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ABSTRACT

In this work the sol-gel synthesis of bioactive glass nanoparticles containing both boron
and copper oxides is reported for the first time in literature. Two acid/base co-catalysed
methods were compared. The obtained glasses have been characterized in terms of
morphology, composition, particle surface area, phase analysis and bioactivity in
acellular simulated body fluids. Almost spherical nanoparticles (< 100 nm diameter),
characterized by a certain degree of aggregation and compositions coherent with the
theoretical ones, were obtained. Each glass revealed the ability of promote the growth of
hydroxyapatite on its surface during soaking in simulated body fluid, assessing that the
addition of copper and boron did not negatively affect the bioactivity of the sol-gel
derived glasses. Future investigations will be devoted to biological characterizations

focused on cytotoxicity, antibacterial properties and pro-angiogenetic ability.
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1. Introduction

Bioactive glasses (BGs) are well-known inorganic oxide-based materials able to bind with
living tissues and stimulate new tissue growth by reacting with physiologic fluids [1,2].
The in vivo bone-bonding capability of BGs can be successfully predicted in vitro by
soaking in simulated body fluid (SBF) and observing the formation of hydroxyapatite
(HA) on their surface, as reported in a variety of studies [2-6]. Therefore, BGs are
classified as third generation biomaterial, being biocompatible, bioactive,
osteoconductive and even osteoproductive [7,8].

Indeed, the main application field of bioactive glasses is the hard tissue regeneration, with
some clinical use in orthopaedics and dentistry [5,9,10]. However, over the years, many
new glass compositions with potential applications in hard and soft tissue engineering
have been developed, as largely reviewed [5,11-16]. In fact, according to the released
ions, BGs dissolution can influence gene expression of cells and/or even display an
antibacterial effect [17-19]. Provided that released metallic ions influence signaling
pathways and stimulate metabolic effects involved in tissue formation, inducing
intracellular and extracellular responses [6], several new BGs compositions have been
investigated in literature, reporting the effect of additional elements such as barium [20],
boron [21-23], cerium [19,24,25], cobalt [26-28], copper [29-34], fluorine [35], gallium
[24,25], iron [20], magnesium [28,29,36], manganese [37-39], potassium [40], silver
[41-44], strontium [33,36,45-48], terbium [49], or zinc [22,24,44,50,51]. The result of
the addition into bioactive glasses of different metallic ions on their biological

performances has been very well reviewed by Hoppe et al. [52].



For both hard and soft tissue regeneration, angiogenesis (the formation of new blood
vessels) is fundamental in order to achieve the formation of a new functional and
vascularized tissue [53,54]. In this scenario, the development of ion-doped BGs
exhibiting angiogenic properties is of primary importance [55]. Boron has been
demonstrated to promote angiogenesis [23,56,57] and boron-doped materials have been
tested in vivo for their wound regeneration potential [54,58]. Recently, copper has shown
angiogenic potential as well, as reported by various experimental results [59-62].
Moreover, BGs can contain metallic ions that confer them an antibacterial effect. Indeed,
the outbreak of bacterial infections is a relevant problem that can hinder the tissue
regeneration and lead to the implant failure. Silver is the most common ion used for the
synthesis of antibacterial materials [41-44,63,64], but also other ions, such as copper
[30,32,34,62,65,66], have shown antibacterial ability.

So, owing to their angiogenic and antibacterial/antimicrobial properties, BGs containing
copper or boron are largely studied, but very few glass compositions (and even less BGs
compositions) incorporating both ions have been produced, manly by melting-quenching
technique [67-76].

Despite to the quite wide amount of literature concerning Cu-doped glasses, only few of
the above cited studies have potential biomedical applications.

