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In this study, it was aimed to produce by melt-quenching method non-additive (SiO2-Na2O-P2O5-CaO) and ion additive (SiO2-
Na2O-P2O5-CaO-MgO-ZnO-K2O-CuO) bioactive glasses (different forms; powder and granule). In vitro bioactivity and biode-
gradability properties of bioactive glasses in different forms (granule and powder) were examined with Simulated Body Fluid
(SBF) and Tris-HCl analyses. Chemical bonds structures and surface morphology analysis of bioactive glasses (both additive
and non-additive) were performed with FT-IR and SEM-EDS analysis before and after SBF immersion. SBF studies showed
that both S53P4 bioactive glasses had similar bioactivity. As a results of Tris-HCl studies, in vitro biodegradability of bioactive
glasses in powder forms are better than bioactive glasses in granule forms because of rapid raise of its pH value in Tris-HCl.
However, ion additive S53P4 powder bioactive glass had more stable degradation behavior in comparison with non-additive
S53P4 powder bioactive glass.
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Introduct ion
Bone grafts are frequently used in reconstruction of de-

fects in bones to benefit from promoter and stimulating ef-
fects of bone formation. It is the ideal method to reconstruct
the defect with another bone tissue of similar size, shape,
and antigenic characteristics, although there are many alter-
native methods for reconstruction of bone defects1–5.

In 1969, L. L. Hench discovered that the bone could form
a chemical bond with some glass compositions. Biomaterials
used as implants in the body until the discovery of bioactive
glasses were bioinert materials such as metals and poly-
mers, materials that could not form a stable interface with
tissue, and formed undesirable effects such as fibrous en-
capsulation after implantation. Bioactive glasses are silica-
based materials, and when they come into contact with body
fluid, they exhibit a variety of chemical reactions that can
bond to both soft and hard tissues quickly. The basic con-
stituents of many bioactive glasses are SiO2, Na2O, CaO
and P2O5 and fabricated by sol-gel method or melt-derived
method6. First produced and most worked on is 45S5 with
45% SiO2, 24.5% Na2O, 24.4% CaO and 6% P2O5. Bioactive

glasses produced after 45S5 bioactive glass are also named
according to their composition. Other commercially available
bone graft material compositions are S53P4 with 53% SiO2,
23% Na2O, 20% CaO, and 4% P2O5 7. The two US Food
and Drug Administration (FDA) approved melt-derived com-
positions 45S5 and S53P4 consist of four oxides SiO2, Na2O,
CaO and P2O5

8.
Different metal ions have crucial effects on bone forma-

tion as they act as enzymes or cofactors in bone metabolism
or signaling pathways9. Magnesium is an essential element
for metabolism that exist in human body. It is one of the most
important mineral element in the bony matrix. Magnesium
works as co-factor for many enzymes, and stabilizes the struc-
tures of DNA and RNA10. In the S53P4 bioactive glass com-
position by replaced the Na with K, several advantages
achieved. Since K is heavier than Na, substitute of Na by
bioactive glass system have a minimal change in density
and microhardness values of the glass. In general, one of
the glass networkers is potassium cations act as network
modifiers and improved the breaking some Si-O-Si bonds
due to assist disruption of the continuity of the glass net-
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work, which leads to the form of non-bridging oxygen
groups11. Zinc is a major trace element shown to have an
important role in bone formation, both in vitro and in vivo.
For growing of bone cell, zinc is fundamental for develop-
ment and differentiation. Copper is a well-known antimicro-
bial material that can also contribute to bone generation
through stimulation of osteogenesis and angiogenesis. Cop-
per has been shown to be effective against both Gram-posi-
tive and Gram-negative bacteria and fungi12.

In this study, we present the synthesis of potassium, zinc,
magnesium and copper doped S53P4 and undoped S53P4
bioactive glasses by melt-quenching method. Both undoped
and doped S53P4 bioactive glasses were characterized to
determine chemical, structural and mechanical properties.
Also bioactivity and biodegradability of bioactive glasses with
different forms (granule and powder) were investigated with
in vitro SBF and Tris-HCl studies. All results are compared to
clarify the difference between undoped bioactive glass and
doped bioactive glass.

Experimental
Materials:
Silicon dioxide (SiO2) was obtained from Riedel-deHaën.

