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Bioactive glasses have found applications in diverse fields, including orthopedics and dentistry, where they have
been utilized for the fixation of bone and teeth and as scaffolds for drug delivery. The present work outlines the
characterization of two novel titanium-containing glass series, one silica-based and one borate-based. For the sil-
ica-based series, titanium is added at the expense of silicon dioxide whereas for the borate-based series, it is
added at the expense of boron oxide as confirmed by Energy Dispersive Spectroscopy. Amorphous structures
are obtained for silica-based glass at 15 mol% TiO2 and for borate-based glasses at 0 mol% and 5 mol%, with
low crystal peak intensities exhibited within the remaining glasses. MAS-NMR proves the role of P2O5 as a net-
workmodifier for both glass series by evidencing onlyQ0 structures (andQ1 structures for the silica-based glasses
with crystal structures), whereas FTIR proves that Ti acted as a network modifier in the glass as there was an ab-
sence of peaks assignable to titanium bonding. This implies that the two glass series will degrade in-situ and re-
lease ions at the site of implantation. Additionally, thermal data sourced from these glasses indicate processing
windowswhichmake them suitable for enameling onto implants, with the borate-based series exhibiting greater
processing windows over the silica-based series, hence making the borate glasses more suitable for coating me-
tallic implants compared to their silica-based counterparts.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In thefield of prosthetics, two technologies for attaching the residual
limb and the prosthetic implant are widely utilized: socket attachment
and direct skeletal (or bone-anchored) attachment [1]. Socket attach-
ment is themost commonmethod [2], with designs already established
for the different applications, e.g. below, through or above-knee ampu-
tations [3–6]. In general, socket attachment consists of wrapping the
prosthetic limb around the residual limb, where the prosthesis serves
as the socket for the residual limb, with quadrilateral and ischial con-
tainment sockets being the most noteworthy technologies [7]. Com-
pared to socket attachment, direct skeletal attachment (DSA) is a
relatively new technology, where an implant is attached directly to
the patient's bone at the residual limb. Upon healing, the implant in
DSA serves as the attachment mechanism between the prosthesis and
the body [1]. In achieving osseointegration, the implant is permanently

connected to the bone, resulting in high force and moment interaction
between the prosthesis and the body [8]. DSA technology offers the ad-
vantage over socket technology via a reduction in skin-related compli-
cations and residual limb constraints within the socket, which is due
to the limited direct contact between the prosthetic implant and the
skin [9].

Titanium is regularly used in prosthetics due to its ability to create a
permanent bond to bone, via osseointegration [10,11], a condition
achieved when there is no relative motion between the implant and
the bone with which it is in direct contact [12]. It is this characteristic
that has also made DSA devices more favorable than socket attachment
for prosthetics. Nonetheless, there are concerns regarding DSA that in-
clude potential infection, skin irritation and breakdown, implant failure
and risk of a broken bone in the residual limb [13–17]. Addressing these
concerns will aid in shifting the current paradigm from socket attach-
ment towards DSA.

It is important to understand the overall mechanics of the DSA sys-
tem, as loads that may negatively affect the residual limb bone may
occur in this situation [17]. This places the patients at risk of requiring
additional treatment if the boneweakens or fractures due to incomplete
osseointegration or due to detrimental bone remodeling induced by
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stress shielding [18]. Different approaches have been taken towards im-
proving the patient's experiencewith regards to DSA, includingmodify-
ing the implant surface by chemical etching with hydrochloric and
sulfuric acid, sandblasting, titanium plasma-spraying, hydroxylapatite
(HA) plasma-spraying, coating the implant with a titanium dioxide
(TiO2) layer through anodic oxidation, and with bioactive glass [9,19–
21]. Among these methods, HA coating has been used for over 20
years, exploiting its ability to promote bone ingrowth [22–24]; yet
there are concerns with HA use as it has nomechanism to retard bacte-
rial or biofilm colonization at the implant site. Coatings have also been
produced based on chlorhexidine and siliconewith ammonia couplings
[25,26], but these have little clinical applicability due to erosion of the
compounds as they migrate to the surface. Of these approaches, bioac-
tive glasses have showed encouraging results [19].

