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Abstract (Na;0)0.20(Ca0)q.14(P205)0.66—x (LaO03)x, where
x=0, 0.1, 0.3, 0.7 and 1 wt.%, was prepared by the con-
ventional melt-quenching method. Physical and mechanical
properties such as density, Vickers microhardness, compres-
sive strength and fracture toughness were measured for all
prepared glass samples. In order to evaluate in-vitro bioac-
tivity of the prepared glasses, sample powders (particle size
range 106-180 pum) were soaked in simulated body fluid
(SBF) solution at 37 £ 0.5 °C for 7, 14 and 21 days.
Then, soaked samples were investigated by Fourier trans-
form infrared (FTIR) spectroscopy, X-ray diffraction (XRD)
technique and transmission electron microscopy (TEM).
Furthermore, the antimicrobial activity of these glasses was
tested against E. coli, S. aureus, B. cereus, B. subtilis and C.
albicans by the disc-diffusion method. The obtained results
indicated that significant increases in density, mechanical
properties and antibacterial activity against S. aureus and
E. coli bacteria were obtained as the La content increases.
XRD and FTIR spectra revealed that the bioactivity of the
prepared glasses was not affected by increasing of the La
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content. These results suggested that these glasses can be
extensively used in various biomedical applications.
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1 Introduction

There is a growing need for soft and/or hard tissue
replacements for enhanced tissue regeneration. Therefore,
biodegradable materials possessing controllable and par-
ticular bioactivity are required [1]. In order to achieve
these demands, various inorganic bioactive materials includ-
ing calcium phosphate ceramics, hydroxyapatite (HA) and
bioactive glasses (BGs) are used in clinics and give excellent
results [2].

BGs can be utilized extensively as bone substitutes.
When these glasses are exposed to phosphate solutions such
as simulated body fluid (SBF), they form a HA, or hydrox-
ycarbonated apatite (HCA), layer on their surfaces within
a few days and this layer is responsible for the formation
of chemical bond between the glasses and host bone tis-
sue giving an indication for their behavior in-vivo [3-5].
Moreover, many studies report that the leached ions that are
released from bioglasses are able to induce cell prolifera-
tion as well as differentiation of osteoblasts [6]. According
to these unique properties, bioglasses have received great
attention for use in many biomedical fields.

There are many published articles concentrated on silica-
based glasses. Unfortunately, the long-term effect of silicon
on the human body has not been studied well. In order
to avoid this uncertain effect of silicon on human health,
phosphate-based glasses are desirable for orthopaedic
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implants due to their biocompatibility and biodegradability
in water, SBF solution and body fluids [7-9]. This degrada-
tion can be controlled to change significantly and suit many
tissue engineering applications [10]. Despite these great
advantages, biomedical applications of phosphate-based
glasses are limited due to their poor mechanical properties
and low chemical durability [1].

The influence of rare earth (RE) elements on the human
body acquires great interest in orthopaedic fields. RE
includes all lanthanides such as Lanthanum (La), Cerium
(Ce) and Praseodymium (Pr) those can replace calcium
(Ca’*) ions in apatite and therefore, they are called Ca-
substituting ions in apatite [11]. The effect of addition of
La to bioceramics has been studied by several authors.
Serret et al. [12] showed that the addition of La to HA
causes more stabilization in its structure. Shin-Ike et al.
[13] observed significant increase in mechanical properties
of La-substituted HA compared to La-free HA. Fernandez
et al. [14] found that the substitution of La for Ca in HA
is responsible for better resistance of bone to acid degrada-
tion. Zhang et al. [15] reported that La inhibits the resorption
of bones. Moreover, when it is added to bioglasses, it
enhances their mechanical properties [11, 16]. This means
that the La-containing bioceramics are promising in dental
and orthopaedic implants.

Based upon the above considerations, the influence of
incorporation of lanthanum in phosphate-based glasses on
the bioactivity, density, mechanical and antimicrobial prop-
erties was investigated.

