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Abstract: 45S5 bioactive glass (BG) is a bioactive material
known to bond to bone in vivo through a surface calcium
phosphate (Ca-P) layer. The goal of this study was to ad-
dress the importance of BG surface charge in the bioactive
response by examining the relationship between charge
variations and the formation of the surface Ca-P layer. The
zeta potential of BG in an electrolyte solution (TE) was mea-
sured by particle electrophoresis, and the formation of a
Ca-P layer was characterized using SEM, EDXA, and FTIR.
Si, Ca, and P solution concentrations also were determined.
The initial BG surface was negatively charged, and two sign
reversals were detected during 3 days of immersion. The
first, from negative to positive after 1 day, is attributed to the
adsorption of cations at the BG surface, and the second re-
versal was due to the precipitation of phosphate ions from

solution. A strong correlation was found between the for-
mation of a Ca-P layer and BG surface zeta potential varia-
tions. The dynamic shift in zeta potential from an initially
negative surface to a positively charged surface directly cor-
responded with the formation of an amorphous Ca-P layer.
In addition, when the glass surface matured into a crystal-
line Ca-P layer, it was associated with a reversal from a
positive to a negative surface. Future work will focus on the
effects of protein adsorption on BG surface charge and Ca-P
layer formation kinetics as well as on cellular response to a
changing BG surface. © 2000 John Wiley & Sons, Inc. ]
Biomed Mater Res, 51, 80-87, 2000.
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INTRODUCTION

4555 bioactive glass (BG) is a bioactive material ca-
pable of establishing a chemical bond to bone in vivo.'
Bioactivity is defined here as the ability of an already
biocompatible material to enhance bone formation
and to bond to surrounding bone tissue. BG currently
is the most bioactive material available.”> While the
events taking place at the interface between BG and
bone have been extensively documented, the precise
mechanisms associated with its bioactivity have not
been fully understood.” ' In solution, the surface of
BG undergoes a time-dependent modification. A se-
ries of solution- and cell-mediated surface reactions
result in the formation of a calcium phosphate (Ca-P)
layer through which a bond to the surrounding bone
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tissue is established. The formation of a Ca-P layer in
vitro on a material surface is believed to indicate its
bioactive potential in vivo.>” Clearly, a bioactive be-
havior is an interface-driven phenomenon. Parameters
such as surface charge, composition, structure, and
morphology will be important in the formation of the
Ca-P layer as well as in the interaction between the
material surface and the surrounding medium, pro-
teins, and cells.

In this study, experimental results will focus on sur-
face charge for several reasons. BG surface charge, re-
flected in its zeta potential, expands the characteriza-
tion of the surface by embodying both solution- and
substrate-related reactions. In addition, surface-
charge-associated processes are believed to be impor-
tant in normal biological bone synthesis and remod-
eling.'? Previous work from this laboratory demon-
strated zeta potential variations of both stoichiometric
and calcium-deficient hydroxyapatite (CDHA) as a
function of time in 0.01N of HNO;-0.01N of KOH. It
was found that the time needed to achieve a steady-
state zeta potential for the biologically more active
CDHA was significantly longer than the time needed
to achieve a steady-state zeta potential for stoichio-
metric HA. It was suggested that these measured dif-
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ferences either influenced or resulted from the ion ex-
change reactions occurring between the ceramic and
the solution.” Similarly, in the present study the
quantification of BG surface zeta potential variations
in an electrolyte solution may shed light on the ion
exchange, dissolution, and precipitation reactions that
are instrumental in the bioactive response.

The significance of surface charge in the formation
of an apatite layer and surface interactions with the
cellular environment have been emphasized by
many.>*'*'® Li et al. suggested that successful candi-
date materials for bone bonding either already must
have or they must develop negatively charged sur-
faces with abundant OH™ groups.' In another study,
hydroxyapatite was induced to form in vitro on 100%
silica gels."” The authors believed that this was pos-
sible due to the negatively charged surface and the
presence of silanol (S5iOH") groups on the gel surface.
The net negative charge of the surface enabled it to
attract cations such as Ca?* from solution and, in turn,
facilitated apatite deposition.

