Journal of Non-Crystalline Solids 511 (2019) 86-99

journal homepage: www.elsevier.com/locate/jnoncrysol

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

= JOURNAL OF
NON-CRYSTALLINE SOLIDS

Influence of zinc ions on structure, bioactivity, biocompatibility and
antibacterial potential of melt-derived and gel-derived glasses from CaO-

SiO, system

Check for
updates

Aleksandra Wajda™*, Wolfgang H. Goldmann®, Rainer Detsch®, Aldo R. Boccaccini®,

Maciej Sitarz®

2 Faculty of Materials Science and Ceramics, AGH University of Science and Technology, Mickiewicza 30, 30-059 Cracow, Poland
® Deptartment of Physics, Biophysics Group, University of Erlangen-Nuremberg, 91052 Erlangen, Germany
¢ Institute of Biomaterials, Department of Materials Science and Engineering, University of Erlangen-Nuremberg, 91058 Erlangen, Germany

ARTICLE INFO ABSTRACT

Keywords:

Bioactive silicate glasses
Spectroscopic studies
Zinc oxide
Biocompatibility
Antibacterial properties

Several different compositions of zinc-containing glasses in the CaO-SiO, system were obtained by both tradi-
tional melting technique and the sol-gel method. The influence of zinc ions addition in the glass composition was
evaluated using different spectroscopic methods (FTIR and 2°Si MAS-NMR). It was demonstrated that ZnO has a
significant effect on glass structure and, as a consequence, on thermal properties, texture and bioactivity. EDX
and ICP data showed that zinc ions reduce glass bioactivity and incorporate in the newly forming HCA layer.
Evaluation of the in vitro biocompatibility of the obtained materials was performed by indirect tests using MG-63

osteoblast-like cells. All samples were found to be biocompatible and zinc ions enhanced the cell viability.
Antibacterial tests against gram-negative (E. coli) and gram-positive bacteria (S. aureus) were carried out to
evaluate the antibacterial potential of the zinc-doped glasses.

1. Introduction

Silicate bioactive glasses are a widely used group of amorphous
inorganic biomaterials. They are very desirable due to their ability to
create strong chemical bonds with surrounding living tissues. This is
done via hydroxycarbonate apatite (HCA) layer formed spontaneously
on their surface in contact with physiological fluids [1]. Silicate alkali-
free glasses are well-known from their reduced crystallization tendency,
lower susceptibility to water uptake and decreased coefficient of
thermal expansion [2]. There are many studies on glasses from CaO-
SiO, system, which have proved their bioactive properties and bio-
compatibility, despite lack of phosphorous and alkali [3-7]. Bioactive
glasses are mainly used in hard tissue regenerative medicine as bone
grafts or fillers in the field of bone and teeth repair [8]. One of the
major advantages of these materials is the facile incorporation of dif-
ferent ions in the silicate matrix in order to improve their mechanical,
physical and therapeutic properties. The release of dopant ions can
enhance bioactivity, improve biological response of cells (e.g. osteo-
genesis and angiogenesis) and introduce antibacterial activity [9] [10].
To model and predict the behavior of bioactive glasses, it is essential to
know the influence of different ions on glass structure, which plays a
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key role in determining the glasses' properties.

The choice of zinc ion addition was determined due to many lit-
erature reports, which inform that glasses containing ZnO can be con-
sidered chemically stable, non-toxic, biocompatible and with a good
activity against E. coli, S. aureus, C. krusei, B. subtilis and P. aeruginosa
[11-13]. At the same time, it is worth to mention that some of the
authors reported that too high level of zinc concentration can be cy-
totoxic to osteoblast cells [14]. However, it is difficult to clearly in-
dicate the limit value of zinc in the glass composition, which causes
cytotoxicity because it may be dependent on many factors, including
cell line, synthesis routes and related glass microstructure, surface
morphology, zinc release kinetics, etc. [14] [15].

Zinc ions in silicate glass structure act both as network modifiers
and network formers.® The role of ZnO can switch from being a network
modifier to being an intermediate oxide by increasing the ZnO content
[9]. Formation of the tetrahedral ZnO42~ species requires Ca2" ions for
charge balancing. This can lead to cations removal from the silicate
network, inducing formation of the Si-O(Zn) bonds and, as a con-
sequence, an increasing of the number of bridging oxygen (BO) species.
Despite the fact that the polymerization level is increased, the presence
of the Si-O(Zn) bonds that are weaker than Si-O-Si bonds can weaken
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the glass network causing a reduction of the glass transition tempera-
ture [16].

Analysis of the available literature indicates that it is difficult to
unequivocally define if Zn?* ions improve or inhibit glass bioactivity
and biocompatibility because different studies have not been carried
out on the same composition of glasses, and the glasses have been ob-
tained in a different ways [16]. Thus, further specific studies on the
relationship between the structure, microstructure, physicochemical
properties, and mode of synthesis are required to accurately determine
the influence of zinc ions on the dissolution rate, bioactive and bio-
compatible behavior of zinc-doped glasses [10].

