ATP binding CDK and upregulating endogenous CDK 

inhibitors.
14
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In the development of cancer diagnostic and therapeutic agents, the rise of peptide 

aptamers and small interfering RNA (siRNA) molecules in research cannot be 

overstated. It is true that siRNAs can selectively block the cyclin subunit, but 

introduction of an excess amount of them may lead to ill-defined off-targeting and 

nonspecific events due to activation of innate immune responses.
15-18

 In contrast, 

peptides have been being considered as potential drugs due to their target 

specificity, interfering capacity and low dosage requirement in use. It has been 

found that the transducible forms of cyclin groove inhibitor (CGI) peptides can 

suppress cyclin D activities, triggering cell cycle arrest and selective apoptosis in 

tumor cells in vitro.
19-21

 However, using peptidic CGIs is inevitably fraught with 

some difficulties encompassing their physical and chemical instabilities, limited 

cell internalization, and low effectiveness to be monitored/evaluated via indirect 

screening.
22-24

 In particular, real-time evaluation of the anti-cancer potency (such as 

toxicity, MTT, tumor inhibition), visualization of the therapy process in vitro (e.g. 

protein therapeutics/drug delivery) and in vitro/in vivo imaging for cyclin specific 

peptides of no luminescent property (by labeling with a primary antibody followed 

by amplification with an organic dye conjugate) are still very arduous or 

undesirable, if not impossible. All these hamper the therapeutic applications of 

such peptide-based medicines. 
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Figure 2.4 Schematic representation of the final goal of this project: dual functions 

(imaging and inhibition) of cyclin D1 targeting peptide-lanthanide nanoparticles in 

cell cycle. 

  



46 

 

 

Figure 2.5 The synthetic schemes of the dual functional up-conversion 

nanoparticles (UNCPs-P1) from the NaGdF4:Yb
3+

, Er
3+

 (UNCPs) coated with 

cyclin D (P1 – SAKRRLFG- NH2) specific peptides. 
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In effect, using a many-sided delivery vehicle is a panacea for all limitations and 

challenges mentioned above, that is, our lanthanide nanomaterials. Upon 

conjugation with our biocompatible lanthanide complexes, target-specific peptides 

can then be protected from enzymatic degradations and biological conditions; 
25-27

 

the overall water solubility can also be improved. Most importantly, it is the very 

combination of specific imaging and selective inhibition of cyclin D1 that can now 

be accomplished synchronously.
28-30

 To the best of our knowledge, there has so far 

been limited development of lanthanide probe targeting specific peptides or 

proteins sensitized with near-infrared excitation.
31-36

 The only study in the 

literature characterizing a specific Cyclin A/mRNA core peptide sequence tagged 

to a terbium complex entails absorption and emission at the ultra-violet region;
31,35

 

Pazos et al. has demonstrated intermolecular sensitization of lanthanide ions as a 

useful strategy for the design of Cyclin A/mRNA biosensors. Despite this, the 

major drawback of their methodologies lies on the excitation of Trp217/mRNA as 

the antenna in the UV region which is not suitable for in vitro imaging. Recently, 

our co-workers have developed two-photon (NIR excitation) available lanthanide 

bio-probes for visualizing the cyclin A in vitro.
35

 However, the two-photon induced 

emission quantum efficiencies of these complexes are still very low and no 

inhibition effect on the mitosis of the cancer cells can be observed. Lanthanide-

based up-conversion nanomaterials are thus more promising with a decent quantum 

efficiency compared to two-photon available complexes. In this regard, there are a 

plethora of lanthanide materials capable of energy up-conversion for in vitro 

imaging in literature but their localization profiles and in-depth studies of their 
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potential bio-applications such as dual-functional MRI, in vitro imaging and drug 

delivery are still lacking. Herein, we have synthesized several up-converted 

lanthanide nanoparticles NaGdF4:Yb
3+

,Er
3+

 (UCNPs) with which cyclin D –

specific inhibitory peptides – SAKRRLFG- NH2 (P1)
21

 have been coated (UCNPs-

P1). In addition to protecting fragile peptides from biological decomposition, these 

modified nanomaterials (UCNPs-P1) can not only trigger cell cycle inhibition of 

high selectivity as CGIs by the delivery of cyclin D-specific inhibition peptides and 

interruption of mitosis in cancer cells, but they can also offer simultaneous real-

time imaging via efficient NIR excitation, thereby catering our need. The binding 

selectivities and affinities between cyclin D and our nanomaterials have been 

validated by multi-task experiments such as spectroscopic studies and competitive 

assays via western blotting. It is the versatility and selectivity of our nanomaterials 

that paves the way for the development of new-generation lanthanide materials as 

dual bio-probes — imaging and inhibition. 
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2.2 Results and Discussion 

Synthesis and surface characterisation using FTIR spectroscopy of initial 

nanoparticles (UCNPs) and peptide coated nanoparticles (UCNPs-P1) 

The overall synthetic approach used to prepare the peptide coated nanoparticles 

(UNCPs) is detailed in Figure 2.5. The initial surface modification of the 

lanthanide nanoparticles NaGdF4:Yb
3+

,Er
3+ 

(UCNPs) could be evidenced by FTIR. 

The corresponding IR transmission spectrum of the amine-functionalized UCNPs 

is shown in Figure 2.6 (a). The board absorption band at 3427 cm
-1

 is due to the O-

H / N-H stretching vibration. 

The absorption peak at 2922 and 2850 cm
-1

 corresponds to the stretching vibration 

of the C-H bond. The IR absorption peaks at 1639 and 1437 cm
-1

 are attributed to 

the N-H bending of the amino group (NH2) and the C-N bond stretching vibration. 

Therefore, the IR transmission spectrum obtained supports capping of UCNPs with 

poly(ethylenimine) (PEI).
37-38

 the next step  in the process was attachment of a 

reactive alkene handle (Step b, Figure 2.5). Again this modification step was 

verified by the IR spectrum in Figure 2.6 (b). The overall spectrum is similar to 

Figure 2.6 (a). However, the additional absorption peaks at 1645 cm
-1

 correspond 

to the stretching vibration of a C=O bond.
39 

In the final step (Step c, Figure 2.5) of 

the synthesis the N-terminal cysteine of the cyclin D targeting peptide (P1) was 

reacted with the reactive alkene on the nanoparticles to give UNCPs-P1. Figure 2.6 

(c) shows the IR spectrum obtained after coating of the UCNPs-C=C with P1. The 

small absorption peaks around 3159 to 3537 cm
-1

 represent the N-H bond 

stretching while the doublet absorption peak at 658 and 577 cm
-1

 stand for the 
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stretching vibration of the C-S bond.
40

 

 

 

Figure 2.6 FTIR transmission spectrum of (a) amine-functionalized 

NaGdF4:Yb
3+

,Er
3+

 (UCNPs) (b) Michael reaction modified NaGdF4:Yb
3+

,Er
3+

 

(UCNPs-c=c) and (c) cyclin D specific peptides coated NaGdF4:Yb
3+

, Er
3+

 

(UCNPs-P1). 
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Phase and Structure of UCNPs and UCNPs-P1 nanomaterials 

The shape and morphology of the initial nanoparticles (UCNPs) and the peptide 

coated nanoparticles (UCNPs-P1) were investigated using TEM. In Figure 2.7 (a), 

a square/ cubic shape can be seen for the UNCPs. This corresponds to the cubic 

phase of NaGdF4 and the TEM image is similar to that previously reported for the 

synthesis of cubic phase NaGdF4 nanopartilces.
41 

 Figure 2.7 (b) shows the high 

resolution TEM (HRTEM) image obtained from the UCNPs-P1 material. In this 

image a thin layer that was not present in Figure 2.7 (a) was observed (indicated by 

red arrow). This additional layer is due to the presence of peptide P1 on the surface 

of the nanoparticles. .The phase composition of the initial nanoparticles (UCNPs) 

and the peptide coated nanoparticles (UCNPs-P1) was determined by powder X-

ray diffraction (XRD). The initial nanoparticles (UCNPs) (Figure 2.8) were 

indexed to the standard cubic phase NaGdF4 (JSPDF#27-0697). The diffraction 

pattern agrees well with the standard pattern thus the matching result indicates that 

the NaGdF4: Yb
3+

, Er
3+

 (UCNPs) nanoparticles are present in a pure cubic phase 

with no other impure phases. The XRD pattern of the peptide coated nanoparticles 

(UCNPs-P1) shows no changes in the 2-theta angles (compared to the un-coated 

nanoparticles, UNCPs) and implies this that the coating of peptide does not induce 

changes in crystal structure of the UCNPs. The aforementioned observation is also 

consistent with the non-crystalline nature of peptide. 

DLS allows one 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 UCNPs andUCNPs-P1 in 
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distilled water. The hydrodynamic diameter of UCNPs-P1 is shifted around 7 nm 

compared with the UCNPs. Moreover, the DLS polydispersity index (PDI) and 

peak width at half height of UCNPs are 1.855, and 154 nm; the corresponding 

values of UCNPs-P1 are -0.417, and 941.6 nm, respectively. (Table 2.1) This slight 

increase in hydrodynamic diameter could be ascribed mainly to the dwelling effect 

of the outer peptide coatings on UCNPs. UCNPs have a hydrodynamic size 

distribution profile similar to UCNPs-P1.  
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Figure 2.7 (a) TEM image of the initial nanoparticles (UCNPs). (b) HRTEM 

image of a single nanoparticle coated with the cyclin D specific peptide (UCNPs-

P1).The high-magnification TEM images of (c) UCNPs and (d) UCNPs-P1. 

  

  a) b) 

d) c) 
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Figure 2.8 X-ray Diffraction patterns of the initial nanoparticles (UCNPs) and the 

peptide coated nanoparticles (UCNPs-P1) indexed with a standard cubic phase 

NaGdF4 (JSPDF#27-0697). 
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Table 2.1 The DLS data for UCNPs-P1 and UCNPs.  
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Up-conversion Luminescence 

With common organic fluorophores, emissive lanthanide ions transcend in terms of 

long emission lifetimes (effective elimination of biological autofluorescence in 

time-resolved spectroscopy) and characteristic hypersensitive emissions (provision 

of real-time information about the effect on coordination environment by 

surrounding entities). In practice, cell imaging within the key biological window 

can even be fulfilled with the use of biocompatible luminescent up-conversion 

nanoparticles which offer visible to NIR emission by NIR excitation – so no 

autofluorescence would occur. The upconversion photophysical properties of the 

UNCPs and UNCPs-P1 were examined in the dispersed solution under the near 

infrared excitation at 980 nm. The UNCPs and peptide coated nanomaterials, 

UNCPs-P1 show similar up-conversion emission spectra under near-infrared 

excitation by using a continuous-wave (CW) 980 nm laser diode with 340 mW. 

Three upconversion emission peaks at 521, 541, and 650 nm arise from 
2
H11/2, 

4
I15/2, 

4
S3/2, 

4
I15/2, and 

4
F9/2, 

4
I15/2 transitions, respectively. These three peaks at 521, 541, 

and 650 nm are ascribed to a two-photon upconversion process (Figure 2.9), which 

are the most common upconversion emission present in nanoparticles doped with 

Yb
3+

 and Er
3+

 ions. When the same amount of the nanomaterial was put in the 

dispersed solution alone, the emission intensity came out differently, illustrating 

that the coating may affect the excitation and emission. 
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Figure 2.9 The up-conversion luminescence spectra of (a) NaGdF4:Yb
3+

, Er
3+

 

(UCNPs) and (b) NaGdF4:Yb
3+

, Er
3+

 - SAKRRLFG- NH2 (UCNPs-P1) (ex = 980 

nm) 
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Analysis of cyclin D binding affinity with NaGdF4: Yb
3+

, Er
3+

 (UCNPs) and 

peptide coated NaGdF4: Yb
3+

, Er
3+

 (UCNPs-P1) 

To confirm the specific binding of our nanoparticle (UCNPs-P1) towards the 

cellular cyclin D, pull down assay followed by western blotting was carried out 

with bare nanoparticles UCNPs (control) and cyclin D specific UCNPs-P1 (Figure 

2.10). In general, HeLa cells were suspended with lysis buffer to release the 

proteins, and then incubated with nanoparticles UCNPs or UCNPs-P1. Cellular 

cyclin D would be enriched by the nanoparticles coated with cyclin D peptides 

(UCNPs-P1) but not the bare UCNPs. Then non-specifically bound and free 

proteins were removed by washing the nanoparticles with lysis buffer for three 

times. The black mark can only be observed by UCNPs-P1 with cyclin D. (The 

white blanket in the Figure 2.10) On the contrary, nanoparticles enriched proteins 

were SDS-PAGE gel separated and probed using antibodies. The results show that 

UCNPs-P1did pull down the cyclin D1 protein from the cell lysis, while the bare 

nanoparticles UCNPs showed obviously less potent to enrich cyclin D1. Unrelated 

DNA replication inhibitory protein Geminin was parallel examined and both 

UCNPs and UCNPs-P1 cannot enrich cyclin D1 proteins. The above experiment 

can be confirmed our UCNPs-P1 have strong binding affinity to the cyclin D. 
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Figure 2.10 Pull down assay has proved the binding of Cyclin D1 with UCNPs-P1. 

HeLa cell lysate were incubated with 100 μg UCNPs or UCNPs-P1 for two hours, 

with the unbound proteins being washed with lysis buffer subsequently. The 

nanoparticle-bound cyclin D1 proteins were examined using anti-cyclin D1 

antibodies via western blotting. The lysate that contains the whole cellular proteins 

(Lysate lane) was loaded as the positive control for existence of Cyclin D1 protein, 

while the unrelated protein Geminin was parallel blotted as unbound proteins (the 

negative control). 
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In-Vitro Imaging of Cyclin D 

The in vitro uptake rates of bare and peptide coated NaGdF4:Yb
3+

, Er
3+ 

nanoparticles are different and were evaluated by ICP-MS in HeLa cells. (UCNPs: 

6.1925 ppt/cells and UCNPs-P1: 5.7970 ppb/cells). Given that our nanomaterials 

demonstrated interesting photophysical properties within the biological window, 

high selectivity to cyclin D, and can be up-taken easily by cancer cells, further 

development of UCNPs-P1 to be an in vitro imaging cyclin D probe becomes 

feasible. In vitro experiments had been conducted in cervical carcinoma HeLa cells 

with two-photon microscopes. (Figure 2.11) UCNPs-P1 has manifested detectable 

emission within the biological window (500 nm to 700 nm) via the near infrared 

excitation at 980 nm. 

Under the NIR excitation, the impressive green (
4
S3/2

4
I15/2) and red (Figure 2.11, 

4
F9/2

4
I15/2) f-f emission can be observed in HeLa cells due to UNCPs-P1 after 3 

hours incubations. The doubts about the selectivity towards the cyclin D of these 

nanomaterials have been overcome with two control experiments in Figure 2.11 via 

two-photon microscope. (ex = 980 nm) The lambda scan inside two photon 

microscope can be used to monitor the in vitro emission spectra (resolution = 6 nm) 

In Figure 2.11 f, same as the upconversion emission spectra from Figure 2.9, the 

upconversion emission intensity of UCNPs-P1 is weaker than that of UCNPs, 

which is the same as in vitro emission spectra inside the HeLa cells. Two erbium 

transitions (
4
S3/2

4
I15/2 and 

4
F9/2

4
I15/2) are noticed in Figure 2.11 g with the 

excitation at 980 nm. The negative control had been carried out with imaging 

experiments which worked on the cells with the treatment of siRNA (to inhibit the 
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cyclin D generation, Figure 2.11 c). The emission if upconversion diminished, as 

shown in the in vitro emission spectra. 
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Figure 2.11 In vitro cell imaging of (a) NaGdF4:Yb
3+

, Er
3+

 (UCNPs): (b) 

NaGdF4:Yb
3+

, Er
3+

 - SAKRRLFG- NH2 (UCNPs-P1) and (c) negative control: the 

HeLa cells were treated with siRNA before dosed with UCNPs-P1; (d) – (f) the 

bright field images corresponding to the (a) to (c). The upconversion in vitro 

emission spectra of (black) UCNPs and (red) UCNPs-P1 in (a) and (b). (ex = 980 

nm) 
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Figure 2.12 Flow cytometry analysis of (a) HeLa, (b) HCT116 and (c) U2OS cells 

treated with NaGdF4:Yb
3+

, Er
3+

 nanoparticles (UCNPs) and cyclin D specific 

peptides coated NaGdF4:Yb
3+

, Er
3+

 nanoparticles (UCNPs-P1) for 24 hours. Cell 

phase distribution were expressed as the percent of G1, G2 and S. One-way 

analysis of variance was used in data statistics (**, P<0.01) 
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Inhibition of Cancer Cell Cycle and cell viability. 

