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Abstract

The in vitro behavior of three bioactive glasses with seven particle size distributions was studied by measuring the in situ pH inside the
particle beds for 48 h in simulated body fluid (SBF). After immersion, the surface of the particles was characterized with a field emission
scanning electron microscope equipped with an energy-dispersive X-ray analyzer. In addition, the results were compared with the reac-
tions of the same glasses formed as plates. A similar trend in pH as a function of immersion time was observed for all systems. However,
the pH inside the particle beds was markedly higher than that in the bulk SBF of the plates. The pH decreased as power functions with
increasing particle size, i.e. with decreasing surface area. The in vitro reactivity expressed as layer formation strongly depended on the
particle size and glass composition. The average thickness of the total reaction layer decreased with the increase in sample surface area.
Well-developed silica and calcium phosphate layers typically observed on glass plates could be detected only on some particles freely
exposed to the solution. No distinct reaction layers were observed on the finest particles, possibly because the layers spread out on
the large surface area. Differences in the properties of the bulk SBF and the solution inside the particle bed were negligible for particles
larger than 800 pm. The results enhance our understanding of the in vitro reactions of bioactive glasses in various product forms and

sizes.
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1. Introduction

Bioactive glasses, developed by Hench represent a
group of glasses that can bond to bone by formation of
an apatite layer. The formation of the bone-like layer
occurs not only in the body, but also in vitro. On immer-
sion of a bioactive glass in an aqueous solution, three gen-
eral processes occur: leaching, dissolution and
precipitation [1]. Fast leaching results in an increase in
the pH of the surrounding solution. The pH change has
been shown to vary depending on, for example, the glass
composition, surface area to volume ratio and sample dos-
age and agitation rate of the system [2-7]. By studying the
pH changes in the solution, a fast and simple determina-
tion of the in vitro behavior of the glass can be obtained.
After partial leaching and dissolution, silica- and calcium
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phosphate-rich layers start to form on the glass surfaces.
The ability of glass to form a calcium phosphate layer
in vitro is often taken as a measure of its bioactivity
in vivo. Banchet et al. [8,9] verified the in vitro formation
of silica-rich and calcium phosphate layers on particles of
powdered bioactive glasses (<40 pm) by elemental analysis
at the submicrometer scale by scanning transmission spec-
troscopy associated with energy-dispersive X-ray spectros-
copy. Karlsson et al. [10] reported that the solubility of
hydroxyapatite depended on temperature, the concentra-
tions of calcium and phosphate and pH. According to
them, the silica gel was not stable when the pH increased
to above 9.5. However, the stability of the calcium phos-
phate precipitation increased with pH [10]. According to
Lu and Leng, the nucleation rate of calcium phosphate
precipitation in simulated body fluid (SBF) was signifi-
cantly affected by the pH value, resulting in a different
crystallized structure of the precipitate [11]. A high pH
environment was favorable for hydroxyapatite nucleation,

1742-7061/$ - see front matter © 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actbio.2008.04.007


mailto:leena.hupa@abo.fi

D. Zhang et al. | Acta Biomaterialia 4 (2008) 1498—-1505 1499

and the hydroxyapatite nucleation rate approached that of
octacalcium phosphate at pH 10 [11].

Many in vitro studies of bioactive glasses are carried out
with monolithic samples, i.e. disks and plates [4,12-14].
However, various clinical applications also call for other
shapes and sizes of bioactive glass products. Glass particu-
lates greater than 100 pm in diameter, which can be used to
fill in bone defects, have been investigated by Greenspan et
al. and Peltola et al. [16,17]. Bioactive glasses with a porous
structure have been studied by Ylédnen et al. [18]. In addi-
tion, studies on bioactive glass powders with an average
particle size significantly smaller than 100 um have been
carried out [19,20]. Fine powders of bioactive glasses have
been used as a coating material on high-strength metal
implants [21,22]. Fine powders of bioactive glasses in den-
tal paste material have been found to show antibacterial
properties for the prevention of infections [23,24]. The anti-
bacterial properties of the powdered bioactive glasses on a
wide selection of bacterial species were reported in our pre-
vious work [25,26].

The present work discusses the in vitro behavior of var-
ious particle size fractions of three bioactive glasses. The
goal is to establish the influence of particle size on the in
vitro properties of glasses in SBF. The results are relevant
in understanding the influence of particle size on in vitro
and in vivo reactions of bioactive glasses.

