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Chapter 1 

General Introduction  

 

1.1 Cell labeling nanomaterials 

1.1.1 Labeling mechanism 

Pathological diagnosis and noninvasive therapy have been extensively investigated so far by 

means of a variety of techniques. Among them, nanomaterials that can bind to the surface of cells and 

fluoresce by light irradiation with a specific wavelength are well-known as cell labeling nanomaterials 

and have been widely utilized for various purposes [1–4]. Many different types of cell labeling 

technologies have been developed for the diagnosis of cancer cells including radioisotopes for single- 

photon emission computed tomography (SPECT), positron emission tomography (PET) [5], iron-

nanoparticles for magnetic resonance imaging (MRI) [6], and antibody-mediated labeling with optical 

probes [7]. However, the application of these techniques to early-stage cancer cells is still a grand 

challenge in this field. In order to overcome various difficulties, one of the keys would be to develop 

diagnostic techniques using a fluorescence endoscope to detect epithelial cancer cells. 

Other important features that are demanded of the cell labeling nanomaterials are that they can 

safely label and visualize the cancer cells for diagnosis and inspection in vivo and in vitro. To realize 

such cell labeling nanomaterials, nanomaterial itself has to be biocompatible, efficiently fluoresce in 

the visible light range (400–800 nm) as well as effectively interact with the cells. For the early-stage 

detection of the cancer cells in vivo, the surface layer of the cells is stained to be observed with a 

fluorescence endoscope. Then, the cells are diagnosed on the basis of autofluorescence which is 

known as fluorescence emitted by cell constituents. A previous study reported that clear luminescence 

peaks were observed at approximately 500 nm and 630 nm when excited at a wavelength of 437 nm 

[8]. However, the luminescence intensity of autofluorescence is too weak to confirm with our naked 

eyes, limiting the practical use of this phenomenon to various applications. For this reason, many 

researchers have started from in vitro studies to achieve luminescence that can sufficiently be 

observed with a fluorescent endoscope, probably leading to the cell diagnosis in vivo afterward. 

Although the detection limit of a confocal laser scanning microscope in the z-direction is known to 
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be approx. 500 nm [9], some holographic microscopes can observe almost 30 µm in depth from the 

cellular top surface. Taking advantage of these techniques, cell labeling nanomaterials can be utilized 

for immunoassay or tissue biopsy to diagnose early-stage cancer in the visible light region. 

To further develop and optimize nanomaterials with desired cell labeling properties, a possible 

mechanism on how the nanomaterials are captured by cells is considered in relation to the basic 

structure of cells. Endocytosis is known as one of the representative processes in which the 

nanomaterial is taken into the cell from the outside via the cell membrane [10]. There are two types 

of endocytosis: phagocytosis and pinocytosis. Phagocytosis is a mechanism that cells take up foreign 

substances (bacteria, viruses, parasites) and abnormal metabolites into the cell (tissue, blood, etc.) 

and decompose them. Phagocytosis occurs only in a specific type of cells such as phagocytic cells, 

monocytes, dendritic cells, NK cells and neutrophils. Pathogens, dead cells and cell debris (1 µm or 

more) are also included. On the other hand, pinocytosis refers to the phenomenon that cells take up 

nanomaterials as vesicles regardless of their permeability. Internalization of substances with a size 

less than 300 nm [11] and 50 to 80 nm [12] into cells have been reported. No clear consensus has 

been obtained so far with respect to the mechanism of nanomaterial uptake into cells. The surface 

physical properties are regarded as one of the important factors, while the uptake behavior also varies 

depending on the types of cells. Since proteins and nanomaterials in vivo bind to each other and 

agglutinate, the cellular uptake mechanism does not depend only on the size of the nanomaterials. 

Pinocytosis depends on the size, composition and structure of the nanomaterial surface.  

Figure 1-1 shows an outline of the labeling mechanism (endocytosis). Based on the interaction 

between a nanomaterial surface and cell membrane (receptor), endocytosis is classified into two 

behaviors: passive and active. The former is a weak liquid phase interaction such as hydrogen bonding, 

a hydrophobic effect and van der Waals force. In such cases, the nanomaterials are easily taken into 

the cells since surface energy is the same as that of cell surfaces. The latter is a strong liquid 

phase/solid phase interaction such as ionic bonding, metal bonding and covalent bonding, etc. In the 

case of the strong interaction, the catalytic effect at the interaction point inhibits cellular uptake 

because of the high surface tension. The nanomaterial taken up by the cell is carried to the lysosome, 

then hydrolyzed and digested by enzymes. Likewise, the cell labeling nanomaterial is taken into the 

cell through the interaction with the receptor present on the surface of the cell membrane, and 

fluorescence is emitted by the excitation of visible light. The luminescence emitted from cells in vitro 

can be detected with a fluorescence microscope and used for diagnosis. Similarly, in vivo, it is 

detected with a fluorescence endoscope and used for diagnosis under the visible light excitation. 
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Figure 1-1.  Illustration of the possible cell labeling mechanism for diagnosis. The site to be taken into the cell 

is different depending on the particle size as described in the text. 

 

1.1.2 Conventional nanomaterials 

1.1.2.1 Organic molecules 

Organic molecules and inorganic nanoparticles have been used as cell labeling nanomaterials. 

Depending on the nanomaterial, there are some problems such as fast color degradation which is due 

to ultraviolet light excitation, damaging the living tissue (influence of active oxygen generated by 

photochemical reaction, damage of biomolecules due to electron transfer reaction, etc.). A variety of 

nanomaterials have been synthesized so far; however, there are still no suitable nanomaterials to solve 

such problems. Some examples of cell labeling nanomaterials already reported and known problems 

are shown in Table 1-1. For the organic molecules, a fluorescent protein (excitation wavelength: 400 

nm) [13], temperature-responsive polymers (excitation wavelength: 456 nm) [14] and pH-responsive 

dye (excitation wavelength: 532 nm) [15] have been reported. Such cell labeling nanomaterials are 

not cytotoxic and do not affect cell function and cell growth behavior. Fluorescent proteins are less 

toxic to living bodies and emit luminescence through visible light excitation. However, the protein 

can be decomposed by light irradiation, affecting the function of cell labeling. In the case of 

fluorescent organic low molecules, their fluorescence properties are affected by the molecular size 
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which frequently causes steric hindrance. Although no such drawbacks are seen with the temperature-

responsive and pH-responsive dyes, some other difficulties including water insolubility and aggregate 

formation limit their usage in cell labeling applications. For this kind of application, it is necessary to 

synthesize nanomaterials that have sufficient stability in their color and luminescence properties even 

under continuous/strong light excitation.  

 

Table 1-1.  Conventional cell labeling nanomaterials of organic molecular state solved in solution and inorganic 

particle state dispersed in solution, and their problems [13–22]. 

 

 

1.1.2.2 Inorganic nanoparticles 

Among various inorganic nanoparticles, semiconductor quantum dots (excitation wavelength: 

260 nm) have been mainly utilized for cell labeling applications [16] because of their strong 

luminescence and stable color. However, a problem has been also reported in terms of biotoxicity 

which is induced by compositional Cd, Hg, etc. (biotoxic element) [16–18]. These heavy metals are 

known to affect cell function and reduce cell viability, possibly leading to undesirable and/or 

unexpected results in vivo experiments. Besides, since the quantum dots are usually excited by UV 

light irradiation, potential damage to the cells is also concerned. To solve this problem, a Ln ion-

doped oxide that is excited by the light with a longer wavelength has been reported as the cell labeling 

nanomaterial [19–22], while its luminescent properties and safety to cells are unknown yet (Table 1-

1). 

In order to overcome these barriers, a Ln ion-doped hydroxyapatite (HA) would be one of the 

model nanomaterials. HA has an excellent affinity with cells so that it can be used as a cell label. It 

is possible to synthesize cell labeling HA-based nanomaterials with an excellent cell affinity by 

doping Ln ions that have low toxicity to living bodies and are capable of being excited by a low 

energy light in the visible range. Needless to say, the luminescent species (Ln ions) have to be 

Luminescent nanomaterial Problem Reference

Organic molecular state

solved in solution

Fluorescent proteins
Decomposition and denaturation of

protein by excitation light irradiation
[13]

Temperature-responsive polymers Aqueous insolubility by an easy

aggregation
[14, 15]

pH-responsive dyes

Inorganic particle state

dispersed in solution

Semiconductor quantum dots
Containing biotoxic elements such as

Cd and Hg
[16–18]

Lanthanide (Ln) ion-doped oxides Low quantum efficiency [19–22]



Chapter 1 General Introduction 

5 

incorporated into the HA structure in such a way that their amount, spatial distribution and so on are 

controlled.  

 

1.2  Application of hydroxyapatite for cell labeling 

nanomaterials  

1.2.1 Hydroxyapatite 

1.2.1.1 Features 

The HA (Ca10(PO4)6(OH)2) with a Ca/P ratio of 1.67 is an inorganic component contained in 

living tissues (bones and teeth), the crystal system is hexagonal, the space group is P63/m, and the 

unit cell is 0.94 nm × 0.94 nm × 0.68 nm [23]. As a crystal structure, the four columnar Ca (i.e., Ca 

(I) site) is aligned parallel to the c axis, and the six screw axis Ca (i.e., Ca (II) site) surround the c-

axis. Also, hydroxyl groups are present in the part surrounded by the screw Ca. The crystal structure 

of HA is shown in Figure 1-2. The high biocompatibility due to having a composition close to the 

hard tissues in vivo is an advantage, and applied study as a biomaterial is proceeding. The reported 

particle size of HA is around 20–300 nm [24,25], and it has excellent light resistance. The uptake of 

the HA nanoparticles with a size of 50–200 nm by the osteoblasts has been investigated, exhibiting 

excellent uptake efficiency without cytotoxicity [26]. The Ca ions in the HA can be easily substituted 

with the other metal ions, and by substituting Ln ions, a luminescence property can be imparted. By 

 

Figure 1-2.  Crystalline structures of HA viewed from the (a) a- and (b) c-axis directions. 

 

a
b
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using the HA matrix, it is possible to achieve cell labeling nanomaterials that are safe for the living 

body and do not affect the color degradation and luminescence properties due to the light excitation. 

Furthermore, since it is possible to impart the other functions (e.g., drug delivery carrier) for achieving 

the multi-functional particles, it is important to design the cell labeling nanomaterials as nanoparticle 

shapes. 

In general, the nanoparticle growth involves the process for the precipitation of a solid from 

solution. An understanding of the precipitation process is important for the growth of 

nanoparticles to the desired size and shape. For nanoparticle nucleation, the solution must be 

supersaturated either by adding the required reactants to produce a supersaturated solution during 

the reaction or by dissolving the solute at a high temperature and then cooling to low temperatures 

[27,28]. In general, the process for the precipitation consists of a nucleation and nanoparticle 

growth [27,28]. Homogeneous nucleation occurs by combining solute molecules to form nuclei. 

This nucleation occurs due to the thermodynamic driving force because the energy of 

supersaturated solution is not stable. The overall free energy change (ΔG) is the sum of the free 

energy by the formed new surface and the free energy by the formation of a new volume,  using 

the following Equation (1) (Eq. (1)) [27,28].  

∆𝐺 =  −
4

𝑉
𝜋𝑘𝐵𝑇𝑙𝑛(𝑆𝑟) + 4𝜋𝑟2𝛾 (1) 

For spherical nanoparticles, where V is the molecular volume of the precipitated species, kB is 

the Boltzmann constant, T is temperature, Sr is the saturation ratio, r is the radius of the nuclei 

and γ is the surface free energy per unit surface area. ΔG has a positive maximum value at a 

critical radius (r*) when Sr> 1. The nuclei larger than the r* decrease the free energy for growth 

and form stable nuclei that grow to form nanoparticles. The r* defined by the following Eq. (2) 

can be obtained by setting dΔG/dr = 0 [27,28]. 

𝑟∗ =  
2𝑉𝛾

3𝑘𝐵𝑇𝑙𝑛(𝑆𝑟)
 (2) 

For a given value of Sr, the nanoparticles with r> r* will grow. After the nucleation are occurred 

in the solution, the nanoparticles grow by molecular addition. Nucleation stops when the 

precursor concentration drops below the critical concentration [27,28]. Then, the formed 

nanoparticles continue to grow by the addition of molecules until they reach the equilibrium 

concentrations. They grow by hybridizing with smaller unstable nuclei after the nanoparticles 

grow to a stable size. The nanoparticles are not thermodynamically stable for growth kinetically. 

To form stable nanoparticles during the reaction, the nanoparticles must be added surface 

protecting agents, such as capping agents [27,28]. Figure 1-3 shows the nanoparticle nucleation 

and growth processes with adding the capping agent. The nucleation plays a key role in 
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determining the size/shape of the resulting nanoparticles as shown in Figure 1-3(a). The critical 

nuclei can be smaller than the ones for the synthesis of nanoparticles. Thermodynamically, 

nanoparticles will grow toward the nanoparticle shape having the lowest energy state at 

equilibrium, which is based on the classic LaMer model [27–29]. Even spherical or rod-shaped 

nanoparticles are not thermodynamically stable unless they are capped by the capping agents. It 

is true in the case of most nanoparticle systems. In the previous report, it was showed that the 

use of the capping agents during the synthesis of HA nanoparticles affected the average 

nanoparticle sizes of HA [30]. It suggests that capping agents during synthesis are strongly 

dependent on the mechanism of HA nucleation and growth [30]. When there is no interaction 

between the HA nanoparticles and the capping agents, the growth rate of each plane of the HA is 

different, resulting in anisotropically-shaped nanoparticles. When there is an interaction between 

a specific plane of HA nanoparticles and the capping agents, the specific plane of the HA on 

which the capping agent is not adsorbed grows, resulting in anisotropically-shaped nanoparticles. 

When there is the interaction between the entire surface of the HA nanoparticles and the capping 

agents, HA nanoparticles reach a stable thermodynamic critical radius, as the nuclei of the 

nanoparticle is surrounded by the cappinng agents. And the HA nanoparticles have an isotropic 

nanoparticle shape. Figure 1-3(b) shows three dimensional curves of LaMer model based on 

Stöber process that is proposed here to describe homogeneous nucleation and growth  of the 

nanoparticles based on aggregation mechanism. An mechanism of LaMer model [30], which 

incorporated the conceptual separation of nucleation and growth, have been proposed to describe 

the formation of HA nanoparticles. When the reaction starts, the precursor concentration 

increases with reaction time. Saturation solubility in Figure 1-3(b) is the equilibrium solubility 

of the precursor under the given conditions. In a homogenous nucleation in which no nuclei or 

nanoparticles are initially present, an energy barrier exists for nuclei generation. In this case, it 

requires that the precursor concentration is higher than a value defined as critical supersaturation. 

When this is achieved, the nucleation starts, and precursors can either react with each other to 

generate new nuclei or adsorb to the surface of existing nuclei, leading to growth of the nuclei. 

Both nucleation and growth consume precursors, leading to a decrease of precursor concentration 

during the synthesis of nanoparticles. The presence of capping agents plays a role in the kinetics 

during the synthesis of nanoparticles. As shown in the curve of Figure 1-3(b), the decay rates of 

the precursor concentration changes depending on the presence or absence of the capping agents. 

It is associated with the growth of HA controlled by the presence of capping agents [30]. Due to 

the instability of the nuclei, the aggregation also occurs during the nucleation. The particle 

number first increases and then decreases during nucleation. It is only when aggregation stops at 
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the end of the nucleation stage that the particle number becomes constant. And this particle 

number is maintained throughout the nanoparticle growth stage. Therefore, capping agents may 

be used to determine the shape of HA nanoparticles. 

 

1.2.1.2 Hybrid systems with organic molecules in vivo 

Figure 1-4 shows examples of inorganic/organic hybrids. Figure 1-4(a and b) shows the 

hierarchical structure of the chiton. The chiton is known to concentrate as much as 100,000 ppm 

of iron in teeth. In general, although organisms often use calcium as the main component when 

forming hard tissues such as teeth, there are a few organisms that form teeth with magnetite 

(Fe2O3) as the main component. The hydroxyl group of lepidocrocite (α-, γ-FeOOH) is exposed 

on the surface and exists as an inorganic/organic hybrid by interacting with α-chitin and proteins 

[31–33]. This inorganic/organic hybrid is achieved by the chemical bond of the Fe2+ ion of α- 

and γ-FeOOH with the carboxyl group and hydroxyl group in the α-chitin and proteins. 

The bone tissue in vivo is also the same. Figure 1-4(c and d) is a schematic diagram of bone 

tissue in vivo. HA is the main component of bone in vivo, and it forms a chemical bond at the 

interface with collagen and exists as the inorganic/organic hybrid. This hybrid was achieved by 

 

Figure 1-3.  (a) Possible nanoparticle nucleation and growth processes with adding the capping agent, which 

can be classified into three types based on the interactions between the agent and the particle. (b) Three 

dimensional curves based on LaMer model to Stöber process, representing homogeneous nucleation and growth 

of the nanoparticles based on aggregation mechanism. 
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the chemical bonding of Ca2+ ions in HA and carboxyl groups in collagen fibril on the interface. 

The action of organisms to form minerals is called biomineralization and it is known to also occur 

in vivo. In order to understand the nucleation of HA in vivo, the studies have been conducted to 

synthesize HA in simulated body fluids (SBF) to evaluate the physicochemical properties at the 

interfaces. The several functional groups to induce the HA nucleation in SBF have been reported, 

and (Ti, Zr, Ta, Nb)–OH, –PO3H2, –SO3H, –CONH2 and –COOH have beeen candidated as the 

preferential nucleation sites [34–38]. The study on the synthesis of the other functional 

nanoparticles has also been conducted using biomineralization [39,40]. Therefore, the possibility 

of the development of the novel cell labeling nanoparticles by mimicking biomineralization is 

expected. 

 

 

Figure 1-4.  (a, c) Hieratical structures of inorganic/organic hybrids at (a, b) teeth of chiton and (c, d) 

cancellous bone tissue, and their (b, d) interfacial interactions in the binding state at the molecular level.  
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1.2.2 Incorporation into cells as the particle shape 

The interaction between cytophilic nanoparticles and cells depends on the particle size, surface 

structure, chemical composition, solubility and aggregation. These are important for circulation in the 

body, invasiveness to lesions and accumulation, and can be expected to improve the effects of 

diagnosis and therapy. 

The substances diffuse into the cells due to the concentration gradient. The transport of the 

substances inside and outside the cell membranes by the concentration gradient without chemical 

change is called passive transport [41]. In passive transport, the substance is transported by the 

concentration gradient. On the other hand, transporting the substances against the concentration 

gradient is called active transport [42]. The active transport is performed by a pump in the cell using 

the hydrolysis energy of adenosine triphosphate. However, selective intracellular targeting is difficult 

to be done using these intracellular transports. Therefore, the selective cellular uptake through 

endocytosis can be achieved by designing the surface immobilization states of the nanoparticles. 

Since several endocytosis-mediated cellular uptake mechanisms have been proposed, the size of the 

nanoparticle to be incorporated is also an important factor in cellular uptake. As previously mentioned, 

the uptake of HA nanoparticles with a size of 50–200 nm (100 μg/mL) has been reported in osteoblasts 

[43]. In particular, the particle size of about 80 nm for HA particles has been reported to be good for 

cellular uptake. Specifically, the cells taking up the HA nanoparticles showed the same growth 

behavior as non-incorporated cells, and the cell affinity with the particles alone was confirmed. It has 

already been defined that there is toxicity to cells when the cell growth rate is less than 130 % in 6 h 

of culture [44]. As an international standard, the nanoparticle is defined as non-cytotoxicity, if the 

decrease rate in the cell viability during the cell culture is 30% or less as compared with the case in 

the cells without the nanoparticle [45]. The HA particles can be judged to be non-cytotoxic in the size 

range of 50–200 nm [43] according to previous reports [44,45]. Thus, if the HA with the size range 

of 50–200 nm can be synthesized, it can be judged that HA is suitable as a matrix for cell labeling 

nanoparticles.  

 

1.2.3 Possibility of labeling by photofunctionalization 

Hybrids with functional low molecular compounds such as 8-hydroxyquinoline (8Hq) [46,47] 

and glucosamine [48] on a nanoscale have already been reported. For example, in the HA/8Hq system, 

the 8Hq molecules were chemically bonded to the Ca2+ ions on the HA by applying mechanical forces. 

The photofunction of the hybrids has been studied by evaluating the light absorption and 

luminescence through the metal-ligand charge transfer complex formation. In the HA/glucosamine 
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system, glucosamine molecules were bound with HA due to the hydrogen-bonding interactions 

between the amino and hydroxyl groups of glucosamine and the hydroxyl groups on the surface of 

HA. No study has been done yet to contain a photofunctional dye (visible light-responsive) and HA 

and use them as cell labels. Several studies of the europium (III) ion (Eu3+) doped HA have been 

reported [49,50]. However, the low internal quantum efficiency is a problem when compared to 

existing cell labeling nanoparticles.  

Thus, a detailed understanding of the photophysicochemical driving force at the interface 

between HA and functional molecules is considered to be important for the design of novel cell 

labeling nanoparticles. 

 

1.3 Europium (III) ion 

1.3.1 Photochemical properties 

In the case of Ln ions, most of the luminescence transitions in the infrared to the near-

ultraviolet region are due to transitions between the split 4f orbital levels [51,52]. The electric 

dipole transition between energy levels belonging to the same electron configuration becomes a 

forbidden transition by the selection rule of evenness and oddity. When atoms or ions are in a 

solid or in a solution, the 5d level mixes with the 4f level due to the  crystal field effect, resulting 

in an allowable transition. The crystal-field effect is caused by the interactions between the 4f 

electrons and the electrons of the ligands. The transition probability changes depending on the 

symmetry of the ligand field and the electronic state of the Ln ion. The 4 f orbitals of the Ln ions 

are shielded by the 5s and 5p orbitals [53], which increases the fluorescence lifetime. The 6 

electrons in the 4f shell can be placed in seven 4f orbitals. The degeneracy of a 4fn electronic 

configuration is given by the binomial coefficient using the following Equation (3) (Eq. (3)). 

(
14
𝑛

) =  
14!

𝑛! (14 − 𝑛)!
 (3) 

where n is the number of 4f electrons. And the n of Eu3+ is 6. The energy diagram of the Eu3+ ion 

was shown in Figure 1-5. All the peaks correspond to the transitions from the metastable orbital 

singlet state of 5D0 to the spin–orbital states of 7FJ (J = 0, 1, 2, 3, 4) of the Eu3+ ion. J represents 

the total angular momentum. These transitions are assigned to the 5D0 to 7F0 at about 575 nm, 
7F1 

at about 590 nm, 7F2 at about 616 nm, 7F3 at about 653 nm and 7F4 at about 698 nm, respectively. 

In particular, the transition of 5D0 to 7F1 is called magnetic dipole transition, and the transitions 

of 5D0 to 7F0, 2, 3, 4 are called electric dipole transition. In the case of Eu3+, the electric dipole 

transition from the excited state 5D0 to the 7F0, 2, 3, 4 level is forbidden if the substitution site has 
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an inversion symmetry. On the other hand, it is known that the occurrence probability of the 

magnetic dipole transition is irrelevant to symmetry. When an atom or crystal is in the molecule, 

electrons belonging to the atom of interest undergo a Coulomb interaction from the charge in the 

surrounding ions. The Coulomb potential due to such a surrounding charge is called the crystal 

field potential. Due to this crystal field potential, the energy levels of atoms that degenerate in 

the free atom state split. The degeneracy of the 4f6 configuration is partly or totally lifted by 

several perturbations acting on the Eu3+ ion. Therefore, for cell labeling applications of the Eu3+ 

ions, it is important to change the symmetry and enhance the luminescence. 

 

Figure 1-5.  Energy diagram of Eu3+ and the possible excitation and relaxation processes. The excitation 

processes consist of 7F0→5D4, 7F0→5G4, 7F0→5L6, 7F0→5D2 and 7F0→5D1, and the relaxation processes 

corresponded to the transitions from the metastable orbital singlet state of 5D0 to the spin–orbital states of 
7FJ (J=0, 1, 2, 3 and 4) of Eu3+. 
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1.3.2 Doping systems in hydroxyapatite 

There are many ions in vivo that play important roles in the expression of various biological 

functions. The HA can be given various functions by the substitution of ions in the crystal structure. 

The studies of ion substitution in the HA crystal structure have been conducted [54–56]. In particular, 

it is known that the Ca2+ can be substituted by various metal ions. Table 1-2 shows some reports on 

the doping of Eu3+ ions into the HA structure which is considered to be useful as a cell label. Among 

the Ln ions, the Eu3+ ion is known to have low cytotoxicity. The synthesis temperature has been 

controlled to synthesize the Eu3+ ion-doped HA. Excitation and luminescence spectra measurements 

were performed in the range of the excitation wavelength of 392–394 nm and luminescence 

wavelength of 612–618 nm [56–58]. The internal quantum efficiency, fluorescence lifetime and zeta 

potential were reported as other evaluation remarks in the references. The internal quantum efficiency 

of 2.1 % was achieved by the excitation light irradiation of 394 nm [56], the fluorescence lifetime of 

about 0.7–2.0 ms was achieved [57], and the zeta potential of about –10.6 mV was reported [58]. It 

is required to improve the internal quantum efficiency, elucidate the existence state of Eu3+ ion by the 

fluorescence lifetime, and improve the water dispersibility of Eu3+ ion-doped HA by increasing the 

zeta potential. Figure 1-6 shows a diagram of the coordination structure of oxygen to the Ca site in 

HA. The Ca (I) site has a coordination number of 9, and C3 symmetry, and the Ca (II) site has a 

coordination number of 7, and Cs symmetry. The transition from 5D0 to 7F0 is known to indicate the 

presence of Eu3+ ions at the Ca (I) and Ca (II) sites in HA. The 5D0 to 7F0 transition peak appears at a 

maximum fluorescence wavelength of 572 nm at the Ca (I) site and 577 nm at the Ca (II) site [59]. 

By separating the peak of these two wavelengths, it is possible to evaluate the ratio of Eu3+ ions 

present at the Ca site. The photofunctionalization of HA using the Eu3+ ion is the subject of study. 

However, due to the low internal quantum efficiency, almost no study has been reported on its 

application in the cell labeling. Thus, the state of Eu3+ ions in the HA is important regarding the 

luminescence behavior. 

Table 1-2.  Synthetic temperatures, approximate sizes of primary particles and excitation and luminescence 

wavelengths of the Eu3+-doped HA in the previous reports [56–58]. 

 

Synthetic 

temperature

(oC )

Approximate size 

of primary particle

(nm)

Excitation 

wavelength

(nm)

Luminescence 

wavelength

(nm)

Remarks Reference

180 40–190 393 614

2.1 %

(internal quantum yield @

excitation wavelength at 393 nm)

[56]

40, 120 10–60 393 618
0.7–2.0 ms

(luminescence lifetime)
[57]

60 50–200 394 613
–10.6 ± 4.2 mV

(zeta potential) [58]
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Figure 1-6.  Coordination states of Ca (I) and Ca (II) sites in the HA structure. 

 

1.3.3 Organic complex systems 

1.3.3.1 Types and photochemical properties 

As functional low molecular weight compounds, the Eu (III) complexes having a ligand are 

interesting because of their luminescent properties and have been studied in the biofield and the 

electronics field. The Eu (III) complexes have characteristic narrow luminescence spectrum lines and 

long-lived excited states. The ligands effectively increase light absorption. Although the spectral 

shape depends on the electronic environment, due to the spatially shielded f-f transition, the Eu3+ ion 

alone has a low light absorption ability. It is known that a strong luminescence is observed in the Eu 

(III) complex in which various ligands are bound to the Eu3+ ion. The ligand absorbs the ultraviolet 

light, and the energy is transferred to the Eu3+ ion and finally observed as luminescence. The effect 

of the ligand is called the antenna effect. When electrons in a singlet ground state molecule are excited 

to a high energy state by light absorption, they become an excited singlet state (S1) or an excited 

triplet state (T1). The S1 is a molecular state in which all the electron spins are paired, and the spins 

of excited electrons become the opposite direction to the ground state electrons. In the T1, the spins 

of the excited electrons become the same direction as that of the ground state electrons. Since the 

excitation to the T1 includes the inversion of spin, which is a forbidden transition, the probability of 

the molecule forming the T1 by light absorption is low. The processes of non-radiatively changing 

from the S1 to T1 or T1 to S1 are called intersystem crossing. When the vibrational levels of the two 

excited states overlap, the probability of intersystem crossing increases because the change in energy 
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due to the transition is low. Figure 1-7 shows examples of Eu (III) complexes that have been reported 

for cell labeling. Some β-diketonato Eu (III) complexes have been used for cell labeling [60,61]. 

These reports describe that the Eu (III) complex was dissolved in phosphate buffered saline, then cell 

labeling was performed. In the case of the β-diketonato Eu (III) complex of Figure 1-7(a), the 

excitation/luminescence spectrum was measured at the excitation wavelength of 402 nm and the 

luminescence wavelength of 614 nm, and the internal quantum efficiency was 41 % [60]. In the case 

of the β-diketonato Eu (III) complex of Figure 1-7(b), the excitation/luminescence spectrum was 

measured at the excitation wavelength of 405 nm and the luminescence wavelength of 612 nm, and 

the internal quantum efficiency was 23 % [61]. However, these available Eu (III) complex 

luminescent probes have the problem of color degradation, when the probes are exposed to a 

continuous and intense excitation light for monitoring the biological processes. By introducing an 

asymmetric coordination field into the Eu (III) complex, the forbidden transition is broken to allow 

the f-f transition, and the light absorption coefficient can be increased to improve the luminescence 

intensity. If the symmetry of the ligand can be lowered, application as a cell labeling probe can be 

expected. 

 

1.3.3.2  Tris (2,2,6,6-tetramethyl-3,5-heptanedionato) europium (III) 

(EuTH) 

The molecular model of tris(2,2,6,6-tetramethyl-3,5-heptanedionato) europium (III) (EuTH) 

as a complex having the β-diketonato ligand is shown in Figure 1-8. This complex has a highly-

symmetrical molecular structure and is insoluble in water but soluble in ethanol. Due to the high 

symmetry of the ligand, the luminescence intensity is low.  

 

Figure 1-7.  Eu3+ complexes of (a, b) β-diketonate ligand [60,61]. Internal quantum efficiency of (a) is 41 % 

(ex= 402 nm, em= 614 nm), and (b) is 23 % (ex= 405 nm, em= 612 nm). The Eu3+ complexes have been 

studied for biological labelling applications. 
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In the EuTH, it is known that the distance between the Eu–O and the ligand and the 

coordination structure affect the electron transition [62]. Different electronic transition states are 

observed by the coordination symmetry structural change, and the electric dipole transition is 

strongly observed in the luminescence spectra. Since it can be dissolved in ethanol, the synthesis 

of a homogeneous nanoparticle with HA can be expected. 

 

 

Figure 1-8.  Chemical structures of EuTH molecule at the 2-dimensional view. 

 

1.3.3.3 Possibility of synthesis for EuTH-interacted hydroxyapatite 

Ln complexes incorporated into an inorganic porous matrix, such as zeolite or mesoporous 

silica, that forms an inorganic/organic nanoparticle have been reported [63,64]. The confinement 

of the Ln complex within the inorganic porous structure not only improves its stability but also 

reduces the quenching due to aggregation between the Ln complexes. However, the nanoparticle 

with luminescent properties based on the inorganic/organic interface of highly biocompatible HA 

nanoparticles has not been reported. It is expected that the electron localization between the 

ligand of the Ln complex and the central metal can be used as a nucleation site of the HA crystals. 