Sodium bicarbonate (NaHCO3), calcium carbonate (CaCO3),
sodium phosphate dibasic dihydrate (Na2HPO4.2H2O), po-
tassium phosphate dibasic trihydrate (K2HPO4.3H2O), mag-
nesium chloride hexahydrate (MgCl2.6H2O), zinc chloride
(ZnCl2) and copper(II) nitrate trihydrate (Cu(NO3)2.3H2O)
were supplied from Merck (Analytical grade,  99%).

Bioactive glass production:
Undoped S53P4 bioactive glass and doped S53P4

bioactive glass were produced by melt-quenching method
and their compositions were given in Table 1. Briefly, pre-
pared mixtures were melted in a high temperature furnace
(Protherm, Turkey) using platinium crucible for 1 h at 1400ºC
and 2 h at 1450ºC, respectively. The melted samples were
casted onto counter for bead form and annealed at 450ºC

for 24 h. After annealing process, bead form bioactive glasses
were broken in order to obtain smaller granules and stored
in desiccator for analysis.  Further, some granules were
grinded in order to obtain bioactive glass powder and stored
in desiccator for analysis.

Characterization of produced bioactive glasses:
Vickers hardness and density measurements of bioactive

glasses were performed using a microhardness tester (Bulut
Makine Mikrobul 1000 D) and using density kit (Precisa 321
density kit), respectively. For Vickers harness analysis, all
samples (0.3 N) were indented within 20 s. The values were
converted to Vickers hardness numbers13.

FT-IR spectra of UDBG and DBG samples were obtained
by Shimadzu IR-Prestige 21 model FT-IR spectrophotom-
eter with an ATR (attenuated total reflection) unit. Measure-
ments were carried out at interval of 4000–650 cm–1.

The morphology of doped and undoped bioactive glasses
were examined using Scanning Electron Microscope (SEM,
Zeiss Evo® Ls 10). Elucidation of the elemental structure on
the doped and undoped bioactive glasses surface were ana-
lyzed with Energy Dispersive X-ray Spectrometry (EDS, Zeiss
Evo® Ls 10).

In order to determine surface area and pore diameter of
UDBG and DBG were analyzed with Nitrogen (N2) Adsorp-
tion-Desorption (Micromeritics TR ISTAR II).

For biodegradability and bioactivity tests of both granule
and powder forms, Tris-HCl solution and SBF solution stud-
ies were performed at 37±1ºC for 7 days and for 14 days,
respectively. Each doped and undoped bioactive glass
samples were put in falcon tubes and incubated for 7 days at
37±1ºC containing Tris-HCl solution (40 ml) for granule form
(3 mm average diameter) and powder form (0.3 g) for biode-
gradability analysis. Likewise, each UDBG and DBG samples
were also incubated in SBF solution at 37±1ºC for 14 days
(all SBF samples were refreshed for 14 days). The Tris-HCl
and SBF solutions volumes were calculated based on equa-
tion in the literature14. Biodegradable behaviour of bioactive
glasses were investigated depending on pH change of Tris-
HCl solution. Alteration of surface morphology and hydroxya-
patite or hydroxycarbonapatite (HA or HCA), an indicator of
bioactivity, formation or accumulation on surface were de-
tected by FT-IR and SEM-EDS analysis.

Table 1. Composition of undoped bioactive glass and doped
bioactive glass (wt%)

SiO2 Na2O CaO P2O5 K2O CuO MgO ZnO
UDBG* 53 23 20 4 – – – –
DBG* 53 19.8 20 4 2 0.3 0.8 0.02
*Abbreviations; UDBG: undoped bioactive glass, DBG: doped bioactive
glass.
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Results and discussion
Determination of bioactive glass density and Vickers hard-

ness values:
Repeated measurements (n = 12) showed that the aver-

age density values of the undoped S53P4 bioactive glass
and the doped S53P4 bioactive glass have the equal density
value; 2.65 g/cm3 in Table 2. These results demonstrated
there was no difference in literature results of S53P4 bioactive
glass density (2.66 g/cm3) and different ion additive does
not affect density of S53P4 bioactive glasses15. The Vickers
hardness values of bioactive glasses produced by melt-
quenching method were shown in Table 2. The Vickers hard-
ness values of UDBG and DBG were measured to be 387
(HV) and 499 (HV) at the same indentation load, respec-
tively. Results also revealed an evident variation in hardness
values of DBG samples because of ion additive. Accordingly,
doped S53P4 bioactive glass has better mechanical proper-
ties than undoped S53P4 bioactive glass.

