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This research work focuses on the fabrication and study of a series of nanocomposites consisting of two types of hydroxyapatite

(HA), obtained by precipitate (HAP) and sol-gel (HAG) methods, and a boro-silico-phosphate bioglass. The microstructure and

chemical, mechanical, and biological properties as functions of three factors, namely (i) the type of hydroxyapatite, (ii) glass

content, and (iii) sintering temperature, were investigated. It was found that all of these factors affect the final composition and

microstructure, especially, porosity, which shows significantly lower values for HAP-based composites than for HAG-based ones

and higher values for higher glass content. This, in turn, has an impact on the microhardness, which exhibits a strong correlation

with porosity, as well as on the mineralization capability and cell viability due to the different dissolution rate.

Introduction

Within the last decades increasing emphasis is placed on the de-
velopment of new synthetic biomaterials that are perfectly com-
patible with biological tissue and provide special functionalities
for healing, regeneration, and substitution of diseased or injured

bones, as an alternative to “allograft” and “autograft” transplan-

tology methods, which have a number of drawbacks. An ideal
biomaterial to replace the bone tissue must integrate in the sur-
rounding bone or soft tissue by stimulating osteoinduction and
octeoconduction [1] at their interface in physiologic environ-

ment.
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Synthetic hydroxyapatite (HA), Cag(POg4)g(OH),, although
being very similar to the mineral composition of bone, has a
low resorption in physiologic environment and, therefore, does
not form a tough bond with the bone [2]. The development of
hydroxyapatite—bioglass (HA-BG) composites aimed to over-
come this problem [3-5]. In these composites, the biocompati-
bility of HA is combined with the bioactivity of the glass, which
has a higher dissolution rate and promotes the formation of a
carbonated hydroxyapatite (CHA) layer on its surface, which is
responsible for implant—-bone bonding [6].

The composition of the most famous bioglass, 45S5 Bioglass
[7], includes the principal elements of the bone, Ca, P, and Na,
in the form of oxides, and SiO,, which was proven to be a very
useful component for CHA formation, as well as for angiogen-
esis processes and collagen formation [8,9]. Since the discovery
of 45S5 Bioglass, a wide range of bioglasses have been elabo-
rated and investigated, which can be divided into the following
large groups: (i) silicate-based bioglasses (SBG), (ii) phosphate-
based bioglasses (PBG), and (iii) borate-based bioglasses
(BBG). The chemical composition of the glass, the ratio of its
constituent oxides, and the glass structure have a determinative
influence on its biological response in the physiologic environ-
ment [7,10-18]. The main role of SBG is the formation of CHA
layer, whereas the role of PBG and BBG is the delivery of Ca
and P ions, responsible for the osteogenesis, and other thera-
peutic elements due to their higher solubility. The addition of
different dopants to the glass can enhance the osteogenesis (Mg,
St, Fe, and Zr) or can yield particular properties such as angio-
genesis (Cu and Co) and antimicrobial activity (Ag, Zn, Ce, Ga,
and Cu). Also, dopants can change the glass solubility [13,15-
19].

The presence of the glass in the HA-BG composites may stimu-
late the transformation of HA into tricalcium phosphate (TCP)
during the sintering at high temperatures, inducing more reac-
tivity of the material in the physiologic environment [4,20]. The
HA-TCP transformation can be controlled through the glass
fraction and the sintering temperature [21-23]. Moreover, the
addition of the glass can contribute to the improvement of me-
chanical characteristics of the HA-BG composites, such as
hardness, fracture toughness, and compressive strength, which
is important for load-bearing applications [21,22,24-26]. Thus,
BGs can induce new chemical, biological, and mechanical prop-
erties to HA-BG composites, which can be controlled by modi-

fying glass fraction and composition.

In this study, we have elaborated and investigated HA-BG com-
posites containing a boro-silico-phosphate bioglass of the
following composition: 10B,03-12Mg0-8K,0-40P,05-
208i10;-5Zn0-5Ce0, (mol %). This composition was chosen in
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order to combine high solubility of the glass with increased
bioactivity, due to the high fraction of P,O5 and, simultaneous-
ly, the rather high fraction of SiO,. The inclusion of magne-
sium and potassium in conjunction with the high glass solu-
bility will provide an enhanced delivery of these elements,
which are important for bone formation [24,27-29]. Boron was
shown to promote the formation of amorphous calcium phos-
phate, which is beneficial for normal metabolism and bone
tissue repair; besides, the addition of B,O3 to HA inhibits the
thermal decomposition of HA and significantly enhances
bending strength and fracture toughness [30]. It was shown as
well that BoO3 in the phosphate glass composition increases its
hardness and fracture toughness [31]. The doping of bioglasses
with Zn and Ce has two effects. On the one hand, it induces
antibacterial activity, and, on the other hand, it promotes the

formation and mineralization of bone tissue [19,32].

The HA-BG composites investigated in this work contained two
types of HA, obtained either by the sol-gel method (HAG) or
by the precipitation method (HAP). It was shown that HA re-
sulting from the two methods significantly differs regarding the
crystallite form and size, stoichiometry, surface activity, and
Ca/P ratio [33,34]. Therefore, it was of interest to compare the
influence of the two different types of HA on the overall behav-
ior of the HA-BG composites. Moreover, two more modifying
factors, namely BG fraction and sintering temperature, were
introduced to study their influence on structure, mechanical
properties, and biological activity depending on the type of HA
(HAP or HAG) used for fabricating the HA-BG composites.