The use of bioactive materials has proliferated since the develop-
ment of Hench's 45S5 Bioglass® in the1960s [27] due to its favorable in-
teractionwith living tissue. Bioglasswas thefirst synthetic to chemically
adhere to both hard and soft tissue [27]. While Hench acknowledged
that Bioglass® is unsuitable as a coating [28], he developed criteria for
an optimal bone replacement material [29], which included that “the
material should resorb at the same rate that bone is regenerated, with
byproducts that are beneficial and easily excreted by the body so that
bone will restore to a healthy state”. In-situ degradation of these mate-
rials makes them desirable for clinical applications owing to the release
of beneficial ions to the surrounding tissues promoting antibacterial be-
havior, bone formation and growth, tissue healing, etc. [30–32]. Bioac-
tive glasses have been employed for coating metals [33–35], yet some
of these proposed compositions contain aluminum [33,35], which has
been associated with defective bone mineralization alongside concerns
over its neurotoxicity [36]. Other compositions have been deficient in
zinc [34,35], an antibacterial component [32,37,38] to aid in the healing
process, also known to inhibit the growth of caries-related bacterial
such as Streptococcus mutans [39]. Although virtually all materials facil-
itate biofilm formation which may lead to bacterial infection, bacteria
attach less readily to glass [40], providing a rationale for a glass-based
solution. As bioactive glasses influence genetic expression, differentia-
tion and cell proliferation by the release of ions [31,41–43], engineering
control of the biological response via dissolution products creates an op-
portunity for innovation. The proposed compositions in this work are
expected to provide superior performance as they are expected to in-
hibit bacterial growth due to the addition of zinc, while the absence of
aluminum minimizes the possibility of the coating causing toxicity in
surrounding tissues. Furthermore, incorporating titanium in the glass
compositions is expected enhance osseointegration [10–12].

This study outlines the characterization of two novel bioactive glass
series, a silica-based glass series and a borate-based glass series that
contain increasing amounts of titanium oxide (TiO2). Titanium is
employed to exploit its osseointegrative capability at the interface of
the metallic implant and the bone. TiO2 will be added in increments of
5mol% up to 20mol%. Characterization techniques included energy dis-
persive spectroscopy (EDS), X-ray diffraction (XRD) differential scan-
ning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy, particle size analysis (PSA) andmagic-angle spinning-nu-
clear magnetic resonance (MAS-NMR).

2. Materials and methods

2.1. Glass preparation

Silica-based and borate-based glasses were formulated for this
study. The glass compositions, aswell as the nomenclature, are reported
in Table 1. TiO2 was added at the expense of SiO2 for the SRT series and
at the expense of B2O3 for the BRT series. The glasses were prepared by
weighing out appropriate amounts of analytical grade reagents (Fisher
Scientific, Ottawa, ON, Canada & Sigma-Aldrich, Oakville, ON, Canada),
firing (1400–1500 °C for 1 h for the silica-based glasses, 1200 °C for

1 h for borate-based glasses) in silica crucibles, and shock quenching
in water. The resulting frit was then ball-milled, and sieved to retrieve
glass particulates ≤20 μm.

2.2. Network connectivity (NC)

Network connectivity (NC) provides information on the ability for a
glass to degrade and interact with the surrounding tissues [44]. Net-
work connectivity for the proposed formulations was calculated using
Eq. (1).

NC ¼ BO−NBO
NBS

ð1Þ

where BO is the number of bridging oxygens, NBO the number of non-
bridging oxygens and NBS the total number of bridging species. As net-
work formers, 2 BO are contributed to the glass network per SiO2 and
B2O3 in each Q2 unit; as network modifiers, 2 NBO are contributed per
Ca2+ and 1 NBO per Na+. As for P2O5, recent work by Hill [45–47] pro-
vided insight on the role of phosphates in the glass network, demon-
strating its role as an orthophosphate Q0 (glass modifier) in a SiO2–
P2O5–CaO–Na2O series. Supported by this work, P2O5 may only be con-
sidered as a glass modifier, with 3 NBO per PO4

3−, and supporting data
will be gathered through 31P MAS-NMR. As for ZnO and TiO2, these re-
agents behave as network intermediates; therefore, in considering
ZnO as a glass former 1 BO is added, and 2 BO are added for TiO2. Con-
sidering these reagents as modifiers, 2 NBO are contributed per Zn2+

and per TiO6
2−.

