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Abstract 

 

In chapter one, literature review have been down about the photophysical properties of 

lanthanide complexes and their bioapplications.  

 

In chapter 2, the design and synthesis of water soluble cyclen based europium 

complexes with cyclin A specific peptides were described. Linear and two-photon 

induced hypersensitive europium emission gave the real time signalling and also 

enhanced the two-photon induced emission from 12GM to 68GM after Cyclin A 

binding. 

 

In chapter 3, the design of water soluble dual functional porphyrin based compounds 

for key cell cycle regulator- Plk 1 imaging and cancer cells inhibition were described. 

Two water soluble porphyrin compounds have been synthesized and shown the specific 

photodynamic therapeutic treatment in the cancer cells via the selectively binding with 

Polo-like kinase 1 (Plk1). Plk1 is responsible for the cell cycle regulation. Commercial 

or known Plk1 inhibitors or bioprobes always provide a poor cell internalization and 

they are easily damaged by enzymatic degradation. In addition, these markers are not 

available to image and inhibit the Plk1 as dual functional probes. We introduced a new 

approach that use an amphiphilic porphyrin with a Plk1 specific peptide. Our 

compounds have shown responsive emission enhancement upon binding with Plk1 in 



iii 

 

aqueous medium. In vitro, it can trigger G2-M phase arrest and specifically inhibit the 

cancer cells as Plk1 is overexpressed in cancer cells. 

 

In chapter 4, the design and synthesis of a platinum–europium complex (PtEuL401) as 

a controlled delivery vehicle of cisplatin were described. PtEuL401 has shown 

responsive emission under an appropriate light excitation in aqueous solution and in 

vivo during the drug delivery process. Comparison with the existing platinum based 

drugs, we offer real-time monitoring of the therapeutic process. Additionally, the long 

emission lifetime of lanthanides creates room for further development in time-resolved 

imaging protocols which eliminates the problem of autofluorescence.  
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Chapter 1 Introduction 

1.1 Fundamentals of Lanthanide Chemistry and Photophysics 

Lanthanide series comprises 14 f-block metals (electronic configurations 

[Xe]6s25d0-14f1-14 and atomic numbers 57 -71), which are well-known for their unique 

physical and chemical properties due to their 4f electrons deeply penetrating into the 

xenon core upon shielding by the interior 5s and 5p electrons from the increasing 

nuclear charge (the so called lanthanide contraction). The 4f electrons do not take part 

in bonding and the atomic/ionic radii diminish with the increase of the atomic number, 

giving rise to weak crystal-field effect, special organometallic and coordination 

chemistry, and remarkable spectroscopic, optical and magnetic properties. [1] 

1.1.1 Atomic theory of the f-Block lanthanides 

The application of the central field approximation to the non-relativistic 

Hamiltonian H gives rise to the Schrodinger equation, and the wave functions are the 

products of the radial function Rn,l(r) and the aspherical harmonics 𝑌𝑙
𝑚(, ). The 

energy levels of degeneracy are indicated by the principal quantum number n, and the 

angular quantum number l. The first significant perturbation for f-electrons is described 

by H1, 

𝐻1 =  ∑
𝑒2

𝑟𝑖𝑗

𝑁
𝑖<𝑗   (1-1) 

which corresponds to the electrostatic repulsion between electron pairs and relates to 

the eigenvalue L (orbital angular momenta) and S (total electron spin) in the form of 
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2S+1LJ, recognized as the Russell-Sunders coupling. Further relativistic correction is 

afforded by the introduction of the spin-orbit interaction H2, 

𝐻2 =  ∑ 𝑖  (𝑟𝑖)𝑠𝑖𝑙𝑖 =  
𝑛𝑙

𝑆 .𝐿 (1-2) 

the crystal field parameter H3, 

𝐻3 =  ∑ 𝐷𝑘
𝑞

𝑖,𝑘,𝑞 (𝑟𝑖
𝑘)𝑌𝑘

𝑞(𝜃𝑖, 𝑖
) (1-3) 

and the Zeeman operator H4, 

𝐻4 =  𝛽 (𝐿 + 2𝑆)·𝐻 (1-4) 

where H represents the external magnetic field and  is the Bohr magneton. The spin-

orbit interaction, increases as the atomic number Z increases, and it is assigned J, where 

J = L + S, thereby splitting the 2S+1LJ multiplet into levels labeled by 

J = |L+S|, |L+S -1|,…, |L-S| (1-5) 

while the symmetry-dependent crystal field parameter can lift the (2J + 1) degeneracy 

for a particular J level. As a consequence, the seven f-orbitals are generated and 

perturbed by the 5s and 5p electron clouds to give very narrow transitions among 

themselves [2] (Figure 1.1 and 1.2). 
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a) 

 

 

b) 

 

 

Figure 1.1 (a) The seven 4f-orbital shapes; and (b) the radial distribution of the 4f, 5d, 

6s and 6p orbitals. 
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 (a)  

 

 

(b) 

 

 

Figure 1.2 (a) The energy levels of the trivalent lanthanide ions and (b) the fingerprint 

emission spectra of the trivalent lanthanide ions [3]-[4]. 
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1.1.2 Crystal field theory and the selection rules 

The lanthanide’s Hamiltonian operator can be divided into two parts, the free-ion 

and the crystal-field segment. 

     (1-6) 

 

 

 

 

 

 

 

The free-ion operator contains the electrostatic interaction (the 2nd term), spin-orbit 

interaction (the 3rd
 term), two-/three-particle configuration interactions (the 4th ~ 7th 

terms), spin-spin and spin-other-orbit interactions (the 8th term) and the electrostatically 

correlated magnetic interactions within the two bodies (the 9th term). On the other hand, 

the crystal field segment embraces two essential constants, the 𝐵𝑞
𝑘  crystal field 

parameter and the C𝑞
𝑘  tensor operator. The whole equation can be divided into the 

even-number parity and the odd-number parity which are respectively responsible for 

the crystal-field energy level splitting and the intensity of the induced electric dipole 

transitions of hypersensitivity [4]. 

(1-7) 

(1-8) 
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Table 1.1 The SLJ selection rules for various radiative lanthanide transitions [4]. 

 

Four types of lanthanide transition, electric dipoles, magnetic dipoles, induced 

electric dipoles and electric quadrupoles have been assigned. Each of them complies 

with their own set of spin selection and Laporte selection rules. The induced electric 

dipole transition is the so-called hypersensitive emission of a given lanthanide (III) ion, 

such as the 5D0-
7F2 transition of Eu(III) (Figure 1.3). 

 

 

 

 

 

 

Figure 1.3 The radiative transition of the trivalent europium ion (Eu3+) [2]. 
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1.2 The Antenna Effect on Luminescent Lanthanide (III) Complex 

The lanthanide trivalent cations display absorption and emission bands that 

correspond to the f-f transitions. These bands are very sharp (line-like) due to the weak 

crystal field effects and are characteristic for a given metal. According to the selection 

rules, the f-f transitions are Laporte-forbidden, and thus, it is very difficult to directly 

excite lanthanides (ε < 10 M-1cm-1). In fact, the low quantum efficiency of lanthanide 

f-f emission can be overcome by using a strongly absorbing chromophore to sensitize 

Ln(III) emission via a process known as the antenna effect. The energy transfer pathway 

is showed in figure 1.4. Upon excitation, a chromophore is excited to its singlet excited 

state (S1) and inter-system crossing to its triplet excited state (T1) follows. Then the 

Ln(III) finally receives the transferred energy. another way for energy transfer is the 

direct energy transfer from the singlet excited state to the lanthanide core. With these 

process the excited state of the lanthanide generates luminescence [5]-[10]. The most 

well studied emissive lanthanide ions are terbium and europium because their emissions 

are in the visible region and these Tb(III)/Eu(III) complexes can achieved greater than 

40% quantum yield in water by linear excitation (Figure 1.5a and b) [11]-[12]. In the 

infrared region, the Yb, Nd and Er are the three typical emissive centers. There are 

several porphyrin based Nd/Yb/Er and triazine based Yb/Er complexes in the literature 

with about a 3% absolute emission quantum yield in water (Figure 1.13c) [13]. 
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Figure 1.4 Illustration of energy transfer from organic antenna to lanthanide as the 

solution of the forbidden f-f emission [6]. 

 

Figure 1.5 Examples of highly luminescence lanthanide complexes [11]-[14]. 
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1.2.1 Quantum yield and sensitization efficiency in lanthanide complexes 

The quantum yield is related to the rate constant kobs at which the excited level is 

depopulated and the radiative rate constant krad: 

Ln rad obs
Ln

obs rad

k
Q

k




   (1-9) 

The quantity defined in (1-9) is called the intrinsic quantum yield, that is, the quantum 

yield of the metal-centered luminescence upon direct excitation into the 4f levels. Its 

value reflects the extent of nonradiative deactivation processes occurring both in the 

inner- and outer- coordination spheres of the metal ion. The rate constant kobs is the sum 

of the rates of the various deactivation processes: 

(T) (T)nr vibr pet

obs rad n rad i j k

n i j k

k k k k k k k nr           (1-10) 

where krad and knr are the radiative and nonradiative rate constants, respectively; the 

superscript vibr stands for the vibration-induced processes while pet refers to photo-

induced electron transfer processes such as those generated by the LMCT states, for 

instance; the rate constants k’ are associated with the remaining deactivation paths.  

In the special case of EuIII for which the transition 5D0 → 7F1 has a pure magnetic 

origin, a convenient simplified equation can be derived: 

3,0

1 tot

MD n
rad MD

I
A

I 

 
  

 
   (1-11) 

in which, AMD,0 is a constant equal to 14.65 s-1 and (Itot/IMD) the ratio of the total 

integrated emission from the Eu(5D0) level to the 7F1 manifold (J = 0–6) to the integrated 

intensity of the MD transition 5D0 → 7F1, and n is the refractive index of the crystal.  

The overall quantum yield, 
L

LnQ  is the quantum yield of the metal-centered 
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luminescence upon ligand excitation. It is related to the intrinsic quantum yield by the 

following equation: 

L Ln

Ln sens LnQ Q  (1-12) 

The overall sensitization efficiency, 
sens  can be accessed experimentally if both 

the overall and intrinsic quantum yields are known. Alternatively, it can be calculated 

by the following equation and it is given by the overall quantum yield L

LnQ , the 

observed and radiative lifetimes: 

L
LLn rad

sens LnLn

Ln obs

Q
Q

Q





   (1-13) 

The lifetime method is especially easy to implement for EuIII compounds since the 

radiative lifetime is readily determined from the emission spectrum [15]-[17]. 
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1.2.2 Charge transfer pathway in lanthanide complexes  

Rather than the typical energy transfer pathway, (S1T1  excited state of 

lanthanide), some scientists open a new discussion on the energy transfer mechanism 

between organic chromophore and lanthanide ions. It is called singlet intraligand charge 

transfer (ILCT) sensitizing process [18]. This discussion is focused on the lanthanide 

ions with a low-energy sensitization wavelength, such as europium, neodymium, 

ytterbium and erbium because the ILCT excited state is only higher than the excited 

state of these lanthanides. The ILCT excited state is too low for the energy transfer to 

other lanthanide ion, such as Tb (5D4, ~20500 cm-1) to occur. The first example of ILCT 

antenna effect on a lanthanide complex was discovered by Verhoeven et al in 1999 [19]. 

However, not many examples shown the ILCT process till 2004, Wong et al. confirmed 

the possibility of singlet ILCT sensitizing europium emission with two triazine based 

europium complexes by time resolved spectroscopy [14]. At the same time, Murray et 

al. independently reported several europium complexes that have also shown the ability 

of singlet ILCT sensitizing lanthanide emission [20]. 

In general, triplet energy transfer from the antenna to the lanthanide for its emission 

is the major emissive antenna effect in organic lanthanide complexes. Singlet ILCT 

sensitizing lanthanide emission in europium/ytterbium/erbium seems to be another 

possible pathway. However, no definitive conclusion can be made without the support 

of time-resolved spectroscopy (ultra-fast induced time resolved emission, such as in 

picoseconds; only two examples have been found in the literature) [21][22]. A definitive 

conclusion only can be made with more systematic studies – synthesizing several series 
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of lanthanide complexes and testing the comprehensive photophysical properties by 

solvenchromatic, temperature variation and ultrafast time resolved technique.  

 

 

Figure 1.6 Chemical structure, excitation and emission spectra of the first europium 

complex reported by Verhoeven which was featuring a singlet ILCT excited state 

sensitization [19].  

 

Figure 1.7 (a) Illustration of the direct CT-sensitization process in EuL(tta)3 complex 

where kbtr and ktr are the rate constant of back and energy transfer respectively. (b) 
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Diagram that shows the decay-to-rise time correlation for triazene based Eu(tta)3 

complex [20].  

 

Figure 1.8 Three europium complexes which exhibit the singlet ILCT character in 

dichloromethane with a high emission quantum yield [20].   
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1.3 Biocompatible Lanthanide Complexes for Biological Applications 

The traditional fluorescence/optical microscopy provides a sensitive mean of 

acquiring information about the organization and dynamics of complex cellular 

structures. Many fluorescent dyes, such as fluorescein, rhodamine and cyanine, are 

widely used to track various organelles and, thereby, to monitor critical cellular 

processes [23]. However, the background noise is a major problem. For example, back-

scattering from solid substrates, autofluorescence from biological samples and 

extraneous prompt fluorescence can all reduce the sensitivity and contrast of specific 

signals [24]. Currently there are only a limited number of imaging probes that can 

combine an NIR excitation with a long NIR emission lifetime (micro-/milli-seconds) 

[25]. Strong two-photon induced NIR emissions have been demonstrated for organic 

dyes but their emission lifetimes are within 100 ns and, therefore, they are inappropriate 

for time-resolved microscopy. There are also reports about in vitro auto-fluorescence 

via a two-photon excitation [26].   

The use of lanthanides is an apparent solution to these problems (with micro- to 

milli-second emission lifetimes) and lanthanide complexes with two-photon emission 

properties are more promising with good biocompatibility compared to up-conversion 

nanomaterials [27-28]. (Figure 1.8) Thus far, there are many examples of lanthanide 

complexes for bioassays and in vitro imaging in literature [29-50]. 
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1.3.1 Bioanalysis with lanthanide luminescent bioprobes 

There are two types of biosensors that operate in water [29]. One of them is the 

immobilized biosensor, for instance a silicon thin layer is directly integrated into an 

electronic readout circuit. The second type is the classical luminescent probe in solution 

for in vitro and/or in vivo applications, which adopts a ratiometric approach for 

biosensing [30]. There are two different immunoassays, the heterogeneous and the 

homogeneous immunoassays [31]. Time resolved technique can be applied to these two 

types of assays to study many undesirable substances coexisting in blood serum or in 

urine. Heterogeneous immunoassays are also commercially known as dissociation-

enhanced lanthanide fluorometric immunoassay (DELFIA), where two lanthanide 

chelates are used in the initial analysis format. The principle of a heterogeneous 

immunoassay is shown in figure 1.9 [32]. The desired analytical signal or the metal 

centered luminescence can be detected by time resolved spectroscopy [33]. Antigens 

(e.g. hepatitis B surface antigen), steroids (e.g. testosterone or cortisol) and hormones 

are routinely analyzed using this heterogeneous technique [34]. Aromatic-diketonate, 

trioctylphosphone oxide and Triton X-100 are usually used in enhancement solution  

[35].  

The homogenous assays are also referred as homogeneous time-resolved 

fluorescence (HTRF) which are based on a direct modulation of the label luminescence 

during the biomedical reaction under close examination [36]. The antigen of interested 

is coupled to two monoclonal antibodies (mAbs) where one mAb is attached to a 

lanthanide label and the other one with an organic acceptor which emit a distinct 
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wavelength of the LnIII emission [37]. The sample is then illustrated by UV light after 

completion of the immunoreactions. Time resolved microscopy can eliminate the fast 

process. Hence, the removal of the unreacted conjugates is not necessary. Lanthanide 

luminescent bioprobes are growing importance due to their high spatial resolution with 

easy time-gated discrimination.  

 

 

Figure 1.9 Example of (a) heterogeneous and (b) homogeneous luminescent 

immunoassays [32].   
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1.3.2 Lanthanide complexes with various in vitro subcellular localization  

Lanthanide complexes for in vitro imaging have recently received a great deal of 

attention due to their outstanding photo-stability, long emission lifetime and good bio-

compatibility. Targeted lanthanide complexes have been reported in an attempt to bind 

the mitochondrial membrane, the nucleoli, the ribosomes, the endosomal and the 

lysosomal sites [38]. There are many examples in the literature for the development of 

lanthanide complexes as luminescent imaging agents, however few of them are 

available to show a responsive emission signal in vitro. Here are some classical 

lanthanide complexes which serve as organelle-specific biomarkers and some of them 

can give the responsive emission variation in situ, such as pH response. (Figure 1.10-

1.11) 

Golgi apparatus - The Golgi apparatus, or Golgi complex, functions as a factory 

in which proteins received from the endoplasmic reticulum are further processed and 

sorted for transport to their eventual destinations: lysosomes, the plasma membrane, or 

secretion [39]. In our group, we have developed a water soluble porphyrin-ytterbium 

complex which is selectively localized in Golgi apparatus. This ytterbium complex is 

highly emissive (under single/two photon excitation) and low toxicity in cancer cell 

lines such as HeLa and A549. In addition, the ytterbium complex possesses a 45 % 

singlet oxygen quantum yield and can serve as a Golgi-apparatus-specific PDT agent 

(Figure 1.10a) [40]. 

Lysosome – The lysosome is an organelle which contains enzymes. These 

enzymes function to digest particles and also disintegrate the cell itself after its death 
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[41]. The design of lysosome specific bioprobes is always correlated with a variable pH 

(or pKa) of the bioprobes. There are a few lanthanide complexes that have been reported 

in the literature as lysosome markers. (Figure 1.10a-c) The most interesting one should 

be reported by Prof. David Parker [42]. Parker et al. have shown europium and terbium 

complexes of two structurally related ligands. These two complexes characterized as 

luminescent probes able to monitor the lysosomal pH changes. These hybrid complexes 

can serve as in-situ calibration agents which use fluorescent and ionophores probes that 

allow the monitoring of the time-dependence of change in lysosomal pH, examining 

the green terbium/red europium emission intensity ratio from internalized the Eu–Tb 

complexes [43]. 

Endoplasmic reticulum -The endoplasmic reticulum (ER) is the site of synthesis 

and folding of membrane and secretory proteins which represent most of the protein 

output of a mammalian cell. Normal human cells possess complex signaling pathways 

between the ER and the cytoplasm/ nucleus to allow the cells to tolerate the presence 

of the misfolded and overexpressed proteins. These signaling pathways play major roles 

in the pathogenesis of cancer [44]. Wong et al. have reported a triazine based europium 

complex which can identify the endoplasmic reticulum in vitro (Figure 1.11c) [45]. 

Mitochondria – The mitochondria are the power station of the cells and can 

always be found in the eukaryotic cells. Mitochondrion is a double membrane-bound 

organelle and it can control the cell death or cell life as it takes part in various cellular 

metabolic functions [46]. With reference to the important functions of the mitochondria, 

their in vitro imaging is one of hot topics nowadays. Butler et al. recently reported  
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new C3 symmetry europium complexes which are capable to recognize the 

mitochondria in vitro with impressive europium quantum yield of 25 % in 3 : 1 

H2O/MeOH (Figure 1.11a) [47]. In our group, the conjugation of the organometallic 

ytterbium/gadolinium complexes with Rhodamine has been done and has proven the 

mitochondria-specific photodynamic therapy agents [13],[48].  

Nucleus- The nucleus is the center of the cell and functions as the reproduction of 

life. Inside the nucleus there are lots of chromosomes. These chromosomes store the 

genetic information and control the cell division [49]. So far there is a limited number 

of lanthanide based bioprobes which can get into nucleus. The only reliable findings 

were introduced by Yu et al. in 2006. However, their nuclear imaging can only be 

obtained from the fixed cells (Figure 1.11e) [50]. 
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Figure 1.10 Lanthanide (III) based probes which are specifically localized in the 

cellular (a) Golgi apparatus and (b and c) lysosome [40], 42 and [43]. 
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Figure 1.11 Lanthanide (III) based probes which are specifically localized in the 

cellular lysosome (a), the endoplasmic reticulum (a, b, c), the mitochondria (a, d) and 

the nucleus (e) in the literatures [44-50]. 
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1.3.3 Lanthanide complexes with two-photon induced emission and its 

applications 

Most of the bioavailable chromophores for lanthanide described in the literature 

have to be excited around 350 nm, which is maybe of too large in energy with respect 

to the integrity of the biological material [51]. Shifting the excitation wavelength 

towards the visible regin by modifying the ligand structure is feasible but not always 

easy especially without a substantial loss of emission intensity due to back energy 

transfer [52]. An alternative is to resort to two- or three photon absorption with a 

femtosecond photon excitation by a Ti: sapphire laser [53]. Presently, luminescence 

microscopes with a multiphoton excitation capability are commercially available so that 

bioassays and imaging experiments that take the advantage of the long excitation 

wavelengths will be developed substantially in the near future [54]. For instance, both 

cyclen-based bioprobes and self-assembled binuclear helicates are amenable to this 

type of excitation [55]. Considerable works have also been done in designing suitable 

ligands and/or materials for this purpose which display large 2- and 3-photon absorption 

cross sections [56]. This is the case, for instance, of dipicolinic acid derivatives [57]. 

