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Abstract

Borosilicate bioactive glasses are attracting an increasing interest due to their good hot forming ability, low
crystallization tendency and high bioactivity. Surface functionalization of bioactive glasses is a versatile tool
for modulation of their properties and consequently of their biological response and it is still an unexplored
topic in the case of borosilicate glasses. The possibility to graft 3-aminopropyltriethoxysilane (APTES) to
various borosilicate bioactive glasses have been investigated in the present research work. Glasses were
produced by melting and completely characterized (SEM-EDS, density, FTIR-ATR, Raman, NMR, zeta
potential and reactivity in SBF and TRIS/HCI). Then, APTES was grafted to the surface of the glasses and its
presence was verified by means of XPS, contact angle and zeta potential measurements. This study has
shown the possibility to silanize borosilicate bioactive glasses for the first time, however, this silanization

protocol does not induce the formation of a continuous coating on the glass surface.
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1 Introduction

While surface functionalization of metals, polymers and ceramics has been widely studied in the past,
functionalization of bioactive glasses has remained under investigated [1]. However, surface
functionalization of bioactive glasses is a strategy that can produce materials with properties not attainable
otherwise. Taken as an example, grafting biomolecules or drugs at the surface of bioactive glasses or glass-
ceramic can lead to materials with enhanced therapeutic effect, cell stimulating ability or superior

antimicrobial properties.

While surface modification and functionalization was developed in the past for pure silica glass a need for
new protocols for the cleaning and silanization of reactive materials were needed. A protocol was
developed by Verné et al. [2, 3] for the exposition of hydroxyl groups onto silica based bioactive glasses.
Post exposition of the hydroxyl groups, the surface was silanized using APTES. This molecule is widely used
for surface modification of bioactive glasses and it can be considered both a model molecule to be grafted

as well as a suitable spacer molecule for further grafting of bioactive moieties [4, 5]. The developed



technique has revealed to be promising toward a more efficient grafting of model protein such as
Carnosine [2]. Verné el al. successfully grafted alkaline phosphatase at the surface of silanized silicate
bioactive glass and improved both glass bioactivity and ability to stimulate osteoblasts cells [3]. Later, they
proved that polyphenols extracted from grape skin could be immobilized at the surface of bioactive glasses
[6]. This opens the path to the processing of smart biomaterials combining the known activity of bioactive
glasses and the specific biological properties of natural molecules, i.e. antioxidant, antibacterial, antiviral,
anticancer. This protocol was further adapted to phosphate bioactive glasses [7]. Recently, the authors also
demonstrated that, careful surface washing and silanization of phosphate bioactive glass, can promote

superior adsorption of albumin and fibronectin: these results will be published shortly thereafter.

Recently a new class of bioactive glasses has emerged, drawing increasing attention: borosilicate bioactive
glasses. Borosilicate glasses have the advantage over their silicate counterpart to have better hot forming
ability and lower crystallization tendency, making this glass family attractive toward the manufacturing of
amorphous bioactive scaffolds or fibers [8, 9]. Furthermore, the borosilicate glasses show higher conversion

rate to hydroxyapatite than pure silicate glasses [10].

In this context, the well-known bioactive glass S53P4 (called BO in the present work, as starting point for
the following compositional modifications), was modified by partial to fully substituting silica with boron.
The structure of the glasses was studied via FTIR-ATR, Raman and B NMR. Dissolution of the bioactive
glass, with respect to the boron content was studied in Simulated Body Fluid (SBF). The release of ions was
qguantified using ICP-OES and the formation of a hydroxyapatite layer was confirmed by FTIR-ATR.
Successively, Ca in the borosilicate glass was replaced by Sr and/or Mg and the dissolution study was
repeated. Silanization of the glasses of investigation was conducted using the protocol developed in [2] and
[7]. The effective silanization was further confirmed by XPS analysis, contact angle and Zeta-potential

measurements.

2 Materials and methods



2.1 Glass synthesis

Glass BO (S53P4) was melted from batches containing mixtures of silica (99.4 % pure SiO,), and
analytical grades of Na,CO; H3;BO;, CaCO;, and CaHPO,.2H,0. The nominal oxide compositions of the
experimental glasses in mol% are (53.85-x)Si0,-xB,03-22.66Na,0-1.72P,05-21.77Ca0 with x varying from 0
to 53.85. The glasses were coded as follow: x = 0 (BO), x = 13.46 (B25), x= 26.93 (B50), x = 40.39 (B75) and x
= 53.85 (B100). The glasses were melted in air in a platinum crucible at temperature from 1000 to 1400 °C
for 3 h, depending on the boron content. The glass labelled B50 was also processed with various amount of
magnesium and/or strontium substituted for calcium. The glass compositions investigated are presented in
Table 1. After casting in a pre-heated cylindrical (@#=10 mm) graphite mould, the glasses were annealed
overnight at 40 °C below their respective glass transition temperature T, and then allowed to cool slowly to
room temperature in the annealing furnace. The obtained rods were either crushed into particles for the
dissolution tests in simulated body fluid or sliced into discs (thickness 2 mm) ground and polished for

surface functionalization.

