Decomposition of luminescent hydroxyapatite scaffolds in simulated body fluid
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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, these
scaffolds may find wider use in regenerative medicine, particularly in targeted drug delivery
systems, where their luminescent properties have the potential to non-invasively track drug
release.
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1. INTRODUCTION

Hydroxyapatite [HAp, Cas(PO4)3(OH) or Ca(I)sCa(Il)s(PO4)s(OH)2 based on the
composition of the unit cell]! is one of the most frequently used biomaterials in orthopedic
surgery due to its capability to promote bone formation.? It is also considered a versatile

biomaterial because of its ability to accept dopant element substitutions into its cation (Ca*") and
anion (PO~ or OH) sites.>* Cationic substitutions can be achieved on Ca(I) and Ca(II) sites by

divalent and trivalent ions such as AI**,> La**,° Fe3*,” Ce**® or Eu*"/Eu’*,>!? 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.”!! 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., Ca** = 106
pm, Ce*" =107 pm, Eu*" = 101 pm, and Tb** = 0.98 pm).!? 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

13.14 electrical stimulation in tissue engineering technologies, !

applications for drug delivery,
antimicrobials,'® and cell labeling.!”
When doped with rare-earth ions such as Eu**, Ce**, Tb**, and Yb**, HAp exhibits

%18 with an

characteristic emission peaks that correspond to the 4/to 5d transitions of the dopants,
emission intensity dependent on the ion concentration of the dopant.!® Thus, rare-earth doped
HAp can be used as a sensor in tissues and cells.?? Most of the rare-earth ions employed when
doping HAp possess a valence state of +3.2! However, in previous work we have reported the
presence of Eu?" and Yb?" in calcium-deficient HAp.%!*!8 The presence of both valence states

(+2 and +3) may have an impact on the well-known bone resorption process during bone

remodeling.?? Bone remodeling is executed by osteoclasts that resorb bone and osteoblasts that



fill the resorption 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.?® This can be modulated by changing crystallinity, crystalline phase, and the
calcium to phosphorus ratio.?* Bertazzo et al.> proposed a mechanism for in vivo bone
mineralization in hydroxyapatite implants, 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 Cas(PO4)3(OH) (hydroxyapatite),
Cas(PO4)sF (fluorapatite), or Cas(PO4)3Cl (chlorapatite).! 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 depends on its ability
to form an apatite layer on the surface.?> 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 SiO- gel, gel-derived TiO2,
ZrO; gel, NbyOs gel, and Ta,Os gel, among others, immersed in simulated body fluid (SBF).26-3!
SBF usually contains Na*, K*, Ca**, Mg?*, CI-, (HCO3) -, (HPO4)*", and (SO4)*~, which may
result in the deposition of oxides, such as CaO and P,Os, that nucleate and grow the apatite
layer,*? even if the implant is not hydroxyapatite.

Given that the solubility of HAp plays a crucial role in the bone mineralization process,
the ability to monitor it is essential. Xie ef al.>’ 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 Eu**/Eu’'-, Ce*'-, and Tb**-doped HAp scaffolds in
the presence of SBF. We determine that the photoluminescence emission from the scaffolds
decrease in a linear manner with respect to soaking time in the SBF. 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. This approach not only facilitates a deeper
understanding of the material's behavior in biological environments but also opens avenues for

non-invasive tracking of implant integration and bioactivity.

2. EXPERIMENTAL PROCEDURE

Eu?"/Eu?*-, Ce**-, and Tb*"-doped hydroxyapatite powders (HAp:Eu, HAp:Ce, and
HAp:Tb) were synthesized by solution combustion synthesis.>*™*! The reagents used were
calcium nitrate tetrahydrate [Ca(NO3)224H20, 99%], ammonium hydrogen phosphate
[(NH4)HPO4, 98%], and carbohydrazide [CO(NHNH>)>, 97%], acquired from Alfa Aesar (Ward
Hill, MA). Cerium nitrate hexahydrate [Ce(NO3)3*6H20, 99.9%] and terbium nitrate hexahydrate
[Tb(NO3)3°6H20, 99.9%] from Sigma Aldrich (Burlington, MA), and europium nitrate
hexahydrate [Eu(NOs3)3*6H>0, 99.9%] from Alfa Aesar, were used as sources of the rare-earth

dopants. The HAp:RE powders were prepared by dissolving 26.872 mmol of Ca(NO3)2*4H,0