With the development of the two-photon microscopy technology, several two photon 

induced lanthanide based imaging probes have been reported since 2008 with tripodal 

amide based terbium complexes [58].  

For the measurement of two photon absorption cross section, there are two 

methods – The Z-scan and the two-photon induced emission reference standard. For Z-

scan, the position of the sample cell, z, moves along the laser-beam direction (on the z-

axis) by a computer-controlled translatable table so that the local power density within 

the sample cell can be changed under the constant incident intensity laser power level. 
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For the measurement of TPA cross section by the two-photon induced emission, the 

laser beam is splatted into two by a beam splitter and one of the arm is used as a 

reference for the intensity of the beam in order to correct the fluctuations in intensity 

from one pulse to the next pulse during the course of the measurement. As the TPA 

cross section depends on the excitation wavelength, a tunable laser is used to measure 

the TPA spectrum. The TPA can be worked out by the following equation: 

TPA cross-section 
0

1000

A

h

N d


  (cm4·s·molecule-1·photon-1), 

where NA is the Avogadro constant, d0 is the concentration of the sample compound in 

solution, h is the Planck constant, and υ is the frequency of the incident laser beam [59]-

[60]. 

Wong et al have reported a motif triazine-based europium complex with a strong 

two-photon absorption cross-section (320 GM) that have shown a strong red emission 

in the cytoplasm under a two-photon excitation at 700 nm [61]. More recently, Grichine 

et al. have shown a millisecond lifetime time resolved imaging with a C3 symmetry 

water soluble europium complex (formed by 2,6-pyridine dicarboxylic ligand) under 

two –photon excitation. The two-photon time resolved imaging was performed on a 

commercial confocal microscope under two-photon excitation [62]. 
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1.3.4 Development of lanthanide tagged peptides or proteins 

Up to now, there have been very limited reports on lanthanide probes tagging 

specific peptides or proteins which can be sensitized with two-photon induced emission. 

In 2010, Vázquez et al. reported a work where a specific Cyclin A core peptide sequence 

tagged to a terbium complex was developed. On their study, they demonstrated the 

intermolecular sensitization of lanthanide ions as a useful strategy for the design of 

Cyclin A biosensors. Although their methodology may be of general use for the 

synthesis of biosensors for different biomolecular systems, the major drawback lies on 

the excitation of Trp217 antenna in the UV region which is not suitable for in vitro 

imaging [63]- [64]. In 2011, our research group reported a europium complex which 

demonstrated highly specific and responsive europium emission in aqueous/in vitro for 

Cyclin A through linear and two-photon excitation [65]. 
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1.4 Cell Cycle and Cell Cycle Regulators 

The cell cycle is the series of coordinated events that take place in a cell causing 

cell division and producing two daughter cells which are artificially divided into three 

continually periods: the interphase, the mitotic phase and the cytokinesis (shown in 

figure 1.12). The interphase is subdivided into two gape phases (the G1 and G2 phase) 

and a DNA synthetic phase (the S phase). The cell grows in the G1 phase, duplicates 

its DNA in the S phase, and prepare for the mitotic division in the G2 phase. Then the 

cell splits itself into two daughter cells in the M phase, and in cytokinesis, the final 

phase, is where the new cell is completely divided [66-67]. 

Normally, the cell cycle is strictly governed by a complex regulatory network 

which mainly contains cyclin dependent kinases and their associated factors. Failure of 

cell cycle control will lead to incorrect DNA separation, cell cycle aberrant or arrest 

and even apoptosis which serves as a normal clear pathway of “bad” cells. Aberrant 

regulation of cell cycle universally occurs in cancer and plays key a role in 

carcinogenesis. Cyclin-dependent kinases (CDKs) and Polo like kinases (Plk) are the 

main regulators of the cell cycle. Both CDKs and PLK are evidenced with 

hyperactivities or amplifications of gene or mRNA in various kinds of tumors. 

Biochemical and molecular biological analysis or observation of these regulators is 

required daily for research or clinical applications, although it is indirect and limited by 

experimental proficiency and clinical samples. Innovated tools and instruments along 

with new discoveries is help to deepen the knowledge on cell cycle day after night, and 

in turn call for a new generation of techniques which will be more benefit to human. 
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1.4.1 Cyclin A 

Cyclin A is particularly interesting among the cyclin-family because it can activate 

two different cyclin dependent kinases, the CDK1 and the CDK2, and functions in both 

the S phase and the mitosis. In the S phase, the phosphorylation of components of the 

DNA replication machinery such as CDC6 by cyclin A-CDK is believed to be important 

for the initiation of the DNA stability. Cyclin A starts to accumulate during the S phase 

and is abruptly destroyed before the metaphase. The synthesis of cyclin A is mainly 

controlled at the transcription level, involving E2F and other transcription factors. The 

removal of cyclin A is carried out by ubiquitin-mediated proteolysis, but whether the 

same anaphase-promoting complex/cyclosome targeting subunits are used as for cyclin 

B is debatable. Consistent with its role as a key cell cycle regulator, expression of cyclin 

A is found to be elevated in a variety of tumors. This appears to offer a prognostic 

signals such as prediction of survival or early relapse [66-68]. 

 

1.4.2 Polo-like kinase 1 

Polo-like kinase 1 (Plk1) is a Ser/Thr kinase that plays a key role in the cell mitosis. 

Compared with CDKs, Plk1 is a specific one which offers two distinct anticancer drug 

targets within one molecule: an N-terminal catalytic domain and a C-terminal polo-box 

domain (PBD) [69-73]. The Polo-like-domain is responsible for the recognition of 

phosphorylation sequences of the substrates, as well as the substrate binding. Therefore, 

studies have confirmed that the loss of Plk1 activities can induce pro-apoptotic 

pathways and inhibit cancer-cell’s growth. Thus, a few molecules have been developed 
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to inhibit Plk1 for cancer therapy and most of them are ATP analogues which bind to 

the kinase domains, while several reports have shown that inhibition of PBD is a better 

alternative. PBD binding peptide or its analogues is showed specific inhibition to Plkl 

[74]. However, its activation details/binding dynamics to the substrates are still unclear. 

Rather than using antibodies immunostaining or GFP-protein that are difficult for in 

vivo studies, scientists are looking for direct imaging tools to visualize Plk1 in-vivo and 

in-vitro. 

 

 

Figure 1.12 The cell cycle normally contains a series of continually events of cell 

growth, DNA replication and cell division. Thus, it can be artificially divided into G1, 

S, G2 and M phases. The cell produces two daughter cells after a round of cell cycle, 

and this process is firmly controlled by Cyclin dependent kinases and their associated 

factors like Cyclin A, D, E and B as well as Polo like kinases [69]. 
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1.4 Scope of This Thesis 

This PhD work focuses on the lanthanide coordination chemistry, spectroscopy 

and peptide chemistry. The scope of my work was to obtain highly emissive lanthanide 

complexes capable to be used for biological applications, and most importantly able to 

develop responsive luminescent lanthanide materials for use in solution or in vitro. This 

thesis contains three chapters which describe the development of specific and 

responsive luminescent bioprobes for molecular imaging and cancer specific inhibitors.  

In chapter 2, I report a two-photon induced responsive lanthanide emission for the 

monitoring of key cell cycle regulator - Cyclin A by the combinatorial effect between 

europium cyclen based complexes and functional peptides.  

In chapter 3, a smart chemotherapeutic targeting agents (imaging and inhibition) 

for Plk1 in cancer cell lines is reported. Two water-soluble porphyrin compounds have 

been synthesized and are shown to possess specific photodynamic therapy treatment in 

the cancer cells via the selectively binding with Polo-like kinase 1 (Plk1). Plk1 is 

responsible for the cell cycle regulation. Commercial or known Plk1 inhibitors or 

bioprobes have always shown to have poor cell internalization and set easily damaged 

by enzymatic degradation. In addition, these inhibitors cannot be visualized in living 

cells and are not traceable. In this chapter, I introduced a new approach that conjugates 

an amphiphilic porphyrin with a Plk1 specific peptide. The compounds have shown a 

responsive emission enhancement upon binding with Plk1 in an aqueous medium. In 

vitro, they can trigger G2-M phase arrest and inhibit the cancer cells specifically as Plk1 

is overexpressed in cancer cells.  
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In chapter 4, I report a proof –of-concept study. I have designed and synthesized a 

platinum–europium complex (PtEuL401) as a controlled delivery vehicle of cisplatin. 

It can give a responsive emission during the drug delivery process in vitro. Compared 

with the existing prodrugs, a real-time monitoring of the therapeutic process is offered 

with our complex. Also, the long emission lifetime of the lanthanide creates room for 

further development in time-resolved imaging protocols which can eliminate the 

problem of autofluorescence. 

My work have been shown the possibility of combinatorial effect on lanthanide 

spectroscopy, peptide chemistry and organic synthesis for the development of 

photodynamic and photodissociation drugs. Through the systematic development 

described in chapter 2, 3 and 4, several lanthanide-organic compounds were 

characterized as responsive biomedical probes for targeting, monitoring and inhibition 

of cancer diseases.  
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Chapter 2 Responsive Luminescent Europium Complexes 

for Cyclin A In vitro Imaging 

 

2.1 Introduction 

Cyclin-dependent kinases (CDKs), cyclin regulatory subunits and their natural 

inhibitors CDKIs, are all central and crucial to cell cycle regulation [1]. When it comes 

to cancerogenesis, the activity of the Cyclin A/CDK2, one of the key cell cycle kinases, 

is overexpressed and CDKs interact with the critical cell cycle substrates through cyclin 

binding motif, giving rise to a new target for the anti-cancer purpose [2-3]. 

To date, there has still been an unknown about how the cell renews itself in terms 

of the functional overview and molecular mechanism [4]. Recently, evidence has been 

presented that the cell cycle and Cyclin A play roles in this process. This provides a 

most direct analytical method for visualization of the cell cycle’s regulation via 

observing the whole cell cycle regulation process [5]. Fluorescence is commonly used 

to study endogenous proteins — either labeling with a primary antibody followed by 

amplification with a secondary antibody-organic dye conjugate or tagging with green 

fluorescent protein (GFP) to any cDNA of interest [6]. However, both approaches are 

not perfect — the former is limited by fixation and permeabilization problems, while 

the latter always entails ectopic expression and transfection for GFP-tagged protein 

delivery into the cell. Recently, the use of peptides has become a decent solution, but 

their non-emissive and cell penetrative natures make themselves impossible for 
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continuous observation of endogenous cell cycle regulators in live cancer/stem cells, 

let alone evaluation of their inhibition or imaging efficiencies [7].  

As such, developing multi-functional cell-permeable lanthanide complexes 

conjugated with cyclin-specific peptides provides an opportunity in taking such 

research (as practical anti-tumor agents) into the next stratum. Emissive lanthanide ions 

endowed with long emission lifetimes (effective elimination of biological 

autofluorescence in time-resolved spectroscopy) and characteristic hypersensitive 

emissions (providing real-time information about the effect on coordination 

environment by surrounding entities) become a rising star [8-9].  

To the best of our knowledge, there is still a dearth of research on responsive 

luminescent materials as Cyclin A target-specific probes [10]. The most practical work 

is our group’s two-photon induced responsive europium complex conjugated with a 

tailor-made Cyclin A-specific peptide of which enhanced Eu emission has been 

observed after successful binding. This illustrates the possibility of using lanthanide 

complexes conjugated with cyclin-specific peptides as imaging probes. However, there 

is much room of improvement for the overall quantum efficiencies of our pervious 

complexes (less than 10% after cyclin A addition), and there is still great desire for the 

advent of more practical imaging tools for the cyclin proteins [11-12].  

Herein, six water-soluble cyclen based europium complexes had been synthesized 

with one pyridine-based antenna, two different linkers and three different Cyclin A-

specific peptides. (Figure 2.1 and Scheme 2.1) Comprehensive studies of their 

structural designs and in vitro activities had been carried out with various experimental 
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methods. The binding affinity (via emission and western blot), cellular uptake (via ICP-

MS) and in vitro imaging of the six complexes to Cyclin A had been examined both in-

situ and in vitro. Eu-L2-P3 exhibited a much stronger responsive luminescence 

enhancement (detection limit, 5 nM), and much higher cellular uptake and Cyclin A 

binding affinity that has set off to advantage for Cyclin A imaging in-situ than the other 

five counterparts. Furthermore, selectivity assays of Eu-L2-P3 towards human serum 

albumin (HSA), bovine serum albumin (BSA), Cyclin A, Cyclin D, bicarbonate, citrate 

and water have revealed that it binds exclusively to the Cyclin A with enhanced 

responsive luminescence. Overall, Eu-L2-P3 lends itself to being an outstanding Cyclin 

A-specific imaging bio-probe. 

It is believed that this comprehensive study could definitely be a big step forward 

in developing a new generation of lanthanide complexes conjugated with responsive 

chromophores and cyclin specific peptides as new generation Cyclin A-specific 

imaging probes. It is hoped that success in this research could pave the way for success 

in the practical usage and cast new light on the future development and application of 

the lanthanide cell penetrating peptides.  

 

Figure 2.1 The structures of europium complexes as responsive luminescent probes for 

imaging of Cyclin A. 
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2.2 Results and Discussion 

2.2.1 Synthesis of the target europium (III) complexes 

The synthesis of the target europium complexes were shown in the scheme 2.1. It 

divide into preparation of peptide fragments (Scheme 2.1a), preparation of cyclen based 

ligand carboxylic acid (compound 201 and compound 202, Scheme 2.1b), conjugated 

the ligand carboxylic acid with peptide fragments, metal complexation and 

purification.(Scheme 2.1c) The final target europium complexes were purified by semi-

preparative reverse phase -HPLC and characterized.  

 

 

 

Scheme 2.1 a) Synthesis of peptide fragments. 
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Scheme 2.1 b) Synthetic routes for the key intermediates 201 and 202.   

 

 

Scheme 2.1 c) Synthetic routes for the target europium complexes. 
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2.2.2 Analysis of Cyclin A binding via peptides and designed ligands and the 

europium complex 

2.2.2.1 The structural analysis of Cyclin A binding via peptides and designed 

ligands 

Cyclin groove binding peptides can exert selective inhibition on the 

CDK2/CyclinA activities to overcome CDK abundance [13-17]. We have previously 

reported the peptide –GGAKRRLIF-NH2 conjugated with Eu-Ligand for live imaging 

of the cellular Cyclin A. However, strenuous combinatorial optimization of the ligand, 

the chromophore as well as the linker between Eu-cyclen and the peptides is required. 

Molecular modeling was, therefore, performed using AutoDock Vina [18]. To compare 

the relative binding affinities of Ligand-Peptides with the Cyclin A2 (PDB: 1OKV). 

Peptide P1 (-GAKRRLIF-NH2) and P2 (-GGAKRRLIF-NH2) have been precisely 

docked to the cyclin groove of the Cyclin A2 protein, which is, away from CDK2, a 

major hydrophobic environment formed by α-helix (210-MRAILVDWLVEVG-222). 

Apart from this, Asp216 (D216) contributes its acidic residues to ionic interaction with 

basic peptide residues (Lys2). The flexible G or GG linkers provide a “U” type torsion 

of a Cyclin-Ligand-Peptide complex (Figure 2). Interestingly, further extension of the 

linker with hexane chain can enhance the hydrophobic interaction of the peptide to the 

α-helix with its long carbon chain P3 (-Hex-GAKRRLIF-NH2), yielding a theoretical 

binding affinity of -9.0 kcal/mol. Then the pyridine-based antenna and the cyclen and 

their ligands were all introduced into the peptides for complex docking. As expected, 
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cyclen-ligand-antenna group can form a “U” type with the peptides, which facilitates 

the binding of the whole molecule to the protein. Comparing with acetamide, the linker 

methane shortens the distance between the cyclen and the antenna, facilitating energy 

transfer process without impairing the binding of the whole molecule to the protein. 

(Table 2.1) 
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Figure 2.2 The molecular docking of the binding between Cyclin A (PBD: 1OKV) and 

peptides (Pn, a-c) as well as the ligands (L1Pn and L2Pn， n = 1-2, d-i). 

 

Table 2.1 The calculated binding affinities between Cyclin A and peptides or ligands.  

 kcal/mol  kcal/mol  kcal/mol 

P1 -8.6 L1-P1 -10.9 L2-P1 -10.3 

P2 -8.5 L1-P2 -11.2 L2-P2 -10.6 

P3 -9.0 L1-P3 -11.3 L2-P3 -11.6 
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4.2.2.2 Analysis of cyclin A binding affinity with six europium complexes  

To confirm the cyclin A specific binding interaction, luminescent titration analysis 

(binding constant) and western blotting were carried out via monitoring the emission 

(Figure 2.5), and the distance migrated during gel electrophoresis (Figure 2.7) as a 

function of concentration of the cyclin A. As for selectivity assay, the same experiments 

were carried out with numerous proteins (Cyclin A, Cyclin D, HSA, BSA) and small 

biological molecules (bicarbonates, urates and citrates) that can be found in vitro. 

(Figure 2.6)   

 

a) Via responsive lanthanide emission   

The solution state electronic absorption and emission spectra were recorded for 

the Eu3+ complexes at room temperature. The UV-absorption bands of the complexes 

(Figure 2.3) are ~8 nm red-shifted after complexation. The absorption spectra of the 

complexes present similar bands to their absorption spectra after addition of the proteins, 

which are located at ~240-280 nm and 330 nm attributed to intraligand excitations. (ε 

= 3500 M-1 cm-1) The emission spectra of the six europium complexes were monitored 

in the aqueous solution and the comparison of luminescence quantum efficiency of 

europium complexes was recorded with the integrated sphere (Figure 2.5, 5 and 6). 

Under the same excitation at 330 nm, the europium emission band shapes and ratio (5D0 

 7F2: 
7F4) of six complexes are similar. All features correspond to luminescence from 

the 5D0 state and the terminal multiplets are marked in the figures, noted that the figures 
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have been arbitrarily scaled so that the area under the bands due to the 5D0 → 7F1 

transition is the same in each case. (Figure 2.4) The quantum yield values were found 

to be similar in the same series, which are 3 % for Eu-L1-Pn (n = 1, 2 and 3) and ~8 % 

for Eu-L2-Pn (n = 1, 2 and 3), with the emission ranging between 550-720 nm. A series 

of Eu-L2-Pn are supposed to be better imaging probes as they exhibit stronger antenna 

efficiencies than Eu-L1-Pn. The fact that the donor nitrogen in the pyridine available 

directly coordinates to the europium is the key. With the same absolute emission 

quantum yield, Eu-L2-Pn has longer emission lifetimes than Eu-L1-Pn, and both of 

them are in microsecond scale. (Eu-L2-Pn = ~1.5 ms; Eu-L1-Pn = 1.0 ms)  

Responsive europium emission enhancements can be obtained in both cases using 

Eu-L1-Pn (n = 1, 2 and 3) and Eu-L2-Pn in difference manner, especially the complexes 

with peptide P3 (=-HAKRRLIF-NH2). The most impressive emission quantum yield 

enhancement (three-fold enhancement) can be achieved by Eu-L2-P3, (ϕiniital = 8 %, 

ϕ100nM Cyclin A = 21%, Figure 2.5) and it is strong enough for in vitro imaging. The 

two-photon absorption cross-section of complex Eu-L2-P3 is around 86 GM. (Initial 32 

GM, GM = 10 −50 cm4 s photon−1 molecule−1). Multi-photon confocal laser scanning 

microscopy offers excellent resolution for three-dimensional images of fluorescently 

labeled live samples with specific excitation in the micrometer range. Upon two-photon 

excitation, simultaneous absorption of the two infrared photons that are specific and 

intrinsic to the fluorescent molecules used as specific labels for the biological structures, 

organelles, and molecules gives emission in the visible region for image construction.  

After the addition of Cyclin A, only Eu-L2-P3 show cased the responsive europium 



46 

 

emission enhancement in all five transitions (5D0 →
7FJ, J = 0 - 4) . The ratio of magnetic 

dipole (5D0 → 7F1) and electronic transition (5D0 → 7F1) of Eu-L2-P3 are constant; these 

two transitions hinge on the covalency and/or structural change in the vicinity of the 

europium ion. In this present study, Eu-L2-P3 did not show the significant variation 

(only intensity increased proportionally) in-between 5D0 → 7F1 (magnetic dipole) and 

7F2 (electronic dipole), indicating that the complex Eu-L1-P3 would bind to the cyclin 

A, without considerable changes for the antenna. Despite this, the “long range effect” 

can be observed via the 5D0 → 7F4 transitions; on the contrary, the 7F4 oscillator strength 

seems to be related to changes which do not affect the direct surroundings of the Eu ion 

but only bulk properties of the medium. (Figure 2.7) In this study, throughout the 

addition process, the 7F4 oscillator strength increased proportionally with the overall 

europium quantum yield. (Initial: Emission intensity, 7F1:
7F2:

7F4 = 1:1:1 and after 100 

nM Cyclin A addition, 7F1:
7F2:

7F4 = 1:1:2.3) [19-20]. 

