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Abstract
Calcium magnesium silicate glasses could be suggested for the synthesis of scaffolds for hard tissue regeneration, as they
present a high residual glassy phase, high hardness values and hydroxyapatite-forming ability. The use of trace elements in
the human body, such as Cu, could improve the biological performance of such glasses, as Cu is known to play a significant
role in angiogenesis. Nano-bioceramics are preferable compared to their micro-scale counterparts, because of their increased
surface area, which improves both mechanical properties and apatite-forming ability due to the increased nucleation sites
provided, their high diffusion rates, reduced sintering time or temperature, and high mechanical properties. The aim of the
present work was the evaluation of the effect of different ratios of Ethanol/TEOS and total amount of the inserted ammonia
to the particle size, morphology and bioactive, hemolytic and antibacterial behavior of nanoparticles in the quaternary system
SiO2–CaO–MgO–CuO. Different ratios of Ethanol/TEOS and ammonia amount affected the size and morphology of
bioactive nanopowders. The optimum materials were synthesized with the highest ethanol/TEOS ratio and ammonia amount
as verified by the enhanced apatite-forming ability and antibacterial and non-hemolytic properties.
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1 Introduction

Nanotechnology is rapidly sweeping through all vital fields
of science and technology, including medicine and den-
tistry, and involves the design, synthesis, characterization,
and application of materials and devices of particles with at
least one dimension in the nanometer scale (10–100 nm in
diameter) [1–3]. It has drawn a great interest of research
owing to its potential to improve biomaterials used in tissue
engineering [2]. Tissue function could be improved with the
use of engineering systems for controlled release of biolo-
gical nanomolecules and supplementing scaffolds with
inorganic nanoparticles [4].

Due to the strong need for the replacement of large
segments of diseased and defective hard tissue, such as
bone, cartilage, and teeth, nanoscale bioceramics containing
ions with proved efficacy in promoting cell proliferation and
differentiation towards osteogenic or odontogenic lineage
cells, could remarkably enhance the performance of many
dental and biomedical materials [3, 5]. In order to create
devices or systems with reconstruction properties, nano-
bioceramics are more preferable in tissue engineering
compared to their micro-scale counterparts, because of their
increased surface area, which improves both mechanical
properties and apatite forming ability due to the increased
nucleation sites provided [3, 6].

The sol-gel method is a wet-chemistry process for pro-
ducing materials such as silica nanoparticles controlling the
particle size and shape, size distribution, and morphology
[7–22].

Due to the sensitivity of the experimental conditions
during the sol-gel synthesis, the rate of hydrolysis and
condensation reactions of the solution could be affected by
the type and concentration of starting materials (alkoxides),
catalyst’s nature and concentration/pH, nature of solvent,
temperature, aging and drying method [23–28]. According
to the Stöber’s method, the use of ammonia as catalyst of
hydrolysis and condensation of ethoxysilanes in the pre-
sence of low molecular-weight alcohols as solvent, such as
ethanol, could successfully lead to the production of uni-
form silica based nanoparticles [17, 23, 29–39]. However,
many factors could affect the size of nanoparticles and their
distribution, such as the concentration of TEOS, H2O, and
NH3, the amount and nature of the alkohol (solvent), as well
as the reaction temperature [17, 29].

Recently, calcium silicate based ceramics have attracted
great attention as potential bioactive bone graft materials
since they have shown high ability to induce in vitro
osteogenesis and in vivo bone regeneration, excellent
bioactivity and biodegradable properties, via the release of
calcium and silicon ions into the surrounding environment
[40–44]. Recent studies demonstrated that the incorporation
of an additional inorganic component with specific

biological activity, such as strontium (Sr), zinc (Zn), or
magnesium (Mg) could improve the physicochemical and
biological properties of calcium silicate glass–ceramics
[45–51]. Specifically, Mg-containing silicate glasses exhibit
prolonged degradation rates, a high residual glassy phase,
optimum hardness values and hydroxyapatite-forming
ability so, they could be suggested for the synthesis of
scaffolds for hard tissue regeneration [52, 53].

Although bioactive glasses have been widely used in
bone tissue engineering due to their osteoinductive beha-
vior, angiogenesis still remains a problem. Lately, many
studies have been conducted to improve the angiogenic
properties of bioceramics, due to the need of tissue vascu-
larization for hard tissue regeneration applications [54]. The
use of trace elements in the human body, such as copper
(Cu), could improve the performance of such glasses, as Cu
is known to play a significant role in angiogenesis, blood
vessel maturation, provides beneficial effects to induce
differentiation of MSCs and improves the antibacterial
potential [55, 56].