It was also possible that a high luminescence behavior can be achieved. The nucleation of HA in 

the electron localization of EuTH may lead to the construction of the HA/EuTH interface.  

 

1.4 Molecule that specifically binds to a cancer cell  

1.4.1 Receptor expressed on cell surface 

Receptors are present in all cells. The receptor is a substance and is present on the cell 

membrane, which specifically binds to a substance outside the cell membrane and is usually a 

protein. Cells can identify specific substances by receptors and receive information from outside 

the cells. The binding of the receptor to the substance triggers a variety of responses in the cell. 

Table 1-3 shows the types of receptors expressed on the surface of epithelial cancer cells that 

can be treated with an endoscope [65–70].  
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The types of overexpressed receptors differ depending on the type of cancer. It is known 

that specific recognition of these receptors enables particle uptake into the cells.  

 

 

1.4.2 Types of molecules that specifically bind to receptors 

Table 1-3 also shows the molecules that recognize and specifically bind to the receptors. 

For example, folic acid (α-folic acid) binds approximately perpendicular to folate receptor groove 

formed by helices (protein) [71]. The N and O atoms of hydrophilic pterin ring form hydrogen 

bonds with the receptor residues. The N atoms of pterin in the folic acid form strong hydrogen 

bonds with the side-chain carboxyl group and hydroxyl group of receptor [71], and then van der 

Waals forces provide the final strong binding interaction [72]. The high binding affinity (1.0–10 

× 109 M-1) of the folate receptor for folic acid has led to the development of drug conjugates with 

the folic acid [73]. The benefits of using folic acid are manifold. In particular, it has high stability 

and can be easily immobilized to various types of organic molecules, antibodies and nanoparticles.  

The folate receptors are overexpressed on cancer cells. The folate receptors on human cervical 

cancer-derived (HeLa) cells are overexpressed 3.5 times as much as in normal cells (NIH swiss 

mouse embryo-derived (NIH3T3) fibroblasts) [74]. Moreover, folate receptors on HeLa cells are 

more than twice as overexpressed as other cancer cells (such as adenocarcinomic human alveolar 

basal epithelial cells and human breast adenocarcinoma cells) [75]. The recognition of organic 

molecules or proteins corresponding to the receptor allows the particle uptake into the cells. The 

binding affinity between folate receptors and folic acid molecule, and the number of receptors on 

Table 1-3.  Classifications of epithelial cancer cells that can be treated with an endoscope, excess 

expression receptor on the cells and their binding molecules [65–70]. 

 

 

Classification of cancer Excess expression receptor
Classification of binding 

molecule
Reference

Epithelial-derived tumor α-Folate receptor α-Folate [65]

Breast cancer Estrogen receptor Estrogen [66]

Breast cancer or endometrial cancer Progesterone receptor Progesterone [67]

Gastric cancer, breast cancer, ovarian cancer HER2 receptor HER2 [68]

Skin cancer Insulin receptor Insulin [69]

Metastatic tumor and drug resistant tumor Transferrin receptor Transferrin [70]
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the surface of cancer cells allow the selective uptake of the cell labeling nanoparticles into the 

cancer cells [73]. In order to be used as the cell labeling nanoparticles, the molecules should be 

present in the dispersed state on the particle surfaces. The aggregation of the molecules may make 

it difficult for the receptor to recognize the molecules. Thus, the efficient uptake of HA 

nanoparticles into the cells becomes possible by immobilizing the cell-binding (ligand) molecules 

on the HA surface. 

 

1.4.3 Immobilization technique of specific binding molecule to solid 

surface 

By immobilizing a specific binding molecule on a solid surface, it is possible to impart new 

properties such as in vivo stability, tissue targeting, cell tropism, etc., to the nanoparticle. In order 

to maximize the properties of the nanoparticles in vivo, it is necessary to achieve surface 

immobilization techniques that consider the interaction between the cells and particles. The 

surface immobilization techniques are both chemical (covalent bond) and physical (non-covalent 

bond). One of the highly-stable chemical methods is reacting a functional group on the solid 

surface with a specific binding molecule. In this method, since the reactive groups of the 

molecules immobilized on the surface cause steric hindrance, the polymerization density 

decreases. Inorganic particles having a hydroxyl group on the surface can be easily made into a 

functional surface by the method. As an example, hydrophilic amorphous silica particles are 

negatively charged (≡Si–OH), because the oxygen present in the skeleton of –SiO4– is partially 

deficient. When the hydroxyl group on the surface of the amorphous silica is reacted with 3-

aminopropyltriethoxysilane (APTES, H2N(H2C)3Si(OCH2CH3)3), trimethoxy (2-carboxyethyl) 

silane (HOOC(CH2)2Si(OCH3)3) and the methylphosphonic acid 3-(trivinylxylsilyl) propyl salt 

(NaPO3(CH2)3Si(OH)3), etc., it becomes positively or negatively charged by the covalent bond. 

Specifically, the hydroxyl group of the silicon alkoxide and the hydroxyl group of the solid 

surface form a hydrogen bond, and the covalent bond is formed by dehydration condensation. 

Thereby, reactive functional groups, such as amino groups (–NH2) and carboxyl groups (–COOH) 

can be present on the solid surface. Figure 1-9 showed an example of the immobilization of 

molecules already reported. Figure 1-9(a) showed the immobilization process of APTES on a 

solid surface. By bonding an amino group-terminated silane coupling agent to the solid surface, 

the OH group on the solid surface is bonded to Si. The following is an example of the reaction 

process of APTES. 
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Formation of silanol group by hydrolysis (Eq. (4)) ; 

H2N(H2C)3－Si(OC2H5)3  +  3H2O  →  H2N(H2C)3－Si(OH)3  +  3C2H5OH  (4) 

Self-assembly reaction of hydrolyzed silanes (Eq. (5)) between the molecules occurs. 

H2N(H2C)3－Si(OH)3  +  H2N(H2C)3－Si(OH)3   

→  H2N(H2C)3－Si(OH)2－O－Si(OH)2－(CH2)3NH2 
(5) 

Dehydration condensation on the solid surface (Eq. (6)) occurs between the molecule and 

solid surface.  

H2N(H2C)3－Si(OH)3  +  HO－● 

→  H2N(H2C)3－Si(OH)2－O－●  +  H2O 
(6) 

where ● is a solid surface. 

Figure 1-9(b-1 and b-2) showed the immobilization processes of molecules on the solid 

surface. These are examples of the immobilization of a molecule via the APTES [76,77]. The 

following is an example of the reaction process (reaction of Figure 1-9(b-1)) Eq. (7).  

H2N－●  +                           →                                －● 
(7) 

O OO
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The surface amino group stably immobilizes the molecule through the peptide (–HN–CO–) 

bond. Specifically, APTES is bonded to the solid surface by a liquid phase reaction, the solid 

surface is coated with the –Si–O–Si– bond, and the amino group is exposed to the surface. Next, 

the molecule is formed via a covalent bond to the solid surface by a dehydration condensation 

reaction (–NH2 + –COOH → –NH–CO–) of an amino group and a carboxylic acid in the molecule. 

Such a reaction mechanism makes it possible to immobilize folate derivatives (folate N-

hydroxysuccinimidyl ester (FA-NHS)), which are known to specifically bind to cancer cells, on 

the solid surfaces [78]. As the report of the physical surface immobilization technique, the 

immobilization of ferritin by an electrostatic interaction was achieved on the solid surface [79]. 

The uptake of the ferritin-immobilized particles into cells was also observed. Thus, for the solid 

surface, various surface states can be designed. 

 

Figure 1-9.  Immobilization processes of (a) APTES, (b-1) carboxyl group and (b-2) FA-NHS on the solid 

surface. In this case, the representative APTES-immobilized solid surface changed from an amine to (b-1) 

carboxyl group and (b-2) FA-NHS were shown. 
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1.5 Cancer cell growth inhibitory drug molecules  

1.5.1 Representative molecules and their functions 

Table 1-4 shows examples of cytostatic drug molecules. Vitamin C exerts a strong 

antioxidant action and generates a large amount of hydrogen peroxide [80]. Although normal 

cells can neutralize hydrogen peroxide, cancer cells cannot neutralize it, causing cell death. 

Fucoidan has been shown in basic studies to have the function of transmitting stress signals to 

the endoplasmic reticulum and inducing cell death [81]. Caffeine has been reported to inhibit 

cancer cell DNA repair and suppress the growth of cancer cells. It has also been reported that the 

caspase-9/caspase-3 pathway, which is one of the signal transduction pathways causing cell death, 

functions as a persistent anticancer agent by activation [82]. Citric acid is known to induce cell 

death by inhibiting the function of proteins involved in cell growth by forming a chelate in the 

cell with minerals such as iron and calcium [83,84]. It has also been reported that the glycolytic 

system of the cell is inhibited to suppress proliferation [85]. If these drug molecules can be 

contained with the HA, they may be applied as nanoparticles for cancer therapy.  

 

 

 

Table 1-4.  Mechanism and function of cytostatic drug molecules in the previous reports [80–85]. 

 

Cytostatic drug 

molecules
Mechanism Function Reference

Vitamin C
Damage of tumor cell due to high

dosage

Damage of tumor cells by generation of

hydrogen peroxide
[80]

Fucoidan
Induction of apoptosis of cancer

cells

Anti-tumor function by modulating

endoplasmic reticulum stress cascades
[81]

Caffeine

Induction of apoptosis by

activating the caspase-9/caspase-3

pathway

Function as a sustained anticancer agent

by activating the caspase-9/caspase-3

pathway

[82]

Citric acid

Suppression of tumor cell growth

both in glycolysis and tricarboxylic

acid cycles in vitro

Suppression of lung cancer cell growth

by dosage
[83–85]
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1.5.2 Citric acid 

Figure 1-10 shows the molecular structure of citric acid (Figure 1-10(a)), dissociation state 

in solution (Figure 1-10(b)) and mechanism of suppression of cancer cell growth by citric acid 

in the cancer cells (Figure 1-10(c)). When the amount of citric acid is increased in the cancer 

cells, chelates are formed with calcium, iron, copper and zinc, which inhibit the action of proteins 

and antioxidant enzymes involved in cell growth. As a result, it has been reported to suppress the 

growth of cancer cells and induce cell death. In the blood, iron (III) ions (Fe3+) bind to transferrin 

and are transported into the cells. Two Fe3+ ions bind to one transferrin. Transferrin binds to the 

transferrin receptor located on the cell membrane and is taken up by endocytosis. When it 

becomes an acidic environment in the lysosome (endosome), Fe3+ ions are then dissociated into 

iron (II) ions (Fe2+). It then forms the chelate complex with citric acid, depletes Fe2+ ions in the 

cytoplasm, and inhibits the growth of the cells [86]. The binding affinity between citric acid and 

Fe2+ ion is about 5.0 × 1019 M-1 [87], and the binding affinity between citric acid and Ca2+ ion is 

 

Figure 1-10.  (a) Chemical structure of citric acid and (b) dissociated state in solution at the different pH 

(pKa1= 3.12, pKa2= 4.76, pKa3 = 6.39). (c) Cytostatic mechanism by citric acid. Citric acid and Fe2+ ions 

can form a chelate complex, and the depletion of Fe2+ ions in the cytoplasm can suppress the cancer cell 

proliferation. The binding affinity between citric acid and iron (II) is about 5.0 × 1019 M-1, and the binding 

affinity between citric acid and Ca2+ is about 2.0 × 104. In the cells, stable chelates are formed between 

Fe2+and citrate. 
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about 2.0 × 104 M-1 [88]. In addition, some concentrations of Fe2+ ion and Ca2+ ion in normal 

cells and cancer cells have been reported. The Fe2+ ion in mouse-derived fibroblasts (BALB/3T3) 

as one of the normal cells has been reported to be about 1.0 pg/L [89], and the Fe2+ ion in human-

derived cancer cells (THP-1) as one of the cancer cells has been reported to be about 0.1–0.5 

pg/cell [90]. It is known that both Ca2+ ion in normal and cancer cells maintain the concentratiat 

the several tens of nM regardless of the cell types [91]. In the cells, stable chelates are formed 

between the Fe2+ ions and citric acid. In normal cells (e.g., prostatic epithelium cells) [92], it is 

known that the addition of citric acid does not affect cellular activity.  

 

1.5.3 Possibility of synthesis for citric acid coordinated hydroxyapatite  

The citric acid molecule is used to control the form of HA and is known to exist as the 

carboxyl ion of –COO- in alkaline solution and as a dimer by hydrogen bonding in the form of (–

COOH)2 in an acidic solution [93]. Since HA has Ca sites in the a-axis direction and phosphate 

sites in the c-axis direction, it has been thought that citric acid molecule adsorbs on the Ca sites 

and affects the formation of the HA nanoparticles. During HA formation in alkaline solution, it 

has been suggested that the carboxyl ion of the citric acid molecule and Ca2+ ions of HA 

chemically bond perpendicular to a-plane (100) on the HA. The citric acid molecule easily forms 

the chelate with the Ca2+ ions of the HA. The citric acid is stably present on the particle surface 

by coordinating with Ca2+ ions on the outermost surface of HA. On the basis of these results, it 

has been considered that the competitive reaction between the HA formation and chelate 

formation enables the synthesis of nanoparticles. The synthesis of nanoparticles can be achieved 

by utilizing the interaction between ions present at the Ca sites in the HA and carboxyl ions of 

the citric acid molecule. Therefore, by coordinating the citric acid to HA nanoparticles for cancer 

cell labeling, it may be possible to impart cytostatic ability. When the citric acid coordinated HA 

nanoparticles are added to cells collected by tissue biopsy containing cancer cells and normal 

cells and cultured, normal cells may be able to grow preferentially. By binding luminescent HA 

nanoparticles to cancer cells and removing the luminescent cancer cells, only normal cells can be 

taken out and transplanted in vivo, which may contribute to regenerative medicine. 

 

1.6 Purpose of this study 

Cancer cell labeling nanomaterials have been developed that stain specific cells for 

visualization without cytotoxicity. However, significant problems are known such as color 

degradation and toxicity in conventional nanomaterials. HA is one of the excellent options to 



Chapter 1 General Introduction 

24 

overcome the barriers based on its high biocompatibility, HA is present as the main component 

of hard tissues in vivo, making it possible to be utilized as a biomaterial. When aiming at the cell 

labeling application of HA, it is important to bind a photofunctional molecule with HA in the 

nucleation process and to synthesize nanoparticles as a form of inorganic/organic nanoparticles. 

Moreover, a study to develop theranostic nanoparticles with fluorescence and therapeutic 

properties toward applications in such a field as biomedicine is important. In order to design 

novel theranostic nanoparticles, one of the keys would be to control interfacial interactions 

between HA and functional molecules. To explore the combination of HA and various functional 

molecules will lead to a large number of multifunctional nanoparticles that advance the frontier 

technologies of bio-related fields. A rapid cell labeling and easily observable luminescence 

intensity by HA/functional molecule nanoparticles were aimed. Moreover, it was also proposed 

to design the theranostics HA nanoparticles with therapeutic functions by selecting appropriate 

functional molecules. Specifically, This study focused on the "ion–polar interaction" and the " 

ion–ion interaction" between HA and functional molecules. (Figure 1-11). 

The targets to be achieved in this study are shown below: 

I  Extreme biosafety for normal cells 

✓ The ratio of N1 (which means the normal cell adhesion density with adding 

nanoparticles at the culture time of 24 h) to N0 (which means the normal cell adhesion 

density without adding nanoparticles at the culture time of 24 h) ) (N1/N0) is 0.7 or more 

[45] 

✓ Average particle size of 20–200 nm in biological fluid (coefficient of variation: 30 % 

or less) [43] 

✓ Excitation/luminescence visible light at 400–800 nm region in the observation 

II  Efficient luminescence 

✓ Strong luminescence intensity that can be visually confirmed 

✓ Internal quantum efficiency of more than 7 % [94]  

III  Construction of particle surface that is rapid binding with cancer cells and taken up into the 

cells at high concentration 

✓ High concentration of binding and uptake into cells by immobilization of cell-binding 

molecules [78] 

✓ Short-term labeling of tumor cells within 3 h after the adding nanoparticles [95,96] 

IV  Achievement of both cancer cell labeling and suppression of cell growth 

✓ Growth suppression  (N1/N0 ratio of 0.7 or less) while labeling cancer cells [45] 
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Figure 1-11.  Scheme of the purpose of this study. 

 

1.7 Contents of this thesis 

In this thesis, it was investigated about “Study on Synthesis of Luminescent Hydroxyapatite 

Nanoparticles and Their Surface Functionalization for Cell Labeling Applications”. It was found 

a technology for photofunctionalization and surface functionalization of hydroxyapatite (HA) 

nanoparticles, which are the main components of hard tissues in the living body, and evaluated 

and clarified the cell labeling properties. This thesis consists of four chapters. (Figure 1-12)  

In Chapter 1, "General Introduction", the problems of cell labeling technology were 
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explained by giving examples of conventional cell labeling nanomaterials. Furthermore, the 

photophysical chemistry properties of Eu (III) ion were described. Moreover, the importance of 

the Ca site of HA and the inorganic/organic interface structure between HA and functional 

molecules to realize photofunctionalization and cell selectivity in vivo were proposed, and the 

control of the interface state was outlined. Then, focusing on the inorganic/organic interface of 

photofunctional HA and functional molecules, the strategy for photofunctionalization of HA was 

proposed. Furthermore, It described cell-binding molecule immobilization technology to particle 

surface for specific binding or uptake to cancer cells and showed the significance and purpose of 

this study. 

In Chapter 2, “Synthesis of Luminescent Europium(III) Complex-interacted Hydroxyapatite 

Nanoparticles and Their Rapid Cell Labeling by Folic Acid Immobilization”, EuTH with β-

diketonato ligand was contained at the particle growth stage of HA, and the effect of EuTH 

concentration was discussed. Then, folic acid derivative molecules were immobilized on the 

nanoparticle surface via 3-aminopropyltriethoxysilane (APTES), and the cell-binding property 

was discussed. Furthermore, it was evaluated the cytocompatibility to NIH swiss mouse embryo-

derived (NIH3T3) fibroblasts and binding or uptake behavior to human cervical cancer-derived 

(HeLa) cells.  

In Chapter 3, “Synthesis of Luminescent Hydroxyapatite Nanoparticles Coordinated with 

Citric Acid for Their Bifunctional Cell Labeling and Cytostatic Properties”, luminescent Eu3+ 

ion-doped HA nanoparticles coordinated with citric acid were synthesized by substituting Ca site 

of HA with less toxic Eu3+ ion in the presence of citric acid. The physicochemical properties 

based on the interfacial interactions between Eu3+ ion-doped HA and citric acid at the 

nanoparticle surfaces were discussed. Then, folic acid derivative molecules were immobilized on 

the nanoparticle surface via APTES, and the binding or uptake behavior of cells was examined. 

Specifically, the cytocompatibility using NIH3T3 fibroblasts and cell labeling properties against 

HeLa cells were evaluated to investigate the effect of the nanoparticles on the suppression of 

HeLa cell growth. 

In Chapter 4, "Summary", it was summarized the usefulness of the luminescent HA 

nanoparticles of this study as cell labeling nanoparticles. Furthermore, it was mentioned the 

synthesis of luminescent HA nanoparticles in the presence of functional molecules and the 

photofunctional interfaces between HA and functional molecules achieved by nanoparticles of 

HA and functional molecules. 
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Figure 1-12.  Chapter contents and their constructions of this thesis. 
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Chapter 2 

Synthesis of Luminescent 

Europium(III) Complex-interacted 

Hydroxyapatite Nanoparticles and 

Their Rapid Cell Labeling by Folic 

Acid Immobilization 

 

2.1 Introduction 

The specific cell labeling techniques using luminescent nanoparticles are important in the 

biomedical fields. The targeting through the specific ligand molecules is able to bind to the cell 

surface and achieve the receptor-mediated endocytosis [1]. The cell labeling technologies will be 

improved by the development of cytocompatible photoluminescence probes [2,3]. 

Lanthanide (Ln) ion-doped nanoparticles provide the several advantages such as lower 

cytotoxicity, photostability and sharp luminescence bands as compared with the conventional cell 

labeling materials such as organic dyes and quantum dots [4,5]. The Ln ions (Tb, Eu, Dy, etc.) can 

be doped in the host matrixes such as phosphates and glasses [6–8]. Thus, the Ln ions can easily 

endow the photoluminescence properties, and be used as the novel photoprobes for cell labeling 

applications [9]. The spectral shapes depend on the electronic environment structures, although the 

Ln ions alone have poor light absorption abilities due to the forbidden intraconfiguration f-f transition 

[10]. From the previous reports, the labeling of Eu(III) β-diketonate complex for the living cells was 

investigated [11–13], and the chemically-synthesized Eu (III) complex of dopamine and 

diethylenetriaminepentaacetic acid was applied to the cell labeling [14]. In addition, there have also 

been the report by dipicolinato-based Eu(III) complex [15]. However, there was the problems of the 
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color degradation during the cell observation, and it can be suggested that the design of the particulate 

(e.g., nanoparticle) formation with multifunction in addition of the suppression of color degradation 

is important. The luminescence properties are difficult to be not affected by the nanoparticle surfaces 

modification molecular states, and the main challenges for the nanoparticles are to improve the 

efficiency of the binding and labeling ability to the cells. For designing the novel cell labeling 

nanoparticles to rapidly, sensitively and safely visualize the cells, the improvement of targeting and 

photofunctional ability through the specific molecules, and dispersibility in biological solution is 

important. 

In the important biomaterial material, hydroxyapatite (HA: Ca10(PO4)6(OH)2) has the excellent 

properties such as biocompatibility and biological activity [16–19]. The HA nanoparticles could be 

served as the useful host materials for doping Ln ions (e.g., Tb, Eu etc.) in the biomedical field [20–

22]. However, the doping amount of the ions is limited because the luminescence quenching occurs 

by accompanying energy transfer between the neighboring ions [23]. On the other hand, HA exists 

as the main component of bone tissues in vivo, and the biological functions are dominantly attributed 

to the inorganic/organic interface states between HA and collagen; thus, the structural calcium(II) ion 

(Ca2+) of HA forms the chemical bonds with the reactive oxygen atoms of biomolecules. In order to 

improve the photofunctions of Ln ions in HA, the construction of the interface states between HA 

and functional molecules based on the inorganic/organic interactions are important. Accordingly, the 

HA bonded with functional low-molecular compounds such as triethyl amine and 8-hydroxyquinoline 

have been reported as the luminescent nanomaterials [24–26]. Therefore, it is important to design the 

novel interface states between HA and organic luminescent Ln species to enhance the cell labeling 

functions based on the luminescence intensity as well as the internal quantum efficiency (int). 

When the cell labeling is performed in vivo, the efficient interactions between the cells and 

nanoparticles without cytotoxicity is desired. The luminescent HA nanoparticles maintain their 

cytocompatibility in the biological solution [24]. The dispersibility in water is important for the 

biomedical applications such as drug delivery system [27]. Thus, it is important to develop the surface 

modification strategy for achieving the luminescence and cytocompatibility of the nanoparticles with 

the dispersibility in water. From these viewpoints, the surface modification of the HA nanoparticles 

has been reported. For example, the modification of folic acid (FA) via dehydration condensation of 

polyethyleneimine [28], and that of succinic anhydride via dehydration condensation of 3-

aminopropyltriethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3)[29] have been reported. In addition, the 

HA nanoparticles were ultrasonically dispersed in cyclohexane, and then n-propylamine and 3-

(methacryloyloxy)propyltrimethoxysilane were added and stirred at 65 °C to obtain the silanized HA. 

Then, the modification of polymethyl methacrylate on the silanization HA has also been achieved 
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with the polymerization reaction [30]. Therefore, the surface functionalization of the luminescent HA 

nanoparticles can improve the physicochemical properties, and also control the elution of Ca and 

phosphate ions into biological solution.  

The functionalization of folic acid (FA) receptor on the HA nanoparticles has received attention, 

as it is overexpressed in cancer cells, and can facilitate the uptake (i.e., endocytosis). The 

immobilization of FA molecules via dehydration condensation reaction of APTES on the HA 

nanoparticles at phosphate buffer (pH = 7.4) has been achieved [31]. The folate-derivatized colloidal 

gold particles have been found to enter human cervical cancer-derived (HeLa) cells, then and be 

transferred to multivesicular bodies and eventually move into the cytoplasm or lysosomal-like 

compartments [32]. Here, the FA molecular structure in solution was changed with the pH value [33]. 

When the solution is acidic (pH = 1), it becomes cationic type and the main luminescence band is 

centered at 485 nm (excitation light at 370 nm). When the solution is neutral (pH= 6), it becomes 

neutral type and the main luminescence band is centered at 445 nm (excitation light at 400 nm). When 

the solution is basic (pH= 13), it becomes anionic type and the main luminescence band is centered 

at 460 nm (excitation light at 400 nm). These luminescence are attributed to S1–S0 relaxation [34]. 

From so far, the studies on luminescent HA nanoparticles (i.e., synthesis of diagnosis) and surface 

immobilization molecules (i.e., targeting technique) for the cancer cell labeling have separately been 

designed and investigated. For designing the novel cell-labeling nanoparticles to rapidly, sensitively 

and safely visualize specific cells, the improvement of the targeting ability as well as the luminescence 

properties based on the interactions between luminescent substances and surface molecules is 

important. A graft copolymer having the polylysine main chain and side chain of amino group 

modified by polyethylene glycol and Cy5.5 was synthesized. The Cy5.5 molecules mutually 

associates within the graft copolymer to decrease the luminescence intensity [35]. The hybrids of the 

peptide-coated substrate of a kinase enzyme and pyrene was synthesized, indicating that pyrene was 

associated with the hydroxyphenyl group of the tyrosine residue side chain to induce the luminescence 

quenching [36]. In these reports, the luminescence based on the host‒guest and guest‒guest 

interactions were investigated with disregarding the targeting molecular behavior. In other words, 

there is no report on the investigation of photo-interactions and photofunctions at the interfaces 

between the targeting molecules and luminescent spices in host (i.e., HA). From the viewpoints, the 

designing of the nanoparticles with the cytocompatibility and photofunctional interfaces between the 

targeting molecules and luminescent spices in HA for the rapid cell targeting and labeling was 

proposed here. 

In this study, the photofunctionalization strategy of the FA molecule immobilized on the 

luminescent HA nanoparticles investigated, and evaluated the physicochemical properties of the 
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nanoparticle surfaces. The cytocompatibility against the HeLa cells was also evaluated to verify 

whether the nanoparticle can be the candidate for the rapid cell labeling. Concretely, the synthesis 

and photofunctionalization of the nanoparticles between the HA and organic Eu(III) complex (EuTH: 

tris (2,2,6,6-tetramethyl-3,5-heptanedionato) europium(III)) (EHA) was investigated. It was 

considered that the EuTH can be stably present on the HA surface by working as a capping agent 

when synthesizing the nanoparticles. Then, folic acid derivative (FA-NHS: folate N-

hydroxysuccinimidyl ester, C23H22N8O8) was immobilized on EHA. The cytotoxicity against the 

NIH3T3 fibroblasts and the cell labeling ability against the HeLa cancer cells were evaluated (Scheme 

2-1). It proposed here that the novel photofunctions can be found by changing the molecular 

occupancy (i.e., modification density) of FA-NHS on EHA. Specifically, the photofunctional 

interfaces between the FA-NHS and EuTH were focused. The achievement of "(i) rapid targeting to 

the cancer cells" and "(ii) effective luminescent ability including int based on the photofunctional 

interfaces between the FA-NHS and EuTH " in one particle were aimed. 

 

 

Scheme 2-1.  Preparation of EHA nanoparticles and their cytotoxicity and cell labeling ability evaluation with 

the immobilization amount of FA-NHS on the surfaces. 
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2.2 Experimental Section 

2.2.1 Chemicals 

Dipotassium hydrogen phosphate (K2HPO4), tetramethylammonium hydroxide (TMAOH), 

calcium chloride dehydrate (CaCl2·2H2O), EuTH (Scheme 2-2(a)), ethanol, dimethyl sulfoxide 

(DMSO), phosphate buffer (PB: pH = 7, phosphate ion concentration = 0.1 M) were purchased from 

Wako Chemical Co. Ltd. APTES and Methyltriethoxysilane (MTES, CH3Si(OC2H5)3) were 

purchased from Tokyo Chemical Industry Co., Ltd. FA-NHS (Scheme 2-2(b)) were purchased from 

Fujimoto Molechemical Co., Ltd. All the chemicals were used as received without further purification. 

 

 

Scheme 2-2.  Chemical structures of (a) EuTH and (b) FA-NHS molecule at the 2-dimensional views. 

 

As the reagents for the characterization, phosphate buffered saline (PBS: pH = 7) with the ions 

(K+: 4.15 mM, Na+: 153 mM, HPO4
2-: 9.57 mM, Cl-: 139.57 mM), 2,4,6-trinitrobenzene sulfonate 

sodium dihydrate (TNBS-Na, (O2N)3C6H2SO3Na·2H2O), sodium dodecyl sulfate (SDS, 

CH3(CH2)11OSO3Na) and hydrochloric acid (HCl) were purchased from Wako Chemical Co., Ltd. 

Sodium carbonate and sodium bicarbonate of Wako Chemical Co., Ltd. were used for preparation of 

carbonic acid-bicarbonate buffer solution. 
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2.2.2 Materials and preparation 

50 mL of ultrapure water containing 6 mmol of K2HPO4 was prepared and the pH was adjusted 

to be 12 by adding TMAOH. 30 mL of aqueous solution containing 9.9 mmol of CaCl2·2H2O was 

added to the K2HPO4 aqueous solution at the dropping rate of 1 mL/min to prepare HA solution. The 

HA solution was added into 20 mL of ethanol solution containing 0, 0.1, 0.25, 0.5 and 1.0 mmol of 

EuTH and refluxed at 80 °C for 3 h. The precipitation products were washed once with ethanol and 

ultrapure water, and lyophilized for 1 day. Here, the feed Eu concentration of Eu to (Ca+Eu) was 0, 

1.0, 2.5, 5.0 and 10 mol%, which are denoted as XEHA (X= the feed Eu concentration of Eu to 

(Ca+Eu) (mol%)). and fixed in this study, and the sample was abbreviated as EHA. The molar ratio 

of Ca to P was fixed at 1.65. As a reference, the neat EuTH powder was used.  

5.0EHA (200 mg) was dispersed in 20 mL of ethanol and the pH was adjusted to be 12 by adding 

TMAOH. In the representative synthesis, APTES (0.064 mmol) and MTES (0.064 mmol) were added 

to the 5.0EHA-dispersed solution and stirred at 40 °C for 1 h. The solid product was washed with 

ethanol and dried at 65 °C for 1 day to obtain the APTES-MTES modified 5.0EHA (0F-A5.0EHA). 

As the comparison, the ratio of APTES to MTES (APTES : MTES) was varied. The ratio was set to 

be 0: 1 (MTES-5.0EHA), 1: 1 (0F-A5.0EHA), 1: 0 (APTES-5.0EHA). The theoretical occupancy 

with the modification on the 5.0EHA based on the Brunauer-Emmett-Teller (BET) [37] surface area 

of the 5.0EHA (196 m2/g) was determined be 125 %, when all the feed molecules are immobilized 

on 5.0EHA. The theoretical molecular occupancy of APTES or MTES was described in 2.2.3.2. 

