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ABSTRACT OF THE DISSERTATION 

 
Luminescent Hydroxyapatite: Degradation Study and Osteogenic Potential 

  
 

by 

 

Fabian M. Martinez Pallares 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California San Diego, 2024 

Professor Olivia A. Graeve, Chair 

 
 

This dissertation explores the multifaceted roles of rare-earth doped hydroxyapatite in 

biomedical applications, bridging the gap between luminescence studies and osteogenic potential 

in the context of bone tissue engineering and regenerative medicine. In the second chapter, we 

look into the luminescence properties of terbium, cerium, and europium doped hydroxyapatite 

scaffolds when immersed in simulated body fluid (SBF) over a four-week period. Our 

comprehensive study reveals a consistent decrease in luminescence emission intensity across all 

samples, accompanied by a reduction in the concentration of rare-earth ions within the scaffolds, 

as confirmed by energy dispersive spectroscopy. Furthermore, fluorescence spectroscopy 



 

xvi 

demonstrates the translocation of these ions into the SBF, indicating the scaffolds' partial 

dissolution over time. The employment of rare-earth ions as luminescence markers offers profound 

insights into apatite formation mechanisms, presenting significant implications for the 

development of safer and more durable materials in biomedical applications. 

Expanding upon the foundational knowledge established in the first and second chapters, 

the third chapter investigates the osteogenic potential of rare-earth doped hydroxyapatite scaffolds 

using a murine pre-osteoblastic cell line. This study assesses the effects of ytterbium, terbium, 

cerium, and europium doping on osteoblast differentiation, gauged by alkaline phosphatase 

activity and the expression of osteogenic marker genes such as Runx2, OCN, ALP, OPN, and 

BMP2. Our findings indicate a notable enhancement in differentiation activity with the 

incorporation of rare-earth elements, with europium and ytterbium doped HAp showing superior 

performance. Cathodoluminescence spectroscopy further corroborates these results by revealing 

distinct emission peaks specific to the Eu2+/Eu3+ and Yb2+ ions, underscoring the role of valence 

state incorporation in augmenting osteoblast differentiation. 

Collectively, this dissertation contributes expanding the field of biomaterials by elucidating the 

dual utility of rare-earth doped hydroxyapatite scaffolds in promoting osteogenic differentiation 

and providing luminescence-based insights into scaffold behavior in physiological environments. 

By combining the luminescence stability studies with the exploration of osteogenic potential, our 

research underscores the importance of integrating multifunctional elements into scaffold design 

to enhance their performance in bone tissue engineering. The insights garnered from both studies 

not only pave the way for the development of novel biomaterials but also highlight the potential 

of rare-earth elements as pivotal components in the advancement of regenerative medicine and 

biomedical engineering. 



 

1 

INTRODUCTION 

In the dynamic field of biomaterials science, which integrates aspects of medicine, biology, 

chemistry, tissue engineering, and materials science, we have witnessed substantial progress that 

has enhanced the properties of materials for biomedical use. Among these materials, 

hydroxyapatite (HAp), an inorganic ceramic, is notable for its biocompatibility, bioactivity, and 

resemblance to the mineral component of human bone. These characteristics have made HAp a 

focal point of interest over the past six decades, underlining its value in various medical 

applications such as bone grafting, dental and orbital implants, drug delivery systems, and as 

coatings for metal implants. 

However, HAp's limitations in degradation rate and bone remodeling restrict its 

effectiveness in scenarios that demand improved osteoinduction and long-term stability within the 

body. In response, research efforts have been directed towards enhancing its performance by 

modifying its properties through dopant incorporation. 

Doping HAp with rare-earth elements, a group of metallic elements characterized by an 

unsaturated 4f electronic structure and their physicochemical properties, has emerged as a 

promising strategy. Rare-earth elements are of particular interest due to their potential to impart 

desirable properties to HAp, including a wide range of luminescence (300nm-1400nm), improved 

biocompatibility, and enhanced bioactivity. Despite the growing interest in rare-earth doped 

hydroxyapatites, there is a need for comprehensive studies to understand the impact of rare-earth 

dopants on HAp's lattice structure, their luminescence stability in physiological solutions, and their 

osteogenic potential. 
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This dissertation seeks to fill these knowledge gaps by examining the luminescent 

properties, lattice parameters, hemocompatibility, cell viability, and osteoinductive properties of 

HAp doped with rare-earth ions, including europium, cerium, terbium, and ytterbium, synthesized 

through solution combustion synthesis. This research aims to offer a systematic study that 

contributes to the understanding of how rare-earth doping affects the properties of hydroxyapatite 

and its suitability for biomedical applications.  



 

3 

Chapter 1 Hydroxyapatite for biomedical applications  
 

 

1.1 Introduction and background 

The evolution of HAp from its first report of bioactivity in the late 60’s1 and its early 

commercial use in the 80’s for implant coating2 up to the wider field of biomaterials, where it is 

used today, is amazing. By the late 1980s and early 1990s, that role had evolved with the advent 

as a coating for metallic implants, e.g., titanium to enhance osteointegration3, and greatly improved 

the success rates of implant surgeries by promoting bone growth while minimizing risks of 

rejection. The appearance of tissue engineering further expanded the applications of HAp to be the 

scaffold material to bear the growth and differentiation of osteoblasts4, and thus led the innovations 

in bone tissue regeneration. Its porous nature, in addition to having an excellent surface area, was 

used in drug delivery systems, especially in the targeting of bone diseases5; this marks a bold stride 

for the therapeutic field. 

The trajectory of its use extended into craniofacial reconstruction6 and periodontal 

therapy7, where its versatility rendered custom-shaped implants for facial reconstruction and filling 

in the bone defects due to periodontal diseases. Moreover, its entanglement into bioactive papers 

and textiles for wound dressing and antibacterial use showed its effectiveness outside conventional 

medicinal applications.8,9 The invention of nanotechnology and the development of composite 

materials in which HAp particles are embedded have further improved the features like increased 

surface area and better mechanical strength, which have shown new potentials for application as 

load-bearing areas and as a constituent in high-end research for cancer treatment through 

luminescent and magnetic HAp10. During its course of evolution, HAp has ripened from being 

merely a material for bone grafts to one with very extensive application in advanced biomedical 
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applications. Its progress is therefore underlined by the ongoing research and technological 

development that fuels it, hence underlying the potentiality in the healthcare solutions in medical 

science that HAp possess, indicating a great future for HAp. 

 1.2 Crystal structure and properties 

The crystal structure of HAp, a naturally occurring mineral form of calcium apatite with 

the chemical formula Ca10(PO4)6(OH)2, is both complex and highly ordered, contributing to its 

unique chemical and physical properties. The HAp crystal structure most frequently encountered 

is hexagonal, having the P63/m  space group symmetry. The hexagonal unit cell of HAp normally 

exhibits lattice parameters a = 9.432 Å and c = 6.881 Å.11,12,13 These dimensions can slightly vary 

depending on the ionic substitutions or defects present within the crystal structure. The structure, 

Figure 1, is built up from columns of Ca2+ ions and PO4
3-

 tetrahedra, with hydroxyl groups (OH─) 

occupying specific channels along the c-axis.  

 

Figure 1. HAp structure along c-axis 
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There are two distinct sites for calcium ions within the HAp crystal structure, referred to 

as Ca(I) and Ca(II). The Ca(I) site is nine-coordinated by oxygen atoms, forming a somewhat 

distorted polyhedron, while the Ca(II) site is seven-coordinated. The phosphate groups are 

tetrahedrally coordinated and evenly distributed throughout the structure. Hydroxyl ions are 

aligned in columns parallel to the c-axis, which is a distinctive feature of HAp. These groups are 

considered active in the bioactivity of HAp as they take part in the process of bonding with bone 

tissues.14 Its structure allows for the substitution of its constituent ions with no substantial 

disorientation of the overall crystal lattice. This capacity to accommodate various ions, for 

example, carbonate, fluoride, magnesium, strontium, and iron, modify its solubility, mechanical 

strength, and bioactivity properties.15,16,17,18,19,20,21,22  As an example, carbonate substitution for 

phosphate can render HAp more similar to bone mineral.23  

The vacancies, interstitials, and ionic substitutions present in HAp may cause variations in 

its crystal size, morphology, and solubility, which in turn makes it a multifaceted material for many 

applications.  

HAp can integrally connect to bone tissue and supports osteointegration, which is one of 

the most important processes to take place during engraftment of a bone graft. Moreover, 

osteoconductivity of HAp functions as a scaffold improves the attachment, proliferation, and 

differentiation of bone cells that are required in regenerating tissues of bones.24 Pure HAp may 

have limited osteoinductive properties, but its modifications or combinations with other materials 

like beta tri-calcium phosphate may induce bone formation at regions which normally are non-

bone forming. Figure 2 show the formation of new bone, by immunostaining of BMP-2,  in those 

regions that were closer to the HAp/TCP implant. The differences were related to their location 

and proximity to the osteogenic environment. 25 
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Figure 2. Immunohistochemistry of BMP-2 in decalcified sections of the three groups at 12 

weeks.  

The brown signals (BMP-2) were detected in osteocyte or mesenchymal cells in the three groups. 

B, new bone; BM, bone marrow; S, HA/β-TCP scaffold. Bar: 50 μm.25 

1.3 Synthesis methods 

HAp is synthesized through various methods, each tailored for specific properties and 

applications. Precipitation is a common approach, involving the reaction of calcium and phosphate 

precursors in a controlled solution to produce HAp with high purity. The precipitation technique 

is the most widely used and researched method for synthesis of doped HAp. Some common types 

of ions doped into HAp using precipitation method are shown in Table 1. It was found that the 

lattice parameters, the biological properties, the degradation rate and absorption were modified by 

the incorporation of the dopants. 

Table 1. Doped HAp using precipitation method26 
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The sol-gel method, which transitions a colloidal "sol" into a solid "gel," allows for low-

temperature synthesis of homogeneous HAp. Hydrothermal synthesis reacts calcium and 

phosphate precursors under high pressure and temperature, ideal for creating crystalline, nanosized 

HAp particles. Although HAp nanoparticles synthesized by sol-gel and hydrothermal methods, as 

shown in Figure 3, exhibit the same morphology and a similar particle size, in Figure 4 the X-ray 

diffraction patterns reveal the formation of a second phase in the sample synthesized by sol-gel, 

which can be attributed to evaporative loss of precursor phosphite phases during specimen 

preparation and breakdown of the primary HAp phase during calcination.  

Mechanical alloying, a solid-state technique using high-energy ball milling, yields HAp 

with high crystallinity. Microwave processing, a rapid heating method, reduces synthesis time and 

energy consumption, producing HAp with controlled nanostructures [Figure 5]. 
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Figure 3. TEM images of (a) Sigma-Aldrich HAp; (b) pH 11 hydrothermal HAp; (c) 500˚C sol-

gel HAp and (d) 700˚C sol-gel HAp. 

All of the preparations are nano-particulate and neither the hydrothermal nor sol-gel 

powders exhibit any significant porosity. The sol-gel powders are smaller and more equi-axed 

than the hydrothermal powders.27 
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Figure 4. Figure 3. (a) Powder XRD patterns for all HAp samples. 

All peaks labelled “*” in the Sigma-Aldrich pattern and all unlabelled peaks in 

subsequent patterns correspond to a stoichiometric HAp phase28. The Sigma-Aldrich and 

hydrothermal HAp powders show only HAp reflections. Peaks labelled “▲” indicate β-TCP (β-

Tricalcium phosphate, Ca3(PO4)2)29; peaks labelled “■” indicate DCPA (dicalcium phosphate 

anhydrate, CaHPO4)30, peaks labelled “◊” indicate calcium oxide (CaO)31 and peaks labelled “#” 

indicate calcium carbonate (CaCO3)32. (b) Powder XRD patterns for Sigma-Aldrich HAp 

decomposed for 1 hour at 700˚C and 800˚C. Unlabelled peaks at 700˚C and peaks labelled “*” at 

800˚C correspond to a stoichiometric HAp phase28. Unlabelled peaks at 800˚C and peak labelled 

“▲” at 700˚C indicate β-TCP (β-Tricalcium phosphate, Ca 3(PO4) 2)29. At 800˚C most of the 

HAp has decomposed to β-TCP.27 
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Figure 5. Schematic illustration for the synthesis of calcium phosphate nanostructures with the 

microwave-assisted hydrothermal method under different pH values. 33 

The biomimetic method mimics natural biomineralization, creating HAp similar to bone 

apatite using simulated body fluid, suitable for physiological applications. Figure 6 shows the 

process of HAp formation due to the negative charges of the hydroxyl ion on the surface of the 

HAp. This process is described more in detail in chapter 2. 