Lately, calcium silicate bioactive glasses have been used
as a potential alternative to the systemic delivery of anti-
biotics for prevention against bacterial infections as they
provide intrinsic antibacterial properties [57]. Despite var-
ious bioceramic systems, their hemolytic properties, that
determine the red blood cell dissolution and the hemoglobin
dissociation rates, it has not been thoroughly investigated,
although erythrocytes and blood are the primary cells and
fluid respectively, that will come in contact with bone
implantation materials [58].

The aim of the current study was the synthesis of
nanoparticles in the quaternary system
SiO2–CaO–MgO–CuO and the evaluation of the effect of
different ratios of Ethanol/TEOS as well as the total amount
of the inserted ammonia to their particle size, morphology
and bioactive behavior. The antibacterial and hemolytic
properties of the optimum material in terms of bioactivity
were further investigated.

2 Materials and methods

2.1 Synthesis of bioactive glasses

Sol–gel derived bioactive glass nanopowders (BGs) were
prepared according to a previously reported method with
some modification, with composition in mol%: 60 SiO2,
30 CaO, 7.5 MgO and 2.5 CuO [59]. BGs were produced by
the hydrolysis of TEOS in a mixture of d.d. H2O, ethanol
and HNOf3. Ca, Mg and Cu were added as nitrate salts
while ammonia solution was inserted dropwise under stir-
ring and sonication (Table 1). After the gelation of the
solutions, the prepared gels were dried at 75 °C for 48 h and
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then subjected to heat treatment at 700 °C for 3 h with a
heating rate of 3 °C/min to stabilize and convert gels to
glasses.

2.2 Characterization

2.2.1 Thermogravimetric analysis and differential thermal
analysis (TG-DTA)

The thermal decomposition of the dried gels were studied in
nitrogen atmosphere by using thermogravimetric analysis
and differential thermal analysis (TG-DTA) performed
from room temperature to 1300 °C, with a heating rate of
10 °C min−1.

2.2.2 Fourier transform infrared spectroscopy (FTIR)

In order to determine the chemical composition of the
nanopowders, all samples were characterized by Fourier
Transform Infrared Spectroscopy (Perkin-Elmer Spectro-
meter Spectrum 1000) and the spectra were collected in the
transmittance mode in the range of 400–4000 cm−1. Pellets
of all nanopowders with powder to KBr ratio of 1:100 were
fabricated under pressure (7 tons).

2.2.3 X-ray diffraction (XRD)

For the XRD analysis, a Rigaku Ultima diffractometer with
Ni-filtered CuKa radiation (λ= 0.1542 Å) wave radiation
was used. The XRD patterns were recorded in the 2θ range
of 5°–75°, with a step size of 0.02° and scanning speed of
0.008° 2θ/s.

2.2.4 Scanning electron microscopy and energy dispersive
spectroscopic analysis (SEM-EDS)

The microstructure and morphology of all samples was
determined by the use of Scanning Electron Microscopy
with associated Energy Dispersive Spectroscopic Analysis
(SEM-EDS) was used (SEM) JEOL JSM-6390LV and
JEOL JSM- 84OA spectrometers.

2.2.5 Transmission electron microscopy (TEM)

TEM (JEOL 1010) operating at 100 KV was used to ana-
lyze the morphology and particle size of all synthesized
nanomaterials.

2.3 Apatite forming ability in SBF

Nanopowders were placed in sterilized reagent bottles and
submerged in SBF solution with mass to solution ratio
adjusted at 1.5 mg/mL [60]. Then they were placed in an
incubator (Incucell 55) at 37 °C under renewal conditions
for various times after immersion (6, 24 h, and then after
every 48 h) [61]. Finally the specimens were centrifuged
and precipitates were removed from the SBF at each time
point (after 1, 3 and 5 days of immersion) and dried at room
temperature.

