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Abstract: Bone substitute materials require specific properties to make them suitable for implantation,
such as biocompatibility and resistance to mechanical loads. Mg,Sr-cosubstituted hydroxyapatite
(MgSr-HA) is a promising bone scaffold candidate because its structure is similar to the native
bone matrix. However, MgSr-HA materials do not typically withstand thermal treatments over
800 °C, because Mg promotes HA degradation to less stable tricalcium phosphate, a compound
that, albeit biocompatible, is not found in bone. We, therefore, designed an ion-exchange process to
enrich sintered Sr-HA with Mg and obtain MgSr-HA porous constructs. These materials contained a
0.04-0.08 Mg/Ca molar ratio and a 0.12-0.13 Sr/Ca molar ratio, and had up to 20 MPa of compressive
strength, suitable for use as bone fillers or scaffolds. Unlike previous synthetic Mg,Sr-substituted
apatite powders, the proposed process did not degrade HA and thus preserved its similarity to
bone structure. The obtained material thus combines the presence of bioactive Mg and Sr ions in
the HA lattice with a 3D morphological/structural organization that can be customized in pore
size and distribution, as well as in mechanical strength, thus potentially covering a wide range of
clinical applications.

Keywords: apatite synthesis; sintering; ion exchange; porous scaffold; characterization

1. Introduction

The progressive aging of the population, together with the increase in age-related
diseases and bone impairment, requires the development of novel tissue substitutes with
enhanced performance [1-3]. Calcium phosphate ceramics have long been acknowledged
among the most promising materials because they resemble natural bone [4,5], whose
inorganic phase basically corresponds to hydroxyapatite (Ca;o(PO4)s(OH)y).

In addition to calcium and phosphates, however, bone contains minor amounts of
other elements, which affect hydroxyapatite stability, and thus its resorbability, while
also exerting biological effects on cells [6]. It may be therefore important to devise bone
substitutes that better mimic the natural composition of bone, to replicate the range of its
biological interactions.

In particular, Mg is an important biologically active bivalent cation [7]. The concen-
tration of Mg in bone peaks in the first stages of bone formation, and it then decreases as
calcification progresses and during aging [8]. Severe Mg deficiency affects bone growth
and causes osteopenia and skeletal fragility in animal models [9].

Sr is a natural bone-seeking trace element [8,10], which accumulates in the skeleton,
preferably into newly formed bone [11,12], affects collagen synthesis in cell culture [9,10],
and promotes osteoblastic function [13]. In vivo studies indicate that Sr, within a certain
concentration range [14], increases bone formation and reduces bone resorption, thus
improving bone mass and mechanical properties in both animals and humans, under
normal or pathological bone conditions [11,12,15-18]. However, Sr in bone decreases with
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age [19], similar to Mg, and oral administration alone is poorly effective in restoring higher
Sr levels [11].

Numerous studies on Mg,Sr-cosubstituted calcium phosphates have been hitherto
published [20-24]. Most of them mainly focused on the chemophysical and structural
characterization of synthetic powders produced by wet synthesis [25-29]. However, though
several in vitro and in vivo studies on single Mg- or Sr-substituted synthetic apatites are
available [30-33], the literature on cosubstituted Mg,Sr apatites as bone substitutes is still
scarce. Obtaining sintered Mg,Sr-cosubstituted HA is challenging because the thermal
treatments used for sintering improve the chemophysical superficial stability and the
mechanical properties of apatite but decrease Mg stability in the HA lattice. Moreover,
to the authors” knowledge, Mg,Sr-cosubstituted apatite still lacks the morphological 3D
organization and structural properties typical of sintered porous apatite scaffolds.

This research group has previously reported on the development of macro-granules
of Mg,Sr cosubstituted HAs (MgSr-HAs) containing levels of Mg and Sr close to those
observed in bones from young animals [28]. Due to its improved stability and release
properties, this material displayed a better in vitro performance than similar materials,
paving the way to biomimetic scaffolds capable of providing a prolonged direct supply of
Mg and Sr ions to the surrounding bone. These granules, however, could not withstand
the high temperatures required to attain effective sintering and were thus unsuitable to
create scaffolds.

