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1 Introduction 

Hydroxyapatite is a calcium phosphate bioceramic that constitutes the mineral 
component of natural bone. Due to its mechanical strength, particularly under 
compressive loads, and its excellent osteoconductive and osteointegrative properties, 
hydroxyapatite is widely used in medicine and dentistry, including in bone grafts, implant 
coatings, and scaffolds for regenerative therapies [1,2]. Beyond its functional role, 
hydroxyapatite serves as a key marker of successful bone mineralisation in tissue models 
[3,4]. Accurate visualisation and quantification of hydroxyapatite are therefore critical for 
evaluating the performance of biomaterials in vitro, allowing assessment of whether 
mineralisation has occurred, where the mineral has deposited, and how mature or 
organised the mineral phase is. 

This need is heightened by the global public health burden of bone fractures, particularly 
among individuals with osteoporosis and low bone mass, which significantly reduce 
quality of life, impede return to work, and often lead to social isolation, imposing 
substantial economic and social costs [5,6]. Consequently, there is a clear requirement 
for a cost-effective, fast, and reliable method to visualise and quantify hydroxyapatite in 
vitro, enabling more efficient testing of biomaterials, drugs, and disease mechanisms [7]. 

A wide range of methods is currently employed to visualise and quantify hydroxyapatite 
in vitro, each with specific advantages and limitations. Alizarin Red S (ARS) and Von Kossa 
staining are commonly used to visualise and semi-quantify mineral deposition, with ARS 
binding to calcium and Von Kossa to phosphate specifically. However, neither stain binds 
specifically to hydroxyapatite [8–11]. Furthermore, mineralised nodules only form after 
~21 days of culture in osteogenic media, meaning these stains can only detect late-stage 
mineralisation and not earlier osteogenic events. Commercial assays are available to 
quantify total calcium and phosphorus concentrations within bone nodules, indirectly 
assessing bone formation. Nevertheless, calcium and phosphorus in cells, culture media, 
and bioactive glasses may introduce background signals that confound accurate 
interpretation [9,10,12,13]. Scanning electron microscopy (SEM) combined with energy-
dispersive X-ray spectroscopy (EDX) allows high-resolution imaging and elemental 
analysis of mineral phases. Still, it requires dehydration and, in many cases, conductive 
coating, which may alter native structures or introduce artefacts [14,15]. Micro-
computed tomography (µCT) enables non-destructive three-dimensional imaging of 



mineral distribution but relies on X-ray attenuation and is sensitive to beam-hardening 
artefacts that can artificially reduce apparent density in central regions [16,17]. Phase 
identification methods such as X-ray diffraction (XRD), Fourier transform infrared (FTIR) 
spectroscopy, and Raman spectroscopy provide confirmation of hydroxyapatite crystal 
structure but are also limited: XRD is destructive and costly, FTIR requires experienced 
interpretation, and Raman analysis can fail to capture all mineral deposits, leading to 
underestimation of mineralisation [10,18,19]. 

Given these limitations, there is a clear need for an alternative approach that enables 
direct, specific, non-destructive, cost-effective, and straightforward visualisation and 
quantification of hydroxyapatite. In this study, we investigated confocal fluorescence 
microscopy combined with OsteoImage™, a fluorescent probe that binds exclusively to 
crystalline hydroxyapatite, thereby providing a specific measure of bone mineralisation 
[20–22]. The effectiveness of this technique was evaluated across a range of conditions, 
including samples fixed at different time points (days 7, 14, and 21), under low- and 
medium-glucose environments, with and without bioactive glasses (45S5 and CoSiBG), 
and in both two-dimensional and three-dimensional culture models. 

 

2 Materials and Methods 

2.1 Preparation of Cell Cultures and Bioactive Glass Substrates  

2.1.2 Preparation of 2D Cultures 

Two-dimensional cultures without bioactive glass were fixed at days 7, 14, and 21 under 
low-glucose conditions, and at day 21 under medium-glucose conditions. Two-
dimensional cultures containing bioactive glass, either 45S5 or CoSiBG, were fixed at day 
21, with replicates under both low- and medium-glucose conditions. 

