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Abstract:

Limited bone bank capacity and risk of infection are some of the main drawbacks of
autologous and allogenic grafts, giving rise to synthetic materials for bone tissue implants.
The aim of this study was to process and evaluate the mechanical properties and bioactivity
of magnesium and strontium doped hydroxyapatite (HAp) scaffolds and investigate the effect
of adding zirconium oxide and gelatine coating the scaffolds. Doped nanosized
hydroxyapatite powder was synthesized by the hydrothermal method and the scaffolds were
made by the foam replica technique and sintered at different temperatures. Yttria-stabilized
zirconium oxide (YSZ), synthesized by plasma technology, was used as reinforcement of
calcium phosphate scaffolds. Element analysis, phase composition, morphology of the
powders and microstructure of the scaffolds were investigated, as well as the compressive
strength of the coated and uncoated scaffolds and bioactivity in simulated body fluid (SBF). A
microporous structure was achieved with interconnected pores and bioactivity in SBF was
confirmed in all cases. The best mechanical properties were given by the coated composite
HAp/YSZ scaffolds, withstanding average stresses of over 1019 kPa. These results encourage
the idea of use of these scaffolds in bone regenerative therapy and bone tissue engineering.
Keywords: Hydroxyapatite; Scaffolds; Zirconium oxide; Composite; Tissue engineering.

1. Introduction

With an increased number of bone defects needed to be treated, due to an aging world
population, decrease in physical activity and more prevalent cases of obesity, resulting in
skeletal disorders, surgical bone transplantation presents a solution for numerous defects such
as osteonecrosis, tumors, big fractures and can be used in spinal fusion surgery [1-2].
Autologous and allogenic bone grafts, while still being the gold standard for these operations
[3], do possess some major drawbacks. As autologous grafts are taken from the patient,
usually from the iliac crest, this can result in additional pain for the patient and further
complications in the procedure [4]. Aside from this, there is a limited number of grafting sites
which are suitable. The use of allogenic grafts, where bone tissue is harvested from a donor, is
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hindered by limited bone bank capacities and risk of immunological reaction and infection
[5]. These problems give rise to synthetic materials with engineered properties for specific use
as bone implants, with an increasing number of researchers devoting their research to this
topic [6]. Among others, one of the predominant materials used for these purposes is calcium
hydroxyapatite. Hydroxyapatite is the main mineral constituent of bone tissue, which
attributes to its biocompatibility, bioactivity, and non-toxic properties [2, 7]. Research has
also showed that it is inert and able to bond with biological bone [8]. Within the
hydroxyapatite structure are present easily interchangeable calcium ions, which are partially
substituted with magnesium and strontium ions in this study. Magnesium was chosen as a
dopant because of its stabilizing effect on the B-tricalcium-phosphate phase (B-TCP) during
sintering, as it is shown to increase the temperature needed for the transition intoa-tricalcium-
phosphate (a-TCP) [9, 10]. It has also been found that it promotes the interaction between
osteoblasts and the implanted material, elevates bone mineralization, heightens antimicrobial
activity and increases the hardness and toughness of the ceramic material [11]. Magnesium
has been reported to increase cell differentiation and proliferation [12]. Strontium ions were
used as they are shown to promote solubility of the hydroxyapatite, which is essential for
bone tissue engineering purposes and the bioactivity of the material. Strontium ions are also
shown to increase the antibacterial effects of the hydroxyapatite and decrease the size of the
hydroxyapatite particles [2, 13]. Hydroxyapatite co-doping with strontium alongside
magnesium ions was found to favor the formation of the B-TCP phase and stabilize it, while
suppressing the transformation into a-TCP [14]. Other research suggests the stress induced by
the magnesium ions in the crystal lattice can be compensated for with the incorporation of
strontium ions, thus stabilizing the structure [15]. It has also been shown that that co-doping
with magnesium and strontium leads to greater cell differentiation [16]. Since biological
hydroxyapatite is not stoichiometric [17], a Ca/P of less than 1.67 was used in this research as
well, replacing phosphate groups with carbonate groups. In order to integrate with the
surrounding tissue, the implanted biomaterial must mimic the bone morphology. To address
this, a porous structure is crucial to be achieved, as it is needed to promote osteoconduction
and proliferation of the cells, with studies showing that a minimum pore size of 100 pm is
needed for tissue engineering applications [18]. On the other hand, with increased porosity,
the mechanical properties of the scaffolds are declined. In order to compensate for this,
yttrium-stabilized zirconia (YSZ), as a biocompatible and bio-inert material with great
fracture toughness properties, was used to achieve a greater compressive strength of the
obtained scaffolds [19]. In addition to this, the mechanical properties can further be enhanced
by coating the scaffolds with a biocompatible polymer, such as gelatine. Being a form of
denatured collagen, the role of gelatine is to temporarily fill in the cracks and cavities in the
ceramic structure of the hydroxyapatite-based scaffolds, thus bettering its mechanical
properties, before being resorbed [20].

