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Bioactive glasses (BGs) are promising for bone tissue regeneration. BG composition can be tailored, according to
the application of interest, and/or functionalized with organic molecules/biomolecules to improve their per-
formances. However, despite the wide knowledge concerning BGs, their interaction with proteins, fundamental
for controlling the fate of the implant, has not been deeply investigated yet. Controlling or predicting protein
adsorption requires a full understanding of the materials surface physico-chemical properties. In this work, four
different BGs (S53P4, B25, SCNB, PhGlass) were surface-modified by four different treatments: 72 h-soaking in
TRIS, 72 h soaking in simulated body fluid, APTES grafting and quaternized APTES grafting. The surfaces were
then characterized both untreated and after each treatment by contact angle, zeta potential analysis, X-ray
photoelectron spectroscopy, Fourier Transform InfraRed—Attenuated Total Reflectance spectroscopy and Scan-
ning Electron Microscopy and Energy Dispersive Spectroscopy. Inductively Coupled Plasma — Optical Emission
Spectrometry was then performed to investigate the ion leaching. The aim of this study (Part I) is the physico-
chemical characterization of BGs as a function of the implemented treatments, aiming to better understand how
the superficial properties are successively affecting protein adsorption. Protein adsorption on untreated and
treated BGs will be discussed in a following manuscript (Part II).

1. Introduction

Bioactive glasses (BGs), pertaining to their high versatility allowing
to tailor their composition and, consequently, their properties, are a
promising class of biomaterials for applications ranging from bone
regeneration to soft tissue engineering [1-3]. The first BG (45S5 Bio-
glass®) was designed between 1969 and 1970 by Larry L. Hench [4].
45S5 is a silicate glass able to induce the formation of a polycrystalline
layer of hydroxyapatite — the main inorganic component of hard tissues
- on its surface when in contact with body fluids [4]. Since the discovery
of the first bioactive glass by L.L. Hench, many researchers have focused
on modifying the glass composition to tailor the glass dissolution rate
and mechanism or to enable the control release of therapeutic ions. As
examples, specific ions, such as silver, copper and strontium, were re-
ported to, respectively, promote antimicrobial activity, angiogenesis
and bone remineralization [5-7]. The mechanism of dissolution/-
reaction of silicate bioactive glasses has been heavily discussed in the
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past and can be summarize as follow. The release of Na™ ions from the
BG and the hydration of its surface leads to the formation of Si-OH
groups, whose polycondensation conducts to the formation of Si-O-Si
bonds; this layer, which is forming on the top surface of the material, at
the interface with the surrounding environment, is referred to as
silica-rich layer. Such hydrated silica-rich layer appears to be a good
substrate for the adsorption of Ca®* ions, phosphate, and carbonate
groups. These chemical moieties crystallize and, around 5-6 h after the
implantation of the material, hydroxyapatite/hydroxycarbonate apatite
(HA/HCA) is formed on the BG surface. The formation of HA/HCA fa-
vors the interaction with the biomolecules which are present in the
surrounding environment, mainly proteins. However, silicate BGs have
two main drawbacks. First, their dissolution is incongruent, which
means that the composition of the material is varying both overtime and
over the depth of the material itself [8,9]. This leads to a limited control
over the dissolution process and over the composition of the material
during dissolution [10]. The second issue is related to the sensitivity of
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silicate BGs to crystallization, particularly critical during sintering pro-
cess, when temperatures close or even above the crystallization onset
temperature are reached. Uncontrolled crystallization of a bioactive
glass is known to lead to a decrease or even the suppression of the
bioactivity [10-12]. Consequently, various BG compositions have been
tailored and tested so far to solve these issues and add/optimize BG
properties [13-15]. Borosilicate BGs have been widely studied as they
enable sintering without significant crystallization and are also known
to promote chondrogenesis, which could be of particular interest for
future musculoskeletal applications [13,16]. Tailoring boron content in
BG composition also affects the bioactivity of the material itself. The
glass is degrading and inducing HA/HCA precipitation at a rate that is a
function of the amount of boron: the higher the boron content in
bioactive borosilicate glasses, the faster the dissolution rate, and the
higher the thickness of the precipitated HA layer [17,18]. Furthermore,
boron has been discovered to promote angiogenesis, which is funda-
mental for the vascularization of the just regenerated tissue and,
consequently, for the health of the new tissue itself and the success of the
implant [19,20].

In order to avoid the non-congruent dissolution phenomenon typical
of silicate BGs, another class of BGs was introduced, i.e. phosphate
glasses. Phosphate glasses (especially in the metaphosphate domain) are
dissolving congruently. Maintaining the same composition overtime and
over the depth of the material during the dissolution constitutes an
advantage considering the higher control over the dissolution and ion
release [14,15]. Moreover, boron in phosphate glasses was also found to
limit the formation of crystals during sintering process, significantly
increasing the crystallization onset temperature of the material [13,21].

While many different types of BGs have been developed for various
applications, the BG surface chemistry and its impact on protein
adsorption has not been extensively studied. Protein adsorption is a
crucial step for the successive cell adhesion: the adsorption of specific
biological moieties promotes the adhesion of specific cells, leading to the
development of a certain tissue, and this can consequently conduct to
either the success or the failure of the implant [22]. However, to control
or even predict the protein/material interaction, one should thoroughly
understand the surface physico-chemical properties of the studied
materials.

BG surface can be tailored by implementing specific treatments or
functionalizations. Surfaces can be activated by washing and/or soni-
cating them to expose functional groups. Furthermore, specific mole-
cules can be grafted, or the precipitation of new phases can be induced.
The final goals are multiple, ranging from the improvement of
biocompatibility to the control over bioactivity, the addition of ulterior
therapeutical properties according to the final applications, and the in-
crease of the affinity to chemical moieties or biological systems of in-
terest [23-27]. Recent studies [27-29] have demonstrated how
pre-conditioning BGs, incubating them into buffer solutions for a spe-
cific time, induces a higher biocompatibility. Prevention of ion burst
release and the precipitation of a calcium phosphate (CaP) layer are
limiting the potentially toxic strength of the released ions flux when in
contact with cells. Antimicrobial properties could be also imparted to
the substrates by implementing specific treatments aiming at the
incorporation of ions on the surface of interest. Doping BGs with ther-
apeutical ions permits to obtain a high concentration gradient, leading
to an efficient antibacterial activity [26,30,31]. Other studies have
demonstrated how to improve the affinity between the BG substrate and
molecules of interest by inducing preferential interactions with the
treated surface. Grafting specific molecules as coupling agents, such as
3-aminopropyltrietoxysilane (APTES) [23,25] or glutaraldehyde [32],
exposes amine groups at the BG surface, thus enhancing protein
adsorption. As previously discussed, protein adsorption constitutes a
fundamental step for determining the success of the implant. The pres-
ence of specific proteins on the surface of the implant promotes the
adhesion of specific cell types and the formation of healthy tissue, while,
indirectly, limiting also the risk of infections. The control over this
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phenomenon is crucial in enhancing the regeneration of the tissue of
interest [22].

