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Abstract 

Primary cilia are organelles protruding from the cell membrane and can act 
as antennae to get information from the surroundings. Dysfunction of 
these organelles may result in serious liver and kidney diseases. Thus 
directly visualizing of primary cilia is of great value for diagnosing 
ciliopathies and other biomedical research. Normally, visualizing primary 
needs antibodies labelled with chromophores which are expensive. Here, a 
europium(III) based cyclen type non-toxic probe HGEu001 is developed 
for visualizing primary cilia. This non-toxic complex has good quantum 
yield (around 10%) with high stability in aqueous solution. Co-staining 
experiments of HGEu001 and its motif complex HGEu002 (control 
complex) with commercially available primary cilium markers acetylated 
tubulin or ARL13B in ciliated NIH3T3 cells with a two-photon confocal 
microscope suggest HGEu001 can specifically bind to primary cilia while 
HGEu002 do not have such property. Thus HGEu001 can be used for 
directly visualizing primary cilia with confocal microscopy.  
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Chapter 1 Research background 

Introduction 

1.1 Primary cilia 

Cilia are organelles spread out from the cell membrane. Normally, people 

divide cilia into two categories, motile cilia and non-motile cilia. The non-

motile cilia are also called primary cilia. Despite of some structure and motility 

differences, the two kinds of cilia share the same intraflagellar transport system. 

They can receive information from the surroundings as cell antenna. The major 

components of these two kinds of cilia are similar. Thus, it is believed that 

primary cilia may originate from sensory-motile cilia. Even though motility is 

partially lost during evolution, the specificity of primary cilia is strengthened.1 

At the beginning, primary cilium is regarded as vestigial structure for its 

degeneration in enigmatic function. Yet, recent studies mainly focus on its 

specificity in sensory transduction. A large amount of data support primary cilia 

to be either chemical, optical, osmotic or mechanical sensory devices to 

transduce signals into the cells via intracellular signaling cascades.2 Multiple 

signaling pathways are involved and disorders of these signal pathways may 

result in diseases such as cancer, kidney diseases, brain diseases. In this part, the 

structure and function of the primary cilium is introduced. Diseases caused by 

primary disorder are also briefly discussed. 
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1.1.1 The structure of primary cilia 

 

The classical structure of cilia has been obtained from studies on motile cilia 

which is rather similar to primary cilia. People believe that both motile and non-

motile cilia share a similar structure. But this notion is challenged, some studies 

on the structure of primary cilia are extended to molecular level. In order to 

obtain a structure with more details, proteomic analysis is carried out. This kind 

of studies will not only give the structural information of primary cilia but also 

reveal the function of this important organelle. Pioneer work were done by 

Ishikawa and co-workers. 195 candidate primary cilia proteins were identified, 

25% of them are primary cilia specific, and 75% of them are found in both 

primary cilia and motile cilia.3 But this work is challenged by Narita’s group. In 

Narita’s research, 868 ciliary proteins are identified in choroid plexus epithelial 

cells, only 152 of them are common in primary cilia and motile cilia.4 This 

study suggests that primary cilia may have a higher specificity in function and 

also a different structure compared to motile cilia.  
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Scheme 1. The structure of primary cilia. Adapted from reference 6. 

 

 

scheme 2. Intraocular pathway of ciliogenesis. This process starts at the end of 

cell mitosis. The axoneme grows inside the vesicle during G1 phase, as the lipid 
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vesicles continuously fuse together. After that, the ciliary sheath fuses with cell 

membrane to allow the ciliary shaft protrude outside the cells. Before mitosis 

entry, cilium is reabsorbed.  Adapted from reference 6. 

 

Primary cilia are a kind of finger-like organelles grown on the surface of the cell 

membrane. They are usually 1-5 �m long and 0.2 �m wide. The width of the 

primary cilia decreases from the membrane end to distal end.5 The primary cilia 

contain ciliary skeleton and its surrounding cell membrane. People call the 

membrane around the cilia ciliary membrane. Scheme 1 shows the structure of 

primary cilia. 6  

 

Cilia skeleton consists of the axoneme and the basal body. The core of the 

primary cilia is called axoneme which spreads out from the basal body. The 

axoneme of the primary cilia contain 9 pairs of microtubules while in the motile 

cilia, two more pairs of microtubules named central microtubules are found in 

the centre of the cilia. That means primary cilia adopt a “9+0” pattern instead of 

a “9+2” pattern in the motile cilia. The absence of central microtubules in 

primary cilia does not mean there will be vacancy in the center, a kind of 

electron-dense substance occupies the central location.7 The loss of the central 

microtubules results in degeneration of the motility and a different function of 

the cilia. For the microtubule doublet, it is composed of an adjacent pair of A-

tubule and B-tubule. The A-tubule wall has 13 parallel protofilaments while B-
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tubule has 10.8 These protofilaments are made of ��-tubuline heterodimers in 

longitudinal direction.6 With GTP, the microtubules are polarized and a plus 

end (assembly dominant) at the distal end is formed. This is where the tubulin is 

added and a minus end (disassembly dominant).9 In order to form a mature 

functional microtubule, various post-translational modifications are processed to 

co-regulate the stability and motility of the primary cilia.10 

 

The basal body of the primary cilium originates from the mother centriole 

which is the older centriole within the centrosome. Mother centrioles are 

accompanied by daughter centrioles, and they are linked via 2-4 striated 

rootlets. The mother and daughter centrioles can be found lying in the 

pericentriolar matrix. They are 0.5�m long and 0.2 �m wide. Both of them are 

made of 9 sets of triplet microtubules and can act as the nuclear for microtubule 

assembling. The major difference between mother centriole and daughter 

centriole is its transition fiber (distal appendage) and its basal foot (subdistal 

appendage). 6 

 

Transition zone is the area between triplet microtubule and doublet microtubule, 

where the central microtubules start to grow. The microtubule doublets are 

connected to the ciliary membrane via Y-shaped bridges, and these bridges can 

form dot-like pattern which is called ciliary necklace. Gate-keeper complexes 
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are most discussed in the transition zone.11 The gate-keeper can influence ciliary 

assembly and ciliary membrane composition via various signal pathways 

including Wnt, Sonic hedgehog (shh) and Hippo.6,12 The anchoring spot for the 

primary cilium is the basal foot, which is relatively important for cilia anchoring 

during interphase. 

 

Although the primary cilia membrane is continuous, it contains various lipid-

protein complexes which are different from other parts. This suggests the 

primary cilia membrane is closely connected to the primary cilia in both 

structure and function. Primary cilia can receive various stimuli from the 

surroundings through membrane receptors and ion channels, and the primary 

cilia membrane is highly related to these function.13 Numerous researches 

indicate the primary cilia is attached to the membrane through two ways. One is 

primary cilium spreads out from the cell membrane directly as the basal body 

dock beneath the cell membrane.6,14 The other indicates primary cilium is 

partially located intracellular and protrude from an invagination from the cell 

membrane which is called the primary ciliary pocket.15 Ciliary pocket shares 

many common features with flagellar pocket. Both of them consist of large 

amount of clathrin-coated pits and vesicles, which imply they are trafficking 

and carrying out endocytosis.16 Scheme 2 shows the intraocular pathway of 

ciliogenesis which was first observed by Sorkin in 1968.6 This process starts at 

the end of cell mitosis. The axoneme grows inside the vesicle during G1 phase, 
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as the lipid vesicles continuously fuse together. After that, the ciliary sheath 

fuses with cell membrane to allow the ciliary shaft protrude outside the cells. 

Before mitosis entry, cilium is reabsorbed.6,17 Another is extracellular pathway 

of ciliogenesis. It occurs in polarized epithelial cells. In this process, the basal 

body docks in the inner surface of the cytoplasmic membrane and primary 

cilium extends directly into extracellular matrix.6,18 

 

1.1.2 Function of primary cilia and diseases caused by its disorders  

 

According to the traditional classification, the main difference between primary 

cilia and motile cilia is the motility which is decided by the structural 

differences. Primary cilia have “9+0” microtubule arrangement that lose the 

motility while motile cilia have ”9+2” pattern for microtubule arrangement. 

With the two additional central microtubule doublets, its motility is reserved. 

However, this classification is challenged by the discovery of motile primary 

cilia at the embryonic node. Although motile primary cilia possess “9+0” 

microtubule arrangement, they also reserve partial motility and help cells in 

rotary motion. In addition, the connecting cilia of retina cells, which is different 

in cilia function and structure.19 These findings may result in a new 

classification of primary cilia. Table 1,20 summarizes the structure and function 

of motile cilia, motile primary cilia and sensory primary cilia respectively. As 

mentioned in the table, the major function of primary cilia act as a sensory 
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antenna of the cells and is involved in various signal pathways.21-22 It can 

transduce both chemical and mechanical stimuli into the cell via signaling 

pathways.  
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Table 1. the classification of cilia. The microtubule arrangements, ciliary 

motility, function and cell type are also summarized in the table. 

 

Ciliopathies are diseases caused by disorder of the primary cilium functions. As 

primary cilia can be found in almost every kind of cells, thus the amount of 

ciliopathies phenotypes are relatively large. 

 

These diseases are summarized in table 2.20 Diseases of the primary cilia is 

often associated with fibrocystic changes in the liver and kidney.23-24 Originally, 

ciliopathies are not easy to classify and diagnose because of its wide clinical 

disease spectrum and the heterogeneity of gene and phenotype. But there is a 

dramatic impact on investigation of ciliopathies due to recent improvements in 

genetic analysis. With modern technologies, rapid causative genes 

identification, genotype-phenotype correlation refinement, clinical diagnosis 

became available.  
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Table 2. features and genes related to ciliopathies. Adapted from reference 20 
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1.1.3 Visualizing technique for primary cilia 

 

As is discussed before, primary cilia disorder will result in various ciliopathies. 

Gene analysis is an excellent technique for diagnosing these diseases. Another 

outstanding aid is the visualizing technique for primary cilia. Here we set renal 

primary cilia as an example for visualization. Multiple visualizing approaches 

are discussed here. 

 

Visualizing renal primary cilia with transmission electron microscopy 

(TEM)  

 

Before starting the experiment, appropriate protections are essential. This 

experiment starts with fixing the specimen. The best method for fixing and 

preserving the kidney sample is perfusion fixing. Perfusate are injected into the 

mouse with a pressure lower than blood pressure. Gravity fed perfusion system 

whose pressure is often set at 75 mmHg. There is still other commercial 

perfusion apparatus available for the perfusion fix. Next, kidneys are carefully 

removed and cut into pieces, followed by immersing in fixative for 2-5 hours. 

Then dehydration, embedment, staining and drying are carried out to get the 

final specimen to be observed with the transmission electron microscopy.25-27 

Figure 1 shows the primary cilia of an embryonic day 15.5 mouse under the 

transmission electron microscopy. In 1A, the arrowhead points at the cilium and 
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the arrow points at the basal body. 1B shows the cross section of the primary 

cilium, “9+0” arrangement can be clearly observed. The scale bars are 500 

nanometers.28 Transmission electron microscopy is good to exhibit the 

microtubules arrangement but a longer time and more complicated procedures 

are needed in preparing the specimen. 

