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Abstract It has been proposed that one of the underlying

mechanisms contributing to the bioactivity of osteoinduc-

tive or osteoconductive calcium phosphates involves the

rapid dissolution and net release of calcium and phosphate

ions from the matrix as alternatively a precursor to sub-

sequent re-precipitation of a bone-like apatite at the surface

and/or to facilitate ion exchange in biochemical processes.

In order to confirm and evaluate ion release from sintered

hydroxyapatite (HA) and to examine the effect of sili-

cate substitution into the HA lattice on ion exchange

under physiological conditions we monitored Ca2?, PO4
3-

and SiO4
4- levels in Earl’s minimum essential medium

(E-MEM) in the absence (serum-free medium, SFM) or

presence (complete medium, C-MEM) of foetal calf serum

(FCM), with both microporous HA or 2.6 wt% silicate-

substituted HA (SA) sintered discs under both static and

semi-dynamic (SD) conditions for up to 28 days. In SFM,

variation in Ca2? ion concentration was not observed with

either disc chemistry or culture conditions. In C-MEM,

Ca2? ions were released from SA under static and SD

conditions whereas with HA Ca2? was depleted under SD

conditions. PO4
3- depletion occurred in all cases, although

it was greater in C-MEM, particularly under SD conditions.

SiO4
4- release occurred from SA irrespective of medium

or culture conditions but a sustained release only occurred

in C-MEM under SD conditions. In conclusion we showed

that under physiological conditions the reservoir of

exchangeable ions in both HA and SA in the absence of

serum proteins is limited, but that the presence of serum

proteins facilitated greater ionic exchange, particularly

with SA. These observations support the hypothesis that

silicate substitution into the HA lattice facilitates a number

of ionic interactions between the material and the sur-

rounding physiological environment, including but not

limited to silicate ion release, which may play a key role in

determining the overall bioactivity and osteoconductivity

of the material. However, significant net release of Ca2?

and PO4
3- was not observed, thus rapid or significant net

dissolution of the material is not necessarily a prerequisite

for bioactivity in these materials.

1 Introduction

Hydroxyapatite (HA) has been used extensively as a bone

grafting material in hard tissue implants for over 30 years

[1]. Its clinical utility is supported by a number of bene-

ficial properties such as its biocompatibility and ability to

encourage direct formation of bone on its surface (osteo-

conductivity) and to bond chemically to bone (bioactivity)

[2, 3]. The reactivity of HA with existing bone in terms of

dissolution, precipitation and ion exchange is however

lower than that of natural bone mineral, bi-phasic calcium-

phosphates and other synthetic materials such as bioactive

glasses and selected glass ceramics [4–8]. Thus, the

intrinsic osteoconductivity of HA is perceived, by some, to

be overshadowed by the lack of reactivity as assessed by

methods such as simulated body fluid (SBF) or Tris buffer

testing. Under these conditions, reactivity is considered to

be predictive of both bioactivity and the capacity of the

graft material to undergo complete or significant remod-

elling in the longer term [4, 9, 10].
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Although HA is a hydrated calcium phosphate

(Ca10(PO4)6(OH)2) with a crystallographic structure simi-

lar to that of bone mineral, it differs in that it lacks certain

trace ionic substitutions [11]. Means of improving the

bioactivity and osteoconductivity of HA-based bone

grafting materials to promote more rapid healing have been

investigated. Efforts have focussed on developing materials

that mimic more closely the composition of bone (than

pure HA) in terms of their physiochemical properties.

Silicon has long been known to play an important role in

bone formation and health [12]. HA-based materials

incorporating various levels of silicate within their chem-

ical structure have been assessed in various experimental

models [13–15]. Inclusion of 0.8% by weight silicon as

2.6% by weight silicate within the calcium phosphate

structure appears to enhance the apposition rate of imma-

ture woven bone and the remodelling process that gener-

ates mature lamellar bone. However, there is a clear ‘dose

dependency’ with regard to the level of silicate substitu-

tion, where silicon levels of 1.5% by weight were not

associated with further improvements and silicon contents

of 0.2 and 0.4% by weight were associated with a reduction

in the volume of bone formation as compared with stoi-

chiometric HA [14, 15]. An additional strategy has

involved investigation of both the macro- and micro-

structural features of a graft on the rate and volume of bone

regeneration, where the inclusion of interconnected

microporosity (also known as strut porosity) with a pore

size of 1–50 lm, reflecting the osteocyte lacunae and

canaliculi network within bone, seems key to attaining

optimal bioactivity [16, 17]. Thus by incorporating both

physiologically relevant levels of silicate within the

chemical structure and an interconnected microporosity

silicate-substituted HA graft materials (SA) have been

designed to share some of the chemical and microstructural

characteristics of bone [16, 17].