Increasing the cyclin D and its partner kinase CDK level are well-observed in 

various kinds of cancer. As such, it is necessary to clarify the inhibitory activity of 

UCNPs-P1 in cancer cell lines prior to any further investigation and application. 

Two experiments (cell cycle flow cytometry and MTT assays) had been carried out 

to study the capability of UCNPs-P1 to interrupt the cell division. First, flow 

cytometry analysis was conducted to examine the cell cycle phase distribution (G1, 

G2 and S phases) of the UCNPs-P1 treated HeLa cells. Treatments with UCNPs-P1 

(50 or 200 μg/ml), UCNPs (200 μg/ml) and blank (no dosage of nanoparticles) had 

been worked out as the experimental control, respectively. Then, cell phase 

distributions were calculated. As showed in Figure 2.12, UCNPs-P1 treated cells 

show an increase in G1 phase (P<0.01), indicating the potential of cyclin D 

inhibition and the small P value indicates it is unlikely that the observed difference 

is due to random sampling. In contrast, bare nanoparticles UCNPs show otherwise. 

Generally speaking, the cell phase distribution of usual cell division is ~67%, 

~10% and ~23% in G1, G2 and S phases respectively.  However, under the 

influence of UNCPs-P1, with 50/200 g/mol dosed in HeLa cells, the G1 phase 

distribution rose significantly, while the G2 and S phases were under suppression 

simultaneously. 

In addition, cell viability was examined using MTT assay. Cancer cells HeLa, 

HCT116, U2OS and normal cells MRC-5 were treated with UCNPs or UCNPs-P1 

for 24 hours. Then the nanoparticle-caused effects on cell viability were examined 

by the formation of formazan after adding MTT (3-(4, 5-dimethylthiazol-2-yl)-2 
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and 5-diphenyltetrazolium bromide) and revealed by absorbance. Cell viability 

inhibition rates were also calculated. In Figure 2.13, UCNPs-P1 obviously exerts 

inhibition effect on cell viability, in comparison with the results from using 

UCNPs in both tested cell lines. 

 

Figure 2.13 Cell viability inhibitory activity of cyclin D specific peptides coated 

NaGdF4:Yb
3+

, Er
3+

 nanoparticles (UCNPs-P1) as well as NaGdF4:Yb
3+

, Er
3+

 

nanoparticles (UCNPs) on (a) human normal lung fibroblast cell, and (b) human 

cervical cancer HeLa, (c) human colorectal cancer HCT116 and (d) osteosarcoma 

U2OS cells was assayed 
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2.3 Conclusions 

In conclusion, we have successfully performed a surface coating on our lanthanide 

nanoparticles with cyclin D specific peptides (UCNPs-P1), which endues our novel 

nanomaterials with similar emission spectra in vitro and in aqueous biological 

environment, and the ability to cause cell cycle disruption via G1-phase arrest. 

Such interruption correlates to its striking inhibiting effect and prominent toxicity 

towards cancer cells. In particular, they can also resolve the major drawbacks of 

peptides as anti-tumor drugs by improving the cell permeability of the nano-

system. All these empower our functionalized nanomaterials (UCNPs-P1) as a 

peptide carrier and true dual probe for cyclin D imaging and inhibition as anti-

cancer agents in low dosed concentration under harmless NIR excitation and 

emission via upconversion. 
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CHAPTER 3. STUDY OF VARIOUS SIZES AND 

MORPHOLOGIES AMPHIPHILIC PLK1 INHIBITION 

PEPTIES THIN-COATED UPCONVERSION 

NANOMATERIALS AS IN VIVO TUMOR SUPPRESSORS 

 

3.1 Introduction 

Cyclins are critical cell cycle regulators that cooperating with CDKs to form active 

Cyclin/CDK kinase complex. Cyclins are cell cycle specified and abundantly 

expressed during cell cycle progression. Over expression of Cyclins and excessive 

activities of its partner kinase CDK are generally reported in most of cancer cells. 

Inhibition of Cyclin/CDK evidently impairs cancer cell progression and even 

causes apoptosis. Thus there are two strategies to terminate cancer cells, by 

targeting Cyclins or the kinase activities of CDKs. For the later, various kinds of 

small kinase inhibitors have been determined, and most of them are ATP analogues. 

On the other hand, the former in which by targeting Cyclins, works through 

exploring peptides or its mimic of CDKI (CDK Inhibitors, p27, p21, p107 and so 

on.). Nevertheless, there are several drawbacks of this way; one of the fatal 

problems is diversified of Cyclins expressed in cells. Cell normally expressed 

Cyclin A1, A2; Cyclin B1; Cyclin D1, D2, D3; Cyclin E and Cyclin H, along with 

kinds of CDKs, CDK1, CDK2, CDK4, and CDK6 and so on. Cyclins are cross 

bound to CDKs and functional compensated. Secondly, the peptides those show 

high inhibitory effect on in vitro kinase assay normally failed in cell based tests, 
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mainly due to the low cell penetration efficiency as well as insufficient cellular 

CDK binding affinity. In addition, the pockets on the protein surface of CDKs that 

binding by peptides share a similar hydrophobic environment. Hence, the peptides 

exert insufficient affinity to bind to CDKs and lower selectivity. Moreover, 

although Cyclin D and Cyclin A are normally over expressed in cancer cells, they 

do not show unique or single related to a type of cancer. On other words, Cyclin D 

and Cyclin A are over expressed in most of cancers. And this reduces the 

selectivity of peptide-based cancer targeting strategy. Consequently, another cell 

regulator: Polo-like kinase is worthwhile to take an in depth investigation.  

 

Figure 3.1 Diagram showing the structure of cyclin/CDK complex and Plk1 

protein and their corresponding advantages and disadvantages of inhibition of cell 

cycle progression. 
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Polo-like kinase 1 (Plk1) is a critical ser/Thr kinase involved in key events during 

cell cycle progression, cyclin-independent serine/threonine protein kinase. Plk1 

consists of 603 amino acids and is 66kDa. In addition to the N-terminus kinase 

domain, there are two conserved polo-box regions of 30 amino acids at the C-

terminus.
1
 Kinase activity is regulated at least in part, by the polo-boxes that are 

functionally important for both auto-inhibition and subcellular localization. (Figure 

3.1) During interphase, Plk1 localizes to centrosomes. In early mitosis, it associates 

with mitotic spindle poles. A recombinant GFP-Plk1 protein localizes to 

centromere/kinetochore region, suggesting a possible role for chromosome 

separation. Since mid-1990s, the human being realized the important of Plk1 with 

thousands of articles in the literatures that reported their functions in the literatures. 

In general, Plk 1 offers two distinct drug (anti-cancer) targets within one molecule: 

an N-terminal catalytic domain and a C-terminal polo-box domain (PBD). Polo like 

domain is responsible for the recognition of phosphorylation sequence within the 

substrates and also the substrate binding. Therefore, some studies have shown that 

the loss of Plk1 expression can induce pro-apoptotic pathways and inhibit growth.
2
 

In case of DNA damage, Plk1 not only inhibits p53 independent apoptosis by 

dysfunctioning p73I+- but also allows cells to recover from growth arrest. So far, 

there are few small molecules are developed to inhibit Plk1 for cancer therapy, but 

most of them are ATP analogues which binding the Kinase domain, while several 

reports showed that inhibition of PDB is another better alternative. 
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Figure 3.2 Schematic overview of the different functions of Plk1 during the cell 

cycle. Indicated are the implications functions of Plk1 at the different stages of the 

cell cycle and the mitotic phases.
1
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Expression, activity and localization of Plk1 are all dynamically regulated during 

cell cycle progression. Plk1 expression surges from late S phase to mitosis, a time 

when Plk1 is most active.
3-5

 Plk1 is over-expressed in highly proliferating tissues.
6
 

Overexpression of murine Plk1 leads to oncogenic transformation, denoting a 

prominent player for Plk1 in mitotic division.
7
 Inhibition of Plk1 by the APC/C 

begins in late mitosis and carries on throughout G1 phase.
8
 Plk1 localizes to the 

cytoplasm and the nucleus during G2 and is designate targeted to the 

centrosomes.
3,9

 In the process of early mitosis, Plk1 can be observed at 

centrosomes and kinetochores and Plk1 persists there until its depletion. 

Furthermore, a fraction of Plk1 translocates to the midzone/midbody late in 

mitosis.
3,10

 Thus, expression, activity and localization of Plk1 are all dynamically 

regulated before and during mitosis. The multiple sites of Plk1 localization reflect 

the many functions that Plk1 performs during the cell cycle (Figure 3.2). 

Mitotic entry. Assisting mitotic entry is one of the multitudinous functions of Plk1. 

(Figure 3.3) At the beginning stage of mitosis, it requires nuclear translocation and 

activation of Cyclin B/Cdk1. Cyclin B/Cdk1 activation attributed from the 

spontaneous inhibition of Wee1 and Myt1 kinases and the activation of Cdc25 

phosphatases. Plk1 promotes mitotic entry by triggering Cyclin B/Cdk1 at all these 

various stages. (1) Plk1 initiates at least one member of the Cdc25 family of 

phosphatases, Cdc25C. Cdc25C is phosphorylated by Plk1 in a nuclear export 

signal sequence, thereby causing nuclear translocation and activation of 

Cdc25C.
11,12

 (2) Simultaneously, Plk1 phosphorylates Cyclin B/Cdk1-inhibiting 

kinases Wee1 and Myt1,
13,14

 and at least for Wee1, leading to increased association 
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with the SCF/beta-TrCP E3 ubiquitin ligase, thereby inducing its degradation.
13

 (3) 

After that, Plk1 phosphorylates Cyclin B at centrosomes, the first site at which 

Cyclin B/Cdk1 is activated. Nevertheless, whether phosphorylation activates 

nuclear import of Cyclin B or triggers Cyclin B/Cdk1 complexes in a different way 

is still a controversy issue.
15,16

 At least in Xenopus, Plk1 and Cyclin B/Cdk1 may 

act in a positive feedback loop ensuring complete activation of Cyclin B/Cdk1 and 

mitotic entry.
17

 Cdk1 can also phosphorylate Plk1 in an in vitro kinase assay, but 

this only slightly increases Plk1 kinase activity.
4
 The functional relevance of Cdk1-

mediated phosphorylation is currently unknown. 

 

 

Figure 3.3 Crosstalk between PLk1 and aurora kinase a in mitotic entry.
78
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The G2 DNA damage checkpoint. Since Plk1 is crucial for activation of Cyclin 

B/Cdk1, one can consider a rational involvement of Plk1 in re-generating the cell 

cycle after a G2 arrest by the DNA damage checkpoint. In fact, the activity of Plk1 

is suppressed after DNA damage and constitutively active mutants of Plk1 can 

overcome a DNA damage-induced arrest in G2.
18

 Experiments using Plk1 siRNA 

demonstrated that Plk1-mediated Wee1 degradation is essential for mitotic entry 

following recovery from DNA damage.
19

 Other targets of Plk1 that are involved in 

the DNA damage checkpoint have been narrated, for example p53.
20

 Plk1 can 

interact with p53 and inhibit its transactivation activity as well as its pro-apoptotic 

feature.
21

 Plk1 also bind to and phosphorylates Chk2.
22

 After DNA damage in G2 

and M phases, the interaction between Plk1 and Chk2 is inhibited.
23

 Another 

substrate of Plk1 took part in the DNA damage checkpoint is the breast cancer 

vulnerability protein, BRCA2, which is important for the repair of DNA double-

strand cracks.
24,25

 Thus, in response to DNA damage, Plk1 activity is inhibited, 

leading to activation of p53 and modulation of Chk2 and BRCA2, while in 

recovery from a DNA damage-induced arrest Plk1 may suppress all 3 proteins. 

Centrosome maturation and bipolar spindle formation. Plk1 also participated in 

centrosome maturation and separation. The founding member of the Plk family of 

kinases, Polo, was identified as a Drosophila mutant with defective, immature 

spindle poles. The maturation of centrosomes was also found to depend on Plk1 in 

human cells, as shown by reduced concentration of different proteins such as g-

tubulin.
26

 Plk1 phosphorylates Nlp, a centrosome protein involved in microtubule 

nucleation. An Nlp mutant lacking Plk1 phosphorylation sites severely disarranges 
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mitotic spindle formation.
27

 Nlp aims at the centrosome by dynactin and is 

displaced from this organelle after mitotic entry. Phosphorylation of Nlp by Plk1 

suppresses its interaction with dynein, result in eliminating Nlp from the 

centrosome,
27-29

 possibly allowing the recruitment of a mitotic microtubule 

nucleation scaffold. Accompanied with Nip removal, Plk1 antibody injection 

studies reveal that Plk1 is also crucial for centrosome separation, with defects 

causing monopolar spindles and consequent mitotic arrest.
26

 Plk1 degradation by 

siRNA can also lead to monopolar spindles.
30,31

 Plk1 stably associates with and 

phosphorylates a-, b- and g-tubulins and the tubulin-stabilizing protein TCTP,
32,33

 

implying that Plk1 may regulate spindle formation through centrosome maturation 

and separation as well as by forthrightly regulating tubulin functions. Recently, 

centrosome recruitment of Plk1 was shown to be unnecessary for centrosome 

maturation and bipolar spindle formation, suggesting that Plk1 kinase activity does 

not have to be selectively bound to centrosomes so as to accomplish its 

centrosomal functions.
34

 

Cohesin dissociation. Chromosome regulation property of Plk1 has also been 

revealed. Cohesin is a protein complex that gathers sister chromatids together 

before their disconnection in anaphase. In prophase, the bulk of cohesion is taken 

out from chromosome arms to speed up sister chromatid resolution, while the rest 

 ohesion on arms and centromeres is cleaved by separase at the metaphase-

anaphase transition. Plk1 can thoroughly remove cohesion from chromosome arms 

in early mitosis.
35,36

 Cohesin phosphorylation by Plk1 was shown to decrease its 

affinity for chromatin. Phosphorylation of the cohesion subunit SA2 is crucial for 
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cohesion separation from chromosome arms in early mitotic cell division, whereas 

phosphorylation of  ohesion subunit Scc1 by Plk1 enhances its cleavage by 

separase at the metaphase-anaphase transition.
37,38

 In Plk1-depleted cells, 

chromosomes can still splitted by separase-mediated cleavage when cells are 

obligated to override the spindle assembly checkpoint. Thus, even though Plk1 

may assist sister chromatid resolution by cohesion removal, Plk1 does not appear 

to be critical for chromosome segregation. Intriguingly, in Plk1-depleted cells 

chromosomes found to be hypercondensed, implying Plk1 may be involved in 

chromosome condensation. Whether this is due to  ohesion defects is currently 

unclear. The specific persistence of  ohesion at centromeres in early mitosis is 

dependent on a protein named shugoshin.
39,40

 Phosphorylation of the Drosophila 

shugoshin, MEI-S332, by Polo kinase inhibits its activity and induces its 

dissociation from centromeres.
41

 MEI-S332 indeed remains on centromeres in a 

Polo mutant, but this does not hinder sister chromatid separation, denoting the 

presence of a Polo-independent mechanism of MEI-S332 inhibition.
41

 Thus, Plk1 

may also induce separase-mediated cleavage of  ohesion at centromeres by 

removing its protector shugoshin.  