Europium luminescent titrations were carried out in order to work out the binding 

affinity of Eu-L2-P3 to Cyclin A in aqueous (Cyclin A was first lyophilised to solids 

and then added to the complex solution) using the simulated extra cellular anion mixture. 

The binding constant and rate of Eu-L2-P3 to Cyclin A were determined. As shown in 

the Figure 2.5. The protein affinity of Eu-L2-P3 can be described by an apparent binding 

constant. Values for logK = 5.83 were calculated from the 5D0  7F2 intensity versus 

[cyclin A] plot and binding ratio is 1:1.  

The binding selectivity of the six complexes Eu-L1-Pn and Eu-L2-Pn (n = 3) was 

investigated based on the europium emission at 618 nm (5D0  7F2) in the aqueous 
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solution towards various proteins (Cyclin A, Cyclin D, HSA and BSA) and biological 

small molecules, such as citrate, urates and bicarbonates. With the addition of these 

protein and anions, only Cyclin A will induce the emission enhancement for Eu-L1-P2 

Eu-L1-P3 Eu-L2-P2 and Eu-L2-P3 in different level. No emission variation was found 

with the addition of Cyclin D and HSA. Slight emission quenching was observed with 

the addition of three anions and BSA (Figure 2.6). As shown in figure 2.6, Eu-L2-P3 

exhibits a very high selectivity for the detection of Cyclin A monitored in the visible 

responsive regions and almost has no positive response to other proteins/anions. 
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Figure 2.3 The UV absorption spectra of Eu-L2-P3 in aqueous solution with addition 

of Cyclin A. 

 

 

Figure 2.4 The emission spectra of Eu-L1-P3 and Eu-L2-P3 in aqueous solution. (1 M, 

ex = 330 nm)  
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Figure 2.5 The responsive emission of complex Eu-L2-P3 (20 M) binding with 

various concentrations of cyclin A (5 nM to 300 nM) and (inset) binding affinity assay 

(ex = 330 nm). 

 
Figure 2.6 The selectivity assays of six europium complexes (20 M, em = 620 nm, 

5D0  7F2) with various proteins (Cyclin A, cyclin D, HSA, BSA) and biological small 

molecules (bicarbonates, citrate. urates) in aqueous solution.   
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b) Competitive binding assay via western blotting 

As p27/Kip1 is a well elucidated inhibitory protein of Cyclin A and this interaction 

can be used as competitive binding assay for Eu-L1-Pn and Eu-L2-Pn complexes. 

P27/Kip1 peptide were conjugated to SulfoLinker beads as described [21]. 2.5 μg 

peptides in 10 μL beads were incubated with 1 μM Cyclin A protein, by adding Eu-L1-

Pn and Eu-L2-Pn complexes for competitive binding. After 2 hours incubation at 4 oC, 

beads with peptide-protein complexes were collected after washing out of the free 

Cyclin A and chemicals. Peptide bound Cyclin A were examined by Western blotting 

using Cyclin A antibodies. Consistent with results of the excellent emission and binding 

affinity, Eu-L2-P3 inhibited the binding of Cyclin A to p27/Kip1 peptides in 

concentration dependent manner. In addition, Eu-L2-P3 also stood out as the most 

effective chemical to inhibit p27/Kip1-Cyclin A interaction. Normalized band density 

indicates visually the competitive binding activities of Eu-L1-Pn and Eu-L2-Pn 

complexes (Figure 2.7). 
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Figure 2.7 Eu-L2-P3 complex was capable of inhibit the binding of CyclinA to 

p27/Kip1-peptide. p27/Kip1-peptide Sulfolink beads were incubated with 1 μM 

CyclinA protein with different concentration of Eu-Ln-Pn complexes for competitive 

binding. The bound CyclinA were examined using anti-Cyclin A antibodies.  
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2.2.3 In vitro behaviours of europium complexes Eu–L1–Pn and Eu–L2–Pn, (n = 1, 

2 and 3) 

Ideal imaging probes for a specific protein should be without perturbing its 

functions and not toxic to the cell. The effect of the cell cycle distribution of the cells 

treated with the three peptide and six europium complexes had been studied by flow 

cytometry analysis of HeLa cell cycle treated with peptides or Eu-L1-Pn and Eu-L2-Pn 

complexes (20 μM each). 70% ethanol fixed cells were suspended in PBS and DNA-

stained by prodium iodide (20 μg/mL), then subject to cell cycle analysis under BD 

Biasciences FACSCalibur Analyzer. Phase distribution of cells was calculated using 

Flowjo 7.6.5 software and tabled. The results showed no obvious cell cycle phase 

distribution effected by the peptides and the complexes (Eu-L1-Pn and Eu-L2-Pn). 

(figure 2.8) Phosphorylation of Rb, P53 and E2F1 can well elucidate functions of 

CDK2/CyclinA during cell cycle. As showed in the figure 2.9, phosphorylation of Rb 

p-Ser807, Rb-Ser795, p53 p-Ser115 and E2F1 p-Ser337 were not significant changed 

with the treatment of the peptide and the europium complexes on the Hela cells 

compared with blank control. Consistent with flow cytometry analysis (Figure 2.8), the 

peptides and the Eu-L1-Pn and Eu-L2-Pn complexes show no obvious effect on 

CDK2/CyclinA regulated substrates. The toxicity of the peptides and the europium 

complexes against HeLa cells had been evaluated by MTT assays. The complexes of 

Eu-L1-Pn and Eu-L2-Pn (n = 1-3) have very low toxicity against HeLa cells. 

Given its interesting photophysical properties are within biological windows, 

especially with highly selectivity to Cyclin A, limited effect on the cell cycle and low 

toxicity (IC50 of Eu–L2–P3 = ~180 M, figure 2.8-2.10), further development of Eu-

L2-P3 to be an in vitro imaging Cyclin A probe becomes feasible. The examples of  
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Figure 2.8 Flow cytometry analysis of HeLa cell cycle treated with peptides or Eu-L1-

Pn and Eu-L2-Pn complexes (20 μM each). 70% ethanol fixed cells were suspended in 

PBS and DNA-stained by prodium iodide (20 μg/mL), then subject to cell cycle analysis 

under BD Biasciences FACSCalibur Analyzer. Phase distribution of cells was 

calculated using Flowjo 7.6.5 software and tabled. The results showed the low cellular 

toxic peptides and the Eu-L1-Pn and Eu-L2-Pn complexes show no obvious effect on 

the cell cycle. 
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Figure 2.9 Western blotting analysis of CDK2/CyclinA regulated cell cycle factors in 

HeLa cells treated with peptides or Eu-L1-Pn and Eu-L2-Pn complexes (20 μM each). 

Phosphorylation of Rb, P53 and E2F1 can well elucidate functions of CDK2/CyclinA 

during cell cycle. Consistent with flow cytometry analysis (Figure 2.3), the peptides 

and the Eu-L1-Pn and Eu-L2-Pn complexes show no obvious effect on CDK2/CyclinA 

regulated substrates.  

 

 

 

Figure 2.10 MTT assays show the low cellular toxicity of the peptides and the Eu-L1-

Pn and Eu-L2-Pn (n = 1, 2 or 3) complexes to human cervical carcinoma HeLa cells. 
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long-lasting in vitro Cyclin A specific probes are still uncommon, especially can be 

excited via two-photon laser in near-infrared region. The comprehensive in vitro studies 

have been carried out in various cell lines through linear and also multi-photon 

microscopy.  

  

2.2.3.1 Cellular uptake via ICP-MS  

Over the past decades, peptides have been intensely developed and applied for 

biological applications. However, such research scope is rather horizontal than vertical, 

since studies on their cellular uptake properties are yet to be investigated thoroughly 

and systematically. It is understood that no matter how powerful the therapeutic or 

imaging agent is, it is meaningless should it not be taken up by cells effectively. In this 

respect, ICP-MS was widely used to study the cellular uptake properties of metal 

complexes, which can provide an ample amount of information on predicting the design 

of novel metal complexes for biological applications with decent cellular uptake 

properties.  

HeLa cells (Human Cervical Carcinoma Cell) were used to investigate the time-

uptake and localization profiles in vitro of the six europium complexes (Eu–L1–Pn and 

Eu–L2–Pn, n = 1, 2 and 3). Cellular-uptake experiments with carcinoma HeLa cells 

were performed to examine the targeting ability of the complexes. It was carried out in 

various concentrations of europium complexes (with complexes concentration between 

0.01 – 0.2 mM) for 6 hr. After the 6-hour incubation, the cells were rinsed for three 
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times and harvested for cell counts. The europium concentrations in the cells were 

determined by ICP-MS and the amount of europium per cell was calculated (Figure 

2.11). Analysis of those six complexes treated with HeLa cells by ICP-MS shows that 

both complexes can effectively enter the cancer cells in dependence of concentration 

for the level of cellular-uptake.  

Two series of europium are carried with the same overall charge in the molecules. 

For Eu–L2–Pn, n = 1, 2 and 3 with relatively rigid linkers between the cyclen core and 

the chromophore moiety, the amount of europium is appreciably more intense than that 

of itself being incubated for 1 hour, and those of Eu–L1–Pn, n = 1, 2 and 3, with a 

loosely bound linker. It could, therefore, be inferred that a rigid linker plays a role in 

aiding the cellular uptake of our complexes. Noteworthy, Eu–L2–P3, showed similar 

cellular uptake after incubation for 6 hours compared with Eu–L2–P1, and Eu–L2–P2, 

indicating that the selective binding of Eu–L2–P3 to Cyclin A should not be induced by 

the ease of cellular uptake.  
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Figure 2.11 The cellular uptake of Eu-L1-Pn – Eu-L2-Pn (n = 1, 2 and 3, incubation 

time = 6 hours in HeLa cells. 
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2.2.3.2 In vitro imaging with responsive emission to cyclin A in-situ 

Given that its interesting photophysical properties are within biological windows, 

as well as high selectivity to Cyclin A and low toxicity, further development of Eu-L2-

P3 to be an in vitro imaging Cyclin A probe becomes feasible. In vitro experiments had 

been conducted in two carcinoma cell lines (Human nasopharyngeal carcinoma HK1 

and human cervical carcinoma HeLa) with linear (Figure 2.12) and two-photon 

microscopes. (Figure 2.13 and 2.14) Eu-L2-P3 has manifested detectable emission 

within biological window (620 nm to 720 nm) via the excitation at 380 nm (Figures 8 

via linear absorption through UV laser excitation) and 800 nm (Figure2.13 and 2.14, 

via two-photon absorption through fs Ti:sapphire laser excitation), and indicated the in 

vitro responsive emission enhancement upon adding the Cyclin A into HeLa cells. 

(Figure 2.14j) 

Under the linear excitation in figure 2.12, the impressive red emission can be 

obtained in HK1 cells from our complex Eu-L2-P3 with 3 hours incubations. The doubt 

regarding whether this complex has selectivity for Cyclin A have been proved with two 

control experiments in figure 2.13 and 2.14 via two-photon microscope. (ex = 800 nm) 

The lambda scan inside two photon microscope can monitor the in vitro emission 

spectra (resolution = 4 nm) In figure 2.13a and 2.14, the complex Eu-L2-P3 shows the 

mild red europium inside the HeLa cells after 6-hour dosage time under excitation at 

800 nm, red emission (620 nm) could be detected in vitro of HeLa cells. The 

corresponding two-photon induced in vitro emission spectra were recorded in HeLa 

cells. 5D0 to 7FJ emission from europium in the complexes are observed in figure 2.14. 
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The negative control had been carried out with imaging experiments which worked on 

the cells with the treatment of siRNA (to inhibit the cyclin A generation, figures 2.13b, 

2.14j). The emission of europium diminished, which can be observed via the in vitro 

emission spectra. Furthermore, one more control experiment have been done with only 

inhibition of Cyclin D nor Cyclin A in figure2.13c, the mild red europium emission can 

be observed again and these series of experiments can show the selectivity of Eu-L2-

P3 in vitro for Cyclin A.  

 

 

 

 

Figure 2.12 The in vitro image of Eu-L2-P3 in HK-1 cells with the linear excitation 

(scale bar = 20m, ex = 380 nm).  
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Figure 2.13 Confocal microscopic analysis of subcellular localization of Eu-L2-P3 in 

HeLa cells. Two-photon confocal microscopy images of the red in vitro emission from 

Eu-L2-P3 (10 M, ex = 800 nm) with 3 hours exposure in (a) HeLa cells (treated with 

non-specific siRNA as negative control); (b) in HeLa cells treated with siRNA targeting 

CyclinA (for knockdown of Cyclin A); (c) in HeLa cells treated with CyclinD1 siRNA; 

(d) to (f) Bright field images of corresponding images in (a) to (c) respectively.   
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Figure 2.14 The two-photon induced in vitro images of Eu-L1-Pn and Eu-L2-Pn  

HeLa cells (ex = 800 nm, 20 M, a-l) and (m) the corresponding in vitro emission 

spectra of Eu-L2-P3 in HeLa cells and SiRNA treated HeLa cells (n: negative control, 

no cyclin A inside). 



62 

 

2.3 Conclusion 

Six water-soluble europium complexes with various antennas and cyclin A 

specific peptides have been synthesized with satisfactory yields (> 70 %) and their 

potential development as cyclin A specific in vitro imaging tools has been investigated 

in theoretically and experimentally simultaneously. The results worked out through 

calculation and experiments match with each other. The molecular docking has been 

done and L2-P3 is found to be the highest possibility of strong cyclin A binding between 

the six ligands. In the same vein, the performance of its motif structure Eu-L2-P3 is also 

the best at binding with the Cyclin A in aqueous medium and in vitro.  

Comprehensive binding assays between cyclin A and our europium complexes 

had been worked out in aqueous solution via emission titration. Eu-L2-P3 exhibited 

high sensitivity (5 nM) and selectivity (logKB = 5.83) for the Cyclin A in aqueous 

solution. The 21% overall emission quantum yield can be achieved and two-photon 

absorption cross-sections, 2, of Eu-L2-P3 were found to be ranged from 12 GM to 86 

GM upon addition 100 nM Cyclin A. The in vitro properties of six complexes towards 

HeLa and HK-1 cells were further explored and it is only Eu-L2-P3 that was recorded 

with strong fingerprint 5D0 to 7F2 in vitro emission with two-photon excitation at 800 

nm in HeLa cells. To be a good imaging agent, Eu-L2-P3 demonstrated its low dark 

cytotoxicity with ~80 μM of IC50 value in HeLa cells and also higher cell permeability 

in ICP-MS assays than the other five complexes.  

The selectivity of in vitro emission from Eu-L2-P3 with Cyclin A had been assured 

with two controls experiments using the HeLa cells. The negative control experiment 
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had been done with the HeLa cells treated with the Cyclin A inhibitor (siRNA). Pale or 

no red emission could be found. However, in the positive control experiment where 

only the Cyclin D was inhibited in the HeLa cells, red europium emission can be 

observed.  

With a hodgepodge of all specific features towards Cyclin A (the high selectivity, 

strong binding, low detection limit and threefold responsive emission quantum yield 

enhancement) and general lanthanide specific photophysical properties (long emissive 

lifetime and fingerprint in vitro emission bands), Eu-L2-P3 can be named as a direct, 

live, time-resolved imaging agent for Cyclin A in biological systems. 
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Chapter 3 Multi-modal Porphyrin Based Compounds for 

Key Cell Cycle Regulator- Plk 1 Imaging and as Cancer 

Cells Inhibition Agents 

 

3.1 Introduction 

Polo-like kinase 1 (Plk1) is a critical cyclin-independent serine/threonine protein 

kinase involving in many central cell cycle events. Within the molecule, Plk1 offers 

two distinct drug (anti-cancer) targets: an N-terminal catalytic domain and a C-terminal 

polo-box domain (PBD) that are responsible for the recognition of phosphorylation 

sequence and binding of the substrates [1]. Unlike normal cells, cancer cells have a 

higher demand for polo-like kinases to maintain cell cycle activities; hence some 

studies have found that the loss of Plk1 expression inside tumors can induce pro-

apoptotic pathways and growth inhibition [2]. To date, a few small molecules, such as 

ATP analogues and Plk-specific peptides, have been developed to inhibit Plk1 for 

cancer therapy. However, it is ineffectual for the former to bind to the kinase domain 

rather than the PBD and to be visualized indirectly, with their activation details/binding 

dynamics being uncertain as well [3-11]. Even though the latter is capable of blocking 

the PBD and potentially kill tumor cells via binding and inhibiting the highly expressed 

Plk1, it suffers significantly from the poor cellular uptake efficiency [12]. In this regard, 

a specific dual-function agent capable of simultaneous optical imaging and inhibition 
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can help scientists to study Plk1 more comprehensively and conveniently at both 

cellular and molecular levels. 

In this chapter, two porphyrin-based compounds (Por-P1 and Por-P2) had been 

synthesized with two different Plk1 specific peptides (P1 and P2) (Figure 3.2). 

Comprehensive studies of their structural designs and in vitro activities had been carried 

out with various experimental methods. It is the amphiphilic nature hydrophobic-

porphyrin and hydrophilic-peptides) of our designed compounds that (improves their 

cell permeability. The binding affinity (via porphyrin emission), cellular uptake (via 

flow cytometry) and selectivity (via selectivity assays against human serum albumin 

(HSA), bovine serum albumin (BSA), Cyclin A, Cyclin D, bicarbonate and citrate) of 

Por-P1 and Por-P2 had also been carefully examined. Upon administration of Por-P2, 

interruption of the cancer cell growth was observed and direct imaging was available. 

Overall, our molecule Por-P2, exhibiting much stronger enhanced responsive 

luminescence and much higher cellular uptake and binding affinity for Plk1, lends itself 

to being an outstanding dual bio-probe which manages to monitor and inhibit Plk1 

functions as new-generation anti-cancer agents. Progress success in this research 

prophesies a new perspective of future development and application of the Plk1 specific 

imaging and inhibitory small molecules for anti-cancer purposes. 
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Figure 3.1 The structure of Plk1 and its role in the cell cycle. 

 

 

Figure 3.2 The chemical structures of Pn and Por-Pn (n = 1 and 2). 
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3.2 Results and Discussion 

3.2.1 Synthesis and characterization 

The synthesis of Por-P1 and Por-P2 is shown in the scheme 3.1. It was stared from 

preparation of porphyrin compound 301 by using of one pot boiling method with 15% 

yield. Zinc (II) ion was inserted into the porphyrin core with up to 98% yield. TMS 

group on the porphyrin compound 302 was removed to obtain the precursor 303. After 

the Sonogashira coupling reaction of formed alkyne terminal zinc (II) porphyrin and 4-

idole aniline with the catalysis of Pd(PPh3)2Cl2 and CuI, zinc ion was removed under 

acidic condition to give compound 305. The overall yield of these four steps is up to 

85%. The key precursor, compound Por-COOH, was obtained by amindation of 305 

with glutaric anhydride in DCM at room-temperature. Resin loaded peptide was reacted 

with the Por-COOH under catalysis of PyBOP and DIPEA in DMF. The solid resin 

was washed and dried and then treated with TFA/TIS/H2O (90 : 5 : 5) cocktail to obtain 

free peptide-porphyrin conjugate. The resin was then filtered out, and the TFA filtrate 

was concentrated under reduced pressure. The residue was washed with diethyl ether 

and dried under reduced pressure to give the porphyrin peptide conjugates Por-P1 and 

Por-P2 as dark red solids. 
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Scheme 3.1 The synthetic route for Por-Pn (n =1 and 2). 
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3.2.2 Molecule docking for theoretical binding energies. 

We had estimated the binding fitting via molecular modelling (AutoDock Vina) 

by comparing interactions between peptides and their porphyrin-peptide conjugates 

Por-P1 and Por-P2, and the Plk1 protein structure (Figure 3.2) [13]. Peptide P1 

(PLHSpT, the phosphorylated-peptide) and P2 (PLHSD, the phosphor-mimic peptide) 

had been precisely docked onto the amphiphilic pockets of PBD domain named PB1 

and PB2 respectively. The phosphorylated-threonine (pT) or Asp (D) interacts 

electrostatically with His538 and Lys540, while PLHS formed hydrogen bonding with 

Trp414 and van der Waals interactions with β–sheet backbone (Phe535). Peptides P1 

and P2 have theoretical binding energies of -8.1 and -8.2 kCal/mol respectively towards 

Plk1. In effect, porphyin-peptide conjugates Por-P1 or Por-P2 can provide much 

diverse and spread binding surfaces to Plk1 due to their extended molecular length and 

torsions after conjunction with amphiphilic porphyrin. These enhance the binding 

affinities of Por-P1 and Por-P2 to Plk1, with respective calculated values of -8.6 and -

9.4 kcal/mol, thereby showing that Por-P2 does interact more favourably than Por-P1 

with Plk1. 
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Figure 3.3 The binding fitting via molecular modeling for the comparisons of 

interactions between (a) P1, (b) P2, (c) Por-P1, (d) Por-P2 and Plk1 structure. 