 

Visualizing renal primary cilia with scanning electron microscopy (SEM) 

 

As discussed in the transmission electron microscopy, the scanning microscopy 

needs a similar procedure for specimen fixing. After specimen fixation, the 

kidneys are removed, cut into small pieces and immersed in fixative. Then wash 

the sample with buffers and dehydrate by increasing the concentration of 

ethanol up to 70% for cryoprotection. Next, the samples are frozen using liquid 

nitrogen and fractured into pieces. This action is important in SEM visualizing. 

Otherwise, the structure of primary cilia will be destroyed by the razor blade. 

The sample is further processed through rehydration and dehydration. The final 

specimen can be obtained by removing all the liquid with a dryer. Figure 2 

shows the primary cilia (pointed out by the arrows) of a mouse kidney (scale bar 

of 2 microns).29 This technique is good in exhibiting the morphology of primary 

cilia but it cannot provide details of the microtubules arrangement of the 

primary cilia.  
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Figure 1.    Primary cilia of an embryonic day 15.5 mouse under the 

transmission electron microscopy. In 1A, the arrowhead points at the cilium and 

the arrow points at the basal body. 1B shows the cross section of the primary 

cilium, “9+0” arrangement can be clearly observed. The scale bars are 500 

nanometers. Adapted from reference 30 

 

Figure 2. Primary cilia (pointed out by the arrows) of a mouse kidney under the 

scanning electron microscopy (scale bar of 2 microns). Adapted from reference 

30. 
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Figure 3. Primary cilia under fluorescent microscopy stained with different 

methods. 3A shows the primary cilium (pointed out by arrow) labelled with 

anti-alpha-acetylated tubulin (green).  The red part is lotus tetragonolobus 

agglutinin labeled tubule brush border is labelled. 3B is the primary cilia 

(pointed out with arrows) of a mouse kidney cryosection labelled with anti-

acetylated alpha-tubulin (green). The basal body region is labelled red by using 

with anti-gamma-tubulin. 3C is the primary cilia of MDCK cell culture. The 

cells are labelled green by using anti-acetylated alpha-tubulin. Figure 3D-F are 

primary cilia of cultured cells labeled with Arl13b and acetylated alpha-tubulin. 

Arl13b (D, red) and acetylated alpha-tubulin (E, green) co-localize to the 
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primary cilium (F, merge). All of the nuclei are stained with DAPI (blue) in A–

F. Adapted from reference 30. 

 

Fluorescence microscopy for primary cilia. 

 

Similar procedures can be done when preparing the specimen of fluorescence 

microscopy. Kidney samples are prepared through perfusion fixing, fixing with 

fixatives, embedment or frozen, rehydration etc. But glutaraldehyde should be 

avoided as it increases the auto fluorescence, particularly for kidney samples. 

Figure 3A shows the primary cilium (pointed out by arrow) labelled with anti-

alpha-acetylated tubulin (green) in human renal biopsy sample prepared by 

formalin-fixing and paraffin-embedding.  The red part is lotus tetragonolobus 

agglutinin labeled tubule brush border is labelled. Figure 3B is the primary cilia 

(pointed out with arrows) of a mouse kidney cryosection labelled with anti-

acetylated alpha-tubulin (green). The basal body region is labelled red by using 

with anti-gamma-tubulin. Figure 3C is the primary cilia of MDCK cell culture. 

The cells are labelled green by using anti-acetylated alpha-tubulin. Figure 3D-F 

are primary cilia of cultured cells labeled with Arl13b and acetylated alpha-

tubulin. Arl13b (D, red) and acetylated alpha-tubulin (E, green) co-localize to 

the primary cilium (F, merge). All of the nuclei are stained with DAPI (blue) in 

A–F.30 
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The key for a successful fluorescent imaging of primary cilia is to choose the 

right antibody. Table 3 summarizes commercial antibodies available for primary 

cilia detection.30 These antibodies are used in indirect immunostaining method 

to detect primary cilia. After binding, secondary antibodies conjugated with 

fluorochrome are used for detecting primary antibodies. Primary cilia are small 

and only one can be found in each cell. So it is important to follow the 

optimized protocols for detection. Non-specific antibody binding should be  

blocked before the secondary antibodies are introduced by using blocking 

solutions. Here, three major antibodies for primary cilia fluorescence 

microscopy are suggested. 
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Table 3. Antibodies commercially available for primary cilia staining in 

fluorescent microscopy. Adapted from reference 30. 
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Mouse monoclonal anti-acetylated alpha-tubulin is widely used antibody for 

axoneme labeling of the primary cilium. This antibody is raised against the sea 

urchin sperm axoneme acetylated alpha-tubulin, and it can recognize the 

modified form of tubulin specifically in a diverse range of species.31 Once the 

microtubules get acetylated, they become more stable than the non-acetylated 

ones. Thus, the primary cilium is preferentially labelled than the microtubules 

from other sources.  

 

Arl13b is a small GTPase, this enzyme is related to the ciliary membrane, 

disorder of this enzyme may result in kidney diseases. Antibodies against this 

protein are often used for labeling primary cilia from the kidney32-34  

 

Gamma-tubulin is an important component in constructing microtubule and can 

be detected in the basal body.35-37 Antibodies against this protein are often used 

in detecting the orientation of the primary cilia for gamma-tubulin can only be 

detected at the roots of primary cilia. 

 

Besides choosing a proper antibody, microscope setting is also important. 

Standard fluorescence microscopy is adequate for visualizing primary cilia with 

immunolabeling. Although confocal microscopy can provide clear images of 

primary cilia and allow three dimensional reconstructions, it is still difficult to 
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get enough clear images. In addition, the length of the primary cilia is important 

for its sensitivity in transducing signals from the surroundings. 39-40 So the 

length of the primary cilia varies from cell lines to cell lines, tissues to tissues. 

To get sufficient clear images, more specific detecting label are required. 

Various fluorescent labels are still in development. 

 

1.2 Fluorescence of lanthanide and its bio-imaging application 

 
1.2.1 Fluorescence, phosphorescence and lanthanide ion luminescence 

 

Fluorescence is one of the most amazing phenomenon in nature. According to 

IUPAC rules, fluorescence can be defined as the spontaneous emission of light 

radiation from an excited entity with retention of spin multiplicity.41 The 

fluorescence lifetime refers to the average time of the excited species stay in the 

excited state. The energy of the photon can be calculated by the Planck’s Law. 

 

E = h ∙ ν = h ∙ &' 

 

Due to the internal energy decay between the exited levels at higher energy and 

lower energy shown as Scheme 4, there is an energy loss after relaxation. Thus, 

there is an increase in wavelength in the emission photon compared to the 

excitation photon. The difference between emission maxima and excitation 
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maxima is called “Stokes shift”. This phenomenon is reported as fluorescence 

for the first time by the British Scientist Sir George Stokes. His observation of a 

red shift in the emission light when fluorspar (fluorite) is irradiated with UV 

light.42 

 

Different ways are used to demonstrate the physical process of fluorescence. 

Here, the classical Bohr model and the Jabłoński diagram are used for 

illustration.  

 

Scheme 3 is a representation of using classical Bohr model to illustrate 

fluorescence.43 Start from the ground state ❶ , a photon (blue) is absorbed by 

the atom, and at the same time an electron is excited to a higher energy level 

from ❷	 to ❸	. After relaxation for a certain amount of time (the life time) at 

the excited singlet state, the electron moves back to the original orbital (the 

ground state) from ❸ to❹	, excess energy is emitted as a photon (green). 
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Scheme 3. Mechanism of fluorescence illustrated by Bohr model. Start from the 

ground state ❶, a photon (blue) is absorbed by the atom, and at the same time 

an electron is excited to a higher energy level. After relaxation, the electron 

moves back to the original orbital (the ground state) from ❸ to❹ , excess 

energy is emitted as a photon (green).Adapted from reference 43. 

 

Another way to illustrate the mechanism of the fluorescence phenomenon is by 

the Jabłoński diagram shown in Scheme 4. Upon excitation by absorbing a 

photon, an electron moves to the higher energy level ES1 from the ground level 

GS0 shown as ❷, then after a quick relaxation, the electron loses energy and 

stay at an unstable excited state with lower vibrational energy than the original 
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excited state as shown by the white line. The electron can move back to the 

ground state via ❹, excess energy is given out as a photon emission. This 

process is called fluorescence. There are also some other possibilities. The 

electron with higher energy can be quenched or moved back via non-radiation 

relaxation and give out heat. Thus, there is a reduction in the amount of photon 

between absorption and emission. Furthermore, the electron with higher energy 

can also go through intersystem crossing from ES1 to ET1 to the excited triplet 

state. The life time of this excited state is longer than the exited singlet state. 

Thus it behaves differently from fluorescence, and this long lived phenomenon 

is called phosphorescence.  

 

Phosphorescence is often observed as longer-lived than fluorescence. Compared 

to fluorescence, it disappears simultaneously at the end of the excitation. 

Nevertheless, zinc sulfide (violet) is an exception. During intersystem crossing, 

electrons experience reversal and are forbidden. Therefore, the magnitude of 

phosphorescence is slower than that of fluorescence. 
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Scheme 4. Mechanism of fluorescence and phosphorescence illustrated by 

Jabłoński diagram. Upon excitation by absorbing a photon, an electron moves to 

the higher energy level, then after a quick relaxation, the electron loses energy 

and stay at an unstable excited state with lower vibrational energy. After that the 

electron can move back to the ground state and give out a photon emission. This 

process is called fluorescence. Furthermore, the electron with higher energy can 

also go through intersystem crossing from ES1 to ET1 to the excited triplet state. 

The life time of this excited state is longer than the exited singlet state. Thus it 

behaves differently from fluorescence, and this long lived phenomenon is called 

phosphorescence. Adapted from reference 43. 
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Fluorescence is a complicated physical process. There are a large amount 

alternative pathways of energy conversion and/or dissipation. The environment 

can also have a great influence on the final luminescent outcome. That means 

multiple irrelevant processes might be resulted. A more concise introduction on 

the topic of fluorescence, fluorescence phenomena and various fluorescence 

microscopy technique is discussed in the reference.44-46 

 

For biological detection, various organic probes and fluorochrfomes are 

synthesized and applied to different aspects including protein conformation 

studies,47 molecular dynamic simulations,48 cell membrane labelling and 

visualization,49 biomedical optics,50 in vivo imaging,51 protein detection,52 

phagocytic phase of apoptosis,53 hyaluronan studies.54 

 

Luminescence does not only exist in organic compounds, it also happens in a 

series of ions, especially lanthanide ions. The mechanism is similar to the 

fluorescence and phosphorescence discussed in the Jabłoński diagram part. 

Despite a number of mechanisms can partially relax the electron dipole 

selection rule, the intraconfigurational 4f to 4f transitions of lanthanide ions are 

normally forbidden. For lanthanide ions after direct excitation, they only exist a 

very limited molar absorptivity. In order to overcome this, various chromophore 

also called antenna are synthesized. These antennae can stimulate lanthanide 

ions by absorbing light and transfering the energy absorbed to the lanthanide 
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ions. The mechanism can be explained by Scheme 5. Upon irradiation by a 

photon with an appropriate wavelength, the antenna will transform to its singlet 

exited state (S1), followed by a series of processes as illustrated in the Jabłoński 

diagram including fluorescence, intersystem crossing, phosphorescence. 

