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Abstract

Hydroxyapatite (HA) exhibits several desirable characteristics, but it still lacks osteoinduction, which is a nec-
essary requirement for a bone scaffold. HA-based composites with different amounts of Bioglass® (BG) were
prepared using spark plasma sintering (SPS). Careful selection of the SPS parameters avoided undesirable
reactions between the calcium phosphate (CaP) and bioglass (BG present in the form of powder and fibres), as
confirmed through X-ray diffraction analysis. Scanning electron microscopy images of the composite scaffolds
revealed a fibre like appearance of the glassy region. The in vitro bioactivity and biodegradation analyses were
performed by immersing the composites in simulated body fluid (SBF) and tris(hydroxymethyl)aminomethane
(Tris), respectively. The ability to obtain only the CaP phase and glassy phase with desirable bioactive and
biodegradation behaviour, indicated that these SPS scaffolds can be employed as bone scaffolds for clinical
trials, after further in vivo analyses.
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I. Introduction ceramic materials such as calcium phosphates (CaPs)
with composition similar to the natural bone are con-
sidered the strongest candidate for bone regenerative
treatments. Good bioactivity and biocompatibility of
CaPs make them suitable candidates for bone regener-
ation strategies [2,3]. Among the CaPs, hydroxyapatite
(HA) has been widely researched for orthopaedic ap-
plications due to its high resemblance with the mineral
component of the natural bone, high biocompatibility
and osteoconductivity [4]. Natural bone is a composite
material consisting of almost 65% carbonated hydrox-

Bone tissue regeneration has received huge research
interest recently due to a large number of patients suf-
fering from bone damage. Bone is a dynamic tissue
that continuously resorbs and redevelops, hence, it has
a high tendency towards regeneration [1]. Synthetic
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yapatite (CHA) and 35% collagen [5,6]. However HA
based scaffold materials primarily lack the mechanical
strength, degradation rate, bioactivity response and os-
teointegration [7]. Moreover, HA does not exhibit the
ability to stimulate primitive undifferentiated cells to de-

velop bone-forming cells [8].
Efforts have been made to reinforce scaffolds with

different types of fibres or nanoparticles to mimic the
natural bone structure. A lot of work has been de-
voted to strengthen the bioceramics with carbon nan-
otubes (CNTs), graphene, graphene oxide and reduced
graphene oxide [9]. The biocompatibility of these rein-
forcing materials is acceptable, but the long term expo-
sure in the human body is not fully understood and it
is the subject of considerable research nowadays [10].
Polymeric fibres like chitosan, silk, poly lactic acid
(PLA) and poly caprolactone (PCL) have been also in-
corporated into these bioceramics [11]. These materi-
als have excellent biocompatibility and are also biore-
sorbable, but due to a low thermal stability, the high
temperature sintering of these bioceramics is not pos-
sible [5].

Bioactive glass is an interesting bioresorbable com-
pound as the reinforcement material [12]. The biocom-
patibility of bioactive glasses is well established and
they have been used as scaffold materials. The elemen-
tal composition of these glasses is quite similar to that
of CaP based bioceramics. Bioactive glasses in differ-
ent forms such as particles, granules, fibres or scaf-
folds have been employed for bone regeneration in past
decade, due to their bone-bonding property and ability
to stimulate the formation of new bone [13,14]. On the
other hand Bioglass® (BG - 45 wt.% Si0,, 24.5wt.%
Na,0, 24.5wt.% CaO and 6 wt.% P,0O;) exhibits the
highest bioactivity, improved osteointegration, ability to
develop simultaneous bonds with hard and soft tissues,
with additional features such as angiogenesis and an-
tibacterial character. Researchers have attempted to de-
velop composite scaffolds by combining HA and BG for
improved overall performance with the desired charac-
teristics, but it is still unsuccessful due to the devitrifi-
cation process and excessive reaction between the two
constituents [15—18]. Thus, there is a dire need to fabri-
cate scaffold materials composed of BG and HA which
are free from the excessive chemical reactions and de-
vitrification process, which is expected to significantly
improve the biological performance and control of the