In the current study, four BG compositions (two silicate, one boro-
silicate and one phosphate glass) were processed and treated by either
pre-incubation (in TRIS or SBF) or functionalization (using APTES or Q-
APTES). This manuscript focuses on the impact of the surface treatment
on the BG physico-chemical properties. It will then be followed by a
thorough study on protein adsorption. The relationship between surface
chemistry and protein adsorption will be discussed.

2. Materials and methods
2.1. Bioactive glasses (BG)

The nominal composition of the BGs (S53P4, B25, SCNB and
PhGlass) of investigation is reported in Table 1.

All glasses were produced by the standard melt-quench method. The
precursors used to produce the glasses were 1) Belgian quartz sand
(Si03), (CaHPO4).2H50, H3BO3, Na;CO3 and CaCOs for the silicate and
borosilicate glasses and 2) Belgian quartz sand (SiO3), Ca(POs)o,
NHgPO4, (NaPO3)g, SrCO3 and MgO for the phosphate glass. The pro-
tocol to produce Ca(POg3); can be found in Ref. [33].

Appropriate amount of precursors were weighted and mixed in an
alumina mortar. Melting of the silicate and borosilicate glasses was
conducted in a platinum crucible while the phosphate glass was melted
in a silica crucible. The melting temperatures and times are reported in
Table 2. To melt S53P4, SCNB and PhGlass, the final melting tempera-
ture was directly set at the beginning of the process, while two inter-
mediate temperatures were imposed for B25 and maintained for 30 min
before reaching the final melting temperature. In all cases, the heating
rate was set at 15 °C/min. Midway to the melting, the melts were mixed
to ensure high homogeneity. At the end of the melting, the melts were
cast inside a pre-heated (at 360 °C) graphite cylindrical mold. Rods with
10 and 14 mm diameter were prepared. The casted BGs were then
annealed at temperatures that were established based on the glass
composition as shown in Table 2 and let to cool down to room
temperature.

The annealed rods were cut into discs with a thickness of 2 mm and
then polished with SiC sandpapers (#320, #500, #800, #1200, #2500,
#4000). The samples were stored in multi-well plates at room temper-
ature (RT) inside a dry box before further testing.

2.2. BG pre-treatments

2.2.1. Soaking in TRIS and simulated body fluid (SBF) solutions

TRIS buffer solution (0.05 M) was prepared by dissolving 1.66 g of
Trizma® Base (Trizma® Base, Primary standard and Buffer, >99.9%
(titration), crystalline, Sigma Aldrich) and 5.72 g of Trizma® HCI
(Trizma® hydrochloride, reagent grade, >99.9% (titration), crystalline,
Sigma Aldrich) in 1 L of distilled water. The solution was let to stabilize
for 3 h and the pH was 7.40 £ 0.02 at (37.0 &+ 0.2) °C.

SBF was prepared according to Kokubo’s protocol [34], dissolving
each precursor in the proper order (1-8) in 1 L of distilled water, as
reported in Table 3. The final pH was adjusted to 7.40 + 0.01 at (36.5 +
0.1) °C, by buffering the solution with Trizma® Base (6.118 g) and 1 M
hydrochloric acid.

The treatment with TRIS and SBF solutions was implemented by

Table 1
BG nominal composition (%mol).
SiOy P,0Os B50O3 Na,O CaO SrO MgO
S53P4 53.85 1.72 22.66 21.77
B25 40.39 1.72 13.46 22.66 21.77
SCNB 55.60 22.70 21.70
PhGlass 2.50 45.00 2.50 10.00 20.00 10.00 10.00
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Table 2
BG melting parameters.
Melting Melting Annealing Annealing
temperature (°C) time temperature time (hours)
(hours) Q)
S53P4 1375 1 500 8
B25 (650 — 30 min) 1 500 8
(850 — 30 min)
1250
SCNB 1450 2 550 10
PhGlass 1000 1 425 8
Table 3
Precursors for SBF preparation.
1 NaCl 8.035g
2 NaHCOs3 0.335¢g
3 KCl 0.225 g
4 KoHPO,. 3H,0 0.231¢g
5 MgCl,. 6H,0 0.311g
6 1M - HCl 39 ml
7 CaCl,. 2H,0 0.308 g
8 NaySO4 0.072 g

TRIS and SBF solutions were stored at 4 °C.

soaking each BG disc in 50 ml of solution, respectively, and incubated
for 72 h at 37 °C. After that, the samples were removed, dried and stored
in multi-well plates at RT inside a dry box before further analysis. For all
the experiments, a control (solution without any samples) was kept
under the same conditions. Both the controls and the sample solutions
were characterized by measuring pH values (Mettler Toledo, Seven
Multi) and by inductively coupled plasma — optical emission spectrom-
etry (ICP-OES). ICP-OES (5110 ICP-OES, Agilent Technologies) was
conducted for the purpose of evaluating the concentration of the ele-
ments inside the solutions of interest. As such, 1 ml of the immersion
solution was pipetted and diluted in 9 ml ultra-pure 1 M HNOs. Table 4
reports the evaluated elements and the relative wavelengths used for
their quantification.
The measurement was implemented on 6 samples per condition.

2.2.2. Silanization

The aim of silanization was to increase the affinity between the BG
surface and the protein by exposing amine groups on the substrates to
optimize the adsorption process. 3-Aminopropyltriethoxysilane (APTES,
99%, Sigma-Aldrich) was grafted to the BG surface using the procedure
described in Refs. [35,36]. Shortly, BGs (6 samples per batch) were
sonicated 5 min in acetone (one time) and then in distilled water (three
times) to be washed; after this, they were soaked in 150 ml ethanol (96%
vol., VWR) with 70 pl APTES (2 mM) for 6 h at RT, dried for 1 h at 100
°C, sonicated in ethanol for 5 min and finally dried again for 1 h at 100
°C.

