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GENERAL OVERVIEW OF THE THESIS

Introduction

Bone is a composite material with a heterogeneous, anisotropic, and hierarchical structure.
Its extracellular matrix consists of organic components (~ 30 %, mainly collagen fibril arrays)
and an inorganic component (~ 70 %, composed primarily of nonstoichiometric hydroxyapatite
(HAp) or biological apatite nanocrystals arranged within the collagen fibrils) [1]-[4]. The
pathways of biological apatite formation are still unclear. One of the leading hypotheses
proposes that the process begins with the amorphous calcium phosphate (ACP) Posner clusters,
which transform into low-crystalline apatite [5]-[7]. Bone can regenerate itself. Namely, when
bone gets damaged, it can naturally remodel through the coordinated actions of osteoclasts,
osteoblasts, and osteocytes. However, defects that are critical in size (>2 cm [8]) require
additional treatment. Nevertheless, injuries, illnesses, or long-standing conditions such as
osteoporosis and diabetes can hinder the healing process.

Regenerative medicine and bone tissue engineering offer a promising approach to enhance
natural healing or replace damaged tissues using biomaterial implants and devices. One of the
strategies involves using calcium phosphate (CaP) biomaterials, which are osteoconductive,
biocompatible, and have high osseointegration ability [9]. Furthermore, CaP bioceramics can
provide controlled biodegradation through the dissolution-precipitation process, allowing
integration and replacement of the implant material with the new bone tissue [10], [11]. They
can be produced in various forms, including powders, pellets, and scaffolds [12], [13].
Moreover, their versatility in composition, porosity, and mechanical properties allows
customisation to meet specific application requirements [14], [15].

HAp is the most widely used CaP phase in the biomaterial field due to its chemical and
structural similarity to the native bone tissues [16], [17]. Its chemical formula is
Cai10(PO4)s(OH)2, and Ca/P molar ratio is 1.67 [18]. HAp possesses high thermodynamic
stability and low solubility (pKsp 117.3 (at 37 °C) [19]). On the other hand, ACP is a metastable
phase characterised by a short-range atomic order structure with chemical formula
CaxHy(PO4);,nH20 (Ca/P molar ratio 1.5) [20], [21]. Besides, it serves as a precursor phase in
the precipitation process of other CaPs [21]. ACP offers advantages over HAp, such as higher
solubility and faster resorption rate attributed to its hydrated layer and lack of crystallinity [22],
[23].

Nowadays, tissue regeneration has become more predictable, addressing and satisfying the
diverse needs of patients due to the advancement of the biomaterial field. However, any
biomaterial possesses a risk of infection, as the properties that make them suitable for use in
living organisms also create favourable conditions for bacteria. In orthopaedic surgeries, the
primary complication is biomaterial-associated infections, especially in hip and knee
replacements [24]. For instance, the rate of periprosthetic joint infections ranges from 0.7 % to
4 %, but after revision surgery, this rate can rise up to 20 % [25]-[31]. The predominant
pathogens involved are gram-positive bacteria, with Staphylococcus aureus (S. aureus) causing
33-43 % of infections and Staphylococcus epidermidis (S. epidermidis) being responsible for
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17-21 % of cases [30], [32], [33]. Gram-negative bacteria, such as Pseudomonas aeruginosa
(P. aeruginosa), are less frequent and account for approximately 6 % of cases [34]. Systematic
antibiotic administration is the traditional approach to treating biomaterial-associated
infections. Still, it often results in systemic toxicity, low drug accumulation in the target site,
and contributes to antibiotic resistance, especially in the case of P. aeruginosa. Consequently,
antibiotics are ineffective against biofilms, which are a major cause of implant failure [33].
Before the discovery of antibiotics, different metals and their ions were used as antibacterial
agents [35], [36]. It has paved the way for modern strategies, including modifying biomaterials
with metal ions to enable long-term local ion release, providing antibacterial action at the defect
site [37]. Commonly used metal ions for these modifications include silver (Ag*), zinc (Zn?"),
strontium (Sr?*), sodium (Na*), and copper (Cu?*), among others, which have demonstrated
antibacterial activity against various pathogens [38]. Additionally, biologically relevant metal
jons such as calcium (Ca?*), iron (Fe?*), magnesium (Mg?*), and manganese (Mn?*) play a
crucial role in bacterial protein metabolism and overall physiological functions [39], [40].

Literature Review (Paper 1)

Gallium (Ga) and its compounds have been studied since the 1970s and have recently gained
interest as therapeutic agents due to their antibacterial [41], [42], antitumor [43], and anti-
inflammatory [44] properties. Unlike conventional antibiotics, Ga®* ions can target tumours and
infectious sites without inducing drug resistance [45]. Ga®* ion has demonstrated antibacterial
efficacy against both gram-positive and gram-negative bacteria, primarily due to its ability to
mimic Fe** in bacterial metabolism (Fig. 1) [46], [47]. This “Trojan horse” strategy involves
Ga®** being “mistakenly” incorporated into bacterial iron-dependent processes, such as
transferrin, heme-containing proteins, and siderophores [48]-[50]. As a result, bacterial
metabolism is disrupted, leading to impaired DNA synthesis, respiration, and oxidative stress
responses.



A) Normal Iron uptake in B) Gallium disrupted
gram-negative bacteria iron uptake

OFe(ll) @ Fe(ll) @ Ga(lly . Heme QHost iron-binding protein
™ Siderophore @ Ferri-Siderophore L Iron storage and uptake gene

Fig. 1. A — Normal iron uptake metabolism in gram-negative bacteria; B — gallium disrupted
iron uptake metabolism in gram-negative bacteria (adapted from [51], created with
Biorender.com) [52].

A suitable carrier is required to deliver Ga®" ions directly into the surgical site. Accordingly,
Ga-containing CaPs (GaCaPs) can serve as controlled-release carriers for localised therapeutic
action. Of the wide range of CaPs, only a few representatives have been modified with Ga, i.e.,
ACP, HAp, and B-tricalcium phosphate (B-TCP).

Up to now, only one study had documented Ga-containing ACP (GaACP) produced through
the sol-gel method, showing antibacterial activity against P. aeruginosa as the (Ca + Ga)/P
molar ratio increased [53]. However, this study did not cover an investigation into the stability
of GaACP and antibacterial activity against other bacterial species. Regarding Ga-containing
HAp (GaHAp), several studies have been reported in scientific literature. Usually, the low-
crystallinity HAp with Ga content ranging from 0.33 wt% to 13 wt% has been synthesised using
various synthesis methods. It has been reported that GaHAp exhibits antibacterial properties
against P. aeruginosa, Pseudomonas fluorescens (P. fluorescens) [54]-[56]. Nonetheless, the
existing literature does not address high-temperature GaHAp bioceramics, and the
comprehension of Ga substitution remains limited [53].

From the literature review, it was concluded that the synthesis method and processing of
the precipitates significantly influence the incorporation of Ga into the CaPs' crystalline
structure, impacting the Ga** ion release profile and biological performance of CaPs. Thus, the
Thesis concentrated on conducting systematic research regarding the influence of Ga on the
properties of CaPs, highlighting the scarcity of studies concerning the stability of GaACP and
the GaHAp bioceramics produced at various sintering temperatures. In the Thesis, the stability
and antibacterial properties of GaACP were assessed, the in vitro antibacterial activity and
cytotoxicity of GaHAp were examined, and high-temperature GaHAp bioceramics were
prepared and characterised.



Aim and Objectives

The Thesis aimed to investigate the influence of gallium ions on the physicochemical
properties of amorphous calcium phosphate and hydroxyapatite and to explore in vitro
biological properties of the obtained materials. To achieve this aim, the following objectives
were set.

1. To study the influence of gallium on amorphous calcium phosphate physicochemical

properties, thermal stability, stability in aqueous solution of different compositions, and to

investigate antibacterial activity.

2. To evaluate the influence of gallium on the hydroxyapatite physicochemical properties

and to determine the optimal gallium concentration in hydroxyapatite to achieve

antibacterial properties without causing toxic effects on cells.

3. To investigate the impact of gallium on the thermal stability of hydroxyapatite and to

locate possible gallium position in the hydroxyapatite crystal lattice after sintering at

different temperatures.

Theses to Defend

1. The addition of gallium delays the crystallisation of amorphous calcium phosphate in
various aqueous media and thermally induced crystallisation.

2. Optimal gallium content in the hydroxyapatite can ensure the balance of antibacterial
activity and cytocompatibility.

3. Gallium substitutes calcium in the hydroxyapatite lattice, leading to an increase in lattice
unit cell volume, affecting the thermal stability and phase composition of hydroxyapatite
bioceramics at different sintering temperatures.

Scientific Novelty

The scientific novelty was recognised in the following aspects.

1. For the first time, the influence of gallium on the amorphous calcium phosphate's
stability in various aqueous media was studied.

2. The antibacterial activity of gallium containing amorphous calcium phosphate against
S. aureus was studied.

3. For the first time, the theoretical substitutional structure model of gallium containing
hydroxyapatite was developed using Profex software and electron density maps.

Practical Significance

The obtained calcium phosphates with enhanced properties such as improved stability,
bioactivity, and antibacterial properties could find wide clinical applications, including bone
regeneration, implant coatings, and antibacterial biomaterials. Furthermore, understanding the
stability of amorphous calcium phosphate will enhance the reliability and longevity of the
application. Antibacterial properties provided by gallium addition to the calcium phosphate
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biomaterials can reduce antibiotic usage in the bone regeneration field. By reducing the risk of
infections in the early stage, improved healing and regeneration will be achieved.

Structure and Volume of the Thesis

This Doctoral Thesis was prepared as a collection of thematically related scientific
publications dedicated to gallium containing calcium phosphates. This Thesis unites three
original publications and one review article published in international, peer-reviewed, open-
access scientific journals indexed in the Science Citation Index (SCI).

Publications and Approbation of the Thesis

The results of the Thesis were published in four SCI scientific publications.

Paper 1: Mosina, M., Kovrlija, 1., Stipniece, L., Locs, J. Gallium containing calcium
phosphates: Potential antibacterial agents or fictitious truth. Acta Biomaterialia, 2022, 150,
48-57. https://doi.org/10.1016/j.actbio.2022.07.063 (pen Access, IF 9.6, Q1, CiteScore
17.8).

» The author contributed to the publication by conceptualisation, investigation,
visualisation, writing the original draft, reviewing and editing (in total
80/100 %).
Paper 2: Vasiljevs, R., Sceglova, M., Stipniece, L., Locs, J. Insights into physicochemical
properties, stability in various aqueous media, and antibacterial activity of gallium-
containing amorphous calcium phosphates. Scientific Reports, 2025, 15, 26976.
https://doi.org/10.1038/s41598-025-12906-7 (Open Access, IF 3.9, Q1, CiteScore 6.7).
» The author contributed to the publication through conceptualisation, data

curation, formal analysis, reviewing and editing (in total 45/100 %).
Paper 3: Mosina, M., Siverino, C., Stipniece, L., Sceglovs, A., Vasiljevs, R., Moriarty, T.
F., Locs, J. Gallium-doped hydroxyapatite shows antibacterial activity
against Pseudomonas aeruginosa without affecting cell metabolic activity. J. Funct.
Biomater. 2023, 14, 51. https://doi.org/10.3390/jfb14020051 (Open Access, IF 5.2, Q2,
CiteScore 6.8).

» The author contributed to the publication through conceptualisation,
investigation, data curation, formal analysis, visualisation, writing the
original draft, reviewing and editing (in total 70/100 %).

Paper 4: Sceglova, M., Débelin, N., Vasiljevs, R., Stipniece, L., Locs, J. Influence of
gallium doping on the thermal stability and microstructure of sintered hydroxyapatite
bioceramics. Ceramics International 2025, 51(14), 41150-42261.
https://doi.org/10.1016/j.ceramint.2025.06.440 (Open Access, IF 5.6, Q1, CiteScore 9.1).

» The author contributed to the publication through conceptualisation,

investigation, data curation, formal analysis, visualisation, writing the
original draft, reviewing and editing (in total 80/100 %).
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The results of the Thesis were presented at 11 scientific conferences.

1. Mosina, M., Siverino, C., Stipniece, L., Sceglovs, A., Vasiljevs, R., Moriarty, T. F,,
Locs, J. Biocompatible gallium doped hydroxyapatite. Scandinavian Society for
Biomaterials, Jurmala, Latvia, June 2021, online (oral presentation).

2. Mosina, M., Siverino, C., Stipniece, L., Sceglovs, A., Vasiljevs, R., Moriarty, T. F.,
Locs, J. Biocompatible gallium doped hydroxyapatite. Scandinavian Society for
Biomaterials, Jurmala, Latvia, June 2022 (oral presentation).

3. Mosina, M., Siverino, C., Stipniece, L., Sceglovs, A., Vasiljevs, R., Moriarty, T. F.,
Locs, J. Effect of gallium doped hydroxyapatite on Paeruginosa bacteria growth. Tissue
Engineering and Regenerative Medicine International Society (TERMIS) European
Chapter Conference, Krakow, Poland, July 2022 (oral and poster presentation).

4. Mosina, M., Vasiljevs, R., Stipniece, L., Locs, J. Gallium ion effect on calcium
phosphate ceramic phase composition. Bioceramics32, Venice, Italy, September 2022
(poster presentation).

5. Stipniece, L., Mosina, M., Locs, L., Effect of Gallium on physicochemical
characteristics of hydroxyapatite, 3rd Biennial Conference Biomaterials and Novel
Technologies for Healthcare (BioMaH 2022), Rome, Italy, October 2022 (poster
presentation).

6. Vasiljevs, R., Mosina, M., Crystallization kinetics of gallium-containing amorphous
calcium phosphate in different media, Riga Technical University Student Scientific and
Technical Conference, Riga, Latvia, April 2023 (oral presentation).

7. Vasiljevs, R., Sceglova, M., Stipniece, L., Lo¢s, J. Gallium containing amorphous
calcium phosphate crystallization kinetics in different media. Materials Science and
Applied Chemistry conference of RTU (MSAC 2023), Riga, Latvia, October 2023 (poster
presentation).

8. Vasiljevs, R., Sceglova, M., Stipniece, L., LocCs, J. Effect of gallium content on
crystallization and sinterability of amorphous calcium phosphate. Riga Technical
University Student Scientific and Technical Conference, Riga, Latvia, April 2024 (oral
presentation).

9. Vasiljevs, R., Sceglova, M., Stipniece, L., LocCs, J. Synthesis, characterization and
sintering of gallium containing amorphous calcium phosphate. Riga Technical University
Student Scientific and Technical Conference, Riga, Latvia, April 2025 (oral presentation).
10. Sceglova, M., Dobelin, N., Vasiljevs, R., Stipniece, L., Locs, J., Gallium-doped
hydroxyapatite and its properties, The XIXth Conference of the European Ceramic Society
(ECerS 2025), Dresden, Germany, September 2025 (poster presentation).

11. Vasiljevs, R., Sceglova, M., Stipniece, L., Locs, J. Effect of gallium content on stability
and sinterability of amorphous calcium phosphate. The XIXth Conference of the European
Ceramic Society (ECerS 2025), Dresden, Germany, September 2025 (oral and poster
presentations).
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Other scientific publications published during the development of the Thesis.

1. Stipniece, L., Skadins, 1., Mosina, M. Silver- and/or titanium-doped B-tricalcium
phosphate bioceramic with antibacterial activity against Staphylococcus aureus. Ceramics
International, 2022, 48(7), 10195—-10201. https://doi.org/10.1016/j.ceramint.2021.12.232.
2. Irtiseva, K., Mosina, M., Tumilovica, A., Lapkovskis, V., Mironovs, V., Ozolins, J.,
Stepanova, V., Shishkin, A. Application of granular biocomposites based on homogenised
peat for absorption of oil products. Materials, 2022, 15, 1306.
https://doi.org/10.3390/mal15041306.

3. Rezevska, D., Stipniece, L., Rubene, L., Sceglova, M., Maurins, S., Vasiljevs, R,
Racenis, K., Kroica, J. Zinc-substituted hydroxyapatite-bacteriophage complexes for
complementary antibacterial properties. Colloids Surf. A4, 2025, 720, 137114.
https://doi.org/10.1016/j.colsurfa.2025.137114.

4. Sceglovs, A., Siverino, C., Skadins, 1., Pirsko, V., Sceglova, M., Kroica, J., Moriarty, F.
T., Salma-Ancane, K. Injectable e-polylysine/hyaluronic acid hydrogels with resistance
preventing antibacterial activity for treating wound infections. ACS Applied Bio Materials,
2025, https://doi.org/10.1021/acsabm.5¢01252.
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MAIN RESULTS OF THE THESIS

GaACP and its Properties (Paper 2)

Syntheses of the ACP powders were performed using a modified wet chemical precipitation
method at ambient temperature (20 £ 2 °C). Precipitation of the ACP was induced by the rapid
addition of 3M NaOH aqueous solution to an acidic solution containing Ca?* (from
CaCl2H,0), Ga** (from Ga(NOs)s-9.5H20), and PO4* (from HsPO4) ions, reaching pH
10.3£0.2. To achieve different Ga contents in the synthesis products, various amounts of
Ga(NO3)3-9.5H>0 were added in the synthesis medium, while the (Ca + Ga)/P (Ca/P for Ga-
free ACP) molar ratio of the raw materials was kept constant at 1.67. The sample series were
labelled Ref-ACP, 2GaACP, 4GaACP, 6GaACP, and 12GaACP, considering the theoretical
Ga content 0 wt%, 2 wt%, 4 wt%, 6 wt%, and 12 wt%, respectively.

The as-synthesised and heat-treated powders were analysed using comprehensive
characterisation methods. The phase composition was studied using the X-ray diffraction
technique (XRD, PANalytical Aeris, The Netherlands), and the crystalline phase identification
was done using the PDF-2 database from the International Centre for Diffraction Data (ICDD).
The functional groups were analysed using a Fourier transform infrared spectrometer (FTIR,
Nicolet iS 50, Thermo Scientific, USA). The morphology was characterised using a scanning
electron microscope (SEM, Verios 5 UC, Thermo Fisher Scientific, USA) coupled with a
scanning transmission electron microscopy (STEM) detector. Specific surface area (SSAger) of
the as-synthesised powders was determined using the Brunnauer—Emmet—Teller method (BET)
and a QUADRASORB Sl instrument (Quantachrome Instruments, USA). True density was
determined using a He pycnometer (PYC, Micro UltraPyc 1200e, Quantachrome Instruments,
USA). To evaluate the thermal stability of the as-synthesised powders, thermogravimetric
analysis (TGA) combined with differential scanning calorimetry (DSC) was performed using a
simultaneous TGA/DSC instrument (TGA/DSC 3+, Mettler Toledo, Switzerland).

Regardless of Ga content, all as-synthesised powders were X-ray amorphous, exhibiting a
broad diffraction maximum at 30° 260, characteristic of ACP (Fig. 2A) [57]-[59].
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Fig. 2. A — XRD patterns of the Ref-ACP and GaACP powders; STEM microphotographs of
B — Ref-ACP, C — 2GaACP, D — 4GaACP, E — 6GaACP, and F —12GaACP powders. Scale
bar — 300 nm.

Both the Ref-ACP and GaACP powders had high SSAget (Table 1), which correlates with
available data in the literature [60].

Table 1
Ga content and morphological characteristics of the as-synthesised ACP powders

il Measured Ga SSAgeT deer

SHIELE Ga[\i,(t);: ]e "t content [wt%)] [m?/g] [g/(?m3] [nm]
Ref-ACP - - 167 +4 2.50 £ 0.02 14+1
2GaACP 2 06+0.1 159 +5 2.54 £ 0.06 15+1
4GaACP 4 1.3+0.2 1517 2.49 +0.05 16+1
6GaACP 6 1.7+01 163+1 2.47£0.02 15+1
12GaACP 12 22+01 165+18 2.47+0.04 15+2

There is a threshold for Ga incorporation into the ACP structure. The measured content of
Ga was significantly lower than nominal values and did not exceed 2 wt% even for samples
with the nominal Ga concentration of 6 wt% and 12 wt% (Table 1). ACP exhibits a disordered
structure characterised by the absence of long-range crystalline order. ACP particles are
composed of randomly arranged Posner clusters with an average size of approximately
0.95 nm, which are surrounded by a hydrated layer (up to 25 %) filling in the intercluster space
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[61]. The hydrated layer hinders the incorporation of foreign ions, which can explain the limited
incorporation of Ga in the ACP. Alternatively, the Ga®* ions that dissociated during the initial
synthesis solution may hydrolyse into insoluble hydroxide (Ga(OH)s), which has low
bioavailability [46] and does not contribute to the precipitation of GaACP. STEM
microphotographs revealed that the Ref-ACP and GaACP powders are composed of nano-sized
spheroidal particles (Fig. 2 B-F). The results suggest that Ga does not significantly influence
the morphological characteristics of the ACP.
DSC curves show similar thermal effects for both the ACP and the GaACP samples
(Fig. 3 A).
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Fig. 3. A—DSC curves of the Ref-ACP and GaACP powders; B — the characteristic phase
transition temperatures [unpublished data].

The endothermic peak up to 350 °C corresponds to the release of the free and chemically
bonded water and CO.. This process does not cause the crystallisation of ACP and GaACP.
Somrani et al. concluded that water molecules do not directly interact with phosphate groups,
and their loss does not change the structure of ACP [62]. An exothermic peak between 615 °C
and 680 °C (Fig. 3 A) corresponds to ACP crystallisation into a more stable CaP phase,
accompanied by heat release [22], [63]. The addition of Ga improved the thermal stability of
ACP; i.e., with increasing Ga content, the crystallisation temperature increased (Fig. 3 B). This
observation agrees with the scientific literature, suggesting that the thermal stability of ACP
depends on the presence of impurities, namely, stabilising agents (ions or molecules of other
metals or non-metals), which contribute to the shift of the phase transition or crystallisation
point towards higher temperatures [22], [64]. An additional exothermic effect was observed at
861 °C for the sample with the highest Ga concentration (12GaACP), which could be associated
with the crystallisation of the Gax(OH)yO; cluster. The presence of those clusters was observed
by Yang et. al. using NMR analysis [53].

To investigate the thermal stability of the GaACP powders, they were heat-treated at
temperatures ranging from 300 °C to 1200 °C, and the phase composition of the heat-treated
powders was analysed using XRD patterns (Fig. 4).
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Fig. 4. XRD patterns of the heat-treated powders: A — ACP and GaACP at 300 °C; B — Ref-
ACP; C — 2GaACP; D — 4GaACP; E — 6GaACP; F — 12GaACP at 600-1200 °C [unpublished

data].

Table 2

Phase composition of the ACP and GaACP powders heat-treated at different temperatures (in
each mixture, the phase written first is the major component, i.e., it is present in a higher
amount than other phases) [unpublished data]

Temp. Sample series
[°C] Ref-ACP 2GaACP 4GaACP 6GaACP 12GaACP
300 amorphous amorphous amorphous amorphous amorphous
a-TCP/HAp/ a-TCP/HAp/
600 a-TCP/HAp B-TCP B-TCP HAp/B-TCP HAp/o-TCP
700 B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/HAp/ | B-TCP/a-TCP/ | B-TCP/a-TCP/
HAp HAp a-TCP/ HAp HAp
800 a-TCP/B-TCP/ a-TCP/B- B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/a-TCP/
HAp TCP/HAp HAp HAp HAp
B-TCP/a-TCP/ | B-TCP/a-TCP/ a-TCP/B- B-TCP/HAp/o- i
900 HAp HAp TCP/HAp TCP/ B-TCP/HAp
1000 B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/a-TCP/
HAp HAp HAp HAp HAp
B-TCP/a-TCP/ i R B-TCP/a-TCP/ R R
1100 HAp B-TCP/o-TCP HAp B-TCP/HAp B-TCP/HAp
1200 | o-TCP/B-TCP | o-TCP/B-TCP | B-TCP/0-TCP | B-TCP/a-TCP | B-TCP/a-TCP

Regardless of Ga content, the ACP powders remained X-ray amorphous after heat treatment
at 300 °C (Fig. 4 A). However, increasing the heat treatment temperature to 600 °C and above
induced the formation of various CaP phases (Fig. 4 B-F). The phase composition of the heat-
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treated powders was a mixture of two or three phases compromising a-TCP, B-TCP, and HAp
in different ratios (Table 2).

