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ABSTRACT: Osteoporosis is a disease attributed to an imbalance in communication between osteo-
blasts and osteoclasts, possibly arising from a locally acidic microenvironment which hinders normal cell
function. However, to date, little or no attention has been paid to these cells’milieu in respect of implant
materials. Although it has been claimed for a few biomaterials that they stimulate bone formation,
seldom has their surface behavior been invoked to explain behavior. With degradation, ion concentra-
tions and pH at the material’s surface must vary and thus may affect osteoblast response directly. On
degradation of a recently developed biomaterial, Sr-containing CaSiO3, the interfacial pH was found to
be appreciably higher than that of the bulk medium and the “standard” physiological value of 7.4. At
these high values (pH > 8), both the proliferation and alkaline phosphatase (ALP) activity of osteoblasts
was significantly enhanced, with a maximum response at 10% Sr substitution for Ca. This shows that the
chemistry of the solid-liquid interface is a critical factor in bone regeneration, although this has
generally been overlooked. Thus, the interfacial pH in particular is to be considered, rather than the bulk
value, and this may be of importance in many related contexts in bone-tissue engineering.

1. INTRODUCTION

Osteoporosis, a primarily age-related disease, results in pro-
gressive bone loss and concurrent changes in bone microarchi-
tecture, increasing susceptibility to fracture. Previous studies
have indicated that strontium (Sr), a trace element in the human
body, may play an important role in the treatment of osteoporo-
sis through its uncoupling effect on bone formation and
resorption.1,2 The mechanism is thought to lie in Sr2þ having
the ability not only to increase osteoblast-related gene expression
and the alkaline phosphatase (ALP) activity of mesenchymal
stem cells (MSCs) but also to inhibit the differentiation of
osteoclasts.3 As a result, Sr has recently been suggested for use
as a daily oral supplement for the treatment of osteoporosis, that
is, as strontium ranelate, owing to its dual antiresorptive and
anabolic effects on bone.4-6 Furthermore, it has been found to
enhance effectively the biological performance of implanted
materials through partial substitution for Ca, due to chemical
similarity, including 45S5 bioglass,7 hydroxyapatite (HA),8 and
R- and β-TCP.9,10 However, current pharmaceutical therapies
focus mainly on modulating the activity of either osteoblasts or
osteoclasts, or both, but pay little attention to the microenviron-
ment or milieu where the cells reside. In fact, it is well established
that the local milieu in osteoporotic bone is acidotic.11 Whether
this is cause or effect, the altered microenvironment may hinder
the normal function of bone cells.

Bone formation is a consequence of a complex cascade of
events that involves the proliferation of primitive MSCs, their
differentiation into osteoblast precursors (osteoprogenitor,

preosteoblast), maturation, formation of matrix, and eventually
mineralization.12 Extracellular pH is known to play a key role in
the balance of bone formation and resorption,13 and indeed
chronic systemic acidosis promotes resorption,11,14,15 whereas
alkalosis promotes formation.16 Kaunitz and Yamaguchi13 pos-
tulated that a rather high pH might exist in the microenviron-
ment for bone formation since pH 8.5 was shown to be optimum
for ALP activity toward inorganic pyrophosphate, while only
around 60% of the activity was retained at the “physiological” pH
∼7.3-7.4.17 Although still not fully understood, the pro-miner-
alization activity of osteoblasts has been reported to increase at
alkaline extracellular pH, whereas the pro-resorptive activity of
osteoclasts increased in more acidic conditions.18 It would
appear, therefore, that bone remodeling is truly a pH-dependent
process, with osteoclasts and osteoblasts being directly affected.
For example, the success of 45S5 Bioglass is attributed to
spontaneous bonding with bony tissue through the formation
of an apatitic calcium phosphate layer, which then is associated
with the localized pH > 7.4.19 Consequently, appropriately
designed materials, which create such an ideal ambient alkaline
environment for osteoporotic bone regeneration, may be critical
to success. Neutralization of acidic metabolic byproducts, retar-
dation of the otherwise continuous mineral loss, and perhaps
equilibrating communication between osteoblasts and osteo-
clasts could be beneficial. That the problem lies in the localized
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microenvironment seems, however, to have been neglected, even
if understood.

