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Mesoporous bioactive glasses have been widely investigated for applications in bone tissue regeneration and,
more recently, in soft tissue repair and wound healing. In this study we produced mesoporous bioactive glass
nanoparticles (MBGNs) based on the SiO»-CaO system. With the intention of adding subsidiary biological
function, MBGNs were doped with Zn>* ions. Zn-MBGNs with 8 mol% ZnO content were synthesized via mi-
croemulsion assisted sol-gel method. The synthesized particles were homogeneous in shape and size. They ex-
hibited spherical shape, good dispersity, and a size of 130 + 10 nm. The addition of zinc precursors did not
affect the morphology of particles, while their specific surface area increased in comparison to MBGNs. The
presence of Zn>* ions inhibited the formation of hydroxycarbonate apatite (HCAp) on the particles after im-
mersion in simulated body fluid (SBF). No formation of HCAp crystals on the surface of Zn-MBGNs could be
observed after 14 days of immersion. Interestingly, powders containing relatively high amount of zinc released
Zn%" ions in low concentration (0.6-1.2 mg L™1) but in a sustained manner. This releasing feature enables Zn-
MBGNS to avoid potentially toxic levels of Zn?* ions, indeed Zn-MBGNs were seen to improve the differentiation
of osteoblast-like cells (MG-63). Additionally, Zn-MBGNs showed higher ability to adsorb proteins in comparison
to MBGNs, which could indicate a favourable later attachment of cells. Due to their advantageous morphological
and physiochemical properties, Zn-MBGNs show great potential as bioactive fillers or drug delivery systems in a
variety of applications including bone regeneration and wound healing.

1. Introduction

Bioactive glasses (BGs) are attractive materials for bone tissue re-
generation due to their ability to bond to bone, safely dissolve in the
body and stimulate osteogenesis [1]. In the last decade, their applica-
tion possibilities have broadened into the area of soft tissue engineering
and wound healing [2-5]. The original melt-quenched BG, 45S5 Bio-
glass® [6], is nowadays prepared with many different modifications and
numerous BG compositions are being continuously proposed and in-
vestigated [3,5,7]. Particularly, the relatively low-temperature sol-gel
route allows to fabricate BGs of sophisticated structure (e.g., porous
scaffolds, nanoparticles), to incorporate drugs and growth factors as
well as to synthesize hybrid BGs [1,8,9]. The discovery of mesoporous
bioactive glasses (MBGs) opened a new direction for developing mul-
tifunctional bioactive materials in regenerative medicine [10]. The
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main feature of MBGs is the presence of a mesoporous channel structure
with pore size in the range 5-20 nm [11]. Compared to conventional
BGs, MBGs offer significantly higher specific surface area, large pore
volume and uniform pore size, which enable MBGs to be promising
carrier platforms for delivery of drugs and biomolecules [12]. More-
over, in comparison to conventional micron-sized BGs, nanoscale MBGs
exhibit characteristics of interaction with cells at the nanoscale and
integration with the extracellular matrix to a greater extent [2,12,13].
MBGs can also incorporate a variety of therapeutics ions, such as Cu
and Sr, to boost specific biological properties (e.g., angiogenesis, os-
teogenesis). Given their morphological and compositional advantages,
MBGs are recognized as multifunctional materials, being able to pro-
vide osteogenesis, angiogenesis and anti-bacterial activity [3,14-17].
Among a large number of therapeutic ions, Zn?" ions are attracting
increasing attention for tissue engineering applications [15,16-18].
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Zinc is known to play crucial roles in the formation, mineralization,
development and maintenance of healthy bones [18]. Zn ions are also
involved in homeostasis, angiogenesis and antibacterial action [17-20].
In addition, zinc acts as a cofactor in several transcription factors and
enzymes [21]. Zinc is also strongly connected with wound healing
processes by enhancing proliferation of fibroblasts, epithelial cells mi-
gration and reducing superinfection and necrosis [20,21,22]. Zn-con-
taining MBG powders and scaffolds have been reported by using sol-gel
based processes [16,17,22,23,24]. The incorporation of Zn has been
reported to affect the textural characteristics (e.g., pore size, pore vo-
lume) and physiological properties (e.g., apatite forming ability, dis-
solution behaviour). Zn-containing nanoscale BGs have also been syn-
thesized using sol-gel based approaches [25]. However, the dispersity
and homogeneity in size and shape (important parameters when na-
noparticles are considered for applications in drug delivery and com-
posite fabrication), of these Zn-containing nanoscale BGs should be
improved. Alternatively, Zn could also be incorporated into nanoscale
BGs through post-modification [13], through which the dispersity and
homogeneity of particles could be improved. However, the synthesis
and applications of Zn-containing mesoporous bioactive glass nano-
particles (Zn-MBGNs) have been rarely reported, though these materials
are particularly attractive in various biomedical applications including
wound healing, bone regeneration, and drug delivery.