 

Figure 6. Schematic presentations of the origin of negative charge on the HAp surface and the 

process of bonelike apatite formation thereon in SBF.34 

 Solution combustion synthesis is a rapid and cost-effective method for producing HAp. It 

involves the exothermic reaction between metal nitrates, phosphate sources, and a fuel (e.g., 

carbohydrazide, urea or glycine) in a solution. The combustion process generates high 

temperatures, facilitating the formation of crystalline HAp nanoparticles with controlled 

stoichiometry and morphology. This method is advantageous for its simplicity, scalability, and 
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potential for producing HAp powders. Table 2 displays the results of varying the precursor, 

temperature, or fuel, primarily affecting the purity of the HAp.  

Table 2. Combustion method for synthesis of hydroxyapatite.35 

 

Each method offers distinct advantages, influencing HAp's purity, crystallinity, 

morphology, and particle size, with ongoing research aimed at enhancing its biomedical 

applications. 

1.4 Cationic substitution  

Cationic substitution in HAp is a process that involves replacing calcium ions (Ca2+) in its 

crystal lattice with other metal ions, significantly altering its physical, chemical, and biological 

properties. This substitution has become essential in customizing HAp for various applications, 

allowing the enhancement or introduction of specific functionalities like luminescence, 

biocompatibility, bioactivity, mechanical strength, and antibacterial properties. Key ions used for 

substitution include magnesium (Mg2+), which boosts bone formation and HAp bioactivity, 

however at high concentrations (28.5 mol%) inhibits the osteogenic differentiation-related gene 

expression36; strontium (Sr2+), known for promoting bone growth  by promoting the osteoblast 

differentiation and inhibiting the osteoclast proliferation and differentiation37; and zinc (Zn2+), 

crucial for bone health and imparting antibacterial properties38. Additionally, silicon (Si4+) 

enhances osteoblast activity and the material's bioactivity, while copper (Cu2+), cerium (Ce3+) and 

silver (Ag+) confer potent antibacterial activities17,39, making them ideal for infection-prone 
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implant and graft applications. The strategic incorporation of these ions aims to improve HAp's 

interaction with natural bone tissue, its load-bearing capacity, and its ability to prevent infections, 

addressing key challenges in biomedical implantation and regeneration. However, successful 

cationic substitution requires careful consideration of the substituting ion's ionic radius and 

valency, concentration, and distribution within the HAp structure to maintain the material's 

stability and ensure uniform properties. By leveraging cationic substitution, researchers and 

engineers are equipped to develop HAp-based materials tailored for specific medical applications, 

from bone regeneration and tissue engineering to antimicrobial interventions, highlighting its 

significance as a versatile and adaptable biomaterial in advancing healthcare solutions. 

1.5 Hydroxyapatite doped with rare-earth elements 

HAp substituted with rare-earth elements has emerged as an innovative area of research, 

unlocking new functionalities and applications for this already versatile biomaterial. Rare-earth 

elements, such as europium, cerium, terbium, and yttrium have been incorporated into HAp to 

enhance its properties and utility in various fields, particularly in biomedicine and imaging.40,41 

1.5.1 Europium doped hydroxyapatite 

In the biomedical field, europium-doped materials are used as fluorescent markers for 

bioassays, microscopy, and in vivo imaging. The sharp emission peaks and long decay times of 

europium allow for high-resolution imaging and the ability to track biological processes with 

minimal background interference, a feature not as easily achievable with other rare earth elements. 

Europium doped hydroxyapatite (HAp:Eu) is utilized for bioimaging and biosensing purposes, 

where its bright luminescence under specific excitation wavelengths enables high-resolution 

imaging of cells and tissues, facilitating medical diagnostics and research. This capability is 
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particularly valuable in tracking and monitoring the behavior of implanted materials within the 

body, offering insights into biological processes in real time. 

Liu et. al.42 developed and tested a HAp:Eu scaffold for bone regeneration. The study 

employed a one-step hydrothermal method to synthesize HAp:Eu nanowires and then used a thiol-

ene click reaction to create pure net-like scaffolds from these nanowires. These scaffolds were 

evaluated for their ability to induce osteogenesis. The evaluations involved assessing alkaline 

phosphatase (ALP) activity, the formation of mineralized nodules, and the expression of bone-

related proteins and genes. The results indicated that the net-like HAp:Eu scaffolds were highly 

effective in inducing osteogenesis. Furthermore, the study highlights the advantage of 

incorporating Eu3+ ions into the scaffolds, which allows for luminescent imaging. This imaging 

capability enables the relative positioning of scaffolds and cells to be identified, enhancing the 

monitoring and confirmation of bone repair processes. In vivo experiments demonstrated that the 

scaffolds not only promoted greater bone defect reconstruction compared to both a control group 

and a group using HAp@PCL composite scaffolds but also allowed for the monitoring of bone 

repair through luminescent intensity and area measurements. 

Yang et al.'s43 research on luminescent, bioactive, and mesoporous HAp:Eu nanoparticles 

reveals their multifunctionality, particularly as drug delivery carriers. The utilization of cationic 

surfactants as templates results in ordered mesostructures with rod-like morphology, facilitating 

efficient drug storage and release properties. With diameters ranging from 20 to 40 nm and lengths 

spanning 100 to 200 nm, these nanoparticles offer precise control over drug delivery kinetics, 

suggesting promising prospects for targeted therapeutic interventions. 
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1.5.2 Cerium doped hydroxyapatite 

The detailed analysis of cerium cation effects within HAp materials reveals multifaceted 

benefits and considerations in biomedical applications. Cerium's ionic radius and electronegativity 

are comparable to those of calcium (Ca2+), enabling it to substitute for calcium in HAp structures. 

This substitution facilitates cerium's accumulation in bones in small quantities, where it can 

enhance bone metabolism and the biomimetic formation of HAp, a crucial component of bone and 

teeth44. 

The incorporation of cerium into HAp materials has been shown to confer several 

advantageous properties, including the promotion of dental health by preventing cavities and 

reducing enamel demineralization. Its antioxidant properties contribute to the high thermal-phase 

stability of the materials. In vitro experiments have demonstrated that cerium doped HAp 

facilitates biomimetic apatite formation when soaked in simulated body fluid for 2-3 weeks, 

indicating its potential for enhancing bone regeneration and repair.45 

Cerium's impact extends to antimicrobial activity, where both Ce4+ and Ce3+ ions, present 

in varying proportions depending on the synthesis method, have been reported to inhibit pathogens 

and stimulate regenerative properties46,47. The antibacterial effectiveness of cerium doped HAp 

has been observed across a wide range of cerium concentrations (1.25–25 at.%), effectively 

targeting both Gram-positive and Gram-negative bacterial strains without leading to the formation 

of secondary residual phases. This antibacterial action is attributed to the release of cerium cations, 

which penetrate the negatively charged bacterial cell membranes, disrupting DNA replication.47 

However, the antibacterial efficacy and optimal cerium content for inducing such effects 

vary across studies, with some demonstrating significant antibacterial properties at higher cerium 

doping levels (>8 at.%)48 and others noting activity at lower levels (0.3–1.25 at.%).49,50 These 
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discrepancies highlight the influence of cerium concentration, preparation method, and the 

presence of co-dopants like Fe3O4
49 nanoparticles or Sr ions51 on the material's antimicrobial 

performance. 

Cerium doped hydroxyapatite materials offer significant potential in bone and dental 

applications, owing to their ability to enhance bone metabolism, biomimetic HAp formation, and 

antimicrobial activity, alongside their applications as fluorescent probes and antioxidant agents. 

Nonetheless, the balance between antibacterial efficacy, biocompatibility, and potential 

cytotoxicity must be carefully managed, with the choice of cerium concentration and the 

incorporation of co-dopants playing critical roles in optimizing the material's performance and 

safety for biomedical applications. 

1.5.3 Terbium doped hydroxyapatite 

Terbium, a member of the rare earth element family, exhibits unique optical, magnetic, and 

electronic properties making it suitable for a wide array of applications across different industries, 

including glass manufacturing, information technology, polymers, biochemical sensors, and solar 

energy. Its pervasive use has led to its presence in the environment, ecosystems, and food chains, 

raising concerns over the need to monitor and understand the exposure to Tb3+ ions due to their 

potential toxicological impacts and other detrimental effects on human health and the 

environment.52 

An innovative approach to harness the advantageous properties of terbium, while 

mitigating its adverse effects, has been demonstrated by Li et al.53 through the synthesis of terbium 

doped hydroxyapatite (HAp:Tb). The doping of 20 nm HAp nanoparticles with Tb3+ ions not only 

enhances their luminescent properties under visible light excitation but also retains the 

fundamental physicochemical characteristics and bioactivity of HAp. Remarkably, even a minimal 
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doping level significantly boosts the luminescence of these nanoparticles without compromising 

their inherent qualities. Achieved at room temperature, the synthesis yields nanoparticles with a 

Tb to (Ca + Tb) atomic ratio of 2:100, capable of emitting constant luminescence when excited by 

a visible light source (488 nm), showcasing a bright green emission. The high biocompatibility of 

these HAp:Tb nanoparticles is evidenced by their successful internalization by living cells without 

inducing toxicity, considering the relatively high lethal dose (50 g. via an oral route LD50PO) of 

terbium compounds. This feature, combined with the nanoparticles' stable fluorescence, positions 

HAp:Tb as an excellent inorganic probe for biological studies, particularly in cellular imaging. To 

explore the broader biomedical applications of HAp:Tb, further studies were conducted on the 

biological responses of MC3T3-E1 cells to varying concentrations of HAp:Tb nanorods. Figure 7 

shows the photoluminescence of the internalized hydroxyapatite in the intracellular cytoplasm 

under a fluorescent microscope, It is observed that the cells retained their natural morphology. 

These studies aimed to assess the material's suitability for more extensive biomedical applications, 

focusing on its interactions with cells and its potential impacts on cell viability, proliferation, and 

differentiation. 
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Figure 7. (A) Representative fluorescent images of MC3T3-E1 cells after incubation with 

HAp:Tb nanorods for 24 h at 37 C. (B) Transmission electron microscopy images of MC3T3-E1 

cells after incubation with HA-Tb nanorods.54 

1.5.4 Ytterbium doped hydroxyapatite 

Other lanthanide elements such as cerium, gadolinium, and ytterbium have been identified 

for their gradual accumulation in human bones, presenting beneficial effects on bone tissue 

metabolism at low concentrations.55 These elements, particularly Yb, when incorporated into the 

bone, can influence cellular activities beneficially. However, it's crucial to note that Yb3+ ions, at 

concentrations exceeding 1×10-3 mol/L, may induce apoptosis in rat bone marrow stromal cells 

(BMSCs), highlighting a concentration-dependent effect on cellular viability.56 In the other hand, 

ytterbium doped HAp crystals exhibits enhanced biocompatibility and fluorescent properties, 
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making them suitable for applications in cell imaging, particularly for tracking and monitoring the 

chondrogenesis of Bone marrow stromal cells (BMSCs).57 Yb3+ ions possess the unique ability to 

absorb near-infrared light at approximately 980 nm (~1.26eV), based on the 2F7/2 → 2F5/2 

transition58. This property is beneficial for biomedical imaging applications. However, the 

absorption peak of Yb3+ at 980 nm coincides with the maximum absorption band of water 

molecules, which can lead to the attenuation of effective incident laser power. This overlap not 

only reduces the penetration depth in human tissue but also raises concerns about potential cell 

and tissue damage due to the significant increase in temperature during laser exposure.59 

1.6 Biocompatibility  

Biocompatibility refers to the ability of a material to perform with an appropriate host 

response when applied within a specific application. In simpler terms, it's the capability of a 

material to be in contact with a living system without causing any harmful effects. This concept is 

particularly important in the field of medical devices, implants, and biomaterials, where materials 

come into direct contact with body tissues and fluids. Biocompatibility ensures that these materials 

do not elicit any undesirable reactions in the body, such as inflammation, toxicity, or allergic 

responses, and that they support the intended biological function. 

HAp is generally non-toxic to cells, supporting cell adhesion, proliferation, and 

differentiation, particularly osteoblasts, which are crucial for bone growth and healing. However, 

performing biocompatibility studies each time a biomaterial is modified is crucial. 