The aim of this study was to process and evaluate the mechanical properties and
bioactivity of scaffolds based on magnesium and strontium doped hydroxyapatite, as well as
investigate the effect of adding yttria-stabilized zirconium oxide and gelatine coating the
scaffolds for application in bone regenerative therapy and bone tissue engineering.

2. Materials and Experimental Procedures
2.1. Synthesis of doped hydroxyapatite

Hydroxyapatite powder, doped with 4 mol.% of magnesium and 1 mol.% of
strontium (Mg4Srl-HAp), was synthesized using the modified hydrothermal method,
described earlier [14, 21]. The precursors used were: calcium-nitrate tetrahydrate (Acros
Organics B.V.B.A., India, > 90 %), disodium ethylenediaminetetraacetate (Acros Organics
B.V.B.A., Spain, > 99 %),sodium-dihydrogen phosphate(VWR Chemicals BDH, Belgium,
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99,8 %), urea (Acros Organics B.V.B.A., Germany, 99,5 %), magnesium-nitrate hexahydrate
(CARLO ERBA Reagents GmbH, France, 98,0 %), strontium-nitrate (Keramika, Yugoslavia,
> 99 %). The initial Ca/P ratio was 1.52. The precursors for the synthesis and their amounts
are shown in Table I:

Tab.l Reactants and their amounts.
Ca(NO;)-4H,0 | Na,H,EDTA-2H,0 | NaH,PO,-2H,0 urea Mg(NO3),-6H,0 | Sr(NOs),
11,219 11,18 g 5139 12,00 g 0,488 g 0,106 g

The reactants were dissolved in 1.5 dm? of deionized water in the order given above
in an Erlenmeyer flask with constant mixing and then transferred in an autoclave filled with
1.5 dm? of deionized water. The solution was subject to a temperature of 160°C and pressure
of 8 bar inside the autoclave for 3 h, after which it was left to cool for 24h to room
temperature. Excess water was decanted and the Mg4Sr1-HAp powder was filtered using a
Biichner funnel. The powder was dried for 2 h at 105°C. The doped hydroxyapatite powder
was calcined at 1000°C for 4 h with the heating rate of 20 °C/min. Yttria-stabilized zirconium
oxide (YSZ) was previously synthesized using plasma technology [22].

2.2. Scaffolds fabrication

The ceramic scaffolds were made using the foam replica method [20, 23-25].The
paste used to infiltrate the polymer foam was made by mixing the Mg4Sr1-HAp powder with
polyvinyl alcohol (PVA, Sigma-Aldrich, Germany) solution which was used as the dispersing
agent [24, 26-27]. The paste consisted of 30 wt.% Mg4Sr1-HAp, 3 wt.% PVA and 67 wt.%
deionized water. For the composite samples, zirconium oxide was also added by substituting
20 wt% of the Mg4Sr1-HAp in the paste with YSZ. Mixing was done on a magnetic stirrer at
80°C [24, 25]. The paste was then treated with ultrasound for 2 min in order to get a
homogeneous suspension.

Since the zirconia powder consisted of different size particle fractions [28]
sedimentation was used in order to extract only the finer particle fractions. YSZ was
suspended in deionized water and treated with ultrasound for 10 min and left still for 1 min.
After sedimentation, 0.2 ml of the suspension was pipetted out and dried in order to determine
the weight fraction of YSZ after sedimentation.

The polyurethane foam was dipped into the paste and mixed so that the paste would
infiltrate inside the pores of the foam. All the excess paste was removed and the samples were
left to dry for 48 h at room temperature. The pre-sintered scaffolds are shown in Fig. 1.

Fig.1. Polymer foams after dipping in paste.

