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Abstract

Purpose: The aim of the presented work was to characterize the new obtained
bioglasses and assess their biological performance in vitro. Bioglasses were produced using the
sol-gel method in the SiO2-P.0Os-CaO system, for the purpose as composite ingredients. Their
chemical composition was enriched with ZnO to introduce antibacterial properties and SrO with
osteoinductive effect. The properties of bioglasses were compared and the effect of chemical
composition and particle size on their biological properties was assessed. Methods: The
bioglasses were evaluated via TG-DTA, FTIR, SEM-EDS analyses before and after incubation
in SBF solution. LDH and WST-1 tests were used to determine the level of cytotoxicity of the
tested bioglasses on hFOB1.19 osteoblasts. Results: The results-show that the developed
bioglasses release Ca?*, are bioactive in SBF solution, not'cytotoxic.and show antibacterial
activity in contact with Pseudomonas aeruginosaand- Staphylococcus aureus strains.
Bioglasses enriched with ZnO show the highest bactericidal activity. All tested bioglasses
enhanced hFOB 1.19 cells proliferation. Particle size has a lower effect on biological
performance of the bioglasses than their chemical composition. Conclusions: The conducted
research showed that bioglass modification with SrO and ZnO can be considered particularly
for the development of biomaterials supporting bone regeneration and the treatment of infected
bone defects.
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1. Introduction

The field of biomaterials is constantly evolving and searching for innovative solutions. Future
bioactive materials, including bioglasses, are expected to contain required physical features
such as the appropriate morphology, porosity, and specific chemical structure allowing release
of active molecules promoting bone remodelling and controlled biodegradation of the implant
[7]. The rate of degradation of the composite is also affected by the size of the bioactive glass
grains, the greater the number and the smaller the size of the glass particles, the faster the mass
loss. Integration of bone tissue with the implant as well as prevention and treatment of bacterial
infections still remain a major challenge. To achieve the desirable properties of biomaterials,
researchers and clinical investigators are still working on new solutions. In the literature, much
attention is paid to the bioactivity of materials [10] and factors inducing osseointegration -
thanks to which bone cells are stimulated to create a direct connection with the implant [12].

Osseointegration is a multi-stage process, consisting of many reactions that leads to a permanent



connection of the implant with the bone tissue. In addition, it is becoming increasingly difficult
to treat bacterial infections due to the emergence of antibiotic-resistant bacteria. The prevention
of bacterial infections by incorporating the components that possess antibacterial activity into
the new biomaterials is often described [19]. In conducted research, much attention is paid on
bioactive glasses [6,39,22] and natural polymers from which biocomposites are made [31].
Bioglass and glass-ceramic materials are widely used to directly fill or replace bone lesions.
Oftentimes, they are also used as a component of multifunctional composites in biomaterial
engineering [10,39,31]. The use of the sol-gel method in the production of bioglasses provides
them many beneficial functional properties [10]. One of them is high bioactivity, i.e., the ability
to create a hydroxyapatite intermediate layer at the material/bone tissue interface. Nucleation
of apatite crystals occurs by chemisorption of calcium and phosphate ions to the silicic acid gel
layer, easily formed on the bioglass surface. The reactions-at the interface of the bioglass and
bone tissue during the process of apatite formation in three-component SiOz-P,0s-CaO system
follow the scheme presented by L. Hench [13]. The growth of apatite crystals occurs mainly
thanks to calcium ions released from the bioglass, which react with.inorganic phosphate groups
present in body fluids circulating in the bone microenvironment. This process leads to the
formation of a hydroxyapatite layer and its\connection with the collagen fibers of the organic
matrix. As demonstrated by others, the ions released in certain concentrations from the
biomaterial play an important role in the bone regeneration process. lons released from the
biomaterial generate a favorable microenvironment that facilitates cell proliferation. In the
process of stimulating new bone growth, the synergistic effect of ions released from the bioglass
or biomaterial, ‘I.e., silicon and strontium, is also important [23]. Modification of the
composition of bioglass by partially replacing Ca?'in the glass network with Mg?* or Sr?*
increases the surface reactivity, which in turn enhances the ability to form hydroxyapatite
deposits during-contact with body fluid.