Aside from the traditional APTES grafting, samples were also func-
tionalized with quaternized APTES (Q-APTES) [37], as reported in
Figs. S1 and S2.

In order to synthesize Q-APTES, 5 ml of APTES (APTES, Sigma-

Table 4
Elements of interest for ICP-OES and relative
wavelengths.
Element Wavelength (nm)
Si 251.432
Ca 317.933
P 213.618
Na 588.995
B 249.678
Mg 285.213
Sr 421.552
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Aldrich, 99%) was poured into a 100 ml sealed tube and 50 ml of dry
chloroform (>99.8%, Honeywell) was then added. To the stirred solu-
tion of APTES, 10 ml of 1-hexylbromide (98%, Sigma Aldrich) was
added under inert atmosphere. The pressure tube was closed with re-
action mixture and refluxed at 50 °C for 24 h. As the reaction proceeded,
the precipitation of the product was observed as it is characterized by
very low solubility in chloroform. The reaction was monitored by thin-
layer chromatography (TLC). After the completion of the reaction, the
reaction mixture was transferred to 100 ml round bottom flask and the
solvent was removed from the rotary evaporator (55 °C, 185 rpm) which
led to the obtention of a light brown highly viscous compound. The
extracted crude product was then washed with chloroform followed by
ethyl acetate (Ethyl acetate, Merck KGaA) to remove unreacted APTES.
The samples were sonicated for 5 min in each solvent, respectively, and
dried 3 times. The washed pure product was characterized by proton and
carbon nuclear magnetic resonance (NMR) spectroscopy. All NMR
spectra (\H-NMR and '3C-NMR) were acquired using a JEOL-500 MHz
(SCZ500R, JEOL Resonance, Japan) using CDCl3 and CD30D as solvents.
The spectra are presented in the supporting information (SI).

Before grafting on BG surfaces, the extracted compound was finally
maximum dried in the rotary evaporator under vacuum at 55 °C and
185 rpm, for 2 h. The coumpond was then placed in the vacuum oven at
37 °C, overnight. To functionalize the glasses, 70 mg of Q-APTES was
weighted and dissolved, overnight, in 150 ml ethanol at 50 °C under
stirring at 400 rpm. To graft Q-APTES on the BG surfaces the same
protocol used for APTES was implemented.

All the silanized samples (both the APTES- and Q-APTES-pretreated)
were stored in multi-well plates in a dry box before further analysis.

2.3. Substrates characterization

2.3.1. Contact angle analysis

The contact angle analysis was performed aiming to evaluate the
wettability of the substrates. The measures were implemented on 10
mm-diameter BG discs in static conditions by the sessile drop method
using Theta Line tensiometer, Biolin Scientific. A 5 pl-drop of ultrapure
water was gently deposited on the surface of the sample of interest
through a syringe. A 10 s video with a rate of 20 frames/s was recorded
and analyzed by OneAttension Software. The measurements were done
in triplicate.

2.3.2. Zeta potential analysis

Zeta potential analysis was performed by an electrokinetic analyzer
(SurPASS3, Anton Paar). A solution of 1 mM KCl was prepared as elec-
trolyte dissolving KCl (Potassium chloride, 100%, VWR) in ultra-pure
water. The untreated and pre-treated samples were analyzed as 14
mm-diameter discs using the Adjustable Gap Cell. Inside the cell, two
samples were placed parallelly with an optimized gap of 100 pm. For
each BG condition, the zeta potential value at physiological pH (7.4) was
acquired to evaluate the eventual variations in the surface charge after
the four implemented pre-treatments. The pH was set by automatically
buffering the electrolyte solution with two buffer solutions, respectively
0.05 M HClI and 0.05 M NaOH solution. Each measurement consisted in
three cycles of zeta potential analysis, around 90 s long each for a total of
4.5 min per condition. The experiment was conducted in triplicate.

2.3.3. X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed with a Kratos Axis UltraP'® spec-
trometer, to evaluate the effectiveness of silanization of BGs. Silanized
samples, respectively with APTES and Q-APTES, have been analyzed
and untreated samples have been tested as control. All the analyses were
conducted using a monochromatic Al Ka source (hv = 1486.7 eV),
operated at 20 mA and 15 kV. Survey spectra were acquired at pass
energy of 160 eV, over an area of (300 x 700) pmz. High-resolution
spectra of silicon (Si 2p), oxygen (O 1s), carbon (C 1s), nitrogen (N 1s)
and bromine (Br 3d) regions were then acquired to evaluate the presence
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of grafted APTES and Q-APTES on the surfaces of interest. In the Results
and discussion, the focus was on nitrogen, oxygen and bromine. For to
compensate the charging effect, the Kratos charge neutralizer system
was used. The spectra were referenced setting the peak of hydrocarbon C
1s to 284.80 eV. The experiment was made in triplicate and three
different areas were analyzed on each sample. Spectra were analyzed
using CasaXPS software (version 2.3.24) [38].

2.3.4. Fourier Transform InfraRed — Attenuated Total Reflectance (FTIR-
ATR) spectroscopy

FTIR spectroscopy was performed using PerkinElmer Spectrum One
FTIR Spectrophotometer (PerkinElmer, Waltham, MA) in ATR mode.
The spectra were acquired within the wavenumber range 4000-650 cm”
! setting the resolution at 1 cm’l. Each spectrum was obtained by
averaging 32 scans. All spectra were background-corrected and
normalized to the band with highest intensity.

2.3.5. Scanning Electron Microscopy and Energy Dispersive Spectroscopy
(SEM/EDS)

SEM/EDS (Leo 1530 Gemini, Zeiss and EDXA UltraDry, Thermo
Scientific) analysis was performed on the surface and cross-section of the
untreated and treated samples. EDS analysis was implemented for
evaluating compositional change resulting from the surface treatments.

To evaluate the compositional change across the cross section
(especially for sample treated in TRIS and SBF), samples were embedded
in resin and the cross section of the samples was then polished.

Compositions are reported in %mol (with an accuracy of +1.5 %
mol).

