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Abstract

This study investigates the bioactivity and microstructural properties of borate-based bioactive 13-
93B3 glass produced by the solution combustion synthesis (SCS) method using urea and sucrose
fuels at different reaction temperatures. The results show that these glasses exhibit unique
properties compared to conventionally-synthesized borate-based bioactive glasses. The glass
particles produced have porous surfaces, with particle size below 100 nm. BET measurements
reveal that the mesoporous structure of these glasses is characterized by high-specific surface
areas, promoting a high ion release and hydroxyapatite layer formation in simulated body fluid
(SBF). The crystallization of the amorphous calcium phosphate was investigated by *H, 3P MAS,
and 2D 3'P{1H} heteronuclear correlation (HETCOR) spectroscopy, showing that it progresses
linearly up to three days. The produced glasses were tested for their effects on the viability of 3T3
cells and were found to have no toxic effects. Therefore, the produced glasses are promising

candidates for tissue engineering applications.

Keywords: 13-93B3 Bioactive glass, Solution Combustion Synthesis, Dissolution
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1. Introduction

Since the first report on bioactive glasses in 1971 [1], the research interest in the field of synthesis
and application of bioactive glasses and ceramics has attracted considerable attention from both
industry and academia [2—4]. The field’s maturation is reflected in the many studies showing the
unique ways that these materials can be used to replace, regenerate, or repair damaged parts of the
human body [4-6]. The earliest application of bioactive glasses was aimed at hard-tissue
regeneration [5-9]; however, over the last few decades, their use was successfully expanded to
soft-tissue replacement applications [10-13]. Borate-based bioactive glasses are especially notable
among the known bioactive glass compositions due to their high reactivity and stimulative effect
on the angiogenesis process [11,14,15]. Recently, exciting novel applications in wound healing
were found, where these glasses can function as advanced wound matrices in the form of
bioabsorbable glass fibers and beads [15,16]. For this application it is essential that the biomaterial
can release functional ions, such as calcium, sodium, potassium, and boron, from borate-based
bioglasses during immersion in the physiological solutions to be ultimately absorbed from the
tissue. The above-mentioned ions play an essential role in cellular processes associated with tissue
regeneration, i.e., angiogenesis and antibacterial activity. For example, the reaction between
released Ca?* and PO* ions in the medium leads to the precipitation of amorphous calcium
phosphate (ACP), which eventually crystallizes to HA [14]. However, the extent of ion release
from the bioactive glass should occur in optimal concentrations at specific times to be able to
activate a sustainable and desirable cellular response [17]. For borate-based bioglasses, the release
of functional ions is controllable to a large extent by manipulating the composition and

microstructure of the parent glass [18-21]. Particle size distribution, specific surface area, and



porosity, which are all strongly governed by the applied synthesis method, are some important

microstructural factors affecting the rate of ion release in the aqueous media.

The production of borate bioactive glasses is conventionally carried out through melt-quenching
and sol-gel techniques. Despite the progress that has been made with these methods, there are still
challenges to overcome. For instance, the melt-quenching method requires expensive equipment
such as high-temperature furnaces and often noble metal crucibles [22-25]. While the sol-gel
method has some promising advantages, such as the ability to produce glasses with increased
surface area and nanoporosity [26], it is generally rather time-consuming and requires a high
degree of chemical expertise, which is prohibitive for large-scale industrial applications. Finally,
the resulting glasses may not have the desired structural homogeneity, particularly for glasses that
contain components with high chemical affinity [27]. To overcome these challenges, it was shown
recently that the solution combustion synthesis (SCS) method might serve as a promising
alternative. [28] Thus, it was recently [28] demonstrated by some of the authors of the present
manuscript that solution-SCS can produce nanoporous borate-based 13-93B3 glass powders due
to the high volume of gaseous by-products released during the combustion reaction. The
advantages of the SCS method lie in the minimal equipment requirements and the possibility of
using inexpensive raw materials, making it more sustainable, more resource-conscious, and more
economical than traditional methods. Overall, this method is straightforward and fast and can be

used for large-scale synthesizing procedures [19,29].

The two major factors of the SCS process affecting the final physical and microstructural
properties are the combustion temperature and the gas release rate. Generally, high enough
combustion temperatures result in the rapid release of large amounts of gases, which produces fine

particle size distributions and porous glass powders with low density [30].