At this time there have not been any studies re-
ported that quantified the variations in BG surface
charge as a function of time in simulated physiologic
solutions. The aforementioned studies did not delin-
eate the conditions under which BG will achieve a
negative surface potential, nor did they provide any
quantitative data on the electronegativity of the bio-
active surface in solution. In addition, previous stud-
ies have failed to specify the conditions under which
the BG surface will exhibit a negative potential. There-
fore it is apparent that quantitative explorations of
both areas may be crucial in understanding the phe-
nomenon of bioactivity.

We hypothesize that time-dependent variations in
BG zeta potential correspond to, and may directly in-
fluence, Ca-P layer formation. In this study, we will
quantify BG surface zeta potential variations in a
physiologic, electrolyte solution and, subsequently,
we will relate these variations to the concurrent for-
mation of the Ca-P layer on the BG surface.

MATERIALS AND METHODS
Sample preparation

4555 bioactive glass particles (wt %: 45.2% SiO,, 24.2%
Na,O, 24.6% CaO, and 6.0% P,05), about 10 wm in size, were
used in this study (Orthovita, Malvern, Pennsylvania). The
as-received glass was analyzed by X-ray diffraction (Rigaku-
Geigerflex diffractometer) and found to be amorphous in
structure. A qualitative examination of the particles by scan-
ning electron microscopy confirmed the largest dimension
of the majority of the particles to be less than 10 pm.

The electrolyte solution used for the immersion experi-
ment was based on 0.05M of tris hydroxymethyl amino-
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methane/HCI buffer (tris buffer; Sigma Chemicals, St. Louis,
Missouri), with a solution ion concentration and composi-
tion similar to that of human blood plasma. Specifically, the
solution used here, tris buffer plus electrolytes (TE), main-
tained a pH of 7.4 at 37°C, was composed of 152.0 mM Na*,
135.0 mM of C17, 5.0 mM of K*, 2.5 mM of Ca?*, 27.0 mM of
HCO;, 1.5 mM of Mg**, 0.4 mM of SO,*", and 1.0 mM of
H,PO, '. In addition, the solution had an ionic strength of
0.17M.

BG particles were immersed in TE at a weight-to-solution-
volume ratio of 1.0 mg/mL. Each sample was incubated at
37°C for 0.25, 05,1, 2,3,4,5 or 12 h, or 1, 3, or 7 days.
Unreacted BG and TE without BG served as controls.

Zeta potential measurement

When a BG particle is suspended in a polar medium, a
surface electric double layer develops that governs the ion
distribution from the particle surface into the solution.*® The
electric potential at the hydrodynamic boundary separating
the two layers is defined as the zeta potential of the surface.
The magnitude and sign of the zeta potential provide valu-
able information regarding the electric charge present at the
interface between the glass and the solution.

In this study, the zeta potential of bioactive glass (BG)
particles was measured using the Pen Kem System 3000 elec-
trokinetic analyzer (Pen Kem Inc., Bedford Hills, New York).
The theory of particle electrophoresis and operation of the
analyzer have been described elsewhere.'®**?* Briefly, BG
particles loaded into the quartz capillary chamber were set
into motion by an applied electric field. The instrument de-
termined the velocity of the particle motion by reflecting a
laser beam from the moving particles and passing the light
through a rotating radial grating and into a photomultiplier
tube. The photomultiplier tube voltage is proportional to the
incident light intensity, which. in turn, is a function of par-
ticle surface area and the reflective index of the particles.
This information, after fast Fourier analysis, was converted
into an electrophoretic mobility histogram of the particles,
and the peak value in the histogram was used to calculate
the zeta potential via the Smulochowski equation.*!

In general, most particles can be treated as either elliptical
cylinders or spheroids. The Smulochowski equation, em-
ployed in this study to relate particle electrophoretic mobil-
ity to zeta potential, holds for a nonconducting particle of
any shape provided that the radius of curvature at all points
on the particle is large compared to the thickness of the
electric double layer. This applies to the 4555 bioactive glass
particles studied here since the effective size of the particle is
much greater than the thickness of the surrounding double
layer. Moreover, Overbeek et al.>® have shown that distor-
tion of the electric field, or of the double layer surrounding
the particle when it travels through the fluid, is negligible
for any particle shape if the thickness of the double layer is
much smaller than any radius of the curvature of the par-
ticle.