Materials and Methods
Preparation of composites

The composite samples were obtained from hydroxyapatite pre-
pared by a precipitation method (HAP) or by a sol-gel method
(HAG) combined with a bioglass of definite composition. For
the preparation of HAP powder we used the method described
in a previous work [35] with small modifications, according to
the reaction

10[Ca(NO;),4H,0]+6(NH, ), HPO, + 8NH,OH —

Cay (PO, )¢ (OH), +20NH,NO; +46H,0. W

Raw materials obtained from Merck and Fluka of analytical
purity were dosed corresponding to the stoichiometry of
Cao(PO4)(OH),, for which the Ca/P ratio is r = 1.67. The
mixture was homogenized for 2 h at a temperature of 40-60 °C
and pH 8-9, kept for 24 h at room temperature, filtered, and
washed. Subsequently, the precipitate was dried in an oven at
80 °C for 24 h and then ground and calcined at 900 °C for 2 h.
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The nanoscale crystallite size of the obtained HAP was about
62 nm.

The HAG powder was obtained using Ca(NO3);-4H,0 and
P,Os5 (Merck) as precursors and ethanol as dispersion medium,
all of analytical purity; the sol-gel method was described else-
where [36] (method I - HAG 1b). After the calcination at
900 °C for 2 h, the samples were ground to obtain the HAG

powder of about 55 nm particle size.

The bioglass composition is presented in Table 1. The samples
were prepared by an unconventional wet route followed by
melting [31,37,38]. As raw materials, the ultra-purity grade
reagents boron oxide (B,03), magnesium oxide (MgO,) potas-
sium carbonate (K,CO3), phosphoric acid (H3POy), silicon
dioxide (SiO3), zinc oxide (ZnO), and cerium oxide (CeO,)
have been used.

The glass preparation comprised the following steps: (i) Prepa-
ration of raw materials, that is, the reagents were introduced in
H3PO4 solution under continuous stirring. (ii) Drying of the
mixture on an electrical heating plate at 130-140 °C. (iii) Ther-
mal treatment of mixture, that is, the dried mixture was heated
up to 240 °C in an electrical oven, than introduced in an
alumina crucible and heated in an electric furnace in two steps,
namely a pre-melting step at low heating rate of about 50 °C/h
from 240 up to 800 °C, followed by a melting step, at a higher
heating rate of 250 °C/h, up to the melting temperature of
1200 °C, where the mixture maintained for 0.5 h. To obtain a
homogeneous glass, an alumina stirrer homogenized the melt at
200-240 rpm. (iv) Casting, that is, the melt was cast into graph-
ite molds, previously preheated at 1.1 T,. (v) Cooling of the
glass in air. (vi) Grinding the obtained bioglass in an agate
mortar. (vii) Sieving of the BG powder to obtain powder of par-
ticle sizes below 64 um.

The HA-BG composites were obtained by mixing 90 or
95 wt % of HA (HAP or HAG) powder with, respectively, 10 or
5 wt % of BG powder. An aqueous solution of 7% polyvinyl
alcohol (PVA) was added to the mixture. The proportion of
added PV A solution was 5% for 95% mixture. The mixture was
than pressed in a metallic mold with cylindrical shape (12 mm
diameter) using a hydraulic press at 1.5 or 2.0 tf for 60 s. The

obtained samples were sintered according to the sintering

Table 1: Bioglass oxide composition.

Sample/oxide B>O3 MgO KO
BG mol % 10 12 8
wt % 6.91 4.8 7.47
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program (Table 2), in order to eliminate the binder (PVA) and
to densify the sanples, with four different final temperatures
from 1100 to 1250 °C. The final samples were disc plates with a
diameter of 10—12 mm and a thickness of about 3 mm. As refer-
ence samples, pure HAP or HAG ceramics without BG addi-
tion were prepared using the same processing procedure. The
samples were labeled depending on the hydroxyapatite type
used for their preparation (HAP or HAG), the percentage of BG
(5% or 10%) and the final sintering temperatures, that is, “HAP-
5BG-1200" is the HAP-based sample with 5% BG sintered at
1200 °C.

Table 2: Sintering program.

Temperature Time [h]
Tamp—250 °C 2

250 °C 0.5
250-650 °C 3

650 °C 0.5
650—1100/1150/1200/1250 °C 2
1100/1150/1200/1250 °C 3
1100/1150/1200/1250 °C~Tamp 10

Density and porosity measurements

The measurement method is the buoyancy technique, which
utilizes Archimedes' principle: a body immersed in fluid indi-
cates an apparent loss in weight equal to the weight of the fluid
it displaces. In order to determine the porosity of the samples a
preparation consisting of one hour boiling of the samples in
water was made. The samples were weighted in air before
boiling, in air after boiling, and in water after boiling with a

precision of 0.0006 g.

The apparent density was calculated using the formula

My *PH,0
Po =" > )
my —my

where p, is the apparent density in g/cm?, my is the initial mass
of the samples in g, m, is the mass of the samples in air after
boiling in g, and m is the mass of the samples in water after
boiling in g.

