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A B S T R A C T   

In the present work, we modified the surface morphology of 3D porous ceramic scaffolds by incorporating 
strontium phosphate (SrP) hollow nano-/microspheres with potential application as delivery system for the local 
release of therapeutic substances. SrP hollow spheres were synthesized by a template-free hydrothermal method. 
The influence of the reaction temperature, time and concentration of reactants on precipitates’ morphology and 
size were investigated. To obtain a larger number of open hollow spheres, a new methodology was developed 
consisting of applying a second hydrothermal treatment to spheres by heating them at 120 ◦C for 24 h. The X-ray 
diffraction (XRD) analysis indicated that spheres consisted of a main magnesium-substituted strontium phos-
phate phase ((Sr0.86Mg0.14)3(PO4)2). The scanning electron microscopy (SEM) micrographs confirmed that 
spheres had hollow interiors (~350 nm size) and an average diameter of 850 nm. Spheres had a specific surface 
area of 30.5 m2/g, a mesoporous shell with an average pore size of 3.8 nm, and a pore volume of 0.14 cm3/g. 
These characteristics make them promising candidates for drug, cell and protein delivery. For the attachment of 
spheres to scaffolds’ surface, ceramic structures were immersed in an ethanol solution containing 0.1 g of hollow 
spheres and kept at 37 ◦C for 4 h. The scaffolds with incorporated spheres were bioactive after being immersed in 
simulated body fluid (SBF) for 7 days and spheres were still adhered to their surface after 14 days.   

1. Introduction 

In recent years, many studies have focused on developing local de-
livery systems for biomedical applications. Different structures like rods, 
fibers, tubes, needles and spheres have been studied as drug carriers [1, 
2]. These structures have different loading and releasing efficiencies. Of 
them, hollow structures, especially hollow spheres on the nano-/-
microscale, have shown great potential as controlled delivery systems 
for biomedical applications thanks to their unique characteristics, such 
as high surface area, large pore volume, low density, and morphology 
with hollow interiors [3,4]. The hollow cavity confers them much higher 
loading capacity compared to other types of structures, allowing them to 
locally deliver a variety of compounds like proteins, cells, genes and 
especially drugs [5,6]. 

Several methods have been used to fabricate hollow spherical 
structures, including spray-drying, sol-gel, the template method, 
microemulsions, microwave synthesis and the hydrothermal method 

[6–10]. The template method has been the most widely used technique 
to prepare hollow spheres. These templates can be either hard, mainly 
polymers, silica and carbon-based templates, or soft, emulsion droplets, 
vesicles, micelles, and gas bubbles [3,11]. Their main drawback is the 
need to remove the template once the synthesis process finishes. Tem-
plate removal is not only a complicated time-consuming process, but it 
can also affect the morphology and structural integrity of the final 
products, limiting their practical applications. As an alternative, 
template-free strategies, such as the Ostwald ripening process in com-
bination with the hydrothermal method have been studied [12,13]. This 
approach does not require any kind of templating, which simplifies the 
synthesis of hollow spheres and, is therefore, the method that was herein 
followed. 

Considering the biocompatibility, biodegradability and toxicity of 
carriers, hollow spheres can be prepared from different materials like 
natural or synthetic polymers, such as collagen, chitosan, alginate and 
poly(lactic-co-glycolic acid) (PLGA), or ceramics like calcium 
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phosphates (CaPs) [14]. CaP ceramics have been extensively studied for 
their use in bone tissue engineering (BTE) and drug delivery given their 
similarity to the mineral phase of bone. Among CaPs, synthetic hy-
droxyapatite (HA, Ca10(PO4)6(OH)2) has been widely researched as a 
drug carrier thanks to its great adsorption capacity [15]. However, 
synthetic HA is extremely stable under physiological conditions with 
very low in vivo biodegradation, which limits its clinical application as a 
delivery system. As not only HA, but most CaPs are relatively insoluble, 
it is necessary to investigate more soluble materials that can be used to 
fabricate hollow spheres. 

The incorporation of certain trace elements into synthetic materials 
like HA can help improve their dissolution rate under physiological 
conditions [2]. Of them, strontium (Sr) is known to play an important 
role in the bone regeneration process by stimulating bone formation and 
inhibiting bone resorption. Sr2+ ions (1.18 Å) have the same physio-
logical and chemical behavior as Ca2+ ions (1.00 Å) and can replace Ca 
in the HA structure up to a full substitution [2]. The incorporation of 
Sr2+ ions into HA can increase its solubility by destabilizing the crystal 
structure of HA [16–18]. Strontium phosphate (SrP) ceramics, such as 
tribasic strontium phosphate (Sr3(PO4)2), strontium hydroxyapatite 
(Sr5(PO4)3OH) and strontium hydrogen phosphate (SrHPO4) with 
greater biodegradability, can be used as an alternative to more insoluble 
CaPs for drug delivery [19–21]. 

