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1 Introduction

Abstract: The effect on ion release and cytocompatibility
of Yttrium (Y) and Cerium (Ce) are investigated when substituted for Sodium (Na) in a 0.52SiO2 -0.24SrO-0.24-Na2 OMO glass series (where MO = Y2 O3 or CeO2 ). Glass leaching
was evaluated through pH measurements and Inductive
Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
analysis where the extract pH increased during incubation
(11.2 - 12.5). Ion release of Silicon (Si), Na and Strontium
(Sr) from the Con glass was at higher than that of glasses
containing Y or Ce, and reached a limit after 1 day. Ion release from Y and Ce containing glasses reached a maximum of 1800 µg/mL, 1800 µg/mL, and 10 µg/mL for Si,
Na, and Sr, respectively. Release of Y and Ce was below the
ICP- OES detection limit <0.1 µg/mL. Cell viability of both
L929 fibroblasts and MC3T3 osteoblasts decreased for Con,
LY, and LCe extracts; HY extracts did not significantly decrease cell viability while YCe and HCe saw concentrationdependent viability decrease (20%, 33% extract concentrations). Bacterial studies saw Con and LCe eliminating
>75% of bacteria at a 9% extract concentration. Antioxidant capacity (mechanism for neuroprotection) was evaluated using the ABTS assay. All glasses had inherent radical oxygen species (ROS) scavenging capability with Con
reaching 9.5 mMTE.

Bioactive glasses have seen a variety of applications due
to their dissolution characteristics when in contact with
fluids. These include water and various simulated or synthetic physiological fluids, which when incubated in, can
result in the deposition of a hydroxycarbonate-apatite
(HCA) layer and subsequent formation of a bond with host
hard tissues [1, 2]. The dissolution of the glass network is
initiated by exchange of hydrogen ions (H+ or H3 O+ ) with
R+ and R2+ (commonly Na+ and Ca2+ ) modifying ions. This
is followed by an attack of the Si-O bonds to form silanol
groups and allows for Si(OH)4 dissolution into the aqueous environment [3]. Bioactivity of 45S5 Bioglass is dependent on the quantities of these ionic dissolution products
and the response they induce in the adjacent cells and
tissues. The novel glasses intended to assist in nerve tissue repair in this study for example, requires modification to this process, though compositional changes more
suited to their intended function. Silicate based glasses
are excellent candidates for alternative therapeutic indications as the ionic dissolution products from novel glass
systems are known to exhibit osteogenic, angiogenic, antiinflammatory and antibacterial properties [4] and can be
incorporated within a composite system with biodegradable polymers such as PLA and PLGA to form nerve guide
conduits [5–7]. The glasses investigated within this study
are designed to retain their predecessor’s bioactive potential, in addition to promote conditions pertinent to nerve
tissue repair. To achieve this, the basic composition was
modified to contain silica (Si4+ ), sodium (Na+ ) and strontium (Sr2+ ). The glass former, Si, is known to support collagen I and extra cellular matrix formation, it is essential
for in vivo metabolic [4, 8]. Na is an essential component
in blood and extracellular fluids, maintained at concentrations up to 3600 µg/mL, and is involved in multiple cellular functions and signaling [9, 10]. In addition, Na plays
a critical role in the glass structure as it assumes a net-
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work modifying role thereby altering the network connectivity. Calcium (Ca2+ ) and Sr have been shown to serve similar roles within a glass network as well exhibiting similar physiological functions within the body. Sr has previously been applied to treat metabolic disorders (osteoporosis) where it can substitute for Ca [11], and is present
in extracellular fluids at µM concentrations; whereas Ca
is present at mM concentrations [4, 12, 13]. Sr toxicity has
not been reported since excess is excreted through the kidneys in the same manner as Ca, [12, 14] however, in the case
of nerve damage, Ca excitotoxicity can significantly hinder the nerve repair process [15–18]. Regarding this study
Sr is used as an analogue for Ca within the glass to potentially limit Ca excitotoxicity. The Primary elements of
interest are Y and Ce which have been successfully incorporated into bioactive glasses, however, studies concerning the dissolution of these glasses give limited information reflecting any effect they may have on biocompatibility as release was minimal. In addition, these studies
show that bioactivity decreased in glasses with increasing
Y and Ce content, but the deposition of a HCA layer did occur after 7-14 days incubation in simulated body fluid (SBF)
[19, 20]. Other supporting studies evaluating yttria and ceria nanoparticles found that they were non-toxic up to 200
µg/mL and offered neuroprotection via direct ROS scavenging [11, 21]. This potential antioxidant activity is what
is anticipated to be imparted within the SiO2 -SrO-Na2 O
glass employed in this work through doping with Y2 O3 and
CeO2 .
Antioxidant potential is of significant interest for applications involving nerve regeneration and reconnection
since one of the many factors impeding this process are
ROS. Primary physical damage to nerve tissue is accompanied by ischemia, inflammation, migration of activated
glial cells and loss of ionic homeostasis in the extracellular fluid due to the influx of Ca, and production of cytokines and ROS [22, 23]. Nerve tissue is particularly sensitive to changes in the ionic content of extracellular fluids,
and after injury the consequential fluctuations cause Ca
excitotoxicity and necrosis in adjacent (uninjured) nerve
tissues [15–18]. This secondary damage occurring at and
around the injury site significantly impedes the regeneration and reconnection of nerves, and over distances
greater than 5 mm, the reconnection does not occur and
functionality is not fully recovered [11, 15, 24–29]. Standard treatment of nerve injury involves the administration of Methylprednisolone Sodium Succinate (MPSS) to
reduce the inflammatory response, which addresses only
one of the many impediments encountered by regenerating axons after injury [27, 30–32]. Recent studies have
shown that bioactive glasses have the potential to en-
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courage nerve regeneration after injury through mechanical guidance and delivery of growth factors [27, 28, 33].
Therefore, this work proposes the inclusion of Y2 O3 and
CeO2 into bioactive glass which may produce ROS scavenging capability similar to that observed in yttria and ceria
nanoparticles. Additionally, Sr is used as an analogue to
Ca in an effort to avoid contributing to Ca excitotoxicity.
Preliminary work investigating these Y2 O3 and CeO2
doped SiO2 -SrO-Na2 O glasses, in agreement with previous studies, found Y and Ce serve as modifying ions in
the glass network while increasing the rigidity due to ionic
differences with Na for which they are being substituted,
but maintain a network connectivity and structure that
should support dissolution, biocompatibility and potentially bioactivity [19, 20]. In this work the dissolution products were evaluated along with their effect on L929 fibroblasts, MC3T3 osteoblasts, Escherichia coli, and Staphylococcus aureus to assess the cytocompatibility. Antioxidant
capacity was assessed via the ABTS assay to determine the
potential of these glasses to provide protection from ROS
produced after nerve tissue damage with the goal of improving nerve regeneration and reconnection.

