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Abstract: This study aims to investigate the solubility of a

series of titanium (TiO2)-containing bioactive glasses and

their subsequent effect on cell viability. Five glasses were

synthesized in the composition range SiO2–Na2O–CaO with 5

mol % of increments TiO2 substituted for SiO2. Glass solubil-

ity was investigated with respect to (1) exposed surface area,

(2) particle size, (3) incubation time, and (4) compositional

effects. Ion release profiles showed that sodium (Na1) pre-

sented high release rates after 1 day and were unchanged

between 7 and 14 days. Calcium (Ca21) release presented a

significant change at each time period and was also composi-

tion dependent, where a reduction in Ca21 release is

observed with an increase in TiO2 concentration. Silica (Si41)

release did not present any clear trends while no titanium

(Ti41) was released. Cell numbers were found to increase up

to 44%, compared to the growing control population, with a

reduction in particle size and with the inclusion of TiO2 in the

glass composition. VC 2014 Wiley Periodicals, Inc. J Biomed Mater

Res Part A: 103A: 709–720, 2015.
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How to cite this article: Wren AW, Coughlan A, Smith CM, Hudson SP, Laffir FR, Towler MR. 2015. Investigating the solubility
and cytocompatibility of CaO–Na2O–SiO2/TiO2 bioactive glasses. J Biomed Mater Res Part A 2015:103A:709–720.

INTRODUCTION

Bioactive glasses are a class of materials that were con-
ceived in the late 1960s by Prof. L. Hench at the University
of Florida. Bioactive glasses have been used to develop
numerous materials such as glass–ceramic scaffolds for
orthopedic applications1–3; glass polyalkenoate cements as
bone adhesives4–6 and glass microspheres for cancer treat-
ment.7–9 However, since their inception bioactive glasses
have been utilized primarily for skeletal augmentation or
repair10–12 as they stimulate osteogenesis in in vitro mod-
els.11,12 The most widely known bioactive glass, 45S5 Bio-
glass (Na2O–CaO–SiO2–P2O5), sees applications predominantly
in orthopedics as a bone void filler. Early studies on the original
45S5 Bioglass formulation determined that a permanent stable
bond to bone could be established in animal models, which has
led to Bioglass being marketed and applied in the medical field
as glass particulates and pastes.11,12

Bioactive glasses are characterized by the ability to
promote healing within the body owing to the dissolution
of the glass surface and ion exchange upon exposure to
physiological medium or body fluids.13,14 The precise
mechanism includes soluble Si being released into the
surrounding medium in the form of silicic acid owing to

ion exchange with H1 and H3O.
10 This subsequently

results in the precipitation of a carbonated hydroxyapatite
layer (HCA) after prolonged exposure to biological fluids.
This precipitated surface layer is regarded as being
responsible for the strong bond between the bioactive
glass and the host bone.14,15 It has also been established
that the ionic dissolution products from 45S5 Bioglass
and other silicate-based glasses can stimulate angiogenesis
and the expression of several genes of osteoblast cells.15

Therefore, developing materials intended for bone regen-
eration that upregulate the expression of genes that pro-
motes osteoblast biomineralization and osteocalcin
expression are greatly desired.16 A recent publication on
the genetic design of bioactive glasses by Hench hypothe-
sizes that the ionic dissolution products released from
bioactive glasses stimulate the genes of cells toward a
path of regeneration and self-repair. Since the discovery
of 45S5 Bioglass ability to bond to bone, a shift in think-
ing from interfacial bonding to bone regeneration has
evolved.17

However, prior to investigating either of these mecha-
nisms with novel bioactive glass compositions, a number of
characteristics of the glass need to be characterized and
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evaluated including glass structure, solubility and ion
release, surface area, pH changes, and preliminary studies in
established in vitro models. In relation to glass structure, it
has previously been determined that the concentration of
nonbridging oxygen (Si–O–NBO) species is directly related
to the solubility of the glass.18 Specific cations can play a
complex structural role in oxide glasses, allowing them to
influence the physical and chemical properties of the result-
ing glass.19,20 Although the glass structure can significantly
affect the dissolution, ion release, and pH, the exposed sur-
face area of the glass particulates can also significantly
affect the ion release.

The objective of this study is to characterize and deter-
mine any changes in the solubility of a series of titanium
(Ti)-containing glasses as TiO2 is substituted for SiO2. Ti has
been applied to numerous medical materials as it is known
to promote apatite formation on the material surfaces when
in contact with physiological fluids that is Ti-6Al-4V,21–23 Ti-
gels,14 coatings,24 and glasses.25–27 TiO2 is incrementally
added to the glass composition as there is a lack of under-
standing of the role of Ti within the human body. Ti metals
are well characterized and are regarded as being more bio-
logically acceptable that resist corrosion and ion-leaching
which results in nonimmunogenicity. It has also been cited
as being bioinert, and as having higher bone-healing qual-
ities than other medical grade metals.28 The Ti ion, however,
is not present naturally in the human body, and as such its
specific role is not well documented. There have been stud-
ies on the effect of Ti ion in cells such as monocytes/macro-
phages29 and leukocytes resulted in no significant changes
in cell viability.30 Additional studies in monocyte-derived
dendritic cells resulted in increased T-lymphocyte activity.31

