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STRUCTURAL AND MORPHOLOGICAL 

CHARACTERIZATION OF ERBIUM DOPED 

HYDROXYAPATITE FOR MEDICAL IMAGING  

Andrei Viorel PADURARU1,2, Adina Magdalena MUSUC1,3, Ovidiu Cristian 

OPREA1,2,4, Roxana TRUSCA1,2, Vasile-Adrian SURDU1,2, Bogdan Stefan 

VASILE1,2, 5 , Ecaterina ANDRONESCU1,2,5 

Luminescent erbium-doped hydroxyapatite nanomaterials were obtained by 

simple co-precipitation method at low temperature. The objective of this research was 

to study the influence of erbium ions on the morphology, structure and 

photoluminescent properties of hydroxyapatite. The synthesized powders were 

characterized by ICP-MS, FTIR spectrometry, UV-Vis spectroscopy, XRD diffraction 

and SEM analysis. These Er-dopped Hydroxyapatite materials demonstrated superior 

efficiency and can be used as luminescent labeling materials.   
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1. Introduction  

Nowadays, diagnosis and imaging have a key role in the healthcare sector, 

and in this case all processes that involves detection, screening and image-guided 

smart nanomedicine are expected to be further developed. To obtain 

photoluminescence (PL) imaging, conventional contrast agents – such as organic 

dyes [1], metal complexes [2], proteins with fluorescent properties, and modified 

silica [3] must be used, with the condition that the compounds should follow the 

principle of Stokes-shift emissions [4]. A group of materials that has gain interest 

in the past decade is rare earth-doped optically active nanostructured materials with 

applications in imaging and therapy using drug delivery systems. Lanthanide 

coordination compounds have a high value of the Stokes shift and long lifetime of 

the excited state, making them a perfect material for bioimaging [5].  
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Alumina (Al2O3), titania (TiO2), zirconia (ZrO2) and other oxides, calcium 

phosphates (CaPs) and bioactive glasses have made substantial contributions in the 

medical field [6]. Recently, hydroxyapatite (HA) with molecular formula: 

Ca10(PO4)6(OH)2 has been widely used as a contrast agent, in tissue engineering and 

drug delivery [7–9]. The crystal structure of HA is stoichiometrically composed of 

Ca and P ions and the cell unit has a unique hexagonal structure, suitable for the 

replacement of Ca2+ sites with lanthanide ions [10-11]. The Ca/P molar ratio for HA 

is 1.67 [12–13].  

Many studies have shown that HA could be easily substituted by different 

ions, such as monovalent ions Na+, K+, divalent ions Zn2+, Cu2+, Mg2+, trivalent 

ions Au3+, Ag3+, La3+ or tetravalent ions Ti4+, Zr4+ [14-16]. Depending on the 

properties needed in the synthetized material – geometry, crystallinity, size, 

stoichiometry and degree of particle agglomeration, hydroxyapatite could be obtain 

using multiple methods and precursors. The main methods used to obtain 

hydroxyapatite are conventional method, wet chemical synthesis, hydrothermal 

conversion of calcium carbonate, bone calcination, solid phase reactions, 

coprecipitation, sol-gel method and biomimetic synthesis [17–28].  

It is known that pure hydroxyapatite doesn’t show florescence under visible 

excitation and Ca2+ ions do not possess luminescence but provide biodegradability. 

Rare earth elements have a surprising spectral nature, being successfully used as a 

non-isotropic substitute for organic fluorides. Applications of this group of elements 

range from in vivo detection of cell function and luminescent marking of molecules 

to clarification of the structure and functions of proteins and enzymes.  

Over time, the existence of erbium ions (Er3+) in bones (especially in the 

ribs) has been extensively studied and using this chemical element as substitution 

agent of hydroxyapatite shown an improvement in the biological properties of the 

material [29]. Many studies have demonstrated the optical and biological properties 

of erbium-doped hydroxyapatite and the possibility to use Er-HA in biomedical 

field with a molar ratio of (Ca + Er)/P of 1.59 – 1.72, a change in morphology and 

size due to the replacement of large Ca2+ ions (0.099 nm) with smaller Er3+ ions 

(0.088 nm) and a strong emission at about 1540 nm, due to a thermic treatment at 

1100 °C – 1200 °C [29-31].  