Strontium is clinically used as a pharmaceutical agent for osteoporosis treatment because of its
ability to activate osteoblasts and inhibit osteoclast activity [14]. Strontium ions released from
modified bioglass have an osteoinductive effect by improving the proliferation of osteoblasts,
and also have antibacterial properties [1]. The results presented by Gorustovich et al. [11]
confirm the positive effect of strontium ion the process of osteogenesis. Replacing CaO by SrO
is regarded as a novel biomaterial formation strategy for use in bone repair and regeneration
therapy.

Additionally to strontium, zinc is one of the important components present in bones, which

shows the stimulatory effect on the bone mineral deposition process, in both in vitro as well as
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in vivo conditions. Zinc homeostasis is essential to many proteins which regulate cellular
functions such as the response to oxidative stress, DNA replication, DNA damage repair and
apoptosis [37]. Zinc ions are components or activators of many enzymes involved in metabolic
processes [3] and was shown to stimulate the early differentiation of bone cells [36]. Taking
into account these characteristics of zinc, many studies focus on the use of zinc as a component
of bioactive glasses or other biomaterial types [2]. As shown by Vukomanovic et al. [35], zinc
ions released from bioactive glasses containing ZnO stimulate the proliferation and osteogenic
differentiation of cells and facilitate the development of a mature bone..IMoreover, zinc ions
also increase bone density, have anti-inflammatory and antibacterial properties, and thus
facilitate bone healing. The presence of ZnO in the glass enhances-its mechanical strength and
chemical durability and reduces its degradability in aqueous media such as simulated body fluid
(SBF) [17]. According to literature data, the amount of released zinc ions from the biomaterial
should be optimal, i.e., safe for the treated patient, and able to ensure a minimum inhibitory or
bactericidal concentration [19,28]. The dominant hypothesis of the mechanism of bacterial
destruction by ZnO-containing biomaterials is the formation of reactive oxygen species (ROS)
and the destruction of the cell wall after contact with ions or labile zinc complexes [32].
Bioactivity and cytotoxicity of bioglasses can be tested with the use of various methods [29].
Additionally, many published papers which describe direct contact of cells with glass particles,
use small amounts of bioglass [40] or do not include weights of samples [24]. This could lead
to the conclusion that the total mass of ibioglass used in the experiment was insufficient to
properly assess the influence of bioglass on their biological performance. On the other hand,
increased amount of bioglass in direct contact with cells may cause mechanical damages of in
vitro model. This problem highlights the importance of developing new methodologies that will
allow for the use of higher bioglass mass per test, eliminate direct particle contact with cells,
and maintain continuous-ion release throughout the experiment which is not possible in research
based on bioglass extracts.

The purpose of this study was to synthesize and characterize the newly obtained bioactive
glasses, as well as to evaluate their bactericidal properties and in vitro cytocompatibility with
osteoblasts. New methodology in cell-based assays was used due to the limitations of the
previously described bioglass cytotoxicity testing protocols. The improved methodology was
based on cellular growth in the presence of increased mass of biolglass placed in cell culture
inserts which allowed for ion release to be maintained throughout the experiment and assessed

for its influence on osteoblasts. The obtained results will be valuable due to the possibility of



the use of selected bioglasses as components for innovative multifunctional composites for
filling bone tissue defects.

2. Materials
In order to obtain bioglass, the following components were used: tetraethoxysilane, zinc nitrate
(V) hexahydrate, calcium nitrate (V) tetrahydrate (Avantor Performance Materials Poland S.A.,
Gliwice, Poland), strontium nitrate (V) (Sigma-Aldrich, St. Louis, MO), and triethyl phosphate
(V) (Fluka, Chemie GmbH, Buchs, Switzerland).
Formation of sol-gel derived bioglass