The aim of this work was to design and prepare bioactive porous bone substitutes
that exploit the synergy of Mg and Sr while preserving the desirable structural properties
of a porous 3D architecture, as obtained by high-temperature consolidation. To achieve
that, we enriched sintered Sr-HA scaffolds with magnesium via an ion-exchange process.

2. Materials and Methods
2.1. Synthetic MgSr-HA Macro-Granules

Synthetic, 400-600 um MgSr-HA macro-granules were used for thermal stability tests.
The material was prepared through a previously described wet granulation process [28].
Briefly, MgCl,-6H,0 and Sr(NO3), solutions were added to a water suspension containing
1.28 moles of Ca(OH); at 40 °C. The initial Sr/Ca and Mg/Ca molar ratios were set at 0.20
and 0.15-0.25, respectively. A solution containing 0.77 moles of H3PO,4 was dropped into
said Ca(OH), suspension, while maintaining heating and stirring. No further chemical (e.g.,
ammonia) was needed to maintain the high pH conditions required for the precipitation of
apatite because the synthesis process is “self-controlled at high pH.” The synthesis has a
high yield, is reproducible, and allows an easy scale-up. After 24 h of rest, the precipitate
was washed and centrifuged, then freeze-dried and sieved at 150 um. Porous macro-
granules of 400-600 pm with the peculiar chemical-physical, compositional, and superficial
properties of the starting MgSr-HA powder were thus obtained by wet granulation. These
materials will be referred to as “as-prepared MgSr-HA” (apMgSr-HA).

2.2. The 3D Porous Scaffold of MgSr-HA

Two types of porous architectures were used for the study: samples were either
prepared using the replica method or by direct foaming. Porous scaffolds of Sr-HA were
prepared using the replica method, as previously reported [23]. Briefly, a 15 vol% aqueous
suspension of Sr-HA was prepared using 1.5 wt% of dispersant (Duramax D-3021). The
suspension was then homogenized using zirconia balls for 4 h. Cellulosic sponges (Spontex,
Italy) were trimmed to the desired shape (about 15 mm diameter and height), soaked into
the slurry, and left to dry for 24 h in the air. Sr-HA porous samples were then sintered at
1250 °C for 2 h using flowing air to promote the organic matrix elimination during the
debonding step at 600 °C for 1 h.

Porous scaffolds were also prepared by directly foaming a 60 wt% aqueous suspension
of Sr-HA powder containing 1.5 wt% of Dolapix CA as dispersant and 1.4 wt% of foaming
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agent (Dermocin BS Conc). After casting and drying for 48 h, scaffolds were sintered at
1250 °C for 2 h in the air.

Ion-exchange treatments were then explored: the sintered Sr-HA porous constructs
were immersed in 1 and 2 M solutions of MgCl,.6H,O for 1 and 5 days, with a mate-
rial/solution ratio of 0.05 g/mlL, rinsed with deionized water, dried, and subsequently
analyzed. The ion-exchanged samples were correspondingly coded SM1d1, SM1d5, SM2d1,
and SM2d5.

2.3. Characterizations of the Materials
2.3.1. Thermal Stability Analysis

Thermogravimetric analysis (STA 449 Netzsch) was used to explore the thermal
transformation process and the thermal stability of the macro-granules: the analysis was
performed on 20 mg specimens, using a heating rate of 10 °C/min up to 1350 °C.

2.3.2. XRD Analysis

X-ray diffraction analysis (Cu Ko radiation, Rigaku) was used to assess the presence
of secondary phases besides apatite and to follow up the changes in cell parameters’ values
and in cell volume due to the ion exchange treatments. The a, b, and c cell parameters
were, respectively, calculated as a =b = 2 x 31/2 x D(300) and ¢ = 2D(gpp), and from the
corresponding interplanar distances, D values related to the (300) and (002) peaks located
at 25.8° and 32.8° of 2-tetha in stoichiometric HA. The crystallographic cell volume was
calculated as V = a? ¢ x sen120°.