The main goal of this study is to demonstrate the application of the obtained 

erbium-doped hydroxyapatite by the co-precipitation method as fluorescent probing 

for cellular imaging. The present research analysis is conducted through the 

variation from 0 to 10% of erbium ion concentration, and in consequence its 

influence in structural and luminescence properties of the hydroxyapatite powders. 

Moreover, the differences and the influences of erbium ions on the crystalline 

structure, morphology, surface characteristics, and the photoluminescence 

properties were also investigated.  
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2. Synthesis of erbium-doped hydroxyapatite  

Erbium-doped hydroxyapatite nanomaterials were synthesized by 

coprecipitation method using the same method developed in our previous studies 

[32-34]. Materials used for the synthesis: Ca(NO3)2·4H2O, erbium-(III) nitrate 

pentahydrate, ammonium phosphate dibasic, NH4OH 25% solution and deionized 

water. Pure HA was synthesized using the same methodology, without the addition 

of erbium precursors.  

3. Physical and chemical characterization  

Inductively coupled plasma mass spectrometry (ICP-MS) was applied to 

determine the content of Er3+ in the mineral phase of the substituted hydroxyapatite. 

 Raman spectroscopy studies were performed, using a Horiba equipment 

with an excitation wavelength of 514 nm. 

FTIR spectra were recorded with a Nicolet iS50R spectrometer, at room 

temperature, in the measurement range 4000–400 cm−1, in ATR mode at 4 cm−1 

resolution. The X-ray diffraction (XRD) spectra were recorded using a PANalytical 

Empyrean diffractometer at room temperature, with a Cu X-ray tube (λ Cu Kα1 = 

1.541874 Ǻ) operating in-line focusing, with programmable divergent slit on the 

incident side and a programmable anti-scatter slit mounted on the PIXcel3D 

detector on the diffracted side.  

The SEM morphology of the studied samples was analyzed using a Quanta 

Inspect F50 FEG (field emission gun) scanning electron microscope with 1.2 nm 

resolution.  

UV-Vis diffused reflectance spectra were obtained using a Able Jasco V560 

spectrophotometer, with a scan speed of 200nm/s, between 200 and 850 nm.  The 

fluorescence spectra were measured by using a Perkin Elmer LS 55 fluorescence 

spectrophotometer. Spectra were recorded with a scan speed of 200 nm/s between 

350 and 800 nm, and with excitation and emission slits widths of 4, 7 and 10 nm, 

respectively. An excitation wavelength of 320 nm was used.  

  

4. Results and Discussion  

4.1. ICP-MS analysis  

  The erbium ions presented in doped HA were analyzed by ICP-MS 

technique. Table 1 shows the measured concentrations, the correlation coefficient 

and limit of detection for each ion concentration. The data confirms the presence of 

erbium ions in doped hydroxyapatite powders. It was found that the content of 

dopant increases from 0.5 to 10% in concordance with the used concentrations.  
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Table 1 

Erbium ions contents for substituted HA 

Sample  Element  
μg element/  

mg sample  

Limit of detection 

(LoD) / [ug/l]  

Correlation 

coefficient  

(r)  

Er0.5HAp  166Er  7.71  

0.0016  0.998  

Er1HAp  13.38  

Er2.5HAp  31.55  

Er5HAp  62.11  

Er10HAp  121.28  

  

4.2. FTIR analysis  

FTIR spectra of ErxHA samples are shown in Fig. 1. All absorption bands 

characteristic for HA and reported in literature [35] appear in the FTIR spectrum of 

pure HA. The FTIR spectrum of pure HA (black line from Fig. 1) shows a broad 

band in the region 3000 - 3400 cm-1 which corresponds to adsorbed water. The 

bands around 1090, 1023 and 960 cm-1 are due to the stretching mode of P-O [36]. 

The bands around 602 cm-1, 562 cm-1 and 474 cm-1 are attributed to the bending 

mode of O-P-O [37]. The band at around 873 cm-1, which appears in all studied 

compounds spectra, is due to the [HPO4]
2- ions [38-40].   