Five chemical compositions of bioglass have been developed in the SiO2-P>0s-CaO system.
Bioglass with SiO2 content of 70 wt.%, P2Os content of 5 wt.% and CaO content of 25 wt.%
constituted the reference material (sample P5). In compositions of bioglass supplemented with
SrO or ZnO, 2 wt.% or 5 wt.% CaO was replaced with SrO or ZnO (samples P5Sr2, P5Zn2,
P5Sr5 and P5Zn5, respectively). The low-temperature sol-gel method was used to produce these
bioglasses. The beaker with the reaction mixture was placed in an dryer and kept for 7 days at
40°C. After each subsequent 7 days, the<drying temperature was increased to 60°C, 80°C,
120°C and 180°C, respectively. After holding for 7days at 180°C, the dried gel was transferred
to a ceramic crucible and placed in‘an electric furnace. After the drying was completed, the dry
gel was heated in an electric-furnace. For the TG/DTA test, a sample of P5 bioglass was
prepared by annealing at 600°C for 10 h. After the test, all glasses were heated at 650°C for 15
h to stabilize their structure. Five bioglasses were obtained: P5, P5Sr2, P5Zn2, P5Sr5 and
P5Zn5 in the form of coarse-grained powders. Next, the powders were crushed in a mechanical
mortar for 15 min and subjected to grinding in a rotary-vibrating mill. Each of the glasses was
prepared in two groups differing in grain size. The grinding time in the rotary-vibration mill
was 10 minutes for group I'and 20 minutes for group Il. Ten bioglasses in the form of powders
were obtained.in this way, marked with the symbols: P5_I, P5_1l, P5Sr2_I, P5Sr2_II, P5Zn2_1,
P5Zn2_ 11, P5Sr5 1, P5Sr5 11, P5Zn5 | and P5Zn5 _II.
3. Methods

Low angle laser light scattering — particle size analysis

The analysis was performed using a Malvern Instruments 2000 laser particle size analyzer using
the low-angle laser light scattering (LALLS) method. The LALLS allowed for evaluation of
the particle size in a wide range from 0.1 pm to 2000 pm with a margin error of 0.5%. The
obtained characteristic values were dv(0.1) — meaning that the size of 10% vol. particles of the
sample population is smaller than the dv value, dv(0.5) - meaning that the size of 50% vol.



particles of the sample population is smaller than the dv value, dv(0.9) — meaning that the size
of 90% vol. particles of the sample population is smaller than the dv value.

Thermogravimetric Analysis (TG) / Differential thermal analysis (DTA) — study of

physicochemical changes occurring during heating
DTA/TG analysis was performed using the STA 449 F3 Jupiter® NETZSCH device for
simultaneous thermal analysis (TG, DTA/TG, DSC/TG). 4.9 mg of bioglass was placed ina 0.3

ml alumina DTA crucible. The analysis was carried out in the temperature range 30-1000°C,
with the temperature change rate 10°C/min, in an argon atmosphere (70-ml/min). A separate
corrective measurement of the empty crucible was also carried out.

Fourier Transform Infrared (FTIR) Spectroscopy — identification of functional groups in

glasses
FTIR-ATR analysis was performed using the FTIR TENSOR Bruker spectrophotometer

equipped with a DLaTGS detector. To prepare the samples (tablets with KBr), 1.5 mg of
bioglass sample per 200 mg of dried KBr was used. The samples were tested in the transmission
mode with the following instrumental settings: wavenumber range 400—4000 cm™, number of
scans 64, spectral resolution 4 cm™. Each sample was measured twice to check structural
reproducibility. The baseline correction and atmospheric compensation procedure has been

applied to the presented spectra with Opus 7.2 software.

Estimation of the amount of calcium ions released into deionized water

From each type of bioglass, 0.3 g of powder with particle size | was weighed and transferred to
a glass vessel, filled with 150 ml of deionized water with conductivity of 0.05 uS/cm and sealed.
The dishes were kept in an incubator at a constant temperature of (37+1)°C for 21 days. Samples
for testing the amount of released calcium ions were collected after 1 h, 24 h, 7 days and 21
days. The concentration of released Ca?* ions was determined using flame atomic absorption
spectrometry (FAAS) . The stock solution was prepared using Merck KGaA's Titrisol (1000
mg Ca, CaCl2 in.6.5%wt. HCI). Standard solutions were prepared by the method of successive

dilutions. Each measurement was performed in triplicate.

Evaluation of bioactivity by means of SEM-EDS analysis

The microstructure of the glasses was examined by scanning electron microscopy (SEM) with
energy dispersion spectroscopy (EDS). Micro-area analysis was performed before and after
incubation in simulated body fluid (SBF) to determine the bioactivity of the produced
bioglasses.. lon concentrations in the SBF solution in mmol/dm? were: Na* 142; K* 5,0; Mg?*



1,5; Ca®* 2,5; Cl 148,8; HCO3 4,2; HPO4? 1,0 and SO4% 0,5. Bioglasses were prepared in the
form of discs with a diameter of 6 mm and a height of 2 mm on a single-axis press with a
pressure of 5 KN. Six discs of each material were placed in sealed glass vessel and 65 ml of the
SBF solution were introduced. The sample vessels were incubated at 37+1°C for up to 4 weeks.
The initial pH of the SBF solution was 7.25. After 7, 14 and 28 days of incubation, samples
were collected and changes in surface morphology were assessed and their qualitative chemical
composition by EDS was determined.

