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Traditional bioactive glass powders are typically composed of irregular particles that can be packed into dense
configurations presenting low interconnectivity, which can limit bone ingrowth. The use of novel biocomposite sphere formulations
comprising bioactive factors as bone fillers are most advantageous, as it simultaneously allows for packing the particles in a 3-
dimensional manner to achieve an adequate interconnected porosity, enhanced biological performance, and ultimately a superior
new bone formation. In this work, we develop and characterize novel biocomposite macrospheres of Sr-bioactive glass using sodium
alginate, polylactic acid (PLA), and chitosan (CH) as encapsulating materials for finding applications as bone fillers. The
biocomposite macrospheres that were obtained using PLA have a larger size distribution and higher porosity and an
interconnectivity of 99.7%. Loose apatite particles were observed on the surface of macrospheres prepared with alginate and CH by
means of soaking into a simulated body fluid (SBF) for 7 days. A dense apatite layer was formed on the biocomposite macrospheres’
surface produced with PLA, which served to protect PLA from degradation. In vitro investigations demonstrated that biocomposite
macrospheres had minimal cytotoxic effects on a human osteosarcoma cell line (SaOS-2 cells). However, the accelerated degradation
of PLA due to the degradation of bioactive glass may account for the observed decrease in SaOS-2 cells viability. Among the
biocomposite macrospheres, those composed of PLA exhibited the most promising characteristics for their potential use as fillers in
bone tissue repair applications.
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The application of xenogenous bone grafts (of animal
origin) has been indicated as an alternative to autogenous and
allogeneic grafts (of human origin). However, all these grafts of
biological animal origin still can present risks of infection,
rejection, and long recovery periods. Moreover, xenogenous

Annually, millions of people suffer from defects in bone tissues,
resulting from congenital malformations, tumors, or fractures
with poor prognosis, fatally culminating in cases of
pseudoarthrosis and osteomyelitis.'" The treatment of these

types of pathologies occurs through a surgical procedure aimed May 31, 2023

at the mechanical removal of the affected tissues, followed by July 18, 2023 ¢ @ ‘;

the application of bone grafts alone or in conjunction with a July 20, 2023 =

gradual bone transport procedure using external fixators. This August 1, 2023 ln&ll
procedure is aimed at restoring the shape and the function of e

the injured tissue through a bone reconstruction process.’
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bone grafts typically have less bone formation ability as
compared to autogenous grafts.” In addition to the
aforementioned limitations, clinical reasons related to extensive
bone defects, where filling using grafts without three-
dimensional structure is inevitable, justify the development
and applicability of synthetic (alloplastic) biomaterials for bone
grafts.”*

Worldwide, it is estimated that around 2.2 million
procedures involve the use of bone grafts, with a demand
growing by alloplastic grafts replacing autogenous and
allogeneic grafts. Sales of bone grafts and substitutes are
expected to reach US$ 4.44 billion by the end of 2028. The
types of applications that use bone grafts can be divided into
the following large areas: long bone reconstructive surgery,
foot and heel surgery, craniofacial surgery, joint surgery,
dentistry (implant dentistry), and spine surgery.”

Several companies, such as Botiss Medical AG, Straumann
Holding AG, Baumer, Geistlich and Critéria, sell grafts in the
form of granules, membranes, pastes or scaffolds.® Some of its
products available on the market correspond to mineralized
bovine bone (composed of collagenous proteins and
hydroxyapatite mineral), synthetic biphasic ceramic biomate-
rials (hydroxyapatite and calcium f-triphosphate), deprotei-
nized bovine bone (inorganic matrix of spongy medullary
bovine bone), demineralized bovine bone matrix (lyophilized
porous organic matrix extracted from bovine cortical bone),
and mineralized porcine bone (composed of collagen).”®

Considering only bioactive glass bone grafts, most of the
products are available in pasty form, such as BioSphere Putty, a
composite consisting of spherical particles of Bioglass 45SS
with a resorbable phospholipid matrix (Synergy Biomedical);
Bonalive Putty, composite made of bioactive glass S53P4 with
a mixture of polyethylene glycols (PEGs) and glycerol
(Bonalive); and Activioss Injectable Putty, composite made
of Bioglass 4585 and unidentified polymer (Noraker™®).

The use of bioactive glasses (BG) as alloplastic grafts has
been reported by a wide range of scientific studies, with
recognized advantages in terms of biocompatibility, osteoin-
duction, and osteoconduction.”® In addition, they possess
improved bioactivity and degradation properties as compared
to hydroxyapatite and p-tricalcium phosphate.” This results
from their remarkable capability to chemically bond with bone
tissues due to the formation of an apatite-like layer on its
surface upon exposure to physiological fluids. Thus, they have
become very promising materials as bone graft material.

A product for bone grafting (BioSphere Putty) has been
developed by the company Synergy Biomedical using spherical
particles and an optimized size range of bioactive glass.'’ That
material, when implanted in a critically sized femoral defect,
showed bone growing through the entire defect in a shorter
time as compared with conventional bioactive glass products
with irregular particles. In addition, the bone healing properties
of BG were substantially improved.'® Interestingly, the
spherical shape facilitated the arrangement of particles in a
three-dimensional (3D) structure, thus ensuring 100%
interconnected porosity. This enhanced porosity eliminates
the presence of small pores or blocked-off channels, thereby
promoting improved bone growth across the entire implant
area.