2.1.3 Preparation of 3D Cultures 

Three-dimensional cultures without bioactive glass were fixed at day 21 under low-
glucose conditions. 

2.2 Fluorescent Labelling of Nuclei and Hydroxyapatite  

All cultures were stained with OsteoImage™ (Lonza, Switzerland) to visualise 
hydroxyapatite deposition and with DAPI (4′,6-diamidino-2-phenylindole; Thermo Fisher 
Scientific, USA) to label cell nuclei. Staining was carried out according to the 
manufacturer’s protocols. Briefly, samples were fixed in 4% paraformaldehyde for 15 
minutes at room temperature, rinsed three times with phosphate-buffered saline (PBS), 
and incubated with the OsteoImage™ staining solution for 30 minutes in the dark. 
Following three further PBS washes, cultures were counterstained with DAPI for 5 



minutes, washed again, and mounted in PBS before confocal imaging. Stained samples 
were stored at 4 °C in the dark until imaging to preserve the fluorescence signal. 

2.3 Confocal Laser Scanning Microscopy 

Confocal microscopy allows optical sectioning of fluorescently labelled samples, 
capturing high-resolution images at specific depths while minimising out-of-focus light, 
enabling three-dimensional reconstruction of mineralised regions and nuclei. Imaging 
was performed on a Leica TCS SP8 confocal laser scanning microscope (Leica 
Microsystems, Wetzlar, Germany). DAPI was excited at 405 nm with emission collected 
at 461 nm, while OsteoImage™ was excited at 490 nm with emission collected at 520 nm. 
The pinhole was standardised to 3.09 AU for all samples, balancing optical section 
thickness and signal intensity while maintaining practical scan times. 

Images were acquired with ×5, ×10, and ×40 lenses. The ×5 lens provided an overview of 
bulk mineralisation across the sample, while the ×40 lens allowed detailed visualisation 
of osteoblast growth and hydroxyapatite deposition at the cellular level. The ×10 lens was 
initially assessed but ultimately excluded as it provided no additional information beyond 
the ×5 overview. Optical zoom settings were 0.75× at low magnification, allowing 
maximum scan speed without reducing resolution, and 1.28× at high magnification, 
providing the highest achievable resolution without increasing scan time. Scan speed 
and resolution were adjusted to optimise the signal-to-noise ratio, and z-stacks were 
acquired to capture the full depth of mineralised structures. 

 

3 Results 

3.1 Effect of Time on Bone Mineralisation 

 

 

 

 

 

 

 

 

 

Figure 1. Hydroxyapatite with ×5 lens: (a) day 7, (b) day 14, and (c) day 21. 
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Figure 2. Nuclei and hydroxyapatite with ×40 lens: (a) day 7, (b) day 14, and (c) day 21. 

Hydroxyapatite was used to directly indicate bone mineralisation, reflecting the 
conversion of unmineralised osteoid into mineralised bone matrix. Samples were 
observed with ×5 and ×40 lenses. With the ×5 lens, hydroxyapatite exhibited z-depths of 
140 µm at day 7, 160 µm at day 14, and 300 µm at day 21. At ×40 magnification, nuclei 
and hydroxyapatite exhibited z-depths of 16 µm, 18 µm, and 35 µm at days 7, 14, and 21, 
respectively. Across both lenses, mineralisation increased progressively with time under 
low-glucose conditions. 

3.2. Effect of Metabolic Environment 

3.2.1 Effect of Glucose Concentration on Bone Mineralisation (Low vs. Medium 
Glucose) 
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Figure 3. Hydroxyapatite with the ×5 lens at day 21: (a) low glucose and (b) medium 
glucose conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Nuclei and hydroxyapatite with the ×40 lens at day 21: (a) low glucose and (b) 
medium glucose conditions. 

