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A B S T R A C T

We described a method to produce an injectable bone substitute consisting of a solid and liquid phase, this solid
was formed using the coacervation method consisting of a mixture of Hydroxyapatite (HAp) and beta-Tricalcium
Phosphate (β-TCP) which the sodium alginate - precursor - was removed during sinterization. The biphasic cal-
cium phosphate microspheres had varying size distributions depending on the flow rate and these microspheres
were mixed with a polymeric solution, chitosan and polyethylene glycol, and depending on the ratio of these
phases, the injectability results varied. Nonetheless, the force required for complete removal will not disrupt the
accuracy of injection into the bone defect while the biomaterial exhibited no cytotoxicity with promising results
from in vivo using tibia bone defect in rabbits at 30 and 60 days whereas bone repair was more intense and ac-
centuated with the usage of the biomaterial, and was gradually absorbed during the evaluated periods.

1. Introduction

Alternative strategies have been developed for a faster regenera-
tion without the drawbacks that usually occurs within long term im-
plants (Cordova et al., 2014), while also owning osteostimulation and
biodegradation; therefore, bioceramics are considered as an agreeable
candidate (Canillas, Pena, de Aza, & Rodríguez, 2017; Kokubo,
2008). Certain bioceramics containing calcium phosphate have its struc-
ture and chemistry similar to the minerals of the native bone, be-
sides having good biocompatibility and osteoconductivity (Kraal et
al., 2008); such as hydroxyapatite (HAp) and beta-tricalcium phos-
phate (β-TCP) (Rangavittal, Landa‐Canovas, Gonzalez‐Calbet, &
Vallet‐Regí, 2000).

However, hydroxyapatite is brittle when in porous form with weak
bioactivity to induce osteogenesis and angiogenesis (Nam, Bae, Moon,
& Kang, 2006); also, β-TCP is more unstable and more susceptible to
degradation than hydroxyapatite (Wang, Pan et al., 2019). Nonethe-
less, the mixture of this two compounds labelled as biphasic calcium
phosphate (BCP) is widely used in bone tissue engineering due

to unique characteristics (Lee, Makkar, Paul, & Lee, 2017; Legeros,
Lin, Rohanizadeh, Mijares, & Legeros, 2003). Implants containing
biphasic calcium phosphate have been shown to increase bone regener-
ation due to its porosity being similar to the osteon cells, allowing cells
to attach, migrate and proliferate easier in the affected site (Abueva,
Jang, Padalhin, & Lee, 2017).

Current research has been focused on reducing the invasiveness
when materials are implanted into the wound site, such as the usage
of microsphere granules that can be added into irregular bone defects
(Thangavelu et al., 2019). However, regardless of the ceramic used as
implant material, they are considered to be difficult to work with due to
their low weight and repulsive nature which hinders their performance
in clinical applications (Taz et al., 2019). Furthermore, porosity from
closely packed dried calcium phosphate microspheres is very low (Lal &
Sun, 2004). Therefore, a solution to this is to mix with a material that
can hold the spheres together by cohesive force while also able to help
the bone formation at the defect site.

Within these strategies, stands out the usage of polymeric solutions
to produce a slurry that suspends these microspheres calcium phos
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phates for an easily injectable material - injectable bone substitute (IBS)
(Daculsi, 1998). IBS has been used to minimally invasive surgery while
also owning excellent physicochemical properties, they can also stuff
complex-shaped cavities from bones when injected, lowering the risk of
infection and ability to repair and regenerate bone tissue successfully
(Thai & Lee, 2010).

Particularly, the usage of chitosan for bone regeneration is one of the
most studied materials proving to promote bone growth (Di Martino,
Sittinger, & Risbud, 2005) through increased osteoblast deposition
on mineral rich matrixes. Likewise, chitosan has weak mechanical prop-
erties and quick degradation (Li, Zhang, & Zhang, 2018); therefore,
studies of chitosan with calcium phosphate shows an enhance to the me-
chanical strength of the inorganic phase, reduces the degradation rate
and enhance the regeneration when used as a scaffold for bone regener-
ation applications (Saravanan, Vimalraj, Thanikaivelan, Banudevi,
& Manivasagam, 2019).

Despite the fact that it is possible to obtain IBS with in-situ hardening
(Jahan, Mekhail, & Tabrizian, 2019; Moreira, Carvalho, Mansur,
& Pereira, 2016); they are still considered to be insufficient for pro-
viding support for bone regeneration (Hasan et al., 2019). Nonethe-
less, the usage of soft scaffolds for endochondral ossification – occurring
during healing of fractured long bones – can help mimic the microenvi-
ronment of osteogenic cells and exhibit promotion of bone regeneration
compared to monolithic materials (Pon-On et al., 2016).