Although these carriers have excellent delivery capacity, their me-
chanical properties do not allow them to be shaped into more complex 
structures that can support the bone regeneration process. For this 
reason, three-dimensional (3D) porous scaffolds with better mechanical 
properties have been used in combination with therapeutic agents to 
reconstruct bone defects [22]. However, these molecules are normally 
adsorbed on the scaffold’s surface and show a significant burst release 
once scaffolds have been implanted in the body [23]. Therefore, it is 
necessary to achieve a more controlled release to improve the thera-
peutic effect of the administered drugs. By combining both structure 
types, it is possible to locally release therapeutic agents at the injured 
site and at the same time, support new bone tissue formation. To date, 
only a few studies have reported the incorporation of nano-/micro-
spheres into 3D scaffolds to achieve sustained drug release. For instance, 
Son et al. [24] fabricated HA scaffolds containing PLGA microspheres 
loaded with the anti-inflammatory drug dexamethasone (DEX) and 
studied their bone regeneration capacity. After 10 weeks of in vivo im-
plantation in femur defects of beagle dogs, they observed significant new 
cortical bone formation in the implanted regions. Conversely, trauma-
tized regions that were either unfilled or filled with DEX-free HA scaf-
folds presented less bone formation. 

In the present work, in order to develop 3D porous scaffolds with 
controlled delivery capacity, SrP hollow nano-/microspheres synthe-
sized by a template-free hydrothermal method were incorporated into 
ceramic scaffolds. The reaction conditions influencing the synthesis of 
spheres, such as the hydrothermal temperature, reaction time and con-
centration of reactants were studied. Moreover, the mechanical prop-
erties and in vitro bioactive capacity of the scaffolds with incorporated 
spheres were also investigated. 

2. Materials and methods 

2.1. Synthesis and characterization of SrP hollow spheres 

Hollow spheres were synthesized by the hydrothermal method 
without any surfactant or template [13]. First, two solutions were pre-
pared: one containing 0.9 mM of strontium nitrate (Sr(NO3)2, 
Sigma-Aldrich) and 0.9 mM of magnesium chloride (MgCl2, 
Sigma-Aldrich), and another solution containing 10 mM of disodium 
hydrogen phosphate (Na2HPO4, Sigma-Aldrich), dissolved in 100 mL of 
deionized water, respectively. Both solutions were mixed under 
continuous stirring at room temperature and transferred to a teflon-lined 
stainless-steel autoclave where the hydrothermal reaction was 

conducted at 120 ◦C for 24 h, followed by cooling to room temperature 
naturally. The resulting precipitates were collected by centrifugation 
(4500 rpm, 5 min) (Hermle Z 206 A, Germany), washed with ethanol 
and deionized water several times, and dried at 60 ◦C for 24 h. 

The morphology, microstructure, size distribution and elemental 
composition of the synthesized products were investigated by scanning 
electron microscopy with energy dispersive X-ray spectroscopy (SEM- 
EDX, Hitachi S − 3500 N, Japan). Samples were palladium-coated 
before observation. 

The phase composition of the prepared spheres was characterized by 
X-ray diffraction (XRD, Bruker, AXR D8 Advance, Germany) using Cu-Kα 
radiation (1.54056 Å). The X-ray tube was operated at 40 kV and 30 mA. 
Data was collected in the Bragg-Brentano thetha-2thetha (θ/2θ) geom-
etry between 20◦ and 46◦ (2θ) at 0.02 steps, counting 8 s per step. Dif-
fractograms were analyzed with the Match! 3 software (v. 3.13.0.220) 
and compared with the Crystallography Open Database (COD) and the 
International Centre for Diffraction Data (ICDD). 

The specific surface area, pore size distribution and pore volume of 
the spheres were evaluated by the Brunauer-Emmett-Teller (BET) and 
Barrett-Joyner-Halenda (BJH) methods, applied to the N2 adsorption/ 
desorption isotherms. Isotherms were measured with a surface area and 
porosity analyzer (Autosorb-6, Quantachrome Instruments, USA) at 77 
K. 

2.2. Scaffold synthesis and incorporation of hollow spheres 

Multilayer porous scaffolds were prepared by the sol-gel method in 
combination with the polymeric sponge replication method [25]. First, a 
sol-gel solution with a composition of 2SiO2–50CaO–48P2O5 (mol%) 
was prepared for the scaffolds’ core. In the initial step, 0.2 mL of tet-
raethyl orthosilicate (TEOS, Si(OC₂H₅)₄, Aldrich 98%), 10.5 mL of 
triethyl phosphate (TEP, (C₂H₅)₃PO₄, Aldrich ≥99.8%), 5 mL of ethanol 
97◦, 20 mL of distilled water and 10 mL of hydrochloric acid (HCl 37%, 
Ensure) were mixed together under continuous stirring at room tem-
perature for 30 min to allow the hydrolysis of precursors. After this time, 
9.5 g of calcium carbonate (CaCO3, Sigma ≥99%) were added to the 
solution and the pH was adjusted between 2 and 3 by adding HCl drop 
by drop. Polyurethane sponges (20 ppi, 12.7 mm diameter, 10 mm high) 
were immersed in the resulting solution for the appropriate number of 
times and dried in a furnace (Naberthen, Lilienthal/Bremen, Germany) 
for 10 min at 180 ◦C after each immersion. Finally, the coated sponges 
were sintered at 950 ◦C at a heating rate of 19 ◦C/h for 50 h and then 
maintained at this temperature for 8 h. 

