
Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

journal homepage: www.elsevier.com/locate/jnoncrysol

Effect of sodium on bioactive sol-gel-derived borate glasses

William C. Lepry, Sophia Smith, Showan N. Nazhat⁎

Department of Mining and Materials Engineering, McGill University, Montreal, QC, Canada

A B S T R A C T

Bioactive, sol-gel derived borate glasses (SGBGs) can rapidly convert to hydroxy-carbonated apatite (HCA) in simulated body fluid (SBF). The processing conditions
and compositional changes in four-component glasses have previously been investigated, yet the effect of certain elements, such as sodium, on the processing and
bioactivity has not been explored. Therefore, in this study, a borate substituted Bioglass® "45S5" of the formulation (46.1)B2O3-(26.9)CaO-(24.4)Na2O-(2.6)P2O5; mol
%, was created as the baseline glass and the amount of sodium was incrementally decreased three times, while maintaining the ratio of the other elements, until a
sodium-free, three-component composition was generated (61.0)B2O3-(35.6)CaO-(3.4)P2O5; mol%. Decreasing sodium content altered the gelation behaviour,
textural properties, and greatly influenced reactivity as measured through gravimetric changes when exposed to water vapour. Furthermore, ion release profiles
corresponded with the different glass compositions, however, interestingly, sodium content had very little effect on rate of conversion to HCA in SBF, which was
observed to be within 2 h, according to x-ray diffraction, attenuated total reflectance-Fourier-transform infrared spectroscopy, and scanning electron microscopy.
This study aims to serve as a basis to develop more simplified SGBG systems for tissue engineering applications.

1. Introduction

The ability for glasses to form a surface, bone mineral-like, hydro-
xycarbonated apatite (HCA) layer after submersion in physiological
fluids (“bioactivity”) was first discovered in silicate systems [1, 2].
During this process [3], the glass releases ions which play a key role in
HCA conversion that can lead to the direct integration with native bone
tissue. The release of these ions has also been recently implicated in soft
tissue engineering applications [4] since they can stimulate the body's
natural healing processes, thereby expanding the classical definition of
bioactivity for glasses [3, 5]. Compared to silicate-based glasses,
bioactive borate glasses have lower chemical durability, which can
allow for a more rapid and complete conversion to HCA [6–11]. During
this process, these glasses exhibit the “volume reduction” model where
the HCA is deposited directly on the surface of the glass and continues
towards the core until none of the original glass remains [7]. The more
rapid ion release and ability to fully convert has also made bioactive
borate glasses prime candidates for soft tissue engineering applications,
such as wound healing [12–15].

Regardless of composition, most bioactive glasses are traditionally
generated through the melt-quench process, which involves the high
temperature melting of oxides followed by their rapid cooling
(“quenching”) to preserve the amorphous structure. With the advent of
the sol-gel process; a robust, low temperature, aqueous based proces-
sing approach, it has been possible to create bioactive glasses with or-
ders of magnitude higher specific surface area values [16]. This process
typically uses a mixture of metal alkoxide precursors to form a colloidal

suspension of particles in a liquid (the “sol”), which then undergo hy-
drolysis and condensation reactions to form a “gel”; essentially the glass
network [17]. This gel then undergoes drying and heat treatment
(calcination) to eliminate excess precursor organic materials and to
densify the glass structure while still maintaining high specific surface
areas and porosities.

From a biomedical application prospective, sol-gel derived glasses
offer distinct advantages when compared to their melt-quench derived
equivalents. For example, the increased surface area and porosity va-
lues allow for more rapid ion release rates and thus increased conver-
sion rates to HCA [18, 19] and expanded the bioactive silicate-glass
compositional range up to 90mol% SiO2 compared to the melt-quench
derived limit of ~60mol% SiO2 [16]. Furthermore, it is possible to
achieve higher homogeneity due to the precursor materials and the
processing temperatures are lower. Thus, fluxes such as sodium, which
was originally added to bioactive glass compositions to make melting
and homogenization easier, maintain a physiological balance of sodium
at the glass-HCA interface and modify the local pH in the implant vi-
cinity [5], are not necessary in the sol-gel process [19]. Since then,
numerous ternary sol-gel glasses excluding sodium have been created
[20].