It has been proposed that one of the underlying mech-

anisms responsible for the bioactivity of HA involves the

dissolution of calcium and phosphate ions from the HA

matrix [9], where dissolution leads to increases in calcium

and phosphate ion concentration in the spaces between

existing bone and the implanted graft which may then drive

more rapid bone apposition at the graft surface [10]. It has

thus been postulated that synthetic graft materials with

chemical and physical properties that hasten the process of

dissolution could potentially promote faster apatite for-

mation and healing at the site of graft implantation [4, 6, 9].

Determination of whether silicate substitution significantly

enhances HA dissolution rate is therefore key to under-

standing its mechanisms of action, in tandem with con-

sideration of whether enhanced bone healing is additionally

related to release of local bioavailable silicate ions which

may act on bone cell metabolism and whether physio-

chemical modulation of protein speciation and conforma-

tion at the SA surface may promote bone cell adhesion and

differentiation [18–20]. A number of studies have been

performed to investigate the variation in dissolution rate of

HA and SA [21–23], however, there are few studies that

analyse the release of calcium, phosphate and silicate from

substrates in physiologically relevant media with and

without the presence of serum proteins [24]. Moreover,

studies have rarely focused on the chemical composition of

the material alone as experiments have only infrequently

controlled for the microstructural properties and chemistry

of the samples. Furthermore, experiments have rarely been

conducted on materials that have an interconnected strut

porosity similar to that used in clinical applications.

Thus, there remains a lack of understanding on how

relative levels of ionic exchange from graft materials of

differing chemical composition affect the bioactivity of

HA-based bone graft substitutes. The question also arises

as to what role ionic dissolution plays in the previously

reported superior bioactivity of SA compared with HA in

terms of species other than silicate. In the present study, we

investigated the exchange of calcium, phosphate and sili-

cate ions with microporous SA (0.8 wt% Si) and HA discs

in tissue culture medium in the absence and presence of

serum proteins under static and semi-dynamic (SD) con-

ditions in order to identify any significant variation in ion

exchange profile between HA and SA as well as sensitivity

to the presence of serum proteins.

2 Materials and methods

Unless otherwise stated, all reagents were supplied by

Sigma Aldrich Company (Dorset, UK).

2.1 Media preparation

Complete medium (C-MEM) was prepared by supplement-

ing Earl’s minimum essential medium (E-MEM) (500 ml)

with heat inactivated foetal calf serum (FCS) (50 ml),

0.9% L-glutamate (5 ml) and 0.9% penicillin–streptomycin

(5 ml). Serum-free medium (SFM) was prepared in the same

way as C-MEM but without the addition of FCS.

2.2 Media stability

To monitor the stability of the tissue culture media used in

the study, samples of C-MEM and SFM were incubated in

triplicate under cell culture conditions: 37�C, 5% carbon

dioxide and 95% air humidity for up to 28 days. Specimens

were collected on days 1, 3, 7, 10, 14, 21 and 28 and frozen

at -20�C for analysis of calcium, phosphate and silicate

ion concentration.
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2.3 Sample preparation

Both phase pure stoichiometric HA and 2.6 wt% silicate

(SiO4
4-) substituted SA powder (i.e. containing 0.8 wt%

Si) were synthesised using an aqueous precipitation

method as described previously [25]. Microporous SA and

HA discs with matched pore structures, similar to the strut

porosity (i.e., the fraction of porosity within the scaffold

struts [16] found in some bone graft substitutes [26]) were

prepared by casting aqueous slurries of HA and SA

powder into polytetrafluoroethylene moulds (19 mm in

diameter and 8 mm deep). Castings were allowed to air

dry at room temperature prior to sintering at either

1,250�C (HA) or 1,300�C (SA) (Carbolite RF 1600,

Carbolite, UK) for 2 h. These conditions having been

optimised to produced HA and SA microporous discs with

matched microstructural characteristics [18]. Discs were

sterilised in a dry oven at 160�C for 2 h prior to immersion

in media.