In this study, we report the synthesis of highly dispersed and
homogenous Zn-MBGNs by using a microemulsion-assisted sol-gel ap-
proach. The physiochemical and structural properties of Zn-MBGNs
were comprehensively investigated. The influence of Zn®* doping on
apatite forming ability, protein adsorption and cytotoxicity effects were
evaluated and discussed.

2. Materials and methods
2.1. Synthesis of MBGNs

Zn-containing mesoporous bioactive glass nanoparticles (Zn-
MBGNSs) were synthesized by using a microemulsion-assisted sol-gel
approach [26]. Briefly, 2.24 g hexadecyltrimethylammonium bromide
(CTAB) was dissolved in 104 mL of deionized water under continuous
stirring at 30 °C for 30 min. Then, 32 mL of ethyl acetate was slowly
poured into the solution under continuous stirring for 30 min. Subse-
quently, ammonium hydroxide (28%) was added to maintain pH at
10.5. After 15min 23.04 mL of tetraethyl orthosilicate (TEOS) was
added to the mixture and stirred for 30 min. Afterwards 4.34 g of Ca
(NO3),.4H,0 was added. After 30min, 1.09g Zn(NO3),.6H,O was
added into the solution. The nominal composition of Zn-MBGNs was
708i02-25Ca0-5Zn0O (mol%). The mixture was stirred further for 4h
and then the suspension was centrifuged at a rate 9000 rpm (Centrifuge
5430R, Eppendorf, Germany) for 10 min to separate particles from the
mixture. The precipitate was then washed twice with water and once
with ethanol. Subsequently, the precipitate was dried in an oven at
60 °C for 24 h, followed by calcination at 700 °C for 2 h at a heating rate
of 2°C min~'. As a comparison, 70Si02-30Ca0 MBGNs were synthe-
sized using the same method. Instead of the addition of Zn?>* precursor,
only 5.21 g of Ca(NO3),.4H,0 was added. All the used chemicals were
purchased from Sigma-Aldrich (Darmstadt, Germany) without further
purification.

2.2. Characterization of MBGNs

The morphology and qualitative compositional analysis were per-
formed using scanning electron microscopy (Zeiss Auriga 4750) with an
EDX detector (Bruker, Oxford Instruments). Samples were dispersed in
ethanol and dropped onto aluminium stubs without further coatings.
The particle size distribution was determined using ImageJ (NIH, USA).

The quantitative elementary analysis of prepared MBGNs was ob-
tained using X-ray fluorescence spectroscopy (XRF; Bruker S8 Tiger)
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and optical emission spectroscopy with inductively coupled plasma
(ICP-OES; Agilent 5100 SVDV).

Fourier transform infrared spectroscopy (FTIR; IRAffinity-1S spec-
trophotometer, SHIMADZU, Japan) was carried out in transmission
mode at the wavenumber ranging from 4000 to 400 cm ™' at the scan
speed 23 scan/min with a resolution of 4 cm 1.

X-ray diffraction analyses (XRD) were performed using X-ray dif-
fractometer (MiniFlex 600, Rigaku, USA) in the 20 range of 10°-60°
equipped with Cu Ka radiation. A step size of 0.010° and dwell time of
1° per minute were used. Samples were dispersed on low background
silicon wafer (Bruker, AXS) before measurement.

N, adsorption-desorption isotherms at 77 K, used to determine the
surface area and pore size distribution, were performed in
Quantachrome® ASiQwin™ gas adsorption analyser (Quantachrome
Instruments, USA). Before the adsorption measurements, samples were
degassed under vacuum for 12hat 300 °C. The surface area was ob-
tained by applying the Brunauer-Emmet-Teller method. The pore size
was determined by the Barrett-Joyner-Halenda method.

2.3. In vitro bioactivity

For in vitro bioactivity testing, samples were immersed in simulated
body fluid (SBF) and the formation of hydroxycarbonate apatite (HCAp)
crystals on the surface was investigated. As proposed by Kokubo et al.
[271, SBF is buffered at body pH and contains the inorganic constituents
of human blood plasma in an attempt to simulate an in vivo environ-
ment. The in vitro mineralization of the glasses was examined by im-
mersing them in freshly prepared SBF. The synthesized nanoparticles
(20 mg) were pressed into pellets (d = 1.5 cm), which were soaked in
40 mL of SBF (pH 7.4) according to the equation Vs = Sa/10 (Vs: SBF
volume in mL, Sa: external surface area of the disks in mm?). The
specific surface area of MBGNs was not considered. Disk were located in
sterile containers and incubated under continuous agitation (120 rpm)
at 37 °C for different time points (1, 3, 7 and 14 days). No refreshment
or adjustment of the solution was performed. After each predetermined
time point, SBF was removed and samples were gently rinsed with
deionized water. Afterwards, samples were dried in an oven at 60 °C for
24 h. Characterization studies using SEM, FTIR and XRD were carried
out to reveal the possible formation of hydroxycarbonate apatite
(HCAp) at the surface of each sample.