Glass properties

SEM/EDX (Leo 1530 Gemini from Zeiss and EDXA UltraDry from Thermo Scientific) was used to image

and analyse the samples composition. The accuracy of the elemental analysis is about 0.1 wt%.

The density of the bulk glass was measured by Archimedes’ principle using deionized water. The

accuracy was better than 0.02g/cm?>.

The IR absorption spectra of the glasses were recorded using Fourier transform infra-red
spectroscopy (FTIR, Perkin Elmer) in attenuated total reflectance (ATR) mode on powdered glasses. All
spectra were recorded within the range 650-1600 cm™, corrected for Fresnel losses and normalised to the

absorption band showing the maximum intensity.

The Raman spectra were recorded using a 532 nm wavelength laser (Cobolt Samba) and measured

with a 300 mm spectrograph (Andor Shamrock 303) and a cooled CCD camera for data collection (Andor



Newton 940P). All spectra were recorded within the range 500-1800 cm™, and normalised to the

absorption band with the maximum intensity.

Solid State B NMR experiments was carried out with a Bruker Avance 300 spectrometer working at
96 MHz for 'B. The spectra were acquired under magic angle spinning (MAS) at a spinning rate of 14 kHz
using a 4 mm diameter rotor. A simple pulse sequence was used and the probe signal was subtracted from
the spectra acquired to ensure an easier reading. The ''B chemical shift scales were calibrated with respect

to B,O; solutions. The spectra were reconstructed using the DMFIT software [11].

In-vitro dissolution test

Glass particles between 125-250 um were immersed in 50 ml of simulated body fluid (SBF) for 6, 24,
48, 72, and 168 h at 37 °C in an incubating shaker (INFORS Multitron II). An orbital speed of 100 RPM was
chosen to give laminar flow mixing of the solution without inducing particle movement. The SBF was
prepared using the protocol developed by Kokubo et al. [12]. The mass of the sample immersed in the
solution was adjusted to maintain a constant surface area to volume ratio. The masses varied from 75 mg
for the glass with x = 0 (B0) to 71.3 mg for the glass with x = 53.85 (B100) glass. For each time point four
parallel samples of each glass were studied. The change in the solution pH was recorded for each
immersion time and compared to a blank sample containing only SBF. After testing, the powder was
washed with acetone and dried. Part of the powder was embedded in resin and polished to reveal the
particulates’ cross section. The composition and structure of the glass powder were analysed with

SEM/EDX and FTIR-ATR.

Elemental concentrations in solution were measured using a Agilent technologies 5110 Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) equipped with an auto sampler. Solutions were prepared
by diluting the dissolution supernatant by a factor of 10 with distilled water and acidified with 69% nitric
acid. Standards of the applicable elements; silicon, phosphorus, borate calcium, sodium, magnesium, and

strontium were prepared at 0, 4, 10, 20 and 40 pg ml-1 to gain a calibration curve. Calibration was carried



out at the beginning of each sequence. Lines for analysis used: P: 253.561 nm, Sr: 216.596 nm, Mg: 279.553

nm, Si: 250.690 nm, Ca: 422.673 nm, B: 249.772 nm.



Table 1: Composition (in mol%) of selected borosilicate and Mg/Sr substituted glasses

Borosilicate Mg/Sr substituted borosilicate
BO B25 B50 B75 B100 B50Sr0 B50Sr5 B50Sr10
SiO, 53.86 40.40 26.93 13.47 0.00 26.93 26.93 26.93
B,0s 0.00 13.47 26.93 40.40 53.86 26.93 26.93 26.93
Na,O0 22.66 22.66 22.66 22.66 22.66 22.66 22.66 22.66
P,0s 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72
Ca0 21.77 21.77 21.77 21.77 21.77 16.77 11.77 6.77
MgO 0.00 0.00 0.00 0.00 0.00 5.00 5.00 5.00
SrO 0.00 0.00 0.00 0.00 0.00 0.00 5.00 10.00
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2.5 Glass functionalization

In brief, samples were washed once in acetone (5 min in an ultrasonic bath) and subsequently three time in
ultrapure water (5 min in an ultrasonic bath). For the surface functionalization 3-
aminopropyltriethoxysilane (APTES) was chosen in order to introduce amino groups (-NH,) on the glass

surface.

For APTES grafting, samples were soaked 6 h at room temperature in 150 ml of ethanol containing 35 ul of
3-aminopropyltriethoxysilane (APTS, 99% Aldrich). At the end of the soaking period, the samples were
extracted from the solution and thermally treated for 1h at 100°C in order to consolidate the silane-surface
bonding. Samples were then washed three times in ethanol in an ultrasonic bath in order to remove

unbounded molecules and then dried for 1 h at 100°C.

2.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS (XPS, PHI 5000 VERSA PROBE, PHYSICAL ELECTRONICS) was employed for the surface characterization
of bioactive glasses before and after silanization. Survey and high resolution spectra of carbon, oxygen and
nitrogen regions were acquired in order to detect elements and functional groups at the surface before and
after APTES grafting. The X-ray source was monochromatic Al K-alfa 1486 eV. Data were analyzed by
multipak software (PHI electronics) and semiquantitative analysis was based on the relative sensitivity

factors (RSF) library provided with multipak specifically for the PHI versa probe 5000.