In this study, a selection of zinc containing silicate glasses was in-
vestigated and Zn content was related to its important role in formation
and metabolism of bone cells [17], growth of blood vessels [18], wound
healing [19] [20], as well as its antibacterial properties. According to
the literature [21], depending on the condition, Zn?* can be either
bacteriostatic or bactericidal. Bacteriostatic effect is achieved by in-
hibition of the glycolysis processes. Meanwhile, bactericidal properties
originate from the semi conductive nature of the ZnO, which may in-
duce formation of free radicals and the intrinsic ability of ZnO to cause
distortion in bacteria cells' membranes [22].

Thus, the aim of this work was to describe the effect of zinc ion
addition in silicate glasses on the structure of both gel-derived and
melt-derived glasses from CaO-SiO, binary system. It was expected that
ZnO addition, as well the processing method, will have an impact on
the glass structure, thermal properties, texture and solubility. As these
qualities are known to have an impact on the bioactivity, biocompat-
ibility and antibacterial properties of the biomaterials, different reac-
tions in vitro were expected for the ZnO-doped glasses, as compared to
standard CaO-SiO, binary system.

2. Materials and methods
2.1. Preparation of the glasses

Gel-derived and melt-derived glasses from the ZnO-Ca0-SiO, system
were obtained in order to compare the impact of the fabrication method
on some of the basic properties. Table 1 shows the assumed chemical
composition of the obtained materials and the corresponding nomen-
clature used throughout the paper.

Gel-derived glasses were synthesized using sol-gel method as de-
scribed by Vallet-Regi et al. [5]. Synthesis of the ZnO-CaO-SiO-, glasses
was performed with the following reagents: tetraethoxysilane (TEOS, Si
(OC,Hs)4), calcium nitrate tetra-hydrate(Ca(NO3)>4H50), zinc nitrate
hexahydrate (Zn(NO3),6H,0), 2N nitric acid (HNO3) and distilled
water. During preparation, the HNO; amount was dependent on the
molar ratio of H,O to TEOS (=8). The aim of synthesis was to obtain
homogeneous solutions, which required 14 days of drying at room
temperature. Then, the obtained gels were dried at 120 °C for 24 h and
further at 700 °C for 3 h (heating ramp 10 h), according to the previous
research [23].

Glasses with the same oxide composition as the gel-derived ones
(presented in Table 1). were obtained by traditional melting technique.
The appropriate amounts of silicon dioxide (SiO,), calcium carbonate
(CaC0O3) and zinc oxide (ZnO) were mixed in a mortar. Afterwards,

Table 1
Nominal chemical composition of glasses.

Sample name % mol SiO, % mol CaO % mol ZnO Processing method
70S30C_m 70 30 0

2Zn_m 70 28 2 melt-derived
47Zn_m 70 26 4

70S30C_sg 70 30 0

27Zn_sg 70 28 2 sol-gel synthesis
4Zn_sg 70 26 4
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homogeneous mixtures of powder were melted in the electric furnace in
a platinum crucible at 1730 °C for 2 h. All gel-derived and melt-derived
glasses were milled and homogenized in an agar mortar and sieved to
receive the glass powders with particles size lower than 45 pm used in
all of the experiments. The chemical compositions of the obtained
glasses were confirmed by the X-ray Fluorescence Spectrometry (XRF)
method, using a WD-XRF Axios Max spectrometer with Rh 4 kW PA-
Nalytical lamp. The differences between theoretical composition and
experimental, as measured by XRF, were in all cases lower than 6%.

2.2. X-ray diffraction (XRD) and morphological characterization

A Philips/Panalytical X'Pert Pro MD powder diffractometer using Cu
Kal radiation was used to analyze all powders. Standard Bragg-
Brentano geometry with ©-20 setup was applied (0.008° step size and
5°-90° 20 range).

Morphologies of the obtained glass powders and newly formed HCA
layers were observed by scanning electron microscopy (Nova NanoSEM
200, FEI Europe Company). Before the observation, all glass powder
samples were coated with a thin layer of carbon to avoid charge ac-
cumulations at the surface of the samples, which leads to formation of
noise.

Due to high specific surface area (> 100 m?/g) of the gel-derived
glasses, additional evaluation of their texture and porosity was neces-
sary. These were done using a Micromeritics ASAP 2000 and evaluation
of N, physisorption using the BJH (Barrett, Joyner and Halenda) model
of desorption branch of the isotherm, respectively.

2.3. FTIR spectroscopy

A Bruker Optics-Vertex70V spectrometer was used to perform FTIR
studies of the materials. Samples were prepared as standard KBr pellets.
The spectra were collected in the 4000-400 cm ~* range, averaged from
128 scans, and with 4 cm ™! resolution.