2.4. Ion release in SBF

The ions released from the tested samples into SBF were measured,
wherein 75 mg of each type of powders were soaked in 50 mL of SBF.
Samples were incubated at 37 °C with an agitation speed of 120 rpm. At
each predetermined time point the supernatant was sampled and con-
centrated HNO3 was added to meet pH < 2 in order to stabilize the
solution containing the dissolved ions. All samples were analysed by
optical emission spectroscopy with inductively coupled plasma (ICP-
OES; Agilent 5100 SVDV). A series of four calibration solutions was
prepared to obtain a linear correlation between intensity of ions and
concentration. The reference standards certified for ICP techniques
were diluted to prepare the stock calibration solutions. The internal
standardization technique with scandium as internal standard, was
used in order to deal with non-spectral interferences. Precision of the
analysis for all required ions, expressed as RSD%, was below 5%. The
average values including standard deviations from three replicates for
each dissolved ion were reported. The time dependence of the cumu-
lative concentrations of Si**, Ca2* and Zn?" released into SBF medium
was analysed.

2.5. Protein adsorption

The protein adsorption capability of MBGNs or Zn-MBGNs was
quantitatively evaluated using bicinchoninic acid (BCA; Thermo Fisher,
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Germany) in a colorimetric detection assay. Briefly, the particles were
soaked in bovine serum albumin (BSA; Sigma-Aldrich) solution
(1mgmL~" ) in ultra-pure water for 2h or 4h at 37 °C. At the pre-
determined time points, 50 pL of supernatants was collected and mixed
with 1 mL of the working reagent (Pierce; Thermo Fisher, Germany).
After further incubation for 30 min at 37 °C, the protein concentration
in the supernatant was quantified by a UV-VIS spectrophotometer
(Specord®40, Analytik Jena, Germany) at 532 nm. Adsorption values
were calculated by subtracting the measured protein concentration in
the supernatant from the initial protein concentration in the protein
solution.

2.6. In vitro biocompatibility assay

In vitro cytocompatibility experiments were performed using human
osteoblast like cells (MG-63) and mouse embryonic fibroblasts cells
(MEFs). MG-63 and MEF cell lines were purchased from European
Collection of Authenticated Cell Cultures (ECACCS, Sigma Aldrich,
Darmstadt, Germany). Cell lines were maintained in Dulbecco's
Modified Eagle Medium (Gibco®, Thermo Fisher Scientific, USA). All
reagents were purchased from Thermo Fisher Scientific (USA). The cell
culture was performed in a humidified atmosphere of 95% air and 5%
CO, at 37 °C. Cell lines were routinely subcultured by trypsinization
(0.25% Trypsin-EDTA, Gibco®, Thermo Fisher Scientific, USA).

Cytotoxicity to a specific cell type was evaluated by elution test
method ISO 10993-5 [28]. In the elution test method, extracts were
obtained by placing the test materials in separate cell culture media
incubated for 24 h at 37 °C. Powders at concentration of 0.1 mgmL ™7,
1mgmL~' and 5mgmL~" were used. Cells without treatment with
powders were used as a control. The obtained fluid extract was col-
lected by centrifugation and without any solid residues was applied to a
pre-cultured cell monolayer and jointly incubated for 2 days under CO,
atmosphere at 37 °C. After the treatment, the medium was removed and
cells were rinsed with phosphate buffered saline (PBS). Mitochondrial
activity of the cells in contact with extract fluids was measured using
WST-8 method (CCK-8 Kit, Sigma Aldrich, Germany). WST-8-(2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium is bioreduced by cellular dehydrogenases to an orange
formazan product. After incubation for 4 h at 37 °C, the reaction's pro-
duct was measured at 450 nm using microplate reader (PHOmo Elisa
reader, Autobio Diagnostics Co. Ltd., Zhengzhou, China). The amount
of formazan produced is directly proportional to the number of living
cells in culture. Relative cell viability was determined according to the
equation:

Relative cell viability (%) = Sample (OD at 460 nm)/Control (OD at
460 nm) x 100%

2.7. Statistical analysis

All experiments were carried out at least in triplicate. Results are
expressed as mean *+ standard deviation (SD). Statistical evaluation
was assessed using Student's test. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. Morphology and structural characteristic of MBGNs

The morphology of the prepared particles was analysed by scanning
electron microscopy (SEM). Fig. 1 (a — d) shows dispersed, spherical
(ovoidal) particles with visible nanoporosity. The average particle size
was in both cases in the range of 130 + 10nm. Dispersity of nano-
particles was reached by using the microemulsion assisted sol-gel
method, which also explains the homogeneity in the size and shape of
the obtained nanoparticles [29].

EDX spectra for MBGNs and Zn-MBGNs are shown in Fig. 2. The
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EDX spectrum of Zn-MBGNs clearly indicates the presence of Si, Ca and
Zn (Fig. 2b) while only Si and Ca can be observed in the spectrum of
MBGNSs (Fig. 2a).