Cytotoxicity testing

Cells

Human foetal osteoblasts hFOB 1.19 (ATCC CRL-11372, USA) were cultured in a 1:1 mixture
of Ham’s F12 medium and Dulbecco’s modified Eagle’s medium with 2.5 mM L-glutamine

(without phenol red). The medium was supplemented with 10 pg/mlgentamicin and 0.25 pg/ml
amphotericin B and foetal bovine serum (FBS) at-a final concentration of 10%. Cells were
cultured at 34°C and 5% CO..
Bioglasses testing via cell culture inserts
Human osteoblast hFOB cells were plated in 12-well plates at 3x10° cells/well in 800 ul of
cell medium. Next, 0.1 g of bioglasses enriched with zinc and strontium oxides has been
weighed on cell culture inserts (Sarstedt, Germany) and placed into wells. Additional 400 ul of
medium was added to each insert. Cells were incubated for 48 h at 37°C, 95% humidity, 5%
CO.. Cell proliferation and cytotoxicity were determined by WST-1 and LDH tests,
respectively.
Cytotoxicity — Lactate Dehydrogenase (LDH) activity assay
The test was performed using the Cytotoxicity detection kit (Roche Applied Science, Germany)
according to the supplier’s protocol. Briefly, the dye solution was mixed with the catalyst
solution and added to the samples previously transferred to 96-well plates. After incubation in
the dark, the optical density of the samples at 490 nm and 690 nm was measured using a plate
reader Epoch (BioTek Instruments, USA). As a positive control, cells treated with 1% Triton -
X100 were used. Untreated cells and a blank medium were included into each assay.
The cytotoxicity percentage was calculated as follows:

Cytotoxicity = (Sample absorbance - Control absorbance)/(Positive control absorbance -

Control absorbance) x 100%.

WST-1 mitochondrial activity assay
For WST-1 assay hFOB 1.19 cells were incubated with bioglasses enriched with zinc and

strontium oxides placed on cell culture inserts (Sarstedt, Germany). Cells with inserts
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containing bioglass were incubated for 48 h at 37°C, 95% humidity, 5% COz2. The proliferation
of hFOB 1.19 cells was determined using the WST-1 assay kit (Abcam, USA) according to the
supplier’s protocol. Briefly, the cells were incubated with the extract and then treated with 40
ul of the WST-1 reagent followed by 2 h incubation in 34°C and 5% CO-. Conditioned medium
was collected from each well and transferred to a 96-well flat bottom plate (Sarstedt, Germany).
The optical density at 450 nm and 620 nm was measured using an Epoch plate reader (BioTek
Instruments, USA). Untreated cells and a blank medium were included into each assay. The
proliferation percentage was calculated as follows:
Proliferation = (Sample absorbance / Control absorbance) x100%

Antibacterial activity of bioglasses

Preparation of bacterial cultures

Two bacterial reference strains were chosen: Staphyloecoccusaureus \PCM 2602 and
Pseudomonas aeruginosa PCM 2563. Both selected pathogens are of high clinical importance
[25]. All bacteria were grown overnight at 37°C in Lysogeny Broth (LB, BTL, Poland). Prior
to the experiments, the cultures were diluted to reach a cell density of 0.5 McF (McFarland
standard) corresponding to approximately 1.5x208 cells/ml. LB medium consisted of 10 g/l
casein peptone, 5 g/l yeast extract and 10 g/l NaCl with a final pH of 7.0.

Determining the antibacterial activity of bioglass

The antibacterial activity of bioglass was analysed in a manner similar to that presented by Hu
et al. [15]. In the experiments, 100 mg of each biomaterial was added into 1 ml of bacterial
suspension in separate Eppendorf tubes. Also, samples consisting of 100 mg of SiO; particles
or gentamicin at a final concentration of 100 ug/ml in 1 ml of bacterial suspension were tested.
Bacterial suspensions without any additive served as a control. After 1 min of stirring with a
vortex mixer, Eppendorf tubes with samples were placed in aerobic conditions at 37°C for 1 h.
After the incubation, serial dilutions of the suspensions were made, followed by spreading the
volume of 100 pl on LB-agar plates. The number of resultant colonies were counted as CFU/ml
(colony forming units) after 24 h of incubation at 37°C. The number of viable microorganisms
and the percentage of bacterial count reduction were calculated in relation to the bacterial
colonies number from control. All experiments were performed in triplicates.