An injectable scaffold composed of an inorganic and organic phase
presents advantages when compared to bone grafts or pre-formed scaf-
folds such as the ability of the injectable scaffold to flow and fill the
bone cavity or defect. In opposition, while using the other type of scaf-
folds, the surgeon has to shape the material or carve the tissue so the
graft can fit the surgical site. These procedures typically require more
surgery time and can causa additional trauma with increased risk of in-
fection (Bencherif et al., 2012). Our group recently investigated the
injectability properties of a polymeric solution containing chitosan with
polyethylene glycol, which exhibits unique features that can act as a car-
rier for bioceramics (Lima et al., 2018). However, the bone regener-
ation capability of this injectable material containing a liquid phase of
chitosan with polyethylene glycol must be investigated when a bioce-
ramic, solid phase, is presented. Consequently, this work studies the bi-
ological and characteristic properties of an IBS consisting of a solid and
liquid phase for bone regeneration in rabbit tibial defect model.

2. Materials and methods

2.1. Fabrication of the injectable bone substitute (IBS)

The injectable bone substitute in this work is composed of a mixture
of two phases was used – a mixture of liquid and a solid phase.

2.1.1. Production of β-TCP
To obtain β-TCP (Ca3(PO4)2) it follows the procedure from (Barbosa

et al., 2020) with slightly modifications; 100 g of tribasic calcium phos-
phate (Ca5(PO4)3OH) (Synth) was added in 200 ml of distilled water and
homogenized in a mechanical stirrer. After homogenization, 5.3 ml of
85 % phosphoric acid (H3PO4) (Synth) was added, slowly under me-
chanical stirring for 20 min. Subsequently, the mixture was poured into
a glass refractory and oven dried at 80 °C for 24 h. After 24 h, the ce-
ramic material was ground with the aid of a sifted mortar, placed in an
alumina capsule and baked at 1000 °C for 2 hs.

2.1.2. Solid phase production (BCP - Biphasic Calcium Phosphate
microspheres)

For the solid phase of the IBS, the biphasic CaPs granules were
formed from a mixture of 25 % HAp and 75 % β-TCP. An aqueous
slurry was prepared using mechanical stirring, with paddle blades, at
500 rpm for 24 h. The aqueous slurry was composed of 343.125 g fi

nal solution containing 300 ml of distilled water, 5.25 g of sodium algi-
nate (Vetec, Brazil), 9.375 g of HAp (Sigma-Aldritch, Brazil), 28.125 g
of β-TCP and 0.375 µl of a dispersant based on ammonium methacry-
late (LIOSPERSE® 511, Miracema- Nuodex, Brazil). The paste was in-
troduced into a syringe with 18.8 mm internal diameter connected to a
hose of 3 mm diameter and 20 cm long, having at the end a two-fluid
atomizing nozzle. The flow rate of the paste was adjusted in three vari-
ations (50 mL/h, 70 mL/h and 90 mL/h). The aqueous slurry was atom-
ized by a 0.6 mm diameter nozzle with a fixed pressure of 0.4 bar above
a vessel containing 0.1 M of calcium chloride solution to coagulate the
alginate present in the droplets. Afterwards, the spheres were filtered
and dried at room temperature, 25.0 ± 2 °C, for 24 h (Fig. 1.1-6 and
A).

After drying all spheres, they were sintered in the same batch for
a period of 2 h at 900 °C with a heating rate of 5 °C/min in order to
degrade and remove the sodium alginate and the dispersant while also
able to form a stable, porous structure consisting of calcium phosphate.
The temperature of 900 °C was optimized from prior tests as it can com-
pletely remove the sodium alginate during sinterization and it is also the
beginning of the densification process, that starts from 900 °C and goes
below 1125 °C, whereas higher temperature leads to phase transforma-
tion of β-TCP to α-TCP.

2.1.3. Liquid phase production (chitosan + PEG400)
The liquid phase in the form of a hydrogel composed of chitosan

(CHI) and polyethylene glycol (PEG400) was produced following the
methodology of our previous work (Lima et al., 2018). Briefly, chi-
tosan (Medium Molecular Weight, Sigma-Aldrich, degree of deacetyla-
tion = 85 %, Molecular Weight = 260 kDa) was dissolved in acetic acid
1.5 % wt following addition of PEG400 (Sigma-Aldrich) 7.5 % wt. by
mechanically stirring, using paddle blades at 500 rpm at 25.0 ± 2 °C
until complete solubilization (visual disappearance of chitosan particles)
(Fig. 1.b) and the final chitosan solution pH was 4.98.

2.1.4. Injectable bone substitute formation (IBS)
Mixing of the phases was carried out by mechanically stirring, while

the proportion of the phases for the IBS was investigated at various ra-
tios; which ranged from 0.8 g to 1.0 g / g; i.e., 0.8–1.0 g of liquid phase
(continuous phase) was added to 1 g of solid phase. Two sets of solid
phases were also used (70 ml/h and 90 ml/h) for the formation of the
IBS. Therefore, the nomenclature for the samples is S1C1, consisting of
1 g solid phase +1 g continuous phase or S1C0.8 consisting 1 g solid
phase +0.8 g of continuous phase which would be accompanied by the
flow rate used. Mixture from the two phases resulted in a putty-like con-
sistency – mouldable and homogeneous. The final IBS sample was added
to a syringe to facilitate its application (Fig. 1.c) with its pH at 5.5.

