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Abstract: High surface area mesoporous bioactive glasses (MBGs) with composition CaO-Al,0;3-P,05 were fabricated

using a simple aqueous Sol-Gel method without any template. Structural characterization of the phosphate-based

MBGs was performed by BET, DTA, XRD and FTIR, and MBGs’ in vitro bioactivity was evaluated by soaking them

in simulate body fluid for up to 15 d at 36.5°C. The highest specific surface area is found to be 461.1 m*/g for the

MBG with 5Smol% CaO, and it decreased with increasing CaO content. And the glass structure for all the samples was

confirmed by XRD and FTIR. However, the MBG with 20mol% CaO exhibits the best in vitro bioactivity using simu-

lated body fluid among all samples. The unique combination of a higher specific surface area and relatively high CaO

content enables mesoporous calcium aluminum phosphate bioactive glasses to be promising candidates for biomedical

applications.
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Bioactive glasses are materials which are supposed to
achieve the biomedical aim of scaffold preparation''™,
dental restorations'*!, drug loading!®”, coating of metal

and polymer implants®?!

, etc. Optimal bioactivity, bio-
compatibility and degradation property are key features
for bioactive glasses'”'). The method of increasing the
specific surface area to improve these features of bioactive
glass by Sol-Gel is efficient and remains a favorite among
the scientific community!*"*,

Bioactive glasses with a desired pore size, porosity
and the pore interconnectivity are needed to serve as a
physical support to guide the formation of the new bone
tissue. Indeed, the adhesive substrate for implanted cells is
supplied via the structure of the porous space across the
materials"'*'®. The nanoscale pores in the bioactive glass
play an important role in promoting cell adhesion, and the
adsorption of the biological metabolites and release of
useful elements in materials is accelerated due to the po-
rosity!'”"®]. Among the porous materials, mesoporous ma-
terials with pore size between 2 nm and 50 nm attracts
more attentions for using as bioactive glass to repair the
defective bone, owing to their high specific surface area,

high pore volume and superior bioactive!'*"),
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So far, the major reported Sol-Gel-derived mesoporous
bioactive glasses have been prepared by surfactant or tem-
plate depend on the peculiar chelation of metal precursors
in aqueous solution for the first, which leads to partial
crystallization after the calcination of the gelatin at high
temperature” ). Thus upon degradation of the implant,
small crystalline particles still exist which can cause ster-
ile inflammation, which has been reported clinically!****!,

Phosphate-based bioactive glasses have emerged as
promising bone substitute materials for bone tissue engi-
neering applications because their chemical composition is
very close to that of natural bone, and the rate of dissolu-
tion in end application can be more easily modified®*>".
Moreover, the addition of an appropriate amount of alu-
mina to phosphate-based bioactive glasses can control
their dissolution rate and increase mechanical properties
and bioactivity!**%,

The aim here was to develop a phosphate bioactive
glass with mesoporous structure in Sol-Gel route. In the
present work, mesoporous calcium aluminum phosphate
bioactive glasses were synthesized through the Sol-Gel
method, free of the annexing agent.
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1 Experimental

1.1 Preparation of MBG
Calcium aluminum phosphate samples were prepared

via the method of Sol-Gel in aqueous solutions, using alumi-
num lactate (95%, Sigma), calcium nitrate (99%, Aladdin),
and H;PO,4 (2 mol/L) as precursors. H;PO, (2 mol/L) solution
was prepared by dissolving solid H;PO,4(99%, Sigma) into
ultrapure water. The buffer of hydrochloric acid (1 mol/L,
diluted from concentrated hydro-chloric acid, Aladdin) and
ammonia solution (1 mol/L,diluted from concentrated am-
monia solution, Aladdin) were used to control the value of
pH with 0.01 U by a pH meter (Mettler-Toledo pH S20,
Switzerland). The nominal molar compositions of the sam-
ples are given in Table 1. Gelation was sintered in muffle
furnace (Nabertherm, Germany).
1.2 Characterization of MBG

N, adsorption/desorption isotherms were obtained at
77.3 K using an automatic surface area analyzer (Quadra-
Sorb Station, USA), under continuous adsorption condi-
tions. The #-Plot analysis method was used to calculate the
pore volume. And the pore size distribution was calculated
by the Barretet-Joyner-Halenda (BJH) method. The crys-
tallinity was checked via X-ray powder diffraction ac-
cording to Bragg equation, using Ni-filtered Cu Kal radia-
tion (A=0.154 nm ). Data were collected in the range 10°<
26< 90°, with a time step of 50 s and a step size of 0.02°,
at condition of 40 kV and 40 mA. The analysis of Fourier
transform infrared spectroscope (FTIR, TENSOR 37,
Bruker, German) was carried out using potassium bromide
pellets. The pellets were prepared by mixing the sample
with potassium bromide (1:100=MBG : KBr, weight ra-
tio). And the spectra were recorded in the range of
1500-400 cm™. The differential thermal analysis (DTA) was
conducted on EXSTAR (S2 6000, Japan), in air at a heating
rate of 10 ‘C/min up to a maximum temperature of 1000°C.