2 Materials & methods
2.1 Glass Synthesis
Six glasses of varying Y and Ce content were formulated
for this study where Y2 O3 and CeO2 incorporated into
the control SrO-Na2 O-SiO2 (Con) glass at the expense of
Na2 O. Glass compositions (mol%) can be found in Table 1.
Glass powders 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), fired (1500∘ C,
1 h) in a platinum crucible and shock quenched in water.
The resulting frit was dried, ground and sieved to retrieve
glass particles <20µm. Each material was determined to
be amorphous using x-ray diffraction - data previously
Table 1: Glass composition in mol% and surface area (SA)

SiO2
SrO
Na2 O
Y2 O3
CeO2
SA (g/m2 )

Con
52
24
24
0.84

LY
52
24
20
4
0.92

HY
52
24
16
8
0.93

YCe
52
24
16
4
4
0.84

LCe
52
24
20
4
0.75

HCe
52
24
16
8
0.68
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published [34, 35]. The glass particles were imaged using
a Quanta 200F Environmental Scanning Electron Microscope (FEI, OR, USA) under a vacuum at a pressure of 0.60
torr. The electron beam was used at an accelerating voltage of 20 kV and a spot size of 3.0. Energy dispersive x-ray
spectroscopy was carried out using an FEI EDAX system
equipped with a silicon-drift detector at 11 mm working
distance, collected full frame for 100 s at a minimum 1000
CPS.

2.2 Glass Ion Release: Preparation and
Analysis

lize in the pH 7 buffer between readings (n = 3/time period)
which were taken after the pH value stabilized for 10 s.

