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Abstract: 45S5 Bioglass has been widely used in regenerative medicine due to its ability to dissolve
when inserted into the body. Its typically amorphous structure allows for an ideal dissolution rate for
the formation of the hydroxyapatite layer, which is important for the development of new bone. This
bioactive capacity can also be controlled by adding other oxides (e.g., SrO, ZnO, and MgO) to the
4555 Bioglass network or by storing electrical charge. Ions such as zinc, magnesium, and strontium
allow for specific biological responses to be added, such as antibacterial action and the ability to
increase the rate of osteoblast proliferation. The charge storage capacity allows for a higher rate of
bioactivity to be achieved, allowing for faster attachment to the host bone, decreasing the patient’s
recovery time. Therefore, it is necessary to understand the variation in the structure of the bioglass
with regard to the amount of non-bridging oxygens (NBOs), which is important for the bioactivity
rate not to be compromised, and also its influence on the electrical behavior relevant to its potential
as electrical charge storage. Thus, several bioactive glass compositions were synthesized based on the
4555 Bioglass formulation with the addition of various concentrations (0.25, 0.5, 1, and 2, mol%) of
zing, strontium, or magnesium oxides. The influence of the insertion of these oxides on the network
was evaluated by studying the amount of NBOs using Raman spectroscopy and their implication on
the electrical behavior. Electrical characterization was performed in ac (alternating current) and dc
(direct current) regimes.

Keywords: Bioglass®; biomaterial; zinc; magnesium; strontium; osseointegration; electrical
properties; implant coatings

1. Introduction

Implants play an important role in the treatment of various medical conditions, from
replacing damaged or diseased tissues to restoring lost function. While titanium has
long been the material of choice due to its exceptional biocompatibility and mechanical
properties, it is not without its limitations. Weak bone regeneration and the risk of instability
during the healing phase have been recognized as significant challenges in the field of
implantology [1-3]. Surface treatments that improve surface roughness have been an
important strategy for increasing osseointegration, allowing for a stronger bond between
the implant and the surrounding bone tissue [4-6]. However, this strategy may not be
sufficient to assure long-term implant success, especially in situations where inflammatory
reactions can result in bone support loss and implant failure [7,8].

One potential solution to these problems is to coat implants with bioactive materi-
als [9-12]. Bioglass, composed of 46.15i0,-24.4Na;0-26.9CaO-2.6P,Os5 in mol%, was first
introduced by Larry L. Hench in the 1960s and has since opened the way for numerous
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breakthroughs in the implant industry [13-16]. Its remarkable bioactivity, particularly in
the context of coating metal implants, exceeds that of conventional biomaterials. The crucial
factor to its effectiveness lies in the formation of a strong, carbonated hydroxyapatite layer
that mimics the structure of the host bone, ensuring an effective chemical bond and thereby
emphasizing the stability of the implant [13,17-20]. Moreover, bioglass exhibits inherent
osteoinductive and osteogenic properties, stimulating the recruitment and differentiation
of human primary osteoblasts, thereby enhancing their proliferation [16,21,22].

Several studies have shown that the incorporation of therapeutic agents into bioglass
enhances its biological properties [23-29]. Zinc (Zn) is an essential nutrient element that
is essential in DNA replication and plays a relevant role in cell growth, development,
and differentiation [30,31]. Moreover, it has been shown to have antimicrobial activities
against various microorganisms [32-34]. Magnesium (Mg) is an important element for
cellular activity, promoting the proliferation and differentiation of osteoblasts [35-39].
Furthermore, its deficiency can lead to impaired bone growth, heightened trabecular bone
loss, and increased bone resorption. Strontium (Sr) plays an important role in the process
of bone regeneration [40,41]. Its influence extends to enhancing bone microarchitecture
and elevating bone mineral density [40]. Strontium exerts biological effects by promoting
osteogenesis, thereby improving the proliferation and differentiation of pre-osteoblastic
cells into osteoblasts. Additionally, it hinders the process of bone resorption and osteoclast
differentiation and activity, thereby avoiding osteoclastogenesis [42—44].