Based on the above considerations, the present contribution focuses on a deeper understanding of
the physical and chemical properties of glass powders, previously prepared via the SCS method
by some of the authors [28]. As it was pointed out in that work[28], the effect of [30]synthesis
temperatures To and fuels on the phase and structural groups contribution of the produced glass
powders were investigated, where urea was chosen as one of the most commonly employed fuels
in SCS process [30], and sucrose was investigated as an alternative fuel whose potential residuals
may be digestible by the human body. In contrast, the current research focuses on To, which is a
proxy for the sum of complex synthesis parameters, and its relationship to the microstructural and
bioactivity properties of the synthesized powders. To this end, the microstructural properties of the
samples are investigated through dynamic light scattering (DLS), physisorption, and solid-state
NMR spectroscopy. Further, in vitro bioactivity studies were carried out by the characterization of
the glass dissolution process in the simulated body fluid (SBF) via ICP-OES, powder x-ray
diffraction, and cell viability studies. The results show that 13-93B3 bioactive glass nanoparticles
produced using urea and sucrose as SCS fuels are promising candidates for tissue engineering

applications due to the fast release of therapeutic ions and HA layer formation.



2. Materials and methods

2.1. Sample preparation

13-93B3 glass powders (with the nominal composition of 54.6B203—6Na20—7.9K20-7.7MgO—
22.1Ca0-1.7P20s %mol) were prepared through solution combustion synthesis (SCS) according
to a recently described procedure [28]. In summary, all raw materials were dissolved in deionized
water and thoroughly mixed with either sucrose or urea as fuels in controlled ratios. Table 1 lists
the purity of the starting materials used in the syntheses. The homogeneous solutions were then
placed inside a box furnace at 400, 500, 600, 700, 750, and 800 °C, where the combustion reaction
occurred spontaneously after the solvent’s complete evaporation. The final products were obtained

as voluminous glass powders.

Table 1: Starting materials employed for the synthesis of 13-93B3 glass powders.

Compound name Chemical formula Supplier Purity (%)
Phosphoric acid
H3PO4 Sigma-Aldrich, USA >99.99%
85%
Boric acid H3BO3 Sigma-Aldrich, USA >99.50%
Calcium nitrate
Ca (NOs); - 4H,0 Sigma-Aldrich, USA >99.00%
tetrahydrate
Magnesium nitrate
Mg (NOs3)2 - 6H20 Sigma-Aldrich, USA 99.00%
hexahydrate
Potassium nitrate KNO3 Sigma-Aldrich, USA >99.00%
Sodium nitrate NaNOs; Sigma-Aldrich, USA >99.00%
Urea NH>CONH; Sigma-Aldrich, USA >99.00%
Sucrose C12H22011 Sigma-Aldrich, USA >99.50%




2.2. Microstructural characterization

Particle size distributions were measured via dynamic light scattering (DLS) using a Vasco3 DLS
system (Cordouan, France). To this end, 10 mg of each glass powder was dispersed in 10 mL of

absolute ethanol in an ultrasonic bath (FR USC 22 LQ, 400 w, 20%, Taiwan) for 5 min.

Physisorption measurements were performed on a BELSORP MINI Il volumetric adsorption
analyzer at -196 °C (77 K). Samples were degassed at 250 °C for 24 h under reduced pressure
before each measurement. Finally, the specific surface areas of the glass powders were
characterized according to the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

analysis (BET BELSORP-MINI 11, Japan).
2.3. In vitro bioactivity studies

The bioactivity of the synthesized glass powders was tested using simulated body fluid (SBF)
prepared according to the Kokubo method [17]. The samples were immersed in a shaker incubator
for 3, 7, 24, and 72 h in the SBF medium (glass powder to liquid ratio = 1.5 mg/mL) at 37 °C.
After three days of immersion, the samples were rinsed with acetone (Merck, Germany) and dried
under atmospheric conditions at 50 °C. Moreover, after each immersion period, the pH was
determined, and the concentrations of BO3 ¥, Ca?*, Mg?*, K*, and PO4* ions released in the SBF
media were measured by inductively coupled plasma optical emission spectrometry (ICP-OES

Thermo Scientific iCAP 6500).

Powder X-ray diffraction (XRD) was used to detect the crystalline phases in the pristine glass
powders and after their immersion in SBF. Measurements were done on a GNR X-Ray

diffractometer employing Cu-K. radiation (A = 1.54 A) at 40 kV and 30 mA. The 26 range of 20



to 80° was probed at room temperature with step-scanning in steps of 0.01° and an integration time

of 2s.