2. Materials and methods

Two well-known bioactive glasses, 45S5 and S53P4,
both used in clinical applications, and one experimental
bioactive glass, 23-04, were used in this study (Table 1).
Glass 23-04 has been discussed in our previous reports
[14,15]. The glasses were made from mixtures of analytical
grade Na,CO;, K,COj3;, MgO, CaCO;, H3;BO;, CaH-
PO, - 2H,0 and commercial grade Belgian quartz sand.
Batches were melted in a Pt crucible at 1360 °C for 3 h.
After casting and annealing, the glasses were crushed and
remelted in order to improve homogeneity. Glass plates
with dimensions of 2.00 x 1.50 x 0.15 cm were cut from
the blocks by a low speed diamond saw. The glass blocks
were crushed and sieved to give the following size fractions:
<45, 45-90, 90-250, 250-315, 315-500, 500-800 and 800—
1000 pum. SBF was prepared according to the protocol of
Kokubo et al. [27]. The pH of the solution was adjusted
to around 7.3 at 37 °C.

A Teflon container with a cylindrical bottom cavity was
used as the container for the in situ pH measurements (Fig.
1). A microelectrode (Orion 9863BN) was inserted inside

Table 1
Codes and chemical composition (wt.%) of the experimental glasses

Glass NaZO KzO MgO CaO B203 PzOS SlOz
4585 24.5 0 0 24.5 0 6 45
S53P4 23 0 0 20 0 4 53
23-04 5 11.25 45 20 2 1 56.25

Electrode
Glass
powder/ ) L
particles <~ " L ; 0.5cm

Fig. 1. Experimental scheme showing the in situ measurement for glass
particles.

the cavity. The total tip length of the electrode was
137 mm and the needle length was 40 mm. The diameters
of the upper part and the needle tip were 7.6 and 1.7 mm,
respectively. About 1.5 g of glass particles was put into
the cavity so that the detecting area of the electrode was
totally covered. Then 15 ml SBF was carefully poured into
the container to give an approximate sample concentration
of 100 mg ml~'. The pH in the powder bed was measured in
situ at 37 °C for 48 h. The pH in the SBF after removing the
particles was also measured at 48 h.

The plate samples were placed in a polystyrene con-
tainer. About 17 ml of SBF was added to the container
to give a ratio of surface area of particles to volume of
SBF (SA/V) of 0.4 cm ™', corresponding to an average con-
centration of 100 mg ml~'. The plates were immersed for 4,
8, 24 and 72 h at 37 °C. The pH in the bulk solutions was
measured at 37 °C with a normal glass electrode after
removing the glass plates.

After immersion the samples were washed with ultra-
pure water and ethanol. The concentration of phosphorus
ions in SBF after removing the particles was measured with
an inductively coupled plasma-optical emission spectrome-
ter (ICP-OES; Optima 5300 DV, Perkin Elmer) for glasses
S53P4 and 23-04 at 2, 4, 27 and 48 h for the finest fraction.
Particle samples at 48 h and plate samples at 72 h were ana-
lyzed by a field emission scanning electron microscope
(LEO 1530) equipped with an energy-dispersive X-ray ana-
lyzer (EDXA; ThermoNoram). After embedding in resin,
the samples were cut from the middle and the cross-sec-
tional surfaces of the samples were observed.

3. Results

The pH of the SBF inside the particle beds and in the
bulk solutions after immersing the plates are shown in
Fig. 2. The maximum standard deviation of the pH mea-
sured was 0.1 pH unit. For both particles and plates, the
pH values were highest for glass 45S5 and lowest for 23-
04. The pH of the immersion solutions of the plates
increased with time, but to a lower degree than for the par-
ticle systems. The pH inside the particle beds increased with
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Fig. 2. In situ pH in the SBF inside particle beds during immersion for
glasses 45S5, S53P4 and 23-04. The numbers 1-7 present the curves for the
average particle sizes: <45, 45-90, 90-250, 250-315, 315-500, 500-800 and
800-1000 pm, respectively. The pH in the mixed immersion solution of
glass plates (2.00 x 1.50 x 0.15cm) is shown by the dashed line as a
function of the time points indicated.

immersion time and particle size range, and showed a sim-
ilar trend for all samples during the in situ measurements.
The pH in the samples with the finest particle size (<45 pum)
was much higher than the values for the coarser particle
fractions. For all glasses, the largest size fraction (800—
1000 um) showed a much lower pH value than the other
fractions.