2.4 Hemolytic activity

Fresh human heparinized whole blood was obtained from
healthy volunteer donors. Volunteers provided written,
informed consent before entering the study. The study
was conducted in accordance with Good Clinical Practi-
ceguidelines and the Declaration of Helsinki. Ethical
approval to perform thepresent study was obtained from
the Ethical committee of the ASL.1-Sassari. Red Blood
Cells (RBCs) were separated from plasma and leukocytes
by washing three times with phosphate buffered saline
(PBS). To determine the haemolytic activity on RBCs,
nanoparticles suspension (stock= 1 mg/ml) prepared
with sterile isotonic PBS 1×, was added to diluted RBCs
at different concentrations (0.25, 0.5, 1, 2.5, 5, 7.5 mg/
ml) for 24 and 48 h of incubation at 37 and 41 °C
(Thermomixer-Biosan). Testing both temperature condi-
tions is of particular interest for bioactive glass nano-
materials, as they should be used for therapeutic/healing
purposes, which might encounter complex conditions
such as fever. PBS 1× was used as a negative control
(Ctrl−) and hemolysis buffer (5 mmol/L sodium phos-
phate, 1 mmol/L EDTA, pH 8.0) was used as positive
control (Ctrl+). Then, samples were centrifuged at
2000 rpm for 1 min and a microplate reader (Thermo
Scientific) was used to measure the absorbance of hae-
moglobin release in the supernatant. The absorbance
value of haemoglobin at 541 nm was measured with the
reference wavelength of 700 nm. The percent of hemo-
lysis was calculated as follows: Hemolysis %= [(sample
absorbance− negative control)/(positive control− nega-
tive control)] * 100%. Significant differences between
means were determined by two tailed t-test. Results of
statistical analysis are expressed as mean ± SEM unless
otherwise noted.

Table 1 Ratios of Ethanol/TEOS, H2O/TEOS, Ethanol/H2O and H2O/
Ethanol and amount of ammonia of compositions

a/a Ethanol/
TEOS

Ammonia (ml) H2O/
TEOS

Ethanol/
H2O

H2O/
Ethanol

BG 1 1 20 12 0.083 12

BG 2 5 20 12 0.42 2.4

BG 3 10 20 12 0.83 1.2

BG 4 1 5 12 0.083 12

BG 5 5 5 12 0.42 2.4

BG 6 10 5 12 0.83 1.2
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2.5 Bacterial cultures

Bacterial cultures were prepared as follows for each of the
seven bacterial strains. Nutrient broth (NB, 10 mL) was
inoculated from a stored culture on nutrient agar and
incubated overnight at 37 °C. A 0.1 ml aliquot of the fresh
broth culture was then inoculated into 10 ml NB and incu-
bated for 24 h at 37 °C. Just before use, 1 ml of the 24 h
culture was centrifuged (13,000 × g, 6 min) and the super-
natant discarded. The precipitate was then resuspended in
1 ml NB, diluted 1:100 in NB and this suspension was used
as the inoculum for the growth rate determination. The
viable count of the remaining 24 h culture was determined
by plating onto plate count agar and incubating for three
days at 37 °C before colonies were enumerated.

Microtitre plates (Bioscreen) were prepared as follows.
All wells were prepared in triplicate and all contained
300 μL total liquid. Test wells were prepared with 120 μL
double-strength NB (dsNB), 150 μL substance BG3
(1 mg/mL aqueous suspension) and 30 μL of bacterial
culture. Concentrations in the well were therefore 0.5 mg/mL
substance BG3 and approximately 106 cfu/mL bacteria
(1:1000 dilution of the 24 h culture). The dsNB was diluted
to approximately normal strength by the aqueous suspen-
sion of substance BG3. In addition to the test wells, two
types of controls were prepared. Normal growth of the
bacteria was determined by placing 270 μL NB and 30 μL
culture in the wells. The effect of substance BG3 on the
optical properties of the suspension was determined by
filling wells with 120 μL dsNB, 150 μL substance BG3 and
30 μL sterile NB.

Growth of the bacteria with and without substance BG3
was determined using the Bioscreen reader with the fol-
lowing settings: wavelength 580 nm, temperature 37 °C,
measurement every 30 mins, experiment duration 24 h,
shaking before measurement. The experiment was repeated
twice to give three runs in total. At the end of the experi-
ment, data was exported to Microsoft Excel for processing.
For each triplicate measurement data was adjusted for initial
absorbance by subtracting the mean of the time zero values
from all measurements. Semi-log graphs were plotted of
optical density (OD) against time, the period of maximum
exponential growth was selected and the growth rate over
the selected period calculated using the formula

Growth rate ¼ ln
ODt2
ODt1

� �
=t2 � 1; ð1Þ

where t1 is the first time point of the selected exponential
growth period and t2 is the last. The growth rates of the
substance-free controls and the test wells in each of the
three runs were normalized by dividing each individual
value by the mean of the three control values. Data from the
three runs were then combined and the normalized growth

rates in the test wells compared with those in the control
wells (n= 9). Lag phases were approximated by determin-
ing the time before an increase in absorbance of at least 0.01
absorbance units was observed at the start of growth.