 

Table 3.1 Theoretical binding energies of P1, P2, Por-P1 and Por-P2 to Plk 1. 

Chemical name Theoretical binding energies / kcal mol-1 

P1 -8.1 

P2 -8.2 

Por-P1 -8.6 

Por-P2 -9.4 
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3.2.3 General photophysical properties of the compound Por-P1, Por-P2 and Por-

COOH 

(a) Electronic absorption spectra 

The electronic absorption spectra of Por-COOH, Por-P1 and Por-P2 have been 

determined in HEPPES buffer (10mM HEPPS, pH = 7.4, 150 mM NaCl). The three 

porphrin compound shown porphyrin typical absorption bands ( figure 3.4), an intense 

Soret band around 430nm and four weak Q bands in 520, 560, 595 and 650 nm. There 

is a band around 300 nm is attribute to the →* of the N-(4-(phenylethynyl)phenyl) 

amide moiety in the meso position of porphrin.  
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Figure 3.4 The electronic absorption spectra of Por-COOH, Por-P1 and Por-P2 in 

HEPES buffer (10 mM HEPES, pH=8.0, 150 mM NaCl).  
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(b) Emission spectra and pKa of Por-P1 and Por-P2 

In aqueous solution, Por-P1 and Por-P2 give impressive red emissions at ~650 and ~725 

nm arising from the porphyrin moiety upon excitation at 430 nm (figure 3.5). The 

emission quantum yield of the two compounds, Por-P1 and Por-P2 were measured by 

compared their mission spectra with H2TPP. The two compounds exhibit similar 

mission quantum yield em = 21%, 22% and 18% for Por-P1, Por-P2 and Por-COOH 

respectively. 

pH can affect lots of biological processes In general, it is assumed that bio-

membrane space might be influenced by pH changes occurring in the matrix as a result 

of variations of mitochondrial volume or Δψm, and/or in cytosol by the presence of H+ 

microdomains generated by other organelles, for examples lysosomes - endosomes, or 

by the activity of plasma membrane H+ transporters. Therefore, the subject of acid-base 

homeostasis in the secretory pathway of the living cell has attracted considerable 

attention over the past several decades [14]-[15].  

Our goal is the development the practical bioprobes for imaging and inhibition 

Plk1, our compounds sensitivity to pH have to be determined. pH titration of the Por-

P1 and Por-P2 was performed on 1 μM samples dissolved in 3 mL HEPES buffer whose 

pH was adjusted by small addition of NaOH/HCl. Figure 3.6 and 3.7 displayed the 

emission plots against the PBS solution of different pH values (from 3 to 12) in Por P1 

and Por -P2, Overall, no obvious emission profile and wavelength shift was found in 

these compounds, which indicates no collapse of the porphyrin macrocycle occurs even 

in the strong acid condition. The pKa of two compounds are ~6.3 (Por-P1) and ~5.9 



75 

 

(Por-P2).  
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Figure 3.5 The emission spectra of Por-COOH, Por-P1 and Por-P2 in HEPES buffer 

(ex = 430 nm and 5M). 
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Figure 3.6 The emission spectra of Por-P1 in different pH (3 to 12, λex = 430 nm, 1 M 

in HEPES buffer). 
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Figure 3.7 The emission spectra of Por-P1 in different pH (3 to 12, λex = 430 nm, 1 M 

in HEPES buffer).  

 

 

Figure 3.8 The plot of emission and pH changes of Por-P1 and Por-P2.  
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(c) Singlet oxygen quantum yield. 

Excited porphyrin compound could transfer energy from its triplet excited stated 

(T1) to molecular oxygen in ground state to generated singlet oxygen. Singlet oxygen 

is high reactively, it is most important reactive oxygen species (ROS) in photodynamic 

therapy. So it is quite important to evaluate the single oxygen quantum yield of a 

luminescent probe or photo-sensitizer for PDT. The singlet oxygen quantum yields (ФΔ) 

of the two compounds Por-P1 and Por-P2 were determined in CHCl3 by comparing the 

singlet oxygen emission intensity of the sample solution to that of a reference 

compound (H2TPP, ΦΔ = 0.55 in CHCl3) according to below equation,  

ΦΔ
𝑆 =  ΦΔ

𝑅  ×  (
𝑛𝑆

𝑛𝑅
)

2 𝐺∆
𝑆

𝐺∆
𝑅  ×  

𝐴𝑆

𝐴𝑅
 

 

where ФΔ is the singlet oxygen quantum yield, GΔ is the integrated emission intensity, 

A is the absorbance at the excitation wavelength, n is the refractive index of the solvent. 

Superscripts R and S correspond to the reference and the sample, respectively. In all 

measurements, the 1O2 emission spectra were obtained using an excitation with the 

absorbance set at 0.1 in order to minimize reabsorption of the emitted light [16]. The 

determined singlet oxygen quantum yield of the two compounds are quite similar 45% 

and 44% for Por-P1 and Por-P2 respectively. The high singlet oxygen quantum yield 

of the two compounds Por-P1 and Por-P2 indicate the high potential of the two 

compound as PDT agents. 
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3.2.4 Binding assays via emission titration  

In the emission titration assays, only Por-P2 can displays an obvious enhancement 

of the emission upon binding with Plk1. The emission intensity of Por-P2 was more 

than double upon addition of Plk1 from 2 nM to 200 nM (figure 3.9). There is no 

significant emission change when addition of Plk1 to the solution of Por-P1. This is 

maybe because of weak interaction between Por-P1 and Plk1.  

The selectivity of Por-P1 and Por-P2 has been confirmed also by the emission 

titration in the presence of other biological small molecules and proteins (figure 3.10). 

HAS have nothing to do with the two compounds. Zinc (II) ion quenched the porphyrin 

slightly, which is should be due to the zinc (II) ion enhancement on the degree of spin-

orbit coupling, which is so called ‘heavy atom effect’ [17]. This could happened ether 

when zinc (II) binding to the peptide moiety or zinc (II) ion inserting to the porphyrin 

core. Coper (II) ion has similar interaction with zinc (II) ion to the two compounds. 

However, coper (II) quenched the emission more efficiency, which is agree with the 

literature’s reports because of the fluorescence quenching properties of copper (II) ion 

[17]. 
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a) 

 

b) 

 
Figure 3.9 The responsive emission of Por-P1 (a) and Por-P2 (b) upon addition of Plk1 

in HEPES; b (insert) the plot of the change of porphyrin emission intensity at 650 nm 

vs. the increasing concentration of Plk1. 
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a) 

 
b) 

 

 

Figure 3.10 The emission change of Por-P1 (a) and Por-P2 (b) upon addition of Zn2+, 

Cu2+ and HAS (1 M in HEPES buffer, ex = 427 nm). 

550 600 650 700 750 800

0

100000

200000

300000

400000

500000

600000

 

Por-P
1


ex

: 427nm
E

m
is

s
io

n
 I
n

te
n

s
it
y
/ 
a

.u
.

Wavelength/ nm

 Por-P
1

 Por-P
1
+ 1mM Zn

 Por-P
1
+ 1mM Cu

 Por-P
1
+ 1M HSA

550 600 650 700 750 800

0

50000

100000

150000

200000

250000

 

 

Por-P
2


ex

: 427nm

E
m

is
s
io

n
 I
n

te
n

s
it
y
/ 
a

.u
.

Wavelength/ nm

 Por-P
2

 Por-P
2
 + 1M HSA

 Por-P
2
 + 1mM Cu

 Por-P
2
 + 1mM Zn



81 

 

3.2.5 In vitro behaviours of the compounds Por-P1 and Por-P2 

(a) Monitoring of cell cycle regulators change when cell treated with the two 

compounds via western blotting. 

As far as the specific effect of our peptide conjugates towards the cellular polo-like 

kinase is concerned, western blotting was carried out to examine the cells treated with 

the two candidates (Por-P1 and Por-P2). HeLa cells treated with Por-Pn were subject 

to western blotting examined for Plk1 as well as key cell cycle regulators Geminin, 

Rb(p-807), cyclin A or cyclin B1 and their partner kinases CDK1 and CDK2. Cyclin 

A, cyclin B1 and CDK1 or CDK2 were slightly elevated after the Por-Pn treatment, 

substantiating G2 arrest of cell cycle in 1 and 10 μM, but obviously reduced in 20 μM, 

which, in turn, suggests the cell death and removal of proteins under severe PlK1 

inhibition. The results suggest that Por-P2 interacts with the polo-like kinase protein in 

live cell, while Por-P1 demonstrates obviously less potency to exert the effect) 

correspond well with each other and confirm that Por-P2 has strong and specific effect 

on pole-like kinase (figure 3.11). 
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Figure 3.11 Western blotting of key cell cycle regulators in HeLa cells after treated 

with Por-P1 and Por-P2. Tubulin was blotted as loading control. 
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 (b) In vitro imaging and cellular uptakes 

Por-P1 and Por-P2 have manifested the same detectable emission within the 

biological window (600 to 800 nm) via linear and near-infrared two-photon excitations 

at 430 nm and 860 nm respectively. The in vitro uptake behaviors of Por-P1 and Por-

P2 are similar and have been monitored by confocal microscopy in HeLa cells under 

the same experimental conditions (figure 3.12). From the in vitro imaging, the red 

emission of Por-P1 and Por-P2 are found inside the cytoplasm in HeLa cells with upon 

one hour incubation. Por-P1 and Por-P2 show the red emission in vitro with similar 

subcellular localization, but different in vitro emission intensity. The doubts about the 

selectivity towards the Plk1 of the two amphiphilic compounds have been overcome 

with in vitro emission spectra in figure. 3.12e via lambda scan in confocal microscope 

(ex = 430 nm). The lambda scan inside confocal microscope can be used to monitor 

the in vitro emission spectra (resolution = 6 nm). Similar to the results of the titration 

experiments with Plk1 in aqueous solution, the in vitro emission intensity of Por-P2 is 

much stronger than Por-P1 under the same excitation and laser power in the HeLa cells 

(figure 3.12e). The responsive emission in vitro indicates the selectivity of Por-P2 bind 

toward Plk1. 
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Figure 3.12 The two-photon induced (a-d, ex = 860 nm) in vitro images and (e, ex = 

430 nm) linear induced in vitro emission spectra of Por-P1 (a and b) and Por-P2 (c and 

d) in HeLa cells. (Dosed concentration = 1 M). 
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(c) Cell cycle and cytotoxicity studies. 

Over expressed Plk1 level is well-observed in various kinds of cancer. As such, it 

is necessary to clarify the inhibitory activity of the two porphyrin moieties (Por-P1 and 

Por-P2) in cancer (HeLa) and normal (MRC-5) cell lines prior to any further 

investigation and application. Two experiments (cell cycle flow cytometry, and 

dark/light cytotoxicity assays) had been carried out to study the capability of Por-P1 

and Por-P2 to interrupt the cell division. The flow cytometric analysis was conducted 

to examine the cell cycle phase distribution (G1, G2 and S phases) of the Por-P1/Por-

P2 treated HeLa and MRC-5 cells. Treatments with Por-P1/Por-P2 (1 to 20 M) and 

blank (no dosage of compounds) had been worked out. Cell phase distributions were 

then calculated (figure 3.13). Uncontrolled proliferation is the main feature of cancer 

cell; therefore, it is possible to arrest the cancer growth by disrupting any phase of the 

cell cycle (G1, S, G2 and M). Added to this, it would be better if the agent can 

specifically work on cancer cell but not normal proliferating cells (such as liver, 

hematopoietic or germ cell) for safety concerns. Plk1 is a serine/threonine kinase that 

is essential for cell cycle mitotic progression, containing a unique PBD which can be 

selectively binded by phosphor-minic peptides or other analogs. Por-P1 and Por-P2 

treated cancer cells show an increase in G2 phases (P < 0.01), indicating the potential 

of Plk1 inhibition. On the contrary, Por-P1 and Por-P2 show no effect on normal cells 

(the red line in figure 3.13c and d). Especially, Por-P2 have the competence in 

interrupting the cell cycle, where the cell phase distribution are ~50% (G1), ~30% (S) 

and ~12% (G2) phase after the cells dosed with Por-P1/Por-P2. But in the control, the  
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Figure 3.13 Cell cycle studies of the Por-P1 and Por-P2-treated cancer (HeLa, a-b) and 

normal (MRC-5, c-d) cell lines. 
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Figure 3.14 Representative Half-Offset histograms of HeLa cells analyzed by Flow 

cytometry after treated with Por-Pn (n = 1-2). Figures were processed by using FlowJo 

7.6.1. Por-P1 or Por-P2 cause the HeLa cells arrested in G2/M phase in a concentration-

dependent manner, with an obvious G2/M peak in the concentration of 20 M.  

 

 
 

Figure 3.15 Representative Half-Offset histograms of MRC-5 cells analyzed by Flow 

cytometry after treated with Por-Pn (n = 1-2) (figure 3.13a and b). 
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As a potential anti-tumor agent, the selectivity toxicity parameter in the 

cancer/normal cell is of paramount importance. Both the Por-P1 and Por-P2 show the 

selectivity dark cytotoxicity toward cancer cells. In effect, Por-P2 exerts more 

significant inhibition effects (10% more) on HeLa cells than Por-P1 under the same 

dosed concentration (Figure 3.12a). The IC50 value of Por-P1 and Por-P2 in HeLa cells 

is 30 and 18 M, respectively. In the normal MRC-5 cells, no significant inhibition 

effects are observed under the same experimental conditions (Figure 3.14b). The IC50 

in cancer cells is 10-fold less than in normal cells. (IC50 value of Por-P1 and Por-P2 is 

~0.5 mM in MRC-5 cells) Plk1 inhibition causes cancer cell to undergo apoptosis, 

whereas exerts a slight effect on normal cell. In this work, porphyrin-Plk1 specific 

peptide conjugates (Por-P1 and Por-P2) possess dual functions of targeting and imaging 

of Plk1 in live cell as well as generating single oxygen to kill target cells. Porphyrin 

moieties are well-known for producing reactive oxygen species upon photo-excitation 

and can be the new generation of “smart-cancer specific” photodynamic therapy agents 

via Plk1 binding in vitro. The photocytoxicty of Por-P1 and Por-P2 are examined in 

the cancer and normal cell lines (Figure 3.16a and d). Correlated results in the 

cancer/normal selectivity are observed in dark and light cytotoxicity for Por-P1 and 

Por-P2. Significant cell deaths are only observed in HeLa cells, but not in normal MRC-

5 cells with the incubation of Por-P1 and Por-P2 under the same experimental 

conditions. Por-P1 and Por-P2 exhibit very similar singlet oxygen quantum yield. (~45% 

and ~44% in CH2Cl2 for Por-P1 and Por-P2 respectively) The selectivity binding 

toward Plk1 can be the critical factor for the greater light cytotoxicity in cancer cells. 
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Figure 3.16c and 3.16d show that Por-P2 is a better cancer cells selective photodynamic 

therapy agent than Por-P1. In cancer cells, a light dose of 4 J and 5 M of Por-P2 can 

then trigger ~40% cell deaths; whereas in normal cells, under the same conditions, the 

cytotoxicity is only ~15%. As for Por-P1, under the same conditions, the cell deaths of 

HeLa cancer and normal MRC-5 cells were found to be only ~18% and ~12%, 

respectively. 
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Figure 3.16 Cell death studies (a-b dark and c-d light cytotoxicity-the three columns of 

Y axis represent three concentrations of each dose of irradiation, 1 J , 2 J, and 4 J, of 

Por-P1 and Por-P2.) of the Por-P1 and Por-P2-treated cancer (HeLa) and normal 

(MRC-5) cell lines. 
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3.3 Conclusions 

In conclusion, a practical imaging and inhibition agent (Por-P2) has been 

synthesized for one of the most important kinases for human beings – Plk1. Such a new 

porphyrin moiety (Por-P2) conjugated with tailor-made Plk1 specific peptides as a dual 

probe shows selective and responsive NIR emission with Plk1 in aqueous and in vitro. 

It also displays interruptions of the cancer cell cycle and a low IC50 values in the cancer 

cells, but not in the normal cells. Por-P2 can, therefore, enable both Plk1 imaging and 

cancer cell division inhibition, being a promising system for the further development 

of new anti-cancer agents.  
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Chapter 4 Real-time In-situ Monitoring of Responsive Photo-

Dissociable Anti-tumor Cis-platin by Europium Emission 

 

4.1 Introduction 

Cisplatin is a highly effective chemotherapeutic drug against a variety of solid 

tumors, such as testicular and non-small cell lung cancers. It exerts its anti-cancer 

activity mainly via extensive DNA-adduct formation which triggers apoptotic cell death 

[1]. However, its vulnerability to attack by various proteins in blood, notably serum 

albumin and glutathione, hampers its delivery to the disease targets, resulting in many 

severe side effects (e.g., leucopenia, nephrotoxicity) that have limited its further 

application [2]. To overcome this problem, many cisplatin analogues which slow down 

its reaction with protein thiols have been developed. Other strategies such as its 

controlled release via encapsulation by micelles, nanomaterials as well as photo-

activated Pt(IV) prodrugs (i.e., systemic transport of cisplatin in a relatively inactive 

form and then re-activation by light at the target sites) have also been developed [3]. 

The major drawback of the prodrug in the literature is the difficult to trace their 

activities in vitro /in vivo [4]. Current methods to image drug activities and the tumor 

surrounding them in vitro are mainly relying on the primary fluorescent and secondary 

antibody conjugated to a signal-amplifying organic dye [5]. Nonetheless, emission 

lifetimes of commercial organic molecular probes are in the nano-second range and 

their broad emission bands are easily confused with auto-fluorescence. Their fixation 

and permeability are also crucial limitations. A driving force for the synthesis of 

lanthanide(III) complexes for imaging and cancer cell inhibition relates to their special 
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photophysical properties, such as long emission lifetimes (effective elimination of 

biological auto-fluorescence in time-resolved spectroscopy) and characteristic 

hypersensitive emissions (provide real-time information about the effect on 

coordination environment by surrounding entities) [6]. Owing to their forbidden f-f 

radiative transitions, appropriate organic antenna chromophores have to be 

incorporated to transfer energy and thus amplify lanthanides’ weak but hypersensitive 

and fingerprint emission [7]. Different organic chromophores with different levels of 

triplet state due to the intrinsic ligand properties can be employed for the tuning of 

lanthanide luminescence; chromophore-ion/target molecule binding interactions can 

also come into effect [8]. It is just a given that the energy gap between the first excited 

state of lanthanide emitter and the triplet state of antenna should be between ~2000 and 

~5000 cm-1 to undergo effective energy transfer and avoid the occurrence of back 

energy transfer [9]. Hence, this sensitization mechanism can serves as an intrinsic 

switchable luminescent off-on function for specific chemical sensing and biological 

imaging, and we make good use of this to undergo real-time monitoring of cisplatin 

releasing from our responsive lanthanide bioprobe.  

In this chapter, we proposed a proof-of-concept water-soluble lanthanide-cisplatin 

complex PtEuL401 from which cytotoxic cis-platin can be released only upon due 

irradiation to make an initially optically quenched Pt-Eu-L system subsequently highly 

emissive for direct monitoring. Such off-on responsive europium emission 

enhancement can then help to confirm the targeted delivery of cisplatin in aqueous 

solution and in vitro. 

We introduce a potential real-time traceable delivery vehicle for cis-platin in vitro 

through our biocompatible, cell-permeable and water-soluble cyclen-based lanthanide-

cisplatin complex (PtEuL401). (Figure.4.1) The cisplatin has been firstly coordinated 
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with the nitrogen atom of an isonicotinamide group on a rigid π-conjugated antenna of 

PtEuL401 subject for photocleavage with both UV/two-photon induced excitation 

sources. Under this state at close proximity, the excited states (S1 or T1) of the ligand 

moiety have been quenched via intersystem charge transfer. No emission can be 

detected. However, once the photo-dissociation of cisplatin is triggered, energy transfer 

from antenna’s triplet state to 1st excited of europium (III) take place with noticed 

significantly enhanced europium emission in an off-on manner. Comprehensive 

photophysical and in vitro studies, such as quantum yield, sensitization efficiency, 

emission lifetime, DNA binding and cleavage ability, dark cytotoxicity and 

photocytotoxicity, of PtEuL401 have been conducted. The finding of this work 

potentiates our PtEuL401 as a traceable and photoactivatable chemotherapeutic agent 

for the direct real-time monitoring of controlled and targeted delivery of cisplatin. 

 

 

Figure 4.1 The schematic diagram of photo-responsive luminescent anti-cancer agent 

PtEuL401. 
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4.2 Results and Discussions 

4.2.1 Synthesis and characterization of the complexes PtLnL401 and LnL401. 

 

Scheme 4.1 The Synthetic route for PtLnL401 and LnL401 (Ln = Eu, Gd) 

 

The complexes PtLnL401 and LnL401 (Ln = Eu and Gd) were prepared as shown 

in the scheme 4.1. Compound 402 was synthesized by using of isonicotinic acid and 4-

iodoaniline under the condition of EDCI and DMAP in DCM with high yield. The 

preparation of compound 209 was showed in chapter two. The chromophore alcohol 

compound 404 obtained with 95% yield by using Sonogashira coupling reaction of 

compound 402 and 209 with the catalysis of Pd(PPh3)2Cl2 and CuI. Following by the 

mesylation of the alcohol, compound 404 was converted into its corresponding 

mesylate, which created a good electrophile with a good leaving group. The mesylate 
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intermediate further reacted with tBuDO3A to obtain the key ligand precursor 

compound 401. The ter-butyl ester on the 401 were hydrolyzed with TFA at room 

temperature. Remove of the solvents, the ligand L401 obtained with quantitative yield. 