2.3. X-ray diffraction (XRD)

X-ray diffraction (XRD) was performed to confirm that an amor-
phous state was achieved for all firedmaterials. Samples were analyzed
over the range of 20° ≤ 2θ ≤ 80°, with a step size of 0.05° using a
PANalytical X-ray diffractometer (PANalytical, QC, Canada). CuKα
(1.54 Å) anode was employed, with a generator voltage of 30 kV and a
tube current of 10 mA. Crystalline phases were identified using the In-
ternational Centre for Diffraction Data (ICDD) standard diffraction
patterns.

2.4. Particle size analysis (PSA)

After grinding and sieving of the glass, particle size analysis (PSA)
was undertaken to retrieve the average particle size of the glass powder.
Particle size analysis was achieved using a BeckmanCoulter Multisizer 4
particle size analyzer (BeckmanCoulter, Fullerton, CA, USA). Three pow-
der samples per glass were evaluated in the range of 2 μm–60 μm. Re-
sults were analyzed by Multisizer 4 software, with means and
standard deviations based on counting statistics of 30,000 particles per
measurement.

Table 1
Glass formulations (mol%).

Silica-based glass Borate-based glasses
Reagent SRT0 SRT1 SRT2 SRT3 SRT4 BRT0 BRT1 BRT2 BRT3 BRT4

TiO2 0 5 10 15 20 0 5 10 15 20
SiO2 52 47 42 37 32 0
B2O3 0 52 47 42 37 32
CaO 12 12
P2O5 6 6
Na2O 14 14
ZnO 16 16
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2.5. Differential scanning calorimetry (DSC)

A combined differential scanning calorimetry–thermogravimetric
analyzer (DSC–TGA) (SDT 2960 Simultaneous DSC–TGA, TA Instru-
ments, DE, USA) was used to measure the glass transition temperature
(Tg) and crystallization temperature (Tx) for both glass series. A heating
rate of 20 °Cmin−1 was employed using an air atmosphere with alumi-
na in amatched platinum crucible as a reference. Samplemeasurements
were carried out every 6 s between 20 °C and 850 °C.

2.6. Energy dispersive spectroscopy (EDS)

Samples were analyzed using a JEOL JSM-6380LV Scanning Electron
Microscopy equipped with an energy-dispersive spectrometer (JEOL,
Peabody, MA, USA). Compositional analysis was performed with beam
energy of 20.0 keV. EDS results were acquired using Oxford EDS Aztec
software, with standard deviations provided by the software based on
counting statistics.

2.7. Fourier transform infrared (FTIR) spectroscopy

Silica-based and borate-based ground glass (≤20 μm) was used for
this technique in ambient air (23 ± 1 °C). The spectra were collected
using a PerkinElmer Spectrum One IR (PerkinElmer, Waltham, MA,
USA). Analysis was performed in the wavenumber ranging from
600 cm−1 to 4000 cm−1 with a spectral resolution of 4 cm−1.

2.8. Magic-angle spinning-nuclear magnetic resonance spectroscopy
(MAS-NMR)

For the silica-based series, 29Si and 31P MAS-NMR spectra was ac-
quired with high power cw 1H decoupling on a Bruker AVANCE III
200 MHz NMR spectrometer (Bruker Corporation, Billerica, MA, USA)
equipped with a 7-mm CPMAS probe. The MAS rate was 4.5 kHz for
29Si and 5 kHz for 31P. The pulse time and recycle delay were 4 μs and
60 s, respectively, for the 29Si MAS-NMR, and 3.25 μs and 60 s, respec-
tively, for the 31P MAS-NMR. For the borate-based series, 11B and 31P
MAS-NMR experiments was carried out on an Agilent DD2 500 MHz
NMR spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA) at
the magnetic field of 11.7 Tesla. A zirconia rotor with a diameter of
3.2 mmwas used for 11B and 31P MAS-NMR measurements. Direct po-
larization 11B and 31P MAS-NMR spectra was taken at 160.3 MHz and
202.3 MHz, respectively, with 0.725 μs pulse length (π/8-pulse angle)
and 5 s recycle delay for 11B MAS-NMR, and with 2.8 μs pulse length
(π/2-pulse angle) and 120 s recycle delay for 31P MAS-NMR.