2.3.3. Macro- and Microstructural Compositional Evaluation

The morphological and microstructural characterization of the materials (scaffolds
and granules) was performed by scanning electron microscopy using an environmental
scanning electron microscope (E-SEM FEI Quanta 200, FEI Company, USA) and a field
emission gun scanning electron microscope (FE-SEM, Carl Zeiss Sigma, Germany) with
energy dispersive spectroscopy capability (EDS, INCA Energy 300, Oxford Instruments,
UK). The latter instrument was used to assess the chemical composition of the material
before and after ion exchange and determine the element distribution in the analyzed areas
as well. The characterizations were conducted on cross sections of the structured bodies
and on the powdered materials to exclude inhomogeneity between the surface and the
bulk. Inductively coupled plasma—optical emission spectroscopy (ICP-OES 5100 Agilent
technologies) was also used to analyze the solutions after ion exchange.

2.3.4. Mechanical Characterization

Compressive strength was measured on 4.5 x 8.5 x 13.0 mm? (0.5 mm/side) speci-
mens using a testing machine (Zwick Z050, GmbH, Ulm, Germany) and a cross-head speed
of 2 mm/min~ L.

3. Results and Discussion
3.1. Thermal Stability of As-Prepared Mg,Sr-Cosubstituted HA

We previously showed that strontium cosubstitution stabilizes synthetic Mg-substituted
HA in thermally untreated, as-prepared materials (apMgSr-HA) [28].

Chemophysical and in vitro tests suggested that porous macro-granules of apMgSr-
HA could be used as resorbable fillers for bone defects, because these granules could
release Sr and Mg ions for a longer time than the corresponding Sr-free compositions, a
potential benefit for new bone formation.

High temperatures, however, degrade the apatite phase of apMgSr-HA, because of
the presence of Mg, although apMgSr-HA is actually less sensitive to heat than Sr-free
Mg-substituted HA, where secondary phases may form already around 400 °C [34,35].

TGA (Figure 1A) and XRD (Figure 1B-D) analyses of apMgSr-HA revealed that
increasing the Mg/ Ca ratio in the adopted synthesis from 0.15 to 0.25 enhanced the thermal
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instability of the material. In particular, TGA and the related DTG curves showed a bigger
and earlier weight loss for the apMgSr-HA powder derived from Mg/Ca reactant ratio of

0.25, compared to 0.15.
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Figure 1. (A) TG (continue line) and DTG (point and line) curves of the synthetic powders prepared with synthesis molar
ratios Sr/Ca = 0.20 and Mg/Ca = 0.15 (black curve) and 0.25 (red curve); (B-D) XRD spectra of the synthetic MgSr-HA
granulate prepared with synthesis molar ratios Sr/Ca = 0.20 and Mg/Ca = 0.15 (a), 0.20 (b) and 0.25 (c) after thermal
treatment at 600 °C (B), 800 °C (C), 1000 °C (D). The references to HA ICDD card n.09-0432 and 3-TCP ICDD card n.09-0169
are indicated; * shows the signal of the main peak of 3-TCP.

XRD spectra showed no secondary phases in the synthetic apMgSr-HA after heating
at 600 °C, regardless of Mg concentration (Figure 1B). Secondary phases were also not
observed in synthetic apMgSr-HA materials prepared with a Mg/Ca synthesis ratio of 0.15
and 0.20, after heating at 800 °C (Figure 1C), while 10-20 vol% of 3-TCP was estimated to
form after calcination at 1000 °C (Figure 1D). The apatite cell parameter values increased
with the treatment temperature, and this trend was associated with Mg depletion.

When the starting Mg/Ca ratio was increased to 0.25, 10-15 vol% of 3-TCP formed at
just 800 °C (Figure 1C). The secondary phase increased up to 40—45 vol% when the material
was fired at 1000 °C (Figure 1D). This higher apatite instability obtained by increasing the
Mg/ Ca ratio of the adopted synthesis from 0.15 to 0.25 is associated with the increase in Mg
content in the powder from 1.5 wt% to 3.0 wt%. These values correspond to Mg/Ca ratios of
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about 6 mol% and 12 mol%, respectively, which suggests a limited yield for ion substitution.
Noteworthy, 12 mol% is beyond the maximum possible limit of substitution, which is about
9 mol%; as a consequence, the Mg in excess did not enter the HA crystallographic cell but
was confined to the amorphous surface layer [28].