Nonetheless, Chen et al. recently created the first sol-gel derived
Bioglass® “45S5” [(46.1)SiO2-(26.9)CaO-(24.4)Na2O-(2.6)P2O5 (mol
%)] with sodium in order to increase the mechanical properties while
creating a more biodegradable crystalline phase [21]. The addition of
sodium as a network modifier and creates more non-bridging oxygens,
thus lowering the chemical durability and increasing the
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biodegradability. After calcination, the resultant glasses were semi-
crystalline, which commonly occurs with other sol-gel derived “45S5”
glasses [22–26]. This is mainly due to the requirement of reaching high
enough calcination temperatures to eliminate the precursor nitrates. A
45S5-like composition [(49.2)SiO2-(25.8)CaO-(23.3)Na2O-(1.7)P2O5

(mol%)] has also been reported to partially crystallize after calcination
[27]. Despite this, amorphous versions of this glass composition have
been reported in literature through adjustments in precursor materials,
processing routes, and most importantly, calcination temperatures
[28–30].

Although, sol-gel derived glasses with borate as the main compo-
nent have been far less studied [31–34], the first reported composition,
(80)B2O3-(20)Na2O (mol%), incorporated sodium [35]. These glasses,
however, were not made with the intent of biomedical applications.
Borate has also been added to bioactive, sol-gel silicate- [36, 37] and
phosphate-glasses [38, 39] as a modifier to help improve the mechan-
ical and bioactivity properties. Furthermore, we have previously re-
ported on a wide compositional range of highly bioactive sol-gel de-
rived borate glasses (SGBGs, 36–61mol% B2O3) [40] based on
variations of a borate substituted, “45S5” composition whose melt-
quench derived composition has been previously studied [7, 41]. These
glasses demonstrated specific surface areas and porosities at least two
orders of magnitude greater than the melt-quench equivalent leading to
a 25-fold increase in HCA conversion rate. Recently, we have also
shown that similar sodium-containing SGBG compositions, can be
produced using a variety sol-gel precursors and processing parameters
while still maintaining their high bioactivity; converting to HCA within
2 h according to x-ray diffraction [42]. However, while it is known that
sodium is not needed for bioactive silicate sol-gel glasses, there has yet
to be a systematic study reporting on the effect of sodium content on the
properties of SGBGs. Therefore, this study examined the effect of in-
crementally decreasing the sodium content on the processing, struc-
tural, reactivity, and bioactivity properties of these glasses.

2. Experimental

2.1. Materials and methods

Table 1 gives an overview of the SGBG compositions investigated in
this study. The baseline composition was a previously examined [40,
42] borate substituted Bioglass® (Na24) [(46.1)B2O3-(26.9)CaO-(24.4)
Na2O-(2.6)P2O5; mol%], and the amount of sodium was incrementally
decreased by ≈8mol%, while maintaining the ratios of the remaining
components, until a three component, sodium-free SGBG composition
(Na0) [(61.0)B2O3-(35.6)CaO-(3.4)P2O5; mol%] was generated.

The glasses were fabricated based on a previously described method
[40]. Briefly, boric acid (≥99.5%) and anhydrous ethanol (Sigma Al-
drich, Canada) were mixed and magnetically stirred in a watch glass-
covered Teflon beaker at 40 ± 3 °C to aid dissolution. Once the solu-
tion became clear, triethyl phosphate (> 99.8%; Fisher Scientific, Ca-
nada), calcium methoxyethoxide (20% in methoxyethanol; Gelest,
USA), and sodium methoxide (25 wt% in methanol; Fisher Scientific,
Canada) were added in a drop wise manner at 30min intervals. Once
the final addition was complete, the sol was mixed for an additional
30 min or until gelation occurred, followed by transferring into sealed
polypropylene vials, and aged at 37 °C for 10 days. The gels were then

transferred to crystallization dishes and dried in air at room tempera-
ture (RT) for 1 day, followed by oven drying at 120 °C for 2 days. Fi-
nally, a calcination step was undertaken at 400 °C at a rate of 3 °C/min,
with a 2 h dwell period, followed by furnace cooling. The calcined
glasses were then ground to a particle size fraction of 25–75 μm and
stored in a desiccator until analysis.