 Changes in its chemical composition, physical structure, surface properties, or manufacturing 

process, can significantly alter its interactions with the biological environment. To confirm that a 

material is biocompatible, a series of assays and tests are conducted, which can be broadly 

categorized into in vitro (performed outside a living organism), in vivo (conducted in a living 
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organism), and in some cases, ex vivo (using organs or tissues outside the organism they came 

from). These tests evaluate different aspects of biocompatibility, including hemocompatibility, 

cytotoxicity, genotoxicity, immunogenicity, and others described in the ISO 10993.60 

Cytotoxicity Tests evaluate whether the material is toxic to cells. They are typically 

performed in vitro using cultured cell lines. The most common method is the MTT assay, which 

measures cell viability. Figure 8 exhibits the cytotoxicity ionic concentration of various cations. 

We can observe that the f-block, corresponding to the rare-earth elements, shows the lower 

cytotoxicity concentrations compere with elements in block d and s. 

 

Figure 8. Half-maximal cytotoxic concentration (in mM) of various cationic species.61 

Sensitization and Irritation Tests are in vivo tests that assess whether the material causes 

allergic reactions (sensitization) or irritation when in contact with body tissues. Genotoxicity Tests 
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determine if the material causes genetic damage or mutations. They can be performed in vitro (e.g., 

Ames test) and in vivo (e.g., micronucleus test). HAp is known for its excellent biocompatibility, 

rarely triggering a strong immune response, which ensures its good tolerance when implanted in 

the body. As illustrated in Figure 9, an HAp implant was placed on the iliac crest of rabbits, where 

it was observed to integrate well without any signs of inflammation or infection. Additionally, 

certain rare-earth elements like europium are recognized for their anti-inflammatory and 

antibacterial properties, offering further benefits in such biomedical applications.62  

 

Figure 9. Macroscopic appearance of HAp implant in rabbits’ iliac bone after 2weeks. 

Control group (a), and low-intensity pulsed ultrasound (LIPUS) group (b).63 

 

Hemocompatibility tests evaluate materials that come into contact with blood, focusing on 

their impact on blood components and their potential to induce coagulation or to degrade red blood 

cells. HAp is notable for its minimal effect on blood coagulation and its lack of hemolytic activity, 

rendering it suitable for blood-contact applications.64 Moreover, cerium oxide has demonstrated 

hemocompatibility, maintaining its compatibility with blood even at higher concentrations (1000 

μg/mL).65 

Degradation and Leachables Testing, assesses how the material degrades over time and 

whether any degradation products or substances leached from the material are toxic. HAp can 
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degrade in physiological conditions, but its degradation products are similar to natural bone 

mineral components, which are biocompatible and can be absorbed or integrated into the body's 

natural bone tissue.  

1.7 Osteoblast differentiation 

Osteoblast differentiation is a critical process in the formation and maintenance of bone 

tissue. It involves the maturation of osteoprogenitor cells into osteoblasts, which are the primary 

cells responsible for bone formation. This process is essential for skeletal development, growth, 

and the continuous remodeling of bone throughout an individual’s life. Understanding osteoblast 

differentiation is crucial for developing treatments for bone-related diseases and conditions, such 

as osteoporosis and fractures. 

    The process begins with mesenchymal stem cells (MSCs), which are multipotent stromal 

cells that can differentiate into various cell types, including osteoblasts, chondrocytes (cartilage 

cells), myocytes (muscle cells), and adipocytes (fat cells). Under specific conditions, MSCs 

commit to the osteoblast lineage, becoming osteoprogenitor cells. This commitment is influenced 

by various growth factors and signaling pathways, including bone morphogenetic proteins 

(BMPs), Wnt signaling, and fibroblast growth factors (FGFs). Osteoprogenitor cells proliferate 

and form a pool of pre-osteoblasts. These cells are characterized by their high proliferative capacity 

and the expression of early markers of osteoblast differentiation, such as Runx2 (Runt-related 

transcription factor 2), which is a critical transcription factor for osteoblast differentiation. Pre-

osteoblasts then differentiate into mature osteoblasts, marked by the expression of specific genes 

and proteins essential for bone formation, including alkaline phosphatase (ALP), osteocalcin, and 

bone sialoprotein. Runx2, along with other transcription factors such as Osterix (Sp7), plays a 

pivotal role in this stage by activating the transcription of osteoblast-specific genes. 
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Osteoblasts are responsible for the production of the bone matrix, which is initially 

unmineralized (osteoid). The osteoid is composed mainly of Type I collagen and other non-

collagenous proteins. Subsequently, osteoblasts secrete alkaline phosphatase, which facilitates the 

mineralization of the osteoid by depositing calcium and phosphate ions, forming hydroxyapatite 

crystals that harden the bone. After the bone matrix is formed, osteoblasts can undergo apoptosis 

(programmed cell death), become bone-lining cells that cover the bone surface and play roles in 

nutrient exchange, or become embedded in the matrix they secreted, differentiating into osteocytes. 

Osteocytes are mature bone cells that maintain bone tissue and communicate with other cells in 

bone through dendritic processes. Despite the prevalence of osteocytes as the primary cellular 

constituent of bone tissue, our understanding of the transition from osteoblasts to osteocytes 

remains notably limited.66  

Osteoblast differentiation is regulated by a complex interplay of systemic hormones (such 

as parathyroid hormone, vitamin D, and estrogen), local growth factors (including BMPs, Wnt, 

and FGFs), and mechanical stress. The balance between bone formation by osteoblasts and bone 

resorption by osteoclasts (bone-degrading cells) is critical for maintaining bone health and 

integrity. 

HAp have been extensively studied for their role in promoting osteoblast differentiation 

and subsequent bone tissue regeneration due to their chemical composition and surface properties. 

HAp provides a bioactive surface that can bind proteins and other bioactive molecules from the 

body fluids, enhancing cell attachment and proliferation. In the other hand, the dissolution of HAp 

in physiological conditions releases calcium and phosphate ions into the surrounding environment. 

These ions can increase the local supersaturation, which not only aids in the mineralization process 

but also activate pathways such as BMP, Wnt, and MAPK leading to the upregulation of 
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osteoblast-specific transcription factors such as Runx2 and Osterix, which are essential for the 

differentiation process. 
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Chapter 2 Decomposition of luminescent hydroxyapatite scaffolds in 

simulated body fluid 
 

 

Abstract 

 

We present a luminescence study investigating the dissolution of rare-earth doped 

hydroxyapatite scaffolds in simulated body fluid (SBF), aiming to assess the luminescence stability 

of Tb-, Ce-, and Eu-doped scaffolds over time. Our findings reveal a consistent decrease in 

luminescence emission intensity across all samples over a four-week period in which the scaffolds 

were immersed in the SBF. In addition, energy dispersive spectroscopy confirms a decrease in 

rare-earth ion concentration in the scaffolds with respect to time, whereas fluorescence 

spectroscopy shows the presence of rare-earth ions in the SBF, indicating the partial dissolution of 

the scaffolds over time. The use of rare-earth ions as luminescence markers provides insights into 

the mechanisms of apatite formation in hydroxyapatites. Thus, our study offers valuable insights 

for the development of safer and more durable materials for biomedical applications. 
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2.1 Introduction 

Hydroxyapatite HAp, Ca5(PO4)3(OH) or Ca(I)4Ca(II)6(PO4)6(OH)2 based on the 

composition of the unit cell1 is one of the most frequently used biomaterials in orthopedic surgery 

due to its capability to promote bone formation.2 It is considered a versatile biomaterial because 

of its ability to accept dopant element substitutions into its cation (Ca2+) and anion ( PO
4

3-
 or OH−) 

sites.3,4 Cationic substitutions can be achieved on Ca(I) and Ca(II) sites by divalent and trivalent 

ions such as Al3+,5 La3+,6 Fe3+,7 Ce3+,8 or Eu2+/Eu3+,9,10 which requires a charge balance that can 

be accommodated by the loss of a proton from the OH− or by the generation of calcium 

vacancies.9,11 Rare-earth ions have a particular affinity as substitutional elements in HAp because 

of their similarity in ionic radii to the calcium ions (e.g., Ca2+ = 106 pm, Eu3+ = 101 pm, Ce3+ = 

107 pm and Tb3+ = 0.98 pm).12 Such substitutions result in changes in the lattice parameter and 

crystallinity of these materials, which may significantly affect their biological, chemical, and 

physical properties. Consequently, rare-earth doped HAp has potential applications for drug 

delivery,13,14 electrical stimulation in tissue engineering technologies,15 antimicrobials,16 and cell 

labeling.17 

When doped with rare-earth ions such as Eu3+, Ce3+, Tb3+, and Yb3+, HAp exhibits 

characteristic emission peaks that correspond to the 4f to 5d transitions of the dopants,9,18 with an 

emission intensity dependent on the ion concentration of the dopant.19 Thus, rare-earth doped HAp 

can be used as a sensor in tissues and cells.20 Most of the rare-earth ions employed in the doping 

of HAp possess a valence state of +3.21 However, in previous work we have reported the presence 

of Eu2+ and Yb2+ in calcium-deficient HAp.9,10,18 The presence of both valence states (+2 and +3) 

may have an impact on the well-known bone resorption process during bone remodeling.22 Bone 

remodeling is executed by osteoclasts that resorb bone and osteoblasts that fill the resorption 
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cavities with a bone matrix that subsequently becomes mineralized through a process of bone 

mineralization. The stimulation of osteoblasts in the process of bone mineralization is related to 

the ability of hydroxyapatite to release phosphorus and calcium ions from their structure.23 This 

can be modulated by changing crystallinity, crystalline phase, and the calcium to phosphorus 

ratio.24 Bertazzo et al.25 proposed a mechanism for in vivo bone mineralization in hydroxyapatite 

implants [Figure 10], which initiates with the solubilization of the hydroxyapatite surface and the 

precipitation of the ions present in the biological fluids, forming an apatite layer, which may have 

a general composition of Ca5(PO4)3(OH) (hydroxyapatite), Ca5(PO4)3F (fluorapatite), or 

Ca5(PO4)3Cl (chlorapatite).1 This process is followed by the absorption of proteins and organic 

material, along with the adhesion of cells, their proliferation, and ultimately the formation of new 

bone. The performance of an implant (bioactivity) depends on its ability to form an apatite layer 

on the surface.25 Furthermore, the formation of the apatite layer is linked to the solubility of the 

hydroxyapatite implant, although the formation of an apatite layer is not exclusively limited to the 

presence of dissolved calcium or phosphorus ions from the implant, since both ions would be 

available if the implant was immersed in a biological fluid. In fact, previous reports have 

demonstrated apatite formation on surfaces of SiO2 gel, gel-derived TiO2, ZrO2 gel, Nb2O5 gel, 

and Ta2O5 gel, among others, immersed in simulated body fluid (SBF).26−31 SBF usually contains 

Na+, K+, Ca2+, Mg2+, Cl−, (HCO3)
 −, (HPO4)

2−, and (SO4)
2−, which may result in the deposition of 

oxides, such as CaO and P2O5, that nucleate and grow the apatite layer,32 even if the implant is not 

hydroxyapatite.  
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Figure 10. Schematic diagram representing the phenomena that occur on the surface of 

hydroxyapatite after implantation. 

(1) Beginning of the implant procedure, where the solubilization of the hydroxyapatite 

surface starts. (2) Continuation of the solubilization of the hydroxyapatite surface. (3) 

Achievement of equilibrium between physiological solutions and the modified surface of 

hydroxyapatite.25 

Given that the solubility of HAp plays a crucial role in the bone mineralization process, the 

ability to monitor it is essential. Xie et al.20 demonstrated the feasibility of monitoring the 

dissolution of europium-doped hydroxyapatite in acetic acid by measuring the amount of europium 

dissolved in the acid, providing a valuable approach to studying and understanding HAp 

solubilization in a solution. Nonetheless, a study of rare-earth doped hydroxyapatite solubility in 

the presence of SBF has not been reported before. In this work, we present a luminescence study 

on the solubilization of Eu2+/Eu3+-, Ce3+-, and Tb3+-doped HAp scaffolds in the presence of SBF. 