Second, another sol-gel solution with composition 
29SiO2–66CaO–3P2O5–2MgO (mol%) was prepared for the external/ 
bioactive layers of scaffolds. For this purpose, 10.9 mL of TEOS, 1.6 mL 
of TEP, 5 mL of ethanol 97◦, 20 mL of distilled water, 10 mL of HCl, 11 g 
of calcium carbonate and 0.3 g of magnesium carbonate (MgCO3, Sigma- 
Aldrich) were mixed following the same procedure described above. The 
previously obtained scaffolds’ core was coated with the new solution 
and dried at 180 ◦C for 5 min. After the appropriate number of im-
mersions, multilayer scaffolds were sintered again at 950 ◦C at a heating 
rate of 119 ◦C/h for 8 h and maintained at this temperature for 3 h. The 
obtained scaffolds were physically, chemically and mineralogically 
characterized by SEM-EDX and XRD. 

Incorporation of spheres was conducted by immersing scaffolds in 
50 mL of an ethanol solution containing 0.1 g of the previously syn-
thesized spheres, followed by shaking in a water bath at 37 ◦C for 4 h. 
After this time, scaffolds were washed several times with deionized 
water to remove non-incorporated spheres and dried at 60 ◦C before 
analyzing them by SEM-EDX. 

Scaffolds’ mechanical properties were determined before and after 
the incorporation of spheres by a simple compression test using a simple 
manual test stand (SVL-1000 N, IMADA). Tests were carried out by 
manually applying load to scaffolds (9.1 mm diameter, 7.6 mm high) 
until their structure collapsed. 
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Scaffolds’ porosity and pore size distribution were examined by the 
mercury porosimetry technique (Poremaster 60 GT, Quantachrome In-
struments, USA) at a pressure between 78.4 bar and 4049.21 bar. 

2.3. In vitro bioactivity of scaffolds with incorporated spheres 

The bioactivity of scaffolds with incorporated hollow spheres was 
tested by immersion in simulated body fluid (SBF) solution prepared 
according to the procedure established by Kokubo and Takadama [26]. 
Scaffolds were immersed in 50 mL of SBF (pH 7.4) at 37 ◦C in a water 
bath for 3, 7, 14 and 21 days. After each time period, scaffolds were 
dried at 60 ◦C for 24 h and their bioactivity was determined by 
SEM-EDX, assessing apatite formation on scaffolds’ surface. Changes in 
the concentration of Ca, P, Si, Sr and Mg ions released from scaffolds 
were analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES PerkinElmer Optima 2000™). 

3. Results 

3.1. Synthesis and characterization of the CaP scaffolds 

The scaffolds obtained by the sol-gel and polymer sponge replication 
methods were physically and chemically characterized. The micro-
structure and elemental composition of scaffolds’ core were analyzed by 
SEM-EDX. Scaffolds had an interconnected porosity and were formed by 
hexagonal grains of Ca, O and P with a Ca/P ratio of ~1.0, which cor-
responds to the stoichiometric value of calcium pyrophosphate (CPP, 
Ca2O7P2). Scaffolds’ XRD pattern confirmed that they were composed of 
a main CPP phase (COD-96-100-1557). Diffraction peaks were sharp and 
narrow, which indicate the material’s high crystallinity. No other phases 
were observed in the XRD pattern (Fig. 1b). 

Fig. 2 shows scaffolds’ pore size distribution, which was determined 
by the mercury porosimetry technique. Scaffolds had a porosity value of 
37.79%, 23.73% of which corresponded to interparticle spaces (<300 
μm), with a pore size between 169.80 and 11.54 μm. The other 14.05% 
corresponded to intraparticle spaces (<1 μm), with a pore size between 
0.8 and 0.01 μm. 

Scaffolds’ compressive strength was tested before and after the 
incorporation of hollow spheres. The scaffolds without spheres had a 
compressive strength of around 1.27–1.93 MPa, while their mechanical 
strength after incorporating spheres was 1.56–1.98 MPa. The attach-
ment of spheres had no significant effect on scaffolds’ mechanical 
properties. 3.2. Synthesis and characterization of the SrP hollow spheres 

The morphology, microstructure, size and elemental composition of 
the synthesized spheres were studied by SEM-EDX. Fig. 3 shows SEM 

Fig. 1. XRD patterns of the: (a) SrP hollow spheres synthesized at 120 ◦C for 24 h and (b) 3D CaP porous scaffolds.  