bioresorption rate [19].
In this study, composite scaffolds have been pre-

pared by combining HA and BG (fibres and particles)
through the spark plasma sintering (SPS) technique,
to mimic the fibre (collagen) reinforced ceramic (HA)
composite design of the natural bone. There are no
previous reports of the reinforcement of bioglass fi-
bres (BGF) in HA matrix using the SPS technique.
BG particles (5 wt.%) were added to eliminate the un-
desirable CaHPO, phase present in the procured HA.
The BG fibres (up to 20wt.%) were added into the
HA to prepare the BG fibre reinforced HA composite
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scaffolds. This is the first report on SPS of HA based
scaffolds containing BG fibres and powders. The SPS
is a unique sintering technique that offers simultane-
ous compaction and sintering with less severe com-
paction and sintering parameters compared to the con-
ventional compaction and sintering techniques [20]. The
SPS technique uses relatively lower compaction pres-
sure (maximum 3.67 MPa in this study) and sintering
temperature (1000 °C), which prevents the fracture of
glass fibres and melting/crystallization of BG, respec-
tively. Furthermore, the low SPS pressure facilitates the
preparation of porous scaffolds.

I1. Experimental

Hydroxyapatite-Bioglass® composites with different
amount of Bioglass® in the form of fibres and powders
were prepared. Submicron sized hydroxyapatite pow-
der (Cod. 21223), that contained traces of CaHPO,,
was purchased from Sigma Aldrich, Malaysia. The fi-
bres (with average diameter of 21.5um) and micro-
spheres (with average size of 200um) of BG 45S5
were purchased from XL SciTech Inc, US. The HA
and BG (particles and fibres) were mixed for 6 h us-
ing ZrO, balls in a polyethylene flask. The BG parti-
cles (5 wt.%) were added into the HA to avoid the un-
desirable CaHPO, phase formation, which was inher-
ently present in the procured HA, as discussed in an
earlier study [19]. The fibres containing premixes were
prepared cautiously to prevent the clustering of the BG
fibres. The de-clustering was carried out manually using
tweezers. The addition of BG fibres was not feasible be-
yond 20 wt.%, due to the lower mobility of the powders
and the inability of the powders to accommodate the fi-
bres without clustering. The premixed compositions are
given in Table 1.

Table 1. Sample composition

Sample HA [wt.%] BG [wt.%] BGF [wt.%]

HA 100 - -

HB5 95 5 -
HBF-5 90 5 5
HBF-10 85 5 10
HBF-15 80 5 15
HBF-20 75 5 20

2.1. Consolidation of powders

The premixed compositions and pristine HA were
spark plasma sintered (SPS-1030S, SPS Syntex sys-
tem) at extremely low pressure or the minimum allowed
pressure in the SPS technique. For each SPS cycle, 8 g
of premixed powder was filled in a @30 mm graphite
die. The SPS process was carried out at 1000 °C and a
heating rate of 50 °C/min with 30 min dwell. The com-
paction pressure was initially maintained at 1.83 MPa
for a smooth passage of the current, which was raised
to 3.67MPa maximum pressure during the holding
stage. Upon the completion of holding, the samples are
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Figure 2. Schematic illustration of adopted methodology

allowed to cool to room temperature under the same
load. Figure 1 explains the adopted sintering and com-
paction cycle.