We determine that the photoluminescence emission from the scaffolds decreases in a linear manner 

with respect to soaking time in the simulated body fluid. From scanning electron microscopy and 

energy dispersive spectroscopy we also show the formation of an apatite layer on the surfaces of 

the scaffolds. Thus, demonstrating the possibility of monitoring the gradual dissolution and re-

precipitation of hydroxyapatite in SBF, and contributing to an understanding of the dissolution 

stability of hydroxyapatite in physiological fluids and the use of rare-earth ions as luminescence 

markers for biomaterials.  
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2.2 Experimental Methods 

Eu2+/Eu3+-, Ce3+-, and Tb3+-doped hydroxyapatite powders (HAp:Eu, HAp:Ce, and 

HAp:Tb) were synthesized by solution combustion synthesis.33−41 The reagents used were calcium 

nitrate tetrahydrate [Ca(NO3)2•4H2O, 99%, Alfa Aesar, Ward Hill, MA], ammonium hydrogen 

phosphate [(NH4)2HPO4, 98%, Alfa Aesar, Ward Hill, MA], and carbohydrazide [CO(NHNH2)2, 

97%, Alfa Aesar, Ward Hill, MA]. Europium nitrate hexahydrate [Eu(NO3)3•6H2O, 99.9%, Alfa 

Aesar, Ward Hill, MA], cerium nitrate hexahydrate [Ce(NO3)3•6H2O, 99.9%, Sigma Aldrich], and 

terbium nitrate hexahydrate [Tb(NO3)3•6H2O, 99.9%, Sigma Aldrich], were used as sources of the 

rare-earth dopants. The HAp:RE powders were prepared by dissolving 26.872 mmol of 

Ca(NO3)2•4H2O and 1.414 mmol of rare-earth dopant into 28.28 mL of deionized water. 

Separately, 17.538 mmol of (NH4)2HPO4 were dissolved in 25.45 mL of deionized water. The 

(NH4)2HPO4 solution was then added dropwise to the calcium and rare-earth ion solution under 

continuous stirring, maintaining a molar ratio of Ca+RE to P of 1.67. Subsequently, 4.035 g of 

carbohydrazide were dissolved into the mixed solution and placed in a Pyrex crystallization dish, 

to be introduced into a furnace preheated at 773 K until ignition occurred, within approximately 

15 minutes. The resulting HAp:RE powders were calcined at 873 K for 4 hours.  

The calcined powders were characterized by X-ray diffraction on a Bruker D2 Phaser using 

CuK radiation and a step size of 0.01° over the 2θ range of 20 to 70 degrees. Particle size 

distributions were determined on a Microtrac Nanotrac ULTRA dynamic light scattering system, 

dispersing approximately 5 mg of powder in 20 mL of deionized water, stirring for 15 minutes and 

ultrasonicating for 15 minutes. 

The slurry used to form the scaffolds were prepared by mixing 4 g of the HAp:RE powder 

with 1 mL of deionized water. The scaffolds were extruded using a syringe with an 18G needle 
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and dried in an oven at 343 K for 1 hour. The SBF was prepared by dissolving sodium chloride 

[NaCl, 99.5%, Sigma Aldrich], sodium bicarbonate [NaHCO3, 99.7%, Sigma Aldrich], potassium 

chloride [KCl, 99.0%, Sigma Aldrich], dipotassium hydrogen phosphate [K2HPO4•3H2O, 98%, 

Sigma Aldrich], magnesium chloride [MgCl2•6H2O, 98%, Sigma Aldrich], calcium chloride 

[CaCl2, 99.0%, Sigma Aldrich], sodium sulfate [Na2SO4, 99.0%, Sigma Aldrich], hydrochloric 

acid [HCl, 1N, Fisher Scientific], and tris-(hydroxymethyl) aminomethane [(CH2OH)3CNH2, 

99.8%, Sigma Aldrich], in deionized water and buffered to pH 7.40 at 309 K with HCl. The 

solution was prepared based on the method outlined by Kokubo et al.42 The evaluation of the 

solubility was carried out by soaking the scaffolds in SBF for 4 weeks in a concentration of 1 mg 

of scaffold to 1 mL of SBF. After each week a volume of scaffold of approximate dimensions 5  

5  5 mm3 was taken from each sample and analyzed using photoluminescence. 

Energy dispersive spectroscopy (EDS) was utilized to determine elemental composition 

using an X-Max Oxford-Instruments system with a detector size of 20 mm2. The morphologies of 

the powders and scaffolds were evaluated by scanning electron microscopy (SEM) using a JEOL 

JIB-4500 instrument at 10 kV. Photoluminescence measurements were performed in a Hitachi F-

4500 fluorescence spectrophotometer over a wavelength range of 200 to 800 nm. To enhance the 

luminescence emission from the europium ions present in the SBF solution, 50 mL of SBF were 

mixed with 5 mL of PerkinElmer Delfia® enhancement solution and analyzed in a Cary Eclipse 

fluorescence spectrophotometer using an excitation wavelength of 395 nm. 

2.3 Results and Discussion 

Figure 11 shows the emission of HAp:RE powder under UV light, exhibiting the 

characteristic colors for europium (red), cerium (blue) and terbium (green). 
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Figure 11. Emission of the HAp:RE powder under UV light. 

 

The doped HAp powders display a flake-like morphology [Figure 12a] with an average 

particle size of ~120 nm from dynamic light scattering [Figure 12b]. Powder X-ray diffraction 

[Figure 13] verified the phase purity and crystal structure of the doped samples corresponding to 

PDF #09-0432. These patterns agree with the hexagonal HAp phase (space group P63/m). In 

addition, the patterns exhibit a small peak at ~31°, which corresponds to beta tri-calcium phosphate 

(β-TCP, PDF #06-0426), present as a minor secondary phase. The β-TCP phase is formed during 

the combustion synthesis process, since it reaches higher temperatures (973 K) that are amenable 

to the formation of this phase. The patterns do not show the formation of rare-earth oxides due to 

the small concentration of the dopants (~1 at.%, Table 1).  
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Figure 12. (a) Scanning electron micrograph and (b) particle size distribution of the 

combustion synthesized HAp powders. 
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Figure 13. X-ray diffraction patterns of the (a) HAp:Eu, (b) HAp:Ce, and (c) HAp:Tb 

powders. The red arrow marks the location of the primary peak for TCP. 

 

The emission spectra of the HAp:Eu, HAp:Ce, and HAp:Tb powders [Figure 14], show the 

characteristic emission bands for Eu3+, Ce3+ and Tb3+ ions, respectively. HAp:Ce, under excitation 

at 265 nm, shows a broad band at 360 nm, attributed to the transitions 2D3/2 → 2F5/2 and 2D3/2 → 

2F7/2 (labeled A and B).43−45 The emission spectrum for HAp:Tb, under excitation at 228 nm, 

exhibits four peaks centered at 493, 547, 591 and 626 nm (labeled C, D, E and F), and 
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corresponding to the transitions 5D4 → 7F6, 
5D4 → 7F5, 

5D4 → 7F4 and 5D4 → 7F3, respectively.46 

The emission bands marked G, H, I, and J, for HAp:Eu correspond to the transitions 5D0 → 7F1, 

5D0 → 7F2, 
5D0 → 7F3 and 5D0 → 7F4 with centers at 594, 617, 655 and 698 nm.47 

 

Figure 14. Photoluminescence emission spectra of HAp:Eu (red), HAp:Ce (blue) and 

HAp:Tb (green). A-B are the characteristic emission peaks for Ce3+, C-F are the characteristic 

emission peaks for Tb3+, and G-J are the characteristic emission peaks for Eu3+. 
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Table 3 summarizes the EDS results of the scaffolds before and after immersion in SBF 

for four weeks. The Ca/P ratios for all samples are below the stoichiometric value of 1.67 for HAp, 

indicating that the materials correspond to Ca-deficient HAp. In addition, from Table 3, we observe 

a notable decrease in the concentration of rare-earth ions after immersion in SBF, attributed to the 

partial dissolution of the HAp:RE scaffolds. Specifically, europium experiences a substantial 

decline in concentration from 1.26 to 0.49 (~60% decrease), whereas cerium and terbium exhibit 

a decrease of ~30% and ~40%, respectively. The provenance of the oxygen, phosphorus, and 

calcium signals originate from both the HAp scaffolds and the ions in SBF, and it is not possible 

to separate the contributions, but EDS can provide us information on sodium and chlorine, which 

are present in the scaffolds only after soaking and must be from the SBF, since HAp does not 

contain either element in its structure. 

 

Table 3. Elemental composition of the HAp:RE scaffolds before and after soaking in 

simulated body fluid for 4 weeks (determined from energy dispersive spectroscopy). 

 O (at.%) P (at.%) Ca (at.%) RE (at.%) Na and Cl (at.%) Ca/P 

Before soaking in simulated body fluid 

HAp:Eu 55.98 17.73 25.03 1.26 - 1.41 

HAp:Ce 57.32 17.38 23.95 1.35 - 1.38 

HAp:Tb 57.57 17.85 23.25 1.33 - 1.30 

After soaking in simulated body fluid 

HAp:Eu 50.51 14.66 22.91 0.49 11.43 1.56 

HAp:Ce 46.55 15.51 22.59 0.95 14.39 1.46 

HAp:Tb 47.86 15.37 22.94 0.81 13.04 1.49 

 

 The concentrations correspond to 11.43%, 14.39%, and 13.04%, for the HAp:Eu, HAp:Ce, 

and HAp:Tb scaffolds, respectively. Also, the Ca/P ratio increases in all scaffolds, from 1.41 to 
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1.56 in HAp:Eu, 1.38 to 1.46 in HAp:Ce, and 1.30 to 1.46 in HAp:Tb. The change in the Ca/P 

ratio is a result of the formation of apatite on the surface of the scaffold, a process previously 

reported in apatite materials in the presence of SBF.48−50 Figure 15 illustrates the surface of the 

HAp:Eu scaffold before [Figure 15a] and after [Figure 15b] soaking in SBF, providing visual 

support for the formation of an apatite layer on the surface of the scaffolds. These images reveal 

the deposition of faceted particles after soaking, as these particles are present only in Figure 15b. 

According to the EDS analysis performed on one of these particles [Figure 15c], calcium, 

phosphorus and oxygen from the hydroxyapatite and/or the SBF are present. However, sodium 

and chlorine are also found and must be originating from the SBF. 
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Figure 15. Scanning electron micrograph of the HAp:Eu scaffold (a) before and (b) after 

soaking in SBF for 4 weeks. (c) Energy dispersive spectrum of the HAp:Eu scaffold (obtained 

from the red square in (b)). 
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Figure 16. Area under peaks of the photoluminescence emission spectrum for the 

HAp:Eu, HAp:Ce, and HAp:Tb scaffolds. 

 

Figure 16 depicts the values of the areas under the curves of the photoluminescence 

emission spectra corresponding to the three scaffolds. All the scaffolds exhibit a linear attenuation 

of the emission. We tested the release of europium from the HAp:Eu scaffold into the SBF [Figure 

17], and show that all peaks in the fluorescence spectrum of the SBF correspond to the 

characteristic emission of Eu3+. The peaks centered at 488 nm, 539 nm, and 618 nm, correspond 

to the transitions 5D2 → 7F0, 
5D1 → 7F0, and 5D0 → 7F2, respectively. Thus, the weakening of the 
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photoluminescence emission is due to the partial dissolution of the scaffolds into the SBF. Note 

that Figure 6 shows no signal for the SBF (dashed line) before immersion of the scaffold. 

 

Figure 17. Fluorescence spectra of SBF before (dashed line) and after contact with the 

HAp:Eu scaffold for four weeks (solid line). 

 

The mineralization mechanism of HAp has been discussed previously by Kim et al.51 and 

Bertazzo et al.25 According to Kim et al.51 the negative charge on the surface of HAp enables the 

attraction of positively charged calcium ions from the SBF. This attraction results in the formation 

of a calcium-rich amorphous apatite. Subsequently, these positive charges selectively bind with 

negatively charged phosphate ions present in the SBF, leading to the formation of a calcium-poor 

apatite structure. In contrast, Bertazzo et al.25 suggested that the first step involves the 

solubilization of HAp, followed by the precipitation of phosphate ions, leading to the formation of 
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a “biological apatite” (apatite deficient in calcium). However, this model was originally proposed 

based on reactions reported by Dorozhkin52,53 for the HAp dissolution in different solutions that 

did not specifically examine the behavior in SBF. 