3 Results

3.1 Thermogravimetric analysis and differential
scanning calorimetry (TG-DSC)

The Heat-Flow curves of all samples (Fig. 1) exhibited two
endothermic peaks up to 200 °C, which were attributed to
the processes of water evaporation. Crystallization peaks
were detected around 850 °C and two smaller crystal-
lizations around 1050 and 1080 °C. The melting process
starts approximately at 1150 °C.

Figure 2 shows the mass loss and the heat flow curves of
all samples. Mass reduction in TG curves took place in four
individual steps. Two first mass loss steps, which were
overlapped, are attributed to water elimination, probably
due to the evaporation of adsorbed water and resulting
water during the polycondensation reaction of silanol
[23, 29]. The most pronounced mass reduction occurred up
to 200 °C resulting up to 3% mass loss, while the total mass
loss at 1300 °C was well under 10%.

3.2 Fourier transform infrared spectroscopy (FTIR)
measurements

The FTIR spectra of all nanopowders before soaking in SBF
are presented in Fig. 3. The characteristic bands of silicate
glasses are observed in all spectra, assigned to the broad

Fig. 1 DSC curves of all samples
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peak at 900–1200 cm−1 attributed to the asymmetric
stretching vibration of Si–O–Si and the peak around
470 cm−1 attributed to the bending vibration of the Si–O–Si
bonds [31, 62]. Moreover, the peak around 1645 cm−1

indicated the presence of absorbed water on the surface of
the samples [32, 33] and the contribution of the C-O
vibrations was observed in the range of 1410–1510 cm−1

due to stretching vibrations and in the range of 860–880 cm−1

due to out-of-plane bend [33].

3.3 Transmission electron microscopy (TEM)

TEM microphotographs of all samples show the coex-
istence of both nano-crystalline and amorphous phases. The
size of the nano-agglomerates of all compositions was less
than 100 nm, while BG 3 (Fig. 4) consisted of agglomerates
with the smallest size (6 nm). The electron diffraction (ED)
pattern of the BG3 indicates the formation of Ca2SiO4

(Fig. 4a). The size of the nano-agglomerates decreased as the
amount of the inserted ammonia and the ratio of Ethanol/
TEOS were increased. Simultaneously, the amorphous
proportion of the glass-ceramic material was increased.

Fig. 2 Heat Flow and Mass Loss curves of all samples

Fig. 3 FTIR spectra of produced biomaterials before soaking in SBF

Fig. 4 TEM microphotograph and exemplary ED pattern of BG3
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3.4 X-ray diffraction (XRD)

XRD patterns of the samples are shown in Fig. 5. The
results are in accordance with the FTIR and ED patters of
TEM findings. All bioactive glasses are consisted of a high

amount of an amorphous phase (91–93%), while differences
were observed among the crystalline phases of sample BG1
and BG2, BG4, BG5 and BG6. Specifically, a crystalline
phase of Calcite (CaCO3) was detected in sample BG1,
BG2, and BG3. Moreover, an amount of Calcium Silicate
(Ca2SiO4) was detected in samples BG3 (2–7%), BG4,
BG5, and BG6 (5–9%). The total percentage of crystalline
phases resulted up to 9%.

3.5 Scanning electron microscopy and energy
dispersive spectroscopic analysis (SEM-EDS)

The sample with increasing amount of ammonia before the
immersion in SBF (0 days) consisted of aggregates exhi-
biting a large amount of small size dispersed grains, while
the small amount of ammonia seems to lead to aggregates of
augmented compactibility, showcasing diminished grain
dispersion (Fig. 6).