Additionally, testing in cell lines more relevant to bone
(osteoblast like ROS) resulted in increased expression of
alkaline phosphatase, osteopontin, and osteonectin, and
hence indicating their role as promoters of osteoblast differ-
entiation.32,33 Ion concentration from these studies cite that
the 0.1–10 ppm Ti levels did not significantly alter cell via-
bility; however, decreases were evident when the concentra-
tion reached 20 ppm.34

With respect to this study, a number of important char-
acteristics pertaining to ion release will be investigated, that
is glass composition, particle size, exposed surface area, and
incubation time. It is generally accepted that by reducing
the particle size, the surface area increases and there is an
associated increase in particle surface dissolution. Also, this
study examines whether the changes in the exposed surface
area of the glass particles (with the same particle size
range) result in significant changes in ion release. Both of

these effects will be investigated as a function of incubation
time in aqueous media and also as a function of glass com-
position. The effects of these parameters will be investigated
by monitoring any changes in pH, glass composition, and
the subsequent effect on cytocompatibility.

MATERIALS AND METHODS

Glass synthesis
Five glass compositions were formulated for this study with
the principal aim of investigating the substitution of SiO2

with TiO2 throughout the glass series. A CaO–Na2O–SiO2

glass was used as a control (Con.), whereas the experimen-
tal glasses denoted TW-I, TW-II, TW-III, and TW-IV contain
incremental concentrations of TiO2 at the expense of SiO2.
Glasses were prepared by weighing out appropriate
amounts of analytical grade reagents and ball milling (1 h).
The mix was then oven dried (100�C, 1 h) and fired
(1500�C, 1 h) in a platinum crucible and shock quenched
into water. The resulting frit was dried, ground, and sieved
to retrieve glass powders with particle size of <45 lm and
between �90–710 lm, which is the particle size range of
Bioglass (Table I).

Glass characterization
X-ray diffraction. Diffraction patterns were collected using
a Philips Xpert MPD Pro 3040/60 X-ray Diffraction Unit
(Philips, The Netherlands). Disk samples (32 mm Ø 3 3
mm) were prepared by pressing a selected glass powder
(<45 lm) into a backing of ethyl cellulose (8 ton, 30 s).
Samples were then placed on spring-back stainless steel
holders with a 10-mm mask and were analyzed using Cu
Ka radiation. A generator voltage of 40 kV and a tube cur-
rent of 35 mA were employed. Diffractograms were col-
lected in the range 10�<2h<70� , at a scan step size of
0.0083� and a step time of 10 s. Any crystalline phases
present were identified using JCPDS (Joint Committee for
Powder Diffraction Studies) standard diffraction patterns.

Differential thermal analysis. A combined differential ther-
mal analyzer–thermal gravimetric analyzer (DTA-TGA) (Stan-
ton Redcroft STA 1640, Rheometric Scientific, Epsom, United
Kingdom) was used to measure the glass transition temper-
ature (Tg) for each glass. A heating rate of 10�C/min was
employed using an air atmosphere with alumina in a
matched platinum crucible as a reference. Sample measure-
ments were carried out every 6 s between 30 and 1300�C.

Surface area determination. To determine the surface area
of the glasses, the advanced surface area and porosimetry,
ASAP 2010 System analyzer (Micrometrics Instrument, Nor-
cross, GA) was employed. Approximately, 60 mg of each set
glass was used to calculate the specific surface areas, 1 m2,
using the Brunauer–Emmett–Teller method where n 5 3
measurements were taken for each sample.

Particle size analysis. Particle size analysis was conducted
on the <45 lm particles using a Beckman Coulter Multi-
sizer 4 Particle size analyzer (Beckman Coulter, Fullerton,

TABLE I. Composition of Glass Series (Mol. Fraction)

Con. TW-I TW-II TW-III TW-IV

SiO2 0.50 0.45 0.40 0.35 0.30
TiO2 0.00 0.05 0.10 0.15 0.20
Na2O 0.18 0.18 0.18 0.18 0.18
CaO 0.32 0.32 0.32 0.32 0.32

710 WREN ET AL. INVESTIGATION OF THE SOLUBILITY OF A SERIES OF TITANIUM
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CA). Glass powder samples were evaluated in the range of
0.4–100.0 lm with a run length of 60 s, with 30 k counts
per measurement. The suspension fluid used was a NaCl
solution at a temperature range between 10 and 37�C. The
relevant volume statistics were calculated on each glass.

Sample preparation
Preparation of extracts. Liquid extracts were used for eval-
uating ion release profiles, changes in pH, and cell culture
studies. This was achieved by immersing 1 and 3 m2 of
glass in 10-mL sterile deionized water for 1, 7, and 14 days.
Approximately, 50 g of each glass (Con., TW-I, TW-II, TW-III,
and TW-IV) was sterilized using g-irradiation at 25kGray
(Isotron, Mayo, Ireland) prior to forming cell-culture
extracts. Samples (n 5 3) were aseptically immersed in
appropriate concentrations of sterile deionized water and
agitated at (37 6 2�C) for 1, 7, and 14 days. For cytotoxicity
testing, 100 lL of aliquots (n 5 3) of extract were removed
after each time period by centrifugation.