2.2. Materials characterization

Further characterization of the SPS samples was car-
ried out after cutting them by using a diamond saw. The
characterization of phases was performed by powder
X-ray diffraction (XRD) using Shimadzu XRD-6100
(Japan) diffractometer, with a Cu Ka (monochromated
A =1.54056 f\) radiation at 30 mA and 40 kV. The scan-
ning was performed at 2 °C/min with a step size of 0.02°
in the 26 range from 10° to 80°. The microstructure of
the SPS samples was analysed after deposition of a thin
Pt layer on the ground and polished samples, in order
to minimize the charging effect. A Phenom Pro X ta-
ble top scanning electron microscope (SEM) was em-
ployed to examine the microstructural features of the
samples while field emission scanning electron micro-
scope (FESEM, Hitachi SU 8220, Japan) was employed
(after deposition of a thin Au layer on the samples) to
observe the developed apatite layer. The EDAX analy-
sis of the SPS samples and the apatite layer were per-
formed using energy dispersive X-ray analyser attached
to each electron microscope. A microhardness tester
(Schimadzu HMV-G21 DT) was used to characterize
the glassy regions while a Vickers macro-hardness tester
(Wolpert Wilson 450 SVA) was used to characterize the
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CaP phase. The hardness values are the average ob-
tained from 10 indents.

2.3. Invitro bioactivity analysis

The growth of the apatite layer (resembling the natu-
ral bone) was analysed by evaluation of in vitro bioac-
tivity of the SPS samples. The bioactivity analysis was
performed by immersing the samples in simulated body
fluid (SBF) as per protocol described by Kokubo and
Takadama [21]. The chemical composition of SBF ex-
hibits high resemblance to the human blood plasma
[22]. The adopted procedure for complete bioactivity
tests is explained in our earlier article [23]. The mor-
phological characterization of the grown apatite layer
was analysed using FESEM (after deposition of a thin
Au layer), while its composition was determined us-
ing EDAX. The infrared transmittance behaviour of the
grown apatite layer was confirmed using FTIR Spec-
trum 400 (Perkin Elmer, US).

2.4. Invitro biodegradation analysis

The resorption behaviour of the SPS composites was
predicted on the basis of in vitro Ca dissolution be-
haviour of the pristine HA, BG and composites. The
degradation behaviour of CaPs in biological environ-
ments must be predicted and optimized to accommo-
date the rate of new bone formation of the individual
patient [23]. The concentration of Ca was determined
using absorption spectroscopy (AAS Perkin Elmer A
Analyst 400 AA Spectrometer, US) after carrying out
a non-contact stirring for 5 h in Tris (pH = 7.4) at 37 °C.
The preparation of the standard sample for the calibra-
tion of Ca content and the experimental biodegradation
analysis was explained in our earlier report [24]. Fig-
ure 2 presents the schematic illustration of the adopted
methodology. The synthesized and sectioned samples
have been exposed at body temperature (i.e. 37 + 1 °C)
for bioactivity and dissolution analysis. In the next
phase, the developed apatite layer is characterized by
using FESEM and Ca content analysis using AAS.

II1. Results and discussion

The SPS disk-shaped samples of 2-inch diameter,
were physically stable and were easily drawn out of the
graphite die. The surface did not show any signs/marks
that could indicate the reaction between the samples
and the graphite die. SPS is a pressure assisted sin-
tering technique which densifies the samples using the
creep mechanism. The final density of the SPS com-
pacts is primarily driven by the sintering temperature
and compaction pressure [37,38]. These driving param-
eters were programmed on the lower magnitude to con-
trol the porosity in the final compacts.

3.1. Phase analysis

Figure 3 presents XRD results of all the SPS sam-
ples. XRD analysis confirmed the unique ability of SPS
technique and careful selection of its parameters to
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Figure 3. XRD patterns of prepared SPS compositions