29Si chemical shifts were referenced externally to the –Si(CH3) reso-
nance of tetrakis trimethylsilyl silane [(CH3)3Si]4Si, which was assigned
a chemical shift of−9.9 ppmwith respect to tetramethyl silane C4H12Si
at 0 ppm. 31P chemical shifts were referenced externally to ammonium
dihydrogen phosphate NH4H2PO4, which was assigned a chemical shift
of 0.81 ppm for the silica-based glasses (1.0 ppm for the borate-based

Table 3
Particle size distribution for silica- and borate-based glass series.

Mean 
(µm)

S.D. 
(µm)

d10 
(µm)

d50 
(µm)

d90 
(µm)

SRT0 5.3 4.0 2.1 3.2 9.8

SRT1 3.5 1.7 2.2 3.1 5.7

SRT2 4.8 3.1 2.1 2.7 8.9

SRT3 3.2 1.6 2.1 2.8 4.7

SRT4 3.3 1.6 2.1 2.8 5.1

BRT0 10.1 4.2 6.5 8.6 15.2

BRT1 9.1 3.3 6.4 7.9 13.7

BRT2 9.3 3.4 6.4 8.3 14.5

BRT3 9.7 3.7 6.3 8.5 15.2

BRT4 9.2 3.4 6.3 7.9 14.2

Fig. 2. XRD patterns for borate-based glass series.

Fig. 1. XRD patterns for silica-based glass series.

Table 2
Network connectivity for the silica-based glasses (left) and for the borate-based glasses
(right). FF refers to TiO2 and ZnO as a glass formers; FM refers to TiO2 as a glass former
and ZnOas a glassmodifier;MF refers to TiO2 as a glassmodifier and ZnOas a glass former;
and MM refers to TiO2 and ZnO as glass modifiers.

FF FM MM MF FF FM MM MF

SRT0 2.47 2.04 2.04 2.27 BRT0 2.27 2.02 2.02 2.42

SRT1 2.44 2.04 1.62 1.97 BRT1 2.27 2.02 1.81 2.27

SRT2 2.41 2.03 1.10 1.62 BRT2 2.27 2.02 1.55 2.1

SRT3 2.39 2.03 0.43 1.21 BRT3 2.27 2.02 1.22 1.89

SRT4 2.36 2.03 -0.44 0.71 BRT4 2.27 2.02 0.78 1.63
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glasses) with respect to 85% phosphoric acid H3PO4 at 0 ppm. 11B chem-
ical shifts were referenced externally to boric acid H3BO3 saturated
aqueous solution, which was assigned a chemical shift of −19.49 ppm
with respect to boron trifluoride etherate (C2H5)2O·BF3 at 0 ppm.

3. Results

3.1. Network connectivity (NC)

Table 2 lists the network connectivity calculations for the fired glass
formulations. For both glass series, the addition of TiO2 contributing to
BO did not alter significantly the network connectivity regardless of
ZnO contribution of BO or NBO. In considering the contribution of TiO2

of NBO in the form of TiO6
2−, network connectivity decreased as TiO2

is increased, with lower connectivity achieved as ZnO contributed to
NBO as network modifier Zn2+.

3.2. X-ray diffraction (XRD)

Crystallinity of thefired glasseswas evaluatedusingXRD. The results
are shown in Fig. 1 for the silica-based series and in Fig. 2 for the borate-
based series. Results for SRT3 indicate no formation of crystal phases
during the firing process; however, SRT0, SRT1, SRT2 and SRT4 exhibit
sharp peaks, evidencing crystallinity in these glasses. XRD traces were
compared to the ICDD and the phase identified as Sodium Calcium
Phosphate Silicate Na2Ca4(PO4)SiO4 (Ref. 00-033-1229) in all cases. In
the case of the borate-based series, glasses with up to 5 mol% TiO2 ex-
hibited no crystal formation; however, at 10 mol% TiO2 peaks are ob-
served, becoming more pronounced at 15 and 20 mol% TiO2; partial
crystal phase of titanium oxide, TiO2 (Ref. 01-071-0650) was found in
BRT2, BRT3 and BRT4.

3.3. Particle size analysis (PSA)

Upon grinding and sieving each glass the average particle size was
assessed using PSA. As observed for the silica-based glass in Table 3,
the mean particle size ranges between 3 μm–6 μm. The borate glasses
have a mean particle size of around 9 μm.