Microporous (1 g) discs (HA or SA; 93) were

immersed in C-MEM or SFM (1 ml) in 24-well plates and

incubated under two different sets of conditions, static

and SD. Under static conditions samples were incubated

under standard tissue culture conditions without agitation

for periods of 1, 3, 7, 10, 14, 21 and 28 days and sample

medium was not changed during the incubation period.

Under SD conditions samples were also incubated under

standard tissue culture conditions but the incubating

media (1 ml) was collected and the media replenished

with fresh SFM or C-MEM on days 1, 3, 7, 10, 14, 17, 21

24 and 28. All sample aliquots were stored at -20�C until

further analysis. Control samples consisted of the appro-

priate tissue culture medium incubated alone and pro-

cessed in the same way as samples containing HA and

SA.

2.4 Calcium assay

Calcium ion (Ca2?) concentration was determined using a

QuantiChromTM calcium assay kit (BioAssay Systems,

Hayward, USA), in accordance with the manufacturer’s

instructions. A standard calibration curve for Ca2? was

prepared from a stock calcium solution in order to provide

eight different concentrations ranging from 0 to 5 mM.

The calcium assay reagent provided with the kit consisted

of equal volumes of assay Reagent ‘A’ and assay Reagent

‘B’ (exact composition not available). For the assay, 5 ll

of the calibration standard or sample (n = 3) and 200 ll

assay reagent was added to a 96-well plate. The 96-well

plate was left for 5 min at room temperature and then read

at 590 nm using a MultiScan AscentTM plate reader and its

associated software (Labsystems, UK).

2.5 Phosphate assay

Phosphate ion (PO4
3-) concentration was determined using

a modified form of a previously published assay [27], that

was not significantly affected by the presence of the pH

indicator phenol red or b-glycerophosphate in tissue cul-

ture medium [28]. The phosphate assay reagent was pre-

pared by mixing 6 M sulphuric acid, deionised water, 2.5%

ammonium molybdate and 10% (w/v) ascorbic acid in a

1:2:1:1 ratio. A phosphate standard calibration curve was

prepared from a stock solution of 100 mM sodium phos-

phate dibasic dodecahydrate (Na2HPO4�12H2O) in deion-

ised in order to provide 16 different concentrations ranging

from 0 to 9 mM. For the assay, 20 ll standard solution or

sample (n = 3) was added to a 96-well plate and to this,

80 ll deionised water and 100 ll of the phosphate assay

reagent was added. The plates were shaken for 10 s, sealed

and incubated at 37�C for 2 h. After 2 h, the plates were

allowed to return to room temperature and the absorbance

was read at 810 nm using a MultiScan AscentTM plate

reader and its associated software (Labsystems, UK).

2.6 Silicate assay

The assay was a modified form of a previously published

assay [29]. The silicate assay Reagent ‘A’ was prepared by

mixing 4.5 M sulphuric acid and 0.6 M ammonium

molybdate in a 1:1 ratio. The silicate assay Reagent ‘B’

was prepared by mixing 10% (w/v) oxalic acid and 3%

(w/v) ascorbic acid in a 1:1 ratio. To obtain a 1.7 mM stock

solution, 10 ll sodium silicate solution (BDH Laboratory

supplies, Poole, UK) was mixed with 990 ll distilled

water. This stock solution (290 ll) was added to C-MEM

or SFM (10 ml), from which a serial dilution of eight

points ranging from 0 to 125 lg ml-1 was obtained. For

the assay, 100 ll standard or sample (n = 3) were added to

a 96-well plate to which 100 ll Reagent ‘A’ was added.

After 1.5 h at room temperature, 60 ll of Reagent ‘B’ was

added and 10 min later the absorbance was read at 810 nm

using a MultiScan AscentTM plate reader and its associated

software (Labsystems, UK).

2.7 pH analysis

The pH was measured using a calibrated pH meter (Hanna

Instruments, UK), which automatically recorded both pH

and temperature every 5 min. To measure pH, SFM

(50 ml) pre-warmed to 37�C was incubated under cell

culture conditions for 50 min to reach equilibrium.