P,Os SiO, Zno CeO, Total
40 20 5 5 100
56.32 11.92 4.04 8.54 100
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The following formula was used for the calculation of the
apparent porosity (open porosity), P,:

:w.loo
my —my ’

P,

a

3

using the above annotations. The errors of measurement for

density and porosity were £0.05 g/cm> and +0.05%, respective-

ly.

X-ray diffraction

With the help of a Bruker D8 ADVANCE X-ray diffractometer,
the evolution of the formation of hydroxyapatite and of the
intermediate compounds was studied, on samples calcined at
different temperatures, as well as after burning. The peaks re-
corded for 20 in the range of 20-60° were then compared with
the ICDD-PDF: 01-086-0740, ICDD-PDF: 01-073-4869, and
ICDD-PDF: 00-009-0169 files. By processing the diffrac-
tograms, using the most representative peaks, the parameters of
the elementary cell were calculated. Considering the main peak
of each diffractogram with the highest intensity, the average
size of the crystallite, Dy, was calculated using the Scherrer
equation:

kA

=, 4
FWHM cos 6 @

Dy

where k is a dimensionless constant called the form factor,
usually having a value of 0.9. A is the X-ray wavelength, in this
case A = 1.54060 A, FWHM (full width at half maximum) is the
width at the half height of the peak, 6 is the Bragg angle at
which the reflection takes place, and %kl are the Miller indices

associated with the crystallographic plane.

The crystallinity fraction was evaluated using the following
formula:

_ 1 12s300
Li12/300

X

C

’ ®

where V12300 represents the intensity ratio between the peaks
associated with the crystallographic planes (112) and (300)
expressed in counts per second, and /3 represents the intensi-
ty of the characteristic peak of the crystallographic plane (300)
expressed in counts per second.

Scanning electron microscopy
To determine the microstructural characteristics, such as micro-
morphology of the obtained materials and the qualitative and

quantitative distribution of the granular phase and pores, SEM
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analysis of the sintered materials was performed using a Zeiss
Auriga FESEM-FIB electron microscope. For SEM analysis,
the samples underwent a special cleaning process for 6 min in a
nitrogen plasma jet in a FISCHONE Plasma Cleaner. A FEI
QUANTA INSPECT S SEM was used to observe structure and
morphology of the samples after their treatment in simulated
body fluid, as well as to acquire the energy-dispersive X-ray

(EDX) spectra and the elemental composition.

Mechanical properties

The mechanical properties were investigated by means of
depth-sensing microindentation (MI). Before the MI measure-
ments, the samples were polished with sandpaper with grit sizes
of P1000, P2000, and P3000, consecutively, and with wet
Cr,03 powder on a cloth for final refinement to obtain a mirror-
like surface. The depth-sensing MI was carried out on a PMT-
3NI-02 instrumented nano/microindentation device using a
Vickers diamond tetrahedral pyramid as an indenter. For the
calculation of microhardness (H), the Oliver—Pharr method was
applied [39]. The range of used loads was 20, 40, 50, 100, and
200 mN, and at least ten indentations per each load were made

for the calculation of H.

Bioactivity investigation

For the bioactivity assessment of the samples, simulated body
fluid (SBF) was prepared according to Kokubo and Takadama
[40]. The as-prepared SBF was stored in a dry refrigerator at
5-10 °C, as indicated by Kokubo and Takadama. The samples
were introduced in SBF for 3, 5, 10, 15 and 30 days. The SBF
volume used for soaking the samples was calculated according
to Vi = S,/10, where Vj is the volume of SBF (mL), and S, is the
apparent surface area of the specimen (mm?2) [40]. The surface
of the samples was then investigated by SEM to estimate their
apatite-forming ability. The pH value of SBF was measured
before and after the insertion of the sintered sample using a
Multi-parameter analyzer Consort C1010, version 2.0, which
has the possibility to measure pH, voltage (mV), and tempera-

ture (°C). The precision of the pH measurement was 1072,

MTT assay

The MTT assay was performed on mesenchymal stem cells
(MSCs) previously isolated from six-months-old Wistar rat
bone marrow, cultured in HiMesoXL ™ mesenchymal stem cell
expansion medium (HiMedia, India) and stored at —80 °C in
FBS (Lonza, Belgium) with 10% DMSO (Alchimia, Italy). The
ethical approval, as well as the protocol used for the isolation of
the mesenchymal stem cells is described in the Annex. After
thawing, cells from the third passage were cultured in DMEM/
Ham F12 (Sigma, Germany) cell culture medium with 10%
FBS and antibiotics/antimycotics in 75 cm? flasks until 70-80%

confluence.
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The samples for the MTT tests were prepared in the form of
discs of 3 mm diameter and 0.7 mm thickness. Before testing,
the samples were sterilized in 70% alcohol for two hours and
washed twice with HBSS (HiMedia, India). The test was per-
formed in 24-well plates. A number of 1-10* MSCs were
introduced in each well and incubated at 37 °C in 5% CO,
humid environment. After 24 h, the samples were placed in
the wells. Each sample was tested in three repetitions, namely
after 24, 48, and 72 h. The 5% (v/v) MTT (Sigma, USA)
working solution was prepared from 0.5% (w/v) MTT stock
solution in DMEM/Ham F12 cell culture media. After removing
the samples and cell culture media, MTT working solution was
poured in the plates followed by incubation of the plates at
37 °C, 5% CO, for 2 h, then the formazan crystals were dis-
solved in isopropanol (StanChem, Poland). The absorbance was
measured at 570 nm with a spectrophotometer (Synergy HI,
BioTek).