Complexation of Ln (III) acetic hydrate with L401 in aqueous solution gave complex 

LnL401. (Ln = Eu and Gd) Ln (III) acetic hydrate should be used instead of LnCl3 

hydrate in this case because of the coordination chloride anion to Pt(II) in next step. 

Cis-Pt(NH3)2ClNO3 was prepared with anion exchange by using AgNO3 to react with 

Cis-Pt(NH3)2Cl2. We finally synthesized the complexes PtLnL401 by ligand 

substitution of Cis-Pt(NH3)2ClNO3 with EuLn401 in DMF at 65 oC for 16 hours. DMF 

was removed out. The residue was dissolved in methanol, and the undissolved cisplatin 

was filtered off. The filtrate was added into large amount of diethyl ether; yellow white 

solids were precipitated and collected. These dissolving-filtration-precipitate 

procedures have to be repeated twice to obtain pure complexes PtLnL401. The 

complexes LnL401 and PtLnL401 have been characterized with high resolution ESI-

MS spectrometry. [M]+ or [M + H]+
 peaks can be found for the complexes LnL401 and 

PtLnL401. The isotopic patterns in the ESI-MS spectra are fitting well with the 

simulated one. For complexes PtEuL401 and PtGdL401 the ionized [M - NO3]
+ peaks 

are with strong intensity. We can also find some peaks assign to [M - NO3 – Cl + OH]+ 

which means the coordinated chloride anion can be replaced with OH- when water as 

the solvent of the complexes. (Figure 4.3-4.6) The complexes were further confirmed 

by reversed phase high performance liquid chromatography. Agilent ZORBAX SB-C18 

stable bond analytical 4.6 X 150 mm 5-micron column were used to separate the 
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components. Acetonitrile and water with 0.05% trifluoroacetic acid were the mobile 

phase. The solvent gradient is shown in Table 4.1. The retention times of the complexes 

are 11.92, 11.78, 10.63 and 10.60 min for EuL401, GdL401, PtEuL401 and 

PtGdL401 respectively. The retention time of the complexes with cisplatin moiety, 

PtEuL401 and PtGdL401 is about 1.2 min of the slower than their corresponding 

complexes without cisplatin moiety (EuL401 and GdL401). This is because the 

cationic complexes PtLnL401 have larger polarity than LnL401. (Figure 4.2) 
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ESI-HRMS characterization of the complexes LnL401 and PtLnL401 (Ln = Eu, Gd). 

 
 

Figure 4.2 ESI-HRMS spectrum of EuL401.  

 

 

 

 

Figure 4.3 ESI-HRMS spectrum of GdL401. 
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Figure 4.4 ESI-HRMS spectrum of PtEuL401. 

 

 

 

Figure 4.5 ESI-HRMS spectrum of PtGdL401. 

  

 

 



102 

 

Table 4.1 Solvent gradient for HPLC characterization of the four complexes and 

analysis of the photodissociation of PtEuL01. 

Time /min 0.05% TFA in water /% 0.05% TFA in CH3CN /% 

0.0 90 10 

5 90 10 

15 60 40 

20 90 10 

 

 

 

 

 

Figure 4.6 HPLC trace of Ln complexes. Experimental conditions: Agilent ZORBAX 

SB-C18 Stable Bond Analytical 4.6 X 150 mm 5-micron, 1.0 mL/min flow rate. 

Retention Time: EuL401 in 11.92 min, PtEuL401 in 10.60 min, GdL401 in 11.78 min 

and PtGdL401 in 10.63 min.  
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4.2.2 Photophysical properties of the complexes. 

The photophysical properties of our proposed complexes were determined in 

aqueous solution. The solution-state electronic absorption and emission spectra were 

recorded for the Eu3+ complexes at room temperature. The motif structure EuL401 is 

the proposed product of photo-dissociation of PtEuL401 and function as the control 

for the evaluation of the photo-dissociation of [Pt-(NH3)2Cl]+ from PtEuL401. 

Gadolinium analogues of the two complexes, GdL401 and PtGdL401, have also been 

synthesized for the determination of the triplet state of the cyclen-based ligand. The 

photophysical properties are summarized in Table 4.3. 

 

Table 4.2 Photophysical parameters of PtEuL401 and EuL401.. 

Complex EuL401 PtEuL401 

max / nm [a] 324 327 

/ M-1cm-1 [a] 22600 18600 

ET1/ cm-1 [b] 20202 22222 

(H2O)/ ms [c] 0.62 - 

 (D2O)/ ms [c] 1.99 - 

q[d] ± 0.2 [d] 1.0 - 

𝚽𝐋
𝐄𝐮/ % [e] 11.0 0.01 

[a] Absorption coefficient in H2O, 298K; [b] Triplet energy level of chromophore 

obtained from the phosphorescence of Gd analogy of the complexes (in H2O/glycerol 

v:v = 1:1, 77K); [c] Europium emission decay (em = 615 nm. 5D0→
7F2. ex = 325 nm); 

[d] q = 1.2 × [k(H2O) – k(D2O) - 0.25], k = -1; [10] [e] Overall europium emission 

quantum yield in H2O, by integrated sphere. [11]-[12] 
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4.2.2.1 Electronic absorption and emission spectra. 

The solution-state electronic absorption and emission spectra of all the complexes 

and ligands were recorded. (Figure 4.7a) The motif structure EuL401 is the proposed 

product of PtEuL401 after photo-dissociation, which is served as the control for the 

evaluation of the photo-dissociation of [Pt-(NH3)2Cl]+ from PtEuL401. The absorption 

band of PtEuL401 and EuL401 is located at the similar position at ~327 and 324 nm 

respectively, but the absorption coefficient of PtEuL401 is 22600 M-1 cm-1, which is 

4000 M-1 cm-1 higherr than that of EuL401. The possible reason is the Pt-to-L charge 

transfer band has mixed with the π  π*
 transition of the ligand. However, the emission 

quantum yield of PtEuL401 and EuL401 are reversed compared with their absorption 

coefficients. The emission spectra of PtEuL401 and EuL401 have been recorded in 

the aqueous solution. The EuL401 has demonstrated strong red emission in aqueous 

with 11% quantum yield. In PtEuL401, very weak europium emission can be obtained 

under the same experimental condition. (Table 4.2 and Figure 4.7b) The room 

temperature emission spectra of PtEuL401 and EuL401 under UV (ex = 325 nm) 

excitation into the ligand antenna are displayed in Figure 4.7b and exhibited the 

characteristic 5D0  7FJ, where J = 0- 4 transitions of Eu3+. The ratios of 5D0  7FJ, 

where J = 0- 4 emission from PtEuL401 and EuL401 have shown the similar 

coordination geometry. 
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Figure 4.7 The absorption (a) and emission (b) spectra of PtEuL401 and EuL401 in 

aqueous solution (3 M, ex = 325 nm).  
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4.2.2.2 Lifetime and hydration number. 

The europium emission lifetimes of the complexes EuL401 were determined in 

water and deuterium water by using Edinburgh Instruments F920. The decay cures 

(5D0 7F2) of EuL401 were record and fitted first order exponential decay (figure 4.8). 

The lifetimes were found to be 0.62 ms and 1.99 ms in water and deuterium water 

respectively. For PtEuL401, the emission is too weak and failed to record the emission 

lifetime. The number of coordinated water molecule to Eu3+ ion can be determined by 

the following equations: 

q = 1.2 × [k(H2O) – k(D2O) - 0.25]    (4-1) 

k = -1    (4-2) 

in witch k(H2O) and k(D2O) are rate constants of lanthanide emission deacy in water 

and deuterium water respectively. 

By using the equation 4-1 and 4-2, q value of EuL401 is determined as 1.0 (  

0.1) For PtEuL401, we can not determin the q value from the equations 4-1 and 4-2 

due to its weak emssion and photon instability.  

 

4.2.2.3 Triplet energy level of the ligand chromophores 

The triplet state of ligand chromophore can be found by the phosphorescence 

spectra at low temperature (ie. 77K). The first excited state of Gd (6P7/2, 32200 cm-1) is 

high. There should be no energy transfer from the ligand chromophore to the first 

excited state of Gd. In addition the strong spin-orbit coupling is enhanced the 
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intersystem crossing of the complexes so help to populate the triplet excited state of the 

ligand chromophores, in low temperature phosphorescence can be detected by the 

spectrometer. The phosphorescence of GdL401 and PtGdL401 were recorded in H2O/ 

glycerol (v : v = 1 : 1) at 77K. In GdL401, the energy level of the triplet excited state 

(T1) of the chromophore is located at 20202 cm-1 (6.17 μs, Figure. 4.9), which is filled 

in the optimum energy transfer gap to the first excited state of europium(III) 5D0 (17300 

cm-1). In the platinum europium complexes the phosphorescence band of ligand is 

located at 445 nm (22222 cm-1, 6.51 μs).  
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Figure 4.8 Emission decay of EuL401 in H2O and D2O. (em = 615 nm, 5D0→
7F2, ex 

= 325 nm) The deacay aurves fitting the first order exponential decay equation y = A+ 

B*exp(i/T) obtained the lifetimes are 1.99 ms and 0.62 ms of EuL401 in D2O and H2O 

respectively. 
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Figure 4.9 Emission spectra of GdL401 and PtGdL401 in H2O/ glycerol (v:v = 1:1), 

77K 
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4.2.3 Photo-dissociation of PtEuL401 

In PtEuL401, the energy absorbed by the chromophore will be transferred to the 

dissociate states and no energy can be transferred to the excited state of europium for 

emission in this case. As a result, the energy transfer from the antenna to the europium 

in PtEuL401 is diminished. However, this usual photophysical properties offer the 

responsive signal change once upon UV or two-photon excitation of the complexes to 

release the [Pt-(NH3)2Cl]+ in PtEuL4011 complex for DNA cleavage and cancer cell 

killing treatment. The sensitized charge transfer first weakens the Py-Pt coordination 

bond and next undergoes dissociation. The enhancement of the europium emission can 

then be observed in aqueous medium upon UV excitation (Figure 4.10). The photo-

dissociation of PtEuL401 (3 M in Tris-buffer, pH = 7.4, 50 mM NaCl) have been 

monitored by the variation of the europium emission (λem = 615 nm, 5D0  7F2) to the 

excitation time. The europium emission intensity are enhanced more than 35 times 

(emission quantum yield are improved more than 100 times) after the continuous 

excitation of the PtEuL401 with the excitation of UVA. (λ = 365 nm) (Figure 4.6a) The 

dissociation kinetic follows the pseudo-first order kinetic behavior and the pseudo-first 

order rate constant k is found to be 0.53 min-1 in this experiment condition. (Figure 

4.10b) In addition, the photo-dissociation product of PtEuL401 after 90 minutes UVA 

irradiation has been confirmed by the HPLC analysis. The spectrum is found to be the 

same as the EuL401 (Figure 4.12) 
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Figure 4.10 Photo-induced dissociation of PtEuL401 in tris buffer (pH = 7.4). a) 

Emission variation of PtEuL401 under UVA (365nm) irradiation, light dosage = 4 J 

cm-2, (insert) The photography of europium emission enhancement of PtEuL401 under 

UVA irradiation for 20 min; b) plot of I/I0 @ 615nm vs time. Pseudo-first order rate 

constant k = 0.53 min-1. 

 

 

 

Figure 4.11 Proposed energy transfer mechanisms of photo-induced dissociation and 

sensitized europium emission for PtEuL401 (a) and EuL401 (b) respectively. 
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Figure 4.12 HPLC analysis of PtEuL401 in (a) 0 min and (b) 60 min of UVA irradiation. 

(c) The HPLC spectrum of EuL401 was obtained under the same experimental 

condition (Figure 4.6 and Table 4.1) of (a) and (b). The retention of PtEuL401 after 90 

min UVA irradiation was the same as EuL401. 
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4.2.4 DNA binding under dark and photo-irradiation condition 

Direct binding and interactions of PtEuL401 with DNA in dark were studied by 

CD spectra of DNA in presence and absence of PtEuL401 (incubation time = 12 hours). 

The dramatic decrease in ellipticity for both positive and negative bands of DNA in 

presence of PtEuL401 demonstrate that PtEuL401 can direct bind to DNA and unwind 

its helix and lead to the loss of helicity (Figure 4.13) [14]. 

The interactions of photo-actived PtEuL401 with DNA were examined by agarose 

gel electrophoresis. Plasmid DNA normally exerts three forms of supercoiled (fully 

intact with strands uncut), linear (with free ends) and nicked (one strand cut) type. Upon 

the incubation of DNA with PtEuL401, UVA irradiation can effectively and quickly 

activate and release cisplatin from the complex to react with DNA. An obvious increase 

of nicked DNA is resulted, as proved by the increase of nicked band and parallel 

decrease of supercoiled band in the electrophoresis of DNA. (Figure 4.8) We also 

quantified the bands of nicked and supercoiled DNA of their intensity to display the 

effect of PtEuL401 via post-UVA irradiation (Figure 4.14). The results show that 

PtEuL401 can remarkably damage DNA by yielding active cisplatin. 
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Figure 4.13 CD spectra of plasmid DNA (20 nM in Tris-HCl buffer, pH = 7.4) 

treated with or without PtEuL401 (50 M) under dark at 37oC for 12 hours. 

 

Figure 4.14 Plasmid DNA was incubated with chemicals (20 μM each) as indicated 

and followed by UV irradiated (50 J/m2), then subjected to agarose gel electrophoresis 

and stained by GelRed Nucleic Acid Stain (BIOTIUM). Plasmid DNA normally exert 

three bands after electrophoresis, and UV activate the releasing of Pt from the complex,  

thus active Pt covalently bind to DNA and obviously increase nicked DNA. 
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4.2.5 In vitro behaviors of EuL401 and PtEuL401 

4.2.5.1 Dark toxicity of EuL401 and PtEuL401  

The dark toxicity (MTT) of the complexes EuL401 and PtEuL401 have been 

evaluated in two cancer cell lines (HeLa and A549). (Table 4.3 and Figure 4.15) 

PtEuL401 have shown less toxicity compared with cisplatin in dark. The dark IC50 of 

PtEuL401 in HeLa and A549 is 22.5 ± 0.5 μM and 49.5 ± 0.1 μM respectively. 

However, EuL401 showed low cytotoxicity (IC50 > 500 M) in two cancer cell lines 

under the same experimental condition. The dark cytotoxicity of PtEuL401 should be 

induced by its interaction with DNA which has been demonstrated with CD spectra. 

(Figure 4.13) 
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Table 4.3 Dark and photo cytoxicity of the complexes EuL401 and PtEuL401 against 

HeLa and A549 cells, cisplatin is as the control compound (IC50 / M). Incubation time 

= 24 hours. 

Complex HeLa A549 

Cisplatin 3.3 ± 0.1 8.7 ± 0.5 

EuL401 > 500  > 500  

PtEuL401 22.5 ± 0.45 49.5 ± 2.2 

 

 

 

 

Figure 4.15 Dark cytotoxicity of cisplatin, EuL401 and PtEuL401 in HeLa and A549 

cells (24 hours incubation). 
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4.2.5.2 The cellular uptake and two-photon induced cytotoxicity of the complexes 

EuL401 and PtEuL401 evaluated via two-photon microscopy 

Near-infrared (NIR) excitation (~650-900 nm) cannot absorbed by the cell, even 

in the blood media. NIR excitation is one of the solutions to improve the quality of the 

live cell imaging and photodynamic/photo-active chemotherapy [15]. The two-photon 

photophysical properties of several organic antennas for lanthanide emission have been 

studied in our previous studies with large TPA cross section [16]. The cellular uptake 

and two-photon induced cytotoxicity of the complexes EuL401 and PtEuL401 have 

been examined and evaluated by two-photon microscopy with the excitation 

wavelength at 730 nm with different dosage concentrations. After the incubation of 

PtEuL401 and EuL401 in the HeLa cells with different concentrations (0, 1, 2, 5, 10 

M of PtEuL401and 0, 10, 20, 50, 100 M of EuL401) for 24 hours, no emission are 

found in the cells. After 30 min laser irradiation (10s excitation per minute), red 

europium emission is found in the cell and the emission is from the dissociated 

PtEuL401. The in vitro emission intensity is direct proportion to the dosage 

concentration. EuL401 is served as control experiments and no emission can be found 

in the cells under the same experiment conditions. This is attributed to the low cellular 

uptake rate of EuL401. (Figure 4.16 and 4.17). 
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Figure 4.16 Two-photon (ex = 730 nm, P = 500 mW) induced images with incubation 

of PtEuL401 with different dosage concentration (0, 1, 2, 5 and 10 M) for 24 hours. 

a) Without light irradiation, b) after 30 min excitation, c) merged images of (b) and 

bright field.  

 

Figure 4.17 The negative controls of EuL401 have been done in HeLa cells (down are 

bright field) under the same experimental condition (24 hours incubation with different 

concentrations (10, 20, 50 and 100 M) after 20 min 730 nm laser (P = 500 mW ) 

excitation) with figure 4., no red emission can be obtained and no significant cell death 

can be observed even though the dosage was increased to 100 M. 
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4.3 Conclusions and Perspectives 

In this chapter, we have synthesized a platinum-europium complex (PtEuL401). 

This complex holds great promise for delivery and real-time monitoring of cisplatin in 

vitro through linear/two-photon induced photocleavage. PtEuL401 demonstrates 

highly emissive and responsive europium signals for the recognition of targeted release 

of cis-platin as an imaging and antitumor agent. The utility and further modification of 

this real-time traceable cisplatin delivery system can help facilitate both in vitro and in 

vivo monitoring of the anti-cancer clinical treatments of higher accuracy. 

However, the platinum-europium complex (PtEuL401) as our first generation of 

photoclevable anticancer prodrug, there is still some room for improvement, for 

example emission signal may not be the penetration enough for in vivo studies; 

otherwise the in vivo activation of our prodrug is also limited to the skin cancer/oral 

cancer/prostate cancer/bladder cancer due to the penetration limitation of the excitation 

light.  

A dual imaging agent capable of running optical and magnetic resonance (MR) 

imaging simultaneously does help scientists to study the tasks more comprehensively 

and conveniently, in addition to assisting to evaluate the prodrug performance and avoid 

an array of tedious control experiments. Given that optical and MR imaging are two 

crucial methods for pharmacokinetic and in-situ monitoring studies with their own 

strengths and foibles-fluorescence offers remarkably high sensitivity but low resolution 

subjected to autofluorescence and read-time monitoring issues, while MR gives 3D 

temporal-spatial resolution images but inferior signal-to-noise sensitivity [17].  

In the second generation of lanthanide based cisplatinum (II) anticancer prodrug, 

future works will be undertaken to develop multi-modal lanthanide based prodrug that 
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are capable of killing the tumor cells via cis-platin delivery from cyclen-lanthanide 

moiety and affording the MR imaging and real time fluorescence imaging 

simultaneously. MR can provide the in depth analysis information. For the cancer 

selection, we would like to come up with our experience in peptide chemistry to trace 

the integrin avβ3 isoform in bladder cancer (BC), hopefully developing BC-specific 

prodrug agents in the long term [18]. Bladder cancer is chosen as it is a high-risk cancer 

spreading to other parts of the urinary tract and a most potential candidate for early-

stage prodrug without adequate updated MR studies.  
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Chapter 5 Experimental Details 

 

5.1 Synthesis and Characterization of Products    

General information for synthesis. Dried tetrahydrofuran (THF), dichloromethane 

(DCM), diisopropylamine (DIPA), acetonitrile (CH3CN) and dimethylformamide 

(DMF) were dried over calcium hydride (CaH2). All reactions were carried out with 

anhydrous solvents under nitrogen atmosphere, unless otherwise specified. All the 

reagents were obtained commercially with high quality and used without further 

purification. Reactions were monitored by thin-layer chromatography (TLC) which was 

carried out on silica gel plates (0.25 mm, 60F-254) by using UV light as visualizing 

method. Flash column chromatography was carried out on 200-300 mesh silica gel. 1H 

and 13C NMR spectra were recorded on a 300 (1H: 300 MHz, 13C: 75 MHz), 400 (1H: 

400 MHz, 13C: 100 MHz) or 500 (1H: 500 MHz, 13C: 125 MHz) spectrometer. The 

following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, 

t = triplet, q = quartet, dd = doublet of doublets, m = multiplet, br = broad. High 

resolution mass spectra were obtained from an ESI or MALDI-TOF mass spectrometer. 
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5.1.1 Synthetic Procedures and Details of Chapter 2 

Synthesis of dibenzyl 1,4,7,10-tetraazacyclododecane-1,7-dicarboxylate (204) 

Compound 204 was synthesized according to 

literature procedure. [1] Yield = 70 % 1H NMR 

(CDCl3, 400 MHz): δ 7.38-7.32 (m, 10 H), 5.17 (s, 2 

H), 5.16 (s, 2 H), 3.75-3.68 (m, 8 H), 3.11 (s, 2 H), 3.00 (s, 4 H), 2.85 (s, 2 H), 2.00 (br, 

3 H); 13C NMR (CDCl3, 100 MHz): δ 156.1, 156.0, 135.8, 135.7, 128.7, 128.6, 128.5, 

128.4, 128.0, 127.9, 67.9, 67.8, 50.5, 50.4, 50.2, 49.8, 49.6, 49.1, 48.9; HRMS m/z 

calcd. for C20H41N4O4 [M+H]+  441.2502, found 441.2508. 

