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Background: The purpose of this study was to physico/chemically characterize and evaluate the in 

vitro cytotoxicity/in vivo bone regeneration of two grafting materials in a rat calvaria model.

Materials and Methods: Two particulate grafting materials, Hydroxyapatite (HA)/PLGA (poly 

[L-lactide-co-glycolide]) composite (MA1) and Tricalcium Phosphate (MA2), were characterized by 

SEM, TEM, XRD (Rietveld), and FTIR. The cytotoxicity was evaluated by the ISO10993-5 method. 

Two critical defects with 5.5 mm in diameter were created bilaterally in the calvaria of 20 Wistar 

rats. One defect was filled with a grafting material, and the other was the control (C, blood clot). 

After four and eight weeks in vivo, the amount of new bone filling the defects was evaluated using 

micro-computed tomography with a slice resolution of 30 µm. Statistical analysis was performed by 

one-way ANOVA at 95% level of significance.

Results: The physico/chemical analytical tools showed that MA1 was a Si- and Mg-doped 

Hydroxyapatite/PLGA composite, and MA2 was a ß-TCP-based powder presenting ~9% Ca2P2O7 

secondary phase. Both powders were not cytotoxic up to 50% extract concentration. The new 

bone volume to total defect volume ratios at four weeks were (mean ± SD) MA1=14.8±7.9%a, 

MA2=16.1±7.2%a, and C=6.5±1.6%b. At eight weeks, the values were MA1=22.6±7.2%a, 

MA2=19.9%±4.0a, and C=7.4±5.2%b. 

Conclusion: Despite substantial compositional differences, non-signifi cant differences in the amount 

of new bone formation were observed. Both materials presented osseoconductive properties.
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INTRODUCTION
An important aspect of the human 

skeleton is its ability to regenerate itself 
as part of a repair process. However, 
depending on the size of the defect, full 
regeneration of the lost tissue may not 
occur, representing challenging scenarios 
for the reestablishment of organ form 
and function.1,2 In general, grafting pro-
cedures are necessary for improving the 
bone tissue ability to regenerate. For this 
purpose, several approaches have been  
attempted for defect filling and subse-
quent regeneration, including autogenous 
and xenogenous bone grafting and syn-
thetic biomaterials.3

Due to its high biocompatibility,  
autogenous bone taken from a second-
ary surgical site has been widely utilized.4,5 
However, its utilization has limitations 
such as supply amount and unpredict-
able healing kinetics. Also, donor site 
pain and potential post-surgical infection 
are common complications associated 
with such procedure.4 These limitations 
have stimulated the development  
of synthetic materials/matrices engi-
neered specifically for bone replacement 
applications.3,4,6

Over the last 10 years, attention has 
been devoted towards the development 
of optimized synthetic or semi-synthetic 
substitutes for autogenous bone grafting.1 
Commonly utilized grafting materials 
include allografts such as demineralized 
bone matrix particles, deproteinized can-
cellous chips, or synthetic alloplasts such as 
calcium sulfate pellets and porous calcium 
phosphate materials.3 Among alloplasts, 
calcium and phosphate-based substitutes 
have been demonstrated to have the 
ability to fill large defects while providing 
osseoconductive properties leading to 
new bone formation in large defects.2 In 
addition, Ca- and P-based alloplasts may 
be manufactured in a variety of forms, 

such as bulk ceramics, powders, and  
cements, and thereby may be engineered 
for specific applications.2

Bioceramics have been widely 
studied for orthopedic and dental  
applications due to their good biocom-
patible and osseoconductive properties. 
It has been general consensus that the 
bioactivity of bioceramics relies on their 
ability to induce hydroxyapatite (HA) 
formation in the physiologic environ-
ment.7 Commonly available resorbable 
bioceramics include hydroxyapatite and 
tricalcium phosphate powders or blends 
of different Ca- and P-based phases.2