3. Results and discussion

The wettability of BGs was evaluated through contact angle (CA)
analysis on the four compositions (§53P4, B25, SCNB, PhGlass) com-
bined with the five surface treatments (bare, TRIS, SBF, APTES, Q-
APTES). The results are reported in Fig. 1.

Overall, it is possible to notice a significant variation of CA values on
the treated surfaces, compared to the bare ones, which means that all the
surface-modifications have been implemented successfully. All the BG
compositions present an analogue response to TRIS/SBF soaking and to
silanization (APTES/Q-APTES), respectively. After soaking in TRIS/SBF,
CA values are significantly decreasing, compared to the bare samples,
suggesting an increase in hydrophilicity of the substrates after these
treatments. This can be explained by the strong hydration characterizing

100
00| [__]Bare
] TRIS
80 SBF
0] APTES %%
Z "1 [JQ-APTES -
[0) -
? 60 1 %
< 504
5 %] B T
< 40 -
(@] 4
O 30
20
10
] T
|L
0 T T T T T
S53P4 B25 SCNB PhGlass

Fig. 1. CA analysis at the surface of the glasses S53P4, B25, SCNB and PhGlass,
untreated and surface-treated with TRIS, SBF, APTES and Q-APTES.
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TRIS-treated samples and the possible precipitation of HA/HCA [25].
For all the compositions, there is no statistical difference between TRIS-
and SBF-treated BGs, except for S53P4, whose wettability is higher after
soaking in SBF than after soaking in TRIS. After silanization, on the
contrary, the substrates present a significant increase in CA values,
suggesting a strong decrease of hydrophilicity on both APTES- and
Q-APTES-treated surfaces. This can be due to the presence of both hy-
drophobic organic chains (carbon backbone) of silanes and exposed
amines, both protonated and not, on the analyzed surfaces [35]. On
PhGlass the values are statistically comparable between APTES- and
Q-APTES-treated samples, while on silicate and borosilicate BGs it is
possible to notice a significant difference between them, especially for
B25 and SCNB, on which Q-APTES grafting induces a stronger decrease
in surface wettability. However, it is important to highlight that all the
analyzed samples are still hydrophilic, since all the values are lower than
90°.

The surface zeta potential of the considered BGs was then evaluated
considering the four compositions (S53P4, B25, SCNB, PhGlass) com-
bined with the five surface treatments (bare, TRIS, SBF, APTES, Q-
APTES), as reported in Fig. 2. The values were recorded at pH = 7.4.

First of all, the zeta potential of the bare silicate (S53P4, SCNB) and
borosilicate (B25) BGs ranged from —47.88 to —23.86 mV, in agreement
with previously reported values [25,39]. PhGlass showed a more intense
negative charge on its surface, reaching —60.65 mV.

According to the obtained results, the four surface treatments on the
considered BG compositions were implemented successfully, since a
statistically significant variation of zeta potential values is evident. All
the treatments induced a reduction of the absolute value of the zeta
potential of the analyzed surfaces. Concerning TRIS and SBF, one can
justify the decrease in zeta potential with the formation of the silica-rich
layer and the possible precipitation of a reactive layer, able to shield the
negative charges exposed by the surface of the BGs [25]. The reduction
of the absolute value of the zeta potential is always larger on the
SBF-treated samples than on the TRIS-treated ones, phenomenon
explainable by the thicker HA/HCA layer precipitating at the surface of
this materials in such condition [40]. This is further supported by the
fact that B25, the most reactive BG composition, exhibits the lowest
absolute value of zeta potential, very close to a null net charge. Indeed,
this bioactive glass is expected to lead to a thicker reactive layer than
S53P4 and SCNB upon immersion in SBF or TRIS [25]. As reported in
previous works, the presence of a thick HA/HCA layer, especially after
immersion in SBF, is inducing a very low absolute value of zeta potential

20
o
S
\E, 0
o
~ -10
T
2 .20
[\v] ]
8 -30 1
c ]
2 40 Bare -
% ] TRIS +
%504 -~ [__]SBF
N APTES
-60 1 Q-APTES T
'70 T T T T T
S53P4 B25 SCNB PhGlass

Fig. 2. Zeta potential analysis on the surface of S53P4, B25, SCNB and PhGlass,
untreated and surface-treated with TRIS, SBF, APTES and Q-APTES, at the
physiological pH (7.4).
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[401.

Concerning the silanized samples, a significant tendency towards an
overall null net charge was observed on S53P4 and B25. It can be
justified by the exposition of the positively charged amine groups by the
grafted molecules (APTES/Q-APTES), which partially balances the
negative charge of the substrates [25]. The silanized SCNB even shows
an overall positive net charge, slightly more intense for APTES-treated
samples (10.17 mV with respect to 4.58 mV for Q-APTES). The posi-
tive zeta potential of SCNB can be explained by the intrinsic lower
reactivity of this composition. The higher stability leads to a more stable
functionalization of the surface. The silanized PhGlass also showed a
lower absolute value of the zeta potential compared to the bare sub-
strate. This could be due to grafting of APTES and Q-APTES not only
through the methyl groups, but also through the amine groups, because
of the higher absolute value of the zeta potential of the substrate,
exposing then a lower amount of the positively charged groups [41-43].

A correlation between zeta potential and CA values was observed on
the considered BGs after soaking in TRIS and SBF. Generally, the
decrease in CA characterizing TRIS- and SBF-treated samples, compared
to the untreated surfaces, was associated to an increase in zeta potential.
This could be explained by the hydration of the top layer and the pre-
cipitation of HA/HCA [25]. On the other hand, no strong correlation
between zeta potential and CA was observed on the silanized samples,

Ceramics International 49 (2023) 1261-1275

neither with APTES nor Q-APTES. This is most likely linked to
APTES/Q-APTES grafting density and to the exposition of both negative
and positive charged functional groups on these surfaces.

The effectiveness of BG silanization with APTES and Q-APTES mol-
ecules respectively grafted on the surfaces of interest were investigated
by XPS. High-resolution spectra were acquired to evaluate the presence
of nitrogen (N 1s, Fig. 3) and oxygen (O 1s, Fig. 4) on APTES- and Q-
APTES-treated BGs. Bromine (Br 3d) high-resolution spectra are also
reported in Fig. 5 to confirm Q-APTES integrity upon grafting on all the
considered substrates (S53P4, B25, SCNB, PhGlass).