Results and Discussions

XRD analysis

XRD analysis showed that, for all composites, HA decomposes
partially or fully into tricalcium phosphate (Ca3(POg4),, TCP)
during sintering. A higher temperature of sintering

(@)

CPS
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(Ts = 1250 °C) and a higher percentage of BG (10%) contribute
to this process, but differently for composites prepared from
HAP or HAG. The X-ray diffractograms for HAG composites
with 5% BG demonstrate peaks for both HA and TCP for all
four sintering temperatures of 1100 1150 1200, and 1250 °C
(Figure 1a). For HAP composites with the same 5% BG, peaks
for HA and TCP are present for three of four sintering tempera-
tures, except T = 1250 °C, for which only the TCP phase was
measured, indicating that HA fully decomposes into TCP
during sintering (Figure 1b).

The composites with 10% of bioglass exhibit the full decompo-
sition of HA into TCP regardless of the sintering temperature
(1200 or 1250 °C) and type of HA used (HAP or HAG). As an
example, Figure 2 shows the XRD pattern for the HAG-10BG-
1200 composite. All other patterns for composites with 10%
BG, not shown here, similarly indicate the presence of solely
TCP.

The increased tendency of HA to decompose into TCP with in-
creasing sintering temperature was also observed by other
authors for HA composites with B,O3 glass [30]. In this work,
we observed this tendency for HA composites with a more com-

HAG-5BG-1100
HAG-5BG-1150

HAG-5BG-1200

HAG-5BG-1250
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Figure 1: XRD patterns for (a) HAG-based composites and (b) HAP-based composites with 5% BG sintered at 1100, 1150, 1200, and 1250 °C.
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Figure 2: XRD pattern of the HAG-10BG-1200 composite.

plex glass composition.Moreover, the obtained results demon-
strated that among the composites with 5% of BG the HAG-
based ones are more stable against increasing sintering tempera-
tures in comparison with HAP-based ones. The HA phase is
maintained for HAG-5BG-1250, in contrast to HAP-5BG-1250,
which contains only TCP phase.

The increase of glass content from 5 to 10% is also critical
regarding the decomposition of HA. All composites with 10%
of BG contain only TCP. Some authors observed the same
effect of increasing glass content for HA composites with B,O3
glass [30] whereas other authors did not trace any influence of
the glass content on the HA/TCP ratio for HA composites with
30P,05-30Ca0-40NayO (mol %) glass [25]. These results,
along with the ones obtained in the present work, let us to
assume that a higher percentage of P,O5 (in our case, it is
40 mol %) and the addition of B,O3 (10 mol %) contribute to a
stronger decomposition of HA into TCP.

The average size of the crystallites (Dy;;) and the crystallinity
fraction (X.) are presented in Table 3. The obtained data can be
summarized as follows: (i) The average size of the crystallites
proves the nanocrystalline structure of the composites, (ii) the
crystallinity fraction is somewhat higher for HAP composites
(HAPCs) than for HAG composites (HAGCs), and it drops for
both HAPCs and HAGC:s sintered at 1250 °C, and (iii) the aver-
age size of the crystallites is slightly larger for HAGCs than for
HAPCs and for TCP than for HA.

SEM investigations

Figure 3 presents SEM images showing the microstructure of
the composites. After the pressing stage, the composites had a
rather crumbly and porous structure (Figure 3a). Sintering at
high temperatures induced fritting and compaction of the struc-
ture, which results in the reduction of porosity. This process is
more pronounced with the increase of the T from 1100 to
1250 °C (Figure 3b vs Figure 3e and Figure 3c vs Figure 3f).

Table 3: Average size of the crystallites and crystallinity fraction of composites.

Sample

TCP = Cag(POy)2

HAP-5BG-1100 71.4
HAP-5BG-1150 70.4
HAP-5BG-1200 64.6
HAP-5BG-1250 78.6
HAG-5BG-1100 80.7
HAG-5BG-1150 68.3
HAG-5BG-1200 93.7
HAG-5BG-1250 63.2

Average size of the crystallite (Dpy), nm

Crystallinity fraction (X;), %

HA = Cas(PO4)3(OH)

71.0 84.8
68.0 79.0
65.7 82.6
— 75.0
57.1 77.5
78.4 78.7
93.8 77.7
49.6 74.0
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Figure 3: SEM images of composites. (a) HAG-5BG without sintering, (b) HAG-5BG-1100, (c, d) HAP-5BG-1100, (e) HAG-5BG-1250, and (f) HAP-

5BG-1250.

The high sintering temperatures contribute to the crystallization
of HA. This is clearly seen in Figure 3d, which demonstrates
the crystal faces on the HA conglomerates. If one compares the
HAP- and HAG-based composites, one can see that HAPCs
have a higher compaction capability than HAGCs (compare
Figure 3b with Figure 3c and Figure 3e with Figure 3f).

