Modifications of silicate bioglass synthesis and composition for in vitro dissolution control: static and dynamic assessment
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Abstract
[bookmark: _GoBack]A set of fifteen calcium-phosphate-silicate glass samples, varying in alkali, magnesium, silicon, and nitrogen content, was prepared, and their structural, thermal, and in vitro dissolution properties were analyzed. Infrared spectroscopy showed a high degree of depolymerization of the silicate network consisting mainly of Q2 and Q3 units. Thermal analysis showed that the silicon content primarily affects both the glass transition temperature and the thermal stability of the glasses. In vitro dissolution studies were conducted both in static and dynamic modes in phosphate-buffered saline. Greater weight loss can be observed for materials tested in the dynamic mode than in the static mode. Ion concentration profiles determined for PBS after immersing the glasses showed the release of sodium and calcium into solutions. Subsequent studies, conducted using scanning electron microscopy, X-ray diffraction, and infrared spectroscopy showed the formation of an amorphous or crystalline layer of calcium phosphates, most likely hydroxyapatite.
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1. Introduction 
Currently, bioactive glasses and ceramics are used primarily to repair and rebuild damaged hard tissues of the body, i.e. bones. That is why they are used in orthopedics, including: in hip and knee replacement surgery, in dentistry - as dental implants, fillings after extractions, as well as in various types of periodontal diseases that result in damage to bone tissue [1]. Various forms of bioglass are used - most often solid implants (replacing bones), powders, and granulates (accelerating bone reconstruction) [2,3]. In contact with living tissue, a layer of mineral - hydroxyapatite is formed on the glass surface, which is a compound naturally occurring in living organisms (including as a component of bones and teeth), thanks to which the material is not rejected. In addition, collagen fibers attach to the mineral layer and the connection with the body is strengthened. Also of great importance for medicine is the fact that bioactive glasses have regenerative and bactericidal properties, and also inhibit the development of pathogens - this applies to both aerobic and anaerobic bacteria [4,5]. Covering the surfaces of implants, dentures, etc. introduced into the body with bioactive glass can prevent infections and thus accelerate healing. Taking into account the fact that bioglasses release ions from the structure when dissolving in the body, it is important to select the appropriate composition of active ingredients to positively influence their regenerative, angiogenic, immunogenic, and healing properties [2–4,6]. By far, the most popular glass composition, 45S5 (46SiO2–26.91CaO–24.35Na2O–2.60P2O5 in mol%), still has the most favorable biological properties and is therefore widely used [3,5,7]. However, it also has some disadvantages. Its slow biodegradation causes problems with matching its speed to the growth rate of new tissue. This glass also does not fully transform into hydroxyapatite [8,9] and the long-term presence of high concentrations of SiO2 in the body may cause side effects [10,11]. Additionally, the bioglass above the glass transition temperature (Tg) has a high tendency to crystallize due to the narrow glass thermal stability, which reduces the strength of the manufactured scaffolding. The required high temperature for sintering scaffolds often leads to partial crystallization of the glass, which in consequence may cause a decrease in bioactivity [2,3,7]. Taking into account the above problems, it is important to search for new, improved bioglasses by modifying their composition.
Magnesium is a key element for the body, performing important functions such as maintaining osmotic pressure and cell structure. The addition of MgO to bioactive glass affects its thermal and bioactive properties. Various information can be found in the literature on the effect of MgO addition on the structure, thermal, and bioactive properties of silicate glasses [12–14]. Magnesium ions, depending on their content, can form or modify the glass network [14,15]. Their role determines the target properties of the glass, including the glass dissolution rate and the possible deposition of an apatite layer on it [16,17]. S. J. Watts et al. observed that the gradual replacement of CaO by MgO (in contents from 0.4 to 1.2 wt%), weakens the bonding of the glass network by introducing Mg–O bonds with a much lower bonding strength compared to Si–O [14]. As a consequence, the glass transition temperature decreases and its coefficient thermal expansion increases [14]. In other studies, the authors assessed the impact of the presence of magnesium as a trace element in the composition of silicate bioglass on bioactive properties [18]. It was observed that the presence of Mg accelerates the dissolution of glass, increases the thickness of the silica gel layer that forms before the apatite, and slows down the crystallization of the apatite layer. The slowdown of the crystallization process is observed until the amorphous phase stabilizes for glass with Mg content above 1.2 wt% [18]. As the magnesium oxide content in glass increases (up to 4 mol%), the thickness of the hydroxyapatite layers on the surface was found to decrease [19]. J. Massera et al. showed that for a longer immersion time, glasses with 4 mol% of MgO showed a slower tendency to react with the simulated body fluid than glass without Mg [19]. A similar effect was found for higher MgO concentrations above 7 mol% [13]. However, some studies suggest that magnesium does not have a significant effect on the formation of the hydroxyapatite layer [20–24], which highlights the complexity of its role in the bioactivity of glass.
One of the mentioned disadvantages of commonly used bioactive glasses is their strong tendency to crystallize due to the relatively low silica content. Potassium, an essential element in the body, positively affects the thermal stability of glass materials, reducing the tendency of silicate glass to crystallize [25–28]. Potassium cations in the glass network contribute to the breaking of silicon-oxygen bonds and modify the network, leading to the formation of non-bridging oxygen groups. As a result, the obtained glass dissolves faster in an aqueous environment [29]. However, a significant addition of K2O weakens the silicate network too much and, as a result, worsens the growth of hydroxyapatite layers on the glass surface [30,31]. Nevertheless, the formation of apatite layers on the surface of glasses doped with potassium is considered sufficient, although it may occur slightly slower compared to glass without potassium [32].
Niobium is an element increasingly studied for applications in tissue engineering. It shows promise as a dopant for silicate glass, especially when its concentration is less than 1%mol [33–37]. Studies suggest that Nb plays an important role in bone regeneration due to its lower cytotoxicity than other metal ions, stimulating the mineralization of bone-forming cells [13,33,34]. Bioactive Nb-doped glasses (containing less than 1 mol% Nb2O5) exhibit osteoconductive and osteostimulating properties [35–37]. Moreover, recent studies on Nb-containing silicate bioglass confirm their angiogenic potential [38]. All the mentioned properties make Nb-doped silicate bioglasses suitable for biomedical applications [33–40].
Depending on the content, aluminum has different effects on the structure and bioactive properties of silicate glasses. Research suggests that a small addition of Al2O3 creates strong bonds with the silicate network, increasing its cross-linking and, as a result, increasing the hardness and glass transition temperature of the bioglass [41–43]. However, higher amounts of Al2O3 may increase the brittleness of the glass [44]. Even a small addition of Al2O3 improves the long-term chemical stability of silicate glasses with a small impact on the bioactive properties [45]. It was previously assumed that the presence of ≥ 1.5 wt.% Al2O3 inhibits the formation of HA [32], however, recent studies have shown that even a larger amount of Al2O3 (1.1 mol%) does not negatively affect the bioactivity and, moreover, increases resistance to glass crystallization [15].  On the other hand, the addition of nitrogen to bioactive silicate glasses increases their structural polymerization and consequently increases their glass transition temperature, fracture resistance, hardness, and elastic modulus [46,47]. However, higher amounts of nitrogen (above 1 at%) can reduce the bioactivity of the glass and slow down the formation of the hydroxyapatite layer [46–51]. 
Al2O3 and Nb2O5 can also be incorporated into glass melts through crucible corrosion, as can direct addition of reagents to glass batches. Therefore these impurities also alter the structure of the glass. However, there is a correlation between the amount of Al3+ and Nb5+ ions that diffuse into the lattice and the temperature and time of melting process. Niobium and alumina crucibles present a cost-effective to platinum crucibles. However, concerns about the negative impact of Al2O3 on glass bioactivity often lead to the choice of more expensive option. Innovative bioglass should aim for lower production costs while maintaining unchanged or improved bioactive properties. Therefore, it is worth exploring the use of cheaper crucibles and investigating the effect of their impurities. In the presented work, bioactive silicate glasses were designed containing various amounts of the above-described dopants: Mg, K, Nb, Al, and N to analyze their effect on in vitro dissolution. The glasses were synthesized using an unusual two-step melting technique in a controlled nitrogen atmosphere.