Table 1 summarizes the composition of prepared nanoparticles
measured by XRF and ICP-OES. The molar percentages of oxides are
expressed according to XRF and ICP-OES elementary analysis and
considering that all the elements are in form of oxides. Because of the
high content of SiO, and its potential lost during the decomposition
process before ICP-OES analysis, SiO, values were considered to be
100%. As expected, only SiO, and CaO could be detected in MBGNs
while additional Zn was found in Zn-MBGNs. The detected composition
of particles using XRF and ICP-OES was not significantly different.

XRD spectra shown in Fig. 3a display similar patterns for MBGNs
and Zn-MBGNs powders. A broad band in the range of 20°-34° (20)
could be ascribed to the amorphous silicate while no diffraction peaks
could be observed in the XRD patterns indicating the amorphous nature
of both samples. FTIR spectra (Fig. 3b) show no additional changes in
the molecular structure after the addition of Zn. IR spectra demon-
strated a wide band located between 1000 and 1250 cm ™', This band
composed of an intensive peak attributed to the transverse optical mode
(TO1) of the Si—O-Si stretching vibration at 1090 cm’l, a shoulder
identified as a TO2 mode of the Si-O-Si stretching vibration at
1220 cm ', The characteristic band of the Si-O-Si wagging vibration at
around 800 cm ™, as well as a Si-O-Si rocking mode near 470 cm ™!
were identified [28,29-31].

The textural properties of particles were characterised by nitrogen
adsorption measurements. Fig. 4a displays type IV isotherms, which is a
characteristic feature of mesoporous materials [11]. Fig. 4b shows pore
size distribution, appearing similar for both tested powders. Specific
values are summarized in Table 2. MBGNs have a slightly larger pore
volume compared with Zn-MBGNSs. The diameter of the pores is com-
parable for MBGNs and Zn-MBGNSs. All results indicate that the in-
corporation of Zn did not significantly affect the morphology and
structure of particles.

3.2. In vitro bioactivity

The morphology of synthesized nanoparticles after immersion in
SBF was observed by SEM. Fig. 5 shows SEM images of MBGNs and Zn-
MBGNSs after immersion in SBF for 7 days. Fig. 5a shows the formation
of needle-like shapes covering the MBGNs surface while such mor-
phology could not be observed on Fig. 5b displaying Zn-MBGNs. The
changes in elementary composition after immersion in SBF were de-
tected by EDX (Fig. 6a and b) in which the presence of P was confirmed
in both particles after immersion in SBF. The Ca/P ratio of the MBG
surface was ~1.64, similar to the Ca/P ratio in HCAp. The pH of the
solution was adjusted to 7.4 at the beginning of the immersion test.
Since SBF was not refreshed or adjusted during the immersion process,
the pH reached a value of 7.50 + 0.03 (MBGNs) and 8.10 *= 0.02 (Zn-
MBGNSs) after 14 days of soaking.

XRD patterns confirm the formation of hydroxycarbonate apatite
(HCAp) on the surface of nanoparticles upon immersion in SBF. As
observed in Fig. 7, the behaviour of MBGNs and Zn-MBGNs was dif-
ferent. XRD patterns for MBGNs show a semi crystalline phase with
main peak matching with HAp at 32° (20) [32]. This peak starts to be
visible after 3 days of immersion in SBF and became relatively more
intense with prolonged immersion time. XRD spectra of zinc-doped Zn-
MBGNSs nanoparticles did not show any crystalline peak throughout the
whole immersion period.

In vitro mineralization of the synthesized nanoparticles after soaking
in SBF was also characterised by FTIR. Fig. 8 displays the differences
between FTIR spectra for MBGNs (Fig. 8a) and Zn-MBGNs (Fig. 8b).
Bands in a region of 1000-1100 cm ~ ! are associated with the stretching
modes of the PO,>~ bonds in HCAp and the band in the region of
600 cm ™! corresponds to amorphous calcium phosphate. The split of
this band in two bands at 560 cm ™! and 603 cm™! is indicative of
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Fig. 1. Morphology of synthesized MBGNs (a, ¢) and Zn-MBGNs (b, d) particles obtained by SEM at different magnifications.

phosphate in a crystalline environment [33]. FTIR spectra of Zn-MBGNs
nanoparticles did not show any of the above mentioned bands, even
after 14 days of immersion.

3.3. Ion release

Release behaviour of Zn?*, Ca?* and Si** ions from MBGNs and
Zn-MBGNs is shown in Fig. 9. Cumulative release of ions (mg L™ !) was
measured upon immersion of powders in SBF for 14 days. The measured
concentration of Zn>* ions (Fig. 9a) was in the range 0.6-1.2mgL ™7,
this concentration slightly increased with time during the 14 day period
of the test. Zn-MBGNs nanoparticles were able to release relatively low
levels, but sustained amount of Zn?>* ions up to 14 days. A burst release
of Ca®* ions (Fig. 9b) by MBGNs was visible within 1 day (40 mgL™?).
From day 7, the level of Ca®>* ions is within the noise of the measured
values of Ca®* in SBF. Zn-MBGNs released Ca®* ions in controlled
manner and the highest amount was measured at the third day
(20 mg L.~ 1). During the whole immersion period the level of Ca®>* ions

Table 1

X-ray fluorescence (XRF) and inductively coupled plasma optical emission
spectroscopy (ICP-OES) were used to provide compositional analyses of MBGNs
and Zn-MBGNs.