Chromosome alignment and the spindle assembly checkpoint. In recent years, 

Plk1 was also associated with regulating chromosome alignment. Chromosome 

congression defects were found when Plk1 activity was not properly localized in 

the cell. Plk1 was also demonstrated to be an important role in the stabilization of 

microtubule-kinetochore interactions by producing tension.
42

 Plk1 activity is 

necessary to generate a signal at kinetochores corresponding to the lack of tension 
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that is the 3F3/2 phosphoepitope. In addition, Plk1 contributes to the recruitment of 

key kinetochores proteins, like Hec1/Ndc80, which moderate the binding of 

microtubules to kinetochores.
43

 Thus, Plk1 probably has several roles at 

kinetochores to coordinate microtubule tension and binding. Concomitantly, Plk1 

siRNA was also found to partially decrease the association of several kinetochore 

proteins that are critical for checkpoint signaling, for instance Mad2, Cenp-E and 

Cdc20.
42

 But the spindle checkpoint is still active in Plk1-depleted cells, probably 

because these proteins still appear to localize at kinetochores in these cells.
44

 

Interestingly, Plk1 was recently reported to be enriched on kinetochores that are not 

under tension and in Xenopus, Plk1 binding to kinetochores was found to 

contingent upon activity of the checkpoint kinase xMps1.
45

 Plk1 may thus be taken 

part in tension signaling and upon proper attachment and tension Plk1 may be 

partially displaced from kinetochores. In turn, this may result in stabilization of 

microtubule-kinetochore attachments and silencing of the spindle assembly 

checkpoint because of the codissociation of checkpoint proteins. 

Cytokinesis. Several Plk family members including Plk1 have been implicated in 

cytokinesis, consistent with Plk localization to the midzone/midbody late in mitosis. 

(Figure 3.4) The first proof of the participation of Plk1 in cytokinesis was the 

determination of the kinesin-like protein CHO1/MKLP-1 as an in vitro substrate of 

Plk1, which induces microtubule bundling and antiparallel movement in vitro. The 

Drosophila Polo was found to bind with CHO1 homologue Pavarotti, which is 

involved in cytokinesis.
46

 Nevertheless, no cytokinesis defects were discovered 

after injection of anti-Plk1 antibodies into HeLa cells. On the other hand, 
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overexpression of Plk1 does give increment to multinucleated cells,
47

 pointing out 

the precise level of Plk1 may be essential for the correct execution of cytokinesis. 

Evidence for a part for Plk1 in cytokinesis was also found in overexpression 

studies with a dominant negative mutant of Plk1, which leads to a failure in 

completion of cytokinesis after forced inactivation of the spindle assembly 

checkpoint.
48

 In Plk1-depleted cells, the early stages of cytokinesis can also clearly 

happen following spindle checkpoint inactivation by depletion of critical 

checkpoint components. These findings denote that Plk1 may not be crucial for the 

initiation of cytokinesis and possibly also not the later stages of cytokinesis, 

although this needs to be examined more closely. 

 

Figure 3.4 Mitotic exit. In anaphase, Plk1 relocalizes from kinetochores to the 

central spindle, similar to chromosome passenger proteins.
79
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However, the actual role of Plk1 in carcinogenesis is still yet to be fully elucidated. 

Some pre-clinical evidence suggests that overexpression of Plk1 is linked to an 

increased survival rate of cells,
49

 and this is supported by the fact that Plk1 is 

normally highly expressed in actively proliferating tissue.
50

 Strategic inactivation 

of Plk1 results in cell cycle arrest and subsequently apoptosis, thus Plk1 has 

emerged as a favorable therapeutic target for cancer treatment.
51

 Within Plk1, there 

are two distinct domains—an amino terminal kinase domain and a unique carboxyl 

terminal polo box domain (PBD). Several organic small molecules which can 

inhibit the Plk1 kinase domain and the PBD have been identified. Molecules such 

as BI2536, CBB2001 and MLN0905 target the kinase domain of Plk1 causing 

inhibition as well as pronounced dose-limiting toxicity (DLT),
52-54

 however 

unspecific activities and unwanted side-effects have really limited the further 

development of Plk1 kinase domain targeting molecules. On the other hand, 

peptides and their analogues that can bind to the PBD present a novel and 

promising avenue for Plk1 targeting and inhibition.
55-56

 Peptides can be employed 

as tailor made inhibitors and potential drugs but there are issues in working with 

this class of biological molecules. Peptides often display physical and chemical 

instabilities,
57

 poor cellular uptake, and localization issues.
58

 Real-time assessments, 

including MTT, in vitro imaging and tumor inhibition, are also crucial elements in 

cancer prognosis and treatment. Conventionally, for imaging purposes complex 

methods of analysis such as immunostaining of Plk1 using antibodies or fusion 

fluorescent proteins have been employed.
59,60
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Figure 3.5 Diagram revealing reported inhibition effect of small molecules and 

peptides towards the kinase and polo box domain of Plk1 protein respectively. 
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Recently, E. K. Ryu et al. demonstrated that a Plk1-specific peptide (PLHSpT) 

conjugated with the v3 integrin receptor inhibitor peptide (RGD) and a 

radioligand can achieve the much sought-after theranostic effect.
57

 However, this is 

a rather indirect method of analysis as it only tests cancer cells which involves 

multiple steps to interrupt the cell cycle, inhibit the tumor size, and diagnose the 

cancer tissues with PET. Most recently, we have reported a porphyrin conjugated 

to a Plk1-specific peptide (e.g. PLHSpT) as a multi-modal bio-probe, with the 

molecular system serving as the vector.
61

 Its overall tumor growth inhibition 

efficiency through the singlet oxygen generation has, indeed, still room for further 

improvement. 

In the present study we have prepared lanthanide-doped upconversion 

nanoparticles (UCNPs) which can act as delivery vehicles for Plk1-specific 

peptides. The nano-particle–peptide conjugates were shown to inhibit Plk1 activity, 

while cell-cycle arrest and visualization can also be achieved simultaneously. 

Owing to the excellent photo-physical properties of lanthanide ions, the dopant 

ions (ytterbium/erbium) can be excited and emit in the near-infrared (NIR) region. 

The nano-systems developed also offer additional benefits for bio-imaging such as 

improved light penetration depth, lower cytotoxicity and, above all, elimination of 

auto-fluorescence due to the long emission lifetime (s to ms) of lanthanides 

compared with that of organic biomarkers.
62-71

 By conjugating the PBD binding 

peptide onto UCNPs, the cellular uptake problem of the individual peptides can 

also be addressed because the resulting organic–inorganic nanomaterial is highly 

biocompatible,
72,73

 and the peptides are protected from enzymatic degradation.
74
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Although, in the case of cyclin D, the inhibitory effects of our previously 

established UCNPs (NaGdF4:Yb
3+

, Er
3+

) conjugated with cyclin D-specific 

peptides were not as satisfactory as expected,
75

 we have rationalized that this could 

be ascribed to unwanted cross-binding among various cyclins and their cyclin-

dependent kinases (CDKs),
76

 in addition, the in vitro emission signal was also 

quenched after bio-conjugation when compared to the unmodified NaGdF4:Yb
3+

, 

Er
3+

.With these factors in mind, we have now developed a new type of novel 

peptide-functionalized UCNP which can achieve termination and visualization of 

cancer cells concurrently through binding and inhibition of Plk1. 

Herein, we report the synthesis of eleven UCNPs, using three solid systems cubic 

60 nm NaGdF4:Yb
3+

, Er
3+

 (NaGdF4), spherical 60 nm NaGdF4:Yb
3+

, Er
3+

 (-

NaGdF4) cubic 10 nm BaGdF5:Yb
3+

, Er
3+

 (BaGdF5); and These three types of 

UCNPs are doped with Yb
3+

 and Er
3+

 at molar ratio 18 : 2 and coated with 

PLHSpT (P1),
56,57

 PLHSD (P2) and GGPLHSpT (P3) respectively (Figure. 3.6).  
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Figure 3.6 Schematic diagram of conjugating Plk1 specific peptides on to BaGdF5, 

NaGdF4 and -NaGdF4. 
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All three peptides have already shown strong binding with PBD in Plk1.13 P3, 

which contained an additional Gly–Gly motif, was used primarily to check whether 

any significant impact on the binding affinity between the peptide (i.e. PLHSpT) 

and Plk1, as well as the anti-tumor activity was observed when the linking distance 

between the UNCPs and the peptides was increased in length and flexibility. 

Comprehensive in situ (photophysical properties, protein pull down assay), in vitro 

(emission spectra, imaging, co-staining with GFP-Plk1, ICP-MS, cellular toxicity) 

and in vivo studies (imaging and solid tumor inhibition) in both cancer and normal 

cell lines have been conducted and the data are presented. Experimental results 

revealed that our spherical 60 nm -NaGdF4 has a better performance than the 

other two UCNPs in terms of uptake efficiency and imaging quantity. In particular 

for spherical -NaGdF4–P1 coated with the P1 peptide; control experiments have 

illustrated that spherical -NaGdF4–P1 is selective in its mode of action and it was 

demonstrated to have no anti-growth effect in normal cells. 

3.2 Results and discussion 

Through conjugation to various inorganic molecules such as nanoparticles, 

peptides can be effectively shielded from enzymatic degradation. In addition 

peptide coated UNCPs can be excited at 980 nm enabling their real-time imaging. 

In this study, we intended to exploit both these aforementioned properties coupled 

with Plk1 targeting to design and prepare nanosystems capable of simultaneous 

Plk1 inactivation and real time imaging, something that is not currently easily 

achievable. Three sets of UNCPs of different sizes and morphologies have been 

conjugated with different kinds of Plk1 specific peptides and photophysical 



88 

 

properties, cellular uptake efficiency, in vitro imaging and selectivity for Plk1 of 

these systems have been evaluated. The UCNPs have been characterized and 

verified by a series of experiments including spectroscopic measurements, 

microscopic analyses and competitive assays through protein binding and western 

blotting. In addition to investigating the selection of Plk1 specific peptides and 

different UCNPs, we also wished to probe the effects of the size and shape of 

UCNPs themselves. Thus we used 60 nm and 10 nm UCNPs as both of them have 

a similar crystal lattice and they are cubic and sphere in shape. Through this 

comprehensive study, we aimed to satisfy our hypothesis that Plk1 specific coated 

nanomaterials can act as promising systems in the future development of 

multimodal anti-cancer upconversion nano-drugs. 
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Synthesis and characterization of nanoparticles conjugated with Plk1 (Pn) specific 

peptides 

The surface groups of our NaGdF4 and BaGdF5 were examined by FTIR. The 

corresponding IR transmission spectra of amine functionalized NaGdF4 and 

BaGdF5 are shown in Figure 3.7. The broad absorption band centered at 3459 cm
-1

 

is due to the O–H/N–H stretching vibration. The IR absorption peaks at 1637 and 

1436 cm
-1

 are attributable to the N–H bending of the amino group (NH2) and the 

C–N bond stretching vibration. Therefore, the IR transmission spectrum fully 

supports the capping of poly(ethyleneimine) (PEI) on the surfaces of NaGdF4 and 

BaGdF5. The amine-functionalized NaGdF4 and BaGdF5 were then modified into 

amide-functionalized NaGdF4-ene and BaGdF5-ene. The conversion of amine to 

amide was verified by the IR spectrum in Figure 3.7 (b). The overall spectrum is 

similar to Figure 3.7 (a). In fact, the absorption peaks at 1648 cm
-1

 newly appear 

under the stretching vibration of the C=O bond.
77

 Figure 3.7 (c) shows the IR 

spectrum recorded after addition of the target specific peptide Pn on the surfaces of 

NaGdF4 and BaGdF5. The small absorption peaks around 3022 to 3417 cm
-1

 

represent the N–H bond stretching while the broad peak at 3307 cm
-1

 stands for 

carboxylic acid. Hence, we had confirmed the successful coating of target specific 

peptide Pn onto our NaGdF4 and BaGdF5. 
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Figure 3.7. FTIR transmission spectra of (a) amine-functionalized NaGdF4, -

NaGdF4 and BaGdF5 (Bare UCNPs), (b) Michael reaction-modified NaGdF4, -

NaGdF4 and BaGdF5 (UCNPs-ene) and (c) Plk1-specific peptides-coated NaGdF4, 

-NaGdF4 and BaGdF5. (UCNPs-Pn) 
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The shape and morphology of NaGdF4 or BaGdF5 and peptide coated NaGdF4–Pn 

or BaGdF5–Pn, on the other hand, were investigated by TEM. In Figure 3.8 a and b, 

the morphology of NaGdF4 and BaGdF5 was square in shape which corresponds to 

the cubic phase of NaGdF4 and BaGdF5. Whereas in Figure 3.8 c showing the 

spherical shape of -NaGdF4. This observation is similar to the previously reported 

synthesis of the cubic phase NaGdF4 (ref. 78) and BaGdF5 (ref. 70) From the high 

resolution TEM (HRTEM), a thin layer is observed (as indicated by red arrows) 

and the size distribution in TEM images reveals also that the overall sizes of Plk1 

specific peptide coated NaGdF4–Pn, BaGdF5–Pn and -NaGdF4-Pn increase by 1–2 

nm compared with the bare NaGdF4, BaGdF5, and -NaGdF4 thereby justifying the 

conjugation of NaGdF4, BaGdF5, and -NaGdF4 with peptide Pn. As demonstrated 

by the dynamic light scattering analysis, the size of the nanomaterials is also 

increased by 1–3 nm after the peptide conjugation (Figure 3.8). Besides, the 

surface charges of NaGdF4, -NaGdF4 and BaGdF5 should be different before and 

after the peptide conjugation. In Figure 3.9, there is clearly a drop of zeta potential 

which again qualifies the successful peptide conjugation onto our nanomaterials 

since the charge of the peptides is relatively lower than that of the UCNPs. 
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(a) 

(b) 
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Figure 3.8. Surface characterization by transmission electronic microscope of (a) 

BaGdF5, (b) NaGdF4 and (c) -NaGdF4 and their corresponding size distribution 

by dynamic light scattering analysis. 