Fig. 2. Mercury porosimetry curves: (a) cumulative and (b) differential 
intruded volume vs. pore diameter. 
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images of the spheres prepared by the hydrothermal method at 120 ◦C 
for 24 h. A large quantity of spherical precipitates was obtained (Fig. 3a) 
with an average size of around 850 nm (Fig. 3b). Fig. 3c shows a high- 
magnification image of a broken sphere, which confirms their hollow 
structure. EDX analysis was used to determine the elemental composi-
tion of precipitates. Hollow spheres were composed of Sr, P, O and Mg, 
and their Sr/P ratio was about 1.0. 

Fig. 1a depicts the phase composition of the hollow spheres deter-
mined by XRD. The XRD pattern of these spheres revealed that they were 
composed of a main Mg-substituted strontium phosphate phase 
(Sr0.86Mg0.14)3(PO4)2 (ICDD-00-047-1895), along with some minor 
phases like magnesium pyrophosphate (Mg2O7P2) (COD-96-201-7953), 
tribasic strontium phosphate (Sr3(PO4)2) (COD-96-154-4728) and 
strontium ultraphosphate Sr2(P6O17) (COD-96-152-7089). 

Fig. 4 shows the N2 adsorption/desorption isotherms and the cor-
responding pore size distribution curve of the hollow spheres. Samples 
presented a type IV isotherm with an H3 hysteresis loop, which is 
characteristic of mesoporous materials according to the IUPAC classifi-
cation [27]. The specific surface area, pore size distribution and pore 
volume of the shell of spheres were measured by applying the BET and 
BJH methods to the N2 adsorption/desorption isotherms. The BET spe-
cific surface area (SBET) of spheres was 30.5 m2/g, while the average 
pore size and volume were 3.8 nm and 0.14 cm3/g, respectively. 

Different synthesis parameters were tested to study the formation 
process and to determine the best conditions to obtain a large quantity of 
well-defined hollow spheres. The SEM images of the spherical particles 
obtained after 6, 12 and 24 h of hydrothermal treatment are shown in 
Fig. 5. After only 6 h, particles with a spherical morphology were 
observed (Fig. 5a). After 12 h, precipitates were more defined and 
slightly larger (Fig. 5b). When prolonging the reaction time to 24 h, the 

obtained particles were more spherical and less aggregated (Fig. 5c). 
Their size also increased and was in the range of 750–950 nm. 

The effect of the Mg concentration and reaction temperature on the 
synthesis of spheres was also investigated. When Mg was absent, no 
spheres were obtained, and flower-like particles were observed instead 
(Fig. 6a). With 0.45 mM of Mg, the spherical particles precipitated 
(Fig. 6b), but in a smaller amount compared to 0.9 mM (Fig. 6c). Mg 
appears to be essential for the formation of spherical particles. 

Regarding the synthesis temperature, different conditions (30, 60 
and 120 ◦C) were tested (Fig. 7). No precipitate was obtained at 30 ◦C of 
reaction temperature. At 60 ◦C, some spherical precipitates formed, but 
the number of precipitates was small (Fig. 7a). A large quantity of 
spherical precipitates formed as a result of increasing the reaction 
temperature to 120 ◦C (Fig. 7b). 

After studying the synthesis process, the obtained precipitates were 
hydrothermally treated again to observe the effect of a second reaction 
on the synthesized spheres’ morphology. Fig. 8 shows the SEM images of 
the spheres obtained after 24 h of a second hydrothermal treatment at 
120 ◦C. Afterwards, the precipitates’ morphology became more irregular 
(Fig. 8a), and even more open hollow spheres were observed (Fig. 8b). 

3.3. Incorporation of the SrP hollow spheres into CaP scaffolds 

In order to incorporate the previously synthesized hollow spheres, 
the CaP porous scaffolds were immersed in an ethanol solution with 0.1 
g of dispersed spheres and kept at 37 ◦C for 4 h. Fig. 9 shows the SEM 
images of scaffolds’ surface with the incorporated spheres. Fig. 9a de-
picts the scaffolds’ surface prior to the incorporation of spheres. After 
the immersion period, the SrP hollow spheres were homogeneously 
distributed all over the surface (Fig. 9b). Their morphology and size 
remained the same after their incorporation (Fig. 9c). Some areas pre-
sented larger quantities of aggregated spheres than others, which was 
probably due to the scaffolds’ microstructure (Fig. 9d). The EDX analysis 
was consistent with those obtained for scaffolds and spheres alone. 
Hollow spheres were composed of Sr, P, O and Mg, with an Sr/P ratio of 
1.0, while the areas without spheres consisted of Ca, O and P, with a Ca/ 
P ratio of 1.0. 

3.4. In vitro bioactivity of the scaffolds with incorporated spheres 

After the incorporation of spheres, scaffolds’ in vitro bioactivity was 
determined by immersion in SBF for 3, 7, 14 and 21 days. After soaking 
for 3 days, the hollow spheres were still attached to scaffolds’ surface 
and no changes were observed in their morphology (Fig. 10a). After 7 
days, small precipitates with a globular morphology started to cover 
scaffolds’ surface (Fig. 10b). According to the EDX analysis, precipitates 
were composed of Ca, P and O, with a Ca/P ratio of about 1.5, which 
comes close to that of stoichiometric HA (Ca/P ratio of 1.67). After 14 
days of immersion in SBF, apatite precipitates were partially dissolved, 
and many hollow spheres were still observed on the surface (Fig. 10c). 
Finally, after 21 days, apatite precipitated again and formed a dense 
layer that covered scaffolds’ surface (Fig. 10d). 