2.2. Injectable bone substitute (IBS) characterisation

2.2.1. X ray diffraction (XRD)
X-ray diffraction analysis were conducted at 25.0 ± 2 °C using a

Shimadzu XRD 7000 X-ray diffractometer with copper Kα radiation
(1.5418 Å), 40 kV voltage and 30 mA current, examined with a 2θ in-
terval of 10, 0 and 60.0 degrees at a speed of 2θ / min. The diffraction
graphs were identified by referring to JCPDS card files and refining of
the spectra was performed with the help of X'Pert HighScore Plus soft-
ware.

2.2.2. Morphology and particle size
The samples were morphologically characterized by Scanning Elec-

tron Microscope using two types of equipment, Phenom Pro X (Thermo
Fisher Scientific, Massachusetts, USA) model to characterize the BCP
microspheres, while FE-SEM S-4700 (HITACHI, Tokyo, Japan) to char
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Fig. 1. Injectable bone substitute process apparatus: 1- Aqueous slurry preparation; 2 – Syringe pump; 3 – Air compressor; 4 – Two fluid nozzle; 5- Coacervation Bath; 6 – Sintering
Furnace; 7 – Liquid phase preparation; 8 – Final phases mixing into the injectable bone substitute. A) Biphasic ceramic microspheres; B) Chitosan Liquid Phase; C) Final IBS aspect.

acterize the samples of in vivo biological tests. For the particle size analy-
sis of the material, direct measurements of the micrographs were made
using ImageJ and for each sample, 100 measurements were performed
from different micrographs.

2.2.3. Rheological measurements
Viscosity and torque measurements were made on IBS formulations

using a Brookfield viscometer (RV + model, Brookfield Engineering
Laboratories Inc., MA, USA) at temperature of 25 ± 1 °C with nine spin-
dle speeds (50, 60, 70, 75, 80, 90, 100, 105, 120,135, 140, 150, 160,
180, 200 rpms). Spindle no: seven was used to get all readings within a
torque range of 15–80% which resulted in different shear rates depend-
ing on the rotation speed. The temperature was maintained using a ther-
mostatically controlled water bath. Torque values were taken and a rest
period of 30 s was used between each spindle speed and all experiments
were replicated three times. Average shear stress and shear rates were
calculated by the method of Mitschka (Mitschka, 1982) and the exper-
imental results were modeled using the Ostwald-de-Waelle (power law)
Eq. 1.

(1)

Where, is the apparent viscosity (Pa.s), K is the consistency index
(Pa.sn), is the shear rate (s−1) and n is the flow behavior index.

2.2.4. Injectability
The force required to remove IBS from a syringe was determined us-

ing an Instron 3366 Universal Mechanical Testing Machine using the
methodology developed by (Lima et al., 2018). Briefly, the tests were
performed on all sample’s conditions using compression mode with

a crosshead speed of 20 mm/min and travel set to 20 mm with a 500 N
load cell. The time and load required to empty the syringe were
recorded. Theoretical calculations were performed using the Eq. 2 de-
veloped by (Lima et al., 2018)

(2)

Where, F is the injectability force, D is the syringe tip diameter, L is the
length of the syringe, V is the withdrawal speed, A is the area of the sy-
ringe plunger and F0 is the force applied on a blank test.

2.2.5. Mechanical tests
Instrumental texture measurements were preformed using a pen-

etrometer (TA-TX plus, Stable Micro Systems, UK) equipped with a 50 N
load cell. An A/BE-d35 probe was compressed twice against each IBS
formulation to a defined depth (20 mm) at a rate of 2.0 mm/s. Mea-
surements were performed in triplicate with the probe being exten-
sively washed first with 0.15 M acetic solution followed by distilled
water. As a result of these experiments, force-time curves were built
and analyzed to determine some mechanical parameters (hardness, ad-
hesiveness, cohesiveness and compressibility) considering the follow-
ing: Hardness is the force required to attain a given deformation and
is given by the altitude of the first peak. Cohesiveness is the ratio be-
tween the area under both force-time curve produced in the first and
second compression. Compressibility is the work to deform the prod-
uct during the first penetration and is given by the area under the
curve. Adhesiveness is the work necessary to overcome the attractive
forces between the surfaces of the sample and the probe and is given by

3
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the area at the negative force region, which means that the probe is no
longer penetrating the IBS and is pushing it back.

2.2.6. Cytotoxicity
Several IBS S1C190 samples were sterilized using autoclave at 120 °C

for 20 min before the in vitro and in vivo tests. To evaluate cytotoxicity of
IBS, L929 fibroblast cell line (ATCC NCTC clone 929) was used (Rio de
Janeiro Cell Bank – BCRJ) grown in RPMI culture medium (RPMI 1640
Medium, Gibco® - Invitrogen Corporation, Grad Island, USA) supple-
mented with 10 % Fetal Bovine Serum (Gibco®, by Life Technologies)
and 1% Antibiotic - Antimycotic (Gibco®, by Life Technologies), kept in
5% CO2 incubator at 37 °C. The cells used in this experiment followed
the standard from in vitro cytotoxicity test by BS EN ISO 10993-5: 2009.
The cytotoxicity test was performed using a 96-wells plated, each with a
cell concentration of 1 × 105 cells/mL in. The IBS tested for cytotoxic-
ity was the S1C190. Cell viability was determined after three days.