X-ray photoelectron spectroscopy sample preparation. Samples
were prepared for X-ray photoelectron spectroscopy (XPS)
analysis by immersing 1 m2 surface area of each glass, Con.,
TW-I, TW-II, TW-III, and TW-IV in 10 mL of sterile deionized
water. Samples (n 5 3) were agitated at (37 6 2�C) for 1,
7, and 14 days after which water was removed by centrifu-
gation and the glass powder dried for 24 h at 37 6 2�C in
an air-assisted oven. Dried powder samples were analyzed
using XPS to determine any changes in composition with
respect to maturation in an aqueous environment.

Atomic absorption spectroscopy
The sodium (Na), silica (Si), calcium (Ca), and titanium (Ti)
concentration of the water extracts that contained the glass
particles for 1, 7, and 14 days were measured using an Atomic
Absorption Spectrometer (Varian SpectrAA-44-400). Standard
solutions were used for calibration of the system. NaCl was
added to Sr and Na solutions, whereas LaCl was added to Ca
solutions to inhibit ionization of these elements. Three meas-
urements were taken from each aliquot to determine the mean
concentration of each element for each incubation period.

pH analysis. Changes in pH of solutions were monitored
using a Corning 430 pH meter. Prior to testing, the pH meter
was calibrated using pH buffer solution 4.00 6 0.02 and 7.00
6 0.02 (Fisher Scientific, Pittsburgh, PA). Sample solutions
were prepared by exposing glass samples (1 and 3 m2 surface
area, n 5 3) in 10 mL of sterile deionized water. Three sam-
ples were measured for each time period and were recorded
at 0, 1, 7, and 14 days. Sterile deionized water was used as a
control and was measured at each time period.

X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was performed in a Kratos
AXIS 165 spectrometer (Kratos Analytical, Manchester,
United Kingdom) using monochromatic Al Ka radiation (ht
5 1486.6 eV). Glass powder was investigated after each
incubation period (1, 7, and 14 days). Surface charging was

minimized by flooding the surface with low-energy elec-
trons. The C 1s peak of adventitious carbon at 284.8 eV was
used as a charge reference to calibrate the binding energies.
High-resolution spectra were taken at pass energy of 20 eV,
with step size of 0.05 eV, and 100 ms of dwell time.

In vitro assessment of glass extracts
The established cell line L-929 (American Type Culture collec-
tion CCL 1 fibroblast, NCTC clone 929) was used in this study
as required by ISO10993 part 5. Cells were maintained on a
regular feeding regime in a cell-culture incubator at 37�C/5%
CO2/95% air atmosphere. The culture media used was M199
media (Sigma Aldrich, Ireland) supplemented with 10% of
fetal bovine serum (Sigma Aldrich, Ireland) and 1% (2 mM) L-
glutamine (Sigma Aldrich, Ireland). The cytotoxicity of liquid
extracts was evaluated using the methyl tetrazolium (MTT)
assay in 24-well plates. In brief, 100 lL aliquots of undiluted
extract from (particles: 1 m2 45 lm, and 1 m2 710 lm) were
added into wells containing L929 cells in culture medium in
triplicate. The prepared plates were incubated for 24 h at
37�C/5% CO2. The MTT assay was then added in an amount
equal to 10% of the culture medium volume/well. The cul-
tures were then reincubated for a further 2 h (37�C/5% CO2).
Next, the cultures were removed from the incubator and the
resultant formazan crystals were dissolved by adding an
amount of MTT solubilization solution (10% Triton x-100 in
acidic isopropanol [0.1 n HCI]) equal to the original culture
medium volume. Once the crystals were fully dissolved, sam-
ples were transferred to 96-well plates and the absorbance
was measured at a wavelength of 570 nm. In brief, 100 lL
aliquots of sterile deionized water were used as controls, and
cells were assumed to have metabolic activities of 100%.

Statistical analysis
Correlation coefficients were calculated using OriginPro 8SR2
2008 and were determined to investigate any relationship
between Ti concentration within the glass (composition) and
ion release (Si41, Ca21, and Na1) at each time period that is 1,
7, and 14 days. One-way analysis of variance (ANOVA) was con-
ducted using SPSS Statistical Software Ver. 17.0 2008 to deter-
mine any changes in ion release levels with respect to glass
composition (Control vs. TW-IV), pH as a function of glass com-
position (Control vs. TW-IV), and maturation in aqueous media
(0–14 days). Additionally, statistical comparisons were con-
ducted to determine if significant changes in cell viability were
evident between a growing control cell population and each
glass composition at 1, 7, and 14 days. Comparison of relevant
means was performed using the Bonferroni post hoc test. Differ-
ences between groups were deemed significant when p � 0.05.