  

(c) 
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Figure 3.9 Surface characterization of BaGdF5, NaGdF4 and -NaGdF4 before and 

after Plk1 specific peptide coating   
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The phase composition of NaGdF4 or BaGdF5 and peptide coated NaGdF4–Pn or 

BaGdF5–Pn was revealed by powder X-ray diffraction (XRD). In Figure 3.10, the 

NaGdF4 and BaGdF5 were indexed to the standard cubic phase NaGdF4 

(JSPDF#27-0697) and BaGdF5 (JSPDF#24-0098) respectively. The diffraction 

peaks agree well with the standard pattern, with the matching results indicating that 

our NaGdF4 and BaGdF5 are present in the pure cubic phase with no other phase 

impurities. After the coating of Plk1 specific peptides on the surface of NaGdF4–Pn 

or BaGdF5– Pn, the XRD patterns show no changes in the 2-theta angles and this 

implies that the coating of peptides did not induce changes in the crystal structures 

of both NaGdF4 and BaGdF5. Also, this observation was consistent with the non-

crystalline nature of peptides. 
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Figure 3.10 X-ray Diffraction analysis of BaGdF5 and NaGdF4 before and after 

peptides conjugation. 
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Photophysical properties of upconversion nanoparticles 

In Yb
3+

 and Er
3+

 co-doped nanoparticles, under 980 nm laser diode excitation, Yb
3+

 

ions possessing a large absorption cross section, much longer excited state lifetime 

and the energy (
2
F5/2 → 

2
F7/2) well resonant with higher-energy states of other 

lanthanide ions can transfer energy continuously and efficiently to Er
3+

 ions, 

leading to bright upconversion luminescence in the visible region. Figure 3.11 

shows the emission spectra of the peptide coated NaGdF4, BaGdF5, and -NaGdF4 

(NPs) in aqueous solution, as well as the spectra of all the coated NPs indicating 

the same structures. The three emission peaks at 521 nm, 541 nm, and 650 nm arise 

from 
2
H11/2→

4
I15/2, 

4
S3/2→

4
I15/2, and 

4
F9/2→

4
I15/2 transitions respectively, which are 

ascribed to the two-photon upconversion process under 980 nm excitation with 340 

mW and commonly present in nanomaterials doped with Yb
3+

 and Er
3+

 ions. The 

nearby peaks originated from transitions between other Stark levels of the 

corresponding excited energy levels and the ground state. In order to understand 

the upconversion mechanism well, we measured the decay time curves for the 

peptide coated UCNPs. The insets of Figure 3.12 a and b display the solid state 

luminescence decay curves of the 
4
S3/2 → 

4
I15/2 transition of Er

3+
 ions in NaGdF4–

Pn and BaGdF5–Pn. Each of the down edges of the decay curves can be fitted well 

into a single exponential function I(t) = I0 exp(-t/), where I0 is the initial emission 

intensity at t = 0, and  is the decay time. The lifetime of the 541 nm emission peak 

is ~30 s. Moreover, all the decay curves consist of rising edges, indicating that the 

population of 
4
S3/2 originates from the energy transfer of the sensitizer Yb

3+
 ions. 

The upper level 
4
F7/2 was populated by two-step upconversion energy transfer of 
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Yb
3+

 ions and then nonradiatively relaxed to 
4
S3/2, which resulted in the 541 nm 

emission. Thus the population of the 
4
S3/2 level is closely related to the phonon 

state density and the emission would be sensitive to temperature. From Figure 3.12 

(a), the nanoparticles of NaGdF4 coated with different peptides show remarkably 

different emission intensities, thereby implying the obvious influence of the surface 

coating on the upconversion properties of the nanoparticles. In short, the peptide 

coated nanoparticle emitting long lifetime bright visible light under near infrared 

excitation could be an ideal material to achieve termination and visualization of 

cancer cell simultaneously. 
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Figure 3.11. Aqueous upconversion emission spectra of BaGdF5, NaGdF4 and -

NaGdF4. 

c) 

a) 

b) 
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Figure 3.12. Solid state upconversion emission spectra of a) NaGdF4-Pn and b) 

BaGdF5-Pn. 
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In vitro cell based assay of UCNPs 

The application of peptides as potential anti-cancer agents is not a new concept; but 

there are very limited methods for probing directly the uptake of such peptides in 

vitro. In our system, the lanthanide content in peptide-functionalized UCNPs offers 

an in-built and direct monitoring opportunity for ICP-MS evaluation of peptide 

uptake efficiency in vitro (Figure 3.13). From the analysis of the ICP-MS results 

(Figure 3.13), it can be seen that the uptake of three unfunctionalized nanoparticles 

is similar in human cervical cancer cells (HeLa). A variation in the uptake rate 

occurs when the UNCPs are coated with peptides, especially peptides P1 and P3 

(see arrows in Figure 3.13). In fact, in general, there are three main differences 

between peptide coated and unfunctionalized UCNPs. First, coating with peptides 

facilitates cell permeability in HeLa cells. Secondly, the 60 nm NaGdF4–Pn shows 

slightly higher cellular uptake efficiency in comparison with 10 nm BaGdF5–Pn in 

HeLa cells. The underlying reason for this could simply be that in the 60 nm 

systems a larger surface area is available, and thus more peptides are coated on the 

nanoparticle. Lastly, peptides P1 and P3 helped to improve the selectivity of the 

uptake, most possibly due to the fact that hydrophilic peptides enhanced the 

distribution of nanoparticles. In addition, cellular Plk1 may also increase 

nanoparticle accumulation through specific peptide–protein binding (i.e. greater 

difference between uptake in cancer versus normal cells). From this later point it 

also appears that the specific sequence of the peptides, but not their actual length, is 

important in the binding interactions with Plk1. 
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Figure 3.13 HeLa cellular uptake profile of BaGdF5-Pn, NaGdF4-Pn and -

NaGdF4-Pn. by ICP-MS. The y-axis is the cellular uptake concentration at the ppt 

level per cell. 
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Given that our nanomaterials demonstrated interesting photo-physical properties 

within the biological window, high selectivity for Plk1 (by western blotting), and 

that they are more readily taken up by cancer cells, the potential of NaGdF4–Pn or 

BaGdF5–Pn or -NaGdF4-Pn to act as in vitro imaging bio-probes for Plk1 appeared 

very promising. To investigate this further, in vitro experiments were conducted in 

HeLa cells with two-photon microscopes (Figure 3.14) All of the UCNPs-Pn have, 

as expected, detectable emissions within the biological window (500 nm to 700 nm) 

via the near-infrared excitation at 980 nm. Such upconversion inside the cells can 

also help us to confirm the cell permeability of our UCNPs. The near-infrared 

(excitation) to near-infrared (emission) in vitro imaging of NaGdF4–Pn or BaGdF5–

Pn or -NaGdF4-Pn can be correlated with the uptake results in Figure 3.13 Under 

the NIR excitation by the multi-photon confocal microscope, impressive green 

(
4
S3/2 → 

4
I15/2) and red (Figure 3.15, 

2
F9/2 → 

4
I15/2) f–f emissions can be observed in 

HeLa cells due to the presence of NaGdF4–Pn or BaGdF5–Pn or -NaGdF4-Pn after 

24 hours incubation. The in vitro emission spectra were recorded with the lambda 

scan system on a confocal microscope (resolution = 3 nm), the erbium emission 

bands 
4
S3/2 → 

4
I15/2 and 

2
F9/2 → 

4
I15/2 are found which is the same as our 

measurements with these UCNP–Pn in aqueous solution. Obviously, the in vitro 

emission of cubic and spherical 60 nm NaGdF4–Pn is far more intense than the 10 

nm BaGdF5–Pn in vitro. This observation can be found from the in vitro imaging 

and its emission spectra. NaGdF4–P1 and NaGdF4–P3 show impressive red 

emission inside the cell.  
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Figure 3.14 in vitro images of different size and shape UCNPs coated with various 

Plk1 specific peptides.  
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Figure 3.15 in vitro spectra comparing different size and shape UCNPs coated 

with various Plk1 specific peptides. 
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The selectivity of the prepared UCNPs toward Plk1 binding was confirmed by co-

staining experiments with GFP-Plk1 specific fluorescent protein. (GFP-Plk1 

protein is not available with the excitation at 980 nm). The co-staining experiments 

were carried out with the transient expression of the GFP-Plk1 protein in the cancer 

cells through plasmid transfection, followed by incubation with the UCNPs for 

another 24 hours. In Figure 3.16, the red emission from bare NaGdF4 (ex = 980 nm) 

is not overlapped with the green emission from the GFP-Plk1 protein (ex = 488 

nm). However, the red emission from NaGdF4–P1 and NaGdF4–P3 overlapped with 

the green emission from GFP-Plk1 well (red circle and white arrow in Figure 3.16). 

From in vitro microscopy, the up-conversion spectra showing the uptake 

behaviours of those nanomaterials are similar to what we found in ICP-MS uptake 

assays. The up-conversion red emission from NaGdF4–P1 and NaGdF4–P3 can be 

overlaid with the green GFP emission, further supporting the nano-material 

selectivity towards Plk1. In order to further verify the binding selectivity of 

NaGdF4–Pn or BaGdF5–Pn towards Plk1, the nanoparticle–peptide bound Plk1 

proteins in the total cell lysate were examined using anti-Plk1 antibodies and 

western blotting by pull down assay. Among the various NaGdF4–Pn or BaGdF5–Pn 

tested, the NaGdF4–P1 shows the highest binding affinity towards Plk1 (about 10-

fold higher) as revealed by the graph of relative Plk1 intensity (Figure 3.17). 

Therefore, we propose that by conjugating the Plk1 specific peptide P1 onto the 

surface, the cellular uptake of our UCNPs should be much higher rather than 

conjugating other peptides (P2 and P3). Hence, NaGdF4–P1 is the best candidate for 
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in vivo imaging nanomaterials compared with the other Plk1 specific peptide 

analogues. 

 

Figure 3.16 in vitro images of expressed GFP-Plk1; upconversion emission of 

NaGdF4-PEI, –P1, –P2, –P3 respectively and their overlay images in HeLa cells. 
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Figure 3.17 The pull down assay compared the binding affinity among NaGdF4–Pn 

or BaGdF5–Pn towards Plk1 and their relative Plk1 intensity respectively. 
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Inhibition of cell viability and cancer cell cycle interruption 

Plk1 expression in different kinds of tumor cells is higher than that in normal 

healthy cells. Therefore, before further studies and investigation of applications, the 

inhibitory effect of NaGdF4–Pn or BaGdF5–Pn or -NaGdF4-Pn on cancer cells had 

to be investigated. Firstly, the cell viability was examined using an MTT assay in 

cancer and normal cell lines. Cell inhibition rates were calculated via viability 

related absorbance. Table 3.1 shows that NaGdF4–Pn or BaGdF5–Pn or -NaGdF4-

Pn exerted a higher inhibitory effect on cell viability, in comparison with the results 

using NaGdF4-PEI, BaGdF5-PEI and -NaGdF4–NH2 in tested cell lines. Among 

the different Plk1 specific peptides conjugated to the NaGdF4–Pn or BaGdF5–Pn s 

or -NaGdF4-Pn systems, NaGdF4–Pn, showed a better inhibitory effect on cancer 

(HeLa) cells in contrast to BaGdF5–Pn as highlighted in Table 3.1. The results from 

the MTT assays carried out in normal cell lines, namely MRC-5, demonstrated the 

selectivity of NaGdF4–Pn or BaGdF5–Pn or -NaGdF4-Pn towards cancer cell lines 

(which overexpress Plk1). In fact, there is a comparable amount of as prepared 

nanoparticles taken up by HeLa cells and MRC-5 cells but the inhibitory effect on 

HeLa is much higher than that on MRC-5, thereby proving that our NaGdF4–Pn or 

BaGdF5– Pn or -NaGdF4-Pn can selectively kill cancer cells but remained 

relatively nontoxic to the normal cells. Furthermore, cell cycle interruption was 

evaluated by flow cytometry. All of the Plk1 specific peptide coated NaGdF4–Pn or 

BaGdF5–Pn or -NaGdF4-Pn (0–100 g/mL) and control (NaGdF4-PEI or BaGdF5-

PEI or -NaGdF4) had been tested for the inhibitory activity and the data are shown 



110 

 

in Table 3.2. Normally, the cell phase distribution of usual cell division is ~67%, 

~10% and ~23% in G1, G2 and S phases respectively. However, when treated with 

various NaGdF4–Pn or BaGdF5–Pn -NaGdF4-Pn only the NaGdF4 and -NaGdF4 

shows a significant G2 phase arrest at a dosage concentration of 100 g/mL and -

NaGdF4-Pn achieves best inhibitory effect in cancer cells while other NaGdF4–Pn 

or BaGdF5–Pn showed milder cell cycle interruption. 
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Table 3.1 MTT inhibition assays comparing IC50 values of NaGdF4–Pn, BaGdF5–

Pn and -NaGdF4-Pn in human cervical cancer HeLa and human normal lung 

fibroblast MRC-5 cell. 
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Table 3.2 cell cycle interruption with flow cytometric analysis comparing G-2 

phase cell cycle arrest rate of NaGdF4–Pn, BaGdF5–Pn and -NaGdF4-Pn in human 

cervical cancer HeLa. 
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In vivo bio-distribution and mouse xenograft tumor inhibition 

In order to study the metabolism of NaGdF4–Pn or BaGdF5–Pn in an animal model, 

gadolinium concentration in different mouse tissues was analyzed with ICP-MS. 

Figure 3.18 (a)-(c) show that NaGdF4-PEI, BaGdF5-PEI and NaGdF4–P1 

accumulate in mice spleen and liver 6 hours after caudal vein injection, while 

BaGdF5-PEI shows low accumulation in these organs. The reason for this is that 

BaGdF5-PEI was quickly metabolized and excluded. Since liver and spleen are the 

primary organs responsible for detoxification, our nanomaterials were captured and 

precipitated in these organs. Interestingly, compared with NaGdF4-PEI, NaGdF4–

P1 not only accumulates in the spleen and liver, but it is also excreted in high 

concentration in the urine which suggests a longer retention time in the body 

(Figure 3.18 (a)-(c)). In addition, mouse xenograft tumor inhibition was also 

investigated using our nanomaterials which were subcutaneously injected around 

the tumor. Figure 3.18 (d) clearly shows that treatment with NaGdF4–Pn (especially 

NaGdF4–P1) results in tumor shrinkage while BaGdF5–Pn shows only a slight effect 

on the tumor. Therefore, the tumor inhibition performance of the NaGdF4–Pn 

systems was better than that of the BaGdF4–Pn systems which is completely in line 

with the results from the in vitro cell line based inhibition studies. 
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Figure 3.18 (a)–(c) In vivo uptake profiles of NaGdF4-PEI, NaGdF4–P1 and 

BaGdF5-PEI analyzed by ICP-MS respectively. (d) Tumor inhibition effect of 

NaGdF4–Pn and BaGdF5–Pn via subcutaneous injection around the tumor. 
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3.3 Conclusion 

Plk1 has emerged as a promising target for the development of new anti-cancer 

agents. The polo box domain (PBD) of Plk1 provides an excellent target for the 

development of molecules to inhibit Plk1 activity and as such we have rationally 

designed multifunctional lanthanide-doped upconversion nanomaterials to exploit 

this. Specifically our aim was to design novel nanomaterials that could deliver Plk1 

specific peptides into cancer cells causing Plk1 inhibition while simultaneously 

allowing direct NIR imaging and monitoring. NaGdF4:Yb
3+

, Er
3+

 (NaGdF4), -

NaGdF4:Yb
3+

, Er
3+

 (-NaGdF4) and BaGdF5:Yb
3+

, Er
3+

 (BaGdF5) nanoparticles of 

different sizes and shape (60 nm and 10 nm; cube and sphere.) were prepared and 

then conjugated with Plk1 specific peptides (–P1 = PLHSpT, –P2 = PLHSD, and –

P3 = GGPLHSpT) to generate novel nanomaterials. Systematic and comparative 

studies of the nanomaterials prepared were carried out, and structural morphology, 

phase composition, upconversion photophysical properties, cellular uptake 

efficiency, cytotoxicity, tumor selectivity, and Plk1 binding affinity and inhibitory 

potency were also investigated in detail. The experimental results obtained showed 

that several of the nanomaterials prepared could achieve our original dual-function 

aim of anti-cancer activity and NIR imaging. Of the novel bio-conjugated 

nanomaterials investigated in our study, NaGdF4–P1, demonstrated considerable 

promise as a system for further development. NaGdF4–P1 emerged as the best 

candidate for Plk1 binding and imaging and it could effectively exert cell cycle 

G2/M arrest and thus tumor inhibition both in vitro and in vivo. It is because there 

are more amine groups are extruded openly on the surface and larger platform for 
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peptides bio-conjugation. It is also worth noting that NaGdF4–P1 is selective in its 

mode of action and that no anti-growth effects on the normal cells lines used in this 

study were observed. Furthermore, -NaGdF4–P1 can achieve an even better G2-

phase arrest and inhibition compared with other UCNPs mentioned in this chapter. 