In addition, the experiments and acquisition of the zeta
potential were designed to minimize variations originating
from differences among particles. For each time point exam-
ined, the zeta potential data (1 = 9) presented here were
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calculated from average electrophoretic mobility values
based on nine separate histograms. Moreover, the average
electrophoretic mobility was calculated based on the mobil-
ity of all the particles (1 > 50) present in the electrophoresis
chamber during each measurement.

Surface analyses (FTIR, SEM, EDXA)

At the end of each immersion period, the particles were
separated from solution by centrifugation (Adams analytical
centrifuge, 3400 rpm). The samples immediately were
washed with methanol to prevent further reaction and left to
dry overnight in a 37°C oven. Subsequently the surfaces
were analyzed by Fourier transform infrared spectroscopy
(FTIR; Nicolet 5DXC spectrometer, Madison, Wisconsin) in
the diffuse reflectance mode. The glass particles were em-
bedded in KBr, and spectra were obtained with 300 scans
per sample at a resolution of 4 cm™".

Surface morphology and composition before and after im-
mersion in TE were studied using scanning electron micros-
copy (SEM; JEOL JSM 6300, 2 kV) and energy dispersive
X-ray analysis (EDXA; JEOL JSM 6400, 10 kV). The samples
were coated with carbon to eliminate any charging effects.

Solution analyses (pH, Ca, PO,,
and Si concentrations)

Solution pH was measured at 37°C (Brinkmann 632 digital
pH meter) prior to centrifugation. After separation of the
particles from solution, calcium and silicon concentrations in
the postimmersion solution were measured by flame atomic
absorption spectroscopy (Perkin—-Elmer Model 5100, Nor-
wich, Connecticut). Prior to measurement, the system was
calibrated using Ca or Si standard solutions.

Phosphorous concentration was determined in a colori-
metric assay”* by measuring the concentration of the phos-
pho—-molybdate complex using a UV-visible spectrophotom-
eter (Biochrom, LKB 4053 Ultrospec K). Three separate trials
were conducted, and three individual samples were ana-
lyzed per time point. Concentrations at each time point were
measured in triplicate and the mean and standard deviation
calculated.

RESULTS
Zeta potential measurements

Time-dependent changes in BG zeta potential in TE
are shown in Figure 1. Each data point represents the
mean of nine zeta potential values calculated based on
the average EPM of nine histograms (1 = 9). The error
bar represents the standard deviation of the mean. The
data are indicative of a dynamic surface, as two sign
reversals in BG surface zeta potential were measured
after 3 days in TE. The initial BG surface was negative
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Figure 1. 4555 bioactive glass (BG) zeta potential as a func-
tion of immersion time in an electrolyte solution (TE). The
immersion ratio equals 1 mg/mL. Each data point in the
graph is calculated based on the average electrophoretic mo-
bility values obtained from nine sets of electrophoretic mo-
bility histograms (n = 9). The error bars represent standard
deviations of the means.

in charge, with an average zeta potential of ~14.7 mV.
However, as time progressed, the surface became in-
creasingly positive, and after 1 day, it measured an
average zeta potential of +7.5 mV. The surface was
negatively charged after 3 days of immersion, and it
remained negative after 7 days in TE.

FTIR analysis

FTIR was used to monitor the formation and growth
of the Ca-P layer on BG by detecting characteristic
vibration modes of the P-O and P=0O bonds. Of inter-
est here was the appearance of a P-O bending vibra-
tional band between 600 and 570 cm™!, indicative of
the presence of amorphous calcium phosphate on the
surface. In addition, a particle-size associated peak oc-
curred between 810 and 800 cm™". Figure 2 compares
FTIR spectra of BG immersed in TE as a function of
immersion time (0 h, 1 day, 3 days, and 7 days). An
amorphous Ca-P layer was seen after 1 day of immer-
sion, and 2 days later it developed into a crystalline
Ca-P layer, as indicated by the divided P-O bending
vibration peak between 600 and 500 cm™'. A C-O
stretching vibration appeared between 890 and 800
cm™! after 3 days, suggesting the presence of carbon-
ated Ca-P on the BG.>'9%2¢