Another possibility is the electron in the triplet excited state (T1) of the antenna 

experiences energy transfer, and moves to the accepting states of the lanthanide 

ions. After relaxation, the electron will move to the emitting states from the 

accepting states. At the same time, the electron moves to the final state with the 

excess energy transforming into photons generated. The final step results in the 

fluorescence of lanthanide ions. Thus, a larger stokes’ shift can be observed 

(e.g.� 3000 cm-1). However, the spin-state of luminescence of organic 

molecules do not change during the process, thus the stokes’ shift is relatively 

small (e.g.�3000 cm-1). Due to the nature of 4f to 4f transitions in lanthanide 

ions, the peaks are often sharp and can be identified easily. The emission can 

occur in the UV, visible or NIR regions which is summarized in Table 4. 
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Scheme 5. The mechanism of lanthanide luminescence. Upon irradiation by a 

photon with an appropriate wavelength, the antenna will transform to its singlet 

exited state (S1), after the intersystem crossing, the electron in the triplet excited 

state (T1) of the antenna experiences energy transfer, and moves to the 

accepting states of the lanthanide ions. After relaxation, the electron will move 

to the emitting states from the accepting states and generate a photon. Adapted 

from reference 56. 
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Table 4. Ground state, excited state, and emitting regions of lanthanide ions. 

Adapted from reference 56. 

 

Apart from the larger stokes’ shift and sharp peak, the forbidden property of 

transition from 4f to 4f results in slow relaxation from emitting photons. Thus, 

the lifetime of lanthanide ions is comparatively longer than organic molecules. 

The longer lifetime enables lanthanide ions to do time resolved measurements. 

Ln(III) Ground 

state 

Emitting 

state 


em region Nature of 

emission 

Pr 3H4 1D2,3P0 Vis. And 

NIR 

Phos. And 

Fluor. 

Nd 4I9/2 4F3/2 NIR Fluor. 

Sm 6H5/2 4G5/2 Vis. Phos. 

Eu 7F0 5D0 Vis. Phos. 

Gd 8S7/2 6P7/2 UV Phos. 

Tb 7F6 5D4 Vis. Phos. 

Dy 6H15/2 4F9/2 Vis. Phos. 

Ho 5I8 5S2,5F5 Vis. And 

NIR 

Fluor. 

Er 4I15/2 4I13/2 NIR Fluor. 

Tm 3H6 1D2,1G4,3H4 Vis. Phos. 

Yb 2F5/2 5F5/2 NIR Fluor. 
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The lifetime for DOTA based Eu(III) and Tb(III) complexes are approximately 

1ms. For NIR emitting Yb(III) and Nd(III), the lifetime is approximately 1�s 

and less than 1 �s respectively.55 

 

From the imaging perspective, the antenna is the most important component in 

lanthanide based probe design. Considering the probe is suitable for confocal 

microscopy excitation source, the triplet state of the antenna must lie around 

2000 cm-1 above the accepting state of the lanthanide ions, so that back energy 

transfer can be avoided.56 Meanwhile, the antenna should have sufficient 

shielding of lanthanides and avoid contacting with O-H, N-H oscillator which 

can deactivate 4f centred excited states. Figure 4 shows some examples of the 

sensitizing aromatic antennae. 

 

 

Figure 4. Some examples of the 
sensitizing aromatic antennae. Adapted 

from reference 56. 

Figure 5.  Antenna covalently bind to 
the cyclin framework. Adapted from 

reference 56. 
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Figure 6. Chromosomal DNA specific cyclen based probe. Adapted from 
reference 56. 

Figure 8. High molar absorption coefficients 
antenna based on pyridylalkynylaryl group. 

Figure 9. Cyclin A targeted peptide 
modified Eu(III) based probes. 

Figure 7. A series of probe with different ampilicities (left), mitochondrial 
localizing Eu-based probe (right). 
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1.2.2 Lanthanide-based complexes for bioimaging applications 

 

Both TACN (1,3,5-triazacyclononane) and cyclen (1,4,7,10-tetraaza- 

cyclononane) have excellent binding affinity to Ln(III) ions and form stable and 

inert complexes. Various macrocyclic lanthanide based probes are developed on 

the basis of these ligands. 

 

Parker and co-workers designed various Ln(III)-cyclin based probes by using 

Eu(III) and Tb(III) as the central ion.57 Figure 5 shows some of the sensitizing 

antenna covalently bound to the cyclin framework. This series of probes can 

enter the cells via macropinocytosis. The different nature of the linkage and 

antennae will decide the cellular uptake and localization of the probe. Most of 

Figure 10. A mitochondria specific 
probe with TACN framework. 

Figure11. Helicate based Eu(III) probe. 
(R1 = H, R2 = Me, R3 = PEG chain). 

Adapted from reference 56. 
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them can conduct fast cell entry and gather in endosomal-lysosomal which is 

confirmed via costaining with other biomarkers. 

 

Complexes with chromophores on 1,7 position of the cyclen ring (shown in 

Figure 6) can selective stain chromosomal DNA.58 These complexes have little 

cytotoxicity with IC50 over 400�M. The amphilicity can be altered by changing 

the functional group on the ligand and little changes in the substituent group 

may result in different cellular localization. Figure 7 shows the structures of 

different functional group attached to the chromophore, including hydrophilic, 

lipophilic and bio-inspired variants. Figure 7 shows a mitochondria specific 

probe. 

 

An alternate antenna consist of pyridylalkynylaryl group can provide high molar 

absorption coefficients. This series of compounds (Figure 8) can form tris-

chelate complexes and the absorption properties can be tuned by charge transfer 

of the ligand which can be realized by imparting the aryl substituent.59 Selected 

type of this series can obtain marked two-photon absorption (775GM at 740nm) 

in dichloromethane.60 A cyclen-based Eu(III) biocompatible probe was 

designed (Figure 9). The two cyclin A which is a cell cycle progression related 

protein targeting peptide sequences are employed. The chromophore enables the 

complex to increase in two-photon absorption from 12GM to 68GM after 
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binding. This probe can be used for two-photon confocal microscopy imaging 

in living cells with an excitation wavelength at 800nm.61 

 

Although there are various cyclen-based frameworks available, the applications 

are still limited for this series because of the poor brightness. This limitation can 

be overcome by the triazacyclononane (TACN) based framework. TACN can 

bind to lanthanide ions in a tight way and decrease the approach of water 

molecules. It is reported TACN based Eu(III) complex possess a quantum yield 

up to 50%, and a large molar absorption coefficient over 50000 M-1 cm-1 in 

aqueous solution. In confocal microscopy, the wavelength of the excited light 

vary from 355 to 365 nm. 62 Figure 10 shows a mitochondria specific probe with 

TACN framework. 

 

Other antennae such as helicate is developed by B�nzli’s group. The self-

assembled, triple-stranded helicate with a general form of [Ln2L3] can be 

adopted for various biomedical study. Figure 16 shows an example of helicate. 

(R1 = H, R2 = Me, R3 = PEG chain). Cells were imaged with 
ex 405 nm.63 

 

1.3 Research scope 

 
Primary cilium is an important sensory organelle in transducing the signals from 

the surroundings inside the cells. Disorder of primary cilia will lead to various 
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serious diseases as introduced. Thus, obtaining clear images of primary cilia is 

significant for doctors in diagnosing different kinds of ciliopathies. Lanthanide 

based probes are perfect for imaging and time resolved detection. But up to 

now, there is no efficient lanthanide based probe for primary cilia available. In 

this project, a method for synthesizing a primary specific luminescent probe, 

HGEu001, will be described. There is sufficient evidence obtained to support 

HGEu001 is an efficient primary cilia specific lanthanide-based luminescent 

probe. 
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Chapter 2. A luminescent lanthanide approach towards direct 
visualization of primary cilia 

 
In this part, a lanthanide-based probe for primary cilia HGEu001 and its motif 

complex HGEu002 (unspecific control) were synthesized. The photophysical 

properties, cytotoxicity and bio-imaging application are discussed. These two 

compounds have similar photophisical properties, and cytotoxicity, but their 

distribution in living cells are totally different resulting HGEu001 a splendid 

luminescent probe for primary cilia imaging. To our best knowledge, this is the 

first lanthanide-based probe for primary cilia imaging. 

 

2.1 Synthesis, characterization of lanthanide-based probes for 

primary cilia 

 

2.1.1 Introduction  

 
The overall synthetic approach used to prepare tris(N-(tert-butyl)acetamide) 

cyclen-based europium complex HGEu001 and HGEu002 was detailed in 

Scheme 2.1 In these two complexes, large π conjugated chromophores with 

large linear absorption coefficient and two-photon absorption cross section are 

employed as antennae for the europium (III) ion to harvest light (lanthanide 
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antenna effect). All the products were characterized by 1H NMR, 13C NMR, 

MALDI – TOF MS.  

 

 

scheme 2.1.1 the synthetic route for HGEu001 and HGEu002. a) (4-

ethynylpyridin-2-yl)methanolS1, Pd(PPh3)4, CuI, DIPEA, THF; b) MsCl, 

DIPEA, DCM; c) cyclen, NaHCO3, CH3CN; d) K2CO3, MeCN, 60 oC; e) 

EuCl3·6H2O, H2O, MeOH, rt.; 24 hours. 

 

2.1.2 Results and discussion 

 
Two water-soluble, simple, and stable tris(N-(tert-butyl)acetamide) cyclen-

based europium complex HGEu001 and HGEu002 with efficient antennae were 

synthesized. The synthetic route is feasible and easy with high yield. Purified 

compounds can be used in the future experiments. HGEu001 is the primary-

cilium-specific probe and HGEu002 is a motif complex of HGEu001 

(unspecific control). 
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2.1.3 Experimental 

 
General information for synthesis. 

  

Anhydrous acetonitrile (CH3CN), tetrahydrofuran (THF), diisopropylamine 

(DIPA) and dichloromethane (DCM) were prepared over calcium hydride 

(CaH2). All reactions were performed under a nitrogen atmosphere with 

anhydrous solvents unless otherwise specified. All the reagents were of high 

quality which can be obtained commercially and were used in the experiments 

without further purification. Thin-layer chromatography (TLC) were used to 

monitor the reactions, by using silica gel plates (0.25 mm, 60F-254) under UV 

light as visualizing method. Flash column chromatography was performed on 

200-300 mesh silica gel. 1H and 13C NMR spectra were obtained by using a 400 

(1H: 400 MHz, 13C: 100 MHz) spectrometer. In here, s is singlet, d is doublet, t 

is triplet, q is quartet, dd is doublet of doublets, m is multiplet, br is broad. 

High-resolution mass spectra were recorded by an ESI or MALDI-TOF mass 

spectrometer. 