It is anticipated that -NaGdF4–P1 can suppress the tumor growth most efficiently 

in the future. In summary, this study represents one of few examples where 

systems have been developed that are capable of both Plk1 inhibition and 

simultaneously direct NIR imaging and monitoring of cancer cells. 
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CHAPTER 4. pH REMOTE CANCER DIRECTIONAL 

PHOTODYNAMIC THERAPY BY WATER SOLUBLE g-C3N4-

PORPHYRIN NANOPROBE 

 

4.1 Introduction 

Most photodynamic therapy (PDT) agents are not as effective as anticipated 

because of poor solubility, nonspecific toxicity and lack of tumor selectivity.
1
 To 

overcome these limitations, several new nano-based PDT agents have recently been 

reported, such as UV-emitting upconversion-based TiO2 nanoparticles for in vivo 

PDT,
2
 lanthanide-doped upconverting nanocrystal NaYF4:Yb

3+
, Er

3+
 as cancer 

specific PDT agents
3
 and self-assembled nano-scale coordination polymers 

functioning as head and neck cancer specific PDT agents.
4
 Nevertheless, the water 

solubility and cancer selectivity issues of them have still remained as the long-

standing design challenge for advancing practical PDT agents.  

The combinatorial effect of pH sensitive emission properties of water soluble 

graphitic-phase carbon nitride (g-C3N4) nanomaterials
5
 on the well-known 

hydrophilic singlet oxygen (
1
O2) generator – porphyrin is one of the solution.

6
 The 

metal-free g-C3N4 with high PL intensity provided inspiration as a potential 

candidate for bioimaging and biomedical applications.
7
 As shown in Figure 4.1, the 

synthesis of g-C3N4 nanoparticle begins with the exfoliation of bulk g-C3N4 into 

nanosheets. The attraction force between the planar cohesion of g-C3N4 (at a 

distance of 3.3 nm)
8,9

 is mostly attributed from hydrogen bonding due to the amine 
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group in the strands of polymeric melon unit. It is different from the graphite where 

the layers are held together by weak van der Waals force.
10

 Hence, the 

conventional synthetic method of Hummers for exfoliating graphite into graphene 

is not applicable for preparing monolayers or a few layers of g-C3N4 nanosheets. 

As a result, we utilize a thermal oxidation method suggested by Liu co-workers to 

etch the bulk g-C3N4 to graphene-like nanosheets. (Figure 4.1) Then, the as-

prepared g-C3N4 nanosheets are subjected to acidic etching by concentrated H2SO4 

and HNO3 to produce carbon nitride nanorods. (CNNRs) In this process, some of 

the C–N bonds linking the tri-s-triazine units are oxidized and oxygen containing 

functional groups, such as carboxylate groups, are subjected to the edge and on the 

basal plane. This leads to the orientational cleavage of g-C3N4 nanosheets to 

CNNRs with particle sizes lower than 10 nm in width and several tens of nm in 

length Finally, CNQDs are obtained after the acidic hydrothermal treatment (pH=5) 

of CNNRs at 200 
o
C. Typical TEM images show that the diameters of obtained g-

C3N4 nanoparticles are in the range of 5 to 9 nm. (Average diameter: 6.7 nm) The 

formation of hydrophilic carboxylate groups by hydrothermal treatment of CNNRs 

makes the g-C3N4 nanoparticles excellent in water solubility. Also, the g-C3N4 

nanoparticles solution is stable for more than 8 months under ambient environment.  

However, the bulk g-C3N4 is not a good candidate for bioimaging and biomedical 

applications, due to its low photo-responsivity and the macroscopic size. Thus, the 

g-C3N4 nanoparticles come to the spotlight for the biological application due to 

theirs interesting and intrinsic optical properties. Firstly, the emission of the g-C3N4 

system is size dependence which there is a 35 nm blue shift of g-C3N4 
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nanoparticles from that of bulk g-C3N4. Secondly, g-C3N4 nanoparticles are of high 

luminescence quantum yield at about 19.6% and the intrinsic photoluminescence 

intensity is contributed to the  transition in the aromatic structure.
11

 Most 

importantly, the pH responsive emission behavior is the most fascinating properties 

of g-C3N4 nanoparticles. This phenomenon is due to the free zig-zag sites in the g-

C3N4 structure just similar with the previously reported grapheme quantum dots 

structure.
12

 

 

 

Figure 4.1 Schematic illustration of the controllable synthesis of g-C3N4 

nanosheets, nanoribbons and quantum dots.
19

 

  



127 

 

Furthermore, the generation and quantum yield of have to be thoroughly 

understood before utilizing the above system as PDT agent. Molecular oxygen has 

two lower energy singlet excited states, 
1
g and 

1
g

+
; 95 (22.5 kcal mol

-1
) and 158 

kJ mol
-1

 (31.5 kcal mol
-1

) above the triplet state, respectively.
13 

 

 

Figure 4.2 Primitive representations of molecular oxygen lowest singlet and triplet 

states. 
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The electronic configurations of these states deviates only by the structure of the -

antibonding orbitals. The configuration of the molecular orbitals of the first excited 

state, 
1
g, is as follows: O2KK (2g)

2
(2u)

2
(3g)

2
(1u)

4
-(1g

+
)(1g

+
)]. In the second 

excited state, 
1
g

+
; the electronic configuration is identical to that of the ground 

state, except that the last two electrons have antiparallel spins (Figure 4.2). The 

transition from the 
1
g state to the 

3
g

+
 state is spin forbidden, thus the 

1
g O2 is a 

relatively long-lived species. The second excited state of oxygen, on the other 

hand, is short-lived due to a spin-allowed transition to the 
1
g state. This variation 

in stability is justified by the radiative lifetimes of O2(
1
g) and O2(

1
g

+
); which are 

45 min and 7-12 seconds in the gas phase
14

 and 10
-6

-10
-3

 s, and 10
-11

-10
-9

 s in 

solution, respectively.
15

 Due to the metastability of the 
1
g state, the 

1
g ↔

3
g

+
 

transitions at 1268.7 nm are observed in absorption and emission spectra despite 

being spin and symmetry forbidden. 

There are many known sources of 
1
O2 

16
, however, we will focus only on the 

photosensitized generation method. This mechanism is a simple and controllable 

method for the production of 
1
O2. It requires only three main elements: oxygen, 

light of a designated wavelength, and a photosensitizer able to absorb and 

manipulate that photon energy to excite oxygen to its singlet state. Sensitizer 

excitation is generally triggered by a one photon transition (h) between the ground 

state, S0, and a singlet excited state Sn. Relaxation of the Sn state yields the lowest 

excited singlet state of the sensitizer S1. Intersystem crossing generates the 

sensitizer triplet state, T1. The lifetime of the T1 state is longer (ms) than that of the 
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S1 state (ns) allowing this excited state to undergo two different ways, defined as 

Types I and II mechanisms. Type I mechanism involves hydrogen-atom abstraction 

or electron-transfer between the excited sensitizer and a substrate, resulting free 

radicals. These radicals can interact with oxygen to form a reactive oxygen species 

(ROS) such as the superoxide radical anion. In a Type II mechanism, singlet 

oxygen is produced via an energy transfer pathway during a collision of the excited 

sensitizer with triplet oxygen as shown in Figure 4.3 below: 

 

 

Figure 4.3 Generation of excited photosensitizer states and reactive dioxygen 

species. 
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𝑃(𝑆0)
ℎ𝑣
→ 𝑃(𝑆1)

𝑘𝐼𝑆𝐶
→  𝑃(𝑇1) (1) 

𝑃(𝑇1) + 𝑂3 2

𝑘𝑒𝑛
→ 𝑃(𝑆0) + 𝑂2

1  (2) 

where P, photosensitizer; S0, singlet ground state; S1, first excited singlet state; T1, 

first excited triplet state; kISC, rate constant of intersystem crossing; ken, rate 

constant of energy transfer; 
3
O2, ground state triplet oxygen; and 

1
O2, singlet 

oxygen. Each photosensitizer molecule can normally generates 10
3
-10

5
 molecules 

of 
1
O2 before being degraded through photo-bleaching by 

1
O2 or by other processes. 

These processes are illustrated in the Jablonski diagram as shown in Figure 4.3. 

The capability of singlet oxygen production of a photosensitizer is evaluated by its 

quantum yield. Quantum yield of singlet oxygen production arising from oxygen 

quenching can be found by considering the various photophysical and 

photochemical pathways involved. Competing with reactions (1) and (2) are 

monomolecular radiative and non-radiative processes: 

𝑃(𝑇1)
𝑘𝑟
→ 𝑃(𝑆0) + ℎ𝑣

”  (3) 

𝑃(𝑇1)
𝑘𝑛𝑟
→ 𝑃(𝑆0) (4) 

Bimolecular reactions, such as physical deactivation by molecular oxygen or 

electron transfer, also compete with energy transfer: 

𝑃(𝑇1) + 𝑂2
𝑘𝑑𝑂2
→  𝑃(𝑆0) + 𝑂2 (5) 

𝑃(𝑇1) + 𝑂2
𝑘𝑒𝑡
→ 𝑃(𝑆0) + 𝑂2

.− (6) 

Considering Equation (1)-(6), the quantum yield of 
1
O2 production  is defined as 

17
, 
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𝛷∆ = 𝛷𝑇𝜙𝑒𝑛 = 𝛷𝑇 (
𝑘𝑒𝑛[𝑂2]

𝑘𝑟+𝑘𝑛𝑟+𝑘𝑞[𝑂2]
) (7) 

where T is the quantum yield of triplet formation; en, efficiency of energy 

transfer; ken, rate constant of energy transfer; and kq, sum of rate constants from the 

quenching of P(T1) by O2 (ken+𝑘𝑑𝑂2+ket): Another way of expressing the quantum 

yield of singlet oxygen formation is given by 

𝛷∆ = 𝛷𝑇 (
𝑘𝑒𝑛[𝑂2]

𝑘𝑟+𝑘𝑛𝑟+𝑘𝑞[𝑂2]
) (

𝑘𝑒𝑛

𝑘𝑞
) = 𝛷𝑇𝑓∆

𝑇𝑃𝑂2
𝑇   (8) 

where f
T
=(ken/kq) denotes the fraction of triplet states quenched by oxygen which 

yield 
1
O2 (or the efficiency of singlet oxygen formation) and 

𝑃𝑂2
𝑇 =kq[O2]/(kr+knr+kq[O2]) signifies the fraction of triplet states quenched by 

oxygen.  

The methodology used to determine the quantum yield of singlet oxygen 

generation () ranges from direct detection of the luminescence produced (at 

1270 nm) upon relaxation of singlet oxygen for instance time-resolved or steady-

state infrared luminescence, calorimetric techniques such as photoacoustic 

calorimetry and time resolved thermal lensing, and quantitative analysis of photo-

oxidation reactions for example loss of absorbance, or fluorescence of a probe 

molecule, or oxygen uptake. 

In the literatures, there have been many reports showing that the tumor tissue is 

more acidic than normal tissue and such pH difference can be exploited as the 

cancer specific marker.
18

 Given that the pH responsible emission maximum of g-

C3N4 is perfectly located on the excitation/absorption region (Soret band) of 

porphyrin for 
1
O2/light emission, the conjugation of the g-C3N4 and porphyrin does 
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offer a salient strategy when it comes to developing next-generation PDT agents of 

better cancer selectivity. 

Herein, we have synthesized a new water soluble graphitic-phase carbon nitrite 

based materials which conjugated with porphyrin (g-C3N4-P2) as a new proof of 

concept PDT model. The quantitative amount of 
1
O2/light emission from a 

photosensitizer porphyrin can be controlled by the pH sensitive emission of g-C3N4 

in acidic pH, (pH 4 – 8) especially in tumor tissue acidic condition. The photo-

physical studies of g-C3N4-Pn (n = 1 or 2) have been done in aqueous and buffer 

solutions. The effect of length variation (P1 and P2) between g-C3N4 and porphyrin 

induced 
1
O2/light emission quantum yield difference in g-C3N4-P1 (shorter linker) 

and g-C3N4-P2 (longer linker) was investigated. Only g-C3N4-P2 shows the 
1
O2 and 

emission from the porphyrin with the excitation of g-C3N4 moiety in the acidic 

region. The pH controlled 
1
O2/light emission from g-C3N4-P2 had been also applied 

in vitro and shown as promising cancer specific (via pH responsive 
1
O2 generation) 

PDT agent tremendous potential as eco-friendly materials for bioimaging and 

biomedical applications. 
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Figure 4.4 Schematic illustration of g-C3N4-P2 nanoparticles as potential pH 

responsive photosensitizer for PDT. 
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4.2 Results and discussion 

g-C3N4 can be referred to N-substituted graphite stacked structure and has various 

morphologies from bulk material in micron size to quantum dot in nanometer 

size.
19

 Nevertheless, mild water-solubility makes the bulk g-C3N4 a bad candidate 

for biomedical applications in which excellent water-solubility is always of top 

design agenda. Recently, water-soluble nanosheet has been developed by Zhang et 

al. to function as imaging probe and has demonstrated another interesting feature 

of g-C3N4 in which the emission signal is enhanced twice in acidic environment.
20

 

There are several studies on acidity of human solid tumors and adjacent normal 

tissues, which show that hyperglycotic tumor cells are either induced/selected by 

hypoxia and generate local acidosis. The pH value is substantially and consistently 

lower in the tumor than in normal tissue.
21

 Also recently, Lin et al. used this pH 

responsive feature to demonstrate the anti-cancer agent doxorubicin (DOX) loaded 

g-C3N4 nanosheet as drug carrier. The DOX can be released in acidic condition and 

terminate the cancer cells.
22 

Experiment-wise, the g-C3N4 nanoparticle is synthesized with acid-digestion of the 

bulk g-C3N4 and further conjugate with porphyrin molecules by NHS/EDCI 

reaction. The coating amounts of P1 and P2 on the surface of g-C3N4 was quantified 

to be 68.4± 3 M mg
-1

 and 60.5± 3 M mg
-1

 respectively, through substituting the 

extinction coefficient of P1 and P2 into the equation of Beer Lambert law to obtain 

the coating concentration on the surface of g-C3N4-P1 and g-C3N4-P2. The g-C3N4 

coupled porphyrin system was characterized by transmission electronic microscope 

which shows the average size is about 5 nm. (Figure 4.5) In order to demonstrate 
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the success of the bioconjugation, zeta potential measurement was performed. 

Since the porphyrin molecule is positively charged, zeta potential values of g-

C3N4-P1 and g-C3N4-P2 are, as expected, higher than g-C3N4 nanoparticles as 

shown in Figure 4.5b. 