The morphology of glass powders was analyzed three days after immersion in SBF using FESEM
microscopy, performed on a MIRA3, TESCAN microscope using an accelerating voltage of 15 kV

after sputter-coated the samples with gold for 180 s.
2.3.1 NMR Studies after SBF-immersion

Solid-state 3P and 'B MAS NMR and 2D *'P{*H} heteronuclear correlation (HETCOR) MAS
NMR measurements were conducted to investigate the effects of dissolution on the glass structure
and the formation of HA after SBF immersion. The 3P direct excitation MAS NMR measurements
were performed on a Bruker DRX 200 spectrometer operating at a magnetic flux density of Bo =
4.7 T with a4 mm H/X DVT MAS probe. For the pristine S750 sample, 5280 scans were acquired
at a relaxation delay of 60 s. 7.5 us w/2-pulses were used for excitation (v, = 33.3 kHz), and the
sample was spun at vyas = 8 kHz. For each 3P MAS NMR spectrum of the SBF-immersed
samples, 384 scans were acquired using 2.9 us n/2-pulses (v, = 86.2 kHz), at a spinning rate of
Umas = 10 kHz. Additionally, 3P MAS NMR spectra of pristine Hydroxyapatite nanopowder
(Sigma-Aldrich, >97%, <200 nm particle diameter) were recorded to estimate the required
relaxation delay for crystalline HA species. A relaxation delay of 128 s was found to be sufficient
for quantitatively detecting crystalline HA species and thus used for all 3P MAS NMR spectra of

SBF-immersed glasses.

Additionally, !B EASY MAS NMR [31,32] measurements were performed on a Bruker DSX 500
spectrometer operating at Bo = 11.74 T with a 4 mm H/X/Y DVT MAS NMR probe. 4800 scans

were acquired using 0.3 ps excitation pulses (v, = 83.3 kHz, 9° flip angle w.r.t. liquid standard),



relaxation delays of 32 s, and a saturation comb before each excitation pulse to ensure that the
sample signal is saturated during the second acquisition period of the EASY sequence.
Hahn echo 'H MAS NMR, and 2D 3'P{*H} HETCOR MAS NMR [33,34] spectra were recorded
on a Bruker Avance |1l spectrometer using vyas = 12.5 kHz, a relaxation delay of 1 s (chosen
based on inversion recovery experiments not shown here), and nutation frequencies of vy,cp =
78.3 kHz and vy, = 65.8 kHz for 3P and 'H, respectively. The Hartmann-Hahn matching
condition vpye = Vnuep + nVMas With n=1 was optimized directly for the sample by variation of
the power level applied to the ramped contact pulse on the *!P channel. For the 2D HETCOR MAS
NMR spectra, 64 increments were recorded with 16 scans using the States-TPPI protocol [35].
Swept-frequency two-pulse phase modulation (SW'-TPPM) [21] was applied during acquisition to
the proton channel for decoupling, and CP contact times were varied from 0.1 ms to 7.0 ms. For
all measurements, Adamantane (Aldrich, 99+%, 6;;, = 1.85 ppm), H;PO, (Riedel deHaén, 85
wt.%, 6;s, = 0 ppm) and BF; - OEt, (Merck, §;5, = 0 ppm) were used as chemical shift references
for H, 3P, and !B, respectively. All NMR datasets were processed with Bruker TopSpin 4.0.9.
Deconvolutions were performed in ssNake 1.4b [36] using the Powell minimization method and
assuming mixed Gaussian-Lorentzian lineshapes (except for the component PF4 which was

assumed to be purely Lorentzian).
2.3.2 Cell viability studies

Fibroblast cell line 3T3 mouse cells used in the experiments were provided by the National Cell
Bank of Iran (Pasteur Institute of Iran). The cells were seeded in DMEM high glucose medium
supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin (Pen/Strep)
solution (Gibco, Waltham, MA, USA) in a 96-wells plate (SPL Lifesciences, South Korea) (5 x

103 cells/well). Once 70% confluence was attained, the cells were subcultured for the cytotoxicity



study. All cell cultures were conducted at 37 °C in a humidified atmosphere of 5% CO,. The effect
of the produced bioglass powders on the 3T3 Cell viability was evaluated using standard
colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT assays (Sigma-
Aldrich, St. Louis, MO, USA). The conditioned medium was prepared by adding 0.5, 1, and 2.5
mg of the UV-sterilized glass powders to 1 mL of the culture medium (DMEM high glucose
supplemented by 10% FBS and 1% Pen-Strep). The culture media containing bioactive glass
powders was filtered through 0.22 pum pore size filters (Jet Bio-Filtration Co., China) and was
replaced with a culture medium after 24 h for cell culture in a 96-well plate. After 24 h, the culture
media containing glass powders were removed, and the MTT solution (5 mg/mL) was added to
the plate wells. After incubating the plate for four hours, all media was extracted with dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA). Finally, the plate well’s Optical Density
(OD) was measured by a microplate reader (Synergy HT, BioTek, USA) at 570 nm. The
subsequent numerical analysis was performed on three samples, and the output results are shown
as mean * standard deviation (SD). After that, statistical analysis was performed using the one-
way ANOVA analysis in the GraphPad Prism framework. In this step, probability values less than
0.05 were considered statistically significant. (* p < 0.05, ** p <0.01, *** p <0.001, and **** p

< 0.0001).