Composition XRF (mol %) MBGNs Zn-MBGNs
Si0, 90.0 83.2

Cao 10.0 8.4

ZnO - 8.4
Composition ICP-OES (mol %)

SiO, (not measured) 88.4 83.8

CaO 11.6 8.3

ZnO 7.9

was higher than the level present in SBF. MBGNs released Si** ions
(Fig. 9c¢) faster (1 day - 70 mg L™ compared with Zn-MBGNs (1 day -
52mgL~"). The highest value for Si** ions released by Zn-MBGNs was

Fig. 2. Energy-dispersive x-ray spectroscopy (EDX) results for synthesized nanoparticles: (a) MBGNs and (b) Zn- MBGNs. The peaks assigned to Al were detected from

the substrate.
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Fig. 3. X-ray diffraction (XRD) patterns (a) and Fourier-transform infrared spectroscopy (FTIR) spectra (b) for MBGNs and Zn-MBGNSs. The relevant peaks in (b) are

discussed in the text.

measured at day 7 and reached the value 67 mgL™'.

3.4. Protein adsorption

Fig. 10 shows the concentration of adsorbed BSA on MBGNs and Zn-
MBGNs after 2h and 4h. The amount of adsorbed protein increased
with time. Zn-MBGNs adsorbed a significantly higher amount of BSA
with respect to MBGNs at both time points.

3.5. In vitro biocompatibility

Two different cell lines were used to evaluate the potential cyto-
toxicity of the synthesized particles. The effect of elution extracts ob-
tained from MBGNs and Zn-MBGNSs on the proliferation of MG-63 and
MEF cells was studied by measuring cell mitochondrial activity.
Relative cell viability (%) of each cell line is shown in Fig. 11. Com-
pared to the control, elution extracts from MBGNs did not show any
negative effect on the viability of MG-63 and MEF cells at the tested
concentrations of 5mgmL~?, 1 mgmL~' and 0.1 mg mL~'. Zn-MBGNs
exhibited an adverse effect on MEF cell viability at the highest con-
centration (5mg mL™!). At the concentrations of 1 mg mL~! and
0.1 mgmL~' Zn-MBGNs did not show any negative effect. In case of
MG-63 cells, elution extracts at all concentrations did not show any
adverse effect and a significantly increased viability of MG-63 cells was
observed (5mgmL~' and 1 mgmL™1).

4. Discussion

In this study, mesoporous bioactive glass nanoparticles were syn-
thesized via microemulsion assisted sol-gel method in a water-ethyl
acetate-ammonia system. Cetyltrimethylammonium bromide (CTAB)
was used as a surfactant and acted as a template during the hydrolysis

(@)

1000 ~

———MBGNs
Zn-MBGNs

800

600 —

400

200 +

Volume Adsorbed (cm3/g STP)

T T
0,2 04 0,6

Relative Pressure (P/Po)

Table 2
Textural properties of the synthesized nanoparticles. Sget: specific surface area;
Vp: pore volume; Dp: pore diameter.

BG powders Sper (m*/g) Vp (cm®/g) Dp (om)
MBGNs 229 0.29 3.71
Zn-MBGNs 274 0.28 3.72

and polycondensation of the silica precursor, which took place inside in
droplets that serve as a reactor. With this approach, particles with the
required dispersity and homogenous composition could be produced.
On the other hand, the particles may vary in size due to the fusion and
deformation of soft droplets [9]. To improve the biological behaviour of
mesoporous bioactive glasses (MBGs), biologically active metallic ions
are often included [15-18,30,32]. However, the addition of metal ion
precursors (usually salts) may destabilize the nanoparticles by affecting
condensation and changing their surface charge [33,34-36]. The proper
control of processing parameters, such as the addition timing of me-
tallic precursor [37] and the molar concentration ratio between silica
and metal ion precursor [35], is necessary.

In this work, the $i0,-CaO-ZnO system was synthesized. Zn>* -free
glasses (MBGNs) and Zn2+—doped glasses (Zn-MBGNs) were prepared.
SEM images (Fig. 1a-d) show the spherical (ovoidal) shape of particles
with a size in the range of 130 + 10 nm, which agrees with the mor-
phology of nanoparticles synthesized using the similar method reported
in the literature [25,30]. The particles were well dispersed and, im-
portantly, the addition of zinc precursors did not affect the morphology
of particles. The motivation to develop Zn**-containing MBG particles
was to gain nanoparticles with therapeutic content of zinc and with a
mesoporous structure, that can be additionally loaded with drugs or
other therapeutic molecules. SEM analyses revealed a porous texture on