 

 

Figure 4.5. a) TEM image showing the g-C3N4 nanoparticles morphology with 

average size 5nm. B) Zeta potential measurement revealed the successfulness of 

conjugating P1 and P2 onto g-C3N4 nanoparticles. 
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Figure 4.6. The photo show the emission of a) g-C3N4 and c) g-C3N4-P2 in acidic 

environment (ex: 350 nm) Absorption and emission spectra demonstrating pH 

responsive signal of a) g-C3N4, b) g-C3N4-P1 and c) g-C3N4-P2. D) Time-dependent 

fluorescence intensity of DHR mixed with g-C3N4, g-C3N4-P1 and g-C3N4-P2 

nanoparticles at different pH under irradiation to demonstrate the 
1
O2 generation 

efficiency. 
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After the characterization of our nanoprobe, detailed photophysical measurements 

were carried out. The g-C3N4 shows the absorption band at ~300 nm and no 

significant bathochromic shift after conjugation with two different porphyrin 

moieties. The absorption band shape and position of g-C3N4, g-C3N4-P1 and g-

C3N4-P2 materials are all unaffected by the change of pH so does the Soret 

absorption band of the charged porphyrin ~430 nm after conjugating with two 

different linkers. (P1 and P2) Nonetheless, the emission intensity of g-C3N4, g-

C3N4-P1 and g-C3N4-P2 are pH dependent. Along the changing trend of the pH 

from basic to the acidic, the emission intensity at 430 nm of the g-C3N4, g-C3N4-P1 

and g-C3N4-P2 are enhanced up to 40%, which is similar to Zhang et al. reported 

pH responsive emission property of graphite-phase C3N4 nanosheet.
20

 Prior to that, 

the emission band of g-C3N4 is exactly the same as the absorption band of the 

porphyrin moieties. In g-C3N4-P2, upon the pH change from 8 to 4, the Soret 

emission band g-C3N4-P2 can be observed with emission intensity enhancement. 

(Figure 4.6 c) The elongation of the porphyrin and g-C3N4 is also beneficial for the 

energy transfer. The emission intensity of g-C3N4–P1 and g-C3N4–P2 nanoparticles 

at 671 nm increased about 6.8% and 25.3% respectively from pH 8 to 4 under the 

same excitation at 350 nm for g-C3N4. The FRET occurs when the acceptor 

molecule (P1 or P2) located nanometers away from the donor
23

 (g-C3N4), so 

distance between g-C3N4 and P1 is too short for the FRET phenomenon. Hence, the 

emission enhancement for g-C3N4–P1 is much lower than g-C3N4–P2. In the control 

experiment, with the excitation of the 430 nm, no pH sensitized emission change 

(even quenching) can be observed. pH sensitized emission can help in the 
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molecular imaging to distinguish cancer/normal cells as vector, g-C3N4–P1 and g- 

C3N4–P2 can also utilize the pH sensitized properties for their 
1
O2 generation as 

governed PDT agents.  

Furthermore, the observation of pH sensitized emission for g-C3N4-P2 is also 

available by naked eye. G-C3N4, g-C3N4-P1 and g-C3N4-P2 are highly water soluble 

and dispersed. (Figure 4.7) The clear solution can be observed with the high 

concentration of g-C3N4-P1 and g-C3N4-P2 in the aqueous solution. The yellow 

solution of g-C3N4-P1 and g-C3N4-P2 is observed as the conjugated porphyrin with 

the strong absorption. (Figure 4.6 c) In pH 4, with the excitation of 350 nm (g-C3N4 

specific, no absorption of porphyrin is available in this region), g-C3N4 shows the 

blue emission, however, porphyrin based yellowish red emission can be observed 

by the naked eye. (Figure 4.6 c) It shows the fröster resonance energy transfer 

(FRET) from g-C3N4 to porphyrin for its emission in g-C3N4-P2 with g-C3N4 

excitation. 

Since 
1
O2 generation is the crucial process in PDT, we compared the abilities of g-

C3N4–P1 and g-C3N4–P2 to produce 
1
O2 upon irradiation. However, our nanoprobe 

is insoluble in chloroform so that the conventional standard (H2TPP in chloroform) 

cannot be ultilized for the comparison of singlet oxygen quantum yield. Therefore, 

in this study, 
1
O2 generation from g-C3N4–P1 and g-C3N4–P2 were evaluated by 

using dihydrorhodamine 123 (DHR). Non-emissive DHR is oxidized by reactive 

oxygen species (ROS) such as 
1
O2 to form rhodamine 123 and emits photon at 

524nm.
24-25

 As shown in Figure 4.6 d, the time-dependent emission spectroscopy 

for g-C3N4, g-C3N4–P1 and g-C3N4–P2 were carried out at 20 g/mL in water. 
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Mixture of DHR with g-C3N4–P1 and g-C3N4–P2 produced about 2 and 7 times, 

respectively, higher emission signal at 524 nm than that of g-C3N4 after irradiated 

for 4 minutes at 365 nm respectively in pH 7.4. In fact, of noteworthy is that g-

C3N4–P2 can produce 
1
O2 at even highest rate in acidic medium. Due to high 

linearity of the curve, it can be claimed that g-C3N4–P2 can generate 
1
O2 more 

efficiently than g-C3N4 and g-C3N4–P1, thereby achieving a better photodynamic 

effect. 

 

 

 

Figure 4.7 Pictures showing clear water solubility of g-C3N4, g-C3N4-P1 and g-

C3N4-P2. 
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To signify PDT efficacy of our nanomaterials towards cancer cells, MTT assay was 

used for both cancer and normal cells. In Figure 4.8, the significant PDT effect 

occurs in the g-C3N4-P2, especially in the cancer cells under the irradiation at a 

relatively low power. (6mW cm
-2

) The photo-cytotoxicity of g-C3N4-P2 is also 

about 4 times higher than g-C3N4 and g-C3N4-P1 as shown in Table 4.1. However, 

there is no severe cell death in normal cell under same dosage concentration of 

nanoparticles. This is because the low lysosomal pH of normal cells can protect the 

normal tissues from anticancer agents.
26

 The pH sensitive emission of g-C3N4 can 

be the gate for the 
1
O2 generation from g-C3N4-P2. Furthermore, the dark 

cytotoxicity of g-C3N4, g-C3N4-P1 and g-C3N4-P2 are similar in cancer and normal 

cell lines with the IC50 higher than 1700 g/mL. It indicated that our porphyrin 

coupled g-C3N4 nanoparticles are non-toxic without light exposure. 

Apart from photodynamic efficiency, real-time in-vitro visualization also plays an 

essential role on nanoprobes for biomedical application. By utilizing the excellent 

biocompatibility of the water-soluble g-C3N4 nanoparticles, in vitro imaging was 

carried out by confocal laser scanning microscope with excitation wavelength λ = 

380 nm, as shown in Figure 4.9. The T24, HeLa and MRC-5 cells were incubated 

with the g-C3N4, g-C3N4–P1 and g-C3N4–P2 for 24 hours. The lysosome in HeLa 

cells was stained by our nano-probe indicated by green circles but not much signal 

from MRC-5 cells which verified by co-localization with commercial Lyso-tracker 

in Figure 4.10. (The negative control with Mito-tracker is shown in Figure 4.11) In 

Figure 4.13, it proved that our nano-probe can be taken up by the cells, particularly 
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due to the different subcellular pH of normal and cancer cells— more intense 

emission can be detected in cancer cells. 

 

 

Figure 4.8 Photo-cytotoxicity of g-C3N4, g-C3N4-P1 and g-C3N4-P2 in cancer cells 

(HeLa) and normal cells (MRC-5). 
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Figure 4.9 Fluorescence in vitro images of g-C3N4, g-C3N4-P1 and g-C3N4-P2 in a) 

HeLa lysosome (green circles) and c) MRC-5 as well as their corresponding b) and 

d) overlay channel respectively. 
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Figure 4.10 Fluorescence in vitro images of a) g-C3N4-P1 and b) g-C3N4-P2, at 50 

g/mL for 24 hours, co-localized with c) and d) lyso tracker in HeLa cells as well 

as their corresponding e) and f) overlay images (ex: 380 nm). 
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Figure 4.11 Fluorescence in vitro images of a) g-C3N4-P1 and b) g-C3N4-P2 co-

staining with c) and d) Mito tracker in HeLa cells as well as their corresponding e) 

and f) overlay images. 
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Figure 4.12. Fluorescence in vitro images of a) g-C3N4-P1 and b) g-C3N4-P2 co-

staining with c) and d) Lyso tracker in T24 cells as well as their corresponding e) 

and f) overlay images. 

 

 

Table 4.1. Summary of MTT IC50 and PDT@4J IC50 value of g-C3N4, g-C3N4-P1 

and g-C3N4-P2. 
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Figure 4.13. Flow cytometric analysis of the cellular uptakes of 20 g/mL of g-

C3N4, g-C3N4-P1 and g-C3N4-P2. A) Median fluorescence intensity at the FL3 

channel. B) Histogram illustrating the cellular uptake profile of MRC-5 cells and 

HeLa cells (10
5
 cells per sample) after incubation for 3 or 6 hours. (green curve) 

The luminescence signal (ex = 488 nm) was collected using FL-3 channels 

equipped with a long pass filter (>650 nm). 
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Furthermore, the percentage of CO2 in the incubation was reduced from 5% to 4% 

and 3% in order to demonstrate the higher CO2 environment leads to higher 

emission signal generated by g-C3N4–P1 and g-C3N4–P2. In Figure 4.14a, the 

emission intensity from the g-C3N4–P1 and g-C3N4–P2 increases gradually with 

higher CO2 environment. The reason behind is that the cells are exposed to a more 

acidic condition when the CO2 content is high. After that, the cells were exposed to 

380 nm irradiation for a period of time to visualize the in vitro PDT effect. The 

morphology and activity of HeLa were not affected initially but later lost the 

regular cell morphology substantially and eventually cell death was observed after 

10-minute irradiation. Especially for the cell incubated with g-C3N4–P2, the cells 

were killed at a faster rate than g-C3N4–P1. (Figure 4.14 b) On the other hands, 

pointed out here is that there was no obvious cell death on MRC-5 cells with and 

without irradiation. This is strong proof of concept to show the g-C3N4-P2 can be 

the potential of cancer (acidic) selective PDT agents. Even though there is still a 

long way to be the practical cancer selective PDT agent, but this proof of concept 

study holds significant promise and the possibility through employing the 

combinatorial effect of g-C3N4 conjugated with the porphyrin as the potential 

cancer specific PDT agents. 
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Figure 4.14 a) Confocal microscopy of HeLa cells, showing lysosome stained by 

g-C3N4-P1 and g-C3N4-P2 under 3%, 4% and 5% CO2 (24 h incubation, 50 g/mL 

[g-C3N4-Pn], 30 min equilibrium period between images). B) Photodynamic effect 

of g-C3N4-P1 and g-C3N4-P2 in HeLa cells under excitation at 380 nm for a period 

of time. 
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4.3 Conclusion 

In conclusion, we have synthesized the water soluble tumor-pH “activated” 

photodynamic therapy nanomaterials with the conjugation of hydrophobic 

porphyrin and hydrophilic pH controlled emissive g-C3N4 via longer linker. i.e. g-

C3N4-P2  This biocompatible nanomaterials is nontoxic in dark but highly toxic 

once exposure with suitable linear/two-photon excitation to generate 
1
O2/light 

emission emission through FRET between g-C3N4 and porphyrin moiety, 

especially in the acidic cancer cells/tissues. This model opens up the new direction 

for the usage of combinatorial effect with the nanomaterials and porphyrin as new 

generation photodynamic therapy agents. 
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CHAPTER 5 EXPERIMENTAL 

5.1 Experimental procedures of Chapter 2 

Chemicals and Materials 

Ln(NO3)3.6H2O (Ln : Gd, Yb, Er) were purchased from Aldrich and dissolved in 

deionized water (DI-water) to form solutions with concentrations of 0.5Mand 0.1 

M. Acrylic acid, Fmoc–Cys– S(Ph)3 and triisopropylsilane (TIS) were purchased 

from Aldrich. Ethylene glycol (EG, 99%), branched polyethylenimine (PEI, 25 

kDa) and trifluoroacetic acid (TFA, 99%) were purchased from Sigma-Aldrich. 

NH4F (99.99%) and NaCl (99.99%) were obtained from Sinopharm Chemical 

Reagent Co., China. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDCI) and diisopropylethylamine (DIPEA, 99%) were purchased 

from Meryer. All of these chemicals were used as received, without further 

purification. 

Synthesis of NaGdF4:Yb
3+

, Er
3+

 up-conversion nanoparticles (UCNPs) (Prepared 

by collaborator Mr. Ming-Kiu Tsang) 

Water-dispersed NaGdF4:Yb
3+

, Er
3+

 (UCNPs) were prepared by a one-step 

hydrothermal method. Typically, 1 mmol of NaCl and 1 mmol of Gd(NO3)3 (0.5 

M), Yb(NO3)3 (0.5 M) and Er(NO3)3 (0.1 M) with a molar ratio of 78 : 20 : 2 were 

dissolved in 20 mL of ethylene glycol (EG) and stirred for 30 min. After capping 

with polyethyleneimine (PEI, branched 25 kDa), approximately 10 mL of EG 

containing 5.5 mmol of NH4F was then added to the above solution and stirred for 
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another 30 min. The obtained mixture was then transferred into a 50 mL stainless 

Teflon-lined autoclave, which was sealed and kept at 190 
o
C for 24 h. After that, 

the autoclave was cooled to room temperature naturally, and the reaction mixture 

was separated through centrifugation. Ethanol and DI-water were used to wash the 

precipitation several times, which was then dried at 70 
o
C for 12 h to obtain the as-

prepared samples. As a result, NaGdF4:Yb
3+

, Er
3+

 (UCNPs) with PEI as the surface 

modifier were prepared by a hydrothermal method. The z-potential for the UCNPs 

colloidal solution was measured to be around +23.6 mV, indicating the successful 

conjugation of positively charged PEI on the surface of the NPs. 

Coating of cyclin D1-specific peptide on the UCNPs 

50 mg bare NaGdF4 nanocrystals were added to 174 mg EDCI and 40 mg acrylic 

acid in DMF to react at room temperature overnight. The excess EDCI and acrylic 

acid was washed with DMF and methanol. The precipitate was then vacuum dried. 

37.3 mg EDCI, 52.3 mL DIPEA and 40 mg Fmoc–Cys–S(Ph)3 were added to 50 

mg cyclin D peptide in DMF and stirred at room temperature overnight. Excess 

EDCI, DIPEA and Fmoc–Cys–S(Ph)3 were washed away with DMF and methanol. 

The resin of modified cyclin D1 peptide was removed by reacting with TFA, TIS 

and DI–water in a ratio of 90 : 5 : 5 for 4 hours. Finally, the modified NaGdF4 

nanocrystal and cyclin D1 peptide reacted with each other in PBS buffer at pH 7.2 

at room temperature overnight. The product was washed with methanol and 

vacuum dried overnight. 
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Characterization 

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

using a Bruker AXS D8 Advance X-ray diffractometer at 40 kV and 40 mA with 

Cu-Ka radiation (l = 1.5406Å). The morphology of the as-prepared samples was 

characterized by using a Tecnai G2 20 S-TWIN Transmission Electron Microscope, 

operated at 200 kV. The Fourier transform infrared spectra were recorded by 

Fourier Transform InfraRed Spectrometer (Nicolet Avator 630). The z-potential 

measurements were performed on a Zetasizer 3000 HAS instrument. The up-

conversion spectra were recorded using an FLS920P Edinburgh analytical 

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

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 grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin at 37 
o
C and 

5% CO2. To apply NaGdF4:Yb/Er for fluorescent imaging, HeLa cells were 

incubated in DMEM containing 100 mg/mL of cyclin D1-specific peptide-coated 

UCNPs at 37 
o
C for 24 hours under 5% CO2, and then washed with PBS 

sufficiently to remove excess NPs. In addition, human MRC-5 lung fibroblasts 

were grown in MEM medium, human colorectal cancer HCT116 cells were 

maintained in McCoy’s 5A medium, while human osteosarcoma U2OS cells were 

maintained in RPMI 1640 medium, with both supplemented with 10% FBS. 
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In vitro bioimaging 

To test the suitability of the obtained cyclin D1-specific peptide coated UCNPs as 

bioprobes, bioimaging of HeLa cells incubated with NaGdF4:Yb/Er was performed 

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

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

nm wavelength laser. 