In addition to bioactive ceramics, various materials,
including natural or synthetic polymers and their composites,
have been fabricated into microspheres for bone-defect repair.”
Spheres can offer a significant advantage as compared to
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prefabricated scaffolds as they possess the capability to release
active substances and effectively fill irregular and complex bone
defects of varying sizes and shapes. The space among the
spheres facilitates internal bone growth and enables proper
vascularization, ensuring optimal conditions for successful
bone regeneration.”” In order to address various requirements
of bone tissue engineering, porous, core—shell, and multi-
compartmental microspheres have been developed.”

By means of microencapsulation techniques, substances in
solid, liquid, or gas are surrounded with a coating material,
typically a polymeric agent, allowing the controlled release of
several bioactive compounds.'"'> Spheres based on bioactive
ceramics have been developed using polylactic acid (PLA),
polyglycolic acid (PGA), gelatin, alginate, and chitosan (CH)
due to their biocompatibility and complete bioresorbabil-
ity.'""*7'° Improvement in the properties of bioceramic
microspheres as slow degradation rates and high brittleness
is obtained for creating composite microspheres.”

Strontium (Sr) has also been studied as a bioactive element
to induce bone tissue regeneration.'’~"” This element shares
chemical properties similar to those of calcium ions, which are
fundamental components of bone tissue, thereby exhibiting
comparable physiological and biological characteristics. Over
the past decade, there has been growing interest in the
properties of Sr, primarily due to the development of strontium
ranelate, a medication used for treating osteoporosis,
predominantly in postmenopausal women. Strontium ranelate
stands apart from other drugs, as it exerts a novel and distinct
effect on osteoporosis treatment by enhancing osteogenesis
while simultaneously inhibiting osteoclastogenesis.”’ Sr accu-
mulates to a high degree in bone owing to its bone-seeking
behavior but at hilg7h concentrations interferes with normal
bone development.' "’

Therefore, according to the literature, BG incorporated with
Sr has gained considerable attention in the recent past for
various orthopedic applications joining the effect of surface
bioactivity of BG with the promotion of bone growth due to
Sr-controlled release. A previous study”' showed that BG
compositions containing Sr resulted in a superior cell viability
at higher extract concentrations, and superior amorphous
calcium phosphate formation as compared with BG without Sr.
Furthermore, the use of BG with a spherical shape and bimodal
size range tends to maximize its bone healing potential.

In this work, we developed different biocomposite macro-
sphere formulations based on strontium-bioactive glass (BG-
Sr) for application as bone fillers. We hypothesize that the type
of encapsulating materials, in particular sodium alginate,
polylactic acid (PLA), or chitosan (CH), can influence the
macrosphere characteristics such as bioactivity and absorb-
ability. The physicochemical properties of BG spheres were
comprehensively evaluated using various techniques, including
size distribution analysis, X-ray diffraction analysis, Fourier
transform infrared spectroscopy, microcomputed tomography
analysis, specific surface area measurement, theoretical density
determination, and bioactivity testing. Additionally, an in vitro
cytotoxicity screening of BG spheres was conducted using
Sa0S-2 cells, a human osteosarcoma cell line.

Macrospheres of strontium-bioactive glass (BG-Sr) were produced by
microencapsulation techniques using sodium alginate, poly(lactic
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acid) (PLA), or chitosan (CH) encapsulating materials. The BG-Sr
used has the nominal composition (58 SiO,, 28 Ca0, § SrO, 9 P,O;
in wt %) and it was synthesized as previously described elsewhere.”!

2.1.1. Alginate/BG-Sr Macrospheres. The production of
Alginate/BG macrospheres involved the extrusion method, which
entailed combining the material to be encapsulated with a solution of
an encapsulating material, such as sodium alginate. This mixture was
thoroughly homogenized and subsequently extruded into a gelling
solution, resulting in the formation of macrospheres.zz_25 Alginate
can exchange ions with divalent ions to form a stable “egg-box”
hydrogel owing to the unique ionotropic-gelation effect.” The
methodology used followed the series of steps reported elsewhere.”

BG-Sr powder was added to water (3.125 g/40 mL) and stirred for
30 min to form a slurry. Alginic acid sodium salt (3.0 g, NaC¢H, O,
Biochemica) was then dissolved in 100 mL of water to form the
alginate solution with a concentration of 3% (w/v) and stirred for 30
min at 50 °C. The alginate solution was added to the slurry and
stirred for 1 h at 50 °C and ultrasonicated for 5 min to form
homogeneous mixtures. The mixture (BG:alginate 1:1) was kept
under agitation and heating (50 °C) while being extruded dropwise
with a syringe connected to an infusion pump (1 mL/min,
Kdscientific, USA) into 300 mL of gelling solution 0.1 M calcium
chloride dihydrate (CaCl,-2H,0, 99%, Honeywell Fluka) while
maintaining low stirring. Following a 30 min incubation period in
the gelling solution, the macrospheres underwent a series of
subsequent steps. These included washing in distilled water (300
mL, three times) for 30 min and ethanol (100 mL) for 15 min,
filtration, a 15 min drying phase under hot air, followed by 24 h of
drying in an oven at 60 °C. Finally, the macrospheres were calcined at
630 °C for 8 h, with a heating rate of 1 °C per minute. These
procedures resulted in the production of exclusively bioglass spheres,
commonly referred to as MBG-Sr.