FA-NHS was immobilized on 0F-A5.0EHA according to the previous report [31]. 0F-A5.0EHA 

(150 mg) was mechanically dispersed into the mixture solution of 12 mL of DMSO and 25 mL of PB 

containing 0.0015, 0.003, 0.007, 0.015, 0.03, 0.045, 0.06 and 0.075 mmol of FA-NHS and the solution 

was stirred at 40 °C for 3 h (Scheme 2-3). The solid products were washed with ethanol and 

lyophilized. The theoretical occupancy of the immobilized FA-NHS on the 5.0EHA based on the 

BET surface area was determined to be 5, 10, 25, 50, 100, 150, 200 and 250 %, respectively, when 

all the feed molecules are immobilized on 0F-A5.0EHA. Here, the sample name is called as XF-

A5.0EHA (X= the theoretical molecular occupancy of FA-NHS). The theoretical molecular 

occupancy of FA-NHS was described in 2.2.3.3. 
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2.2.3 Characterization 

2.2.3.1 Characterization of Eu(III) complex-interacted hydroxyapatite 

nanoparticles 

The elemental compositions were characterized by X-ray fluorescence analysis (XRF; Rigaku 

Co., Ltd., ZSX Primus II). The XRF analysis was performed using a sample pellet, which was made 

by pressurizing the sample powder without any dilution. The fundamental parameter method was 

carried out using software (Rigaku Co., Ltd., EZ Scan Program) as a semi-quantitative analysis.  

The prescribed amount of EuTH was dissolved in 10 mL of HCl aqueous solution (pH = 2) to 

prepare the calibration curve for the quantitative analysis. 10 mg of XEHA was added to 10 mL of 

HCl aqueous solution (pH = 2) and completely dissolved. The HCl aqueous solution (pH = 2) was 

placed in the reference cell for the UV-Visible spectral measurement. The absorption spectra were 

measured to exhibit the maximum absorption wavelength at 278 nm and prepare the calibration curve 

as shown in Figure 2-1(a). The correlation coefficient was 0.99804. The occupation molecular area 

of EuTH was assumed to be 0.65 × 0.65 × π nm2 as the spherical shape (Figure 2-1(b)), and was 

calculated the concentration at which the theoretical occupancy of EuTH on XEHA was 100 %. The 

theoretical occupancy of EuTH on XEHA was calculated with dividing the occupation molecular area 

of EuTH by the BET surface area. The BET surface area was determined using a nitrogen (N2) 

 

Scheme 2-3.  Immobilization processes of FA-NHS on the EHA nanoparticle surfaces. 
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adsorption and desorption instrument (BELSORP-mini, MicrotracBEL Co., Ltd.). 100 mg of each 

sample was subjected to pretreatment at 80 oC under vacuum for 1 h using the BELPREP-vac II, 

Microtrac Bell Co., Ltd. As a result, the BET surface areas of the 1.0EHA, 2.5EHA, 5.0EHA and 

10EHA were 40, 70, 196 and 144 m2/g, respectively. The resultant contained amounts of EuTH on 

XEHA were measured. In the illustrative demonstration, the resultant molecular occupancy areas of 

EuTH on XEHA and the intermolecular distance between EuTH molecules were calculated assuming 

monolayer-state adsorption from the above the theoretical occupancy of EuTH on XEHA.  

 

Figure 2-1.  (a) UV-Vis absorption spectra of the EuTH solution at the pH of 2. (inset): the calibration curve 

between the EuTH concentration and absorbance (R2= 0.99804). (b) Chemical structure of EuTH molecule at 

the 3-dimensional view. 
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X-ray diffraction (XRD) patterns were recorded with a powder X-ray diffractometer (Rigaku 

Co., Ltd., Smart Lab). The XRD patterns were measured with an X-ray source of CuKα line (λ = 

0.15418 nm) and a voltage/current of 40 kV/30 mA. Using the Scherrer's equation (K=0.9), the 

crystallite sizes were estimated from the half width of the 002 and 300 diffractions and denoted as 

D002 and D300. The D002/D300 ratio was calculated.  

Zeta potential measurements of the XEHA nanoparticles dispersed in PBS at the particle 

concentration of 50 ng/mL were performed at room temperature using the nanoparticle multi-analyzer 

(qNano, Izon Science, Co., Ltd.). The relationship between the electrophoretic velocity (𝑣𝑥) of the 

sample nanoparticle x and the zeta potential is expressed by the Smoluchowski approximation as 

shown in the following Eq. (1) [38]. 

(𝑣𝑥)𝑒𝑙 𝑆

(𝑣𝑥)𝑒𝑙 𝐶
=

𝜉𝑛𝑒𝑡 𝑆

𝜉𝑛𝑒𝑡 𝐶
 (1) 

where (vx)el S and (vx)el C are the electrophoretic mobility of the sample and CPC100 calibration 

nanoparticles, respectively. The net S and net C values are the net zeta potential of the sample and 

CPC100 calibration nanoparticles, respectively. The zeta potential value of the sample nanoparticles 

at an applied pressure (P S) can be expressed by summarizing the net S and membrane zeta potential 

(m) by the following Eq. (2). 

𝜉𝑃 𝑆 = 𝜉𝑛𝑒𝑡 𝑆 + 𝜉𝑚  (2) 

The zeta potential (i
S) of each sample nanoparticle i is given by averaging the respective zeta 

potential values calculated at various positions (lx) in a pore. The lx is the position of the nanoparticle 

within the pore at t hour (t = Tx). The zeta potential of the sample nanoparticle is estimated by taking 

the average of lx at several discrete points as shown in the following Eq. (3). 

𝜉𝑖
𝑆

=
∑ 𝜉𝑥

𝑖
𝑆𝑥

∑  𝑥
=

∑ (𝑣𝑥
𝑖

𝑆
− 𝑣𝑥 𝐶

𝑃 𝑃)/(𝑣𝑥 𝐶
𝑉 𝑉)𝑥

∑  𝑥
𝜉𝑛𝑒𝑡 𝐶 + 𝜉𝑚  (3) 

where 𝑣𝑥 𝑆
𝑖  is the sum of the time averaged electrokinetic and convection velocity components of the 

sample particulates at the position of lx within the pore by the following Eq. (4). 

𝑣𝑥
𝑖

𝑆
=

𝑙𝑥

𝑇𝑥
𝑖

=
∫ 𝑣𝑖 (𝑡)𝑑𝑡

𝑇𝑥
𝑖

0

𝑇𝑥
𝑖

 (4) 

𝑣𝑥 𝐶
𝑃  is the convective velocity per unit pressure, 𝑣𝑥 𝐶

𝑉  is the electro kinetic velocity per unit voltage, 

P is the applied pressure and V is the measurement voltage. P and V are parameters at the nanoparticle 

size measurement, and 𝑣𝑥 𝐶
𝑃  and 𝑣𝑥 𝐶

𝑉  are determined at nanoparticle size measurement. By measuring 

the CPC100 calibration nanoparticles in addition to the sample nanoparticles of this study, the zeta 

potential can be measured [39]. The 𝑣𝑥 𝐶
𝑉  and 𝑣𝑥 𝐶

𝑃  were calculated by averaging typically over more 
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than 500 CPC100 calibration nanoparticles. 

The morphologies of the samples deposited on a carbon-coated Cu grid were observed by a 

transmission electron microscope (TEM; JEOL Co., Ltd., JEM-1400) at an accelerating voltage of 

120 kV, and the short-axis sizes (S), long-axis sizes (L) and aspect ratio (L/S) distributions of the 

nanoparticles were estimated by counting 300 particles. The average particle size (Ave.) and 

coefficient of variation (Cv.) values were also calculated. 

The dissolution rate of Ca2+ from the total Ca2+ content in the nanoparticles were investigated by 

the immersion in PBS for 48 h and 66 h under static condition. The Ca2+ concentration was measured 

using a D-73LAB equipped with an electrode (6583-10C, Horiba, Co., Ltd., Japan). The standard 

Ca2+ solution was prepared by mixing ultrapure water containing 1000 mg/L of CaCl2·2H2O and 0.1 

M of KCl (support salt). 100, 10 and 1.0 mg/L of the Ca2+ solutions with KCl (0.1 M) were also used 

for drawing a calibration curve. The dissolved Ca2+ weight from the nanoparticles was measured at 

the particle concentration of 100 µg/mL in PBS. The value obtained with PBS was subtracted from 

that obtained with PBS containing the nanoparticle, and the dissolved Ca2+ weight was divided by the 

initial Ca2+ weight in the nanoparticles determined by the XRF result. 

Infrared spectra were recorded on a Fourier transform infrared spectrometer (FT-IR; JASCO Co., 

Ltd., FT/IR-4600). The FT-IR spectra were measured using a KBr pellet and the weight ratio between 

the sample powder and KBr was set at 3: 7. All the spectra were recorded after subtracting the 

background spectrum of pristine KBr. In order to analyze the C–O and C=O bonding states in a HA 

structure [40,41], the peak positions of C–O and C=O stretching vibration were examined by the 

second derivative FT-IR spectra. Their baselines were drawn in the range between 1261 and 1239 

cm−1 and 1585 and 1560 cm−1. Their peak top positions of C–O and C=O stretching vibration were 

compared. The adsorption band in the region around 860 cm−1 corresponds to bending mode of the 

CO3
2− ion group and stretching mode of the CO3

2− ion group in addition to weak shoulder band at 

around 860 cm−1 resulted from symmetric stretching mode (ν5) of P−O(H) of HPO4
2− group 

(νsHPO4
2−). Due to the presence of CO3

2− ion in these samples, bending mode of the CO3
2− ion group 

and stretching mode of the CO3
2− ion group may appear at 870 and 860 cm−1, respectively [42]. The 

contained amount of CO3
2− ion in the 0EHA was estimated from the FT-IR spectra as the background 

of the spectrum shape of the KBr alone [43]. Based on the FT-IR spectra, the peak areas were 

calculated after a preliminary baseline correction of the complete 4000–400 cm−1 spectrum. As the 

vibrational domains were retained for the analysis, both the stretching vibration of νs(CO3
2-) for 

carbonate ions and ν1 and ν3 of the P−O bonds were simply used. In particular, the area of the νs(CO3
2-) 

band was performed at the wavenumbers between 1502–1475 cm−1, and that of ν1 and ν3 by the P−O 

bond contributions was integrated at the wavenumbers between 1205–930 cm−1. By the calculation 
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based on the previous report [43], the carbonation amount (mass %CO3) of the nanoparticles was 

calculated by a validated FT-IR methodology using the Eq. (5) and Eq. (6). 

𝑟𝑐/𝑝  =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝜈𝑠(𝐶𝑂3

  2−) 𝑏𝑎𝑛𝑑

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝜈1𝑎𝑛𝑑 𝜈3(𝑃 − 𝑂) 𝑏𝑜𝑛𝑑 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑠
  (5) 

 

Mass %𝐶𝑂3  =  28.62 × 𝑟𝑐/𝑝 + 0.0843 (6) 

In order to analyze the P‒O bonding component, the P‒O bonding states of XEHA nanoparticles 

were investigated by the FT-IR spectral deconvolution technique at the wavenumber regions between 

817–1210 cm-1. The P‒O stretching band was deconvoluted into six components at the absorption 

peak bands of 1135–1093, 1079–1028, 1025–1000, 958–950, 928–888 and 876–844 cm-1, which are 

belonging to “[1a] triply degenerated asymmetric stretching mode (ν3a) of the P−O bond (νasPO4
3-, 

νasHPO4
2-)”, “[1b] triply degenerated asymmetric stretching mode (ν3b) of the P−O bond (νasPO4

3-, 

νasHPO4
2-)”, “[1c] triply degenerated asymmetric stretching mode (ν3c) of the P−O bond (νasPO4

3-, 

νasHPO4
2-)”, “[2] nondegenerated symmetric stretching mode (ν1) of the P−O bond (νsPO4

3-)”, “[3] 

characteristic peak of hydrogen phosphate group (nondistinguishable peak)”, and “[4] symmetric 

stretching mode (ν5) of the P−O(H) bond of the HPO4
2- group”, respectively (Table 2-1) [42,44]. All 

the deconvolutions were performed by fitting with the Gaussian functions using the SOLVER option 

in the software (Microsoft Excel 2016). In the SOLVER calculation, the generalized reduced gradient 

method was used until the satisfied states of all the constraints and optimization conditions. All the 

residual values by the deconvolutions were less than 3 %. From the separated spectra, the ratio of the 

mono-component area was calculated. 

Table 2-1.  Assignments of phosphate groups of the EHA in the FT-IR spectra. 

 

Area 

number
Assignments

Peak 

position 

(cm-1)

[1a] Triply degenerated asymmetric stretching mode, n3a, of the P−O bond (nasPO4
3-, nasHPO4

2-) 1135–1093

[1b] Triply degenerated asymmetric stretching mode, n3b, of the P−O bond (nasPO4
3-, nasHPO4

2-) 1079–1028

[1c] Triply degenerated asymmetric stretching mode, n3c, of the P−O bond (nasPO4
3-, nasHPO4

2-) 1025–1000

[2] Nondegenerated symmetric stretching mode, n1, of the P−O bond (nsPO4
3-) 958–950

[3] Characteristic peak of hydrogen phosphate group (nondistinguishable peak) 928–888

[4] Symmetric stretching mode, n5, of the P−O(H) bond of the HPO4
2− group (nsHPO4

2-) 876–844
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Photoluminescence properties were evaluated by luminescence spectroscopy and microscopy. 

The excitation and luminescence spectra were recorded on a FP-8500 spectrophotometer (PL; JASCO 

Co., Ltd.) with the monitored luminescence and excitation wavelengths at 615 nm and 464 nm, 

respectively, which were excited from a Xe lamp at room temperature (atmosphere: air, excitation 

/detection slit sizes: 2.5 nm/2.5 nm, measure time: 0.1 s, step width: 1.0 nm, sample weight: 20 mg, 

shape: pellet). All the spectra were recorded under the same resolution. Besides, the 5D0 → 7F1 

(between 583−603nm) and 5D0 → 7F2 (between 603−636nm) transitions can be attributed to magnetic 

dipole and electric dipole transitions of XF-A5.0EHA, respectively [45]. The integrated luminescence 

intensities of the 5D0 → 7F1 and 5D0 → 7F2 were named as I590 and I615, respectively. The intensity of 

the magnetic dipole transition exhibits very little variation with the crystal field strength acting on the 

Eu3+ ion. The electric-dipole transition is sensitive to the local structure surrounding the Eu3+ ion. 

Accordingly, the relative peak intensity ratio (i.e., I590 / I615) indicates the spatial symmetry of the Eu3+ 

ion site [45]. 

The integrated luminescence intensities centered at the peak tops of 5D0 → 7F2 transition 

(between 603‒636nm at the samples) under the excitation wavelengths at 464 nm was calculated, and 

the integrated luminescence intensity (I) per 1 mol of the contained EuTH was calculated using the 

resultant EuTH molar concentration from XRF.  

The fluorescent microscope images were obtained using a luminescence microscope (Olympus 

Co., Ltd., CKX41N-FL; excitation wavelength: 420−480 nm, dichroic mirror wavelength: >500 nm, 

emission wavelength: > 520 nm, sensitivity: ISO 400) with an emission source (Olympus Co., Ltd., 

U-RFLT50). 

The internal quantum efficiency (int) was measured using an integrating sphere (ISF-834; 

internal diameter: φ 60 mm) shown in the Scheme 2-4(a). The excitation and luminescence spectra 

were recorded by the above spectrophotometer at the same wavelengths. The scattering light by the 

excitation was measured by setting a standard barium sulfate white board instead of the sample inner 

the integrating sphere. 

As shown in the Scheme 2-4(b), the incident, scattering, and luminescence light intensities, 

which were abbreviated as I0, I1, and I2, respectively, were measured and calculated. The measured 

wavelength was in the range between 350‒750 nm, and it was calculated by total fluorescence 

observed in the visible light region. The measured wavelengths for the I0 and I1 were in the range 

between 450‒479 nm (excitation wavelength of 464 nm), and those for the I2 at the excitation 

wavelengths of 464 nm was 479‒750 nm, respectively. Then, int was calculated by Eq. (7). For the 

EuTH, the int values were 0.37 at the excitation wavelengths of 464 nm, respectively. 
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𝜂𝑖𝑛𝑡  =  
𝐼2

(𝐼0−𝐼1)
 ×  100 (7) 

 

2.2.3.2 Analysis of the amino-functionalized groups on Eu(III) complex-

interacted hydroxyapatite nanoparticles 

TNBS-Na is known as the binding reagent with an amino group. In weakly alkaline water, 

TNBS-Na specifically reacts with the amino groups in amino acids, peptides and proteins, giving a 

yellow trinitrophenyl (TNP) derivative (TNP derivative) [46]. The TNP derivatives are yellow and 

have the maximum absorption at 420 nm, and can be used for the detection of amino groups. The 

chemical scheme of the TNP derivative form between the amino group (primary amine) and the 

NaSO3
- site of TNBS-Na was shown in Scheme 2-5(a). In this study, the amino group was 

 

Scheme 2-4.  (a) Schematic set-up diagram of optical system for measuring the quantum yield. (b) Scheme of 

the representative incident, scattering, and luminescence light intensity spectra for calculating the internal 

quantum efficiency. The integrated peak intensities attributed to the incident, scattering, and luminescence were 

abbreviated as I0, I1 and I2, respectively. 
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qualitatively analyzed by the maximum absorption wavelengths at 355 nm for TNBS-Na and at 420 

nm for TNP derivatives. 

For the preparation of the comparative reference samples of TNBS-Na, the predetermined 

amount of TNBS-Na aqueous solution (0.14 M) was added to 20 mL of carbonic acid-bicarbonate 

buffer (0.05 M) and stirred at a room temperature for 16 h. During the stirring, the aluminum foil was 

wrapped around the reaction vessel so as not to be affected by the external light. After the stirring, 

1.25 mL of SDS solution (5 wt%) and 2.5 mL of HCl aqueous solution (1 N) were added to the 

solution. Here, the added amount of the TNBS-Na solution was 0.01, 0.02, 0.05, 0.1 and 0.2 mL, and 

the sample name was called as Y1TNBS-Na (Y1= the added amount of the TNBS-Na solution). 

Ultrapure water was measured (detection slit size: 2.5 nm, step width: 1.0 nm) in a reference cell for 

the UV-Visible spectrophotometer (UV-Vis, JASCO Co., Ltd. V-750). 

For the preparation of the APTES-TNP derivative samples, 0.1 mL of TNBS-Na aqueous 

solution (0.14 M) was added to 20 mL of carbonic acid-bicarbonate buffer (0.05 M). Then, the 

predetermined amount of APTES was added and subsequent procedure was same as the mentioned 

above. Here, the addition amount of APTES was 0.001, 0.005, 0.01, 0.02 and 0.04 mL, and the sample 

name was called as Y2APTES-TNP (Y2= the added amount of APTES). The TNBS-Na aqueous 

solution without containing APTES was set to be in a reference cell for the UV-Visible 

spectrophotometer measurement under the same condition mentioned above. 

0.1 mL of TNBS-Na aqueous solution (0.14 M) was added to 20 mL of carbonic acid-

bicarbonate buffer (0.05 M), and 10 mg of the sample (5.0EHA, MTES-5.0EHA, 0F-A5.0EHA and 

APTES-5.0EHA) was added and stirred and subsequent procedure was same as the mentioned above. 

The solid phase was washed with ethanol and ultrapure water and lyophilized for 1 day. The sample 

names are called as 5.0EHA-TNP, MTES-5.0EHA-TNP, 0F-A5.0EHA-TNP and APTES-5.0EHA-

TNP, respectively. The evaluation was carried out by the UV-Visible diffuse reflection absorption 

spectrum with an integrating sphere (ISV-922, JASCO Co., Ltd.) using the UV-Visible 

spectrophotometer. A standard white board was placed inside the integrating sphere, and the baseline 

was measured. In the absorbance spectra, the peak areas attributed to TNBS-Na and TNP derivative 

was subtracted from the peak areas of the diffuse reflection absorption spectra of 5.0EHA-TNP, 

MTES-5.0EHA-TNP, 0F-A5.0EHA-TNP and APTES-5.0EHA-TNP to create difference spectra of 

the samples. In the difference spectra, in order to analyze the peak areas attributed to TNBS-Na and 

TNP derivative, the peak areas were investigated by the spectral deconvolution technique at the 

wavelength regions between 333–500 nm. The peak areas attributed to TNBS-Na and TNP derivative 

were deconvoluted into two components at the absorption peaks of 374‒495 nm (S1) and 333‒379 

nm (S2), which belong to TNP derivative, and TNBS-Na molecule, respectively. All the 
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deconvolutions were performed by fitting with the Gaussian functions using the SOLVER option in 

the software (Excel). In the SOLVER calculation, the generalized reduced gradient method was used 

until satisfied all the constraints and optimization conditions. All the residual values by the 

deconvolutions were less than 4 %. From the separated spectra, the ratio of the mono-component area 

was calculated. The qualitative analysis of the amino group modified nanoparticle was carried out 

based on the peak area ratio (S1/S2) (detection slit size: 2.5 nm, step width: 1.0 nm, sample weight: 10 

mg, shape: pellet). 

 

 

Scheme 2-5.  (a) Reaction pathway of primary amine in NH2‒R (R=EHA nanoparticle) with TNBS-Na. UV-

Vis absorption spectra of (b) TNBS solutions with the different concentrations and (c) the TNBS-stained 

APTES solutions with the different concentrations. 

 

Scheme 2-5(b and c) shows the UV-Vis absorption spectra of the TNBS solution at different 

concentrations, the TNBS-stained APTES solutions at different concentrations, UV-Vis diffuse 

reflection absorption spectra of the TNBS-stained APTES-MTES-co-immobilized EHA 

nanoparticles, and the change in the area ratios. In the absorption spectra of the TNBS solution, the 

maximum absorption wavelength was observed at 355 nm due to the TNBS-Na molecule (Scheme 

2-5(b)). In the case of the APTES-TNP solution, the new band was observed at 420 nm due to the 

TNP derivative (Scheme 2-5(c)). According to the previous report [46], the absorption band was also 

observed at 420 nm when the amino group is present. Thus, the qualitative analysis of the surface of 
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the APTES-MTES-co-immobilized EHA nanoparticles was performed (Figure 2-2(a-1)). As a result, 

the absorption bands were also observed at 355 and 420 nm. Figure 2-2(a-2) shows the difference 

spectra of the UV-Vis diffuse reflection absorption spectra of the before and after TNBS-stained 

APTES-MTES-co-immobilized EHA nanoparticles and their deconvolution results. When comparing 

the area ratio (S1/S2), the S1/S2 value increased with increasing the modified APTES amount, 

indicating the functionalization of the amino group on the EHA nanoparticles (Figure 2-2(b)).  

 

 

Figure 2-2.  (a-1) UV-Vis diffuse reflection absorption spectra of the before and after TNBS-stained APTES-

MTES-co-immobilized EHA nanoparticles, (a-2) difference spectra deconvolution result and (b) the change in 

the peak area ratio of S1 (374‒495 nm) to S2 (333‒379 nm). 
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the monomeric physical adsorption molecular state, in the second step at around 160−250 °C for the 

physical adsorption molecular state as polycondensation, in the third step at around 250−350 °C for 

the monomeric chemisorbed molecular state. The total weight loss rates with the temperature rise up 

to 700 °C was 8.4 wt% for 5.0EHA, 10.5 wt% for MTES-5.0EHA, 11.2 wt% for 0F-A5.0EHA and 

11.1 wt% for APTES-5.0EHA. Only APTES or MTES exist in the APTES-5.0EHA or MTES-

5.0EHA and the weight loss by the oxidative decomposition only APTES or MTES for APTES-

5.0EHA and MTES-5.0EHA was calculated. As a result, the molecular occupancies of the 

immobilized APTES and MTES were estimated to be 111 and 108 %, respectively, clearly suggesting 

that the APTES and MTES molecules were completely covered over the 5.0EHA nanoparticles. 

Therefore, the surface modification of APTES-MTES on the 5.0EHA nanoparticles was successfully 

achieved for subsequently immobilizing FA-NHS. Here, the occupation molecular area of APTES or 

MTES ratio was assumed to be 0.45 × 0.45 × π nm2 with spherical shape as shown in Figure 2-3(b 

and c).  

 

Figure 2-3.  (a) TG-DTA curves of the APTES-MTES-co-immobilized 5.0EHA nanoparticles. Chemical 

structures of (b) APTES and (c) MTES molecules at the 3-dimensional view. 
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2.2.3.3 Analysis of the folate N-hydroxysuccinimidyl ester (FA-NHS)-

immobilized nanoparticles 

The prescribed amount of FA-NHS was dissolved in 10 mL of HCl aqueous solution (pH = 2) 

to prepare the calibration curve for the quantitative analysis. 10 mg of FA-NHS-immobilized 0F-

A5.0EHA were added to 10 mL of HCl aqueous solution (pH = 2) and were completely dissolved. 

The HCl aqueous solution (pH = 2) was placed in the reference cell for the UV-Visible spectral 

measurement, and the absorption spectra were measured to exhibit the maximum absorption 

wavelength of 321 nm and prepare the calibration curve as shown in Figure 2-4(a). The correlation 

coefficient was 0.99974. The occupation molecular area of FA-NHS was assumed to be 1.1 × 1.5 nm2 

with rectangle shape shown in Figure 2-4(b). The theoretical molecular occupancy of FA-NHS on 

5.0EHA was calculated by dividing the occupation molecular area of FA-NHS by the BET surface 

area. The resultant molecular occupancy areas of FA-NHS on 5.0EHA and the intermolecular 

distance between FA-NHS molecules were calculated assuming monolayer-state adsorption from the 

above the theoretical occupancy of FA-NHS on 5.0EHA. 

 

Figure 2-4.  (a) UV-Vis absorption spectra of the FA-NHS solution at the pH of 2. (inset): the calibration curve 

between the FA-NHS concentration and absorbance (R2= 0.99974). (b) Chemical structures of FA-NHS 

molecule at the 3-dimensional view. 
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The absorption spectra of the FA-NHS solutions (pH = 2, 6 and 7) with the concentration of 1.86 

mM (1 mg/mL) were measured. In the reference cell, the HCl aqueous solution (pH = 2) for measuring 

the solution at pH = 2, ultrapure water for the solution at pH = 6, and PB for the solution at pH = 7 

were used. For the comparison, the diffuse reflection absorption spectrum of FA-NHS powder (FA-

NHS solid), 0F-A5.0EHA and FA-NHS-immobilized nanoparticles were measured. The spectral 

measurement was carried out as same to the procedure mentioned in 2.2.3.2. 

The luminescence decay curves were measured at room temperature with the FP-8500 

fluorescence spectrometer. The samples were filled in a holder with sapphire window (diameter: φ 1 

cm). The excitation was measured only at a wavelength of 464 nm from a Xe flash lamp (150 W), 

and the luminescence intensity decay was detected at the wavelength of 615 nm (i.e., 5D0 → 7F2 

transition). The intensity (I(t)) was fitted with a two-component exponential function as shown in Eq. 

(8) to calculate the luminescence lifetimes (1, 2) in the decay process of each component. 

I(t) = A1exp(−t / 1) + A2exp(−t / 2) (8) 

where the A1 and A2 are the constants expressing the mixture ratio of each component. The I(t) 

is the luminescence intensity at the time of t (t = 0). The short-lived and long-lived components 

derived from EuTH alone and surface states are thought to be 1 and 2, respectively. For the EuTH, 

the one-component exponential function was applied and τ1 was 0.450 ms. 

The fluorescence microscopy (FM) images were obtained using the luminescence microscope 

(Olympus Co., Ltd., CKX41N-FL) mentioned in 2.2.3.1. 

 

2.2.3.4 Characterization of the nanoparticles dispersed in phosphate 

buffer saline 

In the evaluation of the nanoparticles, the size distribution was measured with the nanoparticle 

multi-analyzer (Izon Science, Co., Ltd., qNano), which is based on the electric resistance nanopulse 

method [49]. 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA and 100F-A5.0EHA were 

ultrasonically dispersed in PBS at the particle concentration of 50 ng/mL for the particle size 

evaluation. Then, the dispersion solution was used at least contable 100 particles for the measurement. 

The average particle size (Ave.) and the coefficient of variation (Cv.) were calculated. Here, the 

current values were set to be 80 to 130 nA with the applied voltage of 0.6 V. As the calibration sample, 

the carboxylated polystyrene standard particles (Izon Science, Co., Ltd., CPC100) having the average 

diameter of 100 nm were placed in PBS at the concentration of 2 × 109 particles/mL. The Ave. value 

of the CPC100 particles at the manufacturing by the transmission electron microscope (TEM) 

observation was 114 nm with the Cv. of 21 %, and that by the qNano measurement was 126 nm with 
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the Cv. value of 13 %, suggesting that the particle sizes were almost same. According to the previous 

report on the histogram shapes of the particle size distributions with the various measurement methods 

[50], the shape by the qNano exhibited the good agreement with that by the TEM as compared with 

the case by a dynamic light scattering method [50]. The outline was shown in Scheme 2-6. V0 

indicates the power supply. Voltage (V) was applied to the conical pores. The resistance change (ΔR) 

can be expressed as Eq. (9) for the pores with a symmetrical length (L) in the z axis of the cylindrical 

polar coordinate system whose origin is located at one end of the pore. 

Δ𝑅 = 𝜌 ∫
1

𝐴(𝑧)
𝑑𝑧 − 𝑅

𝐿

0

 (9) 

where the electrolyte resistivity (ρ) was assumed to be homogeneous throughout the pores. A(z) 

is the cross-sectional area of the pore and R is the pore resistance in the absence of clogging in the 

pores by the particles. This calculation can be contrasted with the two models developed for 

cylindrical pores [51,52]. Maxwell [51] and Lord Raleigh [52] developed a model of spherical 

particles and let ΔR be a linear function of particle volume. The measured resistance change (ΔR), 

the distance (l) from the pore opening to the particle, dimensions of pores (A, B and L) and the particle 

size (d) are related to ΔR and Eq. (10).  

𝛥𝑅 =
4𝜌𝑑3

𝜋𝐷4
 (10) 

where D is the distance between the pores and is obtained from the following Eq. (11). 

𝐷 = 𝐴 + 𝑙 (
𝐵 − 𝐴

𝐿
) (11) 

ΔR was measured via the change in the ion current time (t) according to Eq. (12). 

𝛥𝑅 = (
𝑉

𝑖𝑡
−

𝑉

𝑖𝑏𝑔
) (12) 

The it is the current value at the time (t), and ibg is the background current value in the absence 

of clogging in the hole by the particle. The particle size d can be obtained as in Eq. (13), from the Eq. 

(9), (10), (11) and (12) [38,53]. 

𝑑 = √
𝐷2𝐿𝛥𝑅

𝑅

3

 (13) 
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0F-A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA and 100F-A5.0EHA were ultrasonically dispersed 

in PBS at the particle concentration of 1.0 mg/mL for the evaluation of digital camera images with 

the UVA light irradiation to the nanoparticles. The excitation was measured at wavelength between 

320–400 nm from a UVA lamp. 

 

2.2.3.5  Cytotoxic evaluation of the nanoparticles against NIH3T3 

fibroblasts 

NIH3T3 fibroblast as the cell line was cultured in a plastic cell culture flask with the area of 75 

cm2 containing the 10 % FBS/DMEM (the solution containing the FBS in DMEM at 10 vol%).The 

cells were incubated at 37 °C in a humidified atmosphere of CO2 (5 vol%). After the culture for 7 

days, the cells were washed with 15 mL of PBS and treated with 1 mL of 0.05 w/v% trypsin-EDTA 

for 10 min, and the cells were dispersed in 15 mL of PBS and then re-dispersed in 15 mL of 10 % 

FBS/DMEM. The centrifugation and dispersion were carried out twice. The cell suspension in 10 % 

FBS/DMEM was seeded on the TCPS at the area density of 8000 cells/cm2. 