Usually, a-TCP or B-TCP is formed from ACP after heat treatment at temperatures above
600 °C, as the ACP Ca/P molar ratio is 1.5, which corresponds to TCP [65]. However, in our
study, we observed the formation of the HAp phase. This is explained by the synthesis
conditions, namely, a higher Ca/P molar ratio (Ca + Ga/P =1.67 and Ca/P =1.67) in the
synthesis medium, and the possible presence of carbonate ions (incorporating or substituting
phosphate groups) into the structure of the as-synthesised Ref-ACP and GaACP. The carbonate
ions leave the ACP structure during heat treatment, increasing the Ca/P molar ratio, thus
promoting the formation of HAp [66]. Nevertheless, there is no correlation between Ga content,
temperature and phase composition of the final products after heat treatment. ACP atomic
arrangement is inherently disordered and non-uniform, resulting in unpredictable phase
composition after heat treatment.

Due to the metastable nature of ACP in aqueous media, it is important to evaluate its
behaviour under in vitro experimental conditions. Different factors, such as pH, ionic doping,
and additives, affect ACP stability in aqueous media. The elucidation of stability will help to
understand material behaviours and optimise material formulations for specific biomedical
environments and applications.

Ga’s influence on the stability of ACP in agueous media

The stability of GaACP powder was evaluated in deionised water (DI H.0), phosphate
buffer solution (PBS), Dulbecco's modified Eagle's medium (DMEM) and tryptic soy broth
(TSB). The powder and liquid media ratio was 6 mg/L. Samples were incubated at 37 °C with
orbital shaking at 80 rpm for 20 min, 40 min, 60 min, and 90 min, and 4 h, 24 h, and 48 h. The
stability time of powders in different aqueous media is summarised in Fig. 5 A.

In vitro stability of the powders was evaluated by XRD, where the formation and narrowing
of diffraction maxima characteristic of the apatitic CaP phase at 26° and 32° 26 was observed
(Fig. 5B-F) [67]. Rapid crystallisation of ACP in PBS regardless of Ga content was observed.
It is related to the presence of phosphate ions in the media, which accelerates the nucleation
and precipitation of new particles following a dissolution-recrystallisation mechanism [68]—
[70]. The significant effect of Ga on the ACP stability was observed in DI H,O, DMEM
(Fig. 5 B-F), and TSB. In DMEM, the stability of the ACP increased gradually with the Ga
content. DMEM was buffered with NaHCO3, thus supplementing the media with carbonate ions
or causing precipitation of calcite, which, in turn, can contribute to the stabilisation of ACP
[22], [64], [71], [72].
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Fig. 5. A — Stability time of the Ref-ACP and GaACP powders in different aqueous media.
XRD patterns after incubation in DMEM: B — Ref-ACP, C — 2GaACP, D — 4GaACP, E —
6GaACP, and F — 12GaACP [Paper 2].

Additionally, in the literature, there is evidence that organic molecules stabilise the ACP
phase. Still, it depends on the type of organic molecules and their concentration [73]-[75]. Both
TSB and DMEM contain amino acids, vitamins and proteins, which can be adsorbed onto the
surface of the ACP nanoparticle, thereby stabilising them. The stability tests revealed that not
only does Ga ion influence the stability, but also the composition of the media.

After understanding ACP performance in the in vitro media, the next step is to evaluate
antibacterial activity. It is known that Ga possesses antibacterial properties. Moreover, Yang
et al. revealed that GaACP has an inhibitory effect on the growth of P. aeruginosa [53].
However, it is important to evaluate the potential inhibition effect also against S. aureus, as it

is a major contributor to infections associated with biomaterials, especially in orthopaedic
surgeries.

Evaluation of GaACP antibacterial activity
Antibacterial properties were assessed against P. aeruginosa (ATCC 23863) and S. aureus

(ATCC 25923) by measuring optical density at 620 nm (ODs20) of bacterial growth for 20 h at
37 °C in TSB by using a spectrophotometer (MultiskanFC, Thermo Scientific, USA) (Fig. 6).
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Fig. 6. P. aeruginosa growth kinetic curves in the presence of the GaACP powder
suspensions in TSB at: A —1 mg/mL, B — 2 mg/mL, and C — 4 mg/mL. S. aureus growth
kinetic curves in the presence of the GaACP powder suspensions in TSB media at: D —

1 mg/mL, E -2 mg/mL, and F — 4 mg/mL. The represented ODs20 Values were obtained by
subtracting the initial ODe20-0_h (starting time = 0 h) from the measured ODsg20-x_n at specific
time points, i.e., x h.

No significant differences in the P. aueruginosa and S. aureus bacteria growth curves were
observed for the ACP and GaACP powders at 1 mg/mL concentration in TSB. By increasing
powder concentration to 2 mg/mL, the delayed exponential growth (log phase) compared to the
control was observed against both bacterial strains. At the powder concentration of 4 mg/mL,
the inhibitory effect became more pronounced and differed between bacterial strains. In the
case of S. aureus, at a powder concentration of 4 mg/mL, the ACP and GaACP showed similar
bacterial growth inhibition effects. A more pronounced impact of Ga content was noted in the
P. aeruginosa culture, which lacked a distinct log phase (exponential) and could not achieve a
stationary phase. Thus, the bacteriostatic effect of Ga was indirectly revealed. However, this
effect can also be related to the nanosized ACP and GaACP particles, which can adversely
affect bacteria by damaging cell membranes, hindering DNA synthesis, and interfering with
metabolic functions [76]-[78]. Additionally, bacteria grow exponentially in the presence of
other CaP phases, non-amorphous, as from stability studies (Fig. 5 A). After 40 min, all
samples converted to a more stable CaP phase, Ca-deficient HAp (CDHAP). It is still unclear
whether Ga®* ions are being released into the solution during this process or are incorporated
into the crystal structure of CDHAp.

The first objective of the research was successfully achieved, demonstrating that Ga does
not influence the physicochemical properties of the ACP powder, while the presence of Ga
affected the stability of ACP. The GaACP powders did not show sufficient antibacterial activity
for potential use in treating infection. Accordingly, research was conducted to determine how
Ga affects HAp, where potentially higher Ga incorporation levels and antibacterial activity
could be achieved.
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GaHAp and its Properties (Paper 3)

The HAp powders with different Ga content (Fig. 7 A) and (Ca + Ga)/P (Ca/P for Ga-free
HAp) molar ratio of 1.67 were synthesised via the wet chemical precipitation method from
calcium oxide (CaO), gallium nitrate hydrate (Ga(NOs)3'9.5H20) and phosphoric acid (HzPOs).
2M H3PO, aqueous solution was added to the Ca?* and Ga®* ions containing suspension with a
1 mL/min addition rate, continuous stirring at 150 rmp until the pH 6.90 £ 0.05 at 45 °C was
reached. The obtained precipitates were aged overnight in the mother liquors, vacuum-filtered
and dried at 105 °C (overnight). The as-synthesised samples were labelled as HAp, 2GaHAp,
4GaHAp, 6.3GaHAp, and 8GaHAp and characterised with multiple analysis techniques (XRD,
FTIR, BET) described above in section “GaACP and its Properties (Paper 2)”. In vitro Ga** ion
release tests were performed in DMEM for GaHAp paste (non-dried sample, filtered
precipitates) for up to 30 days.

Low-intensity maxima characteristic of low-crystalline apatite were detected in the XRD
patterns of all samples (Fig. 7 B). The addition of Ga reduced particle size and increased SSAget
compared to Ga-free HAp (Fig. 7 A), suggesting that Ga inhibits HAp crystal growth. The
adsorption of smaller ions, such as Ga®* (0.62 A [79]) compared to Ca?* (1.00 A [79]), on the
HAp crystal surface results in the inhibition of crystallisation and crystal growth as suggested
in the literature [54], [55], [80], [81].
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Fig. 7. A — Physicochemical parameters of the as-synthesised HAp and GaHAp powders; B —
XRD patterns of the as-synthesised HAp and GaHAp powders; C — cumulative Ga* ion
release in DMEM media at 37 °C (n = 3 £ SD) [82].

Due to this effect, it cannot be ruled out that the synthesised HAp powders may contain
amorphous phase impurities. Furthermore, increasing of the Ga content resulted in a decrease
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in the Ca/P molar ratio in the final products. Thus, it can be claimed that the obtained products
are non-stoichiometric HAp or CDHAp. The results of in vitro Ga®" ion release tests (Fig. 7 C)
demonstrated the potential for long-term antibacterial ion delivery, with up to 43 % of Ga
released into the media over 27 days.

In vitro evaluation of GaHAp

The antibacterial properties of the GaHAp powders were analysed by assessing the growth
of five different bacterial cultures — P.aeruginosa (Paer09), E.coli (ATCC 25922),
S. epidermidis (ATCC 35984), S.aureus (JAR 06013), and Streptococcus pyogenes
(S. pyogenes, ATCC 19615) at 37 °C for 18 h by measuring the optical density at 600 nm
(ODesno) using a spectrophotometer (MultiskanGo, Thermo Scientific, USA).
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Fig. 8. The GaHAp powder suspension induced growth inhibition of P. aeruginosa at
concentrations of: A —1 mg/mL, B —2 mg/mL, C —4 mg/mL, and S. aureus at concentrations
of: D -1 mg/mL, E — 2 mg/mL, F — 4 mg/mL. Metabolic activity of human fibroblasts
(hTERT-BJ1) exposed to the GaHAp powder suspensions at different concentrations
(1 mg/mL, 2 mg/mL, and 4 mg/mL) obtained using the direct test: G — day 1, H — day 3, and
C —day 7 (PC — positive control).
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The bacterial growth kinetics in the GaHAp powders' suspensions at concentrations of
1 mg/mL, 2 mg/mL, and 4 mg/mL were investigated in TSB. Cytotoxicity of the GaHAp
powders was tested on telomerase-immortalised human foreskin fibroblasts ("(TERT BJ1)
cultivated in DMEM via direct tests of the GaHAp powders (at concentrations of 1 mg/mL,
2 mg/mL, and 4 mg/mL in DMEM) and indirect tests of the GaHAp pastes (250 + 50 mg) up
to 7 days [82].

The GaHAp powders exhibited bacteriostatic effect against all five tested bacteria; however,
the most pronounced inhibition was observed against P.aeruginosa (Fig. 8 A-C), as
P. aeruginosa has an iron-dependent metabolism, which is disrupted by Ga®* ions [51].

The P. aeruginosa growth inhibition was observed at 1 mg/mL concentration for the
6.3GaHAp and 8GaHAp powders, which was not observed for S. aureus (Fig. 8 D—F). Whereas
inhibition of orthopaedic infection-related bacteria, S. aureus and S. epidermidis, was detected
at 2 mg/mL and 4 mg/mL concentrations of the 4GaHAp, 6.3GaHAp, and 8GaHAp powders.
Notably, this bacterial inhibition occurred at higher GaHAp powder concentrations than
reported in the literature. For instance, Kurtjak et al. observed inhibition of P. aeruginosa
growth with 0.9 g/mL GaHAp containing 3 wt% of Ga [54]. In addition, Ballardini et al.
showed the antibacterial effect of the GaHAp with Ga content 1 wt%, where bacterial reduction
of P.aeruginosa and S. aureus after 24 h was above 80 % [83]. Even though in all the
mentioned studies, the analysed substance was GaHAp, the findings indicate that the synthesis
method and parameters significantly influences the incorporation of Ga and key properties of
the final material.

To evaluate cytotoxicity, hTERT-BJ1 fibroblast cells were directly exposed to the GaHAp
powder suspensions in DMEM at the same concentrations as in the antibacterial tests (1 mg/mL,
2 mg/mL, and 4 mg/mL) (Fig. 8 G-I). After three days, metabolic activity remained above
80 %. However, by day 7, cell viability sharply reduced below 40 % for all the Ga-containing
samples at 2mg/mL and 4 mg/mL, highlighting the importance of optimising Ga3*
concentration for biocompatibility. The indirect tests assessed the impact of ions released from
the GaHAp paste into the cell media on the chosen cell line (Fig. 9 A).
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Fig. 9. A — Metabolic activity of human fibroblasts exposed to the GaHAp pastes via indirect
test; B — microscope images of human fibroblasts after the indirect test on day 3. Scale bar
200 pm.
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Results indicated no cytotoxic effects, as cell viability remained around 90 %. Notably,
samples with Ga content of 5.5 + 0.1 wt% and 6.9 + 0.5 wt% significantly enhanced metabolic
activity on day 3 and day 7, suggesting that both Ga®* and Ca?* ions have a stimulatory effect
on the cells.

The results of the research show the importance of evaluating the influence of Ga on the as-
synthesised HAp and the interactions between the developed biomaterial and cells. Obtained
GaHAp powders showed advantageous properties for the early-stage treatment of bone defects
compared to the studied GaACP powders. Moreover, regarding the toxicity evaluation of the
GaHAp powders, an adverse effect towards human fibroblasts was not observed. It was
concluded that the GaHAp could prevent the development of chronic and acute infections due
to the bacteriostatic effect on both gram-positive and gram-negative bacterial species.
Accordingly, in the next study, the bioceramics were developed using the 2GaHAp (1.6
0.1 wt% of Ga) and 4GaHAp (3.3 £ 0.4 wt% of Ga) powders. The compositions were chosen
since the respective Ga concentrations provided both antibacterial activity and did not show a
toxic effect on the cells.
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GaHAp Bioceramics (Paper 4)

GaHAp bioceramics were prepared by uniaxially compacting the as-synthesised GaHAp
precursor powders at 100 MPa for 1 min, followed by high-temperature sintering in the range
from 600 °C to 1200 °C. The phase composition and the theoretical Ga substitution position in
the HAp structure of heat-treated powders were analysed using XRD and Rietveld refinement
by Profex software. The apparent density of the sintered bioceramics was determined using
Archimedes principle and a density determination kit (YDK 01, Sartorius AG, Germany). The
microstructure of the bioceramics was characterised using SEM.

Phase composition analysis revealed the formation of a secondary a-TCP phase above
800 °C (Fig. 10 A-C). The content of the secondary phase increased with increasing Ga
concentration (Fig. 10 D).
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Fig. 10. XRD patterns of the heat-treated A — HAp, B — 2GaHAp, and C — 4GaHAp powders.
D — Phase compositions of the samples.

As discussed previously, the as-synthesised powders were CDHAp with Ca/P < 1.67 and
with the impurities of an amorphous phase. A combination of these two main characteristics of
precursor powder leads to the formation of low-temperature a-TCP at > 900 °C, even though
the stability of a-TCP is reported to be in the range of 1120-1430 °C [84], [85]. The presence
of the secondary phase (a-TCP) can potentially improve the biodegradability of HAp
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bioceramics. Namely, the presence of more soluble a-TCP phase could increase the solubility

of the bioceramics, providing improved ion release and bioactivity [42].

The ATR-FTIR spectra (Fig. 11 A-C) exhibited characteristic CaPs' POs*, OH-, COs>,

and HPO4? groups’ absorbance bands.
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Fig. 11. ATR-FTIR spectra of A—HAp, B — 2GaHAp, and C — 4GaHAp powders heat-
treated at temperatures ranging from 600 °C to 1200 °C. D — extra functional group maxima
(marked with red lines) for samples heat-treated at 2000 °C, 1100 °C and 1200 °C.

Due to cationic deficiency, charge compensation was maintained by substituting HPO42~
for POs*. Absorbance bands of COz?~ and HPOs%> disappeared after heat treatment [87].
Furthermore, a decrease in the absorbance of OH~ groups approximately at 3600 cm™* was
observed, which is related to the presence of the secondary phase. The presence of secondary
phase also affected PO4>~ groups after heat treatment at 900-1000 °C. Additional absorbance
bands were detected as “shoulders”, which became more pronounced as the heat treatment
temperature increased. In the case of 2GaHAp and 4GaHAp powders heat-treated above
1000 °C, extra absorbance bands at 502 cm ™, 734 cm™?, and 928 cm™ were detected, and the
intensity of these bands increased with increasing Ga content. It is difficult to reach definitive
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conclusions about forming new functional groups due to the overlapping of the absorbance
bands from various phases and impurities in the same spectral area. However, the identified
absorbance bands could be related to the potential development of Ga-O bonds. According to
existing literature, Ga,Osz heat-treated at 1000 °C exhibits bands (duplicates) within the 400—
850 cm™! range [46], which aligns with the area indicating the formation of the detected new
groups.

Theoretical Ga substitution in the HAp crystal lattice

To locate Ga substitution in the HAp crystal lattice and observe lattice changes prompted
by substitution, a complete structure Rietveld refinement of the sample was performed. From
the refinement results, the refined unit cell volume of the HAp and GaHAp heat-treated at
1000 °C, 1100 °C, and 1200 °C was calculated and displayed in Fig. 12 A. The results showed
that the unit cell volumes of HAp increased with increasing Ga content, suggesting that Ga®*
ions are incorporated into the HAp crystal lattice.
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Fig. 12. A — Refined unit cell volume of the HAp and GaHAp heat-treated at 1000 °C,
1100 °C, and 1200 °C as a function of the nominal Ga concentration; Fops—Fcaic Fourier
synthesis maps at z = 0.0 of the 4GaHAp heat-treated at 1100 °C refined B — without and C —
with the substitution model for Ga. The model is depicted schematically in D — “O” marks the
additional oxygen ion compensating the charge imbalance introduced by Ga incorporation on
“Cal”.

The theoretical substitution model was created based on the full structural refinement of the
4GaHAp heat-treated at 1100 °C, including refinement of Ca site occupancy factors, fractional
coordinates, and thermal displacement parameters. Firstly, different Fourier maps of the refined
structure were created with the Electron Density Map module in Profex. Structure refinement
of the hexagonal HAp phase in the dataset 4GaHAp heat-treated at 1100 °C with a Ga-free
hexagonal structure model, showed residual unfitted electron densities at the Cal position
(Fig. 12 B). In addition, along the c-axis hosting the OH™ groups, formation of the excess
electron densities in the form of a hexagonal “flower” was observed (Fig. 12 B). By suggesting
and creating a structural model where Cal was a partial substitution for Ga®* and charge
imbalance was compensated by an additional O ion in the OH™ channels, the Fops—Fcaic Fourier
synthesis maps revealed no excess or residual electrons, and the structure remained neutral
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(Fig. 12 C). This explains the expansion of the crystalline unit cell volume, where additional
incorporation of oxygen ions in the channel compensates for the additional positive charge
introduced by Ga3* substitution in the Cal site. The substitution model reveals the formation of
a defect in the lattice that further affects the microstructure of the bioceramic.

Microstructure of GaHAp bioceramics

Lattice structural and phase composition changes induced by Ga incorporation significantly
influenced HAp bioceramics' sinterability, causing a notable decrease in apparent density
(Fig. 13 A) and the shrinkage (Fig.13 B). Additionally, SEM micrographs (Fig. 14 A-I)
showed micropore formation, as a formation of secondary phase occurred during sintering,
which inhibits densification of bioceramics. It can be explained by the effect of secondary phase
particles on grain boundary motion, as at intermediate temperatures during the sintering
process, CDHAp converts to a-TCP, which limits grain boundary motion. At the same time,
HAp continues to function as the matrix, and secondary phases generate dispersed particles at
the grain boundaries that hinder grain growth [88].
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Fig. 13. A — Apparent density and B — shrinkage of the HAp and GaHAp bioceramics after
sintering at 600 °C, 800 °C, 1000 °C, and 1200 °C.

SEM micrographs revealed that increasing the sintering temperature led to increased grain
sizes. Ga incorporation promoted the formation of smaller grains. In the case of the HAp
bioceramics, characteristic hexagonal grains formed above 1000°C (Fig. 14 G, J, M).
However, for the GaHAp bioceramics, formation of characteristic hexagonal grains was
observed at a 1200 °C sintering temperature.
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S

Fig. 14. SEM microphotographs of the A — HAp, B — 2GaHAp, and C — 4GaHAp bioceramic
pellets sintered at 600 °C, the D — HAp, E — 2GaHAp, F — 4GaHAp bioceramic pellets
sintered at 800 °C, the G — HAp, H — 2GaHAp, and | — 4GaHAp bioceramic pellets sintered at
1000 °C, the J — HAp, K — 2GaHAp, L- 4GaHAp bioceramic pellets sintered at 1100 °C, and
the M — HAp, N — 2GaHAp, and O — 4GaHAp bioceramic pellets sintered at 1200 °C. Scale
bar — 500 nm [89].

The in-depth substitution behaviour of Ga in the HAp crystal lattice was explored to gain
deeper insight into the properties of GaHAp bioceramics. The results demonstrated that partial
Ca substitution with Ga can significantly change the HAp thermal behaviour.
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CONCLUSIONS

. Incorporation of gallium in amorphous calcium phosphate is limited to 2.2 = 0.1 wt%
and does not have a significant effect on its physicochemical properties. However,
gallium improves the stability of amorphous calcium phosphate in deionised H>O and
in biologically relevant media, i.e., Dulbecco's modified Eagle's medium and tryptic soy
broth.

. Amorphous calcium phosphate and gallium-containing amorphous calcium phosphate
powders at a concentration of 4 mg/mL show bacteriostatic effect against Pseudomonas
aeruginosa and Staphylococcus aureus.

. Gallium inhibits the crystal growth of hydroxyapatite, resulting in a decrease in
crystallinity and the formation of smaller particles. The low-crystalline gallium-
containing hydroxyapatite provides long-term gallium ion release up to 28 days.

. The optimal gallium content in hydroxyapatite is in the range from 2 wt% to
5.5+ 0.1 wt%, providing bacteriostatic effect against Pseudomonas aeruginosa and
Staphylococcus aureus without substantial toxicity towards human fibroblasts.

. The addition of gallium affects the physicochemical properties of hydroxyapatite
precursor powders, leading to the formation of biphasic bioceramics consisting of
hydroxyapatite and tricalcium phosphate after heat treatment of hydroxyapatite at
temperatures above 900 °C. The secondary phase and lattice defects promote the
formation of a microporous structure of the bioceramics and decrease shrinkage.

. Gallium in the hydroxyapatite crystal lattice occupies the Cal position and creates
vacancies in the OH™ channels. Charge compensation is achieved by an uptake of O~
which leads to unit cell volume expansion.
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Amidst an ever-increasing demand for the enhancement of the lifestyle and the modulation of modern
diseases, the functionalization of biomaterials is of utmost importance. One of the leading materials for
the aforementioned purpose have been calcium phosphates (CaPs). They have been widely used in bone
regeneration displaying favourable regenerative potential and biological properties. Many studies have
placed their entire focus on facilitating the osteogenic differentiation of stem cells and bone progenitor
cells, while the aspect of antibacterial properties has been surmounted. Nevertheless, increasing antibiotic
resistance of bacteria requires the development of new materials and the usage of alternative approaches
such as ion doping. Gallium (Ga) has been the potential star on the rise among the ions. However, the
obstacle that accompanies gallium is the scarcity of research performed and the variety of amalgama-
tions. The question that imposes itself is how a growing field of therapeutics can be further entwined
with advances in material science, and how will the incorporation of gallium bring a new outlook. The
present study offers a comprehensive overview of state-of-the-art gallium containing calcium phosphates
(GaCaPs), their synthesis methods, antibacterial properties, and biocompatibility. Considering their vast
potential as antibacterial agents, the need for a methodical perspective is highly necessary to determine
if it is a direction on the brink of recognition or a fruitless endeavour.

Statement of significance

Although several studies have been published on various metal ions-containing calcium phosphates, to

this date there is no systematic overview pointing out the properties and benefits of gallium contain-

ing calcium phosphates. Here we offer a critical overview, including synthesis, structure and biological
properties of gallium containing calcium phosphates.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

chanical strength. Nonetheless, due to chronic bone diseases such
as cancer, hypercalcemia, osteoporosis, or trauma, bone defects are

Bone remodelling encompasses a myriad of interconnected
pathways that uninterruptedly unravel during the entire lifetime,
while at the same time being subjected to the constantly vary-
ing laws of biomechanical forces. The end goal of this process is
to have a functional model, which has to possess appropriate me-
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being formed, lacking the ability to be healed or remodelled on
their own [1]. In order to overcome this tremendous burden, clin-
icians and researchers are continuously developing new bone graft
materials for bone defect repair, thus creating a high demand for
further amelioration of biomaterials [2].

To come as close as possible to the creation of a suitable bone
graft model, primarily the composition of bone must be consid-
ered. Bone consists of the organic part (30 wt% of mineralized col-
lagen) [3] and inorganic part (60 wt%) - mineral phase, known
as hydroxyapatite (HAp) [3,4]. The remaining 10 wt% of the bone
composition is water [4]. Considering that HAp is probably the
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most recognized member of the calcium orthophosphate family,
the rationale for using calcium phosphates (CaPs) imposed itself
quite easily. Furthermore, extensive studies have shown that dif-
ferent CaPs showed promising results as bone graft materials and
their outstanding track record has been verified throughout the
last few decades. The most commonly used CaPs, to date, are HAp
(Ca1g(PO4)s(OH),) and tricalcium phosphate (TCP; Ca3(PO4);), fol-
lowed by an abundance of various derivatives [5,6]. In addition to
their well-suited composition, they have shown exceptional bioac-
tivity and biocompatibility with cell lines, which are the main par-
ticipants of the bone microenvironment [7-11]. On the other hand,
while the CaPs have been characterized in terms of their osteocon-
ductive properties, the material still is not as competent as the nat-
ural apatite [12,13]. A hindrance to the otherwise noteworthy case
history of CaPs has been their poor mechanical strength under con-
tinuous stress circumstances, most probably connected with chal-
lenges associated with the sintering process and their low surface
area (typical 2-5 m2/g) [14].