Two step sintering was used for all the samples. The scaffolds were slowly heated for
6 h at a heating rate of 2 °C/min to the temperature of 750°C which was kept constant for 20
min in order to decompose the foam without damaging the scaffold structure, similar to the
study done by Liuet al. [29] and Dressler et al. [30], after which the scaffolds were again
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heated for 1h to the higher sintering temperatures of 1400, 1430 and 1470°C where they were
held for 2 h. After sintering the scaffolds noticeably shrunk, as seen in Fig. 2. From both
sample groups 6 scaffolds were made at each sintering temperature.
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Fig. 2. Scaffolds after sintering.
2.3. Gelatine coating

When coating the scaffolds with gelatine, a 5 wt.% solution of bovine gelatin (Type B
bovine skin gelatine, Siglma-Aldrich, Germany) was prepared. The scaffolds were dipped in
the gelatine at 60°C and left to soak for 1 h, after which all the excess gelatine was removed.
The Mg4Sr1-HAp scaffolds sintered at 1430°C exhibited satisfactory mechanical properties,
hence they were chosen to be coated with gelatine. The Mg4Sr1-HAp/YSZ scaffolds showed
best compressive strength after sintering at 1470°C, but it was decided to sinter them at
1500°C before gelatine coating, with the hypothesis that this would lead to even better
densification and, as a consequence, the improvement of the mechanical properties.

2.4. Characterisation

Elemental analysis was done using energy dispersive spectroscopy (EDS) on an
INCAPentaFETx-3coupled with a Tescan Vega TS 5130MM scanning electron microscope,
operated at 20 keV. These values were acquired as the mean of 4 separate measurements.
Phase composition of the calcined powder and the scaffolds was determined by X-ray
diffraction analysis (XRD) on a Rigaku Smartlab diffractometer in the 26 angle ranging from
20° to 50°, with a scan rate of 0.02° s™. Phase identification was done by comparing the
experimental XRD patterns with standards compiled by the Joint Committee on Powder
Diffraction Standards cards, JCPDS 09-0432, JCPDS 09-0169, JCPDS 09-0348 and JCPDS
80-0965for HAP, B-TCP, a-TCP and tetragonal zirconia phases respectively. Quantitative
analysis of the phase compositions was performed using the PowderCell software. The
morphology of the powder and microstructure of the scaffolds was observed using aTESCAN
MIRA 3 XMU scanning electron microscope, operated at 20 keV. All samples were
previously coated with a thin layer of gold. The compressive strength of all scaffolds was
tested on a Shimadzu, Universal Testing Machine, AG-X Plus at a strain rate of 5 mm/min
until 10% deformation. The bioactivity of the uncoated samples was evaluated after soaking
in simulated body fluid (SBF) for 7 days at 37°C, while renewing the fluid every 2 days.

3. Results and Discussion

SEM analysis showed the powder being composed of nanoscale needle-like shaped
particles, grouped into clusters which formed hollow spherical agglomerates around 1 pum in
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size (Fig. 3a). The morphology of calcined powder showed densification occurring inside the
particles themselves as well as the occasional merging of the particles (Fig. 3b).

Fig. 3. a) synthesized Mg4Sr1-HAp powder and b) calcined at 1000°C.

The results of elemental analysis of the Mg4Sr1-HAp powder showed a Ca/P ratio of
1.31, while the fraction of the doping Mg and Sr atoms were0.40 and 0.66 at.%, respectively
indicating higher substitution affinity of Sr ions, which is in good agreement with the
previously reported results [14].

The diffractogram of the calcined Mg4Sr1-HAp powder (Fig. 4) showed a biphasic
system with the predominant B-TCP phase, containing 37 % HAp and 63 % B-TCP (Table II).
High B-TCP phase content of calcinated Mg4Sr1-Hap powder was expected due to the phase
transformation of HAp in to the B-TCP when thermally treated above 800°C. Additionally,
the presence of Mg ions in the HAP structure is known to further promote the HAp-B-TCP
phase transition.
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Fig.4. Diffractogram of the calcined Mg4Sr1-HAp powder.

After sintering at 1400°C, a triphasic scaffold material was obtained with the
hydroxyapatite as the major phase, presumably due to the partial transformation of the
existing B-TCP into a-TCP phase upon heating above 1125°C (shown in the Fig. 5a). As
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expected, a further increase of the sintering temperature to 1430 °C resulted in increased
transformation of HAp into-TCP phase, as shown in the Fig. 5b and Table II.

Tab. Il The phase composition of the Mg4Sr1-HAp samples after thermal treatments.

Fig.5.