SEM/EDXA analyses

The most notable feature in SEM images of reacted
BG samples was the accumulation of surface nodules
after only 15 min in TE. As immersion continued, the
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Figure 2. Fourier transform infrared (FTIR) spectra of un-
reacted 4555 bioactive glass (BG) and of BG after immersion
in an electrolyte solution (TE) for 1 day, 3 days, and 7 days.
Note the appearance of the P-O bending vibrational band
between 600 and 500 cm™" after 1 day, suggesting that an
amorphous calcium phosphate (Ca-P) layer had been
formed on the surface. This peak became divided after 3
days, indicative of the formation of a crystalline Ca-P layer.

sample surface became increasingly covered with
these nodules, and they later merged to form larger
particles that populated the glass surface, as seen in
Figure 3. EDXA analysis showed the nodules to be
made up largely of Ca; smaller amounts of Si and P
were present at very low levels initially.

EDXA revealed that the reacted glass surface was
comprised of Na, Si, Ca, P, and Cl, with each element
present at varied peak intensities as a function of time.
The unreacted BG surface was made up of Na, Si, Ca,
and P. After the BG was exposed to TE, the intensity of
the Na peak diminished and became undetectable af-
ter 3 h of immersion, while CI, absent in the spectrum
for unreacted glass, was detectable after 12 h in TE.
Figure 4 shows two typical EDXA spectra of BG im-
mersed in TE for (a) 1 day and (b) 3 days. Although
the peak intensity of each element could not be quan-
tified in the absence of a comparable standard, the
relative intensity ratios of the elements in an EDXA
spectrum may be compared to the same elemental ra-
tios found in another spectrum. As immersion contin-
ued, we found that the Ca/P ratio decreased from 4.0
for unreacted BG to 1.7 for the 1-day reacted surface
and, later, to 1.5 for the 3-day sample. The time-
dependent decrease in surface Ca/P ratio implies an
increasing presence of phosphorus on the surface.

Solution analyses

Si dissolution was observed at the start of immer-
sion, and its concentration increased from 0.07 mM in
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(b)

Figure 3. Scanning electron microscopy (SEM) images of
4555 bioactive glass (BG) immersed in an electrolyte solution
(TE) for (a) 1 day and (b) 3 days. At 1 day, note the appear-
ance of sub-micron nodules on the BG surface. The nodules
was made up of Si, Ca, and P (original magnification
x4,300). After 3 days, the surface was covered with Ca-P
nodules, which had aggregated to form larger structures
(original magnification x15,000).

TE to 2.1 mM after 1 day. Subsequently no additional
Si was released as the Si solution concentration stabi-
lized between 2.1 and 2.2 mM after 1 day in TE. The Ca
solution concentration increased from 2.5 mM in the
control TE solution to 3.6 mM after the BG was in TE
for 15 min. The leaching continued, and after 24 h the
Ca concentration reached 4.2 mM. However, from that
point on, the calcium concentration decreased to about
3.0 mM on day 7, suggesting the precipitation of cal-
cium ions onto the glass surface.

There was no large initial release of phosphorous
ions by the glass particles; the P concentration in-
creased only about 0.15 mM after 15 min, as shown in
Figure 5. This trend continued for the next 4 h. How-
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Figure 4. Energy dispersive X-ray analysis (EDXA) spectra
of 4555 bioactive glass (BG) immersed in an electrolyte so-
lution (TE) for (a) 1 day and (b) 3 days. After 1 day, Si, Ca,
P, and Cl were found on the surface, but the Na peak had
disappeared. After 3 days, Si continued to be present at high
intensities on the BG surface, and the peak intensity of P had
increased relative to the other elements.

ever, after 5 h in TE, an uptake of phosphorous from
the solution was measured. After 12 h, about 0.26 mM
had been depleted from the solution, and 7 days later
the solution was almost completely free of phospho-
rus ions.