One of the key features that make bioglass an exceptional biomaterial is its ability to
store large quantities of electrical charges with low polarization [45-48]. This remarkable
property arises from the high mobility of sodium ion chains within its glass structure. The
unique composition of bioglass allows it to accumulate and release electrical charges effi-
ciently, which can be harnessed for various therapeutic purposes. The biological properties
can be influenced by the charge type (whether it is positive or negative) and the quantity
of accumulated charge [46]. It has been reported that surfaces with a negative charge
promote tissue regeneration and enhance bone growth and osseointegration by stimulating
osteoblast activity [49-51]. Yamashita et al. [45,52] explored apatite growth on crystalline
hydroxyapatite (HA) and bioactive glass surfaces after electrical polarization. The sur-
face charges influenced bioactivity, leading to enhanced calcium phosphate layer growth,
increased cell proliferation, and improved osteoconductivity in vivo. Obata et al. [47,48]
demonstrated that the electrical polarization of 4555 Bioglass, influenced by sodium ion
migration, could be controlled by polarization time, temperature, and applied voltage.
Compared to HA, 4555 bioglass achieved 1000 times higher polarization with 100 times
lower DC field. Polarizing bioglass at 500 °C with 10 V for 1 h led to persistent surface
charges, significantly enhancing bioactivity. Morphological differences in apatite layers
were observed among non-polarized, positive, and negative surfaces after 2 h in simulated
body fluid, but no distinctions were detected after 24 h. Verma et al. [53] established in
their study that the presence of electrical charge on the 1393 bioglass surface (53 wt% SiO,,
20 wt% CaO, 12 wt% KO, 6 wt% NayO, 5 wt% MgO, 4 wt% P>Os) can affect its interaction
with cells, potentially enhancing its antibacterial properties through electrostatic interaction
as bacterial cells possess electric charge, and improving the proliferation and adhesion of
osteoblast cells.

This paper aims to explore the electrical properties of 4555 bioglass and assess whether
the introduction of zinc, magnesium, and strontium oxides has any adverse effects on its
charge storage capabilities. For this purpose, bioglasses modified with the insertion of
various concentrations of ZnO, MgO, and SrO (0.25, 0.5, 1, and 2, mol%) were synthesized
using the melt-quenching technique. Using impedance spectroscopy (IS), changes in the
electrical properties of the prepared glasses were verified. Furthermore, morphological
characterization was performed using scanning electron microscopy (SEM), and structural
characterization was assessed using X-ray diffraction (XRD) and Raman spectroscopy.
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2. Materials and Methods
2.1. Bioglasses Synthesis

The bioglass base composition used in this study was prepared based on the Bioglass®
developed by Hench et al. (46.15i02-24.4Nay0-26.9Ca0O-2.6P,05, mol%). The bioglass
composition was modified by the incorporation of various concentrations (0.25, 0.5, 1, and
2, mol%) of ZnO (Zn0.25, Zn0.5, Zn1, and Zn2), MgO (Mg0.25, Mg0.5, Mg1, and Mg2), and
SrO (5r0.25, Sr0.5, Srl, and Sr2). The chemical precursors, including SiO,, P,Os, CaCOs3,
Nay;CO3, and MgO, or Sr(NOs); or ZnO, supplied by Sigma-Aldrich, Darmstadt, Germany,
with a high purity grade (>99%), were mixed and homogenized using a planetary ball-
milling process for 1 h at 300 rpm. The obtained powders were calcined for 8 h at 800 °C and
then melted in a platinum crucible at 1300 °C for 1 h. To ensure greater sample homogeneity,
the bioactive glass was re-melted using the same parameters. To control the thickness of the
samples, the molten glass was quenched between two casting plates, at room temperature,
to obtain bulk glass samples. After, the obtained samples were polished to achieve uniform
dimensions of approximately 1 mm in thickness.