2.2.4 Determination of Ion Release
The ion release profile of each glass was measured using Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP – OES) on a Perkin-Elmer Optima 8000
(Perkin Elmer, MA, USA). Samples of each glass (n = 3/time
period) were recorded for each ion and ICP – OES calibration standards for Si, Sr, Na, Y and Ce were prepared from
stock solutions.

2.2.1 Determination of Exposed Surface Area

2.3 Glass Cytocompatibility
Surface area of the glasses was determined using an Advanced Surface Area and Porosimetry, ASAP 2010 System Analyzer (Micrometrics Instrument Corporation, GA,
USA). After oven- drying (100∘ C) overnight approximately
60 mg of each glass powder (n = 3) was weighed into
standard ¾” tubes. Liquid nitrogen, nitrogen and helium
gasses were used to purge and obtain isothermal gas absorption on an 11 point scale which was then used to calculate the specific surface area using the Brunauer-EmmettTeller (BET) method.

2.2.2 Preparation of Liquid Extracts
Sterile liquid extracts were prepared by weighing out 1 m2
of each glass powder (n = 3/time period) into glass vials.
Vials were covered with aluminum foil and autoclaved.
The sterile glass powders were then transferred to sterile 15
mL centrifuge tubes and 10 mL sterile ultra-pure deionized
(SUPDI) water was added to each tube, including glassfree control tubes. The tubes were sealed and incubated
on a rotating tray for 1, 7 and 30 days. Upon removal, each
sample was filtered (Amicon Ultra-4 Centrifugal Filters) to
separate the liquid extract from the glass powders. A 1.5mL
aliquot from each sample extract was removed into a sterile vial to be used for cytocompatibility studies.

2.2.3 Monitoring of Solution pH
The pH of each sample extract was measured using an
Accumetr Excel XL 15 pH meter (Fisher Scientific, PA,
USA). Prior to testing, the pH meter was calibrated using
pH buffer standards 4.00±0.02, 7.00±0.02 and 10.00±0.02.
The probe was rinsed with DI water and allowed to stabi-

2.3.1 Preparation of Samples and Cell Culture
Experimentation
L-929 Fibroblasts (ATCC CCL-1) and MC-3T3-E1 Osteoblasts
(ATCC CRL-2593) were maintained on a regular feeding regime with Medium 199 Media (w/Earl’s balanced
salts and L- glutamine) or Minimum Essential Medium
(MEM) Alpha Media (w/L-glutamine, ribonucleosides, and
deoxyribonucleosides), respectively, both supplemented
with 10% fetal bovine serum (FBS) in a cell culture incubator at 37∘ C/5%CO2 /95% air atmosphere. Cells were seeded
into 96-well plates at a density of 104 cells/well and incubated for 24 hrs. Glass extracts and SUPDI water controls (n
= 9/sample at each time period) were added to the 100 µL
wells in quantities of 10 µL, 25 µL and 50 µL, producing
final concentrations by volume of 9%, 20% and 33%. After
addition of the extracts the plates were incubated for an
additional 24 hrs.

2.3.2 Cytocompatibility MTT Testing
Cytocompatibility was tested using the methyl thiazolyl
tetrazolium (MTT) assay. 10 µL of MTT reagent was added
to each well and incubated for 4 hrs (37∘ C/5%CO2 ). After
incubation each well was aspirated and 100 µL of MTT solubilization solution (10% Triton X-100 in acidic (0.1M HCl,
Isopropanol) was added, and mixed by gently pipetting at
half the well volume (50 µL). Once the crystals were fully
dissolved, the absorbance was measured at 570 nm using
a µQuant Microplate Spectrophotometer (Bio-tek Instruments Inc., VT, USA). Media wells with the SUPDI water
control samples were used to determine the background
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effect and a control cell population was assumed to represent 100% viability to normalize the readings.