Statistical analysis

GraphPad Prism (GraphPad Software, USA) was utilized for data analysis and visualization.
The statistical analysis was conducted using the Kruskal-Wallis test. Next, the Benjamini,

Krieger, and Yekutieli multiple comparison test (p< 0.05) was conducted to control the false



discovery rate. The repetition number of bioglass sample in one experiment was n > 4 for

cytotoxicity and WST-1 mitochondrial activity assay. P< 0.05 were considered significant.
4. Results

Particle size analysis

The particle size distribution of the obtained bioglasses was described using the characteristic
values determined using the LALLS method. The characteristic sizes dv(0.1), dv(0.5) and
dv(0.9) of the particles of the obtained bioglasses: P5_I, P5_II, P5Sr2_I, P5Sr2_Il, P5Zn2_l,
P5Zn2_ 11, P5Sr5 1, P5Sr5 11, P5Zn5 | and P5Zn5 Il are shown in Table1.

It can be observed that for bioglasses with particle size I, the values‘of the dv(0.5) dimension
ranged from 45.5 um for the P5Zn2 I sample to 69.1 um for the P5Sr2 I'sample. On the other
hand, for bioglasses with particle size 11, the values of dv(0.5) were lower and ranged from 26.8
um for the P5_II sample to 45.0 pm for the P5Sr2 Il sample.

Table 1: The particle size results obtained using the LALLS method.

Symbol of bioglass Particle size, pm
dv(0.1) dv(0.5) dv(0.9)

P5 | 7.1 59.9 2155
P5 Il 4.2 26.9 77.4
P5Zn2 | 54 455 139.5
P5Zn2 1l 3.7 29.1 85.6
P5Sr2 | 8.3 69.1 228.6
P5Sr2 I 5.7 45.0 131.1
P5Zn5 | 8.0 68.1 198.5
P5Zn5 I 54 42.3 118.7
P5Sr5 | 7.7 61.8 173.7
P5Sr5 I 49 37.7 106.0

The obtained powders differed in particle size parameters both in group I and Il, despite the fact
that the grinding times of particular bioglasses were always the same. The differences in the
particle size parameters result mainly from the grinding method used and the differences in the

microstructure of the glasses.

Thermogravimetric Analysis TG / Differential thermal analysis (DTA)

The results of thermogravimetric and differential thermal analysis obtained for P5 bioglass
annealed at 600°C for 10 h are shown in (Figure 1). The changes visible on the TG curve
correspond to the thermal processes reflected in the DTA curve. During the heating of the

sample from room temperature to 425°C, the weight loss on the TG curve was 12.3 wt.%.
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Figure 1: TG/DTA analysis of bioglass P5_I1 annealed 10 h at 600°C.

A small peak on the DTA curve in the range of 50-180°C for our bioglass, which was previously
annealed at 600°C, is related to the loss of moisture'adsorbed in its pores. On the other hand, in
the temperature range of 425-700°C, a broad - DTA signal was observed. Several signals of
lower intensity can be distinguished in the'DTA curve: 497.0°C, 573.8°C, 671.0°C.

The performed thermal analysis helped to-determine the temperature of the thermal treatment
(650°C) necessary to stabilize the‘microstructure of the produced bioglasses.