2.1.2. PLA/BG-Sr Macrospheres. BG-Sr was also encapsulated
into the polymer PLA matrix-producing polymer/ceramic composite
macrospheres. This procedure is based on a solid-in-oil-in-water (s/o/
w) emulsion solvent removal method."*

PLA (2.1 g LX 175, Total Carbion) was dissolved in 15 mL of
dichloromethane (>99.9%, Sigma-Aldrich) with magnetic stirring.
The BG-Sr powder (2.1 g) was mixed with the PLA solution
(BG:PLA 1:1) via sonication for 15 min. The mixture was then added
drop by drop with a syringe connected to an infusion pump (1 mL/
min, Kdscientific, USA) into 400 mL of poly(vinyl alcohol) (PVA)
(95% hydrolyzed, Acros Organics) solution vigorously stirred,
previously prepared at a concentration of 0.5% with magnetic stirring
at 90 °C for 2 h. The solution containing macrospheres (MPLA/BG-
Sr) was stirred for 4 h at room temperature to remove the solvent to
improve their biocompatibility. After, the macrospheres were washed
in 200 mL of distilled water (three times), filtered, dried in an oven at
60 °C for 24 h, and stored in a desiccator.

2.1.3. CH/BG-Sr Macrospheres. BG were last encapsulated into
the biodegradable polymer CH matrix producing polymer/ceramic
composite macrospheres. This procedure is based on the ionotropic
gelation technique.'®*® CH is a nature-derived cationic polymer that
can react with polyanions to prepare microspheres with a gel
network.*

The CH solution was prepared by dissolving 2.5 g of cationic
polymer of marine origin (80% deacetylation, Chitopharm S, Cognis)
in 100 mL of acetic acid solution (99.7%, Panreac) previously
prepared at a concentration of 5%. This mixture was gently stirred at
room temperature to avoid air bubbles and obtain a homogeneous
viscous solution. The BG-Sr powder (2.5 g) was added to the CH
solution (BG:CH 1:1) and mixed for 20 min. The mixture was
extruded dropwise with a syringe connected to an infusion pump (1
mL/min, Kdscientific, USA) into the gelling solution of 12% sodium
hydroxide (100%, Eka). After 24 h incubation in the gelling solution,
the macrospheres (MCH/BG-Sr) were washed in 1 L of distilled
water several times until pH stabilization. Next, they were washed
with 300 mL of ethanol for 15 min and left in 300 mL of acetone for
24 h. Finally, macrospheres were filtered, dried under air for 6 h, and
in an oven at 60 °C for 24 h.
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2.2.1. Physicochemical Characterization. The size distribution
of the macrospheres was determined from images obtained with a
magnifying glass (Leica S9i, LAS v4.12) using Image]. For each
measurement, the size distribution of 200—250 macrospheres was
analyzed. The diffraction patterns (XRD) were obtained in the 26
range from 10° to 90° in continuous scan mode using a PANalytical
model Xpert PRO MRD diffractometer operating with CuKa
radiation (wavelength 1.540598 A). Fourier transform infrared
spectroscopy (FTIR) spectra were obtained using a Thermo Nicolet
6700 spectrometer operating in attenuated total reflectance (ATR)
mode with a 4 cm™' resolution in the 4500—525 cm™ region. The
microcomputed tomography (micro-CT) characterizations were
performed with a high-resolution desktop micro-CT system, SkyScan
1272 scanner (Bruker Micro-CT, Belgium). Qualitative and
quantitative characterization of the shape, and porosity within the
gross volume of the particles were performed.”””" Also, the particles
were put into a transparent holder and scanned to study the packed
condition. The image acquisition was performed without a filter; the
pixel size was S ym, and the source voltage and current were set to 35
kV and 181 pA, respectively. A total of 900 2D X-ray projections with
the size of 1092 pixels X 1632 pixels were acquired over a sample
rotation range of 360° with a rotation step of 0.4° that took around 35
min per acquisition. The projections were then reconstructed to
obtain cross-sectional images with NRecon software (version
1.6.10.2) from Bruker. The 3D models were built from 2D images.
The porosity analysis, and interconnectivity””>® of the packed spheres
were obtained through the analysis done by using the CT Analyzer
software (v1.15.4.0) from Bruker as indicated by the manufacturer.

Specific surface area (BET method) analyzer was evaluated using a
Nova 2200e Quantachrome Instruments and the theoretical or real
density of the spheres, previously dried at 110 °C for 24 h, was
evaluated via helium pycnometry technique (Ultrapyc 1200e, V5.04).
Composite macrospheres prepared with alginate and CH were
crushed in a mortar, and the powder was used in the analysis of XRD
and FTIR while PLA-composite was evaluated in discs. Furthermore,
bioactivity and cytotoxicity screening were evaluated in vitro.