Spectra deconvolution was done via OPUS software, according to
the method of Handke et al. [24]. A mixed Gaussian/Lorentians func-
tion was used to provide a good quality fitting for complex band en-
velopes. The residual root-mean-square (RMS) error for IR deconvolu-
tion was < 0.003.

2.4. MAS-NMR spectroscopy

The 2°Si solid state MAS-NMR spectra were measured on the
APOLLO console (Tecmag) at the magnetic field of 7.05 T provided by
the 300 MHz/89 mm superconducting magnet (Magnex). A Bruker HP-
WB high-speed MAS probe equipped with the 4 mm zirconia rotor and
KEL-F cap was used to spin the sample at 4 kHz. The resonance fre-
quency was equal to 59.515 MHz, and a single 3 ps rf excitation pulse
corresponding to a /2 flipping angle was applied. The number of
averages was 512, with the acquisition delay equal to 60s. The fre-
quency scale in ppm was referenced to TMS (tetra-methylo-silane).
Curve fitting procedure was done using Bruker OPUS 7.2 software and
in accordance with a method proposed by Handke M. et al. [24].
Spectra RMS error was found to be lower than 0.20.

2.5. Thermal properties

DSC (differential scanning calorimetry) curves were recorded with
the aid of a simultaneous thermal analyzer (STA 449F1 Jupiter,
Netzsch company). The samples were placed in platinum crucibles and
heated to 1100 °C at a rate of 10°C/min under a protective flow of
nitrogen. Data evaluation was performed on Netzsch Proteus Thermal
Analysis software and was aimed at evaluating the glass stability and
glass transition temperatures.
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Fig. 1. XRD of the obtained samples (see Table 1).

2.6. Ion release and bioactivity tests

Bioactivity studies were performed in accordance with a standar-
dized protocol by Kokubo and Takadama and the Simulated Body Fluid
(SBF) was prepared following the provided recipe [25]. Each glass
powder (< 45 um) was immersed in distilled water at a ratio of 0.1 g of
glass to 10 ml of distilled water and in the SBF at a ratio of 75mg of
glass to 50 ml of SBF. The powders were incubated for 24 h, 1 week, 2
and 3 weeks at 37 °C. The changes of pH values of the filtered solutions
were measured and ion concentrations were determined using in-
ductively coupled plasma optical emission spectrometry (ICP-OES;
Plasma 40, Perkin Elmer, USA). Distilled water and SBF were used as a
control. The following uncertainties for individual elements: Ca —
6.07%, P-6.78%, Si-6.45%, Zn-6.18% are declared in ICP-OES mea-
surements.

Formation of calcium phosphate apatite-like layers on the surface of
the glass powders after different soaking times in SBF was observed by
SEM and FTIR measurements were performed to identify the type of
crystallized phase.

2.7. Test of in vitro biocompatibility

The samples were sterilized in a furnace at 160°C for 2h.
Afterwards, sterile samples were placed in DMEM (Dulbecco's modified
Eagle's medium, Gibco, Germany) at a ratio of 0.1 g glass to 10 ml
(1% wt/vol) DMEM in plastic tubes. Afterwards, the powders were in-
cubated for 24h at 37°C, in a 5% CO, enriched, humidified atmo-
sphere. The extracts were diluted with additional medium to produce
extracts at 0.1% and 0.01% (wt/vol).

Osteoblast-like (MG-63) cells (Human osteosarcoma cell line,
Sigma-Aldrich) were placed in 24-well plates (at a count of 100,000
cells/well) and incubated for 48 h with glass extracts obtained by pre-
incubating.

Cellular viability was characterized by mitochondrial activity
measurements using the WST-8 (Sigma-Aldrich) assay. The test was
performed according to the manufacturer's protocol after 48h of
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culture. The absorbance was measured with single-beam spectro-
photometer (Specord 40, Analytic Jena) at 450 nm.

The number of cells attached to the wells was established by mea-
suring the LDH enzyme activity in the cell lysate. This was done using a
commercially available LDH-activity quantification kit (TOX7, Sigma-
Aldrich). The test was performed according to the manufacturer's pro-
tocol after 48 h of culture. The primary wavelength measurements were
done at 490 nm from which the background absorbance was subtracted
(measured at 690 nm).

To investigate the cell morphology, adherent growth, and dis-
tribution, cells were fixed with buffered paraformaldehyde in PBS and
stained with hematoxylin and eosin. Then, the samples were observed
under an inverted light microscope (Zeiss, Primovert).