The sterilization treatment of the nanoparticles (5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F- 

A5.0EHA, 100F-A5.0EHA and EuTH) were carried out with ethanol. In particular, 10 mg of the 

nanoparticles were treated by 10 mL of water/ethanol (50 vol%/50 vol%) and 10 mL of water/ethanol 

(30 vol%/70 vol%), and each treatment was performed for 1 h. Then, the nanoparticles were dispersed 

in 10 mL of 10 % FBS/DMEM, and centrifugation (4000 rpm, 2 min) was performed to be finally 

dispersed in 5 mL of 10 % FBS/DMEM. 

 

Scheme 2-6.  Illustration of the resistive pulse curve to indicate the maximum resistance change (ΔR) from the 

baseline level with the applied voltage time. Inset: illustration of the cross-section of membrane pore structure 

with the passing of particle along with the axis of a conical pore. 
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At the cell culture time of 6 h, the nanoparticle dispersion solution was added to the cell surfaces 

at the final nanoparticle concentrations of 100 μg/mL and was incubated for the additional culture 

time of 66 h (i.e., total cell culture time: 72 h). At the culture times of 9, 12, 24, 48 and 72 h, the 

adhered cell densities of the living cells in PBS were evaluated. As a reference sample, the cells 

without addition of nanoparticles (sample name: PS) was evaluated. For the evaluation of the cell 

density, the adhered cells were washed twice with 1 mL of PBS in order to remove the non-bonded 

nanoparticles and non-adhered cells. After the washing, the cells were observed by an optical 

microscope to obtain the adhered cell density (cells/cm2). The optical transmittance microscope 

images were obtained using the microscope (Olympus Co., Ltd., CKX41N-FL). 

 

2.2.3.6 Evaluation of cytotoxicity and cell labeling ability against HeLa 

cancer cells by the nanoparticles 

The evaluation of the cytotoxicity with the Eu(III) complex alone has been conducted, and the 

lethal concentration 50 (LC50) value of the Eu(III) complexes containing the azaxanthane ligand was 

175 μM, indicating the low cytotoxicity [54]. Here, the LC50 value was defined as the concentration 

to kill 50 % of a cell population after the incubation for 24 h. The lethal dose 50 (LD50) value of the 

europium (III) oxide (CAS.No. 1308-96-9, Fuji Film Wako Pure Chemical Industries, Ltd.) was 5.0 

mg/kg through an oral administration into rat. The europium (III) standard solution (Kishida 

Chemical Co., Ltd.) containing 96 wt% of water (CAS.No. 7732-18-5), 3.6 wt% of hydrogen chloride 

(CAS.No. 7647-01-0) and 0.24 wt% of europium (III) chloride hexahydrate (CAS.No. 13759-92-7) 

was 238 mg/kg through an oral administration into rat. Thus, the Eu(III) complexes can be seen as 

the non-cytotoxic substances, although the safety for the cellular labeling applications has being 

experimentally evaluated in vitro and vivo [11–15]. 

For evaluating the cellular ability under the more higher particle concentrations, Human (HeLa) 

cervical carcinoma cells (RCB0007) as the cell line, which were provided by the Riken BioResource 

center, was cultured in a plastic cell culture flask with the area of 75 cm2 (BD Bioscience, USA.) 

containing the 10 % FBS/DMEM. The cells were incubated at 37 °C in a humidified atmosphere of 

CO2 (5 vol%). After the culture for 7 days, the cells were washed with 15 mL of PBS and treated with 

1 mL of 0.053M-ethylenediaminetetraacetate (0.053 M) containing trypsin (0.05 w/v%) (Trypsin-

EDTA) for 10 min, and the cells were dispersed in 15 mL of PBS and then re-dispersed in 15 mL of 

10 % FBS/DMEM. The centrifugation and dispersion were carried out twice. The cell suspension in 

10 % FBS/DMEM was seeded on a commercially-available cell culture poly(styrene) dish (PS: BD 

Falcon™ Co., Ltd.) at the area density of 8000 cells/cm2. 



Chapter 2 Luminescent Europium(III) Complex-interacted Hydroxyapatite Nanoparticles 

58 

5F-A5.0EHA dispersion solution was prepared. The sterilization treatment of 5F-A5.0EHA was 

carried out with ethanol. 10 mg of 5F-A5.0EHA was treated by 10 mL of water/ethanol (50 vol%/50 

vol%) and 10 mL of water/ethanol (30 vol%/70 vol%), and each treatment was performed for 1 h. 

Then, 5F-A5.0EHA was dispersed in 10 mL of 10 % FBS/DMEM, and centrifugation (4000 rpm, 2 

min) was performed to be finally dispersed in 5 mL of 10 % FBS/DMEM. 

At the cell culture time of 6 h, the 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F- A5.0EHA, 100F-

A5.0EHA and EuTH dispersion solution was added to the cell surfaces and was incubated at the final 

nanoparticle concentrations of 100 μg/mL for the additional culture time for 66 h. At the additional 

culture times of 9, 12, 18, 42 and 66 h, the adhered cell densities, the luminescence intensities of the 

lyophilized cells, and the optical transmittance and FM images of the living cells in 1 mL of PBS 

were evaluated. 

At the cell culture time of 6 h, the 5F-A5.0EHA dispersion solution was added to the cell 

surfaces and was incubated at the final nanoparticle concentrations of 10, 50 and 100 μg/mL for the 

additional culture time for 66 h. At the additional culture times of 9, 12, 18, 42 and 66 h, the adhered 

cell densities, the luminescence intensities of the lyophilized cells, and the optical transmittance and 

FM images of the living cells in 1 mL of PBS were evaluated. 

For the evaluation of the density, the adhered cells were washed twice with 1 mL of PBS in order 

to remove the surplus (i.e., non-bonded) particles and non-adhered cells. Thereafter, 0.1 mL of 

Trypsin-EDTA was placed in the PS and stand for 12 min at 37 oC to detach the cells from the PS 

surfaces. The cell suspension was subjected to the centrifugation (2000 rpm, 2 min), and 10 % 

FBS/DMEM was added to the cells. The cell suspension was placed in the disposable hemocytometer 

(C-Chip, model number: DHC-N01, Air Brown Co., Ltd.), and the number of cells was counted with 

the optical microscope. The optical transmittance microscope images were obtained using the 

microscope (Olympus Co., Ltd., CKX41N-FL). The average density of the cells (cells/cm2) was 

calculated. 

For the evaluation of the luminescence intensities, the adhered cells were washed twice with 1 

mL of PBS. After the lyophilization of the adhered cells, the integrated areas in the wavelength range 

between 350‒750 nm were measured on the FP-8500 spectrophotometer, which were excited by the 

wavelength of 464 nm for the monitored wavelengths between 600‒635 nm. 

The cells at the culture time of 60 h were densely packed each other and have the aggregation 

size more than 50 μm, which can be regarded as the tumorized cell spheres according to the previous 

report [55]. The labeling ability against these spheres was evaluated by the optical microscope and 

FM observation and luminescence intensity. At the cell culture time of 60 h, 5F-A5.0EHA was added 

to the tumorized cell sphere surfaces. At the lapse of 1, 3, 6, 12 and 24 h from the addition, the 
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luminescence intensity of the lyophilized cells and were evaluated and the optical microscope and 

FM images of the living cells in 1 mL of PBS were observed based on the same procedure mentioned 

above. 

 

2.3 Results and Discussion 

2.3.1 Characterization of the Eu(III) complex-interacted nanoparticles 

The resultant chemical composition, (Ca+K)/P molar ratio and the molar concentrations of Eu 

to (Eu+Ca) of EuTH of the EHA nanoparticles at different EuTH concentrations are summarized in 

Table 2-2. And the contained amount of EuTH, EuTH molecular area occupancy and intermolecular 

distance of EuTH of the EHA nanoparticles at different EuTH concentrations are shown in Table 2-

3. The (Ca+K)/(P+C) molar ratio of 0EHA was 1.62, indicating that Ca-deficient HA was synthesized. 

In 1.0EHA, 2.5EHA, 5.0EHA and 10EHA, the (Ca+K)/P molar ratio was 1.78–1.85, suggesting that 

carbonated HA were synthesized. The resultant concentrations of Eu to (Eu+Ca) in the nanoparticles 

were 1.05–9.82 mol%. As shown in Figure 2-1(a), the UV-Vis absorption spectra of the EuTH 

solution exhibited the maximum absorption wavelength at 278 nm. The contained amount, the 

molecular occupancy of EuTH and the intermolecular distance between EuTH molecules varied with 

the feed concentration. Specifically, the actual molecular occupancy and the intermolecular distance 

between EuTH molecules were 1.02 % and 11.1 nm for 1.0EHA, 1.77 % and 8.40 nm for 2.5EHA, 

2.97 % and 6.40 nm for 5.0EHA, and 6.26 % and 4.74 nm for 10EHA. Therefore, it was suggested 

that the EuTH amount contained on the nanoparticles can be controlled by the feed concentration.  

 

Table 2-2.  Resultant chemical composition, (Ca+K)/P molar ratio and the molar concentrations of Eu to 

(Eu+Ca) of the EHA nanoparticles with the different EuTH concentrations. The (Ca+K)/(P+C) molar ratio of 

0EHA was 1.62, indicating that Ca-deficient HA was synthesized. 0.9 mol% of CO3
2- ion was contained in 

0EHA by FT-IR. 

 

 

Ca

(mol%)

K

(mol%)

P

(mol%)

(Ca+K)/P molar 

ratio

Concentration of Eu

to (Eu+Ca) (mol%)

1.0EHA 20.1 0.0621 11.1 1.82 1.05

2.5EHA 19.2 0.0665 10.8 1.78 2.80

5.0EHA 18.6 0.0547 10.5 1.78 5.62

10EHA 19.9 0.0757 10.8 1.85 9.82
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Table 2-3.  The contained amount of EuTH, EuTH molecular area occupancy and intermolecular distance of 

EuTH of the EHA nanoparticles with the different EuTH concentrations. 

 

 

Figure 2-5 shows the XRD patterns of the EuTH and EHA nanoparticles with the different 

EuTH concentrations. The patterns of the EHA nanoparticles are attributed to a single phase of HA 

(ICDD No. 00-009-0432) while no patterns ascribed to EuTH were observed in the nanoparticles.  

Table 2-4 shows the crystalline sizes and ratio, and the zeta potential values of the EHA nanoparticles 

with the different EuTH concentrations. The crystallite size of D300 was similar irrespective of the 

EuTH concentration. In contrast, the 5.0EHA had relatively smaller D002 than all the other samples, 

indicating the different crystal growth along with the c-axis direction. It was assumed that 

polycrystallization would occur in the particle through the altered interaction between the HA and 

Contained amount of 

EuTH (µmol/g of HA)

EuTH molecular area 

occupancy (%)

Intermolecular distance between 

EuTH molecules (nm)

1.0EHA 0.508 1.02 11.1

2.5EHA 1.55 1.77 8.40

5.0EHA 7.29 2.97 6.40

10EHA 11.3 6.26 4.74

 

Figure 2-5.  XRD patterns of the EHA nanoparticles with the different EuTH concentrations and EuTH alone. 

 

10 15 20 25 30 35 40 45 50

2q (CuKa) /degree

In
te

n
s
it
y

/ 
a

rb
. 

u
n

it

0
0

2
1

0
2

2
1
1

3
0

0
2

0
2

3
1

0

2
2

2
2

1
3

1
1
2

0EHA

2.5EHA

5.0EHA

10EHA

EuTH

1.0EHA



Chapter 2 Luminescent Europium(III) Complex-interacted Hydroxyapatite Nanoparticles 

61 

EuTH on the nanoparticle surfaces. The zeta potential values of the nanoparticles were –13 ~ –18 mV, 

which were lower than that of 0EHA (approx. –2 mV). In the nanoparticles, many of the EuTH 

molecules exist on the HA via the interaction with the ligand and Ca ions at the crystal growth stage, 

indicating that the coverage of EuTH over the a–plane of HA resulted in the negatively-charged states. 

Furthermore, the zeta potential values of 5.0EHA and 10EHA were similar and were higher than 

those of 1.0EHA and 2.5EHA. Accordingly, the higher zeta potential values of 5.0EHA and 10EHA 

would be attributed to the EuTH molecules segregated on HA. Therefore, it was suggested that the 

present samples formed the different nanoparticle states depending on the EuTH concentration.  

 

Table 2-4.  The crystalline sizes and ratios, and the zeta potential values of the EHA nanoparticles with the 

different EuTH concentrations. 

 

 

Figure 2-6 shows TEM images of the nanoparticles (averaged S and L sizes, averaged L/S ratios 

and corresponding Cv. values are inserted). The nanoparticles exhibited a rod-like shape. 0EHA, 

1.0EHA, 2.5EHA and 5.0EHA had a similar size which is also equivalent to the previously-

synthesized HA nanoparticles with the size of 10–50 nm [56]. In particular, the particle size of 10EHA 

was much longer than the other samples. Although the averaged L value of 10EHA (92 nm) was 

clearly different from those of 0EHA, 1.0EHA, 2.5EHA and 5.0EHA (49−50 nm) (Figure 2-6 (g−k)), 

there was no difference between the average particle sizes of S with the EuTH concentration (Figure 

2-6 (g’−k’)). It was assumed that the segregated EuTH molecules selectively interacted with a-plane 

in the 10EHA nanoparticle, so that the uncovered c-plane preferentially grew. The averaged S and L 

values of 0EHA, 1.0EHA, 2.5EHA and 5.0EHA were in agreement with the D300 and D002 values in 

Table 2-4, indicating the single crystalline states (Figure 2-6 (f)), and the averaged L values of 

10EHA were larger than the D002 values, indicating the polycrystalline states in the direction of the c-

axis for 10EHA (Figure 2-6 (f)). The L/S values of 0EHA, 1.0EHA, 2.5EHA and 5.0EHA were 2.5–

2.9 and that of 10EHA was 4.8 shown in Figure 2-6 (l−p), which was higher than the reported values 

Crystalline sizes and ratios

Zeta potential (mV)D002

(nm)

D300 

(nm)
D002 / D300

0EHA

1.0EHA 

2.5EHA 

5.0EHA 

10EHA 

41±5

45±4

46±4

45±8

54±5

19±4

20±5

18±3

20±5

21±5

2.2

2.3

2.6

2.3

2.6

–2.3±1.7

–13.1±1.4

–13.7±1.8

–17.7±1.4

–16.7±0.71
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of the HA nanoparticles (2.2–2.8) [24]. Therefore, the different morphologies of nanoparticles were 

 

Figure 2-6.  (a−e) TEM images of the XEHA nanoparticles (inset: magnified images), illustration of the 

possible surface structures of the (f) XEHA nanoparticles, (g−k) long-axis sizes and (g’−k’) short-axis sizes of 

the particle shapes, and (l−p) aspect ratios ((a, g, g’, l) 0EHA, (b, h, h’, m) 1.0EHA, (c, i, i’, n) 2.5EHA, (d, j, 

j’, o) 5.0EHA, (e, k, k’, p) 10EHA). 
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observed with the EuTH concentration. In particular, both the L/S value and the crystallite size ratio 

(D002/D300) showed the muximum value at 10EHA. The segregated EuTH molecules covered over the 

a-plane and part of the c-plane in 10EHA to induce an effective polycrystalization. 

Figure 2-7(a) shows the dissolution rate of Ca2+ from the total Ca2+ content in the nanoparticles 

as a function of immersion time in PBS. The dissolution rate of Ca2+ from the total Ca2+ content in 

the nanoparticles was less than 2 wt% and the dissolution amount decreased as the EuTH 

concentration increased. The dissolution behavior agreed well with Korsmeyer-Peppas model that is 

expressed by the following form, Eq. (14) [57];  

ln ( 𝐹 )  =  ln (
𝑀𝑡

𝑀
) =  𝑛 ln( 𝐾𝑚  𝑡 ) (14) 

where F is the fraction of the released Ca2+ at the time of t and can be represented by Mt/M. The 

M is the total amount of Ca2+ in the particulate form, and Mt is the amount of the released Ca2+at the 

time of t. Km is the kinetic constant that indicates the release rate and n is the diffusional exponent 

that depends on the release mechanism as well as the geometry of the system. Here, the low Km values 

are the index of slow dissolution behavior and n depends on the physicochemical properties of the 

materials irrespective of the dissolution behavior. As previously reported on the radial diffusion from 

the cylindrical geometry, the n value for pure Fickian diffusion is 0.45. It is known that the value for 

 

Figure 2-7.  (a) Dissolution rate of Ca2+ from the total Ca2+ content in the nanoparticles ＋: 0EHA, △: 1.0EHA, 

◇: 2.5EHA, ○: 5.0EHA, □: 10EHA) with the immersion time in PBS. (b) Korsmeyer-Peppas plots calculated 

from the dissolved Ca2+ ratios with the immersion time in PBS. 
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abnormal transport is more than 0.45, and that for Case II transport (e.g., polymer relaxation or 

swelling–controlled mechanism) is 0.89 [57]. In this study, the calculated n values were 0.13, 0.01, 

0.06, 0.08 and 0.1 for 0EHA, 1.0EHA, 2.5EHA, 5.0EHA and 10EHA, respectively, and the Km values 

calculated from the plots in Figure 2-7(b) were 0.020, 0.017, 0.011, 0.010 and 0.0085 for 0EHA, 

1.0EHA, 2.5EHA, 5.0EHA and 10EHA, respectively. The nanoparticles were proved to show a very 

slow dissolution behavior, suggesting that the segregated EuTH molecules suppressed the Ca2+ 

dissolution. It is generally known that Ca2+ dissolution occurs from the a-plane of HA [58]. Therefore, 

it was suggested that EuTH existed on the a-plane of the nanoparticle and suppresses Ca2+ dissolution 

from the a-plane. 

The chemical bonding states of the EHA nanoparticles were evaluated by FT-IR spectroscopy 

and the spectra are shown in the Figure 2-8. The absorption bands appeared at 1030–1090 cm−1 are 

attributed to the P–O stretching vibrations of phosphate groups in HA. The weak shoulder band at 

960 cm−1, which is attributed to the presence of HPO4
2− ion in HA, resulted from ν1 symmetric P–

O(H) stretching vibrations. The absorption band derived from CO3
2- overlaps with the characteristic 

absorption band of EuTH and could not be confirmed at 1.0EHA, 2.5EHA, 5.0EHA and 10EHA. In 

 

Figure 2-8.  FT-IR spectra of the EHA nanoparticles with the different EuTH concentrations and EuTH alone. 

 

8001000120014001600
Wavenumber / cm-1

T
ra

n
s
m

it
ta

n
c
e

 /
 a

rb
. 
u

n
it 1.0EHA

2.5EHA 

5.0EHA

10EHA
EuTH

0EHA



Chapter 2 Luminescent Europium(III) Complex-interacted Hydroxyapatite Nanoparticles 

65 

the reference sample of EuTH (powder state), the absorption bands that appeared at 1574 cm−1 and 

1247 cm−1 were attributed to C=O stretching and C−O stretching of EuTH shown in Figure 2-8. The 

several absorption bands that appeared at around 1653, 1500, 1356 and 1284 and 1230−1132 cm−1 

are attributed to stretching vibration of C=C, twisting vibration of −C−CH, wagging vibration of 

−CH2− and  stretching vibration of C−C, respectively. The characteristic bands of EuTH also 

appeared at around 1023, 1110, 954−868 and 839 cm−1, which were attributed to stretching vibration 

of C−O, stretching vibration of C−C and twisting vibration of −CH2−, respectively, and the absorption 

bands of EuTH were overlapped with those of EHA to be difficult to distinguish the absorption bands 

at similar wavenumber regions [59]. In the 1.0EHA, 2.5EHA, 5.0EHA and 10EHA, the absorption 

bands that appeared at around 1261−1239 cm−1 and 1585−1560 cm−1 were attributed to C−O 

stretching and C=O stretching of EuTH [59]. Figure 2-9(a) shows second derivative FT-IR spectra 

of the EHA nanoparticles and EuTH alone in the region 1261 to 1239 cm−1. By the containing with 

EuTH, the C−O stretching mode was shifted to the higher energy region as compared to the case in 

the EuTH alone. The shift would be attributed to the interactions between the Ca site of HA and the 

Eu of the EuTH to alter the EuTH molecular state as shown in Figure 2-9(b). In particular, when the 

bonding electron transferred to the C−O side of EuTH, shifted to the higher energy region as 

compared to the case of the EuTH alone [40]. Thus, since the bond between Eu and C−O weakened, 

it was suggested that Eu of EuTH was adsorbed on the Ca site [40]. Figure 2-10(a) shows second 

derivative FT-IR spectra of the EHA nanoparticles and EuTH alone in the region 1585 to 1560 cm−1. 

The C=O stretching mode was shifted to the lower energy region as compared to the case in the EuTH 

alone. The shift would be attributed to the interactions between the C=O stretching mode and the Ca 

site of the HA structure [40,41] to alter the EuTH molecular state as shown in Figure 2-10(b). In 

particular, when the bonding electron transferred to the Ca side of HA, shifted to the lower energy 

region as compared to the case of the EuTH alone [40,41]. Thus, since the bond between the Ca of 

HA and C=O formed, it was suggested that C=O stretching mode (ligand) of EuTH was adsorbed on 

the Ca site [40,41]. Judging from these results, EuTH was contained in HA, suggesting the interaction 

between the Ca site of HA and EuTH.  
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Figure 2-9.  (a) Second derivative FT-IR spectra of the EHA nanoparticles and EuTH alone in the region 

between 1261 and 1239 cm−1, which indicate the peak of C‒O in EuTH, and (b) the possible interfacial 

interactions between C‒O bonding (orange circle part ) of EuTH and HA surface. 

 

12401245125012551260

1.0EHA

2.5EHA 

5.0EHA

10EHA

EuTH

0EHA

Wavenumber / cm-1

S
e
c
o
n
d
 d

e
ri
v
a
ti
v
e
 a

b
s
o
rb

a
n
c
e
 /

 

a
rb

. 
u
n
it

EuTH

HA

Eu3+ ion of 

EuTH interacts 

to HA

(a) (b)

 

Figure 2-10.  (a) Second derivative FT-IR spectra of the EHA nanoparticles and EuTH alone in the region 

between 1585 and 1560 cm−1, which indicate the peak of C=O in EuTH, and (b) the possible interfacial 

interactions between C=O (blue circle part) of EuTH and HA surface. 
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Figure 2-11(a−e) shows the curve fitting and spectral separation results of the FT-IR 

deconvolution spectra for the P−O bonds of the EHA nanoparticle. The separated components of 

Figure 2-11(a−e) were assigned as shown in Table 2-1, which were described in the experimental 

section in detail. The spectral deconvolution was performed using only the P−O bond components. 

All the sample residuals were less than 3 % by the fitting. The component ratios of the peak areas 

[1a]−[1c] between the EHA nanoparticles were almost the same. Moreover, among the EHA 

nanoparticles, the component ratio of the area [2] and the area [4] ([PO4
3-]/[HPO4

2-]) were investigated 

 

Figure 2-11.  Curve fitting and spectral separation results of the FT-IR deconvolution spectra in the P–O 

absorption bands of (a) 0EHA, (b) 1.0EHA, (c) 2.5EHA, (d) 5.0EHA and (e) 10EHA. The details of 

assignments were shown in Table 2-1. (f) Integrated area ratio of [PO4
3-] to [HPO4

2-] in the XEHA 

nanoparticles. (g) and (h) shows the illustrations for the possible interfacial interactions between EuTH and HA 

at the orange and blue regions of (f), respectively. 
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as shown in Figure 2-11(f). The [PO4
3-]/[HPO4

2-] ratio increased between the 0EHA and 1.0EHA, 

and had decreasing trend between the 1.0EHA and 10EHA. Since 0EHA is Ca-deficient HA, it was 

expected to have the following composition formula (Eq. (15).) [60].  

Ca10-x(PO4)6-x(HPO4)x(OH)2-x (15) 

As a result of interacting with Ca-deficient sites when EuTH was contained, the [HPO4
2-] decreased 

[60] as shown in Figure 2-11(g). The decrease of [HPO4
2-] suggested that H+ in HPO4

2- was pulled 

out to become PO4
3-. After that, as a result of the interaction of C=O in the EuTH ligand with Ca site, 

it is considered that the ratio of [HPO4
2-] increased in order to keep the charge of HA crystals neutral 

[61] as shown in Figure 2-11(h). Therefore, it was suggested that EuTH induces different interactions 

depending on the state of the particle surface.  

Figure 2-12(a) shows the excitation spectra of the EHA nanoparticles and EuTH. In the 

nanoparticles, all the peaks are attributed to f–f transitions within the 4f6 electron configuration, 

reflecting the electronic transitions of Eu3+ ion [62]. The excitation spectra for the EHA nanoparticles 

consist of several peaks, which are located at 363 nm (7F0 → 5D4), 383 nm (7F0 → 5G4), 394 nm (7F0 

→ 5L6), 464 nm (7F0 → 5D2) and 535 nm (7F0 → 5D1). The spectral shapes of the nanoparticles were 

similar irrespective of the EuTH concentration. When the coordination symmetry of the ligand 

becomes lower, the 7F0 → 5L6 transition relatively becomes larger [63]. In this study, the symmetry 

in the nanoparticles were lower as compared with that in the EuTH alone. According to the previous 

report [64], the ligand absorption band of the EuTH in hexane is widely observed in the range of 322–

649 nm, indicating that the ligand absorption band overlaps with that at the excitation wavelength of 

464 nm in this study. In the solid state, the charge-transfer absorbance band was not detected because 

of the difficulty in obtaining the sufficient luminescence quality. In this study, the excitation spectra 

consist of the several peaks located at 464 nm (7F0 → 5D2) and 525–538 nm (7F0 → 5D1) for the EuTH 

in the solid state. In the case of the EuTH in ethanol, the 7F0 → 5L6 transition newly appeared and the 

7F0 → 5D1 transition decreased, indicating the environmentally changed coordination structure of Eu3+ 

ion. The spectral shapes of the nanoparticles were different from that of the EuTH in the solid or 

solution state, suggesting that the EuTH in the nanoparticles had different ligand field symmetry. 

To investigate the Eu ion environmental state, the luminescence spectra of the EHA 

nanoparticles and EuTH were measured as shown in Figure 2-12(b). The luminescence exhibited 

red-color in the fluorescent microscope observation (Figure 2-12(b): inset). In the nanoparticles, all 

the peaks corresponded to the transitions from the metastable orbital singlet state of 5D0 to the spin–

orbital states of 7FJ (J = 0, 1, 2, 3 and 4) of Eu3+ ion. These characteristic transitions are assigned to 

the 5D0 to 7F0 at 579 nm, 
7F1 at 590 nm, 7F2 at 615 nm, 7F3 at 653 nm and 7F4 at 698 nm, respectively. 

As compared with the spectral shape of the EuTH in solid state, there are two distinct differences in 
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the spectra of the nanoparticles; a new peak attributed to 
5D0 → 7F1 transition appeared and the spectral 

shape of 5D0 → 7F2 transition (i.e., Stark splitting state) varied, leading to the color purity variation. 

The spectral broadening via the containing processes would be attributed to the modified symmetry 

of the Eu complex ligand by the inorganic-organic interactions. The 5D0 → 7F1 and 5D0 → 7F2 

transitions were attributed to magnetic dipole and electric dipole transitions, respectively [45]. The 

electric-dipole transition is sensitive to the local structure surrounding the Eu3+ ion. The intensity of 

the magnetic dipole transition exhibits very little variation with the crystal field strength acting on the 

Eu3+ ion. Accordingly, the I590 /I615 ratio indicates the spatial symmetry of the Eu3+ ion site. For 

example, the lower value means the lower symmetry [65]. In the previous reports, the intensity ratios 

in the Eu3+-doped niobium silicate glasses were 0.11–0.16 [45], and those in the Eu3+-doped alkaline 

earth zinc phosphate glasses were 0.43–0.45 [65]. In this study, the I590/I615 ratio of the nanoparticles 

has a small variation with the EuTH concentration. In particular, the I590/I615 value was 0.27, 0.23, 

0.19, 0.18 and 0.037 for 1.0EHA, 2.5EHA, 5.0EHA, 10EHA and EuTH, respectively. The value of 

the nanoparticle slightly decreased with increasing the EuTH concentration and is similar to those of 

the Eu3+-doped glasses, indicating that the spatial symmetry of Eu3+ ion lowered by containing with 

 

Figure 2-12.  (a) excitation and (b) luminescence spectra of the EHA nanoparticles with the different EuTH 

concentrations and EuTH alone. The monitored luminescence and excitation wavelengths for the excitation and 

luminescence spectral measurements were 615 nm and 464 nm, respectively. Inset: representative fluorescence 

microscope image of 5.0EHA. (c) int of the EHA nanoparticles. The monitored luminescence and excitation 

wavelengths for the excitation and luminescence spectral measurements were 615 nm and 464 nm, respectively. 
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EuTH. Therefore, it was considered that the coordination environment of the Eu3+ ion in the present 

nanoparticles changed with the EuTH concentration.  

Figure 2-12(c) shows the changes in the int of the nanoparticles. The int values of the 

nanoparticles increased more than 3 times at the excitation wavelength of 464 nm as compared with 

that of the EuTH and 5.0EHA (0.98 %; highest), suggesting that such luminescence efficiency would 

be attributed to the change in the Eu ion coordination symmetric structure through the containing 

associated with the transition from single crystal to polycrystal. 

Scheme 2-7 shows an illustration of the possible interface structures between HA and EuTH of 

the 5.0EHA structural surface. Considering that the [HPO4
2-] increases or decreases when EuTH is 

present on the particle surface, EuTH may be present parallel and perpendicular to the particle surface. 

Specifically, when Eu3+ ion of EuTH interacts with the Ca-deficient site, EuTH exists parallel to the 

particle surface. When the C=O of the EuTH ligand interacts with the Ca site, EuTH exists 

perpendicular (or parallel) to the particle surface.  

 

 

Scheme 2-7.  Illustration of the possible interface structures between HA and EuTH of the 5.0EHA structural 

surface. It is shown that the symmetry of EuTH is lowered by the interaction between the Eu3+ ion of EuTH and 

the Ca deficient site of HA and the ligand(C=O) of EuTH and the Ca2+ ion of HA. 
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2.3.2 Characterization of the FA-NHS-immobilized nanoparticles 

Figure 2-13 shows resultant FA-NHS immobilization amount on the 0F-A5.0EHA nanoparticle 

surface, and resultant FA-NHS molecular area occupancy and  intermolecular distance with different 

FA-NHS immobilization amount on the 0F-A5.0EHA nanoparticle surface. As shown in the Figure 

2-1(a), the UV-Vis absorption spectra of the FA-NHS solution (pH = 2) exhibited the maximum 

absorption wavelength at 322 nm. The immobilization amount and the molecular occupancy of FA-

NHS varied with the feed concentration, and the actual molecular occupancy rate is clearly lower 

than the theoretical molecular occupancy rate. Specifically, the actual molecular occupancy and 

intermolecular distance between FA-NHS molecules were 3.5 % and 2.4 nm for 5F-A5.0EHA, 4.3 % 

and 2.1 nm for 10F-A5.0EHA, 6.0 % and 1.8 nm for 25F-A5.0EHA, 10 % and 1.4 nm for 50F-

A5.0EHA, 13 % and 1.3 nm for 100F-A5.0EHA, 29 % and 0.8 nm for 150F-A5.0EHA, 37 % and 0.7 

nm for 200F-A5.0EHA and 47 % and 0.6 nm for 250F-A5.0EHA. Therefore, it was suggested that 

the FA-NHS immobilization amount on the nanoparticles can be controlled by the feed concentration.  