Fig. 11 shows the changes in the Sr2+, Mg2+, Ca2+, Si4+ and PO4
3− ion 

concentrations of the scaffolds with spheres, analyzed by ICP-OES after 

Fig. 3. SEM images of the SrP hollow spheres: (a) low-magnification; (b) size distribution of spheres and (c) broken hollow sphere with details of its dimensions.  

Fig. 4. N2 adsorption/desorption isotherms and BJH pore size distribution 
(inset) of the SrP hollow spheres. 
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the different immersion periods. The Ca2+ concentration considerably 
lowered on the first 7 days, after which it slightly rose until day 14, to 
once again decrease to a final concentration of 47.55 mg/L on the last 
day. The Si4+ concentration increased significantly during the experi-
ment, and went from 0.05 mg/L to 14.22 mg/L. On the contrary, the 
PO4

3− concentration dropped throughout the assay and went from an 
initial value of 28.28 mg/L to a concentration of 11.28 mg/L on day 21. 
Sr2+ and Mg2+ ions were also released to the SBF solution, up to a final 
concentration of 0.57 mg/L and 31.67 mg/L, respectively. 

4. Discussion 

The objective of this research was to develop bone substitute mate-
rials with increase delivery capacity for bone tissue engineering appli-
cations. In this context, the incorporation of a delivery system like 
hollow spheres directly onto scaffolds, for the local release of thera-
peutic substances offers the possibility of controlled release at the 
implant site, improving the bioavailability of substances, while mini-
mizing the possible toxic side effects normally associated with fast burst 
releases. 

Ceramic scaffolds were synthesized by the sol-gel and polymeric 

Fig. 5. SEM images of the SrP hollow spheres after different synthesis times at 120 ◦C: (a) 6 h; (b) 12 h and (c) 24 h.  

Fig. 6. SEM images of the SrP hollow spheres prepared with different Mg concentrations at 120 ◦C for 24 h: (a) without Mg; (b) 0.45 mM and (c) 0.9 mM of Mg.  

Fig. 7. SEM images of the SrP hollow spheres synthesized at different reaction temperatures for 24 h: (a) 60 ◦C and (b) 120 ◦C.  

Fig. 8. SEM images of the SrP hollow spheres after a second hydrothermal treatment at 120 ◦C for 24 h.  
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sponge replication methods. The combination of these techniques allows 
us to obtain materials with high interconnected porosity resembling that 
of trabecular bone in a simple and cost-effective manner and has been 
commonly employed for the synthesis of 3D porous scaffolds for BTE 
applications [25,28]. According to SEM observations, scaffolds pre-
sented interconnected porosity, which is essential for new bone tissue 
ingrowth, as it allows the cell migration and proliferation, as well as the 
vascularization of newly formed tissue [29,30]. Moreover, an inter-
connected porosity is also necessary for nutrient and metabolic waste 
transport [22]. Scaffolds’ core was composed of Ca, P and O, with a Ca/P 

ratio of about 1.0, which corresponds to that of CPP (Ca2O7P2), a type of 
CaP formed by the pyrophosphate anion (P2O7

4− ). As confirmed by the 
XRD analysis, scaffolds consisted of a main CPP phase 
(COD-96-100-1557), which indicates the materials’ high purity 
(Fig. 1b). 

Scaffolds had a total porosity value of 37.79% and a pore size dis-
tribution within the 169.80–0.01 μm range (Fig. 2). The largest mercury 
intrusion volume corresponded to interparticle spaces (23.73%), with 
pores of around 78.08 μm, 27.41 μm and 14.41 μm. The rest of the 
intruded volume corresponded to intraparticle spaces (14.05%) with an 

Fig. 9. SEM images of the CaP scaffolds with incorporated SrP hollow spheres: (a) control without spheres; (b) low-magnification and (c, d) high-magnification.  

Fig. 10. SEM images of the CaP scaffolds with incorporated spheres soaked in SBF at 37 ◦C for: (a) 3 days; (b) 7 days; (c) 14 days and (d) 21 days.  
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average pore size of 0.06 μm. Scaffolds’ porosity is one of the key aspects 
that needs to be considered when designing these structures, because an 
adequate porosity is necessary for effective bone regeneration. Accord-
ing to pore size, porosity can be classified into two categories: macro-
porosity (>100 μm), which is necessary for cellular colonization as well 
as vascularization and microporosity (<10 μm), which increases ionic 
exchange and protein adsorption [22,31]. Scaffolds had an adequate 
pore size, but their total porosity was slightly lower than that of 
trabecular or cancellous bone, which is in the range of 50–90% [30]. 