Microporous HA or SA (50 g; n = 5) were immersed in

the equilibrated SFM and pH (temperature corrected) was

monitored for 2 h.
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2.8 Statistical analysis

Values of variance (R2) were determined for the calibration

curves of the calcium, phosphate and silicate assays.

Calibration curves were used to determine ionic concen-

trations only when R2 values were greater than 0.99.

Mean ± standard deviation values were determined for

calcium, phosphate and silicate ion concentrations for each

of the incubation systems investigated. Differences between

control samples and medium collected after exposure to

either HA or SA discs were assessed statistically using a

one-way analysis of variance (ANOVA) and evaluated

using Dunnet’s post-hoc testing. Differences between HA

and SA sample data were assessed statistically using the

Wilcoxon–Mann–Whitney tests. All statistical tests were

run using KaleidaGraph statistical software (v 4.0, Synergy

Software, USA) where values of a of less than 0.05 were

taken as representing statistical significance.

3 Results

3.1 Medium stability

In the absence of discs, Ca2? and PO4
3- ion concentrations

in both the SFM and C-MEM did not vary over the 28-day

incubation period under either static or SD conditions.

The addition of FCS had no clear effect on the Ca2? con-

centration of either medium (SFM = 79 ± 12 lg ml-1,

C-MEM = 81 ± 11 lg ml-1) but markedly increased

PO4
3- concentration (SFM = 99 ±17 lg ml-1, C-MEM =

155 ± 8 lg ml-1; P \ 0.0001: Table 1). There was a dis-

crepancy between the Ca2? and PO4
3- ion concentrations

cited by the manufacturer for E-MEM (Table 1) and the

levels measured in SFM during the study; Ca2? concentra-

tion being significantly lower (P \ 0.05) and PO4
3- con-

centration moderately higher than specified.

3.2 Calcium ion concentration

The mean Ca2? concentration remained relatively constant

with minimal depletion or release detected in SFM in the

presence of either SA or HA under static conditions over

the 28-day time period (Fig. 1a). A significant depletion of

Ca2? was detected in SFM in the presence of SA at day 3

(P \ 0.05) and at day 14 (P \ 0.05) in the presence of HA.

Under SD conditions there was a net depletion in the mean

Ca2? concentration of SFM in the presence of both HA and

SA over the 28-day time period (Fig. 1b). Under these

conditions depletion of Ca2? in SFM in the presence of SA

was statistically significant on day 1 (P \ 0.005) and days

3, 10, 14 and 28 (all P \ 0.05). In the presence of HA,

significant differences were observed on days 3, 10, 14 and

28 (all P \ 0.05). On day 1, the level of Ca2? depletion

was significantly greater in the presence of SA than HA

(P \ 0.05).

Under static conditions the Ca2? concentration in

C-MEM in the presence of HA remained relatively con-

stant over the 28-day incubation period (Fig. 1c) and did

not vary significantly from that detected in control C-MEM

samples. In contrast, the Ca2? concentration in C-MEM in

the presence of SA under static conditions demonstrated a

statistically significant increase on day 3 (P \ 0.05), day 7

(P \ 0.05), day 10 (P \ 0.0001), day 14 (P \ 0.001), day

21 (P \ 0.0001) and day 28 (P \ 0.0001; Fig. 1c). The

Ca2? concentrations in C-MEM were greater in the pres-

ence of SA than HA, with statistically significant differ-

ences observed on day 10 (P \ 0.05), day 14 (P \ 0.005),

day 21 (P \ 0.05) and day 28 (P \ 0.005). Under SD

conditions, Ca2? concentrations in C-MEM depleted in the

presence of HA, with statistically significant differences

emerging on day 3 (P \ 0.005) that continued until day 28

[day 10 (P \ 0.05), day 14 (P \ 0.001), day 21 (P \ 0.05)

and day 28 (P \ 0.001; Fig. 1d)]. Concentration of Ca2? in

C-MEM in the presence of SA showed some variability

over 28 days of the study. Calcium ion concentrations were

significantly depleted at day 1 (P \ 0.05), but showed no

marked variation from day 3 to day 28 (Fig. 1d). From day

10 to day 28, Ca2? concentrations in C-MEM were sig-

nificantly greater (P \ 0.05 on days 10–21; P \ 0.005 on

day 28) in the presence of SA than HA (Fig. 1d).