2.2. Glass particle characterization

The average particle size (Davg) and median diameter (D50) of the
glass powders was determined using a Horiba LA-920 (ATS Scientific
Inc., Canada). The specific surface area (SSA) was measured with ni-
trogen gas adsorption and desorption isotherms collected with a
Micromeritics TriStar 3000 (Micromeritics Instrument Corporation,
USA) gas sorption system (n=3). SSA values were determined using
the Brunauer–Emmett–Teller (BET) method [43] while the average
pore width and pore volume were calculated using the Barrett–Joy-
ner–Halenda (BJH) method [44].

2.3. X-ray diffraction (XRD)

XRD diffractograms of the glasses were analyzed using a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., USA) equipped with a
CuKα (λ=0.15406 nm) target set to a power level of 40mV and
40mA. Three frames were collected from 10 to 70 2 theta (°), using an
area detector, and merged in post processing while phase identification
was carried out using X'Pert Highscore Plus (PANalytical, Netherlands).

2.4. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectroscopy was carried out between 4000 and
650 cm−1 with a resolution of 4 cm−1 using 64 scans per sample using a
Spectrum 400 (Perkin-Elmer, USA). The collected spectra were baseline
corrected then normalized to the total area surface area under ab-
sorption bands using Spectrum software (Perkin-Elmer, USA).

2.5. Scanning electron microscopy (SEM)

SEM was carried out on Pt sputter coated samples. Analysis was
performed with an Inspect F50 Field Emission Scanning Electron
Microscope (FEI Corporation, U.S.A.) at 5 kV.

2.6. Reactivity

The aqueous interactions of SGBG particles were investigated
through dynamic vapour sorption (DVS) using a DVS Intrinsic (Surface
Measurement Systems Ltd., U.K.), which measures mass changes
(± 0.1 μg) under controlled relative humidity (RH) and temperature.
Approximately 5mg of glass powder were placed in an aluminum pan
and inserted into a chamber at 37 ± 0.05 °C which were then directly
exposed to 90% RH for 6 h and then to 0% RH for a further 6 h.

2.7. Inductively coupled plasma-optical emission spectrometry (ICP-OES)

The release of boron, calcium, sodium, and phosphorus ions from
glass powders (n=3) at a 1.5mg/mL ratio in deionized water (DIW),
was quantified using an inductively coupled plasma–optical emission
spectrophotometer (Thermo Scientific iCAP 6500, USA). Collected ali-
quots at 0.5, 6, and 24 h were filtered through a 0.2 μm nylon filter then
stored in a 15mL falcon tube followed by dilution with 4% (w/v) nitric
acid (Fisher Scientific, Canada). Serially diluted solutions of boron (0.5,
5, 50 ppm), calcium (0.2, 2, 20 ppm), sodium (1, 10, 100) and phos-
phorous (0.1, 1, 10 ppm) were used as standards. Furthermore, the pH
change of the solution due to glass dissolution at the same timepoints
was measured (n=3) with an Accumet XL20 pH meter (Fisher

Table 1
SGBG Compositions and Codes (mol%).

ID B2O3 CaO P2O5 Na2O % CaO+Na2O

Na24 46.1 26.9 2.6 24.4 51.3
Na16 51.1 29.8 2.9 16.3 46.1
Na8 56.0 32.7 3.2 8.1 40.8
Na0 61.0 35.6 3.4 0 35.6
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Scientific).

2.8. Bioactivity

Kokubo's SBF (pH 7.4) was used to examine the in vitro miner-
alization of the glasses [45]. Glass powder was added to sterile 50 mL
falcon tubes containing SBF at a 1.5mg/mL ratio and stored at
37 ± 1 °C. The vials were gently agitated twice per day to prevent
agglomeration. The ability of the glasses to form HCA was examined at
0.5 h, 2 h, 6 h, 1 d, 3 d, and 7 d time points where the powders were
gently rinsed with deionized water then twice with anhydrous ethanol,
dried overnight at room temperature, and then dried in an oven at 60 °C
for 1 d.