Synthetic hydroxyapatite is a crystal-
line calcium- and phosphate-based bone 
substitute. However, because of slow in 
vivo resorption, hydroxyapatite-based 
materials have been modified by a variety 
of techniques in an attempt to better tailor 
its in vivo osseoconductive and dissolution 
properties.2 Aiming to better utilize its  
osseoconductive properties, hydroxyapa-
tite has also been used in blends (biphasic 
powders).2 Alternative approaches also 
include the incorporation of biocompat-
ible polymers on HA powder surfaces.8

Tricalcium phosphate has a faster 
dissolution rate than hydroxyapatite. The 
faster dissolution/resorption of ß-TCP 
may allow a gradual biological degrada-
tion over a period time and a progressive 
replacement by the natural host tissue.9 
Thus, ß-TCP is currently considered as an 
alternative material for bone reconstruc-
tion and is frequently used for bone repair 
in the form of ceramic blocks, granules, 
and calcium phosphate cements.10

The purpose of this study was to 
physico/chemically characterize and 
evaluate the in vitro cytotoxicity and 
the in vivo bone regeneration of a 
Hydroxyapatite/PLGA composite and a 
ß-tricalcium phosphate-based powder 
grafting material in a critical size defect.

Figure 1: Skull exposure showing where the 
defects were made.
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MATERIALS AND METHODS
A Hydroxyapatite (HA)/ PLGA 

composite particulate material– MA1 
(ReOss™, Intra-Lock, Boca Raton, FL) and 
an FDA approved beta-tricalcium phos-
phate (ß-TCP) – MA2 (SynthoGraft™, 
Bicon LLC, Boston, MA) grafting material 
with particle size suitable to maxillofacial 
applications were evaluated. The powders 
were provided by the manufacturers and 
were characterized in the as-received 
form without detailed disclosure of their 
physico/chemical characteristics.

Physico/Chemical Analysis
Powder Morphology

For particle morphology evaluation, 
the powders were separated in various 

batches and scanning electron micros-
copy (SEM, Philips XL30, Eindhoven, The 
Netherlands) was performed at various 
magnifications following standard guide-
lines for ceramic powder imaging.

Powder Chemical Assessment
Assessment of the powder bulk 

composition was performed by energy 
dispersive spectroscopy (EDS) at various 
magnifications and accelerating voltages 
at randomly selected spots.

X-ray powder diffraction patterns 
(XRD) were collected in a Rigaku dif-
fractometer (Multiflex, Tokyo, Japan), from 
5o to 110o (2θ) with step interval ∆2θ = 
0.02o, divergence slit = 1/2o and receiving 
slit = 0.3mm, step time = 8s, 40kV, 30ma 

Figure 2: (a) MA1 (Hydroxyapatite/PLGA 
composite) powder morphology; (b) MA2 
(Tricalcium Phosphate) granules morphol-
ogy; (c) MA1 surface characteristic, such as 
roughness and porosity; (d): MA2 surface 
characteristic, such as roughness and 
porosity.
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CuKa1 radiation monocromatized by 
graphite crystal. Identification of phases 
was achieved by comparing the diffrac-
tion patterns obtained to the database 
provided by ICDD.11

The Rietveld refinements were 
performed using the GSAS software 
Collaborative Computational Project 
number 14 (CCP14) in Powder and Small 
Molecule Single Crystal Diffraction.12 The 
star ting model used in the refinement 
was based on the theoretical structure in 
the Inorganic Crystal Structure Database 
(ICSD).13 The peak shapes were modeled 
using the pseudo-Voigt function. The 
background, cell parameters, preferred 
orientation, peak asymmetry, atomic po-

sitions, site occupancy factors, and global 
vibrational parameters were refined. The 
calculated and observed patterns were 
fitted by least squares method until a 
minimum was reached. The integrated 
intensities and the peak heights were 
related to a scale factor. The fraction 
of each phase was determined by the 
equation:

W
i = Si (ZMV)i / ∑ [ Sj (ZMVj) ] (1)

Where: Wi = weight fraction of the 
phase p; S = scale factor ; Z = number of 
formulas units per unit cell; M = mass of 
the formula unit; and V = unit cell volume.