Traditionally, BGs have been produced by melting-quenching technique, but since its
discovery the sol-gel technique has shown successful results for the synthesis of BGs with
various compositions and shapes. The sol-gel process allows the synthesis of solid
materials (polymeric, metallic, ceramics or glass materials) from a solution of liquid
precursors (sol-state), that undergoes some reactions of hydrolysis and polycondensations

and forms a gel. Then, an ageing step and thermal treatments (drying, calcination,



densification) are carried out on the gel, in order to obtain a dense solid material. The
detailed explanation of the reactions, synthesis steps, and parameters influencing the
synthesis is available in the numerous reviews published on this topic [16,77-81]. The
sol-gel synthesis offers many advantages over the melting-quenching one [77,79] such
as:

e  low processing temperatures

o easy production of glasses with various compositions and different physical and
chemical properties

o high control on composition, morphology, and size

e facile and homogeneous doping with metallic ions

o high surface area of the synthesized glasses, which show a high numbers of
surface silanols

o higher bioactivity of the sol-gel glasses.
Among the possible structures, nanosized BG particles show very interesting features,
such as higher surface area, faster ion release, quicker deposition rate of the
hydroxyapatite layer and so higher bioactivity, possibility to enter a cell, accumulating
inside the lysosome and delivering their therapeutic ions directly inside the cell
[46,82,83]. Moreover, they are considered ideal fillers for tissue engineering scaffolds
[2]. On the basis of the author’s knowledge of the literature concerning sol-gel synthesis,
none of the above cited studies reported the sol-gel route for the preparation of B and Cu
doped BGs.
In this scenario, aiming to develop innovative BG compositions for soft tissue engineering
applications, in the present paper new B and Cu doped BGs have been synthetized through

a very promising sol-gel route. With the attempt to develop an original BG composition



with potential angiogenic and antibacterial properties, the glasses have been prepared
starting from the composition of the 77S BG [84], which was modified by the addition of
both B and Cu ions, for the first time on the basis of authors knowledge. In order to
synthetize small BG nanoparticles, on the basis of previous literature results [78,85,86],
two acid/base co-catalysed synthesis methods were adopted and six glasses with three
different compositions (wt%) were synthesized, as reported in the Experimental
procedure. In brief, our methods are based on the combination of an acid synthesis and
the Stober method. In acid sol-gel syntheses, both hydrolysis and polycondensation
reactions take place in acid environment, using acids as catalysts. The acid method is the
first ever developed sol-gel synthesis strategy and is largely used for the synthesis of
glasses, especially in form of monoliths.”” The classical Stober method allows the
synthesis of monodisperse spherical silica particles (from 0.05 to 2 um), from silicon
alkoxides precursors (usually tetraorthosilicate, TEOS) in a solution composed of water,
alcohol and ammonium hydroxide under continuous agitation [79,87,88], Ammonia is
used as catalyst for both hydrolysis and polycondensation reactions that take place during
the sol-gel synthesis [87-89]. Up to now, the Stdber method has been used for the
synthesis of silica, carbon, TiO», bioactive glass and hybrid particles [79,88,90-92]. Our
synthesis strategies combine the previous described processes, because the TEOS
hydrolysis takes place in acid medium (i.e a solution of ethanol, distilled water and nitric
acid) like in a traditional acid synthesis and, in agreement with the Stéber method and
previous literature results, the ammonia solution was used in order to reduce the gelation
time from hours (or even days) to minutes [93] and induce the accelerated formation of

particles [78,87].



Since, as above mentioned, this is the first experimental work based on sol-gel bioactive
glasses containing both B and Cu ions for therapeutic application, the present paper is
focused on the innovative co-doping, on the optimization of the acid/base co-catalysed
synthesis method, and on the evaluation of their influence on the morphology, the particle
surface area, the composition and the microstructure of the obtained new sol-gel
compositions. Although some compositional changes in bioactive glasses can be easily
introduced to give specific added values without hampering their bioactivity (which is the
intrinsic rationale of “doping” their composition with small amounts of therapeutic ions)
the eventual influence of the doping elements in the bioactivity process of the new glass
compositions is not predictable, so it has been also verified for the new BGs developed
in this work.

These preliminary work on new co-doped BGs formulation, obtained by unconventional
wet route, give new understanding of the fundamental science of BGs and represents an
essential starting point for future investigations about the potential synergistic effect of

co-doped sol-gel BGs in the field of tissue engineering.

2. Materials and Methods

2.1 Materials

The six glasses with three different compositions (wt%) synthesized in this work can be
summarized as follows:

. S1 and S2: 77%Si02-9%P,05-14%Ca0

o SB1 and SB2: 62%Si0,-9%P,05-14%Ca0-15%B,03

o SBCul and SBCu2: 62%Si02-9%P,05-9%Ca0-5%Cu0-15%B,03



where S refers to the silica-based glass network, B to the presence of boron, Cu to the
addition of copper and 1 or 2 to the used synthesis route (named synthesis 1 and

synthesis 2).