2.3.3 Antibacterial Eflcacy Analysis
Bacterial inhibition of the glass extracts were tested
against E. coli (ATCC CRM-8739) and S. aureus (ATCC
49230) using the broth transmission method. Bacterial
stocks were made by plating bacteria from frozen stores
onto Lysogeny (LB) agar and Trypticase Soy (TS) agar, respectively, then incubating at 37∘ C for 24 hrs. Sterile loops
were used to extract a single colony from each plate, into
5 mL of LB or TS broth and allowed another 24 hrs incubation at 37∘ C. Agar and broth were made according to ATCC
recipes and autoclaved before use.
SUPDI water controls and glass extracts (100 µL) were
added to 1 mL of sterile bacterial broth in 24-well plates giving a concentration of 9% glass extract. Each well (with
the exception of the sterile broth control wells) was then
inoculated with 10 µL of a 1/50 dilution of the respective
bacterial containing broth yielding a bacterial concentration of 1%. After incubation for 24 hrs at 37∘ C the plates
were removed and 100 µL (n = 4/ time period) from each
sample well was pipetted into a 96-well plate. Plates were
read at 590 nm using a µQuant Microplate Spectrophotometer for the absorbance. Wells containing sterile broth
and SUPDI water controls served as a background measurement and those containing bacteria broth-SUPDI water controls served as the uninhibited bacterial populations. Sample wells were compared against the respective
uninhibited populations representing 0% growth inhibition. One-way analysis of variance (ANOVA) was employed
to compare the difference in cell viability and bacterial inhibition relative to the control populations. Comparison of
relevant means was performed using the post hoc Bonferroni test. Differences between groups were deemed significant when p < 0.05.

2.4 Antioxidant Activity
Evaluation of the antioxidant activity of the glass
extracts was conducted using an 2,2’-azino- bis (3ethylbenzothiazoline-6-sulphonic acid (ABTS) assay and
Troloxr as a standard for comparison. A 7 mM ABTS, 2.45
mM potassium persulfate solution was prepared in DI water and incubated in the dark at room temperatures for 12
hrs. The solution was then diluted to obtain an absorbance
of 2.55 ± 0.07. A 50 mM Troloxr solution was prepared by
dissolving 25 mg Troloxr in 150 µL methanol, and adding
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1.747 mL DI water and 103 µL 1M NaOH to a final pH of 7.3.
Dilutions were made in the range 0.5 mM–10 mM to obtain
a Troloxr standard curve. Standards and glass extracts (n
= 3) were added (25 µL) to 0.5 mL ABTS solution in a 1.5 mL
centrifuge tube, sealed and vortexed then 100 µL (n = 4) of
each sample was pipetted into a 96-well plate. Plates were
read at 734 nm using a µQuant Microplate Spectrophotometer to obtain the absorbance. A one-way analysis of
variance (ANOVA) was employed to compare the difference in antioxidant activity between time periods for each
glass and between glass extracts. Comparison of relevant
means was performed using the post hoc Bonferroni test.
Differences between groups was deemed significant when
p < 0.05.

2.5 Cell Adhesion Studies
Glass (+10 wt% <75 µm PVA) powders (0.15 g/disk) were
pressed in a 6 mm Ø stainless steel die at a pressure of 4
tons and subsequently heated to 50∘ C above the glass transition temperature (Tg+50 ) for 6 hrs. Additionally, there was
no overlap with the onset of crystallization and the proposed heat treatment profile (DTA profiles for each glass
has previously been published [54]). Disks (n=3/selected
sample) were buffered for 24 hrs in 199 Media and fibroblasts were seeded onto the disks in 6-well plates at
a density of 104 cells/well and incubated for 24 hrs. Cells
were then fixed using the procedure from Wang et al. [33]
and imaged using a Quanta 200F Environmental Scanning
Electron Microscope under a vacuum at a pressure of 0.60
torr. The electron beam was used at an accelerating voltage
of 20 kV and a spot size of 4.0.

3 Results
Each material was processed using traditional glass melting method and each was determined to be amorphous using x-ray diffraction [34]. SEM images and EDX generated
spectral oxide contributions for each glass powder are presented in Figure 1. Images show each glass powder consists of particles <20 µm with spontaneous agglomeration
occurring. EDX reveals the presence of each element of interest in the glasses and relative correlation with the as
calculated composition. Average surface area ranged from
0.68 m2 /g for HCe to 0.93 m2 /g for HY. Surface area of each
glass powder is presented in Table 1 where no significant
difference is found between glass compositions.

36 | L. M. Placek et al.