Fourier-transform infrared spectros-

Figure 3 (Top): (a) EDS spectrum of MA1 
(Hydroxyapatite/PLGA composite), and 
(b) EDS spectrum of MA2 (Tricalcium 
Phosphate).

Figure 4 (Bottom): (a) Rietveld refinement 
of the MA1 (Hydroxyapatite/PLGA compos-
ite) powder XRD spectrum and refinement 
plot results 20o to 40o 2θ spectrum showing 
HA peaks with broad base, typically found in  
non-sintered powder samples. (b) MA2 
(Tricalcium Phosphate) Rietveld refinement 
plot results for the phases ß- Ca

3(PO4)2 
and ß-Ca2P2O7, and refinement plot results 
between 25° and 35° 2θ.
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copy Magna-IR 550 Spectrometer Series 
II (Nicolet, Madison, WI, USA) equipped 
with reflectance attachment was used to 
determine chemical groups and crystallin-
ity and further confirm XRD results. The 
spectra were collected at room tempera-
ture at a nominal resolution of 4.00 and 
number of sample scans equal to 1,000. 
The FTIR spectra were recorded in the 
400–4,000 cm-1 range using specular 
reflection.

Cytotoxicity In Vitro Test
The cytotoxicity test was carried 

out in order to detect toxicity levels of 
the as-received MA1 and MA2 powders. 
The employed cell line was based on the 
International Standards Organization ISO 
10993-5 guidelines. A monolayer of cell 
culture of Chinese hamster ovary cells 
(CHO-K1 from American Type Culture 
Collection, ATCC) in log phase was 
harvested by trypsinization. The cell sus-
pension was centrifuged and the pellets 
were resuspended in RPMI medium after 
thorough washing with sterile PBS.

One gram of each sterilized powder 
material was poured into 10ml glass flasks. 

Figure 5 (Top): (a) FTIR spectrum for MA1 
(Hydroxyapatite/PLGA composite) show-
ing bands originating from HA, alpha-TCP 
phases, and PLGA component. (b) FTIR 
spectrum of as-received MA2 (Tricalcium 
Phosphate) showing bands originating from 
HPO

4
-2, H2O, PO4

-3, and P2O7
-4.

Figure 6 (Bottom): In vitro cytotoxic-
ity assay employing cell culture based 
on the ISO 10993-5 guidelines. (a) MA1 
(Hydroxyapatite/PLGA composite) cell 
viability level > 50% at 100% extract con-
centration. (b) MA2 (Tricalcium Phosphate) 
cell viability level > 50% at 100% extract 
concentration.
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Four milliliters of RPMI-FCS (RPMI 1640, 
containing 10% fetal calf solution and 1% 
penicillin/streptomycin solution) culture 
medium was added and incubated for 48 
h at 37°C under a 5% CO2 humidified 
atmosphere. The supernatant was filtered 
through a membrane (Millipore®, Barueri, 
SP, Brazil), and serial dilutions (100, 50, 25, 
12.5 and 6.25 vol%) were made from the 

extract. Dilutions were also performed 
for the negative and positive mate-
rial controls, which were sterile alumina 
ceramic and 0.02 vol% phenol solutions, 
respectively. All concentrations were 
tested in quadruplicate.