RESULTS

Structure of Ti-glass series
Each glass was initially characterized using X-ray diffraction
(XRD) and differential thermal analysis (DTA). XRD data are
shown in Figure 1 and are conducted on glass samples before
and after g-sterilization to determine any changes or evolution
of crystal phases. As shown in Figure 1(a), it is evident that
each glass is fully amorphous with the exception of TW-IV,

ORIGINAL ARTICLE
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which has a single diffraction peak at 33 �2h. Poststerilization
[Fig. 1(b)], each glass was amorphous with the exception of
TW-IV, which had diffraction peaks at 33 �2h, 47 �2h, and 59
�2h which were identified as CaTiO3. DTA was also conducted
on each of the glasses and the thermal profiles are shown and
summarized in Figure 2 and Table II. As summarized in Table
II, it is evident that the addition of TiO2 results in a decrease in
the glass transition temperature (Tg). The Tg was found to
reduce from 594�C (Con) to 570�C (TW-IV) as the TiO2 concen-
tration is increased from 0 to 20 mol %. A similar trend was
observed with the crystallization temperature (Tc) where a
decrease in Tc was evident from 712 to 655�C (Con 2 TW-IV)
with the addition of TiO2. The melting temperature (Tm) did not
present a clear trend and ranged from 1146 to 1198�C. Specific
surface area was determined for both particle size ranges
where 45 lm 5 0.85 6 0.012 m2/g and 710 lm 5 0.13 6

0.002 m2/g. Particle size analysis was performed on each of the
<45 lm glass compositions (Table III) where the mean glass
particle sizes were 2.9 lm (Con), 4.1 lm (TW-I), 4.0 lm (TW-II),
3.4 lm (TW-III), and 3.7 lm (TW-IV). Statistical comparisons
between each glass composition did not determine any signifi-
cant difference in particle size (p 5 0.192–1.000).

Effect of particle size and exposed surface area on ion
release
Investigating 710 lm ion release profiles. Ion release data
are presented with respect to (1) exposed surface area, (2)

maturation, (3) glass composition, and (4) particle size. Fig-
ure 3 shows the ion release profiles of the 710-lm particles
for each glass after 1, 7, and 14 days, respectively. Calcium
(Ca21) release is shown in Figure 3(a) (1 m2) and Figure
3(b) (3 m2). Figure 3(a) shows 1 m2 exposed surface area
where Ca21 release ranged from 0 to 4 mg/L (1 day), 3–12
mg/L (7 days), to 6–29 mg/L for 14 days. Figure 3(b)
shows 3 m2 surface area data, where Ca21 release ranged
from 2–9 mg/L (1 day), 4–21mg/L (7 days), to 6–30 mg/L

FIGURE 1. XRD traces of (a) pre-g-irradiated glass and (b) post-g-irradiated glass.

FIGURE 2. Thermal profiles of Ti-glass series.

712 WREN ET AL. INVESTIGATION OF THE SOLUBILITY OF A SERIES OF TITANIUM
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for 14 days. Ca21 release was found to reduce with increas-
ing TiO2 concentration (Con 2 TW-IV) in the glass. Sodium
(Na1) release is shown in Figure 3(c) for the 1 m2 surface
area where release rates ranged from 11–17 mg/L (1 day),
21–33 mg/L (7 days), to 16–38 mg/L for 14 days, Figure
3(d) shows Na1 release with greater exposed surface area
(3 m2). Na1 release ranged from 18–34 mg/L (1 day), 24–
46 mg/L (7 days), to 32–43 mg/L for 14 days. Na1 did not
present any specific trend with respect to glass composition.
Si41 release profiles are shown in Figure 3(e,f). Figure 3(e)
shows the 710 lm 1m2 data which show Si41 release which
ranged from 7–25 mg/L (1 day), 18–49 mg/L (7 days), to
12–32 mg/L after 14 days. Figure 3(f) shows the 3m2 sur-
face area data which ranged from 11–20 mg/L (1 day), 20–
60 mg/L (7 days), to 20–41 mg/L for 14 days. Si41 release
did not present predictable release profiles when compared
to Ca21.

Investigating 45 lm ion release profiles
Ion release profiles for the 45-lm particle size for each

glass are shown in Figure 4. Figure 4(a) presents the 45-lm
1 m2 particles where Ca21 release ranged from 1–45 mg/L
(1 day), 3–60 mg/L (7 days), to 7–64 mg/L for 14 days. Fig-
ure 4(b) shows the 3 m2 particles where Ca21 release
ranged from 3–38 mg/L (1 day), 4–49 mg/L (7 days), to 4–
69 mg/L for 14 days. With respect to Ca21 release, the Con
was the most soluble and TW-IV was the least soluble. Na1

release is shown in Figure 4(c) for the 1 m2, 45 lm particle
size which ranged from 43–58 mg/L (1 day), 61–79 mg/L
(7 days), to 65–76 mg/L after 14 days. Figure 4(d) shows
the Na1 release from 3 m2 surface area where release levels
ranged from 102–128 mg/L (1 day), 131–149 mg/L (7
days), to 143–159 mg/L for 14 days. With respect to Na1

release, the increase in surface area presented an increase
in ion release rate. Si41 release is shown in Figure 4(e) for
1 m2 surface area which ranged from 23–56 mg/L (1 day),
22–76 mg/L (7 days), to 25–58 mg/L after 14 days. Figure
4(f) shows 3m2 surface area where Si41 levels ranged from
33–60 mg/L (1 day), 33–83 mg/L (7 days), to 33–71 mg/L

for 14 days. No observable trend was evident based on the
difference in glass composition.