Scaffolds’ mechanical properties are important for their possible 
application in BTE, because they need to be able to withstand sufficient 
pressure during surgery and new bone tissue formation. Their 
compressive strength before and after incorporating the hollow spheres 
was about 1.51 MPa and 1.78 MPa, respectively. The scaffolds with 
incorporated spheres presented a similar compressive strength to that of 
the scaffolds alone. In both cases, these values are among the highest for 
porous ceramic scaffolds, where values of 0.9–1.6 MPa and 1.0 – 1-7 
MPa have been reported [32,33]. Although these values are lower than 
that of the trabecular bone, ranging between 2 and 12 MPa [34], it is 
generally accepted that the scaffolds’ mechanical strength increases 
considerably with new bone tissue ingrowth [9]. 

To control the local release of therapeutic substances from scaffolds, 
their surface morphology was modified by incorporating hollow spheres 
as a drug delivery system. Hollow spheres were synthesized by a 
template-free hydrothermal method, which is a solution-based 
approach, that allows us to obtain particles with a defined 
morphology and composition under conditions of high temperature and 
pressure. This method has been commonly used for the fabrication of 
hollow spheres over the past few years [8,10]. 

The morphology of the particles obtained by the hydrothermal 
method was spherical with hollow interiors of about 350 nm in size, as 
the observation of some broken or not fully formed spheres revealed 
(Fig. 3c). They had a rough surface because they were probably formed 
by many small crystallites, and a shell thickness of about 196 nm. The 
EDX analysis of spheres revealed that they were composed of Sr, P, O 
and Mg, with an Sr/P ratio of 1.0, which corresponds to that of strontium 
hydrogen phosphate (SrHPO4). The synthesized spheres had a marked 
tendency to aggregate with one another, which is a common thing in the 
synthesis of nano-/microparticles (<1–10 μm), which are much more 
prone to agglomeration than larger particles [12,13]. Moreover, the 
drying process is a very critical step, particularly in the presence of 
water, as it can promote the agglomeration of previously loose particles. 

The size of spheres was in the range of 600 nm–1 μm and varied 
slightly with the synthesis conditions. Hollow spheres with sizes of 
300–650 nm and 0.8–2 μm have been successfully employed to load 
drugs like alendronate [35] and doxorubicin [10], respectively. 

Therefore, according to the previous literature, the size of the herein 
synthesized SrP hollow spheres would be appropriate for drug delivery 
applications. 

XRD analysis was conducted to determine the phase composition and 
crystallinity of the synthesized spheres (Fig. 1a). Precipitates consisted 
of a main Mg-substituted strontium phosphate phase 
((Sr0.86Mg0.14)3(PO4)2) and some minor phases: Mg2O7P2, Sr3(PO4)2 and 
Sr2(P6O17). The broad and weak diffraction peaks indicated that spheres 
had poor crystallinity, which could be due to them being composed of 
nanometer-sized crystals, to the ionic substitution of Mg2+ for Sr2+ ions 
in the apatite lattice, or a combination of both [13,36,37]. Whatever the 
reason, materials with low crystallinity are known to have higher 
biodegradation rates. 

To determine the specific surface area and porous structure of the 
hollow spheres, the BET and BJH methods were applied to the N2 
adsorption/desorption isotherms (Fig. 4). Spheres had a mesoporous 
structure with a pore size distribution between 1.43 and 7.75 nm, and an 
average pore size of 3.8 nm. Mesopores probably formed due to the 
existing spaces between nanocrystals in the shell of spheres [38]. 
Moreover, a pore size of ~3 nm is considered appropriate for the 
effective loading and release of various drugs [39]. A high surface area 
and a mesoporous structure are important characteristics for an efficient 
adsorption and release of compounds [29,40]. These characteristics, 
together with their hollow interiors, confer them a much greater loading 
capacity compared with other types of structures, which make them 
ideal candidates to be used as drug carriers. 

Regarding the hollow structure formation, we believe that a 
dissolution-recrystallization process, also known as Ostwald ripening, 
was the underlying mechanism responsible for the formation of hollow 
spheres. During the hydrothermal reaction, the inner crystallites grad-
ually dissolve and move outwards, where outer crystallites serve as 
nucleation points for subsequent recrystallization. With enough ripening 
time, solid core dissolution results in the formation of hollow spheres 
[40]. 

It is known that precipitates’ morphology and size very much depend 
on the hydrothermal temperature, reaction time and concentration of 
reactants [35,41]. To study the synthesis process, and to determine 
optimal hydrothermal conditions, different reaction parameters were 
studied. First, time-dependent experiments were conducted at a fixed 
temperature of 120 ◦C. Fig. 5 shows SEM images of the SrP hollow 
spheres synthesized for different reaction times. After a 6 h hydrother-
mal reaction time, some spherical particles had formed, and hollow 
spheres were observed after 12 h. Prolonging the reaction time to 24 h 
gave the best results, with well-defined and less aggregated spherical 
particles. Moreover, with longer synthesis times, more hollow particles 
are expected to form, as solid to hollow transformation is a 
time-dependent process [35]. 