Bone mineralisation was assessed under low-glucose conditions, representing normal 
physiology, and medium-glucose conditions, representing hyperglycaemia. With the ×5 
lens, hydroxyapatite exhibited z-depths of 300 µm in low-glucose conditions and 220 µm 
in medium-glucose conditions. With the ×40 lens, nuclei and hydroxyapatite exhibited z-
depths of 35 µm and 25 µm under low- and medium-glucose conditions, respectively. 
Across both lenses, mineralisation was greater in low-glucose conditions compared to 
medium-glucose conditions. 

3.2.2 Effect of Glucose Concentration on Bone Mineralisation in 45S5 Bioactive 
Glass and CoSiBG (Low vs. Medium Glucose) 
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Figure 5. Hydroxyapatite with the ×5 lens: (a) 45S5 bioactive glass at day 21 under low 
glucose conditions, (b) 45S5 bioactive glass at day 21 under medium glucose conditions, 
(c) CoSiBG at day 21 under low glucose conditions, and (d) CoSiBG at day 21 under 
medium glucose conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Nuclei and hydroxyapatite with the ×40 lens: (a) 45S5 bioactive glass at day 21 
under low glucose conditions, (b) 45S5 bioactive glass at day 21 under medium glucose 
conditions, (c) CoSiBG at day 21 under low glucose conditions, and (d) CoSiBG at day 21 
under medium glucose conditions. 

With the ×5 lens, hydroxyapatite exhibited z-depths of 200 µm (medium glucose) and 250 
µm (low glucose) with 45S5 bioactive glass, and 180 µm (medium glucose) and 240 µm 
(low glucose) with CoSiBG. With the ×40 lens, nuclei and hydroxyapatite exhibited z-
depths of 24 µm (medium glucose) and 30 µm (low glucose) for both materials. Across 
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both lenses, mineralisation was greater in low-glucose compared to medium-glucose 
conditions, with slightly higher z-depths observed in 45S5 bioactive glass compared to 
CoSiBG. 

3.3 Effect of Biomaterial Composition 

3.3.1 Effect of 45S5 Bioactive Glass and CoSiBG on Bone Mineralisation in Low 
Glucose (Physiologic) Conditions 

 

 

 

 

 

 

 

 

 

 

Figure 7. Hydroxyapatite with the ×5 lens under low glucose conditions at day 21: (a) 
Control, (b) 45S5 bioactive glass, and (c) CoSiBG. 
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Figure 8. Nuclei and hydroxyapatite with the ×40 lens under low glucose conditions at day 
21: (a) Control, (b) 45S5 bioactive glass, and (c) CoSiBG. 

With the ×5 lens under low-glucose conditions, hydroxyapatite exhibited z-depths of 300 
µm in the control, 250 µm in 45S5 bioactive glass, and 240 µm in CoSiBG. With the ×40 
lens, nuclei and hydroxyapatite exhibited z-depths of 35 µm, 30 µm, and 30 µm in the 
control, 45S5 bioactive glass, and CoSiBG, respectively. Overall, mineralisation was 
slightly higher in the control compared to both bioactive glass groups under low-glucose 
conditions. 

3.3.2 Effect of 45S5 Bioactive Glass and CoSiBG on Bone Mineralisation in Medium 
Glucose (Hyperglycaemic) Conditions 

 

 

 

 

 

 

 

 

 

 

Figure 9. Hydroxyapatite with the ×5 lens under medium glucose conditions at day 21: (a) 
Control, (b) 45S5 bioactive glass, and (c) CoSiBG. 
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Figure 10. Nuclei and hydroxyapatite with the ×40 lens under medium glucose conditions 
at day 21: (a) Control, (b) 45S5 bioactive glass, and (c) CoSiBG. 

With the ×5 lens under medium-glucose conditions, hydroxyapatite exhibited z-depths of 
200 µm in 45S5 bioactive glass, 180 µm in CoSiBG, and 220 µm in the control. With the 
×40 lens, nuclei and hydroxyapatite exhibited z-depths of 24 µm, 24 µm, and 25 µm in 
45S5 bioactive glass, CoSiBG, and the control, respectively. Overall, mineralisation in 
medium-glucose conditions was slightly reduced in both bioactive glass groups 
compared to the control. 