2.2.2. Bioactivity Tests. To evaluate bioactivity, macrospheres of
each composition (0.5 g) were immersed in polyethylene containers
containing S0 mL of simulated body fluid (Kokubo’s SBF) based on
ref 31. The containers were constantly agitated at 45 rpm by using an
incubator shaker (Optic Ivymen System) at a temperature of 37.5 °C.
The immersion was carried out for various durations, including 1, 7,
14, and 21 days. XRD and FTIR tests were used to evaluate the
sample surfaces as apatite precipitation after SBF treatments. Briefly,
the samples were removed from SBF, washed with water and acetone,
and finally dried at room temperature for 3 days. The macrosphere
morphological surfaces were studied by scanning electron microscopy
(SEM, Tabletop Microscope TM3030Plus, Hitachi). The super-
natants were evaluated for pH using a professional bench meter XS.
The pH measurements were collected in duplicate and expressed as a
mean.

2.2.3. In Vitro Studies. For the cytotoxicity assay, Sa0S-2 cells (a
human osteosarcoma cell line obtained from the American Type
Culture Collection, ATCC, USA) were thawed and cultured in a 75
cm? flask (Corning Inc.) using McCoy’s SA medium (Sigma-Aldrich,
# M4892). The medium was supplemented with 2.2 g/L sodium
bicarbonate (Sigma-Aldrich, # S$5761), penicillin (100 U/mL),
streptomycin (100 pg/mL) (Invitrogen, # 15140122), and 10%
fetal bovine serum (FBS) (Invitrogen, #10270106). Once the cells
reached confluence, they were counted, resuspended in fresh medium,
and plated at a density of 25 000 cells/cm? into a polystyrene 96-well
plate. The cells were allowed to adhere for 24 h before being exposed
to the extract of the evaluated compositions. Throughout the entire
cultivation period, the cells were maintained at 37 °C, in a humid
atmosphere with 5% CO, and 95% atmospheric air.

Prior to use, the macrospheres (0.2 g) were placed in closed glass
vials and taken to an oven (P Selecta) for sterilization at 120 °C for a
duration of 2 h. The extracts of macrospheres were diluted in culture
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medium by adding the samples to McCos SA culture medium at a
ratio of 100 mg/mL (sample to medium) according to the
International Standard Organization (ISO/EN 10993-S). After
incubating at 37 °C for 48 h in a humid atmosphere containing 5%
CO, and 95% of atmospheric air (CO, incubator, Sanyo), the
mixtures were filtered with a sterile syringe filter (0.22 ym, 13 mm,
Branchia), and the supernatant was collected. Serial dilutions of
extracts (50, 25, 12.5, and 6.25 mg/mL) were prepared using McCos
SA medium. The diluted extracts were used in subsequent SaOS-2 cell
culture experiments.

Following a 24 h incubation period, the culture medium was
aspirated and replaced with 100 uL of extracts. The cells were then
incubated for an additional 48 h at 37 °C, in a humid atmosphere with
5% CO, and 95% atmospheric air using a CO, incubator (Sanyo).
Culture medium without the addition of extracts was used as a
negative control (C™) and 10 uL of 10% dimethyl sulfoxide (DMSO)
was added to the medium and used as a positive control (C").

Viability/cytotoxicity was quantitatively assessed by a colorimetric
test that uses a substance that is reduced by live cells. Resazurin is a
very low cytotoxic nonfluorescent blue dye that can be used as an
indicator of cell viability. Resazurin is reduced by metabolically active
cells to resorufin, a pink fluorescent compound. The media was
aspirated and 100 uL of medium with resazurin (resazurin sodium
salt, C;,H(NNaO,, Alfa Aesar) was placed: S0% of complete culture
medium and 50% of a solution of resazurin at 0.04 mg/mL in PBS
(phosphate buffered saline). After 3 h of incubation at 37 °C, in a
humid atmosphere containing 5% CO, and 95% of atmospheric air
(CO, incubator, Sanyo) the absorbance of each well (570 and 600
nm, ELx800, Biotek Instruments) was read. The result corresponding
to each tested condition was expressed by the relative viability, the
ratio between the viability of the cells in the condition that was tested
and the viability of the cells in the negative control condition. In
addition, PLA/BG macrospheres treated in SBF, macrospheres
produced using BG after being treated in SBF, and PLA pellets and
microspheres produced without BG (MPLA) were also evaluated
regarding their cell viability). The experiments were made in
quadruplicate.

Data were reported as means and standard deviation (SD). The
differences among the groups were determined using a one-way
ANOVA with a post hoc test (Tukey). Statistical significance was set
at p < 0.0S.

The size distribution of BG 58S (MBG-Sr) and the composite
with PLA (MPLA/BG-Sr) or CH (MCH/BG-Sr) is shown in
the histogram (Figure 1). Macrospheres (diameter >1 mm)
with a more uniform size distribution (1.2—1.6 mm) were
obtained using alginate and CH. On the other hand,
macrospheres with larger size distribution were obtained
using PLA (0.8—2 mm), which may affect their release rate
of encapsulated factors and their injectability.” Commercially,
the size of BG in the form of grains varies with the function of
the application. BG grains in the 1—2 mm size range are
indicated for orthopedic, trauma, and septic surgery. Micro-
spheres (nHAp/PLGA) with approximately 250 gm exhibited
bone-repair capacity.® On the other hand, nanosized sphere
sizes result in inadequate space for tissue and vascular ingrowth
and for carrying bone forming cells.”'* In addition, typical45S$
bioactive glass products have irregular particles with a wide
range of sizes. On the other hand, new generation of products
bring spherical particles with narrow size variation, bimodal
increasing the bone formation properties of 45S5."
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Figure 1. Size distribution histogram of spheres: BG 585—Sr (MBG-
Sr) and a biocomposite with PLA (MPLA/BG-Sr) and chitosan
(MCH/BG-Sr).