3.4. Differential scanning calorimetry (DSC)

To determine the transition (Tg) and crystallization (Tx) tempera-
tures for each glass, DSC was employed and results are shown on
Table 4. A decrease in Tg for the silica-based glass series occurred with
an increase in TiO2 at the expense of SiO2 up to 5mol%. However, further
increase in the amount of TiO2 up to 20 mol% resulted in an increase in
Tg. In terms of Tx, increasing TiO2 from 0mol% up to 10 mol% translated
into a decrease in Tx, with subsequent increase as TiO2 increased to
20 mol%. For the borate-based glass series, Tg ranged between 520 °C
and 530 °C, with no significant changes with the addition of TiO2.
BRT0 (0 mol% TiO2) exhibited a Tg of 521 °C, reaching a maximum at
5 mol% TiO2 at 530 °C and a minimum at 10 mol% TiO2 at 520 °C. Tx
was significantly impacted by the addition of TiO2. Lowest Tx was
achieved for control BRT0 at 603 °C, increasing with addition of TiO2

up to 10 mol% at 670 °C, then steadily decreasing with addition of
TiO2, reaching 625 °C at 20 mol% of TiO2.

3.5. Energy dispersive spectroscopy (EDS)

Table 5 summarizes the element compositions for the silica- and the
borate-based glass series; EDS traces are shown in Fig. 3 for the silica-
based series, and in Fig. 4 for the borate-based series. For both series, in-
corporation of titanium into thematerials' structure is confirmed, and a
reduction in silica (for the silica-based series), and of boron oxide (for
the borate-based series) is observed. Silica was also found in the bo-
rate-based glasses, which resulted from using silica crucibles for firing
these glasses; however, mole percentage is less than 5.0% (less than
1.5% weight percentage), so its effect may be negligible.

3.6. Fourier transform infra-red (FTIR) spectroscopy

Absorbance spectra for the silica-based and borate-based glass series
are shown in Fig. 5 and Fig. 6, respectively. From the absorbance spectra
for the silica-based series, three peaks were observed, ~772 cm−1,

Table 5
Compositional analysis from EDS (mol%). Values in parentheses represent theoretical values.

Silica-based glass Borate-based glasses

Reagent SRT0 SRT1 SRT2 SRT3 SRT4 BRT0 BRT1 BRT2 BRT3 BRT4

TiO2
0.0 ±0.0 4.6 ± 0.1 9.0 ±0.2 13.4 ±0.2 22.8 ±0.1 0.0 ±0.0 2.7 ±0.1 3.6 ±0.2 7.6 ±0.3 10.7 ±0. 2

(0) (5) (10) (15) (20) (0) (5) (10) (15) (20)

SiO2
47.6 ±0.3 43.4 ±0.2 41.6 ±0.4 37.6 ±0.2 37.7 ±0.1 4.2 ±0.2 4.2 ±0.1 2.5 ±0.1 3.3 ±0.2 2.9 ±0.1

(52) (47) (42) (37) (32) (0) (0) (0) (0) (0)

B2O3

0.0 ±0.0 0.0 ±0.0 0.0 ±0.0 0.0 ±0.0 0.0 ±0.0 66.7 ±8.7 60.5 ±8.9 71.5 ±12.2 59.3 ±10.5 53.5 ± 6.0

(0) (0) (0) (0) (0) (52) (47) (42) (37) (32)

CaO
12.1 ±0.1 12.0 ±0.1 11.1 ±0.2 11.0 ±0.3 14.2 ±0.1 6.4 ±0.3 7.0 ±0.3 4.8 ± 0.3 6.2 ±0.2 7.1 ±0.1

(12) (12) (12) (12) (12) (12) (12) (12) (12) (12)

P2O2

5.4 ±0.1 4.8 ±0.1 4.7 ±0.1 4.8 ±0.1 6.1 ±0.1 2.4 ±0.1 3.0 ±0.1 2.2 ±0.1 3.0 ±0.1 3.3 ±0.1

(6) (6) (6) (6) (6) (6) (6) (6) (6) (6)

Na2O
18.1 ±0.2 19.2 ±0.2 18.3 ±0.2 18.3 ±0.2 18.5 ±0.1 10.0 ± 0.5 12.2 ±0.5 8.7 ±0.3 10.8 ±0.4 12.3 ±0.4

(14) (14) (14) (14) (14) (14) (14) (14) (14) (14)

ZnO
16.9 ±0.2 16.1 ±0.2 15.3 ± 0.2 14.8 ±0.2 0.7 ±0.1 10.3 ±0.4 10.5 ±0.4 6.6 ±0.2 9.8 ±0.4 10.3 ±0.3

(16) (16) (16) (16) (16) (16) (16) (16) (16) (16)

Table 4
DSC results for silica and borate-based glass series.