2.3. In vivo surgery procedure

The experiments were carried out after approval by the Ethics Com-
mittee on the Usage of Animals of UFCG according to approval protocol
no. 049/2019.

2.3.1. Characteristics of the animals studied
Twelve adult New Zealand rabbits, nine males and three females,

with average of 2.49 ± 0.29 kg weight were randomly divided into two
experimental groups of six animals for the surgery and each group sub-
divided into two other subgroups, according to observation periods of
30 and 60 days.

2.3.2. Anaesthesia and surgery procedure
In the preoperative period, the animals after feeding fasting of six

hours water for three hours were anesthetized with the association of
xylazine hydrochloride at 2% (5 mg/kg) and ketamine hydrochloride
at 5% (30 mg/kg) both intramuscularly. About 30 min before surgery,
enrofloxacin was used at a dosage of 10 mg/kg, intramuscularly. After
removal of the hairs from both pelvic limbs and lumbosacral region,
anaesthesia was performed with lidocaine 2% (0.3 ml/kg) and tramadol
(1 mg/kg) in all animals.

Two non-critical 2 mm diameter defects were made in the animals,
one in the proximal tibial diaphysis and another in the distal diaphysis
of each pelvic limb following the model proposed by (Barbosa et al.,
2020). An orthopaedic drill was used, with a 2 mm drill bit, under con-
stant irrigation of sodium chloride solution 0.9 % to avoid thermal in-
jury on the edges of the defect. In the right limb (labelled as IBS) the
defects were filled with the biomaterial and in the left limb, the orifices
were also filled with the biomaterial but with an addition of covering
with the bovine collagen membrane (Lumina-Coat, Criteria, Brazil) be-
tween the bone and the biomaterial (labelled as IBS-C) in order to pre-
vent the initial growth of fibrous tissue on the biomaterial so as to act
as a control group in relation to the right limb implants. Afterwards,
implants were fixed to these areas by suturing the musculature with 'X'
suture pattern using a polyglactin 910 3-0; which was also used for re-
duction of dead space and also the skin suture with standard nylon 3-0
Wolff pattern.

2.4. Postoperative evaluation from in vivo

In the postoperative period, the animals received tramadol hy-
drochloride (10 mg/kg) for 3 days, intramuscularly, and daily cleaning
of the surgical wound with 0.9 % NaCl solution for 10 days.

2.4.1. Radiograph evaluation
Simple radiographs in craniocaudal and middle-lateral projection

were performed in the immediate postoperative period, while also at 30
and 60 days in order to analyse the regeneration of the bone. The ra-
diographic evaluation was performed following the model proposed by
(Barbosa et al., 2020)Barbosa et al. (2020), in order to measure the
bone healing of the lesions that are covered by bone callus.

2.4.2. Euthanasia
The animals were euthanized after 30 days (group 1) or 60 days

(group 2) administering 2% xylazine (5 mg/kg) and ketamine at 5%
(40 mg/kg) both intramuscularly. After 15 min, 1% propofol (5 mg/kg)
was administered, followed by potassium chloride 19.1 % (1 ml/kg)
both intravenously.

2.4.3. Processing of in vivo samples
After euthanasia, periods of 30 and 60 days, the tibias were removed

and sectioned around 1 cm above and below in relation to the implant.
For light microscopy, the specimens were immersed in a 10 % buffered
formalin solution for 10 days and were subsequently decalcified in ni-
tric acid solution (5%); later, the pieces were included in paraffin and
stained by haematoxylin-eosin.

2.4.4. Histology analysis by scanning electron microscopy (SEM)
Samples intended for SEM were immersed in a 2.5 % glutaraldehyde

solution in phosphate buffer at 0.1 M with pH between 7.4 and 7.8 fol-
lowed by dehydration in a graduated series of alcohol. For surface analy-
sis, half of these samples were fractured in the region where the implant
was inserted; while the other half were embedded in transparent epoxy
resin, and after a period of 24 h, the samples were cut cross-sectionally
and polished for visualization of the cellular components involved in the
process of regeneration of the bone tissue.

2.4.5. Statistical analysis
For dependent variables, Wilcoxon test was performed, and for in-

dependent variables the Mann-Whitney U test The level of significance
was 5% and the analyses were performed with the statistical program R
Core Team, 2015R Core Team (2015).