However, the sintering temperatures of 1100 and 1150 °C
appeared to be too low to create a sufficiently tough structure.
Both HAP- and HAG-based composites sintered at these tem-
peratures exhibited low bonding between constituent particles.
This was manifested by the impossibility to obtain a suffi-
ciently smooth surface during polishing, which is necessary for

microindentation testing. Constituent particles were pulled out
from the surface instead of being polishing. Therefore, the com-
posites sintered at 1100 and 1150 °C were excluded from

further investigations.

Porosity and density measurements

The SEM results correlate well with the density (p,) and
porosity (P,) measurements of the composites, the data of
which are presented in the diagrams of Figure 4. The HAGCs
have significantly higher values of porosity (Figure 4a) and,
correspondingly, a lower density (Figure 4b) than the HAPCs.
This shows the higher compaction capability of HAPCs,
confirming the SEM results.

1496



45
TCP
401 & & 3626 TOP
—~ 354 x +
S E
\(": 304
o
L] O T T
z DR Y & 1923 1921
@ 201 F [ =
S 151 T T
o
10 T
51199 34
0 -
QO Q O A\ QO AN} O A\
PO A A
RS S T R S S
IS &> o
I FFF YOS (a)

Beilstein J. Nanotechnol. 2022, 13, 1490-1504.

4.0

3.54

282 28 28 28

3.0+

Density, pa (g/cm?®)

Figure 4: (a) Porosity in correlation with phase composition and (b) density of HAP- and HAG-based composites.

The increase of the glass content leads to an increase of
porosity, as a result of a stronger decomposition of HA into
TCP. As revealed by XRD investigations and summarized in
Figure 4a, for all composites, the increase of glass content from
5% to 10% leads to a transition from partial decomposition to
full decomposition of HA into TCP. An exception are HAPCs
sintered at 1250 °C, for which the full decomposition of HA
into TCP occurs regardless of glass content. The increase of P,
with BG content is more pronounced for HAG-based compos-
ites, probably because of lower the compaction capability of the
HAG particles.

The increase of the sintering temperature has different impacts
on HAP- and HAG-based composites. For HAGCs, the increase
of T induces a decrease of porosity, especially for composites
with 10% of bioglass, which can result from the devitrification
and shrinkage of the glass and the additional chemical bonding
between the phosphate glass and TCP. In contrast, for HAPCs

—&— HAP-10BG-1200

the increase of T induces an increase of porosity. For HAPCs
with 5% of glass, it can be explained by the full decomposition
of HA into TCP during sintering at 1250 °C, and TCP is known
to be a poorly sinterable phase, hindering the densification
process [41,42]. For HAPCs with 10% of glass, for which the
full decomposition of HA into TCP takes place at both 1200
and 1250 °C, the increase of P, with T may have two reasons,
namely (i) the transformation from $-TCP to a-TCP [21,43] and
(ii) a more compacted structure of HAPCs and the appearance
of cracks, clearly seen on SEM images (Figure 3 f), due to the
non-uniform thermal expansion during the sintering at higher
temperature.

Vickers microhardness and deformation
peculiarities

Figure 5 shows the microhardness (H) as function of the load
(P) applied to the Vickers indenter for HAP- and HAG-based
composites. The obtained results demonstrate that the micro-
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Figure 5: Microhardness (H) of (a) HAP-based composites and (b) HAG-based composites. The labels on each curve indicate the values of porosity

P, %) for the respective composite.
(Pa, %) P p
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hardness has a strong correlation with porosity (Figure 4a),
namely the higher the porosity, the lower the hardness
(Figure 5). This is consistent with the results obtained in other
studies for hydroxyapatite [44,45] and B-TCP [46] bioceramics,
which were explained on the base of the “minimum solid area”
model [47]. The minimum solid area or minimum bond area be-
tween particles is the area that undergoes the maximum stresses
in the porous material, therefore, the cracks spread mostly
through these regions. But another important factor are the
pores themselves, which represent an additional free surface
facilitating plastic deformation. The material is easier to
displace toward this free surface with the possibility to fill the
pores, which leads to the compaction of the structure. The
densification of the porous structure under Vickers indentation
was demonstrated for (Bi,Pb)2Sr2Ca2Cu30x ceramics [48].
Thus, the higher porosity may contribute, on the one hand, to
the fracture of the material and, on the other hand, to additional
plastic (irreversible) deformation. Both processes lead to a de-
crease of hardness.