2.8. Antibacterial studies

Investigation of the antibacterial properties of zinc-containing
glasses was carried out using gram-negative (E. coli) and gram-positive
bacteria (S. aureus). The sterile samples were placed in LB Medium (Carl
Roth GmbH, Karlsruhe, Germany) at a ratio of 0.1 g glass to 10 ml LB
Medium in plastic tubes. The powders were placed in an incubator at
37 °C for 24 h to get medium-sample extracts. The bacteria were taken
from a colony of bacteria and mixed with 5ml of LB medium. The
bacterial cells were placed in the incubator overnight at 37 °C for
growth. Thereafter, the solution was diluted to obtain an optical density
ODgoonm Of approx. 0.015 (Biophotometer, Hamburg, Germany). Two
types of experiments were done using a different ratio of medium-
sample extract to bacteria mixture (1 ml:0.5 ml or 1 ml:0.2 ml). 1 ml of
medium-sample extracts were pipetted into Eppendorf tubes (3 replicas
of each sample). Then, 0.5 ml/0.2 ml of obtained bacteria mixture were
added to each tube. The reference was 1 ml of LB medium and 0.5/
0.2ml of bacteria mixture. The optical density of all samples were
measured and compared with the reference. The percentage decrease of
bacteria was calculated.
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Fig. 2. SEM microphotographs of obtained glasses.

2.9. Statistical analysis

Results for WST-8, LDH and antibacterial test are shown in bar
charts representing the mean value * standard deviation. The differ-
ences between experimental groups were compared by one-way ana-
lysis of variance (ANOVA). The level of the statistical significance was
defined at p < .05 (OriginPro 8.5, OriginLab Corporations, USA).
3. Results and discussion

3.1. X-ray diffraction and morphological characterization

To confirm the amorphous state of all the obtained materials, XRD
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diffractograms were obtained. In the XRD patterns (Fig. 1) no reflec-
tions can be seen, thus confirming the amorphous state of all of the
prepared materials. In the XRD diagrams of 70S30C glasses, there can
be seen two adjoined large maxima (so-called two amorphous halos),
which can be associated with phase separation.

A scanning electron microscope (SEM) analysis was performed on
the obtained glasses to investigate their microstructure (Fig. 2). In case
of 70S30C_m and 2Zn_m glasses, phase separation can be observed.
There are visible glassy spherical inclusions in a glassy matrix. It ap-
pears that the chemical composition of the inclusions should be dif-
ferent from the chemical composition of the matrix, but the inclusion
size was found to be too small to perform EDX analysis. Addition of zinc
ions caused significant homogenization of the melt-derived glass
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Table 2
Data of the gel-derived glasses powder characterization.

Sample BET specific surface BJH specific pore BJH average pore
area [m?/g] volume [g/cm?] diameter [nm]
70S30Csg 136.81 = 0.32 0.4107 = 0.0020 8.58 = 0.25
27n_sg 108.62 + 0.24 0.2150 = 0.0011 5.52 + 0.14
47n_sg 122.01 + 0.21 0.2041 = 0.0016 4.66 = 0.18

microstructure; the inclusions in the 2Zn_m glass were less noticeable
and in case of 4Zn_m, they were not found. Based on the diffractograms,
it can be seen that the addition of zinc resulted in two separate maxima
being less visible, what can confirm microstructural homogenizing in-
fluence of zinc on glass microstructure. The gel-derived glasses seem to
have more homogeneous microstructure, higher surface area and sur-
face porosity.

Phase separation in glasses takes place because of the thermo-
dynamic non-ideality. A system can reduce its free energy by separating
into two or more phases. This phenomenon is associated with an excess
free energy [26].

Based on Table 2, which presents BET specific surface area, specific
pore volume and specific pore diameter values as a function of the
composition of the gel-derived glasses, it can be noticed that the ad-
dition of Zn>* ions has a significant effect on the glass texture. It is
evident that the specific pore volume and the specific pore diameter
decreased with increasing amount of zinc in the glass. Moreover, the
zinc ions addition leads to the slight decrease the surface area.

The incorporation of divalent ions (Zn®*) may disrupt the ordered
orientation of $i04*~ during the self-assembly reaction, what may lead
to appearance of additional structural defects in the atomic array and
further change of pores shape and structure [12]. The changes in tex-
tural characterization of these powders may have an influence on ions
release and bioactivity.

The differences in specific surface area and porosity between gel-
derived and melt-derived glasses were presented in previous article
[27]. In case of material with low surface area, it was not possible to
designate specific pore volume and average pore diameter.

3.2. FTIR spectroscopy

The influence of zinc ions as well as fabrication methods on the glass
structure were evaluated by Mid-infrared (MIR) spectroscopic studies.

Fig. 3 shows MIR spectra of all of the obtained glasses and their
spectra deconvolution. Deconvolution into component bands allowed
for a more precise interpretation of overlapping bands. It can be seen
that both the fabrication method and presence of the zinc ions have a
substantial effect on the degree of polymerization of the silicate net-
work. The most noticeable differences between spectra can be observed
in the range of 1300-800 cm ™, associated with asymmetric stretching
vibrations of Si=O0 (defects), Si-O(Si) and Si—O~ [28-30] [4].