3. Results and discussion

3.1. Characterization of the solid phase

3.1.1. Solid phase microstructure
After being submitted to 900 °C sintering process, solid phase sam-

ples were characterized by XRD (Fig. 2) in order to identify the pro-
file of the calcium phosphate crystalline phases for the final solid phase
product. According to the refinement, all ceramic phases used in the
study were obtained and at the proportion of 22.891 % for HAp phase
(JCPDS card - 090432), and 77.109 % for β-TCP phase (JCPDS card -
090169) with a refinement confidence factor of Rwp = 10.85 %. The
presence of hydroxyapatite is confirmed by the main diffraction angles
(2θ) at 31.77°, 32.90° and 33.02° that are related to the miller indices
of (2 2 1, d = 2.81 ),(-2 2 2, d = 2.77 ) and (-3 6 0, d = 2.71
). Moreover, the presence of crystalline β -TCP is also confirmed by the
angles of 21.87°, 27.76° and 31.02° that harmonize the Miller indices
of (0 2 2, d = 4.06 ) (0 2 4, d = 3.21 ) and (0 2 10, d = 2.88

). The result is similar to the initial mixture; however, the differ-
ences are related to the decomposition of HAp into β -TCP at 900 °C
(Batista, Silva, Lisboa, & Costa, 2020). Biphasic calcium phosphate
is reported to have an abundance of bone apatite-like crystals, and
the lower HAp/β-TCP ratio is, the greater the abundance of bone ap-
atite-like crystals that directly bond with natural bone with rapid bone
ingrowth. Thus, biphasic calcium phosphate can be tailored by alter
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Fig. 2. Diffractograms of the biphasic calcium phosphate microspheres solid phase after refinement. The pure HAp and β-TCP diffractograms are presented for comparison. The main peaks
for both phases are highlighted.

ing the ratio of these ceramics to obtain desired characteristics, such as
absorption rate and bioactivity, this is due to the preferential dissolution
of β-TCP compared to HAp with a slow degradation rate.

3.1.2. Solid phase morphology and size distribution
Fig. 3.A. was generated from the direct observation and measure-

ments of the particle size using SEM micrographs. The mean particle
diameter becomes lower for higher feed flow rates in which at 50 ml/

Fig. 3. (A) Violin plot for particle size distribution at three different feed flow rates; (B) Experimental and simulated compression force applied in a 3 ml syringe to the four IBS formula-
tions; and (C) apparent viscosity and flow curves (D) for the four formulations of IBS. All experimental points were fitted with Ostwald-Waele (powder law) model.
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h,70 mL/h and 90 mL/h the mean particle size was 680 µm, 646 µm
and 567 µm, respectively. Droplet formation with a two-fluid nozzle is
a result of a force balance between cohesive forces within the liquid,
such as viscosity and surface tension with the gas kinetic energy; there-
fore, the aqueous slurry could become less viscous and present less cohe-
sive force leading to increased droplets formation and smaller granules.
Moreover, feed flow rates of 50 mL/h and 90 mL/h presented higher
size dispersibility, with spans of 0.56 while 70 mL/h presented a span of
0.19.

Considering the shape factor, lower feed flow rates provides a more
spherical granule in which a flow rate of 50 mL/h and 70 mL/h pre-
sented values of 0.86 and 0.84, 90 mL/h presented a value of 0.61
(value of 1 means a perfectly spherical granule). At 90 mL/h more
droplets are reaching the coagulation bath, thus the coagulation rate is
slower because of calcium availability for alginate bead formation lead-
ing to a loosening state on their spherical shape.

Microspheres exhibit a compact aspect expectable after sinterization
with a homogenous porous structure, ranging from 1.2 to 3.2 µm for all
samples (Fig. 4) with most of the porous caused by the burning and
vaporization of alginate at temperatures between 300−500 °C. It is also
perceivable the two types of bioceramics used in the study with different
morphology and diameters – arrows on Fig. 4.

3.2. Characterization of the IBS composite

3.2.1. Rheological measurements
Four formulations were tested for the IBS by mixing the two phases;

the continuous phase(C) (chitosan solution) fraction varied from 1 to
0.8, and the dispersant phase (S) (microspheres) was kept the same
while also varying the flow rate. Fig. 3C–D presents the viscosity and
the flow curves of the formulations, exhibiting an increase for samples
with higher solids fraction following Einstein law of viscosity (Bezer-
ril, de Vasconcelos, Dantas, Pereira, & Fonseca, 2006) and, since
70 mL/h granules have bigger particle size, they occupy a large vol-
ume fraction leading to this higher value of viscosity. There is a de-
crease in viscosity when shear rate is increased on samples, which re-
flects the non-newtonian behaviour, related to the shear thinning prop-
erties (Ramirez Caballero et al., 2019).

A power law equation was fitted to the experimental data to examine
the shear thinning behaviour (Table 1), which can reveal the interac-
tion between phases. Interaction between chitosan and the surface of the
particles is reported to be via hydrogen bonding between hydroxyl group
of HAp and the hydroxyl group at position C2 of chitosan, while another
possible interaction could be between PO43− of both calcium phosphates
and the NH3+ at position C3 of chitosan (Matinfar, Mesgar, & Mo-
hammadi, 2019). Additionally, chitosan-chitosan interactions can be
established by carbonyl and hydroxyl interactions despite the repulsive
interaction between the protonated amine. Therefore, as the shear in-
creases, the chitosan chains tend to align in the shear plane and reduces
the macromolecular entanglements.