bioactive glass have micropores (pore diameter: <2 nm) when
considering the average pore diameter of both samples16.
Based on this result, it can be estimated the ion addition
does not change the pore diameters of bioactive glass. Fur-
thermore, theoretical particle sizes (PS: m) of the bioactive
glasses may be calculated using the density (d: g/cm3) and
surface area (SA: m2/g) analysis results in eq. (1)17. Doped
bioactive glass (15 m) has smaller particle size than
undoped bioactive glass (31 m).

6
PS = ———— (1)

SA×d

Assessment of bioactivity of bioactive glasses:
The FT-IR spectra obtained from undoped bioactive glass

and doped bioactive glass, before and after SBF soaking
(during the first 7 days) are given in Fig. 1 and Fig. 2. Before
SBF soaking, it has been found that the major bands seen at
1110–1120 cm–1 wavelength exhibit the Si-O stretching man-
ner of vibration. The band around 910 cm–1 exhibits the Si-
O-Si asymmetric strain in the samples18. The small broad
band centered at between 3000–3600 cm–1 can be shown
to hydroxyl group (-OH) in relation to moisture trapping and
adsorbed water molecules. The band at nearly 694 cm–1

matches with Si-O-Si symmetric stretch of non-bridging oxy-
gen atoms between silicate tetrahedra19.

After soaking SBF both of UDBG and DBG samples with
different peaks indicate a new structure formed on the sur-

Table 2. Density and Vickers hardness values of DBG and UDBG
Density (g/cm3) Vickers hardness value (HV)

UDBG 2.65±0.02 387.8±19.9
DBG 2.65±0.02 499.5±4.4

Surface area, pore diameter, particle size analysis of
bioactive glasses:

Specific BET surface area, pore volume and particle size
results were given in Table 3. Any isothermal type is not cor-
responded for samples because the surface areas of both
bioactive glass samples have a very low value. On the other
hand, the specific BET surface areas of UDBG and DBG
samples were measured as 0.071 (m2/g), and 0.149 (m2/g),
respectively. The doped bioactive glass has more surface
area than the undoped bioactive glass and the difference in
surface area results of bioactive glasses may be related with
ion addition. In addition, UDBG and DBG had almost same
average pore diameter 0.35 nm. According to IUPAC, all

Fig. 1. FT-IR spectra of UDBG before and after SBF soaking.

Table 3. Specific BET surface area and pore diameter of DBG and
UDBG

Specific BET surface area Pore diameter Particle size
(m2/g) (nm) (m)

UDBG 0.071 0.35 31
DBG 0.149 0.35 15
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face of the samples. In the bioactive glasses, peaks at be-
tween 950–1050 cm–1 corresponding to P-O bonds are ob-
served. This peak is not observed before the SBF soaking.
Peaks between 950–1050 cm–1 corresponding to the P-O
bond show the conversion of the calcium phosphate layer to
the HCA on the surface of the samples. This result shows
that HCA formation is increased as the waiting times of the
samples in the simulated body fluid are increased. In the
literature, the increase in peak intensities of the Na2O-CaO-
P2O5-SiO2 system has been reported as the formation of P-
O bonds around 1030 cm–1 and the increase in the waiting
time in the simulated body fluid20.

The SEM-EDS morphological and surface compositional
analysis was performed on each UDBG and DBG granule
samples before SBF soaking and after SBF incubation for

14 days (in Fig. 3). There is a uniform structure in the images
before SBF immersion and all bioactive glasses surfaces
have identical surface morphology. The surfaces of all
samples are suitable for glass granule construction. HCA or
HA layer formation clearly shown on UDBG and DBG gran-
ules surface after 7 days incubation in SBF according to SEM
images. At the end of 14 days, the amount of HCA or HA
gradually increased and then accumulation of HCA or HA
occurred on the all bioactive glasses surface (surface mor-
phological changes seen by SEM images). In addition to EDS
results (in Table 4), the amount of calcium and phosphorus
on the all bioactive glass surface increased significantly, and
the amount of silica, sodium also decreased in time. These
increasing and decreasing demonstrated the formation of
HCA or HA on the bioactive glass surface (surface reac-
tions)21,22. Likewise, as a result of EDS, it was calculated
that the Ca/P ratios on the surface of UDBG samples are

Fig. 2. FT-IR spectra of DBG before and after SBF soaking.