Macrospheres produced by the method of alginate cross-
linking with Ca®" ions possessed irregular shapes with less
internal porosity as analyzed by Micro-CT (Figure 2). On the
other hand, the solvent removal (PLA) method and ionotropic
gelation technique (CH) resulted in a more regular shape and
hollow sphere mainly MPLA/BG-Sr.

The bulk analysis of the packed particles revealed a mean
porosity of 64.9%, 83.1%, and 71.1% and interconnectivity of
97.3%, 99.7%, and 98.3%, respectively, for MBG-Sr, MPLA/
BG-Sr, and MCH/BG-Sr samples (Table 1). These results
demonstrated that the developed macrospheres were produced
with a desirable architecture allowing the achievement of a
desirable interconnectivity when packed.

Spherical particle packing results in 100% interconnected
porosity (no small pores or blocked channels) and allows for
bone growth across the entire implant area. Due to the
spherical shape, the particles can be accurately separated into
narrow size ranges. Using specific size ranges can allow a
higher degree of control over the dissolution and ion release
profile. Small particles are reabsorbed more quickly and
generate jons more quickly than larger particles. Larger
particles are resorbed more slowly and function as a long-
term scaffold for bone formation. Thus, spherical particles can
maintain an ideal porosity for bone growth.'’

It has also been reported that solid ceramic microspheres
have higher density as compared to the culture medium, thus
producing high shear stresses on cells grown on these
microspheres in rotating bioreactors.'* On the other hand,
on hollow bioceramic microspheres the cells experienced very
low shear stresses.'* Furthermore, the macrosphere composites
combine the osteoconductivity and bioactivity of bioactive
glasses with the ease of polymer processing, which in turn are
resorbable but have poor bioactivity.

In this study, the specific surface area (BET method), pore
volume, pore diameter, and real density of the macrospheres
were investigated (Table 1). A composite with PLA (MPLA/
BG-Sr) or CH (MCH/BG-Sr) resulted in macrospheres with
lower real density as compared to MBG-Sr due to the low
density of polymers.

Figure 3 shows the XRD diffractograms (Figures 3a and b)
and FTIR spectra (Figures 3c and d) of the BG 58S—Sr and
MBG-Sr produced by the method of alginate cross-linking with
Ca®" ions before and after soaking in SBF for different testing
times. The presence of peaks indicative of apatite formation
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Figure 2. Micro-CT analysis of macrospheres: (a) BG 58S-Sr (MBG-Sr), and the biocomposite with (b) PLA (MPLA/BG-Sr) and (c) chitosan

(MCH/BG-Sr).

can be observed in the BG-Sr material used for sphere
production. This observation is consistent with the trend of
BG prepared with phosphoric acid to form calcium phosphate
phases.”’ These peaks become more pronounced upon
dissolution of BG in the gelation solution (CaCl,), which is
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rich in calcium ions. All compositions presented mainly
evidence of the formation of crystalline calcium carbonate
before and after soaking in SBF for 1, 7, 14, and 21 days.
Prior to immersion in simulated body fluid (SBF), the
dominant peak observed in the spectra (1000—1030 cm™)
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Table 1. Characterization of BG 58S-Sr (MBG-Sr) and Biocomposite with PLA (MPLA/BG-Sr) and Chitosan (MCH/BG-Sr)

for Their Properties

Properties

Overall 3D shape qualitative observation

MBG-

Sr

Irregular shape and not spherical, has a low amount of

MPLA/BG-Sr MCH/BG-Sr

Sphere with a hole Sphere with or without

porosity inside inside porosity
Gross volume of the particle (um?®) 1908 + 342 1586.9 + 362 1225 + 276
Porosity within the gross volume of the 3.5+ 17 482 + 182 13.6 + 16
particle (%)
Porosity when packed (%( 649 £ 0 831+ 0 711 £ 0
Interconnectivity when packed (%( 973+ 0 99.7 £ 0 983+ 0
Specific surface area -BET (m?*/g) 340 + 1.9 23.7 + 0.6 0
Pore volume (mL/g) 0.139 + 0 0.094 + 0 0.002
BJH pore diameter (um) 0.010 + 0 0.0079 + 0 -
Real density (g/cm®) 2.87 + 0.03 1.77 + 0.02 1.53 + 0.07
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Figure 3. (a, b) XRD patterns and (c, d) FTIR spectra of BG 58S-Sr and macrospheres MBG-Sr produced by the method of alginate cross-linking
with Ca®* ions, before and after soaking in SBF for different testing times.

