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Abstract

The purpose of this work was to produce and characterize SiO2–CaO–P2O5 bioactive glass nanoparticles with negative zeta potential for

possible use in biomedical applications. 63S bioactive glass was obtained using the sol–gel method. X-ray fluorescence (XRF) spectroscopy and

dispersive X-ray analysis (EDX) confirmed the preparation of the 63S bioactive glass with 62.17% SiO2, 28.47% CaO and 9.25% P2O5 (in molar

percentage). The in vitro apatite forming ability of prepared bioactive glass was evaluated by Fourier transform infrared spectroscopy (FTIR) after

immersion in simulated body fluid (SBF). The result showed that high crystalline hydroxyapatite can form on glass particles. By the gas adsorption

(BET method), particle specific surface area and theoretical particle size were 223.6 � 0.5 m2/g and �24 nm, respectively. Laser dynamic light

scattering (DLS) indicated particles were mostly agglomerated and had an average diameter between 100 and 500 nm. Finally, using laser Doppler

electrophoresis (LDE) the zeta potential of bioactive glass nanoparticles suspended in physiological saline was determined. The zeta potential was

negative for acidic, neutral and basic pH values and was �16.18 � 1.8 mV at pH 7.4. In summary, the sol–gel derived nanoparticles revealed in

vitro bioactivity in SBF and had a negative zeta potential in physiological saline solution. This negative surface charge is due to the amount and

kind of the ions in glass structure and according to the literature, promotes cell attachment and facilitates osteogenesis. The nanometric particle

size, bioactivity and negative zeta potential make this material a possible candidate for bone tissue engineering.
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1. Introduction

Bioactive glasses (SiO2 glasses containing Ca and P) are

well-known materials for use in implant applications, and have

been shown to augment formation of bone and other tissues [1].

Bioactive glasses in the system SiO2–CaO–P2O5 obtained by

sol–gel method present good characteristics of osteoconduction

and osteoinduction. They can be designed with controlled

compositions and high specific surface area in order to be

biodegradable [2,3]. Compared to particle of mm or larger sizes,

bioactive glass nanoparticles may provide a means for more

rapid release of Ca and P where this is desired [4].
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Additionally, recent findings have demonstrated that there is

a genetic control of the cellular response to bioactive glass

materials [5–7]. Seven families of genes are up-regulated when

primary human osteoblasts are exposed to the ionic dissolution

products of bioactive glasses [7]. These findings indicate that

bioactive glass materials are very interesting options for tissue

regeneration and tissue engineering. A sol–gel process

produces small bioactive glass particles with a high specific

surface area. Such particles thus have potentially higher

bioactivity and increased absorption rates [4]. The ionic

products from their dissolution (Si and Ca) have the potential to

control the cell cycle of the osteoblast progenitor cells and

stimulate the genes in bone cells to differentiate enhancing

bone regeneration [6]. In addition, Hench and Polak [7] have

pointed out that the third-generation biomaterials must be both

bioactive and resorbent, and designed to stimulate specific

cellular responses at the molecular level. The CaO–SiO2 system
d.
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Table 1

The relation between zeta potential and stability of particles [9].

Zeta potential [mV] Stability behavior of the particle

0 to �5 Rapid coagulation or flocculation

�10 to �30 Incipient instability

�30 to �40 Moderate stability

�40 to �60 Good stability

More than �61 Excellent stability
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is the basis for many of the third-generation tissue regeneration

materials presently in development [1].

For particle suspensions in water, zeta potential is the

electrical potential difference between the dispersion medium

and the stationary layer of fluid attached to the dispersed

particle. Avalue of 25 mV (positive or negative) can be taken as

the arbitrary value that separates low-charge surfaces from

high-charge surfaces. The significance of zeta potential is that it

can be related to the stability of particle dispersions. The zeta

potential indicates the degree of repulsion between adjacent,

similarly charged particles. For molecules and particles that are

small enough, a high zeta potential (negative or positive) will

confer stability, i.e. the particles will resist aggregation. When

the potential is low, attraction exceeds repulsion and the

particles tend to aggregate. So, particles with high zeta potential

(negative or positive) are electrically stabilized while particles

with low zeta potentials tend to coagulate or flocculate as

outlined in Table 1 [8,9].