DISCUSSION

One of the objectives of this study was to examine
the relationship between measured BG surface charge
variations and the concurrent formation of a surface
Ca-P layer. Our data suggest a strong correlation be-
tween glass surface Ca-P layer formation and zeta po-
tential changes as measured in an electrolyte solution.
The observed variations in BG zeta potential over an
immersion period of 7 days in TE evidence gradual
changes within the electric double layer at the inter-
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Figure 5. Phosphorous (P) solution concentration as a

function of time after the 45S5 bioactive glass particles (BG)
had been immersed in an electrolyte solution (TE). Immer-
sion ratio = 1 mg/mL, n = 3. The error bars represent stan-
dard deviations of the means.

face between BG and the solution. The dynamic shift
in BG zeta potential from an initially negative surface
to a positively charged surface directly corresponded
with the formation of an amorphous Ca-P layer de-
tected after 24 h of immersion. In addition, when the
glass surface matured into a crystalline Ca-P layer af-
ter 3 days of immersion, we measured a reversal from
a positive to a negative surface zeta potential within
the same time frame.

In vitro, a series of diffusion, dissolution, and pre-
cipitation reactions result in the formation of a Ca-P
layer at the glass surface.>* At physiologic pH, the
inherently unstable glass structure actively leach Na*
Si** and Ca®" ions into solution. Disruption of the
glass network, coupled with subsequent condensation
and repolymerization reactions, lead to the formation
of a silica-rich gel layer on the surface.>>*” On this gel
layer, precipitation of calcium and phosphate ions
from solution, combined with the migration of these
ions from bulk to surface, results in the rapid forma-
tion of an amorphous Ca-P layer.>*%%

The zeta potential, surface, and solution results of
this study, when viewed collectively, confirm the oc-
currence of the diffusion, dissolution, and precipita-
tion reactions that lead to the formation of a Ca-P layer
on BG. FTIR analysis revealed that the Si-O alkali
stretch vibrational band located at 930 cm™, found in
unreacted BG, diminished as immersion in TE contin-
ued. This change, taken together with the sharpening
of the Si-O stretch and Si-O bend bands at 1090 and
470 cm™}, respectively, indicate the occurrence of Si
hydrolysis reactions and the leaching of Na* and Ca**
ion from the glass into solution. Based on FTIR alone,
we cannot directly comment on the formation of the
silica-rich gel layer, often suggested by the appearance
of a Si-O-Si vibrational band around 800 cm™". Here the
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S5i-O-Si band peak coincides with a particle-size asso-
ciated interference peak found around the same en-
ergy region. However, it is well known that the silica
gel surface is negatively charged, and we measured a
negative BG surface during the initial hours of immer-
sion, within the time frame that the silica gel was be-
lieved to be forming.” The presence of a negative silica
gel layer is likely to promote apatite formation, serv-
ing as a surface onto which calcium and phosphate
ions could accumulate. SEM images of BG in TE docu-
mented the immediate accumulation of calcium phos-
phate nodules on the glass surface. EDXA data re-
vealed that the reacted glass surface was made up
largely of silicon, calcium, and phosphorous, as well
as chlorine acquired from solution. The calcium phos-
phate nodules later aggregated to form larger depos-
its, and after 1 day of immersion in TE, an amorphous
Ca-P layer was detectable on the glass surface by
FTIR.

Previously we reported on the kinetic variation of
BG zeta potential in de-ionized water.”” We observed
a similar transition from an initially negative to a posi-
tive BG surface as immersion proceeded; however, the
surface reached positive values in 3 h as opposed to 24
h in TE. BG immersed in tris buffer without electro-
lytes®” measured an initially negative surface that later
became positive, albeit at a relatively faster pace com-
pared to BG in tris buffer supplemented with electro-
lytes (TE). In summary, as solution ion concentration
increased, the time required to reach a more positive
surface lengthened.