An additional important aspect of the clinical application of
biomaterials is their antibacterial potential. The lack of antibac-
terial properties of CaPs could cause a risk of infection after the
implantation of biomaterial. Infection is related to bacteria adhe-
sion and colonization on implant or material surface. Addition-
ally, the formation of biofilm can be a potential source of sys-
tematic infection [15]. Infection is an outcome of bacterial con-
tamination, which can occur in a dry state or under wet condi-
tions. Dry state contamination commonly appears before implan-
tation, and it may be transmitted in the surgical room or due to
the unsterile supplies that are being used. By using adequate ster-
ilization this contamination can be controlled [15]. Wet condition
contamination is related to bacteria adhesion on the biomaterial
surface in an aqueous solution. This type of contamination is af-
fected by different parameters of material, physiological environ-
ment and pathogens. In particular, surface morphology, physico-
chemical properties of material, environment pH, temperature and
electrolytes [15,16]. The traditional approach for treating these in-
fections is based on the use of systemic administration of the an-
tibiotics (vancomycin, rifampicin, fluoroquinolone, etc.) for up to
six weeks [17]. This approach has several drawbacks, including sys-
temic toxicity, uneven distribution throughout the body and low
accumulation in the target site [18,19]. Therefore, methods are be-
ing sought to ensure local delivery of antibiotics at the site of
implantation. Additionally, the World Health Organisation (WHO)
data shows that antibiotic resistance is becoming a global health
threat. Successful treatment of infections in modern medicine
would be at an even greater risk without developing alternatives.
New antibiotic development is a time-consuming procedure, and
in the report submitted in 2019, the WHO identified 32 antibi-
otics in clinical development, of which only six were classified as
innovative [20].

Nevertheless, pure antibiotics are not the only answer to mod-
ern perils. Different metal ions had shown antibacterial properties
and were used a long time before antibiotics were discovered [21-
23]. Copper (Cu) and silver (Ag), for example, have been mentioned
as far back as ancient Egypt, as components used for water disin-
fection. Due to their characteristics, non-essential metal ions, Ag
or tellurium (Te) being one of them, can be toxic to the biological
system, if they are admitted in abundant concentrations [24,25].
However, using metal ions in small concentrations can provide a
desired antibacterial effect.

Antibacterial properties of metal ions depend on the charge
and electronegativity. In the biological system, metal ion chem-
istry could enforce different reactions and diverse bindings to the
proteins, causing a beneficial after effect [21,26]. The exact mech-
anism of metal ion interaction with bacteria has not been fully
determined and understood. However, several antibacterial activ-
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ity mechanisms of metal ions or nanoparticles have been proposed
and outlined below (Fig. 1):

1) Ion fixation - due to electrostatic forces fixation could occur,
leading to the membrane damage. It affects the free transport
of protons, and other molecules passing in and out of the bac-
teria cell, resulting in the loss of membrane potential [21,27].

2) Metal ion has the potential to interact with the bacteria cell
membrane and to take action in regulating the production of
adenosine triphosphate (ATP), as well as the replication process,
which causes the deoxyribonucleic acid (DNA) damage [21,27].

3) Formation of the free radicals (reactive oxygen species: ROS)
- in this step, oxygen stress starts to form, resulting in the
damage of bacteria membrane, DNA and mitochondria, leading
lastly to bacteria death [5,21,28,29].

4) Protein dysfunction and loss of enzyme activity [21].

Biomaterials, containing different metal ions, empower long-
term local ion release, providing antibacterial action at the surgical
site [30,31]. Such metal ions for doping or substituting have been
used: silver (Ag®), zinc (Zn%*), strontium (Sr2+), sodium (Na*),
copper (Cu?*) and others [2,32]. Additionally, metal ions, for in-
stance calcium (Ca%*), iron (Fe?+), magnesium (Mg2t), manganese
(Mn?*) and others are essential elements in our body, found pri-
marily in protein metabolism [33,34].

2. Gallium

Gallium (Ga) is a semi-metallic Il group element [35] and a
non-essential element in the human body [36]. Its ionic radius of
0.620 A, rendered as octahedral, is very close to the radius of ferric
ion (Fe3t) - 0.645 A [5]. In addition, the tetrahedral ionic radii of
both ions are also very close, 0.47 A for Ga3+ and 0.49 A Fe3+.

From the 1970s gallium compounds were investigated as ther-
apeutic agents, while simultaneously they were exhibiting differ-
ent behaviours, including the inhibition of bone resorption [37,38]
and promotion of bone growth. Even more, they were involved in
the effective treatments of autoimmune diseases - cancer, osteo-
porosis [39] and copious infectious diseases. Gallium compounds
play an important role in the bone-tumour imaging and they have
shown antimicrobial and antibacterial properties [35,40,41]. Gal-
lium nitrate is used as a drug to treat hypercalcemia in humans,
while gallium maltolate showed toxic influence on lymphoma cells,
which accordingly inhibit the growth of the cancer cells [42,43].
Additionally, the aforementioned gallium salts such as gallium mal-
tolate, nitrate and citrate, along with the complex siderophores and
hemes are being used as carriers. They deliver Ga3* to a wide
range of bacteria, making it a perspective treatment for bacterial
infections [6,35,41,44].

When the inhibitory, immunomodulating, anti-hypercalcemic
and analgesic operations of Ga3* are in question, the importance
falls on the capability to mimic iron species and act as a com-
petitor for tumour cells that require positively charged ion to grow
and survive [5]. These actions are supported by the fact that gal-
lium and ferric ions have the same oxidation state (+3) and a sim-
ilar ionic radius. Gallium starts its therapeutic effect by disrupt-
ing the “native” ferric iron’s binding in the enzyme active site.
As it is redox inactive it impels the enzyme’s activity in question
[45,46]. The metalloprotein that is pivotal for anticancer therapy is
ribonucleotide reductase, which is Fe3+ dependent and indispens-
able for the DNA synthesis in living cells. The mechanism tran-
spires through two parallel actions. The first one is the uptake of
gallium ion instead of ferric ion, thus inhibiting the proliferation of
the cancer cell, which requires a greater amount of ferric ions to
function properly. The second process incorporates the redox inac-
tive Ga3t in the active site, stopping the production of DNA and
causing the apoptosis of the cancer cell [45].
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(created with BioRender.com; adapted from [21,27]).

Despite it being known for decades, it is still unclear what ef-
fect gallium has on the bone and its related processes [47]. Data
from several studies detected deposition of Ga3* in the bone tis-
sue, presumably related to its linkage with bone remodelling on
active metaphyseal growth plates and healing fractures [31,40]. Ad-
ditionally, Bernstein et al., have introduced Ga3* ion as the in-
hibitor for the SARS-CoV-2 virus [48].

3. Antibacterial activity of gallium

Due to the above-mentioned similarity between Ga and Fe ions,
it is possible to replace Fe3*+ with Ga3* in the metabolism of
the protein, thus interfering with the functioning of bacterial cells
[49]. As a result, Ga3t exhibited a less toxic outcome, compared
to silver ions [5,35,49]. Extensive research has shown that Ga3+
has antibacterial activity against iron-dependent bacteria, such as
P. aeruginosa [50,51]. Approaches of bacterial iron uptake and
metabolism have been shown in the Fig. 2. Fe3* has low bioavail-
ability, so its uptake and transport relays on the iron-binding
proteins, transferrin or lactoferrin, heme or heme-containing pro-
teins and siderophores [21,50,51]. Bacteria synthesize siderophores
(Greek for “iron” and “bearer”), which are low-molecular-weight
compounds that scavenge iron (in the Fe3* oxidation state) from
the environment, hence making it important for bacterial growth
and survival [52].

During the infection, the place of siderophore-mediated iron
uptake plays an important role in the colonization, growth and sur-
vival of the bacteria [21,50-52]. The properties that Ga3* shares
with Fe3* permit it to bind with high avidity to these iron-
binding proteins. Ga3*+ antibacterial activity is based on “Trojan
horse” strategy (Fig. 2) [21,53]. This mechanism pathway rests on
“tricking” the bacteria to take up the toxic Ga3* that mimics
Fe3* ions. Gallium interrelates with the siderophores and lowers
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Fig. 2. Iron uptake metabolism approach of the iron-dependent bacteria A) in
normal conditions; B) in presence of gallium (adapted from [50], created with
Biorender.com).

the number of chelators in the environment designated for pro-
viding the ferric ion needed for bacteria. The host cell takes in
the newly created gallium-siderophore complex, supplying itself
with the redox-inactive cation, ultimately hampering the bacterial
metabolism [45,54].

By disrupting the bacteria metabolism, the essential actions
needed for them to survive are being destroyed: DNA synthesis
and repair, respiration and oxidative stress response. The entire
process, combined with several subsequent actions that have been
described in the literature, finally results in the bacteria death
[50,55]. Several studies have shown that Ga3+ has an antibacterial
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Table 1

Synthesis routes of CaPs.
Product Methods Ref.
Ga-doped HAp Ultrasound-assisted ion exchange  [63]
HAp modified by gallium  Wet chemical precipitation [47,49]
Ga-containing HAp Hydrolysis of urea [41]
HAp modified by gallium  Solid-state reaction [49]
Ga-containing HAp Hydrothermal synthesis [64]
Ga-containing B-TCP Solid-state reaction [40,65-67]

Ga-doped ACP Wet chemical precipitation [68]

influence on Gram-negative and Gram-positive bacteria (e.g. M. tu-
berculosis and M. avium, S. aureus, E. coli [56], as well as P. aerugi-
nosa, which is multidrug-resistant bacteria) [21,57].

As shown, the different activity mechanisms of Ga3* have the
ability to separate it from the other metal ions, especially when be-
ing used for therapeutic and antibacterial purposes. Furthermore,
gallium has the possibility to be incorporated in different CaPs, giv-
ing an extended possibility for a controlled and local ion release.
Given the growing field of therapeutics, in the next section local-
ized spatiotemporal release effects will be described in more detail.

4. Gallium containing calcium phosphates (GaCaPs)

Being recognized as the most suitable substitute for biological
apatite, HAp has undergone the research on different ion incorpo-
rations, stemming from monovalent to divalent ions [58-60]. How-
ever, even with the wide array of tested ions, the lack of research
on using Ga3* for HAp, but also for the other members of the or-
thophosphate family is evident in the literature [2,61,62]. In order
to understand properly the mechanism of Ga3* incorporation and
the outcome it elucidates, the synthesis route and the structure of
the CaPs have to be taken into account. Furthermore, the range of
concentrations of the Ga3* ion must be carefully monitored. In the
following subsections synthesis methods of GaCaPs, more specifi-
cally amorphous calcium phosphate (ACP), HAp and S-tricalcium
phosphate (8-TCP) will be conferred in more detail.

The process of doping encompasses interstitial incorporation of
the ion or its placing between atom layers. However, substituted
refers to the atom (element) exchange in a certain atomic posi-
tion - crystallographic term. The impact of whether Ga3+* ions are
doped or substituted in conventional CaPs is yet to be understood
and current state of the art will be presented in the following sec-
tions.

4.1. Synthesis routes

The two main principles being used in obtaining GaCaPs are
synthesis in aqueous media and solid-state reaction. The most pop-
ular method, however, is the wet precipitation route, while sol-gel
and hydrolysis methods are not being used as often (Table 1).

4.1.1. Hydrolysis method

Hydrolysis is a water ionization process that results in the dif-
fusion of hydrogen and hydroxide ions. According to Mohd Pu’ad
et al. it is the least used wet synthesis method [69]. In the hy-
drolysis process it is possible to transform the calcium and phos-
phate precursors to HAp [69]. For example, «-TCP can be trans-
formed to HAp by mixing it with different solvents, succeeded
by hydrolysis for 2-120 h at 70 °C. The time needed for com-
pleting hydrolysation is dependent on chosen solvent. Hence, us-
ing 1-octanol as a solvent would take more than 24 h to com-
pletely hydrolyse «-TCP to HAp [69,70]. As one of the most com-
mon sources of calcium and phosphorous ions, calcium nitrate
tetrahydrate (Ca(NO3),*4H,0) and diammonium hydrogen phos-
phate ((NH4),HPO4) are being used. Once urea has been added
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into the synthesis media, the suspension is heated in the temper-
ature range of 80-90°C [41,71]. Kurtjak et al. used the same ap-
proach with an additional step of sonication of the mixture, to ob-
tain Ga-containing HAp [41]. Nonetheless, the hydrolysis synthesis
of CaP requires temperatures higher than the room temperature,
which is the main reason why this method is unlikely to be used.

4.1.2. Sol-gel method

During the sol-gel method, calcium and phosphorus precursors
are mixed in the presence of a solvent thereby forming “sol”. Sub-
sequently, the solvent is removed and “gel” is formed by heating.
In this method organic solvents, such as ethanol, butanol and oth-
ers are being used [72,73]. Alkoxides are frequently used as cal-
cium and phosphorus precursors, for instance, calcium acetate, cal-
cium diethoxide, triethyl phosphate or phosphite are some of the
representatives [72-74]. This method is suitable for the produc-
tion of thin-film coatings [72,73]. Additionally, when CaP sol-gel
is formed a porous scaffold can be produced by using the foam
replica technique [75]. However, so far this method has not been
used for obtaining Ga-doped CaPs.

4.1.3. Wet chemical precipitation method

One of the most extensively used synthesis routes, in aque-
ous media, is wet chemical precipitation. HAp or ACP are com-
monly obtained by this method. The wet chemical precipitation
method is based on the mixing of two salts, where one serves as
the source of Ca?* ions and the other as PO,43" ion precursor. Salts
which are diversely used for the precipitation are calcium nitrate
tetrahydrate (Ca(NOs);-4H,0) and diammonium hydrogen phos-
phate ((NH4),HPO,4) [49,68]. The wet precipitation method consists
of two synthesis steps: precipitation of two different ion precursors
and ageing of obtained suspension, during which the HAp phase is
being formed [69].

Kurjak et al. studied the influence of Ga3* addition in different
steps of the synthesis (Fig. 3). Introducing Ga3* precursor at the
beginning of the synthesis, together with initial raw materials, is
known as co-precipitation of GaHAp(CP) (Fig. 3A). When Ga3+ pre-
cursor is introduced before the ageing, GaHAp(TR) is obtained by
transformation in the wet chemical precipitation method (Fig. 3B).
Eventually, if Ga3* is added at the end of the synthesis, together
with the final HAp crystals, the ion-exchange approach follows and
GaHAp (IE) is obtained (Fig. 3C) [41]. It was found that the various
approaches affect the capability of ion release from the material,
resulting in diverse antibacterial properties. As there are multiple
ways of Ga3+ incorporation in CaPs, it can be found in the struc-
ture or adsorbed on the surface [41].

Throughout the literature, various combinations of wet chem-
ical precipitation and other methods (i.e., ultrasound-assisted ion
exchange, hydrolysis, hydrothermal synthesis) can be found. For
instance, Kurtjak et al. combined the wet precipitation method
with sonication and hydrolysis [41]. Additionally, the wet chemi-
cal precipitation method has different synthesis variables - Ca/P
molar ratio, pH, temperature and ageing time, where all of the
aforementioned variables can influence the final properties of
HAp [69,76]. As gallium sources Ga(NOs)3*xH,0 [41,49,64,65,77],
gallium trichloride (GaCls) [47] and gallium(Ill) trioxide (Ga03)
[40,66,67] were used.

For obtaining pure HAp, without the presence of other CaP
phases, synthesis pH was maintained from 9 to 10 [49,68]. Once
Ga3* ions were present in the equation, the hard acidic nature of
Ga3* itself in the aqueous media should be taken into account. If
the synthesis conditions are maintained at a wide pH range, hy-
drolysation can transpire, leading to the formation of hydroxylate
species, predominantly gallium gallate [Ga(OH)4]~. The resulting
formation of the hydronium ion (H30%) in aqueous media leaves



M. Mosina, I. Kovrlija, L. Stipniece et al.

(A) (NH4).HPO, Ga source

Acta Biomaterialia 150 (2022) 48-57

o Sy g ] B
= Agein Drvil /
Ca(NOs), I Ageing | Drying ||
y@E TN A L > ,
(B) (NH4):HPO,4 Ga source
o s
Agein 1 i ~
Ca(NOs), B u’ Drying ‘ )
y @@= N [N\ -\ \
(C) (NH4).HPO,4 Ga source
<o <o cé =
N7 Agein - i
Ca(NOy), . Naeng, Drying |
Vo S N LA\ SN\ /

Fig. 3. Wet precipitation method of GaHAp (A) co-precipitation; (B) transformation and (C) ion-exchange (created with BioRender, inspired from [41]).

the synthesis solution highly acidic [45,78,79], leading to a differ-
ence in the final synthesis pH, which ultimately affects obtaining
of the pure HAp in the presence of Ga3+.

4.14. Solid-state reaction

The solid-state reaction is known as a dry method and it re-
quires the use of high-energy processing or high temperatures.
This method has been primarily used to obtain Ga-S-TCP ceram-
ics or cements [40,65-67]. The crucial point of the solid-state re-
action is the heat treatment temperature, and since TCP has two
polymorph forms, & and 8 (which have different thermal stability),
it requires a careful consideration [80,81]. Mellier et al. sintered
anhydrous calcium phosphate, calcium carbonate, and gallium ox-
ide mixture at 1000 °C for 24 h and obtained Ga-B-TCP [31,66,82].
Qiu et al. sintered Ga-TCP at 1000 °C for two hours and in order
to obtain bioceramics, the attained Ga-TCP was mixed with paraf-
fin, then moulded and sintered at 1250 °C for an additional 2 h.
This resulted in TCP bioceramics with different compositions and
diverse Ga3* rates in the final product. Products synthesized with-
out Ga3* exhibited the «-TCP structure, whereas the products with
up to 1.25 wt% of Ga3* revealed the biphasic TCP, comprised of a-
and-B-TCP. When Ga3* was used in the range from 2.5 wt% to 7.5
wt%, pure B-TCP was formed [40]. By applying high temperatures,
transformations between TCP polymorph forms occurs. Neverthe-
less, the reconversion of phases depends on the cooling rate [80].

4.2. Incorporation of the gallium ion in calcium phosphates

Antibacterial properties of various CaPs have been summarized
in Table 2, while the biocompatibility has been described in the
Table 3.

4.2.1. Gallium doped amorphous calcium phosphate (GaACP)

Yang et al. doped ACP with gallium ions, with initial (Ca+Ga)/P
molar ratio being in the range from 1.8 to 3.0. XRD pattern re-
vealed the characteristic wide bump around 30° 2Theta, indicat-
ing the formation of CaP with an amorphous structure. From 3!P
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and 7'Ga solid-state nuclear magnetic resonance (ssNMR) analy-
sis, it was concluded that formed ACP, consisted of calcium phos-
phate clusters and gallium hydroxide oxide Gax(OH)yO; clusters.
Rapid Ga3* ion release was observed in 24 h, while the further
ion release stayed constant up to 96 h. Inhibition zone against
Paeruginosa, when in presence of GaACP, increased with increas-
ing (Ca+Ga)/P molar ratio [68].

4.2.2. Gallium containing hydroxyapatite (GaHAp)

Another intrinsic approach has been the modification of HAp
structure with Ga3*. Possible interchange in the HAp structure,
secures it from the resorption process and enhances the overall
biomechanical properties of the skeletal system [64,77].

Being a member of CaPs that has the most resemblance to the
apatite phase of human bone, HAp has been heavily utilized in
multiple research areas, stemming from bone tissue engineering
to the cell-targeting [83]. HAp (Ca19(PO4)s(OH),) displays hexag-
onal crystal structure (Fig. 4.), with P63/m space group symmetry
and lattice parameters of y=120 °, a=b=9.432 A and c=6.881 A
[83-85]. However, HAp can be found also in the monoclinic form
encompassing the P2/b space group, with unit cell parameters of
a=9.421 A, b=2a and c=6.881 A, while y is 120° [85]. The Ca/P
molar ratio of stoichiometric HAp is 1.67, which differs from the
biological apatite, due to the diversion substitutions [84]. Depend-
ing on the type of the ion (electric charge, size etc.), different seg-
ments (PO43~, Ca%t or OH™) of the crystal lattice have been substi-
tuted. An additional influence on the place of substitution in HAp
was the net charge of crystal planes. In this instance, the a and b
planes are positively charged hence they adsorb negatively-charged
molecules, while the c plane is vice versa [74].

As a trivalent ion, Ga3* is incorporated in the crystalline lattice
either through heterovalent substitutions or through intercalations
[64]. Depending on whether Ga3* is introduced through gallium
nitrate [41,87], gallium chloride [88] or sodium gallate [64], the
total sum of the ionic radii can steer the mechanism of incorpo-
ration. When gallium nitrate is used, ion radii is larger (2.69 A)
than that of the Ca2* (1.98 A) and gallium forms a solid solution
of intercalation. If it is in the form of gallate, the ionic radius is
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Table 2
Antibacterial properties of GaCaPs.
Material The obtained concentration of Ga3* Experimental material Method Result Ref
GaHAp 13wt E. coli, P. aeruginosa, Disk diffusion E. coli, S. epidermis exhibited no inhibition zone; [63]
S. epidermis P.aeruginosa expressed the inhibition zone
P. aeruginosa, Microdilution Complete inhibition of bacteria growth for
antibiogram concentrations ranging from 0.1 g/L™! g/L
3 wt% Co-precipitation 4 wt% P. aeruginosa Disk diffusion Inhibition zone increase in the order [41]
Transformation 8 wt%; 15 wt% lon (24 h) HAp(Ga)Co-Precicpitation < HAp(Ga) lonExchange <
Exchange HAp(Ga)Transformation
Microdilution Inhibition of bacterial growth. The minimal inhibitory
antibiogram concentration (MIC): HAp(Ga)CP 0.9 g/L, HAp(Ga)TR
(1 day) 0.3 g/L, HAp(Ga)IE (8 wt% Ga) 0.1 g/L and HAp(Ga)IE
(16 wt% Ga) 0.075 g/L
0.32 wt% P. fluorescen Disk diffusion Inhibition zone 17 mm, for Ga-HAp obtained with [49]
(16-18 h) wet precipitation method, and 27 mm for Ga-HAp
obtained with solid-state reaction. (HAp inhibition
zone 13 mm)
GaACP - P. aeruginosa Disk diffusion An inhibition zone from 14 to 19 mm was observed. [68]
Increased with increasing (Ca+Ga)/P molar ratio.
Table 3
Biocompatibility of GaCaPs.
Material Type of Experimental material Result Ref
study
GaHAp In vitro Mouse fibroblasts L929 Good cell survivability of HAp(Ga) materials: 80% for HAp(Ga)TR, 70% for HAp(Ga)IE (8 [41]
wt% Ga). Cytotoxic effect for HAp(Ga)IE (16 wt% Ga), cell viability less than 50%.
Cercopithecus aetiops kidney No significant difference in cell growth between control and GaHap samples. [77]
cells VERO (ATCC) Conclusion: inert, biologically compatible material.
Mammalian cell line BALB/c Nontoxic effect of GaHap obtained with wet precipitation method. Toxic effect of GaHap  [49]
3T3 clone A31 obtained with solid-state reaction.
Ga-B-TCP In vitro Mouse bone mesenchymal The proliferation of cells was not observed in the presence of B-TCP bioceramics [40]
ceramics stem cells containing Ga3*ions.
RAW264.7 murine monocyte Inhibition of osteoclastic-activity-related genes in presence of 2.5 wt% Ga-S-TCP
cell line ceramics.
Ga-CaP cement  In vitro RAW264.7 murine monocyte Gallium ion release increased in presence of RAW263.7 cells. [66]
(GaCPC) cell line
In vivo Filing of cylinder defect in New bone formation was observed in close contact with cement surface after four
knee joint of New Zealand weeks.
White rabbit
In vitro Human osteoblasts and Differentiation of human primary monocytes into osteoclasts when seeded alone on CPC
monocytes or GaCPC was not observed.
In vivo Lewis rats, Bilateral femoral Higher amounts of fibrillar collagen were synthesized when the reconstruction occurred [31]

with Ga containing cements. Presences of Ga**induced a significant 23% increase in
defect filling

1.64 A, and it is possible to replace Ca* in the lattice, with no
changes in crystallographic parameters [64]. As an alternative ap-
proach to doping, HAp nanorods can be coated with metallic Ga
nanoparticles. Material obtained in this manner showed a charac-
teristic crystalline structure of HAp and a non-crystalline layer of
Ga particles with an oxide/hydroxide layer [89].