corresponds to the symmetric stretching of the silicon—
oxygen—silicon (Si—O—Si) bond, indicating the presence of
bridged oxygen.”> The presence of network modifiers such as
calcium and strontium causes the disruption of the continuity
of the glassy network due to the breaking of the Si—O—Si
bonds leading to the formation of nonbridging oxygen species
(Si—O—NBO).*”** The band at 800 cm™! is attributed to the
deformation vibration of Si—O—Si bridging bonds in the SiO,
tetrahedrons, which have four oxygen atoms linked to four Si
neighbors. The Ca presence is identified due to the presence of
a peak at 950 cm™' related to Si—O—Ca bonds containing
nonbridging oxygen. The bands observed at 872 and 1460
cm™' can be attributed to the absorption of carbonate,
indicating the reactivity of gel-derived glasses with atmospheric
CO,.”"**>3° The vibration band at approximately 1055 cm™
is associated with the vibrational modes of phosphate groups
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(P—0).*”** The samples had an overlapping peak of PO,>~ at
the wavenumber of 1030 cm™ and Si—O at the wavenumber
of 980 cm ™’

After immersion in the SBF solution, the band characteristic
for Si—O bonds at 800 cm™ became more visible. The results
validated the presence of a surface layer rich in SiO,, affirming
its formation through the dissolution of the glassy network.
Additionally, there was a noticeable increase in the intensity of
the PO,*” peaks at the wavenumber 1030 cm™', thus
suggesting the development of a phase like apatite, which
can cause the weakening and finally the disappearance of the
bands attributed to Si—O—Si vibration from bioactive glass.39
Peaks at 1045 and 1090 cm™" are also assigned to the P—O
bond although masked by the broad silicate band.** XRD
analysis before soaking in SBF (Figure 4a) shows that BG-Sr is
mostly embedded in the polymer matrix since the intensity of
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Figure 4. (a, b) XRD patterns and (c, d) FTIR spectra of BG 58S-Sr and PLA, and composite macrospheres (MPLA/BG-Sr) produced by the
solvent removal method, before and after soaking in SBF for different testing times.

the characteristic peaks of BG decreases. After soaking in SBF,
the spheres MPLA/BG-Sr also present evidence of crystalline
calcium carbonate formation (Figure 4b).

Prior to soaking in SBF (Figure 4c), the samples had a
spectrum characteristic of PLA. After the SBF treatment
(Figure 4d), the intensity of the PO,’” peaks at the
wavenumber 1030 cm™' increased from 7 up to 21 days,
thus indicating the formation of the apatite-like phase. The

0,’” bands at 1046 cm™ in the spectra of the PLA/BG-Sr
microspheres immersed in SBF for 14 and 21 days were also
assigned to HA and the intensity of the P—O bands increased
with incubation time."*

XRD analysis before soaking in SBF (Figure Sa) shows that
BG-Sr is mostly embedded in the CH matrix since the intensity
of the characteristic peaks of BG decreases. After soaking in
SBF, the compositions of MCH/BG-Sr present evidence of the
formation of amorphous apatite and calcium carbonate phases
(Figure Sb).

Prior to soaking in SBF (Figure Sc), the biocomposite
macrospheres showed characteristic bands of both CH and
bioactive glass. According to the literature, some chemical
interactions between the bioactive glass and the CH ensure a
good combination between both to form the composite
macrospheres.'®

After soaking in the SBF solution (Figure 5d), the
characteristic bands of the composites are modified strongly
due to their interfacial reactions with the SBF solution. The
spectrum of biocomposite macrospheres shows a well-defined
phosphate band at 1039 cm™' after 14 days of soaking,
indicating the formation of a phase like apatite. The carbonate
bands observed at 874 cm™' are characteristic of a bending
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vibration. Moreover, the band at 1420 cm™, attributed to a
stretching vibration of the C—O bonds, is also very intense and
in agreement with the literature.'®

To assess the surface reactivity of the macrospheres, they were
immersed in a simulated body fluid (SBF). SEM analysis
showed that prior to soaking in SBF, the composite
macrospheres were predominantly coated with PLA or CH
materials. Figure 6 revealed the morphologies of MBG-Sr,
MPLA/BG-Sr, and MCH/BG-Sr, before and after being
exposed to SBF for 7 and 14 days. Following immersion in
SBF, the formation of a surface layer comprising loosely
arranged semispherical apatite particles was observed (Figure
6a). For macrospheres prepared with PLA, a dense apatite
layer film with small CaP nodules (apatite clusters) was formed
on their surface, as depicted in Figure 6b (MPLA/BG-Sr).
MPLA/BG-Sr stands out for its potential to induce the
formation of HA on its surfaces, which should stimulate its
ability to adhere to bone. On the other hand, the apatite
formation was less apparent for macrospheres prepared with
CH, as shown in Figure 6c (MCH/BG-Sr). This could be
attributed to the presence of CH polymer that may have
prevented the calcium ions dissolution, as reported else-
where.'¢

According to the literature, a loose apatite layer was
apparent after 3 days of soaking and after 7 days, a dense
apatite layer, composed of apatite particles with an obvious
crystalline morphology was formed on the surface of BG
microspheres.” After 7 days, a significant number of calcium
phosphate (CaP) nodules developed on the surface of the
PLA/BG composite microspheres. These nodules emerged
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Figure 5. (a, b) XRD patterns and (¢, d) FTIR spectra of BG 58S-Sr and chitosan (CH) and biocomposite macrospheres (MCH/BG-Sr) produced
by the ionotropic gelation technique, before and after soaking in SBF for different testing times.