The kinetics of Ca-P layer formation on BG is influ-
enced by variations in solution pH, electrolyte concen-
tration, and glass surface area-to-solution volume ra-
tio, as well as the adsorption of serum proteins.'*
Kim et al. found that an amorphous Ca-P layer was
present on BG after only 1 h of immersion in tris
buffer, and a crystalline layer was detected by FTIR 1
h later.*! Radin et al. showed that a crystalline Ca-P
layer was detectable on BG disks only after 3 days of
immersion in TE." It is clear that increases in solution
complexity delayed the formation of the Ca-P layer,
and this delay is reflected in the longer transition time
needed for a negative BG surface to revert to a posi-
tively charged surface. It also is interesting that the
amorphous Ca-P layer detected after 1 day in TE mea-
sured a very different zeta potential compared to the
crystalline Ca-P layer found at day 3 of immersion.
These results suggest that structural variations at the
surface may correspond to distinctly different zeta po-
tentials. Ducheyne et al.'® measured the zeta potential
of both stoichiometric and calcium-deficient hydroxy-
apatite (HA and CDHA) as a function of time in
HNO,;-KOH solutions. They found that the zeta po-
tentials of CDHA and HA were different in magni-
tude, with CDHA measuring a more negative zeta po-
tential than HA under identical immersion conditions.
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We hypothesized here that kinetic zeta potential
variations corresponded to, and might directly influ-
ence, a Ca-P layer formation. The measured shifts in
zeta potential reported here undoubtedly reflect the
dissolution, precipitation, and ion exchange reaction
dynamics at the interface. In addition, the value and
sign of zeta potential could determine the charge
quantity, distribution, and the types of ion available at
the glass—solution interface and consequently alter the
kinetics of glass surface transformation into a Ca-P
layer. At the interface in vitro, the overall solid solu-
tion response is, in effect, characterized by four sepa-
rate reactions: (1) preferential diffusion of alkaline
ions; (2) dissolution of silicon; (3) SiO, condensation
reactions in the formation of the silica gel layer; and
(4) precipitation reactions leading to the formation of
a Ca-P layer. Of the four reactions occurring at the
interface, the zeta potential of BG through electrostatic
interactions is likely to play a role in the diffusion,
dissolution, and precipitation reactions. The BG sur-
face reactions will result in the rearrangement of ions
within the double layer and consequently change the
reaction dynamics at the glass—solution interface. In
addition, charge-associated electric fields within the
electric double layer could affect the rate constants
and energetics of interfacial reactions, increasing or
lowering the energy barrier for each reaction and, con-
sequently, influencing the formation of a surface Ca-P
layer.

Li et al. suggested that signs of the electric potentials
at the glass surface would cause ion distribution
within the electric double layer to vary from the bulk
solution.'® This difference would, in turn, become in-
strumental in the formation of a protective layer on
the glass. Tanahashi et al.”” studied apatite formation
on self-assembled monolayers (SAMs) of alkanethiols
with different surface functional groups and reported
that the negatively charged surface groups (PO,H,
and COOH) were potent apatite inducers while SAMs
with nonionic (CONH,,OH) and positively charged
(NH,) functional groups did not support rapid apatite
formation. It is believed that the apatite induction pro-
cess likely begins with the accumulation of Ca®* on the
material surface, with subsequent complexation of
phosphate ions. Therefore, a strongly negative surface
would promote the formation of surface apatite.

In this study we observed two sign reversals in BG
zeta potential within 3 days of immersion in TE. On a
mechanistic level, the negative glass surface could trap
jons such as Na*, Ca?*, and Si** leaching from the bulk
glass within the slip plane, and it would attract to the
surface cations such as Ca®" from the solution. These
actions would result in an increased presence of posi-
tive ions at the interface, reflected in the measured
reversal from a negative to a positive zeta potential as
immersion continued from 15 min to 24 h.