avoid undesirable reactions between the HA and BG, as
well as the crystallization of BG. The characteristic BG
phases (such as Na,Ca,SiO, and Na,Ca[PO,],SiO,)
[25] are absent in the diffractograms, indicating the suc-
cessful prevention of the BG crystallization. Further-
more, the phases indicative of the severe chemical reac-
tion between the HA and BG, such as Cay(PO,),SiO,,
Na,HPO, - 7H,0, rhenanite and wollastonite as re-
ported previously [15,26,27], are also absent. Deso-
gus et al. [28] attempted to prepare HA-BG compos-
ites using SPS, however they also observed crystalline
Na,Ca,;SiO,4 phase formation from the reaction be-
tween HA and BG. In our study, all the composite sam-
ples only composed of CaP phases (HA and 8-TCP) and
a glassy content as evident from the diffractograms in
Fig. 3. The HA used for this study inherently had traces
of CaHPO,. The presence of CaHPO, traces in the same
HA (Code 21223 supplied by Sigma Aldrich) was con-
firmed by Cuccu et al. [29]. The increased tendency of
the HA to transform into the 8-TCP phase upon SPS
(even at lower temperatures) was reported in the same
study [29]. SPS performed for 30 min at 1000 °C com-
pletely transformed the HA into the 8-TCP phase with
traceable CaHPO, phase, as in Fig. 3b. With the addi-
tion of BG particles (5 wt.%), CaHPO, was totally elim-
inated with the formation of the single 5-TCP phase.
The diffusion of Ca from the Ca-rich CaP phase to the
BG phase, in addition to the diffusion of Si and Na from
the BG phase to the CaP phase, was inevitable and pri-
marily due to the ample sintering time which favoured
this diffusion. This diffusion allows the stabilization of
vitreous BG and the reprecipitation of HA into the (-
TCP phase. The mechanisms involved in the reprecipi-
tation of HA and stabilization of vitreous BG were ex-
plained in our earlier work [19]. The presence of BG
powder and BGF enhances this diffusion which stabi-
lizes the vitreous BG and reprecipitation of HA with in-
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creased BG content. As a quantitative comparison, the
ratio of HA/B-TCP was estimated from the peaks’ in-
tensities present in the reference files of 5-TCP and HA.
The matching reference file 96-101-1243 for HA shows
the highest intensity for d-spacing = 2.812 A; for the B-
TCP 00-009-01609 reference file was used showing the
highest diffracted intensity for d = 2.880 A. The addi-
tion of BGF (0-20 wt.%) strengthened the HA intensity
at the expense of the S-TCP phase leaving a negligi-
ble content of S-TCP in the composite scaffold HBF-
20. The HA/B-TCP ratios for the HBF-10, HBF-15 and
HBF-20 were 1.4977, 3.7118 and 4.2380, respectively.

3.2. Microstructural analysis

The microstructural analysis (Fig. 4) confirmed the
presence of the glassy phase and porosity in the SPS
samples containing the BGF. The increase in porosity
with the increase in BG content was also reported in
an earlier study [19]. The incorporation of BGF up to
20wt.% yields a similar increase in the porosity due
to the diffusion during SPS process in accordance with
the study. The glassy region observed in these samples
exhibited a fibre-like morphology, particularly for the
samples containing BGF with 10 wt.% and more. As the
fibres possess a higher aspect ratio, their morphology
was sustained, suggesting that no melting had occurred
during SPS process. The glassy regions with higher as-
pect ratio were observable at a relatively lower magnifi-
cation. Thus, glassy regions are visible in Figure 4.

3.3. EDAX analysis and elemental mapping

The slight diffusion of Si and Na from the BGF phase
to the CaP phase is evident from the EDAX analysis
(Fig. 5). The concentration gradient between the BGF
and CaP phase primarily drives the diffusion of these el-
ements due to the presence of an electric field [30]. The
penetration of Na and Si into the HA lattice as a result
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Figure 4. SEM analysis of HBF-5 (a), HBF-10 (b) and HBF-20 (c) showing elongated morphology of BGF in CaP matrix

[Element|Conc. at.%| [Element|Conc. at.%)
- t 29

23.25
58.89
0.49
1617
1.20

P Ca

] le]
§ |zlo|e|ols|s

o
Z[o|e|of] ]
ol
o]0

ol
&}
[}

1 2 3 1 2 3
Energy (eV) Energy (eV)

[Etement]conc. at.%)
Pt 12.29 5.
Ca 19.49 Ca
[e] 45.74 o
Si 14.80 Si P

Si P 462 P
Na 3.06 Na

1,

Ca

3 4 0 1 2
Energy (eV)