In a previous paper, it was demonstrated that gel-derived glass from
the Ca0-SiO, system had a more polymerized structure as compared
with melt-derived glass with the same chemical composition [27]. To
manifest it, the ratio of the NBO (non-bridging oxygen) integral in-
tensity to the sum of the BO integral intensity was calculated. The bands
associated with the NBO are located at about 920-910cm™"' (asym-
metric stretching Si—O— vibrations) and the bands assigned to the BO
(asymmetric stretching Si-O(Si) vibrations) are in the range between
1110 and 1030 cm ™! (Fig.3) [4] [28-30].

The same analysis of zinc-doped glass spectra can demonstrate si-
milar tendency (regardless of the content of zinc ions). In case of the
melt-derived glasses with zinc ions, the above-mentioned ratio of in-
tegral intensity is much higher in comparison with the gel-derived ones
(Table 3). This result indicates that glasses obtained by sol-gel synthesis
have higher level of network polymerization.
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The executed deconvolution of the MIR spectra permitted evalua-
tion of the influence of Zn®>* ions on the structure of the as-obtained
glasses. The addition of Zn?* causes the intensity increase of the band
associated with non-bridging oxygen Si—O~ at about 920-910 cm™*
and thus it results in the decrease of the intensity of bands connected
with bridging oxygen Si-O(Si) (at 1115-1020 cm ™). The above de-
scribed ratio of integral intensity Si-O~ /Si-O(Si) for zinc doped glasses
may indicate that zinc ions play a role as network modifiers (they occur
in octahedral coordination geometry, coordination number 6).

In the deconvoluted MIR spectra of the gel-derived glasses, two
additional bands at about 1700 and 1630 cm ™! are visible. According
to the literature, the bands at about 1630 cm ™' originate from H-O-H
bending vibrations of the water molecules [4], while the 1700 cm !
bands are related to C=O stretching vibrations, what indicates the
presence of residual carbonate groups in the glass structure [31]. Pre-
sence of these bands in the spectra should be associated with the ap-
plied method of glass synthesis but may also arise from the material's
significant porosity, being favorable for water adsorption. In all spectra,
the bands positioned at 1204-1244 cm ™~ * can be assigned to the Si=0
vibrations (defects) [30] [32].

It can be stated that the introduction of zinc ions into the structure
of glasses from the CaO-SiO, system, regardless of the method of its
preparation, leads to depolymerization of the silicate network. This
effect might be explained by homogenizing influence of zinc ions on
glass microstructure causing an increase of non-bridging oxygen and it
may indicate that ZnO can disrupt the glass network more efficient than
CaO.

3.3. 2°Si MAS-NMR spectroscopy

29gi MAS-NMR studies were employed to confirm the results ob-
tained from the FTIR and the measured spectra are presented in Fig. 4.

It can be seen that in both types of glasses, the addition of zinc ions
causes the appearance of Q units with a lower value (bands are shifted
to higher ppm) compared with the basic glass 70S30C [33]. It un-
doubtedly indicates that zinc ions act as modifiers of the glass network,
i.e., they occur in coordination number (CN) 6. It should also be noticed
that in the case of melt-derived glasses, small amounts of the Q® units
appeared (bands at lower ppm). It may indicate that some of the zinc
ions are also network formers, i.e., they occur in tetrahedral co-
ordination (CN = 4). A similar situation is observed in the case of gel-
derived glasses. The introduction of zinc ions leads to an intensity in-
crease of bands associated with Q* units (in comparison to the base
glass) indicating the presence of some of the zinc ions in tetrahedral
coordination. The appearance of two different Q% and Q* units in the
zinc-doped glasses can confirm the presence of two vibration types
associated with Si-O-Si and Si-O-Zn. Table 4 presents information about
the types of Q units and their relative contributions calculated based on
NMR spectra.

MAS NMR analysis on zinc nuclei would be conclusive in this case.
However, it was found to be impossible to register spectra of good
quality because of too low content of zinc ions in the glasses. Therefore,
only in the presented (indirect) way, was it possible to determine the
role of zinc ions in glasses from the CaO-SiO5 system.

3.4. Thermal analysis

To examine the influence of Zn®>* on characteristic temperatures
and the thermal stability of the glasses, DSC measurements were per-
formed (Fig. 5). Two-step crystallization is proven by the presence of
two separate exothermal peaks visible on DSC curves of both glasses. It
means that likely two phases are present in the structure (as revealed
via SEM investigations; namely matrix and inclusions), which can
crystallize separately at different temperatures [34] [35]. The addition
of zinc ions was found to change the character of the DSC curves.
Crystallization occurred in one stage (only one exothermal peak is
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visible), and a shift towards lower temperatures was observed. This
may confirm that glasses from the ZnO-CaO-SiO, system have a more
homogenous microstructure (no clear phase separation) than glasses
from CaO-SiO, system.