3. Results and discussion

3.1 Microstructural Characterization

Particle size distributions

The mean particle size of the synthesized glass powders in the presence of urea and sucrose as
fuels are displayed in Figures 1 and 2, respectively. In addition, the particle size distributions of
all samples are summarized in Table 2[19][37]. Based on the results of Table 2, it can be observed
that the mean particle size of synthesized glass powders is relatively independent of the initial
temperature of the furnace (To: 400 to 700 °C). However, a significant increase in the mean particle
sizes can be observed beyond 700 °C and 750 °C for the urea and sucrose systems,
respectively.The increase can be attributed to the sintering of the produced glass particles above
those threshold temperatures [30]. Particle sizes for specimens synthesized with sucrose as fuel
(see Figure 2) decrease slightly when raising To above 400 °C but reach values comparable to the
other system over the To range of 600 to 750 °C. Again, the same drastic increase in mean particle
size is observed beyond this temperature. It has to be noted that the size distributions for the urea
system are overall much narrower than those of the sucrose system, indicating a more controlled
reaction. Therefore, the observed differences in the mean particle size values appear to depend to

some degree on the gas release during the SCS reaction [30].

The DLS results demonstrate that synthesized samples using the SCS method have a particle size
distribution in which a significant proportion of particles are below 100 nm. In comparison,
conventional methods of melt quenching and sol-gel produce glass powders with mean particle

sizes of 2-5 um and 105 nm, respectively [37,38].
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Figure 1. The mean particle sizes of the synthesized glass powders in the presence of urea as a fuel by To.
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Figure 2 The mean particle sizes of the synthesized glass powders in the presence of sucrose as a fuel by Th.



Table 2. The particle size distribution of 13-93B3 glass powders synthesized using urea (top) and sucrose (bottom)
as reaction fuels.

Samples code U400 U500 | U600 U700 U750 | U800
particle size (nm) /% 1% | 1% 1% 1% | 1%
0-20 9 31 17 0 0 0
20-40 61 55 61 44 4 0
40-60 21 11 17 34 26 0
60-80 5 2 3 13 19 0
80-100 2 1 2 5 13 4
100-120 2 0 0 3 8 3
120-140 0 0 0 1 5 3
140-160 0 0 0 0 4 3
160-500 0 0 0 0 18 67
500-1000 0 0 0 0 3 20
Samples code S400 S500 | S600 S700 S750 | S800
L | % | % | % 1 % 1 % 1 %
particle size (nm)
0-20 0 0 0 0 0 0
20-40 0 5 31 38 26 0
40-60 32 30 34 34 34 0
60-80 19 26 15 15 17 4
80-100 11 17 7 7 9 6
100-120 6 9 5 3 4 5
120-140 4 4 4 2 4 4
140-160 3 4 4 1 3 4
160-500 22 3 0 0 3 63
500-1000 3 2 0 0 0 14

Physisorption measurements

Figures 3 and S1 in the supporting information section show the measured nitrogen
adsorption/desorption isotherms at 77 K and the corresponding BET isotherms of the synthesized
glass powders in the presence of urea and sucrose as fuels, respectively. Table 3 lists the specific
parameters obtained from BET (surface area Sger, total pore volume) and BJH analysis (average
pore diameter(nm), dBJH plot) of the measurements. According to the IUPAC classification, the
nitrogen adsorption/desorption isotherms of the investigated samples are of type Il with an H3

hysteresis loop that confirms the mesoporosity of the glass particles [46].
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Figure 3. BET isotherms for samples U400 (top left), U700 (top right), S400 (bottom left), and S750 (bottom right).
Note the different vertical scales of the measurements.

For all samples, except the S750 sample, moderate specific surface areas between about 10 and 23

m?/g are observed, which are lower than those of powders produced by the sol-gel method, which

lie in the range of about 25 to 300 m?/g [26,39,40]. Typically, with SCS, it is possible to obtain

nanopowders with even higher surface areas; however, it seems for this borate-based composition,

some sintering or agglomeration at the employed combustion temperatures may reduce the surface

areas. All samples exhibit mesopores (2-50 nm), except the U400 sample, whose pores can be

classified as macropores (>50 nm) [26,39-41].

Table 3. Parameters obtained from BET (Sger (m?/g), the total pore volume (cm®/g)), and BJH analysis (average pore

diameter (nm)) o

n the samples under study.