2
Energy (eV)

Figure 5. EDAX analysis of HBF-10 (a) and HBF-20 (b)

of diffusion, stabilizes it against the transformation into
the B-TCP phase [31]. The diffused Na replaces the Ca
while the diffused Si replaces the OH™ in the HA lattice
which prevents the transformation [32]. This displace-
ment of Ca from the HA lattice, and the inherent con-
centration gradient of Ca between the HA and BGF is
the driving force for the penetration of Ca into the BGF.
The replacement of Na in the BGF hinders the BG crys-
tallization as observed by other researchers [28,33,34].
The glassy region is richer in Si and Na, while the CaP
region still confirms the diffusion of Na and Si. The CaP
phase in HBF-10 (Fig. 5a) shows higher Ca and P con-
tent with a trace concentration of Na and Si, while the
glassy region exhibits a higher Si content, with a rela-
tively lower amounts of Ca, Na and P. A similar pattern
is visible for the HBF-20 sample (Fig. 5b).

The elemental distribution was also confirmed
through the elemental mapping of the HBF-20 sample,
as in Fig. 6. The top left glassy region is rich in Si (Fig.
6d) and Na (Fig. 6e). At the same time, the significant
diffusion of Na and Si is clearly visible throughout the
microstructure. This diffusion of Si and Na into the CaP
region is attributed to the stabilization of the HA, as dis-
cussed earlier. The faster diffusion of Na at these sin-
tering conditions is due to the relatively small size of
Na and gives a higher contrast in the CaP and glassy re-
gions. Similarly, the CaP region exhibits a stronger con-
trast of the Ca and P (Figs. 6b and 6¢). The Ca and P
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are inherently present in both BG and HA, hence their
appearance is visible in the CaP and glassy regions, but
an obvious darker contrast is present in the CaP regions.

3.4. Physicochemical characterization

Table 2 presents the physicochemical characteristics
of the SPS samples. The bulk density of the compos-
ite samples decreases with the increase in the BGF
content. Inherently, the BG possesses a lower density
(2.45gem™3) compared to HA (3.156gcm™3) [19,35].
The HA transformation into the 8-TCP phase during
SPS process yields the highest density owing to the
expansive transformation. This expansive transforma-
tion is associated with the pore closure effect, result-
ing in an increased hardness of the sample. The relative
phase content of HA increases significantly with the ad-
dition of BG and BGF, which resulted in a decreased
bulk/relative density. The lower density of the compos-
ite samples consequently decreases the Vickers hard-
ness index of the CaP phase. However, the volume of
the glassy region is increased with the overall increase
in the BG content (powder + fibres). The glassy region
exhibited a higher hardness index compared to the CaP
region. A microhardness indent on the glassy region of
the HBF-10 sample is shown in Fig. 7a. Similarly, in
Fig. 7b the downward trend of the bulk density (with
increased BG content) is plotted for the composite sam-
ples.
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The pristine BG underwent SPS under similar pro-
cessing conditions to investigate the Ca dissolution be-
haviour (an estimation of biodegradation rate), which
yields a dense (~98 %TD) disk with a much higher Ca
dissolution compared to the pure HA (~92 %TD). The
Ca dissolution rate of the BG (control) and all SPS sam-
ples are plotted graphically in Fig. 7b. The HBF SPS
samples exhibit enhanced Ca dissolution rate with in-
creased BGF content. The dissolution rate of the HBF-
10 is significantly higher than the HBF-5 due to the in-
creased BG content, but the curve slope eventually be-
comes very low with further increase in the BGF con-
tent. This slow increase may be attributed to the rela-
tively high content of HA in the HBF-15 and HBF-20
samples, as the dissolution rate for HA is much lower
than for the 8-TCP phase [36]. The increased HA con-
tent in the samples somewhat counterbalances the in-
creased dissolution of Ca with increased BG content.