Another key factor in the formation of spherical particles, apart from 
the reaction temperature and time, is the concentration of reactants, and 
Mg is particularly known to be a microstructural modifier [13]. To 
investigate the influence of Mg on precipitates’ morphology, different 
Mg concentrations were used to synthesize hollow spheres. As shown in 
Fig. 6a, the particles obtained when Mg was absent were not spherically 
shaped, and instead presented a flower-like morphology. When the Mg 
concentration was increased to 0.45 mM and especially to 0.9 mM, 
spherical particles formed. Mg plays a critical role in the formation of 
spheres because it causes the distortion of the crystal structure, inhib-
iting crystal growth and allowing for self-assembly into spherical par-
ticles [13,42]. It is important to note that changes in the concentrations 
of Sr and P precursors had no significant effect on precipitates’ 
morphology and size, being Mg the most important element for the 
formation of spheres. 

The hydrothermal reaction temperature is also an important factor 
that influences precipitates’ crystallinity and morphology [41,43]. 
Therefore, different synthesis temperatures (30, 60 and 120 ◦C) were 
studied (Fig. 7). The 30 ◦C reaction temperature were insufficient and no 

Fig. 11. Changes in the Sr2+, Mg2+, Ca2+, Si4+ and PO4
3− concentrations after 

immersion in SBF for 3, 7, 14 and 21 days. 
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precipitate was obtained. At 60 ◦C, some spherical particles were 
observed, but the number of precipitates was relatively small. 
Conversely, with 120 ◦C, many precipitated spheres formed. High 
temperatures are essential for the formation of hollow structures 
because they promote the dissolution and diffusion of the inner crys-
tallites from the solid core to the outer shell. 

When spheres were hydrothermally treated a second time, a change 
in their morphology was observed. Particles presented a less spherical 
shape and, more importantly, a larger amount of open hollow spheres 
was obtained (Fig. 8). This could potentially increase the loading effi-
ciency of therapeutic substances by making it easier for larger amounts 
of these compounds to adsorb on their open hollow interiors. After-
wards, to prevent a burst release, open hollow spheres can be coated 
with a biodegradable polymer, such as collagen or PLGA, which can help 
delay the drug release rate [22,29]. 

The SEM analysis of scaffolds confirmed that the SrP hollow spheres 
had been successfully incorporated and were well distributed all along 
the surface (Fig. 9). This was tested several times and with varying 
amounts of dispersed spheres, resulting in the successful incorporation 
of the spheres into the scaffolds’ surface each time. Spheres’ size and 
morphology remained the same after their incorporation, and some 
spheres with their exposed hollow interiors were observed. More 
importantly, the small dimensions of the synthesized spheres did not 
affect the scaffolds’ interconnected porosity. Hollow spheres attachment 
most likely occurred via non-covalent bonding like electrostatic in-
teractions between the Sr2+ of spheres and the PO4

3− of the CaP material. 
To the best of our knowledge, the incorporation of SrP hollow 

spheres into CaP porous scaffolds has not been previously reported in the 
literature. To date, hollow nano-/microspheres made of polymeric or 
ceramic materials have already been used as carriers for the local de-
livery of therapeutic substances. Xiao et al. [44] fabricated BMP2-loaded 
hollow HA microspheres and evaluated their bone regeneration capacity 
when implanted in rat calvarial defects for up to 6 weeks. The amount of 
new bone in the defects after 6 weeks was 43%, compared to 17% for 
defects implanted with microspheres without BMP-2. Furthermore, 
BMP2-loaded microspheres showed greater bone regeneration than 3D 
HA scaffolds loaded with twice the amount of BMP-2. However, little 
resorption of the HA microspheres was observed within the implantation 
period. Although CaPs like HA have a great adsorption capacity, the 
release of the adsorbed compounds is often dependent on the resorption 
rate of the material, which for HA, is known to be very low under 
physiological conditions [2,15]. In this context, SrPs, which are chem-
ically similar to CaPs, are an interesting alternative. SrP materials are 
known to be biocompatible, biodegradable, osteoconductive and, in 
some cases, even osteoinductive [21]. Moreover, SrPs have an adsorp-
tion capacity comparable to that of CaPs [17]. 

Previous studies demonstrate that therapeutic substances can be 
effectively delivered to injured sites via spherical particles incorporated 
into bone substitute scaffolds to promote osteogenesis in vivo [24,45]. 
This strategy offers the possibility of a controlled release at the implant 
site, which improves the bioavailability of the substances while mini-
mizing potential toxic side effects that are normally associated with an 
uncontrolled burst release. Therefore, the development of bone substi-
tute materials with enhanced delivery capacity represents a topic of 
interest. 