3.3 Phosphate ion concentration

Under static conditions, the phosphate ion concentration of

SFM was significantly depleted in the presence of both HA

and SA (P \ 0.0001) across all time points (Fig. 2a).

The degree of PO4
3- depletion from SFM was initially less

pronounced in the presence of SA resulting in statistically

significant higher phosphate ion concentrations on days

1–7 (P \ 0.0001) and days 10–14 (P \ 0.001) compared

with values of SFM in the presence of HA. On day 21 and

day 28, PO4
3- depletion of SFM was statistically similar in

the presence of either SA or HA. Under SD conditions,

PO4
3- depletion was less pronounced in SFM in the

Table 1 Absolute calcium and phosphate ion concentrations of

E-MEM, C-MEM and SFM

Data provided

for

E-MEM

(mean)a

C-MEM

analysed

mean

(±SD)

SFM

analysed

mean

(±SD)

Calcium ions (lg ml-1) 96 81 ± 11 79 ± 12

Phosphate ions (lg ml-1) 97 155 ± 8 99 ± 17

a Data provided by manufacturer
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presence of both HA and SA compared with static condi-

tions. The degree of ion depletion in the presence of SA

was lower compared with the SFM control with statisti-

cally significant differences observed at all time points

apart from day 14 and day 28 (Fig. 2b). Concentration of

PO4
3- in the presence of HA was lower than the SFM

control with statistically significant differences in ion

depletion observed at all time points (P \ 0.0001; Fig. 2b).

Under SD conditions, PO4
3- depletion of SFM was sta-

tistically significantly greater in the presence of HA com-

pared with SA on day 3 (P \ 0.001), day 7 and day 10

(P \ 0.05), day 14 (P \ 0.005) and day 21 and day 28

(P \ 0.001; Fig. 2b).

Under both static and SD conditions, PO4
3- depletion of

C-MEM in the presence of both HA and SA was greater

compared with C-MEM control (1.6 ± 0.1 mM) at all time

points (P \ 0.0001) (Fig. 2c, d). Under static conditions,

over the 28-day time period, the mean PO4
3- depletion from

C-MEM in the presence of HA was 1.4 ± 0.1 mM compared

with 1.1 ± 0.1 mM in the presence of SA, these differences

achieved statistical significance (P \ 0.005). Under SD

conditions, phosphate ion concentration in C-MEM in the

presence of HA was initially similar to static conditions

(1.4 ± 0.1 mM), however, over the incubation period, ion

concentration decreased and a mean PO4
3- concentration of

0.96 mM was recorded on day 28. Although there was a

degree of variation in the level of PO4
3- depletion from

C-MEM exposed to SA over the 28-day period, values ten-

ded to fluctuate around 1.0 ± 0.1 mM. The mean PO4
3-

depletion in C-MEM under SD conditions was statistically

greater in the presence of HA than SA on days 1–14

(P \ 0.005; Fig. 2d). On day 28, however, PO4
3- depletion

from C-MEM in the presence of SA was significantly

greater than HA (P \ 0.05; Fig. 2d).

3.4 Silicate ion concentration

Silicate ions (SiO4
4-) were not detected in SFM or

C-MEM, alone or in the presence of HA at any time point

over 28 days under static or SD conditions. For SFM in the

presence of SA under static conditions, SiO4
4- concen-

trations increased upon incubation, peaking on day 14

(0.25 ± 0.02 mM) and then fluctuated until day 28

(Fig. 3a). Under SD conditions, SFM SiO4
4- concentra-

tions were greatest during the initial 7 days, peaking at day

1 (0.25 ± 0.02 mM). Only traces of SiO4
4- were detected

from day 10 onwards (Fig. 3b).