2. Materials and methods
2.1. Synthesis
In this study, two series of glass samples were prepared in the calcium-phosphate-silicate system, containing alkalis and doped with magnesium and/or silicon/magnesium nitride. The initial compositions were denoted  as follows: (28Na2O - 21.5CaO - 46SiO2 - 4.5P2O5) for series 0M0SN and  (28Na2O - 3.5K2O - 18CaO - 46SiO2 - 4.5P2O5) for series 0M0MN, expressed  in mol %. In the second series,  3.5 mol% of CaO was substituted with K2O compared to the first series. The base glasses were prepared by mixtures of high-purity silicon dioxide (SiO2, 99.9%, ABCR GmbH & Co.), calcium carbonate (CaCO3, Sigma-Aldrich >99.95%), sodium hydrogen phosphate (Na2HPO4, Acros 99%), potassium oxide (K2CO3, Sigma-Aldrich >99.95%), and sodium carbonate (Na2CO3, Sigma-Aldrich >99.95%). A total of 30g of precursor mixture was placed in alumina crucibles and heated to a temperature of 1350 °C. The melt was held for 30 minutes, and then poured into cold water. 
The base material, consisting of one-gram batches, was ground in appropriate proportions with additives and then placed in a niobium crucible and heated up to 1500-1650 °C, depending on the composition, in a nitrogen gas atmosphere using the radio frequency furnace. The melts were cooled by turning off the furnace at the end of the synthesis. The cooling time from 1500-1650 °C to a temperature < Tg is just a few minutes. After that, further cooling of the sample to room temperature is already extended and takes even more than 30 minutes, which constituted sample annealing. In the first series, eight glasses were prepared with composition (100 - x - y)(28Na2O - 21.5CaO - 46SiO2 - 4.5P2O5) - xMg - ySi3N4 (in mol%), where x ranged from 0 to 3, and y ranged from 1 to 4. In the second series, five glasses with composition (100 - x - y)(28Na2O - 3.5K2O - 18CaO - 46SiO2 - 4.5P2O5) - xMg - yMg3N2 (in mol%), doped with metallic Mg (x = 1 or 3) and Mg3N2 (1 ≤ y ≤ 4) were prepared. Si3N4 and Mg3N2 were used as the sources of 	N, Si, and Mg. During the melting process, some mixtures experienced bubbling and foaming formation, which eventually melted down. 
2.2. Characterization
The homogeneity of glass samples was examined by scanning electron microscope (SEM), using FEI, Quanta FEG250 model. Imaging was conducted with a SE-ETD detector (secondary electron—Everhart-Thornley detector) at 30 kV beam accelerating voltage under low vacuum. The glass compositions were obtained by using an energy-dispersive X-ray spectrometer (EDX GENESIS Apex Apollo X60 Spectrometer). EDX analysis was carried out on a minimum of 3 distinct areas for each sample. Nitrogen and oxygen contents were assessed using inert gas fusion and gas melting techniques, respectively with employing a nitrogen and oxygen elemental analyzer (LECO Corp., TC-436Ar). Nitrogen levels were deduced from the thermal conductivity of N2 gas, while oxygen levels were determined via the infrared absorption of CO2 gas post-combustion with He gas. In all samples, the nitrogen content was found to be below 1 wt.%, which was the detection limit of the equipment. The average values of all cations and anions are presented in Table 1. The nitrogen content was estimated based on the EDX results, while the oxygen content was calculated considering the charge requirements of the analyzed cations and data obtained from tests with LECO equipment. The compositional accuracy is approximately within a standard deviation of ± 5%. 
The amorphous nature of each sample was determined using the Powder X-ray diffraction (XRD) technique. XRD data were obtained using a Bruker D2 PHASER diffractometer with CuKα radiation (l = 1.541 Å) and LynxEye-XE detector. The measurements were performed over a 2θ range of 10 – 70°, with a step size of 0.02° and during a time of 15 minutes. 
Infrared spectroscopy measurements were performed using a PerkinElmer Frontier FTIR spectrometer. Plane-parallel pellets were prepared by grinding and pressing a mixture of glass and KBr powders in a mass ratio of 1:100. The spectra were acquired within the range of 400 - 4000 cm−1, with a resolution of 4 cm−1. A total of 64 scans were collected, and the average spectrum was used for evaluation. To facilitate qualitative comparison, the displayed spectra were scaled to their maximum distance (from minimum to maximum) in the mid-infrared region and were background-corrected. The positions of the bands were determined using Origin software with a precision of ± 4 cm−1.
The glass transition and crystallization temperatures for each sample were determined using differential thermal analysis (DTA). DTA measurements were performed on powdered samples placed in Al2O3 crucibles. The measurements were conducted up to 1000 °C with a heating rate of 20 °Cmin−1 in flowing nitrogen, using a NETZSCH STA 409PC instrument. The temperature at the onset of an endothermic shift in the DTA curve was taken as the glass transition temperature (Tg). The observed exothermic processes in all samples were associated with crystallization processes. The thermal properties parameters were calculated using commercial software NETZSCH - Proteus Analysis with precision within ±2% of the determined values.
2.3. In vitro dissolution tests
The in vitro dissolution process was investigated in a phosphate-buffered saline (PBS) solution. The PBS solution (FisherBioReagents) used for the study consisted of 0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride. The solution was prepared in a similar manner as we reported in our previous work44. The prepared solution was measured using a pH meter at a temperature of 36.6 ℃, with a pH value of 7.45. Subsequently, the solution was distributed into 30 sterile containers, each containing 20 ml. A powdered sample with an initial mass close to 50 mg was placed in each container. The samples were subjected to parallel dynamic and static studies for 10 days. During the dynamic study, the PBS solution was exchanged on alternative days. Each time, the solution was prepared using the same method mentioned above. The sealed containers were placed in an orbital shaker incubator (Labnet 311DS) at a temperature of 36.6 °C and shaken at 120 rpm in an air atmosphere. The pH of the PBS solutions was monitored daily for a period of 10 days using a pH meter (Elmetron CPC-411). Each sample was measured three times, and the average was recorded. Prior to the study, the pH meter was calibrated using three pH standards (pH 4, 7, and 9). After the specified time, the samples were rinsed with deionized water, dried in a desiccator for 24 hours, weighed, and reanalyzed using XRD and SEM-EDS.
After 10 days of immersion, the PBS solutions were analyzed using microwave plasma-atomic emission spectroscopy (MP-AES, Agilent model 4210) to determine the elemental concentrations of Na, Ca, P, K, Mg, and Nb. To analyze, we used the standards listed in our previous work44. The elements in the analyzed samples were determined using MP-AES at specific wavelengths for each element. Multiple wavelength measurements were performed for each element, and the selection of the final wavelength was based on the coefficient of determination R2 from the calibration curve. The numerical values of the regression parameters for the calibration curves were used to estimate the limit of detection (LOD) and the quantification limit of the analytical method.
3. Results and discussion
3.1. Structure and thermal behavior
The Na2O - CaO/(K2O) - SiO2 - P2O5 glasses considered herein are compiled in Table 1 and conform to either of two series, I and II, whose respective members are labeled by the types and contents of dopants: Mg and Si3N4/Mg3N2. In all samples, trace amounts of aluminum were detected, likely introduced into the glass during the synthesis of bass glasses from alumina crucibles. Notably, sample 1M3MN exhibits a high content of aluminum of 2.4 at%. Although the introduction of such a high amount of aluminum was unintentional, and its origin is most likely related to contamination, it was decided to conduct further research on this sample In series I, most of the samples showed the presence of small amounts of niobium, which formed as a result of the melting process during the second stage of synthesis. This phenomenon is caused by the high solubility of phosphorus in the niobium crucible and, as a consequence, the ease of their reaction with each other. Additionally, nitrogen was also detected, which was intentionally included in the composition of the samples. Conversely, series II did not show any traces of niobium and nitrogen according to EDX analysis. The lack of trace amounts of Nb and N can be attributed to the high reactivity of magnesium nitride. Magnesium nitride reacts with water or even moisture in the air and produces ammonia gas with magnesium hydroxide. This reaction is rapid and can occur both during ingredient mixing and the melting process. The reaction of magnesium nitride with water must dominate over the reaction of niobium with phosphorus, which explains the higher content of phosphorus in series II than the series I. Moreover, both parent glasses 0M0SN and 0M0MN were transparent while re-melted glasses in both series were grayish and translucent. Dark coloration is typical for oxynitride glasses [47]. However, in the current scenario, the slight nitrogen incorporation into the glass network suggests that the dark color is likely a result of the dopant addition and the reducing atmosphere used during synthesis [12,52]. 