Comparing the FTIR spectra from Fig. 1: 

 
Fig. 1. FTIR spectra of pure HAp (a); Er0.5HAp (b); Er1HAp (c); Er2.5HAp (d) Er5HAp (e); 

Er10HAp (f).  

 

it was found that the FTIR spectra of ErxHA powders with various erbium 

concentrations are similar to pure HA. In all FTIR spectra of ErxHA samples, the 
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absorption bands which appear around 873 and 1426 cm-1 are assigned to CO3
2-. 

This can be attributed to the CO3
2- groups that replaced the PO4

3-groups, indicating 

a reaction between HA and carbon dioxide in the air [41]. The intensity of 

phosphate bands decreases with increase of erbium concentrations until the molar 

fraction of erbium is 0.25%. Above this concentration the banding bands of O-P-O 

increases. An explanation is that the replacement of calcium ions with erbium ions 

causes a change of bonding forces between the ions resulting a weakness of the 

banding bands of O-P-O [37]. The increasing in concentration of doping erbium 

ions resulted in a reduction of the intensity of the bands, associated with a decrease 

of HA crystallinity. 

4.3. Raman spectroscopy 

Raman spectra of the samples of hydroxyapatite doped with Erbium are 

presented in Fig. 2. All vibration bands characteristics of hydroxyapatite and 

reported in literature appears in the Raman spectra of pure HA. The peaks observed 

at 427.4–447.3 cm-1 are characteristic to ν2 PO4
3- ions (P-O stretching) and 576.7 – 

608.2 cm-1 corresponds to bending of P-O bond from PO4
3- (ν4) group. The 

formation of pure HA is highlighted by the narrow peak at 960.3 cm-1. The peak 

between 1025.6 and 1122.4 cm-1 are attributed to asymmetric stretch of P-O (PO4
3- 

ν3 group). By increasing the substitution degree, a reduction of the intensity of 

vibration bands can be observed. This can be correlated with XRD and FTIR 

results.  

 

 

Fig. 2. Raman spectra of Erbium-doped hydroxyapatite 
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4.4. X-ray Diffraction  

The XRD patterns of studied doped hydroxyapatite, with erbium ion with 

different concentration, and the pure HAp reveal the formation of a pure hexagonal 

HA phase (according to ICDD PDF4+ card no 00-068-0738, Fig. 2) [42], in 

agreement with literature [43-45]. The XRD patterns of all studied samples indicate 

only the pure hexagonal HA phase of the space group P63/m, with all diffraction 

peaks of HA standard JCPDS database (PDF4+ card no 00068-0738) such as: (002), 

(121), (112), (030), (022), (130), (222), (123) and (004).  

The degree of crystallinity and the crystallite size of studied samples are shown in 

Table 2. In all studied samples, the intensities of X-ray peaks decrease with the ion 

doping concentration level increases, indicating an interference of rare earth ions 

with crystal structure of HA.  

  
Fig. 3. X-ray diffraction patterns of pure HAp (a); Er0.5HAp (b); Er1HAp (c); Er2.5HAp (d) Er5HAp 

(e); Er10HAp (f).  

 

Table 2 

Calculated crystallite size (D) values and degree of crystallinity (χc) of pure HA and different 

doped hydroxyapatite with various amount of erbium ions 
Samples  D/ nm  S /%  χc / %  

HAp  6.07±0.82  1.52±0.53  31.50  

Er0.5HAp  5.71±0.65  1.62±0.58  37.53  
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Er1HAp  6.46±0.77  1.43±0.52  37.41  

Er2.5HAp  5.33±0.57  1.73±0.65  36.02  

Er5HAp  4.89±0.60  1.89±0.69  35.65  

Er10HAp  4.74±0.39  1.96±0.80  32.74  

  

The average crystallite size of the pure HA was of 6.07 nm and for the 

erbium ions-doped HA powders was observed a slowly decrease in crystallite size 

with increasing ion dopant content [46-48]. Analyzing the data from Table 2 can be 

highlighted that the introduction of Er3+ in HA lattice induces an increase of 

crystallite size from 5.71 to 6.46 nm and a decrease of microstain from 1.62% to 

1.43%. Then, for a substitution degree of more than 2.5%, it was observed a 

decrease of crystallite size from 5.33 nm to 4.74 nm at 10% Er3+ substitution. The 

lattice microstrain increase to 1.96% in the case of maximum substitution degree.  