Concentrations of SiO4
4- for SA incubated in C-MEM

under static conditions gradually increased, peaking at day

10 (2.0 ± 0.01 mM). The release of SiO4
4- in C-MEM

decreased on day 14 (1.6 ± 0.07 mM) and then did not

vary significantly with time (Fig. 3c). Under SD condi-

tions, SiO4
4- concentration in C-MEM increased steadily

to day 7 (Fig. 3d) then fluctuated until day 28.
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Fig. 1 Mean change in calcium

ion concentrations of HA and

SA incubated in a serum free

medium under static conditions,

b serum free medium under SD

conditions, c complete medium

under static conditions,

d complete medium under SD

conditions for up to 28 days

(variation in significance level

as compared to basal levels and

between HA and SA denoted by

*P \ 0.05;**P \ 0.005;

***P \ 0.001;

****P \ 0.0001; basal

Ca2? concentration of

SFM = 79 ± 12 lg ml-1;

basal Ca2? concentration of

C-MEM = 81 ± 11 lg ml-1;

error bars standard error)
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3.5 pH variations in serum free medium

There was no variation in the pH of pre-warmed SFM

alone under cell culture conditions over 50 min (Fig. 4a).

The pH of SFM in the presence of HA was also unchanged

(mean pH of 7.70 ± 0.01) over a period of 150 min

(Fig. 4b). However, in the presence of SA, the pH of SFM

increased with time from 7.70 to 9.20 over 150 min and by

20 min, the pH of SFM in the presence of SA was sig-

nificantly higher than that of SFM in the presence of HA

(P \ 0.01; Fig. 4b).

4 Discussion

It is widely accepted that SA has beneficial biological

properties over stoichiometric HA and that this may be due

to the effect of silicate ion release from these materials on

bone metabolism [30]. A recent review of data in the sci-

entific literature suggests that experimental data demon-

strating the release of SiO4
4- ions at therapeutic

concentrations is required to support this assumption and

that there is no study clearly linking the improved bio-

logical performance of silicate-substituted calcium phos-

phates to SiO4
4-release alone [24], although indirect cell

culture studies have identified that osteoblast like cell

metabolism is stimulated when incubated in the presence of

SA discs so removing surface texture and surface physio-

chemistry as confounding variables [31]. The aim of this

study was to monitor the exchange of calcium, phosphate

and silicate ions between microporous SA and HA discs in

SFM and C-MEM under static and SD conditions so as to

determine whether calcium and phosphate ion release

profiles were significantly altered with silicate substitution

as well as to identify any sensitivity to the presence of

serum proteins. Review of our data clearly demonstrates

that there are differences in the patterns of ion exchange

between culture medium and microporous apatite that are

related to test conditions (static vs. SD) and the presence of

serum proteins that, for Ca2? and PO4
3- ion exchange are

at least as significant as the nature of the disc chemistry.

In a static serum free environment over the 28 day time

period of the study, silicate substitution did not appear to

have a significant effect on apatite stability. There was no
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Fig. 2 Mean phosphate ion concentrations of HA and SA incubated
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17 lg ml-1; basal PO4
3- concentration of C-MEM = 155 ±

8 lg ml-1; error bars standard error)
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net change or variation in Ca2? concentration in SFM with

time, both the apatite surfaces were found to adsorb PO4
3-

ions and although this level of adsorption was initially

greater on HA, by 28 days PO4
3- depletion levels were

similar. These observations agree with previous findings

suggesting that in the presence of physiological phosphate

concentrations there is a significant driving force for pro-

tonated PO4
3- ions to dominate at apatite surfaces to

facilitate charge balance and to maintain surface neutrality

[32]. Measurement of pH demonstrated that in the presence

of SA, the pH of SFM increased to pH 9 in the first 2 h of

incubation, whereas the pH remained unchanged in the

presence of HA, presumably as a result of the release of

silicate ions, and perhaps also reflecting the fact that the

point of zero charge for SA is pH 8.5 compared with pH

7.3 for HA [33]. The only significant difference between

the behaviour of HA and SA in static SFM was in the

release of SiO4
4- which attained a concentration of

12 lg ml-1 at day 1 and then gradually increased to reach

a plateau concentration of around 20 lg ml-1 from 10 to

28 days, suggesting that minimal SiO4
4- was released after

10 days.

Under SD conditions, where the media was periodically

replaced, the restricted nature of the release of SiO4
4- in

SFM was more obvious, with SiO4
4- levels reaching

13 lg ml-1 at day 1 but dropping to 2 lg ml-1 after

7 days. As with static SFM there was no variation in Ca2?

concentration with disc chemistry under SD conditions,

with minor levels of Ca2? depletion being observed.