The rate of pH increase inside the particle beds
depended on particle size and progression of the immer-

sion. The greatest increase in pH was observed during the
first 2 h of immersion, and maximum values were seen
within 1-4 h. In the bulk immersion solution of the plates,
the greatest rate of pH increase was also seen within the
first 4 h. With prolonged immersion, the pH inside the par-
ticle beds decreased slightly, except for the <45 um frac-
tions of glasses 45S5 and S53P4. The smaller the particle
size, the greater the rate of pH increase during the first
2 h of immersion. In order to estimate the influence of
the surface area of the samples on the pH changes, the total
surface area of the different particle size fractions was cal-
culated by assuming spherical (or cubic) particles and an
average density of 2.4 gcm > for the bioactive glasses.
The calculated surface area of the 1.5 g samples as a func-
tion of the average particle size is given in Fig. 3. The figure
shows that, for the given mass of the sample, the total sur-
face area increases as a power function with decreasing par-
ticle size. The average particle size of each fraction was
used to estimate the maximum and final values of the bed
pH as a function of the calculated surface area (Fig. 4).
The figure also shows the final pH in the bulk solutions
for glasses 45S5 and S53P4 after removing the particles.
The final pH in the bulk solution and inside the particle
beds was of the same level only for the lowest surface area,
i.e. the largest particle size fraction, while for the fine pow-
ders large differences were recorded.

Three reaction layers were seen in the SEM images of
the cross-sections of the samples. EDXA indicated that
the layers were a silica-rich (Si) layer, a calcium phos-
phate-rich (CaP) layer and/or a mixed layer (Si+ CaP)
containing both silica and calcium phosphate. Fig. 5 shows
the reaction layers formed on glasses 45S5 and S53P4 after
48 h in SBF. The chemical compositions of the layers are
given by the EDXA spectra in Fig. 6. The SEM images
on both the top and the cross-sectional surfaces showed
that the formation of the reaction layers varied on individ-
ual particles. The maximum standard deviation of the
thickness of the Si-rich, CaP-rich and mixed layers mea-
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Fig. 3. Average particle size (um) as a function of calculated total surface

area (cm’) of the 1.5 g glass samples by assuming spherical (or cubic)

particles and an average density of 2.4 g cm™>.
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Fig. 4. Maximum (max inside) and final (48 h inside) in situ pH in SBF inside particle beds as a function of calculated surface area (Calc. SA) ofa 1.5¢g
glass sample, and the pH in the final mixed SBF after removing the particles (48 h mix). The average thickness (pm) of the reaction layer on the glass
surface at 48 h as a function of the Calc. SA is also shown by the secondary y-axis.

100K X WD= 10 mm EHT =15.00 KV QBSD

Fig. 5. SEM images of cross-sectional surfaces of glass particles after 48 h in SBF: (a) 45S5, 800-1000 um and (b) S53P4, 500-800 um. The numbers
indicate the layers as follows — 1: Si-rich layer (Si); 2: mixed layer containing both Si and calcium phosphate (Si + CaP) and 3: calcium phosphate-rich
layer (CaP).

sured on the cross-sections of the glasses was +1.6, +0.7 glass. The thickness ranges of the reaction layers on the dif-
and +0.2 um, respectively. Fig. 7 shows the uneven layer  ferent size particles fractions are given in Table 2. On
formation on the 250-350 pm particles of glass 45S5. Dif-  plates, the layers were relatively even and thickness
ferences in layer formation were found both between glass ~ depended on the glass composition. On the smallest parti-
compositions and between particle fractions of the same  cles only thin and sporadic layers or no layers at all could
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Fig. 6. EDXA spectra showing the compositions of the three layers indicated in Fig. 5b for S53P4 (500-800 pm): (a) Si-rich layer (Si); (b) mixed layer
containing both Si and calcium phosphate (Si + CaP) and (c) calcium phosphate-rich layer (CaP).
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Fig. 7. (a) SEM image of the top surface of glass 45S5, 250-315 um particles and (b) EDXA spectra of the middle particle in image (a).