3.5. Invitro bioactivity behaviour

The in vitro characterization of biomaterials via im-
mersion in SBF represents the behaviour of the bio-
materials in real physiological environments in the hu-
man body. The ability of the biomaterials to bond with
human hard tissues in the physiological environment
is associated with their tendency to develop a carbon-
ated apatite (bone-like apatite) layer in the SBF [37,38].
The SPS HBF scaffolds formed a biomimetic hydrox-
yapatite layer on the surface as shown for the HBF-10
sample at different magnifications in Fig. 8, when im-
mersed in SBF for 7 days. The formed apatite layer ex-
Figure 6. Schematic illustration of adopted methodology hibited a typical morphology (porous bone-like apatite

Table 2. Physicochemical characteristics of all the SPS samples

Sample code Bulk density  Relative density =~ Average HV2 Average HV2 micro- Final concentration
P [gem™] [%TD] hardness hardness of glassy region of Ca [mg/ml]
BG 24 98 462 4.45
HA 291 92.2 183.30 - 1.08
HBS5 2.73 88.6 29.30 - 1.60

HBF5 2.72 88.85 39.95 427 1.94
HBF10 2.70 89.40 45.7 390 2.93
HBF15 2.58 86.72 51.35 414 3.07
HBF20 2.37 80.70 56.22 474 3.31
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Figure 7. Micrograph of the microhardness indent on the BGF phase of HBF-10 (a) and graphical representation of the bulk
density and Ca dissolution behaviour of all SPS samples (b)
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with drying cracks), in accordance with the morphol-
ogy reported by Miller et al. [39]. Relatively large pores
present on the apatite layer (in Fig. 8b) are due to water
evaporation during the drying process [40]. The EDAX
analysis (Fig. 8c) confirms the composition of the ap-
atite layer. The presence of Ca and P with a trace content
of Mg, Na and Cl could be due to the deposition from
the SBF solution, in addition to apatite layer formation.
A similar observation was also reported by Padilla et
al. [41].

The FTIR analysis was used to confirm the presence
of the different functional groups in the phases. The
infrared transmittance behaviour of the developed ap-
atite layers resembles the characteristic pattern of the
biomimetic HA [42], as shown in Fig. 9. The char-
acteristic bending for vy PO43‘ is visible around 550
and 600 cm™'. The C-O vibration which confirms the
presence of the carbonated HA is observed around
870 cm~!. Similarly, the characteristic bending vibra-
tion of v3 PO 43_ is observed at 1050 cm™! while the O—
H vibration occurs at 1630 cm™".

IV. Conclusions

The careful selection of SPS control parameters af-
forded the synthesis of BG (fibres and powders) rein-
forced HA based composite scaffolds comprising of the
glassy phase and CaP phase only. The BGF retained
their shape factor characteristic of the high aspect ra-
tio fibres. The unique ability of SPS to synthesize com-
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posite scaffolds with BGF helps to mimic the natural
bone’s architecture by using HA and BG. The XRD
analysis confirmed the presence of the pure CaPs along
with the glassy phase. The HA/B-TCP ratio increased
proportionally with an overall increase in the BG con-
tent, and the highest ratio (i.e. 4.2380) was observed in
the HBF-20 sample. The scaffolds exhibited a Vickers
hardness index (CaP phase) comparable to the natural
bone, in addition to maintaining the bone’s architecture.
Moreover, the in vitro bioactivity analysis confirmed the
ability of the biomimetic apatite formation. Similarly,
desirable biodegradation behaviour (a necessary feature
for bone remodelling) was observed using the in vitro
Ca dissolution analysis. The Ca dissolution increased
significantly with an overall increase in the BG con-
tent. The HBF-20 exhibited the highest Ca dissolution
among all composite samples. From the above findings,
the BGF reinforced HA composites are attractive mate-
rials for bone scaffolding applications. However, further
mechanical characteristics (toughness and compressive
strength) are needed before these scaffolds can be em-
ployed for in vivo analysis, prior to clinical trials.
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