() 0,08 4 -—MBGNs
- Zn-MBGNs
0,06 -
I
E /
£
g
= 0,04 L,
3 | \
\
0,02 - 4
0 2 8 10

Pore Diameter (nm)

Fig. 4. N, adsorption-desorption isotherms (a) and pore size distribution (b) of MBGNs and Zn-MBGNs.
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Fig. 5. SEM images showing the morphology of MBGNSs (a) and Zn-MBGNs (b) soaked in SBF for 7 days.

the surface of both synthesized particles. Nitrogen adsorption analyses
proved the mesoporous structure of particles. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC), the nitrogen
adsorption/desorption curves are type IV isotherms most similar to a
type H1 hysteresis loop, specific for cylindrical open pores [11]. Al-
though the isotherms of MBGNs and Zn-MBGNs appeared to be similar,
higher gas volume was adsorbed by Zn-MBGNs. The specific surface
area obtained by the Brunauer-Emmet-Teller method (BET) is
274m? g~ for Zn-MBGNs in comparison to 229 m?>g~ ! in the case of
MBGNSs. Obtained results confirmed the assertion of Lao et al. [38], that
addition of zinc precursor enlarges the specific surface area in a me-
soporous glass of the binary composition. The total pore volume (VP)
slightly decreased from 0.29 cm®g~! (MBGNSs) to 0.28 cm®g™' (Zn-
MBGNs) what corresponds with increased BET of Zn-MBGNs. The dia-
meter of the pores (DP) is identical for both proposed materials
(3.7 nm), which is in the range of 2 nm-50 nm, defined as mesopores
[11]. The results demonstrate that doping with Zn** did not sig-
nificantly change the textural properties of the studied glasses. The
lower pore volume and smaller diameter of the pores could be ex-
plained by higher contents of SiO, and a lower percentage of CaO in the
structure of the glasses [10]. In the context of the morphological
characterization, qualitative (EDX) and quantitative compositional
analyses (XRF, ICP-OES) were performed. EDX spectra confirmed the
presence of Si, Ca and Zn ions. The quantity of mentioned elements in
the form of oxides is shown in Table 1., which summarizes data ob-
tained by XRF and ICP-OES analyses of decomposed glasses. The
nominal composition differs from the final composition. It is important
to mention that washing steps conducted during the microemulsion
assisted sol-gel synthesis can cause that the final composition varies
from the initially calculated [32]. The glasses are XRD amorphous
(Fig. 3a), demonstrated by the single broad diffused peak in the wide

range of 20°-34° (20) instead of high intensity narrower peaks, typical
for crystalline materials. The XRD patterns did not show any peak re-
lated to Zn** based crystals, e.g. ZnO, which confirms that Zn®>* has
been incorporated in the glass structure [32]. The molecular structure
of the proposed materials was determined by FTIR (Fig. 3b). The pre-
sence of Si-O-Si stretching vibrations in the range 1000-1200 cm ™!
and Si-O-Si bending vibration at 800 cm ™, as well as Si-O-Si rocking
vibration near 470 cm ~ ! were observed in both samples. The IR spectra
are typical for sol-gel derived glasses [39] and no significant differences
between MBGNs and Zn-MBGNs are apparent. All the above results
indicate that zinc-doping did not influence the structure of the MBGNSs.
Further studies such as Nuclear Magnetic Resonance (NMR) and Small-
Angle X-ray Scattering (SAXS) will be helpful to determine the role of
Zn in the glass network.

As observed in Fig. 5, SEM analyses show differences in the mor-
phology and textural properties of materials after immersion in SBF. On
the surface of MBGNs a layer with a specific structure was visible,
which indicates the formation of hydroxyapatite [40]. At the beginning,
crystals were formed around the particles (day 3) and later after 7 days
of immersion in SBF, the whole surface of MBGNs powder was com-
pletely covered with spherical particulates exhibiting needle-like crys-
tals. These crystals were previously described as hydroxycarbonate
apatite crystals by Kozon et al. [34], Zheng et al. [35,37,39,41] and
Nawaz et al. [32]. The shape of crystals, which is not the typically
cauliflower-like shape of HCAp crystals found after exposure of bioac-
tive materials to SBF, is explained as being the consequence of the very
small size of the BG particles. SEM analysis of Zn-MBGNs did not
confirm the presence of HCAp crystals during the whole immersion
period in SBF.

XRD and FTIR results confirm the HCAp formation only for MBGNs
nanoparticles. Fig. 7 displays the presence of a sharp diffraction peak at

Fig. 6. EDX analysis showing the changes in elemental composition of MBGNs (a) and Zn-MBGs (b) after immersion in SBF for 7 days.
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Fig. 7. X-ray diffraction (XRD) spectra of MBGNSs (a) and Zn-MBGNs (b) upon immersion in SBF after 1, 3, 7 and 14 days.