2.2. Structural and Morphological Characterizations

Structural characterization was performed using X-ray diffraction and Raman spec-
troscopy. The bioactive glass was grinded in an agate mortar, and the powder was analyzed
in a 20 range between 10° and 60° using an Aeris-Panalytical diffractometer. The diffrac-
tometer worked at 40 kV and 14 mA, and CuK« radiation (A = 1.54056 A) was used.

Raman spectroscopy was conducted on the bulk samples using a Jobin Yvon HR800
spectrometer, Kyoto, Japan, equipped with an Ar* laser (A = 532 nm). The spectra were
acquired in back-scattering geometry, spanning the spectral range from 200 to 1400 cm ™.
The deconvolution process was performed using the OriginLab 2021 software.

Morphology characterization was performed on the bulk surface using a Vega 3
TESCAN SEM microscope, Brno, Czech Republic.

2.3. Electrical Characterization

Electrical measurements were performed on glass bulk samples with a uniform thick-
ness of 1 mm. The surface area of the samples was measured utilizing ImageJsoftware
1.8.0 [51]. Subsequently, the opposing parallel surfaces of the samples were painted with
a layer of silver conducting paste. Both direct current (dc) and alternating current (ac)
analyses were conducted in a nitrogen bath cryostat, which allows for measurements in
the temperature range from 100 to 400 K to be obtained. An Oxford Research IT-C4 system
with temperature monitoring enabled by a platinum sensor was used to control the sample
temperature. The dc conductivity was measured with a Keithley electrometer model 617A,
applying a voltage of 100 V across the bulk glass. In the case of ac experiments, dielec-
tric spectroscopy measurements were performed using an impedance analyzer, Agilent
4294 A, Santa Clara, CA, United States. The measurements were carried out within a broad
frequency range between 100 Hz and 1 MHz, employing the C, —R;, configuration and ap-
plying an ac signal of 0.5 V. The complex electric permittivity ¢* and the complex dielectric
modulus M* formalisms were determined using Equation (1) and Equation (2) [54-56]:

er=¢ —je’ =Cp(d/eg A) —jd (w Ry gg A), )

M#*=1/e*=M+iM" = ¢/ /(e"?+ "?) + 1" /(>+ £"?), )

where Cp and Rp are the measured capacitance and resistance, d is the sample’s thickness,
A is the electrode area, ¢ is the vacuum permittivity (8.8542 x 1072 F/m), and w is the
angular frequency.

AC conductivity was calculated using the relation [51,56]:

Cac*=gow e’ +jew €, 3)
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The activation energy was determined by adjusting the temperature dependence of
electrical conductivity using the Arrhenius model [54,56,57]:

0 =0g exp (=Ea/(kp T)), 4)

where oy is a pre-exponential factor, E, is the activation energy, Kg is the Boltzmann
constant, and T is the temperature. The activation energy, E,, is therefore determined from
the slope of the graph In (o) versus 1/T.

3. Results and Discussion

Figure 1 displays the XRD diffractograms for the base and the bioglasses with the
highest concentration of MgO, ZnO, and SrO. The results show the typical amorphous
behavior of 4555 Bioglass. According to the literature, insertion of the oxides studied up to
2 mol% does not induce the formation of crystalline phases [58-62].
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Figure 1. X-ray diffraction patterns of the bioglasses (base, Mg2, Zn2, and Sr2).

The Raman spectra of the prepared bioglasses are depicted in Figure 2, demonstrat-
ing a consistent trend among these samples. For silicate glasses, the most intriguing
vibrational modes are those associated with symmetric and asymmetric stretching in the
high-frequency region (800 and 1200 cm '), regarded as especially significant.