A 96-well tissue culture microtiter 
plate was prepared by pipetting 50 µL 
of the serial dilutions of each extract. 
The plate was brought to equilibrium at 
37°C in a humidified atmosphere under 
5% CO2 while the cells were harvested 
for assay. Subsequently, 50 µL of the cell 
suspension (~3,000 cells) was dispensed 
into each well. The resulting volume in 
each well was 100 µL. Control columns 
of four wells were prepared with medium 
without cells (blank) and medium plus 
cells without extract (100% survival). The 

microplate was then incubated under a 
5% CO2 humidified atmosphere. After 
72 h, 20 µl of a mixture (20:l) of 0.2% 
a supravital dye tetrazolium compound 
(MTS) and 0.09% of electron coupling 
reagent phenazine methosulfate (PMS) in 
PBS were added to the test wells. These 
were allowed to react for 2 h. The cyto-
toxicity test performed was based on the 
quantitative assessment of surviving viable 
cells upon exposure to a toxic agent, by 
incubation with the MTS compound and 
an electron coupling reagent PMS.

The MTS was bioreduced by cells 
into a formazan product that is soluble in 
cell culture medium. Following the release 
of this product, colorimetric analysis of 
the incorporated dye was performed. 
Incorporate dye was measured by 
reading the absorbance at 490 nm in a 
spectrophotometric microplate reader 
against a blank column.

In Vivo Experiment
Animals

Twenty male Wistar rats, aged 100 
days with approximately 350g body mass, 
were used. The animals were kept in plas-
tic cages, maintained under a 12 h light 
cycle (40 lux) per day and fed ad libitum 
with sterile water and food. The surgical 
protocol was approved by the Animal 
Care Committee of the University of São 
Paulo, São Paulo, Brazil. The animals were 
maintained at the IPEN animal facility.

Surgical Procedures
Two critical defects with 5.5 mm in 

diameter were created bilaterally in the 
calvaria (Fig. 1) and were allowed to heal 
for periods of four and eight weeks. One 
defect was filled with one of the grafting 
materials and the other was the control 
(C, blood clot, Table 1).

All animals were submitted to cal-
varia surgery under general anesthesia. 

Figure 7: µCT 3D reconstruction after four 
weeks of healing: (a) MA1 (Hydroxyapatite/
PLGA composite), (b) MA2 (Tricalcium 
Phosphate), (c) Control; and after eight 
weeks of healing: (d) MA1 (Hydroxyapatite/
PLGA composite), (e) MA2 (Tricalcium 
Phosphate), (f) Control.
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For sedation and muscle relaxation, 
each animal received an intraperitoneal 
injection (2-2-xylidine)-5,6-dyhidro-4H-1, 
3-thyazyn chlorate (Rompum, Bayer, São 
Paulo, SP, Brazil) (5.0mg/kg). For general 
anesthesia, ketamine (Ketamina®, Agener, 
União Química Framacêutica Nacional SA, 
São Paulo, SP, Brazil) (60mg/Kg) in propor-
tion 2:1 was administered. Throughout the 
surgical procedure, the animals were main-
tained at deep anesthesia for 40 minutes. 
Prior to shaving by a surgical blade, the 
frontoparietal region was scrubbed with 
povidone iodine 10% in aqueous solution 
with 1% of active iodine (PVPI).

A 15 mm long mid-sagital full-thickness 
incision was made with a #15 surgical 
blade to expose the skull. The skin, mus-
cles, and periosteum were reflected to 
expose the parietal bones. By means of a 
surgical trephine bur of 5.5 mm diameter, 
a perforation crossing the parietal’s bone 
entire diploe exposed the dura mater at 
the bottom of the defect under constant 
irrigation with sterile saline solution  
(Fig. 1). The defect was filled with the grafting 
materials according to Table 1. The control  
defect was allowed to fill with blood clot. 
The tissues were closed in layers with 4-0 
Dexon sutures (Ethicon, Sommerville, 
NJ, USA), and 4-0 vicryl sutures  
(Hu-Friedy, Chicago, IL, USA).

After four and eight weeks post-surgery, 
euthanasia was performed with CO

2  
inhalation for 10 minutes. After euthanasia, 
the crania were carefully dissected free 
of soft tissue and the skullcaps were col-
lected and fixed in 4% buffered formalin 
for 24 hours. After fixation, the samples 
remained in 70% ethanol.