32° (20) identical with the XRD pattern of crystalline hydroxyapatite
(JCPDS 72-1243), which started to be visible after 3 days of immersion
in SBF for MBGNs. XRD spectra of Zn-MBGNs demonstrated the
amorphous nature of the material during the whole immersion period.
In order to fully characterize the formation of HCAp, FTIR was used. IR
spectra (Fig. 8) showed the presence of a band in the region around
600 cm ™! corresponding to amorphous calcium phosphate and the split
of this band at 560 and 603 cm ™' could be attributed to P-O asym-
metric banding in apatite crystals [30]. The presence of these bands is
visible upon 3 days of immersion in SBF but only for MBG nano-
particles. Based on all above facts, it can be concluded that the syn-
thesized MBGNSs are bioactive upon 3 days of immersion in SBF, how-
ever, Zn-MBGNs seem to be not bioactive even after 14 days of
immersion in SBF. It is well known, that zinc has a great influence on
the kinetics of HCAp formation [18]. As Kanzaki et al. [42] described,
zinc retards crystal nucleation and inhibits crystallization because zinc
ions are adsorbed at the active growth sites of HCAp and decelerate its
growth during the initial period of in vitro mineralization in SBF. In
aqueous solution PO,>~ ions combine more rapidly with Zn®>* and
create calcium zinc phosphate, unable to crystallize as HCAp [43].
Based on these facts, the deposition rate of HCAp decreased with in-
creasing content of Zn%* [18]. Despite these assertions, zinc-doped
biomaterials are able to form HCAp crystal phase after longer periods of
immersion [16,22,40,41]. Zheng et al. [13] reported no significant
formation of HCAp in ZnO-BGN upon immersion in SBF for 14 days but
confirmed HCAp formation after 21 days. Based on these facts, it can be
supposed that bioactivity of Zn-MBGNs will be observed after longer
immersion periods. Also, the solution conditions selected for bioactivity
test significantly affected HCAp formation. Conditions such as pH ad-
justment and refreshment of SBF could lead to different rates of HCAp
formation [44].
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Fig. 9 shows the release of Zn®*, Ca®* and Si** ions upon soaking
in SBF for 14 days. Zn-MBGNs released a relatively low amount of zinc
(0.6-1.2 mgL_l), which increased with time. No burst release was
observed, a stable and sustained release of Zn2" ions was seen. The
value of leached Zn?>* ions corresponds to the values published by
Jaroch et al. [45]. Interestingly, the material containing a relatively
high amount of ZnO (~8 mol%) can release it in lower concentrations.
This fact could prevent cytotoxic effect and ensure the gradual and
sustained release of zinc ions in body fluids in in vivo conditions. The
release profile suggests that Zn?™ is trapped in the silica network. The
possibility that the limited release of zinc ions might be caused by the
saturation of zinc ions in SBF cannot be strictly ruled out. However
Zn?* saturation in SBF is unlikely as an increasing concentration of Zn
ions is visible during the whole immersion period (0.6-1.2mg L-1).
From the ion releasing profile is apparent that a higher zinc content
decreased the leaching of Si**, which is consistent with the statement
of Douglas et al. [46]. Zinc as a doping element in synthesized glasses
delays the breakdown of the silica network [38] and increases the
stability of the glasses [47]. The release profile of MBGNs demonstrated
that Ca®* ions were rapidly available for the reaction with PO,°~
present in SBF, to create a calcium phosphate surface reaction layer.
The decreasing amount of Ca®* ions in SBF from day 3 corresponds
with obtained results from SEM, XRD, FTIR and confirmed the forma-
tion of the HCAp layer with high content of Ca. Zn-MBGNs released
Ca®”" ions slowly in comparison to MBGNs, which is related to the
higher stability of Zn-MBGNs. On the other hand, the amount of re-
leased Ca®* ions present in SBF was higher compared with MBGNs.
This is attributed to the retarded formation of HCAp by Zn-MBGNs. The
release profile of Zn?*, Ca%* and Si** ions indicate that the synthe-
sized MBGNs and Zn-MBGNs are degradable, thereby fulfilling the ne-
cessary feature of biomaterials for tissue engineering applications.
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Fig. 8. FTIR spectra of MBGNs (a) and Zn-MBGNs (b) after immersion in SBF for 1, 3, 7 and 14 days.
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Fig. 9. lons release profile of MBGNs and Zn-MBGNs determined by optical emission spectroscopy with inductively coupled plasma (ICP-OES). The concentration of

Zn** (a), Ca®>* (b) and Si** (c) in SBF for 1, 3, 7 and 14 days.
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Fig. 10. Adsorption of bovine serum albumin (BSA; ug mL™") on the surface of
MBGNSs and Zn-MBGNs nanoparticles.