GaHAp revealed the characteristic hexagonal structure of HAp.
Modification of Ga3*+ did not cause a shift in the reflections of
representative maxima of HAp. XRD pattern did not reveal addi-
tional reflection of new phases or changes in unit cell parame-
ters [41,49,63,64,77,89]. However, different studies observed and
described a decrease in crystallinity of GaHAp (Fig. 5), revealing
the inhibition effect of Ga3* on the formation of HAp crystals
[41,47,49]. With the addition of Ga3*, the amorphous surface layer
of HAp in the form of gallium derivatives (e.g., gallium phosphates
(GaP0Qy)) can be observed [41,49,64,77]. The 3 wt% of water in Ga-
HAp can be attributed to the mentioned disordered surface layer
[64]. The amorphous structure of GaHAp surface layer was anal-
ysed with NMR and revealed that it has broader OH~ bands, com-
pared to the pure HAp [41]. Theories assume that the surface layer,
in the form of GaPO, is more toxic compared to Ga(NO3)3 [41]. The
biological properties of Ga3* are affected by its complexation with
ligands in solution. For example, in water with neutral pH, precip-
itation of gallium hydroxide occurs. However, gallium ion remains
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in solution in presence of citrate. Additionally, its uptake by bac-
teria or cells is influenced by chemical speciation (the distribution
of an element amongst chemical species in a system) of Ga3* that
occurs by ligand exchange [54].

GaHAp showed antibacterial properties against bacteria, e.g.,
Paeruginosa and Pfluorescen. With the disc diffusion method, the
inhibition zone was observed after 24 h against Paeruginosa [41,63]
and after 16-18 h against Pfluorescen [49]. HAp nanorods coated
with Ga particles showed antibacterial activity against Paeruginosa
[89]. Inhibition concertation against Paeruginosa for GaHAp was
determined to be from 0.1 to 1 g/L of GaHAp suspension in Mueller
Hinton broth [41,63]. Kurjak et al. observed inhibition for the gal-
lium concentration even below 0.1 g/L [41,89]. The results were
compared by the various incorporations of Ga3* into the struc-
ture by using different synthesis methods. GaHAp produced by
ion exchange (GaHAp(IE)) has sufficient antibacterial properties
compared to the GaHAp obtained through transformation and co-
precipitation method (GaHAp(TR)) mostly due to the fast ion re-
lease [41]. GaHAp(TR) and GaHAp(IE) showed superior antibacte-
rial activity against Paeruginosa, whereas GaHAp(IE) exhibited min-
imal inhibition concentration (MIC) of 0.075 g/L [41]. When GaHAp
was functionalized with gold (Au) particles it showed antibacterial
activity against E.Coli, S.aureus and S.epidermidis, whereas GaHAp
alone did not have an antibacterial effect [63].
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Fig. 4. Structure of hydroxyapatite (reprinted from [86] with permission).
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Fig. 5. XRD pattern of GaHAp samples synthesized by the wet chemical precipita-
tion method (reprinted from the reference [49]).

Cytotoxicity of GaHAp in vitro was investigated with mam-
malian cells [49], human or animal fibroblasts [41,89] and monkey
kidney cells VERO [77]. Furthermore, human osteoblasts and osteo-
cytes were tested in the presence of gallium substituted calcium
phosphate cement (CPC) [31]. At GaHAp concentration below and
at minimal inhibition concentration (MIC) both human and mouse
fibroblast cell viability showed good results of 80% [41,89]. How-
ever, in the values above MIC, human fibroblast viability decreased
down to 50%. In contrast, mouse fibroblast viability in presence of
0.1 g/L GaHAp was 70% [89]. It should also be mentioned that Ga-
HAp obtained with the ion-exchange method showed a toxic effect
on mouse fibroblasts above MIC and cell viability was less than
50% [41,89]. A significant difference in the cell viability of African
green monkey Cercopithecus aetiops kidney cells (Vero) was not ob-
served both in the presence of HAp and GaHAp. Melnikov et al.
showed in their study that GaHAp is a promising biocompatible
material without toxic effect on monkey kidney cells VERO [77].
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Fig. 6. Schematic structure of «-TCP and B-TCP unit cells along the [0 0 1]
direction; C-C, cation-cation column; C-A, cation-anion column (reprinted from
[91] Copyright (2011), with permission from Elsevier).

Furthermore, Pajor et al. observed the toxic effect of GaHAp ob-
tained by the solid-state reaction at a concentration smaller than
12.5 mg/L. However, the toxic effect of GaHAp with a nominal Ga
amount of 0.35 mass% obtained by the wet precipitation method
was not observed [49]. The authors had no explanation for this ob-
servation; however, it can be related to the difference in solubility
of the samples obtained by different synthesis methods.

4.2.3. Gallium containing B-tricalcium phosphate (Ga-B-TCP)

B-Tricalcium phosphate (B-TCP) is biocompatibile and has
showed osteoconductive properties [67]. TCP exists in two poly-
morphs forms - & - and B - TCP, with a Ca/P molar ratio of 1.5
[40]. B-TCP displays rhombohedral structure (Fig. 6), with space
group R3c symmetry and cell parameters of a=b=10.4 A, c=374
and y =120°. The structure itself consists of 5 different Ca sites in
which Ca atoms are distributed [90,91]. However, TCP can be found
in «-TCP polymorph form as well, where it represents the mono-
clinic space group P21/a, with lattice constants being a=12.8 A,
b=273 A, c=15.21 A, and y =90° [91,92]. B-TCP has been found
to exist in temperatures lower than 1125°C, whereas at a higher
temperature it transformed into o-TCP [93].

Gallium incorporation affects S-TCP structure mainly because of
the difference in ion radius of Ca* (0.99 A) and Ga3+ (0.62 A).
Moreover, the electrovalence difference between Ga3*+ and Ca*
ions could lead to the formation of vacancy in the structure
[40,67]. The theory says that gallium ions only occupy the octa-
hedral M5 calcium site, while calcium occupation of the M4 site
decreases in inverse proportion to the gallium content in the struc-
ture [66,82]. Possibly due to the different electrostatic repulsion
between cation and phosphorous in M4 and M5 environments
[94]. The XRD pattern displays the decrease in the unit cell pa-
rameters when in presence of Ga3*. The shift of the characteristic
peaks to the higher angles reveals the contraction of the cell unit.
Ga-B-TCP dense ceramics have higher compressive strength com-
pared to the pure B-TCP and it increases with increasing the Ga3+
content [66,32].

As in the case of GaHAp, the amorphous phase was also de-
tected in Ga-B-TCP. Ga3* prevented the transformation from A
phase to o phase at Ga concentrations up to 2.5mol% [40]. Phase
composition influences Ga3* ion release in cell culture media, and
since «-TCP is more soluble than B-TCP, it released higher con-
centrations of Ga3+. Furthermore, bioceramics doped with Ga3* at
higher amounts of «-TCP phase have less porosity and higher com-
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pressive strength [40]. Composite scaffolds with sintering agent
phosphate-based glasses (PBG), with the composition of Ga-PBG
and B-TCP, had increased compressive strength due to smaller
macropore size. TCP-Ga-PBG scaffolds showed noticeably higher
shrinkage, lower total porosity, smaller macropore size and denser
microstructure [67]. In vitro studies reveal Ga-B-TCP did not affect
the stem cells, however, inhibition of osteoclastic activity related
genes was observed in the presence of Ga-S-TCP [40].

4.2.4. Gallium containing calcium phosphate cements (GaCPC)

Cement is ascribed with properties such as moldability and in-
jectability, which after the injection into the bone, self-sets and
hardens [31]. Calcium phosphate cement (CPC) is being used with
different compositions that contain HAp, «-TCP and B-TCP, in dif-
ferent phase ratios. Ga3* containing cement has been obtained
by adding raw material, doped with Ga3*. Cements with Ga-$-
TCP showed higher setting time and cements containing gallium
loaded calcium-deficient apatite (Ga-CDA) had higher compressive
strength than cements without Ga3* ion presence [65].

In vitro cell viability of human osteoblast decreased after 3 and
6 days in the presence of GaCPC, when compared to the pure CPC.
However, in in vivo studies on Lewis, both CPC and Ga-CPC ex-
hibited attributes of bone regeneration in the central area of the
used implants, while the cortical regeneration transpired without
the signs of inflammation or fibrous encapsulation [31].

Ga- cements in in vivo studies on New Zealand White rabbit
femoral defects exhibited new bone formation on the surface of
the implanted material after four weeks, compared to cements
not containing gallium. [69]. Interestingly, gallium ion release in-
creased in the presence of animal macrophages RAW264.7 cells
[65], indicating phagocytic break down of particles.

5. Future directions and conclusions

In recent years, the possibility of gallium ion incorpora-
tion in multiple biomaterial strategies, by using calcium phos-
phates, has upheld the interest of the scientific community.
Ga3+-functionalized CaPs have proven to be effective antibacterial
agents, while simultaneously promoting bone regeneration without
inducing any immediate toxic effect. Even though gallium’s simi-
larity to iron exhibited an uncial antibacterial mechanism against
bacterial infection and cancerous sites, it is still unclear how the
differentiation, without a toxic effect on mammalian cells, occurs
in biological processes (cell metabolism). It should also be taken
into consideration that the biological properties of GaCaPs depend
on the synthesis route of the material and the phase composition
of CaPs. These variables have been found to influence the release
of Ga3* ions from the material, as well as ion incorporation in
their structure. Furthermore, what was interesting to observe is
that the addition of Ga3* decreased crystallinity of HAp, but in-
duced changes in unit cell parameters and shrinkage of the crys-
talline lattice of TCP.

From presented studies, GaCaP’s showed promising inhibition
of bacteria growth without noticeable toxic effect on human and
animal cells. However, to date there is still a handful of reports
on GaCaPs in the context of interfering with regenerative path-
ways or tissue engineering, particularly when compared to other
well-examined ions in this field (e.g., Fe3*). With an array of pre-
liminary results indicating that the incorporation of gallium has
promise in substituting Fe3+, more materials favouring its proper-
ties should be considered as a step forward. For example, studies
on Ga-B-TCP discuss material biocompatibility without data on an-
tibacterial properties.

Additional hindrance, when it comes to the antibacterial prop-
erties of GaCaP, is related to the limited amount of data obtained
from the investigations on a small number of bacteria strains. To
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Fig. 7. Future perspectives and conclusions about gallium containing calcium phos-
phates (Created created with BioRender).

fully cover the area of GaCaP antibacterial activity, a more com-
prehensive range of bacteria needs to be tested, for example, on
anaerobic bacteria that is primarily present in the oral cavity. Nev-
ertheless, the scarcity of research done on GaCaACP is evident.
To the best of our knowledge, only one study was published so
far. Considering that the results obtained were promising, further
studies should be conducted to explore the potential of the GaACP
combination. An added benefit to exploring the range and direction
of the aforementioned combination is that ACP serves as a precur-
sor for the formation of HAp [95-97]. Significant input can be done
by investigating how Ga3* ions influence the stability of ACP.

The so far presented results on the in vitro and in vivo cyto-
toxicity of GaCaP raise the question of what effect material has on
bone remodelling related processes, especially on osteogenesis, 0s-
teoclast and osteoblast activity. Nevertheless, gallium, as the rep-
resentative of the new, highly perspective ion is starting to be in
the forefront of the research in the field of bone regeneration. The
spectra of benefits, at this stage, can be easily challenged by the
opulence of uncertainties. Given the many reported, but still un-
derstudied effects, we expect gallium to push its way to the fore-
front of research, as a part of materials tackling antimicrobial re-
sistance and aiding in regeneration of tissues (Fig. 7).
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Amorphous calcium phosphate (ACP) is a metastable phase that spontaneously crystallizes upon
contact with aqueous media. Furthermore, modification of ACP with metal ions to confer specific
biological functions may affect its stability. Crystallization of ACP is accompanied by physicochemical
changes, which affect its biological properties. In this study, ACP powders with Ga content up to
2.2+0.2 wt% were synthesized using a modified wet precipitation method. The synthesized powders’
phase composition, functional groups, and morphology were analyzed. Overall, adding up t0 2.2+0.2
wt% of Ga had a negligible effect on the ACP physicochemical properties. The Ga-containing ACP
(GaACP) stability was evaluated in deionized H,0, phosphate buffer solution (PBS), Dulbecco’s
modified Eagle’s medium (DMEM), and tryptone soya broth (TSB). The Ga content and the composition
of the incubation media affected the stability of the GaACP powders. The most stable GaACP powders
were in deionized H,O (reached 90 min), but the least stable were in PBS. Moreover, increasing the

Ga content in ACP improved the powder stability in DMEM and TSB. The antibacterial activity of the
synthesized powders was assessed against Pseudomonas aeruginosa and Staphylococcus aureus. It was
confirmed that incorporating Ga into ACP may confer inhibitory potential on bacterial growth.

Keywords Amorphous calcium phosphate, Gallium, Crystallization, Nanoparticles, Antibacterial properties

Bone tissue has the inherent ability to self-repair after injuries or traumas. However, critical-sized lesions
combined with chronic diseases, such as osteoporosis, often suppress the ability of bone tissue to regenerate
itself, leading to the necessity for additional treatment'. Various transplantation methods (autograft, allograft,
and xenograft) are widely used to replace bone tissue. Still, their practical application is limited due to a confined
amount of available material for transplantation, the need for secondary surgical operation (longer surgery
time, greater blood loss, increased amount of pain for autograft), and a higher risk of bacterial infection and
inflammation. Consequently, the development of various synthetic biomaterials and the possibilities of their
application in bone tissue regeneration are increasingly being studied®~”.

Among various synthetic biomaterials for bone regeneration, calcium phosphates (CaPs) are widely used
due to their similarity to bone tissu€’s chemical composition and structure**¢-8. Amorphous calcium phosphate
(ACP) has attracted significant interest as a promising third-generation biomaterial for bone regeneration
due to its unique properties. It is characterized by high solubility, ensuring a higher rate of resorption in
the body and a faster release of ions than more stable CaPs”!°. Despite ACP’s excellent biological properties
(e.g., osteoconductivity and biodegradability), its practical application is challenging. The most important
complication is the tendency of ACP to crystallize spontaneously and transform into other CaP phases in an
aqueous medium!""'2. However, the properties of ACP can be modified with incorporated vicarious metal
ions, which could improve its stability in contact with the body’s internal environment, and whose release after
implantation would inhibit the reproduction of bacteria at the implantation site!*. Due to their antibacterial
properties, the modification of CaPs’ properties using gallium (III) (Ga*") ions has received increased attention
in recent years'#~!®. Furthermore, Ga** has a specific biological effect on bones, namely, it exhibits a dose-
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dependent antiosteoclastic effect by reducing osteoclast differentiation and formation, thus inhibiting bone
resorption'”. However, only a few studies that evaluate the effect of Ga®* ion addition specifically on ACP are
available in the scientific literature. Yang et al. have substituted ACP with Ga’* ions (where the (Ca+ Ga)/P molar
ratio ranges from 1.8 to 3.0) using the sol-gel method. In this study, it was found that a rapid release of Ga** ions
occurred during the first 24 h. Furthermore, increasing the molar ratio of (Ca+ Ga)/P in the GaACP inhibited
the growth of P. aeruginosa bacteria'®.

Given the metastable nature of ACP, any modification can significantly affect its properties. Therefore, it
is essential to determine if and how the addition of Ga** ions will affect ACP’s physicochemical properties,
including stability. For the first time, this study evaluated the effect of Ga®" ions and the composition of aqueous
media on the stability of ACP. Biologically relevant media, such as cell culture media (Dulbeccos modified Eagle
medium (DMEM)) and microbial culture media (tryptone soya broth (TSB)), were used to gain insight into
the in vitro stability of the Ga-containing ACP (GaACP) when compared with dissolution in standard buffer
solution, i.e., phosphate-buffered saline (PBS), or deionized (DI) H,O. Additionally, the antibacterial activity
of GaACP powders was tested against Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S.
aureus).

Materials and methods

Synthesis of gallium-containing amorphous calcium phosphate powders

GaACP powders were synthesized via modified wet chemical precipitation method using CaCl,-2H,O (Ph Eur,
BP, JP, USP grade, Merck, Germany), Ga(N03)3~9.5H§O (99.9% trace metal, Sigma-Aldrich, USA) and H,PO,
(75%, Latvijas kimija, Latvia) as Ca?*, Ga®* and PO, ion precursors, respectively, and NaOH (purity >98%,
Merck, Germany) as pH adjuster as shown in Fig. 1(A).

The syntheses were carried out in glass beakers at ambient temperature (20 +2 °C) under continuous stirring
with a laboratory electromechanical stirrer. First, 3 M CaCl,, 0.4 M Ga(NO,),, 2M H,PO,, and 3 M NaOH
aqueous solutions were prepared from CaCl,-2H,0, Ga(NO,),-9.5H,0, H;PO, and NaOH, respectively. Then,
determined amounts (Table S1, Supplementary Information) of the 3 M CaCl,, 0.4 M Ga(NO,),, and 2M H,PO,
aqueous solutions were added to 300 mL of deionized water (DI H,0), and, thus, the starting Ca?*, Ga**, and
PO, ions-containing solution was obtained. The (Ca +Ga)/P molar ratio of 1.67 of the reagents was the same
for all syntheses. Next, 3 M NaOH was rapidly added to the Ca**, Gaand PO~ ions-containing solution under
vigorous stirring (500 rpm), which rapidly increased the pH and induced the precipitation of the GaACP. Finally,
the pH of the reaction mixtures was adjusted by adding 3 M NaOH until the pH reached 10.3 +0.2. The amount
of the 3 M NaOH solution used for each synthesis series is given in Table S1 (Supplementary Information). The
obtained suspensions were processed as shown in Fig. 1(B). Briefly, the suspensions were centrifuged (3000 rpm,
3 min), and the precipitates were rinsed with DI H,O (four times) until no NaCl was detected in the supernatant
using 0.1 M AgNO,. Finally, the NaCl-free precipitates were frozen in liquid nitrogen for 15 min and freeze-

Vigorous ®
stirring g Precipitation i
_ _
3M NaOH pH=10.310.2
GaACP
. suspension
350 rpm, 25 min
B
Rapid freezing
(15 min, -196 °C),
) Centrifugation, 3 lyophilization
R € decanting (72 h, -85 °C)
. — N — =
3000 rpm, 3 min Rinsing with Repeated GaACP
deionzed H.O centrifugation paste

Fig. 1. Scheme of the synthesis procedure: (A) — wet chemical precipitation, (B) - precipitate processing
(created using BioRender.com).
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dried (-85 °C) for 72 h. At least three replicates of the synthesis were performed for each Ga content to ensure
the reproducibility of the synthesis technology.

Physicochemical characterization

Inductively coupled plasma mass spectrometry

Ga content in the synthesized powders was measured using inductively coupled plasma mass spectrometry
(ICP-MS; 7700X, Agilent, USA). The powders were dissolved in DI H,O (Synergy 185, Millipore, MA, USA) and
high-purity HNO, (65%, ChemLab, Belgium) solution. The resulting solutions were kept at room temperature
for at least 20 min, then subjected to microwave exposure at 150 °C for 30 min (temperature raising rate 5 °C/
min) to facilitate the complete dissolution of the solid particles. The obtained solutions were cooled and filtered
through a filter with a pore size of 12-15 pm to eliminate solid phase impurities. Three replicates for each
synthesis series were analyzed, and the average values and standard deviations were calculated.

Powder X-ray diffraction

Phase composition of the synthesized and incubated powders (i.e., the powders after stability tests) was analyzed
using powder X-ray diffractometry (XRD; Aeris, Malvern PANalytical, the Netherlands). XRD patterns were
acquired using Cu K X-rays produced at 40 kV and 15 mA. Diffraction data were recorded with a 26 scan range
from 10° to 70° with a step size 0.0435° and time per step of 0.64 s. The phases present in the XRD patterns were
identified using the Profex software!’.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR; Nicolet iS50, Thermo Fisher Scientific, USA) in Attenuated Total
Reflectance (ATR) mode was employed to analyze the functional groups of the synthesized powders. ATR-
FTIR spectra were collected in the wavenumber range between 4000 and 400 cm™! with a resolution of 4 cm™!
by co-adding 64 scans. Before each measurement, a background spectrum (64 scans) was collected and then
subtracted from the sample spectrum.

N, gas adsorption (BET method)
The synthesized powders™ specific surface area (SSAg,;) was determined from the N, adsorption isotherms
produced at -196 °C using QUADRASORB evo™ gas sorption analyzer (Quantachrome Instruments, USA). The
Brunauer-Emmett-Teller (BET) mathematical model was applied to calculate SSA ... in adsorbed gas relative
pressure (P/P) range from 0.05 to 0.3. Before the analysis, the samples were degassed in an AUTOSORB degasser
(Quantachrome Instruments, USA) at ambient temperature for 24 h to eliminate excess moisture and other
volatile substances in the sample.

From the obtained SSA .. values, the average particle sizes (dy,, nm) were calculated according to Eq. 1
as described in ISO standard No. 13779-3 “Implants for surgery Hydroxyapatite Part 3: Chemical analysis and
characterization of crystallinity and phase purity”, assuming that all particles are non-porous and spherical:

d = # (1)
pEr ppyc - SSAper

where p,,, - - a true density (g/cm®, determined by helium pycnometer as described in Sect. He pycnometry) of
the synthesized powders.

He pycnometry

True density (pp,) of the synthesized powders was determined using He pycnometry (PYC; Micro UltraPyc
1200e, Quantachrome Instruments, USA). Before the measurements, the pycnometer was calibrated with stainless
steel spheres of known volume. After the calibration, the volume of the sample was determined by pressurizing
it with helium gas to a target pressure of 10 psig (30 pulses). Measurements were performed until the standard
deviation of 5 consecutive measurements for one sample did not exceed 0.1%. The true density was calculated by
dividing the sample’s mass by the measured sample volume.

Scanning transmission electron microscopy

Morphology of the synthesized powders was analyzed using a scanning electron microscopy (SEM; Verios 5 UC,
Thermo Fisher Scientific, USA) coupled with a scanning transmission electron microscopy (STEM) detector.
Before STEM measurements, the synthesized powders were dispersed in absolute ethanol, transferred to a
lacey carbon support film on a copper grid (22-1MLC20, Micro to Nano, the Netherlands), and dried at 40 °C
overnight to evaporate the ethanol. Bright-field mode was used to acquire STEM images. Transmitted electrons
generated at an acceleration voltage of 20 kV were detected.

Stability tests
Stability of the synthesized GaACP powders was evaluated in different aqueous media, i.e., DI H,0, PBS, DMEM,
and TSB. Stability studies included preparing incubation media, sample incubation, and characterization.

Incubation media Preparation
The DI H,O with a conductivity of 0.055 uS was produced by Adrona Crystal E (Riga, Latvia) and used as
produced.

The PBS solution was prepared according to the manufacturer’s instructions by dissolving one PBS tablet
(P4417, Sigma-Aldrich, USA) in 200 mL of DI H,O.
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To obtain 1 L of DMEM solution, 13.5 g of DMEM powder (without NaHCO,, Gibco, USA) was dissolved
in DI H,0, then 13.5 g of NaHCO, (>99,7%, Sigma-Aldrich, USA) and 0.63 g of preservative NaN, (>99.5%,
Sigma-Aldrich, USA) were added. The pH of the solution was adjusted to 7.1+0.1 using 3 M NaOH solution.

The TSB solution was prepared by dissolving 30 g of TSB powder (Oxoid, Switzerland) in 1000 mL of DI H,O.
Detailed information on the chemical composition of all incubation media (PBS, DMEM, and TSB) is provided
in Table S2 (Supplementary Information).

Sample incubation
The incubation of the samples is schematically shown in Fig. 2(A). Briefly, 0.15 g of the lyophilized GaACP
powder was suspended in 25 mL of preheated media (37 °C) and placed in an incubator-shaker (Biosan, Latvia)
at 37 °C and orbital shaking (80 rpm). The powder and the volume of liquid incubation media ratio of 6 mg/
mL was constant for all variations. The incubation times of the samples were 20, 40, 60, 90 min, and 4, 24, 48 h.
After the respective incubation time, the samples were processed, as shown in Fig. 2(B). The samples were
centrifuged at 3000 rpm for 1 min, decanted, sequentially rinsed with ethanol, centrifuged, rinsed with DI
H,0, centrifuged again, and decanted. After rinsing, the samples (sediments) were frozen in liquid nitrogen for
15 min and lyophilized (-85 °C, 72 h). The obtained powders were analyzed for phase composition using XRD.