Fig. 3. SEM images (X500) of UDBG and DBG before and after SBF
soaking (A: UDBG before SBF, B: UDBG after SBF 7. day, C:
UDBG after SBF 14. day; D: DBG before SBF, E: DBG after 7.
day, F: DBG after 14. day).

Table 4. EDS results of undoped and doped S53P4 bioactive glasses before and after SBF soaking
UDBG (Wt%) DBG (Wt%)

Before SBF SBF 7. day SBF 14. day Before SBF SBF 7. day SBF 14. Day
Si 24.76 2.26 1.98 24.76 2.51 0.88
Ca 14.28 47.16 52.06 14.28 27.49 36.56
Na 6.26 5.23 1.12 3.97 3.06 1.32
P 0.43 29.89 31.59 0.43 17.85 21.98
O 54.27 15.46 13.25 55.86 48.06 37.48
Mg – – – 0.15 0.14 0.11
Cu – – – 0.13 0.12 0.11
Zn – – – 0.008 0.40 0.21
K – – – 0.41 0.37 0.34
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1.57 and 1.64 at the end of the 7. day and 14. day, respec-
tively. DBG samples were calculated to be 1.54 at the 7. day
and 1.66 at the end of the 14. day. These values are similar
the Ca/P = 1.5–1.667 value range required for the formation
of the hydroxyapatite phase, indicating that the surface coated
HCA or HA layer23. The Ca/P ratio detected at the surface of
the bioactive glass sample proves the presence of the HCA
or HA layer detected in the SEM images. Thus, undoped and
doped S53P4 bioactive glass exhibit good bioactivity prop-
erties. However, there is no difference between UDBG and
DBG bioactivity because of ion additive.

Biodegradable behaviour of bioactive glasses:
As shown as Fig. 4, both of UDBG and DBG granule and

powder samples showed significant value differences when
the pH values were compared over time (up to 7 days). pH
values increasing is the evidence for the biodegradability of
the all bioactive glass samples. Based on these significant
pH differences between granule and powder forms of all

Fig. 4. pH values change of UDBG and DBG in Tris-HCl incubation
for 7 days.

bioactive glasses, that is conceivable, the surface area is
major effect at dissolving of the material. Compare the pH
changes of the all forms, granule samples have minor in-
creasing, in opposite to powder samples have major increas-
ing after 6 h. At the end of first hour, especially powder UDBG
has sharply pH raise because of its high degradability. The
results are also proofing, the powder forms have abundant
biodegradability than granule forms for both UDBG and DBG
samples. Considering the all granule samples pH changing
in the time, both of UDBG and DBG granules have nearly

same pH value during the all incubation time. Comparing the
both of powder samples pH changing in the time, the signifi-
cant change in pH value is observed the UDBG powder
sample, in addition the DBG powder sample has not enough
differences as the UDBG powder sample in pH values. Based
on the results of the powder samples, it may be considered
that the ion additive have an adverse effect on the dissolu-
tion in the powder sample.

Conclusions
Granule and powder form S53P4 bioactive glasses con-

taining potassium, zinc, magnesium and copper were pre-
pared by melt-quenching method. Structural changes were
compared with non-additive S53P4 bioactive glass and ion
additive S53P4 bioactive glass in vitro studies. Similar bio-
activity and biodegradability properties were observed for both
granule S53P4 bioactive glasses with the same density (2.65
g/cm3). However, powder S53P4 bioactive glasses (both non-
additive and ion additive) had higher degradability in Tris-
HCl. Furthermore, ion additive S53P4 bioactive glass with
powder form had more stable degradation behavior in com-
parison with non-additive S53P4 bioactive glass. HA or HCA
formation and accumulation within 7 day and 14 day in SBF
were observed according to SEM-EDS analysis. Based on
the structural analysis and in vitro studies results, it is pos-
sible to conclude that the ion additive S53P4 bioactive glasses
with granule form and powder form investigated in this study
could find applications as hard tissue regeneration material
in bone tissue engineering.
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