2.2 Bioactive glass synthesis

Aiming to produce small spherical nanoparticles, a previously studied acid synthesis
[84,94] was combined with the Stéber method. Thus, the BGs were synthesized by two
acid/base co-catalysed synthesis methods, as summarized in Figure 1, using
tetraorthosilicate (TEOS) CgH2004Si at 99% (Sigma Aldrich), triethyl phosphate (TEP)
CeH1504P at 99% (Alfa Aesar), calcium nitrate tetrahydrate Ca(NO3)2 - 4 H2O, copper
nitrate trihydrate Cu(NOz)2 - 3 H20 (Fluka) and boric acid HsBOz at 99% (Sigma Aldrich)
as precursors for SiO2, P20s, CaO, CuO and B20s, respectively. Bi-distilled water and
ethanol (EtOH, Sigma Aldrich) were used as solvents. Nitric acid (HNO3z) at 70% (Sigma
Aldrich) and ammonia solution NH4sOH at 28-30% (Emsure) were used as catalysts,

hydrolysis catalyst and gelling catalyst, respectively.



Synthesis 1 Synthesis 2

EtOH EtOH
+H,0 | o= [TEOS +H,0 | s | TEOS
+ HNO; 2M l +HNO; 2M
| NH,OH2M TEP
TEP Ca(NO;),- 4 H,0
Ca(NO;), - 4 H,0 | Cu(NO,),-3H,0 |
| Cu(NOs), - 3 H,0 H,BO,
H,BO, NH,OH 2M

Figure 1: Sol-gel synthesis routes

The difference between the two followed synthesis methods is the addition time of the
ammonia solution, which was added dropwise during vigorous magnetic stirring till
formation of a gel, characterized by a pH value in the range 8 — 9. In the synthesis 1 the
addition of NH4OH 2M followed the hydrolysis of TEOS and the formation of pure silica
nanoparticles in an acid media, whereas in synthesis 2 NHsOH 2M was added at the end
of the synthesis process, after the addition of all precursors. During ammonia solution
addition, the pH was carefully monitored. It is well known that the reaction pH influences
the size of the final particles [77,79], for example, for silica particles, literature reports a
minimum size of 30-80 nm, obtained at a pH value of 9-10 [95]. In both synthesis routes
the hydrolysis of TEOS was performed magnetically stirring the silica precursor for 1 h
in @ mixture of EtOH, H20 (Milli Q) and HNO3 (with a molar ratio H2O+HNO3: TEOS

= 8) and the other precursors were added under gently magnetic stirring at interval time



of 30 min from each other, in agreement with the sequence shown in Figure 1 and the
different desired glass compositions. All gels were dried at 60 °C in a heater for 48 h and

then calcinated at 700 °C in furnace for 2 h.

2.3 Morphological and compositional characterization

The field emission scanning electron microscope FE-SEM Gemini SUPRATM 40 (Zeiss,
Germany), equipped with Energy Dispersion Spectrometry (EDS), was used to perform
the morphological (shape and size of the glass particles) and compositional analysis of
the samples, which were prepared attaching the glass powders on an aluminium stub using
a double-side carbon tape and sputtering them with chromium for 100 s. Depending on
the glass type, the particles size was estimated on representative SEM micrographs at

100.00 KX and 150.00 KX.

2.4 BET measurements
The N adsorption and desorption measurements were carried out using the analyser
ASAP 2020 Plus (Micrometrics, United States) and the particle surface areas were

calculated according to the Brunauer, Emmett, Teller method (called the BET method).

2.5 X-ray diffraction characterization

The X-ray diffraction (XRD) analysis was performed in order to study the glass structure.
For the spectra measurements, the X’Pert Philips diffractometer was used, adopting the
Bragg Brentano camera geometry and the Cu-Ka incident radiation, with a source voltage
of 40 kV, a current of 30 mA, an incident wavelength A of 1.5405 A, a step size A(20) of

0.02° and a counting time of 1 s per step. The analysis degree 26 was varied between 10°
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to 70°. The X Pert HighScore program (equipped with PCPDFWIN database) was used

for the spectra analysis.