FTIR

The FTIR spectra of bioglasses P5, P5Sr2, P5Sr5, P5Zn2, and P5Zn5 annealed 15 h at 650°C
in particle size Il are shown in Figure 2. FTIR analysis was performed to identify the main
functional groups and study the effect of different chemical compositions of the synthesized
bioglasses particles on the chemical structure. For all of the bioglasses, the main absorption
bands appeared at 1070 and 798 cm™ and correspond to the stretching vibrations of [SiO4]*
tetrahedra. The wide absorption bands at 1220 and 1070 cm™ are associated to asymmetric
stretching vibrations of Si-O-Si and bands at 798 cm™ are assigned to symmetric stretching
vibration of Si-O-Si (combining of tetrahedra [SiO4]*). Low-intensity dual peaks of P-O
asymmetric bending vibrations of POs* groups were identified at 565 and 582 cm™. The broad
bands observed at 460 cm™ are attributed to the bending vibration of Si-O-Si. The spectra also
show weak bands at 1636 cm™ attributed to the bending vibration of HOH. Wide, medium-
intensity bands in the range of 3100-3700 cm™ from the stretching vibrations of OH bonds in
silanol groups (Si-OH) and HO-H bonds in adsorbed water molecules were also observed.
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Figure 2: FTIR analysis of bioglass P5_11, P5Sr2_11,P5Sr5_II, P5Zn2_Il'and P5Zn5 _II.

Assessment of the concentration of Ca®* ions released into deionized water

The result of the analysis carried out using-optical emission spectrometry with inductively

coupled plasma (ICP-OES) confirms the release of Ca®* ions (Figure 3) and indicates the
activity of the tested bioglasses.
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Figure 3: The concentration of released Ca?* ions to deionized water after the degradation of
glasses: P51, P5Zn2_1, P5Sr2_1, P5Zn5_I and P5Sr5_I. The total measurement uncertainty
was determined with a confidence level of 95% and a coverage factor of k=2.

For glasses P5Zn2_1, P5Sr2_I, P5Zn5 I and P5Sr5_I, the concentration of determined ions after
contact with deionized water for 504 h (21 days) was only slightly higher than those determined

after 1.5 h. A significantly higher amount of released ions after 21 days was observed only for
P5 1 glass.

Evaluation of bioactivity in SBF solution
An assessment of bioactivity was carried out on the basis of SEM-EDS analyses of bioglasses

before and after incubation in SBF solution. This method of assessing bioactivity is used by
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other researchers [21]. The results of the analysis of bioglasses before incubation are shown
based on the example of P5_I1 bioglass heated at 650°C. The SEM image of this bioglass before
incubation in SBF with EDS analysis is shown in (Figure 4).
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Figure 4: SEM-EDS analysis of bioglass P51l before incubation in SBF.

The SEM-EDS analysis shows an increase in the intensity of the Ca and P peaks and a
significant decrease in the Si peak.

A high Si peak and lower Ca and P peaks were observed in the EDS diffraction spectrum. A
similar dependence of the intensity of the peaks was also observed for the remaining bioglasses
(SEM images and EDS spectra-not shown in the manuscript). The EDS analysis for the
remaining bioglasses under consideration confirms the presence of Si, Ca and P in the
composition of the P5, and additionally the presence of Zn or Sr in bioglass enriched with ZnO
or SrO, respectively. In the images taken after 2 weeks of incubation in the SBF solution, clearly
visible spherical forms and changes in chemical composition were observed on the surface of
all the tested bioglasses (Figure 5).
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Figure 5: SEM-EDS analysis of glasses (a) P5_11/600, (b) P5_11/650, (c) P5Zn2_11/650, (d)
P5Zn5_11/650, (e) P5Sr2_11/650, (f) P5Sr5_11/650 after 14 days incubation in SBF.

Biological evaluation of bioglasses

Cytotoxicity testing

LDH and WST-1 tests were used to determine the level of cytotoxicity of the tested bioglasses
towards the hFOB1.19 cells. The test procedure and evaluation of the results were carried out
in accordance with the EN 1SO 10993-5:2009 standard "Biological evaluation of medical
devices — Part 5: In vitro cytotoxicity tests.” Due to the fact that hFOB1.19 osteoblasts divide
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every 36 h, the tests were performed after 48 h of incubation. The cytotoxicity results obtained