3. Results

3.1. Effect of sodium on processing and textural properties

Fig. 1 provides a visual overview of the SGBG sol-gel process. While
the compositions of lower sodium content did not form gels during the
ageing process, Na8 and Na0 showed gel-like formation after drying at
RT for 1 d. Furthermore, Na16 formed a gel only after approximately 1
d post casting (image not shown). A summary of the glass textural
properties is given in Table 2. All particles were ground to a similar
median particle size (D50) range to directly compare their textural
properties. Specific surface area values increased with decreasing so-
dium content, which contrasted with the pore width values which de-
creased with decreasing sodium content. The pore volume of each glass
remained high for all glasses, but did not follow a trend with compo-
sition. SEM micrographs enabled the visualization of the nano-textured
surfaces of the calcined glass powders (Fig. 1).

3.2. structural analysis of calcined SGBGs

SGBG bonding regions were examined using ATR-FTIR spectroscopy
(Fig. 2a). Three main regions associated with borate-based glasses were
identified: The BeO stretching of the BO4 units (850–1200 cm−1), the
BeO stretching of the BO3 units (1200–1500 cm−1), and the B–O–B

bending of the BO3 units, as indicated by the band at ~720 cm−1

[46–48]. BeO stretching of boroxol rings are characteristic of the
shoulder peak at ~870 cm−1 and the BeO linkages of BO4 are indicated
by the broad band between ~942 and ~1000 cm−1 [39, 49–51]. SGBGs
with decreasing sodium content demonstrated broader, smoother
spectra peaks. XRD diffractograms showed that all glasses remained
amorphous after calcination, as indicated by the two broad humps after
calcination at 400 °C (Fig. 2b).

3.3. Assessment of SGBG reactivity through aqueous interactions and ion
release

As an indicator of their reactivity, DVS was used to investigate SGBG
aqueous interactions by gravimetrically measuring their sorption and
desorption of water vapour through direct exposure to 90% RH. All
glasses demonstrated a rapid increase in mass within the first hour
(Fig. 3a). The rate and extent of mass change after 6 h was dependent
on composition, in which glasses with lower sodium content exhibited
less % mass change. Lowering the RH to 0% resulted in a rapid decrease
in % mass change with the higher Na containing glasses demonstrating
a greater extent of mass loss. However, the overall final % mass change
was highest in glasses with the highest sodium content.

To further investigate the effect of sodium content on SGBG

Fig. 1. An overview of the effect of sodium content on the gelling of SGBGs. (i) casting and ageing, (ii) gel monoliths at day 10, (iii) drying at RT for 1 day, (iv) drying
at 120 °C for 2 days, and (v) the final calcination at 400 °C followed by grinding. SEM micrographs show the final nano-textured glass surface (white scale
bars= 5 μm and black scale bars= 1 μm). The amount of sodium influences the gelation behaviour, possibly due to increased pH.

Table 2
Glass particle textural properties (n=2): Average Median (D50) and Mean
(DAVG) Diameter, Specific Surface Area (SSA), Average Pore Width, and
Average Pore Volume.

FINAL

ID Particle Size (μm) SSA (m2/g) Pore Width
(nm)

Pore Volume (cm3/
g)

DAVG D50

Na24 44.9 39.2 91 ± 4 26 ± 1 0.75 ± 0.01
Na16 45.3 35.2 94 ± 5 22 ± 1 0.62 ± 0.09
Na8 31.0 29.3 132 ± 11 19 ± 1 0.99 ± 0.14
Na0 43.0 43.9 168 ± 8 10 ± 0 0.61 ± 0.05
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Fig. 2. Structure of the calcined SGBGs. (a) ATR-FTIR spectra, and (b) XRD diffractograms of the glass particles produced as a function of sodium content.

Fig. 3. Reactivity through vapour adsorption using DVS, as well as pH and ICP in DIW. (a) Direct exposure to 90% RH showed rapid increase in mass change which
increased with sodium content. (b) Similarly, pH increase was rapid and increased with higher sodium content. (c) ICP results show rapid ion release for all elements
within 0.5 h and were dependent on composition.
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reactivity, the pH change and the release of boron, calcium, sodium,
and phosphorous through glass dissolution in DIW were measured. All
glasses exhibited a rapid increase in pH within 0.5 h that corresponded
with glass sodium content (Fig. 3b). Similarly, ICP-OES (Fig. 3c) in-
dicated that all compositions released the majority of their ions by 0.5 h
which was previously observed with other SGBG compositions in DIW
[40] and SBF [42], and the release rates stayed relatively static until
1 day. The total amounts of B and Ca released in the Na24 composition
correspond well with previous studies [40]. Phosphate release was
fairly static until 1 d and the rapid drop in phosphate, used as indicator
for HCA formation [52] is not seen likely due to the shorter time points
used. Furthermore, there was a slight decrease in calcium release from
6 h to 1 d which might indicate reprecipitation of Ca on the surface of
the glass which has previously been observed [40]. Sodium release rate
exhibited static release rates after 0.5 h based on the initial sodium
content in the glass. The release rates were agreeable with the pH va-
lues (Fig. 3b) and DVS % mass change (Fig. 3a).