Micro Computed Tomography
The amount of bone filling the defects 

was examined using micro computed 
tomography (µCT 40, Scanco Medical, 
Basserdorf, Germany) with a slice resolu-

tion of 30 µm. Five hundred and seven 
µCT slices were imaged at the skull caps 
at an X-ray energy level of 70 kVp, and a 
current of 114 µA. Integration time was 
150 ms with a total scanning time of 19.8 
min (78mAs). The 3D construction of the 
calvaria bone was made using a template 
restricted to the defect margins.

Statistical Analysis
Statistical analysis was performed 

by one-way ANOVA at 95% level of sig-
nificance and multiple comparisons were 
performed by Tukey’s post-hoc.

RESULTS
Physico/Chemical Analysis
Powder Morphology

Irregular powder morphology was 
observed for the MA1 (Figs. 2a and 
2c). Figures 2b and 2d depict the  
irregular morphology for the MA2 particles. 
Intragranular porosity could be observed  
at the ceramic bulk for the MA2 powder, 
revealing that the granules were subjected 
to a sinterization process or a thermal 
treatment and were subsequently milled to 
the final powder form. Other observations 

Figure 8: Mean bone fill percentages in 
5.5 mm parietal defect filled with MA1 
(Hydroxyapatite/PLGA composite), MA2 
(Tricalcium Phosphate), and blood cloth. 
(a) After four weeks of healing. (b) After 
eight weeks of healing and (c) means ± 
standard deviations for the different in vivo 
groups (1 – ReOss 4W; 2 – SynthoGraft 
4W; 3 – Control 4W; 4 – ReOss 8W; 5 
– SynthoGraft 8W; 6 – Control – 8W).
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included a range of particle size for both 
powders and particle porous morphology.

Powder Chemical Assessment
Within the EDS interaction/detection 

volume, the spectrum showed that both 
powders were initially free of contamina-
tion. The MA1 EDS spectrum showed the 
presence of Ca, P, Si, and Mg (Fig. 3a), while 
the MA2 spectrum showed only calcium 
and phosphorous peaks (Fig. 3b).

The XRD results for both powders 
showed peaks related to biocompatible 
Ca- and P-based phases. The XRD spec-
tra presented in Figure 4a showed the 
absence of phases secondary to HA for 
the MA1 powder. During the refinement 
for the MA1 sample, the background 
was defined manually since the data was  
collected without a pattern and the 
amorphous percentage obtained was 
high for polynomial definition. However, 
further spectrum refinement was difficult 
due to the high background resulting from 
the polymeric organic content. Further 
investigation of the spectrum at the  
region ranging from 20o to 40o 2θ (Fig. 4a) 

showed that the peaks presented a broad 
base compared to dense, sintered, crys-
talline HA (Fig. 4a).

For the ß-TCP, the final Rietveld plot 
presented in Figure 4b displayed reason-
able agreement between the structural 
model and the raw data. In general, the 
X-ray patterns collected for calcium 
phosphates have a great number of  
superimposed peaks. The Rietveld method 
resolved the peaks for the quantitative 
analysis even for low phase’s percent-
ages. Figure 4b depicts the most intense 
Bragg reflection for ß-Ca2P2O7, according 
to ICDD data base 9-346, which was 
identified, and the quantitative analysis 
for this phase could be determined at 
approximately 9% (Table 2).

The infrared spectra further confirmed 
the XRD findings for both powders, 
and are presented in Figure 5. The FTIR 
spectrum of MA1 (Fig. 5a) showed 
bands characteristic of HA and one 
minor ß-TCP band, along with bands  
related to the PLGA polymer.  The various 
bands chemical groups are presented as fol-
lows: Band (in cm-1), 3572 – OH-HA; 2998 

– C-H-CH3; 2883 – C-H-CH2; 1400 – CO3 
-Carbonate, minor; 1187 – C-O; 1087 – v3 
PO4; 1039 – Si-O-Si or 1040 – PO4; 960 
– v1 PO4; 601 – v4 PO4; and 563 – a-TCP.