are presented in (Figure 6).
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Figure 6: Cytotoxicity of bioglasses measured in LDH test after 48 h of incubation with tested
bioglasses.
Leakage of lactate dehydrogenase form osteoblasts incubated with the test glasses did not
exceed 30% of control for any of tested samples. This allows to classify the tested bioglasses
as a material that does not cause cytotoxic effect. The highest average cytotoxicity value was
recorded for bioglass samples containing-5% ZnQ, it was 13.0 + 2.5% and 13.6 + 1.8% for
P5Zn5 I and P5Zn5 11, respectively. The obtained results indicate that the chemical composition
has a greater influence on the-cytotoxicity of the tested bioglasses than the particle size.
The statistical analysis of cytotoxicity test results revealed activity differences between P5 Zn2
Il and the following bioglasses: P5 Sr5 I, P5 Sr5 11, P5 Zn5 I, and P5 Zn5 I1. Cytotoxicity results
for P5 Sr2 11 bioglass were statistically different in comparison to P5 Zn2 |1, P5 Zn5 I, and P5
Zn5 11. Next, statistically significant differences were identified between P5 Il and P5 Sr5 I, P5
Zn5 1, and P5 Zn5 II. Statistically significant differences in cytotoxicity test were detected also
for P5 Sr2 | and effects caused by P5 Sr5 I, P5 Zn5 I, and P5 Zn5 II. P5 I and P5I1 bioglasses
caused statistically different effects in comparison to P5 Zn5 | and P5 Zn5 Il. Despite
discovered differences, it is essential to remember that all cytotoxicity results allowed to
classify bioglasses as nontoxic.
The results of the WST-1 assay used to evaluate the proliferation of hFOB1.19 cells are shown
in (Figure 7). The results of proliferation of all tested bioglasses exceeded the threshold of 70%.
The highest proliferation among the bioglass with particle size | was determined for samples
P5_1. On the other hand, among the bioglass with particle size 11, the highest proliferation was
determined for P5Sr2_Il and P5Zn2_I11 samples.
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Figure 7: Proliferation of osteoblasts incubated 48 h with tested bioglasses.

Antibacterial activity of bioglasses

The antibacterial activity test of the examined bioglasses was carried out in the presence of
gentamicin as a positive control and SiO; as a negative one, The results of the.test indicate a
decrease in the number of bacteria of both species for all tested bioglasses (Figure 8).

-
o
o

-~
(3]

Bacterial count reduction [%]
N (4]
(4] o

o

PO SRR GRS SR SR
¥ P EAEARE P 0o
)

W S aureus
B8 P. aeruginosa

Figure 8: Bacterial count reduction of S. aureus and P. aeruginosa incubated with bioglasses
and gentamycin as control.

The observed results of bacteria cell reduction number by the tested bioglasses, regardless of
the particle size, are lower than for gentamicin, but much higher than for negative control. SiO>
reduced the initial number of both analyzed bacteria species by an average of 32%. In the case
of P. aeruginosa, the reduction in the number of microorganisms for eight tested bioglasses
exceeded 80%. The value of reduction in relation to the initial number of microorganisms for
P5Zn2 Il and P5Zn5 Il bioglasses was 93.9% and 95.6%, respectively. In the case of S. aureus,
the highest reduction values were also determined for the P5Zn2 11 and P5Zn5 Il samples and

they were 88.1% and 92.9%, respectively. Bioglasses containing ZnO showed a higher
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reduction value than the reference bioglass P5 and bioglasses containing SrO. The determined
percentage of bacterial count reduction for P5Sr2 | and P5Sr5 11 bioglasses was lower than for
P5 1and P5 11 glasses by 9.5 and 0.7%, respectively. In addition, bioglasses with a finer particle
size were characterized by higher reduction efficiency, on average by 13.2% against S. aureus
and 7.0% against P. aeruginosa.
5. Discussion

It was observed that the determined weight loss was similar to that reported in the literature for
the stabilized gel [28]. According to the literature, during wet gel analysis, changes in mass in
the range of 50-120°C are related to the loss of moisture and the endothermic transformation
characteristic of the volatilization of water and ethanol residues:'During heating dry gel above
120°C, exothermic transformations occur, related to the condensation process as well'as thermal
decomposition of nitrates and removal of NO2. The weight loss related to the thermal changes
taking place for the wet gel is 60 wt.% and for dry gel exceeds 30 wt.%[30]. The obtained
results of ion release may indicate that the particle size has.a smaller impact on hydrolytic
activity than the microstructure of bioglass. According to the results presented by Vaid et al.
[34], the release of ions also leads to other chemical transformations, especially during the
incubation of bioglasses in the SBF solution. During the contact of bioglasses with the SBF
solution, due to the released Ca?*ions, amorphous calcium phosphate is formed over a hydrated
layer rich in silicon, crystalline calcium phosphate or apatite. On the other hand, the results of
Liu et al. research [20] indicate that the increase in the content of calcium ions in the SBF
solution is not a critical factor influencing the precipitation of apatite. The observed changes in
the SEM-EDS analysis are consistent with the results reported by other researchers. Changes
occurring on the surface of bioglasses during contact with SBF result from a number of
phenomena including leaching, dissolution and precipitation, which lead to the formation of an
apatite layer [13] or a calcite layer. It is believed that the appearance of apatite on the
biomaterial surface similar to HA nanocrystals found in human bones promotes cell adhesion
and proliferation. In addition, the replacement of Ca by Sr in the chemical composition of the
glass promotes bone formation. According to Fredholm [8], the presence of SrO promotes the
release of ions and the formation of apatite. The beneficial effect of Sr on cell adhesion and
proliferation [27] and on differentiation [16,33] was demonstrated in the literature. The
influence of bivalent ions in the chemical composition, i.e., Zn?* and Sr?*, on the biological
properties of bioglass was described by Cacciotti et al. [4]. The authors demonstrated that ionic