Antibacterial tests

The antibacterial properties of the synthesized GaACP powders were determined against two bacterial species,
i.e., Gram-negative P. aeruginosa (strain ATCC 23863) and Gram-positive S. aureus (strain ATCC 25923). Both
bacterial species were recovered from frozen stocks (- 20 °C in 20% (v/v) glycerol) and cultured in TSB overnight
in ambient air at 37 oC and agitation at 80 rpm. The overnight culture was then diluted with TSB to an optical
density (OD) of 0.1 at 620 nm (1-10° colony-forming units (CFU)/mL).

Before antibacterial experiments, the powders were disinfected in absolute ethanol for approximately 2 h
(until ethanol fully evaporates). Afterwards, the GaACP powders were suspended in TSB at concentrations of
1, 2, and 4 mg/mL. A total of 300 uL of the suspension was transferred to a 96-well plate, and 5 pL (OD,,;=0.1)
of bacteria was added to each well. Bacterial growth (OD,) was measured for 20 h at 37 °C in a plate reader
(MultiskanGo, Thermo Scientific, USA).

\ 37 °C, 80 rpm
A
A\
GaACP Homogenization
powder
—
’ =30s Incubation:
20, 40, 60, 90 min;
: 4,24,48h
B .
Rinsing,
decanting,
R rapid freezing,
s \ N lyophilization Characterization
i k‘“@ > Y - X-ray

‘ = . diffraction

Centrifugation
(3000 rpm, 1 min)

Fig. 2. Schematic diagram of stability tests: (A) — sample preparation for incubation and incubation
conditions, (B) - processing of samples after incubation (created using BioRender.com).
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Ga content (wt%

from the total

product yield)
Sample series | Nominal | Measured | SSAy ., m?/g | dypp, nm | pyy ., g/em®
Ref-ACP 0 167+4 14+1 2.50+0.02
2GaACP 2 0.6+0.1 159+5 15+1 2.54%0.06
4GaACP 4 1.3+0.2 1517 16+1 2.49+0.05
6GaACP 6 1.7+0.1 163+1 15+1 2.47+0.02
12GaACP 12 22+0.1 165+18 15+2 2.48+0.04

Table 1. Designation, nominal and measured (using ICP-MS) Ga content, and morphological characteristics
of the synthesized powders.
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Fig. 3. (A) - XRD patterns and (B) - ATR-FTIR spectra of the synthesized powders.

Results and discussion

Physicochemical properties of gallium-containing amorphous calcium phosphate powders
The Ga content in the synthesized GaACP powders was determined using ICP-MS, and the results are
summarized in Table 1.

The ICP-MS results showed that the Ga content in the synthesized powders increased with the amount of Ga
precursor (Ga(NO,),-9.5H,0) in the synthesis medium. However, the Ga content in the synthesized powders
was significantly lower than the expected or nominal. This indicates that a large portion of in the synthesis
media dissociated Ga** ions did not participate in the precipitation reaction and were decanted with the liquid
synthesis medium during precipitate processing. Considering the above, it can be concluded that the Ga content
of 2.2+0.1 wt% obtained by increasing the nominal content of Ga in the synthesis medium to 12 wt% is close to
the maximal possible incorporation level in the given conditions. Still, according to Mosina et al.'s studies on the
biological properties of the Ga-substituted HAp nanoparticles, this amount falls within the optimal Ga content
range (2.0-5.5 (£0.1) wt%), which shows antibacterial properties and maintains appropriate cell viability'®.

The XRD patterns shown in Fig. 3(A) were used to evaluate the effect of Ga on the ACP’s crystallinity and
phase purity.

Regardless of the Ga content, the synthesized powders were X-ray amorphous, i.e., they do not have the long-
range configurational order characteristic of materials with a high degree of crystallinity. This was confirmed by
the broad diffraction maxima characteristic of ACP, of which the peak with the highest intensity was centred at
30° 26”192, The CaCl,-2H,0 used in the synthesis could form NaCl with NaOH, and Ga(NO,),-9.5H,0 could
form NaNO, with NaOH. These by-products must not be in the synthesis products. Therefore, the precipitates
were rinsed as shown in Fig. 1(B). Since the characteristic XRD peaks of the mentioned crystalline by-products,
i.e., NaCl or NaNO, were not observed, the efficiency of the used precipitate processing (rinsing) was approved.

The ATR-FTIR spectra shown in Fig. 3(B) were used to evaluate the effect of Ga on the ACP’s functional
groups. The ATR-FTIR spectra of the synthesized powders correlated with the literature data. Absorbance
bands of functional group vibrations characteristic of the ACP phase were detected. The broad absorbance
bands maxima at 552, 950, and 1000 cm™" characteristic of phosphate groups (v, PO,*", v, PO,*", and v, PO,*")
confirmed the non-crystalline nature of the synthesized powders?!~23. According to the literature, ACP particles’
most minor structural units are the so-called Posner clusters (neutral ion clusters)®!%122224 The absorbance
band maximum at 1640 cm~! and broad absorbance band in the region 2500-3700 cm™! indicate the presence
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of structurally bound (intercluster) and surface adsorbed water in the synthesized powders, respectively®?2 All
synthesized powders contained carbonate ions (CO,*"), as indicated by a doublet of low-intensity absorbance
bands at 1420 and 1490 cm™". The incorporation of CO,*” ions in the synthesized powders can be explained
by the dissolution of atmospheric CO, in the synthesis medium, facilitated by continuous and rapid stirring of
the reaction mixture?!-23, Regardless of the Ga content, the ATR-FTIR spectra of the synthesized powders were
similar. Thus, Ga content had a negligible effect on the absorbance bands’ position and appearance (width and
intensity).

The SSAy.r and pp, of the synthesized powders were determined using N, sorption and He pycnometry,
respectively, and average values of dp.,. were calculated. The obtained results are summarized in Table 1.
Regardless of the Ga content, nano-sized particles with a relatively high SSA . were obtained. The measured
SSAg values correlated with data available on the ACP obtained by the dissolution-recrystallization method®.

STEM microphotographs were acquired to visualize the particle morphology of the synthesized powders
(Fig. 4).

Fig. 4. STEM images of the synthesized powders: (A) - Ref-ACP, (B) - 2GaACP, (C) - 4GaACP, (D) -
6GaACP, and (E) - 12GaACP.
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STEM images confirmed that the Ref-ACP and GaACP powders consist of spheroidal particles with sizes
on the order of a few tens of nanometres, regardless of the Ga content. Results from acquired STEM images
align with equivalent average primary particle diameters calculated by Eq. 1 (Table 1). However, precise
measurements using STEM are challenging due to the electron-beam sensitivity of ACP, which undergoes
crystallization upon intense electron beam exposure®*?’. In addition, it was observed that the primary particles
tend to form irregular shapes or branched chain aggregates, which aligns with the observations about ACP
morphology reported in the literature?'-2>28-30, The formation of agglomerates and branched chain structures
could be attributed to the sample preparation, particularly drying conditions and the solvents used for synthesis
and sample preparation?*3!. During the removal of the last solvent layers, drying causes capillary bridges to
form, resulting in irreversible aggregation due to solid-solid contacts formed under capillary pressure’>*.
Moreover, without a supporting surface, hydrated ACP aggregates tend to shrink into clustered or chain-like
spheroidal assemblies to minimize the air-solid interface energy?**. Also, it is worth mentioning that different
surface interactions (e.g., bridging hydrogen bonds) between neighbouring nanoparticles play an important role
in nanoparticle agglomeration®.

Stability of gallium-containing amorphous calcium phosphate powders in different aqueous
media

The in vitro stability of the Ref-ACP and GaACP powders was evaluated in the DI H,O (for control experiments),
PBS (for assessing the effect of inorganic ions), DMEM, and TSB (for evaluating the impact of complex inorganic
and organic substances simultaneously). The XRD patterns of the powders after incubation in the DMEM at
different time points are shown in Fig. 5 (in DI H,O - Fig. SI, Supplementary Information, in PBS - Fig. S2,
Supplementary Information, in TSB - Fig. S3, Supplementary Information).

A
i 48 h
i
;I,\\ -
\~--~J"VJ / Ve AN _f/@
> R
) \__q’,fk//
=
[0
s
[)] E
=2 60 min
©
& 40 min
20 min
0 min

60 70 10 20 30

30 40 50 40 5
2Theta, ° 2Theta, °©

C D E
i 48 h i 48h A 48 h
A oah| e M\ 24 h WA .
Nt V7 \\ | O e o~ sl \\-’\m,‘\« [Nt ¥ \\M’\'\ 24 h
= / i .y 0 AT
z’ \J\%\M_ . . M
[0] ¥
= 90 min 90 min
2 60 min 60 min 60 min
®
& 40 min 40 min 40 min
20 min 20 min 20 min
0 min 0 min 0 min
0 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta, °© 2Theta, © 2Theta, °©

Fig. 5. The XRD patterns of the (A) - Ref-ACP, (B) —2GaACP, (C) —4GaACP, (D) —6GaACP, and (E)
—12GaACP powders after incubation in DMEM.
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The XRD results showed that the phase composition and the crystallinity of all samples subjected to in
vitro stability tests altered over time, as evidenced by the formation and narrowing of diffraction maxima
characteristic of the apatitic CaP phase at 26° and 32° 26>, After 48 h of incubation, all samples were converted
to carbonated partially crystalline calcium deficient HAp (CDHAp) as evidenced by ATR-FTIR spectra (Fig. $4,
Supplementary Information), which mimics the inorganic phase of bone tissue®!%:12:27:34-36,

The stability time of powders in different aqueous media was determined and summarized in Table 2.

In general, the stability time of the Ref-ACP was short, as indicated by fast crystallization in DI H,O, PBS,
DMEM, and TSB. According to existing literature, pure ACP is stable in aqueous media for at least several hours
at room temperature, depending on the chemical composition of the incubation media?***33%, However, the
relatively fast crystallization under the conditions used in this study could be explained by the high SSA . of
the synthesized powders (Table 1) and the incubation temperature (37 °C), which enhances release of Ca** and
PO,’*" ions and their redeposition on the particles’ surface and thus promotes phase transformation!®34,

The most pronounced influence on the stability of the synthesized powders was observed from the
composition of the aqueous incubation media and the Ga content in the powders.

The most rapid ACP crystallization was observed in the PBS, which aligns with findings reported in the
literature?®*!. The accelerated transformation in PBS could be explained by the predominance of phosphate
ions (Table S2, Supplementary Information), which accelerates the nucleation and growth of new particles
through complementary dissolution-recrystallization and solution-mediated solid-solid transformation
mechanisms?$3%4243 Moreover, high concentration of free phosphate ions in PBS with respect to the
concentration of Ga*>* ions incorporated in samples might suppress the stabilizing effect of Ga. Consequently, Ga
had a minimal effect on the stability of ACP in PBS. The 2GaACP was stable for 20 min. Still, by increasing the
Ga content in ACP, the induction period began to decrease, and the stability of these samples was similar to that
of the Ref-ACP in PBS. Additionally, it is worth mentioning that there might be a decrease in pH of the medium
because of Ga*>* hydrolysis, which reduces the stability of ACP and promotes the nucleation of crystalline CaP
phases*.

The stability of the powders in DMEM and TSB was notably higher than that in PBS. This enhanced stability
is likely due to various organic molecules in DMEM and TSB (Table S2, Supplementary Information) that can
interact with ACP, thereby influencing its crystallization behaviour. Moreover, scientific literature has reported
that the crystallization rate of ACP depends on the type of organic molecules and their concentration?®404,
DMEM is a relatively complex cell culture medium containing a high concentration of various amino acids,
vitamins, and inorganic salts, including calcium and phosphate ions (Table S2), Supplementary Information).
While specific components, such as carbonate ions, can stabilize ACP through incorporation into the structure,
other constituents, like phosphate ions or small organic molecules, promote its crystallization?**¢. In general,
organic molecules in aqueous media can affect ACP stability through various possible mechanisms, including
adsorption onto ACP nanoparticles surface, chelation of free calcium or phosphate ions, and interactions between
phosphate and carboxylate groups present in amino acids***’. These interactions can either inhibit or promote
crystallization®”. Inorganic ions present in the media may adsorb on the surface of ACP nanoparticles, thus
facilitating the ion exchange process and fostering the formation of the apatite layer or potentially influencing
nucleation sites, directing the crystallization pathway of ACP*. Additionally, DMEM in our experiments was
supplemented with NaHCO,. Thus, introduced carbonate ions can incorporate into the ACP structure or
precipitate as calcite, thereby stabilizing the ACP*1226:4849 (ATR-FTIR spectra in Fig. $4(C), Supplementary
Information). However, the pH of DMEM (supplemented with NaHCO,) increases in ambient air and requires
a CO, environmental atmosphere to maintain physiological pH*. In our study, a CO, atmosphere was not
provided for the stability tests; thus, the influence of pH changes on the stability cannot be ruled out. According
to the scientific literature, ACP is more stable at physiological conditions (pH =7.4) than at alkaline conditions
(pH>7.4)°". However, we cannot unequivocally state the stability of the powders under cell assay conditions
(pH=~7.2-7.4 with 5% CO,); they are expected to be stable for an even more extended period than the 60 min
observed in our stability tests.

The enhanced stability of ACP in TSB could be attributed to its high protein content (Table S2, Supplementary
Information). Notably, casein-derived phosphopeptides are well documented for their ability to stabilize CaPs
by several concentration-dependent mechanisms, i.e., adsorbing proteins on CaPs particles’ surface due to
high affinity, electrostatic interactions, and by chelating calcium ions, therefore sterically hindering crystal
growth®”°2-5%, In this study, ATR-FTIR spectra of the samples incubated in TSB for 48 h (Fig. S4, Supplementary
Information) indicate the presence of the Amide II band at 1545 cm™!, suggesting the adsorption of proteins
from the medium onto the surface of ACP particles®*.

Incubation time, min
Sample series | DIH,0 | PBS | DMEM | TSB
Ref-ACP <20 <20 |20 <20
2GaACP 60 20 20 20
4GaACP 60 <20 |40 20
6GaACP 60 <20 | 60 60
12GaACP 60 <20 | 60 40

Table 2. Stability time of the synthesized powders in different aqueous media.
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Fig. 6. Growth inhibition of S. aureus and P. aeruginosa induced by the GaACP powder suspensions in TSB
media at 1 mg/mL, 2 mg/mL, and 4 mg/mL. The represented OD, values were obtained by subtracting the

initial ODﬁZO*th (starting time=0 h) from the measured ODSZ(H(J1 at specific time points, i.e., x h.

In the DI H,0, DMEM, and TSB, the GaACP powders were more stable than the Ref-ACP powders. Moreover,
in the DMEM and TSB, the stability of the GaACP increased gradually with the Ga content in the powders. It
agrees with the literature data, reporting that incorporating vicarious metallic (e.g., magnesium, zinc, iron) ions
stabilizes ACP and inhibits its crystallization®!1%12,

Antibacterial properties of gallium-containing amorphous calcium phosphate powders
The growth curves of P. aeruginosa and S. aureus in the presence of 1, 2, and 4 mg/mL GaACP powder suspensions
are shown in Fig. 6.

Regardless of the Ga content, the ACP powders at a 1 mg/mL concentration did not show a significantly
different antibacterial effect compared to the control (bacterial suspension without powder). However, increasing
the powder concentration to 2 mg/mL and 4 mg/mL inhibited bacterial growth. All samples had delayed
exponential growth (log phase) compared to the control. However, complete prevention of bacterial growth
was not observed. This indicates the bacteriostatic effect of the powders. In the case of S. aureus, no significant
differences were observed among the powders with different Ga content. A more significant effect due to the Ga
addition was observed in the case of P. aeruginosa. Namely, statistical analysis of the obtained results (Fig. S5,
Supplementary Information) showed the higher inhibition of P. aeruginosa growth in the presence of GaACP
compared to the Ga-free ACP powder. ACP powders with higher Ga content (6GaACP and 12GaACP) showed
significantly higher inhibition of P. aeruginosa growth than the Ga-free ACP powder from the beginning of the
test. In contrast, the powders with lower Ga content (2GaACP and 4GaACP) showed a significant difference in P
aeruginosa growth compared to ACP powder only after 400 min. Thus, the P. aeruginosa growth inhibition effect
increased with increasing Ga content. The above is consistent with our previous study, where adding Ga to HAp
provided more pronounced antibacterial properties against P. aeruginosa than other bacterial species!®. Still,
since the incorporation of Ga into ACP is limited, i.e., the achieved Ga content in the ACP is relatively low (up
to 2.2+0.1 wt%), the corresponding powder concentrations in the microbial culture medium (up to 4 mg/mL)
may be insufficient to ensure significant inhibition of bacterial growth. Also, the stability of the tested powders
in TSB plays a role. The stability tests showed that after 90 min, all samples, regardless of Ga content, crystallized
in TSB medium (Table 2). The time before the exponential growth of bacteria starts for all samples, including the
control, was up to 240 min (4 h). This means that when bacterial growth begins, the powders have transformed
to the more stable partially crystalline CDHAp phase, affecting ions’ release. Also, it is unclear whether Ga** ions
are released into the medium during this transition or are incorporated into the CDHAp structure. To explain
this, the ion release in TSB medium should be tested.

It cannot be ruled out that the inhibition of bacterial growth was due to the nanoscale nature of the powders.
The nanosized ACP and GaACP particles can have an adverse effect on the bacteria by disrupting cell membranes
and DNA synthesis, and interfering with metabolic processes®”*.

Conclusions
Using the wet chemical precipitation method, amorphous calcium phosphate with variable and reproducible
gallium content was obtained. Incorporating gallium into the amorphous calcium phosphate was limited,
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reaching 2.2+ 0.1 wt%. Despite the different chemical composition, the local symmetry of the phosphate groups
in amorphous calcium phosphate remained unchanged. Regardless of gallium content, the specific surface area
of all synthesized powders ranged from 151 to 167 m?/g. In addition, scanning transmission electron microscopy
images confirmed the nanosize of the synthesized powders, showing a spheroidal nanoparticle morphology.

The study provides new insight into the stability of the amorphous calcium phosphates. Generally, the
synthesized gallium-containing amorphous calcium phosphate powders had low stability in various aqueous
media, retaining the amorphous structure only up to 90 min. However, the effect of gallium content was observed,
and it varied depending on the composition of the aqueous incubation medium. In deionized water, gallium
slightly improved the stability of the amorphous calcium phosphate powders, inhibiting their crystallization.
In addition, the gallium content significantly influenced the powders™ stability in the biologically relevant
incubation media, i.e., Dulbeccos modified Eagle medium and tryptone soya broth. Still, advanced analysis is
required to understand the exact gallium-containing amorphous calcium phosphate crystallization mechanism
in various aqueous media and interaction with multiple media components.

Although the gallium concentration in the media was too low to obtain total inhibition, the synthesized
powders inhibited the growth of gram-negative (Pseudomonas aeruginosa) and gram-positive (Staphylococcus
aureus) bacteria. Thus, the synthesized powders possess potential as starting materials to fabricate novel
antibacterial biomaterials for bone regeneration applications.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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Abstract: Calcium phosphates (CaPs) have been used in bone regeneration for decades. Among
the described CaPs, synthetic hydroxyapatite (HAp) has a chemical composition similar to that of
natural bone. Gallium-containing compounds have been studied since the 1970s for the treatment
of autoimmune diseases and have shown beneficial properties, such as antibacterial activity and
inhibition of osteoclast activity. In this study, we synthesized hydroxyapatite (HAp) powder with
Ga doping ratios up to 6.9 £ 0.5 wt% using the wet chemical precipitation method. The obtained
products were characterized using XRD, BET, FTIR, and ICP-MS. Ga3* ion release was determined
in the cell culture media for up to 30 days. Antibacterial activity was assessed against five bacterial
species: Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis,
and Streptococcus pyogenes. The biocompatibility of the GaHAp samples was determined in human
fibroblasts (W\TERT-BJ1) through direct and indirect tests. The structure of the synthesized products
was characteristic of HAp, as revealed with XRD and FTIR, although the addition of Ga caused
a decrease in the crystallite size. Ga®" was released from GaHAp paste in a steady manner, with
approximately 40% being released within 21 days. GaHAp with the highest gallium contents,
5.5 £ 0.1 wt% and 6.9 £ 0.5 wt%, inhibited the growth of all five bacterial species, with the greatest
activity being against Pseudomonas aeruginosa. Biocompatibility assays showed maintained cell
viability (~80%) after seven days of indirect exposure to GaHAp. However, when GaHAp with
Ga content above 3.3 £ 0.4 wt% was directly applied on the cells, a decrease in metabolic activity
was observed on the seventh day. Overall, these results show that GaHAp with Ga content below
3.3 & 0.4 wt% has attractive antimicrobial properties, without affecting the cell metabolic activity,
creating a material that could be used for bone regeneration and prevention of infection.

Keywords: calcium phosphate; antibacterial properties; gallium; biocompatibility

1. Introduction

Calcium phosphates (CaPs) are widely used in bone regeneration due to their unique
properties, such as biocompatibility, osteoinductivity, and osteoconductivity [1-3]. They are
often applied as bone cements [4], scaffolds [5], and coatings [1,2]. The biological activity
of any CaP depends on the physicochemical properties, such as Ca/P molar ratio and
solubility. Even though there is a great number of CaPs, hydroxyapatite (HAp) is the most
extensively used one due to its similarity to the mineral component of bone. HAp is the
most thermodynamically stable phase of CaP, with a characteristic Ca/P molar ratio of 1.67
and relatively low solubility. Numerous studies focusing on HAp have been undertaken in
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the last decades with both in vitro and in vivo assays, and conclusions have underlined its
osteoconductive and osteoinductive properties [6-13].

In orthopedics, bacterial infection is a major problem leading to revision surgeries,
implant removal, and possibly even amputation. Bacterial contamination of the wound may
arise from the patient’s skin or from the surrounding environment [14-17]. Antibiotics have
proven to be the gold standard in preventing and treating infections. However, the systemic
administration of antibiotics can have a negative effect on the body (e.g., renal toxicity or
microbiome dysbiosis), and it can lead to the potentially low active local concentration
of antibiotic at the infection site. Additionally, antibiotic resistance of clinically relevant
pathogens is increasing every year, which only emphasizes the need for the development
of new biomaterials with improved antibacterial properties [18].

The doping of CaPs, including HAp, with different metal ions has often been per-
formed to enhance the material properties, in terms of bioactivity and/or antibacterial
properties [19]. HAp has the ability to incorporate isomorphic substituents, such as magne-
sium (Mg), sodium (Na), strontium (Sr), silver (Ag), copper (Cu), etc., due to its flexible
and stable crystalline structure [20]. The addition of antibacterial ions such as Ag [21,22],
Cu [23,24], Zn [25], and Ga [26] provides antibacterial assets to CaPs. Tailoring a biomaterial
with the aforementioned capacities could help to prevent bacterial growth at the surgical
site after implantation.

Gallium has been known since the 1970s, and next to its antibacterial potential, it has
been used to treat bone diseases. Gallium nitrate (Ga(NOj3)3) is used as a drug to treat
hypercalcemia [27-29]. The antibacterial activity of gallium compounds, such as gallium
maltolate, nitrate, and citrate has been reported against different bacterial species, such
as Mycobacteriaceae (M.) tuberculosis, Mycobacterium (M.) avium, Staphylococcus (S.) aureus,
Escherichia (E.) coli [30], and Pseudomonas (P.) aeruginosa [31,32]. To date, the antibacterial
activity of gallium-doped hydroxyapatite (GaHAp) has primarily been assessed against
P. aeruginosa [29,33]. The antibacterial activity of gallium against both Gram-positive and
Gram-negative bacterial species is supported by the similarity between Ga>* and Fe®*
ions [34]. Namely, Ga®* replaces Fe>* in bacteria, resulting in the disruption of protein
metabolism and leading to bacterial death [16,32].

In this study the antibacterial activity of GaHAp synthesized using the wet precip-
itation method was tested for the first time against a wide range of bacterial species:
P. aeruginosa, E. coli, S. aureus, S. epidermidis, and S. pyogenes. Additionally, the biocompati-
bility of the produced GaHAp was assessed on human fibroblasts (hTERT-BJ1).