2.6 FTIR analysis

Fourier Transform Infrared Spectroscopy was carried out on bioactive glass powder
samples using the Thermo Scientific Nicolet iS50 FT-IR Spectrometer (equipped with
OMNIC software) and KBr pellets (FTIR-KBr). Pellets were produced using 2 mg of
glass and 150 mg of KBr, both before and after soaking in SBF. The spectrometer was
used in transmission mode with a chosen number of spectral scans equal to 32, a

resolution of 4 cm™ and a wavenumber range between 4000 and 525 cm™.

2.7 Acellular bioactivity test

The in vivo bone bonding ability of a BG can be reproduced in vitro by soaking the
material in simulated body fluid (SBF) and observing the formation of a HA layer on the
surface [6]. The SBF is a protein-free and acellular aqueous solution, buffered at
physiological pH and characterized by a composition and a concentration of ions, that is
similar to those of the inorganic part of human plasma [3]. Therefore, soaking the BGs in
the SBF enable to mimic in vitro the reactions that occur in vivo on the glass surface when
the BG is in contact with the human plasma and to study in vitro the BG bioactivity. Being
these reactions time-dependent [8], two samples of each synthesized glass were soaked
in SBF till 14 days, measuring the solution pH after 1, 3, 5, 7, 10, 12 and 14 days and
analyzing the glass samples using SEM-EDS, XRD and FTIR at fixed time points (1, 3,
7 and 14 days).

The SBF solution was prepared according to Kokubo protocol,[3] by dissolving NaCl,
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KCI, K2HPO4-3H20, MgCl,-6H20, CaCl,, and NaxSOs into distilled water and buffering
at pH 7.4 with tris (hydroxymethyl) amminomethane (HOCH2)sCNH. (TRIS) and
hydrochloric acid (HCI).

The mass/volume ratio between glass powders and SBF solution was 1:1, so 100 mg of
glass were soaked in 100 ml of SBF, in agreement with previous literature experimental
works [96]. The glass samples were kept at 37 °C in an orbital shaker (IKA® KS4000i
control) with a shaking movement rate of 120 rpm and the SBF was never renewed during
all acellular bioactivity test. At each time point, glass powders were removed from SBF,
rinsed with deionized water, centrifugated at 5000 rpm for 10 minutes and then dried in

an incubator at 37 °C.

3. Results and discussion

3.1 Morphological and compositional characterization

Figure 2 reports the SEM micrograph of SB1 glass as example of the size and morphology
obtained for each glass. Round-shaped particles, with size in the nanometric range, were
obtained for all syntheses and compositions, with mean particle size of all glasses smaller
than 100 nm and a predominant diameter of about 50 nm, confirming that the acid-base
co-catalyzed route is a useful procedure for the synthesis of nanosized BG particles

[42,51,85,97-101].
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Figure 2: SEM micrograph of SB1 glass

However, all six glasses exhibit a certain degree of aggregation, in agreement with
previous literature results. Indeed, because of their high surface area and high surface
energy, it is common to observe aggregation in case of nanoparticles [4,19,38,78,102—
104]. The different synthesis routes and the doping with B and Cu seem not to affect the
final morphology, since any significant change in size and shape among the different
glasses were observed, in agreement with literature results showing no morphological
variation when doping ions are added into other BGs [44]. Therefore, the main parameter
affecting the final particle morphology seems to be the initial hydrolysis of TEOS in an
acid environment (pH < 2.5) [81]. Indeed, this acid condition favors the rapid hydrolysis
of TEOS, occurring faster than polycondensation, which starts before the complete
hydrolysis of the silica precursor, leading to the formation of a large number of Si-O-Si
linkages [81]. The addition of P, Ca, B and Cu ions did not alter the pH of the sols, which
were acid (with pH values in the range 0.5 — 1.8) till the addition of the ammonia solution,

used as gelling agent.
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EDS analysis (not reported) confirmed the glasses composition and evidenced that the
amount of phosphorus was slightly underestimated if compared to the theoretical

composition.