Also it has been suggested that negative values of zeta

potential have a significant favorable effect on the attachment

and proliferation of bone cells [10]. Therefore, in addition to

zeta potential’s effect on particles’ behavior in aqueous

environments, it also affects the cell behavior around the

particles. There are various published reports on the zeta

potential of synthetic bioceramics like hydroxyapatite and

other calcium phosphates [10–12]. However, it would be

necessary to investigate the surface charge of bioactive glass

particles with different compositions.

In this study, there is first a description of how the bioactive

glass nanoparticles were prepared. Then, methods and results of

characterizing the particles in various ways are presented.

Characterization included chemical composition, particle

morphology, particle size distribution and surface area. In

addition the zeta potential of the prepared bioactive glass

particles was determined.

2. Materials and methods

2.1. Glass synthesis

Colloidal solutions of 63S composition (63 mol% SiO2,

28 mol% CaO, 9 mol% P2O5) were prepared by mixing

deionized water, 2 N hydrochloric acid, tetraethyl orthosilicate

(TEOS), triethyl phosphate (TEP) and calcium nitrate [3]. The

initial procedure involved mixing TEOS (28.5 ml) and ethanol

(40 ml) as an alcoholic media. Deionized water was added to

solution and allowed to mix until the solution became clear. The
H2O:(TEOS) molar ratio was 4:1. After 30 min, TEP (2.35 ml)

added to the stirring solution. After another 30 min, calcium

nitrate (12.1 g) was added. The solution was then stirred for an

additional hour. The gel was heated (80 8C, 10 h), dried

(140 8C, 15 h) and thermally stabilized (650 8C, 2 h) according

to established procedures [13]. The produced glass was ground

with a mortar and pestle to disagglomerate the particles. Finally

the particles were sieved to make a distribution of particles of

size less than 5 mm (L3-M5 5 mm stainless steel sieve & Sonic

Sifter Separator, Advantech Manufacturing Co., New Berlin,

WI, USA). Bioactive glass particles were sterilized at 180 8C
for 1 h.

2.2. Characterization

2.2.1. Elemental composition analysis

The elemental composition of bioactive glass particles was

confirmed by X-ray fluorescence spectroscopy (XRF)

(PW2404, PHILIPS) and energy dispersive X-ray analysis

(EDX) technique (SUPRA 40 VP FE-SEM).

2.2.2. Phase analysis by X-ray diffraction (XRD)

X-ray diffraction (XRD) technique (Philips X’Pert-MPD

system with a Cu Ka wavelength of 1.5418 Å) was used to

analyze the structure of the prepared bioactive glass. The

diffractometer was operated at 40 kV and 30 mA at a 2u range

of 10–908 employing a step size of 0.058/s.

2.2.3. Particle morphology by scanning electron

microscopy (SEM)

Particle samples were mounted on aluminum SEM pins and

coated with Au/Pd. They were then observed with a scanning

electron microscope (SUPRA 40 VP FE-SEM, Carl Zeiss AG,

Germany) operated at an acceleration voltage of 20 kV. The

size range of the particles was determined by measuring a

statistically relevant numbers of particles from the electron

micrographs, using the measuring tools provided for this

purpose by Zeiss with their SEM.

2.2.4. In vitro apatite forming ability

The bioactive glass particles, before and after immersion in

SBF (simulated body fluid) were examined by Fourier

transform infrared spectroscopy (FTIR) with Bomem MB

100 spectrometer (Bruker, Billerica, MA, USA). The particles

were immersed in SBF for 30 days at 37 8C then removed from

the SBF solution, rinsed using de-ionized water and dried at

90 8C. The composition of SBF, described by Kokubo [14], has

an ionic composition similar to that of human blood plasma.