To conduct a more comprehensive analysis, Gaussian fitting was applied to deconvolve
the Raman spectra in this region. Figure 3 illustrates the deconvolution of the Raman spectra
for bioglasses containing 0.25 and 2% mol of ZnO. Six distinguishable vibrational modes can
be found at 860-865 cm !, 903-910 cm !, 938-942 cm ™!, 965-973 cm !, 1001-1010 cm ?,
and 1050-1065 cm ™!, which correspond to Qg Si units, Qq Si units, Q, Si, Qg P and Q4
P units, and Q3 Si units, respectively [63—67]. The areas of the bands obtained using the
deconvolution of Raman spectra for the Q, units detected are represented in Table 1. The
results obtained in Table 1 reveal the effect of oxides insertion.

Figure 4 shows the sum of the area of Raman vibration bands associated with non-
bridging oxygen (NBOs), i.e., Qp, Q1, Qz, and Q3 of the Si and P units for all samples.
The results demonstrate that the insertion of ZnO, MgO, and SrO oxides into the bioglass
network does not change significantly the amount of NBOs compared to the base sample.
However, an increase in the concentration of these oxides from 1.0 to 2.0% suggests an
increasing tendency of NBOs.
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Figure 2. Raman spectra of the bioglass samples.
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Figure 3. Deconvolution of Raman spectra for (a) Zn0.25 and (b) Zn2 bioglasses.
Table 1. The areas of the bands for all Q, units obtained by Raman spectra fitting.
Sample Qo Si Units Q1 Si Units Q> Si Units Qo P Units Q1 P Units Q3 Si Units
Base 7.8 213 15.9 499 39 36.7
Zn0.25 12.29 3.71 28.81 29.82 14.65 28.25
Zn0.5 13.23 3.66 30.47 26.53 14.97 28.91
Znl 13.53 4.48 29.29 26.04 11.55 31.69
Zn2 12.31 5.08 29.18 30.18 18.16 24.40
Mg0.25 12.24 3.12 32.67 26.34 14.36 27.25
Mg0.5 13.45 3.15 33.96 24.75 14.40 29.06
Mgl 13.34 3.44 32.10 25.08 16.26 27.81
Mg2 14.20 5.09 28.91 27.11 16.77 26.78
Sr0.25 13.14 3.17 29.53 30.09 15.52 25.31
Sr0.5 14.58 4.23 24.41 31.41 18.12 25.53
Srl 15.26 4.47 27.98 31.77 17.31 21.19
Sr2 17.98 3.93 32.41 29.42 17.22 18.82
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Figure 4. Sum of the areas of the Raman vibration bands associated with NBOs, Qp+ Q1 + Q; + Q3,
of Si and P units.

Figure 5 shows the micrographs of the bioglasses surface of the base and the bioglass
with 2 mol% of ZnO, SrO, and MgO. The morphology confirms its glassy structure. The
imperfections present on the surface of the bulk were created by the production method
and demonstrated to be useful for acquiring the image in SEM.

SEM HV: 25.0 kV WD: 14 89 mm VEGA3 TESCAN| SEM HV: 25.0 kV WD: 16.17 mm VEGA3 TESCAN
SEM MAG: 2.00 kx Det: SE SEM MAG: 2.00 kx Det: SE

SEM HV: 25.0 kv WD: 15.21 mm [VEGAR TRACAN SEM HV: 25.0 KV WD: 14.66 mm VEGA3 TESCAN

SEM MAG: 2.00 kx Det: SE 20 pm SEM MAG: 2.00 kx Det: SE

Figure 5. SEM micrographs for (a) base; (b) Zn2; (c) Sr2; and (d) Mg2 (magnification: 2 kx).
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Figure 6 depicts the temperature dependence of the dielectric constant, ¢/, for all
samples at a frequency of 10 kHz. The results show an increase in the dielectric constant
with increasing temperature, which is likely attributed to the enhanced mobility of the
dipoles from the glass matrix [19,47]. Based on the analysis of Figure 4 and Table 2, it is
evident that the introduction of oxides did not yield a significant alteration in the dielectric
constant when compared to the bioglass base.