XPS analysis shows an overall homogeneous composition intra- and
inter-sample. Silicon (Si 2p) signal is present on all bare silicate and
borosilicate BGs (S53P4, B25, SCNB) surfaces. After silanization, both
with APTES and Q-APTES, the intensity of the Si 2p peak increases, as
expected due to the presence of silane groups in APTES and Q-APTES.
On the bare PhGlass, instead, Si 2p peak is not detectable on the survey
scan (not reported), probably because of its low content. However, a
strong Si 2p signal was recorded after silanization (APTES/Q-APTES),
with an intensity comparable to the silanized silicate and borosilicate
BGs. Furthermore, in the case of B25 and SCNB, after silanization
(APTES/Q-APTES) it is possible to observe an overall decrease of the
content of calcium and sodium, and, in the case of PhGlass, also of
magnesium and phosphorus. This can be attributed to the partial release

(A) (B)

Intensity (a.u.)

Intensity (a.u.) Intensity (a.u.) Intensity (a.u.)

415 410 405 400 395 390

415 410 405 400 395 390 415 410 405 400 395 390

Binding Energy (eV)

Binding Energy (eV)
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Fig. 3. XPS high-resolution spectra of N 1s acquired on: (A) bare, (B) APTES-treated and (C) Q-APTES-treated S53P4; (D) bare, (E) APTES-treated and (F) Q-APTES-
treated B25; (G) bare, (H) APTES-treated and (I) Q-APTES-treated SCNB; (J) bare, (K) APTES-treated and (L) Q-APTES-treated PhGlass.
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Fig. 4. XPS high-resolution spectra of O 1s acquired on: (A) bare, (B) APTES-treated and (C) Q-APTES-treated S53P4; (D) bare, (E) APTES-treated and (F) Q-APTES-
treated B25; (G) bare, (H) APTES-treated and (I) Q-APTES-treated SCNB; (J) bare, (K) APTES-treated and (L) Q-APTES-treated PhGlass.

of these ions during the silanization process.

From Fig. 3 and from the survey scan (not shown here), nitrogen
content [N] is very low and not homogeneous on S53P4, B25 and SCNB
bare surfaces, 0.36 atomic % on S53P4, and even not detectable on B25
and SCNB. The presence of nitrogen is due to impurities [25]. A weak N
1s signal is present on bare PhGlass spectrum, with an intensity com-
parable to the Si 2p one. As said for the silicate and borosilicate, [N]
significantly increases post functionalization with APTES and Q-APTES.

In more details, N 1s is present on the bare S53P4 surface (Fig. 3(A))
in three oxidation states: the main peak (~399.4 eV) can be attributed to
organic N (e.g. amines) [25], while the other peaks at around 403.7 and
407.3 eV are consistent respectively with nitrites and nitrates [44]. In
the case of bare B25 (Fig. 3(D)), the only contribution (~398.2 eV)
might be related to aromatic imines (R = N-R) [45]. However, due to the
particularly low intensity of these peaks, it is reasonable to consider the
presence of N on bare BGs as a surface impurity [25]. After silanization
(APTES/Q-APTES), N 1s signal significantly increases. Silanized S53P4
(Fig. 3(B), (C)) presents three main contributions. The main peak at
~399.4 eV might be assigned to neutral amines (-NHy), while a lower
intensity peak (~401.0 eV) is attributed to protonated amines (-NH3)
[23,25]. The third component at 407.3 eV, assigned to nitrates, is pre-
sent on both samples, but with higher intensity on the Q-APTES one,
where a minor component at ~403.4 eV, assigned to nitrites, is also
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present. Silanized B25, SCNB and PhGlass exhibit only the first two
peaks, attributed to neutral (~399.4 eV) and protonated (~401.0 eV)
amines [23,25]. APTES-functionalized bioactive glasses are largely
dominated by neutral amine groups. However, while this holds true also
for APTES-grafted S53P4 and SCNB, the N 1s spectra of B25 and PhGlass
clearly show a significant increase in protonated amines.

Fig. 4 presents the high-resolution spectra for oxygen, for all samples
of investigation. It is possible to distinguish two main peaks on all the
analyzed surfaces. In Table 5, the position of the O 1s peaks are reported
with their relative amount, expressed in percentage (%) of the total peak
area. The first component (referred to as Oxygen 1) is attributed to the
hydroxyl groups (-OH) exposed at the surface of the material, while the
second component (Oxygen 2) is assigned to Si-O bonds (~532.5 eV) in
silicate and borosilicate glasses [23] while it is attributed to P-O-P
bonds (~533.3 €V) in the case of the phosphate glass [35,46]. It is
interesting to point out that the higher the OH content, the less elec-
tronegative the surface.

As appreciable in Fig. 4, the overall intensity of O 1s peaks are not
significantly varying within the implemented conditions (bare and
silanized BGs). However, a significant difference between the relative
amount of the various Si species, as a function of the surface chemistry of
the BG composition, is observable. Silicate and borosilicate BGs (S53P4,
B25, SCNB) show a significant increase of Oxygen 2 species after
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Fig. 5. XPS high-resolution spectra of Br 3d acquired on: (A) bare, (B) APTES-treated and (C) Q-APTES-treated S53P4; (D) bare, (E) APTES-treated and (F) Q-APTES-
treated B25; (G) bare, (H) APTES-treated and (I) Q-APTES-treated SCNB; (J) bare, (K) APTES-treated and (L) Q-APTES-treated PhGlass.

silanization (APTES/Q-APTES). On the other side, the ratio between the
two oxygen species for the untreated PhGlass is in agreement with
previously published data [35]. Silanized PhGlass shows a significant
difference  between APTES- and Q-APTES-grafted samples.
APTES-treated PhGlass presents a more intense Oxygen 2 component,
while Oxygen 1 is predominant in the case of Q-APTES. Overall, it is
possible to affirm that, according to the presented results, the silaniza-
tion (APTES/Q-APTES), with a different density of grafted molecules in
function of the BG composition, was successfully implemented on all the
considered substrates.