SBF is reported to produce the same type of hydroxyapatite

layers in vitro, as would form on the glass surface in vivo [3,14].

Transmission IR spectra were recorded under nitrogen atmo-

sphere from 4000 to 100 cm�1 with a resolution of 4 cm�1.

2.2.5. Surface area and theoretical particle size by the gas

adsorption (BET method)

The specific surface area of bioactive glass samples was

measured by determining the N2-gas adsorption–desorption



Fig. 1. Left panel: energy dispersive X-ray analysis (EDX) of the bioactive glass particles. The peaks of O, Si, P and Ca indicate the consisting elements of prepared

bioactive glass. Right panel: SEM micrograph of one representative particle analyzed.

Table 2

Bioactive glass estimated oxidic composition measured by X-ray fluorescence

(XRF).

Oxide Molar percentage

SiO2 63.27

CaO 28.47

P2O5 9.25
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isotherms using a Brunauer–Emmett–Teller (BET) apparatus

(Gemini V analyzer, Micromeritics GmbH, Germany). The

samples were degassed at 200 8C under reduced pressure (10–

3 Torr) for 16–20 h before each measurement. The amount of

nitrogen adsorbed at �196 8C was measured volumetrically.

A theoretical particle size can be calculated from these

adsorption data by assuming that the measured surface area for

a unit mass of particles is that of a collection of spherical

particles of identical size. It can be shown that the resulting

theoretical particle diameter, D (in mm), is given by:

D ¼ 6

Sspra

(1)

where Ssp is the specific surface area per unit mass of the sample

and ra is the theoretical density of the solid material.

2.2.6. Particle size and size distribution by laser dynamic

light scattering (DLS)

Particle size and size distribution (dispersity) were assessed

with a laser dynamic light scattering (DLS) instrument (Zetasizer-

nano series, Malvern Instruments Ltd, Malvern, Worcestershire,

UK). This instrument employs a 1738 backscatter detector and an

N5 submicron particle size analyzer (Beckman–Coulter) using

multi-angle measurements (30.18, 62.68 and 908). Particle size

measuring was done in physiological saline at 37 8C.

2.2.7. Particle dispersion stability by zeta potential

measurement

To indicate the stability of particle suspensions, the zeta

potential of the particles was measured with a laser Doppler

electrophoresis (LDE) instrument (Nano Series, Malvern

Instrument Ltd., UK). To roughly simulate in vivo ionic

environments, bioactive glass samples were suspended in

physiological saline (0.154 M NaCl solution) at pH 5, 7.4, and

9. The suitability of such in vitro studies was addressed by

Bagambisa et al. [15], who found that an aqueous in vitro model

yielded complementary results when compared to the in vivo

results because of the ubiquitous presence of water.

The potential was determined six times (each measurement

being the average of 40 runs) and the mean values and standard

deviations were calculated. The instrument automatically
calculates electrophoretic mobility (U), and zeta potential

according to Smoluchowski’s equation [16]:

z ¼ Uh

e
(2)

where z is the zeta potential, U the electrophoretic mobility, h

the medium viscosity and e is the dielectric constant.

3. Results

3.1. Elemental composition analysis

The result of EDX microanalysis of the glass particles is

shown in Fig. 1. The peaks of O, Si, P and Ca indicate the

consisting elements of prepared bioactive glass particles.

The existent elements in prepared bioactive glass particles and

estimated composition measured by X-ray fluorescence (XRF), is

shown in Table 2. The molar percentage of oxides was expressed

by computer according to the elemental analysis and considering

the assumption that all the elements are in oxidic form.

3.2. X-ray diffraction analysis

The XRD pattern of the prepared glass after heating at 600 8C
for 2 h did not contain diffraction maxima, indicative of the

internal disorder and the glassy nature of this material (Fig. 2).

The XRD pattern of the initial sample confirms its amorphous

nature, characterized by the broad diffraction bands.

3.3. Scanning electron microscope

Fig. 3 shows SEM images of the bioactive glass particles.