Figure 1: SEM images of glass particles at 1000X and EDX generated oxides list
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Figure 2: pH of liquid extracts from Y/Ce glass series over 1, 7 and
30 days incubation

The pH of the glass extracts was recorded over the period of 1-30 days and are presented in Figure 2. The pH was
found to range from 11.2 for HY to 11.9 for Con after 1 day
and increased slightly, though not significantly, over the 7
and 30 day time period to 11.4 and 12.7 respectively. Ion release rates were recorded for Si, Na and Sr for each glass
at each time period, and the results are presented in Figure 3a, 3b and 3c respectively. Y and Ce are not included
as any release was below the detection limit (<0.1 µg/mL).
Si release reached a maximum for Con of 16k µg/mL after 1 day and decreased to 4.5k after 30 days. The second
highest release of Si was from LCe between 1.4k and 1.8k
µg/mL after 30 days. The remaining glasses released between 400 and 1k µg/mL over the 30 days without a significant increase or decrease in release between time periods.
Similar trends are observed with Na release, where Con releases significantly more compared with the Y or Ce containing glasses, which ranged from 6.3k after 1 and 7 days
then decreasing to 3.75k after 30 days. The Y and Ce containing glasses each show a trend of increasing Na release
over the 1, 7 and 30 day time period, with LCe, again, releasing the highest concentrations from the experimental
glasses at 1.8k µg/mL after 30 days. This was followed by
LY and HCe, with HY and YCe releasing around 500 µg/mL
after 30 days. Sr release increase over the 30 days for Con
where a maximum release of 133 µg/mL is released after 1
day, 129 µg/mL after 7 days, and 164 µg/mL after 30 days.
The Y and Ce containing glasses HY, LY, YCe each released
<10 µg/mL Sr. Maximum Sr release from the experimental
glass was from LCe at 39 µg/mL after 30 days.
Cell viability using L929 fibroblast cells after incubation with various concentrations of each glass extract (t =
1, 7, 30 days) is presented in Figure 4a, 4b and 4c. At a con-

Figure 3: Ion release from each glass extract over 1, 7 and 30 days

centration of 9% the fibroblast viability is reduced to 25%
by Con, LY, and LCe with a trend in decreasing viability
over the 30 day time period. YCe and HCe appears to decrease the fibroblast viability at a concentration of 9% but
was not found to be significantly different from the control
population. At an extract concentration of 20% the viabil-
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Figure 4: Fibroblast viability after incubation with glass extracts at 9%, 20% and 33% concentrations by volume over 1, 7 and 30 days. *
indicates a significant difference (P < 0.05) between the control Fibroblast p opulation and the extract incubated populations

ity remains below 25% for Con, LY, LCe, and additionally
HCe, with the viability dropping to 0% for Con at 30 days.
This trend continues at the 33% concentration where both
7 and 30 day Con extracts produce a viability of 0%. YCe
does not indicate a significant difference from the control
population at the 9% or 20% extract concentrations but
indicates a significant drop in viability to 25% with the 1
day extracts at 33% concentration, recovering with the 7
and 30 day extracts. HY does not significantly affect cell
viability at any concentration or time period.
Osteoblast cell viability after incubation with glass extracts (t = 1, 7, 30 days) are presented in Figure 5a, 5b
and 5c. At a concentration of 9% the osteoblast viability
is reduced to 50% by Con and LCe with a trend in decreasing viability over the 30 day time period. LY, YCe and HCe
do not significantly affect osteoblast viability at a concentration of 9%. At extract concentrations of 20% the viability drops to 75%, 0% and 0% for Con at 1, 7 and 30 days
respectively, and below 25% for LY, LCe and HCe at each
time period. YCe causes a significant decrease in fibroblast

viability below 25% after 1 day and then increases cell viability after 7 days before dropping back into range with
the control population after 30 days. At 33% concentration, Con extract’s viability was 0% and LY, LCe, and HCe
extracts maintain viability below 25%; while YCe does not
indicate a significant difference from the control population. HY does not significantly affect cell viability at any
concentration or time period.
The effect of glass leaching was determined on E. coli
and S. aureus for each glass extract at a 9% concentration
and the results are presented in Figure 6a and 6b. For both
E. coli and S. aureus, Con and LCe yield >75% bacterial inhibition. LY and the 7 and 30 days HCe extracts inhibit E. coli
growth by 65% while HY, YCe and HCe extracts inhibit E.
coli viability to < 25%. S. aureus inhibition was reduced to
30% after 1 day by LY, but increased to 75% after 7 and 30
days. HY, YCe (1 and 7 days) and HCe (1 day) extracts inhibited S. aureus growth by <10%, increasing the antibacterial
effect to 40% (30 days YCe), 62% (7 days HCe) and 45% (30
days HCe).