 

 

Figure 2-13.  (a) Resultant FA-NHS immobilization amount on the 0F-A5.0EHA nanoparticle surface. (b) 

Resultant FA-NHS molecular area occupancy and intermolecular distance with different FA-NHS 

immobilization amount on the 0F-A5.0EHA nanoparticle surface. 
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Figure 2-14 shows the UV-Vis absorption spectra of the FA-NHS solutions at the different pH 

values and powder, and the UV-Vis diffuse reflection absorption spectra of the FA-NHS-immobilized 

0F-A5.0EHA. In Figure 2-14(a), the FA-NHS powder had the broad spectral shape, which was 

different from that of the FA-NHS solution. In the absorption spectra of the FA-NHS solution, it was 

suggested that the state of FA-NHS varied depending on the pH value in the solution, and the 

maximum absorption wavelength was shifted to the longer region with increasing the pH value. The 

shift is attributed to the charged state of FA-NHS [34]. In the solution system, the FA-NHS molecule 

is totally positively-charged, as the proton approaches N atom of the pterin part at the pH of 2. At the 

pH of 6, the charge of the carboxyl group starts to be negatively-charged and the pterin moiety is 

positively-charged, and the molecule totally exhibits the positively-charged state. At the of pH of 7, 

the charge of the carboxyl group of FA-NHS is negatively-charged, and the molecule totally exhibits 

the negatively-charged state. In the diffuse reflection absorption spectra of the FA-NHS-immobilized 

0F-A5.0EHA nanoparticles (Figure 2-14(b)), the absorption bands derived from the Eu3+ ions were 

observed at 300 and 394 nm in 0F-A5.0EHA, which was a white powder (Figure 2-14(b) Inset). In 

the FA-NHS-immobilized 0F-A5.0EHA, which were yellow powders (Figure 2-14(b) Inset), the 

 

Figure 2-14.  (a) UV-Vis absorption spectra of the FA-NHS solution at the different pH values and powder. 

(b) UV-Vis diffuse reflection absorption spectra of the FA-NHS-immobilized 0F-A5.0EHA. Inset: 

representative photographs of the APTES-MTES-co-immobilized 5.0EHA nanoparticles before and after the 

FA-NHS functionalization. 
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absorption of the Eu3+ ion was also observed, especially at 394 nm. By the immobilization of FA-

NHS on the EHA nanoparticle, the absorption bands appeared at 278−286 nm. With increasing the 

immobilization amount of FA-NHS on the nanoparticles, the maximum absorption wavelength was 

red-shifted. The shift is similar to that case in the FA-NHS solution, suggesting the change of the 

charged state of the immobilized FA-NHS. When the amount of FA-NHS immobilization is smaller 

and larger, the FA-NHS molecular state is similar to that in the solution at the pH of 7 and 6, 

respectively, indicating the different charged states on the nanoparticles. Therefore, it was suggested 

that the charge state of FA-NHS molecule on the EHA nanoparticle changed with the immobilization 

amount of FA-NHS, which would be dominated by the interactions between the FA-NHS and 

nanoparticle as well as the intermolecular stacking. 

The excitation and luminescence spectra and I and int value changes of the FA-NHS-

immobilized nanoparticles, which were excited under the wavelengths of 464 nm were shown in 

Figure 2-15. In the excitation spectra of the FA-NHS-immobilized nanoparticles (Figure 2-15(a)), 

all the peaks were attributed to f–f transitions within the 4f6 electron configuration, reflecting the 

electronic transitions of the Eu3+ ion [62]. The excitation spectra for the EHA nanoparticles consisted 

of the several peaks, which are located at 363 nm (7F0 → 5D4), 383 nm (7F0 → 5G4), 394 nm (7F0 → 

5L6), 464 nm (7F0 → 5D2) and 535 nm (7F0 → 5D1). The intensities at 464 nm was higher than the 

other peaks between visible light regions. In addition, the broad spectra were observed at around 500 

nm. The spectral shapes among the FA-NHS-immobilized nanoparticles were almost same. Thus, it 

was suggested that there was no significant difference in the ligand field symmetry of the Eu3 + ion. 

Figure 2-15(b) exhibited the luminescence spectra of the FA-NHS-immobilized 0F-A5.0EHA. The 

luminescence exhibited the red-color by the FM observation (Figure 2-15(b) Inset). All the peaks 

corresponded to the transitions from the metastable orbital singlet state of 5D0 to the spin–orbital 

states of 7FJ (J = 0, 1, 2, 3, 4) of the Eu3+ ion. These characteristic transitions were assigned to the 5D0 

to 7F0 at 579 nm, 
7F1 at 590 nm, 7F2 at 616 nm, 7F3 at 653 nm and 7F4 at 698 nm, respectively. In 

addition, the broad spectral peaks were newly observed at around 518 nm. These peaks were 

expressed by the FA-NHS immobilization. When the excitation light of 464 nm was applied to the 

FA-NHS solution (pH = 7), the luminescence peak was observed at around 550 nm. The luminescence 

was attributed to the charge transfer (CT) between S1–S0 of π-electrons, which were located  on the 

conjugated system between pterin and imine parts of the FA-NHS molecule in the aqueous solution 

[34]. In the FA-NHS solid phase, the luminescence due to the CT between S1–S0 was observed at the 

shorter wavelength region at 440 nm under the excitation light at 369 nm was observed. From the 

above, it was suggested that the luminescence behavior of the immobilized FA-NHS molecules was 
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close to the solution system. When the FA-NHS molecules on the 0F-A5.0EHA are present at the 

low concentration (i.e., smaller FA-NHS intermolecular interactions), FA can exist as a monomer 

state that is close to the solution system. Accordingly, the FA monomer molecule stably exists on the 

0F-A5.0EHA to selectively interact with the EuTH molecule at the near-surfaces, so that the 

luminescence peak due to CT between EuTH–FA-NHS (monomer) was observed at 518 nm and red-

shifted as compared with that of the solid phase of FA-NHS (440 nm). Thus, it was suggested that 

 

Figure 2-15.  (a) Excitation and (b) luminescence spectra of the FA-NHS-immobilized 0F-A5.0EHA 

nanoparticles. The monitored luminescence and excitation wavelengths for the excitation and luminescence 

spectral measurements were 615 nm and 464 nm, respectively. Inset: representative fluorescence microscope 

image of 5F-A5.0EHA. (c) I and int value changes of the FA-NHS-immobilized 0F-A5.0EHA nanoparticles, 

which were excited under the wavelengths of 464 nm. 
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the exciplex was formed between both molecules [66] and was the new excited state composed of 

two molecules, which was confirmed by the presence of the exciplex luminescence without the 

vibrating structure appearing at the longer wavelength region as compared with the case in the excited 

molecule alone [67]. Figure 2-15(c) showed the I and int value changes of the FA-NHS-immobilized 

0F-A5.0EHA. The highest I value of the immobilized 0F-A5.0EHA was observed in 5F-A5.0EHA, 

which had the molecular occupancy rate of the FA-NHS on the 0F-A5.0EHA at 3 %. The I values of 

5F-A5.0EHA under the excitation at 464 nm was higher 2.1 times than those of the 0F-A5.0EHA. It 

was suggested that the luminescence intensities derived from the Eu3+ ions would be enhanced by the 

formation of the exciplex. When the molecular occupancy rate of FA-NHS exceeded 5 %, the 

intensity became weak. With decreasing the distance between FA molecules, the states of the FA-

NHS molecules on the 0F-A5.0EHA would approach the solid phase to induce the energy transfer 

among the FA-NHS molecules. Accordingly, the luminescence intensity derived from Eu3+ ions 

decreased due to the change in the CT states. Therefore, the new luminescence band with 

accompanying exciplex formation between EuTH–FA-NHS was observed, and 5F-A5.0EHA 

realized the maximum I value among all the samples. Moreover, Figure 2-15(c) exhibited the int 

values of the FA-NHS-immobilized nanoparticles. The 5F-A5.0EHA with the molecular occupancy 

rate of FA-NHS at 5 % showed the best int value of 11.5 %. Therefore, when FA-NHS is immobilized 

on the 0F-A5.0EHA with the molecular occupancy at 5 %, the higher int value was observed. 

Therefore, it was suggested that EuTH and FA-NHS can form exciplex [66,68,69] as shown in 

Scheme 2-8. 

 

 

Scheme 2-8.  Illustration of possible photofunctional interface between EuTH and FA-NHS. 

 

The luminescence intensity decay plots and fitted curves of the 5.0EHA, 0F-A5.0EHA and FA-

NHS-immobilized 0F-A5.0EHA nanoparticles were shown in Figure 2-16. The EuTH exhibited the 

+

*

+ *

Luminescence

Exciplex

Excitation

EuTH FA-NHS 

*

0.1

20

0

E
n

e
rg

y
 /
 c

m
-1
・

1
0

3

Non-radiative

decay

～～



Chapter 2 Luminescent Europium(III) Complex-interacted Hydroxyapatite Nanoparticles 

76 

first-order decay curve with the fluorescence lifetime at 0.37 ms. In the nanoparticle systems of 

5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA, 25F-A5.0EHA, 50F-A5.0EHA, 100F-

A5.0EHA, 150F-A5.0EHA, 200F-A5.0EHA and 250F-A5.0EHA, the secondary decay curves were 

observed, and the1 was 0.85, 1.27, 2.07, 2.01, 2.00, 2.01, 2.05, 1.92, 1.91 and 1.85 ms and the 2 was 

0.99, 1.53, 2.13, 2.27, 2.12, 2.15, 2.27, 2.32, 2.10 and 2.58 ms, the 1/2 ratio was 0.86, 0.83, 0.97, 

0.88, 0.94, 0.94, 0.90, 0.83, 0.91 and 0.72, the A1 was  0.93, 0.91, 0.76, 0.71, 0.74, 0.74, 0.75, 0.74, 0.68 

and 0.75, and the A2 was 0.07, 0.09, 0.24, 0.29, 0.26, 0.26, 0.25, 0.26, 0.32 and 0.25, respectively. As 

compared with the EuTH alone, the fluorescence lifetime was delayed by the nanoparticle. 

Furthermore, the FA-NHS immobilization delayed the fluorescence lifetimes (1 and 2). Furthermore, 

it was found that the 1/2 ratio tends to increase by the FA-NHS immobilization, suggesting that there 

is the interaction between the FA-NHS and EuTH. When there are hydrophobic groups around the 

luminescent species, the lifetime is relatively long [70]. Thus, it has been considered that A1 and A2 

are caused by EuTH which exists parallel and perpendicular to the particle surface, respectively. The 

EuTH existing parallel to the particle surface is affected by the water existing on the particle surface 

and has a short lifetime. Therefore, the CT between EuTH (5.0EHA) and FA-NHS molecules, 

forming the exciplex between the molecules, delayed the fluorescence lifetime due to the appearance 

of the level derived from the exciplex. 

Scheme 2-9 shows detailed illustration of the possible interface structures between EuTH 

(5.0EHA) and FA-NHS of the 5F-A5.0EHA. Scheme 2-10 shows detailed illustration of the possible 

interface structures between EuTH (5.0EHA) and FA-NHS of the 100F-A5.0EHA. The distance 

between EuTH and FA-NHS in the scheme assumed that EuTH was at the center of the FA-NHS 

intermolecular distance. The EuTH was present at the Ca site and FA-NHS was bound to the OH site. 

The distance between the Ca site and the OH site is described as the distance between EuTH and FA-

NHS. In 5F-A5.0EHA, the FA-NHS intermolecular distance was longer than the FA-NHS molecular 

diameter (1.5 nm). Thus, FA-NHS molecular stacking is negligible. Furthermore, it was suggested 

that luminescence was achieved by charge transfer from EuTH to FA-NHS, suggesting that there is 

the interaction between the FA-NHS and EuTH. In 100F-A5.0EHA, the FA-NHS intermolecular 

distance was shorter than the FA-NHS molecular diameter. Thus, it was considered that the stacking 

between FA-NHS molecules occurs. It was suggested that after charge transfer from EuTH to FA-

NHS, it was deactivated by stacking between FA-NHS molecules. 
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Figure 2-16.  Luminescence intensity decay plots and fitted curves of the (a) 5.0EHA, (b) 0F-A5.0EHA, (c) 

5F-A5.0EHA, (d) 10F-A5.0EHA, (e) 25F-A5.0EHA, (f) 50F-A5.0EHA, (g) 100F-A5.0EHA, (h) 150F-

A5.0EHA, (i) 200F-A5.0EHA, and (j) 250F-A5.0EHA. The monitored luminescence and excitation 

wavelengths for the excitation and luminescence spectral measurements were 615 nm and 464 nm, respectively. 
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Scheme 2-9.  Detailed illustration of the possible interface structures between EuTH (5.0EHA) and FA-NHS 

of the 5F-A5.0EHA. 
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Scheme 2-10.  Detailed illustration of the possible interface structures between EuTH (5.0EHA) and FA-NHS 

of the 100F-A5.0EHA. 
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2.3.3 Size distributions of the nanoparticles in phosphate buffer saline 

Figure 2-17(a-e) shows the particle size distributions of 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 

10F-A5.0EHA and 100F-A5.0EHA dispersed in PBS. The Ave. values were 148 nm for 5.0EHA, 125 

nm for 0F-A5.0EHA, 122 nm for 5F-A5.0EHA, 125 nm for 10F-A5.0EHA and 115 nm for 100F-

A5.0EHA, respectively, and were smaller as compared with that of 5.0EHA. In addition, the Cv 

values of the 5F-A5.0EHA and the 10F-A5.0EHA were suppressed by the FA-NHS immobilization. 

Therefore, it was suggested that when FA-NHS was immobilized at the low concentration for 5F-

A5.0EHA, the nanoparticle dispersibility in PBS was improved by the positively-charged FA-NHS. 

From the above results, 5F-A5.0EHA was used for the evaluation of the following cytotoxicity and 

cell labeling ability.  

 

Figure 2-17.  The particle size distributions of (a) 5.0EHA, (b) 0F-A5.0EHA, (c) 5F-A5.0EHA, (d) 10F-

A5.0EHA and (e) 100F-A5.0EHA dispersed in PBS (FA-NHS-immobilized 0F-A5.0EHA nanoparticle 

concentrations : 50 ng/mL). 
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Figure 2-18(a) shows the dissolution rate of Ca2+ from the total Ca2+ content in the FA-NHS-

immobilized nanoparticles as a function of immersion time in PBS. The dissolution rate of Ca2+ from 

the total Ca2+ content in the FA-NHS-immobilized nanoparticles was less than 0.5 wt% and the 

dissolution amount decreased as the FA-NHS concentration increased. 5.0EHA showed about 1.3 

wt% of Ca2+ dissolution. Therefore, it was confirmed that the Ca2+ dissolution was suppressed by the 

immobilization of APTES and FA-NHS on the nanoparticle surface. Figure 2-18(b) shows a digital 

camera images after the UVA light irradiation of the nanoparticles dispersed in PBS after the 

immersion time at 0 and 66 h. The red luminescence was confirmed from the dispersion.  

 

 

Figure 2-18.  Dissolution rate of Ca2+ from the total Ca2+ content in the nanoparticles (■: 5.0EHA, ■: 0F-

A5.0EHA, ■: 5F-A5.0EHA, ■: 10F-A5.0EHA, ■: 100F-A5.0EHA) with the immersion time in PBS. (b) 

Digital camera images with the UVA light irradiation to the nanoparticles (0F-A5.0EHA, 5F-A5.0EHA, 10F-

A5.0EHA and 100F-A5.0EHA) dispersed in PBS (nanoparticle concentrations : 1.0 mg/mL) after the 

immersion time of 0 and 66 h. 
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2.3.4 Cytotoxicity of the nanoparticles against fibroblasts 

The adhered fibroblast density changes in the reaction with the nanoparticles with the culture time 

are shown in Figure 2-19(a). All the samples showed a linear increase with the culture time, and 

there was no significant difference between the samples. Therefore, the non-cytotoxic behaviors of 

the nanoparticles were elucidated. The optical transmittance images of the fibroblasts that reacted 

with the nanoparticles at the culture time of 72 h are shown in Figure 2-19(b-h). The adherent cells 

spread, and the number of cells increased with the culture time. The nanoparticles on the cells could 

not be confirmed, so that the nanoparticles may interact with the cells at the dispersed state and be 

taken up by the cells. There were many fusiform cells and was no significant difference in the cellular 

shapes irrespective of the addition of the nanoparticles. Thus, the fibroblast affinity of the 

nanoparticles was confirmed.  

 

 

 

 

Figure 2-19.  (a) Adhered fibroblast density changes in the reaction with 5.0EHA, 0F-A5.0EHA, 5F-

A5.0EHA, 10F-EHA, 100F-A5.0EHA and EuTH (particle concentration: 100 μg/mL) with the culture time. 

As the reference, the culture without adding was done on PS dish. Arrows in the figures indicate the addition 

timing of the nanoparticles at the culture time of 6 h.  (c‒h) Optical transmittance images of the fibroblasts 

reacted with the nanoparticles ((b) 5.0EHA, (c) 0F-A5.0EHA, (d) 5F-A5.0EHA, (e) 10F-A5.0EHA, (f) 100F-

A5.0EHA, (g) EuTH (particle concentration: 100 μg/mL) and (h) PS) at the culture time of 72 h. 
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2.3.5 Cytotoxicity and cell labeling ability of the nanoparticles against 

cancer cells  

Figure 2-20(a) shows the adhered cell density changes in the reaction with 5.0EHA, 0F-

A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA, 100F-A5.0EHA and EuTH with the culture time from the 

particle addition point. As compared with the change in the EuTH alone, that in the EHA 

nanoparticles was higher, indicating the importance of the containing by HA for improving the 

cytocompatibility. The density in the FA-NHS-immobilized 0F-A5.0EHA was higher than that in the 

5.0EHA and 0F-A5.0EHA, suggesting the further improvement of cytotoxicity by the FA-NHS 

immobilization. In particular, 5F-A5.0EHA exhibited no cytotoxicity as same to the reference PS 

dish. Figure 2-20(b) show the results of the integrated PL intensity changes of the cells in the reaction 

with 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA, 100F-A5.0EHA and EuTH with the 

culture time from the particle addition point. The higher luminescence intensities of the cells were 

observed in 5F-A5.0EHA under the excitation light of 464 nm, suggesting that the FA-NHS 

molecular occupancy would be the best for effectively binding to the folate molecule receptor on the 

cell membranes (i.e., targeting to the HeLa cells) [71]. Thus, we found the importance of the FA-

NHS molecular occupancy on the nanoparticles. The lower luminescence intensity was observed in 

the case of 100F-A5.0EHA, implying that the binding rate with the cells would be lower based on 

the aggregation between the FA-NHS molecules. Figure 2-20 (c-h and c’-h’) showed the optical 

transmittance and FM images of the HeLa cells reacted with 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 

10F-A5.0EHA, 100F-A5.0EHA and EuTH at the culture time of 72 h. The cells reacted with 5.0EHA 

and 0F-A5.0EHA were in globular forms and those with the FA-NHS-immobilized EHA were tubular. 

The cells reacted with EuTH were in an extremely small form. The differences between the 

morphologies would be attributed to the cytotoxicity by the FA-NHS immobilization. The cellular 

luminescence was observed in the case of 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F-A5.0EHA and 

100F-A5.0EHA. In particular, the luminescence positions of 5F-A5.0EHA, 10F-A5.0EHA and 

100F-A5.0EHA at the cell surfaces were observed from the outsides, suggesting the binding to the 

cell surfaces. The FA-NHS-immobilized EHA provided the luminescence following the cellular 

shapes, suggesting the occurrence of the receptor-mediated binding between the nanoparticles and 

cells [71]. Therefore, 5F-A5.0EHA is the most useful nanoparticles for HeLa cell labeling with no 

cytotoxicity.  

Figure 2-21 showed the adhered HeLa cell density changes in the reaction with 5F-A5.0EHA at 

the different nanoparticle concentrations with the culture time, and the integrated luminescence 

intensities of the HeLa cells reacted at the different concentrations. In the results of the cell density 

plotting vs. incubation time (Figure 2-21(a)), no significant difference between the samples was 



Chapter 2 Luminescent Europium(III) Complex-interacted Hydroxyapatite Nanoparticles 

84 

observed with the incubation time. At the culture time of 72 h, the cell density was 82000 ± 8000 

cells/cm2 in 10 μg/mL, and 81000 ± 8200 cells/cm2 in 50 μg/mL, and 83000 ± 7500 cells/cm2 in 100 

μg/mL. These results showed that no cytotoxicity behaviors were irrespective of the added 

nanoparticle concentration at the range between 10‒100 μg/mL. Figure 2-21(b) showed the plotting 

of the integrated luminescence intensities of the cells taking in 5F-A5.0EHA vs. incubation time. As 

the nanoparticle dispersion concentration increased, the binding amount of the nanoparticles in the 

cells increased to exhibit the intense luminescence intensity. At the culture time of 24 h, the 

luminescence intensity suddenly increased, suggesting that the FA molecular receptor on the cell was 

excessively expressed at the time to resultantly promote the binding between cells‒nanoparticles [72]. 

Therefore, it was suggested that the nanoparticles were successfully bound with the cells with no 

cytotoxicity and the binding behavior was influenced by the nanoparticle concentration.  
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Figure 2-20.  (a) Adhered cell density changes in the reaction with 5.0EHA, 0F-A5.0EHA, 5F-A5.0EHA, 10F-

A5.0EHA, 100F-A5.0EHA and EuTH (particle concentration: 100 μg/mL) with the culture time, and (b) the 

integrated luminescence intensity changes of the cells, which were excited by the light wavelength at 464 nm 

and monitored at the wavelengths between 600‒635 nm. As the reference, the culture without adding was done 

on TCPS dish. Arrows in the figures indicate the addition timing of the nanoparticles at the culture time of 6 h. 

(c‒h) Optical transmittance and (c’‒h’) fluorescence microscope images of the HeLa cells reacted with (c, c’) 

5.0EHA, (d, d’) 0F-A5.0EHA, (e, e’) 5F-A5.0EHA, (f, f’) 10F-A5.0EHA, (g, g’) 100F-A5.0EHA and (h, h’) 

EuTH (particle concentration: 100 μg/mL) at the culture time of 72 h. 
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Figure 2-21 (c-e and c’-e’) showed the optical transmittance and FM images of the HeLa cells 

reacted with 5F-A5.0EHA at the different nanoparticle concentrations of 10, 50 and 100 μg/mL at 

the total culture time of 72 h, which corresponds to the same state at the time of 72 h in Figure 2-

21(a and b). The enough luminescence for the FM observation was obtained at the culture time of 72 

h, suggesting that the binding amount in the cells by the FA receptor overexpressed on the cell 

membrane was sufficient [73]. From the optical transmittance images, there was no significant 

difference of the cellular shapes and densities between the samples and many multilayered cells were 

observed. The cellular shapes were clearly followed by the FM images. In addition, the luminescence 

light from the cells was enhanced with increasing the nanoparticle dispersion concentration. Thus, 

 

Figure 2-21.  (a) Adhered HeLa cell density changes in the reaction with 5F-A5.0EHA at the different 

nanoparticle concentrations with the culture time. (b) The integrated luminescence intensities at the wavelengths 

between 600‒635 nm of the HeLa cells reacted with 5F-A5.0EHA at the different concentrations, which were 

excited under the wavelengths at 464 nm. Arrows in the figures indicate the addition timing of the nanoparticles 

at the culture time of 6 h. (c‒e) Optical transmittance and (a’‒c’ and d’‒f’) fluorescence microscope images of 

the HeLa cells reacted with 5F-A5.0EHA at the different nanoparticle concentrations of (c, c’) 10 μg/mL, (d, 

d’) 50 μg/mL and (e, e’) 100 μg/mL at the culture time of 72 h. (c’‒e’) FM images were the same positions to 

(c‒e) the transmittance images. 
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many nanoparticles would be taken into the cells at the concertation of 100 μg/mL to exhibit the 

efficient luminescent shapes.  

Figure 2-22(A) showed the optical transmittance and FM images of the HeLa cells reacted with 

5F-A5.0EHA at the nanoparticle concentration of 100 μg/mL. The cells cultured at the time of 60 h 

clearly exhibited the multilayered states, which were tumor cells and can be defined as sphere [55]. 

Accordingly, the addition timing was decided to be after the culture for 60 h, and the photographs 

were subsequent cultured at 1, 3, 6, 9, 12 and 24 h. At the 1 h after the 5F-A5.0EHA addition, the 

cell labeling by following the cellular shapes was successfully achieved. With increasing the culture 

time, the contrast of the FM image was cleared until the 12 h after the 5F-A5.0EHA addition. In the 

previous reports, the luminescence was observed from the tumorigenic cells in mice at the 6 h after 

the injection of indocyanine green-labeled polysarcosine particles [74]. The HeLa cell shapes have 

 

Figure 2-22.  (A) Optical transmittance and fluorescence microscope images of the HeLa cells reacted with 

5F-A5.0EHA at the nanoparticle concentration of 100 μg/mL. (a‒f) Optical transmittance and (a’‒f’) 

fluorescence microscope images. The addition timing was after the culture for 60 h, and the photographs were 

subsequently cultured at (a, a’) 1, (b, b’) 3, (c, c’) 6, (d, d’) 9, (e, e’) 12 and (f, f’) 24 h. (a’‒f’) FM images were 

the same positions as (a‒f) the transmittance images. (B) Integrated luminescence intensities at the wavelengths 

between 600‒635 nm of the HeLa cells reacted with 5F-A5.0EHA, which were excited under the light 

wavelength at 464 nm. Arrows in the figures indicate the addition timing of the 5F-A5.0EHA at the culture 

time of 60 h. 
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also been visualized at the 4 h after the addition of the Fe3O4-mesoporous silica spheres modified 

with rhodamine B isothiocyanate [75]. Thus, it can be claimed that 5F-A5.0EHA synthesized in this 

study can effectively bind with the HeLa cells to rapidly visualize the shapes.  

Figure 2-22(B) exhibited the integrated luminescence intensities at the wavelengths between 

600‒635 nm from the HeLa cells reacted with 5F-A5.0EHA (concentration:100 μg/mL), which were 

excited under the light wavelengths at 464 nm. The enhancement of the luminescence intensities was 

confirmed until the 12 h after the addition of 5F-A5.0EHA. Then, the slight decrease in the intensities 

was observed. As the possible mechanism shown in Scheme 2-11, it is suggested that 5F-A5.0EHA 

is bound to the cell membrane. when 5F-A5.0EHA was reacted with the cells after the culture time 

of 60 h, the luminescence with following the cellular shapes could be observed for the 1 h after the 

nanoparticle addition. It indicating much faster cell labeling process for the spheres. 

 

 

Scheme 2-11.  Optical microscope image of the sphere formed by the cell culture at the 66h, and the illustration 

of the 5F-A5.0EHA bounded to the FA receptor on sphere. 

 

The importance of the photofunctional inorganic/organic interfacial structues based on the 

hydroxyapatite/8-hydroxyquinoline particles have already reported [25,26]. However, the 

interactions between the nanoparticles and the cells for the efficient incorporation of the particulate 

form and functions did not evaluated. In this study, the photofunctions based on the interfacial 

interactions between the FA-NHS molecules and EHA nanoparticles for preparing the novel 

inorganic-organic cell labeling nanomaterials were demonstrated.  

Sphere

50 μm or higher

5F-A5.0EHA

100 μm

Sphere

Binding
FA receptor
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Low molecular organic compounds can quickly be taken up by the cells as compared with the 

case in the particulate form. However, the rapid color degradation rate and short retention period of 

the compounds inside the cells are problems for cell labeling process. On the other hands, the uptakes 

of the HA particles with a size of 50‒200 nm (concentration: 100 μg/mL) by the osteoblasts were 

reported, and those with the size of 80 nm were best [24]. The proliferation of the cells containing the 

particles exhibited the similar behavior to that without the particles. Accordingly, the HA particles as 

a drug delivery system has been reported [76], and the particulate form containing the other functional 

substances was important for the biomedical applications. The HA particles modified with the 

polymer containing fluorescein was reported [77], and the uptakes of the particles (concentration: 30 

μg/mL) by mouse connective tissue derived cell lines occurred for the incubation time of 3 h. On the 

other hand, 2-methacryloyloxyethyl phosphorylcholine and itaconic acid were chemically modified 

on europium (III)-doped HA particles by an addition-fragmentation chain transfer polymerization 

method [78], and the uptakes of the particles (concentration: 100 μg/mL) by adenocarcinomic human 

alveolar basal epithelial cell lines occurred for the incubation time of 3 h. In this study, the 

visualization of the cancer cells by the FA-NHS-immobilized nanoparticles was achieved for the 

incubation time of 1 h, suggesting the rapid labeling of the cells. 

 

2.4 Conclusion 

The photofunctions based on the interfacial interactions between the FA-NHS molecules and 

EHA nanoparticles for preparing the novel inorganic/organic cell labeling nanomaterials were 

investigated. Specifically, the photofunctional interactions between the FA-NHS and EuTH were 

designed to provide “efficient luminescent ability including high int” as well as “rapid targeting to 

the cancer cells” in one particle. 

The EHA nanoparticles by forming the HA under the existence of EuTH were synthesized. Then, 

the FA-NHS molecules as the targeting ligands for the HeLa cancer cells were successfully 

immobilized on the nanoparticles by the mediation of both APTES and MTES molecules. It was 

proposed here that the novel photofunctions could be changed by the FA-NHS molecular occupancy 

on the EHA. When the molecular occupancy ratio to the EHA surface is at around 3‒5 %, the intense 

luminescence from the f-f transition of the Eu3+ ions as well as the charge transfer between the EuTH‒

FA-NHS was observed to efficiently exhibit the higher int values. Moreover, the effective 

dispersibility in PBS was confirmed by immobilizing the positively-charged FA-NHS. Thus, this is 

the first successful report to synthesize the inorganic/organic nanoparticle systems for controlling the 

interactions between EHA and FA-NHS.  
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The cytotoxicity against the NIH3T3 fibrobrasts was evaluated. The affinity and non-

cytotoxicity between the nanoparticles and fibrobrasts were confirmed for 3 days. The cytotoxicity 

against the HeLa cells was also evaluated to verify whether the nanoparticles can be the candidate for 

rapid cell labeling. The affinity and non-cytotoxicity between the nanoparticles and cells were 

monitored for 3 days. The red luminescence from the cells could be observed. From the FM images, 

the label with following the cellular shapes was achieved by the additional culture time of 1 h after 

injecting the 5F-A5.0EHA to the spheres, indicating the faster labeling process. 

The achievement statuses for initial targets in Chapter 1 were evaluated and achieved by this 

chapter as below. 

I  Extreme biosafety for normal cells 

✓ The N1/N0 ratios by all the nanoparticles were more than 0.8.  