Table 1. Glass IDs and analyzed compositions along with the content of the dopants added during synthesis.
	Series I (100 - x - y)(28Na2O - 21.5CaO - 46SiO2 - 4.5P2O5) - xMg - ySi3N4 in mol%

	Doping (mol%)                      Analyzed composition (at%)

	ID
	xMg
	ySi3N4
	Si
	P
	Na
	Ca
	Mg
	O
	N
	Nb
	Al

	0M0SN
	0
	0
	16.2
	3.3
	19.1
	7.5
	0
	53.5
	
	
	0.4

	0M2SN
	0
	2
	20
	1.2
	18
	8.3
	0
	52.2
	0
	0
	0.4

	0M3SN
	0
	3
	19.8
	0.5
	17.4
	9.4
	0
	52.1
	0.3
	0.2
	0.3

	1M1SN
	1
	1
	19.1
	0.9
	19.4
	6.8
	0.6
	51.3
	1
	0.5
	0.5

	1M2SN
	1
	2
	19
	1.1
	18.5
	8.8
	0.3
	51.5
	0.5
	0.1
	0.3

	1M3SN
	1
	3
	19.3
	0.6
	18.9
	7.9
	0.4
	51.7
	0.8
	0.1
	0.3

	1M4SN
	1
	4
	20.7
	0.1
	18.7
	6.3
	0.7
	51.9
	1
	0.1
	0.5

	2M1SN
	2
	1
	17.7
	1.8
	20.3
	6.6
	1
	51.2
	0.9
	0.1
	0.4

	3M1SN
	3
	1
	19.2
	0.7
	18.6
	8
	1.3
	50.7
	0.7
	0.4
	0.4

	Series II (100 - x - y)(28Na2O - 3.5K2O - 18CaO - 46SiO2 - 4.5P2O5) - xMg - yMg3N2 in mol%

	ID
	xMg
	yMg3N2
	Si
	P
	Na
	Ca
	Mg
	O
	Al
	K

	0M0MN
	0
	0
	15.4
	2.9
	17.7
	6.1
	0
	54.8
	0.6
	2.5

	1M1MN
	1
	1
	16.8
	2.5
	15.7
	8.6
	1.4
	51.5
	0.5
	3.1

	1M2MN
	1
	2
	15.5
	2.1
	17.2
	5.7
	3.5
	53.7
	0.3
	2.1

	1M3MN
	1
	3
	14.4
	1.8
	13.7
	6.6
	3.3
	55.5
	2.4
	2.4

	1M4MN
	1
	4
	15.1
	1.7
	17.4
	4.7
	5.8
	53.3
	0.2
	1.7

	3M1MN
	3
	1
	16.1
	2.1
	17
	6.7
	2.5
	53
	0.2
	2.5




[image: ]
Figure 1. SEM micrographs of fresh fractured samples from series I: a) 1M2SN, b) 2M1SN  c) 0M3SN. and series II: d) 3M1MN.