It could be speculated that these MgSr-HA macro-granules could be clinically used
as fillers in bone defects, e.g., after surgery or trauma, and additional thermal treatments
(<1000 °C) could be applied to decrease the ion release rate of the material and thus prolong
its release because firing reduces material reactivity. However, the lack of morphological
and structural 3D organization in a granulate biodevice may limit its use, especially
when clinical conditions require a bioactive 3D porous scaffold, with suitable biomechanic
features. To compound the problem further, such mechanical properties could be indeed
achieved by high-temperature sintering (1250 °C), but this would degrade cosubstituted
apSr,Mg-HA into secondary phases.

Therefore, an alternative strategy had to be devised to obtain sintered porous architec-
tures made of Mg,Sr cosubstituted HA with adequate structural properties.

3.2. Ion Exchange of Mg in Sr-HA Samples: “Subsequent Mg Substitution”
3.2.1. Development of the Process

Ion exchange was previously found to be ineffective on stoichiometric sintered HA
due to its low reactivity. Although ion exchange physiologically allows the incorporation
of orally administered Sr into bone [12], previous attempts to replace Ca with Sr ions in
HA were scarcely successful even with samples made of as-prepared, thermally untreated,
and thus highly reactive, synthetic nanoapatites [36].

The exchange of Mg ions for Ca in the HA lattice of sintered samples is extremely
challenging as well because Mg is not prone to enter the HA lattice even during the wet
synthesis of Mg-HA powder. Evidence of ion exchange of Mg or Sr with Ca in HA has been
actually reported in the literature but mostly in the hydrated surface layer of the powder
nanocrystals [25].

To bypass this problem, we exploited the lattice defectiveness of sintered Sr-HA, and
in particular, the HA cell expansion induced by Sr ions (which are bigger than Ca ions) to
promote Mg exchange since Mg is smaller than both Ca and Sr.

3.2.2. Effectiveness of the Process

To test ion exchange, porous sintered Sr-HA scaffolds produced by either sponge
impregnation (a, b, c) or by direct foaming (d, e, f) were used (Figure 2). Both scaffold
types presented ultra-macropores up to millimetric scale (Figure 2a,d), which were highly
interconnected through windows on the pore walls of size from hundreds to tens of microns
down to micron (Figure 2b,c,e,f).

These architectures are known to perform well both in vitro and in vivo because they
allow for physiological fluid permeation and cell colonization [37-39].

The porous samples of Sr-HA sintered at 1250 °C showed no secondary phases besides
apatite before and after Mg ion exchange (Figure 3a,b). The elements detected by EDS
(Figure 4a,b); therefore, all belonged to the apatite lattice in both cases.

The effectiveness of Mg ion exchange in Sr-HA can be explained on the basis of the
opposite size of Mg and Sr ions, as compared with Ca ion size [27]: the bigger size of Sr?*
(1.12 A) compensates for the smaller size of Mg?* (0.89 A), as compared to Ca®* (0.99 A),
and thus, it stabilizes the cosubstituted MgSr-HA lattice.

However, the presence of two Ca sites in the HA lattice makes it difficult to evaluate
the extent of single substitutions on the basis of the crystallographic cell modification,
which is, however, useful to gauge the overall influence of coexisting substituting ions.

It has been reported that Mg substitutions decrease the a and ¢ parameter values of
the HA lattice, while Sr substitutions increase a and c parameter values [27,28,37,40].
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1 mm

Figure 2. SEM images of the porous sintered scaffolds prepared by sponge impregnation method
(a—c) and direct foaming (d—f) showing the multiscale pores affecting the constructs.
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Figure 3. XRD spectra of the sintered porous Sr-HA before (a) and after the Mg ion exchange (b).
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Figure 4. SEM/EDS analysis of Sr-HA scaffold material before (a) and after the ionic exchange with
Mg (b). The appearance of Mg and Cl signals is evident in (b).