Effect of ion release on pH, glass composition, and cell
viability
Any change in pH was recorded and is summarized in Tables
IV and V, in addition to relevant statistical comparisons. Table
IV summarizes the pH values for the 710 lm 1 m2, which
shows that the pH ranged between 9.9 and 11.0, whereas
Table V summarizes the pH values for the 710 lm 3 m2,
which ranged from 10.2 to 11.1. A similar trend is observed
with the 45 lm 1 m2 particles (Table VI), which shows a
slightly higher pH range of 10.4–11.5. Table VII summarizes
the 45 lm 3 m2 particles, which shows a similar pH distribu-
tion of 10.4–11.7. There were no observable trends with
respect to pH, as the pH changes showed little difference in
all samples between 0 and 14 days for each glass composi-
tion. To investigate any changes in composition as a function
of incubation time, XPS was performed on the dried glass
powders (Fig. 5). Figure 5 shows compositional data of Con,
TW-II, and TW-IV after 0, 1, 7, and 14 days of incubation in
sterile deionized water. As shown in Figure 5(a) after 1 day,
the Si41 concentration was found to decrease, whereas the
Na1 concentration increases. However, after 7 days, the Si41

levels increase, whereas the Na1 levels reduce, which then
remains constant until 14 days. This trend is also shown in
Figure 5(b,c). Cytotoxicity testing was conducted using L929
fibroblasts on the 1 m2 710 lm and 45 lm glass particles in
that were immersed in liquid extracts for 1, 7, and 14 days.
Figure 6(a,b) shows cell-culture results which suggest that (1)
glasses with increased Ti41 concentration present higher cell
viability, and (2) the 45 lm particles presented overall higher
cell viability than the 710 lm particles. The highest cell viabil-
ity was determined for TW-IV (129%) at 1 day for the 710
lm, and also the 45 lm TW-IV at 14 days which presented
cell viability of 44% higher than the growing cell population.

DISCUSSION

Structure of Ti-glass series
This glass series was synthesized to investigate how surface
area, particle size, and incubation time affect the solubility
of SiO2–CaO–Na2O glasses as SiO2 is substituted with TiO2.
Studies on the solubility of Bioglass have been previously
published; however, this study investigates specifically how
the addition of TiO2 affects the ion release/solubility and
related bioactivity. Prior to determining the solubility of
each of the glasses, a preliminary study into the glass struc-
ture was conducted to determine any changes as a function
of TiO2 incorporation. XRD presented predominantly amor-
phous materials (Fig. 1); however, a low degree of crystal-
linity was evident in the higher TiO2-containing glasses
where the addition of the crystal phases is likely owing to
g-irradiation exposure. DTA (Fig. 2 and Table II) presented
the differences in thermal characteristics with an increase
in TiO2 concentration. The reduction of the Tg and Tc with
the increase in TiO2 concentration may be attributed to the
depolymerization of SiAOASi bonds within the glass net-
work, which suggests that TiO2 is acting predominantly as a

TABLE II. Thermal Characteristics (�C) of Glass Series

Including Tg, Tc, and Tm

Tg Tc Tm

Con. 594 712 1154
TW-I 594 711 1146
TW-II 586 704 1197
TW-III 580 708 1198
TW-IV 570 655 1175

TABLE III. Mean Particle Size and S.D. of <45 lm Glass

Particles

Mean (lm) S.D.

Con. 2.97 1.06
TW-I 4.11 1.26
TW-II 4.02 1.34
TW-III 3.40 0.99
TW-IV 3.74 1.16
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network modifier. The previous studies on CaO–SrO–ZnO–
SiO2/TiO2 glasses by the authors support these findings by
utilizing XPS and Raman spectroscopy in addition to ther-
mal analysis.20

Effect of particle size and exposed surface area on ion
release
Investigating 710 lm ion release profiles. Calcium (Ca21)
release is an important ion to consider as it is known to

promote dissolution of the glass particles in addition to
being essential for encouraging precipitation of bioactive
calcium phosphate surface layer.14,18 Additionally, Ca21 is
cited to favor osteoblast proliferation, differentiation, and
extracellular mineralization in addition to activating Ca-
sensing receptors in osteoblast cells increasing the expres-
sion of growth factors.15 It is initially evident that the Ca21

release [Fig. 3(a)] is highly dependent on the composition of
the glass. As the TiO2 concentration increases, the Ca21

FIGURE 3. Ion release profiles of 710 lm glass extracts exposed to (a) 1 m2 and (b) 3 m2 surface area.
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release rate decreases. For 1-day samples, the Ca21 release
rates presented a correlation coefficient (R2 5 0.95), sug-
gesting that the release rate is highly dependent on the
composition, where 7 and 14 days presented R2-values of
0.80 and 0.83, respectively. The 3 m2 [Fig. 3(b)] surface
area shows a similar trend to the 1 m2 data set [Fig. 3(a)];
however, the Ca21 release is higher, which is likely owing to
the increase in exposed surface area. Similar to the 1 m2,
the Con glass displayed the highest Ca21 release rate at
each time period and correlation coefficients were R2 5

0.84 (1 day), 0.87 (7 days), and 0.83 (14 days). When statis-
tically comparing the Con (Ti free) glass to TW-IV (highest
Ti-containing glass), there was found to be a significant
reduction in Ca21 release for both the 1 m2 at each time
period, 1 day (p 5 0.027), 7 days (p 5 0.012), and 14 days
(p 5 0.034), and the 3 m2 surface area, also at each time
period, 1 day (p 5 0.000), 7 days (p 5 0.000), and 14 days
(p 5 0.005). From the 1 m2 Na1 release profiles [Fig. 3(c)],
it is evident that there is an increase in Na1 release after 1
day; however, little difference exists between 7 and 14 days,