Figure 1. shows example micrographs for samples from series I: a) 1M2SN, b) 2M1SN  c) 0M3SN, and series II: d) 3M1MN. The micrographs display a homogeneous structure typical for glasses without visible inhomogeneities. The topography for the other glasses appears similar. Figure 2 presents the XRD curves for example samples from series I (a) and series II (b). All samples exhibit an amorphous bump confirming their glassy structure. However, most samples from series I also show single small and broad reflections which can be correlated with the crystalline phase of nanometer size. Samples 1M1SN and 1M3SN exhibit one reflection correlated with the NbP crystalline phase, while in samples 1M4SN and 0M2SN, visible reflection can be assigned to the Na2SiO3 phase. In samples 0M3SN and 2M1SN, few observed reflections may be correlated with Na4Ca4(Si6O18) phase. The higher tendency of series I samples to crystallize may suggest that the added Si3N4 act as a nucleation agent. In such a case, the gradual cooling method applied may be too slow to avoid the nucleation in the samples. However, visible reflections might also be due to instrument error, hence, all samples are referred to as glasses.

[image: ][image: ]
Figure 2. XRD curves for example samples of a) series I and b) series II. Signature * is assigned to crystalline phase of NbP, reference code: 01-086-0790, ICSD collection code: 081493 [53], # Na2SiO3 reference code: 01-082-0604, ICSD collection code: 074640 [54], and ^ Na4Ca4(Si6O18) reference code: 01-075-1687, ICSD collection code: 031246 [55].

The compositions of glasses serve as a basis for calculating network connectivity (NC), representing the average number of bonds linking each repeat unit in the network. Phosphorus dissolved in small amounts in silicate glasses exists generally as an orthophosphate complex, rather than entering the silicate glass network. This implies that P2O5 initially creates tetrahedral [PO4]3- units, with the remaining oxygen atoms subsequently modifying the silicate matrix [56,57]. Considering  phosphorus as an orthophosphate complex ([PO4]3- tetrahedra) in the silicate network the NC can be described as [57]:

				(1)

The NC values are listed in Table 2. In series I the NC reaches a maximum value of 2.46 observed for parent glass, but after doping with Mg and Si3N4 it decreased. 
A similar behavior of reducing the NC values in the glass after melting compared to the parent material is observed for samples in the second series. However, in this case, the NC values are generally lower than those in the first series. Through evaluating the NC of various glass compositions that exhibit distinct bioactivities, measured in terms of either the rate of hydroxyapatite (HA) layer formation or bone bonding capability, an empirical threshold of approximately NC=2.7 has been suggested. This value distinguishes bioactive glasses (NC<2.7) from their bio-inactive counterparts (NC>2.7). A low NC signifies glass structures that are open and fragmented [57,58]. These structures exhibit swift partial dissolution in a physiological aqueous environment, resulting in the accelerated formation of HA and quicker bone bonding compared to glasses with a more interconnected network. For comparison, the NC value for the widely recognized 45S5 bioglass is 2.11, while for S53P4, it is 2.54. The lower values found for current glasses suggest their possible bioactive properties. 

Table 2 The O:Si ratio is based on the premise that P2O5 initially forms [PO4]3- tetrahedra, and only the remaining oxygen atoms modify the silicate network. The NC also considers the presence of phosphorus in an orthophosphate environment (Eq.1). Refer to Table 1 for details on all glasses. Thermal properties of glasses are represented by: glass transition temperature Tg, temperature of crystallization process Tcr, and thermal stability S. 
	ID
	O:Si
	NC
	Tg
(oC)
	Tcr
(oC)
	S
(oC)