200%)

Sample Phase composition
Mg4Sr1-HAp powder calcined at 1000°C 37 % HAp | 63 % B-TCP
Mg4Sr1-HAp scaffold sintered at 1400°C 52 % HAp | 30 % B-TCP | 18 % a-TCP
Mg4Sr1-HAp scaffold sintered at 1430°C 40 % HAp | 42 % B-TCP | 18 % a-TCP
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Diffractogram of the a) Mg4Sr1-HAp scaffold sintered at 1400°C and b) Mg4Sr1-HAp
scaffold sintered at 1430°C.

Even further decomposition of the hydroxyapatite phase is observed when sintering at
1470°C (Fig. 6). Very low intensity peaks of hydroxyapatite are present in the composite
Mg4Sr1-HAp/YSZ scaffold, with B-TCP and a-TCP being the predominant phases in the
calcium phosphate (CaP) matrix. The high intensity peaks, attributed to tetragonal phase of
zirconium oxide showed the successful inclusion of zirconia inside the CaP matrix
hydroxyapatite matrix.
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Fig. 6. Diffractogram of the Mg4Sr1-HAp/YSZ scaffold sintered at 1470°C.

Both sample groups of the uncoated scaffolds had interconnected pores with the
average size of 250 um (Fig. 7), which would support vascularization, proliferation and
osteoconduction of the cells that would be here in practice, as stated by Sopyan et al. [23].
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Inside the columns of the scaffolds, visible voids can be seen (Fig. 6b) as a result of the
polymer foam occupying these voids prior to sintering, which is in line with the findings of
Dressler et al. [30]. This is one of the weak spots of the foam replica process but can be
overcome by coating the scaffolds with a polymer [31].

200pm

Fig.7 Microstructure of the a) doped Mg4Sr1-HAp and b) composite scaffolds.

The mechanical properties of the uncoated scaffolds are shown in Fig. 8. As can be
seen, the Mg4Srl-HAp scaffolds exhibited highest values of compressive strength after
sintering at 1400 and 1430°C, the prior group with standing stresses up to 87 kPa.
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Fig. 8. Compressive strength of the uncoated scaffolds.

A significant drop in strength can be seen after sintering at 1470°C. This can be
attributed to the phase transition of existing B-TCP at higher temperatures into the o-TCP
phase, which is known to be a mechanically weaker phase [32]. Moreover, the crack
formation in the structure as a result of the higher volume of the formed a-TCP phase also
attributed to the decrease in compressive strength, which is in line with the findings of Bohner
et al. [33]. The composite scaffolds sintered at the lower temperatures showed very poor
compressive strength, due to inadequate densification occurring at these temperatures. With
the increase in temperature, densification rate also increased, and when sintering at 1470°C,
the composite scaffolds with stood stresses up to 65 kPa. Despite the increase in compressive
strength, these values were still lower than those for the Mg4Sr1-HAp scaffolds, suggesting
the need for even higher sintering temperatures. Significantly lower values of compressive
strength can be explained by the lower densification compared to the Mg4Sr1-HAp scaffolds,
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as it is shown in the Fig. 9. A possible explanation for this, according to prior studies, is that
the addition of zirconium oxide hinders the movement of grain boundaries, raising the
temperature needed for sintering [34].

10um

Fig. 9. Microstructure of the (a) doped Mg4Sr1-HAp scaffolds sintered at 1400°C and (b)
composite scaffolds sintered at 1470°C.

An increase in compressive strength can be achieved by coating the scaffolds with a
biocompatible polymer, which would fill in the gaps and fractures in the scaffolds structure,
as shown by Kim et al. [20] and Philippart et al. [31].

After coating the scaffolds with gelatine, a significant increase in compressive
strength was observed. The doped Mg4Sr1-HAp scaffolds sintered at 1430°C more than
doubled in strength, reaching 207 kPa in comparison to the 87 kPa achieved with the uncoated
scaffolds. The composite scaffolds, after being sintered at a slightly higher temperature of
1500°C and coated with gelatine exhibited an increase in strength by over 15 times. The
gelatine coated composite scaffolds had a mean compressive strength of 1019 kPa with
maximal stress reaching 1843 kPa. This major increase in strength can be explained through
the means of higher densification occurring at this sintering temperature, which is supported
by the fact that visibly higher shrinkage occurred after sintering of these scaffolds. Aside from
this, the gelatine coating probably had the major role in strength increase, by infiltrating all
the cracks and voids in the scaffold microstructure.