2.7 Contact angle measurements

Sessile drop method was used to measure contact angle using ultrapure water as the wetting fluid. A drop
of water (5 pl) was deposited upon the sample surface by means of a micro-tube. The image of the drop
shape was acquired by a camera (Misura, Expert System Solutions) and the contact angle value was

measured using Image J software (1.47 version).

2.8 Zeta potential measurements
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An electrokinetic analyzer for solid surfaces (SurPASS, Anton Paar) was employed in order to measure the
surface charge as a function of pH and the isoelectric point of pre and post silanized glasses by means of
the streaming potential technique [13]. An adjustable gap cell was employed for the measurements. 0.001
M KCl was used as the electyrolyte and 0.05M HCI and 0.05M NaOH for the pH titration, performed by
means of the instrument automatic titration unit. Because of the high surface reactivity of the studied
materials two different couples of samples were considered in order to analyze the acid and the basic range

of the test.

3. Results and discussion

3.1 Glass characterization

Figure 1 shows the density and molar volume of the glasses of investigation vs composition. With increasing
the B,0; substitution for SiO,, the density of the glass decreased whereas the molar volume increased
(Figure 1a). Similarly, while substitution of 5 mol% of CaO for MgO did not change the density of the glass,
the addition of Sr leads to an increase. Within the accuracy of the measurement, the substitution of CaO

with MgO and/or SrO did not impact the molar volume.

27

2,70 +— T T T —T 27
2,80

2,65 l\

‘ } L 26 k26
\} / 7
o = & Los 5
£ F25 © k)
g 260 E 3 2701 I ‘%
= E 2 I ———— s
k) ~ c B Log =
S F2a 2 8 565 S
© 255
\
}/ L o3 2,60 4 23

2,50

22

22 T T T T
B50 B50Sr0 B50Sr5 B50Sr10

T T T
BO B25 B50 B75 B100
- I mposition
glass composition glass compositio

Figure 1: Density calculation for (a) borosilicate and (b) Mg/Sr substituted borosilicate bioactive glasses

The decrease in density, when substituting SiO, by B,0; can be justified by the lower mass of boron
compared to silicon. Also, an increase in the boron content, at the expense of silica, led to a decrease in the

Si0,/B,0; ratio and a decrease in the Na,0O/B,0; ratio. These ratios have been used in the Dell model to



42 discuss the structure of borosilicate glasses and are respectively labelled K and R [14]. The decreased
43 density with increasing B,0; content is also consistent with the reported data when K and/or R decreases
44 [15, 16]. However, due to the smaller size of the boron ion compared to that of silicon, compaction of the
45 network was expected. Instead, an expansion of the network is seen. This effect could be attributed to the
46  formation of [BOs] and [BO4] units. Substitution of MgO for CaO does not influence either density or molar
47  volume as shown in Fig. 1b. Substitution of Ca with increasing content of Sr does lead to an increase in
48  density whereas molar volume remained unchanged. Replacement of MgO for CaO was already found to

49 have less effect on density than SrO [17, 18].

50 Figure 2 presents the FTIR-ATR spectra of the glasses with various boron content.

B50, —— B75; —— B100

>
<
T T T T T T T T
800 1000 1200 1400 1600
Wavenumber (cm™)
51
52 Figure 2: FTIR spectra of glasses with various B,0; content.

53  As explained in [17], the spectrum of glass BO shows absorption bands at 748, 1023 cm™ and in the 1400-
54 1515 cm™ region. The band at 930 cm™ can be attributed to Si-O” in [SiO,] and the band peaking at 1023

55 cm™ due to Si—O-Si asymmetric stretching in [SiO4] units [19-21]. The band at 748 cm™ is due to Si—O



56 bending [22]. The band located within 14001515 cm™ is related to carbonate in the glass structure [23].

57  With increasing the boron content:

58 i) a band at 1401 cm™ appears and progressively shifts to 1380 cm™. This band was attributed to the

59  formation of [BOs] triangles [24, 25].

60 ii) a shoulder at 1337 cm™ and a band at 1227 cm™ appeared. The shoulder was attributed to borate

61 triangles [BOs] and the band to [BO,0] [24, 25].

62 iii) the two bands at 930 and 1023 cm™ broadened to form one large band with full SiO, substitution. The
63 broad band was attributed to a combination of vibration modes from [BO,] units at 875 cm™, B-O-M (where

64 M is modifying ions) in the ~¥992 cm™ range as well as B-O-Si and B-O-B linkages [24, 25, 26]

65 iv) the band at 748 cm™ related to Si-O bending disappeared and a new band formed at 715 cm™ which

66  grew in intensity. This new band was attributed to B-O-B bending [24, 25, 26].