	I series

	0M0SN
	2.51
	2.46
	532
	767
	235

	0M2SN
	2.37
	2.43
	561
	800
	239

	0M3SN
	2.53
	2.22
	558
	790
	232

	1M1SN
	2.49
	2.31
	573
	780
	207

	1M2SN
	2.49
	2.22
	550
	772
	222

	1M3SN
	2.55
	2.24
	548
	772
	224

	1M4SN
	2.49
	2.41
	573
	802
	229

	2M1SN
	2.49
	2.27
	540
	786
	246

	3M1SN
	2.50
	2.13
	560
	744
	184

	II series

	0M0MN
	2.81
	2.43
	517
	758
	241

	1M1MN
	2.49
	2.10
	523
	768
	245

	1M2MN
	2.92
	1.96
	525
	797
	272

	1M3MN
	3.36
	1.72
	509
	800
	291

	1M4MN
	3.09
	1.65
	513
	796
	283

	3M1MN
	2.77
	2.04
	519
	790
	271



Silicate glasses containing less than 50 mol% of SiO2 exhibit highly disrupted structure. Alkali ions in high concentrations and less mobile calcium ions penetrate the silicate network, breaking the silicon-oxygen bonds (Si-O-Si). As a consequence, they lead to the formation of non-bridged oxygen groups, which then stabilize in the SiO4 network. Depending on the composition of the glass they may prefer to balance the charge of different tetrahedra, for example, alkali ions prefer to balance with AlO4 if present, while calcium ions prefer to balance with SiO4 [59–61]. MgO is recognized as an intermediate oxide in glass formation. It can play the role of modifier or as a glass-forming agent, contingent on the alkali content present [15,16]. MgO forms the MgO4 tetrahedra in the highly disrupted phosphate-silicate glass network [14]. Nb5+ cations also break Si-O-Si bonds and form different polyhedral [Nb(OM)6_y(OSi)y], where 1 ≤ y ≤ 5 and M = Na, Ca, or P [62]. The considerations about the role of cations in silicate networks are taken also into account in calculations of the O:Si ratio, listed in Table 2. Series I, glasses which have lower  P content, the O/Si  ratio varies between 2.37 and 2.55, suggesting the domination of  Q3 silicate units with 3 bridging oxygens [63,64]. In series II glasses, where the P content is higher and Si content is lower compared to series I, the ratio increases even beyond 3.0, indicating the domination of Q2 units and the possible presence of Q1 units in the structure. Figure 3. displays IR spectra for example samples from series I and series II. In all the tested glasses, the visible bands exhibit a rounded shape, indicating their amorphous nature. There are no visible sharpened bands correlated with the crystalline phase. The IR spectrum of the parent glass in series I (Fig. 3a) shows dominant bands at 1035 and 938 cm-1, corresponding to the Si–O vibration of silicate tetrahedral containing non-bridging oxygens Q3 and Q2, respectively [12,48]. The band observed at 1035 cm-1 is asymmetric with a small shoulder distinguished around 1160 cm-1 correlated with the presence of Q4 units [65–67]. Another, high intense band at 494 cm-1 along with a lower intensity band at 755 cm-1 results from the bending modes of the symmetric Si–O–Si or O–Si–O and Si–O–Si stretching vibrations of oxygen bridging between two adjacent SiO4 tetrahedra, respectively [64]. The last noticeable band at 591 cm-1 can be interpreted as a characteristic of the P-O bending mode, indicating the presence of non-apatite or amorphous calcium phosphate (ACP) [49]. Typically, ACP indicates the presence of apatite precursors in the material [49,68,69]. This parent glass with NC value of 2.46 and an O:Si ratio of 2.51 (Table 2), pointing to a depolymerized silicate network, formed mostly by Q3 silicate units. However, in modified glass, the generalized equilibrium takes place 2 Qn ↔ Qn-1 + Qn+1 (0 < n < 4) [67]. Therefore the analysis of the FTIR spectrum suggests the presence of all Q4, Q3, and Q2 units with domination of Q3 unit. Additionally, the IR spectrum shows a weak band in the area of 1633 cm-1, which can be correlated with the presence of small amounts of water absorbed from humidity during the preparation of pellets for infrared measurements [70].
The IR spectra of re-melted samples do not show significant changes. However, in series I glasses, the band at 591 cm-1 visibly decreases in intensity when compared to the parent glass. In samples 1M3SN, 1M4SN, and 0M3SN this band completely disappears. Moreover, for the other samples, there is a partial overlap of the bands at 491 and 591 cm-1 visible in the form of asymmetry of the band (491 cm-1) and a characteristic shoulder. This is related to the decrease in the amount of phosphates in the glass structure. The relative intensity of this band decreases with decreasing P content in all glasses. Such changes indicate the lower content of ACP in the doped glasses compared to the parent one. In samples doped with 3 and 4 %mol of Si3N4 content: 1M3SN, 1M4SN, and 0M3SN, the relative intensity of band around 938 cm-1 slightly increases due to an increase in the content of Q2 units and consequently higher depolymerization of the network. Additionally, the asymmetry of the main band slightly softened after re-melting, indicating a decrease in the content of Q4 units. Both subtle changes are a consequence of doping. A new small band around 1435 cm-1 is present in most of the doped glasses which can be interpreted as asymmetric stretching of the C-O groups originating from air [70]. 
The IR spectrum of the parent glass 0M0MN in series II (Fig. 3b) also shows bands at the same positions as glass 0M0SN in series I, despite the partial substitution of Ca by K.  Only one additional band was observed at 1435 cm-1 similar to the doped series I samples. Subtle changes can also be observed in the slightly lower intensity of the Q2 band and more pronounced shoulder from the Q4 band, both typical for increased polymerization of the glass network. However, these observations are in contradiction to theoretical predictions. It is possible that alkali ions, which are in higher content in this sample, prefer to charge balance AlO4 while the lower content of calcium ions influences the residual silicate network [59–61]. After doping, samples of series II exhibit analogous changes to series I. The band correlated with Q4 is not distinct in their IR spectra, while the phosphate band overlaps with the band of bending modes of the symmetric Si–O–Si or O–Si–O. In these samples, the phosphorous content is still high enough for its presence to be visible.
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Figure 3. FTIR spectra for example left) series I glasses and right) series II glasses with parent glass from series I.
Figure 4a shows the DSC curves for representative samples: 0M0SN, 1M3SN, 0M0MN, 1M1MN. The first endothermic drift corresponds to the glass transition temperature Tg, while the exothermic process is attributed to the crystallization Tcr. Both characteristic temperatures are marked in the figure. DSC curves for the remaining samples were similar. The obtained thermal properties results are summarized in Table 2. The parent glass in series I exhibits a Tg of 532 oC, while doped glasses show higher values, reaching up to 573 oC. This increase can be explained by a higher content of Si incorporated into the glass network with Si3N4. This element plays a crucial role in the forming glass network, and therefore, its amount can significantly influence the thermal behavior of glass. The increase in the glass transition temperature can also be correlated with the incorporation of nitrogen, which caused the increase in the degree of crosslinking while Si-N bonds replaced Si-O bonds [46,47]. Two samples: 1M4SN and 1M4SN with detected 1 at% of N,  showed significantly higher Tg (573 oC) values than the others. However, Mg, Nb, and Al ions can also influence the glass transition temperature. Their effect usually, depends on their content as a consequence of related changes in the glass structure. Alkali ions usually, decrease the glass transition temperature of silicate glass due to breaking of Si-O bonds and thus loosening the glass network as typical modifiers [29]. When selecting the decisive parameter dominating thermal behavior trends, all compositional changes were taken into account, and ultimately, the silicon content proved to be the most important as shown in Figure 4b and 4c. The observed dependence follows a close to linear trend and deviations from it are the result of the influence of other dopants. Glasses in series II also fit into silicon dependence despite being doped with Mg3N2 instead of Si3N4. These glasses exhibit lower values of Tg (around 30 - 40 oC) compared to series I. The important influence is the substitution of quite a significant amount of monovalent potassium ions in exchange for divalent calcium ions. By replacing stronger Ca-O bonds with weaker K-O bonds, the glass network weakens, leading to a decrease in its glass transition temperature [71]. Another important factor is the lower silicon content and the complete lack of nitrogen observed in the series II samples. These factors significantly impact the degree of polymerization, which may translate into a higher Tg in glasses from series I.  Furthermore, P and Mg amounts may also affect the Tg. Mg usually increases the Tg depending on its concentration and the overall composition of the glass.
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Figure 4. a) DSC curves for representative samples: 0M0SN, 1M3SN, 0M0MN, 1M1MN. Thermal properties: b) glass transition temperature and c) thermal stability as a function of Si content for all glasses (solid lines are for eyes guide).
Thermal stability (S) value allows to determine the temperature range in which bioactive glasses can be sintered in the form of bone scaffolds without affecting their amorphous nature. Glass stability is the difference between the value of the first crystallization process and the glass transition temperature, presented as  S = Tcr – Tg. The parent glasses have S values of 235 °C  for series I and 241 °C for series II, respectively. In series I, almost all glasses exhibit lower or similar S values to the parent glass. In series II,  the situation is the opposite, all doped glasses show an increase in S values due to the incorporation of high Mg content. Magnesium has been shown to support the sintering window or "working range" in silicate glass and inhibit crystallization [14]. However, thermal stability also presents the highest dependence on silicon content in both series as shown in Figure 4c. Increasing the silicon content decreases the S of the glasses. The most significant differences were found for increasing the silicon content between two samples of the same series, 2M1SN (17.7 at% Si) and 3M1SN (19.2 at% Si), resulting in a decrease in the glass stability of up to 68°C. Similarly in series II, between samples 1M1MN (16.8% at. Si) and 1M3MN (14.4% at. Si), the decrease of S was found to be 46°C. However, glass thermal stability is also dependent on other network modifiers.