3.6 Apatite forming ability in SBF

Figure 7 shows the FTIR spectra of the samples (BG1,
BG2, BG3, BG4, BG5, and BG6) after soaking in SBF for
1, 3, and 5 days. After soaking for 24 h, the spectra of BG3
revealed the precipitation of apatite on the surface of the
sample, as verified by the shifting and sharpening of the
broad peak at 900–1200 cm−1 towards lower wavenumbers
attributed to the bending of the (PO4)

3– group and the
appearance of the two bands at 610 – 600 and 560 – 550 cm−1

assigned to the P–O bending vibration of Hap [63–65]. Fur-
thermore, the presence of the peak at 780–800 cm−1 corre-
sponds to the Si–O–Si stretching vibration due to the
polycondensation of silanols [65]. It seems that apatite for-
mation starts earlier on the sample BG3 compare to other
samples, whose spectra revealed the formation of anFig. 5 XRD patterns of all bioactive glass before the immersion in SBF

Fig. 6 SEM microphotographs
of samples BG1, BG2, BG3,
BG4, BG5 and BG6 before the
immersion in SBF
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amorphous phase on the surface of the samples after 24 h and
the formation of apatite after 3 days of immersion. Moreover,
after 5 days of immersion, the double peak around
550–610 cm−1, along with the further sharpening of the broad
peak around 900–1200 cm−1 revealed further crystallization of
an HAp phase.

After 24 h of immersion, SEM microphotographs (Fig. 8)
and EDS analysis revealed the formation of an amorphous
Ca-P phase on the surface of the grains of BG1, BG2, BG4,
BG5, and BG6, with a mean molar Ca/P ratio quite below
1.67, which is common to non-stoichiometric apatites [66].
SEM microphotographs of BG3 revealed the appearance of
small agglomerated apatite spheres due to the Hap layer
formation on the surface of the grains, with mean Ca/P
molar ratio around 1.67 after 24 h. EDS analysis revealed a
mean molar ratio of Ca/P around to 1,67 after 5 days of
immersion for all samples.

XRD patterns of all bioactive glasses before and after
24 h and 3 days of immersion in SBF are shown in Fig. 9.
According to XRD analysis, the percentages of the

identified crystalline phases confirmed a gradual crystal-
lization of a hydroxyapatite phase by the progressive for-
mation of the peaks attributed to hydroxyapatite. More
specifically, after 24 h of immersion the high amount of
amorphous phase of all bioactive glasses was decreased,
while amounts of HAp (5–7%) and Calcium Phosphate
(3–10%) were identified. Moreover, the XRD patterns of
samples BG4, BG5 and BG6 indicate that calcite, the more
stable polymorph of the three predominant anhydrous cal-
cium carbonate mineral phases of CaCO3, with the other
two being aragonite and vaterite, has been formed. After
3 days of immersion, the percentage of the crystalline phase
of HAp was further increased (up to 21% for samples BG1,
BG2 and BG3).

3.7 Hemolytic properties of representative BG3

Τhe hemolytic activity of BG3 was evaluated, based on its
optimum bioactive behavior. The hemolysis assay is com-
monly performed at body and fever temperature (37 °C,

Fig. 7 FTIR spectra of all samples after 0, 1, 3, and 5 days of immersion in SBF
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41 °C) at concentrations ranging from 0.25 to 7.5 mg/ml till
48 h of incubation. BG3 induced dose-dependent hemolysis
on Red blood cell (RBC) after the first 24 h of incubation.

Furthermore its hemolytic activity increased with fever
temperature in line with previous findings of other tested
nanoparticles [67]. It didn’t reveal any hemolytic activity in

Fig. 8 SEM microphotographs
of all samples before the
immersion in SBF and after
1day and 5 days of immersion
respectively
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dosages under 1 mg/ml at body temperature. When mea-
sured at fever temperature (41 °C) a twofold increase in
hemolysis at low dosages (0.25 and 0.5 mg/ml) was
observed. Based on the large hemolysis dependence on
fever temperature, all dosages below 0.25 mg/ml can be
considered as non-hemolytic concentrations (Fig. 10a). It is
noteworthy that after 24 h of incubation there wasn’t any
further increase of the haemolytic activity. Moreover, there

wasn’t any coagulation of the RBCs upon treatment, and no
interferences in the absorptions from 500 to 700 nm
occurred with the selected BG nanomaterial (Fig. 10b).
According to ASTMF756–00(2000) standard, the hemolytic
value above 2% was considered as hemolytic and the value
less than 2% was considered as non hemolytic. This indi-
cates that BG3 possesses good hemocompatibility, which is
essential for its applications in bone tissue engineering.