dissolution products of bioglass are able to induce and stimulate the expressions of genes related
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to the osteoblastic differentiation and bone formation. The studies [9] show that Sr can promote
osteoblast activity and inhibit osteoclasts in vitro. Also Murphy et al. showed that the
appropriate concentration of released Sr?* can induce a positive response of osteoblastic
phenotype cells [26]. Kargozar, in in vivo studies, found that they promote both osteogenesis
and angiogenesis [18]. In our studies, bioglass containing strontium in the chemical
composition did not showed increased proliferation compared to glasses enriched with zinc.
The obtained bacterial count reduction results also indicate a higher sensitivity of P. aeruginosa
bacteria compared to S. aureus to bactericidal agents present in contact with the tested
bioglasses and SiO». The obtained results also show the influence of differences in the structure
of the cell wall between Gram-negative and Gram-positive bacteria and the sensitivity of the
species to the antibacterial agent [28], as well as the chemical composition and particle size of
the analyzed material. According to Pasquet et al [28], the concentration of Zn?* plays a
significant role, because in order to obtain a similar antibacterial effect against S. aureus, a ten-
fold higher concentration of these ions had to be used due to its lower sensitivity. Lower
susceptibility of S. aureus bacteria was also observed in previous studies conducted for
composites containing bioglasses enriched with-ZnO [5]. The observed higher antibacterial
activity of bioglasses with a finer particle size could be associated with their higher specific
surface area, and also favor the formation.of mechanical damage to the bacterial cell wall [15].
Bioglasses P5 I and P5 Il also showed antibacterial activity, which can be explained by the
release of calcium ions. According to Zhang [38], an increase in the pH of the environment as
a result of the release of ions leads to a reduction in the number of microorganisms.
6. Conclusions

Five bioglasses were produced using the sol-gel method in the SiO2-P20s-CaO system. The
chemical compositions of glasses were enriched with SrO which increased osteogenicity or
ZnO which increased antibacterial activity. Bioglasses were obtained in the form of coarse-
grained powders, in two particle sizes: | and Il. The bioglasses were evaluated via TG-DTA,
FTIR, SEM-EDS analyses before and after incubation in SBF solution. The concentration of
Ca?" ions released into deionized water confirmed that the particle size has a smaller impact
on degradation than the microstructure of bioglass. In the SEM images taken incubation in the
SBF solution, well-visible spherical forms and changes in the chemical composition in the EDS
analyzes were observed on the surface of all the tested bioglasses. LDH and WST-1 tests on
human osteoblasts hFOB1.19 confirmed that the tested bioglasses were non-cytotoxic. The

obtained results also showed that the cytotoxicity of the tested bioglasses is more influenced by
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the chemical composition than the particle size. The proliferation results of all tested bioglasses
exceeded the threshold of 70%. The highest antibacterial activity was shown by bioglasses
enriched with zinc. The observed reduction results indicate a higher sensitivity of P. aeruginosa
bacteria compared to S. aureus to bactericidal agents present in contact with the tested
bioglasses. In addition, Ca?* ions released from bioglass can increase the pH of the environment,
and thus also reduce the number of microorganisms. The improved methodology based on cell
growth in cell culture inserts allowed for a better assessment of the effects of ion release on
osteoblasts. The properties of the developed and produced bioglasses, including. the results of
physicochemical tests and in vitro biocompatibility assessment, allow them to be used in the
further part of research on innovative multifunctional composites for filling bone defects.
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