BET BJH
Specific surface Total Average
Samples area pore pore
Sget (M?/g) volume diameter
(cm?/g) (nm)
U400 23.08 0.305 25
U700 10.77 0.013 21
S400 22.37 0.037 20
S700 10.01 0.019 21
S750 186.60 0.177 25

According to Figure 3 and Table 3, the surface area significantly decreased by increasing the
fuel/nitrates ratio (the explicit calculation is shown elsewhere)[28]. This indicates that higher

oxidant levels provide a more favorable gas release resulting in higher mesoporosity. For S750,
the experiments yield a specific surface area of 186 m?/g, which is significantly higher than for the
other synthesized samples. While we prefer to refrain from a tentative explanation of the increased
surface area’s origin, this result indicates that additional fine-tuning of the synthesis conditions
may produce powders with further increased specific areas. Overall, the above results demonstrate
that SCS produces glass powders with mesoporous microstructures. In the following, the

dissolution behavior of some selected samples, the rate of apatite layer formation, and finally the

effect of the glasses’ morphology on the bioactivity assessment are discussed.

3.2 Functional Characterization

Dissolution behavior of glass powders in SBF

lon-concentrations of Ca%*, K*, Mg?*, Na*, PO3~, and BO3~ after immersion of the prepared glass
powders in SBF for 3, 7, 24, and 72 hours are shown in Figures 4 and S2 to S6, respectively. The

dissolution profiles are quite similar for the urea and sucrose series samples. One of the main




differences is the total amount of released boron, calcium, and magnesium ions after 72 h of
immersion time. As mentioned in the PSA section, the particle size distribution of the synthesized
glass powders with urea is smaller, potentially favoring higher ion release rates compared to the

samples synthesized in the presence of sucrose fuel [18].
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Figure 4. Ca?* ion concentration of synthesized glass powders in the presence of urea (left) and sucrose (right).
(purple=X400, yellow=X500, pink=X600, blue=X700, green=X750 with X = U, S)

According to Figure 4, the release rate of Ca?* ions from the U/S400 samples during the first 7
hours was rapid and then plateaued in the next 7-24 hours. Finally, after 24 hours, some Ca?*
absorption can be observed for the U/S400 samples. The U/S500 samples follow a similar trend,;
however, there is a steeper increase in the Ca?* concentration until 24 hours. On the other hand,
the U/S600, U/S700, and S750 samples showed a rapid Ca?* release up to the first 24 hours, which
then slightly decreased, but only U600 and U700 did not indicate Ca®* absorption after 24 h. The
decrease of Ca?* ion concentrations could be attributed to the formation of an HA layer on the
surface of the samples, which will be discussed below. The SCS-synthesized glass powders in the
current research released up to 309.50 ppm Ca?* ions in 72 h, which is significantly more than

reported for powders synthesized through melt quench or sol-gel methods, reported as 130.25 ppm



and 90 ppm, respectively [38,42]. The faster release of Ca?* ions produced by the SCS method
could be a consequence of the narrow particle size range (10-85 nm) of the final powders. The
U600 and U700 samples showed maximum concentrations of released Ca?* ions in the SBF

medium.

Figure S4 shows that the PO4* concentration in SBF decreases continuously for all samples with
increasing immersion periods, which is owed to the formation of the HA phase, which consumes
PO4* [43]. Liu et al. [42] reported that the PO4>~ ion concentrations in SBF were about 74.33 ppm
and 20 ppm after three days of immersion in SBF for a bioactive 13-93B3 glass microfiber and
glass powders, respectively, synthesized by the sol-gel method [38]. About 2.6 ppm of PO4* ions

were released in the samples discussed in the present study during the same period.

As shown in Figure S5, the BO3™ ion concentration evolves analogously to the Ca?* ions, without
the re-absorption at higher times. Among all the samples, the U600 and U700 samples have the
highest concentration of BO3? ion released in SBF, which is 326 ppm. According to prior XRD
studies [28], these samples are free of crystalline phases. Figure S2 and Figure S3 display that the
release of K* and Mg?* ions increases with increasing immersion time. All samples exhibit a two-
step increase: first, a steep increase during the first three hours, followed by another, albeit
somewhat slower, increase between 24 and 72 hours. Similar behavior is found in the pH of the
SBF solution. Dissolution of the glass of components (e.g., K20, Na20, B203) into the SBF and
forming a HA layer causes changes in the pH values [44]. Figure 5 shows the pH alterations as a

function of immersion time for the urea and sucrose systems.
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Figure 5. Dependence of pH values of SBF and the immersion time in the investigated glass powders using urea
(left) and sucrose (right) as fuel.