T T T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

67 Figure 3: Raman spectra of the glasses with various B,0; content.

68 Glass BO (x=0) has three intense bands at 1087, 946 and 597 cm™ as well as a shoulder located at 764 cm™.

69  The band at 1087 cm™ can be attributed to Si-O-Si (bridging oxygen) and Q3 units in the silicate structure
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[27, 28]. The band at 1087 cm™ can be attributed to Si-O” (non-bridging oxygen) and Q2 units [27, 28]. The
band at 597 cm™ corresponds to Si-O-Si rocking vibration [27]. The shoulder at 764 cm™ was attributed to

Si-O-Si bond bending vibration [27]. When x increases:

i) a band at ~1490 cm™ appeared and grew in intensity. This band is caused by the vibration of non-bridging

oxygen atoms in B@,,,0" (where @ corresponds to bridging oxygen) asymmetric triangles [28, 29].

ii) the band at 1087 cm™ decreases in intensity and shifts to a lower wavenumber forming a shoulder (at

1000 cm™) on the spectra of B100 glass.

iii) the shoulder at 764 cm™ grew in intensity and became a clear band in the B100 spectra. In borate
glasses this band is often assigned to vibration of one (triborate) or two (di-triborate) tetrahedrons [B@,/,]

[28, 30].

iv) in the 400-600 cm™ region, at least three peaks formed with increasing the B,0; content, at 430, 500
and 535 cm™. Peaks in this domain are often attributed to cation-oxygen bridges [31] and to B-O-Si and B-

O-B bridging bonds [32, 33, 34].

With increasing SiO, substitution for B,0s;, the glass structure progressively expanded as seen in Figure 1.
Indeed, the boron ions are likely to form B-O-Si, diborate and non-bridging oxygens (NBOs) in the glass

structure, which in turn would lead to an increase in free volume within the glass network [35].

In order to evidence the presence of [BO,] and [BOs] units as well as to better understand their

conformation, NMR was conducted. The *'B NMR spectra of the glasses are presented in Figure 4.
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Figure 4: ''B NMR spectra of the glasses with various B,0; content

The major band in the 11B NMR corresponds to the B site while the broad band located around 9 ppm
corresponds to the !B site. Deconvolution of the NMR spectra reveals a slight increase of the proportion of
BB compared to the B units. Proportion of ®'B increases from 48 to 52% with increasing boron content.
The position of the BB band along with presence of a band in the -7ppm region indicate the presence of
planar [BOs] rather than [BOs] units in ring configuration as suggested by the Raman and FTIR analyses. The
position of the main band, moving towards higher chemical shift, is due to the decrease in Si ions as first

neighbour being progressively replaced by boron, as suggested in [36].
Replacement of Ca with Mg and/or Sr did not lead to significant structural changes.

3.2 In-vitro dissolution in simulated body fluid (SBF).
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Figure 5: pH of the SBF post immersion of the investigated glasses

Figure 5 shows the change in pH in SBF as a function of immersion time for the glasses tested.

With increasing the immersion time, pH rises in all the solutions. All boron-containing glasses exhibit a
higher pH rise than the boron-free glass (Figure 5a). The rise in pH, upon immersion of bioactive silicate and
borosilicate glasses is due to the leaching of large amount of alkaline and alkaline earth ions in solution and
their subsequent substitution with hydrogen ions [37]. The initial rise in pH with increasing boron content,
for up to 6 hours, indicates an increased initial dissolution rate of the borosilicate compared to the silicate
bioactive glasses. However, the increase in the final pH is not linear with the increase in boron content in
the glass. Indeed, it appears that the pH show a mix glass former effect, thereby the highest pH is reported
for the glass with 25% SiO, substituted by B,0s. As reported elsewhere, bioactive borosilicate glasses have
faster dissolution kinetics and convert more completely into HA than typical silica-bioactive glasses [38, 39].
Therefore, the initial increase in dissolution rate is assigned to the borate sub-network which shows a
higher dissolution rate compared to the silica network. At longer immersion time, the maxima see for the
pH of the glass B25 might be due to either large boron release into solution (acidic) or to the faster

precipitation of a Ca/P reactive layer. From Figure 5b, substitution of MgO seems to lead to a slight increase



116

117

118

119

120

121

122

123

124

125

126

127

in pH. This might be related to the fact that, as reported by Oliveira et al. [40] MgO improves the early
stages of ionic dissolution by favouring Qg speciation. Further substitution of CaO with SrO induces a

decrease in pH. Such decrease in pH was already reported when substituting SrO for CaO in BO glass [18].

FTIR spectra of the considered glasses before and after different soaking times in SBF are reported in
Figures 6 and 7. In Figure 6, the FTIR spectra of the glasses BO, B50 and B100 at various immersion time are

presented, taken as example.

a) b)

BO
—— Not immersed

B50
—— Not immersed

084 \ ——6hin SBF ——6h in SBF
\ 48h in SBF 48h in SBF
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Figure 6: FTIR-ATR spectra of the glass BO (a), B50 (b) and B100 (c) for various immersion times.

With increasing immersion time of the silicate and borosilicate glasses (Figure 6a and b), the intensities of
the bands located at 748 and 930 cm™ decreased. Simultaneously, the broad band at 1023 cm™increased in
intensity, sharpened and shifted to higher wavenumbers. The intensity of the band related to carbonate in

the 1400-1515 cm™ region also increased with immersion time. A shoulder at 1212 cm™ appeared after 6 h
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of immersion and its intensity increased with immersion time. Lastly, a second shoulder at 875cm™

appeared after one week of immersion in SBF.