3.3.3 Comparison of 45S5 Bioactive Glass and CoSiBG 
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Figure 11. Hydroxyapatite with the ×5 lens: (a) 45S5 bioactive glass at day 21 under low 
glucose conditions, (b) 45S5 bioactive glass at day 21 under medium glucose conditions, 
(c) CoSiBG at day 21 under low glucose conditions, and (d) CoSiBG at day 21 under 
medium glucose conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Nuclei and hydroxyapatite with the ×40 lens: (a) 45S5 bioactive glass at day 21 
under low glucose conditions, (b) 45S5 bioactive glass at day 21 under medium glucose 
conditions, (c) CoSiBG at day 21 under low glucose conditions, and (d) CoSiBG at day 21 
under medium glucose conditions. 

With the ×5 lens, 45S5 bioactive glass exhibited greater hydroxyapatite z-depths than 
CoSiBG under both medium-glucose (250 vs. 240 µm) and low-glucose conditions (200 
vs. 180 µm). With the ×40 lens, nuclei and hydroxyapatite z-depths were the same for 
both 45S5 bioactive glass and CoSiBG under medium-glucose (24 µm) and low-glucose 
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conditions (30 µm). Overall, 45S5 bioactive glass promoted slightly greater 
mineralisation than CoSiBG at lower magnification, while at higher magnification, 
mineralisation was comparable between the two materials. 

3.4 Effect of Culture Dimensionality (2D vs. 3D Cultures) 

 

 

 

 

 

Figure 13. Hydroxyapatite with the ×5 lens at day 21: (a) 2-dimensional, (b) 3-dimensional. 

Bone mineralisation was assessed in 2D and 3D cultures. With the ×5 lens, 
hydroxyapatite exhibited a z-depth of 300 µm in 2D culture (control) and 450 µm in 3D 
culture. 

 

4 Discussion 

4.1 Evaluation of the Hydroxyapatite Visualisation and Quantification Technique 

4.1.1 Overview of Technique Application 

Confocal fluorescence microscopy, combined with the OsteoImage™, which binds 
specifically to hydroxyapatite, was employed as a technique to visualise and quantify 
bone mineralisation. 

4.1.2 Imaging Parameters and Magnification Considerations 

Pinhole size was standardised to 3.09 AU across all samples. This value provided an 
optimal balance between axial resolution and signal intensity, allowing each scan to be 
completed in under one hour while minimising background noise that could interfere with 
hydroxyapatite detection. 

Samples were imaged with ×5, ×10, and ×40 lenses. The ×5 lens provided the widest field 
of view, enabling visualisation of overall mineral deposition patterns and growth across 
the sample. The ×40 lens allowed detailed assessment of osteoblast behaviour and 
hydroxyapatite deposition at the cellular level. The images taken with the ×10 lens were 
excluded, as they did not provide additional information beyond ×5 and captured a 
smaller portion of the sample. Imaging with the ×5 and ×40 lenses allowed both global 
and local quantification of bone mineralisation. 
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Optical zoom was adjusted to two main settings: 0.75 and 1.28. With the ×5 lens, 0.75× 
zoom provided sufficient resolution for overall pattern analysis while maximising scan 
speed. With the ×40 lens, the 1.28× zoom allowed the maximum achievable resolution 
without increasing scan time, enabling detailed assessment of cellular-level 
mineralisation. Overall, imaging parameters were optimised to balance resolution and 
speed, using lower resolution for wide-field scans and higher resolution for detailed 
cellular analyses. 