The obtained results revealed that the three modifying factors of
composites, type of HA, glass content, and sintering tempera-
ture, had the following influence on the hardness (H) in
conjunction with the porosity (P,). HAPCs, having a lower P,,
exhibit higher values of H (Figure 5a) than HAGCs (Figure 5b).
Regarding the glass content, both HAP- and HAG-based com-
posites with 5% of BG have a higher hardness then composites
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with 10% of BG sintered at the same temperature. Concerning
the sintering temperature, a strong correlation with P, is ob-
served for almost all composites and, thus, composites sintered
at 1250 °C, which show higher porosity, have lower hardness
(Figure 4a and Figure 5). An exception are HAG-based com-
posites with 5% BG, which demonstrate very close values of P,
but have different values of H, with the higher one for HAG-
5BG-1200. This result can be explained from the following
considerations. The increase of the sintering temperature leads
to two processes with opposite effects on the porosity/density:
(1) the devitrification and shrinkage of the glass, which contrib-
ute to the densification process and (ii) the HA - 3-TCP—a-
TCP transformations, which increase the porosity. In the case of
5% BG, the influence of the devitrification of glass is lower
than in the case of 10% BG, and it is compensated equally by
the formation of TCP for sintering at 1200 and 1250 °C. There-
fore, the porosity remains almost the same for both values of T&.
Nevertheless, TCP affects the mechanical strength of the mate-
rial resulting in the decrease of hardness with the increase of T.

The analysis of the indentation morphology allowed us to
differentiate three types of specific mechanical behavior of the
studied composites. “Type I” is plastic behavior with no visible
cracks or delaminations around the indentations (Figure 6a) or
very small ones (Figure 6b). “Type II” is plastic-fragile behav-
ior with light delaminations for loads of 0.2-1.0 N, displayed as
fine highlights around the indentation, and pronounced delami-

Figure 6: Morphology of the indentations made on (a) HAG-5BG-1250, (b) HAP-5BG-1250, (c, f) HAP-10BG-1200, (d) HAP-5BG-1200, and (e) HAG-
5BG-1200. The numbers next to the indentations indicate the load (P) applied to the indenter: 1 =0.2N,2=0.4 N,3=0.5N,4=1.0 N, and
5 =2.0 N. The arrows show slight delaminations displayed as fine highlights in panels (b), d), and (e), as well as a small crack in panel (b).
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nations for a load of 2.0 N (Figure 6 d,e). Note that both light
and pronounced delaminations do not appear in all indentations
and exhibit event frequency values from 1/10 to 5/10 for loads
from 0.2 to 2.0 N, respectively. Type III is fragile behavior with
pronounced cracks and delaminations beginning at the smallest
load of 0.2 N (Figure 6¢) and further developing for higher
loads (Figure 6f). The type I is characteristic for HAG-5BG-
1250, HAP-5BG-1250, HAG-10BG-1200, and HAG-10BG-
1250, the type II is characteristic for HAP-5BG-1200 and HAG-
5BG-1200, and the type III is characteristic for HAP-10BG-
1200 and HAP-10BG-1250. Thus, HAGCs and HAPCs with
10% BG behave contrarily. The former, having the highest
values of P, (36.26% and 32.43%) deform plastically whereas
the latter, having much lower values of P, (3.17% and 4.81%)
are fragile. At the same time, HAGCs and HAPCs with 5% BG
behave similarly for the same values of T in spite of different
P, values. So HAGCs and HAPCs with 5% BG sintered at
1200 °C (P, of 19.23% and 1.99%, respectively) show plastic-
fragile behavior whereas those sintered at 1250 °C (P, of
19.21% and 3.47 %, respectively) deform plastically. Hence, al-
though the hardness shows a strong correlation with the
porosity, one can hardly trace a strong correlation between type
of mechanical behavior and porosity alone. Most probably,
plastic or fragile behavior is influenced, besides the porosity, by
other structural parameters such as crystallinity fraction, form
and size of constituent particles, and their bonding strength. For
a deeper understanding of the influence of these parameters on
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the plastic or fragile behavior of the composites, further investi-
gations are necessary.

The indentation size effect (ISE) representing the increase of H
with the decrease of P observed on other porous ceramics [49-
51] manifests also for all composites in the present work
(Figure 5). The ISE can be connected with the general deforma-
tion peculiarities of porous ceramics mentioned at the begin-
ning of this paragraph as well as with the deformation behavior
of the investigated composites. For plastically deformed com-
posites, for which the pores may facilitate plastic deformation,
the ISE may be explained as follows: Due to the smaller volume
fraction of the pores with respect to the dense matrix, the proba-
bility of pores falling into the indentation zone is reduced with
decreasing load. Hence, less volume of pores and more volume
of dense matrix is involved in the deformation process with de-
creasing load, resulting in the increase of hardness. For compos-
ites with plastic-fragile and fragile behavior, the ISE is caused
by involving and developing delamination and cracking with in-
creasing load (Figure 6), which leads to the relaxation of stress
in the deformation zone and, as a result, to the decrease of hard-
ness.

SBF testing and bioactivity of composites

To assess the bioactivity of the composites they were soaked in
SBF for 3, 5, 10, 15, and 30 days, after which the surface of the
samples was investigated by means of SEM. The obtained SEM
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Figure 7: SEM images of the surface of composites after soaking in SBF. (a) HAG-5BG-1250 after 3 days, (b) HAP-5BG-1250 after 3 days, (c) HAP-

5BG-1200 after 5 days, and (d) HAP-5BG-1200 after 10 days.
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images led to the conclusion that the HAG-based composites
had a quicker response to SBF, showing the incipient stage of
calcium phosphate precipitation after 3 days of soaking
(Figure 7a). In contrast, HAP-based composites did not exhibit
any precipitate at the surface after 3 days of soaking
(Figure 7b). This can be the result of the more porous structure
of HAG-based composites (Figure 4a) and, therefore, higher
dissolution rate. HAP-based composites with a denser structure
need a longer period of immersion in SBF for solubilization and
the beginning of the mineralization process. And indeed, after
5 days of soaking, a well-pronounced precipitate was observed
on HAP-based composites, too (Figure 7c). With the increase of
soaking time, the amount and thickness of the precipitate layer
increased (Figure 7d) for all composites. After 15 and 30 days,
the samples were entirely covered with a layer of apatite precip-
itate of about 2-3 pm thickness with no difference between
HAP- and HAG-based composites. We did not observe any in-
fluence of the glass content (5% or 10%) or sintering tempera-
ture (1200 or 1250 °C) on the mineralization capability of the
composites.