 

Synthesis of N-(4-iodophenyl)-4-(trifluoromethyl)benzamide (compound 2) 
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4-iodoaniline (5 g, 46.23 mmol) and DIPEA (13.42 mL, 77.06 mmol) was 

dissolved in DCM (200 mL), then 4-(trifluoromethyl)benzoyl chloride (5.72 

mL, 38.53 mmol) was added dropwise at 0 oC in 30 min. The resulting solution 

was stirred for 12 hours at room temperature. The solvent of the resulting 

mixture was concentrated to 100 mL, and the white precipitate was collected as 

product after filtration. (13.41 g, 34.29 mmol, yield = 89 %) 1H NMR (400 

MHz, DMSO-d6): 	 10.57 (s, 1 H), 8.13 (d, J = 4 Hz, 2 H), 7.92 (d, J = 4 Hz, 2 

H), 7.72 (d, J = 4 Hz, 2 H), 7.63 (d, J = 4 Hz, 2 H); 13C NMR (100 MHz, 

DMSO-d6): 	 164.5, 138.6, 138.5, 137.3, 131.6, 131.3, 128.6, 125.4, 125.3, 

125.2, 122.5, 87.9; HRMS (MALDI-TOF) m/z calcd. for C14H10F3INO [M + 

H]+ 391.9759 found 391.9761. 

 

Synthesis of N-(4-((2-(hydroxymethyl)pyridin-4-

yl)ethynyl)phenyl)benzamide (compound 3) 

 

N-(4-iodophenyl)benzamide (1)64 (3.36 g, 10.4 mmol), Pd(PPh3)2Cl2 (136 mg, 

0.21 mmol), CuI (80 mg, 0.42 mmol) and DIPEA (20 mL) was dissolved in 

freshly distilled THF (200 mL).  To the solution, (4-ethynylpyridin-2-

yl)methanol65 (0.92 g, 6.8 mmol) was added. The resulting mixture was stirred 

at 45 oC for 6 hours under protection of nitrogen gas. A white solid was 

obtained after silica gel flash column chromatography (DCM : MeOH = 30 : 1) 



	 43 

of the concentrated residue. (2.16 g, 6.4 mmol, yield = 94%) 1H NMR (400 

MHz, DMSO-d6): 	 10.49 (s, 1 H), 8.52 (d, J = 2 Hz, 1 H), 7.96 (d , J = 4 Hz, 2 

H), 7.90 (dd, J1 = 4 Hz, J2 = 8 Hz, 2 H), 7.63-7.60 (m, 3 H), 7.57-7.53 (m, 3 H), 

7.38 (d, J = 2 Hz, 1 H), 5.52 (br, 1H), 4.58 (s, 2 H); 13C NMR (100 MHz, 

DMSO-d6): d 165.8, 162.5, 148.9, 140.4, 134.7, 132.4, 131.8, 130.8, 128.4, 

127.7, 123.2, 121.4, 120.1, 115.9, 93.6, 86.6, 63.9, 53.5; HRMS (MALDI-TOF) 

m/z calcd. for C21H17N2O2 [M + H]+ 329.1290 found 329.1295. 

 

Synthesis of N-(4-((2-(hydroxymethyl)pyridin-4-yl)ethynyl)phenyl)-4-

(trifluoro methyl) benzamide (compound 4) 

 

N-(4-iodophenyl)-4-(trifluoromethyl)benzamide (2) (4 g, 10.22 mmol), 

Pd(PPh3)4 (197 mg, 0.17 mmol), CuI (65 mg, 0.34 mmol) and DIPEA (20 mL) 

were dissolved in freshly distilled THF (200 mL). To the solution, (4-

ethynylpyridin-2-yl)methanol (1.13 g, 8.52 mmol) was added. The resulting 

mixture was stirred at 45 oC for 6 hours under protection of nitrogen gas. A 

white solid was obtained after silica gel flash column chromatography (DCM : 

MeOH = 30 : 1) of the concentrated residue. (3.10 g, 7.84 mmol, yield = 92%) 

1H NMR (400 MHz, DMSO-d6): 	 10.71 (s, 1 H), 8.52 (d, J = 4 Hz, 1 H), 8.15 

(d, J = 4 Hz, 2 H), 7.93 (d, J = 4 Hz, 2 H)�7.90 (d, J = 4 Hz, 2 H)�7.64 (d, 
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J = 4 Hz, 2 H)� 7.55 (s, 1 H), 7.36 (d, J = 2 Hz, 1 H), 5.54 (t, J = 4 Hz, 1 H), 

4.14 (d, J = 2 Hz, 2H); 13C NMR (100 MHz, DMSO-d6): d 164.7, 162.5, 148.9, 

140.0, 138.5, 132.5, 131.7, 131.3, 130.70, 128.7, 125.4, 125.2, 123.2, 122.5, 

121.4, 120.2, 116.3, 93.4, 86.6, 63.9; HRMS (MALDI-TOF) m/z calcd. for 

C22H16F3N2O2 [M + H]+ 397.1164 found 397.1168. 

 

Synthesis of 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tris(N-(tert-

butyl) acetamide) ( compound 5) 

 

2-bromo-N-(tert-butyl)acetamide66 (10.1g, 52.2 mmol) was added into the 

solution of 1,4,7,10-tetraazacyclododecane (3.0 g, 17.4 mmol) in anhydrous 

acetonitrile (80 mL), followed by NaHCO3 (21.9 g, 261 mmol). The resulting 

solution was stirred at room temperature for 24 hours. After filtration of the 

resulting mixture, a white solid was obtained by recrystallizing from hot water 

of the concentrated filtrate. (4.8 g, 8.7 mmol, yield = 50%) 1H NMR (400 MHz, 

CDCl3): 	 6.78 (s, 1 H), 6.68 (s, 2 H), 3.05 (s, 4 H), 3.05 (s, 2 H), 2.70 (m, 16 

H), 1.37 (s, 18 H) 1.36 (s, 9 H); 13C NMR (100 MHz, CDCl3): d 170.1, 170.0, 

60.5, 59.6, 53.4, 52.9, 52.3, 51.1, 50.9, 46.7, 28.9, 28.8; HRMS (MALDI-TOF) 

m/z calcd. for C26H54N7O3 [M + H]+ 512.4288 found 512.4285. 
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Synthesis of 2,2',2''-(10-((4-((4-benzamidophenyl)ethynyl)pyridin-2-

yl)methyl) -1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tris(N-(tert-

butyl)acetamide) (HGL001) 

 

N-(4-((2-(hydroxymethyl)pyridin-4-yl)ethynyl)phenyl)benzamide (3) (300 mg, 

0.91 mmol) and DIPEA (1.59 mL, 9.11 mmol) was dissolved in anhydrous 

DCM (150 mL). To the stirred solution, methanesulfonyl chloride (0.22 mL, 

2.73 mmol) was added. The resulting mixture was stirred for 3 hours at room 

temperature. The solution was then washed with saturated NaHCO3 solution, 

saturated NH4Cl solution and brine. The organic layer was dried over anhydrous 

Na2SO4 and after concentration, a pale yellow solid was obtained as the 

intermediate compound, (4-((4-benzamidophenyl)ethynyl)pyridin-2-yl)methyl 

methanesulfonate, which was used directly in the next step without further 

purification. This solid was dissolved in dry CH3CN (50 mL). 2,2',2''-(1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)tris(N-(tert-butyl)acetamide) (5), (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 nitrogen gas. After filtration, 

the filtrate was concentrated. A pale yellow solid was obtained after silica gel 

flesh column chromatography (CH2Cl2 : MeOH = 12 : 1) of the residue. (378 

mg, 0.46 mmol, yield = 75%,). 1H NMR (400 MHz, DMSO-d6): 	 10.53 (s, 1 

H), 8.38 (d, J = 2 Hz, 1 H), 7.97 (d, J = 4 Hz, 2 H), 7.94 (d, J = 4 Hz, 2 H), 7.83 
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(br, 2H), 7.60-7.53 (m, 7 H), 7.38 (d, J = 2 Hz, 1 H), 3.66 (br, 2 H), 3.20-2.07 

(m, 22 H), 1.30 (s, 9 H), 1.22 (s, 18 H); 13C NMR (100 MHz, DMSO-d6): d 

170.5, 169.9, 165.9, 158.7, 149.0, 140.5, 134.7, 132.3, 131.8, 131.1, 128.5, 

128.2, 127.8, 125.1, 123.5, 120.1, 115.9, 93.9, 86.3, 58.1, 57.9, 57.2, 50.4, 50.3, 

28.3, 28.1; HRMS (MALDI-TOF) m/z calcd. for C47H68N9O4 [M + H]+ 

822.5394, found 822.5390.  

 

Synthesis of 2,2',2''-(10-((4-((4-(4-

(trifluoromethyl)benzamido)phenyl)ethynyl) pyridin-2-yl)methyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)tris(N-(tert-butyl )acetamide) (HGL002) 

 

N-(4-((2-(hydroxymethyl)pyridin-4-yl)ethynyl)phenyl)-4-

(trifluoromethyl)benzamide (4) (300 mg, 0.76 mmol) and DIPEA (1.33 mL, 

7.61 mmol) was dissolved in anhydrous DCM (150 mL). To the stirred solution, 

methanesulfonyl chloride (0.18 mL, 2.28 mmol) was added. The resulting 

mixture was stirred at room temperature for 3 hours. After that the solution was 

then washed with saturated NaHCO3 solution, saturated NH4Cl solution and 

brine. The organic layer was dried over anhydrous Na2SO4 and and after 

concentration, a pale yellow solid was obtained as the intermediate compound, 

(4-((4-(4-(trifluoromethyl)benzamido)phenyl)ethynyl)pyridin-2-yl)methyl 

methanesulfonate, which was directly used in the next step without further 

purification. This solid was dissolved in dry CH3CN (50 mL). 2,2',2''-(1,4,7,10-
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tetraazacyclododecane-1,4,7-triyl)tris(N-(tert-butyl)acetamide) (5), 0.42 g, 0.51 

mmol) and anhydrous K2CO3 (1.05 g, 7.6 mmol) were added. The resulting 

mixture was stirred at 50 oC for 12 hours under nitrogen gas After filtration, the 

filtrate was concentrated. A pale yellow solid was obtained after silica gel flesh 

column chromatography (CH2Cl2 : MeOH = 12 : 1) of the residue. (354 mg, 

0.40 mmol, yield = 78%). 1H NMR (400 MHz, DMSO-d6): 	 10.78 (s, 1 H), 

8.38 (d, J = 2 Hz, 1 H), 8.18 (s, 1 H), 8.16 (s, 1 H), 7.91 (d, J = 4 Hz, 4 H), 7.82 

(br, 2 H), 7.62 (d, J = 8 Hz, 2 H), 7.57 (d, J = 4 Hz, 2 H), 7.39 (d, J = 2 Hz, 1 

H), 3.71 (br, 2 H), 2.87-2.17 (m, 22 H), 1.29 (s, 9 H), 1.27 (s, 18 H); 13C NMR 

(100 MHz, DMSO-d6): d 170.5, 169.8, 164.7, 158.6, 148.9, 140.1, 138.4, 

132.3, 131.6, 131.3, 131.0, 128.7, 125.4, 125.2, 125.1123.4, 122.5, 120.2, 

116.2, 93.7, 86.4, 58.1, 57.9, 57.2, 54.9, 50.4, 50.3, 49.4, 28.3, 28.1; HRMS 

(MALDI-TOF) m/z calcd. for C48H67F3N9O4 [M + H]+ 890.5268 found 

890.5264. 