FIGURE 4. Ion release profiles of 45 lm glass extracts exposed to (a) 1 m2 and (b) 3 m2 surface area.
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suggesting that the majority of Na1 release is experienced
after 1 day. As shown in Figure 3(d), it is clear that the
increase in exposed surface area results in minor changes in
the Na1 release. Means comparison testing between Con
and TW-IV was determined to be significant only at 7 days,
with 3 m2 surface area (p 5 0.047). Silica (Si41) release is
also considered as it is known to have a number of positive
effects when introduced into the human body.15 Si41 is
known to be essential for the formation and calcification of
bone tissue and is known to increase bone mineral density.
Aqueous Si41 is also known to induce HAp precipitation
and Si(OH)4 stimulates collagen I formation and osteoblastic
differentiation.15 Si41 release profiles did not present any
predictable trends with either the 1 or the 3 m2 [Figure
3(e,f)]. There were minor differences evident with Si41

release with respect to increases in exposed surface area;
however, no observable trend was evident. Si41 release
from Bioglass (with similar particle size, �710 lm) deter-
mined levels at 5 mg/L after 1 day, 20 mg/L at 7 days, and
45 mg/L after 30 days,35 which presents a similar ion
release distribution with regard to this study; however, the
effect of 30-day incubation has not yet been conducted for
our samples which makes direct comparison difficult. Stud-
ies by Talo et al.36 determined that Ca21 and PO32

4 ion
release was greatly affected by the addition of TiO2 (particu-
larly, >10 mol %), Si41 release was found to be a continu-
ous process and less dependent on TiO2 concentration,
which supports the findings within this study.

Investigating 45 lm ion release profiles
Ca21 release [Fig. 4(a)] presents a similar trend to the

Ca21 release profiles shown in Figure 3 in which a decrease
in Ca21 release is evident as the TiO2 concentration in the
glass increased. The R2-values presented a strong correlation
coefficient of R2 5 0.96 (1 day), 0.94 (7 days), and 0.91 (14
days), suggesting a strong dependency on glass composition.
Also, the 3 m2 [Fig. 4(b)] Ca21 release presented a similar
trend to the 1 m2 data [Fig. 4(a)], R2-values of 0.94, (1 day),
0.76 (7 days), and 0.94 (14 days); however, minor difference

in Ca21 levels was observed, even as the exposed surface
area was increased threefold. When statistically comparing
the Con glass to TW-IV, a significant reduction in Ca21 release
for both the 1 m2 at each time period, 1 day (p 5 0.000), 7
days (p 5 0.001), and 14 days (p 5 0.000), and for the 3 m2,
also at each time period, 1 day (p 5 0.002), 7 day (p 5

0.000), and 14 days (p 5 0.000) was observed. With respect
to the previous studies on Bioglass, Ca21 levels ranged from
7.5 mg/L (1 day), 10 mg/L (7 days), to 16 mg/L (30 days),35

which are comparable to the Ca21 release rates from these
glasses. A recent review by Hoppe et al.15 cites that low (3–7
mg/L) and medium (10–14 mg/L) Ca21 concentrations are
suitable for osteoblast proliferation, differentiation, and
extracellular matrix formation, whereas higher Ca21 concen-
trations (18 mg/L) are cytotoxic. Also, a previous study by
Talo et al.36 on sol–gel-derived xerogels investigated Ti41

effect on ion release. This study determined that the incorpo-
ration of TiO2 resulted in improving sol–gel stability and that
the release of Ca21 and PO32

4 ions was highly dependent on
TiO2 concentration. Stability was achieved as hydration sus-
ceptible PAOAP bonds were partially replaced by hydration-
resistant PAOATi. As Ti41 ions have a small ionic radius and
a large electric charge, they can be easily integrated into the
glassy network and form stronger PAOATi bonds compared
to PAOAP bonds.36 It may also be possible that the large
electric charge of the Ti41 ion is charge compensated prefer-
entially by Ca21, which would explain the reduction in Ca21

release as the TiO2 concentration increases. It can be deter-
mined from the Ca21 release data, and statistical compari-
sons, that the inclusion of Ti41 greatly reduces Ca21

solubility from these glasses.
Na1 release [Fig. 4(c)] from the 1 m2 45 lm particle

size resulted in a much higher release rate than the 1 m2

710 lm particle size. The highest Na1 release rate attrib-
uted to the 3 m2 [Fig. 4(d)] was attributed to the Con after
14 days (159 mg/L). Regarding Na1 release, mean compari-
son between Con and TW-IV reached significance only for
1 m2, 1 day (p 5 0.048), 3 m2 1 day (p 5 0.036), and 3 m2

TABLE IV. pH Values of 710 lm 1 m2

Con. TW-I TW-II TW-III TW-IV Con versus TW-IV

0 10.4 (0.12) 10.4 (0.09) 10.0 (0.24) 10.0 (0.16) 9.97 (0.02) 0.041*
1 Day 10.6 (0.06) 11.0 (0.06) 10.8 (0.19) 10.1 (0.04) 10.3 (0.05) 0.057
7 Day 10.7 (0.09) 11.0 (0.12) 10.8 (0.09) 10.3 (0.06) 10.3 (0.03) 0.002*
14 Days 10.5 (0.24) 11.0 (0.08) 10.7 (0.13) 10.5 (0.05) 10.4 (0.15) 1.000
0 Versus 14 days 1.000 0.000* 0.009* 0.001* 0.001*