At higher magnification, the evolution of the fine microstruc-
ture of the calcium phosphate precipitates with soaking time can
be traced (Figure 8). One can see that, at the incipient stage, the
precipitate grows in the form of separate needle-shaped airy
globules of about 1 um diameter (Figure 8a). Similar needle-
like particles were observed by Hyun-Min Kim et al. in TEM
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investigations after SBF immersion of synthetic hydroxyapatite
and were proven to be apatite crystals grown together [52].
With the increase of soaking time, the amount and dimensions
of these globules increased, forming a continuous cotton-like
fluffy layer (Figure 8b). When the immersion time exceeded
10 days, a denser druse-like structure was formed (Figure 8c).

The EDX analysis demonstrated that the precipitate layer
contained Ca, P, Na, Mg, and K, with highest fractions of Ca
and P (Figure 8d). The Ca/P ratio takes values between 1.23 and
2.33 with generally lower values for HAG-based composites
and the tendency to increase with soaking time in SBF for both
types of composites (HAGCs and HAPCs). The Ca/P ratio of
stoichiometric hydroxyapatite is 1.67. Lower values of Ca/P
ratio at the early stages of biomineralization are in agreement
with the results obtained in other works for Bioglass®-type
glasses, hydroxyapatite, and A-W glass ceramics [7,52-55] and
can be explained by the formation of CaO-P,05 or other
calcium deficient phases. At the later stages of biomineraliza-
tion, that is, after longer soaking times, the precipitate under-
goes structural and chemical transformation resulting in the for-
mation of carbonate-hydroxyapatite (CHA). The obtained
values of Ca/P ratio higher than 1.67 suggest the formation of
B-type CHA, characteristic for biological hydroxyapatite, in
which the PO, ions are substituted by CO32~ ions, according-
ly increasing the Ca/P ratio [56]. This is confirmed by the EDX
analysis showing the presence of C (Figure 8d).
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Figure 8: SEM images of the HAP-5BG-1200 surface after soaking in SBF solution for (a) 5 days, (b) 10 days, and (c) 15 days. (d) EDX spectrum

from the region indicated by the circle in panel (c).
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The pH value of the initial SBF was 7.33-7.34, in agreement
with the necessary conditions for SBF bioactivity testing
[23,25,36,40]. Submersing the composites in SBF increased its
pH to of 7.89-7.94 after 3 days of soaking, which remained
constant after 5, 10, 15, and 30 days. No influence of the type of
hydroxyapatite (HAP or HAG), glass content (5 or 10%), or
sintering temperature (1200 or 1250°C) on the pH value of SBF
was observed. The change of the surrounding physiologic envi-
ronment to alkaline conditions was caused by the dissolution of
the composite in SBF, and it is considered to be favorable for
bone cell proliferation, although a high pH value may be detri-
mental to optimal osteoblast metabolism [14]. It was shown, for
example, that values of pH 7.0-7.5 were optimal for osteoclast

differentiation and proliferation [57].

MTT assay and biocompatibility of

composites

Figure 9 shows the results of a preliminary biological study per-
formed by MTT assay regarding the relative viability of the
bone marrow STEM cells exposed to HAP- and HAG-based
composites. As a control, HAP and HAG ceramics sintered at
1200 °C without glass addition (labeled as HAP-1200 and
HAG-1200, respectively) were included in the test. One can see
that HAP-based composites demonstrate a good biocompatibili-
ty with relative cell viability values between 94% and 99%,
very closed to those for the HAP-1200 and HAG-1200 control
samples. A somewhat lower biocompatibility is shown by
HAG-based composites. It is most probably caused by the more
porous structure and, as a result, higher dissolution rate of these
composites, inducing an increased ion concentration in the sur-
rounding biological environment, which may be detrimental for
cell proliferation. It can be noticed that HAG-1200 ceramics
without BG also exhibited a somewhat lower cell viability than
HAP-1200 ceramics. For both HAP- and HAG-based compos-
ites the addition of 10% of BG decreased the values of relative
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Figure 9: Relative viability of bone marrow STEM cells exposed to
HAP- and HAG-based composites after 24, 48, and 72 h of cell culture.

Beilstein J. Nanotechnol. 2022, 13, 1490-1504.

viability, again due to higher ion concentration in the physio-

logic environment due to the higher porosity and dissolubility.