1.3 Invitro bioactive test

The ability of the MBGs to forming the HCA crystals
was measured by the in vitro bioactivity test. By calculat-
ing!"”), the glass were ground and 250 mg of the powder

samples were soaking in 50 mL simulated body fluid (SBF)
solution for series different time intervals (3 d, 7 d, 14 d).

After soaking, the solutions were centrifuge at 8000 r/min

for 10 min, and the sediments were dried at 100°C for 8 h

in order to be characterized by XRD in the range from 25°

to 50°.

2 Results and discussion

2.1 Analysis of the porous structure

As seen from the Fig. 1 and Fig. 2, the N, adsorption/
desorption isotherms and pore size distribution of the dif-
ferent glasses are obtained. The surface area and the pore
size decrease with the increasing content of calcium oxide.
Figure 1 shows that all the samples present the type IV
adsorption isotherm behavior with a large type HI hys-
teresis loop (corresponding to cylindrical), except the
glass with 30mol% content of calcium oxide. The sample
with 5mol% content of calcium oxide presents the highest
specific surface area, reaching 480 m*/g (Table 2). As the
content of calcium oxide increases to 10 mol%, the spe-
cific surface area decreases to 280 m*/g rapidly. However,
since the content of the calcium oxide varying from
10mol%—20 mol%, the variance of specific surface area is
tiny, just varying from 332.6.6-246.2 m*/g. As the content
of calcium oxide continues to increasing from 20mol% to
25mol%, the specific surface area value decreases rapidly
again from 246.2 to 125.7 m*/g. Indeed, the specific sur-
face area decreases to 25.6 m?/g, as the content of calcium
oxide increases to 30mol%.

As seen from the Fig. 2, the trend of pore size performs
the same to the specific surface area in the wake of the
increasing content of calcium oxide. As the contents of
calcium oxide increases from 5mol% to 10mol%, the pore
size varies from 50 nm to 32 nm rapidly. However, the
variance of pore size is small with the content of calcium
oxide continuous increasing to 20mol%. With the content
of calcium oxide continuous increasing to 30mol%, the
pore size changes rapidly. Porous structure becomes ex-
treme scarcity, when the content of calcium oxide in-
creases to 30mol%.

Table 1 The phosphate coding, corresponding molar composition, annealing temperature and T, temperature

Glass code CaO/mol% AlO3,/mol% POs/,/mol% Annealing, 7/°C T.(C) (glass), T/°C
5%Ca0O-MBG 5 45 50 600 806.75
10%CaO-MBG 10 40 50 600 738.00
15%CaO-MBG 15 35 50 600 728.08
20%Ca0O-MBG 20 30 50 600 717.66
25%Ca0O-MBG 25 25 50 600 709.58
30%CaO-MBG 30 20 50 600 701.10
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Fig. 1
tent samples

a) 5%Ca0-MBG; b) 10%Ca0O-MBG; ¢) 15%Ca0-MBG; d) 20%CaO-MBG;
¢) 25%Ca0-MBG; f) 30%CaO-MBG
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Fig. 2 The pore size distribution of different samples
a) 5%Ca0-MBG; b) 10%CaO-MBG; ¢) 15%Ca0-MBG; d) 20%CaO-MBG;
e) 25%Ca0-MBG; f) 30%CaO-MBG

Table 2 Specific surface area, pore volume and pore size of
the series sample of different samples

Glass code Specific surliellce Pore voh_llme/ .Pore
area/ (m>g") (mL-g™) size/nm

5%Ca0O-MBG 461.1 0.697 43
10%CaO-MBG 332.6 0.412 3.0
15%CaO-MBG 251.3 0.421 2.9
20%CaO-MBG 246.2 0.380 2.7
25%Ca0O-MBG 125.7 0.195 2.3
30%CaO-MBG 25.6 0.066 1.9

2.2 The analysis of DTA

Fig. 3 shows the DTA traces collected for the different
compositions with the increasing calcium oxide. And the
T. temperatures are presented in Table 1. Due to the
Sol-Gel methods and the thermal treatment at 600°C, the
T, temperature can’t be reflected clearly from the tracts of
DTA. As seen from the Fig. 3, a decrease in T, temperature
is obtained with increasing content of calcium oxide.
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Fig. 3 The DTA curves of different samples
a) 5%Ca0-MBG; b) 10%CaO-MBG; ¢) 15%CaO0-MBG; d) 20%CaO-MBG;
e) 25%Ca0-MBG; f 30%CaO-MBG