Although cell parameters, when taken singularly, may not be accurate, we observed
a reproducible trend of volume reduction for the crystallographic cells of our scaffolds,
indicating the exchange of some lattice cations with Mg ions (Table 1). A higher decrease
in cell volume was observed with solutions containing higher Mg concentrations or with
longer immersion. Time is a critical factor since similar crystallographic cell volumes can
be obtained using different Mg concentrations, once the immersion duration is set.

Table 1. Lattice parameters and cell volume of the material before and after the ionic exchange tests.

a(Ad) c(A) V (A3)
SrHA 9.462 6.913 536.0
SM1d1 9.418 6.880 528.4
SM1d5 9.342 6.827 516.0
SM2d1 9.407 6.879 527.2
SM2d5 9.352 6.819 516.5

The EDS analysis of numerous cross sections of the scaffold revealed a homogeneous
composition and demonstrated that the Mg ion exchange process involved the whole
sample and was not limited to its surface or localized areas. Figure 5 shows an example of
the mapping of each element detected by EDS in the examined area (green colored in the
upper image). The density of points reflects the relative amounts of the detected elements.

Noteworthy, Cl also may have been incorporated into the HA lattice since EDS
(Figure 5) detected Cl quite homogeneously distributed in the sample, and no evidence of
Mg chloride was observed by XRD analysis (Figure 3b). The changes in cell parameters
due to Mg entrance in the HA lattice could therefore be partially hidden by the incorpo-
ration of Cl ions, which expanded the cell volume: a significant increase of a and c axis
parameters was observed in Cl- apatites, as compared to HA, due to the presence of bigger
Clions (1.81A) substituting for OH groups (1.68A) [41]. Other studies reported that a and
¢, respectively, increased or decreased together with the amount of chloride substituting
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for hydroxide [42,43]. Chloride substitution, however, does not represent a problem for
biomaterial applications, because Cl is physiologically present in biological systems, and it
actually enhances the osteoconductivity of synthetic hydroxyapatite [43].

Figure 5. Maps of elements detected by SEM-EDS analysis in scaffold material after the ionic
exchange with Mg. The detected elements are all uniformly distributed in the analyzed area, with
points’ density qualitatively reflecting their relative contents.

The XRD results were supported by EDS analysis on Sr-HA before and after Mg ion
exchange. This analysis confirmed the trends in the elemental contents and molar ratios
(Table 2) and highlighted that the ion exchange was already effective with 1M Mg for 1 day.

Table 2. Element contents (mean values of three measurements) and molar ratios of the sintered
porous Sr-HA samples after performing the Mg ion exchange treatment using Mg solutions 1M and
2M for 1 and 5 days each.

Ca P Mg Sr

(mol%) (mol%) (mol%) (mol%) Ca/P  (cat)/P Mg/Ca Sr/Ca Mg/Sr

SrHA 21.87 14.45 - 2.84 1.51 1.71 - 0.130 -
SM1d1 21.83 13.80 0.74 2.64 1.58 1.83 0.034 0121  0.280
SM1d5 21.03 13.90 1.00 2.69 1.51 1.78 0.048 0128 0372
SM2d1 22.00 13.52 0.89 2.59 1.63 1.88 0.040 0118 0.344
SM2d5 20.46 13.53 1.79 2.57 1.51 1.83 0.087 0.126  0.696

In addition, the data suggest that a preferential substitution of Sr ions is likely to have
occurred first, followed by Ca ions exchange at a later stage, when exposure was extended
to 5 days.
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ICP-OES analysis confirmed that the ion exchange solutions were enriched in Sr and
Ca and depleted in Mg but, due to high initial Mg concentrations, the data are strongly
affected by dilution and/or instrumental errors, which limited the reproducibility and
reliability of the obtained values. The selected conditions, however, allowed the synthetic
apatite lattice to retain higher Sr concentrations than those in bone. This could be clinically
beneficial since it can be envisaged that Sr ions can be released from the scaffold into the
surgical receiving site and thus exert a localized therapeutic activity, possibly reducing the
need for oral administration.

As for Mg, substitutions were obtained close to and beyond the maximum biological
levels in hard tissues. In particular, the Mg weight content in the material after immersion in
1 M-Mg solution for 1 day was around 1.1 wt%, i.e., close to its maximum biological value.