The values for the glass transition temperatures (T,) are given in
Table 5. Comparing Tg of the 70S30C glasses with zinc-doped ones, a
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decrease of T, with an increasing amount of ZnO is observed. Changes
in the T, values may be explained by a weakened network of zinc-doped
glasses through depolymerization of glass network along with the
creation of Si-O(Zn) bonds (as confirmed via FTIR and NMR_MAS). As
reported in literature, the presence of Zn®* in the role of both network
modifier and the values of T, for all of the gel-derived glasses are higher
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Table 3 demonstrated in Table 2 (zinc-doped glasses have lower surface area
Comaprison of integral intesity ratio. what may lead to lower ion release). It can be observed that the gel-
derived glasses released higher amounts of these ions into the solution
as compared with their melted equivalents, which can be explained by
their higher surface area.

70S30Cm  0.41 70830Csg  0.09 As expected, the release of zinc ions into the solution was propor-

Sample Ratio of integral intensity =~ Sample Ratio of integral intensity
Si-0~ /Si-O(Si) Si-O ™ /Si-0(Si)

i;ﬁj; gg; ‘zég:zg gjg tional to the amount of zinc in the glass composition. When comparing
two fabrication techniques, it was found that the melt-derived glasses

release higher amounts of the Zn** ions than the gel-derived ones. The

than for melted ones which may originate from the higher poly- reason of this phenomenon may be the higher pH of the gel-derived
merization level, as reveled by the structural evaluation (section 3.2 glasses in solution (Fig. 7) and, as a consequence, the precipitation of
and 3.3) [36] [37]. Zn(OH), (which is known to occur in basic solution) or the re-

incorporation of zinc into the glass surface [38].
For most of the ZnO modified samples, the highest concentration of
3.5. Ions release L . .
zinc ions was noticed after 24 h, while for the 2Zn_m glass, the max-

i X imum was observed after about 7 days.
Release of Ca, Si and Zn ions from the glass structure was measured

in DI water (Fig. 6) and it was found that the ion concentrations de-

pended on the amount of zinc in the glass and on the fabrication 3.6. Bioactivity tests

method. In particular, the amounts of released Ca and Si ions were

lower for zinc-doped glasses, which may be related to the double role of The evaluation of zinc influence on the bioactive properties of the

zinc in the glass structure and the microstructural changes all glasses was carried out in SBF solution. Fig. 7 shows the plots of
70S30C_m a) 70830C _sg b)
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Fig. 4. 29Si NMR MAS spectra and their deconvolution confirming double role of zinc ion in the glass structure: a) 70S30C_m, b) 70S30C_sg, ¢) 2Zn_m, d) 2Zn_sg, e)
4Zn_m, f) 4Zn_sg.
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Table 4

Comparison of the relative contribution of the structural units in the synthe-
sized glasses according to 29Si MAS NMR spectra (FWHM - full width at half
maximum).

Sample Chemical shift ~ Relative Type of FWHM
(ppm) contribution (%) structural unit [ppm]
70S30C.m  —-87 100 Q? 20.2
2Zn_m --78 7 Q' 7.9
—-87 72 Q? 15.8
—-98 21 Q* 17.9
4Zn_m —-74 5 Q! 10.3
—-83 57 Q? 11.3
—-92 27 Q? 9
--97 11 Q? 9.6
70S30Csg  —-97 78 Q® 15.4
—-107 22 Q* 8.8
27Zn _sg —-81 9 Q! 6.5
—--87 8 Q? 4.5
—-96 35 Q® 10.6
—-106 34 Q* 8.4
—-112 14 Q* 5.5
47Zn_sg —-82 12 Q! 11.1
--93 18 Q? 9.5
—--101 28 Q® 9.1
—-109 42 Q* 9.8

ionic concentrations of Ca, P and Zn in SBF and the pH changes of the
solution after different soaking times.

In all solutions, the highest increase of the Ca ions concentration
and pH values was observed on the first day. The solutions' pH, initially
7.4, increased to 7.8 and to 8.2 for melt-derived glasses and gel-derived
glasses, respectively. The increase of pH is most likely related to the
exchange of ions between the glass and the solution (Ca** and H*
respectively) [39] [40]. Higher pH values observed in the case of the
gel-derived glasses are associated with the higher surface area of these
glasses which leads to a higher calcium ions exchange. This behavior
can also be related to the presence of the OH™ groups in the structure of
this glass. A decrease of P concentration in SBF is observed for all
glasses, and since P is involved in the formation of hydroxyapatite, the
reduction rate of P concentration can be used to compare the rate of
apatite formation between the bioactive glasses [41]. Comparing P
concentration plots of melt-derived glasses, it can be suggested that the
addition of Zn ions reduces the bioactivity of these glasses. The SBF
solution of 70S30C_m glass contains < 3ppm of phosphorus after
1 week, while P concentration of melt-derived zinc-doped glasses de-
creased to around 15 ppm and remained at this level.