Finally, high-resolution Br 3d spectra (Fig. 5) were evaluated to
confirm the presence of bromine on the BGs surfaces after silanization
with Q-APTES. The spectra acquired on all the considered BG compo-
sitions (S53P4, B25, SCNB, PhGlass) showed the characteristic Br 3d
peak at ~71 eV, confirming the preservation of the element of interest
also in the structure of the grafted molecule [47]. The intensity of Br 3d
signal is not particularly intense on almost all the Q-APTES-treated
surfaces (in average, one order of magnitude lower than Si 2p and N 1s
peaks), with a characteristic amount ranging from 3 to 7% of N 1s. The
only exception consists in B25, presenting a quantity of this element
around the 39% of N 1s, and a ratio between Br 3d and protonated
amines around 1:1. This is possibly due to the B25 showing the lowest
electronegativity, compared to the other bare substrates, as seen in
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Fig. 2.

FTIR-ATR spectroscopy was implemented to evaluate the changes in
the surface chemical structure of the studied BGs. The acquired spectra
are presented in Fig. 6, where the comparison between the five treat-
ments implemented on each BG composition is shown.

The bare silicate glasses (S53P4, B25, SCNB) exhibit three main
peaks, a shoulder at 990 cm'l, and two peaks at 867 and 740 crn'l,
respectively corresponding to Si-O-Si asymmetric stretching in SiO4
units, carbonate groups vibration and Si-O bending [48,49]. B25 pre-
sents three additional peaks which confirm the presence of boron (B) in
its structure: a peak at 1398 cm™ attributed to BO; triangles, a shoulder
at 1192 cm’! due to BO,0" and a peak at 710 cm’, due to B-O-B
stretching [25].

After soaking S53P4 and B25 in TRIS and SBF, the peaks character-
istic of the bare silicate and borosilicate glasses (990, 867 and 740 em™D)
are shifted towards higher wavenumbers (respectively to 1188, 1012
and 869 cm™). In the case of SCNB, this happens only after soaking in
SBF. Other peaks are also visible. TRIS- and SBF-treated S53P4 and B25
present a broad band (3660 and 2220 cm'l) assigned to O-H stretching
vibration [50,51]. In the case of SCNB, such band was again only visible
when the samples were soaked in SBF. Other peaks at 1420 and 1010
em?, respectively corresponding to the carbonate and the phosphate
groups [51,52], are detectable on SBF-treated silicate/borosilicate BGs.
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Table 5

Oxygen components and their relative amount (%) on bare and silanized (APTES/Q-APTES) BGs (S53P4, B25, SCNB, PhGlass).

PhGlass

SCNB

B25

S53P4

Relative amount

Position (+0.2 eV)

Relative amount

Position (+£0.2 eV)

Relative amount

Position (+0.2 eV)

Relative amount

Position (£0.2 eV)

52.0%
48.0%

531.5eV
533.3 eV

58.8%
41.2%

531.3 eV
532.5eV

86.8%
13.2%

531.2 eV
532.6 eV

56.90%
43.10%

531.3 eV
532.6 eV

Oxygen 1

Bare

Oxygen 2

9.7%

531.0 eV
532.1 eV

29.8%
70.2%

531.1eV
532.2 eV

56.7%
43.3%

531.2eV
532.4 eV

42.60%
57.40%

Oxygen 1 531.1eV

APTES

90.3%

532.3 eV

Oxygen 2

51.7%
48.3%

531.2 eV
532.7 eV

25.7%
74.3%

531.1eV
532.3 eV

25.6%
74.4%

531.1eV
532.3 eV

35.90%
64.10%

531.2 eV
532.4 eV

Oxygen 1

Q-APTES

Oxygen 2
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The change in surface chemical structure indicates that treatment in
TRIS and SBF leads to the hydration of the silicate and borosilicate
structure, followed by the precipitation of a reactive layer [53-55]. The
absence of this reactive layer on TRIS-treated SCNB can be explained by
the absence of phosphorus in SCNB composition [56].

Post silanization (with APTES or Q-APTES) the typical vibrations of
the silicate and borosilicate structure are still visible. On S53P4 and
SCNB surfaces additional peaks (at 1662 and 1621 cm™) are detectable
confirming the efficient grafting of APTES and Q-APTES molecules.
Indeed, these peaks have been attributed to NHy; and NH groups,
respectively [57,58]. Additional peaks at 1373 and 1354 cm'l, are also
present and can be assigned to C-O bond stretching [49]. Furthermore, a
low intensity peak is visible on silanized S53P4 at 2779 cm™ (not shown
here), which is attributable to the carbon backbone of APTES and
Q-APTES molecule [57]. It suggests that a more efficient silanization had
place on the silicate BGs (S53P4, SCNB) than on borosilicate (B25),
which is in accordance with previous studies [25].

In the case of the PhGlass (Fig. 6(D)), it is still possible to detect the
three peaks characteristic of the silicate network (990, 867 and 740 cm”
1) despite the low content in SiO, in this glass composition, and car-
bonate groups [25,48,49]. However, other significant peaks are
detectable at 1236 cm™ corresponding to P-O-P stretching (non-binding
oxygen, NBO, Q2) [59], at 1076 cm™® corresponding to phosphate group
[60], at 745 cm™ attributable to P-O-P stretching (binding oxygen, BO,
Q1) and at 600 cm™ to P-O stretching (Q0) [59]. These peaks are
characteristic of phosphate glasses [59]. Peaks related to borate network
were not detected by the instrument, either due to the low content in
B,03 or the overlap of P-O-P and P-O-B vibrations [25,59]. Soaking in
TRIS and SBF induced the formation of a hydrated layer confirmed by
the presence of peaks at 3185 and 2990 cm™, attributable to O-H
stretching vibrations [50,51]. Other peaks at 1630 and 1556 crn'l,
attributable to the combined effect of H-O-H and O—P-OH vibrations
are also visible [61]. This suggests the formation of a reactive layer, most
likely within the dicalcium phosphate dihydrate composition, on the
surface of PhGlass [61]. Silanization did not affect the spectrum of the
PhGlass, and since additional peaks are not detectable, this suggests a
less efficient grafting of both APTES and Q-APTES molecules.

TRIS and SBF solutions, post-treatment, were analyzed by ICP-OES
aiming to evaluate possible ion leaching/consumption occurring dur-
ing the surface treatments. The balance between the ions released from
each BG, the ones adsorbed on the surface of the sample and the ones
precipitated at the interface, was estimated. In Fig. 7 the concentration
of each element (Si, Na, Ca, P, B, Sr, Mg) in the uptake solutions is re-
ported, expressed as part per million (ppm), and compared to the control
solutions.