Synthesis of dibenzyl 4,10-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,7-dicarboxylate (205) 

To the solution of compound 204 (10 g, 22.7 mmol) in 100 

mL of dry acetonitrile, tert-butyl 2-bromoacetate (6.87 mL, 

46.54 mmol) was added followed by potassium carbonate 

(15.66 g, 113.5 mmol). The resulting mixture was stirred at 

60 oC for 12 hours. After that the solid was filtered out. The solvents were removed 

under vacuum. The crude mixture was purified through silica gel column to obtain a 

colorless oil as the product. (13.66 g, 20.43 mmol, yield = 90%) 1H NMR (CDCl3, 400 

MHz): δ 7.35-7.31 (m, 10 H), 5.12 (s, 4 H), 3.42-3.31 (m, 12 H) 2.88 (s, 8 H), 1.43 (s, 

18 H); ESI-HRMS m/z calcd. for C36H53N4O8 [M+H]+  669.3863, found 669.3868. 

Synthesis of di-tert-butyl 2,2'-(1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate 
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(206) 

200 mg of Pd/C was added into the solution of compound 

205 (5 g, 7.48 mmol) in 100 mL of MeOH. The resulting 

solution was stirred under hydrogen gas at room 

temperature for 24 hours. After that the dark solids were 

filtered out. The solvents were removed under vacuum. A 

pale yellow solid was collected as the title product. (Yield = 91 %, 2.73 g, 6.81 mmol) 

1H NMR (CDCl3, 400 MHz): δ 3.40 (s, 4 H), 2.96 (t, J = 4 Hz, 8 H), 2.80 (t, J = 4 Hz, 

8 H), 1.44 (s, 18 H); 13C NMR (CDCl3, 100 MHz): δ 170.6, 80.6, 57.0, 57.7, 45.5, 27.9; 

HRMS m/z calcd. for C20H41N4O4 [M + H]+ 401.3128, found 401.3120. 

Synthesis of 1-iodo-4-propoxybenzene (208) 

1-bromopropane (1.0 mL, 11 mmol) was added into the 

solution of 4-iodophenol (2.2 g, 10 mmol) in acetonitrile, 

followed by K2CO3. The resulting mixture was stirred at 60 oC 

for 12 hours. After that, the solids were filtered out, and the 

solvents were removed under vacuum. Purification on silica gel column gave a white 

solid as the product. (2.57 g, 9.8 mmol, 98%) 1H NMR (CDCl3, 400 MHz): δ 7.55 (d, 

J = 6 Hz, 2 H), 6.68 (d, J = 4 Hz, 2 H), 3.88 (t, J = 6 Hz, 2 H), 1.84-1.76 (m, 2 H), 1.03 

(t, J = 4 Hz, 3 H); 13C NMR (CDCl3, 100 MHz): δ 159.0, 138.1, 116.9, 82.4, 69.6, 22.5, 

10.5; ESI-HRMS m/z calcd. for C9H12IO (M + H)+ 262.9933, found 262.9940. 

Synthesis of (4-ethynylpyridin-2-yl)methanol (209) 
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Ethynyltrimethylsilane (2.7 ml, 20.7 mmol) was added into 

the solution of (4-bromopyridin-2-yl)methanol (3.0 g, 20.7 

mmol), Pd(PPh3)2Cl2 (112 mg, 0.16 mmol), CuI (60 mg, 0.32 

mmol) and DIPEA (5 mL) in freshly distilled THF (50 mL), 

the resulting mixture was stirred at 45 oC for 6 hours under protection of N2 gas. Silica 

gel flash column chromatography (Hex/EA 2:1) of the concentrated residue gave a pale 

yellowed oil. The oil like compound was dissolved in MeOH. After adding K2CO3 the 

resulting solution was stirred for an hour at room temperature. The solid was filtered 

out, and the filtrate was concentrated. Silica gel flash column chromatography (Hex/EA 

= 1:1) of the residue gave a white solid (2.2 g, 16.6 mmol, 80% of the two steps) as the 

product. 1H NMR (CDCl3, 400 MHz): δ 8.54 (d, J = 2 Hz, 1H), 7.37 (s, 1 H), 7.28 (d, 

J = 2 Hz, 1 H), 4.76 (s, 2 H), 3.60 (br, 1 H), 3.32 (s, 1 H); 13C NMR (CDCl3, 100 MHz): 

δ 159.4, 148.3, 131.2, 124.8, 123.0, 82.2, 80.8, 63.9. 

Synthesis of (4-((4-propoxyphenyl)ethynyl)pyridin-2-yl)methanol (210) 

(4-ethynylpyridin-2-yl)methanol (209) (0.23 g, 1.7 mmol) was 

added into the solution of 1-iodo-4-propoxybenzene (208) (0.84 

g, 2.6 mmol), Pd(PPh3)2Cl2 (36 mg, 0.052 mmol), CuI (20mg, 

0.104 mmol) and DIPEA (5 mL) in freshly distilled THF (50 

mL), the resulting mixture was stirred at 45 oC for 6 h. under 

protection of N2 gas. Silica gel flash column chromatography (Hex/EA 3:1) of the 

concentrated residue gave a pale yellow solid (0.54 g, 1.6 mmol, 95%) as the product. 

1H NMR (CDCl3, 500MHz): δ 8.55 (br, 1H), 7.50 (d, J = 8.7 Hz, 2H), 7.44(br, 1H), 
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7.39 (br, 1 H), 6.91 (d, J = 8.8 Hz, 2 H), 4.83 (br, 1 H), 3.97 (t, J = 6.6 Hz, 2 H), 1.87-

1.80 (m, 2 H), 1.06 (t, J = 7.4 Hz, 3 H);13C NMR (CDCl3, 125 MHz) : δ 160.8, 158.1, 

145.0, 137.0, 134.0, 125.1, 124.0, 114.9, 112.9, 99.5, 85.2, 69.8, 62.5, 22.4, 10.4; ESI-

HRMS m/z calcd. for C17H18NO2 [M + H]+ 268.1332 , found 268.1346. 

Synthesis of 2-(chloromethyl)-4-((4-propoxyphenyl)ethynyl)pyridine (211) 

To a stirred solution of (4-((4-propoxyphenyl)ethynyl)pyridin-2-

yl)methanol (203) (0.95 g, 3.6 mmol) in DCM (20 mL) at 0 ºC 

was added thionyl chloride (0.52 mL, 7.1 mmol) slowly. The 

resulting mixture was stirred at room temperature for 2 hour and 

then treated with a saturated aqueous solution of NaHCO3. The 

aqueous layer was extracted with DCM (20 mL ×3), and then the combined organic 

extracts were dried over sodium sulfate, filtered and concentrated. Silica gel flash 

column chromatography (hexane : ethyl acetates = 10 : 1) of the residue gave a white 

solid  (0.99 mg, 3.48 mmol, 98%) as the product. 1H NMR(CDCl3, 400 MHz): δ 8.55 

(dd, J1 = 0.2 Hz, J2 = 3.3 Hz,1 H), 7.56 (s, 1 H), 7.49 (d, J = 4.4 Hz, 2 H), 7.30 dd, J1 = 

0.8 Hz, J2 = 2.6 Hz,1 H), 6.90 (d, J = 4.4 Hz, 2 H), 4.67 (s, 2 H), 3.96 (t, J = 6.8 Hz, 2 

H), 1.88-1.79 (m, 2 H), 1.06 (t, J = 7.2 Hz, 3 H) ; 13C NMR (CDCl3, 100 MHz): δ 160.0, 

156.5, 149.3, 133.5, 133.0, 124.5, 124.4, 114.6, 113.6, 95.0, 85.3, 69.5, 46.4, 22.4, 10.4; 

ESI-HRMS m/z calcd. for C17H17ClNO+ [M + H]+ 286.0999, found 286.0990.  

Synthesis of 2-(azidomethyl)-4-((4-propoxyphenyl)ethynyl)pyridine (212) 
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TBAI (136 mg, 0.37 mmol) and NaN3 (355 mg, 5.6 mmol) were 

added to a stirred solution of 211 (1.0 g, 3.7 mmol) in DMF (15 mL). 

The resulting mixture was stirred at room temperature for 12 hours 

and then treated with water (15 mL). The aqueous layer was 

extracted with ethyl acetate (30 mL ×3), and the combined organic 

extracts were dried over sodium sulfate, filtered and concentrated. Silica gel flesh 

column chromatography (hexanes to hexanes: ethyl acetates = 30 : 1) of the residue 

gave a colorless liquid  (864 mg, 2.96 mmol, 80%) as the product. 1H NMR(CDCl3, 

500 MHz): δ 8.56 (d, J = 5.1 Hz, 1 H), 7.47 (d, J = 8.7 Hz, 2 H), 7.42 (s, 1 H), 7.30 (d, 

J = 5 Hz, 1 H), 6.89 (d, J = 8.7 Hz, 2 H), 4.49 (s, 2 H), 3.95(t, J = 6.6 Hz, 2 H), 1.86-

1.78 (m, 2 H), 1.05 (t, J = 7.4, 3 H); 13C NMR(CDCl3, 125 MHz) : δ 160.1, 155.8, 149.5, 

133.5, 133.0, 124.5, 123.5, 114.7, 113.7, 95.0, 85.4, 69.6, 55.5, 22.5, 10.4; ESI-HRMS 

m/z calcd. for C17H17N4O [M + H]+ 293.1397, found 293.1400 . 

Synthesis of (4-((4-propoxyphenyl)ethynyl)pyridin-2-yl)methanamine (213) 

To the solution of 212 (800 mg, 2.74 mmol) in THF/H2O (5:1, 15 

mL) were added PPh3 (790 mg, 3.0 mmol) at room temperature. The 

resulting mixture was stirred at room temperature for 12 hours and 

then treated with water (10 mL). The aqueous layer was extracted 

with CH2Cl2 (20 mL × 3) and the combined organic extracts were 

dried over sodium sulfate, filtered and concentrated. Silica gel flesh column 

chromatography (CH2Cl2 : MeOH = 10:1) a white solid (439 mg, 1.6 mmol, 60%) as 

the product. 1H NMR(CDCl3, 500 MHz): δ 8.53 (d, J = 5.0 Hz, 1 H), 7.47 (d, J = 8.7 
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Hz, 2 H), 7.38 (s, 1 H), 7.24 (d, J = 5.0 Hz, 1 H), 6.89 (d, J = 8.7 Hz, 2 H), 3.99 (s, 2 

H), 3.95 (t, J = 6.6 Hz, 2 H), 1.87-1.80 (m, 2 H), 1.05 (t, J = 7.4 Hz, 3 H); 13C 

NMR(CDCl3, 75 MHz): δ 161.7, 159.9, 149.2, 133.4, 132.4, 123.4, 122.9, 114.6, 113.8, 

94.2, 85.7, 69.6, 47.5, 22.5, 10.5; ESI-HRMS m/z calcd. for C17H19N2O [M + H]+ 

267.1492, found 267.1487. 

Synthesis of 2-bromo-N-((4-((4-propoxyphenyl)ethynyl)pyridin-2-yl)methyl) 

acetamide (214) 

To a stirred solution of 213 (400 mg, 1.5 mmol) in CH2Cl2 (10 

mL) was added pyridine (0.85 mL, 7.5 mmol) and 

bromoacetated bromide (0.4 mL,4.5 mmol) at 0 oC. The 

resulting mixture was stirred at 0oC for 2 hours and then 

treated with an aqueous saturated NaHCO3 solution (15 mL). 

The aqueous layer was extracted with ethyl acetate (20 mL × 3) and the combined 

organic extracts were dried over sodium sulfate, filtered and concentrated. Silica gel  

column of the residue gave a pale yellowed solid (369 mg, 0.95 mmol, 68%) as the 

product. 1H NMR(CDCl3, 500MHz): δ 8.53 (d, J = 5.1 Hz, 1 H), 7.70 (br, 1 H), 7.48 

(dd, J = 7.1 Hz and 1.8 Hz, 2 H), 7.34 (s, 1 H), 7.29 (s, 1 H), 6.90, (dd, J = 7.1 Hz and 

1.8 Hz, 2 H), 4.60 (d, J = 5.0 Hz, 2 H), 3.97-3.95 (m, 4 H), 1.87-1.80 (m, 2 H), 1.06 (t, 

J = 7.4 Hz, 3 H); 13C NMR (CDCl3, 125 MHz): δ 165.6, 160.1, 155.6, 149.0, 133.5, 

132.8, 124.2, 123.5, 114.7, 113.7, 94.9, 85.4, 69.6, 44.8, 28.9, 22.5, 10.4; ESI-HRMS 

m/z calcd. for C19H20N2O2Br [M + H]+ 387.0703, found 387.0714. 

Synthesis of tert-butyl 2,2'-(4-(2-oxo-2-((4-((4-propoxyphenyl)ethynyl)pyridin-2-
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yl)methylamino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (215) 

To a stirred solution of tert-butyl 2,2'-(1,4,7,10-

tetraazacyclododecane-1,7-diyl)diacetate (206) (188 mg, 

0.47 mmol) in anhydrous MeCN were added NaHCO3 (65 

mg, 0.78 mmol) and 214 (60 mg, 0.16 mmol). The resulting 

mixture was stirred at room-temperature for 16 hours. The 

mixture was then filtered and the filtrate was concentrated. Silica gel flesh column 

chromatography (CH2Cl2 : MeOH = 20 : 1) of the residue gave a pale yellow solid (95 

mg, 0.13 mmol, 87%) as the product. 1H NMR (CDCl3, 500 MHz): δ 8.49 (d, J = 5.5 

Hz, 1 H), 8.35 (t, J = 5 Hz, 1 H), 7.47 (d, J = 9 Hz, 2 H), 7.38 (s, 1 H), 7.30 (d, J = 5 

Hz, 1 H), 6.89 (d, J = 8.5 Hz, 2 H), 4.57 (d, J = 5.5 Hz, 2 H), 3.96 (t, J = 6.5 Hz, 2 H), 

3.26 (s, 2 H), 3.14-2.89 (m, 20 H), 1.86-1.79 (m, 2 H), 1.40 (s, 18 H), 1.05 (t, J = 7.5, 

3 H) ; 13C NMR (CDCl3, 75 MHz): δ 171.7, 170.0, 160.0, 156.8, 148.7, 133.4, 133.0, 

124.3, 124.1, 114.6, 113.3, 95.3, 85.1, 81.6, 69.5, 57.5, 56.3, 55.3, 52.6, 48.6, 47.2, 44.8, 

28.0,22.3,10.4; ESI-HRMS m/z calcd. for C39H59N6O6 [M + H]+ 707.4491, found 

707.4641.  

Synthesis of tert-butyl 2,2'-(4-(2-ethoxy-2-oxoethyl)-10-(2-oxo-2-((4-((4-

propoxyphenyl)ethynyl) pyridine-2-yl)methylamino)ethyl)-1,4,7,10-tetraaza-

cyclododecane-1,7-diyl)diacetate (216) 
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To a stirred solution of 215 (80 mg, 0.11 mmol) in anhydrous 

MeCN (1.5mL) were added NaHCO3 (48 mg, 0.56 mmol) 

followed by ethyl 2-chloroacetate (42 µL, 0.34 mmol). The 

resulting mixture was stirred at 50 oC for 16 hours. The 

mixture was then filtered and the filtrate was concentrated. 

Silica gel flesh column chromatography (CH2Cl2 : MeOH = 20 : 1) of the residue gave 

a pale yellow solid (82 mg, 0.10 mmol, 92%) as the product. 1H NMR (CDCl3, 500 

MHz): δ 8.84 (t, J = 5.8 Hz, 1 H), 8.43 (d, J = 5.1 Hz, 1 H), 7.46 (d, J = 8.6 Hz, 2 H), 

7.39 (s, 1 H), 7.17 (d, J = 5.1 Hz, 1 H), 6.88 (d, J = 8.7 Hz, 2 H), 4.56 (br, 2 H), 4.12 

(m, 2 H), 3.95 (t, J = 6.6 Hz, 2 H), 3.55 (br, 2 H), 3.50-1.90 (m, 22 H), 1.86-1.79 (m, 2 

H), 1.36 (s, 18 H), 1.24 (t, J = 7.2 Hz, 3 H), 1.05 (t, J = 7.4 Hz, 3 H); 13C NMR (CDCl3, 

125 MHz): δ 173.0, 172.4, 172.3, 160.0, 158.6, 148.6, 133.4, 132.6, 123.8, 122.7, 114.7, 

114.0, 94.3, 85.9, 81.9, 69.7, 61.1, 56.4, 55.7, 55.0, 50.0 (br), 44.4, 27.9, 22.5, 14.1, 

10.4; HRMS m/z calcd. for C43H65N6O8 [M + H]+ 793.4858, found 793.4873. 

Synthesis of 2-(4,10-bis(2-tert-butoxy-2-oxoethyl)-7-(2-oxo-2-((4-((4-

propoxyphenyl)ethynyl)pyridin-2-yl)methylamino)ethyl)-1,4,7,10-tetraazacyclo-

dodecan-1-yl)acetic acid (201) 

216 (80 mg, 0.10mmol) was dissolved in 2 mL of dioxane : 

0.4 M NaOH at 1 : 1 (v : v). This solution was stirred 36 

hours under N2 at 35oC. Dioxane was evaporated under 

reduced pressure, followed by the addition of 5 mL of water. 

After extracted with DCM (15 mL × 4), the organic phases 
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were combined and washed with water (15 mL) and brine (15 mL), dried with 

anhydrous Na2SO4, and concentrated to give an off-white solid (50 mg, 0.066 mmol, 

yield = 65%) as the product. 1H NMR (CDCl3, 300 MHz): δ 8.43 (d, J = 8.5 Hz, 1 H), 

8.38 (br, 1 H), 7.46 (d, J = 9 Hz, 2 H), 7.38 (s, 1 H), 7.20 (d, J = 5.1 Hz, 1 H), 6.88 (d, 

J = 8.7 Hz, 2 H), 4.53 (d, J = 5.1 Hz, 2 H), 3.94 (t, J = 6.6 Hz, 2 H), 3.46-2.10 (m, 24 

H), 1.85-1.78 (m, 2 H), 1.34 (s, 18 H), 1.03 (t, J = 7.2, 3 H); 13C NMR (CDCl3, 125 

MHz): δ 174.8, 171.8, 171.6, 160.1, 157.7, 148.5, 133.5, 133.0, 123.8, 123.1, 114.8, 

113.8, 94.9, 85.7, 81.9, 69.7, 56.7, 56.4, 56.0, 50.6 (br), 44.1, 28.1, 22.5, 14.0, 10.4; 

HRMS m/z calcd. for C41H61N6O8 [M + H]+ 765.4545, found 765.4545. 

Synthesis of tert-butyl 2,2'-(4-((4-(4-propoxy-phenyl)ethynyl)pyridin-2-yl)methyl) 

-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (217)  

To a stirred solution of tert-butyl 2,2'-(1,4,7,10-

tetraazacyclododecane-1,7-diyl) diacetate (206) (140 

mg, 0.35 mmol) in anhydrous MeCN was added 

NaHCO3 (74 mg, 0.88 mmol) and 2-(chloromethyl)-4-

((4-propoxyphenyl)ethynyl) pyridine (211) (50 mg, 0.18 

mmol). The resulting mixture was stirred at room-temperature for 4 hours. The mixture 

was then filtered and the filtrate was concentrated. Silica gel flesh column 

chromatography (CH2Cl2 : MeOH = 20:1) of the residue gave a pale yellow solid (99 

mg, 0.15 mmol, 87%) as the product. 1H NMR (CDCl3, 400 MHz): δ 10.27 (br, 1H) 

8.85 (d, J = 2.4 Hz, 1 H), 7.49 (d, J = 4.4 Hz, 2 H), 7.31 (s, 1 H), 7.29 (d, J = 2.6 Hz, 1 

H), 6.90 (d, J = 4.6 Hz, 2 H), 3.96 (t, J = 6.4 Hz, 2 H), 3.73 (s, 1 H), 3.14 (br, 12 H), 
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2.86(br, 2 H), 2.65 (br, 4 H), 1.86-1.81 (m, 2 H), 1.67 (br, 2 H), 1.44 (s, 18 H), 1.05 (t, 

J = 7.2, 3 H) ; 13C NMR (CDCl3, 100 MHz): δ 170.5, 159.6, 157.5, 150.1, 133.4, 132.1, 

125.1, 124.1, 114.6, 113.6, 94.6, 85.5, 81.4, 69.6, 56.7, 56.0, 54.2, 50.7, 50.5, 46.8, 28.2, 

22.4, 10.5; ESI-HRMS m/z calcd. for C37H56N5O5
+ [M + H]+ 650.4281, found 650.4271.  