Fig. 9 XRD patterns of all samples before (0 days) and after 24 h and 3 days of immersion in SBF
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3.8 Antibacterial properties of BG3

The results of the microbiological challenge testing of BG3
are given in Table 2 below. A small but significant (P <
0.05) decrease in growth rate in the presence of BG3 was
observed for Bacillus cereus, Staphylococcus aureus, and
Pseudomonas aeruginosa, but the growth rates of Listeria
monocytogenes, Escherichia coli and two serotypes of
Salmonella enterica were not affected. Estimated lag phases
of all tested strains were unaffected by BG3.

4 Discussion

Calcium magnesium silicates are regarded as bioactive
ceramics for bone tissue regeneration due to their enhanced
osteoconductivity and improved bioactivity. Mg-containing

bioceramics with enhanced apatite forming ability, osteo-
conductivity and mechanical properties have previously
been fabricated, including glass-ceramics in the system
SiO2–CaO–MgO, akermanite and bredigite [50, 52].
Despite, the osteoinductive behavior and connectivity
ability of such ceramics, angiogenesis is still a problem. As
copper presents angiogenic properties, its incorporation in
various bioceramic materials could enhance their angio-
genic profile. At the same time, the introduction of copper
into the glass composition can be beneficial, due to the
antimicrobial/antibacterial properties of copper. Hemo-
compatibility on the other hand, has been considered as one
of the key issues for an ideal material to be used in bond
tissue engineering applications, especially when the
designed materials are required to contact blood. Taking all
the above into account, the need for hemocompatible
materials that combine apatite forming ability with anti-
bacterial properties are promising for bone tissue engi-
neering applications. For these reasons, in this work, the
synthesis of six different Cu-containing calcium magnesium
silicate materials was performed through the sol–gel
method. Although sol-gel is a well-established synthesis
method, various parameters can improve or restrict the
properties of the final product. Thus optimum synthesis
conditions are necessary for an augmented outcome.

In the present study, the synthesized samples were
categorized in two groups according to the amount of the
added ammonia; the first group (BG1–BG3) included the
samples produced by the addition of the highest amount of
ammonia and the second group (BG4–BG6), those with the
lowest amount. The results showed that all samples were
capable of hydroxyapatite formation. However, according
to FTIR, SEM-EDS and XRD results after soaking in SBF

Fig. 10 Hemolysis assay on selected bioactive glass nanoparticle
(BG3). a Hemolysis activity of human RBCs upon incubation with
selected bioactive glass nanoparticle (BG3) at different concentrations
(0.25, 0.5, 1, 2.5, 5, 7.5 mg/ml) and different temperatures (37, 41 °C)
after 24 h of incubation. b Absorbance values (500–700) of the
hemolysis assay of Controls (+, –) and the presence of the bioactive
glass nanoparticle (BG3) at a concentration of 1 mg/ml. The presence

of hemoglobin in the supernatant (red) was observed by spectro-
photometry. The absorbance value of hemoglobin at 541 nm was
measured with the reference wavelength of 700 nm. Data are the
average ± SD of 5 independent experiments. * Significant differences
to control (–) at p < .05 **p < .001 The percent of hemolysis was
calculated as follows: Hemolysis %= [(sample absorbance - negative
control)/(positive control - negative control)] * 100%

Table 2 Effect of BG3 (0.5 mg/ml) on the growth parameters of seven
bacterial strains. Data were normalized and combined from three
separate runs with triplicate samples (n= 9)

Maximum growth rate (h−1) Lag phase (h)