3.2 BET measurements

BET results confirm that the surface area of sol-gel glasses is bigger in comparison to
melt-derived glasses [31,33,105]. As reported in other experimental works, the addition
of metallic doping elements leads to a decrease in the measured surface area
[19,62,65,106,107]. Indeed, in this work it was observed that the B and Cu co-doped
glasses (SBCul and SBCu?2) were characterized by smaller areas, if compared to the other
synthesized glass compositions, as shown in Figure 3. Among these two doped glasses,
the ones containing copper showed the smallest surface areas in agreement with previous
results of Luo et al. [108], who stated that Cu ions could have a negative effect on the
condensation of precursors, which led to significant decreases in the specific surface area
and pore volume. In agreement with literature [31,109], the addition of doping ions led to
an increase in particle aggregation. This could be probably related to particle formation
and growth according to the aggregation model of Stdber process, which are based on
nucleation of primary particles, aggregation of nucleated solid particles and absorption of
smaller particles by larger particles [31,92,110]. The incorporation of doping ions can
modify the charge of the system, altering the thermodynamic interactions between the
solvent and the hydrolyzed intermediates. Moreover, the metallic ions are only adsorbed
on the particle surface and diffuse into the silicate structure upon calcination at high
temperature, as previously reported by Zheng et al. [31], thus this metallic ions shell can
lead to an increased particle aggregation. Moreover, the surface area of glass

nanoparticles obtained by synthesis 1 is bigger in relation to the synthesis 2. This could
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be related to the different addition timing of ammonia solution, being well-known that

ammonia addition affects the particle dispersion [111].
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Figure 4. No significant differences can be observed between isotherms of synthesis 1 and
synthesis 2. The isotherms can be identified as type IV according to IUPAC classification
[112] and in all of them it is possible to observe a hysteresis loop at high P/Pq region
(starting around 0.7 in case of S1 and S2, around 0.5 in case of SB1 and SBCu2 and
around 0.8 in case of SB2 and SBCu2). The hysteresis can be classified as H1 type,

according to IUPAC classification and to literature [113].
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This type of isotherm curve is typical of mesoporous materials [37,114,115], but the
presence of a hysteresis loop at so high values suggest that the measured mesopores were
not related to a mesoporous structure inside the particles (in agreement with the used
synthesis method), but derived from the interstitial space among the nanoparticles, as

already previously reported by Miao et al. [116].
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3.3 X-ray diffraction characterization

The XRD patterns (Figure 5) show the predominant amorphous nature of the samples, as
displayed by the broad amorphous halo between 15° and 30° (characteristic of all glassy
materials). Three low intensity broad signals at 26°, 32° and 40° respectively are visible
in the patterns of the doped glasses (the principal one at 32° is barely visible only in the
not doped glasses) and can be attributed to small amounts of a calcium silicate Ca2SiO4
(code 00-033-0303) nucleated during the calcination step of the synthesis, as expected in
case of sol-gel synthesis of complex compositions [19,117]. No significant differences

were observed between the two different synthesis methods.
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3.4 FTIR analysis
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Figure 6 shows the FTIR spectra of the synthesized glasses. In all samples a shoulder
between 1000 and 1200 cm™ and two peaks at 800 cm™ and around 600 cm™ were
observed. The shoulder between 1000 and 1200 cm™ and the peak at 800 cm™ are typical
of a silicate network, in details they characteristic of the Si-O-Si asymmetric [41,42] and
symmetric stretching vibration [41,105,118-120], respectively. The peak around 600 cm”
!is attributed to P-O-P bending vibrations [41,51,121]. In the FTIR spectra of samples
containing boron (SB1, SB2, SBCul and SBCu2), additional peaks are clearly visible: a
large peak between 1200 cm™ and 1600 cm™ and two smaller peaks at 942 cm™ and at

650 cm™?, that can be attributed to B—O bond stretching vibrations of triangular [BOs]
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elementary units [122,123], B-O bond stretching vibrations of tetrahedral [BO4]
units[124] and borosiloxane bonds [125], respectively. Therefore, the incorporation of
boron ions in the BG particles was confirmed. It was not possible to detect vibrations
related to Cu—O bond, because they are revealed at wavenumbers lower than 400 cm™,
but the presence of copper inside the glass particles was already confirmed by EDS
spectra, where the Cu peak is clearly visible (data non reported) [29].