However, granules can constitute entanglement nodes for the chi-
tosan chains via the descripted interactions and can be disrupted by the
increase of shear rate, leading to different shear thinning behaviours ac-
cording to the extent of these interactions. Thus, when the solid phase
has lower volume fraction (1:1) the shear thinning effect is more pro-
nounced, leading to variation of viscosity at lower and higher shear
rates. When the solid phase volume fraction is higher (1:0.8) the IBS ap-
proaches the Newtonian behaviour revealing less physical interactions
(Jahan et al., 2019). Nonetheless, interaction between β-TCP and chi-
tosan provides a more elastic structure, which is more typical of pseudo-
plastic fluids than the interaction between HAp and chitosan.

3.2.2. Mechanical properties
Mechanical properties for the IBS samples (Table 1) resulted in no

significant differences between samples with the same phase ratio; how-
ever, increasing solid content significantly increases hardness and com-
pressibility, so that higher force is required to deform and penetrate the
IBS which is due to the ceramic granules that have higher compressive
module. Furthermore, the chitosan/peg solution works as lubricant be-
tween granules and the chitosan/peg layer may interact with the granule
surfaces and could then physically interact with other chitosan chains
resulting in a balance between attractive hydroxyl and repulsive proto-
nated amino interactions.

Cohesiveness and adhesiveness are related to the physical interac-
tions such as interchain entanglements and secondary bonds within the
material matrix and are related to their stable ability at the application
site, they are also dependent of the interaction with the probe and the
contact time (Lee, Lim, Israelachvili, & Hwang, 2013). The studied
samples resulted in higher values for a smaller phase ratio of continu-
ous, liquid, phase (C) with no variation depending on the flow rate, or
granule size. Therefore, chitosan physical interaction with the probe is
denser and more probable than the granules-probe.

3.2.3. Injectability
According to ICH Q6A and FDA Guidance for Industry, one of the

most important properties of injectable bone substitute is the injectabil-
ity of the material (Drug, 1998). This property is related to the force
required to withdraw the material from the syringe. If too much force is
required, the surgeon will have difficulty to apply the material precisely
and it was experimentally determined for the four IBS formulations in
this work (Table 1 and Fig. 3.B) while it was also estimated the force
required to withdraw the IBS. The maximum required force to withdraw
the IBS ranges from 5.5 N to 32 N and even though the IBS viscosity is
much higher than the viscosity found for the continuous phase (reported
previously - (Lima et al., 2018)), the force found for the IBS is rather
similar because no metallic syringe tip was used, and thus, the syringe
orifice is wider.

The maximum force required to remove the IBS follows a similar
trend, whereas the IBS with higher viscosity is also the one that re-
quires more force for withdrawal in accordance with a previous work
(Ramirez Caballero et al., 2019). At first, maximum values of force
are required for all samples - this is primarily due to the static frictional
forces between the IBS and the walls of the syringe and initial resistance
- but upon reaching this limit, extrusion forces decrease targeting a con-
stant value for the rest of the injection process.

This maximum compression force depends mainly on the ratio of
mixture liquid + solid phases, and subsequently, on the size of micros-
pheres used. There is a further increase in withdrawal force with lower
amounts of liquid phase; as it would be expected, since we are reducing
the ability of the solid phase to free flow into the liquid. This behaviour
follows the pattern of the pure liquid phase injectability results reported
before by our group (Lima et al., 2018), meaning that the solid phase
does not alter this property. Considering the solid phase from the IBS,
the results indicates that decreasing the sphere size led to a further de-
crease in compressive force. This decrease can also be related to the free
flow of the spheres, whereas a higher sphere size leads to a more com-
pact IBS and they can no longer move as easily upon reaching the spe-
cific initial glide force from smaller spheres. From all conditions studied
in this test, the sample S1C1 using 90 ml/h flow rate for the solid phase
had the lowest compressive force profile, with a maximum peak of 5.5 N
and stabilizing around 0.5 N until the end of the test, resulting in the IBS
of choice for the in vivo tests.
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Fig. 4. SEM micrographs of the microspheres for measurements, A – 50 mL/h, B-70 mL/, C-90 mL/h, and from the solid phase surface obtained at flow rates of D – 50 mL/h, E- 70 mL/h
and F - 90 mL/h.

3.3. Cytotoxicity of the studied IBS

The continuous phase had already been assessed by two preliminary
tests, the MTT and Sulphordamine B assay. Considering previous re-
sults, on the first test, the continuous phase presented a cell viability
above 70 % for RAW 267.4 cell line. The SRB test was performed on
RAW 267.4 cell line and revealed no alterations on cell viability (Lima
et al., 2018). Specifically, IBS cytotoxicity against L929 fibroblast

was evaluated with sample that had the best result from injectability
test. The results exhibit a cell viability of 95 ± 14 %, and, according
to the BS EN ISO 10993-5: 2009 assay used, the IBS has a value above
70 % and is considered to be non-cytotoxic for this fibroblast cell line.
According to other studies, inclusion of calcium phosphate elements did
not produce cytotoxic results (Luo et al., 2020). Inclusion of bioglass
on thermogelling chitosan hydrogel also did not produce cytotoxic re-
sponse (Moreira et al., 2016).
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Table 1
Summary of the rheological, mechanical and injectability properties of the four IBS formulations. Results with the same letter in the same line are not statistically different according to
one-way ANOVA for 5% probability.