The in vitro bioactivity of the CaP scaffolds with incorporated hollow 
spheres was evaluated by immersion in SBF solution, with an ionic 
composition similar to that of human blood plasma, as established by 
Kokubo and Takadama [26]. Prior to the incorporation of spheres, 
scaffolds were coated with a bioactive composition for the external 
layers doped with 3% of Mg2+ ions, which are known to promote apatite 
nucleation and growth [33]. Fig. 10b shows that after 7 days, bone-like 
apatite precipitates had formed on scaffolds’ surface. These precipitates 
were composed of Ca, P and O, with a Ca/P ratio of ~1.5, which is 
slightly lower than the stoichiometric one for HA (1.67), indicating the 
formation of calcium-deficient hydroxyapatite (CDHA) [9,22]. Apatite 

precipitates partially dissolved after 14 days in SBF (Fig. 10c) and 
precipitated again after 21 days to form a dense layer on the surface 
(Fig. 10d). The formation of an apatite layer on scaffolds’ surface after 7 
and 14 days, and especially after 21 days, confirmed the in vitro bioac-
tive capacity of the scaffolds with incorporated spheres, which is a 
desirable characteristic for BTE applications. Furthermore, hollow 
spheres were still attached to scaffolds’ surface after 14 days, which 
denotes their good stability in vitro and their potential capacity for a 
slow and sustained release of therapeutic substances. 

On bioactive materials, it is well known that bone-like apatite forms 
on the surface due to the ionic exchange between the ceramic material 
and SBF. Therefore, the changes in the concentrations of Ca2+, Si4+ and 
PO4

3− ions after the different soaking periods in SBF were analyzed by 
ICP-OES (Fig. 11). The Ca2+ concentration lowered on the first 7 days, 
when the first CDHA precipitates started to appear. After this time, the 
Ca2+ concentration slightly rose to one of 55.29 mg/L on day 14, 
probably due to the partial dissolution of the previously formed pre-
cipitates, before lowering again to one of 47.55 mg/L on the last day, 
which was when CDHA precipitated again. The Si4+ concentration 
continuously increased from 0.05 mg/L on the first day to 16.19 mg/L 
on day 14, when it dropped slightly to a final concentration of 14.22 mg/ 
L. This sustained release of Si4+ ions is related to scaffold degradation. 
The PO4

3− concentration steadily decreased from 28.28 mg/L to 11.28 
mg/L by the end of the experiment, as the PO4

3− ions from the SBF 
reacted with the Ca2+ ion released from scaffolds to form CDHA, which 
precipitated on scaffolds’ surface. 

We also studied the release of Sr2+ and Mg2+ ions to determine 
spheres’ degradation behavior. The Sr2+ concentration increased 
throughout the assay, going from 0.03 mg/L to a final concentration of 
0.57 mg/L on day 21. Moreover, the concentration of Sr2+ ions released 
from scaffolds fell within the 0.001 mM–0.2 mM range, which has been 
demonstrated to stimulate osteoblast proliferation [31]. The Mg2+

concentration remained stable and lowered from 32.03 mg/L to about 
31.67 mg/L, probably due to the incorporation of the released ions in the 
CDHA precipitates partially substituting the Ca2+ ions. The release of 
Sr2+ and Mg2+ ions indicated that spheres started to degrade after the 
first 7 days. Sr2+ and Mg2+ ions can synergistically enhance cell growth 
and osteoblastic differentiation, while inhibiting osteoclastic activity at 
the same time [39,46]. 

We believe that the incorporation of a local delivery system into bone 
substitute scaffolds is a promising strategy to achieve a controlled 
release of therapeutic substances for the in situ treatment of infected or 
damaged bone tissue as an alternative to the systemic administration of 
these substances. In future studies, it would be of interest to load the 
synthesized spheres with therapeutic agents (i.e., anti-inflammatory 
drugs, antibiotics, growth factors, etc.) to determine their loading and 
releasing efficiencies in vitro. 

5. Conclusion 

In this study, novel multifunctional 3D CaP porous scaffolds were 
developed by incorporating SrP hollow nano-/microspheres for 
enhanced drug delivery capacity. The calcium pyrophosphate scaffolds 
presented an interconnected porosity, with a porosity value of 37.79%, 
and a compressive strength of around 1.56–1.98 MPa. 

The SrP hollow spheres with a size between 600 nm–1 μm were 
obtained by a simple hydrothermal method without any surfactant or 
template, just by adjusting the reaction temperature, time, and the 
concentration of reactants. Furthermore, to control the opening of 
spheres and to, thus, be able to introduce drugs of different sizes, a new 
procedure was developed to achieve their opening prior to the incor-
poration into the scaffolds. When spheres were hydrothermally treated a 
second time, more open hollow particles were obtained. 

Spheres were incorporated into scaffolds’ surface by immersion in an 
ethanol solution with dispersed hollow spheres at 37 ◦C for 4 h. The 
obtained scaffolds presented a large quantity of spheres homogeneously 
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distributed along the surface, which were superficially adsorbed 
through electrostatic interactions. The in vitro bioactive capacity of the 
scaffolds with incorporated spheres was also investigated. Scaffolds 
were bioactive after 7 days in SBF. Furthermore, hollow spheres 
remained adhered to their surface after 14 days of immersion. These 
spheres could potentially be used to load and deliver therapeutic agents 
to enhance the bone regeneration process. Multifunctional scaffolds 
with incorporated spheres are a promising alternative to the traditional 
scaffolds currently used in BTE. 
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