✓ Average particle sizes in PBS were abuut 120 nm (coefficient of variation: 30 % or less)  

✓ Excitation/luminescence light observation was in the visible region 

II  Efficient luminescence 

✓ Strong luminescence intensity that can be visually confirmed 

✓ Internal quantum efficiency: 11.5 % 

III  Construction of particle surface that is rapid binding with cancer cells and taken up into the 

cells at high concentration 

✓ High concentration into the cell surfaces by the FA-NHS immobilization 

✓ Short-term labeling of shperes at 1 h  

IV  Achievement of both cancer cell labeling and suppression of cell growth 

Not achieved 

In this chapter, the achievements other than IV were cleared. Thus, Chapter 3 will aims to achieve 

all the targets in I–IV. 
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Chapter 3 

Synthesis of Luminescent 

Hydroxyapatite Nanoparticles 

Coordinated with Citric Acid for 

Their Bifunctional Cell Labeling and 

Cytostatic Properties 

 

3.1 Introduction 

Luminescent nanoparticles have been attracted as good candidates for use in the biomedical 

labeling nanomaterials with the detection of the light emission, which provides enough fluorescence 

contrast for visualizing specific cells [1]. The physicochemical properties of the nanoparticles can be 

easily changed by the surface functional groups to achieve the efficient nanoparticle uptakes by the 

living cells so that the practical applications as one nanoparticle having the biomedical multi-

functions of both labeling and drug delivery carrier [2]. Since it is possible to impart the other 

functions for achieving the multi-functional particles, it is important to design as nanoparticle shapes. 

As the luminescent inorganic nanoparticles for the cell labeling, semiconductor quantum dots (QDs) 

[3–5], dye-doped mesoporous silica nanoparticles [6,7] and fluorescent nanodiamonds [8,9] have 

been proposed so far. The semiconductor QDs (e.g., CdS semiconductor QDs [3]) exhibit the high 

luminescence intensity among the inorganic nanoparticles, and the excited electrons in the conduction 

band recombine with the holes to provide the highly efficient emission. However, the inclusion of 

biotoxic elements in the nanoparticles is a problem for the safety of the cells. The dye-doped 

mesoporous silica nanoparticles can provide the luminescence by the charge transfer between the 

molecules, where the mesoporous silica act as the host matrix for the stable luminescence [6]. 
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However, there are problems of the luminescence decrease due to the dye degradation and the lower 

luminescent efficiency due to the dye−silanol interactions. The fluorescent nanodiamonds used as the 

specifically-targeted probes for labeling the transferrins through their receptors, which were over-

expressed on cancer cells, have been studied [8]. The nitrogen-vacancy centers, which were generated 

with high-energy electron or ion bombardment for the nitrogen-rich type Ib nanodiamonds, result in 

bright fluorescence. However, the luminescence was obtained by high-energy laser irradiation (e.g., 

Ar-ion laser, 20 μW, excitation wavelength at 514 nm) [8]. Therefore, it is necessary to synthesize 

the luminescent nanoparticles for solving the above problems and to impart a therapeutic ability to 

the labeling [10]. 

The lanthanide (Ln: Tb, Eu, etc.) ion-doped hydroxyapatite (HA: Ca10(PO4)6(OH)2), exhibits a 

long fluorescence lifetime and sharp luminescence peak shape, has been studied [11,12]. There are 

two types of calcium (Ca) sites in the HA crystalline structure, which can be substituted with the Ln 

ions [11–14]. In particular, four columnar Ca (i.e., Ca (I) site) is aligned with the parallel to the c axis, 

and six screw axis Ca (i.e., Ca (II) site) surrounding the c axis [15]. The Ln ion alone has insufficient 

light absorption capability due to the forbidden intra-configuration f-f transitions, and the spectral 

shape depends on the structure of the electronic environment [14,16]. As the host, the HA provides a 

flexible crystal lattice for substituting with the dopant ions [13], which provides detectable and stable 

luminescence in the matrix. The basic study on the HA nanoparticles doped with lower cytotoxic 

europium (III) (Eu3+) ions (Eu:HA) has been reported [12,14]. Eu:HA is easy to be synthesized and 

provide the stable red luminescence. As compared to the conventional luminescent nanoparticles, the 

Eu3+ ion in HA nanoparticles provides excellent features for cell labeling applications. However, the 

doping amount of the Eu3+ ion is limited because of the luminescence quenching due to the energy 

transfer between the adjacent ions [17]. Therefore, it is thought that the main trials for Eu:HA 

nanoparticles are to improve the luminescence internal efficiency (int), luminescence intensity and 

labeling ability of the cells. 

The hybrids of the HA with organic polymeric molecules have been synthesized in the utilization 

of artificial bones based on inorganic/organic interactive functions [18,19]. In our group, the HA 

bound to a photofunctional low molecular weight compound of 8-hydroxyquinoline (8Hq) was 

reported as the luminescent nanoparticle applications [20–22]. In particular, the 8Hq molecules were 

chemically bonded to the Ca2+ ions on the HA by applying mechanical forces. The photofunction of 

the hybrids was investigated by evaluating the light absorption and luminescence with the metal-

ligand charge transfer complex formation. Fluorescent HA-amino acid hybrids were synthesized to 

reveal the effect of pressure during cold isostatic pressing on the microstructures and luminescent 

properties [23], suggesting that the pressure increased the luminescence intensity of the hybrids. In 
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Chapter 2, the Eu3+ complex-interacted HA (EHA) was studied for the synthesis of luminescent 

nanoparticles. As a result, the nucleation and particle growth of HA on the electronic localization on 

the Eu3+ complex molecule occurred. The EHA nanoparticles exhibited the luminescence based on 

the inorganic/organic photofunctional interfaces between ligand of EuTH and HA, indicating the 

possibility of the improvement of the photofunction of Eu3+ ions in the HA by the organic molecular 

interactions. Moreover, folate N-hydroxysuccinimidyl ester (FA-NHS) was immobilized on the EHA 

nanoparticles. As a result, the charge transfer between the EHA nanoparticles and FA-NHS was 

successfully achieved, leading to the photofunctional inorganic/organic interfaces between EHA and 

FA-NHS. Therefore, it is proposed in the present paper that the construction of the interface state of 

the Eu3+ ions on the HA surfaces with organic molecule can improve the int and luminescence 

intensity, and the labeling ability of the cells.  

The citric acid (Cit) is known to form chelates with the metal ions in an aqueous solution [24–

27]. For example, the Cit can form the chelate with Ca2+ ion based on the binding affinity between 

Cit and Ca2+ ion at about 2.0 × 104 M-1 [27]. Cit molecule forms the chelate with Ca2+ ion or iron (II) 

(Fe2+) ion in the increase in the Cit amount at the acidic biological fluid inside the cancer cells and 

inhibits the action of proteins (e.g., iron-binding protein 1) involved in the cancer cell growth and 

antioxidant enzymes [28], resulting in the suppression of the cancer cell growth to finally induce the 

cell death. In particular, the chelate complex with Cit was formed with the Fe2+ ion to resultantly 

deplete Fe2+ ion states in the cytoplasm and inhibit the growth of the cells [29]. In normal cells (e.g., 

prostatic epithelium cells) [30], it is known to be no effect of the addition of Cit on the cellular activity. 

The interactions between the Cit and Ca ions in HA (e.g., Eu3+ ions doped in HA) can be caused by 

the chemical bonding. Accordingly, the Eu3+ ion doped into the Ca sites in the HA can form the 

inorganic/organic interfacial interactions between Cit and Eu:HA, leading to the biomedical 

nanoparticles containing the luminescent photofunction as well as the suppression of the cancer cell 

growth. It proposed that the bifunctional properties of the labeling of the cancer cell as well as the 

suppression of the cell growth could simultaneously be achieved by designing the nanoparticle 

structures. Therefore, it is important to elucidate the interactions between Cit and Eu:HA, and it is 

suggested that the control of the spatial arrangement of the Eu3+ ions in Eu:HA would change the 

coordination environment of oxygen around the Eu3+ ions to resultantly enhance the luminescence 

efficiency. When the Eu3+ complex is interacted with the  HA surfaces, there is a limit to the 

asymmetry around the Eu3+ ions. It was suggested that the coordination of the Cit molecule with 

respect to the Eu3+ ion on the Eu:HA surfaces would lead to the construction of an effective 

asymmetric environment that achieves strong luminescence properties. 
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In this study, it aimed to achieve the efficient luminescence ability including the int based on 

the photofunctional interfaces between the Cit and Eu:HA in the nanoparticles, and investigate the 

Cit effect on the suppression of the HeLa (Human Cervical Carcinoma) cell line growth. In particular, 

the Eu:HA nanoparticles were synthesized in the presence of the Cit, and the Cit molecules would be 

coordinated with the Eu:HA (Cit/Eu:HA) nanoparticles and the physicochemical properties based on 

the inorganic (Eu:HA)/organic (Cit) interfacial interactions in the nanoparticles were elucidated. The 

FA-NHS was immobilized on the Cit/Eu:HA nanoparticles to resultantly enhance the uptake 

efficiency of the nanoparticles into the HeLa cells, and the cytocompatibility using HeLa cells and 

NIH3T3 fibroblasts and their cell labeling properties were evaluated to investigate the effect of the 

nanoparticles on the suppression of the HeLa cell growth by the Cit molecules (Scheme 3-1). 

 

 

Scheme 3-1.  Illustration of the preparation of the Cit/Eu:HA nanoparticles and their cytostatic suppuration and 

cell labeling ability based on the inorganic/organic coordinated functions. At pH = 12, citric acid exists in water 

in the dissociated state of Cit3-, and at pH = 7, it exists in the dissociated state of Cit3- and HCit2-. At pH = 7, 

60 % of Cit3- and 40 % of HCit2- are exists in water, respectively. 
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3.2 Experimental Section 

3.2.1 Chemicals 

Citric acid (Cit), dipotassium hydrogen phosphate (K2HPO4), tetramethylammonium hydroxide 

(TMAOH), calcium chloride dehydrate (CaCl2·2H2O), ethanol, dimethyl sulfoxide (DMSO), 

phosphate buffer (PB: pH = 7, phosphate ion concentration = 0.1 M), hydrochloric acid (HCl: 1 N) 

and trypsin (0.05 w/v%)-ethylenediaminetetraacetate (0.053 M) (trypsin-EDTA) were purchased 

from Wako Chemical Co. Ltd. Europium (Ⅲ) chloride hexahydrate (EuCl3·6H2O), 3-

aminopropyltriethoxysilane (APTES: H2N(CH2)3Si(OC2H5)3) and methyltriethoxysilane (MTES: 

CH3Si(OC2H5)3) were purchased from Tokyo Chemical Industry Co., Ltd. FA-NHS was purchased 

from Fuji Molecular Planning Co., Ltd. Phosphate buffered saline (PBS: pH = 7) with the ions (K+: 

4.15 mM, Na+: 153 mM, HPO4
2-: 9.57 mM, Cl-: 139.57 mM) was purchased from DS pharma 

biomedical Co., Ltd. Fetal bovine serum (FBS) were purchased from Sigma-Aldrich Co. Ltd (catalog 

number: 172012). Dulbecco’s minimum essential medium (DMEM) was purchased from Thermo 

Fisher Scientific Inc. Penicillin-Streptomycin was purchased from Life Technologies Co., Ltd. 

Human cervical carcinoma HeLa cells (RCB0007) and fibroblast NIH3T3 cells (RCB1862) were 

provided by the Riken BioResource Center. All the chemicals were used as received without further 

purification. A plastic cell culture flask with the area of 75 cm2 (BD Bioscience, USA.) and tissue 

culture poly(styrene) dish (TCPS: BD Falcon™ Co., Ltd.) were used for the cell culture. Cit 

quantification kit (R-Biopharm AG, EnzytecTM Citric Acid) was also purchased and used for the Cit 

concentration measurement in the Cit/Eu:HA nanoparticles. Carboxylated polystyrene standard 

particles (Izon Science, Co., Ltd., CPC100) having the average diameter of ca. 126 nm with the 

coefficient of variation value of 13 % were purchased for particle distribution measurement. 

 

3.2.2 Materials and preparation 

50 mL of ultrapure water containing 6 mmol of K2HPO4 and Cit (0, 12, 20, 24 and 36 mmol) 

were vigorously stirred and the pH was adjusted to be 12 by adding TMAOH. 30 mL of an aqueous 

solution containing 19.5 mmol of CaCl2·2H2O and 0.5 mmol of EuCl3·6H2O was added to the 

K2HPO4/Cit aqueous solution at the dropping rate of 1 mL/min. Then, the precursor solution was 

refluxed at 40 °C for 3 h. Scheme 3-2(a) shows dissociated state in solution at the different pH (pKa1= 

3.12, pKa2= 4.76, pKa3 = 6.39). The precipitation products were washed once with ethanol and 

ultrapure water, and dried at 100 °C for 1 day. Here, the feed Eu concentration of Eu to (Ca+Eu) was 

2.5 mol% and fixed in this study, and the sample was abbreviated as Cit/Eu:HA. It has been confirmed 

that when the feed Eu concentration of Eu to (Ca+Eu) was 2.5 mol%, good luminescence properties 
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were exhibited [48]. The molar ratio of Ca to P was fixed at 1.67. Here, the sample name was called 

as XCit/Eu:HA (X = the resultant amount of Cit as shown in Table 3-1 described in 3.3.1). In 

particular, the resultant amounts of Cit were 0, 0.99, 1.06, 1.13 and 1.24 mmol/(g of HA) and the 

samples were named as 0, 1, 2, 3 and 4Cit/Eu:HA, respectively (Table 3-1). As a reference sample, 

the compounds were prepared without K2HPO4 by the same method mentioned above. The sample 

was named as Cit/EuCa. 50 mL of ultrapure water containing 20 mmol of Cit (pH= 12) and 30 mL 

of an aqueous solution containing 19.5 mmol of CaCl2·2H2O and 0.5 mmol of EuCl3·6H2O were used 

for Cit/EuCa.  

For the cell culture experiment, APTES and MTES were immobilized on 4Cit/Eu:HA according 

to Chapter 2. 4Cit/Eu:HA (200 mg) was dispersed in 20 mL of ethanol and the pH was adjusted to 

be 12 by adding TMAOH. APTES (0.0225 mmol) and MTES (0.0225 mmol) were added to the 

4Cit/Eu:HA-dispersed solution and stirred at 40 °C for 1 h. The solid product was washed with 

ethanol and dried at 65 °C for 1 day to obtain the APTES-MTES-modified 4Cit/Eu:HA. The 

occupation molecular area of APTES or MTES ratio was assumed to be 0.45 × 0.45 × π nm2 as the 

spherical shape, and the theoretical occupancy with the modification on the 4Cit/Eu:HA based on the 

Brunauer-Emmett-Teller (BET) [31] surface area (77 ± 8 m2/g) of the 4Cit/Eu:HA was determined to 

be 125 %, when all the feed molecules are immobilized on the 4Cit/Eu:HA. Just for the reference, the 

BET surface area of the 0Cit/Eu:HA was 100 ± 11 m2/g. 

FA-NHS was immobilized on the APTES-MTES-modified 4Cit/Eu:HA according to Chapter 2. 

APTES-MTES-modified 4Cit/Eu:HA (140 mg) was mechanically dispersed into the mixture solution 

of 12 mL of DMSO and 25 mL of PB containing 486 nmol of FA-NHS, and the solution was stirred 

at 40 °C for 3 h. The solid products were washed with ethanol and lyophilized and the sample name 

is called as FA4Cit/Eu:HA. The occupation molecular area of FA-NHS was assumed to be 1.1 × 1.5 

nm2 as the rectangle shape, and the theoretical occupancy of the immobilized FA-NHS on the APTES-

MTES- modified 4Cit/Eu:HA was determined to be 5 % when all the feed molecules of FA-NHS is 

immobilized on APTES-MTES-modified 4Cit/Eu:HA. 
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Scheme 3-2.  (a) Dissociated state in solution at the different pH (pKa1= 3.12, pKa2= 4.76, pKa3 = 6.39) and (b) 

chemical structures of Cit molecule at the 3-dimensional view. The illustration on the left of the 3-dimensional 

view of Cit molecule shows the line of sight in the 2-dimensional view corresponding to the 3-dimensional 

view. 
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3.2.3 Characterization 

3.2.3.1  Characterization of europium(III) ion-doped hydroxyapatite 

nanoparticles coordinated with citric acid 

The coordinated amount of Cit with HA was obtained by dissolving Cit/Eu:HA in 10 mL of HCl 

aqueous solution (pH = 2) to prepare the calibration curve for the quantitative analysis. 10 mg of 

Cit/Eu:HA was added to 10 mL of HCl aqueous solution (pH = 2) to be completely dissolved. The 

HCl aqueous solution was placed in the reference cell for the UV-Visible spectral spectrophotometer 

(V-750, JASCO Co., Ltd.) measurement, and the absorption maxima were observed at the wavelength 

of 210 nm, which was attributed to the absorption of carboxy group in Cit. The calibration curve was 

shown in Figure 3-1 and the correlation coefficient was 0.99949. The occupation molecular area of 

Cit was assumed to be 0.23 × 0.23 × π nm2 as the spherical shape (Scheme 3-2(b)), and was calculated 

the concentration at which the theoretical occupancy of Cit on Eu:HA is 100 %. The resultant 

contained amounts of Cit on Eu:HA were measured, and the resultant molecular occupancy areas of 

Cit on Eu:HA were calculated assuming monolayer-state adsorption from the above the theoretical 

occupancy of Cit on Eu:HA. The BET surface area was determined through nitrogen (N2) adsorption 

and desorption instrument according to Chapter 2. Figure 3-2 shows N2 adsorption and desorption 

isotherms of the 0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA, and their BET 

 

Figure 3-1.  UV-Vis absorption spectra of the Cit aqueous solution at the pH of 2. (inset): the calibration curve 

between the Cit concentration and absorbance (R2= 0.99871). The amount of the coordinated Cit was also 

confirmed by the commercially-available quantification kit, which was consistent with the result determined by 

the UV-Vis absorption spectra. 
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surface areas were 100 ± 11, 171 ± 14, 121 ± 23, 104 ± 11 and 77 ± 8 m2/g, respectively. Scheme 3-

3 shows the distance between Ca sites on a-plane and c-plane of HA. For the a-plane, the average 

value of 0.82 nm between 0.94 nm and 0.68 nm was used as the distance between Ca sites. For the  

c-plane, the 0.94 nm was used as the distance between Ca sites. The black double-headed arrow 

indicates the distance between the Ca sites. The green double-headed arrow indicates the distance 

 

Figure 3-2.  N2 adsorption (closed circles) and desorption (open circles) isotherms of the (a) 0Cit/Eu:HA, (b) 

1Cit/Eu:HA, (c) 2Cit/Eu:HA, (d) 3Cit/Eu:HA and (e) 4Cit/Eu:HA, and their BET surface areas were 100 ± 11, 

171 ± 14, 121 ± 23, 104 ± 11 and 77 ± 8 m2/g, respectively. 
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between the Ca site and the phosphate site. The distance between the Ca site and the phosphate site 

was about 0.33−0.37 nm. Since this distance is shorter than the molecular diameter of Cit, the distance 

between Cit molecules depends on the distance between Ca sites.  In this chapter, the Cit 

intermolecular distance is assumed to be the same as the Ca site distance. 

 

 

Scheme 3-3.  Distance between Ca sites on (a) a-plane and (b) c-plane of HA. For a-plane, the average value 

of 0.82 nm between 0.94 nm and 0.68 nm was used as the distance between Ca sites. The black double-headed 

arrow indicates the distance between the Ca sites. The green double-headed arrow indicates the distance 

between the Ca site and the phosphate site. For c-plane, the 0.94 nm was used as the distance between Ca sites. 
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The elemental compositions were characterized by an X-ray fluorescence analysis (XRF: ZSX 

Primus II, Rigaku Co., Ltd.) according to Chapter 2. 

Zeta potential measurements of the Cit/Eu:HA nanoparticles dispersed in PBS at the particle 

concentration of 50 ng/mL were performed at room temperature using the nanoparticle multi-analyzer 

(qNano, Izon Science, Co., Ltd.) according to Chapter 2.  

Infrared spectra were recorded on a Fourier transform infrared spectrometer (FT-IR; JASCO Co., 

Ltd., FT/IR-4600) as the background of KBr in the range between 2000–800 cm–1 with an 

accumulation times of 128 and the spectral resolution of 2 cm-1 according to Chapter 2. Furthermore, 

the carbonation amount (mass %CO3) of the nanoparticles was calculated according to Chapter 2. 

In order to analyze the bonding states of C=O stretching vibration of carboxylate ion (COO-) in 

Cit/Eu:HA structure [18,32], the peak position of C=O (COO-) stretching vibration was examined by 

the second derivative FT-IR spectra. The baseline was drawn in the range between 1662 and 1645  

cm−1 according to Chapter 2. 

In order to analyze the P‒O bonding states in a HA structure [33], the peak position of the P‒O 

stretching vibration was examined. The baseline was drawn in the range between 1132 and 1078  

cm−1, and the peak shift from 1103 cm-1 was evaluated by the coordination with Cit. 

In order to analyze the P‒O bonding component, the P‒O bonding states of Cit/Eu:HA 

nanoparticles were investigated by the FT-IR spectral deconvolution technique at the wavenumber 

regions between 817–1210 cm-1 according to Chapter 2. The P‒O stretching band was deconvoluted 

into six components at the absorption peak bands of 1103–1083, 1039–1029, 1032–997, 958–951, 

903–881 and 866–842 cm-1. All the residual values by the deconvolutions were less than 3 %. From 

the separated spectra, the ratio of the mono-component area was calculated. 

The charge transfer states of the Eu‒O bonding were evaluated by a photoluminescence 

excitation spectrum. The excitation spectra were recorded on FP-8500 spectrophotometer (PL: 

JASCO Co., Ltd.) with the monitored luminescence wavelengths at 615 nm, which were excited by 

a Xe lamp (atmosphere: air, excitation /detection slit sizes: 2.5 nm / 2.5 nm, measure time: 0.1 s, step 

width: 1.0 nm, sample weight: 20 mg, shape: pellet). 

X-ray diffraction (XRD) patterns were recorded with a powder X-ray diffractometer (Rigaku 

Co., Ltd., Smart Lab) according to Chapter 2. According to Scherer's equation (K=0.9), the crystallite 

sizes were estimated from the half width of the 002 and 300 diffractions to be D002 and D300, and the 

ratio (D002/D300) was calculated. 

The morphologies were observed on the carbon-coated Cu grid using a transmission electron 

microscope (TEM: JEOL Co., Ltd., JEM-2100F) at an accelerating voltage of 200 kV, and the short-

axis sizes (S), long-axis sizes (L) and aspect ratio (L/S) distributions in the Cit/Eu:HA nanoparticle 
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shapes were calculated by counting 300 particles, and the average (Ave.) and coefficient of variation 

(Cv.) values were calculated. 

The detailed surface structural layers of the nanoparticles were observed on the carbon-coated 

Cu grids using two TEMs (JEOL Co., Ltd., JEM1230, 100 eV or JEOL Co., Ltd., JEM-2200FS, 200 

eV). In the images, the surface structural layers were defined and binarized using options in the 

software (Microsoft Power Point 2016). The black and white values were defined as 0 and 255. The 

binarization was conducted at the position between 100 and 200 to evaluate the surface structural 

layers. 

The photoluminescence properties were evaluated by luminescence spectroscopy and 

microscopy according to Chapter 2. The excitation and luminescence spectra were recorded on the 

FP-8500 spectrophotometer with the monitored luminescence and excitation wavelengths at 615 nm 

and 464 nm, respectively. All the spectra were recorded under the same condition. 

The integrated luminescence intensities centered at the peak tops due to the 5D0 → 7F2 transition 

(between 600‒635 nm) under the excitation wavelengths at 464 nm were calculated, and the 

integrated luminescence intensity (I) per 1 mol of the amount of Eu3+ ion was calculated according to 

Chapter 2. 

The fluorescence microscopy (FM) images were obtained using the luminescence microscope 

(Olympus Co., Ltd., CKX41N-FL) according to Chapter 2. 

The internal quantum efficiency (int) was measured using an integrating sphere (ISF-834; 

internal diameter: φ 60 mm) according to Chapter 2.  

 

3.2.3.2 Characterization of the nanoparticles in phosphate buffer saline 

4CitEu:HA was ultrasonically dispersed in PBS at the particle concentration of 1.0 mg/mL for 

the evaluation of digital camera images with the UVA light irradiation to the nanoparticles according 

to Chapter 2.  

The size distributions of the nanoparticles (0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA, 

4Cit/Eu:HA and FA4Cit/Eu:HA) were measured with the electric resistance nanopulse method, 

which was demonstrated as the product name of qNano according to Chapter 2. The Cit/Eu:HA 

nanoparticles were ultrasonically dispersed in PBS at the particle concentration of 50 ng/mL for the 

particle size evaluation. Then, the dispersion solution was used at least countable 100 particles for the 

measurement to calculate the Ave. and the Cv. values. Here, the current values were set to be 80 to 

120 nA with the applied voltage of 0.49 V. As the calibration sample, the CPC100 were placed in 

PBS at the concentration of 2 × 109 particles/mL. 
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3.2.3.3  Cytotoxic evaluation of the nanoparticles against NIH3T3 

fibroblasts 

NIH3T3 fibroblast as the cell line was cultured in a plastic cell culture flask with the area of 75 

cm2 containing the 10 % FBS/DMEM (the solution containing the FBS in DMEM at 10 vol%). The 

cells were incubated at 37 °C in a humidified atmosphere of CO2 (5 vol%). After the culture for 7 

days, the cells were washed with 15 mL of PBS and treated with 1 mL of 0.05 w/v% trypsin-EDTA 

for 10 min, and the cells were dispersed in 15 mL of PBS and then re-dispersed in 15 mL of 10 % 

FBS/DMEM. The centrifugation and dispersion were carried out twice. The cell suspension in 10 % 

FBS/DMEM was seeded on the TCPS at the area density of 8000 cells/cm2. 

The sterilization treatment of the Cit/Eu:HA nanoparticles (0Cit/Eu:HA, 1Cit/Eu:HA, 

4Cit/Eu:HA and FA4Cit/Eu:HA) was carried out with ethanol. In particular, 10 mg of the Cit/Eu:HA 

nanoparticles were treated with 10 mL of water/ethanol (50 vol%/50 vol%) and 10 mL of 

water/ethanol (30 vol%/70 vol%), and each treatment was performed for 1 h. Then, the Cit/Eu:HA 

nanoparticles were dispersed in 10 mL of 10 % FBS/DMEM, and centrifugation (4000 rpm, 2 min) 

was performed to be finally dispersed in 5 mL of 10 % FBS/DMEM. 

At the cell culture time of 6 h, the Cit/Eu:HA nanoparticle dispersion solution was added to the 

cell surfaces at the final nanoparticle concentrations of 100 μg/mL and was incubated for the 

additional culture time of 66 h (i.e., total cell culture time: 72 h). At the culture times of 9, 12, 24, 48 

and 72 h, the adhered cell densities of the living cells in PBS were evaluated. As a reference sample, 

the cells without addition of nanoparticles (sample name: PS) was evaluated. For the evaluation of 

the cell density, the adhered cells were washed twice with 1 mL of PBS to remove the non-bonded 

nanoparticles and non-adhered cells. After the washing, the cells were observed by an optical 

microscope to obtain the adhered cell density (cells/cm2). The optical transmittance microscope 

images were obtained using the microscope (Olympus Co., Ltd., CKX41N-FL). 

 

3.2.3.4  Evaluation of cell labeling and cytostatic ability of the 

nanoparticles against HeLa cancer cells  

The HeLa cancer cells were cultured and seeded and their reaction with the Cit/Eu:HA 

nanoparticles was evaluated based on the same method for the fibroblasts mentioned above. At the 

cell culture time of 6 h, the Cit/Eu:HA nanoparticle dispersion solution was added to the cell surfaces 

and was incubated at the final nanoparticle concentrations of 100 μg/mL for the additional culture 

time of 66 h. At the culture times of 9, 12, 24, 48 and 72 h, the adhered cell densities were evaluated 

by the optical microscope of the living cells in 1 mL of PBS based on the same method of the 
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fibroblasts mentioned above. The optical transmittance microscope images and the FM images were 

obtained using the above microscope and the luminescence microscope under the same condition, 

respectively. 

The luminescence intensities of the lyophilized cells were measured. In particular, the adhered 

cells were washed twice with 1 mL of ultrapure water. After the lyophilization of the adhered cells, 

the integrated luminescence spectral areas at the wavelengths between 600‒635 nm were measured 

on the FP-8500 spectrophotometer under the excitation wavelength of 464 nm. 

The HeLa cells at the culture time of 60 h were densely-packed with each other and had an 

aggregation size of more than 50 μm, which were tumor cells and can be defined as tumorized spheres 

according to the previous report [34]. For the demonstration of the biomedical applications, the 

labeling ability against the tumorized spheres was evaluated. At the cell culture time of 60 h, the 

FA4Cit/Eu:HA nanoparticles were added to the tumorized spheres at the final nanoparticle 

concentrations of 100 μg/mL. At the lapse of 1, 3, 6, 12 and 24 h from the nanoparticle addition, the 

tumorized sphere density, shape and labeling of the living cells, and the luminescence intensity of the 

lyophilized cells and were evaluated according to the same procedure mentioned above. 

 

3.3 Results and Discussion 

3.3.1 Characterization of the nanoparticles 

Table 3-1 indicates the resultant chemical composition, (Ca+Eu+K)/P molar ratio and the molar 

concentration of Eu to (Eu+Ca) ) of the Cit/Eu:HA nanoparticles. Table 3-2 indicates the resultant 

coordinated amount of Cit, Cit molecular area occupancy and the zeta potential values of the 

Cit/Eu:HA nanoparticles. The feed (Eu+Ca+K)/P molar ratio of the nanoparticles was 2.06–2.16, 

which was higher than that of the feed (Eu+Ca+K)/P ratio at 1.67, whereas that of 0Cit/Eu:HA was 

1.67 and was the same as the feed ratio. The concentration of the Eu to (Eu+Ca) was 2.3–3.3 mol%, 

and the values were irrespective of the synthetic condition. When the Cit molecule was coordinated 

with the HA phase, the atom content of Ca decreased and that of Eu was constant, suggesting the 

substitution of Ca2+ with Eu3+ ion. Furthermore, that of P decreased with decreasing the atom content 

of Ca and that of C also increased. It was suggested that the increase in the C atom content indicates 

the Cit existence as well as the carbonate ion inclusion in the nanoparticles. Moreover, It is also 

possible that Cit was substituted with PO4
3- or HPO4

2- because the concentration of P was reduced by 

the coordination of Cit [35]. For the possibility of the Cit existence, when the feed concentration of 

Cit was higher, the ions (i.e., Ca2+, Eu3+ ions) in the Ca sites would interact with the Cit molecules on 
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the nanoparticle surfaces to form the preferential chelate complex. For the possibility of the carbonate 

ion inclusion, taking into account the higher (Eu+Ca)/P values, the B-type carbonate HA would be 

formed due to the charge compensation with the substitution of the Ca2+ with trivalent Eu3+ ion 

[14,36–38]. Therefore, the Eu3+ ion was substituted with the Ca2+ ion of HA and the Cit molecules 

interact with the Ca2+ and Eu3+ ions in the Ca sites. The resultant coordinated amount of Cit varied 

with the feed concentration. In particular, the resultant coordinated amounts of Cit and the Cit 

molecular area occupancy were 0, 0.99, 1.06, 1.13 and 1.24 mmol(g of HA)-1 and 0, 42.8, 61.4, 80.6 

and 117 % for 0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA, respectively. 

Also, the Cit content in the Cit/Eu:HA nanoparticles was confirmed using the Cit quantification kit. 

The zeta potential value of the previously-reported HA nanoparticles was about −4 mV [39]. 