In Figure 6c, it is clear that, upon immersion, the bands in the 1200-1600 cm™ region, corresponding to the
borate network, decreased in intensity and a doublet in the 1350-1550 cm™ region appeared and increased
in intensity. The broad band in the 800-1150 cm™ region split into three well defined bands centered at
1009, 948 and 872 cm™ after 6 hrs of immersion. For longer immersion, the band at 1009 cm™ shifted to
1019 cm™ while the bands at 948 and 872 cm™ did not change position. The band in the low wavenumber
domain completely disappeared after 48 h immersion. Figure 6b which presents the FTIR-ATR spectra of
the borosilicate glass exhibits a structural change that resembles the BO glass in the 800-1150 cm™ region
and the B100 in the 1200-1600 cm™ region. As already discussed in [17], a decrease in the band at 930 cm™,
reveals a decrease in the concentration of Si-O and hence a decrease in [SiO,4] units. The presence of the
shoulder at 959 cm™ may be attributed to C-O vibration modes in CO5* and to P-O-P bonding [41, 42]. This
is further confirmed with the appearance of the shoulder at 875 cm™ which can be attributed to P-O
vibration [42] and the increase in the band at 1400-1515 cm™ attributed to carbonate group [23]. It is
clearly shown that BO forms a hydroxycarbonated apatite (HCA) layer when immersed in SBF [43, 44].
Similarly, glasses containing boron show structural modification where the boron network is being
hydrolysed and leached out into the solution with successive precipitation of HCA (Figure 6b and c). One
can clearly see that the vibrations related to apatite structure are visible at earlier immersion time with

increasing B,0; content.
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Figure 7 shows the FTIR spectra of the glasses B50, B50Sr0, B50Sr5 and B50Sr10 at 6h (a) and 168h (b) of

immersion in SBF.

1.0 i 6h in SBF 1.0 168h in SBF
A ——B50 I b ——B50
C — B50SI0 ) ——— B50SI0
0.8 + B50Sr5 0.8 B50Sr5
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Figure 7: FTIR spectra of the glasses B50, B50Sr0, B50Sr5 and B50Sr10 at 6h a) and 168h b) of immersion in

SBF

As previously explained, with increasing the immersion time, the B50 glass goes through depolymerization
of the glass network and subsequent precipitation of a HCA layer. Addition of Mg, initially (Fig. 7a) leads to
a slower depolymerization of the glass network, whereas presence of SrO leads to similar surface reaction
as the B50 glass. At 168 h, the Mg-containing glass shows similar surface as the B50 glass, while, an increase
in SrO content leads to broader. This indicates that the reactive layer at the surface of the B50 and B50Sr0
are similar. The broader absorption bands for the strontium containing glasses indicate that precipitation of
the reactive layer was delayed. This is in agreement with [18] that not only discussed the delay in reactive

layer precipitation but also the precipitation of a Sr-substituted HAp layer.

The ions released in solution were quantified by ICP-OES and are presented in Figure 8. Figure 8 a) and b)
exhibit the silica concentration in the SBF solution for glasses with various boron content and for a

borosilicate glass were part of the calcium is replaced with magnesium and/or strontium, respectively.



163 Figure 8 c¢) and d) show the boron, e) and f) the phosphorous, g) and h) the calcium and i) and j) the

164 magnesium concentration in SBF solution.
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165 Figure 8: Si (a and b), B (c and d), P (e and (f), Ca (g and h), Mg (i and j) concentrations in SBF post
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Silica release (Fig. 8a), within the first 6 hours of dissolution, was comparable for all the glasses, to 8 + 2.5
pg.ml™. A variation in the rate of release between 6 -72 hours is noticed, with BO and B25 releasing Si faster
than B50 and B75. By 72 hours, silica release was comparable for all glasses (except B75) of investigation
and stabilised until the end of the study. This suggests that the soluble silica was dissolved and/or a reactive
layer had precipitated, thus reducing the glass dissolution. The lower silica release at 168h for the glass B75
is believe to be due to experimental error. Furthermore, it is interesting to point out that while all the
samples exhibit similar ion concentration in solution, the initial Si ions available in the glasses decreases
with increasing the boron content. Therefore, almost identical ion concentration post-immersion indicates
that with increasing the boron content, more of the available Silicon is being released into the solution. The
boron release correlated with compositional addition, with B25 releasing the least and B100 the most (Fig.

8c). As seen with the silica release by 72 hours, the borate dissolution stabilised.

From Fig. 8e, the concentration in phosphorous decreases with increasing immersion time for all the
glasses investigated. A drop in the phosphorus content is typically assigned to the precipitation of a reactive
layer. BO’s releases calcium initially and then the calcium concentration remained steady throughout the
dissolution study, with all the values falling within 81.4 + 7.2 pg.ml™. With increasing the boron content, an
increase in the Ca concentration in the SBF, with respect to the increase in immersion time, was seen.
When analysing both the change in [Ca] and [P] in tandem, it appears that the slower release of Ca for the
BO glass can be associated with the phosphorous concentration decrease. Phosphorous reduction from
solution is assigned to a phosphate rich phase forming at the glass surface, for BO this is known to be
hydroxyapatite [17, 18]. From an earlier study, substitution of boron, in place of silica (in 45S5), led to an
increase in the rate of precipitation of hydroxyapatite [45]. The increased release of Ca leads to faster
precipitation of the reactive layer, in turn leading to a faster decrease in the phosphate content in the SBF.
This suggests that full substitution of borate for silica allows greater release of cations from the glass

network, due to the weaker borate bonds in contrast with silica equivalents.