TABLE V. pH Values of 710 lm 3 m2

Con. TW-I TW-II TW-III TW-IV Con versus TW-IV

0 10.6 (0.15) 10.6 (0.02) 10.4 (0.15) 10.4 (0.07) 10.4 (0.06) 0.267
1 Day 10.9 (0.02) 11.1 (0.04) 10.9 (0.11) 10.5 (0.07) 10.7 (0.10) 0.064
7 Day 10.9 (0.14) 11.0 (0.15) 11.0 (0.11) 10.4 (0.13) 10.2 (0.33) 0.025a

14 Days 10.8 (0.10) 11.1 (0.09) 11.0 (0.09) 10.8 (0.05) 10.4 (0.19) 0.021a

0 Versus 14 days 0.142 0.001a 0.006a 0.003a 1.000

asignificant at p � 0.05.
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7 day (p 5 0.003). The Na1 release profiles demonstrated
here are slightly lower than Bioglass which ranges from 190
to 270 mg/L after 30 days35; however, if tested at 30 days,
the Na1 release from these glasses may reach similar levels.
Na1 is known to be an important ion in the dissolution of
bioactive glasses as it promotes depolymerization of
SiAOASi bonds within the glass network, which in turn
promotes the ion exchange process.18 It is also possible that
the Na1 release is slowing down if it is approaching its sol-
ubility limit. Si41 release [Fig. 4(e,f)] profiles demonstrate
that an increase in exposed surface area results in little
change in Si41 release. Additionally, with respect to Si41

release, there were no clear predictable trends observed
with respect to changes in glass composition. Irrespective of
each of the above parameters (particle size, surface area,
composition, and incubation time) no Ti41 was released
from any of the glasses, or the release rate was below the
detection limit of the instrument. The previous studies on
phosphate-based glass incorporating TiO2 found that by
increasing the TiO2 concentration, it resulted in an increase
in Tg

28 which is in contrast to the findings presented here,
but may support finding by Talo et al. which suggests that
the PAOATi bonds are more resistant to hydration break-
down.36 Also, there was an associated reduction in the deg-
radation rate and ion release of the glasses which was
attributed to anincrease in density. This resulted in a reduc-
tion in all ions released from the glass.28 With respect to
this study, however, only Ca21 ion release is directly
affected. Abu Neel et al. also investigated Ti41 ion release
from P2O5–CaO–Na2O glasses which contained up to 15 mol
% of TiO2 substituted for Na2O and determined low-release
rates ranging from 0.0060 to 0.0015 ppm.37 It has been
observed, however, that by substituting CaO with ZnO/SrO,
Ti41 ion release increases, where 1 mol % of SrO increases
Ti41 release from 0.0053 to 0.0617 ppm.38

Effect of ion release on pH, glass composition, and cell
viability. The effect of ion release can be documented by
measuring the pH of the incubation media, by examining any
changes in glass composition and evaluating the subsequent

effect on cell viability. The measurements of pH for the 710 lm
1 m2 (Table IV) presents minor changes with respect to glass
composition (Ti concentration) and maturation (0–14 days).
Significant changes were evident with respect to composition,
regarding Con versus TW-IV at 0 day (p 5 0.041), and 7 days
(p 5 0.002). Significant differences were also evident with the
Ti-containing glasses with respect to maturation at 0 versus 14
day, (p 5 0.000–0.009). Similarly, the increase in exposed sur-
face area (3 m2, Table V) was found to have little effect on the
pH. These pH effects are likely owing to TiO2 restricting the
Ca21 release from the glass, as Na21 and Si41 release profiles
are consistent, where, as the Ca21 release levels begin to
reduce (Con vs. TW-IV), there is an associated reduction in pH,
which is significant at longer incubation time periods, 7 days
(p 5 0.025) and 14 days (p 5 0.025). The 45 lm particles 1
m2 (Table VI) also presented insignificant changes with respect
to composition (Con vs. TW-IV), with the exception of the 1-day
samples (p 5 0.031). There was no significant difference with
respect to time (0–14 days) for all glasses. Additionally, the 3
m2 (Table VII) surface area did not demonstrate a significant
change in pH with respect to glass composition (Con vs. TW-
IV), with the exception of 14-day samples (p 5 0.000). There
were minor significant changes determined with respect to
maturation (0 vs. 14 days) for the Con (p 5 0.000), TW-I (p 5

0.000), and TW-II (p 5 0.001). No significant differences were
determined for TW-III (p 5 0.510) and TW-IV (p 5 1.000).