Tg(°C) Tx(°C) ΔT(°C) Tg(°C) Tx(°C) ΔT(°C)

SRT0 619 735 116 BRT0 521 603 82
SRT1 592 670 78 BRT1 530 625 95
SRT2 596 650 54 BRT2 520 670 150
SRT3 610 705 95 BRT3 523 633 110
SRT4 636 710 74 BRT4 528 625 97
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~928 cm−1 and ~991 cm−1. The 772 cm−1 band, belonging to Si–O–Si
bending bond [48], remained visible up until the addition of 15 mol%
TiO2 (SRT3), fading for 20 mol% TiO2 glass (SRT4), with the 991 cm−1

band, belonging to Si–O–Si stretched bond [48], present. This band
was also identified for SRT0 and SRT1, and at a lower wavenumber
(963 cm−1) for SRT3. Bond Si–O–NBO, centered around 928 cm−1

[48], showed no significant shift with the addition of TiO2. A summary
of the infrared (IR) assignments is listed in Table 6. For the borate-
based series, bands were encountered near 696 cm−1, 770 cm−1,
916 cm−1, 1010 cm−1, 1248 cm−1 and 1345 cm−1 (refer to Table 6
for the IR assignment). Peaks at 696 cm−1 and 770 cm−1 indicate the
presence of B–O–B bending bond [49], with absorbance intensity
decreasing consistently decreasing with the additional of TiO2. The
peak at 916 cm−1, belonging to stretching bond B–O in diborate groups
[49], maintained absorbance levels with the increase in the content of
TiO2, with slight shifts for BRT1 and BRT2, and significant shifts for
BRT3 (to 859 cm−1) and BRT4 (to 900 cm−1), compositions which
exhibited the crystallization of TiO2.

3.7. Magic-angle spinning-nuclear magnetic resonance spectroscopy
(MAS-NMR)

29Si and 31PNMR spectra for the silica-based series are shown in Figs.
7 and 8, respectively; 11B and 31P NMR spectra for the borate-based
glass series are shown in Figs. 9 and 10, respectively. A consistent

increase in chemical shift for 29Si, from −93.67 ppm (Q4) [50] at
0 mol% TiO2, is observed with the addition of TiO2 up to 15 mol% TiO2,
with a significant decrease at 20 mol%. Two peaks, ~4.26 ppm and
~2.60 ppm (Q0 and Q1, respectively) [50], are observed in the 31P spec-
tra for the silica-based glass series for TiO2 content at 0, 5 and 20 mol%,
whereas a single peak is observed at 10 and 15mol%. 11B NMRexhibited
three peaks, ~13.61 ppm, ~8.93 ppm and ~0.43 ppm, corresponding to
Q3 structures in the form of symmetric BO3, asymmetric BO3, and Q4

structures in the form of BO4 species, respectively [51], with chemical
shifts increasing with the addition of TiO2 up to 10 mol%, with BRT2
peaking at ~14.05 ppm, ~9.51 ppm and ~0.87 ppm, respectively; how-
ever, further addition of TiO2 and the presence of crystal phase TiO2 re-
sulted in a decrease in chemical shift to ~13.76 ppm, ~9.07 ppm and
~0.58 ppm, respectively, at 15mol%. At 20mol%, and with greater crys-
tallinity intensities, the chemical shift shifted to ~14.05 ppm, ~9.51 ppm
and ~0.73 ppm. For the borate-based glass series, the 31P NMR spectra
exhibits a single peak, ~4.82 ppm (Q0) [50], for all compositions, with
the chemical at the peak decreasing with the addition of TiO2 from 0
to 10 mol%, then increasing at 15 and 20 mol%.

4. Discussion

With respect to the silica-based series, amorphous glasses were
achieved for glass SRT3, which contains 15 mol% of TiO2, evidenced by
the amorphous hump found in the XRD traces; whereas partial crystal-
linity (i.e. the amorphous hump remained visible in the background of
the XRD traces, as exhibited by SRT3) was found for glasses SRT0,

Fig. 5. FTIR transmittance spectra for silica-based glasses.