In the case of gel-derived glasses, a reduction of bioactivity is
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Table 5
The characteristic glass transition temperature (Tg) of the gel and melt-derived
glasses.

Sample Tg [°C] Sample Tg [°C]
70S30C_m 754 70S30C_sg 776
2Zn_m 746 27n_sg 757
4Zn_m 739 47Zn_sg 742

observed only for 4Zn_sg glass. The plots of 70S30C_sg and 2Zn_sg have
similar shapes and in both cases concentration of P reached a plateau
of < 2 ppm after 7 days.

In general, the concentration of zinc increased on the first day, but
remained at relatively low levels (< 0.14 ppm) throughout the ex-
periment. An exception is the 2Zn_sg, which achieved its maximum
concentration in 7 days. After reaching the maximum of Zn con-
centration, there was a sudden decrease in Zn concentration in solution.
Comparing the zinc ions release into water (Fig. 6) to their release into
the SBF (Fig. 7), it can be seen that there is a large difference between
the maximum concentrations reached for each of the glasses. In water,
the maximum zinc concentrations were between 0.8 and 0.1 ppm, while
in the SBF solution, these values were around ten times lower. The fact
that there is a decrease of release observed in the SBF solution can be
explained by the depletion of released zinc ions by the occurrence of
HCA surface precipitation reactions. The zinc ions can be partly in-
corporated into the forming HCA layer [42].

SEM microphotographs and EDX analysis of surfaces of the im-
mersed samples were performed to precisely analyze the morphology
and chemical composition of the newly formed layer. Fig. 8 demon-
strates formation of small spherical aggregates of HCA covering surface
of the immersed glasses. The EDX analysis (Fig. 9) confirmed that the
chemical composition of the crystallized layer contains Ca and P ions.
The presence of these elements suggests the formation of hydro-
xyapatite. Apart from that, in ZnO-modified glasses, the newly formed
layer also exhibited peaks that can be assigned to the zinc ions. The
intensity increase of the peaks is more visible after 3 weeks of incuba-
tion. These results may confirm that the decrease of Zn ions observed in
the SBF solution after prolonged soaking may be associated with the
fact that these ions are being incorporated into the forming HCA.

To confirm the type of newly formed layer on the surface of glasses,
the FTIR spectra of the samples after 3 weeks of immersion in SBF was
provided (Fig. 10).

In the spectra of 70S30C_m, 70S30C_sg and 2Zn_sg glasses, there can
be seen characteristic band doublets at about 602 and 560-565 cm ™},
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Fig. 5. DSC analysis showing the glass transition point and crystallization event: a) melt-derived glasses, b) gel-derived glasses.
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Fig. 7. Ion concentration: a) P, b) Ca, c¢) Zn and d) pH values of SBF containing the different bioactive glasses as function of time.

which correspond to the asymmetric bending vibrations of PO~
groups [43] [33]. In the case of the zinc-doped melt-derived glasses
these bands cannot be found, while spectra of 4Zn_sg has only one
broad band at 560cm™!. Another extra band appears at about
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962 cm ™! in the spectra of 70S30C_sg, which can be assigned to P—O
stretching vibrations [44]. Furthermore, in the range 1415-1496 cm ™!
arise bands, which correspond to the asymmetric stretching C—O vi-
brations in carbonate groups (CO32_) [45] [46]. These measurements
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Fig. 8. SEM microphotographs of bioactive glass samples after 1 week and 3 weeks of incubation in SBF.
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Fig. 10. MIR spectra of glasses surfaces after 3 weeks of incubation in SBF: a) melt-derived glasses, b) gel-derived glasses.

can confirm that with addition of zinc ion, the bioactivity decrease. In
the case of 70S30C_m, 70S30C_sg and 2Zn_sg glasses, FTIR analysis may
indicate that the newly created layer can be identified as carbonate-
apatite because it comprises phosphate and carbonate groups.

To summarize the above-mentioned considerations, it is proposed
that zinc ions inhibit the HCA layer formation due to their presence in
the SBF solution.

3.7. In vitro biocompatibility

Cell morphology, number of attached cells (LDH activity) and cell
viability (mitochondrial activity, WST) of osteoblast-like cells (MG-63
cells) were evaluated in accordance to the ISO 1993-5 biocompatibility
test.