Fig. 10. a) Mg4Sr1-HAp sintered at 1400°C and b) Mg4Sr1-HAp/YSZ sintered at 1470°C
after 7 days in SBF.
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After 7 days of incubation in Kokubo simulated body fluid, [35] the doped Mg4Sr1-
HAp scaffolds, which were sintered at 1400°C showed greater coverage with the newly
former needle-like hydroxyapatite phase in comparison with the composite scaffolds, sintered
at 1470°C, which were only partially covered (Fig. 10). These results indicate to the higher
bioactivity of the doped Mg4Sr1-HAp scaffolds but suggest that both sample groups could
potentially be used in vivo in bone tissue engineering applications.

4. Conclusion

Elemental analysis of synthesized HAp powders showed a mean Ca/P ratio of 1.31
and the presence of Mg and Sr atoms. Macroporous scaffolds based on Mg4Sr1-HAp were
successfully obtained by foam replica method. With the increase of sintering temperatures, an
increase in B-TCP was observed. Higher sintering temperatures are required for systems
containing YSZ in order to achieve sufficient densification and satisfactory mechanical
properties. The best mechanical properties were acquired in the case of the composite
scaffolds based on doped hydroxyapatite and yttria-stabilized zirconia scaffolds after sintering
at 1500°C and gelatine coating, which is in line with the beginning hypothesis. The
compressive strength of these scaffolds was 1019 kPa. Both kinds of scaffolds showed signs
of bioactivity after the incubation in SBF for 7 days, with the Mg4Sr1-HAp samples being
completely covered with newly formed HAp layer. The results of this study show potential
application of the obtained scaffolds in bone regenerative therapy.
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Caxcemax: Ozpanuyerocm Kanayumema OAHAKA KOCMUJY U puzux 00 uHgexyuje cy 0CHOGHU

Hedocmam
cunmemuy

YU aymonocHuUxX U ano2eHux 2epagmoea, wmo omeapa Mo2yhHocm HOBUM
KUM Mamepujanuma 3a npumeny y c8ojcmey Kowmanux umniaumama. L{us osoe

paoa je 6uo npoyecuparbe, UCNUMUBARE MEXAHUUKUX CBOJCMAsA U OUOAKMUBHOCMU
MACHE3UJYMOM U CMPOHYUJYMOM Oonupanux xuopoxcuanamumuux (HAp) maxponoposnux
Hocawa, Kao u ucnumusare ymuyaja oooasarva yupxornujym (IV)-oxcuoa u npesnauerna
orcenamunom.  JJonupanu  HAHOYECMUYHU — XUOPOKCUANAMUMHU — NPAX — HAHOMEMAPCKUX
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OUMEH3Uja CUHMEMUCAH je XUOPOMEPMATHOM MemoooM, d HOcauu cy 000ujeHu Memooom
peniuke noaumepHoe cyuwhepa U CUHMEPOBAHU HA  PA3IUMUMUM  THeMNepamypamd.
Hmpujymom cmadunucan yupxonujym (1V)-oxcuo (YSZ), cunmemucan nnasma mexumonozujom,
Jje xopuuihen xao ojavasau Kaiyujym-gpocghamuux Maxponoposnux Hocava. /lecpunucanu cy
eleMeHmMHU cacmas, Gasnu cacmas, Mopghoro2uja nPaxosa u MUKPOCMpPYKmypa Hocada, Kao
u mpumucHa uspcmoha Hocaya ca u 0e3 noauMepHe npegiaxKe U OUOAKMUBHOC )
cumynupanoj menecnoj meunocmu (SBF). Jobujena je maxponoposwa cmpykmypa ca
Mmehycobno nosesanum nopama, a buoaxmusnocm y SBF je nomephena y ceum ciyuajesuma.
Hajooma mexanuuxa ceojcmea noxasanu cy womnosumnu HAp/YSZ nocauu npesyuenu
JHcenamunom, uzopacasuiy  npoceuno onmepeherve 00 1019 kPa. Osu pezyamamu
noopoicasajy uoejy o0 npumenu OOOUJEHUX HOCAYA HPUTUKOM peceHepayuje KOCMujy u
UHIICETLEPCNBY KOWMAHO2 MKUBA.

Kayune peuu: xuopoxcuanamum, maxponoposuu Hocay, yupkonujym (IV)-oxcuo, komnosum,
UHDICETbEePCMBO MKUBA.
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