Challenge organism Ratio BG3:
control

T-Test
P value

Control BG3

Listeria monocytogenes 1.22 0.1272 1.7 1.5

Bacillus cereus 0.79a 0.0034 1.0 0.9

Staphylococcus aureus 0.87a <0.0001 1.0 1.0

Escherichia coli 1.11 0.0953 0.5 0.5

Salmonella Typhimurium 1.04 0.6774 0.8 0.7

Salmonella Enteritidis 1.11 0.3423 0.9 0.8

Pseudomonas aeruginosa 0.83a 0.0293 2.3 2.1

aSignificant reduction in growth rate
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for 24 h, apatite formation starts earlier on the sample BG3
compared to the other samples, whose spectra revealed the
formation of an amorphous phase and the formation of
apatite only after 3 days of immersion. As apatite formation
is strongly dependent on the particle size, higher bioactivity
should impose smaller particle size for the BG3. This can be
justified by the high specific surface area observed in par-
ticles of small size that enhances BGs contact surface area
with SBF, which increases their biodegradation [68]. On the
other hand, the concentration of ammonia is one of the main
parameters, which governs the particle size of the sol–gel
synthesized nanomaterials [23] but the final size results
from very complex reactions and dependents on many
factors acting simultaneously, such as the water and
ammonia concentration, type of alkoxides and alcohol used
[69, 70]. SEM microphotographs in the present study
revealed highly dispersed smaller particles for Group A
materials and especially for BG3, which is in agreement to
the findings of many studies regarding the role of ammonia
in increasing the dispersion rate of nanoparticles [71], but
contradict other studies that have shown increased particle
size with increased ammonia concentration [72, 73]. This
can be explained as follows: BG3 differed compared to
BG1 and BG2 in that it was synthesized with the lowest
H2O/ethanol ratio, meaning that high amounts of ethanol
were introduced. It has been reported that low quantity of
water and high amount of ethanol results in smaller particle
size, due to the reduction of the hydrolysis rate through
bonding between ethanol and water molecules [74]. Small
and well dispersed particles increase surface area and thus
provide more nucleation sites for apatite development,
explaining in part the enhanced bioactivity of BG3 [68, 75].
Moreover, Group A consisted of materials with a small
amount of the crystalline phase of calcite. At the early
stages of immersion in SBF, calcium ions probably released
from calcite, may have reacted with phosphates to speed up
hydroxyapatite precipitation. Calcite is metastable under
experimental conditions and in physiological conditions,
and is expected to transform eventually to HAp [63]. So the
presence of calcite which is a crystal phase known for its
ability to bond to living bone [62], along with the simul-
taneous presence of the bioactive phase of Ca2SiO4 may
have attributed to the enhanced bioactivity of BG3.

Despite the need of prevention against bacterial infection
in orthopedic surgery due to the significant medical com-
plications to patients related to infections, there are only a
few antibiotic-free studies of calcium silicate bioactive
glasses. Several research works have been mainly focused
on the incorporation of antibacterial metallic ions, such as
copper (Cu2+), in bioactive glasses for bone regeneration
applications. The incorporation of Cu2+ is mainly carried
out because of its beneficial antibacterial behavior, which
supports arresting and killing the growth of microbes at the

implant site. In the present study the results of the micro-
biological testing revealed a small but significant (P < 0.05)
decrease in growth rate in the presence of BG3 for Bacillus
cereus, Staphylococcus aureus, and Pseudomonas aerugi-
nosa. Various studies have reported that calcium silicate
ceramics provide an antibacterial effect on Pseudomonas
aeruginosa and Staphylococcus aureus. According to a
previous study, Cu doped calcium silicate ceramics pre-
sented bactericidal effect on Staphylococcus aureus cultures
and they can be considered as a suitable candidate to pre-
vent infections and to treat bone defects [57, 76].

Previous studies have reported that nano-HA powders
and porous HA-Mg materials have good blood compat-
ibility, so they could be used for hard tissue regeneration
applications. In the present study, the hemolytic effects of
BG3 on human erythrocytes was tested, providing new
insights for safety evaluation of new modified silica based
nanoparticles. BG3 rupture erythrocytes in concentrations
higher than 0,25 mg/ml, in contrast with other studies [72],
where amorphous silica nanoparticles cause hemolysis even
in very low concentrations such as 0.02 mg/ml. This dif-
ference could be attributed to variations of amorphous and
crystalline structure which has been correlated to hemolytic
behavior [58].

In future studies, the possible cytomembrane damage
and/or the consequent oxidative damage of erythrocytes
after exposure to different silica nanoparticles should be
further investigated, in order to better improve their struc-
ture and consequently avoid the membrane injury.

5 Conclusion

In this study, six different bioactive nanomaterials were
successfully synthesized through the sol–gel method,
applying different ratios of ethanol/TEOS and ammonia
amount. The optimum conditions were observed in the glass
prepared with the highest ethanol/TEOS ratio and the
highest amount of ammonia (BG3). Due to its enhanced
apatite-forming ability and its antibacterial properties, this
sol-gel synthesized nano-material, can be suggested in
various tissue engineering processes.
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