For the MA2 powder, the absence 
of 460 and 740 cm-1 bands and of an 
isolated band approximately at 600 cm-1 
characteristic of the a-TCP confirmed 
the XRD and Rietveld refinement findings. 
A characteristic of this calcium phosphate 
is a wide band from 900 to 1,200 cm-1.30 
The band at 1,650 cm-1 was assigned to 
adsorbed H2O. The absorption bands at 
1,092; 1,044; 1,036; 960; 602; 573; and 
475 cm-1 were assigned to the vibration 
in the PO4

3- group. The presence of a 
peak at 725 cm-1 is characteristic of the 
symmetric mode v(P-O-P) P2O7

-4. The 
characteristic peak at 1,211 cm-1 refers to 
the non degenerate flat deformation of 
hydrogen in groups: 3OPO-H----O-PO3, 
common in HPO4

-2 ions. This is related 
to the water molecule interaction in the 
crystalline net (Fig. 5b).

Cytotoxicity In Vitro Test
The cytotoxicity evaluation data obtained 

for the different extract concentrations of the 
powders, negative and positive, material con-
trols is presented in Figure 6. These values are 
related to the cell viability at different extract 
concentrations.

The index of cytotoxicity (IC50(%)) is 
the concentration of the extract neces-
sary to kill half of the cell population. The 
negative control (alumina) did not exhibit 
any cytotoxicity effect (IC(50%) ~100). In 
contrast, the positive control (phenol 
solution 0.02 vol %) demonstrated high 
cytotoxicity levels (IC(50%) ~0). The pow-
ders tested did not show any cytotoxicity 
effect up to 50% extract concentration, 
where its IC(50%) presented comparable 
values relative to the negative control.   
At 100% extract concentration the IC(50%)  
decreased to ~65 for both materials. 

TABLE 1: MATERIALS AND SURGICAL GROUPS DIVISION

Groups N Description

MA1-4 Weeks 5

5 MA1*

5 Control (Blood Clot)

MA2-4 Weeks 5

5 MA2**

5 Control (Blood Clot)

MA1-4 Weeks 5

5 MA1

5 Control (Blood Clot)

MA2-4 Weeks 5

5 MA2

5 Control (Blood Clot)

Legend: * MA1 – Hydroxyapatite PLGA composite / ** MA2 – Tricalcium Phosphate
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In Vivo Results
The in vivo results showed that both 

powder materials were biocompatible, 
osseoconductive, and presented the abil-
ity to provide physical support for bone 
in-growth for the implantation times 
investigated. Qualitative analysis showed 
that newly formed bone was in continu-
ity with the host cortical and trabecular 
bone structure for both materials and 
times in vivo. 

After four weeks of healing, MA1 
and MA2 presented bone formation 
located primarily at the central region 
and the margins of the defect (Figs. 7a 
and 7b). After eight weeks, both materials 
presented higher amounts of bone re-
generation throughout the critical defect 
(Figs. 7d and 7e). As observed at the 3D 
reconstructions, the materials appeared 
to act as bridges for the bone formation.

The new bone volume to total 
defect volume ratios at four weeks 
were (mean ± SD) MA1=14.8 ± 7.9%a, 

MA2=16.1 ± 7.2%a, and Control=6.5 ± 
1.6%b. At eight weeks, increased values 
were observed for both materials, 
MA1=22.6 ±7.2%a, MA2=19.9% ± 4.0a, 
and Control=7.43±5.23%b (experimental 
groups non significant compared to four 
weeks, Fig. 8).