Synthesis of tert-butyl 2,2'-(4-(2-ethoxy-2-oxoethyl)-10-((4-((4-propoxyphenyl) 

ethynyl)pyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate 

(207) 

To a stirred solution of 217 (334 mg, 0.51 mmol) in 

anhydrous MeCN (1.5 mL) were added  K2CO3 

(355 mg, 2.57 mmol) followed by ethyl 2-

chloroacetate (151 µL, 1.54 mmol). The resulting 

mixture was stirred at 50 oC for 5 hours. The mixture 

was then filtered and the filtrate was concentrated. Silica gel flesh column 

chromatography (CH2Cl2 : MeOH = 30:1) of the residue gave a pale yellow solid (302 

mg, 0.42 mmol, 82%) as the product. 1H NMR (CDCl3, 400 MHz): δ 8.24 (d, J = 2.6 

Hz, 1 H), 7.46 (d, J = 4.4 Hz, 2 H), 7.27 (s, 1 H), 7.20 (dd, J1 = 0.6 Hz, J2 = 2.4 Hz, 1 

H), 6.90 (d, J = 4.4 Hz, 2 H), 4.21 (br, 2 H), 3.94 (t, J = 6.8 Hz, 2 H), 3.20-2.20 (m, 24 

H), 1.85-1.79 (m, 2 H), 1.40 (s, 18 H), 1.30 (t, J = 7.2 Hz, 3 H), 1.04 (t, J = 7.6 Hz, 3 

H); ESI-HRMS m/z calcd. for C40H60N5O7
+ [M + H]+ 722.4493, found 722.4486. 
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Synthesis of 2-(4,10-bis(2-tert-butoxy-2-oxoethyl)-7-((4-((4-propoxy-pheny) 

ethynyl)pyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetic acid (202) 

Tert-butyl 2,2'-(4-(2-ethoxy-2-oxoethyl)-10-((4-

((4-propoxyphenyl)ethynyl)pyridin-2- yl)methyl)-

1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate 

(207) (300 mg, 0.41mmol) was dissolved in 2mL 

of dioxane : 0.4M NaOH at 1:1 (v:v). This solution 

was stirred 5 hours under N2 at room temperature. Dioxane was evaporated under 

reduced pressure, and water (5 mL) was added. After extracted with DCM (15 mL × 4), 

the organic phases were combined and washed with water (15 mL) and brine (15 mL), 

dried with anhydrous Na2SO4, and concentrated to give an off-white solid (180 mg, 

0.25 mmol, yield = 62%) as the product. 1H NMR (CDCl3, 400 MHz): δ 8.43 (d, J = 

8.5 Hz, 1 H), 8.38 (br, 1 H), 7.46 (d, J = 9 Hz, 2 H), 7.38 (s, 1 H), 7.20 (d, J = 5.1 Hz, 

1 H), 6.88 (d, J = 8.7 Hz, 2 H), 4.53 (d, J = 5.1 Hz, 2 H), 3.94 (t, J = 6.6 Hz, 2 H), 

3.46-2.10 (m, 24 H), 1.85-1.78 (m, 2 H), 1.34 (s, 18 H), 1.031 (t, J = 7.2, 3 H); 13C 

NMR (CDCl3, 125 MHz): δ 174.8, 171.8, 171.6, 160.1, 157.7, 148.5, 133.5, 133.0, 

123.8, 123.1, 114.8, 113.8, 94.9, 85.7, 81.9, 69.7, 56.7, 56.4, 56.0, 50.6 (br), 44.1, 28.1, 

22.5, 14.0, 10.4; ESI-HRMS m/z calcd. for C39H58N5O7
+ [M + H]+ 708.4336, found 

708.4325. 

Synthesis of proposed Cyclin A specific peptides   

Desired peptides were prepared by means of SPPS microwave synthesis. (Scheme 

2.1) Resin was swollen in DMF for 15 minutes prior to use in subsequent synthesis. 
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Microwave conditions were used as follows. Microwave coupling: 10 min, 20 w, 75˚C. 

Microwave Fmoc deprotection: 3 min, 20 w, 75 ˚C. Microwave peptide cleavage: 18 

min, 20 w, 38 ˚C. Rink amide resin (200-400 mesh, 0.62 mmol/g loading) was 

purchased from Nova Biochem. Fmoc-protected amino acids were purchased from 

Nova Biochem. PyBOP™ was purchased from CEM. NMM, DMSO and TFA were 

purchased from Aldrich. N,N-dimethylformamide and HPLC grade water and MeOH 

were obtained from Fischer Scientific. Side chain protecting groups for Fmoc-amino 

acids were Boc for Lys and Pbf for Arg. MALDI-TOF mass spectra were recorded on 

an Applied BiosystemsTM Voyager-DE STR instrument in positive ion mode using an 

α-cyano-4-hydroxycinnamic acid matrix. HPLC data was obtained on a Waters Mass 

Directed Prep System instrument, by using a 3100 Mass Detector and Diode Array 

Detector. For analytical HPLC, a 4.6 x 100 mm xbridge column was used, with a flow 

rate of 1 ml/min (run time 16.5 min). For Preparatory scale HPLC, 1 19 x 100 mm 

xbridge column was used, with a flow rate of 17 ml/min (run time 16.5 min). A gradient 

elution with 0.1 % formic acid was used, as shown in Table 5.1. 

  

 

Scheme 5.1 Synthesis of peptide fragments. 
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Table 5.1 Solvent gradients used throughout analytical-scale HPLC. 

Time (min) % H2O % MeOH 

0.0 90.0 10.0 

10.0 5.0 95.0 

13.0 5.0 95.0 

13.5 90.0 10.0 

16.5 90.0 10.0 

 

Peptide 1: GAKRRLIF-NH2 

    This peptide was obtained by a stepwise elongation of the peptide chain via the 

method outlined above. 0.5 g of the rink amide resin (0.62 mmol/g loading) was 

suspended in a 20% solution of piperidine in DMF, stirred for 20 minutes at room 

temperature, and washed with DMF prior to use in subsequent steps. The first amino 

acid to be coupled, Fmoc-Phe-OH (480 mg, 4 equiv.) was dissolved in DMF and 

coupled to the resin in the presence of PyBOP (645 mg, 4 equiv.) and NMM (135 µL, 

4 equiv.) with the use of microwave chemistry as described previously. Other Fmoc 

amino acid derivatives: Fmoc-Ile-OH (438 mg, 4 equiv.), Fmoc-Leu-OH (438 mg, 4 

equiv.), Fmoc Arg (Pbf)-OH (804 mg, 4 equiv.), Fmoc Lys (Boc)-OH (581 mg, 4 equiv.), 

Fmoc-Ala-OH (386 mg, 4 equiv.), and Fmoc-Gly-OH (369 mg, 4 equiv.) were 

connected to the resin using an analogous synthetic strategy. Following the final 

removal of the Nα-Fmoc group, the peptide-resin was washed with DMF. The free 
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peptide was obtained by cleavage through use of 9 mL of TFA in the presence of 750 

µL of water and 750 µL of TIPS according to the standard procedure. Following 

cleavage, the peptide was purified by using of preparative HPLC. The main peptide-

containing fractions were collected and lyophilized. The purity of all final products was 

confirmed by HPLC. Peptides two and three were obtained and purified by the same 

methodology as used for peptide one. Following the synthesis of peptide 1, the resin 

was split into three equal portions of 170 mg for a divergent synthetic strategy adopted.  

Peptide 2: GGAKRRLIF-NH2 

    Fmoc-GAKRRLIF-NH2 (0.10 mmol) prepared previously was Fmoc-deprotected 

using the microwave procedure described above. Peptide coupling with Fmoc-Gly-OH 

(123 mg, 4 equiv.), PyBOP (215 mg, 4 equiv.) and NMM (45 µL, 4 equiv.) and the 

microwave peptide coupling program were then performed. Finally, removal of the N-

terminal Fmoc group gave peptide fragment B with a free amino group on the N-

terminus. Cleavage of a small amount of the peptide from the resin using TFA: TIPS: 

H2O (0.9 mL: 0.05 mL: 0.05 mL) gave a sample of free peptide which was identified 

by MALDI-TOF mass spectra. 

Peptide 3: Hex-GAKRRLIF-NH2 

    An additional coupling of Fmoc-ε-Ahx-OH 145 mg, 3 equiv., was performed 

utilizing the methodology outlined above. 

General procedures for peptide coupling 

A stirred solution of acid 201 or 202 (0.032 mmol) in anhydrous DMF (2 mL) was 
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mixed with benzotriazol-1-yl-oxytri pyrrolidinophosphonium hexafluorophosphate 

(PyBop) (17 mg, 0.032 mmol), N,N-diisopropylethylamine (DIPEA) (9 µL,0.048 

mmol). After 5-minute stirring at room temperature for activation of carboxylate, this 

solution was added over the resin-bounded peptides (P1, P2 and P3) (0.016 mmol). 

Nitrogen gas was passed through the resin suspension for 8 hours. The resin was then 

filtered and washed with DMF (3 mL × 3 × 3 min). General procedures for global 

deprotection and cleavage from the resin are listed: A 3 mL of cleavage cocktail (150 

μL of DCM, 75 μL of TIS, and TFA to 3mL) was added to the resin-bounded coupling 

products. The resulting mixture was passed with N2 and mixed for 8 hours. The resin 

was then filtered, and the TFA filtrate was concentrated under reduced pressure. The 

residue was washed with diethyl ether and dried under reduced pressure to give ligands 

as pale yellow solids. 

Synthesis of complexes Eu-L1-Pn and Eu-L2-Pn (n = 1, 2 and 3) 

Ligands (L1-Pn and L2-Pn (n = 1, 2 and 3), 0.01mmol each) were dissolved in 

MeOH/H2O (2 mL, 1:1) in six different round bottom flasks, EuCl3.6H2O (0.013 mmol) 

was added and the pH value of the solution was kept at 6-7 by adding NaOH aqueous 

solution (0.4 M). The resulting solution was stirred at 25 oC for 24 hours. Any excess 

solid was filtered off and the solvent was removed under vacuum.  

Characterization of Eu-L1-Pn and Eu-L2-Pn, (n = 1-3)   
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Eu-L1-P1 Pale yellow solid 

(yield = 92 %). MALDI-MS m/z 

calcd. for C77H118EuN22O15
 [M + 

H]+ 1743.8359, found 

1743.6483.  

Eu-L1-P2, Pale yellow solid 

(yeild = 90%). MALDI-MS m/z 

calcd. for C79H121EuN23O16
 [M + 

H]+ 1800.8574, found 1800.9763.  

 

Eu-L1-P3, Pale yellow solid (yeild = 

91%). MALDI-MS m/z calcd. for 

C83H129EuN23O16
 [M + H]+ 1856.9200 

found  1856.8767. 

Eu-L2-P1 Pale yellow solid (yeild = 89%). 

MALDI-MS m/z calcd. for C75H118EuN21O14
+ 

[M + H]+ 1686.8119, found 1686.7962.  
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Eu-L2-P2, Pale yellow solid (yeild = 90%). 

MALDI-MS m/z calcd. for C77H118EuN22O15
+ 

[M + H]+ 1743.8632, found 1743.9058.  

 

Eu-L2-P3, Pale yellow solid. MALDI-MS 

m/z calcd. for C81H126EuN22O15
+ [M + H]+ 

1799.9695, found 1799.8910. 

 

 

5.1.2 Synthetic procedures and details of chapter 3 

Synthesis of Plk1 specific peptides (P1 and P2).  

The two peptides were obtained via a stepwise elongation of the peptide chain by 

the method outlined below. 0.5 g of the rink amide resin (0.45 mmol/g loading) was 

suspended in a 20% solution of piperidine in DMF, stirred for 20 minutes at room 

temperature, and washed with DMF prior to use in subsequent steps. The first amino 

acid to be coupled, Fmoc-(Bn-p)-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 µL, 

4 equiv.) with the use of microwave chemistry as described previously. 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.), Fmoc-Pro-OH (320 mg, 4 equiv.) 
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were connected to the resin using an analogous synthetic strategy. Following the final 

removal of the Nα-Fmoc group, the peptide-resin was washed with DMF. The free 

peptide was obtained by cleavage through the use of 9 mL of TFA in the presence of 

750 µL of water and 750 µL of TIPS according to the standard procedure. Following 

cleavage, the peptide was purified by using preparative HPLC. The main peptide-

containing fractions were collected and lyophilized. The purity of all final products was 

confirmed by HPLC. P1: PLHSpT MALDI-TOF HRMS (m/z): Calcd for C24H42N7O11P, 

634.27; found for [M + H]+, 635.30; P2: PLHSD MALDI-TOF HRMS (m/z): Calcd for 

C24H38N8O8, 568.37; found 568.45. 

Synthesis of 4-((4-(10,15,20-tris(3,4,5-trimethoxyphenyl)porphyrin-5-yl)phenyl) 

ethynyl)aniline (304)  

5,10,15-tris(3,4,5-trimethoxyphenyl)-20-(4-

((trimethylsilyl)ethynyl)phenyl)porphyrin 

(301) [2] (400 mg, 0.408 mmol) and 

Zn(OAc)2·2H2O (268 mg, 1.224 mmol) were 

dissolved in 10 mL of a mixture of CHCl3 and 

MeOH (v : v = 4 : 1). The resulting solution was stirred at room temperature for 12 

hours. The solvents were removed under vacuum. The residue was purified on silica 

gel column to give compound 302 as a purple solid (yield = 92%, 391 mg, 0.375 mmol). 

TBAF·2H2O (120 mg, 0.45 mmol) was added into the solution of compound 302 (312 

mg, 0.3 mmol) in THF. The resulting solution was stirred at rt. for 1 hour. The solvent 

was removed and the residue was purified on silica gel column. Compound 303 was 
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obtained as a purple solid (yield = 85%, 370 mg, 0.38 mmol) and then added into the 

solution of 4-iodoaniline (832 mg, 3.8 mmol) in 10 mL of fresh diluted THF followed 

by Pd(PPh3)2Cl2 (8 mg, 0.011 mmol), CuI (4.5 mg, 0.023 mmol) at 50 oC and 3 mL of 

TEA. The resulting solution was stirred for 12 hours at the same temperature. The solid 

catalysts were filtered out and the solution was concentrated. The residue was purified 

on silica gel column (CHCl3 as eluent). Purple solid as the intermediate was collected 

and characterized. 1H NMR (CDCl3, 400 MHz) δ 8.90 (d, J = 2 Hz, 2 H), 8.88 (d, J = 

2 Hz, 2 H), 8.22 (d, J = 4 Hz, 2 H), 7.90 (d, J = 4 Hz, 2 H), 7.64 (m, 4 H), 7.45 (m, 7 

H), 4.17 (s, 9 H), 3.95 (s, 18 H); MALDI-TOF HRMS (m/z): Calcd for C61H51N5O9Zn 

[M + H]+ 1061.2978, found 1061.2950. The intermediate was dissolved in 5 mL of THF. 

10% HCl was added and stirred 2 hours at room temperature. The solution was 

neutralized with 1M NaOH and extracted with CH2Cl2. The organic phase was dried 

with anhydrous Na2SO4 and concentrated. The residue was purified on a short silica gel 

column. Purple solid, compound 304, as the title product was collected. 1H NMR 

(CDCl3, 400 MHz): δ 8.98 (d, J = 2 Hz, 2 H), 8.87 (d, J = 2 Hz, 2 H), 8.18 (d, J = 4 Hz, 

2 H), 7.90 (d, J = 4 Hz, 2 H), 7.62 (m, 4 H), 7.46 (m, 7 H), 4.14 (s, 9 H), 3.94 (s, 18 H), 

-2.80 (s, 2 H); 13C NMR (CDCl3, 100 MHz): δ, 151.3, 146.8, 141.3, 137.7, 137.5, 134.4, 

132.9, 131.1, 129.6, 123.4, 120.0, 119.6, 114.6, 112.7, 112.2, 107.8, 107.5, 106.2, 91.5, 

87.1; MALDI-TOF HRMS (m/z): Calcd for C61H53N5O9 [M + H]+ 999.3843, found 

1000.3625. 
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Synthesis of 5-oxo-5-((4-((4-(10,15,20-tris(3,4,5-trimethoxyphenyl)porphyrin-5-

yl)phenyl)ethynyl)phenyl)amino)pentanoic acid (305) 

Glutaric anhydride (34 mg, 0.30 mmol) was 

added into the solution of porphyrin compound 

304 (100 mg, 0.10 mmol) in DCM. The 

resulting solution was stirred 6 hours at room 

temperature. After purification, purple solid 

was collected as the title product (yield = 92%, 102 mg, 0.092 mmol). 1H NMR(CDCl3, 

400 MHz) δ 8.98, (m, 6 H), 8.88 (d, J = 2 Hz, 2 H), 8.20 (d, J = 4 Hz, 2 H), 7.92 (d, J 

= 4 Hz, 2 H), 7.60-7.66 (m, 4 H), 7.50 (s, 8 H), 4.18 (s, 9 H), 3.97 (s, 18 H), 2.51-2.55 

(m, 4 H), 2.10-2.13 (m, 6 H), -2.80 (s, 2 H); 13C NMR (CDCl3, 100 MHz): δ, 170.8, 

151.4, 142.0, 138.1, 137.9, 137.5, 134.5, 132.6, 131.0, 129.9, 122.9, 120.1, 119.6, 119.5, 

118.9, 112.8, 90.5, 89.0, 61.3, 56.4, 36.3, 32.9, 20.6; MALDI-TOF HRMS (m/z): Calcd 

for C60H60N5O12 [M + H]+, 1113.4160, found 1114.4279. 

Synthesis of Por-P1 and Por-P2 

A stirred solution of acid compound 305 (0.05 mmol) in anhydrous DMF (2 mL) 

was mixed with benzotriazol-1-yl- oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBop) (0.15 mmol), N,N-diisopropylethylamine (DIPEA) 

(0.30 mmol). After 10 minutes stirring at room temperature for activation of 

carboxylate, this solution was added over the resin-bounded peptides (P1/P2) (0.017 

mmol). Nitrogen gas was passed through the resin suspension for 8 hours. The resin 

was then filtered and washed with DMF (3mL × 3 × 3min). General procedures for 
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global deprotection and cleavage from the resin are listed: A 2 mL of cleavage cocktail 

(150 μL of CH2Cl2, 75 μL of TIS, and TFA to 2 mL) was added to the resin-bounded 

coupling products. The resulting mixture was passed with N2 and mixed for 8 hours. 

The resin was then filtered, and the TFA filtrate was concentrated under reduced 

pressure. The residue was washed with diethyl ether and dried under reduced pressure 

to give the products as purple solids. 

Por-P1 MALDI-TOF HRMS (m/z): Calcd for 

C90H98N13O21P, 1727.6738 [M + H]+, found 

1728.6824. 

 

 

Por-P2 MALDI-TOF HRMS (m/z): Calcd for 

C90H93N13O19 [M+H]+ 1661.6867, found 

1662.6970. 

 

5.1.3 Synthetic procedures and details of chapter 4 

Synthesis of N-(4-iodophenyl)isonicotinamide (402)  

Isonicotinic acid (2.0 g, 16.2 mmol) was added into the 

solution of DMAP (5.9 g, 48.6 mmol) in dry DCM (200 

mL), followed by EDCI (4.6 g, 24.3 mmol). After 

stirring about 10 minutes, 4-iodoaniline (3.9 g, 17.8 
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mmol) was added. The resulting solution was stirred for 12 hours at room temperature 

under protection of N2 gas. After that, the solvent was concentrated to 100 mL. White 

solids were collected as the product compound 402 (yield = 89%, 1.2 g, 14.4 mmol). 

1H NMR (DMSO-d6, 400 MHz) 0.6 (s, 1 H), 8.78 (d, J = 2 Hz, 2 H), 7.84 (d, J = 2 

Hz, 2 H), 7.72 (d, J = 4 Hz, 2 H), 7.62 (d, J = 4 Hz, 2 H); 13C NMR (DMSO-d6, 100 

MHz) 164.1, 150.3, 141.7, 138.5, 137.4, 122.6, 121.6, 88.1. 