either from the pores or near the openings that formed due to
solvent evaporation.'* It was proposed that the release of
silicate ions from bioactive glasses led to their adsorption onto
the surface of the organic polymer substrate, thereby initiating
apatite nucleation on the polymer surface.”® In the case of
CH/BG composite microspheres, the presence of a biologically
active hydroxycarbonate apatite (HCA) layer on their surfaces
was observed. The biocomposite based on bioactive glass and
CH polymer presented an excellent ability to form an apatite-
like layer on its surface.'® The association of CH with BG
improved the formation and crystallization of the hydrox-
yapatite layer. The porous structure of the BG/CH composite
microspheres produced by the freeze-drying method should be
responsible for the formation of a dense apatite layer. Because
of the porosity, the ionic exchanges between the microspheres
and the SBF occurred easily, thus improving their bioactivity.'®
The lack of porosity in MCH/BG-Sr (Table 1) may explain
the lower bioactivity verified for this composite.

According to the literature,” BG microspheres with 1 mm in
diameter, uniform size distribution, a loose microstructure
containing numerous micropores on their surface and the
interior were also produced by the method of combining
alginate cross-linking CaCl, with heat treatment. The Si
containing ionic products from the BG microspheres
stimulated cell proliferation.

BG/PLA microspheres (100—200 um) also present
submicrometer-size pores on their surface as revealed by
SEM analyses. The surface of microspheres was fully covered
by carbonated calcium hydroxyapatite after 2 weeks of SBF
immersion. On the other hand, PLA microspheres showed no
evidence of calcium phosphate deposition. This can indicate
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that Si released from BG is involved in the formation of the
Ca—P layer."*

In opposition to the results obtained in this work, the BG/
CH biocomposite had a microsphere porous structure with
formation of a carbonated hydroxyapatite layer on the surfaces
after 3 days of SBF immersion. The addition of CH in the glass
matrix also enhanced the cell proliferation of about 5% at 6
days after culturing.'®

The bioactivity mechanism can be elucidated by a series of
chemical reactions that take place when the bioglass is
immersed in SBF. Initially, there is a rapid exchange of
protons (H;0") from the physiological solution with modifier
cations present in the bioglass, leading to the formation of
silanol bonds (SiOH) on the surface. This process is
accompanied by the breaking of the Si—O—Si bridging linkage
and subsequent generation of surface silanol groups due to an
increase in pH. Subsequently, the surface silanols undergo
condensation and repolymerization, resulting in the formation
of a SiO,-rich surface layer. Finally, there is the formation of an
amorphous calcium phosphate layer, facilitated by the
migration of Ca,” and PO,’>” ions from both the material
and the surrounding medium toward the surface.'®***

The pH change of the SBF solution after contact with the
macrospheres is shown in Figure 7. The initial pH of SBF was
7.4. MBG-Sr macrospheres reached the highest pH values as a
function of time (~9.5) due to their dissolution process and
the direct contact with SBF. The MCH/BG-Sr composites
reached intermediate values (~9.0) because the presence of
CH retarded the dissolution of bioglass while the lowest pH
values were obtained for MPLA/BG-Sr composites (~8.0) due
to the degradation of PLA to decrease the pH of the medium.
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Figure 6. SEM images of biocomposite macrospheres: (a) BG-Sr, (b)
PLA/BG-Sr, and (c) CH/BG-Sr (1—3) before, (4—6) after 7 days,
and (7—9) after 14 days of soaking in SBF solution (X80, 1000, and
10 000).

PLA is a bioresorbable polymer composed of constitutive
repeating units with —O—CHCH;—CO— and present acidic
degradation products. Its degradation is essentially due to
chemical hydrolysis, governed by the accessibility of water to
the ester bonds of the main chain. The carboxylic and hydroxyl
groups resulting from hydrolysis generate an acidic micro-
environment within the polymeric matrix.'* According to the
literature,” the pH value reached is critical for the formation
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Figure 7. pH measurements of SBF solution after contact with
samples of BG 58S-Sr macrospheres (MBG-Sr) and biocomposite
macrospheres with PLA (MPLA/BG-Sr) and chitosan (MCH/BG-
Sr).

of hydroxyapatite and the alkaline region (7.5—8.0) is ideal for
its precipitation and crystallization. The pH increase above this
ideal region probably can explain the observation of
amorphous CaP precipitation.

3.3. Cytotoxicity Screening of BG-Sr Macrospheres

The results of the relative cell viability of SaOS-2 cells in the
presence of a different concentration of extract obtained by
contact with BG powders and macrospheres are shown in
Figure 8. The compositions, except for those prepared with
CH, showed cytotoxicity at the highest concentration of extract
(100 mg/mL). The study has shown the absence deleterious
cytotoxicity over osteoblast-like cells (SaOS-2 cells) when
contact with leachable of BG/CH composite microspheres.'®

The MCH/BG-Sr composites presented statistical differ-
ences of cell viability when compared to the control only for a
higher concentration of extract (100 mg/mL). For MBG-Sr
macrospheres, this occurred until concentration of 25 mg/mL,
and for MPLA/BG-Sr all concentrations of extract resulted in
statistical differences compared to control.