4.1.3 Advantages of the Technique 

This technique primarily involves using z-stacks and fluorescence, which are relatively 
inexpensive, widely available, and straightforward to learn. Scans can be completed 
quickly, often within one hour per sample. A trade-off exists between speed and 
resolution: faster scans typically require lower resolution. However, this compromise is 
acceptable, particularly at lower magnifications, where the objective is to obtain an 
overview of bone nodule formation across the dish rather than focus on fine structural 
details. Even at smaller fields of view where higher resolution is required, scans can still 
be completed within an hour due to the limited imaged area. At very high magnifications 
and resolutions, the technique allows detailed observation of osteoblast interactions, 
cell growth patterns, and the initial sites of hydroxyapatite deposition, providing insights 
into the dynamics of bone mineralisation at the cellular level. This technique provides 
quantitative three-dimensional visualisation and, in addition, reveals distinct layers of 
cells and hydroxyapatite, enabling detailed assessment of their interactions. 

OsteoImage™ binds specifically to hydroxyapatite, allowing a precise assessment of 
osteogenic mineralisation [20]. This specificity provides insight into osteogenesis at both 
early and late stages, rather than being limited to endpoint assessment [21–23]. 

4.1.4 Limitations and Sources of Error 

When using fluorescence, the beginning of a nodule is typically identified as the first 
detectable signal, and the end as the last signal, but distinguishing the actual nodule 
from background noise at the top and bottom can be difficult. Furthermore, it is not 
possible to standardise the start and end points of z-stacks across different nodules, 
introducing potential human error. 

4.2 Interpretation of Observed Mineralisation  

4.2.1 Effect of Time on Bone Mineralisation 

The progressive increase in hydroxyapatite z-depth over time reflects the normal 
progression of osteogenesis, where osteoblasts first deposit an unmineralised collagen 
matrix that subsequently undergoes mineral deposition. This temporal pattern is 
consistent with physiological bone development, in which mineralisation is a time-
dependent process that gradually converts osteoid into mature mineralised tissue. The 



findings confirm that the culture system supported sustained bone-like matrix 
maturation under low-glucose conditions. 

4.2.2 Effect of Metabolic Environment 

4.2.2.1 Effect of Glucose Concentration on Bone Mineralisation (Low vs. Medium 
Glucose) 

The greater mineralisation observed under low-glucose conditions compared to 
medium-glucose conditions is consistent with the expected effects of glucose 
availability on bone formation. Under normal physiological glucose levels, osteoblasts 
can function efficiently. In contrast, hyperglycaemia has been shown to impair osteoblast 
function and mineralisation [24–27]. Hyperglycaemia also promotes bone resorption 
largely through the accumulation of advanced glycation end products and the generation 
of reactive oxygen species [26–29]. These findings therefore reinforce that physiological 
glucose levels favour normal bone mineralisation, whereas hyperglycaemic conditions 
disrupt this process. 

4.2.2.2 Effect of Glucose Concentration on 45S5 Bioactive Glass and CoSiBG (Low vs. 
Medium Glucose) 

The greater mineralisation observed under low-glucose conditions compared to 
medium-glucose conditions in both 45S5 bioactive glass and CoSiBG is consistent with 
the supportive role of physiological glucose levels and obstructive role of hyperglycaemia 
in osteogenesis [24–27]. Between the two materials, 45S5 bioactive glass consistently 
exhibited slightly greater z-depths than CoSiBG, suggesting that its composition may 
provide a more favourable ionic environment for nucleation and growth of hydroxyapatite. 
This aligns with previous findings that 45S5 BG rapidly releases calcium and phosphate 
ions that accelerate mineralisation [30,31]. However, cobalt-containing glasses such as 
CoSiBG may exert additional modulatory effects that temper mineral deposition [32–34]. 
Overall, these findings highlight the importance of the metabolic environment and the 
influence of glass composition in regulating bone-like tissue mineralisation in vitro. 