3.2. In vitro dissolution assessment in dynamic and static modes
3.2.1. PBS changes
The in vitro dissolution process in PBS is a complex process and therefore changes in the pH of the solutions were regularly measured. The samples were tested in parallel using two modes, static and dynamic, and the results are shown in Figure 5. During static dissolution, the pH of the solutions for the series I samples increased during the first two days of immersion, reaching values between 10.5 and 9.5, and then stabilized or exhibited a slight decrease. Solutions with series II samples showed an increase in pH within the first two days after immersion, followed by stabilization and a minor decrease, with pH values ranging between 10.0 and 9.0. Samples tested in the dynamic immersion mode showed an increase in pH each day after the PBS change. The observed increase in pH is lower with each subsequent replacement of the solution. The large increase in the pH of the solutions after immersing the samples is mainly caused by the exchange of alkaline ions on the glass surface, i.e. Na+, K+, Ca2+, and Mg2+ with H+ or H3O+ ions from the solution. Additionally, due to the increase in the concentration of OH- ions on the glass surface, the Si-O-Si bridge bonds break, leading to the transfer of orthosilicic acid Si(OH)4  into the liquid [19]. Consequently, there is a further increase in pH. Both of these phenomena related to the glasses dissolution occur at a linear rate until the equilibrium pH is reached. The alkaline environment favors the nucleation of hydroxyapatite, which significantly depletes the solution of calcium ions and, to a lesser extent, phosphorus and OH- ions. The deposition of hydroxyapatite on the surface of the glasses, results in a slight drop in pH in the remaining solution. This slight pH decrease might be attributed to the breaking of P-O-P bonds due to the continuous exposure to water, causing the release of [PO4] units from the glass lattice into the solution. Phosphorus cations tend to combine with protons and form phosphoric acid, which decreases the pH of the solution [72–74]. However, considering that the phosphorus content in the tested samples was very low compared to the amount of phosphorus ions in the PBS solution, this process may have little effect on the pH of the solution. The significantly lower pH values observed for solutions with immersed glasses of the II series, compared to the I series, may be due to the lower silicon and higher phosphorus content. A similar situation occurs when comparing samples from series I during static dissolution. Glasses 0M0SN and 2M1SN are characterized by the lowest silicon content and consequently, the increase in pH was also the lowest in their cases. However, the effect of incorporating magnesium and nitrogen into the 2M1SN sample is only visible within the first 24 hours of immersion, where the pH of the solution is markedly lower. This lower value of pH can be assigned to the partly delayed release of silicon due to strong silicon-nitrogen binding. However, no similar behavior was found for other samples containing nitrogen and magnesium. On the other hand, the most significant increase in pH was observed in the solution after immersing sample 0M3SN, which contains the highest amount of calcium along with the high quantity of silicon. In the dynamic mode, the behavior of samples 2M1SN and 3M1SN noticeably differed from others, especially during the first stages of immersion. Over the long-term dissolution, the pH of most solutions is getting closer and reaches values between 8 and 8.8. Only sample 2M1SN causes a further high increase in the pH of the solution up to 9.5 possibly due to the further release of sodium ions. In the static mode, the difference in pH of solutions with immersed samples of series II is lower than for series I. The lowest pH values were observed for immersion of sample 1M3MN with the lowest content of silicon while the highest was observed for sample 0M0MN with the highest sodium quantity and quite high silicon content. In the first stage of immersion during dynamic mode, there were no visible differences between pH which became visible during long-term incubation. Most probably, the silicon content is also crucial in this case.


Figure 5. pH changes of PBS during 10 days of immersion of series I (left) and II samples (right) in static (up) and dynamic (down) modes.

The investigation of ions concentrations in PBS solutions was exclusively conducted under static testing conditions, following a 10-day immersion of the samples. The tests were performed primarily to confirm the release of calcium ions into the PBS, necessary for hydroxyapatite formation and the subsequent decrease in phosphorus ions concentration in the PBS. Table 3 presents the release values of Na, Ca, P, K, Mg, and Nb ions in the solutions. The release of the Si element was not studied, as the existing literature data already confirmed its rapid dissolution. Notably, the total Na ion content in PBS remained high across all samples, confirming the release of Na ions from the sample surface into the solution. Additionally, the concentration of Ca ions increased in all solutions, with a more pronounced elevation observed in series II. It is important to note that PBS does not inherently contain Ca, all Ca content originates from the glass surface. Furthermore, the content of P ions decreased in comparison to PBS before samples immersion. Changes observed for Ca and P ions are expected and suggest possible precipitation of hydroxyapatite from the solution and its deposition on the surface of the samples. The PBS displayed a discernible reduction in the concentration of K ions after immersion of all samples from series I and most of the samples from series II.  Furthermore, Mg was detected in PBS only after immersion sample 2Mg1SN  from the series I and in trace amounts in the series II samples. This observation may be linked to the limited quantity of Mg introduced into the glass network, particularly in series I, and its robust bonding with the structure. Interestingly, Al ions were not identified in any of the samples, further suggesting their strong association with the silicate network. Despite the relatively low content of Nb in the examined series I samples and its absence in series II, its presence is discernible in each tested solution. The highest content of Nb was found for sample 1M1SN. The results suggest that even in series II a trace amount of niobium occurred which was not detected by EDX. 