In the case of compositions prepared with PLA, significant
cell death occurred even when the most diluted extracts (25
mg/mL) were tested. In this case, increasing the pH of the
medium due to the degradation of the bioactive glass is
probably accelerating the degradation of PLA making the
medium acidic, which can promote cell toxicity.'* PLA
degradation rate might be accelerated in the alkaline
environment resulting from the reactions of bioactive glass
with the surrounding fluid. ' *** According to the literature, the
incorporation of BG powders into PLGA polymers significantly
enhanced the degradation rate of PLGA.* Due to this, glass
powders used in the preparation of MPLA/BG-Sr were
previously immersed in simulated physiological fluid for 3
days before use.'* Thus, when degradation occurred, the glass
powders reacted with body fluids and created a local alkaline
environment that neutralized the acidic pH of polymeric
degradation. This may explain why the pH reached was lower
for the PLA/BG macrospheres as compared to others (Figure
7). Moreover, the preformed HA surface layer on the
macrospheres by immersion in SBF serves to protect PLA
from degradation.'*
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Figure 8. Relative cell viability of SaOS-2 cells after contacting with (a) different concentrations of extract obtained by contact with macrospheres
(MBG-Sr) and biocomposite macrospheres (MPLA/BG-Sr, MCH/BG-Sr), and (b) with PLA/BG-Sr macrospheres treated in SBF or
macrospheres produced using BG after being treated in SBF as compared to microspheres without BG-Sr (MPLA) for 48 h.

Based on that, in this work, the cell viability was also
evaluated for MPLA/BG-Sr, which was soaked in SBF before
the assays or using macrospheres prepared with BG-Sr powder
previously treated in SBF. For both cases, the viability obtained
was high even for the highest concentration of the extract. In
addition, the viability was also high in all extract concentrations
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when only biocomposite macrospheres produced in the
absence of BG-Sr were evaluated (MPLA). This confirmed
that the observed effects on SaOS-2 cells viability may be
associated with the influence of BG on the degradation of PLA.
As recently discussed in the literature, the use of PLA for the
fabrication of microspheres in bone tissue engineering presents
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as disadvantages byproducts due to acidic degradation limiting
their application while the use of CH presents allergy risk and
low cellular interaction.”

The treatment with simulated body fluid resulted in an
apatite coating deposited on the surface of PLA microspheres
promoting their osteoconductivity and osseointegration with
the host tissues. Cells were proliferating better on PLA
microspheres that were mineralized for a longer time, which is
an indication that biomimetic mineralization may effectively
promote interaction between the cells and materials.**

In addition to material degradation, the surface properties of
microspheres such as roughness also can influence adhesion
and, consequently, cells viability. High percentage of
osteoblasts cells preferentially bind to rough surfaces instead
of polished ones.”> MPLA/BG-Sr surfaces were smoother than
those of BG-Sr and MCH/BG-Sr composites before SBF
treatment. Apatite precipitation on the MPLA/BG-Sr surface
promoted a roughness increase.

In brief, biocomposite macrospheres including different
polymers containing bioactive ceramics and Sr that can
increase their biological properties were fabricated. We expect
that this prospective work can contribute to increasing the
application of biocomposite macrospheres in bone tissue repair
applications. PLA/BG-Sr biocomposites presented a great
potential for application in bone repair and reconstruction by
combining the bioactive factors with the bioresorbable
property and low density of the polymer. In addition it is
expected that the effect of Sr incorporation can be proved in
the next in vitro and in vivo assays that will be 6performed for
the compositions studied in the present work.**’

Studies on microsphere application in the bone tissue
engineering field remain few. Currently, only ceramic-based
microsphere products are used in orthopedics and dentistry.
The clinical efficacy of polymer-based microspheres in
orthopedics remains difficult to assess because of the lack of
long-term clinical data.*

In this work, strontium-bioactive glass macrospheres were
produced by encapsulation techniques using sodium alginate,
poly(lactic acid) (PLA), and chitosan (CH) as the
encapsulating material. The MPLA/BG-Sr macrospheres
have a larger size distribution and more porosity compared
to others, MBG-Sr, and MCH/BG-Sr. Loose apatite particles
are observed on the surface of macrospheres prepared with
alginate and CH. On the other hand, a dense apatite layer is
formed on the MPLA/BG-Sr macrospheres. These composites
result in an ideal pH value for hydroxyapatite precipitation and
crystallization. In addition, the more porous structure of these
composites observed by micro-CT compared to MCH/BG-Sr
should be responsible for the formation of a dense apatite
layer. The MPLA/BG-Sr macrospheres also present a cytotoxic
effect over osteoblast cells because the PLA degradation rate is
accelerated in the alkaline environment resulting from the
reactions of bioactive glass with the surrounding fluid, which
may be responsible for the observed decrease in cells viability.
Then, the bioactive glass powder previously treated in SBF
must be incorporated into the PLA matrix to avoid its
accelerated degradation. Treatment of MPLA/BG-Sr by
immersion in SBF to precipitate a hydroxyapatite surface
layer can also be realized to protect PLA from degradation and
thus help enhancing the biocomposites cytocompatibility.
Based on our findings, the PLA/BG-Sr biocomposites have
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great potential for application in bone repair and reconstruc-
tion combining the bioactive factors of bioactive glasses and
strontium with the bioresorbable property and low density of
the polymer.
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