By incorporating rare-earth ions as probes within HAp and based on the emissions 

observed in our photoluminescence spectra, we shed light on the interactions occurring on the 

surface of hydroxyapatite. In Figure 18, we describe the apatite formation mechanism. The 

europium fluorescence found in SBF [Figure 16] and the photoluminescence attenuation described 

in Figure 5 are evidence of the partial dissolution of the HAp scaffold, and we describe the process 

as follows. As a first step [Figure 18a], Ca2+, PO
4

3-
, and the rare-earth ions are dissolved in the 

SBF. The process of re-precipitation follows [Figure 18b], confirmed from images represented by 

Figure 5b, where platelets that are not present on the surface of the scaffold before immersion are 

now evident, and from the EDS analysis of Figure 5c, in which calcium and phosphorus from the 

SBF are evident, indicating the formation of apatite.31,50,54 While our results do not show a 

homogeneous layer formed on the surface of the scaffolds, previous studies25,51 suggest that the 

process of precipitation continues until equilibrium is achieved, resulting in a continuous apatite 

layer [Figure 18c]. 

Understanding the initial steps in the formation of apatite on doped HAp and determining 

its luminescence stability are crucial pieces of information for developing highly effective 

bioactive materials for medical applications. By knowing how apatite forms initially, we can tailor 

biomaterials to encourage this process, ultimately enhancing their ability to integrate with 

biological tissues. Additionally, the stable luminescence of HAp ensures that these materials 

maintain their performance over time, a vital characteristic for their sustained effectiveness in 

medical applications. 
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Figure 18. Schematic depicting surface changes in the HAp:RE scaffold during SBF immersion: 

 (a) Initial HAp:RE surface solubilization, (b) ongoing HAp:RE surface solubilization concurrent 

with ion precipitation from SBF, primarily calcium and phosphorus, and (c) formation of an 

apatite layer upon reaching equilibrium between SBF and the HAp:RE surface. 
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2.4 Conclusions 

Rare-earth doped hydroxyapatite (HAp) was synthesized by solution combustion synthesis, 

with europium, cerium, and terbium as dopants. The powders reveal a flake-like morphology and 

a particle size distribution of around 120 nm. According to X-ray diffraction analysis, the dopant 

concentration does not modify the crystal structure of the hydroxyapatite. Due to the high 

temperatures reached during combustion, a phase of β-TCP was formed as a minor secondary 

phase. The presence of the rare-earth ions in the powders was confirmed by EDS measurements, 

revealing a concentration of 1.26%, 1.35%, and 1.33% for HAp:Eu, HAp:Ce, and HAp:Tb, 

respectively. Photoluminescence spectra show the corresponding emissions of Eu3+ (594, 617, 655 

and 698 nm), Ce3+ (360 nm), and Tb3+ (493, 547, 591 and 626 nm). After synthesis, the powders 

were used to prepare scaffolds using a solid free-form fabrication technique, then were soaked in 

simulated body fluid for four weeks, where it was found that the scaffolds were partially dissolved 

by SBF suggesting that this dissolution could serve as the initial stage for the formation of apatite 

on the scaffold surface. All the scaffolds showed a linear attenuation of the emission after exposure 

to SBF. Fluorescence analysis of the SBF revealed the presence of dissolved europium in the fluid. 

The mineralization on the surface of the scaffolds can be explained by a simple solubilization, 

precipitation, and subsequent formation of an apatite layer.  

 

Chapter 2, in part, has been submitted for publication of the material as it may appear in 

ACS Applied Bio Materials, 2024. Martinez-Pallares, Fabian; Herrera-Zaldivar, Manuel; Graeve, 

Olivia A. The dissertation author was the primary author of this paper. 

 

  



 

48 

References 

__________________________ 

[1]. White, T.; Ferraris, C.; Kim, J.; Madhavi, S. Apatite - an adaptive framework structure. 

Rev. Mineral. Geochem. 2005, 57 (1), 307−401. DOI: 10.2138/rmg.2005.57.10 

[2]. Šupová, M. Substituted hydroxyapatites for biomedical applications: A review. Ceram. 

Int. 2015, 41 (8), 9203–923. DOI: 10.1016/j.ceramint.2015.03.316 

[3]. Ressler, A.; Žužić, A.; Ivanišević, I.; Kamboj, N.; Ivanković, H. Ionic substituted 

hydroxyapatite for bone regeneration applications: A review. Open Ceram. 2021, 6, 

100122. DOI: 10.1016/j.oceram.2021.100122 

[4]. Tite, T.; Popa, A.- C.; Balescu, L. M.; Bogdan, I. M.; Pasuk, I.; Ferreira, J. M. F.; Stan, 

G. E. Cationic substitutions in hydroxyapatite: Current status of the derived biofunctional 

effects and their in vitro interrogation methods. Materials (Basel) 2018, 11 (11), 2081. 

DOI: 10.3390/ma11112081 

[5]. Kolekar, T. V.; Thorat, N. D.; Yadav, H. M.; Magalad, V. T.; Shinde, M. A.; Bandgar, S. 

S.; Kim, J. H.; Agawane, G. L. Nanocrystalline hydroxyapatite doped with aluminium: A 

potential carrier for biomedical applications. Ceram. Int. 2016, 2 (4), 5304–5311. DOI: 

10.1016/j.ceramint.2015.12.060 

[6]. Webster, T. J.; Massa-Schlueter, E. A.; Smith, J. L.; Slamovich, E. B. Osteoblast 

response to hydroxyapatite doped with divalent and trivalent cations. Biomaterials. 2004, 

25 (11), 2111–2121. DOI: 10.1016/j.biomaterials.2003.09.001 

[7]. Jose, S.; Senthilkumar, M.; Elayaraja, K.; Haris, M.; George, A.; Dhayal Raj, A.; 

Sundaram, S. J.; Bashir, A. K. H.; Maaza, M.; Kaviyarasu, K. Preparation and 

characterization of Fe doped n-hydroxyapatite for biomedical application. Surf. 

Interfaces. 2021, 25, 101185. DOI: 10.1016/j.surfin.2021.101185 

[8]. Feng, Z.; Liao, Y.; Ye, M. Synthesis and structure of cerium-substituted hydroxyapatite. 

J. Mater. Sci. - Mater. Med. 2005, 16, 417–421. DOI: 10.1007/s10856-005-6981-8 

[9]. Zavala-Sanchez, L. A.; Hirata, G. A.; Novitskaya, E.; Karandikar, K.; Herrera, M.; 

Graeve, O. A. Distribution of Eu2+ and Eu3+ ions in hydroxyapatite: A 

cathodoluminescence and Raman study, ACS Biomater. Sci. Eng. 2015, 1 (12), 1306–

1313. DOI: 10.1021/acsbiomaterials.5b00378 

[10]. Graeve, O. A.; Kanakala, R.; Madadi, A.; Williams, B. C.; Glass, K. C. Luminescence 

variations in hydroxyapatites doped with Eu2+ and Eu3+ ions. Biomaterials. 2010, 31 

(15), 4259–4267. DOI: 10.1016/j.biomaterials.2010.02.009 

[11]. Serret, A.; Cabañas, M. V.; Vallet-Regi, M. Stabilization of calcium oxyapatites with 

lanthanum(III)-created anionic vacancies. Chem. Mater. 2000, 12 (12), 3836–3841. DOI: 

10.1021/cm001117p 

https://doi.org/10.1016/j.oceram.2021.100122


 

49 

[12]. Shannon, R. D. Revised effective ionic radii and systematic studies of interatomic 

distances in halides and chalcogenides. Acta Crystallogr., Sect. A: Found. Crystallogr. 

1976, 32 (5), 751–762. DOI: 10.1107/S0567739476001551 

[13]. Yang, P.; Quan, Z.; Li, C.; Kang, X.; Lian, H.; Lin, J. Bioactive, luminescent and 

mesoporous europium-doped hydroxyapatite as a drug carrier. Biomaterials. 2008, 29 

(32), 4341–4347. DOI: 10.1016/j.biomaterials.2008.07.042 

[14]. Ahymah Joshy, M. I.; Elayaraja, K.; Suganthi, R. V.; Chandra Veerla, S.; Kalkura, S. N. 

In vitro sustained release of amoxicillin from lanthanum hydroxyapatite nano rods. Curr. 

Appl. Phys. 2011, 11 (4), 1100–1106. DOI: 10.1016/j.cap.2011.02.003 

[15]. Li, Y.; Ooi, C. P.; Cheang, P. H. N.; Khor, K. A. Synthesis and characterization of 

neodymium(III) and gadolinium(III)-substituted hydroxyapatite as biomaterials. Int. J. 

Appl. Ceram. Technol. 2009, 6 (4), 501–512. DOI: 10.1111/j.1744-7402.2008.02293.x 

[16]. Lin, Y.; Yang, Z.; Cheng, J. Preparation, characterization and antibacterial property of 

cerium substituted hydroxyapatite nanoparticles. J. Rare Earths 2007, 25 (4), 452–456. 

DOI: 10.1016/S1002-0721(07)60455-4 

[17]. Zantye, P.; Fernandes, F.; Ramanan, S. R.; Kowshik, M. Rare earth doped hydroxyapatite 

nanoparticles for in vitro bioimaging applications. Curr. Phys. Chem. 2019, 9 (2), 94–

109. DOI: 10.2174/1877946809666190828104812 

[18]. Zavala, L. A.; Fernández, P.; Novitskaya, E.; Díaz, J. N.; Herrera, M.; Graeve, O. A. 

Interconfigurational and intraconfigurational transitions of Yb2+ and Yb3+ ions in 

hydroxyapatite: A cathodoluminescence study. Acta Mater. 2017, 135, 35–43. DOI: 

10.1016/j.actamat.2017.06.003 

[19]. Popa, C. L.; Ciobanu, C. S. Synthesis and characterization of fluorescent hydroxyapatite. 

Rom. Rep. Phys. 2016, 68 (3), 1170–1177. 

[20]. Xie, Y.; Perera, T. S. H.; Li, F.; Han, Y.; Yin, M. Quantitative detection method of 

hydroxyapatite nanoparticles based on Eu3+ fluorescent labeling in vitro and in vivo. 

ACS Appl. Mater. Interfaces 2015, 7 (43), 23819–23823. DOI: 10.1021/acsami.5b08767 

[21]. Gu, M.; Li, W.; Jiang, L.; Li, X. Recent progress of rare earth doped hydroxyapatite 

nanoparticles: Luminescence properties, synthesis and biomedical applications. Acta 

Biomater. 2022, 148, 22–43. DOI: 10.1016/j.actbio.2022.06.006 

[22]. Wu, L.; Yang, F.; Xue, Y.; Gu, R.; Liu, H.; Xia, D.; Liu, Y. The biological functions of 

europium-containing biomaterials: A systematic review. Mater. Today Bio 2023, 19, 

100595. DOI: 10.1016/j.mtbio.2023.100595 

[23]. Jeong, J.; Kim, J. H.; Shim, J. H.; Hwang, N. S.; Heo, C. Y. Bioactive calcium phosphate 

materials and applications in bone regeneration. Biomater. Res. 2019, 23, 4. DOI: 

10.1186/s40824-018-0149-3 



 

50 

[24]. Dorozhkin S. V. Calcium orthophosphate-based bioceramics. Materials (Basel) 2013, 6 

(9), 3840–3942. DOI: 10.3390/ma6093840 

[25]. Bertazzo, S.; Zambuzzi, W. F.; Campos, D. D. P.; Ogeda, T. L.; Ferreira, C. V.; Bertran, 

C. A. Hydroxyapatite surface solubility and effect on cell adhesion. Colloids Surf., B 

2010, 78 (2), 177–184. DOI: 10.1016/j.colsurfb.2010.02.027 

[26]. Li, P.; Ohtsuki, C.; Kokubo, T.; Nakanishi, K.; Soga, N.; Nakamura, T.; Yamamuro, T. 

Apatite formation induced by silica gel in a simulated body fluid. J. Am. Ceram. Soc. 

1992, 75 (8), 2094–2097. DOI: 10.1111/j.1151-2916.1992.tb04470.x 

[27]. Li, P.; Ohtsuki, C.; Kokubo, T.; Nakanishi, K.; Soga, N.; De Groot, K. The role of 

hydrated silica, titania, and alumina in inducing apatite on implants. J. Biomed. Mater. 

Res. 1994, 28 (1), 7–15. DOI: 10.1002/jbm.820280103 

[28]. Uchida, M.; Kim, H. -M.; Kokubo, T.; Miyaji, F.; Nakamura, T. Bonelike apatite 

formation induced on zirconia gel in a simulated body fluid and its modified solutions. J. 