Notably, all the 7, temperature of the different glasses is
above 600°C. And the lowest T, temperature is about
701.1°C for the sample of the highest calcium oxide con-
tent (30mol%). Therefore, the samples can remain the
structure of glass at the heat treatment temperature of
600°C, avoiding crystallization.
2.3 Analysis of the XRD patterns

Typical X-Ray Diffraction patterns of the phosphate
glasses are given in Fig. 4. Apparently, sharp diffraction
peak don’t appear in the patterns of mesoporous materials.
The sole broad diffraction peak at ~20°-30° (26 value) in
the all patterns, illuminating the main constituent of the
mesoporous materials is amorphous phosphate structure!'.
After the low temperature treatment, MBGs always con-
sist of amorphous phase, regardless of the increasing
amount of calcium oxide in samples.
2.4 Analysis of the FTIR spectra

Fig. 5 shows the FTIR spectra of the phosphate glass
samples. Almost no change is seen in the samples with the
increasing content of calcium oxide. Each FTIR spectra
shows the characteristic 490 cm™ which correspond to the
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Fig. 4 XRD natterns of samples
a) 5%Ca0-MBG; b) 10%CaO-MBG; ¢) 15%CaO-MBG; d) 20%CaO-MBG;
e) 25%Ca0-MBG; £) 30%CaO-MBG
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Fig. 5 FTIR spectra of different samples
a) 5%Ca0-MBG; b) 10%CaO-MBG; ¢) 15%Ca0-MBG; d) 20%CaO-MBG;
e) 25%Ca0-MBG; ) 30%CaO-MBG
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flexural vibration of the O—P—O bond correspond to P=0O
at 1250 cm™, which appears on the occasion of crystalli-
zation in phosphate glass, proving the amorphous form of
phosphate glass. The result of FTIR spectra is in line with
the conclusion of X-Ray diffraction patterns.
2.5 Analysis of bioactive in vitro study

Fig. 6 shows the XRD patterns of the samples with the
increasing content of calcium oxide before and after soak-
ing in SBF solution. The presence of a broad band be-
tween 20° and 30° (26 value) with no diffraction is ob-
served, which confirms the amorphous structure of the
phosphate matrix of glasses without dipping in SBF. After
soaking, the major hydroxyapatite diffraction peaks
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Fig. 6 XRD patterns of the samples before and after soaking in SBF solution
a) 5%Ca0-MBG; b) 10%Ca0-MBG; c) 15%Ca0-MBG; d) 20%Ca0-MBG; e) 25%Ca0-MBG; f) 30%CaO-MBG

[JCPDS 09-0432] (International Center for Diffraction
Data, Swarthmore, PA, 2002) on the patterns at the differ-
ent time periods, illustrating the change bioactive of the
varying content glasses.

According to the XRD patterns of the series time in
the SBF, the appearing time of hydroxyapatite diffraction

peaks becomes early with the increasing calcium oxide
content from 5mol% to 20mol%. The results suggest that
more content of calcium, which is one of the major ele-
ments in bone tissue, can improve the bioactive the meso-
porous calcium aluminum phosphate glasses. However, as
the content of calcium increases from 20mol% to 30mol%,
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30mol%, the speed of forming the hydroxyapatite be-
comes slow. In consideration of the tendency of porous
properties with increasing the content of calcium oxide,
lower specific surface area maybe the significant factor to
reduce the bio active of phosphate glass

After 3 d soaking, a clear diffraction peak at 32° (26
value), which could be assigned to the (211) HCA reflec-
tion, was first revealed in the MBG with the 20mol% con-
tent of calcium oxide. As the soaking time goes on, several
marked diffraction peaks appeared which could be recog-
nized as the (022), (310) and (213) HCA reflections. Un-
der the influence of between the mesoporous characteristic
and the content of calcium, the glasses with 20mol% con-
tent of calcium oxide performed the best bioactive.

3 Conclusions

1) MBGs CaO-Al,05-P,Os were fabricated in Sol-
Gel route, with the advantage of the unique characteristic
of high specific surface areas and the absence of any sur-
factant or template depend on the peculiar chelation of
metal precursors in aqueous solution for the first. Due to
their advantages over their solid-state counterparts, porous
materials can be designed and used to carrier drugs. Be-
cause of their high specific surface area and large pore
volume, high drug loading and controlling over the rate
and period of delivery are their main advantages. Their
bioactivity can be improved significantly by tailoring bio-
active inorganic materials into a porous structure.

2) With the increasing calcium oxide, the 7. tem-
perature and specific surface area decreases. However, the
major phase is amorphous structure for all samples, and
the mesoporous structure still exist with CaO content in-
creasing to 25mol%.

3) The results of the SBF experiments suggested that
the mesoporous calcium aluminum phosphate glass con-
taining 20mol% calcium oxide perform the best bioactivity,
due to higher specific surface area and its more calcium
oxide. The result can be used as guidance to design the
expected structure in order to obtain the optimal ability for
biotechnological application.
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