2 Experimental Work
2.1 Glass Preparation

Melt quenched (Na;0).14(Ca0)0.24(P205)0.66—x(La203)x,
where x = 0, 0.1, 0.3, 0.7 and 1 wt.%, glasses have been
prepared from starting materials of analytical reagent grade.
Sodium carbonate (NayCQO3), calcium carbonate (CaCO3),
ammonium dihydrogen phosphate (NH4H>PO4) and Lay O3
powders were mixed very well in the appropriate quantities
and then ground in an agate mortar. The weighed well-
mixed batches were melted in a porcelain crucible in an
electric furnace at 1200-1250 °C for 2 h in air. The molten
liquid was occasionally stirred to ensure homogeneous mix-
ing of all constituents and to obtain bubble-free samples.
The glass, formed by quenching the melt on a stainless-steel
mold, was immediately transferred to another muffle fur-
nace where it was annealed at about 350 °C for 1 h. Then,
the muffle was switched off and the temperature decreased
to room temperature with a rate of 25 °C/h. The nomi-
nal compositions of the prepared glasses together with their
abbreviations are given in Table 1.
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Table 1 Nominal composition (wt.%) of La-containing phosphate
glasses

Glass name Chemical composition (wt.%)

Na,O CaO P,05 Lay O3
La0 20 14 66 0
La0.1 20 14 65.9 0.1
La0.3 20 14 65.7 0.3
La0.7 20 14 65.3 0.7
Lal 20 14 65 1

2.2 Measurements of Physical Properties
2.2.1 Density and Mechanical Properties

The density (p) of each glass sample was measured at room
temperature using Archimedes method with water as the
immersion liquid.

Vickers microhardness (Hy) of the 2 mm thick polished
samples was measured with a Shimadzu-HMV (Japan)
microhardness tester using 100 g load under ambient lab-
oratory conditions with a constant indenter dwell time of
15 s. At least five indentations were measured per speci-
men for each data point. The indentation was made using a
square based pyramidal diamond with face angle 136°and
measuring microscope as well as a video monitor. Vickers
microhardness was calculated using Eq. 1 and according to
ASTM: B933-09, by finding the ratio of the applied load to
the pyramidal contact area of the indentation [17]:

Hy = 1.854P/D? (1)

where P is the applied indentation load and D is the mea-
sured indentation diagonal. The fracture toughness, K;c, of
the samples was determined from the indentation fracture
using the Vickers microhardness tester. K¢ was calculated
using the following equation [18, 19]:
a2

Kic = 0.016Hy —— 2

IC VI 2

where a is the diagonal half length of the indent and c is the
crack length from the center of the indentation to the crack
end. On the other hand, compressive strength was calculated
according to ASTM E9.

2.3 In Vitro Bioactivity Evaluation

According to ISO 23317 approved in June 2007 by the Inter-
national Organization for Standardization, the SBF solution
is frequently used to evaluate in-vitro bioactivity of the
prepared glasses by soaking samples in this solution for dif-
ferent time intervals. The SBF is prepared according to the
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recipe described by Kokubo et al. [20, 21] and its ionic
concentration is closely similar to that found in human
plasma as presented in Table 2. In order to use an excess
SBF volume surrounding the glass grains, the ratio of 0.01
g/ml suggested by Siqueira and Zanotto [22] is utilized in
this work. Therefore, the glasses were ground in an agate
mortar, sieved to obtain fine particles in the size range of
106-180 um and used for antimicrobial and bioactivity mea-
surements. About 500 mg of the glass powders, with such
particle sizes, was washed ultrasonically in acetone for a few
minutes, left to air-dry and then placed in polyethylene bot-
tles containing 50 mL of SBF at 37 4 0.5 °C for different
time intervals, i.e. 7, 14 and 21 days. After soaking in the
SBF for the specified test time, the samples were taken out
of the bottles and dried at room temperature. The formation
of the HA-like layer on the surfaces of soaked glass pow-
ders was followed up by FTIR spectroscopy and the XRD
technique.

2.4 Characterization of Glasses after Soaking

FTIR spectra of the glasses, before and after soaking, were
obtained at room temperature using the KBr pellet method
by an infrared spectrophotometer type (Vertex 70) in the
wavenumber range of 2000-400 cm~! using 100 scans at
2 cm™! resolution.

A pH meter (Jenway 3510) was employed also to mon-
itor the changes that occurred during the immersion of
glass grains of the investigated samples in SBF solution.
Three measurements, at each time, were carried out and the
mean value is calculated to ensure the reproducibility of the
readings.

To demonstrate the antimicrobial effect of the prepared
glass samples, some microorganisms such as S. aureus, B.
cereus, B. subtilis as Gram+, E. coli as Gram— bacteria and
C. albicans are used.

3 Results and Discussion

3.1 Density Measurements

Figure 1 shows the density of all investigated glasses as a func-
tion of LayO3 content. The figure indicates a considerable

1.67

1.65 A

1.63 A

1.61 A

1.59 A

Bulk density (g/cm3)

1.57 A

1.55 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

La,0O5 contents (wt.%)

Fig. 1 The effect of LayO3 contents (wt.%) on the bulk density of
prepared glasses

increase in densities of the prepared glasses as the LayO3
content increases. The substitution of a lighter element such
as P,Os (density=2.39 g/cm’) with a heavier one such as
LayO3 (density=6.51 g/cm3) is the main reason for such an
increase in density values of the prepared glasses. Similar
results were reported in Refs. [23, 24].