 

Synthesis of complex HGEu001 

 

Ligand (HGL001, 0.20 mmol) was dissolved in in MeOH/H2O (100 mL, v : v = 

1 : 1). To the solution of the ligand, europium (III) chloride hexahydrate (77 

mg, 0.21 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 for 24 hours at room 
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temperature. The solvents were removed under vacuum; the residue was 

dissolved in 1 mL of methanol and was dropped into ethyl ether (50 mL). The 

precipitates were filtered, washed with diethyl ether and dried under vacuum at 

room temperature. White solids were collected as the products. (222 mg, 0.19 

mmol, yield = 90%). HRMS (+ESI) m/z calcd. for C47H65EuN9O4 [M – H2O – 

2H]+ 972.4372, found 972.4378, calcd. for C47H66ClEuN9O4 [M – H2O – H + 

Cl-]+ 1008.4139, found 1008.4119, calcd. for C47H67Cl2EuN9O4 [M – H2O + 

2Cl]+ 1044.3905, found 1044.3882 (Fig. 2.1.3). HPLC characterization: 

Retention time = 15.20 min. (Table 2.1.1 and Fig. 2.1.2) 

 

Synthesis of complex HGEu002 

 

Ligand (HGL002, 0.20 mmol) was dissolved in in MeOH/H2O (100 mL, v : v = 

1 : 1). To the solution of the ligand, europium (III) chloride hexahydrate (77 

mg, 0.21 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 for 24 hours at room 

temperature. The solvents were removed under vacuum; the residue was 

dissolved in 1 mL of methanol and was dropped into ethyl ether (50 mL). The 

precipitates were filtered, washed with diethyl ether and dried under vacuum at 

room temperature. White solids were collected as the products. (204 mg, 0.19 

mmol, yield = 95%). HRMS (+ESI) m/z m/z calcd. for C48H65EuF3N9O4 [M – 

H]2+ m/z = 1041.4324/2 = 520.7162, found 520.7186. (Fig. 2.3); HPLC 
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characterization: Retention time = 15.36 min. (Table 2.1.1 and Fig. 2.1.2) 

 

2.1.4 Conclusion 

Here, the synthetic methods and characterization for a primary cilia specific 

lanthanide based probe HGEu001 and its contrast HGEu002 was discussed. 

Both of them can be synthesized easily with high purity for other experiments. 
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Appendix.   

NMR, HPLC, HRMS spectra of intermediate and final compounds. 

 

 

Figure. 2.1.2 HPLC characterization of HGEu001 and HGEu002. The HPLC 

analysis was performed on Agilent 1290 Infinity Quaternary LC System 

coupled with a DAD detector. The column used was a Hypersil GOLD 

Analytical Column (250 × 4.6 mm, 5µm) analytical column. The LC elution 

profiles were shown in Table A1. 
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Time/min 0.05%TFA in water/% 0.05%TFA in CH3CN/% 

0.0 90 10 

5 90 10 

15 40 60 

20 90 10 

25 90 10 

Table 2.1.1 Solvent gradient of HPLC for the characterization of HGEu001 and 

HGEu002. The column Flow rate = 1 mL/min 

 

 

Figure. 2.1.3 HRMS(+ESI) spectrum of the complex HGEu001. (m/z calcd. for 

C47H65EuN9O4 [M – H2O – 2H]+ 972.4372, found 972.4378, calcd. for 

C47H66ClEuN9O4 [M – H2O – H + Cl-]+ 1008.4139, found 1008.4119, calcd. for 

C47H67Cl2EuN9O4 [M – H2O + 2Cl]+ 1044.3905, found 1044.3882.) 
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Figure. 2.1.4 HRMS(+ESI) spectrum of the complex HGEu002. (m/z calcd. for 

C48H65EuF3N9O4 [M – H2O – H]2+ m/z = 1041.4324/2 = 520.7162 , found 

520.7186. 

 

 

Figure 2.1.5 1H NMR spectrum of compound 2 (400MHz, DMSO-d6) 
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Figure 2.1.6 13C NMR spectrum of compound 2. (100MHz, DMSO-d6) 

 

 

Figure 2.1.7 1H NMR spectrum of compound 3 (400MHz, DMSO-d6) 
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Figure 2.1.8 13C NMR spectrum of compound 3. (100MHz, DMSO-d6) 

 

 

Figure 2.1.9 1H NMR spectrum of compound 4 (400MHz, DMSO-d6) 
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Figure 2.1.10 13C NMR spectrum of compound 4. (100MHz, DMSO-d6) 

 

Figure 2.1.11 1H NMR spectrum of compound 5 (400MHz, CDCl3) 
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Figure 2.1.12 13C NMR spectrum of compound 5. (100MHz, CDCl3) 

 

Figure 2.1.13 1H NMR spectrum of HGL001 (400MHz, DMSO-d6) 
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Figure 2.1.14 13C NMR spectrum of HGL001. (100MHz, DMSO-d6) 

 

Figure 2.1.15 1H NMR spectrum of HGL002 (400MHz, DMSO-d6) 
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Figure 2.1.16 13C NMR spectrum of HGL002. (100MHz, DMSO-d6) 
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2.2. Photophysical properties studies of Lanthanide-based probes for 

primary cilia. 

 

2.2.1 Introduction 

 
After HGEu001 and HGEu002 were successfully synthesized. The 

photophisical properties of these two compounds were studied. In this chapter, 

the absorption spectra, emission spectra, two-photon induced emission spectra 

was recorded. The emission spectra were recoded both on Edinburgh instrument 

FLS920 spectrophotometer and Horiba Flurolog-3 spectrophotometer for cross 

check. The basic photophysical constant such as quantum yield, life time are 

also tested. 

 

2.2.2 Results and discussion 

 
 

figure 2.2.1 The absorption spectra 
of HGEu001 and HGEu002 in 
aqueous solution (10 µM). 

figure 2.2.2 The chemical structures and 
emission spectra of HGEu001 and HGEu002 in 
aqueous solution (10 µM and λex = 340 nm). 
The spectra were recorded on Edinburgh 
instrument FLS920 spectrophotometer.  
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figure 2.2.3 The emission spectra of 
HGEu001 and HGEu002 aqueous solution 
(10 µM, lex = 340 nm). The spectra were 
recorded on Horiba Flurolog-3 
spectrophotometer.  
 

figure 2.2.4 The two-photon induced 
emission spectra of HGEu001 and 
HGEu002 in aqueous solution (lex = 
800 nm, 150 µM). Inset: Quadratic 
dependence of emission intensity on the 
excitation power at 800 nm. 
 

figure 2.2.5 The emission decay curve of the complexes HGEu001 
and HGEu002 in D2O and H2O. (lem = 614 nm. 5D0�7F2. lex = 
340 nm) Both of them have the same lifetime in D2O(1.78ms) and 
H2O(0.56ms). Derived hydration numbers, q (± 0.2). q = 
1.2[(k(H2O) - k(D2O))-(0.25 + 0.07x)] (k =τ-1, x = number of 
carbonyl-bound amide N-H oscillators); q=0.9 
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Figure 2.2.1 shows the absorption spectra of both HGEu001 and HGEu002 in 

aqueous solution with a concentration of 10 µM. Both compounds have the 

maximum absorption at 327nm. 

 

With 340nm laser as exaction light source, the emission spectra of these 

compounds were recorded on Edinburgh instrument FLS920 spectrophotometer 

and Horiba Flurolog-3 spectrophotometer for cross check. Shown in figure 2.2.2 

and figure 2.2.3. The same emission bands and ratios can be obtained from both 

spectrometers. 

 

The two-photon induced emission spectra of HGEu001 and HGEu002 in 

aqueous solution (lex = 800 nm, 150 µM) were also reordered and exhibit in 

figure 2.2.4. Both of these two compounds showed exactly the same spectra 

with linear excitation. 

 

The emission decay curve of the complexes HGEu001 and HGEu002 in D2O 

and H2O are shown in figure 2.2.5. Both of these two compounds showed 

exactly the same kind of decay curve.  

 

table 2.2.1 shows the photophysical properties of these two compounds, both of 

them share a similar photophisical properties. Both of them have a high 

quantum yield up to around 10.5% in aqueous solution. 
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Complex lmax/ 

nm a 

 e/ M-1 

cm-1 a 

t(H2O)/ 

ms b 

t(D2O)/ 

ms b 

qc Φ)
*+/ % d σ2/GM e 

HGEu001 327 23400 0.56 1.78 0.9 10.5 10.0 ± 

2.5 

HGEu002 327 22200 0.56 1.78 0.9 10.3 8.1 ± 2.0 

Table 2.2.1 Photophysical properties of the europium complexes HGEu001 and 

HGEu002. 

a Absorption coefficient in H2O, 298K; b Europium emission decay (lem = 614 

nm. 5D0→7F2. lex = 330 nm); c Derived hydration numbers, q (± 0.2). q = 

1.2[(k(H2O) - k(D2O))-(0.25 + 0.07x)] (k = t-1, x = number of carbonyl-bound 

amide NH oscillators);68 d Overall europium emission quantum yield in H2O, by 

integrated sphere;69 The two-photon absorption cross-section σ2 (GM = 10-50cm 4 

s phonton-1
  molecule -1 , lem = 550 – 740 nm, lex = 800 nm).  

 

2.2.3 Experimental 

 
UV-Visible absorption spectra in the spectral range 200 to 1100 nm were 

recorded by an HP Agilent UV-8453 Spectrophotometer. The emission spectra 

and the emission decay lifetimes of HGEu001 and HGEu002 were measured by 

Horiba Fluorolog-3 spectrophotometer and also measured by Edinburgh 

instrument FLS920 spectrophotometer for cross checking. (Both of the 
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spectrophotometers are equipped with a 450W continuous xenon lamp for 

steady state emission measurement, 60W xenon flashlamp for emission life time 

measurement and an UV-Vis PMT detector – Hamamatsu - R928 cooled at -20 

oC.) 

 

The overall quantum yield upon ligand excitation, QL 
Eu, which we have 

determined by a demountable integrating sphere supplied by Horiba and 

Edinburgh Instruments. 

 

For two-photon experiments, the 800 nm pump source was from the 

fundamental of a femtosecond mode-locked Ti:Sapphire laser system (output 

beam ~ 150 fs duration and 1 kHz repetition rate). The lasers were focused onto 

the sample via an f = 10 cm lens by spot size ~ 50 µm. The emitting light was 

collected with a backscattering configuration into a 0.5 m spectrograph and 

detected by CCD detector cooled by liquid nitrogen. The uniform excitation is 

monitored by a power meter. The theoretical framework and experimental 

protocol for the two-photon cross-section measurement have been outlined by 

Webb and Xu.67 In this approach, the two-photon excitation (TPE) ratios of the 

reference and sample systems are given by: 

 

,-. ∙ /.

,-0 ∙ /0
= 10 ∙ 2.∙3.(')
1. ∙ 20 ∙ 30(')
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where / is the quantum yield, C is the concentration, n is the refractive index, 

and F(λ) is the integrated emission spectrum. In our measurements, the 

excitation flux and the excitation wavelengths for both the sample and the 

reference are the same. The two-photon absorption cross-section σ2 of 

HGEu001 and HGEu002 was determined using Rhodamine 6G as reference. 

 

2.2.4 Conclusion 

 
The strong absorption bands of the complex HGEu001 and HGEu002 in water 

can be found at 327 nm (ε > 20,000 cm-1, table 2.2.1), corresponding to the π to 

π* transition. The luminescent properties of HGEu001 and HGEu002 were 

investigated in aqueous solution and they have similar europium emission 

quantum yields (φ = ~10%) and similar long emission life times (τ = 0.56 ms). 