0Cit/Eu:HA exhibited a higher value at −10.2 mV, suggesting the larger proportion of PO4
3− to 

HPO4
2− ions at the phosphate sites (i.e., rich in PO4

3−) in the crystal structure. The zeta potential values 

of the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA nanoparticles were about −25.0, −28.9, 

−27.1 and −37.6 mV, respectively, and were changed to be negative with increasing the coordinated 

amount of Cit, which were lower than that of 0Cit/Eu:HA. Considering that the Cit molecules interact 

Table 3-1.  Resultant chemical composition, (Ca+Eu+K)/P molar ratio and the molar concentration of Eu to 

(Eu+Ca) of the Cit/Eu:HA nanoparticles. 

 
 

Table 3-2.  Resultant coordinated amount of Cit, Cit molecular area occupancy and the zeta potential values of 

the Cit/Eu:HA nanoparticles. 

 

 

Sample name
Ca

(mol%)

Eu

(mol%)

K

(mol%)

P

(mol%)

(Ca+Eu+K)/

P molar ratio

Concentration of Eu

to (Eu+Ca)  

(mol %)

0Cit/Eu:HA 18.7 0.584 0.692 11.6 1.67 3.0

1Cit/Eu:HA 15.6 0.544 1.16 8.13 2.06 2.3

2Cit/Eu:HA 15.4 0.367 1.62 8.14 2.09 2.7

3Cit/Eu:HA 16.0 0.376 1.92 8.33 2.15 2.3

4Cit/Eu:HA 15.0 0.423 2.02 7.88 2.16 3.3

Sample name
Resultant coordinated amount 

of  Cit / mmol(g of HA)-1

Cit molecular area 

occupancy (%)
Zeta potential (mV)

0Cit/Eu:HA 0 - –10.2±7.5

1Cit/Eu:HA 0.99 42.8 –25.0±11

2Cit/Eu:HA 1.06 61.4 –28.9±4.1

3Cit/Eu:HA 1.13 80.6 –27.1±15

4Cit/Eu:HA 1.24 117 –37.6±11
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with the Ca2+ ions and Eu3+ ions in the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA 

nanoparticle surface layers, the Cit molecules would exist over the Ca ion sites on the Eu:HA and the 

surfaces were negatively-charged.  

The FT-IR spectra of the Cit/Eu:HA nanoparticles measured in the range of 2000−800 cm−1 were 

shown in Figure 3-3. In the spectrum of 0Cit/Eu:HA, the O−H bending vibration of H2O and 

stretching vibration of carbonate ion (CO3
2−) band (νs(CO3

2−)) were observed at around 1650 cm−1 

and 1485 cm−1, respectively. The several absorption bands that appeared at around 1100−1000 cm−1 

were attributed to triply degenerated asymmetric stretching mode (ν3) of P−O (νasPO4
3−, νasHPO4

2−). 

Especially, the weak shoulder band at around 960 cm−1 resulted from nondegenerated symmetric 

stretching mode (ν1) of P−O bond (νsPO4
3−). The weak shoulder band at around 860 cm−1 resulted 

from symmetric stretching mode (ν5) of P−O(H) of HPO4
2− group (νsHPO4

2−). These results indicated 

the formation of HA in 0Cit/Eu:HA [40,41].  

 

Figure 3-3.  (a) FT-IR spectra of the the Cit/Eu:HA nanoparticles and Cit. 
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In the reference sample of Cit (powder state), the absorption bands appeared at 1657 cm−1 were 

attributed to C=O stretching of carboxylate ion [42]. The adsorption bands at around 1590 and 1530 

cm−1, corresponding to asymmetric O−C=O stretching vibrations of carboxylate ion, and the 

adsorption band at around 1430 cm−1, corresponding to symmetric O−C=O stretching vibration [43]. 

The several absorption bands appeared at around 1400, 1360, 1291, 1245 and 1206 cm−1 are attributed 

to asymmetric bending vibration of C−OH, wagging vibration of −CH2−, symmetric bending 

vibration of C−OH, symmetric stretching vibration of C−O and rocking vibrations of −CH2−, 

respectively [42]. The characteristic bands of Cit also appeared at around 1171−1141, 1110, 

1085−905 and 880 cm−1, which were attributed to stretching vibration of C−O, bending vibration of 

C−OH, stretching vibration of C−C and twisting vibration of −CH2−, respectively, and the absorption 

bands of Cit were overlapped with those of Eu:HA to be difficult to distinguish the absorption bands 

at similar wavenumber regions.  

At about 860 cm−1, there are bending mode of the CO3
2− ion group and stretching mode of the 

CO3
2− ion group in addition to weak shoulder band at around 860 cm−1 resulted from symmetric 

stretching mode (ν5) of P−O(H) of HPO4
2− group (νsHPO4

2−). The existence of CO3
2− ion in these 

samples, the bending mode of the CO3
2− ion group and stretching mode of the CO3

2− ion group may 

appear at 870 and 860 cm−1, respectively [40]. The contained amount of CO3
2− ion in the Cit/Eu:HA 

nanoparticles were estimated from the FT-IR spectra as the background of the spectrum shape of the 

KBr alone [44]. Based on the FT-IR spectra in Figure 3-3, the peak areas were calculated after a 

preliminary baseline correction of the complete 4000–400 cm−1 spectrum. As the vibrational domains 

were retained for the analysis, both the stretching vibration of νs(CO3
2-) for carbonate ions and ν1 and 

ν3 of the P−O bonds were simply used. In particular, the integration of the νs(CO3
2-) band was 

performed at the wavenumbers between 1502–1475 cm−1, and that of ν1 and ν3 by the P−O bond 

contributions was integrated at the wavenumbers between 1205–930 cm−1. By the calculation based 

on the previous report [44], the contained amount of CO3
2− ions was 0.18, 0.41, 0.44, 0.46 and 0.61 

wt % for 0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA, respectively. Thus, 

the contained amount of CO3
2− ion in the Cit/Eu:HA nanoparticles increased with increasing the 

coordinated amount with Cit. The error range of amount of CO3
2- ion in the previous report for CO3

2- 

ion-containing HA synthesized at 20, 22, 37, 50 and 70 oC exhibited ± 0.5 wt% [44]. Therefore, it 

was suggested that the included amount of CO3
2- ion of this study was very small and could be 

regarded for the characterization of the Cit/Eu:HA nanoparticles. 

Figure 3-4(a) shows the second derivative FT-IR spectra of the Cit/EuHA nanoparticles and Cit 

alone in the region 1662 to 1645 cm−1. In the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA, 

the absorption bands appeared at around 1653 cm−1 and were attributed to C=O stretching vibration 
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of carboxylate ion (COO-) [42]. By the coordination, the C=O stretching mode was shifted to the 

lower energy region as compared to the case in the Cit alone. The shift would be attributed to the 

interactions between the carboxylate ion of Cit and the Ca site of the HA structure [18,32] to alter the 

Cit molecular state as shown in Figure 3-4(b). In particular, it has been known that the C=O stretching 

mode position due to the Cit monomer sate appeared at the lower energy side as compared with the 

case in the C=O stretching due to the dimer state [42]. Moreover, when the bonding electron 

transferred to the Ca side of Eu:HA, shifted to the lower energy region as compared to the case of the 

Cit alone [18,32]. Thus, since the bond between the Ca2+ or Eu3+ ion of Eu:HA and C=O formed, it 

was suggested that C=O stretching mode of Cit was adsorbed on the Ca site [18,32]. Accordingly, it 

was suggested that the monomer component ratio of Cit increased by the coordination based on the 

fix due to the interaction with the Ca site on the HA structure.  

The spectral shape change of the absorption band due to ν3 of the P−O bond with increasing the 

coordinated amount of Cit was investigated as follows. The peak shape was broadened and shifted to 

the lower wavenumber region with the coordination. As shown in Figure 3-5(a), the peak shift degree 

of the Cit/Eu:HA nanoparticles with the coordination was 3 cm-1. In particular, the peak maxima of 

the HA and 0Cit/Eu:HA were observed at 1103 cm−1, and those of 1Cit/Eu:HA, 2Cit/Eu:HA, 

3Cit/Eu:HA and 4Cit/Eu:HA were observed at 1106 cm−1. Based on the previous report [33], the 

 

Figure 3-4.  (a) Second derivative FT-IR spectra of the Cit/Eu:HA nanoparticles and Cit alone in the region 

between 1662 and 1645 cm−1, which indicates the peak band of C=O (COO-) of Cit, and (b) the possible 

interfacial interactions between C=O (COO-) (blue part) of Cit and Eu:HA surface. 
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spectral shape change indicates that the Cit molecule enhances the structural disorder of the Eu:HA 

nanoparticles and polycrystallizes the surface layers. Thus, it was suggested that the atomic structures 

on the Eu:HA layer were disordered by increasing the liquid-solid interface by the interaction between 

the Cit and the Ca site of Eu:HA as shown in Figure 3-5(b). 

Figure 3-6(a−e) showed the curve fitting and spectral separation results of the FT-IR 

deconvolution spectra for the P−O bonds of the HA and Cit/Eu:HA nanoparticles. The separated 

components of Figure 3-6(a−e) were assigned as shown in Chapter 2, which were described in the 

experimental section in detail. Since the lower content of carbonate ion in the Cit/Eu:HA 

nanoparticles can be disregard in this study, the spectral deconvolution was performed using only the 

P−O bond components. All the sample residuals were less than 3.5 % by the fitting. From the 

deconvolution spectral areas, the component ratios were represented in Figure 3-6(f). The component 

ratios of the peak areas [1a]−[1c] of the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA 

nanoparticles were higher than those of the HA and 0Cit/Eu:HA, suggesting that the atomic structures 

of the Eu:HA surface layer would be disordered. Here, the ratio of area [2] was irrespective of the 

presence of Cit. Among the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA nanoparticles, 

the component ratio of area [4] increased with the increasing the coordinated amount of Cit, and that 

of 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA was 1.1, 1.9, 2.0 and 2.1 %, respectively, 

 

Figure 3-5.  (a) FT-IR spectra of the Cit/Eu:HA nanoparticles in the region between 1132 and 1078 cm−1, 

which indicates the peak band due to asymmetric stretching mode, n3a, of the P−O bond in the HA strucure, 

and (b) the possible asymmetric vibration generated by the interactions between C=O (COO-) of Cit and P−O 

of Eu:HA surface. 
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indicating the increase in the ratio of HPO4
2- by the coordination. Moreover,  among the Cit/Eu:HA 

nanoparticles, the component ratio of the area [2] and the area [4] ([PO4
3-]/[HPO4

2-]) were investigated 

as shown in Figure 3-6(g). The [PO4
3-]/[HPO4

2-] ratio increased between the 0Cit/Eu:HA and 

1Cit/Eu:HA, and had a decreasing trend between the 1Cit/Eu:HA and 4Cit/Eu:HA. Since 0Cit/Eu:HA 

is Ca-deficient HA, it is expected to have the following composition formula [45]. 

Ca10-x Eux (PO4)6-x(HPO4)x(OH)2-x (1) 

 

Figure 3-6.  Curve fitting and spectral separation results of FT-IR deconvolution spectra in the P–O absorption 

bands of (a) 0Cit/Eu:HA, (b) 1Cit/Eu:HA, (c) 2Cit/Eu:HA, (d) 3Cit/Eu:HA and (e) 4Cit/Eu:HA. From the 

deconvolution spectral areas, the component ratios were represented in (f). The details of assignments in (f) were 

shown in Chapter 2. (g) Integrated area ratio of [PO4
3-]/[HPO4

2-] of Cit/Eu:HA  nanoparticles. 
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When substituting [HPO4
2-] with Cit ion, [HPO4

2-] may decrease [35]. After that, as a result of the 

interaction of C=O in Cit with the Ca site, it is considered that [HPO4
2-] increased in order to keep the 

charge of HA crystals neutral [46]. The decrease of [HPO4
2-] suggested that H+ in HPO4

2- was pulled 

out to become PO4
3-. Thus, it was found that the Cit molecular coordination altered the bonding state 

between the Ca and the phosphate sites in the Eu:HA structure to increase the ratio of HPO4
2- in the 

Eu:HA and subsequently disorder the surface atomic structures.  

Figure 3-7 indicated the excitation spectra of the Cit/Eu:HA nanoparticles in the wavelength 

region between 200−350 nm. The charge transfer (CT) transition band [39] of the Eu−O bond was 

observed at around 232 nm for 0Cit/Eu:HA and at around 235−237 nm for the 1Cit/Eu:HA, 

2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA nanoparticles. The CT transition band was red-shifted by 

the coordination with Cit. Here, it has been reported that the CT transition band is closely related to 

the covalent bond degree between the O and Eu atoms [39]. In particular, the decrease in the energy 

state of electron transfer from O to Eu by the coordination with Cit represents the increase in the 

covalent bonding degree. Thus, it was suggested that the bonding states between the Eu and O atoms 

were changed due to the increase of the HPO4
2- ratio by the coordination with Cit. 

 

 

Figure 3-7.  Excitation spectra of the Cit/Eu:HA nanoparticles in the wavelength region between 200−350 nm. 

The monitored luminescence wavelength for the measurement was 615 nm. 
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Scheme 3-4 showed an illustration of the possible coordinated structures of the Cit coordinated 

on the Eu:HA crystal structural surfaces. 0Cit/Eu:HA has calcium deficient sites. The Cit may 

substitute HPO4
2- in Eu:HA when it first interacts with Eu:HA. The decrease in the energy state of 

electron transfer from O to Eu by the substitution with Cit represents the increase in the covalent 

bonding degree. As the result, the Cit molecule enhances the structural disorder of the Eu:HA 

nanoparticles and polycrystallizes the surface layers to be amorphous state at the near-surface layer. 

Then, it is suggested that Cit adsorbs to the Ca site on the Eu:HA. As a result of the interaction of 

C=O in Cit with Ca site, it is considered that [HPO4
2-] increased in order to keep the charge of HA 

crystals neutral [46]. 

 

Scheme 3-4.  Illustration of the possible coordinated structures of the Cit coordinated on the Eu:HA crystal 

structural surfaces. Cit chelate formation increases the covalent bond ratio. 
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crystalline states as compared with the case in 0Cit/Eu:HA. The crystallite sizes of both D002 and D300 

were reduced by bonding with the Cit (Table 3-3). In particular, the D002 and D300 of 0Cit/Eu:HA 

were 36 nm and 14 nm, and the smaller D002 and D300 of the Cit/Eu:HA nanoparticles were 16−18 nm 

and 2.9−4.6 nm. Therefore, the Cit molecules interacted with the Eu:HA nanoparticle surfaces 

sterically hindered the nanoparticle growth by the inorganic/organic interactions.  

 

 

Figure 3-8.  XRD patterns of the Cit/Eu:HA nanoparticles and Cit alone. ■ and ● are the diffraction patterns 

of HA and Cit, respectively. 

 

Table 3-3.  The crystalline sizes and ratios of the Cit/Eu:HA nanoparticles with the different Cit concentrations. 
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In the following, the analysis of the spectral peak due to 5D0→
7F0 transition was performed to 

evaluate the existing states of Eu3+ ions in the Ca sites of HA. Although the 5D0→
7F0 transition of 

Eu3+ ion is parity-forbidden, which can be partially permitted when the Eu3+ ion is occupied in one of 

the Cs, C1, C2, C3, C4, C6, C2v, C3v and C6v environmental sites and the 5D0→
7F0 transition can be 

resultantly observed [16]. As shown in Figure 3-7, the luminescence spectra due to the 5D0→
7F0 

transition of the Cit/Eu:HA nanoparticles were separated and fitted to the characteristic luminescence 

peaks attributed to the different substitution of Eu3+ ions into the Ca(I) and Ca(II) sites of HA [14]. 

Here, the substitution of Eu3+ into Ca (II) site and Ca (I) sites provides the luminescence peak tops at 

574 and 577 nm, respectively, which was elucidated by the analytic comparison of the 5D0→
7F0 

transition areas with the ratio of the Eu3+ ions in the Ca (I) and Ca (II) sites [14,47]. The luminescence 

spectra of 0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA in Figure 3-9(a−e) 

exhibited the peak tops at 574.4, 575.0, 574.9, 574.6 and 574.6 nm for the Ca(II) site, and at 578.6, 

578.7, 578.8, 578.8 and 578.8 nm for the Ca(I) site, respectively, which were almost same to those in 

the previous reports [14] and were slightly red-shifted by the coordination with Cit, suggesting that 

 

Figure 3-9.  Luminescence spectra of (a) 0Cit/Eu:HA, (b) 1Cit/Eu:HA, (c) 2Cit/Eu:HA, (d) 3Cit/Eu:HA and (e) 

4Cit/Eu:HA in the wavelength region between 573−582 nm for investigating the Ca sites by the substitution of 

Eu3+ with Ca2+ ions. In particular, the luminescence wavelength regions of the Ca(II) and Ca(I) sites at the 

wavelength regions between 573−575 nm and 575−581 nm, respectively, were calculated by the peak separation 

technique under the monitored excitation wavelength at 464 nm to obtain (f) the separated peak area of Ca(I) 

and Ca(II) sites with the coordinated Cit amount. 

 

In
te

n
s
it
y
  

/ 
a
rb

. 
u
n
it

(b) (c)

(d) (e) (f)

574 576 578 580 582 574 576 578 580 582

574 576 578 580 582 574 576 578 580 582

A
re

a
 o

f 
C

a
 (

I)
 s

it
e

/ 
%

Resultant amount of Cit / 

mmol(g of sample)-1

0

92

94

96

98

100

0

5

10

0 20 40 60 80 1001200

A
re

a
 o

f C
a
 (II) s

ite
/ %

Wavelength / nm

(a)

574 576 578 580 582

Ca (I) site

Ca (II) site

～～ ～～



Chapter 3 Luminescent Hydroxyapatite Nanoparticles Coordinated with Citric Acid 

122 

the Ca site environment occupied by Eu3+ ions in Cit/Eu:HA nanoparticles was partially changed by 

the coordination. The integrated intensity areas due to the Ca(I) and Ca(II) sites of 0Cit/Eu:HA, 

1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA were about 99 % and 1 %, respectively 

(Figure 3-9(f)), indicating the preferential substitution into Ca(I) site by the coordination with Cit. 

The Eu:HA nanoparticles calcined at 750 ℃ exhibited the preferential substitution into the Ca(I) site 

[14]. The Eu:HA nanoparticles synthesized at the room temperature in the presence of 

cetyltrimethylammonium bromide. The integrated intensity area due to the Ca(I) and Ca(II) sites of 

nanoparticles was about 82 % and 18 %, respectively [48]. Thus, the presence of the coordinated 

organic molecules with HA may change the selective substitution into Ca(I) site irrespective of the 

coordinated Cit amount. 

Figure 3-10 showed the TEM images of the Cit/Eu:HA nanoparticles, and their average S and 

L size and L/S ratio distributions. 0Cit/Eu:HA exhibited the rod-like particle shapes, and 1Cit/Eu:HA, 

2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA exhibited the spherical particle shapes. The average L and 

S values of 0Cit/Eu:HA were 48 and 18 nm, respectively (Figure 3-10(f and f’)), and those of 

1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA were 16–20 nm and 9.4–12 nm, respectively 

(Figure 3-10(g−j and g’−j’)). The shapes and sizes of the 0Cit/Eu:HA were almost the same to the 

case in the synthetic HA nanoparticles at about 10–50 nm [49] and 20–100 nm [50], which were 

longer than those of 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA. The average L and S 

values of 0Cit/Eu:HA were almost matched to the D002 and D300 values in Table 3-3 and the average 

L/S value of 0Cit/Eu:HA was almost matched to the D002/D300 values, suggesting the single crystal in 

a nanoparticle of 0Cit/Eu:HA. On the other hand, the average L values of 1Cit/Eu:HA, 2Cit/Eu:HA, 

3Cit/Eu:HA and 4Cit/Eu:HA were almost matched to the D002 values, and the average S values were 

larger 3 times than the D300 values, suggesting a polycrystalline state along with the a-axis direction. 

The average L/S value decreased by the coordination with Cit. A rational synthesis method for 

mesoporous Mg–Al mixed metal oxides has been demonstrated using Mg-Al monodispersed layered 

double hydroxide nanoparticles stabilized with tris(hydroxymethyl)aminomethane tripod ligand as a 

building block [51]. The morphologies of the nanoparticles were successfully controlled by the 

coordination of the carboxylate ion of tris(hydroxymethyl)aminomethane ligand. The coordination of 

tris(hydroxymethyl)aminomethane tripod ligand achieved the morphological control of the 

nanoparticles, suggesting the possibility of nanoparticle shape control by the coordination of organic 

molecules. In this study, the Cit molecules selectively interact with the a-plane (Ca site) on the 

Cit/Eu:HA, and then gather and grow based on the Cit molecular aggregative interactions (e.g., dimer 

formation) to polycrystallize in the nanoparticle by binding along with the a-axis direction. Thus, the 
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interactions of Cit as an organic molecule and Eu:HA as an inorganic matrix were thought to be 

important for achieving luminescence properties. 

Figure 3-11 indicated the magnified TEM images at the near surfaces of 0Cit/Eu:HA, 

1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA. At the near surfaces of 0Cit/Eu:HA, the HA 

atomic structures were uniform and ordered. In the case of 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA 

and 4Cit/Eu:HA nanoparticles, the structures at the near-surface layers with the thickness of about 

 

Figure 3-10.  (a−e) TEM images of the nanoparticles and (f−j) long-axis sizes and (f’−j’) short-axis sizes of the 

particle shapes, and (k−o) aspect ratios ((a, f, f’, k) 0Cit/Eu:HA, (b, g, g’, l) 1Cit/Eu:HA, (c, h, h’, m) 

2Cit/Eu:HA, (d, i, i’, n) 3Cit/Eu:HA and (e, j, j’, o) 4Cit/Eu:HA). The yellow dotted circles in the TEM images 

indicate the nanoparticle shapes. 
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3−8 nm was different from those of the inner, suggesting the disordering of the surface atomic 

structures by the coordination with Cit. From the result of the XRD patterns (Figure 3-8), the inside 

and near surfaces of the nanoparticles would be HA crystalline phase and an amorphous calcium 

phosphate-containing Cit molecules, respectively. Furthermore, the zeta potential values of the 

nanoparticles were changed to be negative with increasing the coordinated amount of Cit (Table 3-

2). From the FT-IR results (Figure 3-4 and Figure 3-5), the Cit molecules enhanced the structural 

disordering of the nanoparticles [33], and the atomic structures at the Eu:HA surface layers become 

the disordering. Therefore, it was suggested that the Cit molecules existed on the surface of the 

nanoparticles, even though the TEM images should be acquired while minimizing the electron beam 

damages. In the future, a detailed surface analysis will be carried out to understand the atomic 

disordering mechanism. Therefore, the disordered surface structures at the near surfaces of 

1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA nanoparticles were successfully observed. 

 

Figure 3-11.  (a−e) TEM images of the surface structural layers of the Cit/Eu:HA nanoparticles ((a) 0Cit/Eu:HA, 

(b) 1Cit/Eu:HA, (c) 2Cit/Eu:HA, (d) 3Cit/Eu:HA and (e) 4Cit/Eu:HA). Although the TEM images were acquired 

while minimizing the damage of the nanoparticle structures by the electron beam. 

 

5 nm

(a)

(c)

5 nm

5 nm

(b)

(d)

5 nm

(e)

5 nm

Inside the particle

Inside the particle Inside the particle

Inside the particle

Carbon 

grid

Carbon 

grid

Carbon 

grid

Carbon 

grid

Carbon 

grid



Chapter 3 Luminescent Hydroxyapatite Nanoparticles Coordinated with Citric Acid 

125 

Figure 3-12 showed the FT-IR spectra of the XCit/Eu:HA and Cit/EuCa and a detailed 

illustration of the possible coordinated structures of the Cit on the Eu:HA crystal structural surfaces. 

The characteristic bands of Cit/EuCa also appeared at around 950−920, 880 and 885 cm−1, which 

were attributed to stretching vibration of C−C, twisting vibration of −CH2− and stretching vibration 

of C−C, respectively, and the absorption bands of Cit/EuCa were overlapped with those of Eu:HA, 

as shown in Figure 3-12(a). Therefore, it is possible that a compound similar to Cit/EuCa was formed 

on Eu:HA as shown in Figure 3-12(b), and indicated the illustration of the possible coordinated 

structures of the Cit molecules coordinated on the Eu:HA nanoparticle surfaces. As the expected 

Eu:HA nanoparticle state, the S and L values along with the a- and c-axis directions were about 18 

and 48 nm, respectively. Taking into account the crystallite sizes (D002 and D300) estimated by the 

XRD result, the Eu:HA nanoparticle was a single crystal. The TEM images of the near-surface layers 

of the nanoparticles (Figure 3-11) revealed the homogeneous atomic arrangement. From the result of 

FT-IR spectra, the presence of PO4
3− and HPO4

2− in the Eu:HA were confirmed. In the charge 

compensation process, the Eu3+ ion substitution into the Ca site induces one vacancy inside the site 

[15,52], and the unstable vacancy was compensated by the HPO4
2− ion generated at the phosphate site 

for achieving the electrical neutrality in the crystal. Thus, the increase in the defects in the structure 

of nanoparticle induced the change in the environmental phosphate ion state around Eu3+ ion into an 

asymmetry. As the result, it was suggested that the environmental coordination structures around Eu3+ 

ions in the Ca(I) site became the low symmetry.  

For the expected Cit/Eu:HA nanoparticle state, the S and L values along with the a- and c-axis 

directions were about 9–12 and 16–20 nm, respectively, and these values mismatch with the D002 and 

D300 values estimated by the XRD patterns, suggesting the polycrystalline state in one particle. The 

surface structural layers of the nanoparticles in TEM images (Figure 3-11) suggested the formation 

of the surface layer based on the low crystalline calcium phosphate, which would be attributed to the 

atomic disordering by the Cit coordination. By the Cit molecules preferentially included in the surface 

layer, the Cit/Eu:HA nanoparticles provided the negatively-charged state. From the results on the FT-

IR spectra, the presence of PO4
3− and HPO4

2− ions were confirmed and the proportion of PO4
3− and 

HPO4
2− increased and decreased by the coordination with Cit, respectively, and the spectral shape 

changes indicated that the coordinated Cit molecules enhanced the structural disordering of phosphate 

site in the Eu:HA nanoparticles [33]. The Eu3+ ions in the Ca(I) site interacted with the phosphate site 

ions, and the covalent bond ratio at the interface increased due to the chelate formation [39] between 

Cit and Eu3+according to the excitation spectral result (i.e., the CT transition band of the Eu−O bond 

change). As a result, the symmetry coordination structure of the Ca(I) site would be lowered by the 

coordination with Cit, leading to the enhanced luminescence efficiency. Thus, it was suggested that 
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the low symmetry of the coordination structure for the Ca (I) site was an important factor for 

achieving an enhanced luminescence efficiency.  

 

 

Figure 3-12.  (a) FT-IR spectra of the XCit/Eu:HA and Cit/EuCa. (b) Detailed illustration of the crystalline 

sizes of Eu:HA nanoparticles and the possible coordination structures of the Cit on the surfaces. 

 

Figure 3-13 showed the number of Cit layer and the maximum thickness of Cit layer of 

XCit/Eu:HA nanoparticle, and the average thickness change of Cit and Eu:HA layer by TEM with 

the maximum thickness of Cit layer, and the detailed illustration of the possible coordinated structures 

by substitution, adsorption and multi-layer formation of the Cit on the Eu:HA crystal structural 

surfaces. The number of Cit layer and the maximum thickness of Cit layer of XCit/Eu:HA 

nanoparticle increased linearly with the increase of the Cit molecular occupancy as shown in Figure 

3-13(a). The average thickness change of Cit and Eu:HA layer by TEM was almost proportional as 

shown in Figure 3-13(b). It was suggested that the region where the layer was observed by TEM was 

a layer containing both the Cit and the amorphous Eu:HA near-surface layer. Considering the size of 

the Cit molecule, it was suggested that all the region (i.e., surface structural layers) observed by TEM 

was mainly derived from the amorphous state of Eu:HA. Thus, as shown in Figure 3-13(c), The Cit 
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energy state of electron transfer from O to Eu by the substitution with Cit represents the increase in 

the covalent bonding degree ([i] in Figure 3-13(c)). As the result, the Cit molecule enhances the 

structural disorder of the Eu:HA nanoparticles and polycrystallizes the surface layers to be amorphous 

 

Figure 3-13.  (a) Number of Cit layer and maximum thickness of Cit layer on XCit/Eu:HA nanoparticle. (b) 

Average thickness change of the Cit and Eu:HA layers observed by TEM with the maximum thickness of Cit 

layer.  (c) Detailed illustrations of the possible coordination structures by (c-1) substitution, (c-2) adsorption 

and (c-3) multilayer formation of the Cit on the Eu:HA surfaces, which were totally investigated by the above 

results. The red, blue and green regions in the figures indicate the possible regions of substitution, adsorption 

and multilayer formation, respectively. 
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state. Then, it is suggested that Cit adsorbs to the Ca site on the Eu:HA. After that, as a result of the 

interaction of C=O in Cit with Ca site, it is considered that the ratio of [HPO4
2-] increased in order to 

keep the charge of HA crystals neutral [46] ([ii] in Figure 3-13(c)). The decrease of [HPO4
2-] 

suggested that H+ in HPO4
2- was pulled out to become PO4

3-. Then, the compound similar to Cit/EuCa 

was formed on Eu:HA to be the multilayer-state ([iii] in Figure 3-13(c)).  

The excitation and luminescence spectra, I and int value changes of the Cit/Eu:HA nanoparticles 

were shown in Figure 3-14. In the excitation spectra of the Cit/Eu:HA nanoparticles (Figure 3-14(a)), 

all the peaks could be attributed to the f–f transitions within the 4f 6 electron configuration, reflecting 

the electronic transitions of the Eu3+ ion [16]. The excitation spectra for the Cit/Eu:HA nanoparticles 

consisted of several peaks, which were located at 363 nm (7F0 → 5D4), 383 nm (7F0 → 5G4), 394 nm 

(7F0 → 5L6), 464 nm (7F0 → 5D2) and 535 nm (7F0 → 5D1), and the spectral shapes among the 

Cit/Eu:HA nanoparticles were almost same. In the visible light range (400–550 nm) and the UVA 

range (315–400 nm), the most PL intense band assigned to the excitation from the ground 7F0 to the 

5D2 level and 7F0 to the 5L6 are located at 464 nm, so that the wavelengths were used to excite the Eu3+ 

ions in the following.  

Figure 3-14(b) exhibited the luminescence spectra of the Cit/Eu:HA nanoparticles under the 

excitation wavelength at 464 nm. The luminescence exhibited the red-color digital camera image by 

the UVA light irradiation of the 4Cit/Eu:HA (Figure 3-14(b) Inset). All the peaks corresponded to 

the transitions from the metastable orbital singlet state of 5D0 to the spin–orbital states of 7FJ (J = 0, 

1, 2, 3, 4) of the Eu3+ ion. These characteristic transitions were assigned to the 5D0 to 7F0 at 579 nm, 

7F1 at 590 nm, 7F2 at 615 nm (for 0Cit/Eu:HA) or 617 nm (for 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA 

and 4Cit/Eu:HA), 7F3 at 653 nm and 7F4 at 698 nm, respectively. The observation of 5D0 → 7F0 

transition at 579 nm implied that the Eu3+ ion is thought to be abundant at the Ca (I) site [14]. The 

spectral shape of the 5D0 → 7F2 transition (i.e., Stark splitting state [16,53]) were compared among 

0Cit/Eu:HA and 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA were changed. This would 

be attributed to the change in the coordination space symmetry of Eu3+ ion by the coordination with 

Cit. Here, the 5D0 → 7F1 (between 583−603nm) and 5D0 → 7F2 (between 603−636nm) transitions can 

be attributed to magnetic dipole and electric dipole transitions, respectively [54]. The integrated 

luminescence intensities of the 5D0 → 7F1 and 5D0 → 7F2 were I590 and I615, respectively. The intensity 

of the magnetic dipole transition exhibits very little variation with the crystal field strength acting on 

the Eu3+ ion. The electric-dipole transition is sensitive to the local structure surrounding the Eu3+ ion. 