and 1.414 mmol of rare-earth dopant into 28.28 mL of deionized water. Separately, 17.538 mmol
of (NH4).HPO4 were dissolved in 25.45 mL of deionized water. Quantities of the precursors (in
grams) were obtained by weighing in a Cole-Parmer Symmetry PA 120 Series analytical
balance. The (NH4).HPO4 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 CuKa radiation and a step size of 0.01° over a 26 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 and dried in an oven at 343 K for 1 hour. The SBF was prepared by dissolving sodium
chloride [NaCl, 99.5%], sodium bicarbonate [NaHCO3, 99.7%], potassium chloride [KCI,
99.0%], dipotassium hydrogen phosphate [K2HPO4¢3H>0, 98%], magnesium chloride
[MgCly*6H>0, 98%], calcium chloride [CaCla, 99.0%], sodium sulfate [Na>SO4, 99.0%], and
tris-(hydroxymethyl) aminomethane [(CH2OH)3;CNHz, 99.8%], acquired from Sigma Aldrich,
and hydrochloric acid [HCI, IN] acquired from Fisher Scientific (Waltham, MA), in deionized
water and buffered to pH 7.40 at 309 K with HCI. The solution was prepared based on the

method outlined by Kokubo et al.*? The evaluation of the solubility was prescribed 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 x 5 x 5 mm?® 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 mm?. 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 Perkin Elmer Delfia® enhancement solution and analyzed in a Cary Eclipse

fluorescence spectrophotometer using an excitation wavelength of 395 nm.

3. RESULTS AND DISCUSSION

The doped HAp powders display a flake-like morphology (Figure 1a) with an average
particle size of ~120 nm from dynamic light scattering (Figure 1b). Powder X-ray diffraction
(Figure 2) verifies 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 (B-TCP, PDF #06-0426), present as a minor secondary phase. The B-TCP phase is
formed during the combustion synthesis process, since the reaction 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). The

emission spectra of the HAp:Eu, HAp:Ce, and HAp:Tb powders (Figure 3), show the



characteristic emission peaks for Eu**, Ce** and Tb** ions, respectively. HAp:Ce, under
excitation at 265 nm, shows a broad band at 360 nm, attributed to the transitions D3, — *Fs)
and ’D3» — 2F7, (labeled A and B).**=* 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
corresponding to the transitions *D4 — "Fe, D4 — 'Fs, >Ds — 'F4 and *Ds — "F3, respectively.*®
The emission bands marked G, H, I, and J, for HAp:Eu correspond to the transitions >Do — 7F,
Dy — "F2, °Do — ’F3 and °Dy — ’F4 with centers at 594, 617, 655 and 698 nm.*’

Table 1 summarizes the EDS results of the scaffolds before and after immersion during
the four weeks of testing in SBF. 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 1, 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 (~61% decrease),
whereas cerium and terbium exhibit decreases 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 ion in its structure. 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 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.*7° Figure 4 illustrates a representative surface of our scaffolds



before (Figure 4a) and after (Figure 4b-c) immersion in SBF, visually supporting the apatite
layer formation. According to the EDS analysis performed on the surface (Figure 4d), calcium,
phosphorus and oxygen from the hydroxyapatite and/or the SBF are present. Sodium and
chlorine are also found and must be originating from the SBF.

Figure 5 depicts the values of the areas under the curves of the photoluminescence
emission spectra corresponding to the three scaffolds. All scaffolds exhibit a linear attenuation of
the photoluminescence emission. However, HAp:Eu and HAp:Ce have more pronounced slopes
of -188 and -254, respectively, whereas HAp:Tb is much more stable over time and exhibits a
slope of -35 (see linear fits to data in Figure 5). As mentioned earlier, the concentrations of
dopants from EDS (Table 1) decrease by 30%, 61%, and 40%, for cerium, europium, and
terbium, respectively. Thus, there is no direct correlation between the luminescence signal
strength and the decrease in ion concentration. From this, we conjecture that terbium has a
weaker dependence of dopant concentration to photoluminescence emission, resulting in a more
constant luminescence signal over the four-week timeframe of testing. It is also possible that the
EDS results are not reliable for determination of ion concentration in our scaffolds due to
significant surface rugosity.>!

We tested the release of europium from the HAp:Eu scaffold into the SBF (Figure 6), and
show that all peaks in the fluorescence spectrum of the SBF correspond to the characteristic
emission of Eu**. The peaks centered at 488 nm, 539 nm, and 618 nm, correspond to the
transitions °D2 — "Fo, °D1 — "Fo, and Do — "Fa, respectively. Thus, the weakening of the
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.