The five europium f-f emission 5D0�7FJ bands 5D0�7FJ bands (J = 0 – 4) were 

observed and the ratio of these f-f transition intensity is consistent with 

literature reports of a cyclen-based europium complexes with a low symmetry  

The two-photon induced emission spectra of HGEu001 and HGEu002 were 

recorded in aqueous solution with excitation of 800 nm femtosecond laser, and 

showed exactly same spectra with linear excitation. As a result, both of these 

two compounds shares rather similar photophysical properties, and thus, 



	 65 

HGEu002 can work as an contrast agent for HGEu001 which is a primary cilia 

specific luminescent probe.
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2.3. cytotoxicity assays of Lanthanide-based probes for primary cilia. 

2.3.1 Introduction 

Both of the compound HGEu001 and HGEu002 have similar photophysical 

properties. However, before the imaging experiment, the cytotoxicity assays 

must be carried out. HGEu001 is a primary cilia specific probe for imaging, and 

HGEu002 is designed to be the contrast agent of HGEu001. The criteria for 

imaging agents is non cytotoxic, so that the probes will not disturb normal 

biological process. In this chapter, MTT assays are carried out to confirm non of 

these two probes are poisonous for cells. Four cell lines including HeLa, SK-N-

SH, QSG-7701 and MRC-5 were used in this experiment. 

 

2.3.2 Results and discussion 

 

 
figure 2.3.1 Raw data of cytotoxicity of HGEu001 and HGEu002. 

 

Figure 2.3.1 shows the raw data of the MTT assays of four cell lines HeLa, SK-

N-SH, QSG-7701 and MRC-5. Viabilities of HGEu001 and HGEu002 are 
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similar. After 24 hours incubation with testing compounds (10�M), the 

viabilities of these four cell lines are almost 100 %. Even though with 500�M 

testing compounds, the cell viability is almost 50%. The IC50 is exhibited in 

table 2.3.1. Both of HGEu001 and HGEu002 are not toxicic. And can be good 

luminescent probe for imaging with a concentration 10 �M. 

 

Complex HeLa SK-N-SH QSG-7701 MRC-5 

HGEu001 411 389 395 395 

HGEu002 417 437 410 402 

 
Table 2.3.1 IC50 of HGEu001 and HGEu002 against different cell lines after 
24-hour treatment. (IC50/�M) 
 

2.3.3 Experimental 

 
Cells for MTT cytotoxicity assays:  

Human cervical cancer HeLa cells was cultured in Dulbecco’s Modified Eagle 

Medium (DMEM). MRC-5 (human lung normal diploid fibroblasts) and SK-N-

SH (neuroblastoma cells) were cultured in MEM (GIBCO 41500034). Both of 

the cell lines were provided by Cell resource center of Shanghai Institute of 

Biological Sciences, Chinese Academy of Sciences; Human derived liver cells 

QSG-7701 cells were cultured in RPMI-1640 (GIBCO 31800022); All cells 
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were supplemented with 10% (v/v) fetal bovine serum, 1% penicillin and 

streptomycin at 37 oC and 5 % CO2.  

 

Method for MTT assays:  

HeLa, QSG-7701, SK-N-SH or MRC-5 cells after 24-hour treatment with 

testing complexes were further incubated with MTT, 3-(4, 5-dimethylthiazol-2-

yl)-2 and 5-diphenyltetrazolium bromide (0.5 mg/mL) for 4 hours. DMSO 

(dimethyl sulfoxide) was used to completely dissolve the formazan generated 

during cell metabolism. The absorbance of DMSO solutions was measured in 

Bio-Rad iMark microplate reader with a wavelength of 490 nm. The 

experiments were performed four times parallelly. GraphPad Prism 5.0 software 

were used for data analyzing. 

 

2.3.4 Conclusion  

In this chapter, the cytotoxicity of HGEu001 and HGEu002 are discussed. Both 

of them are not toxic (IC50 about 400�M). From the MTT assays, after 24 

hours incubation with testing compounds (10�M), the viabilities of these four 

cell lines are almost 100 %. This confirm both of HGEu001 and HGEu002 are 

not toxic. And can be good luminescent probe for imaging with a concentration 

10 �M.
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2.4. Cell imaging of Lanthanide-based probes for primary cilia. 

 
2.4.1 Introduction. 

 
In this chapter, the in vitro cell imaging of HGEu001 and HGEu002 were 

carried out. Unlike the dispersed distribution of HGEu002, HGEu001 can form 

rod or dot shaped patterns in living cells. This suggests HGEu001 can specially 

distributed in some organelles, morphology study indicates it can specially bond 

to primary cilia. Co-staining with primary specific antibodies conjugated with 

fluorophore confirmed the specificity of HGEu001. So it is believed 

HGEu001is a primary cilia specific probe for imaging while HGEu002 do not 

have any specificity though they are similar in structure and have similar 

photophysical properties and cytotoxicity. 

 

2.4.2 Results and discussion 

 

The two-photon living cell imaging of HGEu001 and HGEu002 in HeLa cells 

were carried out. Both images were taken at 3, 6, 18 and 24 hour incubation 

time point (Dosed concentration = 10 µM, λex = 700 nm, filter Bandpass = 550 

- 665 nm). Figure 2.4.1 shows the dot or rod like distribution of HGEu001 and 

the distribution of control compound HGEu002. Compared to HGEu001, it is 

obvious that the red emission of HGEu002 is dispersed in cytoplasm. 
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Fig. 2.4.1 The two-photon living cell imaging of HGEu001 and HGEu002in 

HeLa cells  

 

Aiming to know the distribution of HGEu001, co-localization with organelle 

specific tracker were carried out. Linear fluorescence microscopy images of 

HGEu001 (red) after 6 hours incubation in HeLa cells (dosage concentration 

=10 µM, λex=375nm, filter band pass(BP)=610-630nm cellular organelles 



	 71 

(green) Golgi apparatus, lysosome, and mitochondria were also imaged using 

markers GolgiTracker® Oregon Green (W6748, Wheat Germ Agglutinin), 

LysoTracker® Green DND-26 (L-7526) and MitoTracker® Green FM (M-

7514) respectively dosed in HeLa cells (50 nM, λex = 488 nm, BP = 505 - 555 

nm). Merge images of HGEu001 with organelle and the cell (bright field) 

excluded the localization of HGEu001 on Golgi, lysosome or mitochondria. 

 

figure 2.4.2 Linear fluorescence microscopy co-localization images of 

HGEu001 with Golgi tracker, lysosome tracker, mitochondria tracker. 
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Figure 2.4.4 showsTwo-photon confocal in vitro images of HGEu001  and 

HGEu002 with co-localization of green GFP-ARL13B/GFP-IFT88 in HeLa 

cells. (
ex = 700 nm) HeLa cells were firstly transfected with GFP-

ARL13B/GFP-IFT88 and further incubated 6 hours with 10 µM of 

HGEu001/HGEu002. ARL13B is the cilium-specific protein required for 

cilinary axoneme structure, while IFT88 is the component of IFT complex B 

that involving in cilium biogenesis. These two proteins are commonly used as 

primary cilium marker in the literature. While a green fluorescent protein 

containing plasmid is used to express the GFP fused proteins for imaging 

purposes. However, in our experiments, only GFP-IFT88 shown the rod-like 

structure of primary cilium nicely merged with HGEu001. GFP-ARL13 B did 

not show a typical rod-like structure of primary cilium but unspecific staining 

because of overexpression of the GFP protein and low ciliated population of 

HeLa cells. In addition, the motif complex HGEu002 still showed the dispersed 

distribution in the cytoplasm. 
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Figure 2.4.3 Two-photon confocal in vitro images of HGEu001 (Plane A) and 

HGEu002 (Plane B) with co-localization of green GFP-ARL13B/GFP-IFT88. 

 

Because HeLa cell is not a typical ciliated cell line, and the centrosome is 

connected to the basal body of primary cilia, both of them have similar protein 

content. So co-staining with GFP-ARL13B/GFP-IFT88 in HeLa cells do not 

give much information of the distribution. So NIH3T3 cell line which can be 
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easily ciliated via starvation is used for experiments. The co-staining 

experiments of HGEu001 and HGEu002 (red) with primary cilium markers 

acetylated tubulin or ARL13B (green) in ciliated NIH3T3 cells with a two-

photon confocal microscope (λex = 700 nm, BP = 550 - 665 nm) were carried 

out. Here acetylated tubulin an important structural protein in primary cilia.  

 

In ciliated NIH3T3 cells, both endogenous ARL13B and acetylated tubulin 

showed typical cylinder primary cilia. Consistently, HGEu001 not only 

repeatedly showed rod-like structure but also co-localized with ARL13B or 

acetylated tubulin labeled cilia perfectly. While the motif complex HGEu002 

still showed dispersed distribution in the cytoplasm. Shown in figure 2.4.4 
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figure 2.4.4 The co-staining experiments of HGEu001 and HGEu002 (red) with 

primary cilium markers acetylated tubulin or ARL13B (green) in ciliated 

NIH3T3 cells with a two-photon confocal microscope 

 

2.4.3 Experimental 

 
Cells for imaging:  

Human cervical cancer HeLa cells was cultured in Dulbecco’s Modified Eagle 

Medium (DMEM). MRC-5 (human lung normal diploid fibroblasts) and SK-N-

SH (neuroblastoma cells) were cultured in MEM (GIBCO 41500034). Both of 

the cell lines were provided by Cell resource center of Shanghai Institute of 

Biological Sciences, Chinese Academy of Sciences; Human derived liver cells 

QSG-7701 cells were cultured in RPMI-1640 (GIBCO 31800022); All cells 
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were supplemented with 10% (v/v) fetal bovine serum, 1% penicillin and 

streptomycin at 37 oC and 5 % CO2.  

 

Ciliated HeLa, MRC-5 and NIH3T3 cells for cilia imaging: 

HeLa, MRC-5 and NIH3T3 cell culture and ciliation were performed according 

to the literature’s procedures.70 Briefly, HeLa, MRC-5 or NIH3T3 cells were 

grown in DMEM medium supplemented with 10% fetal bovine serum at the 

confluent of 80%. Cell ciliation was allowed by replacing growth medium to 

starvation medium and further incubating overnight (~12 hours). For 

immunofluorescences, NIH3T3 cells were washed in PBS and fixed in 4% 

paraformaldehyde for 10 minutes. Fixed cells were incubated with primary 

antibodies (anti-acetylated tubulin, #ab24610, Abcam; anti-ARL13B, 

NeuroMab clone N295B/66) diluted in 3% BSA+0.1% Trition X-100 and were 

further incubated overnight. For bioimaging, secondary antibodies conjugated 

with Alexa Fluor®488 were use. 