Fig. 11 presents the cell viability and LDH activity of MG-63 cells
after cultivation time of 48 h. All samples show very high levels of cell
mitochondrial activity (> 80% of the reference control). In general, a
trend can be observed that zinc ions enhance the mitochondrial ac-
tivity, as compared with 70S30C glasses. Statistically significant higher
cell viability of cell population incubated in 1% concentration of 2Zn_m
and 4Zn_m glasses was observed. It was also found that the MG-63 cells
viability is affected by the method of glass preparation. The gel-derived

samples exhibited statistically significant lower mitochondrial activity
in comparison with their melt-derived equivalents. This effect can be
associated with the higher pH values after dissolution of the gel-derived
glasses.

On all samples, MG-63 cells showed similar level of LDH activity.
Only the 4Zn_sg sample indicated statistically significant higher LDH
activity of MG-63 cells in comparison with 70S30C_sg. This suggests
that this material is slightly more favorable for cell proliferation.

The results indicate that all glasses are not cytotoxic (viability is
always above 80%, which according to ISO 10993-5, indicates that the
material should be considered as not cytotoxic [47]) and favorable for
cell proliferation.

The morphology and the adhesion of MG-63 cells are presented in
Fig. 12. The cells are seen to be spread and they fully covered the
surface of the well-plates. The cells are elongated and of triangle shape,
which is typical for healthy osteoblast-like cells. However in case of gel-
derived glasses, the cells are found to be more round in shape, which
can suggest that these glasses may have a negative impact on the cell
metabolic activity, hindering their adhesion (as proven by the slightly
lower viability results observed in the WST-8 study (Fig. 11a)). The
observations of the cell morphology confirm the beneficial effect of zinc
ions and non-toxic properties of all glasses.
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Fig. 11. a) cell viability and b) cell number (LDH activity) of samples tested after 48 h with MG-63. Asterisk (*) marks statistically significant differences (p < .05)
between the zinc-modified and unmodified samples prepared by the same fabrication method. Significant differences between different fabrication method for the

same chemical compositions are marked by brackets.
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Fig. 12. Light microscope images showing morphology and adhesion of MG-63 cells after 48 h incubation.

Performed tests provide results that are indicative of material bio-
compatibility in contact with human osteoblast-like cells. Zinc ions
enhance the cell viability and do not cause the reduction in cell number.

3.8. Antibacterial tests

Results of the comparative tests of antibacterial properties of zinc-
doped glasses against gram-negative (E. coli) and gram-positive (S.
aureus) bacteria are presented in Fig. 13. It can be observed that the
27Zn_m, 4Zn_sg and 70S30C_sg glasses, incubated with both concentra-
tions of bacterial suspension, have a noticeable antibacterial effect to-
wards the gram-positive -and negative bacteria. These results for zinc-
doped glasses can be explained by the high concentration of zinc ions in
water (at about 0.6 ppm - Fig. 7, the authors assumed that the trend of
ion release in water can be similar to release in LB medium), which
could increase bactericidal efficiency against the used bacteria. How-
ever the literature indicates that the mechanism of antibacterial effect
can also be due to the presence of calcium ions [48] as well as the
increase in the pH value [49]. In the case of the 4Zn_m glass, the zinc
concentration in water after 24h was the highest among all of the
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glasses, however this glass does not evoke antibacterial activity. This
result may be the consequence of a lower Ca?* concentration or the fact
that excessive Zn?* concentration can also favor growth of bacteria.

4. Conclusions

From our complete study of SiO,-CaO glasses containing Zn, it can
be concluded that zinc ions cause a decrease in specific pore volume
and pore diameter. Structural analysis demonstrated that zinc ions play
both roles: network modifier and network former, which lead to a de-
crease of glass transition temperature induced by weakening of the
network (as revealed via FTIR and 2°Si MAS-NMR spectroscopy).
During the incubation in the SBF, materials release the zinc ions. These
may cause precipitation of some of the SBF compounds, hindering the
formation of hydroxycarbonate apatite layer on the surface of the ma-
terial. The obtained materials are not cytotoxic and zinc ions were seen
to improve metabolic activity of MG-63 cells. In the study, an anti-
bacterial effect of the zinc-modified and gel-derived glasses was re-
vealed, as compared to unmodified and melted ones. This phenomenon
is most likely attributed to higher concentration of Ca and Zn ions as
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Fig. 13. The bactericidal percentages of different ratios of medium-sample extract to bacteria mixture: a) 1 ml:0.5ml, b) 1 ml:0.2 ml). Asterisks mark statistically
significant differences (p < .05) between the obtained glass and reference. * for gram-positive and ** for gram-negative.

well as higher pH. However, it was proven that this effect can only be
obtained when a certain, optimal amount of ZnO is added to the
sample. Thus, the present study confirms the necessity of careful de-
signing of glass compositions in order to be able to evoke the desired
reactions on both human and bacterial cells.
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