Heterogeneous surfaces consisting of random-sized particles



Fig. 2. XRD pattern of the prepared bioactive glass nanoparticles: intensity of

diffraction vs. angle of radiation (2u,8). No peak of diffraction could be

observed.

Fig. 3. SEM micrographs of the bioactive glass nanoparticles.

Fig. 5. Average size and size distribution of bioactive glass particles.
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can be seen. SEM confirmed particles are in the nanoscale

range (<40 nm) but showed the particles were agglomerated.

3.4. Apatite forming ability

Fourier transform infrared (FTIR) spectra of unreacted 63S

bioactive glass and of 63S glass particles after immersion in

SBF for 30 days are shown in Fig. 4. The absorption bands had

been defined according to the literature [17].
Fig. 4. FTIR spectra of the bioactive glass particles: (a) before soaking in SBF;

(b) after 30 days soaking in SBF.
3.5. Surface area and theoretical particle size by gas

adsorption (BET method)

The BET specific surface area of bioactive glass particles

was 223.6 � 0.5 m2/g. As explained in Section 2, a theoretical

particle size can be calculated from these data using Eq. (2).

The calculated theoretical density (ra) of the particles was

1.08 g/cm3. The resulting theoretical particle size of the

bioactive glass particles was ca. 25 nm.

3.6. Particle size and size distribution by laser dynamic

light scattering (DLS)

The bioactive glass particle size and size distribution

measured by DLS in physiological saline are shown in Fig. 5.

As could be seen, the particles range from around 126 to

470 nm in physiological saline. Nearly 30% of particles have an

average diameter of 126.5 nm, 40% of them have an average

diameter of 216.1 nm and 30% of them have an average of

471.8 nm. The results showed that these particles are relatively

agglomerated in physiological saline.

3.7. Zeta potential

The zeta potential of these bioactive glass particles was

investigated in physiological saline. The zeta potential of the

particles ranged from �7.45 � 0.74 mV at pH 5 to

�16.18 � 1.8 mV at a typical physiologic pH of 7.4. At pH

9 the zeta potential was �14.31 � 1.4 mV. In summary, as

shown in Fig. 6, the zeta potential varied with pH and was

negative at acidic, neutral and basic pH values.

4. Discussion

The EDX results (Fig. 1) indicated that the three main

elements in bioactive glass particles (as expected) are Si, Ca

and P. XRF analysis showed that the particles are composed of

Si, Ca and P oxides. The molar percentages of these elements

approximately conforms the molar percentages of their oxides

in prepared bioactive glass. These results showed that the

composition of prepared bioactive glass is in good agreement

with documented composition for sol–gel 63S bioactive glass



Fig. 6. Zeta potential at three different pH values for 63S bioactive glass

particles in physiological saline at 37 8C.

Table 3

Reported zeta potential for bioceramics and bone cells [16].

Sample Zeta potential in physiological saline

HA (sintered) +4.1 � 0.9

HA (unsintered) +15 � 1.2

Beta TCP +2.4 � 0.5

Osteoblast cells �40 � 5

Bone �70
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[1]. The XRD patterns were characterized by broad diffraction

bands, indicating that the obtained bioactive glass particles

were amorphous (Fig. 2), and thus that the sol–gel method

could prepare a predominantly glassy material. This is

completely in agreement with previous reports [3,18].

According to SEM images (Fig. 3), the prepared bioactive

glass particles were less than 40 nm.

As could be seen in FTIR results (Fig. 4), the double peaks of

the crystalline P–O vibration mode at 605 and 572 cm�1

indicated that the layer of apatite forms on the bioactive glass

particles [19]. The absence of 875 and 1418 cm�1 bands, that

correspond to C–O bending vibrations from CO3
2�, indicated

that the apatite formed on the glass particles was hydro-

xyapatite (HA), not hydroxycarbonateapatite (HCA). This is in

agreement with other researchers’ results [20]. After 30 days of

soaking time, the bands were sharper and their intensities were

stronger, indicating high crystallinity of the apatite [3,20].