 

Cell imaging� 

The live cell imaging of compound HGEu001 and HGEu002 were performed 

on a confocal laser scanning microscope, Leica TCS SP8, equipped with 

Ti:sapphire laser (Libra II, coherent), or a linear fluorescence microscopy under 

375 nm UV light excitation. As for the excitation beam of the confocal 



	 77 

microscopy is produced by 690 nm to 1080 nm (fs laser), and was focused on 

the adherent cells by using 63x oil immersion objective. Cells were cultured on 

coverslip in 35-mm culture dishes overnight. And then incubated with 

HGEu001 or HGEu002 for 6 hours, both concentration of the testing 

compounds is 10 µM. After that, cells were washed by PBS for 3 times before 

cell imaging experiments. For the two-photon time lapses cell imaging 

experiments of HGEu001 and HGEu002 were performed with different 

incubation time (3, 6, 18 and 24 hours). Then the unabsorbed complexes were 

washed away with PBS buffer and the cells were suitable for microscopic 

imaging.  

 

Co-location imaging 

a) Organelle co-localization experiments of HGEu001.  

Organelle specific live cell labeling probes, including mitochondria probes 

(MitoTracker® Green FM (M-7514)), lysosome probes (LysoTracker® Green 

DND-26 (L-7526)) and golgi probes (GolgiTracker® Oregon Green (W6748, 

Wheat Germ Agglutinin)), were purchased from ThermoFisher Scientic Inc. and 

stocked in -20 oC fridge.  

 

First, three dishes of HeLa cells (1 × 105) were incubated with 10 �M HGEu001 

each for 6 hours. Then, the three kinds of organelle specific probes (50 nM, 
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each) were added to the cells parallelly and further incubated for 15 min. The 

cells were washed by PBS 3 times before imaging experiment were performed 

on a linear fluorescence microscopy. Emission from the channel in the range 

between 610 and 630 nm were collected as the emission signals of HGEu001 

under the excitation of 375nm UV light. Emission from Imaging channel (505-

555 nm) were collected as the emission signal of organelles dyes under the 

excitation 488 nm blue light. 

 

(b) Co-localization and 3D imaging of exogenous expressed cilia makers 

ARL13B and IFT88 with HGEu001 and HGEu002.  

Full length ADP-ribosylation factor-like protein 13B (ARL13B) was amplified 

by polymerase chain reaction (PCR) from cDNA library and was inserted into 

multiple cloning sites of pEGFP-C3 (CLONETECH, #6082-1) by using 

XhoI/EcoRI restriction digestion sites. This enabled GFP-ARL13B expression. 

Successful recombinant was then selected through kanamycin and was proved 

by DNA sequencing. Plasmid intraflagellar transport protein 88 homolog 

(mEmerald-IFT88-N-18) expressing GFP-IFT88 was from Michael Davidson 

(Addgene plasmid # 54125) as a gift. Plasmids were then amplified in E.coli 

(DH5α). A StarPrep Plasmid Miniprep Kit (GenStar, #D201-04) was used to 

purify the resulting plasmid. Lipofectamine2000 (Cat.No.11668-019, 

Invitrogen) mediated transfection was performed to get GFP-ARL13B and 

GFP-ITF88 expressed HeLa cells for primary cilium tracking. Briefly, 
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according to the manufacturer instructions, 4 µg DNA plus 4 µL 

lipofectamine2000 mixture were used to transfect a 3.5 cm dish of HeLa cells 

(with 70–80% confluent). After incubation for 8 hours, HGEu001 or HGEu002 

with the amount of 10 µM were added in and cells were further incubated for 6 

hours. Unabsorbed complexes were washed away with PBS before cell imaing. 

 

(c) Immunofluorescences co-localization imaging of ARL13B and endogenous 

cilia markers acetylated tubulin with HGEu001 and HGEu002. 

The co-staining experiments of ARL13B and endogenous cilia markers 

acetylated tubulin with HGEu001 and HGEu002 in ciliated NIH3T3 cells was 

performed with two-photon confocal microscope (lex = 700 nm, BP = 550 - 

665 nm). Mouse fibroblast NIH3T3 cell line, which can be easily ciliated upon 

serum starvation, is commonly used in the primary-cilium-related research. We 

performed the in vitro imaging of HGEu001 and HGEu002 in NIH3T3 cells 

with co-staining of the endogenous primary cilia proteins ADP-ribosylation 

factor-like protein 13B (ARL13B) and acetylated tubulin using antibodies by 

immunofluorescences. NIH3T3 cells were firstly serum starved overnight to 

make the cells stop cycling and enter the G0 phase for ciliation. Then HGEu001 

was dosed (10 µM) and cultured for 6 hours. After that, cells were fixed in 3% 

paraformaldehyde for 10 minutes, rinsed in phosphate buffer, and subsequently 

subjected to immunofluorescence. 
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2.4.4 Conclusion  

 
HGEu001 and HGEu002 have very similar structures but only HGEu001 

preferentially localizes in primary cilium. Since HGEu001 did not show any 

non-specific staining on other organelles such as lysosome, mitochondria, or 

Golgi apparatus, binding to the structural components of primary cilium or its 

associated factors could be a possible explanation for the specific localization 

on the primary cilium of HGEu001. Comprehensive in vitro studies and several 

control experiments were done to confirm the specific primary cilium 

localization of HGEu001, showing agreement with immunofluorescence of 

primary cilium marker acetylated tubulin and ARL13B in fixed NIH3T3 cells. 

As a non-covalent chemical probe, HGEu001 can be easily added into or 

removed from the cell without interfering the normal cellular activities at any 

stages of cell life cycle. The probe delivery approach can conveniently adjust 

cooperating with the cell types or experimental conditions. 

 

In conclusion, we have developed a direct imaging tool for primary cilia which 

is specific, and excitable by UV light or near infrared laser (via two-photon 

excitation) based on lanthanide luminescence. This complex has promising 

potential to be widely applied in different types of microscopies such as spectral 

confocal microscopes with UV or NIR lasers, conventional epifluorescence 

microscopes (with suitable filters) and time-resolved microscopy.
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Chapter 3. Conclusion and future work 

 
In conclusion, a specific direct imaging tool for primary cilia is developed by 

our research group. This complex can be excited by UV light or near infrared 

laser (via two-photon excitation). This complex has promising potential to be 

used as luminescent confocal microscopy label which can be excited by UV or 

NIR lasers. This complex can also be applied to conventional epifluorescence 

microscopes (with suitable filters) and time-resolved microscopy.  

 

Comprehensive in vitro studies and several control experiments were done to 

confirm the specific primary cilium localization of HGEu001. Results show the 

agreement with immunofluorescence of primary cilium marker acetylated 

tubulin and ARL13B in fixed NIH3T3 cells. Be as a non- covalent chemical 

probe, HGEu001 can be easily bind to or removed from the cell without 

interfering the normal cellular activities at different stage of cell life cycle. The 

probe delivery approach can conveniently adjust cooperating with the cell types 

or experimental conditions. In addition, by using two- photon excitation upon 

NIR, it is possible to expect deepening scanning or 3D imaging of primary 

cilium in a multi-layer living cell or even tissue.  

Thus this novel primary cilium marker could help us further understand the 

functions and roles of the primary cilium in biomedical science, such as stress 

sensing of a primary cilium or its function alterations during tumorigenesis.  
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In particular, here we provide a possible template for designing primary cilium-

specific molecules with potential modification with target-specific drug delivery 

vehicles to help understand the functions of primary cilium and evolve into 

cancer or diseases treatment applications.  

 

A molecule library based on HGEu001 is under development and primary 

cilium imaging screening will also be undertaken in the near future. Proteomic 

mass spectroscopy studies will also be carried to evaluate the specific binding of 

HGEu001 with potential targets in primary cilium. 

  



	 83 

References 

 

1. Takeda, S.; Narita, K.; Structure and function of vertebrate cilia, towards a 

new taxonomy differentiation, 2012, 83, 4–11. 

2. Delling, M.; DeCaen, P.G.; Doerner, J.F.; Febvay, S.; Clapham, D.E.; 

Primary cilia are specialized calcium signalling organelles. Nature 2013, 

504, 311–314. 

3. Ishikawa, H.; Thompson, J.; Yates, J.R.; Marshall, W.F.; Proteomic analysis 

of mammalian primary cilia. Curr. Biol. 2012, 22, 414–419. 

4. Narita, K.; Kozuka-Hata, H.; Nonami, Y.; Ao-Kondo, H.; Suzuki, T.; 

Nakamura, H.;Yamakawa, K.; Oyama, M.; Inoue, T.; Takeda, S.; Proteomic 

analysis of multiple primary cilia reveals a novel mode of ciliary 

development in mammals. Biol. 2012, Open 1, 815–825. 

5. Scherft, J.P.; Daems, W.T.; Single cilia in chondrocytes. J. Ultrastruct. Res. 

1967, 19, 546–555. 

6. Yi-Ni, K,. Wan, X,; Primary cilium: an elaborate structure that blocks cell 

division? Gene. 2014, 547(2), 175–185. 

7. Gluenz, E.; Hoog, J.L.; Smith, A.E.; Dawe, H.R.; Shaw, M.K.; Gull, K.; 

Beyond 9 + 0: noncanonical axoneme structures characterize sensory cilia 

from protists to humans. FASEB J. 2010, 24, 3117–3121. 

8. Downing, K.H.; Sui, H.; Structural insights into microtubule doublet 

interactions in axonemes. Curr. Opin. Struct. Biol. 2007, 17, 253–259. 



	 84 

9. Sui, H.X.; Downing, K.H.; Molecular architecture of axonemal microtubule 

doublets revealed by cryo-electron tomography. Nature. 2006, 442, 475–

478. 

10. Janke, C.; Bulinski, J.C.; Post-translational regulation of the microtubule 

cytoskeleton: mechanisms and functions. Nat. Rev. Mol. Cell Biol. 2011, 

12, 773–786. 

11. Benzing, T.; Schermer, B.; Transition zone proteins and cilia dynamics. 

Nat. Genet. 2011, 43, 723–724. 

12. Garcia-Gonzalo, F.R.; Corbit, K.C.; Sirerol-Piquer, M.S.; Ramaswami, G.; 

Otto, E.A.; Noriega, T.R.; Seol, A.D.; Robinson, J.F.; Bennett, C.L.; 

Josifova, D.J.; Garcia-Verdugo, J.M.; Katsanis, N.; Hildebrandt, F.; Reiter, 

J.F.; A transition zone complex regulates mammalian ciliogenesis and 

ciliary membrane composition. Nat. Genet. 2011, 43, 776–788. 

13. Mukhopadhyay, S.; Wen, X.; Ratti, N.; Loktev, A.; Rangell, L.; Scales, S.J.; 

Jackson, P.K.; The ciliary G-protein-coupled receptor Gpr161 negatively 

regulates the Sonic hedgehog pathway via cAMP signaling. Cell. 2013, 

152, 210–223. 

14. Latta, H.; Maunsbach, A.B.; Madden, S.C.; Cilia in different segments of 

the rat nephron. J. Biophys. Biochem. Cytol. 1961, 11, 248–252. 

15. Barnes, B.G.; Cilliated secretory cells in the pars distalis of mouse 

hypophysis. J. Ultrastruct. Res. 1961, 5, 453–5467. 



	 85 

16. Rich, D.R.; Clark, A.L.; Chondrocyte primary cilia shorten in response to 

osmotic challenge and are sites for endocytosis. Osteoarthritis Cartilage 

2012, 20, 923–930. 

17. Sorokin, S.P.; Reconstructions of centriole formation and ciliogenesis in 

mammalian lungs. J. Cell Sci. 1968, 3, 207–230. 