3.2 Mechanical Properties

It is well known that the fracture toughness of bioglasses
is lower than that of bone. Therefore, the enhancement
of their toughness is essential [25]. In order to achieve
this purpose, LayO3 was added to phosphate-based glasses.
Vickers microhardness, fracture toughness and compressive
strength of all glass specimens were measured and repre-
sented in Figs. 2 and 3, respectively. From these figures,
significant increases in hardness and compressive strength
are observed, while a slight increase in fracture toughness
is recorded as LayO3 content increases. These results are
strongly correlated to the obtained density measurements
discussed in the previous section, i.e. the increase of glass
density contributes to the enhancement of compactness of
the glass structure and as a consequence, better microhard-
ness values are obtained [26]. These results are similar to

Table 2 Ionic concentration

(mM) of simulated body fluid Solution Ion concentration (mM)
(SBF) and human blood plasma
Nat Kt Mg ¥t Cl” HCO;  HPO;” SO~
SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
Blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

@ Springer



1154

Silicon (2018) 10:1151-1159

4 065 _

0

F 06 ©

- g
% 38 1 055 O
~ L 0.5 g

v 3.6

a L 045 %
5 &
= F 04 <
S 341 &
o) L 035 ©
[ Rl
.9 - 03 ®
S 32 - Microhadness -
2

- Fracture toughness | | 025 §

L

3 I 1 L 1 1 0‘2 LI"

0 02 04 0.6 0.8 1 1.2

La,0O; contents (wt.%)

Fig. 2 The measured microhardness and fracture toughness as a
function of La content (wt.%)

those reported in Ref. [27]. According to their appropriate
mechanical properties, these glasses are recommended in
load-bearing sites applications such as orthopaedic as well
as dental applications [28] (Figs. 2 and 3).

3.3 XRD Analysis

The formation of a HA-like layer on the glass surface is
essential for forming a firm bond with human bone when
inserted into the body [29]. The formation of the HA layer
on the surface of glass grains is occurred as a result of their
dissolution, precipitation and ion exchange. When bioglass
is soaked in SBF solution, a partial degradation of the sur-
face starts instantly, therefore, Ca?t, HPO?[ and PO?[ ions
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Fig. 3 Compressive strength of investigated samples versus La con-
tent (wt.%)
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are liberated and as a consequence, a HA layer is formed
[30]. Accordingly, the formation of such a layer on the sur-
faces of all studied glass specimens after soaking in SBF
solution for 7, 14 and 21 days, along with the as-prepared
glasses, was followed up by the XRD technique and shown
in Fig. 4a—d.

As seen in Fig. 4a, the amorphous nature of the prepared
glasses is confirmed by the absence of sharp peaks. Based
on XRD card no. 72-1243, the presence of the most intense
peaks at 20 = 31.8, 32.9, 32.2, 25.9, 46.66 and 49.46°, cor-
responding to (21 1),(300),(112),(002),(222),(213)
reflections, respectively, refers to the formation of HA-like
layer on the surface of the glass samples. As indicated from
Fig. 4b, the peak at 20 = 31.8° is distinctly observed after 7
days of soaking for all glass samples. After 14 days of glass
soaking in solution, as shown in Fig. 4c, overlapped peaks
at 26 = 32.9 and 32.2° are obviously detected and the peak
at 260 = 31.8° becomes more developed. New peaks at 20 =
25.9, 49.46, 46.66° appear after 21 days of immersion as
exhibited in Fig. 4d.

As indicated from the figure, XRD peaks become more
intense as soaking time increased suggesting that the HA-
like layer grow significantly [6]. This growth is highly
influenced by soaking time as the increase of time permits
both Ca’* and PO?[ ions to accumulate on the glass surface
resulting in development of the HA layer [31]. Note that
these peaks are broad indicating to that the formed apatite is
poorly crystallized and/or falls in the nanoscale range [32, 33].

3.4 FTIR Spectral Analysis

In order to investigate the glasses structure, follow up their
degradation and the formation of the HA layer on their sur-
faces after soaking in SBF solution for 7, 14 and 21 days,
FTIR spectroscopy was employed and the resultant spectra
are shown in Fig. 5a—d. The characteristic FTIR absorption
peaks are assigned according to the literature [10, 24, 32,
34-36].