4.2.3 Effect of Biomaterial Composition 

4.2.3.1 Effect of 45S5 Bioactive Glass and CoSiBG on Bone Mineralisation in Low 
Glucose (Physiologic) Conditions 

Under low-glucose (physiological) conditions, mineralisation was slightly higher in the 
control compared to both 45S5 bioactive glass and CoSiBG. Ions released from bioactive 
glasses, such as calcium, phosphorus, and silicon, can support osteogenic activity by 
promoting osteoblast proliferation, stimulating alkaline phosphatase activity, and 
enhancing extracellular matrix mineral deposition [35]. However, under physiological 
conditions, osteoblasts already efficiently regulate mineralisation, and the ionic profile 
released from these glasses does not surpass the natural capacity of the cells. This 



observation is consistent with previous studies showing that, although bioactive glass 
releases osteogenic ions, it lacks trace elements such as zinc and magnesium found in 
bone-derived hydroxyapatite, which further enhance mineralisation [36]. In addition, 
cobalt ions released from CoSiBG can influence cellular metabolism by stabilising 
hypoxia-inducible factor (HIF-1α), promoting angiogenic signalling, and in some cases 
inducing oxidative stress, which may interfere with optimal mineral deposition [32–34,37]. 
Clinical studies also suggest that ionic products from bioactive glasses support 
mineralisation but do not provide a significant advantage over the natural bone 
environment, which remains optimally suited for mineral deposition [38,39]. 

4.2.3.2 Effect of 45S5 Bioactive Glass and CoSiBG on Bone Mineralisation in Medium 
Glucose (Hyperglycaemic) Conditions 

Under medium-glucose conditions, bulk mineralisation at lower magnifications was 
slightly lower in both 45S5 bioactive glass and CoSiBG compared to the control. At higher 
magnifications, both bioactive glasses supported mineral deposition to a similar extent 
as each other and the control, indicating that while bioactive glasses can maintain 
mineralisation under hyperglycaemic conditions, their contribution to large-scale 
mineral formation is slightly less than that of the native physiological environment. There 
is a lack of literature specifically examining the performance of 45S5 and CoSiBG under 
hyperglycaemic conditions. Other bioactive glasses, such as strontium- and lithium-
doped variants, have been shown to favour mineralisation by creating an anti-
inflammatory environment [40,41]. Whether 45S5 and cobalt-doped bioactive glass exert 
similar effects remains unknown and needs to be further investigated. 

4.2.3.3 Comparison of 45S5 Bioactive Glass and CoSiBG 

The slightly greater hydroxyapatite z-depth observed with 45S5 bioactive glass compared 
to CoSiBG suggests that 45S5 provides a more favourable environment for bulk mineral 
deposition. This observation is consistent with previous studies showing that copper can 
create a hypoxic microenvironment, which stimulates angiogenesis and wound healing 
but may partially impair osteogenesis [32–34,37]. At higher magnification, z-depths were 
comparable between the two materials, indicating that at the local cellular scale, both 
support similar osteogenic activity. These findings suggest that while material 
composition can influence overall mineralisation, differences are more apparent at larger 
tissue scales than at the level of individual cell layers. Both bioactive glasses likely 
provide sufficient ions locally for osteoblasts to deposit mineral at similar rates. However, 
over multiple cell layers and extended time, the cumulative effect of mineral deposition 
is greater for 45S5, resulting in thicker mineralised regions observable at lower 
magnifications but not at higher magnifications. 

4.2.4 Effect of Culture Dimensionality (2D vs. 3D cultures) 



The greater hydroxyapatite z-depth observed in 3D cultures compared to 2D reflects the 
enhanced osteogenic potential of three-dimensional environments. 3D culture better 
mimics the native bone microenvironment, providing improved cell–cell and cell–matrix 
interactions that support osteoblast differentiation and mineral deposition. These 
findings highlight the importance of culture dimensionality in promoting bone-like tissue 
development in vitro. 

 

5 Conclusion 

Confocal fluorescence microscopy, combined with the fluorescent probe OsteoImage™, 
provides a direct, specific, non-destructive, and cost-effective method for visualising and 
quantifying hydroxyapatite. This approach offers a straightforward tool with potential 
applications in evaluating biomaterials, assessing drug effects, and investigating disease 
mechanisms. 
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