The surface area of the bioactive glass particles, measured

by the BET method, was 223.6 � 0.5 m2/g. This value proves

that the main particles are really fine, and thus potentially

providing (per unit mass of particles) more sites for osteoblast

adhesion and osseous formation in bone defects [2,3]. Due to

this surface area, sol–gel bioactive glasses also have the

potential to resorb much faster than e.g. 45S5 melt-derived

bioactive glass with an 0.02 m2/g surface area, while

maintaining the unique bioactive characteristics of the particle

[21]. The theoretical particle size calculated from this surface

area (Eq. (2)) was ca. 24 nm. The calculation does not mean that

the particles are really all around 24 nanometers in diameter but

it certainly does confirm that the micron or nano-range

agglomerates that form in a solution due to the low zeta

potential are comprised of particles in the nanometer range.

There is generally an inverse relationship between size and

zeta potential of the nanoparticles [22]. As shown in Fig. 5, the

size distribution of the bioactive glass particles ranged from

about 100 to 500 nm. SEM and BET measurements indicated

that the real size of the particles was less than 40 nm. This

difference is related to the particles’ zeta potential. Due to the

relatively low zeta potential of the particles in physiological

saline, the particles become agglomerated and form clusters.

However, the size of these clusters was less than 500 nm in

physiological saline.
It has been shown that a negative zeta potential has

important biological effects in vivo [11], and low zeta potential

promotes cell attachment and proliferation [10,12]. The surface

of the particles produced in this study will be charged

negatively in expected aqueous biological environments (see

Fig. 6). A number of studies have shown that a material that has

an electronegative surface charge (negative zeta potential) is

more accessible for the attachment and proliferation of

osteoblasts than surfaces with no or even positive electric

charge [12].

Table 3 shows the reported zeta potential for some

conventional bioceramics (in physiological saline), osteoblast

cells and bone [16]. As can be seen, hydroxyapatite (HA

sintered and unsintered) and beta-tricalcium phosphate (bTCP)

have a positive zeta potential—unlike the bioactive glass

nanoparticles produced in the present study. Since the favorable

effect of negative zeta potential on attachment and proliferation

of bone cells has been demonstrated [10–12], some investi-

gators have tried to reduce the positive zeta potential of

synthetic HA particles by electrical polarization treatment [12].

The results reported here (Fig. 6) show that at acidic, neutral

and basic pH values, the zeta potential of produced 63S

bioactive glass particles was negative in physiological saline

though not highly so. However, it is of interest that the particles

were most negative (less likely to agglomerate) around pH

7.4—typical of the extracellular environment in the muscu-

loskeletal system. The source of the negative potential for 63S

bioactive glass found in this study can be related to the chemical

composition of glass, particle size and the surrounded

environment. However, it could be the subject of future

investigations.

5. Conclusions

63S bioactive glass nanoparticles (<40 nm) can be produced

through sol–gel method. These particles formed an apatite

surface layer over time in SBF. The small particle size (high

surface area) and apatite surface layer suggest that a given mass

of these particles will release Ca and P ions faster and be

absorbed faster than the same mass of larger bioactive glass

particles. This may be an advantage in some implant coating

and tissue engineering applications. The particles had a rather

low negative zeta potential in physiological saline solution, and

this may explain their tendency to form 100–500 nm

aggregates. However, the negativity was greatest (and thus

less likely to induce aggregation) around pH 7.4, typical of the

musculoskeletal extracellular environment. Most importantly,
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according to the literature, this negative surface potential will

make these particles more accessible for the attachment and

proliferation of osteoblasts.

The source of negative zeta potential was not determined for

bioactive glass nanoparticles produced and evaluated in this

study. However, it seems likely that it is due to the particle

surface structure and the selected chemical composition (63S).

In addition to the use in the present applications of bioactive

glasses, particles of this kind—i.e. high surface area, surface-

coated with apatite and having a negative zeta potential—might

also prove useful as a carrier for antibiotics, genes and growth

factors that enhance the healing of bone.
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