3.4. SGBG bioactivity in SBF

The ability of SGBGs to form HCA was examined up to day 7 in SBF.
After 0.5 h, ATR-FTIR spectra of all compositions indicated the forma-
tion of a phosphate peak, as shown by the strong band at ~1020 cm−1

and its shoulder region at ~961 cm−1, which are characteristic of the
bending modes ν1 of PO4

3− [53] (Fig. 4). Carbonate peaks at ~1470
and ~1421 cm−1 represent the stretching modes ν1 and ν3 of CO3

2–

respectively, and a sharp peak at around 870 cm−1 indicates the
bending mode ν2 of CO3

2– [54, 55]. This band at 870 cm−1 is thought
to be a combination of the BeO stretching of boroxol rings found in the
calcined glasses as well as the bending mode ν2 of CO3

2−. The ν2
bending mode of water can also be seen by the broad band at
~1640 cm−1 [56, 57]. At longer immersion times in SBF, more defined
peaks were observed, suggesting the formation of carbonated apatite.

SGBG HCA conversion was confirmed by XRD diffractograms in
which hydroxyapatite-characteristic peaks, at ~25 and ~32° 2θ (“·”,
JCPDS 9-0432) were observed in all glasses at the 2 h time point in SBF
(Fig. 5). These broad apatite peaks, which become sharper at longer
times in SBF, suggested nanometer-sized or partially crystallized HCA
[7]. SEM micrographs indicated spherulitic-like HCA crystals forming
at 6 h and become more defined at day 7 (Fig. 6).

4. Discussion

The importance of sodium has been long discussed with silicate-
based glasses however, there has not been a systematic study on the

effect of sodium in sol-gel derived borate glasses. The lack of gelation in
the compositions with lower sodium (Na8 and Na0) suggests that so-
dium may be a key component in the gelation process and that higher
pH was needed for gel formation since the pH of Na precursor is ap-
proximately 12. In addition, the amount of modifying oxides, CaO and
Na2O, was higher for the compositions that gelled (Table 1). Previously,
it has been shown that at higher pH, BOH4

− species dominate [58]
which might allow for easier gel formation since the network former
exists as a four-coordinated structure, allowing for greater inter-
connection. The gelling behavior of Na8 and Na0 was observed to be
very similar to previously reported (Na24) compositions, generated
using trimethyl borate (TMB) and triethyl borate (TEB) as precursors
[42], in that, evaporation during drying likely helped form the gel-like
monoliths at 1d dry at RT as seen in Fig. 1. Despite these differences in
gelation behavior, after calcination and grinding, all glasses became a
whitish color (Fig. 1). It should also be noted that, compositionally, the
ratio of network former to Ca/P of Na0 is very similar to that of the
first, and most commonly reported, silicate sol-gel composition “58S”
(60)SiO2-(36)CaO-(4)P2O5 (mol%) [16, 59]. In terms of textural prop-
erties, the observed increase in surface area can be attributed to glasses
with higher network connectivity (i.e., less network modifiers such as
sodium), as previously observed with SGBGs [40] and other sol-gel
systems [16].