Overall, the pH values increase with immersion time similarly for all samples and appear
correlated principally to the K* concentration. However, the pH values of the samples have not
reached a plateau value after 72 h. In summary, it is worth pointing out that while the SCS produced
glass powders have similar or lower specific surface areas than sol-gel produced 13-93B3 glass
powders, the ion concentrations after immersion in SBF for 24 h of K*, Mg?*, BOs*, and PO.* are
about 3, 2.5, 1.5, and 1.4 times higher compared the sol-gel specimens [38]. Several factors can be
imagined to govern the ion release rate apart from the specific surface area: The samples prepared
by the SCS method, for example, exhibit smaller particle sizes compared to those synthesized
through the sol-gel method[https://doi.org/10.3390/BIOENGINEERING9090442.] and are likely to
feature a different boron speciation, i.e., the share of B3 and B4 units [28]. We base this on our
previous observation that the boron speciation of SCS-prepared glasses may differ significantly
from those of melt-quench 1393-B3 glass[37] depending on the used synthesis temperature [28].
BO* and BO* units have different stabilities in aqueous solutions that also depend on the pH of
the solution[https://doi.org/10.1016/j.jnoncrysol.2015.07.003.] (especially in the pH range of 7.4 and

8.4, see Figure 5), which may increase the amounts of released BO*. Lastly, not only the boron



speciations may differ between SCS and sol-gel glasses, but also the different intermediate-range

structures of the network formers.
XRD investigation after SBF-immersion

Powder X-ray diffraction was used to detect crystalline HA in the bioactive glass powders after 72
hours in SBF. Figures 6 and 7 show diffractograms of the glass powders in the presence of urea
and sucrose before and after being immersed in the SBF, respectively. While in the pristine
samples, no diffraction bands can be observed (compared with Figure 6), Figure 7 (left) clearly
shows a principal peak at 20 = 32° (ICDD96-431-7044), corresponding to HA in the U500-U700
samples. With increasing the synthesis temperature (To), the diffraction peaks become increasingly
narrow, indicating larger crystallites are found in U700, attributable to higher solution pH values,
which generally facilitate apatite nucleation, and the larger mean particle sizes of the specimen
[40]. Figure 7 (right) shows the HA phase at 26 = 32° (ICDD96-431-7044) for the S500-S700
samples, and demonstrates that the S700 sample has more intense peaks related to the HA phase,
which indicates some differences in the morphology of S700 compared to the other samples.
Another possible reason is its smaller particle size than those of S500 and S600, which increased
the ion release rates in the S700 sample and thus led to different crystallization dynamics [18].
The XRD patterns of the samples synthesized in the presence of urea show more intense bands
related to HA after immersion in SBF, than those synthesized with sucrose. This agrees with the

ICP-OES data, showing a higher Ca?* release, favoring higher HA formation.
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Figure 6. Powder x-ray diffractograms of U500, U600, and U700 (left) and S500, S600, and S700 (right) before

immersion in SBF [28].
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Figure 7. Powder x-ray diffractograms of U500, U600, and U700 (left) and S500, S600, and S700 (right) after three
days of immersion in SBF.

FESEM investigation after SBF-immersion

The FESEM micrographs of the synthesized samples in the presence of urea and sucrose as fuels
before and after immersion in the SBF media for 72 hours are represented in Figures 8 and 9,
respectively. FESEM results confirm that the mineralized phases have two different morphologies.
The differences could be related to the different ion release rates of the samples, leading to different

crystallization mechanisms. Additionally, since the fuel type affects the morphology, porosity, and



surface area, some effect on the formation of the HA phase with different morphologies is

likely[19].



After 3 days

Figure 8. FESEM of U700 (left) and after three days of immersion in SBF(right).



Figure 9. FESEM of S700 (left) and after three days of immersion in SBF (right).

Solid-State NMR investigation after SBF-immersion

The acquired *'P MAS NMR spectra of pristine HA nanoparticles as well as S750 after different
periods of immersion in SBF, are shown in Figure 10(a). As was previously reported in other
studies [45,46], pristine HA is observed as a combination of one sharp signal at §;;, = 2.3 ppm
and a low-intensity shoulder at 8;;, = 5.3 ppm. For all SBF-immersed samples, broader and
more asymmetric 3'P signals w.r.t. pristine HA with &;;, = 2.5 ppm are detected, indicating the
presence of tetragonally symmetric PO3~ anions (i.e., Q° units). Furthermore, for immersion times
below one day, the signal is slightly asymmetric, indicating that another shoulder is present, which

may either be caused by a range of hydrogenated calcium phosphates or by the glassy phosphate



species of the 13-93B3 structure found in S750 before immersion (also shown in Figure 10(a) as

a dashed line).
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Figure 10: (a) 3P MAS NMR spectra of pristine hydroxyapatite (black) and S750 before (gray dotted line) and after
immersion in SBF. (b) Linewidth dependency of the glassy calcium phosphate species P? on the immersion time of
the SBF-immersed samples. FWHM values and lineshape deconvolution parameters are listed in Table 4.