The intense peak at 1253 cm™! with ill-defined one at
1153 cm™! are attributed to asymmetric and symmetric
stretching of the two non-bridging oxygen atoms bonded
to phosphorous atoms in the Q? tetrahedral sites and the
symmetric stretching mode of the same structural unit,
respectively. However, the intense peak near 1096 cm™! is
assigned to symmetric vibrations of the PO3 group and/or
the O-P-O bond. The weak band at 1043 cm~! is attributed
to the symmetric stretching mode of the POi_ groups. The
two shoulders at 778 and 720 cm ™! are ascribed to the sym-
metric vibration of the P-O-P linkage. On the other hand, the
peak at 534 cm™! is attributed to the bending vibration of
such a linkage. Since the band of vy, (P-O-P) appears at 938
cm~!, these glasses have a chain structure and possess a sig-
nificant increase of covalency proportion of the P-O-P bond
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which results in considerable strength and chemical dura-
bility. These results are in agreement with those reported in
Refs. [35, 36]. The P-O resonance in the POi_ group is indi-
cated by two bands at 560 and 605 cm™! which confirm the
formation of crystalline HA. The presence of a weak band at
870 cm~! is attributed to P-O-H resonance in HPOi_. The
two peaks at 1550 and 1640 cm™! are assigned to the C-
O resonance in CO%‘. The dissolution of atmospheric CO;
into the SBF is responsible for the substitution of CO%‘
ions into the HA lattice. Since the solution contains CO§_
ions, they are likely to substitute OH™ ions in the HA lattice
[37, 38]. The formation of a HCA layer on the glass surface
agrees with the results reported by Kokubo et al. [21] who
postulated that the immersion of glass grains in SBF pro-
duces a HCA layer. Moreover, the bending vibration of the
O-H bond of the absorbed water, from air, is found at 1634
cm~! [10]. As anticipated, after 21 days of soaking, HA
deposition is increased significantly as indicated by more
sharpness and intensification of the two characteristic peaks
of HA indicating that the formed HA possesses a reasonable
crystallinity degree.

Generally, the existence of network modifiers such as
Ca’t and Na' in the glass system forms non-bridging

oxygens (NBOs) and consequently promotes the dissolution
of glass samples in SBF solution. These changes in surface
chemistry contribute to the precipitation of a calcium phos-
phate layer on the sample surface and subsequent crystal-
lization to form crystalline HA [39]. Considering the bioac-
tive behavior of the prepared glass samples after soaking in
SBF solution, Na™ ions are released into the physiological
solution through the interchange with the H' ions from
solution and consequently P-OH groups are formed on the
glass surfaces. These groups are able to combine with Ca’*
ions, from the SBF solution, to form an amorphous layer of
calcium phosphate and turn into bone-like apatite crystals.
The following equation clarifies the HA formation [40, 41]:

10Ca>* 4 6PO;~ 4+ 20H™ — Cayo(PO4)6(OH),

The raising of supersaturation above the critical level that
is required for heterogeneous nucleation of apatite is respon-
sible for the initiation of apatite nuclei. It is worth mention
that the degree of supersaturation of SBF, with respect to
HA, is further promoted by the increase of liberated Na™
ions. Once the apatite nuclei are formed, they grow by con-
suming the Ca’*, POi_ and OH™ ions from the solution
[42].

@ Springer
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Fig.5 FTIR spectra of a
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From the above results, we can conclude that La-
containing phosphate glasses are characterized by good
bioactivity. Similar results were reported for lanthanide-
containing biomaterials and mentioned that lanthanides did
not retard the formation of HA on the glass surfaces [6].

3.5 The pH Measurements

Table 3 illustrates the changes of pH values of SBF at the
end of soaking time. As indicated from the table, there is
a rapid increase in pH values, for all investigated samples,
after 7 days of soaking followed by a marked decrease after
14 and 21 days of soaking in SBF solution. The replacement

Table 3 The pH measurements of SBF solution after soaking of glass
grains for different time intervals

Time (weeks) La0 La0.1 La0.3 La0.7 Lal
0 7.2 7.2 7.2 7.2 7.2

1 8.68 8.68 8.69 8.67 8.69
2 8.44 8.46 8.47 8.47 8.48
3 8.25 8.26 8.26 8.27 8.25
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of protons, found in solution, with cationic glass compo-
nents results in such increase of pH values and consequently
the solution becomes alkaline. On the other hand, as the
HA-like layer begins the precipitation on the glass surface,
this increase is stopped and even decreases slightly. Surpris-
ingly, La>* ions have no considerable effect on pH values
due to the fact that they possess ionic radii similar to that
of Ca>* ions and consequently charge balance can be eas-
ily preserved with a pair of substitutions such as 2Ca’* =
Lat+ Na't [34]. Similar results were reported in Refs. [1,
8, 43, 44]. These measurements are necessary to identify
the biocompatibility of these glasses when inserted into the
human body [45].