Am. Ceram. Soc. 2001, 84 (9), 2041–2044. DOI: 10.1111/j.1151-2916.2001.tb00955.x 

[29]. Miyazaki, T.; Kim, H. -M.; Kokubo, T.; Ohtsuki, C.; Nakamura, T. Apatite-forming 

ability of niobium oxide gels in a simulated body fluid. J. Ceram. Soc. Jpn. 2001, 109 

(1275), 929–933. DOI: 10.1002/jbm.820280103 

[30]. Miyazaki, T.; Kim, H. -M.; Kokubo, T.; Kato, H.; Nakamura, T. Induction and 

acceleration of bonelike apatite formation on tantalum oxide gel in simulated body fluid. 

J. Sol-Gel Sci. Technol. 2001, 21, 83–88. DOI: 10.1023/A:1011265701447 

[31]. Yamaguchi, S.; Nath, S.; Sugawara, Y.; Divakarla, K.; Das, T.; Manos, J.; Chrzanowski, 

W.; Matsushita, T.; Kokubo, T. Two-in-one biointerfaces–Antimicrobial and bioactive 

nanoporous gallium titanate layers for titanium implants. Nanomaterials (Basel), 2017, 7 

(8), 229. DOI: 10.3390/nano7080229 

[32]. Pan, H.; Zhao, X.; Darvell, B. W.; Lu, W. W. Apatite-formation ability – predictor of 

"bioactivity"?. Acta Biomater. 2010, 6 (11), 4181–4188 (2010). DOI: 

10.1016/j.actbio.2010.05.013 

[33]. Novitskaya, E.; Manheim, A.; Herrera, M.; Graeve, O. A. Effect of oxygen vacancies on 

the mechanoluminescence response of magnesium oxide. J. Phys. Chem. C 2021, 125 (1) 

854–864. DOI: 10.1021/acs.jpcc.0c07674 

[34]. Novitskaya, E., Kelly, J. P., Bhaduri, S., Graeve, O. A. A review of solution combustion 

synthesis: An analysis of parameters controlling powder characteristics. Int. Mater. Rev. 

2021, 66 (3), 188–214. DOI: 10.1080/09506608.2020.1765603 

[35]. Kanakala, R.; Escudero, R.; Rojas-George, G.; Ramisetty, M.; Graeve, O. A. 

Mechanisms of combustion synthesis and magnetic response of high-surface-area 

hexaboride compounds. ACS Appl. Mater. Interfaces 2011, 3 (4), 1093–1100. DOI: 

10.1021/am1012276 



 

51 

[36]. Kanakala, R.; Rojas-George, G.; Graeve, O. A. Unique preparation of hexaboride 

nanocubes: A first example of boride formation by combustion synthesis. J. Am. Ceram. 

Soc. 2010, 93 (10), 3136–3141. DOI: 10.1111/j.1551-2916.2010.03853.x 

[37]. Sinha, K.; Pearson, B.; Casolco, S. R.; Garay, J. E.; Graeve, O. A. Synthesis and 

consolidation of BaAl2Si2O8:Eu. Development of an integrated process for luminescent 

smart ceramic materials. J. Am. Ceram. Soc. 2009, 92 (11), 2504–2511. DOI: 

10.1111/j.1551-2916.2009.03242.x 

[38]. Graeve, O. A.; Varma, S.; Rojas-George, G.; Brown, D. R.; Lopez, E. A. Synthesis and 

characterization of luminescent yttrium oxide doped with Tm and Yb. J. Am. Ceram. Soc. 

2006, 89 (3), 926–931. DOI: 10.1111/j.1551-2916.2006.00845.x 

[39]. Lopez, O. A.; McKittrick, J.; Shea, L. E. Fluorescence properties of polycrystalline 

Tm3+-activated Y3Al5O12 and Tm3+-Li+ co-activated Y3Al5O12 in the visible and 

near IR ranges. J. Lumin. 1997, 71 (1), 1–11. DOI: 10.1016/S0022-2313(96)00123-8 

[40]. Shea, L. E.; McKittrick, J.; Lopez, O. A.; Sluzky, E.; Phillips, M. L. F. Advantages of 

self-propagating combustion reactions for synthesis of oxide phosphors. J. Soc. Inf. Disp. 

1997, 5 (2), 117–125. DOI: 10.1889/1.1985140 

[41]. Shea, L. E.; McKittrick, J.; Lopez, O. A.; Sluzky, E. Synthesis of red-emitting, small 

particle size luminescent oxides using an optimized combustion process. J. Am. Ceram. 

Soc. 1996, 79 (12), 3257–3265. DOI: 10.1111/j.1151-2916.1996.tb08103.x 

[42]. Kokubo, T. Bioactive glass ceramics: Properties and applications. Biomaterials. 1991, 12 

(2), 155–163. DOI: 10.1016/0142-9612(91)90194-F 

[43]. Maleka, P. M.; Reddy, L.; Nkosi, T. J.; Balakrishna, A.; Kroon, R. E.; Swart, H. C.; 

Ntwaeaborwa, O. M. Structural and morphological characterization of photoluminescent 

cerium-doped near UV-blue sodium ortho-phosphate phosphors. J. Lumin. 2020, 226, 

117409. DOI: 10.1016/j.jlumin.2020.117409 

[44]. Ghamami, S.; Anari, S. K.; Bakhshi, M.; Lashgari, A.; Salgado-Morán, G.; Glossman-

Mitnik, D. Preparation and characterization of cerium (III) doped captopril nanoparticles 

and study of their photoluminescence properties. Open Chem. 2016, 14 (1), 60–64. DOI: 

10.1515/chem-2016-0008 

[45]. Kobylinska, N. G.; Dudarko, O. A.; Melnyk, I. V.; Seisenbaeva, G. A.; Kessler, V. G. 

Luminescence performance of cerium(III) ions incorporated into organofunctional 

mesoporous silica. Microporous Mesoporous Mater. 2020, 305, 110331. DOI: 

10.1016/j.micromeso.2020.110331 

[46]. Nie, K.; Zhou, R.; Cheng, C. -A.; Duan, X.; Hu, Z.; Mei, L.; Liu, H.; Zhang, Y.; Wang, 

L.; Wang, H.; Ma, X. Structure, luminescence properties and energy transfer of terbium 

and samarium co-doped barium based apatite phosphor with tunable emission colour. 

Heliyon 2022, 8 (12), e12566. DOI: 10.1016/j.heliyon.2022.e12566 



 

52 

[47]. Verma, N.; Michalska-Domańska, M.; Ram, T.; Kaur, J.; Misra, A. K.; Dubey, V.; 

Dubey, N.; Tiwari, K.; Rao, M. C. Optimizing the luminescence efficiency of an 

europium (Eu3+) doped SrY2O4 phosphor for flexible display and lighting applications. 

RSC Adv. 2023, 13 (29), 20217–20228. DOI: 10.1039/d3ra03199c 

[48]. Demirtaş, T. T.; Kaynak, G.; Gümüşderelioğlu, M. Bone-like hydroxyapatite precipitated 

from 10×SBF-like solution by microwave irradiation. Mater. Sci. Eng., C 2015, 49, 713–

719. DOI: 10.1016/j.msec.2015.01.057 

[49]. Spanos, N.; Misirlis, D. Y.; Kanellopoulou, D. G.; Koutsoukos, P. G. Seeded growth of 

hydroxyapatite in simulated body fluid. J. Mater. Sci. 2006, 41, 1805–1812. DOI: 

10.1007/s10853-006-2952-9 

[50]. Cho, S. -B.; Nakanishi, K.; Kokubo, T.; Soga, N.; Ohtsuki, C.; Nakamura, T.; Kitsugo, 

T.; Yamamuro, T. Dependence of apatite formation on silica gel on its structure: Effect of 

heat treatment. J. Am. Ceram. Soc. 1995, 78 (7), 1769–1774. DOI: 10.1111/j.1151-

2916.1995.tb08887.x 

[51]. Kim, H. -M.; Himeno, T.; Kokubo, T.; Nakamura, T. Process and kinetics of bonelike 

apatite formation on sintered hydroxyapatite in a simulated body fluid. Biomaterials 

2005, 26 (21), 4366–4373. DOI: 10.1016/j.biomaterials.2004.11.022 

[52]. Dorozhkin, S. V. Surface reactions of apatite dissolution. J. Colloid Interface Sci. 1997, 

191 (2), 489–497. DOI: 10.1006/jcis.1997.4942 

[53]. Dorozhkin, S. V. Inorganic chemistry of the dissolution phenomenon: The dissolution 

mechanism of calcium apatites at the atomic (ionic) level. Comments Inorg. Chem. 1999, 

20 (4-6), 285–299. DOI: 10.1080/02603599908021447 

[54]. Zvicer, J.; Medic, A.; Veljovic, D.; Jevtic, S.; Novak, S.; Obradovic, B. Biomimetic 

characterization reveals enhancement of hydroxyapatite formation by fluid flow in gellan 

gum and bioactive glass composite scaffolds. Polym. Test. 2019, 76, 464–472. DOI: 

10.1016/j.polymertesting.2019.04.004 

 

  

https://pubs.rsc.org/en/results?searchtext=Author%3AMarta%20Michalska-Doma%C5%84ska


 

53 

Chapter 3 In vitro differentiation of pre-osteoblast like cells (MC3T3-

E1) in luminescent hydroxyapatite 
 

Abstract 

We present a study investigating the osteogenic potential of rare-earth doped 

hydroxyapatite in a murine pre-osteoblastic cell line, aiming to assess the osteoblast differentiation 

effect of Yb-, Tb-, Ce-, and Eu- doped hydroxyapatite through alkaline phosphatase activity and 

the expression levels of osteogenic marker genes. Our findings reveal an enhancement of 

differentiation activity with the incorporation of rare-earth elements into the hydroxyapatite lattice. 

Among the rare-earth dopants assessed, europium and ytterbium exhibited higher alkaline 

phosphatase activity. Additionally, the gene expression of Runx2, OCN, ALP, OPN, and BMP2 

was higher in the presence of these two dopants. Cathodoluminescence spectroscopy 

measurements revealed distinct emission peaks corresponding to Eu2+/Eu3+ and Yb2+ in the 

hydroxyapatite doped with europium and terbium, respectively, suggesting that the incorporation 

of the 2+ valence ions in the hydroxyapatite lattice contributes to the enhancement of osteoblast 

differentiation. This research contributes valuable insights into the development of novel 

biomaterials with enhanced osteoinductive properties, promising advancements in bone tissue 

engineering and regenerative medicine. 
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3.1. Introduction 

Hydroxyapatite (HAp) and β-tricalcium phosphate (TCP) are essential inorganic materials, 

constituting the primary components of robust biological tissues like bone. While HAp provides 

the structural integrity1, TCP plays a crucial role in bone remodeling and regeneration.2 Given their 

significance, there is immense interest in leveraging these materials for biomedical applications to 

fabricate artificial bone structures that not only gain host acceptance but also stimulate osteo-

regeneration. HAp [Ca10(PO4)6(OH)2] is obtained either from biological sources like bovine 

bones3,4 or through different synthesis methods involving calcium and phosphorus precursors5. It 

is crucial to understand how specific methods and conditions influence the biological performance, 

thereby impacting its stability and solubility6. In contrast, TCP synthesis can be achieved through 

high-temperature solid-state reactions, low thermal wet precipitation and thermal conversion 

methods.7 It is known that the thermal conversion is not a direct synthesis method; rather, it 

involves the conversion of amorphous calcium phosphate8,9,10 or calcium deficient 

hydroxyapatite11,12,13 to TCP by reaching temperatures above 1023 K.14 For this reason, synthesis 

of HAp involving high-temperature reactions, such as solution combustion method, often results 

in the formation of a mixture of HAp and TCP.15,16,17  

Although, HAp is known to inhibit the proliferation of both human cancer cells (MGC-

803, Os-732, and Bel-7402) and normal cells (L-02, MRC-5, and HaCaT)18,19, further 

investigations revealed HAp does not inhibit bone cells proliferation and can even promote them20, 

a property that can be affected by mixing it with other materials21, like TCP22, or by the 

incorporation of dopants23 such as rare-earth elements.24 Both TCP and rare-earth elements have 

been well-documented for inducing osteoblast differentiation.25,26,27,28,29 In TCP, osteoblast 

differentiation has been related to the Ca2+ release30, following the activation of the Calmodulin 
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and Calmodulin-dependent kinase II pathway, as described by Carey et. al..31 On the other hand, 

in rare-earth ions, such as lanthanum and gadolinium, the differentiation has been linked to Wnt/β-

Catenin pathways.32,33 All these pathways activate the expression of genes associated with the 

osteoblast differentiation. While these studies confirm the positive influence of rare-earth elements 

on osteoblast differentiation, a comparative study among rare-earth dopants with varying charges 

has not been reported previously. In this work we present an osteogenic promotion study of 

hydroxyapatite doped with rare-earth elements, including europium, cerium, terbium, and 

ytterbium. Gene expression and ALP activity were assessed to reveal the osteogenic properties of 

rare-earth doped hydroxyapatite. Cathodoluminescence spectroscopy confirmed the presence and 

charge of the rare-earth dopants. The crystal structure and phase purity of both the undoped and 

doped hydroxyapatite powders were determined through Rietveld analysis. This paper discusses 

the formation of TCP and the alterations in the HAp lattice structure, as well as reports on the 

influence of the rare earth dopant on osteogenic activity. 