Calcium silicate, CaSiO3 (CS), has been recently developed
for use as a bone repair material due to its excellent biodegrada-
tion and osseointegration behavior,20 while partial substitution of
Ca by Sr (Sr-CS) has shown potential in osteoporosis treat-
ment.21 However, whether released Sr would affect the pH at the
solid-liquid interface is unclear, with there being no known
relevant report. In addition, Si (as silicate) appeared to initiate
mineralization of preosseous tissues and further to stimulate
bone formation by inducing adhesion and proliferation of
osteoblasts.22,23 Such release would also play a part in solution
equilibria affecting pH. Accordingly, we propose here to examine
the pH of that interface for Sr-CS and the interaction with the
known cell modulation by Sr and Si.

2. MATERIALS AND METHODS

2.1. Fabrication. Strontium-substituted CaSiO3 (Srx-CS) pow-
ders were prepared by the precipitation method as previously
described,24 with Ca partially replaced by the required Sr (x = 0, 5, 10,
20 mol %). Briefly, the solution of Ca(NO3)2 and Sr(NO3)2 was added
dropwise into Na2SiO3 solution (analytical grade, BDH, Poole, Eng-
land) at room temperature (25( 1 �C) with vigorous stirring to a final
(SrþCa)/Si ratio of 1.0 and further stirred for 24 h. The precipitate was
collected by filtering and washed several times with deionized water and
then absolute ethanol. The product was kept at 60 �C for 24 h, followed
by heating to 800 �C for 2 h. Finally, the prepared powder was
compressed into a plate, weighing approximately 0.14 g, diameter
5 mm and 2 mm thick, in a stainless-steel mold, at 8 MPa, and then
sintered at 1200 �C for 2 h in air.
2.2. Characterization. The constitution and composition of the

prepared powders were characterized, respectively, by X-ray diffraction
(XRD) (model D/max 2550 V, Rigaku, Tokyo, Japan) using Cu KR
radiation (λ = 1.5406 Å) in step-scan mode (2θ = 0.02� per step) and
Fourier-transform infrared spectroscopy (FTIR) (Lambda 2S, Perkin-
Elmer, Waltham, MA). The atomic concentrations of elements in the
samples were quantified by X-ray fluorescence (XRF) (PW 2404,
Philips, Eindhoven, The Netherlands). In addition, checks were made
for the presence of heavy metals, for example, Cr, Ni, Fe, and Cu.
2.3. General. All tests were conducted at 37 �C, under 5% CO2,

95% air at 100% RH, and in Dulbecco’s modified Eagle's medium
(GIBCO, Invitrogen, Grand Island, NY) containing 10% (v/v) fetal
bovine serum (Biowest, Nuaill�e, France) (DMf), as appropriate. Human
osteoblast-like cells (MG-63 cells; ATCC, Manassas, VA) were used for
assays.
2.4. pH. For the pH tests, Srx-CS plates were immersed in 10 mL of

DMf, lying flat in a plastic container (Figure 1), and the pH at the solid-
liquid interface was measured at 0, 0.1, 1, 2, 4, 8, 12, 24, 48, and 72 h at
five random locations using a flat membrane microelectrode (MI-406,
Microelectrodes, Bedford, NH) with a separate reference electrode (MI-
401, Microelectrodes). In addition, as the electrode was withdrawn, pH
values at positions 1 and 2 cm above that surface were noted (Figure 1).
On introduction, the tip of pH microelectrode was first gently touched
to the test plate, while the reference electrode was held stationary
alongside, taking care to minimize disturbance of the medium; the
container was not moved, and the motion of the electrodes was slow and
minimal. In a separate run, the pH of the bulk solution was measured
after 24 h exposure following removal of the test material and then
stirring.
2.5. Proliferation of Osteoblasts. Cell proliferation was studied