Fig. 4. EDS traces for borate-based series.

Fig. 3. EDS traces for silica-based series.

Fig. 6. FTIR transmittance spectra for borate-based glasses.
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SRT1, SRT2 and SRT4, containing 0 mol%, 5 mol%, 10 mol% and 20 mol%
TiO2, respectively. XRD traces were compared to the ICDD database, and
identified as Sodium Calcium Phosphate Silicate Na2Ca4(PO4)SiO4 (Ref.
00-033-1229) in all cases. 31P NMR for the partially crystallized glasses
exhibited two peaks (~4.26 ppm and ~2.60 ppm), with the exception of
SRT2, which may be attributed to low intensity crystal peaks compared
to SRT0, SRT1 and SRT4; amorphous glass SRT3presented only one peak
(~4.71 ppm). The presence of the Sodium Calcium Phosphate Silicate
phase may explain the occurrence on the second peak (~2.60 ppm)
for the crystalline materials, accounting for Q1 tetrahedron (pyrophos-
phate) in Na2Ca4(PO4)SiO4, whereas the peak ~4.26 ppm and
~4.71 ppm indicates the presence of orthophosphate (Q0 tetrahedron)
[50], supporting the statement that P2O5 would enter the glass network
as a network modifier, rather than as a network former [46]. 29Si NMR
peak was located at −93.67 ppm for SRT0 (Q4), increasing as TiO2 is
added up to 15 mol% to−90.44 ppm, then decreasing to −96.90 ppm
for SRT4 at 20 mol%. Considering the crystal peak intensities, the de-
creased chemical shift in 29Si is observed with increased intensity, sug-
gesting that phase Na2Ca4(PO4)SiO4 promoted the formation of Q4

structures in the glasses.
As for the borate-based series, no crystallization occurred in glasses

with up to 10mol% TiO2, i.e. BRT0 and BRT1. Partial crystal phase of tita-
niumoxide TiO2 (Ref. 01-071-0650)was found in BRT2, BRT3 and BRT4,
indicating a possible saturation point for the addition of TiO2 to the con-
trol glass BRT0. Studies have been performed to determine the effect of
crystallinity on glass solubility and ion release [52], which points to-
wards amorphous materials providing better solubility and ion release
profiles compared against the homologous crystalline materials. As
coating materials, degradation behavior of these glasses is important

to bacterial inhibition and osseointegration promotion; therefore, fur-
ther studies on the degradation of these partially crystallized materials
would confirm how effective these materials are in releasing ions into
the body and would help quantify the effect of partial crystallinity for
these formulations. Comparing to the SRT results, 31P for the BRT series
presented only one peak for all glasses, centered at 4.82 ppm for BRT0,
corresponding to orthophosphate PO4

−3 (Q0 tetrahedron) [50], decreas-
ingwith the addition of TiO2 up to 10mol%, with BRT2 exhibiting a peak
at 2.71 ppm;however, the presence of crystallinity translated into an in-
crease to 2.74 ppm for BRT3, and further to 3.12 ppm for BRT4, correlat-
ing the increase in chemical shift with the increase in crystallinity
intensity. 11B NMR exhibited three peaks, ~13.61 ppm, ~8.93 ppm and
~0.43 ppm, corresponding to Q3 structures in the form of symmetric
BO3, asymmetric BO3, and Q4 structures in the form of BO4 species, re-
spectively [51]; furthermore, it was observed from FTIR the presence
of different boron-to-oxygen bonds, as shown in Table 6. It may be ar-
gued that the presence of TiO2 crystals perturbed stretching bond B–O
in diborate groups, but favoring these bonds for tri-, tetra- and
pentaborate groups, as the peak at 1010 cm−1 is only observed for the
control BRT0, then also in BRT3 and BRT4, with minor shifts to
990 cm−1 and 1000 cm−1, respectively. The maxima around

Fig. 8. 31P chemical shift for the silica-based glass series.

Fig. 7. 29Si chemical shift for the silica-based glass series.

Table 6
Infrared (IR) peak assignment for silica-based and borate-based glass spectra.

Wavenumber (cm-1) IR Assignment Reference

~771 Si–O–Si bond-bending
[48]~928 Si–O–NBO

~991 Si–O–Si bond-stretching
~696, ~770 B–O–B bond-bending vibrations

[49]
Ø represents 
oxygen atom 
bridging two 
boron atoms.