be observed. However, the ICP-OES analysis of the immer-
sion solutions of the finest fractions of glasses S53P4 and
23-04 indicated that the phosphorus ion concentration
had decreased to one-third of the initial value at 2 h and
was very low after 48 h (Fig. 8). The maximum standard
deviation of the measured concentration of the phospho-
rous ion in SBF was 2.7 mg1~'. For the samples with an
average diameter larger than 250 um, the surface morphol-

ogy on the tops of the particles showed the clear formation
of reaction layers on some of the particles. Generally, the
thickness of the reaction layers increased with increasing
particle size. Clearly thicker layers were found on particles
of glasses 45585 and S53P4 than on 23-04. These results
were in accordance with our previous results, i.e. glasses
45S5 and S53P4 showed a high in vitro bioactivity while
glass 23-04 had a clearly lower bioactivity [14].
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Table 2
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Reaction layer thicknesses (um) measured on cross-sectional surface of the particles (48 h in SBF) and on plates (72 h in SBF)

Glass Layers (pum) Particle size (um) (48 h) Plate (72 h)
<45 45-90 90-250 250-315 315-500 500-800 800-1000

4585 Si 0 0-2.1 0-10.0 0-14.0 0-20.0 0-20.0 0-30.0 9.6-12.8
Si+ CaP 0 0 0-1.3 0 0 0-1.1 0-4.0 0.2-0.6
CaP 0 0 0 0-34 0-1.0 0-3 0-3.5 2.1-3.5

S53P4 Si 0 0-2.5 0-5.0 0-15.0 0-20.0 0-19.0 0-7.0 3.0-8.7
Si+ CaP 0 0 0-1.0 0 0-1.0 0-1.0 0-1.0 0-2.5
CaP 0 0 0 0-1.1 0 0-3.5 0 1.6-2.9

23-04 Si 0 0-1.5 0-2.5 0-1.0 0-2.5 0-1.0 0-1.5 1.1-1.4
Si+ CaP 0 0 0 0-0.3 0 0 0-1.5
CaP 0 0 0 0 0-0.5 0 0 0

Si: Si-rich layer; Si + CaP: mixed layer containing both Si and calcium phosphate and CaP: calcium phosphate-rich layer.

36y
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Fig. 8. Concentration of phosphorous ions as a function of immersion
time after removing the particles (<45 um) from SBF for glasses S53P4
and 23-04.

4. Discussion

In general, the reactions of the glass particles followed
the steps proposed by Hench et al. [1]. The particles started
to leach and dissolve immediately when in contact with
SBF. The rapid release of alkali ions was assumed to cause
the similarly rapid increase in pH inside the powder beds
and in the bulk solution. For all three compositions, the
fastest pH increase was observed within the first 4 h of
immersion, after which the pH at the glass—solution inter-
face was almost constant or decreased slightly, depending
on the glass composition and particle size. With prolonged
immersion, the rapid increase in the interfacial pH was slo-
wed down by the reaction layers that developed on the
glass surfaces, as suggested by the SEM observations.
The pH changes measured in this study were in good agree-
ment with observations of immersion of glass 45S5 parti-
cles in Tris-buffered solutions by Cerruti et al. and
Greenspan et al. [2,3], in which a rapid increase in pH took
place in the solution during the first 2-6 h, after which the
pH either gradually increased or slightly decreased.

As shown in Fig. 4, the pH values increased with the
total surface area as a power function, i.e. with decreasing
average particle size. Poor diffusion in the static experimen-
tal conditions was assumed to give a supersaturated solu-

tion inside the particle beds within the first few hours of
immersion. For the systems with fine powder (<45 pm),
the diffusion between the solution inside the particle beds
and the bulk solutions was poorest, as indicated by the
large differences in the final pH values of the bulk and
interfacial solutions (Fig. 4). In contrast, the largest parti-
cles did not markedly prevent diffusion between the ions
inside the particle bed and bulk SBF. The higher pH values
obtained with the smaller particles depended on their large
surface area. The bigger the particles, the smaller the differ-
ences between the pH values.