The mineralization mechanism of HAp has been discussed previously by Kim et al.>? and
Bertazzo et al.*> According to Kim et al.>? 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.?

suggests that the first step involves
the solubilization of HAp, followed by the precipitation of phosphate ions, leading to the
formation of a “biological apatite” (apatite deficient in calcium). However, this model was
originally proposed based on reactions reported by Dorozhkin>*-* for the HAp dissolution in
different solutions that did not specifically examine the behavior in SBF.

In this study, we have determined that the combined analyses of europium fluorescence

found in SBF (Figure 6) and the photoluminescence attenuation described in Figure 5 are

evidence of the partial dissolution of the HAp scaffold, from which we describe the dissolution
and reprecipitation process as follows. As a first step (Figure 7a), Ca**, PO, and the rare-earth

ions are dissolved in the SBF. The process of re-precipitation follows (Figure 7b), confirmed
from images represented by Figure 4a-c, where a coating that is not present on the surface of the
scaffold before immersion are now evident, and from the EDS analysis of Figure 4d, in which
calcium and phosphorus from the SBF are seen, indicating the formation of apatite.3!>!-> While
our results do not show a homogeneous layer formed on the surface of the scaffolds, previous

studies?>2

suggest that the process of precipitation continues until equilibrium is achieved,
resulting in a continuous apatite layer (Figure 7c).

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 develops initially and the
relevant timeframes for this, we can tailor biomaterials to encourage this process, ultimately
enhancing their ability to integrate with biological tissues. Additionally, the stable luminescence
of HAp, particularly HAp:Tb, ensures that these materials maintain their performance over time,
a vital characteristic for their sustained effectiveness in medical applications. The application of
rare-earth doped hydroxyapatite scaffolds extends beyond scaffold dissolution monitoring. These
materials hold promise for broader applications in regenerative medicine, including their use in
platforms for targeted drug delivery systems where their luminescent properties could offer real-
time insights into drug release dynamics and tissue response. Such capabilities underscore the
need for interdisciplinary research efforts to fully explore and harness the potential of these

innovative materials.

4. CONCLUSIONS

Rare-earth doped hydroxyapatite (HAp) was synthesized by solution combustion
synthesis, with europium, cerium, and terbium as dopants. The powders display 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 B-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 Eu** (594, 617, 655 and 698 nm), Ce*" (360 nm), and Tb** (493, 547, 591 and 626

nm). After synthesis, the powders were used to prepare scaffolds using a solid free-form
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fabrication technique, then were soaked in simulated body fluid for four weeks, where it was
found that the scaffolds were partially dissolved by SBF, and exhibited a linear attenuation of the
emission. 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.
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Figure 1. (a) Scanning electron micrograph and (b) particle size distribution of the combustion
synthesized HAp powders.
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Figure 2. 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.
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Figure 3. Photoluminescence emission spectra of HAp:Eu (red), HAp:Tb (green), and HAp:Ce (blue). A-

B are the characteristic emission peaks for Ce*", C-F are the characteristic emission peaks for Tb**, and
G-J are the characteristic emission peaks for Eu*".
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Figure 4. Scanning electron micrographs of a
representative scaffold before (a), and after (b-c)
immersion in simulated body fluid. (d) Energy
dispersive spectrum of the scaffold surface after
immersion for 4 weeks.
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Figure 5. Area under peaks of the photoluminescence emission spectrum for the HAp:Eu, HAp:Ce, and
HAp:Tb scaffolds.
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Figure 6. Fluorescence spectra of SBF before (dashed line) and after contact with the HAp:Eu scaffold
for four weeks (solid line).
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Figure 7. 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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Tables

Table 1. Elemental composition of the HAp:RE scaffolds before and after soaking in simulated
body fluid for four weeks (determined from energy dispersive spectroscopy).

O (at.%) P (at.%) Ca (at.%) | RE (at.%) | Naand CI (at.%) | Ca/P
Before soaking in simulated body fluid
HAp:Ce 57.32 17.38 23.95 1.35 - 1.38
HAp:Eu 55.98 17.73 25.03 1.26 - 1.41
HAp:Tb 57.57 17.85 23.25 1.33 - 1.30
After soaking in simulated body fluid
HAp:Ce 46.55 15.51 22.59 0.95 (-30%) 14.39 1.46
HAp:Eu 50.51 14.66 2291 0.49 (-61%) 11.43 1.56
HAp:Tb 47.86 15.37 22.94 0.81 (-40%) 13.04 1.49
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