Rheological Properties

units S1C1 (90 mL/h) S1C1 (70 mL/h) S1C0.8 (90 mL/h) S1C08 (70 mL/h)

Consistency index (Pa.s n) 534 735 1900 2449
Flow behaviour index 0.55 0.68 0.71 0.8
R 2 99.87 99.76 99.98 99.76
Mechanical Properties
Hardness (N) 87 ± 3.92 b 90.98 ± 6.92 b 101 ± 5.21 a 103 ± 3.01 a

Cohesiveness (N) 138 ± 1.32 a 141 ± 1.45 a 120 ± 1.04 c 124 ± 1.90 b

Compressibility (N.mm) 46 ± 1.61 b 49 ± 3.06 b 56 ± 2.34 a 58 ± 2.76 a

Adhesiveness (N.mm) 38 ± 2.02 a 39 ± 1.34 a 32 ± 1.43 b 33 ± 1.84 b

Injectability Properties
Experimental Max Force (N) 5.50 11.56 30.97 15.79
Theoretical Max Force (N) 5.62 12.30 32.01 15.20

3.4. In vivo analysis

3.4.1. Postoperative observation
Throughout the evaluation period, the animals walked normally and

did not show any degree of lameness, as well as little sensitivity to the
operated area by touch, related to the smaller size of the bone lesion, the
employed analgesia and minimal trauma to adjacent tissues. At the time
of suture removal (10 days postoperatively) a slight increase in volume
of a granuloma measuring on average 0.8 cm was observed on top of the
implant region in three of the nine animals’, which is characteristic of a
granulomatous inflammation possibly due to inert particles that are no-
torious initiators of granulomatous lesions. Histological analysis of these
lesions revealed multifocal areas of necrosis surrounded by inflamma-
tory infiltrate of heterophiles and macrophages (Fig. 5A–B).

Since no gelation was induced with this material it is possible that
some infiltration of this solution overextended the damaged region such
as the surface. Another attributed factor may be allied to chitosan activ-
ity which can activate macrophages (Gorzelanny, Pöppelmann, Pap-
pelbaum, Moerschbacher, & Schneider, 2010), since it is part of
IBS composition. Contamination of the product during its handling was
ruled out, because it was found through cell culture the absence of mi-
croorganisms in the areas of inflammation. Surgical trauma alone causes
tissue damage, which alters the local chemical composition with a de-
crease in pH and activation of cells such as active macrophages and neu-
trophils (Percival, McCarty, Hunt, & Woods, 2014), combined with
the acidic pH of IBS and may have altered the biological response.

It was also possible to notice a greater inflammatory reaction in the
control group (with the collagen membrane in between the implant and
bone) which can be attributed to the enzymatic degradation by collage-
nase and digestion of these denaturation products that promotes chemo-
taxis for fibroblast migration to the inflammatory site (Postlethwaite,
Seyer, & Kang, 1978).

3.4.2. Radiographs of the bone defects after implantation with IBS
Radiographs permitted to evaluate the bone regeneration from tibial

defects; bone remodelling mean diameter from groups 30 and 60 days
exhibited similar values (p > 0.05), only when comparing the means at
30 and 60 days to their radiographic controls a significant difference can
be observed (Table 2 e Fig. 6) and this can be attributed to the action
of BCP, which is an excellent osteoconductor thus favouring the process
of earlier bone healing (Stastny et al., 2019).

At 60 days of bone growth assessment, although not statistically sig-
nificant compared to 30 days group, the process of bone remodelling

of neoformed tissue and substitution by mature bone justified the higher
radiopacity found at this time period (Oryan, Alidadi,
Bigham-Sadegh, & Meimandi-Parizi, 2017). From both groups at 30
and 60 days, the latter more intense, a radiopaque line defined at the
defect site was visible within the radiograph images, indicating osteoin-
tegration.

3.4.3. Histological evaluation
Histology slides revealed a significant amount of the remaining bio-

material in the two groups and periods evaluated, but more evidently
at 30 days (Fig. 5C and D) with no difference in relation to neoformed
bone tissue between the groups only for the periods studied. At 30 days,
there was a slight neovascularization and bone loss continuity at the im-
plant region with irregular and thin bone trabeculae formation, margin-
alized by osteoblasts and reactive osteocytes as well as immature bone
tissue emerging from the edges of the defect. There was a considerable
amount of biomaterial in the defect region related to the IBS (Fig. 5C).
In addition, a significant amount of the biomaterial was reabsorbed by
osteoclasts, (Yuan, Li, de Bruijn, de Groot, & Zhang, 2000) inducing
osteoconductivity, where osteoclasts reabsorb the material by phagocy-
tosis and osteoblasts produces bone neoformation.