by means of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. “Extracts” were first prepared by immersing
Sr-CS plates, to 0.1 g/mL, in DMf for 24 h, and then they were removed

and the medium stirred. Element concentrations in these supernatant
extracts were determined using inductively coupled plasma optical-
emission spectrometry (ICP-OES) (710-ES, Varian, Palo Alto, CA).
Cells were seeded in 96-well plates in DMf for 24 h at a concentration of
1.2� 104 cells/cm2. The culture mediumwas then replaced with 100 μL
of an extract. Three series were then tested respectively at day 1
(control), 3, and 7. For the day 7 series, the culture medium was
replaced successively at days 3 and 5 with 100 μL of fresh extract. At the
end of the respective total incubation times (day 1, 3, and 7), cell
proliferation was assessed. The extract was replaced with 100 μL of DMf
and 10 μL of 5 mg mL-1 MTT (Dojindo, Kumamoto, Japan) solution.
After 4 h “development” incubation, the DMf-MTT solution was removed
and replaced with 100 μL of dimethyl sulfoxide (DMSO) (Wako, Osaka,
Japan). After 10 min of slow shaking (Vibramax 100, Metrohm, Tampa,
FL), the absorbance was read at 570 nm against the reference value at
630 nm, and the result expressed as optical density (OD).
2.6. Alkaline Phosphatase (ALP) Activity. Cells were seeded

at a density of 4.2� 104 cells/cm2 in 96-well plates with 100 μL of DMf
and then treated in three series as above in the proliferation test. At the
end of the respective total incubation times (day 1, 3, and 7), the extracts
were replaced with 100 μL of lysis buffer containing 0.1% (v/v) Triton
X-100, 1 mmol L-1 MgCl2, and 20 mmol L-1 tris(hydroxymethyl)-
aminomethane (“Tris”), followed by freezing and thawing to further
disrupt cell membranes. A 25 μL sample was mixed with 100 μL of ALP
substrate solution containing p-nitrophenyl phosphate (pNPP) (Alkaline
Phosphatase LiquiColor, Stanbio, Boerne, TX) at 37 �C for 30 min. The
reaction was stopped by the addition of 25 μL of 3 mol L-1 NaOH, and
then the production of p-nitrophenol in the presence of ALPase was
measured by monitoring the absorbance of the solution at a wavelength
of 405 nm using a microplate reader (DTX 800 Multimode Detector,
Beckman Coulter, Brea, CA). Data were normalized by the total cell
protein, as measured with a commercial kit (DC Protein Assay Kit, Bio-
Rad, Hercules, CA) and expressed as micromoles of 4-nitrophenol
produced per hour per milligram of protein (mmol h-1 mg-1).
2.7. Effect of pH on Osteoblasts. Since it is to be expected that

both pH and Sr concentration ([Sr]) have effects on cells, pH controls
are needed to disentangle the factors. Accordingly, the pH of a 1 mL
portion of each such supernatant medium was then adjusted to the
corresponding interfacial value by addition of NaOH (0.1 mmol L-1,
5-15 μL). Likewise, 1 mL portions were adjusted to physiological pH
by adding HCl (0.1 mmol L-1, 5-15 μL); DMf served as the control
medium at pH 7.40 (physiological value) and was also adjusted to
pH 8.10 (mimicking the interfacial pH at Sr10-CS).MG-63 proliferation

Figure 1. Arrangement for the micro-pH measurements. The pH
electrode is shown in contact, but it was moved to 1 and 2 cm distance
for “bulk” readings.
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and ALP activity were then determined as for the day 3 series above
(sections 2.5 and 2.6).