The width and shape of the observed signal are due to the formation of amorphous hydrogenated

phosphate species with substantially broadened line widths preceding the crystallization of HA

[46,48]. As the immersion time is increased, the linewidth decreases since the amorphous

phosphate species are converted to nanocrystalline HA.

Hahn-Echo *H MAS NMR and 2D 3P(*H) HETCOR MAS NMR spectra of SBF-72h are shown

in Figure 11. The H echo spectra, shown in Figure 11(a), feature three distinct signals: One broad

signal at 4.8 ppm corresponding to water and another shoulder at -0.3 ppm, which is usually

assigned to hydroxide ions [45,47,48]. As the HETCOR MAS NMR spectrum in Figure 11(b)

confirms, both sites are in proximity to the precipitated orthophosphate, confirming the formation

of amorphous HA phases surrounded by surface-bound water.
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Figure 11: (a) Hahn-echo *H MAS NMR spectrum of SBF-72h, using an echo delay time of 2 t,,,5 (160 us). The
inset shows the Hahn-echo *H MAS NMR spectrum, using an echo length of 20 7,45 (1600 us). The asterisk
indicates an impurity, possibly due to protonated calcium hydroxide surface sites [49] (b) 2D 3P{*H} HETCOR
MAS NMR spectrum of SBF-72h, using a contact time of 3.0 ms.

Another group of signals consists of two sharp lines at 1.1 ppm and 0.7 ppm. While similar signals
have also been observed in HA particles [45,47,48] and for other SBF-immersed glass formations
[37], they do not give rise to correlation signals in the 2D 3P{*H} HETCOR MAS NMR spectrum

shown in Figure 11(b). Hence, these signals are assigned to organic residues [47,50].

The obtained quantitative 3P MAS NMR spectra in Figure 10(a) are deconvolved under
consideration of at least three different components, which are all assumed to consist solely of
orthophosphate (Q°) units based on their chemical shift and absence of chemical shift anisotropy:
(1) “glassy” phosphate owing to disordered, water-containing calcium phosphates, designated as
Plg, (2) a secondary amorphous hydrogen phosphate species (Pzg) causing the asymmetric line
shape for all SBF-immersed samples and (3) crystalline bulk HA (P/'4) [45,46]. For immersion
times of 24 h and 72 h, the lattermost, crystalline component PF4 is required to satisfactorily
reconstruct the obtained 3P MAS NMR spectra, while for shorter immersion times, two glassy

components are already sufficient (see fit parameters below). Lastly, P4 is not considered for



lineshape deconvolution of the SBF-immersed S750 signals due to its low intensity relative to PJ4

in the pristine HA sample.

This deconvolution procedure leads to the fit parameters shown in Table 4 (with corresponding
lineshape deconvolutions of all samples shown in Figure S7). The fit parameters indicate that the
observed shoulder Pzg only makes up a few percent of the total signal intensity. Furthermore, the
crystalline HA component only becomes significant for immersion times of 24 h or higher,

reaching ~9% for SBF-72h.

The linewidth of the observed species decreases in a strongly linear fashion, as is shown by the
diagram in Figure 10(b) relating the immersion time to the full width at half maximum of the
P# species. Over time, the observed phosphate species (including the crystalline HA) underwent
decomposition, giving rise to sharp peaks with markedly lower longitudinal relaxation times. An
exemplary 3P NMR MAS spectrum after decomposition is shown in Figure S8, indicating non-

glassy Q° residues at 8;s, = —0.3 ppm and i, = — 4.8 ppm.

Table 4: Isotropic shift §;,, peak areas f, and mixed Gauss-Lorentz linewidth Ib obtained from deconvolution of
S750 before and after immersion. All species are assigned to Q° (orthophosphate) units. @ For f < 1%, the
respective site is considered not detectable in the respective sample.