We did not measure the concentration of Na* ions in
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solution in the present study. However, Andersson et
al.?? examined the solution kinetics of S53P4 (wt %:
53.0% SiO,, 23.0% Na,O, 20.0% CaO, and 4.0% P,0s)
bioactive glass granules immersed in tris buffer. They
found that during the first 2 h of immersion, Na™ ions
leached from the bulk glass at a slower rate than Ca*".
The authors suggested that this discrepancy might be
attributed to the formation of an electric double layer
at the glass—solution interface where the positively
charged sodium ions compensated for the negatively
charged silica surface. Berretta et al.*® reported a zeta
potential reversal from negative to positive for bovine
metatarsal particles exposed to increasing concentra-
tions of NaCl solutions. It was suggested that the su-
per-equivalent adsorption of Na® ions might be re-
sponsible for the observed shift in polarity of the bone
particles. In our study the adsorption of Na® ions
within the electric double layer contributed to the in-
creasingly positive zeta potential after 1 day in TE.
Concurrently, the accumulation of Ca®* ions on the
surface also may contribute to the drive towards a
more positive zeta potential. Kowalchuk et al.* re-
ported that CDHA particles immersed in simulated
bone extracellular fluid measured a zeta potential of
—-11 mV, and it decreased in magnitude and inverted
its sign with increasing Ca®" solution concentration.
The observed reversal in charge was attributed to the
increasing presence of Ca at the interface between the
ceramic and the solution.

In the long-term immersions, we measured a second
reversal in BG zeta potential value, where it changed
from positive on day 1 to negative on day 3. This
reversal was caused by the accumulation of phosphate
ions to the positively charged 1-day surface. Within
the same period, we measured an increase in the phos-
phorous precipitation, and after 7 days, the solution
was nearly depleted of phosphorous. In addition, we
found a decrease in Ca/P peak intensity ratio when
comparing the day-1 to the day-3 EDXA spectrum.
These findings support phosphorus ion accumula-
tion on the BG surface. The adsorption of potential
determining, negatively charged, phosphate ions on
the BG would lead to the observed electrokinetic sign
reversal from a positive day-1 surface to a negative
day-3 surface. Similar effects of phosphate ions on
both synthetic calcium phosphate surfaces and bone
particles have been observed in electrophoretic
mobility studies conducted by other researchers.”?>%°

The major changes in BG zeta potential as a function
of exposure to TE are important observations. The
magnitude and sign of the measured BG zeta potential
are directly associated with significant electric fields
that may have profound effects on cellular function.
Biologically, stress-generated potentials in fluid-filled
bone are known to derive from electrokinetic effects,
where the zeta potential at the bone—fluid interface is
the material’s property that most strongly influences
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the amplitude and polarity of the induced electric
fields."? It is possible that in vivo the bioactive surface,
exhibiting a negative zeta potential, can act as the sur-
face upon which electrokinetic stimulation of bone
growth is possible. Finally, in time the dynamic shifts
in BG zeta potential observed here may be translated
into significant effects on protein adsorption and cel-
lular activity. Whether BG zeta potential is directly
involved in Ca-P layer formation by dominating the
forces that drive the accumulation of cations and an-
ions on the glass surface, or whether it is, instead, the
result of such accumulations is not yet known.

CONCLUSIONS

By examining the relationship between time-
dependent variations in surface charge and the corre-
sponding surface composition, structure, and mor-
phology changes, this study contributes to the eluci-
dation of the underlying mechanisms of bioactivity.
We have examined the changing BG surface in an elec-
trolyte solution with an ion concentration similar to
that of blood plasma, and we have determined the
surface to be negatively charged, as speculated by
many authors. We also have demonstrated that BG
zeta potential variations directly correspond to surface
Ca-P layer formation.

BG zeta potential varied continuously as a function
of immersion time and surface and solution composi-
tion. We measured two sign reversals in the zeta po-
tential of BG within 3 days of immersion in TE. The
first reversal from negative to positive after 1 day of
immersion may be attributed to the adsorption of cat-
ions within the slip plane. These actions lead to the
formation of an amorphous Ca-P layer. The second
reversal was due to the precipitation of phosphate
ions from the solution, which contributed to the
growth and crystallization of the Ca-P layer.

Zeta potential studies, coupled with surface and so-
lution analyses, provide special insight into the dy-
namic reactions occurring at the BG surface as it de-
velops into a Ca-P layer. Future work will focus on the
effects of protein adsorption on BG surface charge and
Ca-P layer formation kinetics as well as on cellular
response to the changing BG surface.
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