Table 2. The dc conductivity (o4.), dc activation energy, ac conductivity (oac), ac activation energy,
dielectric constant (¢'), and dielectric loss (tan §) at 10 kHz and 300 K.

Ogc (x1010) E, dc Oac (x1077) Eaac /
Sample [S/m] [kJ/mol] [S/m] [kJ/mol] € tan 8
Base 6.9 +0.10 7774080 1734002 4099+043 119407  0.026+ 0.003
Zn0.25 5.7 +0.13 8054007 1274002 4227+170 110407  0.024+ 0.003
Zn0.5 814016 7904013 1304002 40424103 119407 0019+ 0.002
Znl 8.7 +0.22 7584015 1414003 3980+071 11.04+08  0.023+ 0.004
Zn2 1054026 7354029 1314002 38754076 116+09  0.020 +0.003

Mg0.25 10.4 £+ 0.51 72.8 £0.75 1.74 £ 0.04 40.67 £042 113+1.0 0.023 + 0.004
Mg0.5 10.1 £0.22 753 £0.78 1.68 £+ 0.03 3765+£039 125408 0.024 + 0.003

Mgl 10.2 +£0.31 755 +0.78 1.36 £+ 0.03 39.54 +0.41 11.0 £ 0.8 0.022 + 0.003
Mg2 57 £0.13 78.1 £0.81 1.33 £ 0.03 39.11+040 131+08 0.018 £+ 0.003
Sr0.25 49+0.12 76.2 +0.79 1.34 £ 0.02 39.00+ 040 134+04 0.018 £ 0.002
Sr0.5 7.6 £0.23 755 £0.78 1.42 £+ 0.02 39.45 +0.41 121 +£0.1 0.021+ 0.003
Srl 7.8 £0.21 74.6 £ 0.77 1.30 £ 0.02 3793 +040 113402 0.021 + 0.002
Sr2 0.9 +0.02 79.7 £ 0.83 1.03 £+ 0.01 3994+040 11.8£07 0.015 + 0.002

The dielectric properties of all the samples were analyzed using the modulus formal-
ism, denoted as M*, defined as 1/¢*. This approach offers the advantage of minimizing the
impact of low capacitance contributions, such as electrode polarization and low-frequency
conductivity [19]. Figure 7 shows the variation in the imaginary part of the electric modulus
versus the frequency at different temperatures for the Mg2 sample. Similar behavior was
observed for all the prepared bioglass samples, indicating the presence of one dielectric
relaxation process that shifts toward higher frequencies with increasing temperature. This
particular dielectric relaxation behavior was not revealed by other approaches like per-
mittivity, impedance, or admittance. Consequently, it can be deduced that the observed
relaxation phenomenon is associated with an intrinsic characteristic related to the formation
of dipoles between network modifiers and structurally proximate non-bridging oxygens.

Conductivity and the dynamics of charge carriers can be better understood by studying
the frequency dependence of ac conductivity (o,c). Figure 8 shows the variation in o,¢
versus frequency for 4555 bioglass.

At high temperatures, the variation in ac consists of two distinct regions. The initial
one, situated in the region of low frequencies, is typically frequency-independent (horizon-
tal plateau nature), giving rise to dc conductivity o4 resulting from the random diffusion
of the ionic charge carriers through an activated hopping process. However, at a high
frequency range, the conductivity increases linearly following a power law Aw?®. Therefore,
Jonscher’s model could be applied to describe the variation in the ac conductivity [68]:

Oac = Ogc + Aw?, (5)

where 04, is the direct current conductivity, w is the angular frequency, and A is a constant
which determines the strength of polarizability. The exponent s in the equation represents
the degree of interaction between mobile ions and their surrounding lattices. According to
Funke et al. [69], the value of s holds physical significance. If s < 1, it implies that the load
carriers undergo translational movement with a sudden jump. Conversely, when s > 1, it
signifies a localized jump of the species (small jump without leaving the neighborhood).
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Figure 6. The dielectric constant, ¢, as a function of the temperature at 10 kHz of the glasses modified
by the addition of (a) ZnO; (b) MgO; and (c) SrO.
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Figure 7. The imaginary part of the electric modulus, M, versus the frequency for the Mg2 bioglass
measured between 200 K and 400 K.
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Figure 8. Frequency dependence of the ac conductivity at various temperatures for 45S5 bioglass
measured in the temperature range between 200 and 400 K.