2. Materials and Methods
2.1. Synthesis of the Gallium-Doped Hydroxyapatite (GaHAp)

Gallium-doped hydroxyapatite (GaHAp) was synthesized via wet chemical precip-
itation using calcium oxide (CaO; >98%; Jost chemical, St. Louis, MI, USA), orthophos-
phoric acid (H3POy; 75%; “Latvijas kimija” Ltd., Riga, Latvia), and gallium nitrate hy-
drate (Ga(NOj3)3-xH20; 99.9% trace metal; Sigma-Aldrich, Burlington, MA, USA). In
order to calculate the mass of gallium nitrate hydrate, the amount of water molecules
of Ga(NO3)3-4.2H,0 was determined with inductively coupled plasma mass spectrom-
etry (ICP-MS; Agilent 7700X; Santa Clara, CA, USA). The gallium concentrations used
in the synthesis were 2, 4, 6.3, and 8 wt% with respect to the theoretical HAp yield. The
initial (Ca + Ga)/P molar ratio of the reagents was 1.67. The molar ratio was kept con-
stant for all the concentrations. Three replicates of the synthesis were performed for each
Ga concentration.

The synthesis processes were performed in the synthesis workstation EasyMax 102
Advanced (Mettler Toledo, Columbus, OH, USA). CaO powder was added to deionized
water, under vigorous stirring (420 rpm) at room temperature (22 °C), in order to obtain
Ca(OH); suspension. Then, Ga(NOj3)3-4.2H,0O powder was added and stirred for five
minutes. The synthesis mixture was heated to 45 °C, and the temperature was maintained
constant during synthesis. Then, 2M H3PO,4 was added to the starting suspension of
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Ca(OH); and Ga(NO3)3-4.2H,0 at an addition rate of 0.6 mL/min. The addition rate
was reduced to 0.1 mL/min while approaching the synthesis end pH, 6.90 & 0.05. The
obtained precipitates were aged in the mother liquors at ambient temperature overnight
(approximately 20 h). After ageing, the precipitates were vacuum-filtered and washed with
1 L of deionized water. HAp synthesized without Ga(NOj3)3-4.2H,O (also known as pure
HAp) was used as a reference.

The synthesized products were used in two forms depending on the performed test:
as paste (filtered wet precipitates) or as dried powder. GaHAp paste was steam-sterilized
in a table-top autoclave at 121 °C for 20 min. To obtain powder, the paste (sterilized or
non-sterilized) was dried in an oven at 105 °C for 24 h. Dried agglomerates were crushed
with a mortar and pestle to obtain fine powder. GaHAp paste was used in the indirect
cytotoxicity tests, while GaHAp powder was used in physicochemical characterization,
antibacterial assays, and direct cytotoxicity tests.

2.2. Characterization Methods
2.2.1. X-ray Diffraction

The phase composition of the powders was analyzed using X-ray diffractometry (XRD;
PANalytical X'Pert PRO; Westborough, MA, USA). XRD patterns were recorded using Ni
filter and Cu K« radiation at 40 kV and 30 mA, with a 26 range of 10-70°.

The crystallite size was calculated from the X-ray diffraction profiles, according to
the Debye-Scherrer equation (Equation (1)). The strong reflection of [002] was used by
measuring the full width at half maximum (FWHM).

kA
~ Pcost

M

where K is the Scherrer constant with a value of 0.9 [30], A is the wavelength of light used
for diffraction, B is the “full width at half maximum (FWHM)” of the [002] peak, and 6 is
the measured angle.

2.2.2. Fourier Transform Infrared Spectrometry

The chemical composition of the powders was analyzed using Fourier Transform
Infrared Spectroscopy (FTIR; Bruker Tensor 27 spectrometer; Bruker Corporation, Billerica,
MA, USA). FTIR spectra were recorded in Attenuated Total Reflectance (ATR) mode. Spec-
tra were obtained at a resolution of 4 cm ™, over a range of wavenumbers from 400 cm ™~ to
4000 cm ™!, with an average of 50 scans. Before every measurement, a background spectrum
was taken and deducted from the sample spectrum.

2.2.3. Specific Surface Area and Particle Size

The specific surface area (SSA) of the powders was determined using the Brunauer—
Emmett-Teller (BET) method (ISO 9277:2010; QUADRASORB SI and Quadra Win, Quan-
tachrome Instruments, Boynton Beach, FL, USA). Before BET analysis, samples were
degassed for 24 h at 25 °C (Autosorb Degasser Model AD-9; USA) to remove all mois-
ture and vapor. The SSA of the samples was analyzed using a nitrogen adsorption—
desorption isotherm.

Particle size dpgr was calculated according to Equation (2) as stated in ISO standard
No. 13779-3 “Implants for surgery Hydroxyapatite Part 3: Chemical analysis and characteri-
zation of crystallinity and phase purity”, assuming particles to be spherical and nonporous.

dper = 6/(p X SSA) 2

where p is the density of HAp and GaHAp, determined with a helium pycnometer (Micro
UltraPyc 1200e; Quantachrome Instruments, Boynton Beach, FL, USA) as described in
Section 2.2.4.
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2.2.4. Helium Pycnometry

The true density of the powders was determined using a helium pycnometer. The
instrument (cell volume) was calibrated with stainless-steel calibration spheres of known
volume. After calibration, samples with known weight were filled into the sample cell and
purged with helium gas in pulse mode (50 pulses). Detailed measurement parameters for
helium pycnometry are described elsewhere [35].

2.2.5. Transmission Electron Microscope

The morphology of the powders was observed using a transmission electron micro-
scope (TEM; FEI Tecnai G2 F20; Hillsboro, OR, USA) operated at 200 kV. Detailed sample
preparation for TEM analysis is described elsewhere [36].

2.3. In Vitro Release of Gallium Ions

The investigation of Ga® ion release from GaHAp paste was performed in Dulbecco’s
Modified Eagle Medium (DMEM) with 1 g/L glucose (without NaHCO3; Gibco, Thermo
fiscer science, Waltham, MA, USA), with the addition of NaHCOj3 (99.7%; Sigma-Aldrich,
Burlington, MA, USA) and NaN3 (99.5% (as preservative); Sigma-Aldrich, Burlington, MA,
USA). Afterwards, the medium was filter-sterilized through a 0.22 pm filter.

Prior to the ion release tests, GaHAp paste was steam-sterilized at 121 °C for 20 min.
The sterile paste samples (50 mg of dry mass) were added to 50 mL of DMEM, vortexed and
incubated at 37 °C in a table-top environmental shaker-incubator at 70 rpm (ES-20; Biosan,
Riga, Latvia). During the first 72 h, the medium was collected by centrifuging the samples
at 1610 g for 3 min and was then replaced with 50 mL of fresh DMEM every 24 h. Thereafter,
the medium was refreshed every 72 h. The Ga concentration in the eluate was measured
using ICP-MS (Agilent 7700X; Santa Clara, CA, USA). Three parallel measurements were
performed for each GaHAp paste composition.

2.4. Antibacterial Tests

The antibacterial properties of GaHAp and Ga(NO3)3-4.2H,O were determined against
five bacterial species: Gram-negative P. aeruginosa (strain Paer09) and E. coli (strain Amer-
ican Type Culture Collection (ATCC) 25922); Gram-positive S. aureus (strain JAR 06013),
S. epidermidis (strain ATCC 35984), and S. pyogenes (strain ATCC 19615). Different bacterial
species were recovered from frozen stocks (—80 °C in 20% (v/v) glycerol) and cultured in
tryptic soy broth (TSB; Oxoid, Basel, Switzerland) overnight in ambient air at 37 °C and
agitation at 100 rpm. The overnight culture was then diluted with TSB to an optical density
(OD) of 0.1 at 600 nm (10°-107 colony-forming units (CFU)/mL).

The GaHAp powder used for the antibacterial experiments was prepared from ster-
ilized paste that was dried for 24 h at 105 °C and ground using a pestle. Afterwards, the
powder was packed and sterilized with hot air in a drying oven for 2 h at 134 °C.

2.4.1. Minimal Inhibitory Concentration (MIC) of Ga(NO3)3-4.2H,0O

Ga(NO3)3-4.2H,0 was dissolved in milliQ water and diluted from 75 ug/mL to
450 pg/mL with TSB. A total volume of 150 uL of the solutions was mixed with 150 uL of
TSB in a 96-well plate. A volume of 5 pL of bacterial culture with ODgp = 0.1 was added
to each well and incubated for 24 h at 37 °C at 100 rpm. Bacterial growth (ODg) was
measured for 18 h at 37 °C in a plate reader (MultiskanGo; Thermo Scientific, Waltham,
MA, USA) or it was quantified via serial dilution and total viable count on tryptic soy agar
(TSA) plates.

2.4.2. Antibacterial Properties of GaHAp

GaHAp powders were suspended in TSB at concentrations of 1, 2, and 4 mg/mL. A
total of 300 UL of the suspension was transferred to a 96-well plate, and 5 uL (ODgpg = 0.1)
of bacteria was added to each well. The absorbance of the plate at 600 nm was measured as
described in Section 2.4.1.
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2.5. Cytocompatibility Test
2.5.1. Cytotoxicity of Ga(NOjz)3-4.2H,0

Cytotoxicity was tested on telomerase-immortalized human foreskin fibroblasts (\TERT-
BJ1), which were purchased from Clontech (Clontech Laboratories, Mountain View, CA, USA).
hTERT-BJ1 were routinely cultured as previously described [37]. Briefly, \TERT-BJ1 were
cultivated in DMEM with 1 g/L glucose (without NaHCOj3; Gibco, Thermo fiscer science,
Waltham, MA, USA), supplemented with NaHCOj3 (99.7%; Sigma-Aldrich, Burlington, MA,
USA) and 10 % fetal bovine serum (Biochrome, Sigma-Aldrich, Burlington, MA, USA), with
the addition of 100 pg/mL streptomycin (Gibco) and 100 U/mL penicillin (Gibco), at 37 °C in
a humidified 5% CO, atmosphere. In total, 10* cells per well were seeded on a 96-well plate.
The following day, Ga(NOs3)3-4.2H,0O solutions at different concentrations (75-450 p1g/mL)
were applied to the cells and incubated for one and three days. To determine cell viability,
CellTiter-Blue (Promega, Promega Corporation, Madison, WI, USA) was performed following
the manufacturer’s instructions. Cell viability (calculated in %) was determined as the
fluorescence ratio between cells grown in the presence and absence of Ga(NO3)3-4.2H,0O
solutions. The average values and standard deviations were calculated from three parallel
samples in three independent experiments. Dimethyl sulfoxide (DMSO; Sigma-Aldrich,
Burlington, MA, USA) was used as a negative control.

2.5.2. Cytotoxicity of GaHAp

hTERT-BJ1 cells were cultured as described above, and the cytotoxicity of GaHAp
was assessed using direct and indirect methods. For the direct test, 10* cells per well were
seeded on a 96-well plate, and the following day, GaHAp powder suspensions (prepared as
described in Section 2.4.2, at concentrations of 1, 2, and 4 mg/mL in DMEM) were applied
to the cells and incubated for one, three, and seven days.

In the indirect test, 1.5 x 10* cells per well were seeded on a six-well plate, and the
following day;, a cell strainer (Corning®, Amsterdam, The Netherlands), with a pore size of
100 um containing GaHAp paste (250 £ 50 mg), was placed in each well and incubated
for one, three, and seven days. In order to determine cell viability, CellTiter-Blue was
performed in both tests following the manufacturer’s instructions. Cell viability (%) was
determined as the fluorescence ratio between cells grown in the presence and absence of
GaHAp. The average values and standard deviations were calculated from three parallel
samples. As a negative control, DMSO was used.

2.6. Statistical Analysis

The results are presented as mean values & standard deviations (SDs) of three experi-
ments. Statistical analysis was performed on microstructure parameters (specific surface
area, density, and particle size) and on cytocompatibility test data using one-way ANOVA
with Tukey’s multiple comparison test, and p < 0.05 was used as a limit to indicate statistical
significance (ns > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001).

3. Results
3.1. Physicochemical Characteristics

The main characteristics of the synthesized powders are summarized in Table 1. The
GaHAp powders had a higher specific surface area (SSA) than the HAp powders (p < 0.05),
revealing that the addition of Ga led to the reduction in the particle size. After steam
sterilization, the SSA decreased. Nevertheless, the SSA of the sterilized GaHAp powders
was higher than that of the HAp powders (p < 0.05).

The phase composition of the synthesized powders was analyzed using XRD, and the
corresponding XRD patterns are shown in Figure 1. Regardless of the chemical composition,
all the XRD patterns have characteristic apatite peaks that correspond to the values reported
in the literature [38,39]. The XRD patterns did not reveal the presence of additional phases
or peak shifts across the different materials. The different amounts of Ga added to the
synthesis (2, 4, 6.3, or 8 wt%) did, however, produce a broadening of the XRD peaks



J. Funct. Biomater. 2023, 14, 51

6 of 15

(Figure 1A). After steam sterilization, the characteristic peaks become sharper, which
indicates an increase in the crystallinity of the samples (Figure 1B).

Table 1. Ga contents, particle sizes (dpgr), densities, and SSAs of the synthesized products before

and after sterilization.

Before Sterilization

After Sterilization

Theoretical Gallium
S 1 Ga Content
ample (wi%) Content (Wt%)  §SA (m2/g)  p (glem?) ?I:SIEIT) (i%;:’) o (g/cm®) ?xFIE\T)
HAp - - 71+7 2.77 + 0.04 31+3 50+ 2 2.94 + 0.01 41+2
2 GaHAp 2 1.6 +£0.1 95+5 2.85 + 0.06 22+1 78 +3 2.86 + 0.08 27 +1
4 GaHA 4 33+04 117 + 4 2.80 + 0.06 18+1 88 +5 2.92 + 0.09 23+1
6.3 GaHAp 6.3 55+0.1 109 £+ 2 2.83 +0.01 20+ 1 89 +4 2.92 +0.05 23+1
8 GaHAp 8 6.9 £0.5 102 +£5 2.79 +0.03 21 +1 104 +3 2.84 + 0.04 20+1
§ é\ g g & é_
2 & ) z e (g
Q LN, 8GaHAp @ A 8GaHAp
[ Q
E ; 6.3GaHAp | E p 6.3GaHAp
oL /\ [ R
> i I\ = «\Mﬂ W 4GaHA
2 \\wu LA v‘wﬁdﬁ?&i 5 A A M A A wMa P
& 2GaHAp | & 2GaHAp
HAp HAp
‘” HAp_ICDD 01-072-1243 ‘H HAp_ICDD 01- 0{2 1243
| i BT L, I ||\||| | 1 1ot

2Theta [7]
(A)

10 15 20 25 30 35 40 45 50 55 60 10

15 20 25 30 35 40 45 50 55 60

2Theta [*]
(B)

Figure 1. X-ray diffraction patterns of the synthesized powders with different amounts of gallium
(A) before and (B) after steam sterilization at 121 °C for 20 min.

The crystallite sizes of the diffraction plane [002] for HAp and GaHAp powders were
calculated using the Debye-Scherrer equation, and the obtained values are summarized in
Table 2. According to these calculations, nano-sized crystallites were obtained, regardless
of their chemical composition. With the addition of Ga, the crystallite size of GaHAp
decreased compared with the HAp powders. However, before sterilization, differences in
crystallite size were not observed among the GaHAp powders.

Table 2. Crystallite sizes of the synthesized products calculated using the Debye-Scherrer equation.

Before Sterilization

After Sterilization

Sample Plane (hkl) FWHM Cl:ystallite FWHM Cll'ystallite
Size (nm) Size (nm)
HAp [002] 0.274 31.1 0.219 38.9
2 GaHAp [002] 0.347 24.5 0.284 30.0
4 GaHAp [002] 0.384 22.2 0.279 30.5
6.3 GaHAp [002] 0.383 22.2 0.309 27.6
8 GaHAp [002] 0.372 229 0.316 27.0

The FTIR spectra (Figure 2) of HAp and GaHAp show similar appearances. All spectra

have HAp characteristic absorbance bands corresponding to v3 PO4>
1030 and 1097 cm ™. The absorbance band from the vibration of group v1 POs>~
. Moreover, the absorbance bands at 604 and 560 cm !

at 960 cm !

~ group vibrations at
is observed
can be attributed to
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v4 PO43~ group vibrations. The band at 635 cm™! corresponds to the vibration of the
OH™ group. The band assignments are in accordance with literature data [40,41]. The
characteristic absorbance bands become broader with the increase in Ga content in the

synthesized powders.
V3POA§\ ’\;lpof' ‘ PO VPO, ‘}I PO, 3‘:\%4P043'
. 8GaHAp OH<_ @z"of' sGatap OH= [ PO
< \\_/J\u £ 6 3catiap A
8 [6.3GaHAp J k a— j
g 4GaHAp L_/ :‘% 4GaHAp J/L_
2GaHAp 2GaHAp u
HAp HAp . 3
4000 3600 1200 800 400 4000 3600 1200 800 400
Wavenumber [cm™] Wavenumber [em™]

(@) (b)

Figure 2. FTIR spectra of the synthesized powders with different amounts of gallium (a) before and
(b) after steam sterilization at 121 °C for 20 min.

TEM micrographs were used to analyze the morphology of HAp and GaHAp particles
(Figure 3). The TEM results showed a rod-like shape for GaHAp particles and a size less
than 50 nm, which corresponds to the value calculated using BET data. The size of the
nanoparticles decreased with the increase in Ga concentration.

Figure 3. TEM images of synthesized GaHAp powders with different amounts of gallium: (a) HAp
(b) 2 GaHAp; (c) 4 GaHAp; (d) 6.3 GaHAp; (e) 8 GaHAp.
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3.2. In Vitro Ga®* Release

The release profiles of Ga®* from the GaHAp paste samples are shown in Figure 4.
For 2 GaHAp and 4 GaHAp, ion release was measured until days 21 and 27, respectively,
as the amount of Ga detected at subsequent time points was below the ICP-MS detection
limit (<0.2 mg/kg). In the case of samples with higher Ga concentrations, i.e., 6.3 GaHAp
and 8 GaHAp, a gradual release was observed up to 30 days. No high initial or burst
release of Ga®* was observed for any GaHAp. The cumulative Ga®* release rate was
higher from samples with lower Ga content, namely, 2 GaHAp (44.3 4 0.9%) and 4 GaHAp
(43.1 £ 3.6%), while 6.3 GaHAp and 8 GaHAp Ga release rates were 48.6 + 1.1% and
49.8 £ 4.6%, respectively, within 30 days.
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Figure 4. Ga>* ion release from GaHAp paste with different amounts of gallium as a function of a
time. Release overtime was performed in DMEM media at 37 °C (n = 3 + SD).

3.3. Antibacterial Activity
3.3.1. Minimal Inhibitory Concentration of Ga(NO3)3-4.2H,O

P. aeruginosa and S. aureus growth in the presence of Ga(NO3)3-4.2H,0 solution was
measured by means of absorbance (ODg(p), and the results are shown in Figure 5. After
18 h of incubation, a total inhibition of P. aeruginosa growth was observed (Figure 5a). In
contrast, S. aureus (Figure 5b) and E. coli, S. epidermidis, and S. pyogenes (Figure S1) showed
growth reduction in the presence of Ga(NO3)3-4.2H,O, but not complete inhibition.

12 1.2

—s— NC, 0 pg/mL

o 75 pg/mL
S os
+— 150 pg/mL
0.4
—4+— 300 pg/mL
0.2

00 el s e e e 430 gL
0 120 240 360 480 600 720 840 960 1080
Time [min]

(@) (b)

Figure 5. Bacterial growth of P. aeruginosa and S. aureus in the presence of Ga(NO3)s3-4.2H,0.
(a) P. aeruginosa and (b) S. aureus were grown in TSB with different concentrations of
Ga(NO3)3-4.2H,0 (from 0 pg/mL to 450 pg/mL Ga(NOs3)3-4.2H,0 ). The optical density (OD)
at 600 nm was measured over 18 h using a plate reader.

00 e e
0 120 240 360 480 600 720 840 960 1080
Time [min|

The minimal inhibitory concentration (MIC) and CFU/mL of bacterial species are
shown in supplementary data Figure S2. The MIC of Ga(NO3)3-4.2H,O against P. aerugi-
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nosa was 75 pg/mlL; against S. aureus—150 pg/mL; against E. coli—200 pg/mL; against
S. epidermidis—250 pg/mL; and against S. pyogenes—75 ug/mL.

3.3.2. Antibacterial Properties of GaHAp

The growth curves of P. aeruginosa and S. aureus in the presence of 1, 2, and 4 mg/mL
GaHAp powder suspensions are shown in Figures 6 and 7. The growth curves of the other
bacterial species (S. epidermidis, S. pyogenes, and E. coli) are shown in Figure S2.

120 240 360 480 61’][!

Time [min]

(a)

—=— Control
HAp
2GaHAp

—v—4GaHAp

—+— 6.3GaHAp

aw —<—8GaHAp

-»u-----.-.--.-r.-.-n::!!!'.»w 24

120 240 360 480 600 720 83D 960

g Pt
720 840 960 0

Time [min] Time [min]
(b) ()
Figure 6. P. aeruginosa growth in the presence of GaHAp powder suspensions in TSB at (a) 1 mg/mL

(b) 2 mg/mL, and (c) 4 mg/mL. The represented ODgpy was obtained by subtracting the initial
ODg_oh (starting time = 0 h) from the measured ODgq 1, at specific time points.

1.4 14 14
1.2 12 12 —=— Control
10 MAp
g0s8 2GaHAp
g
0.6
*—4GaHAp
0.4
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0.2
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Figure 7. S. aureus growth inhibition induced by GaHAp powder suspensions in TSB at (a) 1 mg/mL
(b) 2 mg/mL, and (c) 4 mg/mL concentrations. The represented ODggn was obtained by subtracting
the initial ODgg_op (starting time = 0 h) from the measured ODg( 4 1, at specific time points.

In the case of 1 mg/mL GaHAp, only the highest Ga-containing powder (8 GaHAp)
showed inhibitory effects on P. aeruginosa growth (Figure 6a). With 2 mg/mL (Figure 6b) and
4 mg/mL (Figure 6¢c) GaHAp, a stronger inhibitory effect was observed, and when using
4 mg/mL (Figure 6c), total inhibition of P. aeruginosa growth with 4 GaHAp, 6.3 GaHAp,
and 8 GaHAp was observed. Growth inhibition was detected with the same concentration
of 4 GaHAp and 6 GaHAp against S. aureus (Figure 7c), S. epidermidis (Figure S3), S. pyogenes
(Figure S4), and E. coli (Figure S5).

3.4. Cytocompatibility Test
3.4.1. Cytotoxicity of Ga(NO3) 3-4.2H,0

The cell viability of hTERT-BJ1 in the presence of Ga(NO3)3-4.2H,0O solution is shown
in Figure 8. A rapid decrease in cell viability was observed after the first day, starting
from 150 pg/mL Ga(NO3)3-4.2H,0 (p < 0.001). Concentrations of Ga(NO3)3-4.2H,0O above
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Cell viability [%]

the MIC (75 ug/mL) exhibited an increased toxicity already on the first day. After three
days, only the cells exposed to 75 png/mL Ga(NO3)3-4.2H,0 showed maintained metabolic
activity, around 80%.

nrew PC

100 Tﬁ £ [ 75 ng/mL
g 80| B 150 pg/mL
2 I 200 pg/mL
E 0 I 250 ugimL
; ol 71300 pg/mL
8 [ 1350 pg/mL
20 [ 1400 pg/imL
ol ] 450 pg/mL

3
Time [day]

Figure 8. Metabolic activity of human fibroblasts (hnTERT-BJ1) exposed to different concentrations
of Ga(NO3)3-4.2H,0 solutions, where PC—positive control. Negative control results were omitted
from the graphs as the values were approximately 0%. (One-way ANOVA single factor with Tukey’s
multiple comparison test, n = 3; ns > 0.05; **** p < 0.001).

3.4.2. Cytotoxicity of GaHAp

The influence of GaHAp on human fibroblast (RTERT-BJ1) viability was tested by
applying GaHAp powder directly on the cells. After three days of exposure to different
GaHAp concentrations (1, 2, and 4 mg/mL), cells were still metabolically active (above 80%
viability) (Figure 9b). However, on day seven (Figure 9c), a rapid decrease in cell viability
was observed with 2 mg/mL 8 GaHAp and with 4 mg/mL 4 GaHAp, 6.3 GaHAp, and
8 GaHAp paste samples (less than 40 %).

(a)

0
1 mg/mL 2 mg/mL
GaHAp concentration GaHAp concentration GaHAp concentration

140 140
120 120 i “ /JPC
a\?Il'll'l 5100 ) B HAp
t=) = 72
% 80 % 80| 7 I 2GaHAp
% 60 g 60 . _ I 4GaHAp
o © a0 T 16.3GaHAp
4
20 20 |8GaHAp
: 7 o 7] !
4 mg/mL 1 mg/mL, 2 mg/mL 4 mg/mL 1 mg/mL, 2 mg/mL 4 mg/mL

(b) (c)

Figure 9. Metabolic activity of human fibroblasts (h\TERT-BJ1) exposed to GaHAp powder sus-
pensions at different concentrations (1, 2, and 4 mg/mL) obtained using the direct test: (a) day 1;
(b) day 3, and (c) day 7. PC—positive control (ANOVA test, n = 3).