More severe ion exchange conditions (2 M for 5 days) seemed to strongly alter the
material. The Mg/Ca ratio reached about 9%, which means that the maximum possible ion
exchange with Mg for Ca in the lattice was obtained and the amount of Mg exceeding that
value was likely localized in the hydrated surface layer of the material [28].

The crystallographic cell volume of the material was actually quite similar among the
samples after 5 days of ion exchange, regardless of Mg concentrations. However, since the
stronger conditions of ion-exchange treatment were not necessary to the purpose of our
study, they were disregarded for further investigations.

Both the Sr-HA architectures (sponge replica and foams) were successfully converted
into MgSr-HA by ion exchange. Mg incorporation in the cationic crystallographic sites
was, therefore, possible and could be adjusted by ion exchange on porous sintered Sr-HA,
independently of the process used for material shaping. This feature is particularly appeal-
ing if developments in scaffold production technology, including rapid prototyping [4],
are considered.

3.2.3. Evaluation of the Mechanical Properties of MgSr-HA

The process performance strictly depends on the chemical-physical properties of the
powder, including its stoichiometry, because these, in turn, affect slurry concentration and
stability. Low solid contents yield weak architectures, whereas high solid contents make
the viscosity of the slurry unsuitable to obtain 3D porous bone substitutes [36,44].

For a given synthetic Sr-HA powder, the microstructure and the mechanical properties
of the resulting porous scaffolds are strictly dependent on the forming/shaping process
used. A decrease in total porosity of sponge-derived sintered Sr-HA scaffolds from 60 vol%
to 45 vol% increased their compressive strength from 2 to 5 MPa [36]. These values,
regardless, fall within the wide range of values reported for human bone (femur: 4-11 MPa
and proximal tibia 2-8 MPa [45]).

Porous samples produced by direct foaming generally present improved compressive
strength, compared to those prepared by sponge impregnation: tenfold higher values were
even found for HA samples with 70 vol% of porosity (5.7 vs. 0.5 MPa), whose performance
was positively tested in sheep mandibular sites [26]. Higher compressive strength for
foamed samples (about 23.3 £ 2.5 MPa), compared to the sponge-derived ones (about
4.5 MPa), was again obtained with sintered Sr-HA with porosity of 45 vol%.

In addition, a preliminary test revealed that the ion-exchange-based conversion into
MgSr-HA left the average compressive strength of the scaffolds (22.4 MPa) likely unaltered.
Figure 6 shows two representative curves of Sr-HA foams before and after Mg ion exchange
that reflect the typical behavior of porous apatite samples, where the jagged curve is indica-
tive of the progressive rupture of the ceramic struts constituting the porous architecture.

Keeping the compressive strength value quite unmodified after ion exchange repre-
sents an additional benefit of the process because a whole range of Sr-HA products (e.g.,
macro-granular fillers and scaffolds with different architectures) can be generated from the
same Sr-HA powder, with the possibility to convert them into MgSr-HA by just including
an additional ion-exchange step.
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Figure 6. Compressive stress—strain curves of Sr-HA foams (45%vol of porosity) before and after Mg
ion exchange, showing the proposed process is not substantially affecting the mechanical property.

4. Conclusions

MgSr-HAs have the potential to exert beneficial biological effects by releasing Mg
ions in situ. Although MgSr-HA can be thermally consolidated, the maximum firing
temperature of Mg-containing HAs is lower than what is used with apatite scaffolds to
avoid the formation of secondary phases, and this limits their mechanical properties, and
thus, their use.

Mg ion exchange on high temperature-sintered Sr-HA was exploited to prepare
MgSr-HA porous scaffolds that mimicked the architecture of cancellous bone and with
improved mechanical properties. This process can be applied on sintered Sr-HA materials
irrespective of their 3D architecture and, based on our data, without significantly altering
their compressive strength.

These improved structural properties are coupled with a chemical composition that, due
to Mg and Sr incorporations, has the potential to stimulate bone metabolism and formation.

The present study, therefore, constitutes a proof of concept for viable MgSr-HA bone
substitutes with characteristics that better meet clinical requirements in orthopedics and
dentistry. Future studies will investigate the cellular effects of this material for further
characterization of its biological properties.
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