Table 3. The ions concentrations in PBS after 10 days of immersion in static mode by MP-AES analysis.
	Elements in PBS

	
	Na
(568.3 nm)
	Ca
(430.3 nm)
	P
(213.6 nm)
	K
(404.4 nm)
	Mg
(279.6 nm)
	Nb
(313.1 nm)

	ID
	c (mgl-1)
	U 
	c (mgl-1)
	U 
	c (mgl-1)
	U 
	c (mgl-1)
	U 
	c (mgl-1)

	U 
	c (mgl-1)
	U 

	PBS
	3019
	
	0
	
	331.8
	
	470
	
	0
	
	0
	

	Series I samples

	0M0SiN
	3954
	14
	0.74
	0.01
	192.0
	0.6
	439
	20
	<LOQ
	-
	0.33
	0.02

	0M2SN
	4016
	21
	1.49
	0.16
	155.9
	0.3
	338
	38
	<LOQ
	-
	13.00
	0.14

	0M3SN
	3822
	10
	0.65
	0.02
	142.2
	0.3
	384
	27
	<LOQ
	-
	0.27
	0.01

	1M1SN
	3626
	14
	0.82
	0.02
	156.0
	0.7
	395
	10
	<LOQ
	-
	51.94
	0.57

	1M2SN
	4251
	31
	1.58
	0.16
	154.8
	0.2
	461
	28
	<LOQ
	-
	3.11
	0.10

	1M3SN
	4082
	13
	4.82
	0.22
	164.2
	0.5
	407
	20
	<LOQ
	-
	1.74
	0.27

	1M4SN
	3781
	18
	1.76
	0.12
	150.4
	0.4
	407
	16
	<LOQ
	-
	0.40
	0.02

	2M1SN
	3712
	19
	1.43
	0.17
	189.8
	0.6
	319
	31
	0.13
	0.01
	0.46
	0.02

	3M1SN
	3697
	14
	1.42
	0.11
	168.9
	0.6
	371
	28
	<LOQ
	-
	25.11
	0.16

	Series II samples

	0M0MN
	4000
	25
	1.21
	0.11
	204.6
	0.6
	559
	12
	<LOQ
	-
	0.94
	0.01

	1M1MN
	3992
	13
	5.43
	0.27
	183.0
	0.4
	596
	23
	0.12
	0.01
	3.72
	0.16

	1M2MN
	3635
	15
	2.32
	0.14
	192.5
	0.4
	389
	36
	0.45
	0.02
	0.30
	0.02

	1M3MN
	3613
	20
	2.89
	0.10
	196.0
	0.5
	438
	24
	0.78
	0.01
	0.47
	0.01

	1M4MN
	3492
	17
	2.63
	0.15
	193.4
	0.4
	411
	18
	0.99
	0.03
	0.31
	0.01

	3M1MN
	3751
	17
	2.37
	0.13
	190.0
	0.6
	474
	29
	0.42
	0.02
	0.62
	0.01



3.2.2. Characterization of glasses after immersion 
After the in vitro dissolution test, the samples were measured again. The resulting changes in mass are outlined in Table 4, revealing measurable mass losses ranging from 16% to 50% in static mode and from 28% to 66% in dynamic mode. This variation in mass loss depends on the composition of the tested material. The static dissolution tests of series I, revealed the highest mass loss in glasses 0M2SN, 0M3SN, 1M2SN, and 1M3SN, around 50%. These materials lacked magnesium in their structure or contained a minimal amount, approximately 0.3 - 0.4 at.%, and were also richer in calcium. Conversely, samples with around 1 at% of magnesium and lower calcium content demonstrated up to half the mass loss compared to those without magnesium. In series II static testing, similar trends in mass changes were observed, with sample 1M1MN exhibiting the most significant loss. Notably, this sample possessed the lowest magnesium content at 1.4 at% and the highest calcium content. However, the other series II samples generally exhibit lower mass loss compared to series I. This could also be linked to the lower silicon concentrations in series II, as silicon is known to release quickly from silicate glasses.
As anticipated, the dynamic test exhibited a more pronounced mass loss compared to the static test. This phenomenon is attributed to the continuous exchange of ions between the solution and the glass surface. In the body, body fluids are in constant motion, and the bones are constantly flushed with fresh fluid characterized by the constant presence of K, Ca, Mg and P ions and a constant pH level. When glass undergoes dissolution, there is an escalation in the concentration of specific ions in close proximity to the material, originating from the glass surface. This, in turn, leads to alterations in pH levels around the material, which subsequently decelerates the dissolution process. Consequently, it is observable that in a dynamic test, where new fluid is intermittently introduced, more substantial pH fluctuations and increased ion exchange take place.
Subsequently, the samples were subjected to scrutiny for the formation of a hydroxyapatite (HAp) layer, undergoing analysis via SEM-EDS and XRD.

Table 4. The mass loss and Ca/P ratios examined by EDX after 10 days of immersion in static and dynamic mode.
	ID
	Mass loss
 (%)
	Mass loss
 (%)
	Ca/Pb 

	Ca/Pas

	Ca/Pad


	
	after immersion 
in static mode
	after immersion
in dynamic mode
	before immersion
	after immersion 
in static mode
	after immersion
in dynamic mode

	0M0SN
	24
	41
	2.31
	1.83
	1.73

	0M2SN
	47
	57
	6.87
	1.97
	1.66

	0M3SN
	50
	56
	19.67
	2.02
	1.64

	1M1SN
	38
	46
	7.59
	1.79
	1.60

	1M2SN
	49
	65
	8.07
	1.82
	1.87

	1M3SN
	48
	57
	12.24
	1.66
	1.59

	1M4SN
	26
	47
	70.33
	1.59
	1.89

	2M1SN
	25
	41
	3.60
	1.84
	1.55

	3M1SN
	26
	66
	11.38
	1.81
	1.44

	0M0MN
	28
	39
	2.10
	1.63
	1.44

	1M1MN
	27
	51
	3.49
	1.67
	1.68

	1M2MN
	21
	28
	2.73
	1.93
	1.62

	1M3MN
	16
	32
	3.73
	1.96
	1.79

	1M4MN
	21
	42
	2.87
	2.39
	2.38

	3M1MN
	19
	40
	3.21
	1.61
	1.64



SEM was employed to visualize  the surface of the examined samples after immersion in PBS under both static and dynamic testing conditions. Figure 6 displays micrographs of example samples surfaces: a) 0M0SN (static mode), b) 0M3SN (static mode), c) 1M1MN (dynamic mode), and d) 1M2MN (dynamic mode). The topography of the other samples was similar. A discernible layer was identified on each sample, and to ascertain their composition, measurements were conducted using EDX.
The EDX findings reveal that, for all glasses, the content of Ca and P on the surface exhibited an increase post-immersion in PBS, in comparison to the analyzed compositions of glasses obtained after the melting process as outlined in Table 1. Conversely, the concentration of Na and Si on the surface notably decreased in all samples. This is in accord with the previous results, indicating the release of Na and Si from the glass surface into the solution, followed by the deposition of calcium phosphate layers. Moreover, the Ca/P ratio before and after immersion in static and dynamic mode was calculated for all samples, as shown in Table 4. The results show that, following the melting process, the ratio exceeded 2 in all samples, due to the low phosphorus content. However, after immersion, a significant decrease in ratio values was observed, aligning them more closely with the Ca/P ratio characteristic of Hydroxyapatite (Ca10(PO4)6(OH)2), which is approximately 1.67. Notably, only one sample, 1M4MN, with the lowest calcium content (4.7 at%) showed Ca/P ratio after immersions still noticeably higher than that of  HAp. In this case, the calcium content might be too low for HAp to precipitate within 10 days of immersion, and the layer is composed of other calcium phosphates.