Effect of Ion Release of Y2 O3 / CeO2 doped SiO2 -SrO-Na2 O glasses
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Figure 5: Osteoblast viability after incubation with glass extracts at 9%, 20% and 33% concentrations by volume over 1, 7 and 30 days. *
indicates a significant difference (P < 0.05) between the control Osteoblast population and the extract incubated populations

Antioxidant activity in mM Troloxr equivalency
(mMTE) is presented in Figure 7. Con had the greatest activity at 8.2-9.5 mMTE followed by LCe and LY at 5.9-8.5 mMTE
and 7.3-7.9 mMTE, respectively. HCe capacity falls just below this range from 4.3-5.9 mMTE. HY and YCe glasses have
antioxidant activity significantly lower at 0.9-1.2 mMTE
and 1.9-2.1 mMTE, respectively.
Considering the cytocompatibility, and antioxidant
behavior, Con, HY, and as an intermediate HCe glasses
were selected for a preliminary evaluation of cell adhesion
by seeding fibroblasts onto pressed powder disks. SEM images of fibroblast cells after 24 hours incubation are presented in Figure 8. While each disk shows the presence of
fibroblast cells on the disk surface cell morphology differs
between the glasses. Fibroblast cells present on the surface of the Con disk are rounded and clustered together.
On both the HY and HCe disks fibroblast cells are present
and appear to form a connected adhered network over the
disk surface.

4 Discussion
With the aim of incorporating Y and Ce to reduce ROS
damage associated with nerve injury while retaining biocompatibility, six glasses containing various quantities of
Y and/or Ce were synthesized, imaged and incubated in
SUPDI water for 1, 7, and 30 days. EDX confirms the relative oxide contribution to each composition and correlates
to the calculated compositions. Regarding glass leaching,
the observed increase in pH is similar to that observed in
typical bioactive glasses [36], where the Con glass saw the
greatest rise from 11.9 after 1 day to 12.4 after 30 days thus
it can be assumed that there is a direct relationship between the increase in pH and the dissolution of the glass
network. This can be related to the initial exchange of hydrogen ions (H+ ) with Na+ where this attack is most pronounced in the Con glass with the highest Na content. In
addition, the pH has a direct correlation with the dissolu-
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Figure 6: E. coli and S. aureus inhibition after incubation with glass extracts at 9% concentration by volume. * indicates a significant difference (P < 0.05) between the control E. coli or S. aureus population and the extract incubated populations

Figure 7: Antioxidant capacity of glass extracts relative to Troloxr .
* indicates a significant difference (P < 0.05) between time periods
for each glass; † indicates non-significance between glasses

tion of silica species into solution; based on the surface
charge and the extent to which the reaction will be catalyzed; [37] as a result, at higher pH, Si dissolution rates
increase. In Con, Si release is in accordance with the solubility curves (up to a pH of 9 the solubility limit is around

120 µg/mL and increases to around 30,000 µg/mL at a pH
of 11.5) [38, 39] where after 1 day the extract pH reaches
11.9 and Si release of 16,000 µg/mL. The Si concentration
in solution decreases after both 7 and 30 days suggesting
the Si release approaches the upper limit between 1 and
7 days and proceeds to precipitate over the 30 day time
period [40]. The silica polymerization/precipitation is associated with the gelation of the liquid sample over time
and when buffered with culture media and broth which
causes the pH to drop and supersaturation to occur [41–
43]. Na and Sr are also released in significant levels in Con,
where Na release exceeds levels typically found in physiological fluids (2,500-3,500 µg/mL) [44, 45]. Sr, in the role
of replacing Ca, is released in quantities greater than 10
µg/mL which have been found to impede osteoblast mineralization activity in vitro [12, 46]. Both Na and Sr concentration decreases after 30 days indicating that precipitation of Na/Sr salts or complexes is occurring. Ion release
levels for Con are excessive for biomaterials applications
and therefore require modification to reduce the dissolution into an acceptable range [46, 47].
The pH increase seen in the Y and Ce containing
glasses are similar to those seen with the Con glass, however exhibits a trend where higher Y or Ce concentrations
results to moderately lower pH values and significantly
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Figure 8: SEM images of Fibroblast cells after 24 hr incubation on Con, HY and HCe disks at 500X