Although both apatite surfaces were found initially to

adsorb PO4
3- ions under SD conditions, the capacity of

HA to adsorb PO4
3- from refreshed SFM continued

throughout the entire test period, whereas SA surfaces

appeared to have reached saturation at 14 days. In con-

junction with the slight Ca2? depletion this could provide

evidence of Ca-PO4 re-precipitation at the HA surfaces

under these conditions.

Thus, in a serum-free environment, both SA and HA

respond similarly to medium replenishment, with neither

demonstrating significant net release of Ca2? or PO4
3- ions

into the SFM. This finding appears to contradict those of an

earlier study using high resolution transmission electron

microscopy where it was reported that SA powders dis-

played increased dissolution at their surfaces as compared

with HA powders in SBF [34]. The previous observation

was thought to indicate that SA possesses a faster disso-

lution rate compared with that of HA in an aqueous envi-

ronment, however, both the SA and HA powders were

prepared by sintering at 1,200�C. In a previous study we

determined that matched microstructural morphology was

attained when HA and SA were sintered at 1,250 and

1,300�C, respectively [18], reflecting the fact that silicate
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addition raises the thermal stability of HA in a dose

dependant manner up to the substitution limit of 1.6 wt%

Si. Thus the difference in dissolution behaviour observed

with powders sintered at 1,200�C may reflect the fact that

the SA was relatively undersintered as compared to the

HA. The results of the current study suggest that for fully

sintered material in an aqueous environment devoid of

protein, dissolution may be limited to a defect rich ‘surface

layer’ resulting in a limited release of SiO44- rather than

demonstrating a continual release profile. It is possible that

a dynamic equilibrium is established at HA and SA sur-

faces under the conditions of our SFM experiment, where

the surface is effectively passivated by calcium-phosphate

re-precipitation and/or protonated phosphate adsorption.

One obvious difference between incubation in SFM and

under in vivo conditions is the presence of biological

constituents such as cells and proteins. Addition of serum

proteins to the incubation medium resulted in a marked

change in the pattern of behaviour of SA and HA. Under

static conditions a significant release of Ca2? ions into

C-MEM was observed from SA, whereas no net exchange

was observed from HA. In contrast, under SD conditions

there was an observed depletion of Ca2? ions from

C-MEM in the presence of HA and fluctuating depletion

and release from SA. Considering the effect of the addition

of serum proteins in isolation, it was clear that their pres-

ence had more of an impact on SA than HA. With HA, the

presence of serum proteins resulted in increased levels of

PO4
3- and Ca2? ion depletion, most significantly under

semi dynamic conditions. The change in the pattern of

behaviour for SA in the presence of serum was far more

marked, leading to net Ca2? ion release under static con-

ditions and a greater capacity for PO4
3- adsorption under

semi dynamic conditions over the length of the study.

However, the most obvious effect was in the continual

release of SiO4
4- ions into the media over 28 days under

SD conditions. Collectively, these observations suggest

that the SA surface may be destabilised by the dynamic

adsorption and desorption of serum proteins at its interface,

whereas protein interactions may actually stabilise the HA

surface. This could be through pH modulation of protein

activity or protein affinity for the SA surface and/or direct

protein interaction with the SA surface being facilitated by

differences in surface charge and ionic species at the

interface. Thus, observations made in a protein free envi-

ronment regarding the levels of net ion exchange at which

dynamic equilibria are established do not apply in the more

physiologically relevant protein containing environment.

It is widely believed that one of the stages involved in

the potential ability of a bioactive material to bond directly

to bone is through the formation of an apatite layer. This

results from the interaction of ions at the material surface

and the surrounding environment [35]. In vitro, the spon-

taneous formation of bone-like apatite in SBF has been

associated with improved graft incorporation and adapted

as an indicator of bioactivity [36]. Faster formation of

apatite in SBF has been reported on SA (0.4 wt%) in vitro

[13] and more compellingly more extensive apatite for-

mation has been observed on SA (0.8, 1.5 wt%) in vivo

[34], as compared with phase pure HA. In the current

study, the formation of an apatite layer on the surface of

SA or HA microporous discs from both SFM and C-MEM

would be expected to result in a net depletion of Ca2? from

the media assuming no net dissolution of Ca2? from the

discs. The release of Ca2? ions in C-MEM from SA under

static conditions suggests this latter assumption can not be

made, however, the lack of net Ca2? ion enrichment in

C-MEM when under SD conditions provides evidence for

moderate levels of dissolution that are in dynamic equi-

librium with any apatite formation or other processes at the

sintered microporous SA disc surfaces.