[image: ]Figure 6. SEM images of example samples surfaces after static and dynamic in vitro dissolution tests conducted in PBS: a) 0M0SN (static mode), b) 0M3SN (static mode), c) 1M1MN (dynamic mode), and d) 1M2MN (dynamic mode).

The XRD results from dissolution tests confirm the presence of crystalline phases in the most of samples. Figure 7 displays X-ray diffractograms for representative samples of post-static and dynamic in vitro dissolution. After the static mode test in series I, samples exhibit an amorphous halo alongside small, relatively broad reflections attributed to the HAp phase. Samples 2M1SN and 1M4SN predominantly display an amorphous spectrum, indicating their initial richness in N and low Ca content. It can be assumed that the observed layer is still amorphous and composed of calcium phosphates, which will likely transform into crystalline HAp with prolonged immersion. After static dissolution, most tested glasses in series II also exhibit amorphous halos and minor reflections associated with the HAp crystalline phase. Only the parent sample 0M0MN shows a higher degree of crystalline phase. The other two samples: 1M3MN and 1M1MN exhibit single reflection correlated with HAp. This difference is likely due to the lower content of calcium and higher magnesium content in series II compared to series I. 
Similar X-ray diffraction patterns were observed for series II samples after dynamic mode dissolution. These samples predominantly exhibit an amorphous phase, except for sample 0M0MN, which displays a distinct outcome. In contrast, samples from series I demonstrate a varied response. Most samples exhibit a crystalline phase with small, yet defined reflections attributed to HAp. 

[image: ]Figure 7. X-ray diffraction patterns of samples: a) I series and b) II series, after immersion in dynamic mode. Signature * is assigned to crystalline phase of hydroxyapatite Ca5(PO4)3(OH), reference code: 01-084-1998, ICSD collection code: 203027 [75].
Additionally, the samples after the in vitro dissolution test were examined using the FTIR technique. The obtained IR spectra for the example samples from series I: 0M3SN, 1M4SN, 3M1SN (left) and from series II: 1M1MN, 1M4MN, 3M1MN (right) are presented in Figure 8. The spectra of samples after the static test are shown in black, while those after the dynamic test are shown in red. For comparison, spectra of the starting samples (0M0SN and 0M0MN) before immersion are shown in blue. For series I samples, significant changes in the spectra can be observed after immersion. The dominant band at ~1035 cm-1 corresponding to Q3 units narrowed, while the band at ~940 cm-1 associated with Q2 units together with ~755 cm-1, completely disappeared. The band ~494 cm-1 for most samples reduced the intensity significantly. These changes correlate with silicate unit dissolution into PBS. Along with the disappearance of most of the silicate bands, new sharpened bands at 605 cm-1 and 565 cm-1 associated with P-O bonds (HPO42- and PO43-, respectively) formed from one rounded band [76,77] This change suggests the appearance of a phosphate phase in a crystalline form. Additionally, small sharpened bands at ~874 cm-1 and ~1424 cm-1 associated with O-H and C-O (CO32-) bonds, respectively, appeared [76–78]. All described bands are characteristic for HAp. Additionally, the dominant band ~1040 cm-1 with a slight asymmetry around ~1100 cm-1 can also be attributed to P-O bonds characteristic for HAp (PO43-) [76–78]. These results are consistent with XRD data and confirm the formation of a amorphous or crystalline HAp layer. For series II samples, analogous spectra were observed for samples 0M0MN, 1M1MN and 3M1MN as in series I, though the intensity and sharpening of P-O bands were lower, likely due to the presence of K, which may inhibit crystalline hydroxyapatite formation. IR spectra of the remaining samples, to which 2, 3 and 4 mol% Mg3N2 was added, respectively (1M2MN, 1M3MN, 1M4MN) differ. A broad band around 940 cm-1 (Q2 units) can still be seen, the band at ~ 495 cm-1 is still intense, suggesting a lower loss of silicate units than in the other glasses. Additionally, the band at ~ 600 cm-1 is single and rounded, suggesting that the phosphate units present in the material are in amorphous form. This shows the effect of adding higher amounts of Mg (more than 3 at%) on slowing down the formation of the hydroxyapatite layer and its crystallization. When comparing the results obtained for both the dynamic dissolution test modes and the static dissolution test, no significant differences in the IR spectra were observed.


Figure 8. FTIR spectra after immersion in PBS for example left) series I glasses and right) series II glasses. Black line indicates the results obtain in static mode test and red in dynamic mode test.

4. Conclusions
A total of 15 samples of calcium-phosphate-silicate glasses, containing alkali and doped with Mg and Si3N4 or Mg3N2, were melt-prepared for in vitro bioactivity-composition study. These materials display amorphous and partially transparent characteristics with a dark color. Network connectivity calculations, with the highest value at 2.43, verified that the tested glasses met the criteria for bioactive materials. Structural assessments affirmed a highly depolymerized silicate network primarily comprising of Q2 and Q3 units. However, no significant shifts in band positions were observed between glasses from series I and II, suggesting a minor impact of substituting potassium for calcium on the polymerization of the glass network. Thermal property analysis revealed that silicon content plays a crucial role in the glass transition temperature trend. Furthermore, thermal stability decreased with an increase in silicon content.
In vitro dissolution testing in PBS in static and dynamic modes demonstrated the potential bioactive properties of all glasses. The pH of PBS with immersed glass samples showed a noticeable increase during the first two days, followed by a stabilization and a slight decrease to a pH range between 10.0 and 9.0. This suggests the gradual dissolution of the glass network in the solution, in particular sodium and silicon, followed by precipitation and subsequent deposition of calcium phosphates on the surface of the material. Ion dissolution profiles confirmed the release of Na and Ca ions into the solutions and a reduction in the concentration of P ions. After immersion, amorphous and crystalline layers of calcium phosphate, most likely hydroxyapatite, were formed on their surface, which was confirmed by SEM-EDX, X-ray diffraction and FTIR tests. The addition of K addition and higher amounts of Mg (> 3 at%) were observed to slow the formation and crystallization of the HAp layer. Based on the presented results, the tested glass compositions show potential as materials for promoting bone regeneration.
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