The formation of the layers on the particles strongly
depended on the particle size, glass composition and local
environment around the particles. As given in Fig. 7, after
48 h in SBF a calcium phosphate layer formed on some
particles only. The difference in the layer formation was
assumed to depend on the ion concentration of the SBF
to which the particles had been exposed, i.e. either a super-
saturated solution inside the bed or the bulk solution at the
bed interface. The particles at the bed interface were
assumed to show distinct reaction layers, while inside the
bed layers could not be verified. Similar results based on
Fourier transform infrared spectra of the reaction layers
on bioactive glass particles have been reported by Hench
et al. [28]. Differences in reaction layers were assumed to
depend on uneven exposure of the particles to the solution
in the container. In our previous study, the reaction layers
formed in SBF on a bundle of bioactive glass fibers were
found to vary with the location of the individual fibers in
the bundle [29]. The outer fibers had clear and uniform lay-
ers, while the surfaces inside the bundles showed no or
uneven reaction layers. Thus, poor diffusion was assumed
to give a high local pH inside the particle bed. At this con-
dition, the silica gel was unstable [10]. The high pH should
increase the stability of the calcium phosphate precipitation
[10]. However, due to the high SA/V ratio inside the bed, a
distinct calcium phosphate layer could not be detected on
individual particles by SEM.

The particle size had a strong impact on the in vitro
behavior of the glasses. Bigger particles showed a smaller
increase in pH but more clear reaction layers than particles
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smaller than 250 pm. The smaller the size fraction, the
higher the SA/V ratio. Generally, the average thickness
of the total reaction layer, given as the sum of the average
thickness of the three layers, decreased with the total sur-
face area of the sample, i.e. with decreasing particle size
(Fig. 4). Similar phenomena have been observed by other
researchers. According to Greenspan et al. [2], higher SA/
V ratios gave faster and larger increases in pH and rapid
initial layer formation, but less-developed calcium phos-
phate layers than lower SA/V ratios. Cerruti et al. [3] also
observed that smaller particles gave a faster cation release,
a higher solution pH and a thinner calcium phosphate
layer. Greenspan et al. [2] assumed that the poor layer for-
mation on the smaller particles was due to the rapid
increase in pH, which altered the solubilization and subse-
quent repolymerization of the Si-rich layer, which is neces-
sary to form the calcium phosphate layer. The high surface
area itself could also be an important reason for the less-
developed reaction layers. Clear calcium phosphate layers
could not be seen by SEM/EDXA for the fraction smaller
than 45 pm, although phosphorous ions in the SBF were
clearly consumed during immersion. This suggested that
precipitation of calcium phosphate also took place in the
sample with the finest powder. The calcium phosphate
was assumed to precipitate and spread out on the large sur-
face area in a layer that was too thin to be verified by SEM.
However, the formation of silica-rich and calcium phos-
phate layers on fine particles of bioactive glasses
(<40 um) was observed when using a much lower sample
concentration (2mgml™'), i.e. a lower SA/V ratio [8,9].
As no essential differences between the layers on individual
particles were reported, the low sample concentration was
likely to provide unhindered diffusion between the particle
interfaces and the solution. In this work, it was found that
the finer the fraction, the poorer the diffusion between the
solution inside the particle bed and the bulk solution, thus
giving less-developed reaction layers on the particles inside
the bed.

5. Conclusions

In vitro reactions of bioactive glasses in different prod-
uct forms, ranging from fine powder to different particle
size fractions within 45-1000 pm, were compared with
reaction layers observed on plates of the same glasses.
The in vitro behavior of glass particles strongly depended
on the particle size, glass composition and local environ-
ment around the separate particles. For the same concen-
tration a finer fraction gives a higher pH value than a
coarser fraction. The pH in the solution inside the particle
bed was much higher than that in the bulk solution. The
difference in surface area was assumed to explain the trend
of pH change as a function of particle size. With the largest
size fraction, no differences in the final pH between the
bulk and interior solutions could be observed. Distinct
reaction layers typical for glass plates were observed only
on some particles, which were assumed to be exposed to

bulk SBF. With increasing particle size, the change in solu-
tion pH was less, while more distinct layers on particle sur-
faces were seen. The largest size fractions gave results
similar to those obtained with plates of bioactive glasses.
For the finest fraction, <45 pum, no layers could be
observed due to the large surface area. Thus, in vitro layer
formation on particles of bioactive glasses is likely to give
similar results with monoliths only when using large size
fractions.
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