~916 B–O bond-stretching vibrations in BO4 units from diborate 
groups

~1010 B–Ø bond-stretching vibrations of BØ4
–tetrahedra from tri-

, tetra- and pentaborate groups
~1248 Asymmetric stretching vibration of B–O bonds from 

orthoborate groups
~1345 Asymmetric stretching modes of borate triangles BØ3 and 

BØ2O–NBO

Fig. 9. 11B chemical shift for the borate-based glass series.
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1248 cm−1 and 1345 cm−1, belonging to asymmetric stretching of B–O
bonds, remained unchanged up until 15 mol% TiO2, but experienced a
shift to 1232 cm−1 and 1306 cm−1 for BRT4, respectively, which may
be attributed to the presence of crystal phase TiO2 at higher concentra-
tion compared to BRT3. Provided the absence of IR peaks pertaining to
bonds of titanium, it suggests TiO2 behavior as a networkmodifier, rath-
er than a network former, for both silica-based and borate-based
glasses.

It was found that as TiO6
2− enter the glass network for the proposed

materials, a decrease of NC below 2 is expected, which by definition fa-
vors bioactivity, with Zn+2 contributing as well to the decrease in NC.
NBO disrupt the glass network by depolymerizing Si–O–Si and B–O–B
[53,54], which facilities ion release from the glass network, increasing
bioactivity [55], suggesting that TiO2 entering the glass network asmod-
ifier TiO6

2−, rather than as a former, allows for better bioactivity.
In treating the bioactive glasses for coating, the processing window

(ΔT) is defined by the range between Tx and Tg; a larger processingwin-
dow is more desirable as it allows for a wider range of temperatures in
which to process the glass [56]. The smallest processing window, 54 °C,
occurred for SRT2, making is less suitable for processing in terms of pro-
cessingwindow,whereas themaximumprocessingwindow, 116 °C, oc-
curred for SRT0. Greater processing windows were found for the BRT
series, with the smallest one (BRT0) at 82 °C and the largest one
(BRT2) at 150 °C. Crystallization temperatures for both glass series are,
however, below the β transus temperature for commercially pure (cp)
Ti (882 ± 2 °C) and Ti6Al4V (995 °C to 1010 °C) [57], two preferred
metals for implant applications; therefore, in coating titanium with
these glasses, noα to β transformationwill occur, preserving the oxida-
tion resistance in alpha phases compared to beta phases. With the in-
crease in TiO2 in the silica-based series, a decrease was observed in
the processing window ΔT up to 10mol%, with an increase with further
increase in TiO2. Increasing TiO2 beyond10mol% directly translated into
an increase in Tg and Tx, with the absence of crystal peaks in SRT3
resulting in a greater ΔT, attributed to higher energy required to pro-
mote the formation of new crystal structureswithin the glassymaterial,
thus increasing Tg. For the borate-based series, at 10mol%maximum Tx
was achieved, where low crystal peak intensities are first encountered
for this series; the addition of TiO2 beyond this point increased peak in-
tensities, which translated into decreased Tx (and subsequently ΔT). It
may be suggested that the presence of crystal phase TiO2 favored crys-
tallization, hence reducing Tx as TiO2 was increased beyond 10 mol%
in the borate-based series.

5. Conclusions

Incorporation of TiO2 to silica-based and borate-based glasses was
achieved through a standard glass-firing process and characterization
techniques were employed to evaluate the intrinsic features of these
glasses. MAS-NMR proved the role of P2O5 as a network modifier for
both glass series by evidencing only Q0 structures (and Q1 structures
for the silica-based glasses with crystal structures), whereas FTIR
proved the role of TiO2 as a networkmodifier by lack of peaks assignable
to titanium bonding. Upon characterization, the two glass series are ex-
pected to have potential as metal coatings owing to the favorable net-
work connectivity calculations, suggesting the glasses will degrade in-
situ and release ions at the site of implantation. Additionally, thermal
behavior of these glasses provided for processing windows which
make them suitable for enameling metallic implants, with the borate-
based series exhibiting greater processing windows over the silica-
based series. Moreover, further studies will provide additional insight
on the advantages and disadvantages of employing borate-based
glasses for coating applications in contrast to silica-based glasses,
expanding the range of applications of bioactive materials.
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