Human fibroblast (hTERT-BJ1) viability using the different GaHAp paste samples is
shown in Figure 10. The indirect test results indicate that the released Ga>* from GaHAp
paste samples did not have cytotoxic effect at any time point, and even after seven days,
cell viability was around 90%. Additionally, the metabolic activity of the cells exposed to
6.3 GaHAp and 8 GaHAp paste samples on day three was significantly increased.
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Figure 10. Metabolic activity of human fibroblasts (nTERT-BJ1) exposed to Ga3* released from
GaHAp paste obtained using the indirect test. (One-way ANOVA single factor with Tukey’s multiple
comparison test, n = 3; ns > 0.05; * p < 0.005; **** p < 0.001).

4. Discussion

In the present work, we successfully synthesized Ga-doped-HAp using the wet chemi-
cal precipitation method.

The morphological and structural nature of the obtained GaHAp coincides with that in
previously described studies [29,33,42,43]. The synthesized products had low crystallinity,
as suggested by the low-intensity, broad XRD peaks [38,39]. The adsorption of smaller ions,
such as Ga®* compared with Ca?*, on the HAp crystal surface results in the inhibition of
crystallization and crystal growth [29,42,44-46]. Additionally, steam sterilization had a
significant effect on the morphology of the final product. Re-crystallization of the product
was observed in the XRD patterns, due to the fact that a hydrothermal reaction occurs
under high-temperature and -pressure conditions. This process leads to the nucleation of
the crystals and their growth as described in [44,45]. Due to the low crystallinity of the
samples obtained in our study, it is challenging to detect the Ga>* substitution of Ca?* in
the structure. Possibly, Ga®" is adsorbed /chemisorbed on the particle surface or taken up
in the interstitial positions [47]. However, there is no universal technique to detect ion
substitution in the interstitial position.

The potential of HAp materials to act as delivery systems of antibacterial Ga®* ions was
investigated by assessing ion release in the cell culture medium. The release of antibacterial
ions from the implant material during the initial periods after surgery is important in
preventing the development of infections [48]. As bone-associated infections oftenoccur
within four months of surgical interventionsprolonged delivery of antibacterial ions may be
necessary [28]. Thus, it is important to evaluate the release of Ga* ions over long periods.
The Ga®* release profile depends on the Ga content in products, the degree of Ca deficiency
of products, the released media, and the conditions [49]. The increase in Ga content in the
HAp samples is at the expense of reducing the Ca/P molar ratio. Thus, non-stoichiometric
or Ca-deficient HAp (CDHAp) is obtained, which is more soluble than HAp [50]. If Ga
does not enter the Ca site in HAp crystallites, it accumulates in the hydrated layer on the
surface of crystallites. Additionally, during the first 72 h, the cumulatively released amount
of Ga3* increases more rapidly, i.e., the frequent refreshing of the medium results in a faster
release of the ions. Ideally, the flow of the release medium should be aligned with the flow
rate of physiological fluids at the site of implantation. The results of the ion release tests
have shown that by increasing the Ga concentration above 3.3 & 0.4 wt%, it is possible to
obtain HAp for long-term delivery of Ga®*. Furthermore, approximately 50% of ions were
not released within the timeframe of our study, suggesting further long-term delivery up
to four months.
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The biological properties of Ga(NO3)3-4.2H,0, used as the gallium source, were
compared to GaHAp paste or GaHAp powder. Ga(NO3)3-4.2H,0 and GaHAp showed
similar antibacterial activity against different Gram-positive and Gram-negative bacterial
species. This might be connected to the bacterial cell wall structure (Figure S7) [32,51].
Gram-positive bacteria have a thicker cell wall, which makes the bacterial cell impenetrable
for Ga compared with Gram-negative bacteria. On the other hand, Gram-negative bacteria,
with their thinner cell wall, have a membrane that can lead to Ga penetration. Additionally,
Gram-negative bacteria have Fe-dependent metabolism, and Ga®* can replace Fe3* on
active enzymatic sites and disrupt protein metabolism, leading to bacterial death [52].
Interestingly, the HAp nanoparticles without Ga also showed delayed bacterial growth.
This could be explained by the fact that nanoparticles themselves can have a negative effect
on bacterial growth [48,50]. However, GaHAp did not show total inhibition of P. aeruginosa
growth, as observed in the case of Ga(NOz3)3-4.2H,0. This effect is related to the delayed
Ga>* release from HAp, leading to lower Ga®* concentration in media during the first 24 h.
Ga(NO3)3-4.2H,0 completely inhibited P. aeruginosa growth, but this was not observed
in the case of E. coli, even though both bacteria are Gram negative. The iron uptake
pathway via siderophore enterobactin (ENT) in P. aeruginosa and E. coli is different [53].
In contrast with other studies, in our results, we obtained bacterial growth inhibition at
higher concentrations of GaHAp powder. For example, Kurtjak et al. obtained inhibition
of P. aeruginosa growth with 0.9 g/mL GaHAp containing 3 wt% of Ga (synthesized using
the co-precipitation method) [29]. In addition, Ballardini et al. showed an antibacterial
effect of Ga-doped HAp against P. aeruginosa and S. aureus. However, E. coli and C. albicans
showed higher resistance to Ga-doped HAp after 24 h [54]. Even though the final product
was Ga-doped-HAp, the synthesis methods used differed in the previous examples. These
important findings indicate that the synthesis method influences key properties of the
final material.

It is also important to test the biocompatibility of the produced material. In this study,
we observed different effects of Ga(NOj3)3-4.2H,0 and GaHAp paste or powder on cell
metabolic activity. Ga(NO3)3-4.2H,O has a strong acidic nature, which hydrolyzes in a
wide pH range of aqueous media. This process leads to the formation of hydroxylate
species, predominantly [Ga(OH)4]~ and hydronium ion (H30%) [55-57], leading to the
acidification of cell culture media. Indeed, we observed a change in medium color between
75 and 450 pg/mL Ga(NOj3)3-4.2H,0, indicating a decrease in pH, which results in cell
death. The results from the direct and indirect tests of GaHAp on human fibroblast show
the importance of evaluating the interactions between the new developed biomaterial and
cells. When the materials (GaHAp paste or powder) were not in direct contact with the
cells, we observed a higher metabolic activity in fibroblasts after 7 days. Presumably, the
ions released from GaHAp paste (Ga®* but also Ca®*) can stimulate cell growth. In the case
of pure HAp, cell viability was approximately 120%. It has already been reported that Ca*
ions promote bone formation and maturation [2]. From the literature, Pajor et al. observed
the toxic effect of GaHAp prepared with the dry method on the BALB/c 3T3 clone A31
mammalian cell line compared with the same material prepared with the wet method. In
the study, this coherence was explained with the solubility of the materials obtained with
different synthesis methods [42]. That was another confirmation that the material form and
the method used can have an influence on material—cell interactions.

5. Conclusions

Gallium-doped hydroxyapatite (GaHAp) was successfully obtained, and it showed
promising biological properties. The optimal Ga*>" doping rate of HAp ranges from 2 to
5.5 + 0.1 wt%, as it was shown from the analyses of the morphological properties and
biological activity. The addition of Ga to the synthesis media promoted the formation of
HAp with smaller particle sizes. GaHAp provided long-term gallium ion release with Ga
concentrations above 3.3 + 0.4 wt%. Additionally, GaHAp had a bacteriostatic effect on
multiple bacterial species, both Gram positive and Gram negative, without substantial
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toxicity towards human fibroblasts. The GaHAp samples showed superior inhibition of
P. aeruginosa compared with the other bacterial species, representing a material advantage
for the early-stage treatment of bone defect, as it prevents further bacterial growth and
could prevent the development of chronic and acute infection.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/jfb14020051/s1, Figure S1: Growth curves in the presence
of Ga(NO3)3-4.2H,0 at different concentrations of (A) E. coli, (B) S. epidermidis, and (C) S. pyogenes,
Figure S2: S. epidermidis growth curves in the presence of GaHAp paste at different concentrations,
Figure S3: S. pyogenes growth curves in the presence of GaHAp paste at different concentrations,
Figure S4: E. coli growth curves in the presence of GaHAp paste at different concentrations, Figure S5:
The minimal inhibitory concentration of Ga(NO3)3-4.2H,0 against 5 bacterial species, Figure S6:
Human fibroblasts (nTERT-BJ1) were exposed to GaHAp for the indirect test on day 3. PC—positive
control; scale bar—200 pm, Figure S7: The structural difference between Gram-negative and Gram-
positive bacteria (created using Biorender.com. accessed on 7 December 2022).
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Calcium phosphates (CaPs) are extensively used in the biomedical field for bone regeneration applications.
Hydroxyapatite (HAp), the main component of human bone, has been successfully used as a bone graft material.
Partial calcium (Ca) substitution with gallium (Ga) can influence HAp’s physicochemical properties and bio-
logical activity. In this study, Ga-doped Ca-deficient HAp (GaCDHAp) powders containing 1.6 + 0.1 and 3.3 +
0.4 wt% Ga were synthesized using wet chemical precipitation. Bioceramics were prepared from the synthesized
GaCDHAp powders using uniaxial compaction and sintering at temperatures between 600 and 1200 °C. The
quantitative phase composition and the Ga substitution in the HAp lattice were investigated by Rietveld refine-
ment. It was observed that the sintering of the GaCDHAp led to the formation of biphasic CaP bioceramics
composed of HAp and a-TCP. The secondary phase inhibited the densification, leading to a microporous structure
of GaHAp bioceramics. Structure refinement showed that Ga substituted Ca on the Cal site in the HAp lattice.

Keywords:
Hydroxyapatite
Gallium substitution
Sinterability
Bioceramics

Rietveld refinement

Charge balance was maintained by an additional partially occupied oxygen site in the structural channel.

1. Introduction

Calcium phosphate (CaP) bioceramics have been used in hard tissue
reconstruction since 1980 [1]. Hydroxyapatite (HAp) is a naturally
occurring CaP mineral and the main mineral component of human bone.
This similarity in composition confers HAp-based biomaterials osteo-
conductivity, allowing integration within bone tissues. Thus, for de-
cades, HAp-based biomaterials have been widely used for applications in
bone repair, replacement, and tissue engineering [1-4]. The range of
HAp-based materials is extensive and constantly expanding [5]. In the
case of HAp bioceramics, numerous factors, e.g., preparation and pro-
cessing methods, influence their performance. Moreover, HAp has the
capacity for ion exchange, and doping with different metal ions has
enhanced its biological properties [6-9]. These dopants affect the
physicochemical properties of HAp, which determine the possibilities of
processing and application of new materials [10]. Different ions, such as
magnesium (Mg), zinc (Zn), and strontium (Sr), promote the formation
of secondary phases during the sintering of HAp [11-13]. The secondary
phase in the form of tricalcium phosphate (TCP) can influence the

biodegradability of CaP bioceramics.

Among others, due to its compelling biological properties, gallium
(Ga) as a dopant has seen an increasing interest in the biomaterials field.
Ga compounds are currently investigated as effective antibacterial and
promising anticancer agents [14,15]. Ga®>* mimics iron (Fe>") in bio-
logical processes, thus disrupting iron-dependent processes in tumor
cells and bacteria, leading to cell death [16,17]. In the material science
field, multiple materials doped with Ga are being investigated, such as
bioglass [18], CaPs [19,20], and composites [19,20]. The study focuses
on Ga-containing CaPs (GaCaPs), which have shown promising results
against different bacteria [21-23]. Kurtjak et al. studied different for-
mulations of Ga-doped HAp (GaHAp) and revealed an antibacterial ef-
fect against Pseudomonas aeruginosa (P. aeruginosa) by the disc diffusion
method [24,25]. Pajor et al. showed antibacterial properties of Ga and
silver (Ag) functionalised HAp against Pseudomonas fluorescens
(P. fluorescens) by the disc diffusion method [9]. Shokri et al. studied the
synergy of Ga and Zn in HAp doping. By increasing the Ga concentra-
tion, they disclosed the enhanced antibacterial properties of Ga-doped
or Zn- and Ga-co-doped HAp (ZnGaHAp). The results show reduced
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cell viability of S. aureus from 48 % to 6 % and E. coli from 57 % to 18 %.
Additionally, by increasing the concentration of Ga, the viability of
human mesenchymal stem cells (hMSCs) decreased compared to that of
undoped HAp; however, it retained cell viability above 70 % [26].
GaCaP used as a coating for MgCa alloy reduced degradation of the alloy
and promoted the formation of new bone in sheep cranial defects [27].
Ngoc Huu et al. introduced a multifunctional biomaterial sintered at
1200 °C, where the HAp pellets were covered with liquid Ga and Ag
nanoparticles or their combination. In vivo findings indicate a significant
reduction of bacterial growth in the presence of HAp-Ag-GaNPs in the
infected cranial defects model [28].

The studies available in the literature on Ga doping mainly focus on
low-crystallinity (heat-treatment temperature does not exceed 100 °C)
HAp synthesized by various methods [9,22,23,26,29-32]. It has gener-
ally been observed that GaHAp has a characteristic hexagonal structure
and a decrease in crystallinity with increasing Ga concentration [9,22,
23,26,29-32]. Mellier et al. studied Ga>* influence on B-TCP ceramic
obtained at 1000 °C and observed a reduction in unit cell volume with
increasing Ga®' concentration [21]. However, there is a shortage of
information on the effect of Ga>" on the high-temperature behavior of
HAp (heat-processed above 600 °C). In this study, systematic and
complex analyses of coherence between Ga substitution and sintering
temperature of the HAp bioceramics were performed for the first time.

In our previous study, we evaluated the effect of Ga on the physi-
cochemical and biological characteristics of HAp nanoparticles (low
crystalline). The GaHAp with 2-8 wt% of Ga showed bacteriostatic
properties against P. aeruginosa and S. aureus. However, when the Ga
was above 4 wt%, the GaHAp showed a significant decrease in fibroblast
cell viability on day 7 [29]. Accordingly, the optimal doping level of Ga
was 2-4 wt%, which was used for doping the GaHAp bioceramics in this
study. Insight into how Ga alters crystallinity and structural character-
istics during sintering is crucial to expand the possibilities of using the
GaHAp in developing new biomaterials. For the first time, the in-depth
justification and the substitution behavior of Ga in the HAp crystal lat-
tice were explored to gain deeper insights into the properties of GaHAp
bioceramics.

2. Materials and methods
2.1. Synthesis of Ga-doped HAp powders

Ga-doped HAp (GaHAp) powders were synthesized using wet
chemical precipitation from calcium oxide (CaO, >98 %, Jost Chemical,
USA), orthophosphoric acid (H3POg4, 75 %, Latvijas kimija Ltd., Latvia),
and gallium nitrate hydrate (Ga(NO3)3-xH20, 99.9 % trace metal, Sigma-
Aldrich, USA) as described in Ref. [29]. To calculate the required amount
of Ga(NO3)3-xH30, the number of water molecules was determined
using an inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700X, USA). Thus, the Ga(NO3)3:9.95H,0 was used as a source of Ga>*
ions.

Synthesis was performed in the IKA EUROSTAR Power Control-Visc
P7 (Ika-Werke, Germany) synthesis reactor equipped with an anchor
stirrer, following the procedure below. First, the starting suspension,
0.44M Ca(OH),, was prepared by dispersing CaO in the deionized H,O
(Eq. (1)):

CaO + Hy0 — Ca(OH)2 (€]

The starting suspension was heated to 45 °C and this temperature
was maintained using a laboratory hot plate with an external tempera-
ture probe. Second, the Ga(NO3)3-9.95H,0 powder was added to the Ca
(OH); and stirred at 100 rpm for 5 min. The nominal Ga concentrations
in the synthesis were 2 wt% (2GaHAp) and 4 wt% (4GaHAp) of the
theoretical HAp yield. The sample series is designated according to the
nominal Ga concentration. Third, an aqueous solution of 2M H3PO4 was
added to the starting suspension at an addition rate of 1 mL/min using
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an automated dosing unit (TITRONIC® universal, Schott, Germany) until
the pH 6.70 + 0.05 was reached. The (Ca + Ga)/P molar ratio of the
reagents was 1.67 (for pure HAp, Ca/P molar ratio was 1.67). The molar
ratio was the same for all the synthesis series. Reaction occurs according
to Eq. (2):

(10-x)Ca(OH) + xGa(NO3)3-9.95H20 + 6H3PO4 — Cajg.xGax(-
PO,)6(OH)2.,Oy + 3xHNO3 + (18 + 7.95x)H,0 2)

where x = 0.3 (for 2GaHAp), 0.6 (for 4GaHAp), calculated, considering
that 2 and 4 wt% are the nominal amount of Ga from the total product
yield.

Obtained precipitates were aged in mother liquors at ambient tem-
perature overnight (approximately 20 h). After aging, the precipitates
were vacuum-filtered and washed with 1 L of deionized water. Filtered
precipitates were dried in an oven at 105 °C for 24 h. Dried precipitates
were crushed in a pestle to obtain a fine powder (bioceramic precursor
powder). The HAp synthesized without Ga(NO3)3-9.95H0 was used as
a reference (sample series designated as HAp). To ensure the repro-
ducibility of the syntheses, each composition was synthesized in
triplicate.

2.2. Preparation of the bioceramics

To prepare a bioceramic pellet, 0.5 g of the as-synthesized powder
was transferred to a cylindrical die of 13 mm diameter and compacted at
a uniaxial compression force of 100 MPa for 1 min. The compacted
pellets (disks) were sintered at 600, 700, 800, 900, 1000, 1100, and
1200 °C with a heating/cooling rate of 5 °C/min and a holding time of 1
h.

2.3. Physicochemical characterisation

2.3.1. X-ray diffraction analysis

The phase composition of the as-synthesized powders and the heat-
treated (600-1200 °C) powders was analyzed using X-ray diffractom-
etry (XRD, PANalytical, AERIS, The Netherlands). Before analysis, the
heated powders were ground in a mortar to remove aggregates that may
have formed due to temperature-induced sintering of the particles. XRD
patterns were recorded in a 26 range from 10 to 70°, with a step size of
0.0435°, using a Ni-filter and Cu Ka radiation at 40 kV and 15 mA.

The quantitative phase composition and Ga substitution in the HAp
structure were studied by Rietveld refinement with the software Profex
[33]. Structure models were taken from the ICDD PDF-4+ database
version 2023 [34] for hexagonal HAp (PDF# 01-074-0565), monoclinic
HAp (PDF# 01-076-0694), and a-TCP (PDF# 04-010-4348). For a-TCP,
the scale factor, cell parameters, and crystallite-size-related peak
broadening were refined. For HAp, the scale factor, cell parameters,
crystallite-size- and micro-strain-related peak broadening, and preferred
orientation were refined. The crystallite size was determined from
complete refinement of the full pattern using the crystallite size esti-
mation model implemented in Profex’s Rietveld refinement kernel BGMN
[35]. Unit cell volume was calculated using Eq. (3) for the hexagonal
structure and Eq. (4) for the monoclinic structure [35]:

2
ve V3aZc @)
2
where a, ¢ — unit cell parameters
V=abcsiny @

where a, b, ¢ — unit cell parameters, y - monoclinic angle.

To locate Ga substitution in the HAp crystal lattice, a complete
structure refinement of the 4GaHAp heat-treated at 1100 °C was per-
formed, including refinement of Ca site occupancy factors, fractional
coordinates, and thermal displacement parameters. This dataset was
selected based on its high Ga substitution and processing temperature,
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Table 1
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Designation of the sample series, Ga concentration measured using ICP-MS (NM - not measured), and Rietveld refinement results of phase composition (errors of phase

quantities represent standard deviations of triplicate measurements).

Sample Nominal Ga conc., wt Measured Ga conc., wt Heat treatment temp., HAp, % o-TCP, % HAp crystallite size, o-TCP crystallite size,
series % % °C nm nm
HAp 0 - as-synthesized 100 0 16.5 + 1.3 (1,0,0) -
47.0 = 5.5 (0,0,1)
- 800 100 0 77 £ 4 -
- 900 100 0 100 =3 -
- 1000 99.6 &+ 0.4 £0.5 154 + 15 NM
0.5
- 1100 99.3 + 0.7 £0.8 247 £ 22 NM
0.8
- 1200 99.2 + 0.8+1.4 264 + 27 NM
1.4
2GaHAp 2 1.6 £0.1 as-synthesized 100 0 11.0 £ 0.3 (1,0,0) -
30.5 £+ 0.2 (0,0,1)
NM 800 100 0 371 -
NM 900 90.1 &+ 9.9 £33 69 =2 -
3.3
NM 1000 84.4 + 15.6 £ 85+ 0 145 +17
1.7 1.7
NM 1100 80.1 + 199 + 112+ 6 136 + 14
1.5 1.5
NM 1200 72.3 + 27.7 + 175 + 32 148 + 22
7.2 7.2
4GaHAp 4 3.3+0.4 as-synthesized 100 0 9.3 + 0.2 (1,0,0) -
25.6 + 0.3 (0,0,1)
3.6 0.4 800 100 0 32+4 -
3.6 0.4 900 87.0 & 13.0 £ 62+ 6 -
5.5 5.5
NM 1000 82.1 &+ 17.9 £ 85+ 0 145 + 23
4.5 4.5
37+04 1100 72.8 + 272+ 97 £5 122 + 4
4.3 4.3
NM 1200 70.1 + 29.9 &+ 150 & 30 136 £+ 25
7.2 7.2

allowing for a relatively reliable structure refinement. Difference Fourier
maps of the refined structure were created with the Electron Density
Map module in Profex.

2.3.2. Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) (7700X,
Agilent, USA) was used to measure Ga concentration. The powders were
dissolved in deionized HoO (Synergy 185, Millipore, MA, USA) and high-
purity HNO3 (65 %, ChemLab, Belgium) solution for at least 20 min at
room temperature. Then, suspensions were microwaved at 150 °C for 30
min (heating rate 5 'C/min) to facilitate the complete dissolution of the
solid particles. The obtained solutions were cooled and filtered through
a filter with a pore size of 12-15 pm to eliminate solid phase impurities.

2.3.3. Fourier transformation infrared spectroscopy

The functional groups of the as-synthesized powders and the heat-
treated (600-1200 °C) powders were analyzed using Fourier transform
infrared spectroscopy (FTIR, Thermo Fisher Scientific, USA). Before
analysis, the heated powders were ground in a mortar to remove ag-
gregates that may have formed due to temperature-induced sintering of
the particles. Spectra were recorded in attenuated total reflectance
(ATR) mode. Spectra were obtained at a resolution of 4 em™! over a
range of wavenumbers from 400 cm ™! to 4000 cm ™!, by co-adding 64
scans. Before every measurement, a background spectrum was taken and
subtracted from the sample spectrum.

2.3.4. Thermal analysis

The thermal properties of the as-synthesized powders were deter-
mined with thermogravimetric analysis (TGA) (TGA/DSC 3+, Mettler
Toledo, Switzerland). Approximately 10 mg of the sample was placed
into an alumina crucible and heated to 1200 °C at 10 °C/min under an
airflow of 10 mL/min.

2.3.5. Scanning electron microscopy and energy dispersive X-ray analysis

The surface morphology of the GaHAp bioceramics pellets was
analyzed using a high-resolution field emission scanning electron mi-
croscope (FE-SEM/STEM, Verios 5 UC, Thermo Fisher). SEM imaging was
performed at an accelerating voltage of 2 kV, utilizing through-lens and
Everhart-Thornley detectors to capture detailed surface features. A low
beam current and vector scanning mode were employed to minimize
charging effects and potential sample damage, with a dwell time of 50
ns. Before imaging, the samples were coated with a 10 nm carbon layer
(calculated for a completely flat Si wafer surface) using a LEICA EM ACE
200 coater. Other processing of the bioceramics pellet samples was not
done. The carbon coating thickness was doubled for energy-dispersive X-
ray spectroscopy (EDX) analysis. EDX was performed at 20 kV and 1.6
nA using an Oxford Instruments X-Max 150 detector.

