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LIST OF ABBREVIATIONS

ACP —amorphous calcium phosphate

BET — Brunauer—Emmett-Teller method

CaP — calcium phosphate

CDHAp - calcium-deficient hydroxyapatite

DI — deionized

DMEM - Dulbecco's modified Eagle's medium

DSC — differential scanning calorimetry

FTIR — Fourier transform infrared spectroscopy

GaACP — gallium containing amorphous calcium phosphate
GaCaP - gallium containing calcium phosphate

GaHAp — gallium containing hydroxyapatite

HAp — hydroxyapatite

hTERT BJ1 — telomerase-immortalised human foreskin fibroblasts
ICDD - International Centre for Diffraction Data

ODx — optical density (x — the wavelength at which the OD was measured, nm)
PBS — phosphate buffer saline

SCI — Science Citation Index

SEM/STEM - scanning electron microscopy/scanning transmission electron microscopy
SSA — specific surface area

TCP (0, B) — tricalcium phosphate (o, B)

TGA — thermogravimetric analysis

TSB — tryptic soy broth

XRD - X-ray diffraction



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 (>2cm [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
Ca10(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



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
ions 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 Fe3* 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.
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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 Ga3* 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 VVolume 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., Dobelin, 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 P.aeruginosa 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., Loc¢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., Locs, 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 p-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/ma15041306.

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. A, 2025, 720, 137114.
https://doi.org/10.1016/j.colsurfa.2025.137114.

4. Sceglovs, A., Siverino, C., Skadins, I., 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
CaCl2-2H20), Ga** (from Ga(NO3)3-9.5H20), and PO4* (from HsPQs) ions, reaching pH
10.3 £ 0.2. To achieve different Ga contents in the synthesis products, various amounts of
Ga(NO3)3-9.5H20 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 SI 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° 20, 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 SSAger (Table 1), which correlates with
available data in the literature [60].

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

NG Measured Ga SSABET deet

Sl Ga[v\cr(t)(;: f "t content [wt%)] [m?/g] [g/gm3] [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+£0.1 163+1 2.47 £ 0.02 15+1
12GaACP 12 22+0.1 165+ 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/ | o-TCP/HAp/
600 a-TCP/HAp B-TCP B-TCP HAp/B-TCP HAp/a-TCP
700 B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/HAp/ | B-TCP/o-TCP/ | B-TCP/a-TCP/
HAp HAp a-TCP/ HAp HAp
go0 | @“TCP/B-TCP/ | a-TCP/B- B-TCP/o-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 HAD TCP/HAp TCP/ p-TCP/HAD
1000 B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/a-TCP/ | B-TCP/0-TCP/ | B-TCP/a-TCP/
HAp HAp HAp HAp HAp
B-TCP/a-TCP/ | R B-TCP/a-TCP/ R R
1100 HAp B-TCP/a-TCP HAD B-TCP/HAp B-TCP/HAp
1200 | o-TCP/B-TCP | a-TCP/B-TCP | B-TCP/a-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 H20), 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.0, DMEM
(Fig. 5 B-F), and TSB. In DMEM, the stability of the ACP increased gradually with the Ga
content. DMEM was buffered with NaHCOg, 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 ODs20-0_n (Starting time = 0 h) from the measured ODs20-x_h 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 (Ca0), gallium nitrate hydrate (Ga(NOs)3'9.5H20) and phosphoric acid (HsPO4).
2M HsPOs 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 SSAset
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
(ODs0o) 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
(2 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 ("nTERT 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,
2mg/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 Ga*
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).

A 160 “‘
140 7
— ///A PC
2120 P
= [ IHap
2100 = &
= 2GaHA|
2 g 4
= 604 [ 4GaHAp
)
© a0 I 6.3GaHAp
20 I 8GaHAp
0- . :
1 3 7

Time [day]|

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 um.
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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' PO4s*>-, OH-, COs*,

and HPO42 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 1000 °C, 1100 °C and 1200 °C.

Due to cationic deficiency, charge compensation was maintained by substituting HPO4>
for PO+*>. Absorbance bands of COs* 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, Ga2O3 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; Fobs—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 Fobs—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 Ga®* 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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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 H20 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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