Conclusion

A series of nanocomposites with two types of hydroxyapatite,
obtained by precipitate (HAP) or sol-gel (HAG) methods, and a
boro-silico-phosphate glass in their composition were synthe-
sized and studied. The influence of the type of hydroxyapatite
(HAP and HAG), glass content (5% and 10%), and sintering
temperature (1100-1250 °C) on microstructure, chemical,
mechanical, and biological properties were investigated.
The following results were obtained: (i) The rather high
percentage of P,O5 (40 mol %) and the addition of B,O3
(10 mol %) in the glass content contributed to a more intensive
decomposition of the HA into TCP. The same influence was
observed for the highest sintering temperature (75 = 1250 °C)
and the highest percentage of BG (10%). HAG-based compos-
ites with 5% BG were found to be more stable against
increasing sintering temperatures. (ii) HAP showed higher
compaction capability than HAG and, as a result, the porosity
P, of HAP-based composites (HAPCs) is significantly lower
than that of HAG-based composites (HAGCs). The increase of
the glass content leads to the increase of P,. The increase of T§
raises the P, of HAPCs and lowers the P, of HAGCs. These
peculiarities are assumed to be connected with different contri-
butions of processes such as devitrification of glass and
HA - TCP transformation during sintering. (iii) The microhard-
ness H of the composites showed a strong correlation with
porosity, that is, the higher the porosity, the lower the hardness.
Thus, the values of H are higher for HAPCs than for HAGCs,
and they decrease with the increase of glass content and
sintering temperature. (iv) HAGCs showed a quicker response
to SBF within the first days of soaking. However, after longer
soaking times, no difference was observed between HAGCs and
HAPCs, and both groups of composites showed good mineral-
ization regardless of sintering temperature and glass content.
The evolution of the fine microstructure of the calcium
phosphate precipitate with soaking time was traced. (v) A bio-
compatibility with relative cell viability values between 94%
and 99% was revealed by MTT assay for HAPCs. Slightly
lower values were observed for HAGCs, caused by the more
porous structure and the higher dissolution rate inducing an in-
creased ion concentration in the surrounding biological environ-
ment.

In the range of the examined composites, an optimal combina-
tion of properties (structural, mechanical, chemical and biologi-
cal) was found in the HAP-based composite with 5% of
bioglass sintered at 1200 °C (HAP-5BG-1200). This sample
contains a beneficial combination of HA and TCP and has the

lowest porosity (P, = 1.99), the highest microhardness
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(H = 3.45-4.35 GPa), and, at the same time, a good bioactivity
(solubility and biomineralization) and biocompatibility (98.5%

of cell viability).

Annex
Ethical approval and the protocol used for the

isolation of the mesenchymal stem cells

The mesenchymal stem cells (MSC) for the MTT test were iso-
lated from the bone marrow of six-months-old Wistar rats at the
Laboratory of Tissue Engineering and Cells Culture of the
Nicolae Testemitanu State University of Medicine and Phar-
macy (NTSUMP) of the Republic of Moldova. The laboratory
has the permission from the University Research Ethics
Committee acting in accordance with the Statute of the
Research Ethics Committee of NTSUMP to extract and perform
experiments with Wistar rat organs, tissues, and cells (Ethics
Committee Approval of NTSUMP No 41 from 03.02.2020).
The protocol used for the isolation and identification of the

mesenchymal stem cells is described below.

The bone marrow extracted from the medullary canal and meta-
physeal regions of the Wistar rat bones was washed with a 2 mL
syringe with PBS (HI Media, India) into a 50 mL centrifuge
tube. The tube was centrifuged at 170g for 10 min. After
removing the supernatant, the centrifuged cells were resus-
pended in 10 mL of HiMesoXL ™ mesenchymal stem cell
expansion medium (HiMedia, India) and pipetted several times
to generate a single-cell suspension. After repeated centrifuga-
tion, the cells were resuspended in mesenchymal stem cell
expansion medium and transferred into a 25 cm? cell culture
flask and incubated at 37 °C in 5%CO, humid environment. In
the first passage, only half of the volume of MSC expansion
medium was changed until 40-50% cellular confluence, with
the subsequent change of all medium. The medium was
changed every 2 days, except for the first change, which was
made on the third day. At 70-80% cellular confluence, the cells
were detached with a small quantity of 0.25% trypsin/0.02%
EDTA. The cells were transferred in a 75 cm? flask and
cultured in mesenchymal stem cell expansion medium under the
same conditions, changing the cell culture medium every
second day, until 70-90% cellular confluence. After detach-
ment, the cells were split and cultured in the third passage in
three 75cm? cell culture flasks under the same conditions. The
cells were stored at 1-10° cells/cryovial at —80°C in FBS
(Lonza, Belgium) with 10%DMSO (Alchimia, Italy).

To obtain a pure mesenchymal stem cell culture, the bone
marrow cells were cultured specifically in commercially avail-
able HiMesoXL ™ mesenchymal stem cell expansion medium

to isolate only mesenchymal stem cells. Also, to remove conta-

Beilstein J. Nanotechnol. 2022, 13, 1490-1504.

minating cells, the isolated cells were cultured over three
passages. Mesenchymal stem cells isolated in the same way
were used as control in the identification of bone cells; all cell
groups were cultured in over-confluence for 18 days [58]. After
18 days of culture in over-confluence, the mesenchymal stem
cell control did not form the mineralized nodules that could
have been stained with alizarin Red.
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