The hygroscopic nature of these glasses is revealed the presence of a broad band between
3600 and 3375 cm™ and a peak at 1653 cm™, which can be ascribed to the SiO-H
stretching vibrations of bond between the hydrogens of the surface silanols and water

(SiO-H-+-H,0) [126].
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Figure 6: FTIR spectra of all six synthesized glasses — A) S1, SB1 and SBCul B) S2, SB2 and

SBCu2

3.5 Acellular bioactivity test

HA formation on a material surfaces upon immersion in SBF is considered a qualitative
measure of its bioactivity [1,127]. As explained by Hench et al. [8,9], when in contact
with SBF or biologic fluids, the BG partially dissolves and exchanges alkali ions with
hydrogen ions from body fluids, leading initially to a certain pH increase, then to the
formation of silica gel on the BG surface and later to the deposition of a biologically
reactive hydroxy-carbonate apatite.

With time, the interfacial HA layer continues to grow by incorporating calcium and
phosphorus ions from body fluids [8]. Therefore, as expected, EDS patterns and plots of

ions amounts versus soaking time in SBF (.
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Figure 7) show an increase in P and Ca amounts on the surface of the synthesized glasses
during immersion in SBF. The Ca/P atomic ratios (calculated from the EDS results over

three spectra) were similar to the ratio value of stoichiometric hydroxyapatite (1.67) as

reported in Table 1 [128,129].
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S2 1.72 1.76 1.73 1.87
SB1 2.26 1.77 1.77 1.74
SB2 2.01 1.78 1.78 1.83
SBCul 1.60 1.80 1.61 1.70
SBCu2 1.54 1.45 1.56 1.47

Table 1. Ca/P atomic ratios (calculated from the EDS results) versus soaking time in SBF

Solution pH values versus soaking time (reported in

Figure 8) did not show any

important variation up to 14 days. In fact, the measured pH varied only in the range 7.34—

7.56 during all soaking time, showing a slight increase by increasing immersion time, as

expected for the early stage bioactivity mechanism. To better underline this slowly

increasing trend the tendency line of pH values is reported in case of S2 sample.

7.60
7.55
7.50

= 7.45
7.40
7.35

7.30
0 1 2

—3S1
— SBCul

3 4 5 6 7 8 9 10 11 12 13 14

Time [days]
S2 — SB1 — SB2
—— SBCu2 Linear (S2)

Figure 8: Solution pH versus soaking time in SBF

The fluctuations in pH trends can be attributed to ion exchange between the SBF solution

and the glass powders, in agreement with other experimental results [130]. Trends of B-

containing glasses (SB1 and SB2) seems to be flatter and lower, probably due to the
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buffering effect of boron [131]. The lowest pH values are shown by glasses containing
copper (SBCul and SBCu?2) [30]. The pH trend is slightly shifted to lower values for the
different type of glass in this way: S > SB > SBCu. Anyway, it must be underlined that
the differences among the three synthesized compositions are very small. Finally, it is
worth of mention that the measured pH values were suitable for cell adhesion and
proliferation being 6.5-7.8 the recommended appropriate pH range for the adhesion and

proliferation of cells [132-134].

Figure 9: SEM micrographs of glasses of synthesis 2 after 14 days of immersion in SBF — A) S2

B) SB2 C) SBCu2

From SEM micrographs, recorded after 14 days of immersion in SBF, it is possible to
see that the glass surface is totally covered by a hydroxyapatite layer. In

: Wl

- o

Figure 9, the rogh and cauliflower-like morphology tyal of HA ch/staIs én S2, S.E;Z
and SBCuz2 is shown as example.