Synthesis of N-(4-((2-(hydroxymethyl)pyridin-4-yl)ethynyl)phenyl)isonicotin -

amide (404) 

(4-ethynylpyridin-2-yl)methanol (209) (0.23 g, 1.7 mmol) was 

added into the solution of N-(4-iodophenyl)isonicotinamide (402) 

(0.84 g, 2.6 mmol), Pd(PPh3)2Cl2 (36 mg, 0.052 mmol), CuI (20 

mg, 0.104 mmol) and DIPEA (5 mL) in freshly distilled THF (50 

mL). The resulting mixture was stirred at 45 oC for 6 hours under 

protection of N2 gas. Silica gel flash column chromatography (DCM : MeOH = 30 : 1) 

of the concentrated residue gave a pale yellow solid (0.54 g, 1.6 mmol, 95%) as the 

product. 1H NMR (DMSO-d6, 400 MHz): δ 10.73 (s, 1 H), 8.80 (dd, J = 4 Hz, 8 Hz, 2 

H), 8.52 (d, J = 2 Hz, 1 H), 7.89 (d, J = 4 Hz, 2 H), 7.86 (d, J = 2 Hz, 2 H), 7.64 (d, J = 

6 Hz, 2 H), 7.54 (d, J = 2 Hz, 1 H), 7.37 (dd, J = 4 Hz, 8 Hz, 1 H), 5.53 (t, J = 6 Hz, 1 

H), 4.58 (d, J = 4 Hz, 2 H); 13C NMR (DMSO-d6, 100 MHz): δ 164.4, 162.6, 150.3, 

149.0, 141.7, 139.8, 132.5, 130.7, 123.2,121.6, 121.5, 120.3, 116.5, 93.4, 86.8, 64.0. 

HRMS (+ESI) m/z calcd. for C20H16N3O2 [M + H]+ 330.1243, found 330.1239. 

Synthesis of tri-tert-butyl 2,2',2''-(10-((4-((4-(isonicotinamido)phenyl)ethynyl) 
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pyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (401) 

 To a stirred solution of N-(4-((2-

(hydroxymethyl)pyridin-4-yl)ethynyl)phenyl) 

isonicotinamide (404) (300 mg, 0.91 mmol) in 

anhydrous DCM (150 mL) were added DIPEA (1.59 

mL, 9.11 mmol) and methanesulfonyl chloride (0.22 mL, 2.73 mmol). The resulting 

mixture was stirred at room temperature for 3 hours. The resulting solution was then 

washed with saturated NaHCO3 solution, saturated NH4Cl solution and saturated NaCl 

solution. The organic layer was dried with anhydrous Na2SO4 and concentrated to give 

a pale yellow solid which was directly used in the next step without any more 

purification. The pale yellow solid was dissolved in dry MeCN (50 mL). Tri-tert-butyl 

2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (tBuDO3A, 0.50 g, 0.61 

mmol) and anhydrous K2CO3 (1.26 g, 9.1 mmol) were added. The resulting mixture 

was stirred at 50 oC for 12 hours under N2 gas. The solids were filtered off, and the 

filtrate was concentrated. Silica gel flesh column chromatography (CH2Cl2 : MeOH = 

20 : 1) of the residue gave a pale yellow solid (yield = 75%, 378 mg, 0.46 mmol) as the 

product. 1H NMR (CDCl3, 400 MHz): δ 10.64 (s, 1 H), 8.75 (d, J = 4 Hz, 2 H), 8.22 (d, 

J = 4 Hz, 4 H), 8.17 (d, J = 4 Hz, 2 H), 7.48 (d, J = 6 Hz, 2 H), 7.31 (s, 1 H), 7.24 (d, J 

= 4 Hz, 1 H), 3.17-2.15 (m, 32 H), 1.50 (s, 27 H); 13C NMR (CDCl3, 100 MHz): δ 172.4, 

164.5, 158.3, 150.0, 148.5, 141.3, 140.1, 132.7, 132.1, 125.0, 123.8, 122.4, 121.3, 116.6, 

95.5, 85.5, 82.0, 58.5, 56.1, 55.2, 54.2, 50.0, 42.5, 27.8, 27.7; HRMS (+ESI) m/z calcd. 

for C46H64N7O7 [M + H]+ 826.4867, found 826.4860. 
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Synthesis of complex EuL401  

To a solution of tri-tert-butyl 2,2',2''-(10-((4-((4-

(isonicotinamido)phenyl)ethynyl) pyridin-2-

yl)methyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triyl)triacetate (401) [4] (100 mg, 0.12 

mmol) in DCM (2 mL) was added trifluoroacetic 

acid (2 mL). The resulting solution was stirred 24 hours at room temperature. The 

solvent was removed under vacuum. The residue was dissolved in 1 mL of methanol. 

The solution was added into 50 mL of cool ethyl ether. The yellow solid was collected 

and then dissolved in MeOH/H2O (v : v = 1 : 1). Europium(III) nitrate pentahydrate (54 

mg, 0.13 mmol) was added. The resulting solution was maintained in a pH range of 6.0-

6.5 with NaOH solution (0.4 M) and stirred at room temperature for 24 hours. The 

solvents were removed under vacuum; the residue was dissolved in 1 mL of methanol 

and dropped into ethyl ether (50 mL). The precipitate was filtered, washed with diethyl 

ether and dried under vacuum at room temperature EuL401 was obtained as a white 

solid (94 mg, 0.11 mmol, yield = 95%). HRMS (+ESI) m/z calcd. For C34H37EuN7O7 

[M + H]+ 808.1967, found 808.1941; for C34H36EuN7NaO7 [M + Na]+ 830.1786, found 

830.1641. (Figure 4.2) HPLC characterization: Retention time = 11.92 min. (Table 4.1 

and Figure 4.6).  

Synthesis of complex GdL401  
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GdL401 can be obtained with a similar 

procedure as shown above. GdL401 (95mg, 

0.11 mmol, yield = 95%). HRMS (+ESI) m/z 

calcd. for C34H37GdN7O7 [M + H]+ 813.1995, 

found 813.2005, for C34H36GdN7NaO7 [M + 

Na]+ 835.1815, found 835.1915. (Figure 4.3) HPLC characterization: Retention time = 

11.78 min. (Table 4.1 and Figure 4.6) 

Synthesis of PtEuL401  

Cis-[Pt(NH3)2Cl(DMF)](NO3) was prepared as 

Peter J. Sadler et al. described previously [3]. 

EuL401 in anhydrous DMF (1 mL) was added 

to the cis-[Pt(NH3)2Cl(DMF)](NO3) solution 

and stirred at 65 °C in the dark for 16 hours. 

The solvent was removed under vacuum. The residue was dissolved in 3ml of MeOH, 

followed by filtration. The yellow unreacted cisplatin was filtered off. The filtrate was 

added into 50mL of Et2O. The formed precipitate was collected and re-dissolved in 

3mL of MeOH, the solution was added into 50 mL of Et2O, and the precipitate was 

collected and dried under vacuum at room temperature. The pale-yellow solid was 

afforded as the final product. PtEuL401 0.040g, yield = 72%, HRMS (+ESI) m/z calcd. 

for C34H42ClEuN9O7Pt [M - NO3]
+ 1071.1756, found 1071.1743, for 

C34H43ClEuN9O8Pt [M - NO3 – Cl + OH]+ 1053.2095, found 1053.1546. (Figure 4.4) 

HPLC characterization: Retention time = 10.60 min. (Table 4.1 and Figure 4.6).  
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Synthesis of PtGdL401 

PtGdL401 was synthesized with the similar 

procedures as above by using GdL401. 0.040 g, 

yield = 70%, HRMS (+ESI) m/z calcd. for 

C34H42ClGdN9O7Pt [M - NO3]
+ 1076.1784, 

found 1076.1821, for C34H43ClGdN9O8Pt [M -

NO3 – Cl + OH]+ 1058.2123, found 1058.1654. (Figure 4.5) HPLC characterization: 

Retention time = 10.63 min. (Table 4.1 and Figure 4.6) 
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5.2 Photophysical Measurement  

5.2.1 Linear induced photophysical properties 

UV-Visible absorption spectra in the spectral range 200 to 1100 nm were recorded 

by an HP Agilent UV-8453 Spectrophotometer. Single-photon luminescence spectra 

were recorded using an Edinburgh instrument FLS920 combined fluorescence lifetime 

and steady state spectrophotometer that was equipped with a visible to near-infrared-

sensitive photomultiplier in nitrogen flow cooled housing. The spectra were corrected 

for detector response and stray background light phosphorescence. The quantum yields 

of the complexes were measured by comparative method and integrated sphere [5]. 

Singlet oxygen was detected directly by its phosphorescence emission at 1270 nm 

using an InGaAs detector on a PTI QM4 luminescence spectrometer. The singlet 

oxygen quantum yields (ФΔ) of the test compounds were determined in CHCl3 by 

comparing the singlet oxygen emission intensity of the sample solution to that of a 

reference compound (H2TPP, ΦΔ = 0.55 in CHCl3) [2]. 

The photodissociation kinetics of PtEuL401 was investigated by monitoring the 

emission spectrum with different irradiation time of UVA (light dosage = 1200 Lux). 

The data were processed with OriginLab Origin 6.0. The plot of I/I0 @ 615 nm vs. time 

(figure 4.10) fits the equation: 

y = y0 + A e-kt 

to obtain the Pseudo-first order rate constant [6]. 
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5.2.2 Stability test via emission titration (for chapter 2 and 3) 

Titration experiments were conducted to investigate the effect of several common 

biological anions and HSA on the six europium complexes. Liquid concentrated stock 

solutions of each anion, as well as HSA, were added individually and gradually to a 

solution of the complex concerned. Addition was ceased either when the volume of 

added anion totaled 5% of the complex solution or the influence on complex 

luminescence was saturated. Single-photon luminescence spectra were determined via 

the aforementioned procedures [7]. 

5.3 Molecular Modeling.  

Molecular docking calculation of Plk1 specific peptides and their porphyrin-

pepides complexes Por-Pn (n = 1-2) were performed using AutoDock Vina software 

which was released by Dr. Oleg Trott in the Molecular Graphics Lab at The Scripps 

Research Institute [8]. In short, crystal structure of Plk1 protein (PDB code: 3RQ7) was 

transformed to PBDQT document in AutoDocTools-1.5.4 to set the docking surface 

(center_x = 1.34; center_y = 20.166; center_z = 27.784; and size_x = 44; size_y = 30; 

size_z = 6). Peptides and their Por-Pn complexes were graphed by GaussView and then 

subjected to torsions setting in AutoDocTools-1.5.4, saved as pdbqt file. [8] Binding 

conformations and affinities were processed in DOS (window XP). Results were 

presented as the best binding type and affinity values (kCal/mol). 
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5.4 In vitro Studies 

Cell culture (for Chapter 2, 3 and 4) 

Human cervical cancer HeLa cells were grown in Dulbecco’s Modified Eagle 

Medium (DMEM). HK-1 (nasopharyngeal carcinoma) and human A549 (lung 

cancer) were grown in RMPI-1640 medium. Human lung diploid fibroblasts MRC-5 

were provided by Cell resource center of Shanghai Institute of Biological Sciences, 

Chinese Academy of Sciences; and cultured in MEM (GIBCO 41500034) 

supplemented with 10% (v/v) fetal bovine serum, 1% penicillin and streptomycin at 37 

oC and 5 % CO2. 

Preparation of Plasmids, Proteins and Antibodies (for Chapter 2 and3) 

Human Cyclin A2 (173-432 a.a.) and CyclinD1 (full length) cDNA were amplified 

by PCR and subcloned into pGEX-KG vector for expression of GST (Glutathione S 

transferase) fusion proteins. All sequences were confirmed by DNA sequencing. 

Recombinant GST-tagged Cyclin A2 or Cyclin D1 was IPTG-induced (1 mM) 

expressed in bacteria E.coli BL21 and purified with High-Affinity Glutathione 

Sapharose 4B resin (GE Healthcare Life Sciences). Protein concentration was measured 

by NanoDrop 2000 spectrophotometer (Thermo Scientific). Anti-Rb phosphor-Ser807 

(#sc-293117), anti-Rb phosphor-Ser795 (#sc-21875), anti-P53 phospho-Ser315 (#sc-

101763) as well as anti-E2F1 phospho-Ser337 (#sc-130188) antibodies were purchased 

from Santa Cruz. Goat anti-rabbit IgG-HRPs were purchased from Jackson 

Laboratories Inc (West Grove, PA, USA). Anti Plk1 and anti-Rb (p-807) antibodies 
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were purchased from Santa Cruz Biotechnology (sc-17783). Anti-cyclin A, cyclin B1, 

tubulin, CDK1, CDK2 and Geminin antibodies were used as described in Lab.  

Western blotting (for chapter 2 and 3) 

Exponentially grown HeLa cells seeded in 6 well plates were treated with 

chemicals (20 μM each) for 24 hours, and then the cells were resined in PBS twice after 

removal of the culture medium, directly lysis in 50 mM Tris-HCl, pH = 6.8, 1% SDS, 

5% glycerol and totally denatured in hot water boiling. After centrifugations, the 

supernatant concentrations were measured with NanoDrop 2000 spectrophotometer. 

Equal amounts of total cell proteins were loaded into the 10% SDS-PAGE gel to allow 

electrophoresis separation. Then proteins were transferred into nitrocellular (NC) 

membranes. Efficiency of protein transfer was monitored by fast green staining. Then 

NC membranes were blocked in 2% skim milk solved in 0.3% Tween-20 TBS (TTBS), 

with shaking for 1hour. The proteins were examined by primary antibodies, respectively. 

Afterwards, free primary antibodies were removed by TTBS washing for 30 minutes. 

The membranes were then incubated with the respective HRP-conjugated secondary 

antibody for 1 hour. Finally, exposure detection was performed by using the 

chemiluminescence procedure (ECL, Pierce). 

 HeLa cells seeded in 12 well-plate were treated with Por-P1 or Por-P2 (1, 10, 20 

μM each) for 24 hours, and then cells were washed in PBS twice after removal of the 

culture medium, directly lysed in 50 mM Tris-HCl, pH = 6.8, 1% SDS, 5% glycerol 

and thoroughly denatured in boiling water bath. After centrifugations, the supernatant 
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was collected as clear lysis. Equal amounts of cell proteins were loaded into the 10% 

SDS-PAGE gel to allow electrophoresis separation. Finally, proteins were transferred 

into nitrocellular membranes from the gel and followed by western blotting process. 

The proteins were probed by antibodies, respectively. The final graphs were developed 

by using the chemiluminescence procedure (ECL, Pierce). 

Small RNA interferences (for chapter 2) 

Small RNA (5-CCAUUGGUCCCUCUUGAUUTT-3) targeting Cyclin A on 5-

CCATTGGTCCCTCTTGATT-3 (420-438), and CyclinD1 (5-

GUAGGACUCUCAUUCGGGATT-3) on 5-GTAGGACTCTCATTCGGGA-3 (3642-

3641) have been described previously. HeLa cells seeded with 20% confluency were 

transfected with 50 ng/mL small RNA mdiated by Thermo Scientific DharmaconFECT 

transfection reagents. After 48 hours post-transfection, HeLa cells were either dosed 

with Eu-L2-P3 complexes for imaging or harvested for western blotting to examine 

RNA interferences efficiency [9]-[10]. 

Competitive binding assay (for chapter 2) 

Cyclin A binding to p27/Kip1-peptide Sulfolink beads can be used to detect the 

ability of inhibiting Cyclin A of the europium complexes (Eu-L1-Pn and Eu-L2-Pn
 (n = 

1-2)). Briefly, p27/Kip1-peptide Sulfolink beads were incubated with 1 μM Cyclin A 

protein, before adding europium complexes. After 2 hours incubation at 4 oC, free 

proteins and chemicals were washed out, and peptide-bound proteins were harvested 

for western blotting using anti-Cyclin A antibodies. The density of protein bands in X-
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film was measured with Gel-pro analyzer software and underwent data normalization. 

The cellular uptake of europium complexes by ICP-MS (for chapter 2) 

To measure the intracellular concentration of complex, 1 x 105 cells were plated 

in each well and incubated with the complex of different concentrations (0.01, 0.025, 

0.05, 0.1 and 0.2 mM). After co-incubation, the cell culture medium containing 

complex was removed and exposed cells were further washed with 1 x PBS for 3 times 

to remove complex adhering to the outer cell membrane. Then the cells were harvested 

from the well plates using trypsin-EDTA and dispersed into 1.5 mL of culture medium. 

The exposed cells were collected by centrifuge and the cell pellet was digested in 500 

L of concentrated HNO3 at 70 oC for 4 hours. The intracellular concentration of Eu 

was determined using an Agilent 7500 series of inductively coupled plasma mass 

spectroscopy (ICP-MS). All ICP experiments were performed in triplicate and values 

obtained were averaged. The concentration of Eu per cell was calculated by determining 

the concentration of Eu in the cell lysate by ICP-MS and then dividing it by the number 

of cells counted by hemocytometer. 

MTT cell cytotoxicity assay (for chapter 2, 3 and 4) 

HeLa, A549 or MRC-5 cells treated with testing compounds for 24 hours were 

further incubated with MTT, 3-(4, 5-dimethylthiazol-2-yl)-2 and 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 solutions were measured in Bio-Rad iMark microplate reader (490 nm). 

Quadruplicates were performed. Data analysis and plotting were operated by the 
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GraphPad Prism 5 software. 

Flow cytometry (for chapter 2 and 3) 

106 cells were harvested by trypsin digestion, washed twice in PBS, and then fixed 

in 70% ethanol for 2 hours , 4 oC. After remove of ethanol, cells were resuspended in 

PBS and then subjected to PI staining (1% triton X-100, 50 μg/mL RNase A, 20 μg/mL 

propidium iodide) for 40 minutes, 37 oC. Cell phase distributions were analyzed in BD 

FACSCalibur and the results were processed by FlowJo 7.6.1 and shown as Half-Offset 

histogram and column charts (for calculation of cell phase distributions). 

Confocal in vitro imaging (for chapter 2, 3 and 4) 

Cells were seeded on coverslip in 35-mm culture dishes overnight. The cells were 

initially incubated with compounds (1 μM). Then the unabsorbed chemicals were 

washed out with PBS and the cells were subject to confocal microscopic imaging. In 

short, images were captured using the Leica SP5 (upright configuration) confocal 

microscope inside the tissue culture chamber (5% CO2, 37 oC). The excitation beam 

produced by the Argon laser/LED, which was tunable from 432nm, 457nm, 476 nm, 

488 nm, 514 nm and 800 nm to 1000 nm (fs laser) was focused on the adherent cells 

through a 40x/60x oil immersion objective.  

 

  



156 

 

5.5 References 

[1] Z. Kovacs and A. D. Sherry, J. Chem. Soc., Chem. Commun., 1995, 2, 185-186. 

[2] J.-X. Zhang, J.-W. Zhou, C.-F. Chan, T. C.-K. Lau, D. W. J. Kwong, H.-L. Tam, 

N.K. Mak, K.-L. Wong, and W. –K. Wong, Bioconjugate Chem., 2012, 23, 1623−1638. 

[3] Z. Zhu, X. Wang, T. Li, S. Aime, P. J. Sadler and Z. Guo, Angew. Chem. Int. Ed., 

2014, 53, 13225-13228. 

[4] H. K. Kong, F. L. Chadbourne, G. L. Law, H. Li, H. L. Tam, S. L. Cobb, C. K. Lau, 

C. S. Lee and K. L. Wong, Chem. Commun., 2011, 47, 8052-8054. 

[5] J. C. Bunzli, Chem. Rev., 2010, 110, 2729-2755. 

[6] N. A. Sassin, S. C. Everhart, B. B. Dangi, K. M. Ervin and J. I. Cline, J. Am. Soc. 

Mass. Spectrom., 2009, 20, 96-104. 

[7] H. Li, F. L. Chadbourne, R. Lan, C. F. Chan, W. L. Chan, G. L. Law, C. S. Lee, S. 

L. Cobb and K. L. Wong, Dalton Trans., 2013, 42, 13495-13501. 

[8] O. Trott, A. J. Olson, J. Comput. Chem., 2010, 31, 455–461. 

[9] X. Wang, Y. Song, J. Ren and X. Qu, PLoS One, 2009, 4, e6665-6674. 

[10] S. Weinstein, R. Emmanuel, A. M. Jacobi, A. Abraham, M. A. Behlke, A. G. 

Sprague, T. I. Novobrantseva, A. Nagler and D. Peer, PLoS One, 2012, 7, 43343-43347.  

 

 

  



157 

 

Appendix  

 

Figure S1 1H NMR spectrum of compound 201 (300 MHz, CDCl3). 

 

Figure S2 13C NMR spectrum of compound 201 (125 MHz, CDCl3). 
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Figure S3 1H NMR spectrum of compound 202 (400 MHz, CDCl3). 

 

 

 

Figure S4 13C NMR spectrum of compound 202 (100 MHz, CDCl3). 
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Figure S5 1H NMR spectrum of compound 305 (400 MHz, CDCl3). 

 

 

Figure S6 13C NMR spectrum of compound 305 (100 MHz, CDCl3). 
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FigureS7 1H NMR spectrum of Por-COOH (400 MHz, CDCl3) 

 

 

FigureS8 13C NMR spectrum of Por-COOH (100 MHz, CDCl3). 
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Figure S9 1H NMR spectrum of compound 401 (400 MHz, CDCl3). 

 

 

 

Figure S10 13C NMR spectrum of compound 401 (100 MHz, CDCl3). 

 



162 

 

 
 

Figure S11 1H NMR spectrum of compound 404 (400 MHz, DMSO-d6). 

 

 

 

Figure S12 13C NMR spectrum of compound 404 (100 MHz, DMSO-d6). 
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