2.8. Surface Bioactivity. Cellswere cultured inDMfwith a seeding
density of 3.5 � 104 cells/cm2 on the surface of CS and Sr10-CS discs.
After 24 and 72 h, cell constructs for scanning electron microscopy (SEM)
observation were fixed for 10 min in 10% buffered formalin solution
(Universal Pharmaceutical Laboratories, Hong Kong, China), dehydrated
through ascending ethanol concentrations (50%, 70%, 90%, 95% and
100%), critical-point dried using liquid CO2, and sputter-coated with gold.
2.9. Statistical Analysis. Data were examined using one-way

analysis of variance with R = 0.05 (SPSS; IBM Corporation, Route
100 Somers, NY). Summary statistics are expressed as mean( standard
deviation (n = 5), where appropriate.

3. RESULTS

In the preparation, well-crystalline CS was formed as expected
(Figure 2a); no other phase was detected, although slight

deviation of XRD peak positions was detectable for 20% Sr
substitution, probably attributable to the larger ionic radius of Sr
(Sr2þ, 113 pm; Ca2þ, 99 pm). A slight decrease in crystallinity
with increasing Sr substitution was evident. No shift or change of
the peaks for the functional groups was found in the FTIR spectra
with Sr incorporation (Figure 2b). The calculated degree of
substitution of Ca by Sr was slightly lower than the theoretical
value (Table 1).

The concentration of extracted Si at 24 h did not vary
appreciably with Sr content (Table 2), suggesting that degrada-
tion rate was unaffected. However, at 0.1 h, the pH at the CS
surface was 8.17, markedly higher than the original value of∼7.4,
but this then steadily decreased to a minimum about 7.76 at 12 h,
after which it rose steadily (Figure 3a). pH values were lower, and
indistinguishable at 1 and 2 cm away from the surface, increasing
monotonically. At 24 h, the value was close to that after stirring
(Table 3). That the surface pH only was affected markedly
indicates that the dissolution was slight in proportion to the
buffer capacity of the medium (Figure 3a). However, with the
inclusion of Sr, the surface pH was slightly slower to stabilize, but
then at about pH 8 at 1 h (Figure 3b-d). For Sr5-CS (Figure 3b)
and Sr20-CS (Figure 3d), the pH rose steadily, again paralleling
the bulk values but higher by about 0.4 unit. The results for Sr10-
CS appear anomalous after 24 h (Figure 3c), dropping somewhat
sharply; the specimen may have been inadvertently disturbed,
in effect to stir the solution. These trends may be better seen in
Figure 3e. After immersing Sr-CS plates in DMf for 24 h, the
pH of the supernatant medium (after plate removal and stirring)
was slightly higher than the “standard” physiological value (i.e.,
pH 7.4) but still much lower than the interfacial value (Table 3).

At day 3, OD (i.e., osteoblast proliferation) was markedly
higher with 10% Sr present than for plain CS, at nearly 1.5 times
the value (Figure 4a) and further increased to nearly 3 times at
day 7. A similar pattern was found for ALP activity (Figure 4b),
together indicating the dose-dependency of the effect of Sr,
although this may be confounded by the simultaneous variation

Figure 2. Phase composition of the prepared solids. (a) XRD patterns;
all peaks matched JCPD 76-0925 very well. (b) FTIR spectra; no change
of functional groups was detectable. The incorporation of Sr by partial
substitution of Ca did not affect the phase purity, possibly due to
chemical similarity.

Table 1. Chemical Composition of Prepared Solids
Determined by XRFa

composition (mass %)

sample SiO2 CaO SrO Sr/(Ca þ Sr) (mol %)

CS 52.15 47.71 0 0

Sr5-CS 52.21 44.00 3.57 4.4( 0.3

Sr10-CS 52.17 41.43 6.20 8.1( 0.6

Sr20-CS 51.25 36.76 11.67 17.2( 1.2
aNo heavy metals were detected.