18. Resnick, A.; Chronic fluid flow is an environmental modifier of renal 

epithelial function. PLoS One. 2011, 6, e27058. 

19. Adams NA, Awadein A, Toma HS. The retinal ciliopathies. Ophthalmic 

Genet. 2007, 28, 113–125. 

20. Stephanie, M. W.; Meral, G-A.; Friedhelm, H.; Spectrum of Clinical 

Diseases Caused By Disorders of Primary Cilia. Proc am thorac soc. 2011, 

8, 444-450. 

21. Christensen ST, Pedersen LB, Schneider L, Satir P. Sensory cilia and 

integration of signal transduction in human health and disease. Traffic 

2007, 8, 97–109. 

22. Cardenas R.M.; Badano, J. L.; Ciliary biology: understanding the cellular 

and genetic basis of human ciliopathies. Am J Med Genet C Semin Med 

Genet 2009, 151C, 263–280. 

23. Gunay, A. M.; Liver and kidney disease in ciliopathies. Am J Med Genet C 

Semin Med Genet 2009, 151C, 296–306. 

24. Gunay A. M.; Heller T.; Gahl W. A.; Congenital hepatic fibrosis overview. 

GeneReviews at GeneTests: Medical genetics information resource 



	 86 

(database online) [accessed March 10, 2011]. Available from: 

http://wwwgenetestsorg. University of Washington, Seattle, WA; 2008. 

25. Clapp W. L.; Madsen K. M.; Verlander J. W.; Tisher C. C.; Intercalated 

cells of the rat inner medullary collecting duct. Kidney Int. 1987, 31, 1080–

87. 

26. Spurr A. R.; A low-viscosity epoxy resin embedding medium for electron 

microscopy. J. Ultrastruct. Res. 1969, 26, 31–43. 

27. Reynolds E.S.; The use of lead citrate at high pH as an electron-opaque 

stain in electron microscopy. J. Cell Biol. 1963, 17, 208–12. 

28. Gluenz E.; Hoog J. L.; Smith A. E.; Dawe H. R.; Shaw M. K.; Gull K.; 

Beyond 9+0: Noncanonical axoneme structures characterize sensory cilia 

from protists to humans. FASEB J. 2010, 24, 3117–21. 

29. Wang L.; Weidenfeld R.; Verghese E.; Ricardo S. D.; Deane J. A.; 

Alterations in renal cilium length during transient complete ureteral 

obstruction in the mouse. J. Anat. 2008, 213, 79–85. 

30. James A. D.; Elizabeth V.; Luciano G. M.; Jason E. C.; Alya G, Norman D. 

R.; D Neil W.; Sharon D. R.; Visualizing renal primary cilia.	Nephrology. 

2013, 18, 161–168 

31. Piperno G.; Fuller M. T.; Monoclonal antibodies specific for an acetylated 

form of alpha-tubulin recognize the antigen in cilia and flagella from a 

variety of organisms. J. Cell Biol. 1985, 101, 2085–94. 



	 87 

32. Cantagrel V.; Silhavy J. L.; Bielas S. L. et al. Mutations in the cilia gene 

ARL13B lead to the classical form of Joubert syndrome. Am. J. Hum. 

Genet. 2008, 83, 170–79. 

33. Cevik S.; Hori Y.; Kaplan O. I. et al. Joubert syndrome Arl13b functions at 

ciliary membranes and stabilizes protein transport in Caenorhabditis 

elegans. J. Cell Biol. 2010, 188, 953–69. 

34. Duldulao N. A.; Lee S.; Sun Z,. Cilia localization is essential for in vivo 

functions of the Joubert syndrome protein Arl13b/Scorpion. Development 

2009, 136, 4033–42. 

35. Joshi H. C.; Palacios M. J.; McNamara L.; Cleveland D. W.; Gamma-

tubulin is a centrosomal protein required for cell cycle-dependent 

microtubule nucleation. Nature. 1992, 356, 80–83. 

36. Muresan V.; Joshi H. C.; Besharse J. C.; Gamma-tubulin in differentiated 

cell types: Localization in the vicinity of basal bodies in retinal 

photoreceptors and ciliated epithelia. J. Cell Sci. 1993, 104 (Pt 4), 1229–37. 

37. Oakley C. E.; Oakley B. R.; Identification of gamma-tubulin, a new 

member of the tubulin superfamily encoded by mipA gene of Aspergillus 

nidulans. Nature. 1989, 338, 662–4. 

38. Liu W.; Murcia N. S.; Duan Y. et al. Mechanoregulation of intracellular 

Ca2+ concentration is attenuated in collecting duct of monocilium-impaired 

orpk mice. Am. J. Physiol. Renal Physiol. 2005, 289, 978–88. 



	 88 

39. Resnick A.; Hopfer U.; Force-response considerations in ciliary 

mechanosensation. Biophys. J. 2007, 93, 1380–90. 

40. Schwartz E. A.; Leonard M. L.; Bizios R.; Bowser S. S.; Analysis and 

modeling of the primary cilium bending response to fluid shear. Am. J. 

Physiol. 1997, 272, 132–8. 

41. Braslavsky, S.E.; Glossary of terms used in photochemistry, 3rd edition 

(IUPAC Recommendations 2006). Pure Appl. Chem. 2007, 79, 293–465. 

42. Stokes, G.G.; On the change of refrangibility of light. Phil. Trans. R. Soc. 

Lond. 1852, 142, 463–562. 

43. Gregor P. C.; Fluorescent Probes and Fluorescence (Microscopy) 

Techniques — Illuminating Biological and Biomedical Research, 

Molecules 2012, 17, 14067-14090 

44. Ishikawa-Ankerhold, H.C.; Ankerhold, R.; Drummen, G.P. Advanced 

Fluorescence Microscopy Techniques-FRAP, FLIP, FLAP, FRET and 

FLIM. Molecules 2012, 17, 4047–132. 

45. Lakowicz, J.R.; Principles of Fluorescence Spectroscopy, 3rd ed.; Springer 

Science: New York, NY, USA, 2006. 

46. Pawley, J.B.; Handbook of Biological Confocal Microscopy, 3rd ed.; 

Springer US, NewYork, NY, USA, 2006. 

47. Bains, G.; Patel, A.B.; Narayanaswami, V.; Pyrene: A probe to study protein 

conformation and conformational changes. Molecules 2011, 16, 7909–

7935. 



	 89 

48. Loura, L.M.; Ramalho J.P.; Recent developments in molecular dynamics 

simulations of fluorescent membrane probes. Molecules. 2011, 16, 5437–

5452. 

49. Kleusch, C.; Hersch, N.; Hoffmann, B.; Merkel, R.; Csiszar, A.; Fluorescent 

lipids: Functional parts of fusogenic liposomes and tools for cell membrane 

labeling and visualization. Molecules. 2012, 17, 1055–1073. 

50. Sekkat, N.; van den Bergh, H.; Nyokong, T.; Lange, N.; Like a bolt from 

the blue: Phthalocyanines in biomedical optics. Molecules. 2012, 17, 98–

144. 

51. Merian, J.; Gravier, J.; Navarro, F.; Texier, I.; Fluorescent nanoprobes 

dedicated to in vivo imaging: From preclinical validations to clinical 

translation. Molecules. 2012, 17, 5564–5591. 

52. Jun, B.H.; Kang, H.; Lee, Y.S.; Jeong, D.H.; Fluorescence-based multiplex 

protein detection using optically encoded microbeads. Molecules. 2012, 17, 

2474–2490. 

53. Minchew, C. L.; Didenko, V. V.; Fluorescent probes detecting the 

phagocytic phase of apoptosis: Enzyme-substrate complexes of 

topoisomerase and DNA. Molecules. 2011, 16, 4599–4614. 

54. Wang, W.; Cameron, A.G.; Ke, S.; Developing fluorescent hyaluronan 

analogs for hyaluronan studies. Molecules. 2012, 17, 1520–1534. 

55. Angelo, J. A.; Simon J.A. P.; Using lanthanide ions in molecular 

bioimaging, Chem Sov Rev,	DOI: 10.1039/c4cs00293h 



	 90 

56. B�nzli J.-C., G., Lanthanide Luminescence for Biomedical Analyses and 

Imaging, Chem. Rev. 2010, 110, 2729-2755. 

57. Montgomery, C. P.; Murray, B. S.; New, E. J.; Pal, R., Parker D.;	Cell-

Penetrating Metal Complex Optical Probes: Targeted and Responsive 

Systems Based on Lanthanide Luminescence, Acc. Chem. Res. 2009, 42, 

925. 

58. G.-L. Law, C. Man, D. Parker and J. W. Walton, Observation of the 

selective staining of chromosomal DNA in dividing cells using a 

luminescent terbium(III) complex, Chem. Commun. 2010, 46, 2391. 

59. A. D’Aleo, A. Picot, A. Beeby, J. A. Gareth Williams, B. Le Guennic, C. 

Andraud and O. Maury, Highly Luminescent Homoleptic Europium 

Chelates, Inorg. Chem.; 2008, 47, 10258. 

60. A. D’Aleo, A. Picot, P. L. Baldeck, C. Andraud and O. Maury, Inorg. 

Chem.; 2008, 47, 10269. 

61. 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. 

62. M. Soulie, F. Latzko, E. Bourrier, V. Placide, S. J. Butler, R. Pal, J. W. 

Walton, P. L. Baldeck, B. Le Guennic, C. Andraud, J. M. Zwier, L. 

Lamarque, D. Parker and O. Maury, Chem. – Eur. J.; 2014, 20, 8636. 

63. C. D. B. Vandevyver, A.-S. Chauvin, S. Comby and J.-C.G. Bu ̈nzli, Chem. 

Commun.; 2007, 1716. 



	 91 

64. R. Katoono, K. Kusaka, S. Kawai, Y. Tanaka, K. Hanada, T. Nehira, K. 

Fujiwara and T. Suzuki, Organic & Biomolecular chemistry, 2014, 12, 

9532-9538. 

65. H. Li, R. Lan, C.-F. Chan, L. Jiang, L. Dai, D. W. J. Kwong, M. H.-W. Lam 

and K.-L. Wong, Chem. Commun., 2015, 51, 14022-14025. 

66. T. Mani, G. Tircso, P. Zhao, A. D. Sherry and M. Woods, Inorganic 

Chemistry, 2009, 48, 10338-10345. 

67. C. Xu and W. W. Webb, J. Opt. Soc. Am. B, 1996, 13, 481-491. 

68. A. Beeby, I. M. Clarkson, R. S. Dickins, S. Faulkner, D. Parker, L. Royle, 

A. S, de Sousa, J. A. G, Williams and M. Woods, J. Chem. Soc., Perkin 

Trans., 1999, 2, 493-504. 

69. J. C. Bunzli, Chem. Rev., 2010, 110, 2729-2755. 

70. C. Ott and J. Lippincott-Schwartz, Curr. Protoc. Cell Biol., 2012, Chapter 

4: Unit 4.26. 



	 92 

 
 

CURRICULUM VITAE 

 

 

Academic qualifications of the thesis author, Mr. MENG 

Ziyuan: 

l Received the degree of Bachelor of Pharmacy from China 
Pharmaceutical University, July 2014. 

 

 

 

 

September 2017             

	