DISCUSSION
In agreement with previous stud-

ies testing HA/PLGA composite and  
TCP-based particulate materials, the in 
vitro and in vivo results obtained for both 
powders supported their biocompatible 
and osseoconductive physico/chemical 
properties suitable for bone regenera-
tion.14-17 The series of physico/chemical 
analytical results, which showed powders 
of Ca- and P- based composition of 
crystalline phases (primarily HA-based 
and ß-TCP-based) known to present 
bioactive properties without non bio-
compatible contaminants, supported the 
favorable results obtained in the in vitro 

cytotoxicity assessment and in vivo new 
bone formation.

The particle morphologies observed 
for both powders were representative 
of powder shapes and size range utilized 
for maxillofacial bone regeneration.8  The 
irregular shapes observed for MA1 and 
MA2 provided both materials packability 
on the critical defects created in the rats’ 
skulls. However, due to the presence 
of the polymer component in MA1, its 
placement, shaping, and initial stability was 
more easily achieved.

Although both ß-TCP and HA 
powders are considered suitable materi-
als for bone regeneration procedures,9,10 
the optimal powder composition and 
morphology that will render rapid bone 
formation in tandem with a gradual tem-
poral dissolution of the powder material 
for varied applications has been a source 
of speculation for a number of years.18,19

According to the literature,14,20,21 
due to its primary composition, the MA2 

TABLE 2: RIETVELD REFINEMENT RESULTS FOR HYDROXYAPATITE/PLGA
COMPOSITE AND TRICALCIUM PHOSPHATE SAMPLES

Sample MA1-Hydroxyapatite HA MA-2 Tricalcium 
Phosphate ß-TCP

ß-Ca2P2O7

a (Å) 9.437±0.000 10.425±0.000 6.689±0.000

b (Å) 9.437±0.000 10.425±0.000 6.689±0.000

c (Å) 6.879±0.000 37.414±0.009 24.152±0.036

V(Å3) 530.80(1) 3521.4±0.2 1080.6±0.2

d(g.cm3) 3.150 3.130 3.125

*RWP 7.31 11.93 11.93

*S 1,82 1,51 1,51

*RB 12,36 5.40 5.50

% mass 100.0 91.04±0.69 8.96±0.86

*R and S indexes are defined in Young & Wiles35
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powder will present a substantially higher 
dissolution rate compared to MA1. In 
addition to the higher dissolution rate 
compared to pure crystalline HA pow-
ders, the presence of approximately 9% 
of a secondary phase on MA2 will further 
accelerate its initial powder dissolution.15

When considering the possible 
routes for ß-TCP synthesis:

2 CaHPO42 H2O + Ca10 (PO4)6(OH)2 
==> 2 Ca3 (PO4 )2 +2 Ca2P2O7  + 2 
CaO+ 6 H2O or Ca10-x (HPO4)x (PO4)6-x 
(OH)2-x (Ca/P=1,50) ==> 2 Ca3 (PO4 
)2 + Ca2P2O7  + CaO + H2O, the pres-
ence of a low percentage of Ca2P2O7 is 
expected.22

While there are concerns regarding 
the presence of Ca2P2O7 resulting in a 
dissolution rate that is too fast for bone 
formation while maintaining appropriate 
physical integrity,22 it has been speculated 
that the rapid release of Ca and P at the 
material surface may be beneficial for 
the early stages of wound healing.22 The 
potential benefits may arise from the 
large availability of bioactive elements at 
the material for surface biomineralization 
and the stimulation of osteoclasts, and 
the potential phenotypic differentiation 
of the osteogenic cells.22

On the other hand, it has also 
been demonstrated that HA powders 
will present a dissolution rate that may 
be too slow for total powder material  
resorption to occur, possibly resulting in 
the presence of HA particles for extended 
periods of time after implantation.23 For 
this purpose, modifications such as the 
interplay between its macro and micro 
porosity, blending HA powder with other 
Ca- and P-based phases of faster dissolu-
tion, elemental chemistry alteration, and 
application of polymeric materials have 
been attempted.24,25