At 60 days, similar findings were observed, but in a greater intensity.
The defects were filled with more compact bone trabeculae and imma-
ture bone tissue in greater quantity. It can be perceived mature bone
tissue near the medullary region and trabecular bone towards the pe-
riosteal region (Fig. 5E and F), besides the presence of IBS that was
also in the process of resorption; therefore, exhibiting a slow resorption
which is expected from BCP with a low HAp/ β-TCP ratio that directly
influences the reabsorption of this material (Salamanca et al., 2017).

Nonetheless, at both 30 and 60 days postoperatively, some points
of contact from the biomaterial with the newly formed bone tissue was
observed, without interposition of fibrous tissue which demonstrates a
good osteointegration by the usage of bioceramics.

Findings obtained by optical microscope confirms the results ob-
tained from SEM, which exhibited reminiscent biomaterial with bone
neoformation, presence of newly formed bone tissue and degraded bio-
material granules (Fig. 7).

Fig. 7A shows changes in the surface of the microspheres solid
phase, resulting from the biomineralization owned by osteoblastic cells,
exhibiting signs of a good osseointegration (Wang, Wang et al., 2019).
Fig. 7B exhibit osteoblastic cells that were performing biomineraliza-
tion and bone tissue deposition beneath the surface of the biomate-
rial. In the images obtained from the samples submitted to polish-
ing process (Fig. 8), the microspheres integrated with the host tis-
sue, but show signs of an irregular surface due to its degradation and
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Fig. 5. Optical microscopy photograph of rabbit tibias (10 X), A - IBS-C group at 60 days and B - IBS group at 30 days postoperatively, the arrow shows inflammatory infiltrate around
the implant granules with an area of necrosis. Figure C- IBS-C group at 30 days, D- IBS-C group at 60 days, E- IBS group at 30 days, F- IBS group at 60 days (b = biomaterial o = newly
formed bone).

Table 2
Mean and standard deviation of bone thickness growth in mm measured by radiographic images.

Samples 30 days group 60 days group

Immediately after surgery After 30 days p value Immediately after surgery After 60 days p value

IBS 0.47 ± 0.23 0.64 ± 0.17* 0.0033 0.44 ± 0.12 0.59 ± 0.15* 0.0051
IBS-C 0.52 ± 0.24 0.68 ± 0.20* 0.0033 0.37 ± 0.16 0.65 ± 0.15* 0.0022

* Statistically significant different from control.

leads to the appearance of IBS particles in the midst of bone neoforma-
tion. Presence of newly formed bones are observed and also interacts
with the biomaterial, similar findings have been reported by the usage
of BCP (Zhang et al., 2019).

No significant differences were observed in bone neoformation by
the SEM technique between the time periods at 30 and 60 days with the
IBS. One of the causes can be attributed to the size of the microspheres,
as well as its density with low porosity used in this study. Smaller mi-
crospheres with larger interconnected pores may contribute to a greater
bone resorption and neoformation over 30 and 60 days.

At 60 days post-surgery, biomaterials have not been fully reabsorbed,
however, there are reports of remnants of bioceramics, HAp and β-TCP
in bone defects in rabbit tibia 180 days after the operation ((Dalmônico
et al., 2017)Dalmonico et al., 2017).

4. Conclusion

The work described herein proposes the usage of a material consist-
ing of a solid phase - microspheres of biphasic calcium phosphate - and
a liquid phase - polymeric solution of chitosan and polyethylene; the
mixture of these two gives a pasty-like consistency material that can
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Fig. 6. Radiographs of rabbit’s tibias in craniocaudal projection, indicated by the circles are the sites of osteotomies. A, B, C and D - experimental groups with 30 days postoperatively. E, F,
G and H - experimental groups at 60 days postoperatively. In figure A, B, E and F = Group IBS-C, in figure C, D, G and H = Group IBS. Figures A, C, E and G = immediate postoperative.

Fig. 7. SEM micrographs of the interface between the IBS and bone tissue. In A IBS group sample at 30 days and at B IBS samples, at 60 days postoperatively. It can be observed the
presence of neoformed tissue and granules of the biomaterial in the process of degradation.

be injected using a syringe. By selective approaching these materials, it
is possible to obtain a condition that is easily ejected from a syringe and
that can not only be reabsorbed, but also have a good osteointegration
in rabbit tibia bone defects. Although full regeneration and total re-ab-
sorption of the biomaterial was not verified at the time period of the
study (60 days); this study correlates the fact that is possible to use a
polymeric solution imbibed with microspheres for bone regeneration ap-
plications.
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Fig. 8. SEM micrographs of polished samples sectioned at the implant interface. IBS-C group at 30 and 60 days (A and B) and IBS group at 30 and 60 days (C and D) in the postoperative
period. (B = biomaterial, p = degraded biomaterial particles and o = bone neoformation).
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