3.2. Experimental procedure 

3.2.1. HAp and HAp:RE powders synthesis 

Undoped hydroxyapatite (HAp) and rare-earth doped hydroxyapatite (HAp:RE = HAp:Eu, 

HAp:Ce, HAp:Tb and HAp:Yb) powders were synthesized by combustion synthesis [as shown in 

Figure 19].34,35,36,37,38,39,40,41,42 For the HAp, the reagents used were calcium nitrate tetrahydrate 

[Ca(NO3)2·4H2O, 99%, Alfa Aesar, Ward Hill, MA], ammonium hydrogen phosphate 

[(NH4)2HPO4, 98%, Alfa Aesar, Ward Hill, MA], and carbohydrazide [CO(NHNH2)2 97%, Alfa 

Aesar, Ward Hill, MA]. The rare earth dopants used were europium nitrate hexahydrate 

[Eu(NO3)3·6H2O, 99.9%, Alfa Aesar, Ward Hill, MA], cerium nitrate hexahydrate 

[Ce(NO3)3·6H2O, 99.9%, Sigma Aldrich], terbium nitrate hexahydrate [Tb(NO3)3·6H2O, 99.9%, 
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Sigma Aldrich] and ytterbium nitrate hexahydrate [Yb(NO3)3·5H2O, 99.9%, Alfa Aesar, Ward 

Hill, MA].  

The HAp solution was prepared by adding 26.87ml of (NH4)2HPO4 0.67M to 29.86ml of 

Ca(NO3)2·4H2O 1M solution by dropwise under continues stirring. The HAp:RE solutions were 

prepared by dissolving 26.87 mmol of Ca(NO3)2·4H2O and 1.414 mmol of RE dopant into 28.28 

mL of deionized water, 25.45ml of (NH4)2HPO4 0.67M was added dropwise to the calcium/RE 

solution under continuous stirring. Then, 4.035 g of carbohydrazide was dissolved into the HAp 

and HAp:RE solutions and placed in a Pyrex crystallization dish and placed into a preheated 

furnace at 773 K until ignition occurred (within approximately 15 min). The HAp and HAp:RE 

powders resultant from the combustion were calcined at 873 K for 4 hours.  

 

Figure 19. Synthesis Scheme of the solution combustion synthesis of HAp:RE. 

3.2.2. Powder characterization 

All samples were characterized with a Bruker D2 Phaser X-ray diffractometer, using CuKα 

radiation and a step size of 0.01° over the 2θ range of 20 to 70 degrees. Rietveld analysis of XRD 

data in JADE software was used to identify and quantify the percentages of the phases. Particle 

size distributions were determined using a Microtrac Nanotrac ULTRA dynamic light scattering 

(DLS) system dispersing 10 mg of powder in 100 mL of deionized water, and ultrasonicated for 

10 minutes. Subsequently, the sample was allowed to stand undisturbed for approximately 5 

minutes before measurement. Energy dispersive spectroscopy (EDS) was used to determine 
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elemental composition using an X-Max Oxford-Instruments system with a detector size of 20 mm2
. 

The morphology of the powders was analyzed by scanning electron microscopy (SEM) using a 

JEOL JIB-4500 instrument. Photoluminescence measurements were performed in a Hitachi F-

4100 fluorescence spectrophotometer over a wavelength range of 200–800 nm.  

3.2.3. Cell Culture 

Mouse pre-osteoblast MC3T3-E1 subclone 4 cell line (CRL-2593, ATCC, Manassas, VA) 

were cultured in alpha-Minimum Essential Medium Eagle medium (α-MEM) (Sigma-Aldrich, St. 

Louis, MO), supplemented with 10% Fetal Bovine Serum (FBS, BenchMark, Gemini Bio 

Products), 1% v/v (Streptomycin/Penicilin, BIowest), 1% v/v L-glutamine (Sigma Aldrich, MO) 

and 1.5 g/l sodium bicarbonate. MC3T3-E1 cells were cultivated at 310 K humidified atmosphere 

containing 5% CO2. 

3.2.4. Hemolysis  

The hemolysis test was performed according to the ISO 10993-4. For the Erythrocytes 

preparation, 25 mL of blood from an anonymous normocyte healthy human donor were extracted 

directly into K2-EDTA-coated Vacutainer tubes to prevent coagulation.  

The blood sample was 1) centrifuged at 1750 RPM for 5 minutes at 298 K to separate the 

hematocrit, then 2) the supernatant was removed and 3) replaced with 150 mM NaCl solution. 

Steps 1), 2) and 3) were repeated once to wash the blood sample. The NaCl solution was removed 

following steps 1) and 2). Then, the 4) supernatant was replaced with PBS. Steps 1), 2) and 4) 

were repeated to wash the blood sample. The red blood cell solution (RBC) was prepared mixing 

1 mL of the washed blood sample solution and 49 mL of PBS. In a 1.5 mL Eppendorf tube, 2 mg 

of HAp and HAp:RE powders were dispersed in 0.2 mL of RBC and placed in an incubator at 310 

K for 1 hour. After incubation, the samples were centrifuged at 10,000 rpm for 5 minutes and 100 
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μL of supernatant from all samples were transferred to a 96-well plate. The absorbance of the 

samples was measured at 541 nm in a microplate reader (Multiskan GO, Thermo Scientific). To 

determine the percentage of hemolysis, the following formula was used: Hemolysis (%) = 

(absorbance at 541 nm of the sample - absorbance at 541 nm of the negative control) / (absorbance 

at 541 nm of the positive control - absorbance at 541 nm of the negative control) × 100. The 

negative control consisted of RBC, showing no hemolysis. In contrast, the positive control was 

RBC treated with 0.1% Triton X-100 in PBS, which induced 100% hemolysis. 

According to the ASTM F756-00 standard, the materials can be classified in three different 

categories: hemolytic with a percentage of hemolysis over 5%, slightly hemolytic with a 

percentage of hemolysis between 5% and 2% , and non-hemolytic with a percentage of hemolysis 

below 2%. 

3.2.5. Osteoblast viability assays 

Pre-osteoblast cell (MC3T3-E1) viability test was performed using a colorimetric assay 

based on the reduction of resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide, sodium). 3 mg of 

HAp and HAp:RE were dispersed in 300 µL of α-MEM and placed in a 24-well plate. Then, 200 

µL of α-MEM containing 12,500 cells were added to the 24-well plate and incubated for 24 h, 48 

h and 72 h at 310 K and 5% CO2. Consecutively, treated cells were rinsed with PBS and the cell 

viability test was assessed with the in vitro Cell Vitality Assay Kit (Sigma Aldrich, Eugene, OR). 

The negative control consisted of α-MEM with 10% C12-resazurin, while untreated cells 

incubated for 24 h, 48 h and 72 h at 310 K and 5% CO2 were used as a positive control for C12-

resazurin staining. The absorbance of the samples and controls were measured at 570 nm and 600 

nm in the micro plate reader. 
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3.2.7. In vitro Alkaline phosphatase activity assay 

The differentiation of pre-osteoblast cells was evaluated as a function of alkaline 

phosphatase (ALP) activity. Osteoblast MC3T3-E1 cells were differentiated for 7 days and 

assessed for ALP activity. 5 mg of HAp and HAp:RE were dispersed by sonication in 1 ml of PBS 

for 5 minutes. Then, 100 µL of this solution was added to osteoblast cells that had been seeded in 

a 24-well plate at a density of 3,000 cells. Then were incubated for 7 days at 310 K in a 5% CO2 

atmosphere (the osteoblast culture medium was replaced every 2 days). Subsequently, the cells 

were rinsed with PBS, followed by the addition of 200 µL of 5 mM p-Nitrophenyl Phosphate (p-

NPP, Sigma Aldrich, St. Louis, MO) and incubated for 1 hour at 310 K in a 5% CO2 atmosphere. 

100 µL of supernatant were place in a 96-well plate and measured in microplate reader at 405nm. 

A solution was prepared by mixing 5 mg of ascorbic acid and 216 mg of β-glycerophosphate in 

100 mL of HPLC grade water. Subsequently, 10 µL of this solution was added to a well containing 

only cells on day 5 of the ALP activity assay, serving as the negative control. For the positive 

control, cells were incubated under identical conditions. Both the positive and negative control 

groups were incubated without the presence of either HAp or HAp:RE. 

All results were normalized by the total number of cells present on day 7 of the analysis. 

The number of cells was estimated indirectly by the calculation of the total protein content. 

3.2.8. Gene expression of Runx2, ALP, OPN, OCN, and BMP2 

To determine whether HAp or HAp:RE causes changes in the expression of genes involved 

in the differentiation of osteoblast (Runx2, ALP, OPN, OCN, and BMP2), quantitative polymerase 

chain reaction was performed (q-PCR).  
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3.2.9. Statistical analysis 

Each experiment was conducted independently in triplicate. The results were presented as 

the mean ± standard deviation of three separate experiments.  

3.3. Results and Discussion 

3.3.1. General powder characteristics  

SEM measurement of HAp:Eu sample revealed a distinctive flake-like morphology that 

appeared irregularly agglomerated [Figure 1(a)]. Both the pure and HAp:RE samples exhibited a 

unimodal particle size distribution with an average hard agglomerate diameter ranging from 90 nm 

to 140 nm, as depicted in Figure 1(b). Cathodoluminescence spectra of the HAp:Eu powders 

[Figure 3(a)] display the typical broad emission of the Eu2+ ions centered at 420 nm, attributed to 

transitions between levels 4f 65d 1 and 4f 7(8S7/2)
43, and the characteristic emissions of Eu3+ ions 

between 570 nm and 720 nm that correspond to transitions between levels 5D0 and 7FJ.
44 Figures 

3(b) and (c) illustrate the Ce3+ and Tb3+ emissions for the transitions 5D0 → 7F0 and 5D3/2  → 7FJ 

for Ce3+ 45,46, and 5D3 → 7FJ and 5D4 → 7FJ for Tb3+ .47,48 The catholuminescence spectra shown in 

Figure 3(d) corresponds to the transitions of Yb2+ generated by a trigonal distortion of the regular 

octahedral crystal field of the 4f 135d 1 configuration.49  

The atomic compositions of the HAp and HAp:RE samples, analyzed by energy dispersive 

spectroscopy, are detailed in Table 1. The results reveal that the atomic percentages of the rare-

earth ions in the HAp:RE samples are approximately 1.3. The HAp sample exhibits a Ca/P ratio 

of 1.6, which is below the stoichiometric Ca/P ratio of HAp (1.67) but above the stoichiometric 

Ca/P ratio for TCP (1.50). This discrepancy is attributed to the HAp sample being a mixture of 

HAp and TCP, as illustrated in Figure 3(f). While the HAp:RE samples are similarly composed of 

a mixture of HAp and TCP, their Ca/P ratios (HAp:Eu 1.39, HAp:Ce 1.41, HAp:Tb 1.39, and 
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HAp:Yb 1.36) fall below both the stoichiometric Ca/P ratio of HAp and the Ca/P ratio of TCP, 

indicating that the HAp:RE samples are Ca-deficient.  
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Figure 20. Scanning electron micrograph of (a) HAp and (b) HAp:Eu. Particle size distribution 

of the combustion-synthesized (c) HAp and HAp:RE samples 
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Figure 21. Cathodoluminescence spectra of the (a) HAp:Eu, (b) HAp:Ce, (c) HAp:Tb samples, 

and (d) HAp:Yb scaffolds with the relevant A-E peaks produced by electronic 

interconfigurational transitions of the Yb2+ ions. 
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Table 4. Atomic Composition of the HAp and HAp:RE from Energy-Dispersive Spectroscopy 

Measurements. 