Analysis of the glass composition (Fig. 5) showed a
reduction in Si41 release and increase in Na1 release at 1
day, which may be owing to soluble Si41 being released
from the glass particle surfaces, which could result in an
increase in the detection of Na1 levels. It was also observed
that Si41 levels increase at 7 days, whereas Na1 levels were
found to decrease. The precise mechanism is difficult to cor-
roborate with ion release data as Na1 levels remain con-
stant, whereas Si41 do not present any specific trend. Ca21

levels were found to remain constant in the Con composi-
tion with no titanium (Ti41). With TW-II and TW-IV it is evi-
dent that with the addition of Ti41 the Ca21 levels increase
in the glass for more than 7 and 14 days in particular,

TABLE VI. pH Values of 45 lm 1 m2

Con. TW-I TW-II TW-III TW-IV Con versus TW-IV

0 10.9 (0.13) 10.9 (0.01) 10.9 (0.14) 10.7 (0.05) 10.7 (0.15) 0.683
1 Day 10.9 (0.02) 11.5 (0.13) 11.1 (0.06) 10.7 (0.09) 10.6 (0.13) 0.031*
7 Days 10.6 (0.09) 11.5 (0.04) 11.0 (0.06) 10.7 (0.09) 10.4 (0.11) 0.067
14 Days 10.6 (0.16) 11.1 (0.10) 11.0 (0.08) 10.7 (0.06) 10.5 (0.08) 1.000
0 Versus 14 days 0.064 0.053 1.000 1.000 0.487

TABLE VII. pH Values of 45 lm 3 m2

Con. TW-I TW-II TW-III TW-IV Con versus TW-IV

0 11.0 (0.05) 11.1 (0.13) 11.0 (0.03) 10.9 (0.05) 10.9 (0.21) 0.905
1 Day 10.9 (0.10) 11.7 (0.08) 11.4 (0.07) 11.1 (0.07) 10.9 (0.05) 1.000
7 Day 10.9 (0.03) 11.6 (0.04) 11.0 (0.05) 11.0 (0.17) 10.7 (0.17) 0.398
14 Days 10.4 (0.05) 11.4 (0.06) 11.2 (0.03) 11.1 (0.06) 10.8 (0.04) 0.000a

0 Versus 14 days 0.000a 0.000a 0.001a 0.510 1.000

aSignificant at p � 0.05.
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which corroborate ion release data where Ca21 release is
restricted by the addition of Ti41.

Cell viability analysis conducted on 710 lm glass [Fig.
6(a)] determined that when comparing the growing cell
population to each glass, no significant difference was
determined for the Con glass (p 5 0.222–1.000) or TW-II (p
5 0.497–1.000) at any time period. The highest Ti-
containing glass, TW-IV, presented a significant increase in
cell viability, 29% above the growing control cell popula-
tion, after 1 day (p 5 0.016), but no significant difference
was observed at 7 days (p 5 1.000) or 14 days (p 5

1.000). Figure 6(b) shows the 45 lm particles’ cell-culture
results which show that cell viability is observed to
increase with an increase in Ti41 concentration. When
comparing the control cell population to each glass compo-
sition at each time period, no significant difference was
determined for the Con glass (p 5 0.501–1.000) or TW-II (p
5 0.144-1.000) at any time period. TW-IV also presented

no significant difference at 1 day (p 5 0.109) and 7 days
(p 5 1.000); however, TW-IV at 14 days presented a signifi-
cant (p 5 0.006) increase in cell viability, 44% above the
growing control cell population. Similar studies on Bioglass
particles of the same size distribution presented cell viabil-
ity of �80% after 1, 7, and 30 days.35 This finding sup-
ports earlier claims by Hoppe et al.15 that excessive Ca21

release may be toxic to growing cells. This is evident
within this study as the incorporation of TiO2 in these
glasses reduces Ca21 release while simultaneously promot-
ing cell growth. One observation that has been noted in
the previous studies is that with an increase in TiO2 con-
centration in phosphate glasses, the proliferation and adhe-
sion of cells, particularly bone cells, on the glass surface
improve considerably and that a decrease in ion release
rate, associated with Ti incorporation, improved biocom-
patibility in terms of proliferation/adhesion of MG63 cells
on glass surfaces.28

FIGURE 5. XPS composition of (a) Con. glass, (b) TW-II, and (c) TW-IV.

FIGURE 6. Cell-culture results of 1 m2, (a) 710 lm glass, and (b) 45 lm glass particles.

718 WREN ET AL. INVESTIGATION OF THE SOLUBILITY OF A SERIES OF TITANIUM

 15524965, 2015, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.35223 by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CONCLUSIONS

This study was conducted to characterize a series of Ti-
containing bioactive glasses and to determine their solubility pro-
files and cellular response. Thermal profiles of each glass suggest
that the addition of TiO2 promotes NBO formation in the glass
which should promote ion exchange and particle dissolution. Ion
release profiles determined that ion release is not significantly
increased with an increase in exposed surface area (with the
exception of Na1 at 45 lm). Particle size significantly affects ion
release where a reduction in particle size increases the dissolu-
tion rate. Na1 release presents little change after 7 and 14 days,
suggesting that a solubility limit may be approached. Si41

presents unpredictable release rates that are not dependent on
glass composition or maturation. Ca21 release is highly depend-
ent on TiO2 concentration in the glass and also increases with
respect to maturation. Cell-culture results determine that cell
numbers were higher in the TiO2-containing glasses, which sug-
gests that the addition of TiO2 to bioactive glasses may be benefi-
cial in controlling the ion release rate which can minimize the
effect of excessive Ca21 levels. Future studies will include deter-
mining the effect of the differing solubility on the formation on
apatite, using simulated body fluid trials. In addition, osteoblast
(MC3T3) differentiation will also be evaluated; however, for this
follow-up study, polished glass plates will be used to permit the
use of surface profiling techniques and to facilitate comparison
between apatite growth and cell adhesion.
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