reduces ion release rates. Si in the experimental glasses
is released at a maximum of 1,800 µg/mL (LCe, 7 days),
(LY, HCe) and 400 – 500 µg/mL (YCe, HY) where significant changes are not observed over the 1, 7 and 30 day
time period. Na release increases over the 30 day time
period for each glass and reaches a maximum of 1,788
µg/mL for LCe, which is within physiological levels. Sr concentrations ranges from 10.6 to 0.9 µg/mL, levels that are
reported to support healthy bone mineralization [46]. In
these glass extracts, Sr release peaks after 7 days, however after 30 days values are lower than those observed
after 1 day, suggesting the Sr is precipitating out of solution. The precipitation of Sr may be analogous to that observed with Ca in bioactivity testing, where the negatively
charged silanol bioactive glass surface is suspected to attract the positively charged Ca or P ions (in solution containing Ca and P) resulting in the deposition of an amorphous CaP layer. Therefore suggesting, when in physiological fluids containing Ca and P a HCA layer doped with
Sr may form [48]. Y and Ce release was undetectable in
agreement with the literature [19, 20]. The immobility of
the Y and Ce in the glass network suggests that while they
serve as network modifiers, their field strength results in
covalent-type bonding that prevents the successful breaking of bonds and reduces mobility through the glass structure. This results in reduced leaching from the Y and Ce
glasses as seen by the significant reduction in ion release
compared to that of Con. In addition, subtle differences in
release rates can be observed between glasses with different concentrations of Y or Ce, where the lowest release is
observed in the glasses with the highest Y and/or Ce concentration, and secondarily in glasses containing Y over
Ce. Therefore, general pH and ion release yields the trend:
NC > LCe > LY > HCe > YCe > HY which is reflected in cytocompatibility studies.

The high pH and ion release associated with Con,
causes both fibroblast and osteoblast cytotoxicity; where
fibroblasts see a 75% decrease in viability with an extract
dose of 9%, and osteoblasts decreased by nearly 50%. Fibroblast and osteoblast toxicity may be attributed to both
the excessive ion release and the pH, both which significantly exceed levels found in typical physiological fluids. This holds for glasses containing only 4 mol% Y or Ce
which drop fibroblast viability under 25% at a 20% dose,
joined by HCe at the 33% dose. These trends directly relate
to the release and pH trend seen between the glasses where
Con is in excess of physiological levels, even accounting for
dose and the buffering capacity of the cell media, the environment proves these levels to be inhospitable for fibroblasts. Osteoblasts viability is maintained above 50% at a
9% dose for most extracts and similar toxicities to those of
fibroblasts are seen at the 20% and 33% doses. This may
be attributed to a greater inherent buffering capacity in the
osteoblast media or resiliency in the osteoblast cells themselves [49]. In either case, minimal toxicity is observed for
the YCe and HY glasses which show the lowest pH of all the
glasses, and experience similar ion release values; making
these glasses the best candidates for use without modification in terms of cytotoxicity.
Bacterial inhibition can be primarily attributed to the
pH of the extract. E. coli grows optimally at pH between
6.0 and 8.0, can survive at a pH of 9.2, however once the
pH reaches 9.4 E. coli is eliminated [50, 51]. Similarly, S.
aureus optimal pH is also between 6 and 8 but have been
shown to survive in vitro up to a pH of 10 [52–54]. All extracts exceed the pH necessary to eliminate both bacterial
types, however it can be seen that not all samples eliminate bacteria, and for YCe and HCe viability can be affected
by dose. This occurs due to the buffering capability of the
LB and Tryptic Soy broths used, where 9%, 20%, and 33%
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doses produce variable increases of broth pH in addition to
ion content. It is known that both bacteria types are sensitive to Na, however, concentrations released by the glasses
do not approach those necessary to reduce the water activity (aw ) to levels shown to affect bacterial survival and
growth [55, 56]. However, another consideration with the
presence of Na in the extracts, it has been shown to reduce
the ability of E. coli to adapt to alkaline environments by
disrupting their proton exchange mechanisms [57]. Therefore, this suggests that pH may be attributed to the bactericidal characteristics where the extracts are producing an
increase in pH where at some concentrations, exceeds the
buffering capacity of the broth affecting bacterial survival.
Con, LY and LCe glasses showing the greatest antibacterial
potential are those also producing the greatest fibroblast
and osteoblast cytotoxicity, and therefore require modification for use as a biomaterial.
The antioxidant activity of these glass extracts is observed through ABTS assay, where Con shows the greatest
potential, with the other glasses following the same trend
seen throughout this study. The ABTS assay shows stability up to pH values of 13 (95% confidence) and therefore
antioxidant activity is attributed to the glass dissolution.
Considering Na and Sr will exist as cations in solution,
any role in the antioxidant behavior of these extracts is
unlikely. However, the dissolved Si may indicate a source
of the observed reduction; as the Si-O network is broken
there is a quantity of dissolved silica in solution most commonly ortho-silicic acid at a pH between 4 and 9 [8]. At
a higher pH (greater than 8) it has been shown that polymerization of the ortho-silicic acid occurs producing a variety of negatively charged silicic acid species carrying a
charge from −1 to −4 at a pH of 12 [58–60]. The existence
of these negatively charged species may account for the
neutralization of the ABTS radical cation through strong
electrostatic interactions or electron donation thereby reducing the ionic charge on the silicic acid polymers. This
potential for ROS scavenging can be related to the quantity of dissolved silica in the extracts where Con shows the
highest release of Si as well as the greatest ROS scavenging ability and HY the opposite. In addition, it can be seen
that over the 30 day time period the antioxidant potential
slightly increases for the Con, LY, LCe and HCe glass extracts, while no effect is observed for the HY and YCe glass
extracts as the Si release is stable for Y and Ce containing
glasses and decreases for Con. This is likely due to a maximum concentration of the negatively charged silicic acid
polymers that can be generated with a given Si concentration and pH [43, 61]. Therefore, for the Y and Ce containing glasses at a stable Si concentration, a slight increase
in pH observed with respect to time, may produce an asso-