Compared to ß-TCP, slower dissolu-
tion and bone remodeling is expected 

to occur for the MA1 powder. However, 
unlike commonly observed HA powders 
utilized for maxillofacial purposes, the Si 
and Mg content along with the presence of 
a PLGA in formulation of MA1 may result 
in significantly different in vivo behavior  
compared to a pure crystalline HA 
powder. Si and Mg are known to occupy 
the different sites of the HA lattice, and 
in reduced quantities have been shown 
to increase bioactive ceramics’ osseocon-
ductive properties25 without substantially 
altering their dissolution behavior. On the 
other hand, the presence of PLGA, which 
is a blend of polylactic acid (PLA) and 
polyglycolic acid (PGA), will dynamically 
change the initial healing kinetics around 
the grafted material.26,27

The final products of the biopolymers 
degradation may positively affect the 
host to biomaterial temporal response. 
Immediately following implantation, 
the dissolution of biopolymers such 
as PLGA will generate the hydrolytic  
release of acids related to the citric acid 
cycle. After the hydrolysis, the degradation 
follows an oxidation process, transforming 
PLA in lactic acid and PGA in glycine and 
pyruvic acid. In the presence of acetyl CoA, 
CO2 is released and decomposition of PLA 
and PGA subproducts to citrate occurs. The 
citrate is then incorporated at the citric acid 
cycle, resulting in CO2 and H2O, which can 
be excreted by urine and/or by the lungs.27,28 
Thus, through the course of the biopolymer 
degradation, the acidic environment gener-
ated during the degradation of the PLGA 
content may increase the amount of Ca and 
P released from the HA particles, possibly 
resulting in an auto-catalytic path as the 
MA1 particles are dissolved, exposing more 
PLGA from the particle microstructure. 

The citotoxicity assay showed 
slight cytotoxic levels for both materials 
after the extract concentration increase. 
However, such slight in vitro cytotoxic at 

high extract concentrate values did not 
result in adverse effects at the tissue level 
since bone regeneration was observed for 
both materials in the rat calvaria model.

Over the last few years, µCT has been 
used to quantitatively investigate the 3D 
trabecular bone structure in physiological 
or pathological environment.29 In several 
studies, µCT results highly correlated to 
those obtained with conventional histol-
ogy for imaging and quantification of tra-
becular bone structure on human bone 
biopsies and animal trabecular bone.30,31

Although the temporal amount of 
newly formed bone was not significantly 
different among and between the materi-
als observed, the spatial distribution of 
newly formed bone between groups 
was similar showing that, despite physico/
chemical differences, both materials were 
biocompatible and osseoconductive.18,19 
Also, a temporal increase in the amount 
of bone in the critical defects increased 
for both materials.

At four weeks implantation time, 
higher amounts of bone formation were 
observed for MA2 compared to MA1, 
whereas at eight weeks, higher amounts 
were observed for MA1, although no 
significant differences in the amounts of 
bone formation were observed at both 
times in vivo. We speculate that the result 
obtained at four weeks was due to the 
higher dissolution properties presented 
by the ß-TCP-based powder along with 
the more intense initial inflammatory 
process due to the MA1 biopolymeric 
component which possibly resulted in 
a foreign body reaction inflammatory 
response.32,33 However, while the µCT 
imaging provided insight concerning the 
critical size defect healing between MA1 
and MA2, future studies evaluating the 
temporal tissue and cellular level events 
during wound healing through histology 
are recommended.
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CONCLUSION
This study comprised the character-

ization, and the in vitro and in vivo bio-
compatibility evaluation of a hydroxyapa-
tite/PLGA composite and a ß-TCP bone 
grafting particulate materials. Despite 
the substantial compositional differences 
determined by the physico/chemical char-
acterization, non-significant differences in 
the amount of new bone formation were 
observed between materials. 
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