Silicon (Fig. 7(A)) was released in TRIS and SBF in a quite high
amount by S53P4 without any statistical difference, with a concentra-
tion around 30 ppm in both solutions. B25 released more silicon in TRIS
solution (30 ppm) than in SBF (23 ppm). SCNB, because of its higher
stability, released in the solutions a lower amount of silicon, around 11
ppm, with no statistical difference between the two uptake solutions.
Boron (Fig. 7(B)) was released by B25, in a slightly higher amount in
TRIS than in SBF, with a final concentration in the uptake solutions of 18
and 11 ppm, respectively. Silicon and boron were released by PhGlass in
a very low amount (close to zero), because of the initial low amount of
silica (2.50 mol%) and boric oxide (2.50 mol%) in its composition.

Sodium release (Fig. 7(C)) was only quantified in TRIS solution since
SBF already contains a substantial amount of sodium. Sodium release in
TRIS was comparable between S53P4 and SCNB, with a concentration
around 30 ppm. B25 released a higher amount of sodium (almost two
times), while the amount released by PhGlass was close to zero.

The calcium release (Fig. 7(D)) in TRIS is characterized by an anal-
ogous trend, compared to the one of sodium release. S53P4 and SCNB
released a lower amount of calcium (13 and 8 ppm, respectively), while
B25 released a higher amount of this element (34 ppm). It is known,
from past studies, that boron is immiscible with the silicate phase in
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most compositions that are bioactive, leading to a phase separation (one
phase rich in SiO3 and one rich in By03) [62,63]. In addition, it was
demonstrated that calcium ions have a preferential affinity to the borate
phase [64]. Therefore, the faster dissolution of the borate phase, when
compared to the silicate phase, can explain the higher calcium release in
solution [62,63]. The quantity of released sodium and calcium in TRIS
solution by PhGlass was instead close to zero and not detectable by the
instrument. This can be justified by the different degradation process
through which silicate/borosilicate and phosphate glasses are dissolv-
ing, respectively in an incongruent and congruent way [8,9,14,15].
Basically, because of the incongruent dissolution, when a silicate/bor-
osilicate BG is soaked in a buffer solution (pH 7.4), sodium and calcium
are released as first, while the other elements are released successively.
This leads to a variation of the composition at the glass/liquid interface
thus affecting the release dynamics during the soaking in TRIS and SBF
[8]. [9]. On the contrary, since phosphate glasses are characterized by a
congruent dissolution, they are degrading layer by layer, maintaining
almost constant their composition overtime [65].

Instead, concerning calcium release in SBF, it is possible to notice a
net increase of the content of this element in the SBF uptake solutions of
S53P4, B25 and SCNB (around 80-90 ppm), compared to the SBF control
solution (63 ppm), without any statistical difference between these three
BG compositions. The opposite phenomenon is instead visible for the
SBF uptake solution in which PhGlass was soaked, characterized by a net
decrease of calcium concentration (until 23 ppm). This could mean that,
during the surface reactions leading to silica-rich layer formation and
HCA precipitation, silicate and borosilicate BGs are releasing a higher
amount of calcium than the one which they adsorb in their network. On
the other side, PhGlass, because of the significant concentration gradient
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with SBF, tends to adsorb a higher amount of calcium than the one that is
released. This is in accordance with the hypothesis suggested by FTIR-
ATR results (Fig. 6) about the precipitation of dicalcium phosphate
diihydrate [61].

Magnesium (Fig. 7(E)) and strontium (Fig. 7(F)) are present only in
the composition of PhGlass. While strontium was released in a low
amount, leading to a final concentration close to zero in both the uptake
solutions (TRIS and SBF), it is possible to observe a net decrease of
magnesium concentration in the SBF uptake solution of PhGlass
compared to the control one.

The concentration of phosphorus (Fig. 7(G)) in both TRIS and SBF
does not present any significant difference between the control and the
uptake solutions of silicate and borosilicate BGs, respectively (around
30 ppm). PhGlass had instead a different behavior. In TRIS, phosphorus,
initially not detectable in the control solution, were mildly released to
reach a final concentration of 4 ppm. A significant decrease in phos-
phorus concentration in SBF uptake solution (from 30 to 15 ppm) was
detected. This suggests a net adsorption of this element and constitutes
an ulterior confirmation about the formation of the dicalcium phosphate
diihydrate layer on its surface [61].

BG surfaces were analyzed by SEM/EDS for the purpose to study the
eventual variation of superficial morphology and topography after TRIS
and SBF pre-treatment. The acquired images are reported in Fig. 8.

Comparing the bare samples and the soaked ones in TRIS/SBF, it is
possible to appreciate a significant difference in the morphology for all
the considered BG compositions (S53P4, B25, SCNB, PhGlass). The bare
silicate and borosilicate substrates present a smooth surface. Both TRIS-
and SBF-treated S53P4 and SBF-treated SCNB show a superficial layer of
nanometric homogeneously-distributed grains, attributable to the
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Fig. 8. SEM images on the surface of (A) bare S53P4, (B) TRIS-treated S53P4, (C) SBF-treated S53P4, (D) bare B25, (E) TRIS-treated B25, (F) SBF-treated B25, (G)
bare SCNB, (H) TRIS-treated SCNB, (I) SBF-treated SCNB, (J) bare PhGlass, (K) TRIS-treated PhGlass, (L) SBF-treated PhGlass. Scalebar is 4 pm.

crystallized reactive layer precipitated during the soaking process. B25
presents a similar behavior, with grains characterized by a smaller
diameter, but more homogeneously distributed. TRIS-treated SCNB
shows the formation of a new continuous layer, in which the grains are
not distinguishable anymore and a uniform distribution of cracks over
this layer is clearly visible.

PhGlass, on the other side, has a different behavior. First of all, the
bare samples do not present a surface as smooth as silicate/borosilicate
BGs, since it is possible to distinguish some irregularities attributable to
a starting phenomenon of surface degradation. Then, after the pre-
treatement in both TRIS and SBF, it still possible to visualize the pol-
ishing lines, over which some clusters of the precipitated phase are
distinguishable. Also in this case, some cracks are present.