The degree to which an implant can form an apatite

layer is influenced by various factors, including the pH of

the solution it is bathed in. In this study, we observed a

shift in the pH towards higher alkalinity SFM in the
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presence of SA. This was most likely a result of the release

of SiO4
4- combined with the net negative surface charge of

SA leading to adsorption of more hydrogen ions and

overcoming the buffering capacity of the cell culture

medium [32, 33]. Maintaining pH in the physiological

range appears to be important to normal bone repair and

function [37]. Under circumstances where pH is not

maintained with physiological levels in vivo, cellular

apoptosis, necrosis and non specific inflammatory respon-

ses have been reported [38–40]. In the clinical setting, it is

not expected that such significant increases in pH would

occur in proximity to SA due to the highly dynamic fluid

exchange that would be expected to occur at an implan-

tation site. However, under static conditions where a 1 g

sample is immersed in 1 ml of medium, this effect would

be particularly pronounced and, interestingly, it was under

these conditions that a significant net release in Ca2? was

observed, although only in the presence of C-MEM.

Several previous studies have reported on the potential for

serum proteins to promote the dissolution of minerals

[41–44]. Indeed some serum proteins have been implicated

in the mineralisation and remodelling process where they

may have the express role of inhibiting or initiating apatite

growth through their interaction with Ca2? ions [42–44].

Thus it is possible that our observations of limited Ca2?

release may be confounded by significant protein seques-

tering of this ion as associated with apatite formation or

retardation at the disc surfaces.

Protein conformation is also known to be highly sensi-

tive to pH. Thus, in the negatively charged environment

proximal to the SA surface, it is likely that protein–ion

interactions occur that facilitate surface adsorption of the

hydrophobic organic molecules on the hydrophilic SA

surface. The driving force for this interaction is likely to be

mediated through electrostatic and conformational changes

that satisfy the entropic drive to reduce molecular order in

water molecules in response to the presence of hydropho-

bic protein ‘surfaces’. This could lead to an inability of the

SA surface to develop an effective inorganic and/or organic

‘passivating’ layer resulting in the net removal of ions from

the surface through a constant process of protein ion

sequestering, dynamic protein exchange and ion inter-

change with the surrounding media.

While the presence of silicate ions in the HA lattice did

not appear to directly increase the capacity for ionic dis-

solution (in terms of unilateral ion release) in an aqueous

environment, it did lead to an increase in local pH, accel-

erated uptake of PO4
3- and limited release of Ca2? in the

presence of serum proteins. This has significant implica-

tions for the effect of silicate substitution on the local

micro-environment in close proximity to silicate substi-

tuted graft surfaces in vivo. Increases in local pH, silicate

ion release and dynamic calcium and phosphate ion

exchange accompanying previously demonstrated changes

in protein affinity at the substituted apatite interface

[18, 19], will make this a very different local environment

to that found at stoichiometric apatite surfaces and provides

base line evidence of differences in physiochemical

response which may contribute to the enhanced bioactivity

and accelerated graft remodelling as observed with these

materials in vivo.

Our findings suggest that within the timescales of these

experiments the reservoir of ions available for exchange

from both HA and SA in the absence of serum proteins is

restricted and thus likely to be surface limited. However,

for SA the presence of serum proteins assuages this barrier,

presumably by engaging the interface in a dynamic process

of protein adsorption and desorption, facilitating the

potential for greater ionic exchange between the apatite

surfaces and the surrounding aqueous environment. These

observations support the hypothesis that silicate substitu-

tion into the HA lattice facilitates a number of ionic and

proteomic interactions between the material and the sur-

rounding physiological environment, including silicate ion

release, which may play a key role in determining the

overall bioactivity and osteoconductivity of the material.

However, significant net release of Ca2? and PO4
3- was

not observed thus rapid or significant net dissolution is not

necessarily a prerequisite for bioactivity in these materials.
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