3.6 TEM Observation

TEM was employed to determine the particle size of the
formed HCA layer on the surface of La0 and Lal glass
samples after soaking in SBF solution for 21 days as
shown in Fig. 5a,b. As seen from this figure, the glass
grains are nearly covered with hexagonal HA crystallites
and they seem to be agglomerate-free. The mean values
of the particle sizes of HA are 49 and 43 nm for La0
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Fig. 6 TEM micrographs of a La0 and b Lal glass samples after
soaking in SBF solution for 21 days

and Lal glass specimens, respectively. These results are in
agreement with those obtained from XRD (Fig. 6).

3.7 Antimicrobial Effect

The BG-related infections are considered as the main draw-
back for using them in medicine as they lead to patient
morbidity and as a consequence, acute as well as chronic
infections will occur as a result of bacterial colonization and
the formation of biofilm [46].

The antimicrobial behavior (Fig. 7) of LayOs-free and
La;O3-containing phosphate glasses were evaluated against
S. aureus (ATCC6538), B. subtilis (NRRL-B-4219), B.
cereus (local isolate) and E. coli (ATCC25922) as Gram+,
Gram- bacteria and fungi such as C. albicans (ATCC10231)
using agar disc-diffusion assays conducted for 24 h at 37 °C.
The obtained photographs show that the growth of S. aureus
is retarded remarkably as La content increases. On the other
hand, La has a less powerful effect on E. coli than S. aureus
as the antibacterial behavior is indicated only when the La
content is 1 wt.%. Furthermore, La-free glass exhibits a
considerable antibacterial effect against these bacteria as
a result of pH change, i.e. due to the dissolution of glass
and/or minimized activity of water, namely, due to the leach-
ing of ions. It is worth to note that these glasses have no

Fig. 7 Petri dish photographs after conducting agar disc-diffusion
assays at 37 °C for 24 h against a E. coli, b S. aureus, ¢ B. subtilis, d
B. cereus and e C. albicans as test micro-organisms for tested glasses

considerable effect against B. subtilis, B. cereus and C. albi-
cans. The diameter of the inhibition zone for all samples is
measured and listed in Table 4. The antibacterial behavior of
these glasses can be interpreted in terms of the liberation of
Ca?*, Nat and PO?‘_ ions with high concentrations which
contribute to intense disorder of bacterial membrane poten-
tial and consequently, acute variations in osmotic pressure
take place and lead to destruction in the bacterial cell wall.
Subsequently, the degradation as well as the composition
of as-prepared glasses in SBF identifies their antibacterial
effects [10]. Taking into account that the employed powder
systems have elevated surface area this is considered as the
main reason for rapid dissolution and therefore, the high rise
in local pH [15].
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Table 4 The measured inhibition zone diameters of all La-containing
phosphate glasses against S. aureus, B. cereus, B. subtilis, E. coli and
C. albicans

Glass code Inhibition zone diameter (mm)

S.aureus B. Cereus B.subtilis E.coli C. albicans
La0 25 Nil Nil Nil Nil
La0.1 27 Nil Nil Nil Nil
La0.3 30 Nil Nil Nil Nil
La0.7 32 Nil Nil Nil Nil
Lal 38 Nil Nil 25 Nil

The antimicrobial activity of the parent glass arises from
the capability to release Ca’>" ions at the glass-particle
interface, which leads to membrane depolarization and the
subsequent death of the cell. It is well known that cellular
calcium ions overload, or perturbation of intracellular Ca?t
compartmentalization, may cause cytotoxicity and result in
either apoptotic, necrotic or autophagic cell death [46]. Sim-
ilar results were reported for lanthanide doped glasses [35,
36, 47-50].

4 Conclusions

In the present work, CaO-Nay;O-P;05 glass system was
used to transport La’t ions in a controlled manner. This
system has tremendous advantages such as controlled dis-
solution rates, biocompatibility and bioresorbability. Fur-
thermore, doping of phosphate-based glasses with La’>* had
an excellent antibacterial effect against S. aureus and E.
coli. On the other hand, other tested microorganisms such
as B. subtilis, B. cereus and C. albicans were resistant to
this glass system. Moreover, the addition of La’t with suc-
cessive contents to phosphate-based glasses contributed to
considerable enhancement of their mechanical properties
without any retardation of their bioactivity. The obtained
results suggest that these glasses have promising uses in
tissue engineering fields.
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