The cross sections of the TRIS- and SBF-treated BGs were analyzed by
SEM/EDS in order to evaluate 1) the variations of composition at the
interface between the glass and the solutions in which they were soaked
and 2) the different composition of BGs over their depth. In Fig. 9, the
images of the cross sections acquired by SEM are reported, where the
path on which EDS analysis was performed is highlighted by a grey line.
The EDS analysis is shown in Fig. 10.

TRIS-treated silicate and borosilicate BGs, S53P4 and B25 are char-
acterized by a very thin reactive layer (few pm thick) on the top surface,
rich in calcium and phosphorus. Under the reactive layer, a thicker layer
rich in silicon is present. TRIS-treated SCNB does not present the
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reactive layer but only the Si-rich layer. The properties of the Si-rich
layer significantly vary between silicate and borosilicate glasses. TRIS-
treated S53P4 and SCNB present a thinner layer (around 20 pm thick)
with a constant amount of silicon around 90 mol%; TRIS-treated B25 is
instead characterized by a thicker Si-rich layer (around 60 pm thick) that
is very close to 100 mol%, while the quantity of the other elements is
dropping almost to zero. This is in accordance with the previously cited
formation of a silica-rich layer on BG surfaces as a result of the 72 h
soaking process [22,55,66]. It can be explained by the different reac-
tivity due to the presence of boron in the composition of B25 and to the
higher permeability of the matrix to TRIS solution [25]. Furthermore,
one must keep in mind that while the glass S53P4 and B25 contain high
amount of calcium they also contain phosphorus. It is interesting to note
that a short immersion in TRIS (72h) already leads to the saturation of
the solution and precipitation of the reactive layer. The concentration in
calcium and phosphorus in the reactive layer are consistent with the
precipitation of HA/HCA, in agreement with the FTIR analysis. SCNB, in
another hand does not contain any phosphorus and thus does not pre-
cipitate a reactive layer.

SBF-treated S53P4 and B25 exhibit a significantly thicker reactive
layer (10 pm and 20 pm thick, respectively), characterized by a high
content of calcium (around 50 mol%) and phosphorus (around 40 mol
%). In this case, also SCNB presents a reactive layer, even if thinner
(around 5 pm thick), very rich in calcium (around 90 mol%). Ca/P ratio
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Fig. 9. Cross sections of the TRIS- and SBF-treated BGs acquired by SEM. The grey line constitutes the path through which the EDS analysis was implemented. The
images were acquired on (A) TRIS-treated S53P4, (B) SBF-treated S53P4, (C) TRIS-treated B25, (D) SBF-treated B25, (E) TRIS-treated SCNB, (F) SBF-treated SCNB,

(G) TRIS-treated PhGlass, (H) SBF-treated PhGlass. Scalebar is 25 pm.

was then calculated over the thickness of the ceramic layer on S53P4
and B25 surfaces, which was (1.64 & 0.26). This leads to the confir-
mation of the presence of HA/HCA formation on these BG compositions,
as already suggested by FTIR-ATR spectroscopy. Furthermore, the
calculated Ca/P ratio has no statistical difference from the theoretical
value (1.67) characterizing this material [67]. Under the external
HA/HCA layer, the presence of the Si-rich layer is suggested also for
SBF-treated samples, with the silicon content ranging from 80 to 100
mol%. On SBF-treated silicate/borosilicate BGs, however, the amount of
silicon in the Si-rich layer is slightly lower than in the Si-rich layer of the
TRIS-treated ones. In fact, on SBF-treated S53P4 and SCNB, the quantity
of Si is around 90 mol%, while on SBF-treated B25 it is around 80 mol%.
This can be explained by the different ion release dynamics character-
izing BGs when in contact either with TRIS or with SBF solution, leading
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to the formation of just the Si-rich layer or also to the precipitation of
another ceramic phase (HA/HCA) on it [22,55,56,66]. Despite EDS
analysis does not show any trace of P at SBF-treated SCNB cross-section,
it is still reasonable to believe that HA/HCA precipitated at the surface of
this material during the soaking, as confirmed by FTIR-ATR results.
PhGlass reacts differently to the immersion in TRIS and SBF solu-
tions, compared to the silicate/borosilicate BGs. In fact, it is possible to
observe a mostly constant composition of PhGlass among its depth,
corresponding to the initially set one. The difference of the behavior
between silicate/borosilicate BGs and PhGlass is due to the different
degradation modality. S53P4, B25 and SCNB are dissolving incongru-
ently, so that the composition is varying at the interface with the envi-
ronment [8,9]. On the contrary, PhGlass, as a phosphate BG, is
dissolving in a congruent way, so that its composition, according to the
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obtained results, remains constant over both its depth and the process
[14,15,65].

4. Conclusions

Four BG compositions have been considered in this work, two sili-
cate, one borosilicate and one phosphate glass. They were superficially
treated with four different methods: a) 72 h-soaking in TRIS, b) 72 h-
soaking in SBF, ¢) APTES grafting and d) Q-APTES grafting. The aim was
to study the impact of the surface modification over their physico-
chemical properties. Each surface of interest was characterized and
compared with the untreated (bare) one of the respective composition.

Soaking in TRIS and SBF led to a decrease in the surface electro-
negativity and increased wettability. FTIR and SEM/EDS suggest that a
thin and sporadic HA layer forms at the surface of the glass S53P4 and
B25 when immersed in TRIS, which is thicker upon soaking in SBF. A
reactive layer was also evidenced at the surface of the phosphate glass
which can be assigned to dicalcium phosphate dihydrate. The glass
SCNB, which does not contain any phosphorus, only presented a HA
layer upon soaking in SBF.

Grafting of APTES and Q-APTES was successfully demonstrated by
FTIR, where the peaks assigned to aminosilanes were detected.
Furthermore, the grafting of the molecules was also evidenced by XPS
analysis, showing the presence of nitrogen as well as bromine (for the Q-
APTES), at the glasses’ surfaces. Silanization led to a decrease in elec-
tronegativity, due to the presence of the amine groups, while decreasing
the wettability.

Soaking or grafting of molecules enables to have control over the
glass surface physico-chemical properties and may be used as a tool to
favor/inhibit the adsorption of relevant proteins. In this context, all
treated surfaces will be placed in contact with fibronectin and chimeric
avidin, used as model proteins, to evidence the impact of such chemical
modifications on their adsorption.
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