Implanted biomaterials come to contact with blood or body fluids
immediately after implantation. The proteins from the surrounding
environments are spontaneously adsorbed on to the host surface in a
short time [48]. Adsorbed proteins represent the primary steps for later
cellular attachment and afterwards proliferation and migration of cells
[48-50]. Stronger adsorption of proteins to the surface of the proposed
material could predict successful attachment of cells under in vivo
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conditions [51]. In the case of mesoporous material, it is important to
mention that the passive adsorption of proteins on the surface is the
most commonly used approach in drug delivery applications [52]. In
this study, the both glasses exhibit ability to adsorb proteins (Fig. 10).
However, Zn-MBGNs adsorbed a higher amount of BSA (145 pg mL™Y)
in comparison to MBGNs (131 pg mL™1). Dee et al. [51] stated that the
surface topography beside other parameters, is a crucial precondition
influencing adsorption of proteins. The roughness, porosity, pore size
and size of the particles determine the surface area which interacts with
proteins [51]. Based on the mentioned facts, the higher surface area
(274m? g™ ") for Zn-MBGNs in comparison to 229 m* g~ for MBGs is
likely the reason for the higher protein adsorption [53].

The possible toxic effect of zinc on cells was discussed in the work of
Aina et al. [54] and Haimi et al. [55]. In the case of BGs, doping with
~5mol% is considered to be the boundary content of zinc without
showing cytotoxicity [16,17,54-56]. Elution extracts obtained from Zn-
MBGNSs exhibited adverse effects only on the growth of MEF cells at the
highest concentration (5mgmL~'). Other concentrations did not ne-
gatively affect the growth of the studied cell lines (Fig. 11). In this
study, Zn-MBGNs (~8 mol% of ZnO) did not show cytotoxic effect to-
wards osteoblast-like cells (MG-63) and embryonic fibroblasts (MEF).
This result can be explained considering the relatively low concentra-
tion of Zn®* ions released into the medium (1.2mgL~' = 1.2 ppm;
value obtained from ICP test). However it is necessary to consider also
the potential variation in release profile by utilizing different media e.g.
SBF, DMEM, RPMI, etc. Studies of ion release into different media in-
vestigating also the effects of solution conditions (pH, protein presence)
are necessary and remain a task for future research. However, released
amount of Zn®* demonstrates the supportive effect on the growth and
proliferation of osteoblast-like cells in dose depending manner. The
concentration of Zn?* in human plasma varies from 0.73 to 1.73 ppm,
with the mean value of 1 mg L~! [57]. Aina et al. [54] reported high
proliferation of endothelial cells at Zn®>* concentration of 1.1 ppm. In
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Fig. 11. Quantitation of viable cells number of MG-63 and MEF cells in cytotoxicity assay towards MBGNs and Zn-MBGNs elution extracts at 0.1 mgmL ™",
1mg mL~! and 5 mg mL~! concentration. * (p < 0.05) significant increase respect to the control; o (p < 0.05) significant decrease respect to the control.

the same study, 2.7 ppm concentration was described as toxic. Bala-
murugan et al. [58] confirmed the enhanced proliferation and differ-
entiation of osteoblast cells promoted by zinc-substituted BGs. In the
same way, Salinas et al. [17] described the osteogenic effect of zinc-
doped BGs in pre-osteoblastic cell culture. However, Haimi et al. [55]
published results which did not support the osteogenic effect of zinc-
doped BG. These contradictory statements are most likely caused by the
different ability of the glasses to release Zn>" ions to the culture media.
This fact is also discussed by Zheng et al. [13] describing the osteogenic
effect of zinc modified BG on mesenchymal stem cells, already at con-
centration of 0.95mgL~"'. It is important to take into account the
presence of other elements in the glass and finally also the synergistic
effect of different dissolution products.

Although a rapid apatite forming ability of BG benefits their use in
bone repair/regeneration, in some biomedical applications, e.g. soft
tissue regeneration and especially in the wound healing area, the mi-
neralization of BG is not necessary and even not desired as the forma-
tion of apatite could retard the release of therapeutic ions [22], for
example Zn>" ions. Therefore, the developed Zn-MBG, with the ability
to release active ions in a sustained manner, are also expected to be
effective in wound healing and drug delivery applications.

5. Conclusions

In this study zinc-containing mesoporous bioactive glass particles
were synthesized by using micro-emulsion assisted sol-gel method by
employing CTAB as a surfactant. We developed well dispersed spherical
particles with the size 130 = 10nm and ~8 mol% content of ZnO.
Addition of zinc did not have influence on the amorphous structure of
the glass and the textural properties, including the specific surface area,
were positively affected. Obtained results confirmed reduced miner-
alization and delayed formation of HAp affected by the presence of
Zn>*. Zn-MBGNs were able of gradual, sustained release of zinc ions to
the medium. Not only Zn-MBGNs did not exhibit cytotoxic effect to-
wards osteoblast-like cells and embryonic fibroblasts, but also sup-
ported the growth of osteoblast like cells. Additionally, Zn-MBGNs de-
monstrated improved ability to adsorb proteins. Future work will focus
on investigating the antibacterial influence of the material and possible
cytotoxic effect in direct contact with Zn-MBGNs. Based on the results
obtained so far, the new Zn-MBGNSs are considered promising for soft
tissue regeneration and wound healing application.
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