Table 2. Element Concentrations of 24 h DMf Extracts
(mg/L)a

Ca P Si Sr

CS 133( 17 8.39 ( 3 111.7( 11 <0.02

Sr5-CS 112( 21 <0.02 108( 27 31.8( 7

Sr10-CS 172( 28 1.96( 0.9 105( 21 39.3( 15

Sr20-CS 164( 16 1.64( 1.1 104( 18 93.8 ( 13

DMf 89( 11 27.9( 9 2.40( 1.2 <0.02
aMean ( SD, n = 5.
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of pH. This effect was controlled for by the use of the pH-
adjusted extracts in which the degradation products in solution
were held at their 24 h values, as above. Thus, the pattern of OD
variation due to pH alone was similar to that found with the
extracts. Indeed, a significantly higher ODwas obtained when the

interfacial pH was mimicked, and in particular in the extract from
Sr10-CS (Figure 5a); a weaker but similar pattern was also
observed for ALP activity (Figure 5b).

Cells had spontaneously attached and proliferated on the
Sr10-CS surface at 1 day (Figure 6a), growing nearly to cover the

Figure 3. Change of surface pH as a function of time by soaking in 10 mL of DMf solution (a) CS, (b) Sr5-CS, (c) Sr10-CS, and (d) Sr20-CS.
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whole surface at 3 days (Figure 6b). In contrast, fewer cells were
found on the CS surface even at 3 days (Figure 6c, d). The ease of
cell adhesion and proliferation on Sr10-CS suggests better
biocompatibility, owing to the effect of Sr with the increase of
pH value at the solid/liquid interface of the Sr10-CS. Granules
formed on the cell surface are taken as potentially a sign of the
early stage of biomineralization (Figure 6a, b).

4. DISCUSSION

The so-called third generation of biomaterials is expected to
be not only bioactive but also resorbable.25 The importance
attached to resorbability suggests that account has to be taken of
released ions and their effect on the surrounding environment,
for example, pH. As mentioned above, the success of 45S5
Bioglass is said to lie in the ability to bind spontaneously with
bony tissue through the formation of an apatitic layer. This has

been attributed to the rapid release of soluble ionic species which
raise the pH.26-28 In fact, such a local alkalinized environment
may be particularly important for bone regeneration in osteo-
porosis, where acidification of the microenvironment due to
aging16 leads to decreased osteoblast activity. Although some
have claimed that the promotion of bone formation by existing
biomaterials is satisfactory,29-32 the role of pH at the solid-
liquid interface has seldom beenmentioned, with the importance
of the immediate environment being overlooked.

Spontaneous surface hydrolysis of calcium silicate occurs on
immersion, with the formation of a solution of weak silicic acid
species and hence an alkaline reaction. It would appear that
phosphate is then precipitated from the medium as its concen-
tration falls markedly (Table 2). Since the interfacial pH is the
consequence of these and other reactions, as well as the kinetics
of the boundary layer, that is, the differential diffusion of the
various species, it is not possible to give a detailed account of the
process, and we are obliged to rely on the phenomenological
observations, the complicated curves of Figure 3. Even so, it is
apparent that the presence of Sr affects these processes, and this
may involve, for example, retardation of CS degradation, possibly
by virtue of ion-size effects, as well as solution speciation. In that
light, it is curious that there is no discernible effect on [Si], at

Table 3. pH Values for Sr-CS Plates in DMf

specimen at interface at 1 cm at 2 cm

bulk extract

(after stirring)

CS 7.82( 0.07 7.68( 0.07 7.67( 0.04 7.63( 0.06

Sr5-CS 8.03( 0.03 7.71( 0.04 7.70( 0.04 7.67( 0.04

Sr10-CS 8.12( 0.02 7.73( 0.04 7.72( 0.04 7.70 ( 0.04

Sr20-CS 8.18( 0.03 7.74( 0.05 7.73( 0.04 7.69( 0.05

DMf N.A. 7.33( 0.02 7.33( 0.02 7.33( 0.02

Figure 4. Response of MG-63 cells to Sr-CS extracts: (a) cell prolifera-
tion and (b) ALP activity (/, significantly different from CS at the same
time).