Within the BO-B100 series, a decrease of magnesium was seen (Fig. 8i). This suggest that magnesium was

precipitating into the calcium phosphate layer. The same conclusion has been seen within other studies for
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magnesium substituted glasses [17] and it indicates that, even without addition of Mg in the based glass,

part of the Mg from the SBF solution can replace Ca in the apatite structure.

Substitution of Ca with Mg, glass B50Sr0 in a borosilicate glass exhibits similar Si and B release (Fig 8b and
d), for up to 48 hours of immersion. However, the Si and B concentration by 72 hours starts to deviated
depending on concentration then stabilizes between 72 hours and one week. The initial P precipitation
seems to be less in the Mg containing glass (Fig. 8f). Despite possessing less Ca in its composition, the initial
Ca release of the Mg containing glass is initially greater. At longer immersion time, the Ca concentrations in
solution are similar for both the Mg-containing and Mg free glass. Further substitution of Ca with strontium

leads to a decrease in the dissolution of the glass formers, Si and B.

When increasing SrO concentration (from 5 to 10 mol%) in the glass structure did not affect the materials
dissolution. The phosphate reduction and assumed precipitation was also found to be identical regardless
of the SrO content in the glass. However, the phosphate reduction is less for the Sr-free glasses. The Mg
release was also found to be lower for the Sr containing glass compared to the Sr-free glass. Taken
together, and in correlation to the FTIR analysis, the increased Mg concentration in the SBF, due to the Mg
release from the glass, clearly delayed precipitation of the reactive layer without disrupting degradation of
the glass in SBF. In contrast, the presence of strontium not only delays precipitation of the reactive layer,

but also delays dissolution of the glass. [18]

3.3 XPS analyses

Surface chemical composition of the considered glasses is reported in Table 2.

Despite of the absence of intentionally grafted organic molecules, a certain amount of carbon has been
registered on the washed samples. This issue is not surprising for reactive materials and can be related to
the adsorption of hydrocarbon contaminants from the atmosphere by the glass surfaces as well as to the
surface carbonatation, as discussed in the following. No particular trends can be seen for oxygen. Si and B
follow the trend expected from the theoretical compositions, except for B50Sr10, in which boron was not

recorded. A decrease in the Ca content can be observed in B50Sr0 and B50Sr10 sample, according to its
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partial substitution with Mg and Sr, while its increase with the B content in the washed borosilicate glasses
can be associated with their increased reactivity. In fact, a decrease in the sodium content upon the
washing process can be also registered, compared to the expected values, and can be attributed to its
release in the washing media. Mg and Sr presence is in agreement with the theoretical composition of the

glasses.

A non perfect fit of the experimental data on Si surface concentration with theoretical composition as well
as certain variability on the P content (theoretically constant), especially for the B505S10 sample, can be
associated with the high reactivity of the here investigated surfaces which can introduce some alteration at
the surface composition compared to the bulk one. However results related specifically to surface
modification appears coherent and significant, in fact the increase/appearance of Si can be evidenced

upon silanization, according to the presence of this element in the APTES molecule.

The most interesting trend is within the nitrogen results, in fact, despite small contaminations on B100 and
B50Sr0 washed samples, this element appears only on silanized glasses and can be associated with the
presence of APTES molecules (characterized by amino groups), in accordance with previous works
published by the authors [7, 46, 47]. The amount of APTES grafted is at about 2 atomic %and it is almost
independent of the glass composition, as previously observed by the authors for phosphate-based glasses

with different SrO content [7].

Table 2: Surface chemical composition (at%) from XPS survey analyses (w-washed, s-silanized)

BOw BOs B50w B50s | B100w | B100s | B50SrOw | B50SrOs | B50Sr10w | B50Sr10s

c 45,2 48,8 22 31,1 25,9 31 28,8 30,9 38,6 29,5
0] 38,4 34,3 45,2 40,9 48,3 42,8 42,5 42,5 41,8 42
Na | 11,2 7,5 6,4 7 2,4 6,5 8,7 2,7 13 3,4
Si 4 6 5,8 5,6 1,5 53 9,8 1,9 8,3

Ca 1,2 1,4 6,4 4,1 8,6 6,2 2,7 2,9 0,6 2,7
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N 2 1,2 0,2 1,8 0,5 2,5 1,8
B 11,6 8,6 13,1 8,7 10 6,5
P 2,7 1,3 1,5 1,6 2,8 7,5
Mg 1,2 2,1 0,6 2,9
S 0,4
Sr 0,7 2

Looking at the high-resolution spectrum of the carbon region (Figure 9), the main contribution was
represented by a signal at around284.5 eV. It can be attributed to C-C and C-H bonds and it is always
present on reactive surfaces, due to the absorption of hydrocarbon contaminants from the atmosphere
[47, 48, 49, 50]. On the silanized surfaces, this signal come from a combination of surface contaminants and

the silane layer (C-C and C-H chains).