DVS has previously been used to examine the reactivity of other
bioactive glass systems based on silicate [60] and phosphate [61]. After
6 h, the ~12% mass change in Na0 particles (SSA=168 ± 8m2/g)
was less than the ~48% of the Na24 particles (SSA=91 ± 4m2/g),
which demonstrated that the atomic and molecular structures, not
specific surface area, have dominant roles on the chemical durability of
multicomponent glasses [19, 62]. Interestingly, a similar DVS protocol
on a wide range of SBGBs showed that glasses with higher sodium
content experienced greater mass change despite having the lowest
surface area [40]. Furthermore, in that study, a melt-quench Na24 glass
equivalent resulted in ~10% mass increase at 6 h, which is in a very
similar range to the final mass change of ~12% observed for Na0 in this
study. However, the SSA for the melt-quench derived glass was 0.2 m2/
g [40] while that of Na0 is 168m2/g. This further demonstrates the
importance of composition on the reactivity of multi-component
glasses.

The increased reactivity of SGBGs is due to the higher amount of
network modifiers in the glass (e.g., sodium and calcium; Table 1)
leading more non-bridging oxygens in the glass structure and rendering
the glass more susceptible to chemical attack [63]. However, since the
amount of network former (borate) and/or the ratio of Ca/P in the glass
is not consistent throughout the compositions, it is difficult to say that

Fig. 4. ATR-FTIR spectra as a function of immersion time in SBF. Characteristic apatite-like peaks began to form after 30min in SBF for all glasses.
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sodium alone is responsible for this effect. It should also be noted that
borate glasses do no follow a linear trend of nbO formation with the
addition of network modifiers such as sodium, but rather, they de-
monstrate the “boron anomaly” where after a certain addition of net-
work modifiers the glass properties begin to reverse [64]. Further stu-
dies using NMR are needed examine these effects in the current glass
systems.

Previously, similar SGBG compositions exhibited the largest drop in
phosphate amount in DIW [40] from 1 d to 3 d and in SBF [42] from 6 h
to 1 d. It is likely that the SBF accelerated the formation of HCA and if
longer timepoints were used in this study then there would likely be a
more significant phosphate drop. It has also been previously shown that
glasses with increased sodium content led to their greater degradability
since the field strength of sodium (0.18) is less than that of calcium
(0.36) [65] and that the greater amount of cations in a glass the more
available they are for ion exchange during dissolution [66]. This leads
to a more rapid increase in pH, which was previously observed with
SGBGs [40] along with bioactive silicate-glasses [67], and likely is re-
sponsible for in the increased reactivity according to DVS. However,
with the simplified composition of Na0, the pH rise was not as high

(Fig. 3b). This composition might be more beneficial for future tissue
engineering applications since, typically, high pH values lead to cell
death in vitro [66, 68]. It has also been demonstrated in vivo that sodium
free silicate glasses are biocompatible and osteoconductive [69] and
low sodium (6mol% Na2O) borate glass are osteoconductive and os-
seointegrative [70].

Taken together, this study demonstrated that, while sodium inclu-
sion impacted the processing and reactivity, the bioactivity was not
largely affected by its presence in these glass systems. A similar finding
recently found in melt-derived silicate systems [71]. However, it should
be noted that while the sodium content was decreased, the calcium and
phosphate contents and ratios were increased, both of which are known
to contribute to bioactivity [19]. Therefore, further investigations with
fixed borate content and/or Ca/P ratio are needed to observe the direct
role of sodium in SGBGs.

5. Conclusions

A new range of sol-gel derived bioactive borate glasses with de-
creasing sodium content have been created. Lower amounts of sodium

Fig. 5. XRD diffractograms as a function of immersion time in SBF. All SGBG compositions rapidly converted (within 2 h) to HCA (“•”, JCPDS 9-0432).

Fig. 6. SEM micrographs of the glasses after immersion in SBF for 6 h and 7d. Typical HCA crystals begin to form at 6 h and become more defined at 7d for all glasses
(white scale bars= 5 μm and black scale bars= 1 μm).
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limited gel formation but did not induce crystallization as observed in
other sol-gel systems. Furthermore, glasses with less sodium had higher
specific surface areas. Reactivity, in terms of DVS and pH, increased
with increasing sodium content. Ion release of each element was rapid
and stayed static until the 1 d timepoint with some elements such as
calcium, demonstrating a slightly decreasing trend suggesting re-
precipitation. However, the bioactivity of the SGBGs did not appear to
be affected by sodium content or release profile, as all glasses demon-
strated rapid HCA conversion in SBF within 2 h and according to XRD.
The study represents a step towards simplified, three-component SGBGs
for tissue engineering applications.
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