ciated increase in antioxidant activity. In the Con extracts,
the maximum concentration of charged silicic acid species
is likely reached for Con, LY and LCe despite the differences in Si release as evidenced by the non-significance
found between antioxidant activities for these glasses at
multiple time periods. Therefore, increased ROS scavenging over time for Con is similarly attributed to the slight
increase in pH. Further research is required to clarify the
mechanism of antioxidant behavior in these extracts, and
potential for enhancement through processing.
Overall, Con showed the greatest cytotoxicity, bacterial inhibition and antioxidant potential while HY presented the inverse. HCe was selected as an intermediate
between the two extremes to test the interaction of fibroblasts with the glass surfaces based on cell morphology.
While all three glasses supported cells on the surface, cell
attachment and spherical morphology suggests the cells
are not cytocompatible with the Con surface, and may be
advancing into a cell death cycle. The HY and HCe glasses
presented cell attachment and spread across the glass surfaces suggesting, in accordance with the cytocompatibility
studies, that these glasses do not pose a toxicity risk and
are a suitable surface for cell colonization.
The ability of bioactive glasses to interact with physiological fluids and induce the deposition of a HCA layer
is dependent on the dissolution characteristics, but more
important is the effect the dissolution products have on
the extracellular fluids and adjacent cells. This work has
shown Con to release Si, Na, and Sr at levels that are
in excess of those seen in typical physiological fluids.
As a result, and in association with high pH, cytotoxicity is seen with fibroblasts, osteoblasts and both bacterial
types. Glasses containing Y or Ce show reduced dissolution where ion release is higher for LCe and LY in comparison with YCe and HY, but are restricted to levels observed
in physiological fluids. However they are still associated
with relatively high pH which produces significant cytotoxicity. HCe falls in the middle of the range and exhibits
concentration dependent cytotoxicity, while YCe and HY
do not cause pronounced fibroblast, osteoblast or bacterial toxicity. Antioxidant activity is greatest in Con where
the presence of silicic acid is suspected to neutralize the
ABTS radical. However, all glasses have antioxidant capacity in the mMTE range and therefore may provide neural protection from ROS species produced after nerve injury. Preliminary work testing the fibroblast response to
the glass surfaces support cytocompatibility studies where
HY and HCe caused limited toxicity and showed fibroblast
adhesion and spreading on the glass surfaces. The inverse
relationship observed between cytocompatibility and antioxidant activity is not ideal, and therefore modification

Effect of Ion Release of Y2 O3 / CeO2 doped SiO2 -SrO-Na2 O glasses |

of these glasses using thermal treatments to induce crystallinity in the glasses and potentially improve their cytocompatibility by reducing leaching and enhancing antioxidant activity will be the subject of future studies.
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