MTT cell viability assay 

Cells treated with NPs for 24 hours were further incubated with MTT, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg/mL) for 4 hours, to 

produce formazan during cell metabolism. Then, formazan was thoroughly 

dissolved by dimethyl sulfoxide (DMSO), and the absorbance of the solutions was 

measured with a Bio-Rad iMark microplate reader (490 nm). Quadruplicates were 

performed. Data analysis and plotting were operated by the GraphPad Prism 5 

software. 

5.2 Experimental procedures of Chapter 3 

Chemicals and Materials 

Ln(NO3)3.6H2O (Ln = Gd, Yb, Er) were purchased from Aldrich and dissolved in 

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

M. Acrylic acid, triisopropylsilane (TIS) and N-hydroxy-succinimide (NHS, 98%) 

were purchased from Aldrich. Ethylene glycol (EG, 99%), branched 

polyethylenimine (PEI, 25 kDa), BaCl2 (99.99%) and trifluoroacetic acid (TFA, 
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99%) were purchased from Sigma-Aldrich. NH4F (99.99%) and NaCl (99.99%) 

were obtained from Sinopharm Chemical Reagent Co., China., and N,N0-

dicyclohexylcarbodiimide (DCC, 99%) was purchased from Meyer. 3-

(Tritylthio)propanoic acid (>99%) was purchased from Dieckmann. All of these 

chemicals were used as received without further purification. 

Synthesis of NaGdF4 and BaGdF5 upconversion nanoparticles (Prepared by 

collaborator Mr. Ming-Kiu Tsang) 

Water-dispersed NaGdF4 was prepared by the one-step hydrothermal method. 

Typically, 1 mmol of NaCl and 1 mmol of Gd(NO3)3 (0.5 M), Yb(NO3)3 (0.5 M) 

and Er(NO3)3 (0.1 M) with the molar ratio of 78 : 20 : 2 were dissolved in 20 mL of 

ethylene glycol (EG) and stirred for 30 min. After capping with polyethyleneimine 

(PEI, branched 25 kDa), approximately 10mL of EG containing 5.5 mmol of NH4F 

was then added to the above solution and stirred for another 30 min. The obtained 

mixture was then transferred into a 50 mL stainless Teflon-lined autoclave, which 

was sealed and kept at 190 
o
C for 24 h. After that, the autoclave was cooled to 

room temperature naturally and the reaction mixture was separated through 

centrifugation. Ethanol and DI-water were used to wash the precipitate several 

times and dried at 70 
o
C for 12 h to obtain the as-prepared samples. As a result, 

NaGdF4 with PEI as the surface modifier was prepared by the hydrothermal 

method. The synthesis of BaGdF5 is similar to the above procedure except for 

replacing NaCl with BaCl2. The zeta-potential for the NaGdF4 or BaGdF5 colloidal 

solution was measured to be around +23.6mV and +31.5 mV respectively, 
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indicating the successful conjugation of positively charged PEI on the surface of 

NPs. 

Synthesis of spherical silica-shell NaGdF4 upconversion nanoparticles (Prepared 

by collaborator Dr. Dariusz Hreniak) 

Water-dispersed NaGdF4 was prepared by one-step hydrothermal method. 

Typically, 1 mmol of NaCl and 1 mmol of Gd(NO3)3 (0.5 M), Yb(NO3)3 (0.5 M) 

and Er(NO3)3 (0.1 M) with the molar ratio of 78 : 20 : 2 were dissolved in 20 mL of 

ethylene glycol (EG) and stirred for 30 min. After capping with polyethyleneglycol 

(PEG, branched 25kDa), approximately 10 mL of EG containing 5.5 mmol of 

NH4F was then added to above solution and stirred for another 30 min. The 

obtained mixture was then transferred into a 50 mL stainless Teflon-lined 

autoclave, which was sealed and kept at 190˚C for 24 h. After that, the autoclave 

was cooled to room temperature naturally and the reaction mixture was separated 

through centrifugation. Ethanol and DI-water were used to wash the precipitation 

for several times and dried at 70˚C for 12 h to obtain the as-prepared samples. 

After that, 200 L of 3-aminopropyl-triethoxysilane (APTES) was added to a 

suspension of 50 mg NaGdF4 with PEG in 20 mL DMF. The reaction mixture was 

sonicated for the first 2 minutes and kept under vigorous stirring for 5 hours at 

room temperature. The nanoparticles were washed from the unreacted APTES by 

three centrifugation and redispersion steps in DMF. 
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Synthesis of Plk1 specific peptides (Prepared by collaborator Mr. Sam Lear) 

The three peptides were obtained by stepwise elongation of the peptide chain by 

the method outlined below. For peptide P1, 500 mg of the rink amide resin (0.45 

mmol/g loading) was suspended in a 20% solution of piperidine in DMF, stirred for 

20 min at room temperature and washed with DMF prior to subsequent steps. The 

first amino acid to be coupled, Fmoc-(Bnp)- Thr-OH (420 mg, 4 equiv.), was 

dissolved in DMF and coupled to the resin in the presence of PyBOP (645 mg, 4 

equiv.) and NMM (135 mL, 4 equiv.) with the use of microwave chemistry as 

described previously.15,32 Other Fmoc amino acid derivatives, Fmoc-Ser(tBu)-OH 

(420 mg, 4 equiv.), Fmoc-His(Trt)-OH (438 mg, 4 equiv.), Fmoc-Leu-OH (350 mg, 

4 equiv.), and Fmoc-Pro-OH (320 mg, 4 equiv.), were connected to the resin using 

an analogous synthetic strategy. Following the final removal of the Na-Fmoc group, 

the peptide-resin was washed with DMF. The free peptide was obtained by 

cleavage through the use of 9mL of TFA in the presence of 750 mL of water and 

750 mL of TIPS according to the standard procedure. After cleavage, the peptide 

was purified by preparative reverse phase HPLC. The main peptide-containing 

fractions were collected and lyophilized. The purity of all final products was 

confirmed by analytical reverse phase HPLC. P2 and P3 were obtained and purified 

by the same methodology as the preparation of P1. P1: PLHSpT MALDI-TOF 

HRMS ([M + 1]
+
, m/z): calcd for C24H42N8O10P, 633.27; found for [M + H]

+
, 

633.26; P2: PLHSD MALDI-TOF HRMS ([M + 1]
+
, m/z): calcd for C23H37N8O8, 

568.37; found for [M + H]
+
, 568.45; P3: GGPLHSpT MALDI-TOF HRMS ([M + 

1]
+
, m/z): calcd for C28H47N10O12P, 746.31; found for [M + H]

+
 747.330. 
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Bio-conjugation of Plk1 specific peptides onto NaGdF4 or BaGdF5 

50 mg PEI NaGdF4 nanocrystals were added to 744 mg DCC, 200 mg acrylic acid 

and 266 NHS in DMF to react at room temperature overnight. The excess DCC, 

acrylic acid and NHS were removed by washing with DMF and methanol. The 

precipitate was then vacuum dried. 30.8 mg DCC, 15.9 mg NHS and 40 mg 3-

(tritylthio)propanoic acid were added to 50 mg Plk1 peptide in DMF and stirred at 

room temperature overnight. Excess DCC, NHS and 3-(tritylthio)propanoic acid 

were removed by washing with DMF and methanol. The resin of the modified Plk1 

peptide was removed by reacting with TFA, TIS and de-ionized water in the ratio 

of 90 : 5 : 5 for 4 hours at room temperature. Finally, the modified NaGdF4 

nanocrystal and Plk1 peptide reacted with each other in PBS buffer at pH 7.4 at 

room temperature overnight. The product was washed with water and methanol 

three times and vacuum dried overnight. The bioconjugation of Plk1 specific 

peptides (Pn) onto BaGdF5 is similar to that onto NaGdF4 except for replacing 

NaGdF4 with BaGdF5. The characterization of the NaGdF4–Pn or BaGdF5–Pn was 

performed with FTIR transmittance and zeta potential analysis. 

Characterization 

Powder X-ray diffraction (XRD) patterns of the as-prepared NaGdF4 or BaGdF5 

and NaGdF4–Pn or BaGdF5–Pn were recorded using a Rigaku smart lab 9 kW 

(Rigaku Japan) with Cu-Ka radiation (l = 1.5406Å). The step scan covered the 

angular range from 25
o
 to 60

o
 in steps of 0.02

o
. The morphology of the as-prepared 

samples was characterized by using a Tecnai G2 20 S-TWIN Transmission 
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Electron Microscope operated at 200 kV. A fourier transform infrared (FT-IR) 

spectrometer (Nicolet Avator 630) was used to record the infrared spectra of the 

samples by using a KBr pellet technique. The powder materials were pressed into a 

tungsten mesh grid and installed in situ FT-IR transmittance cell, and the samples 

were degassed in a vacuum system with a residual pressure of less than 3 x 10
-4

 

Torr at room temperature. UC spectra were recorded using an FLS920P Edinburgh 

analytical instrument apparatus equipped with a 980 nm diode laser as an UC pump 

source. 

Cell culture 

Human nasopharyngeal carcinoma (HK-1) cells and cervical carcinoma (HeLa) 

cells were cultured in DMEM medium (Gibco) supplemented with 10% fetal 

bovine serum (Gibco) and antibiotics (penicillin 50 mg/mL; streptomycin 50 

mg/mL). Human liver-derived (QSG-7701) cells were maintained in RPMI 1640 

medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and 

streptomycin. Human normal lung fibroblast (MRC-5) cells were grown in MEM 

medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and 

streptomycin. All the cells were incubated at 37 
o
C in a humidified environment 

with 5% CO2. 

Study of cellular uptake of NaGdF4–Pn or BaGdF5–Pn by ICP-MS 

To measure the intracellular concentration of the NaGdF4–Pn or BaGdF5–Pn. 1 x 

10
5
 cells were plated in each well and incubated with the complex for at 100 

mg/mL, which was the same as in vitro imaging. After co-incubation, the cell 
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culture medium containing NaGdF4–Pn or BaGdF5–Pn was removed and the 

exposed cells were further washed with 1 mL PBS 3 times to remove NaGdF4–Pn 

or BaGdF5–Pn adhering to the outer cell membrane and the bottom of the confocal 

dishes. Then the cells were trypsinized and dispersed into 1 mL of culture medium. 

The exposed cells were collected by centrifugation at 4000 rpm and the cell pellet 

was digested in 100 mL of concentrated HNO3 (69%) at 70 
o
C for 3 hours. The 

cellular uptake of NaGdF4–Pn or BaGdF5–Pn was determined using an Agilent 

7500 series of inductively coupled plasma mass spectroscopy (ICP-MS). All ICP 

experiments were performed in triplicate and the values obtained were averaged. 

The concentration of Gd per cell was calculated by determining the concentration 

of Gd in the cell lysate by ICP-MS and then dividing it by the number of cells 

which counted using a haematocytometer. 

In vitro bio-imaging 

To investigate the suitability of the obtained and Plk1 specific peptides coated 

UCNPs as bio-probes, imaging of HeLa cells (1 x 10
5
) was conducted. After the 

incubation with NaGdF4–Pn or BaGdF5–Pn for 24 hours, the cells were washed 

by PBS 3 times before imaging. The in vitro imaging was performed on a confocal 

laser scanning microscope, Leica TCS SP5, equipped with a Ti:sapphire laser 

(Libra II, coherent). The samples were excited by a 980 nm wavelength laser. 
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Plk1 GFP co-staining in vitro bio-imaging (The transfection part was performed 

by Dr. Rongfeng Ran) 

To validate the binding between NaGdF4–Pn or BaGdF5–Pn and Plk1, GFP co-

staining experiment was carried out. Plk1 full length cDNA was PCR amplified 

from pOTB7-Plk1 and inserted into multiple cloning sites (MCS) of pEGFP-C3 

(CLONETECH, #6082-1) using restriction digestion sites of XhoI/EcoRI for 

GFPPlk1 expression. The positive recombinant was selected through kanamycin 

proved by sequencing. Plasmids were purified using a StarPrep Plasmid Miniprep 

Kit (Genstar). For transfection, a 3.5 cm dish of HeLa cells (with 70–80% 

confluence) was transfected with 8 mg DNA using lipofectamine2000 according to 

the manufacturer instructions. Then, 500 mL of the lipofectamine 2000 and 

plasmid were added to the confocal dish with 500 mL cell medium. After 

incubation for 8 hours, 100 mg/mL of NaGdF4–Pn or BaGdF5–Pn was added and 

incubated for 24 hours. The imaging procedures and parameters were the same as 

given in the previous in vitro bio-imaging section. 

MTT inhibition rate assay 

1 x 10
5
 of HK-1, HeLa, QSG-7701 and MRC-5 were treated with NaGdF4-PEI or 

BaGdF5-PEI and NaGdF4–Pn or BaGdF5–Pn for 24 hours. Then the cells were 

treated with nanoparticles at 4 concentrations (100 mg/mL, 50 mg/mL, 20 mg/mL 

and 5 mg/mL). The cell monolayers were rinsed with phosphate buffer saline (PBS) 

once and incubated with 0.5 mg/mL MTT solution. The cellular inhibitory potency 

of the nanoparticles was examined by the formation of formazan after addition of 
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MTT (3-(4,5-dimethylthiazol-2-yl)-2 and 5-diphenyltetrazolium bromide) for 4 

hours to allow formazan production during cell metabolism. After that, formazan 

was fully dissolved in DMSO through oscillating. Finally, the absorbance of 

solution was measured with a Biotek Power wave xsMicroplate Reader at a 

wavelength of 570 nm and 690 nm. 

Flow cytometry (Performed by Dr. Rongfeng Lan) 

10
6
 cells were harvested by trypsine digestion, washed twice in PBS, and then 

fixed in 70% ethanol for 2 hours at 4 
o
C. After removal of the ethanol, cells were 

resuspended in PBS and then subjected to PI staining (1% triton-100, 50 mg/mL 

Rnase A, 20 mg/mL propidium iodide) for 40 minutes at 37 
o
C. Cell phase 

distributions were analyzed in BD FACS Calibur and the results were processed by 

Flowjo 7.6.1, shown as the offset histogram and column. 

Antibodies and western blotting (Performed by Dr. Rongfeng Lan) 

Anti-bactin (#66009-1-Ig) antibodies were purchased from Proteintech Group, Inc. 

Anti-CDK1 (#9116) and anti-Plk1 (#4535) antibodies were from Cell Signaling 

Technology. HeLa cells in a 12 well-plate were treated with nanoparticles (1, 10, 

50, 100 mg/mL each) for 24 hours, and then rinsed in PBS twice after the culture 

medium was discarded. Direct lysis in 50 mM Tris–HCl, pH 6.8, 1% SDS, 10% 

glycerol and thorough denaturation in a boiling water bath were followed. The 

supernatant was collected as a clear lysate after centrifugation steps. Equal amounts 

of total proteins were loaded onto the 10% nitrocellular membranes, which was 
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followed by western blotting. All the results finally were analyzed using a Gel-Pro 

analyzer and GraphPad  Prism 5 software. 

Pull down assay (Performed by Dr. Rongfeng Lan) 

Five 10 cm dishes of cells were lysed in RIPA buffer (50 mM Tris pH ¼ 7.4, 150 

mM NaCl, 1% NP-40, phenylmethanesulfonyl fluoride (PMSF) 1 mM, cocktail 

protease inhibitors) for 15 minutes on ice, and then centrifuged at 13 000 rpm for 

20 minutes. The clear supernatant was collected and the total 5mL cellular lysate 

was divided into eight samples that were subjected to incubation with the NaGdF4 

or BaGdF5 nanoparticle series (100 mg each) at 4 
o
C for 2 hours. Nanoparticle 

precipitated proteins were collected by short centrifugation and washed with RIPA 

buffer three times to remove unbound proteins. Finally, the pull-down proteins 

underwent SDS-PAGE separation followed by antibody detection. 