Assignment &5, / ppm 1% b/ Hz
(x0.1) ( 2%) (z 20)
S750 P8 0.1 100 2410
Hydroxyapatite pfA 23 99 120
pjia 5.5 1 80
SBF-3h PE 25 95 590
P$ 2.5 5 540
PlHA . <1 (a) -
SBF-7h PE 2.5 92 580
P$ -25 7 620
pHA 2.5 <1® 120
SBF-24h PE 25 20 530
Ps 2.5 5 520
pHA 2.5 5 130
SBF-72h PE 2.5 91 380

pé - <1 @ -



pHA 2.6 9 160

Cell viability tests

The MTT assay results presented in Figure 12(a-c) demonstrate that using urea and sucrose as
fuels during the synthesis process did not negatively affect the growth and proliferation of 3T3
cells. This is evident from the consistent cell viability observed across different concentrations
(0.5, 1, and 2.5 mg/mL) of the synthesized samples after 1-day post-incubation. However, an
increase in the concentration of the glass powders resulted in a decrease in cell proliferation, which
could be attributed to the higher concentration of boron ions released in the medium. Overall, these
findings together with the rapid formation of HA suggest that the glass powders are favorable for

tissue engineering applications.
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Figure 12. Results of MTT assay for the conditioned medium containing a) 0.5 mg/mL of the glass powders, b) 1
mg/mL of the glass powders, and ¢) 2.5 mg/mL of the glass powders after 24 hours.



4. Conclusion

The present study investigated the microstructural properties, dissolution behavior, and
hydroxyapatite (HA) formation of borate-based bioactive 13-93B3 glasses prepared via the SCS
method in the presence of urea and sucrose as fuels at different furnace temperatures (To).
Adsorption measurements (BET/BJH) demonstrated the mesoporous character of the samples, and
DLS showed that a large percentage of the glass particles exhibit a size below 100 nm, depending
on the reaction temperature. For threshold temperatures above 700 and 750°C for the urea and
sucrose systems, respectively, some sintering occurs, resulting in larger particles generally. ICP-
OES measurements further provided evidence that the increased ion release rates can be attributed
to the small particle size and high surface areas. After immersion in simulated body fluid (SBF),
the formation of an amorphous orthophosphate phase was evidenced by 3P MAS NMR and 2D
$IP{'H}HETCOR NMR, which partially crystallizes to HA over the course of three days, as
confirmed by XRD. In the present case, samples with larger particle sizes (U/S700) lead to the
formation of a moderately higher amount of larger HA crystallites after three days of immersion
in SBF compared to those with smaller PSDs (U/S600 and below), which produce nanoscopic HA
crystals, clearly evidenced by the width of the XRD bands. Lastly, the high HA formation rate, as
well as the results of MTT assays, demonstrated the in vitro biocompatibility of the glass powders.
The ability to form a crystalline phase similar to that of natural bone minerals and the
biocompatibility of the samples make them an attractive option for biomedical research. However,
future work should aim to further understand the relationship between combustion temperature
and structure to enable the tailoring of dissolution rates, which is highly desirable for in vivo

applications of these glasses.
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Figure S3. Mg?* ion concentration of synthesized glass powders in the presence of urea (left) and sucrose (right).
(purple=X400, yellow=X500, pink=X600, blue=X700, green=X750, with X = U, S)
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Figure S4. Na* ion concentration of synthesized glass powders in the presence of urea (left) and sucrose (right).
(purple=X400, yellow=X500, pink=X600, blue=X700, green=X750, with X = U, S)
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Figure S5. PO,* ion concentration of synthesized glass powders in the presence of urea (left) and sucrose (right).
(purple=X400, yellow=X500, pink=X600, blue=X700, green=X750, with X = U, S)
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Figure S6. BO3* ion concentration of synthesized glass powders in the presence of urea (left) and sucrose (right).
(purple=X400, yellow=X500, pink=X600, blue=X700, green=X750, with X = U, S)



S2 Deconvolutions of 3P MAS NMR spectra obtained for SBF-immersed S750
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Figure S7: Deconvolutions of the 3'P MAS NMR spectra of pristine Hydroxyapatite and S750 after SBF immersion.
The deconvolution parameters are given in Table 3.



S2 3P MAS NMR spectra after HA decomposition at atmospheric conditions
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Figure S8: Comparison of 31P MAS NMR spectra before (dark blue) and after HA (light blue) decomposition at
atmospheric conditions. For the signal after decomposition, 256 scans were recorded using a recycle delay of 2 s.
The peaks were normalised to maximum intensity.

S3 !B MAS EASY spectra of SBF-3h and SBF-72h

The B spectra of SBF-3h and SBF-72h are shown in Figure S9. As already indicated by the ICP
results in Figure S6, significant leaching of the borate network takes place during dissolution. For
SBF-3h, the signal of the trigonal B3 species is strongly decayed and disappeared completely for

SBF-72h.
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Figure S9: !B EASY MAS NMR spectra of untreated S750 (grey, dotted line) and after 3h (blue) and 72h (red) of
immersion in SBF. The peaks were normalised to the intensity of the B* signal.