  

O (at.%) P (at.%) Ca (at.%) RE (at.%) Ca/P 

HAp 55.24 17.21 27.55 NA 1.60 

HAp:Eu 56.78 17.52 24.38 1.32 1.39 

HAp:Ce 57.55 17.07 24.11 1.27 1.41 

HAp:Tb 55.45 18.05 25.17 1.33 1.39 

HAp:Yb 58.13 17.18 23.43 1.26 1.36 

 

Based on the XRD analysis [Figure 3(a-e)], undoped and doped HAp samples exhibit high 

crystallinity, characterized by distinct peaks corresponding to hexagonal HAp (P63/m, no. 176) 

and beta tri-calcium phosphate (TCP), PDF card #00-055-0898, according to the HAp and TCP 

Bragg’s position, respectively. Rietveld refinement was employed to characterize the crystal 

structure and the crystallographic phases present in the HAp and HAp:RE. Crystal structure 

models were taken from Palache et al.50 for HAp, and Calvo and Gopal51 for TCP. The resulting 

Rietveld refinement plots, shown in Figure 3 (a-e), exhibit a notable concordance between 

observed and calculated diffraction patterns for the HAp and HAp:RE samples. The structure 

models for HAp and TCP proved to be well-suited for refining the diffraction patterns, yielding 

goodness-of-fit values (GOF) close to or below 1.5. Figure 3 (f) shows the phase fractions obtained 

by the quantitative analysis of the Rietveld refinement, revealing that the HAp sample contains 

approximately 23 wt.% TCP. In addition, the weight percentage of TCP increases to around 40% 

in the HAp:RE samples. In previous research52,49, we reported that TCP forms when HAp is 

synthesized by combustion synthesis. This happens because the combustion temperature goes 

beyond the formation temperature for TCP (973 K), a thermal phase transformation that has been 
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observed mainly in calcium-deficient HAp.14,53 The increment in the formation of TCP observed 

for HAp:RE samples is related to the decrease of calcium content54, as shown in Table 1, caused 

by the incorporation of the rare-earth ions in the HAp lattice.  

 

 

Figure 22. Rietveld refinement of the X-ray diffraction pattern of (a) HAp, (b) HAp:Eu, (c) 

HAp:Ce, (d) HAp:Tb and (e) HAp:Yb samples. (f) Phase fractions (as weight percent) obtained 

from full pattern Rietveld refinement of HAp and HAp:RE X-ray diffraction patterns. 
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HAp possesses two crystallographic Ca2+ sites. Ca(I) sites are coordinated to nine oxygen 

atoms belonging to six PO
4

3-  groups, while Ca(II) sites are coordinated to seven oxygens, six from 

PO
4

3-  groups and one from an OH− ion. Rare-earth ions have shown preference for substituting the 

Ca(II) sites55,56,57,58,59, and typically have a higher charge than calcium ions (e.g., Eu3+, Ce3+, Tb3+, 

and Yb3+ compared to Ca2+). The difference in the charges results in either: i) the removal of two 

or more calcium ions from the crystal lattice, or ii) the loss of a proton from the OH− ion to give 

an O2− ion60, both aimed at maintaining charge balance in the HAp lattice. Ignjatović et al.61 

suggest that the incorporation of rare-earth ions (such as Gd3+, Yb3+, Tm3+, and Eu3+) decreases 

the lattice parameters of the HAp, resulting from the reduction in the Ca-O interatomic distance 

caused by the loss of a proton in the OH− ion. However, the lattice parameters of both HAp and 

HAp:RE, as shown in Table 2, indicate an increase in lattice parameter a, and a slight contraction 

in lattice parameter c for the HAp phase.  

Table 5. Refined lattice parameters of HAp and HAp:RE samples, and reference lattice constants 

for HAp (PDF# 00-009-0432) and TCP (PDF# 00-055-0898). 

 HAp TCP 

 a (nm) c (nm) a (nm) c (nm) 

Reference 0.9.41800 0.688400 1.04264 3.737600 

HAp 0.943143 0.688443 1.04296 3.736510 

HAp:Eu 0.944613 0.687352 1.04479 3.748965 

HAp:Ce 0.943654 0.688383 1.04433 3.749114 

HAp:Tb 0.943524 0.687250 1.04463 3.749685 

HAp:Yb 0.943979 0.688124 1.04448 3.748121 

 

We suggest this variation is attributed to calcium vacancies, as fewer positively charged 

ions are present to balance the negative charges of phosphate and hydroxide ions. The negative 
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charge can generate the Coulomb repulsion force with the negative charge of PO
4

3- , which can 

push PO
4

3-  away from its original position, resulting in local lattice expansion. An expansion in 

the unit cell that has been observed in other ceramics by the formation of cation vacancies.62,63,64 

In contrast, the lattice parameters a and c for the TCP phase in the HAp:RE increased as a result 

of the incorporation of rare-earth ions. Previous studies suggest that the substitution of Ca2+ in 

TCP by rare-earth ions (i.e. Er 3+, Yb3+, Sm3+, Eu3+ or Gd3+) can occur at the Ca(4) sites65,66, and 

the substitution by trivalent ions results in the expansion of the unit cell through increases in the 

a- and c-axis.65,67,68,69  

3.3.2 Hemolysis assay 

As seen in Figure 4, neither the HAp nor HAp:RE were able to induce a percentage of 

hemolysis greater than 5%, which is the upper limit allowed by the ASTM F756-00 standard to be 

considered as non-hemolytic or slightly hemolytic material.70 Negative control has a 2.9% of 

hemolysis, suggesting that this percentage of hemolysis corresponds to the natural rupture of the 

erythrocyte membrane by the conditions of the hemolysis assay (such as temperature, centrifuge 

parameters or wash procedure). Indeed, rare-earth elements such as europium, praseodymium, or 

gadolinium, have been shown to be safe for red blood cells, with hemolysis percentages below 

4%.71,72,73 However, even if the percentage of hemolysis of a material is below an accepted limit, 

such as 5%, it can still be influenced by other factors such as the duration of contact with blood74, 

and the intended use of the material.75  
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Figure 23. Hemocompatibility assay of HAp and HAp:RE samples. 

 

3.3.3 Pre-osteoblast cell viability assay 

The growth of MC3T3-E1 mouse pre-osteoblast cells cultured indirectly with the HAp and 

HAp:RE was quantitatively measured. Figure 5 shows the cell viability percentage of the HAp and 

HAp:RE samples. The cell viability analysis revealed that by the end of day 1, the viability 

percentage of the HAp and HAp:RE samples surpassed the viability of the control (>100%). 

Although the proliferation levels were high on day 1, by the end of day 2, the differences in cell 

viability were indistinguishable among all samples compared to the control, hovering around 

~99%.%. These values remained constant by the end of day 3. Our results show that cell 
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proliferation is not influenced by the presence of rare-earth dopants, such as europium, cerium, 

terbium, or ytterbium. These findings are consistent with previously reported results for HAp 

doped with europium, samarium, gadolinium, or ytterbium.76 ,77 ,78 

 

 

Figure 24. Cell viability assessment (resazurin-based) of HAp and HAp:RE in murine pre-

osteoblasts MC3T3-E1 cell lines. 
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3.3.4 Pre-osteoblast differentiation 

The observed increase in ALP activity, shown in Figure 6, indicates a stimulatory effect of 

HAp and HAp:RE on the initiation of bone formation. However, HAp:RE samples demonstrated 

higher ALP activity compared to HAp alone. This enhancement in ALP activity can be attributed 

to the presence of rare-earth dopants and their higher content of TCP, as demonstrated by Jin et 

al.30, who showed that despite having a similar pore structure, TCP exhibited superior ALP activity 

compared to HAp. Additionally, Li et al.79 showed that doping bioactive glass with europium 

enhanced their osteogenic differentiation properties. In both cases, the presence of TCP and the 

use of rare-earth dopants follow pathways that activate the expression of osteoblast genes.27,33,80 

In Figure 7, we illustrate the expression of osteoblast genes, particularly Runx2, OCN, ALP, OPN, 

and BMP2. Our findings reveal a coordinated upregulation of multiple osteogenic markers during 

osteoblast differentiation induced by these materials. Consistent with osteoblast differentiation, 

the expression levels of Runt-related transcription factor 2 (Runx2), osteocalcin (OCN), alkaline 

phosphatase (ALP), and osteopontin (OPN) were prominently elevated, reflecting their essential 

functions in bone matrix mineralization and extracellular matrix remodeling in the presence of 

these materials. Moreover, the robust activation of the bone morphogenetic protein 2 (BMP2) 

signaling pathway further supported the osteogenic program, highlighting BMP2's potent inducer 

role in driving osteoblast differentiation upon exposure to HAp doped with europium and 

ytterbium. Within the HAp:RE samples, HAp:Eu and HAp:Yb exhibited higher ALP activity in 

all assays, suggesting that the incorporation of rare-earth ions with charge 2+ have a positive effect 

in the differentiation of murine pre-osteoblastic cell. 
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Figure 25. ALP activity of osteoblast cultured with HAp and HAp:RE samples for 7 days. 
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Figure 26. Real-time PCR gene expression on the HAp and HAp:RE samples at days 6 and 10. 

The bone-associated genes, including Runx2, OCN, ALP, OPN, BMP2, were assessed. 
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3.4. Conclusions 

Undoped (HAp) and rare-earth doped hydroxyapatite (HAp:RE) was synthesized by 

solution combustion synthesis, with europium, cerium, terbium, and ytterbium as dopants. The 

powders reveal a flake-like morphology and a particle size distribution ranging from 90 nm to 140 

nm. The presence of the rare-earth ions in the HAp:RE powders was confirmed by 

cathodoluminescence spectroscopy, exhibiting the corresponding emissions of Eu2+ (412 nm), 

Eu3+ (578, 592, 617, 655 and 698 nm), Ce3+ (360 nm), Tb3+ (493, 547, 588 and 623 nm), and 

Yb2+(350 and 620 nm). EDS measurements reveal Ca/P ratios of 1.60%, 1.39%, 1.41%, 1.39%, 

and 1.36% for HAp, HAp:Eu, HAp:Ce, HAp:Tb, and HAp:Yb, respectively, indicating calcium 

deficiency in the HAp:RE samples. X-ray diffraction analysis confirms high crystallinity in both 

HAp and HAp:RE samples, with distinct peaks corresponding to hexagonal hydroxyapatite and 

beta tri-calcium phosphate. The quantitative analysis of Rietveld refinement indicates that the 

HAp:RE samples exhibit a higher weight percentage of TCP (around 40%) compared to the HAp 

sample (approximately 23%). The formation of TCP during the combustion synthesis of HAp 

occurs due to the elevated combustion temperature surpassing the TCP formation temperature (973 

K). Furthermore, the increased formation of TCP in HAp:RE samples is attributed to the reduced 

calcium content, as indicated by EDS analysis, resulting from the incorporation of rare-earth ions 

into the HAp lattice. HAp and HAp:RE exhibit an increase in lattice parameter a and a slight 

contraction in lattice parameter c for the HAp phase. This variation is likely attributed to calcium 

vacancies, resulting in fewer positively charged ions available to balance the negative charges of 

phosphate and hydroxide ions. Consequently, the negative charge generated may lead to Coulomb 

repulsion force with neighboring ions, causing them to be pushed away from their original 

positions, thereby resulting in local lattice expansion.  
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Our studies demonstrate that neither HAp nor HAp:RE exhibited a percentage of hemolysis 

exceeding 5%, which is the upper limit defined by the ASTM F756-00 standard. Despite initial 

differences in cell viability of MC3T3-E1 mouse pre-osteoblast cells cultured with HAp and 

HAp:RE on day 1, all samples exhibited comparable viability levels by the end of day 2 and 

throughout day 3. These findings suggest that the addition of rare-earth dopants does not adversely 

affect cell proliferation. Both HAp and HAp:RE demonstrate a stimulating effect on bone 

formation initiation, with HAp:RE showing higher ALP activity attributed to rare-earth dopants 

and increased TCP content. These findings suggest that rare-earth dopants and TCP activate 

pathways associated with osteoblast differentiation, enhancing the osteogenic potential of HAp:RE 

materials. 
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