Animals and ethics (Performed by Dr. Rongfeng Lan) 

BALB/c nude mice were provided by Guangdong Medical Laboratory Animal 

Center, with the licensing number of SCXK-2008-0002 approved by Guangdong 

Science and Technology Department. Mice were kept in the isolated bio-safety 

facility for specific pathogen-free animals. All animal feeding and experiments 

were performed according to the Procedures for the Care of Laboratory Animals 

approved by the Shenzhen Institute of The Hong Kong Polytechnic University 

(with Use Permit of Experiment Animal license SCXK-2010-0062). 
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Mouse xenograft tumor inhibition (Performed by Dr. Rongfeng Lan) and ICP-MS 

biodistribution analysis 

For tumor inhibition assays, human HeLa cells were trypsinized, harvested and 

resuspended in DMEM. 1 x 10
6
 cells in 100 mL DMEM were injected s.c. into the 

flanks of the mice (6 weeks old). After 14 days when the tumors were about 150 

mm
3
, the animals were randomized into groups for experiments. NaGdF4 and 

BaGdF5 series of nanoparticles of Plk1 (500 mg for a tumor) were injected around 

the tumors and the mice were kept for another 7 days. Finally, the tumors were 

extracted and imaged. For ICP-MS bio-distribution analysis, 200 mg nanoparticles 

were i.p. injected into the mice, and the tissues as well as urine after 24 hour post-

injection were collected. Tissues were digested with nitric acid and subjected to 

ICP-MS for measuring the concentrations of Gd. 

5.3 Experimental procedures of Chapter 4 

Chemicals and Materials 

All chemicals used were of reagent – grade and were purchased from Sigma – 

Aldrich and used without further purification. All analytical – grade solvents were 

dried by standard procedures, distilled and deaerated before use. NMR spectra were 

recorded on a Bruker Ultrashield 400 Plus NMR spectrometer. The 
1
H NMR 

chemical shifts were referenced to tetramethylsilane, TMS (d = 0.00). High – 

resolution mass spectra, reported as m/z, were obtained on a Bruker Autoflex 

MALDI – TOF mass spectrometer. 
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g-C3N4 nanoparticles synthesis (prepared by collaborator Miss Hongyu Guo) 

The water-dispersible C3N4 nanoparticles were prepared as follows. Firstly, 

melamine was heated at 500 
o
C in air for 2 hours to obtain a g-C3N4 yellow powder. 

The g-C3N4 yellow powder was then ground in ethanol using a planetary ball mill 

for 2h at a speed of 580r/min, following by drying in the air at 70 
o
C to get the fine 

g-C3N4 powder. After that, 1.5 g fine g-C3N4 powder was dispersed in nitric acid 

solutions (25 mL) with concentrations of 60.7 wt% in a sealed beaker, and heated 

at 90 
o
C while stirring for 2 hours. The acid-treated powder was washed using 

deionized (DI) water several times and then dried in the air at 90 
o
C. 0.3g dried 

powder was added in a mixture of 16 ml ethylene glycol and 4 ml DI water and 

heated at 90 
o
C for 2 hours. After washing and drying, 0.3 g powder was added in 

30 mL DI water and sonicated for 20 hours. The supernatant was dialyzed with 

exchanging water for every 6 hours till its pH was close to neutral to get the final 

water-dispersible C3N4 nanoparticles. 

Preparation of compound 1. (Prepared by Miss Yan Zhou) 

2.40 mL of pyridine-4-carbaldehyde (3 equiv.) and 1.28 g of 4-nitrobenzaldehyde 

(1 equiv.) were added to propionic acid (200 mL). The mixture was heated under 

reflux with vigorous stirring for 1 h, and then 2.35 mL of freshly distilled pyrrole 

(4 equiv.) were added. After 1 h, the mixture was cooled and the solvent was 

evaporated to dryness and the crude product was purified by column and thin-layer 

chromatography (CHCl3 to CHCl3/EtOH 90/10, v/v) to give 110 mg of compound 

1 (Yield: 7%): Rf: 0.61 (CHCl3/EtOH 90/10), 
1
H NMR (400.13 MHz, CDCl3,) 

ppm: 9.02 (d, J = 5.1 Hz, 6H, H3,5-pyridyl), 8.82 (m, 6H, Hβ-pyrrolic), 8.77(d, 2H, J = 
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4.8 HZ, Hβpyrrolic), 8.63 (d, 2H, J = 8.7 Hz, H3,5-nitrophenyl), 8.10 (d, J = 5.1 Hz, 6H, 

H2,6-pyridyl), 8.37 (d, J = 8.7 Hz, 2H, H2,6-nitrophenyl),−2.99 (br s, 2H, NH int), 

MS(MALDI) m/z for C41H26N8O2, calcd 662.68, found 663.2214 [M+H]
+
. 

Preparation of compound P1 (Prepared by Miss Yan Zhou) 

To a solution of 1 (76 mg, 0.1 mmol, 1 equiv.) in anhydrous DMF (10 mL), an 

excess of iodomethane (62 μL, 1 mmol, 10 equiv.) was added under argon 

atmosphere. The mixture was kept at room temperature with magnetic stirring for 

24 h. After precipitation with diethyl ether and filtration, the corresponding 

cationic nitro porphyrin 2 was obtained with 94% yield (87 mg). To a solution of 

cationic nitro porphyrin (71 mg, 80μmol, 1 equiv.) in H2O (10 mL), a solution of 

SnCl2 (54 mg, 240 μmol, 3 equiv.) in 10 mL 37% HCl was added. Acetic acid (10 

mL) was added to make a homogeneous solution and the resulting mixture was 

heated at 70–80 
◦
C, overnight under stirring. Reaction was stopped by 

neutralization with 1 M NaOH (100 mL). The mixture was washed with water 

(2×100 mL), dried on MgSO4 and filtered. 54 mg of porphyrin 2, purple solid, were 

obtained (Yield: 90%). TLC(CHCl3/MeOH/H2O: 5/4/1): Rf = 0.12; 
1
H NMR 

(400.13 MHz, DMSO d6): ppm = 9.51 (s, broad, 6H, H3,5-pyridyl); 9.10 (m, 8H, Hβ-

pyrrolic); 9,00 (d, J = 4.4 Hz, 6H, H2,6-pyridyl); 7.90 (d, J = 8.3 Hz, 2H,H2,6-aminophenyl), 

7.04 (d, J = 8.3 Hz, 2H,H3,5-aminophenyl); 4.74 (s, 9H, NCH3 ); −3.06 (br s, 2H,Nhint.); 

MS (MALDI) m/z for C44H40N8O3, calcd 677. 2210 found. 677.3173 
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Preparation of compound 3 (Prepared by Miss Yan Zhou) 

In a 1L round-bottom flask, equipped with an efficient mechanical stirrer, were 

placed consecutively: propionic acid (600 mL), 4-pyridinecarboxaldehyde (3.2 g, 

30 mmol) and 4-carboxybenzaldehyde (1.5 g, 10 mmol). The mixture was heated 

to 140 
◦
C and pyrrole (6.7 g, 40 mmol) was added dropwise for 30 min with stirring. 

Heating was continued for additional 30 min. and then the mixture cooled. The 

mixture was left for 24 h and a separated product was filtered off, washed several 

times with water and with a mixture of water and methanol (v/v: 4 : 1). Washing 

was continued until the filtrate became colourless and odourless. The product was 

dried to give a dark violet solid (m = 1.7 g, 20%), which was a mixture of various 

porphyrins. The product was separated by column chromatography (silica gel: 60–

230mesh; eluant: chloroform-methanol; v/v 9: 1), After the evaporation of the 

solvent, a dark-violet product 3 was obtained. 300 mg, (Yield: 4%).,MS: ESI MS; 

661.2346.  

Preparation of compound 4 (Prepared by Miss Yan Zhou) 

To a stirred solution (or suspension) of porphyrins 3 in dry DMF (5 mL for 25 mg 

of porphyrin) was added a large excess of methyl iodide, and the reaction mixture 

was heated at 40 °C in one flask equipped with a condenser for 3-4 h. The progress 

was monitored by TLC using a mixture of acetic acid/methanol/water (5:2:1) as 

eluent. When the reactions were complete, the cationic porphyrins 4 were 

precipitated with diethyl ether, filtered, and washed several times with the same 

solvent. The solids were dissolved in acetone/water (1:1) and reprecipitated with 

acetone. The products were dried under reduced pressure. The solvent, a dark-
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purple product was obtained. 4: (Yield 75%), 
1
H NMR (DMSO), δ, ppm: 9.45(d, 

6H, J = 5.64 Hz,2,6-Py.), 9.12(m, 8H, pyrroles), 9.00(d, 6H, J = 5.62 Hz, 3,5-

Py.),8.80–8.30(m, 4H, Ph’s.), 4.68(s, 9H, CH3), −3.10 (s, 2H, NH-pyrrole). 

Preparation of compound 5 (Prepared by Miss Yan Zhou) 

A stirred solution of 4 53mg (5 equiv.) in anhydrous DMF was mixed with 

benzotriazol-l-yl-oxytri pyrrolidinophosphonium hexafluorophosphate (PyBOP) 

(15 equiv.) and N,N’-diisopropylethylamine (DIPEA) (10 equiv.). After stirring at 

RT for 5 minutes to activating the carboxylate, the mixture solution was added into 

tert-butyl (5-aminopentyl)carbamate in 5mL anhydrous DMF. It was then reacted 

at RT overnight, after that, the resin was filtered, and washed with DMF (3*2 mL), 

MeOH (3*2mL), the solvent was removed under vacuum to get the dry compound.. 

The residue was recrystallized by diethyl ether and dried to give the title product. 

(Yield 93%).
1
H NMR (DMSO), δ, ppm: 9.45(d, 6H, J = 5.64 Hz,2,6-Py.), 9.12(m, 

8H, pyrroles), 9.00(d, 6H, J = 5.62 Hz, 3,5-Py.),8.80–8.30(m, 4H, Ph’s.), 4.68(s, 

9H, CH3),2.99(s,2H),1.41(s,2H),1.373(s,13H) −3.10 (s, 2H, NH-pyrrole). 

Preparation of compound P2 (Prepared by Miss Yan Zhou) 

Compound 5, 5M HCl 5mL was added in a 25mL round bottle, stirred at room 

temperature for 2 hours. Then neutralization with 5M NaOH. The solvent was 

removed under vacuum to get the dry compound.. The residue was recrystallized 

by diethyl ether and dried to give the title product. (Yield 94%) MS (MALDI) m/z 

for 791.9944, calcd found.[M+K
+
 ] 830.5395 
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g-C3N4-Pn synthesis 

10 mg of g-C3N4 nanoparticles, 23.6 mg of EDCI and 34.5 mg of NHS 34.5 mg 

were dissolved in 10mL dry DMF and stirred at room temperature for 30 minutes. 

Then, 20 mg of Pn (n= 1 or 2) was added to the previous reaction mixture and 

stirred at room temperature for 48 hours. Excessive amount of EDCI, NHS and 

porphyrin molecules were washed with DMF until no luminescence from 

porphyrin under UV lamp irradiation. The g-C3N4-P1 and g-C3N4-P2 nanoprobe 

were centrifuged at 15000 rpm for 10 minutes. Finally, the product was dispersed 

in water and stored at 4
o
C for future use. 
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Scheme S1. Synthetic routes of P1 and P2 
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400Hz-
1
H-NMR and MALDI-TOF spectrum 

 

Figure S5. MALDI-TOF mass spectrum of 2. 
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Figure S6. MALDI-TOF mass spectrum of P1 

 

Figure S7. 400 MHz-
1
H-NMR (CDCl3) spectrum of compound 4. 
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Figure S8. 400 MHz-
1
H-NMR (CDCl3) spectrum of compound 5. 

 

Figure S9. MALDI-TOF mass spectrum of 5. 
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Figure S10. MALDI-TOF mass spectrum of P2. 

Characterization 

The morphology of the g-C3N4 coupled porphyrin system samples was 

characterized by using Tecnai G2 20 S-TWIN Transmission Electron Microscope 

operated at 200 kV and zeta potential was measured by Malven Zetasizer Nanozs 

in aqueous sample solution. 

Photophysical measurement 

The emission and absorption spectroscopy of g-C3N4-Pn was performed with 

Fluorolog spectrometer equipped with xenon lamp and Agilent 8453 UV-Visible 

spectrometer respectively in aqueous solution at various pH values. 
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Cell culture 

Human bladder carcinoma (T24) cells were cultured in RPMI 1640 medium (Gibco) 

supplemented with 10% fetal bovine serum (Gibco) and antibiotics (penicillin 50 

μg/mL; streptomycin 50 μg/mL). Human cervical carcinoma (HeLa) cells were 

cultured in DMEM medium (Gibco) supplemented with 10% fetal bovine serum 

(Gibco) and antibiotics (penicillin 50 μg/mL; streptomycin 50 μg/mL). Human 

normal lung fibroblast (MRC-5) cell were maintained in MEM medium 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and 

streptomycin. All the cells were incubated at 37 
o
C in a humidified environment 

with 5 % CO2. 

Dark cytotoxicity 

1 x 10
5
 of T24, HeLa and MRC-5 were treated with g-C3N4-Pn NPs for 24 hours at 

6 concentrations. (500 g/mL, 200 g/mL, 100 g/mL, 50 g/mL 20 g/mL and 1 

g/mL) The cell monolayers were rinsed with phosphate buffer saline (PBS) once 

and incubated with 500 g/mL MTT solution. The cellular inhibitory potency of 

the nanoparticles were examined by the formation of formazan after addition of 

MTT (3-(4, 5-dimethylthiazol-2-yl)-2 and 5-diphenyltetrazolium bromide) for 3 

hours to allow formazan production during cell metabolism. After that, formazan 

were fully dissolved in DMSO through oscillation. Finally, the absorbance of 

solution was measured with Biotek Power wave xsMicroplate Reader at the 

wavelength of 570 nm and 690 nm. 
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Photo-cytotoxicity 

1 x 10
5
 of T24, HeLa and MRC-5 were treated with g-C3N4-Pn NPs for 24 hours at 

4 concentrations. (50 g/mL, 10 g/mL 5 g/mL and 1 g/mL) Then, the cells 

were exposed to irradiation at the power of 6mW/cm
-2

 and incubated for another 24 

hours. After that, the cells underwent same protocol as the previous MTT assay. 

In vitro confocal microscopy 

To investigate the suitability of the obtained porphyrin coupled g-C3N4 NPs as bio-

probes, imaging of T24, HeLa and MRC-5 cells (1 x 10
5
) was conducted. After the 

incubation with g-C3N4-Pn for 24 hours, the cells were washed by PBS for 3 times 

before imaging. The in-vitro imaging was performed on a confocal laser scanning 

microscope, Leica TCS SPE, equipped with a Ti: Sapphire laser (Libra II, 

coherent). The samples were excited by at 380 nm. 

Flow cytometry Cellular Uptake 

HeLa cells and MRC-5 cells (10
5
 per sample) were seeded to 35 mm Petri dish for 

overnight and then the cells were incubated with drugs at 20 g/mL for 3 and 6 

hours. Cells were trypsinized and washed with PBS for twice. The drug’s uptakes 

by the HeLa cells and MRC-5 cells were analyzed with flow cytometry. The cells 

were excited with 488 nm argon laser and emission was collected with FL-3 

(equipped with 650 nm long pass filter) and 10000 events were analyzed. 
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