A contribution around 289 eV can be attributed to carbonates [51] and it is often detected on the surface of
bioactive glasses due to their surface reactivity. This signal has been observed on both washed and
silanized glasses, as previously observed on Bioglass substrates [46]. Conversely, the signal tends to

disappear after the grafting of bigger molecules such as alkaline phosphatase or polyphenols [3, 52]

Two other signals appear on some of the samples with moderate intensity: one at about 286 eV,
attributable to C-O bonds, and one around 288 eV, attributable to C=0 bonds, both can be related to

surface contaminations.
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Figure 9: XPS high resolution spectra of the carbon region
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The high resolution spectra of the oxygen region (not reported) confirm the hydroxylation of all the studied
glasses upon washing, but no trend was observed on the basis of composition. No specific signals appeared
after silanization, as expected. Since high resolution spectra of the oxygen region did not add information

on the silanization ability of here investigated glasses they have not been reported and discussed in detail.

The most important data for the investigation of silanization ability of the here studied glasses resulted the
high resolution spectra of the nitrogen region. They are reported, for the silanized samples (no nitrogen
signals were detected on washed ones), in Figure 10 together with a schematic representation of the

possible silane-surface bonding, adapted from [53, 54].
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Figure 10: High resolution XPS spectra of Nitrogen region (a-e) and schematization of the silane-surface

bonding

As evidenced in Figure 10f and described in [53, 54] the bonding between APTES and the glass surface can
occur through the condensation of hydroxyl groups. Moreover, an interaction between silane amino groups

and surface hydroxyl groups/hydroxyl groups in other silane molecules (XPS cannot discriminate between
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these typologies of interaction, as discussed in [55] can be established causing the protonation of amino

groups.

The high-resolution spectra of the silanized glasses evidenced two main contributions at about 399 eV and
400 eV which can be attributed to NH, and NH,-OH groups respectively [47, 56-59], in accordance with the
above cited binding hypothesis. An exception can be observed for B50Sr10 that has a single contribution at

399.6 eV (free amines).

An increase in the number of exposed NH, groups can be registered with increasing the B content in the

glass from BO to B100 (figure 10 a-c), no particular effect can be evidenced upon Mg introduction, while the
complete exposition of amino groups can be obtained in the Sr containing glass. Barriers for B-O-B and B-O-
Si hydrolysis are considerably lower than for Si-O-Si at neutral pH and therefore are expected to give rise to

greater amount of B-OH and Si-OH group than in pure silicate glass [60].

An increase in the amine protonation has been reported for negatively charged surfaces with acidic
isoelectric points [54]. Looking at zeta potential measurements (paragraph 3.6 of the present section) a
trend can be observed for the borosilicate glasses, in fact the rate of free amines increases with the boron
concentration in line with the isoelectric point (which moves progressively to less acidic values [61, 62]).

The trend is not so clear for Mg/Sr substituted borosilicate glasses.

3.4 Contact angle measurements

As a general observation, a decrease in the water contact angle can be observed after sample washing and
an increase after silanization (Figure 11), as previously observed by the authors for silica based and

phosphate glasses [47-51].

The contact angle values of the polished samples do not show any specific trend, but the contact angle
seems to increase with the partial substitution of B and does not seem to be influenced by Mg and Sr

(Figure 11). This result can be explained considering that the behaviour of the polished samples is mainly
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driven by their reactivity with atmosphere and polishing media. An increase in the contact angle with the
B% can derive from the higher reactivity of B,O; based glasses already evidenced in the previous sections of

the present paper (Figures 5 and 8).

As evidenced in Figure 11, except for BO (that present similar values for the contact angle before and after
washing), the washed samples present a lower contact angle respect to the polished ones, as expected by
the surface cleaning and exposition of OH groups. The decrement in the contact angle upon washing has

maximum values for B50 and B50Sr0 samples (Figure 11).

The increase in the contact angle after APTES grafting can be ascribed to the hydrophobic nature of the
bonded APTES (presence of —=NH, and —NH;" (protonated) groups together with a C-C and C-H chains) and
seems to be higher for B50, B75, B50Sr0 and B50Sr5 glasses (Figure 11). This trend can be associated with
an higher exposition of NH, groups (as suggested by XPS and zeta potential data) but further investigations

are needed in order to completely clarify this point.
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Figure 11: Contact angle measurements on polished, washed and silanized glasses
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3.5 Zeta potential measurements

Zeta potential titration curves versus pH of the washed and silanized glasses are reported in figure 12. The
black dots and arrows indicate the starting points of the acid and basic titrations. At the beginning of the
test, the pH value of KCl electrolyte is in the 5.0-5.6 range. As it can be observed from the figure, the
titration curve of BO glass (both washed and silanized samples) starts from an unmodified pH value of the
KCI solution. On the other side, an extreme situation must be evidenced for B100 glass (both the washed
and silanized samples), for which strong basification occurs at the beginning of the measurement leading to
a starting point of the test at pH value of 8.8. A smaller basification can be registered for B50, B50Sr0 (both
washed and silanized samples) and B50Sr10 (much more evident on the silanized than on the washed
sample) at the starting point of the curve. This phenomenon can be associated with the different amounts
of ions released by the bioactive glasses in the electrolyte solution during the measurement setup and their
surface reactivity in aqueous solutions; an increasing reactivity can be assessed moving from BO to
B50(Sr0,10) and finally to B100 on the basis of the zeta potential data. The persistence of reactivity of the B
containing glasses at the very beginning of the test is in accordance with a non-continuous coating of the
glass surface through silanization. In the case of B100, further considerations based on the titration curve
are not reliable because, due to the strong glass reactivity, the glass surface results to be too highly
modified from the very beginning of the test. Taking into account this preliminary observation, some

further considerations can be made for the other materials.