Accordingly, the relative peak intensity ratio (i.e., I590/I615) indicates the spatial symmetry of the Eu3+ 

ion site [55], and the I590/I615 values under an excitation wavelength of 464 nm were measured to be 

0.38, 0.41, 0.40, 0.37 and 0.36 for 0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 
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4Cit/Eu:HA, respectively. Among the 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA and 4Cit/Eu:HA, the 

value slightly decreased with increasing the coordinated amount of Cit. It was indicated that the 

spatial symmetry of Eu3+ ion was lowered with the coordination amount with Cit, indicating the 

coordination environment (i.e., symmetry) change of the Eu3+ ion in the Cit/Eu:HA nanoparticles by 

the coordination.  

Figure 3-14(c) showed the I and int value changes of the Cit/Eu:HA nanoparticles under the 

excitation at 464 nm. The highest I value in the Cit/Eu:HA nanoparticles was observed in 4Cit/Eu:HA. 

The I values of 4Cit/Eu:HA under the excitation at 464 nm were higher 3 times than those of the 

0Cit/Eu:HA. Moreover, the 4Cit/Eu:HA exhibited the best int values of 12.5 % under the excitation 

at 464 nm, and the int values of 4Cit/Eu:HA were higher 4 times than those of the 0Cit/Eu:HA, which 

are best values in the previously-reported luminescent HA systems. For example, the Eu3+ ion-doped 

HA nanoparticles exhibited the efficient int values of 2.1 % under the excitation wavelength of 393 

nm [38]. The enhanced luminescence intensity would be attributed to the change in the disordering 

of the atomic structures at the Eu:HA surface layer to lower the spatial symmetry of Eu3+ ion by the 

coordination of Cit molecules to the Eu:HA. The coordination of Cit molecules to the Eu:HA lowered 

the Eu3+ spatial symmetry and permitted the f-f transition with the chelate formation between Cit and 

Eu3+ [56], and achieved the distance between the Eu3+ ions that do not cause concentration quenching 

and suppressed the deactivation due to the resonance energy transfer to water molecules, suggesting 

the enhanced luminescence. Therefore, the luminescence enhancement with the coordination was 

successfully elucidated, and 4Cit/Eu:HA exhibited the highest int value in the previous reports. As 

the expected Eu:HA nanoparticle state, there are two types of Ca sites, which are Ca(I) with C3 

symmetry surrounded by 9 oxygen atoms and Ca(II) with Cs symmetry surrounded by 7 oxygen atoms 

[57]. From the analytical result of the luminescence spectral peak due to 5D0→
7F0 transition, the Eu3+ 

ions were preferentially present in the Ca(I) site. It has been reported that the bond distance between 

Ca(I) site–O and Ca(II) site–O were 0.2553 and 0.2459 nm, respectively [14]. The distance between 

Ca(I) site–O atom is longer than that between Ca(II) site–O atom, suggesting that the concentration 

quenching between the Eu3+ ions would be suppressed by the substitution into Ca(I) site to resultantly 

provide the efficient luminescence. Therefore, the luminescence of the substituted Eu3+ ion in HA 

would be affected by the environmental phosphate ion type and the special symmetry in the Ca site 

to totally provide the negatively-charged surface property. For the expected Cit/Eu:HA nanoparticle 

state, the Eu3+ ions in the Ca(I) site interacted with the phosphate site ions, and the covalent bond 

ratio at the interface increased due to the chelate formation [39] between Cit and Eu3+according to the 

excitation spectral result (i.e., the CT transition band of the Eu−O bond change). As a result, the 

symmetry coordination structure of the Ca(I) site would be lowered by the coordination with Cit, 
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leading to enhanced luminescence efficiency. Thus, it was suggested that the low symmetry of the 

coordination structure for the Ca (I) site was an important factor for achieving an enhanced 

luminescence efficiency.  

 

Figure 3-14.  (a) Excitation and (b) luminescence spectra of the Cit/Eu:HA nanoparticles. The monitored 

luminescence and excitation wavelengths for the excitation and luminescence spectral measurements were 615 

or 617 nm and 464 nm, respectively. Inset: digital camera image after the UVA light irradiation of the 

4Cit/Eu:HA. (c) I and int value changes of the Cit/Eu:HA nanoparticles, which was excited under the 

wavelengths of  464 nm. Here, the red, blue and green regions in the figures indicate the possible regions of 

substitution, adsorption and multilayer formation, respectively. 
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3.3.2 Size distributions of the nanoparticles in phosphate buffer saline 

Figure 3-15 shows the digital camera image before and after the UVA light irradiation of the 

4Cit/Eu:HA dispersed in PBS (Figure 3-15(a-1 and a-2)), and particle size distributions of 

0Cit/Eu:HA, 1Cit/Eu:HA, 2Cit/Eu:HA, 3Cit/Eu:HA, 4Cit/Eu:HA and FA4Cit/Eu:HA nanoparticles 

dispersed in PBS (Figure 3-15(b-g)), and the Ave. and Cv. value changes with the coordinated Cit 

amount (Figure 3-15(h)). Red luminescence was confirmed from the dispersion. The Ave. and Cv. 

values were 113 nm and 29 % for 0Cit/Eu:HA, 83 nm and 9.9 % for 1Cit/Eu:HA, 84 nm and 7.2 % 

for 2Cit/Eu:HA, 65 nm and 7.8 % for 3Cit/Eu:HA, and 90 nm and 7.7 % for 4Cit/Eu:HA. The L/S 

distribution of the 0Cit/Eu:HA based on the TEM observation result indicated the bimodal, suggesting 

that 0Cit/Eu:HA had an anisotropic nanoparticle shape. Thus, the aggregation form of 0Cit/Eu:HA 

dispersed in PBS also exhibited the bimodal distribution that was analyzed by the electric resistance 

nanopulse method in this study, which was reflected to the primary nanoparticle shapes of 

0Cit/Eu:HA. Here, this electric resistance nanopulse method was able to obtain a result following the 

aspect ratios of the nanoparticle by TEM [58]. The Cv. values of 1Cit/Eu:HA, 2Cit/Eu:HA, 

3Cit/Eu:HA and 4Cit/Eu:HA were significantly suppressed by the coordination with Cit to be 

monodispersed sate in PBS. Therefore, the Cit/Eu:HA nanoparticles dispersibility in PBS was 

improved by the coordination of the negatively-charged Cit molecules. The uptake of the HA particles 

with a size of 50−200 nm (concentration: 100 μg/mL) by the osteoblasts has been investigated, and 

those with the size of 80 nm exhibited the best uptake efficiency without the cytotoxic proliferation 

behavior [50]. From the viewpoint of the particle sizes, the Cit/Eu:HA nanoparticles synthesized in 

this study are thought to be suitable for uptake efficiency and non-cytotoxicity. In particular, 

4Cit/Eu:HA exhibited the highest I and int values among the Cit/Eu:HA nanoparticles, and 

4Cit/Eu:HA and FA-NHS-immobilized 4Cit/Eu:HA (FA4Cit/Eu:HA) were mainly used in the 

following experiment.  
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Figure 3-15.  Digital camera image (a-1) before and (a-2) after the UVA light irradiation of the 4Cit/Eu:HA 

dispersed in PBS (nanoparticle concentrations : 1.0 mg/mL). Particle size distributions of (b) 0Cit/Eu:HA, (c) 

1Cit/Eu:HA, (d) 2Cit/Eu:HA, (e) 3Cit/Eu:HA, (f) 4Cit/Eu:HA and (g) FA4Cit/Eu:HA dispersed in PBS 

(Cit/Eu:HA nanoparticle concentration: 50 ng/mL), and (h) the Ave. value changes with the coordinated Cit 

amount. ○ show the Ave. value for FA4Cit/Eu:HA . 
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3.3.3 Cytotoxicity of the nanoparticles 

The adhered fibroblast density changes in the reaction with the Cit/Eu:HA nanoparticles with 

the culture time were shown in Figure 3-16(A). All the samples showed a linear increase with the 

culture time, and there was no significant difference between the samples. At the culture time of 72 

h, the cell density of PS, 0Cit/Eu:HA, 1Cit/Eu:HA, 4Cit/Eu:HA and FA4Cit/Eu:HA were 71600 ± 

11000, 83000 ± 8000, 71000 ± 11000, 70000 ± 10500 and 69500 ± 9000 cells/cm2, respectively. 

Therefore, non-cytotoxic behaviors of the Cit/Eu:HA nanoparticles were elucidated. The optical 

transmittance images of the fibroblasts reacted with the Cit/Eu:HA nanoparticles for the culture time 

of 72 h were shown in Figure 3-16(B). The adherent cells spread, and the number of cells increased 

with the culture time. The nanoparticles on the cells could not be confirmed, so that the nanoparticles 

may interact with the cells at the dispersed state and be taken up by the cells. There were many 

fusiform cells and was no significant difference in the cellular shapes irrespective of the addition of 

the nanoparticles. Thus, the fibroblast affinity of the nanoparticles was confirmed.  

 

Figure 3-16.  (A) Adhered fibroblast density changes in the reaction with the Cit/Eu:HA nanoparticles with 

the culture time (Cit/Eu:HA nanoparticle concentration: 100 µg/mL). The arrow in the figure indicates the 

Cit/Eu:HA nanoparticles addition point at the culture time of 6 h. (B) (a‒y) Optical transmittance images of the 

fibroblasts reacted with the Cit/Eu:HA nanoparticles ((a‒e) PS, (f‒j) 0Cit/Eu:HA, (k‒o) 1Cit/Eu:HA, (p‒t) 

4Cit/Eu:HA and (u‒y) FA4Cit/Eu:HA) for the culture time of 72 h. 
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3.3.4 Cell labeling and cytostatic ability of the nanoparticles against cancer 

cells 

Figure 3-17(A) shows the adhered HeLa cell density changes in the reaction with the Cit/Eu:HA 

nanoparticles with the culture time. All the samples induced an increase of cell density with the culture 

time. In particular, the 1Cit/Eu:HA, 4Cit/Eu:HA and FA4Cit/Eu:HA increased moderately with the 

culture time, and these slopes of the growth line curves were smaller than those of PS and 0Cit/Eu:HA. 

A significant difference between the samples was observed with culture time. At the culture time of 

72 h, the cell densities with interacting PS, 0Cit/Eu:HA, 1Cit/Eu:HA, 4Cit/Eu:HA and 

FA4Cit/Eu:HA were 88000 ± 13000, 76000 ± 7500, 45000 ± 6700, 46000 ± 6900 and 35000 ± 4500 

cells/cm2, respectively. The Cit/Eu:HA nanoparticles (1Cit/Eu:HA, 4Cit/Eu:HA and FA4Cit/Eu:HA) 

exhibited the lower cell densities, indicating that the suppression of the HeLa cell growth was started 

at the time of 18 h after the addition of the nanoparticles. It was supposed that the coordinated Cit 

molecules effectively form the chelate with Ca2+ ion or Fe2+ ion at the acidic biological fluid inside 

the HeLa cells with the dissolving of the HA host matrix, and inhibit the action of the proteins (e.g, 

iron-binding protein 1) involved in the cell growth and antioxidant enzymes [28]. Furthermore, it was 

suggested that the interactions between Fe2+ ions and Cit ions depleted Fe2+ ion concentration in the 

cytoplasm, leading to cell death [29]. And, it has been also reported that the glycolytic system of the 

cell is inhibited to suppress cell proliferation [59]. Therefore, it was suggested that the suppression of 

the HeLa cell growth (i.e., the cytostatic property) was achieved by the interactions with the 

Cit/Eu:HA nanoparticles. 

Figure 3-17(B) indicates the integrated luminescence intensity changes of the HeLa cells reacted 

with the Cit/Eu:HA nanoparticles under the excited wavelength at 464 nm with the culture time. The 

adhered cells were washed twice with PBS to remove the non-bonded nanoparticles and non-adhered 

cells. After the washing, the integrated luminescence intensity of the adhered cells with interacting 

the Cit/Eu:HA nanoparticles was evaluated and increased with the culture time, indicating that the 

binding and uptake of the nanoparticles by the cells occurred to exhibit the intense luminescence 

intensity. In particular, the luminescence intensity from the cells reacted with the FA4Cit/Eu:HA 

greatly increased at the culture time of 24–48 h. It was suggested that the FA molecular receptor on 

the cells was excessively expressed to resultantly promote the binding between cells and 

FA4Cit/Eu:HA and the uptake finally occurred [60]. The cells interacted with FA4Cit/Eu:HA showed 

the highest luminescence intensity, even although the cell density for the case in FA4Cit/Eu:HA was 

lower than that for the case in the other samples, suggesting that the cell−nanoparticle interactive 

uptakes proceeded efficiently. Therefore, the Cit/Eu:HA nanoparticles were successfully reacted with 
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the HeLa cells and the red-color luminescence from the cells could be observed while suppressing 

the HeLa cell growth, indicating the bifunctional labeling and cytostatic property of the HeLa cells. 

The optical transmittance and FM images of the HeLa cells reacted with the Cit/Eu:HA 

nanoparticles for the culture time of 72 h were shown in Figure 3-17(C). From the optical 

transmittance images, the adherent cells spread and the number of cells increased with the culture 

time. There were no significant difference in the cellular shapes and many elongated and spindle-

shaped cells were observed, and the FM images along with the cellular shapes were clearly observed. 

Until the 3 h after the addition of the Cit/Eu:HA nanoparticles, the FM images were unclear, and 

those at the 6 h after the addition were clear. The Cit/Eu:HA nanoparticles may interact safely with 

the cells and be taken up by the cells for 6 h. Additionally, the luminescence intensity from the cells 

was enhanced by the coordination with Cit. In particular, the cells interacted with the FA4Cit/Eu:HA 

exhibited the strongest luminescence. The luminescence of FA4Cit/Eu:HA was apparently observed 

from the inside/outside of the cellular surfaces, suggesting that the nanoparticles were partially taken 

up into the cellular insides. Then, the achievement of the cell growth suppression may also be an 

evidence against the presence of FA4Cit/Eu:HA inside the cell. The efficient luminescence from the 

cells by the FM observation was obtained at the culture time of 72 h, suggesting that the binding and 

uptake efficiency against the cells through the FA receptor overexpressed on the surfaces was 

sufficient [60]. Thus, the Cit/Eu:HA nanoparticles could be reacted with the HeLa cells to exhibit the 

appropriate cellular shapes. 
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Figure 3-17.  (A) Adhered HeLa cell density changes in the reaction with the Cit/Eu:HA nanoparticles with the 

culture time (Cit/Eu:HA nanoparticles concentration: 100 µg/mL). (B) The integrated luminescence intensity 

changes at the wavelengths between 600‒635 nm of the HeLa cells reacted with the Cit/Eu:HA nanoparticles 

under the excited wavelength at 464 nm with the culture time. Here, the integrated luminance intensity from 

TCPS alone was subtracted from those of the Cit/Eu:HA nanoparticles. Arrows in the figures indicate the 

addition timing of the Cit/Eu:HA nanoparticles at the culture time of 6 h. (C) Optical transmittance and FM 

images of the HeLa cells reacted with the Cit/Eu:HA nanoparticles. (a‒e, f‒j, k‒o, p‒t and u‒y) Optical 

transmittance and (a’‒e’, f’‒j’, k’‒o’, p’‒t’ and u’‒y’) FM images of the HeLa cells reacted with the Cit/Eu:HA 

nanoparticles ((a‒e, a’‒e’) PS, (f‒j, f’‒j’) 0Cit/Eu:HA, (k‒o, k’‒o’) 1Cit/Eu:HA, (p‒t, p’‒t’) 4Cit/Eu:HA and 

(u‒y, u’‒y’) FA4Cit/Eu:HA) for the culture time of 72 h. The images of (a’‒y’) were same positions to those 

of (a‒y). 
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Scheme 3-5 showed the illustration of the cytostatic mechanism by Cit. FA4Cit/Eu:HA binds to 

the folic acid receptor located on the cell membrane and is taken up by endocytosis. When it becomes 

an acidic environment in the lysosome (endosome), Fe3+ ions are then dissociated into Fe2+ ions. It 

then forms the chelate complex with the Cit dissolved from FA4Cit/Eu:HA, depletes Fe2+ ions in the 

cytoplasm, and inhibits the growth of the cells [29]. The binding affinity between citric acid and Fe2+ 

ion is about 5.0 × 1019 M-1 [26], and the binding affinity between citric acid and Ca2+ ion is about 2.0 

× 104 M-1 [27]. In the cells, the stable chelates are formed between the Fe2+ ions and citric acid to 

successfully induce the cytostatic property. 

 

 

Scheme 3-5.  Illustration of cytostatic mechanism by Cit ion. In details, the Cit and Fe2+ ions can form a chelate 

complex, and the depletion of the Fe2+ ions in the cytoplasm can suppress the cancer cell proliferation. The 

binding affinity between Cit and Fe2+  is about 5.0 × 1019 M-1, and the binding affinity between Cit and Ca2+ is 

about 2.0 × 104 M-1, indicating that the stable chelates are formed between Cit and Fe2+ in the HeLa cells. 

 

The FA4Cit/Eu:HA, which provided the preferential bifunctional of the labeling and cytostatic 

property of the HeLa cells, was added to the cells after the culture time of 60 h. Figure 3-18(A) shows 

the adhered HeLa cell density changes in the reaction with the Cit/Eu:HA nanoparticles with the 

culture time. The cells cultured for 60 h clearly exhibited the elongated and spindle-shaped states, 

which were tumor cells and can be defined as spheres [34]. In the application for the cell labeling 

nanoparticles, the evaluation against the spheres is important. In the following, the cytostatic property 

and cell labeling ability against the spheres were evaluated using FA4Cit/Eu:HA. The FA4Cit/Eu:HA 

induced the lower sphere growth behavior than the case in the PS with culture time. In particular, the 
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suppression of the sphere growth clearly began to be at the time of 12 h after adding FA4Cit/Eu:HA. 

Thus, it was confirmed that the coordinated Cit molecules could significantly contribute to the sphere 

growth suppression. 

 

 

Figure 3-18.  (A) Adhered HeLa cell density changes in the reaction with the Cit/Eu:HA nanoparticles with the 

culture time from the Cit/Eu:HA nanoparticles addition point at the culture time of 60 h (Cit/Eu:HA 

nanoparticles concentration: 100 µg/mL). (B) The integrated luminescence intensity change at the wavelengths 

between 600‒635 nm of the HeLa cells reacted with FA4Cit/Eu:HA under the excited wavelength at 464 nm. 

Here, the integrated luminance intensity from TCPS alone was subtracted from those of the Cit/Eu:HA 

nanoparticles. Arrows in the figures indicate the addition timing of the Cit/Eu:HA nanoparticles at the culture 

time of 60 h. (C) Optical transmittance (a‒e) and (a’‒e’) FM images of the HeLa cells reacted with 

FA4Cit/Eu:HA. The photographs were subsequent cultured at (a, a’) 1, (b, b’) 3, (c, c’) 6, (d, d’) 12 and (e, e’) 

24 h, indicating the culture times of 61, 63, 66, 72 and 84 h. The images of (a’‒e’) were same positions to those 

of (a‒e). 
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mechanism, the FA4Cit/Eu:HA was incorporated inside the sphere by the efficient binding/uptake 

rout based on the sphere−nanoparticle interactions and transported into the intracellular endosome 

and lysosome, where the pH value was 6.0−6.5 and 4.0−5.5, respectively [61], suggesting that the 

FA4Cit/Eu:HA would be dissolved in the endosome and lysosome to slightly suppress the intensity 

enhancement at the time of 24 h.  

The optical transmittance and FM images of the spheres that reacted with FA4Cit/Eu:HA are 

shown in Figure 3-18(C). From the optical transmittance images, the adherent spheres spread and 

the size of spheres increased with the culture time. At the time of 1 h after the FA4Cit/Eu:HA addition, 

the cell labeling with following the cellular shapes was successfully achieved, suggesting that the 

FA4Cit/Eu:HA would exist along with the cellular shapes. The labeling contrast was enhanced until 

the time of 24 h after the nanoparticle addition, indicating that the FA4Cit/Eu:HA may interact safely 

with the spheres with the culture. Therefore, FA4Cit/Eu:HA was effectively reacted with the spheres 

after the culture time of 60 h, and the luminescent labeling with following the cellular shapes could 

be observed at the time of 1 h after the nanoparticle addition, indicating the speedy cell labeling 

process with cytostatic property for the spheres. In particular, the sphere growth began to be 

suppressed at the time of 12 h after the nanoparticle addition.  

 

3.4 Conclusion 

The efficient luminescence ability in the application for HeLa cell label including the higher int 

based on the photofunctional interfaces between the Cit and Eu:HA in the nanoparticles was achieved, 

and the Cit molecular effect on the suppression of the HeLa cell line growth was investigated. In 

particular, the Eu:HA nanoparticles were successfully synthesized in the presence of the Cit, and the 

Cit molecules coordinated with the Eu:HA nanoparticles and the physicochemical properties based 

on the Eu:HA/Cit interfacial interactions in the nanoparticles were elucidated. It was suggested that 

the monomer component ratio of Cit increased by the coordination based on the interaction with the 

Ca site on the HA structure. Accordingly, the monomeric Cit molecular coordination altered the 

bonding state between the Ca and the phosphate sites in the Eu:HA structure to increase the ratio of 

HPO4
2- in the Eu:HA and subsequently disorder the surface atomic structures on the Eu:HA surface 

layer. Furthermore, it was suggested that the bonding states between the Eu and O atoms were 

changed due to the increase of the HPO4
2- ratio by the coordination with Cit. The Cit molecules 

interacted with the Eu:HA nanoparticle surfaces sterically hindered the nanoparticle growth by the 

inorganic/organic interactions to form the spherical shape of Eu:HA nanoparticles. Considering that 

the Cit molecules interact with the Ca2+ ions and Eu3+ ions in the Cit/Eu:HA nanoparticle surface 
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layers, the Cit molecules would exist over the Ca ion sites on the Eu:HA to exhibit the negatively-

charged property. The spatial symmetry of Eu3+ ion was lowered with the coordination amount with 

Cit, indicating the coordination environment change of the Eu3+ ion in the Cit/Eu:HA nanoparticles 

by the coordination. The luminescence enhancement with the coordination was successfully 

elucidated. In fact, the low symmetry of the coordination structure for the Ca (I) site was an important 

factor for achieving the enhanced luminescence efficiency. Furthermore, the FA-NHS was 

immobilized on the Cit/Eu:HA nanoparticles to resultantly enhance the uptake efficiency of the 

nanoparticles into the HeLa cells, and the cytocompatibility using NIH3T3 fibroblasts and cell 

labeling properties of HeLa cells were evaluated. As a result, non-cytotoxic behaviors of the 

Cit/Eu:HA nanoparticles were elucidated. Moreover, it was suggested that the suppression of the 

HeLa cell growth was achieved by the interactions with the Cit/Eu:HA nanoparticles. The Cit/Eu:HA 

nanoparticles were successfully reacted with the HeLa cells and the red-color luminescence from the 

cells could be achieved while suppressing the HeLa cell growth, indicating the bifunctional cell 

labeling and cytostatic property. The Cit/Eu:HA nanoparticles could be reacted with the HeLa cells 

to exhibit the appropriate cellular shapes, and the coordinated Cit molecules could significantly 

contribute to the sphere growth suppression. In particular, FA4Cit/Eu:HA was effectively reacted 

with the spheres after the culture time of 60 h, and the luminescent labeling with following the cellular 

shapes could be achieved at the time of 1 h after the nanoparticle addition, indicating the rapid labeling 

process with cytostatic property for the spheres. 

The achievement statuses for initial targets in Chapter 1 were evaluated and achieved by this 

chapter as below. 

I  Extreme biosafety for normal cells 

✓ The N1/N0 ratios by all the nanoparticles were more than 0.8  

✓ Average particle sizes in PBS were abuut 90 nm (coefficient of variation: 30 % or less)  

✓ Excitation/luminescence light observation was in the visible region 

II  Efficient luminescence 

✓ Strong luminescence intensity that can be visually confirmed 

✓ Internal quantum efficiency: 12.5 % 

III  Construction of particle surface that is rapid binding with cancer cells and taken up into the 

cells at high concentration 

✓ High concentration into the cell surfaces by the FA-NHS immobilization 

✓ Short-term labeling of spheres at 1 h  

IV  Achievement of both cancer cell labeling and suppression of cell growth 

✓ Growth suppression while labeling cells: N1/N0 ratios of 4Cit/Eu:HA and 
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FA4Cit/Eu:HA nanoparticles were 0.5 

In this chapter, all the targets of I–IV were achieved.  
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Chapter 4 

Summary 

 

Various types of the cell labeling nanoparticles that label cancer cells have been developed for 

the non-cytotoxicity visualization. In luminescent materials for safely visualizing cancer cells, there 

was a problem of attenuation of luminescence intensity at observation and toxicity to the cells. In 

order to solve these problems, this thesis focuses on the photofunctionalization and surface 

functionalization of hydroxyapatite (HA), which is the main component of hard tissue, and applied 

it as a nanoparticle for cell labeling.  

In Chapter 1, "General Introduction", the problems of cell labeling technology were explained 

by giving examples of conventional cell labeling nanomaterials. Furthermore, the photophysical 

chemistry properties of Eu (III) ion were described. Moreover, HA is one of the excellent inorganic 

hosts to overcome the barriers based on its high biocompatibility, and it is present as a main 

component of hard tissues in vivo, making it possible to be utilized as a cell labeling nanomaterials. 

When aiming at the cell labeling application of HA, it is important to bind a functional molecule 

with HA in the nucleation process and to synthesize as a form of nanoparticle. Accordingly, the 

importance of the Ca site of HA and the inorganic/organic interface structure between HA and 

functional molecules to realize photofunctionalization and cell selectivity in vivo were proposed, 

and the control of the surface state was outlined. Then, focusing on the inorganic/organic interface 

between photofunctional HA and functional molecules, the strategy for photofunctionalization of 

HA was proposed. Furthermore, It described cell binding (ligand) molecule immobilization 

technology to particle surfaces for specific binding or uptake to cancer cells and the importance of 

coordination of functional molecules that suppress cancer cell growth to photofunctional HA, and 

showed the significance and purpose of this study. 

In Chapter 2, “Synthesis of Luminescent Europium(III) Complex-interacted Hydroxyapatite 

Nanoparticles and Their Rapid Cell Labeling by Folic Acid Immobilization”, tris(2,2,6,6-

tetramethyl-3,5- heptanedionato)europium(III) (EuTH) complex-interacted HA nanoparticles 

(EHA) were synthesized. The EHA nanoparticles containing 5.0 mol% of EuTH relative to calcium 

ion had a primary particle size that can be easily taken up by HeLa cells. Then, the folic acid 



Chapter 4 Summary 

148 

derivative (folate N hydroxysuccinimidyl ester (FA-NHS)) as the targeting ligand for the HeLa cells 

was immobilized on the EHA. When the molecular occupancy of FA-NHS to the EHA surfaces is 

at around 3−5%, the intense luminescence from the f−f transition of the Eu3+ ions as well as the 

charge transfer between the EuTH and FA-NHS was observed to exhibit higher quantum efficiency. 

Moreover, effective dispersibility in phosphate-buffered saline was confirmed with immobilizing 

the positively charged FA-NHS. The cytotoxicity against the NIH swiss mouse embryo-derived 

(NIH3T3) fibroblasts was evaluated. The cell labeling property against the human cervical cancer-

derived (HeLa) cells was evaluated. The affinity and non-cytotoxicity between the FA-NHS-

immobilized EHA nanoparticles and NIH3T3 fibroblasts were monitored for 3 days. Red 

luminescence from the HeLa cells could be observed, and the labels with following the cellular 

shapes were achieved by an additional culture time of 1 h after injecting the FA-NHS-immobilized 

EHA nanoparticles to the tumorized cells, indicating the rapid cell labeling process.  

In Chapter 3, “Synthesis of Luminescent Hydroxyapatite Nanoparticles Coordinated with 

Citric Acid for Their Bifunctional Cell Labeling and Cytostatic Properties”, luminescent 

nanoparticles based on photofunctional interfaces between the citric acid (Cit) molecules and 

europium(III) ion (Eu3+)-doped HA (Eu:HA) to provide bifunctional cell labeling and cytostatic 

property was synthesized. In particular, the Eu:HA nanoparticles were synthesized in the presence 

of Cit, and the Cit molecules were coordinated with the Eu:HA nanoparticles (Cit/Eu:HA). It was 

suggested that the Cit molecules that interacted with the Eu:HA nanoparticle surfaces sterically 

hindered the nanoparticle growth. Moreover, it was demonstrated that the interactions of Cit and 

Eu:HA were important for achieving the efficient photoluminescence properties. Moreover, the 

efficient luminescence ability including the internal quantum efficiency for HeLa cell labeling was 

achieved, and simultaneously, the Cit molecular effect on the suppression of the HeLa cell line 

growth was investigated. The luminescence enhancement of the nanoparticles with the coordination 

of Cit was successfully elucidated. In particular, the low symmetry of the coordination structure for 

the Eu3+ ion at the Ca(I) site provided the enhanced luminescence efficiency. Furthermore, the FA-

NHS was immobilized on the Cit/Eu:HA nanoparticles to enhance the uptake efficiency of the 

nanoparticles into the HeLa cells. Then, the cytotoxicity against the NIH3T3 fibroblasts was 

evaluated. Moreover, the cell labeling property was evaluated to investigate the effect of the 

nanoparticles on the HeLa cell growth suppression by the Cit molecules. The affinity and non-

cytotoxicity between the nanoparticles and NIH3T3 fibroblasts were monitored for 3 days. HeLa 

cell growth suppression was achieved by the interactions with the Cit/Eu:HA nanoparticles. 

Furthermore, the Cit/Eu:HA nanoparticles reacted with the cells to exhibit red-color luminescence 

from the cells while suppressing HeLa cell growth, indicating the bifunction of cell labeling and 
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cytostatic property in one particle. The Cit/Eu:HA nanoparticles were effectively reacted with the 

tumorized cells after a culture time of 60 h to exhibit the luminescent labeling with following the 

cellular shapes. Furthermore, the cytostatic property of the tumor cells were observed.  

As conclusive viewpoints, the rapid cell labeling and cytostatic properties through specific 

uptake into cancer cells using the interfacial interactions between HA and functional molecules 

were successfully achieved. The achievement statuses by this study were described as compared 

with initial targets in Chapter 1 and previously-reported statuses in Table 4-1.  

For the future applications, it will be an additional requirement to evaluate the influence of 

nanoparticles in co-culturing between normal and cancer cells,. For in vivo use based on the highly-

selective targeting for cancer cells, the enhanced permeability and retention (EPR) effect in addition 

to the immobilization of cancer cell-binding molecules will be an important topic. Accordingly, it is 

necessary to control the particle size of the nanoparticles to about tens to hundreds of nanometers. 

Further studies are important to develop theranostic nanoparticles with fluorescence and therapeutic 

properties toward future applications in such a field as biomedicine. In order to synthesis novel 

theranostic nanoparticle, one of the keys would be to control interfacial interactions between HA 

and functional molecules. To explore the combination of HA and various functional molecules will 

lead to a large number of multifunctional HA nanoparticles that advance the frontier technologies of 

bio-related fields. 
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