Figure 5. Response of MG-63 cells to Sr-CS extracts (0.1 g/mL) at day
3 for various pH values (adjusted to previously measured solid/liquid
interfacial and physiological values), compared with the values at day 3 in
extracts (data as in Figure 4): (a) cell proliferation and (b) ALP activity
(/, significantly different from value at pH 7.4).
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24 h, at least. One possibility is that the degradation of Sr-CS
was also affected by the change of pH, in turn affecting the

precipitation of apatite. Further to our previous report,33 the
substituting Sr affects surface bioactivity, although the pH shift

Figure 6. MG-63 cells growing on Sr10-CS after 1 day (1 d, top) and 3 days (3 d, bottom): (a) CS and (b) Sr10-CS. Magnification: 1000� (left) and
5000� (right). The granules on cell surfaces were taken as potentially indicating an early stage of biomineralization.
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was not then considered. Here, however, it is clear that the
microenvironment is appreciably changed, not only in ion
concentrations but by pH as well.

The fact that the bulk pH value was appreciably lower than
that at the interface suggests that the conventional cell culture
approach with extracts, that is, mixed, could not elicit the true
response to the test material unless the exact conditions were
mimicked. This is clearly not feasible in such a time-varying
system. The outcome here of the uncontrolled tests, with
variation in both pH and [Sr], in comparison with that of the
pH-controlled tests, suggests that while [Sr] and [Si] have an
effect, as shown previously,21 pH is an important modulator. It
follows, then, that modification and control of the local micro-
environment developed at the solid-liquid interface will be
important in optimizing the stimulation of bone formation by
the implanted material.

The growth of osteoblasts appears to be favored in slightly
more alkaline conditions than the “physiological” pH of 7.4,
confirmed by a simple increase of pH to mimic the interfacial pH
of 10Sr-CS. Although the biological mechanism remains obscure,
osteoblast adhesion evidently has a complex dependence on the
environment: not only does Sr and pH matter, but there is an
interaction such that a balance between the two has to be met;
here it would seem at 10% Sr in the CS. Although many previous
reports have indicated important effects for Sr, seldom has pH
beenmentioned. It is now clear that this extra dimension must be
taken into account.

Chronic acidosis, that is, blood pH falling below about 7.35,
can signal potentially serious and dangerous symptoms or states
of disease, for example, osteoporosis. Thus, restoration of the
general cell milieu has to be particularly emphasized to restore
the normal communication between osteoblasts and osteoclasts,
but this is also important at the microscopic level, where
modification of the extracellular pH via degradation at the
implant solid-liquid interface may be therapeutic. It is the poor
recognition of this interface that is in need of rectification,
especially in the context of degradation. Coupled, then, with
the use of strontium as a daily supplement for the prevention and
treatment of osteoporosis in postmenopausal women through its
effects on bone formation and resorption, study of whether this
can be enhanced through other deliberate manipulative change
of the immediate environment, such as through pH, would seem
appropriate. Thus, osteoblast response is in fact mainly a matter
of chemistry at the implant surface.

It has to be recognized that the pH at an interface is the result
of a dynamic, diffusive system. As such, the pH test arrangement
here cannot be claimed to be a realistic mimic of a biological
system, especially since there is variation with time, so some
caution is required in respect to the particular values observed
and discussed. The selection of the 24 h value is, of course,
arbitrary. Nevertheless, the multifactorial nature of the osteoblast
response is clear and should not be ignored. Indeed, the
implication is that in general rather more detailed study is re-
quired since a simplistic approach may not provide the requisite
confidence in identifying “optimum” material formulations.

5. CONCLUSION

Although the pH of body fluid is maintained homeostatically
at ∼7.4, small shifts occurring locally may affect osteoporotic
bone regeneration. Neglect of biomaterial surface chemistry may
hamper understanding of the key factors involved in inducing
bone formation. Further study is needed.
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