To determine the conduction mechanism of ac conductivity for the prepared bioglass
samples, the variation in the s exponent as a function of the temperature is reported in
Figure 9. Various models have been considered to describe the variation in the s exponent
with temperature. These models are based on two distinct processes, specifically, quantum-—
mechanical tunneling or classical hopping over a barrier, or a variant or combination of
the two [70]. Carriers have been assumed to be atoms or electrons (or polarons). As can be
seen in Figure 9, the exponent s decreases with temperature for all the samples, proving
that the ac conduction mechanism refers to correlated barrier hopping (CBH) [71,72].
According to this model, the charge carrier leaps between the sites over the potential barrier
separating them.
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e ¢ < 7Zn0.25
0.66 i < v » 702
o " g * g
0.64 ! » ¥
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Figure 9. Temperature dependence of the frequency exponent s.
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Figure 10 illustrates the variation in the dc conductivity versus 1000/T on a logarithmic
scale. It must be mentioned that the results below 100 K are not showed because of the
low signal-noise ratio. It is clear that conductivity increases with temperature due to the
enhanced mobility of charge carriers. Beyond approximately 270 K, this variation becomes
linear, suggesting that the activation energy associated with this thermally activated process
can be calculated using the Arrhenius formalism. At these temperature ranges, the ionic
contribution predominates over the electronic contribution in glasses. Therefore, the
conductivity of the bioglasses is associated with the energy carried by the network modifier
(NaO, CaO, and ZnO, or MgO or SrO) moving through the glass network [45,73].
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Figure 10. The logarithm of dc conductivity versus 1000/ T of bioglasses modified by the insertion of
(a) ZnO; (b) MgO; and (c) SrO.

The temperature dependence of ac conductivity, as illustrated in Figure 11, exhibited a
similar feature to that of dc conductivity. This suggests that the responsible units are similar
to those in dc conductivity. The calculated activation energy for both ac and dc conductivity
is reported in Table 2. The results show that the activation energy for dc conductivity
is higher than that of ac conductivity. Furthermore, there are no discernible differences
in activation energy across the samples. Consistent results are obtained for permittivity,
which shows that the insertion of oxides does not induce a significant alteration. This
finding demonstrates that the electrical charge storage property of 4555 bioglass is not
compromised by the addition of ZnO, MgO, or SrO at a concentration up to 2% mol.
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Figure 11. The logarithm of ac conductivity versus 1000/ T at 10 kHz of bioglasses modified by the
insertion of (a) ZnO; (b) MgO; and (c) SrO.

4. Conclusions

A series of 4555 bioactive glass modified by the addition of ZnO, MgO, and SrO
was successfully produced using the melt-quenching technique. The Raman results did
not show new vibration modes with the insertion of oxides until 2% mol. Nevertheless,
the deconvolution of Raman spectra revealed that the incorporation of ZnO, MgO, and
SrO into the bioglass network increases the amount of NBOs. However, increasing these
oxides does not significantly impact NBOs levels. The electric response of the prepared
glasses in the ac and dc regime did not show substantial changes with the addition of
oxides. This is related to the insignificant change in the amount of NBO detected by Raman,
probably associated with the low quantity of the added ZnO, MgO, or SrO. These results
suggest that the potential of the bioglass to store electrical charge will not be compromised
with the addition of ZnO, MgO, or SrO up to 2% mol. Therefore, all the prepared glasses
have the ability to function as electrically charged coatings, one of the parameters that
can induce a positive response in the bioactivity rate and consequently promote the bone
regeneration process.
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