The evolution of the XRD peaks of all samples during all acellular bioactivity test is
reported in figure 10, in order to provide a comparison between the rate of hydroxyapatite
formation of the different synthetized glasses and to underline, if any, eventual

differences among the samples. After immersion in SBF, in the XRD patterns, reported
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in Figure 10, new peaks appear, that can be attributed to hydroxyapatite (code 00-001-
1008), showing that the synthesized glasses are bioactive, since the first day of immersion
in SBF. Moreover, peaks related to the calcium silicate crystalline phase, also
corresponding to peaks attributable to HA, appear more intense. Regarding the peak
intensity, it should be also observed that in some XRD spectra the presence of NaCl could
be detected. It arose from SBF and was not eliminated during the washing step with bi-
distilled water, as already experienced in case of BG particles immersed in SBF [135].
Thus, the partial crystallization of the BGNs did not hinder their bioactivity. Moreover
the results of the bioactivity test underline that the contemporaneously introduction of B
and Cu did not significantly modify the bioactive behaviour of the BGs developed in this
work, i.e. it did not affect their ability of inducing HA precipitation into acellular SBF, as
instead observed by other authors for glass containing only copper [136]. Thus, the
peculiar property of the BGs has been maintained, as their composition has been properly
modified introducing small amounts of therapeutic ions without hindering their

bioactivity.
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Figure 10: XRD spectra of glasses immersed in SBF at different time points (0d, 1d, 3d, 7d,
14d, ordered from top to bottom of the image) — A) S1 B) S2 C) SB1 D) SB2 E) SBCul F)

SBCu2

The samples immersed up to 14 days were also analysed using FTIR (Figure 11 and
Figure 12), confirming that a HA layer grows on the glass surface during the acellular
bioactivity test. After immersion in SBF, the broad band between 3600 and 3375 cm™,
that was seen before immersion in SBF, appears much higher and wider, reaching value
around 2700 cm™ and being centred around 3500 cm, a peak which can be attributed to
the stretching mode of hydrogen-bonded OH™ ions of hydroxyapatite [120]. Two small
peaks appear between 1500 and 1300 cm™ and they can be related to the presence of the

carbonate groups of carbonated apatite [137,138]. Moreover, the peak around 600 cm™
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[120] and the peaks between 600 and 525 cm™ [19,116,120], previously observed in
samples before immersion in SBF and attributed to the vibration modes of the P-O groups,
shown an increased intensity after immersion in SBF and thus can be related to an increase
in the numbers of P-O groups in the glasses and consequently to the formation of HA.
Also, in this case, no evident differences can be observed among the three different
compositions and the two syntheses, confirming that all synthesized BGs are bioactive
and that the B and Cu insertion did not modify the glass ability to induce the precipitation
of HA.

The fact that these B and Cu doped glasses are still bioactive despite the incorporation of
metallic doping ions is a not foregone and encouraging result, supporting the hypothesis
that our novel biomaterials can take advantages of both their bioactivity and the

multifunctional (antibacterial, angiogenic and osteogenic) properties of their doping ions.
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SBF

4. Conclusions

The aim of the present work was to design innovative silica-based bioactive glasses co-
doped with boron and copper as, using two modified Stober methods, in particular two
acid/base co-catalysed synthesis routes. In both cases, in agreement with previous
literature, the ammonia solution was used in order to reduce the gelation time,
accelerating the formation of nanosized particles (< 100 nm) with almost spherical shape.
A certain degree of aggregation was recorded in both cases. Indeed, the high surface area

(detected by BET analysis) of the nanoparticles led them to aggregate. The aggregation
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phenomena were more significant for the glass compositions modified with doping
elements, since the incorporation of doping ions can modify the charge of the system.
All the obtained glasses revealed a predominantly amorphous nature and a certain
tendency to carbonation, which was not hindered by the presence of the small amounts of
crystalline phase in the glassy matrix. The glass nanoparticles are able to induce the
precipitation of HA in vitro, by soaking in SBF, also after co-doping, so they can have
potential applications in the tissue engineering field. Any significant difference between
the two syntheses and among all glasses was observed on bioactivity kinetics by XRD,
FESEM and FTIR analyses.

Nowadays, the synthesis of well dispersed nanosized particles is in fact still challenging.
In order to avoid particle aggregation, further optimisation of the synthesis processes is
needed, for example varying the type of solvent, the amount of added ammonia solution
and the mixing strategy.

Moreover, the co-doping with different ions is believed to be a very successful strategy
to modulate cell response, stimulating regeneration of healthy and functional tissues, but
it is still a new strategy and the synergic effect of the two doping ions with similar or
complementary properties, especially in case of boron and copper, needs further in-depth
investigation. Thus, in future works biological characterization will be performed on the
optimized samples to assess biocompatibility, antibacterial and pro-angiogenetic

properties, in view of their final application.
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