2.3.6. Density measurement by Archimedes’ method and bulk density

The apparent density and open porosity of sintered bioceramics were
determined using the Archimedes principle and a density determination
kit (YDK 01, Sartorius AG, Germany). First, the samples were weighed
and transferred to a vessel for impregnation with water. Then, the
vacuum was applied (the air was pumped out from the vessel using a
vacuum pump) for 30 min. Samples were poured with water under
vacuum and impregnated for 30 min following increased pressure in the
chamber, reaching atmospheric pressure. Afterwards, the samples were
transferred to the density determination kit and weighed in water and
air. The apparent density (da) was calculated using Eq. (5):

_ mg* Pliquid

dy=—""", (5)
m; —my

where mg - a mass of the dry sample (g), piiquid - a density of water (g/
cm®), m; - a mass of the water-impregnated sample in the air (g), mz - a
mass of the water-impregnated sample in water (g).
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Fig. 1. XRD patterns of the A — Ga-free HAp, B — 2GaHAp, C — 4GaHAp powders heat-treated at temperatures ranging from 600 to 1200 °C, D — XRD patterns at
35-40° 2Theta range of the HAp and 4GaHAp powders heat-treated at 1100 °C, revealing maxima of monoclinic structure (Iops — observed intensity, Icac — calcu-

lated intensity).

The open porosity (Pg,) was calculated using Eq. (6):

m; —m,
Pop = 1 100, 6)

—m,
where my - the mass of the dry sample (g), m; - the mass of the water-
impregnated sample in the air (g), mz - the mass of the water-
impregnated sample in water (g). The bulk density of the green bodies
(po) and sintered bioceramics (p) was calculated by dividing the sample
mass by its bulk volume (Vpy). The bulk volume was calculated using
Eq. (7):
nd*h

4

Voure = ) @)
where d and h are the average diameter and height of the sample,
respectively, measured using a digital caliper for five samples.

The shrinkage (Sh) of the bioceramics after sintering was determined
using Eq. (8):
dy —dg,
4 100,

a

Sh= (€]

where dj, and d, are the sample diameters before and after heat treat-
ment, respectively.

3. Results
3.1. Chemical and phase composition

The measured Ga concentrations of the as-synthesized powders are
summarized in Table 1. The measured Ga concentrations were close to
the theoretically planned or nominal ones. ICP-MS (see 4GaHAp in
Table 1) and EDX (Supplementary material, Table S1) analysis
confirmed that Ga concentration in the samples does not change after
heat treatment.

The phase composition of the HAp and the GaHAp before and after
heat treatment at temperatures ranging from 600 to 1200 °C is shown in
XRD patterns (Fig. 1(A-C)). Relatively broad and merged XRD diffrac-
tion maxima characteristic of the hexagonal HAp phase (PDF# 01-074-
0565) indicated low crystallinity of the as-synthesized powders.
Furthermore, with increasing Ga concentration, the crystallinity of HAp
decreased with temperature increase, as indicated by the broadening of
the characteristic XRD diffraction maxima, especially the triplet of
(2,1,1), (1,1,2), and (8,0,0) between 30 and 35° 2Theta. The XRD
diffraction reveals the formation of a secondary phase that corresponds
to the a-TCP phase (PDF# 04-010-4348). In addition, the content of the
secondary phase increased with increasing Ga concentration (Fig. 1
(A-C), Table 1).

The crystallite size of HAp is displayed in Table 1. The (0,0,1)
diffraction maxima of the as-synthesized powders were less affected by
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Table 2

Cell parameters (a, b, c), cell volume (V) of HAp and a-TCP, and crystallite size of «-TCP from complete Rietveld refinement of full structure (errors represent standard deviations of triplicate measurements).

a-TCP

HAp

Unit cell V, A3

Unit cell V, A3

¢ A

a A

Sample

Heat treatment temp. °C

530.398 + 0.181

6.887 + 0.002
6.902 + 0.002
6.904 + 0.002
6.886 + 0.000
6.907 + 0.001
6.925 + 0.001
6.887 + 0.001
6.919 + 0.018
6.936 + 0.007

18.775 + 0.149

9.430 + 0.002
9.433 + 0.001
9.433 + 0.001
9.427 + 0.001
9.431 + 0.002
9.431 + 0.000
9.427 + 0.002
9.430 + 0.001
9.432 + 0.001

HAp

1000

27.311 + 0.002 15.237 + 0.001 4330.196 + 0.847
15.238 + 0.001

27.311 + 0.005

12.890 =+ 0.000
12.8904 + 0.006

531.892 + 0.264

2GaHAp
4GaHap
HAp

4330.325 + 0.808

532.081 + 0.345

529.943 + 0.047

18.854 + 0.001

1100

27.306 + 0.003 15.266 + 0.005 4337.146 + 14.606
15.231 + 0.001

27.305 + 0.000

12.891 + 0.006
12.884 + 0.000

532.049 + 0.376

2GaHAp
4GaHAp

HAp

4324.93 + 0.465

533.387 + 0.097

529.956 + 0.150

18.852 + 0.002

1200

4424.457 + 89.498
4326.896 + 0.871

27.645 + 0.586 15.231 + 0.003
15.232 + 0.001

27.313 + 0.004

12.887 + 0.005
12.886 + 0.001

532.812 + 1.399

2GaHAp
4GaHAp

534.387 + 0.617
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Fig. 2. Refined unit cell volume of the HAp and GaHAp bioceramic heat-
treated at 1000, 1100, and 1200 °C as a function of the nominal Ga concen-
tration. The volumes of the monoclinic HAp phase at 0 wt% Ga were divided by
2 to represent a domain equivalent to the hexagonal unit cell.

broadening than all other diffraction maxima, hence requiring refine-
ment of anisotropic crystallite sizes. Datasets of the heat-treated samples
were refined with isotropic crystallite sizes. Crystallite size decreased
with increasing Ga concentration, and at the highest temperatures
(1000-1200 °C), crystallite size was approximately 1.5 times smaller
compared to HAp.

Cell parameters (a, b, c), cell volume (V) of HAp and «-TCP heat-
treated above 1000 °C are displayed in Table 2. In the literature, re-
ported values of hexagonal HAp are a = b = 9.432 A, c=6.881 A [36],
and of monoclinic HAp - a = 9.4214 A b= 2a, ¢ = 6.8814 A [36].
Accordingly, our results showed that the unit cell parameter ¢ and the
volume of the unit cell of HAp increased with increasing Ga concen-
tration (Fig. 2), suggesting that Ga>* ions were incorporated into the
HAp crystal lattice.

The unit cell parameter of a-TCP, shown in Table 2, was not affected
by Ga®" substitution and is within the range reported in the literature.
Unit cell parameters of a-TCP are reported to be a = 12.881 A b=
27.290 A, ¢ = 15.221 A by Stahl et al. [37], a = 12.859 A, b = 27.354 A, ¢
=15.222 A by Tronco et al. [38], and a = 12.859 A, b = 27.354 A, ¢ =
15.222 A by Yashima et al. [39]. The calculated unit cell volume from
cell parameters of the a-TCP formed as a secondary phase was higher
than reported in the literature, namely, 4310.59 ;\3, by Yashima et al.
[40]. However, it was uncertain to conclude Ga’s influence on the a-TCP
structure as the phase had a weak diffraction maximum.

3.1.1. Theoretical Ga substitution in the HAp structure

XRD datasets of the HAp heat-treated at 900, 1000, 1100, and
1200 °C showed monoclinic apatite diffraction maxima at 2Theta be-
tween 35.5 and 40° (Fig. 1(D)). These additional weak diffraction
maxima, indicating a lowering of the symmetry from hexagonal to
monoclinic, could not be identified in the XRD datasets of the 2GaHAp
and the 4GaHAp heat-treated at the same temperatures, either due to
hexagonal symmetry or due to overlap with the secondary a-TCP phase.
Hence, a monoclinic HAp structure template was used for Rietveld
refinement of the HAp datasets. In contrast, the hexagonal structure
template was used for all datasets of the 2GaHAp and 4GaHAp at
800-1200 °C, and for the as-synthesized datasets. Structure refinement
of the hexagonal HAp phase in the dataset 4GaHAp heat-treated at
1100 °C with a Ga-free hexagonal structure model showed residual
unfitted electron densities at the Cal position in Fgpg-Feale Fourier
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Fig. 3. Fops-Fealc Fourier synthesis maps at z = 0.0 of the 4GaHAp sintered at 1100 °C, refined A — without and B — with the substitution model for Ga. The model is
depicted schematically in C. “O” marks the additional oxygen ion compensating the charge imbalance introduced by Ga incorporation on “Cal”.

synthesis maps (Fig. 3(A)). In addition, excess electron densities were
also found in the channel along the c-axis hosting the OH™ groups (Fig. 3
(A)).

From these signals, we derived a model for the substitution of Ga in
the HAp structure. Ga®>" ions substitute for Ca?* ions on the Cal site,
thus introducing an additional positive charge. The charge imbalance is
compensated by an additional anion site located in the channel at x =
0.131, y = 0.000, z = 0.988, represented in our refinement model by an
additional O~ ion. This uptake of additional ions can explain the unit
cell volume expansion in the HAp structure due to the Ga addition.
Refining this model with the 4GaHAp heat-treated at 1100 °C reduced
residual electron densities in the Fops-Fcalc Fourier synthesis map (Fig. 3
(B)). The substitution model for the hexagonal HAp structure is sche-
matically shown in Fig. 3(C). The refined Ga®" content on the Cal site
increased with increasing nominal Ga concentration. However, the
presence of o-TCP diminished the resolution of the HAp diffraction
signal. Hence, the quantification of Ga substitution by Rietveld refine-
ment was not considered reliable.

3.2. Functional groups

The functional groups of the HAp and the GaHAp before and after
sintering at temperatures ranging from 600 to 1200 °C were analyzed
using ATR-FTIR spectra (Fig. 4).

The as-synthesized powders exhibited absorbance bands at 570-580
em™! attributed to the bending vibrations (v4) of PO;  and bands
centered at 900-1100 cm ™! derived from the symmetric and asymmetric
stretching vibrations (v; and v3) of PO%’. Bands at 631 cm ™! corre-
sponded to the librational mode (v) of the hydroxyl OH™ groups [41].
Low-intensity absorbance bands were detected at approximately 1418
em™! and 879 cm™}, attributed to CO%3~ and HPOZ~ groups [42]. The
presence of CO3~ bands was due to a partial carbonation process of the
synthesis products, due to the atmospheric CO; [43]. Substituting
HPOZ~ for PO3 ™ acts as a charge compensation mechanism for the

cationic deficiency. CO3~ and HPO3~ absorbance bands disappeared
after heat treatment [42]. The ATR-FTIR data correlated with the XRD
data and confirmed the formation of a biphasic mixture of HAp and
a-TCP after heat treatment of the 2GaHAp and the 4GaHAp (Fig. 4(B and
C)). The difference with heat treatment appeared in the wavenumber
region from 900 to 1100 cm™!, where more significant distortion
occurred as the heat treatment temperature increased (Fig. 4(A)). The
absorbance bands characteristic of the a-TCP phase were detected after
heat treatment at temperatures above 800 °C. Namely, the a-TCP POz~
groups’ absorbance bands at 900-1000 cm™! due to the
triple-degenerate asymmetric stretching vs, at 940-980 cm ™! due to the
symmetric stretching v;, and at 400-500 em ™! and 550-600 cm ™! due to
the double and triple-degenerate bending v and v4 [44] were detected
as “shoulders” which became more pronounced as the heat treatment
temperature increased. In addition, an increase in a-TCP content pro-
moted the decrease of OH™ groups’ absorbance at ~3600 cm ™. More-
over, in the case of the 2GaHAp and the 4GaHAp heat-treated above
1000 °C, additional peaks at 502, 734, and 928 em™! were detected.
Their intensity increased with increasing Ga concentration (Fig. 4(D)).
Nevertheless, concluding whether new functional groups are created is
challenging because various phases and impurities have functional
group bands overlapping in the same spectral region. Nonetheless, the
presumed peaks might be ascribed to the possible formation of Ga-O
bonds. Based on the literature, Gay03 heat-treated at 1000 °C contains
bands (duplicates) in the region 400-850 cm ™! [45], and it corresponds
to the region of formation of new groups in our study.

3.3. Thermal analysis

Thermal analysis was performed on the as-synthesized HAp,
2GaHAp, and 4GaHAp powders (Fig. 5). The region up to 300 °C cor-
responds to the dehydration of the samples [46]. The peaks around 50 °C
were observed on the DTG curves. According to Refs. [47-49], in the
temperature range 50-80 °C, desorption of surface adsorbed water
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Fig. 4. ATR-FTIR spectra of the A - HAp, B — 2GaHAp, and C - 4GaHAp powders heat-treated at temperatures ranging from 600 to 1200 °C, D - revealing new
functional group peaks (marked with red lines) for the samples heat-treated at 1000, 1100, and 1200 °C. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

0
szzzes OO
2
* —
7] 7]
(*] | 7]
s TER 0.02 g
(7]
© [}
= 921" N =
7 ———__2GaHAp g
904 4GaHAp 8
- . y -0.04
30 400 800 1200
Temperature [°C]
Fig. 5. Thermal analysis of the as-synthesized HAp, 2GaHAp, and

4GaHAp powders.

molecules occurs. In the HAp case, the surface adsorbed water loss
resulted in a 1.5 % mass loss, 2GaHAp - 2.1 %, and 4GaHAp - 3.4 %. In
turn, the peak shoulder from 80 to 300 °C is related to the water loss
from the lattice, chemically bound water inside the pores, or chem-
isorbed water [50]. This accounted for a mass loss of 3.0 % in the case of
HAp, 3.4 % — 2GaHAp, and 3.3 % — 4GaHAp. The temperature region
400-1100 °C corresponds to various thermal events related to crystal-
lization and structural stabilization processes.

According to Tonsuaadu et al., at ~900 °C, dehydroxylation of the
HAp phase occurs [46]. The emergence of the additional peak in DTG at
~600 °C for the GaHAp samples can be associated with phase trans-
formation during heat treatment and dihydroxylation that started at a
lower temperature. The addition of Ga inhibited crystal growth, leading
to the formation of the material with lower crystallinity and promoting
the formation of the amorphous phase. It is suggested that at 600 °C, the
amorphous part transforms to a more stable CaP. Furthermore, the
quantity of the amorphous/low-crystalline phase increased as the Ga
content increased, resulting in a higher mass loss of the GaHAp
compared to pure HAp. The amorphous phase introduced extra water
molecules to the structure due to the presence of a hydrated layer. The
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Fig. 6. A —apparent density, B — bulk density, C — open porosity by Archimedes’ principle, and D — shrinkage of the HAp and GaHAp bioceramic pellets after sintering

at 600 °C, 800 °C, 1000 °C, and 1200 °C.

totals mass loss at 1200 °C for HAp was 6.6 =+ 0.4 %, for 2GaHAp - 9.3 +
0.6 % and for 4GaHAp - 9.8 + 0.3 %.

3.4. Density

Apparent density, open porosity, shrinkage, and bulk density of the
HAp and GaHAp bioceramics sintered at 600, 800, 1000, and 1200 °C
were determined and summarized in Fig. 6.

After sintering at 1100 and 1200 °C, the apparent density (Fig. 6(A))
and bulk density (Fig. 6(B)) of the 2GaHAp and 4GaHAp bioceramics
were half that of the HAp bioceramics. The open porosity (Fig. 6(C)) was
approximately 50 % higher than that of the HAp bioceramics. The
shrinkage of the GaHAp bioceramics compared to the HAp was reduced
by ~80 % (Fig. 6(D)). The densification process is affected by Ga’s
impact on crystal growth. Moreover, the formation of a secondary phase
in the form of o-TCP significantly decreased densification.

3.5. Microstructure

SEM images confirmed the results of the density measurements,
revealing significant differences between the HAp and GaHAp bio-
ceramics microstructures sintered at different temperatures (Fig. 7).

At 600 (Fig. 7(A-C) and 800 °C (Fig. 7(D-F), a substantial difference
in microporosity and grain sizes was not observed. Increasing the sin-
tering temperature above 800 °C, i.e., to 1000 °C (Fig. 7(G-1), 1100 °C
(Fig. 7(J-L), 1200 °C (Fig. 7(M—0), led to an increase in grain sizes for
both the HAp and GaHAp bioceramics. However, Ga promoted the for-
mation of smaller grains and inhibited the densification of HAp
regardless of the sintering temperature. As the sintering temperature
exceeded 1000 °C, a compact structure consisting of individual

hexagonal grains was observed in the case of the HAp bioceramics
(Fig. 7(J-M)). At 1100 °C, the 2GaHAp (Fig. 7(K) and 4GaHAp (Fig. 7
(L)) bioceramics had longitudinal-shaped grains. This is associated with
grain growth in the c-direction. Formation of characteristic hexagonal
grains was observed for the GaHAp bioceramics (Fig. 7(N and O) sin-
tered at 1200 °C.

4. Discussion

In the present study, sintering of the GaHAp precursors, i.e., HAp
doping with Ga, led to the formation of biphasic CaP bioceramic
composed of HAp and a-TCP phases. The refined a-TCP quantities in the
Ga-free samples remained below their standard deviations and were
thus considered to be below the detection limits. The presence of a-TCP
in Ga-doped samples suggests that the Ca/P molar ratio of the synthesis
products was less than for stoichiometric HAp, ie., <1.67. Thus, the
syntheses products were CDHAp with chemical formula Cajg.xyGay.
y(HPO4),(PO4)6.,(OH)2.x,Oy.y, Where x = 0.3 (for 2GaHAp), 0.6 (for
4GaHAp), and y = 10-6*Ca/Pexperimental- EXxperimental Ca/P was calcu-
lated from the relative proportion of the phases in heat-treated samples
following the proposed procedure by Raynaud et al. [51]. For example,
for the sample 2GaHAp at 1100 °C with a composition of 80.1 % HAp
and 19.9 % o-TCP, y = 0.211, and 4GaHAp at 1100 °C with a compo-
sition of 72.8 % HAp and 27.2 % o-TCP, y = 0.287.

The a-TCP formed above 800 °C, and its ratio in the biphasic mixture
increased with increasing Ga concentration. According to the literature,
the stability of «-TCP is in the range of 1120-1430 °C and up to 1120 °C
as a primary phase forms p-TCP, which then transforms to o-TCP [52,
53]. We observed that o-TCP formed at lower temperatures, ie., at
900 °C. Martinez et al. have reported that low-temperature «-TCP
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Fig. 7. SEM microphotographs of the A — HAp, B - 2GaHAp, and C - 4GaHAp bioceramic pellets sintered at 600 °C, D —- HAp, E — 2GaHAp, F — 4GaHAp bioceramic
pellets sintered at 800 °C, G — HAp, H - 2GaHAp, and I - 4GaHAp bioceramic pellets sintered at 1000 °C, J — HAp, K - 2GaHAp, L — 4GaHAp bioceramic pellets
sintered at 1100 °C; M — HAp, N - 2GaHAp, and O - 4GaHAp bioceramic pellets sintered at 1200 °C. Scale bar — 500 nm.

(LT-a-TCP) can be obtained at 650 °C from amorphous CaP (ACP) with
Ca/P molar ratio of 1.5 [54]. However, they also observed that LT-a-TCP
gradually transforms to the -TCP phase at temperatures above 650 °C.
Moreover, Sinusaite et al. have suggested that the phase transformations
between TCP polymorphs depend on the size and concentration of
dopants in the ACP [55]. In our research, both the reduced Ca/P
(resulting product is GaCDHAp) and the co-existence of an amorphous
phase (reduction in crystallinity due to Ga addition) can promote the
development of the a-form. Additionally, a low amount of impurities in
the raw material (CaO) can further affect the physicochemical proper-
ties, including the thermal stability of CaP phases [56]. It is known that

magnesium (Mg) has been shown to stimulate the formation of 3-TCP at
lower temperatures and increase the p—a transition temperature [46,
55]. As in the present work, the CaO used has a low concentration of Mg,
which can also lead to the formation of a-TCP as a secondary phase.
Nevertheless, due to the low intensity of secondary phases maxima, it is
amiss to evaluate gallium intrusion into the TCP structure. Regarding
the Ga effect, the structure refinement of the hexagonal HAp showed Ga
incorporation into the Cal site in the HAp structure, leading to
decreased crystallinity and, thus, disruption of the crystal lattice.

The presence of a secondary phase (TCP) can potentially improve the
biodegradability of HAp bioceramics. Namely, the presence of more
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soluble TCP could enhance the solubility of bioceramics, providing su-
perior ion release and bioactivity [57]. Bioceramics becoming more
reactive in biological environments can lead to enhanced formation of a
biological apatite on the surface, promoting biomaterial’s integration in
bone tissues [58].

The observed preference of Ga to enter the HAp lattice structure is
consistent with Zhu et al.’s proposed explanation that the ions with a
smaller ionic radius than Ca tend to occupy the Ca(1) position [59].
Some authors have mentioned that Ga replaces Ca in the HAp lattice
structure [60]. However, the specific position of Ga in the HAp crystal
lattice was not determined. Pereira Rocha et al. proposed that Ga not
only replaces Ca but is present in the hydrated or amorphous surface
layer of HAp [31]. Poorly crystalline or nanocrystalline HAp was
analyzed in the abovementioned studies. Meanwhile, heat-treated HAp
was examined in our study, and during sintering, amorphous surface
atoms become part of the ordered lattice. Substitution of smaller cations
for Ca?* in calcium phosphate phases often leads to a shrinkage of the
unit cell volume, as was reported for Mg?" substitution in HAp [61] and
B-TCP [62]. In the case of Ga®* substitution, we observed an opposite
trend despite the substantially smaller ionic radius of V'Ga®" = 0.760 nm
versus V'Ca®* = 1.14 nm [63]. A similar observation was reported by
Makshakova et al. for Fe3* substitution in HAp [64]. The unit cell
expansion with increasing Ga concentration is most likely related to the
incorporation of oxygen ions (0% into the channel, replacing the hy-
droxyl ions (OH™), to compensate for the additional positive charge
introduced by Ga®*.

The addition of Ga significantly influenced the sinterability of the
HAp bioceramic at temperatures above 800 °C. According to Moham-
madi et al., a lower Ca/P molar ratio (<1.67) resulted in abnormal grain
refinement consisting of a few coarse particles surrounded by finer
grains. The authors attributed this unusual grain formation to the
nucleation and growth of secondary phase crystals and further forma-
tions of different CaP phases [65]. In our study, the GaHAp bioceramics
exhibited a similar microstructure (Fig. 7). Accordingly, the formation of
micropores in the GaHAp bioceramics could be attributed to the for-
mation of biphasic mixtures, where the secondary phase inhibits
densification. It is related to the Zener pinning, where in the interme-
diate temperature during heat treatment, CDHAp transforms to the
a-TCP and acts as a pinning agent, HAp remains as the matrix, and
secondary phase forms dispersed particles at grain boundaries and in-
hibits grain growth [66]. Thus, in the case of the GaHAp, to obtain a
denser bioceramic, higher sintering temperature and longer sintering
time are required. This was supported by the increased density of the
GaHAp bioceramics sintered at 1200 °C compared to lower tempera-
tures. However, we can benefit from the microporous structure of
biphasic GaCaP ceramics. Based on Trzaskowska et al. HAp sintered
above 900 °C has low porosity, specific surface area (SSA), and bioac-
tivity, and is not biodegradable [57]. Meanwhile, the presence of mi-
cropores increases SSA, affecting bioactivity and the ability to absorb
liquids and adsorb proteins. The presence of macropores creates a sur-
face essential for cell adhesion, proliferation, and tissue ingrowth [53].

5. Conclusions

The study presents the effect of gallium in a concentration up to 3.3
+ 0.4 wt% on the thermal stability of hydroxyapatite. Gallium affected
the properties of the synthesized precursor powders. Hence, the as-
synthesized powders contained calcium-deficient hydroxyapatite and
amorphous phases, which led to the formation of biphasic calcium
phosphates (mixture of hydroxyapatite and o-tricalcium phosphate)
during sintering. Thus, doping of hydroxyapatite with gallium affected
the phase composition and microstructure of the bioceramic after sin-
tering. The secondary phase, o-tricalcium phosphate, was formed at
900 °C and above, and its content increased with increasing gallium
concentration. The formation of the secondary phase during sintering
significantly affected the microstructure of the obtained bioceramics.
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The microporous structure of the gallium-doped bioceramics was
observed even at high sintering temperatures. Gallium-doped bio-
ceramics had a density twice as low as that of pure hydroxyapatite
bioceramics after sintering at 1200 °C. After sintering at 1200 °C, the
porosity of gallium-doped bioceramics was 40.4 + 3.7 % (2GaHAp) and
48.6 + 2.5 % (4GaHAp), while for pure hydroxyapatite bioceramics it
was only 1.1 + 0.6 %. From full Rietveld refinement, we have created a
theoretical substitutional model for gallium-doped hydroxyapatite.
Incorporating gallium in the hydroxyapatite lattice occurs in the Cal
position and introduces an additional positive charge. An additional
anion site located in the OH channel is introduced to compensate for
charge balance, expanding the hydroxyapatite unit cell volume.
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