4.5. SEM Analysis  

The SEM morphologies of pure HA and erbium doped hydroxyapatite with 

various concentrations were shown in Figs. 4. The SEM image of pure HAp (Fig. 

4a) reveals dense particles with spherical shape and size in the range of 5-9 nm.   

By doping with erbium ion, a little influence can be observed in the 

morphology of substituted HA when it was compared with pure HAp.   

SEM morphologies of erbium doped hydroxyapatite (Fig. 4b-4f) revealed an 

agglomerated spherical and near elongated morphologies with particles size in the 

range of 2-6 nm. From below images can be observed decreases in particle size with 

increasing of erbium ions concentrations.  

  

     
a  b  
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c  d  

    
e  f  

Fig. 4. The SEM images of pure Hap and ErXHap (a) x=0 (b) x=0.5; (c) x=1; (d) x=2.5; (e) x=5; (f) 

x=10. 

4.6. UV-Vis and PL Spectra  

The UV-Vis spectra of all studied samples are shown in Fig. 5a. A general 

trend was observed for all studied compounds: an increase of intensity of absorption 

peaks and a broadening of them with increases of erbium concentrations in HA. 

The electronic spectra of erbium doped hydroxyapatite samples from Fig. 5a 

contain several bands, which increase in their intensities with increasing erbium 

concentration.  
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(a)  

  

(b)  

Fig 5. (a) UV-Vis absorption spectra of ErxHA and (b) Room-temperature photoluminescence 

spectra of ErxHA (inset - detailed ErxHA), at different concentrations  
  

The electronic spectrum of Er3+ shows several characteristic bands: at 379 

nm assignable to  1I15/2→
2G11/2 transition; at 407 nm assignable to  4I15/2→ 

(2G,4F,2H)9/2 transition; at 443 nm assignable to  4I15/2→
4F5/2; at 451 nm assignable 

to 4I15/2→
4F3/2; at 488 nm assignable to  4I15/2→

4F7/2; at 522 nm assignable to  these 

peaks increase with increasing erbium content. The identified peaks on the 

electronic spectra of erbium doped hydroxyapatite could be ascribed to the 4f - 4f 

transition from ground state (4I15/2) to different energy states. The increase in erbium 

ions concentration leads to an increase in peak intensity may be due to the 

replacement of the Calcium ions with Erbium ions in the HAp structure.  

The photoluminescence spectra of erbium doped hydroxyapatite are shown 

in Fig. 5b. The dominant emission spectrum of HAp presents in 350-530 nm domain 

an increase in intensities up to 0.1% erbium content, followed by a decreasing of 

bands intensities. The bands as a shoulder at 371 nm from Er0.5HAp samples 

becomes a clear band assigned to 4I15/2 - 
4G11/2 transition. The band at 527 nm is 

superposed with 2H11/2 – 4I15/2 transition of erbium ion, which increases in intensity 

with increasing erbium content, associated with various oxygen defects. Another 

three bands appear: at 371nm and 527 nm, assigned to 4I15/2→
4G11/2 and 

4I15/2→
2H11/2 transitions and an emission band at 654 nm due to 4I15/2 - 4F9/2 

transition (inset from Fig. 5b) [49,50].   

6. Conclusions  

This study presents the preparation of pure hydroxyapatite and Er-doped 

HAp, and thereafter the influence of doping ions on the formation and structure of 
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synthesized materials, using different concentrations of Erbium (0.05; 0.1; 0.25; 0.5 

and 1).  

For characterization of samples multiple physico-chemical techniques were 

used. Both FTIR spectroscopy and XRD diffraction analysis confirmed that erbium 

ions have replaced the calcium ions from HAp crystal lattice. It was observed that 

if the concentration of Er ions would increase over x = 0.5, there would be a 

decrease in hydroxyapatite crystallinity.  

The SEM micrograph and TEM analysis were used to prove the morphology 

of pure HAp and Er-doped HAp. All studied samples presented a spherical 

morphology. The Er-doped HAp samples revealed strong florescent emission peaks, 

confirming that the photoluminescent properties were improved due to the use of 

Erbium ions.   
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