Considering the measurements reported in figure 12, it can be observed that the Isoelectric Point (IEP) has
been experimentally determined for BO-silanized and B50Sr0-silanized samples. In the other cases, IEP falls
at too acidic values and cannot be experimentally determined [63], but it can be derived by interpolation of

the titration curves.
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Figure 12: zeta potential vs pH for a) washed and b) silanized glasses

The isoelectric point of silica and silica based glasses is reported in literature in the pH range 2-3 [64-64]

and a shift to more basic values is reported after the addition of boron in their composition [61, 62]. In



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

accordance with this data, a certain shift to less acidic values can be determined by interpolation with

increasing the boron content in the studied glasses (washed samples).

A basic isoelectric point (9-10) is reported for APTES as well as a shift of the IEP to basic values for APTES-
modified materials [59, 67, 68]. As a consequence, the APTES and APTES modified surfaces, are reported in
literature to be positively charged at physiological pH [59, 67, 68]. In the case of the here investigated
silanized glasses, a moderate shift of the isoelectric points to less acidic values can be observed after
silanization together with a shift of the surface charge at physiological pH to less negative values. Results on
BO (the more stable glass) appear to be the most clear in this sense, in fact the IEP of washed BO is close to
2 (from the interpolation of the titration curve in Figure 12a) while it moves to 4.65 after silanization.
Moreover, the zeta potential at physiological pH (7.4) is -60mV for washed BO while it is -38 mV for BO-sil.
Despite of the cited shifts, the isoelectric point of the investigated surfaces remains in the acidic range and
the charge at physiological pH is negative on all the samples. The entity of the IEP shift as well as the
increase in the positive surface charge has been reported as being dependent on the density of the amino
groups [68, 69]. The moderate shift observed on the here analyzed glasses can be explained considering
that the proposed functionalization employs a small amount of APTES and the amount of molecules
attached to the surface is relatively small (at about 2% at of N in XPS survey spectra) because it is finalized
to the specific objective of functionalization. In conclusion, the zeta potential titration curves give an
indication of a non-uniform coverage of the surface. Finally, a certain dissolution/detachment of the silane
during the measurement (which foresees electrolyte flux on the glass surface for some hours) cannot be

excluded.

A plateau in the basic region is associated with the presence of homogeneous functional groups, with acidic
behavior, exposed on the surface [13]. A plateau can be observed for all the washed glasses and attributed
to the exposition of hydroxyl groups upon the washing procedure. For the washed glasses, these plateaus
begin at very acidic pH (at about 4) and can be correlated with a strong acidic behavior of the exposed
functional groups. As far as the silanized glasses are concerned, the plateau in the basic region still persists

on all the surfaces. Whereas, no plateau is visible in the acidic region on the silanized surfaces. This last
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feature is observable when homogeneous exposition of functional groups with basic behavior (such as NH,
ones) occurs and they are completely protonated at acidic pH values [13]. Actually, this condition is not

reached by the analyzed silanized materials during the titration curves.

Conclusions

BO (S53P4) bioactive glass was used as starting reference glass and progressive substitution of silica with
B,0; was performed up to B100 composition (fully borate glass). Partial substitution of Ca with Sr and Mg

was also considered.

Both density and molar volume of the glass are influenced by the B,0; substitution for SiO,, but not by the

substitution of CaO with MgO, while the substitution of CaO with SrO impacted only on the density.

Spectroscopic characterizations revealed the formation of diborate and triborate structures as well as NBO,

as the B,0; content increases.

Glass dissolution in TRIS and bioactivity in SBF increases for borate and borosilicate glasses with a non
linear dependence on the B content. A slight decrease in apatite precipitation has been observed for sr

containing glasses.

Zeta potential titration curves confirm an increasing surface reactivity of the glasses containing B in contact
with aqueous solutions by increasing the B content and the presence of strong acidic OH groups on all the

glasses.

3-aminopropyltryethoxysilane (APTES) was successfully grafted to all the considered glasses following a
protocol previously developed by the authors for silica based and phosphate glasses, as assessed by XPS
and contact angle measurements. The amount of grafted APTES is around 2%at and it is independent on
the glass composition. However, this silanization protocol does not induce the formation of a continuous

coating on the glass surfaces as revealed by zeta potential data.

The present research provides new information about the structure of borosilicate glasses doped with

different amount of network modifying ions. An increase in surface reactivity has been observed increasing
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the B content while minor impact has been induced by partial Ca substitution with Mg and Sr .Finally for
the first time the present research demonstrates the possibility to effectively silanize borosilicate bioactive
glasses, thus representing a promising starting point for the design of surface functionalization protocols of

these class of bioactive materials with various molecules of biological interest.
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