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Abstract
This study aimed to produce poly(butylene adipate‐co‐terephthalate) (PBAT)/
niobium containing bioactive glasses (BAGNb) composites scaffolds produced by
fused deposition modeling (FDM) printing and evaluate their physicochemical and
biological properties in vitro and in vivo. The composite filaments were produced by
melt‐extrusion with the addition of 10 wt% of BAGNb (PBAT/BAGNb). Filaments
without BAGNb were produced as the control group (PBAT). The filaments were
characterized and were used to produce 3D‐printed scaffolds using FDM. The
scaffolds' structure and surface properties were assessed. In vitro cell, proliferation,
and cell mineralization analysis were performed. In vivo data was obtained in the rat
femur model (n = 10), and the bone repair was assessed after 15, 30, and 60
postoperative days. The printed structures presented 69.81% porosity for the
PBAT/BAGNb group and 74.54% for the PBAT group. Higher cell mineralization was
observed for the PBAT/BAGNb group. The in vivo data showed that the PBAT/
BAGNb presented new bone formation comparable to positive controls. The combination of PBAT and BAGNb in 3D‐printed scaffolds may be an alternative to
produce bioactive materials with controllable shapes and properties for bone
regeneration treatments.
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1 | INTRODUCTION

ET AL.

to their inherent brittleness (Jones, 2015). Although the application
of biomedical composites with PBAT has been studied (Fukushima

Regenerative procedures in maxillofacial surgery commonly include

et al., 2012; Santana‐Melo et al., 2017) and the printability of PBAT

the use of biomaterials to stimulate bone regeneration (Borrelli

has been described in polymeric blends (Lyu et al., 2020, 2021; Sin-

et al., 2020; Starch‐Jensen et al., 2020). The use of synthetic mate-

gamneni et al., 2018), the application of FDM to composites with

rials in opposition to autogenous bone (AB) aims to avoid patients'

PBAT and inorganic particles, such as the BAGNb, has not been

morbidity and limitations in the amount of available graft for im-

described. This study aimed to produce PBAT/BAGNb composites

plantation (Nkenke & Neukam, 2014). Different tissue engineering

scaffolds produced by FDM printing and evaluate their physico-

approaches are used to achieve adequate bone regeneration, and

chemical and biological properties in vitro and in vivo.

scaffolds are the most commonly used devices for supporting tissue
growth, vascularization, and cell activity (Balbinot et al., 2018; Bittner
et al., 2019). A wide range of bone defect sizes and shapes are found,

2 | MATERIALS AND METHOD

and the currently used scaffolds may not adapt adequately for surgical placement due to the material's inherent characteristics (Blume

2.1 | BAGNb synthesis

et al., 2019; Seol et al., 2014). The control of the scaffolds' macro and
microscale structure is shown to modulate the formation of bone, and

Sol‐gel route was used to produce the niobium containing bioactive

the control of size and shape of these materials could be achieved by

glasses (Balbinot et al., 2018). For this synthesis, the niobium chloride

an additive manufacturing process, such as fused deposition modeling

(NbCl5—CBMM Companhia Brasileira de Metalurgia e Mineração)

(FDM; El‐Rashidy et al., 2017; Marques et al., 2020).

was used as the niobium source. The formation of the silica network

The production of scaffolds with FDM is a well‐known technique

took place in an acidic environment with tetraethylorthosilicate

for 3D printing of materials with layer‐by‐layer deposition of thin

(Sigma‐Aldrich), triethyl phosphate (Sigma‐Aldrich), calcium nitrate

filaments that allow the construction of tridimensional structures

(Ca(NO3)2; Química Moderna) and sodium nitrate (NaNO3; Química

(Naghieh et al., 2016). This method allows the control of micro and

Moderna). The sol was aged at room temperature, and the gel was

macro features in the production of 3D constructs based on

calcinated to obtain a powder. As shown in the previous report

computer‐aided modeled designs with tailored structures that are

(Balbinot et al., 2018), a 45 wt% SiO2, 24 wt% CaO, 24 wt% Na2O, 6

difficult to be achieved with other production methods such as

wt% P2O5, and 1 wt% Nb2O5 glass was obtained and sieving was

porogen leaching and electrospinning (Johnson et al., 2010; Ramesh

performed with mesh 100 sieves. Laser diffraction analysis showed

et al., 2020). Several studies have used different biocompatible and

that the obtained particles presented an average particle size of

bioresorbable polymers in the FDM process (Bruyas et al., 2018).

4.56 µm with a specific surface area of 3.17 m (Borrelli et al., 2020)/g,

Among the possible biodegradable polymers for FDM, the poly

assessed via nitrogen adsorption.

(butylene adipate‐co‐terephthalate) (PBAT) has been proposed in the
biomedical area due to its flexibility and easy degradation (Balbinot
et al., 2021; Fukushima et al., 2013; Zehetmeyer et al., 2016). PBAT is

2.2 | Composite preparation

an aliphatic‐aromatic polyester that underwent low crystallization
(Dou & Cai, 2016) and can be naturally degraded mainly by hydrolysis

The BAGNb particles were incorporated into the PBAT by melt

and enzymatic activity (Ren et al., 2019), leading to the release of

extrusion. The PBAT (Ecoflex® F Blend C1200; BASF Corporation)

non‐toxic products (Santana‐Melo et al., 2017). Due to its properties,

pellets with 1.27 g/cm3 at 23°C density were used. The BAGNb par-

PBAT has been studied for the development of biomedical materials,

ticles were incorporated into the PBAT at 10 wt% (PBAT/BAGNb)

acting as support for bioactive inorganic fillers.

concentration and pure PBAT filaments were produced (PBAT). The

Niobium containing bioactive glasses (BAGNb) may be used as a

pellets and the particles were mixed in a plastic bag immediately before

source of bioactive ions to enhance the biological response in 3D‐

the extrusion process, and the composites were prepared using twin‐

printed composite scaffolds. Bioactive glasses are well‐established

screw extrusion (Haake H‐25, Rheomex PTW 16/25—PolyLab Sys-

synthetic ceramics that can stimulate the formation of hard tissue,

tem). The extrusion was performed at 150 rpm rotation with a tem-

and tailoring these glasses' composition may increase their ability to

perature profile of 120/130/130/135/140°C from the barrel section

promote bone formation. Niobium has been successfully incorpo-

just after the feed throat to the die. The extrudate was cooled in water.

rated to bioactive glasses showing the ability to enhance mineralization in vitro and in vivo (Balbinot et al., 2018, 2019, 2021). The role
of niobium is not well understood, but mineral deposition and cell

2.3 | Filament characterization

activation are reported and the crystalline structure is shown to be
related to enhanced biological activity (Pradhan et al., 2016). Despite

2.3.1 | Fourier‐transformed infrared spectroscopy

the advantages of these materials on bone tissue formation, the
production of bioactive glass scaffolds with variable shapes and

The chemical structure of filaments was analyzed by Fourier‐

structures is considered a challenge for these materials, mainly due

transformed infrared spectroscopy (FTIR) in a spectrometer (Vertex
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70—Bruker Optics) equipped with an attenuated total reflectance

3

2.5.2 | X‐ray computed microtomography

device (Platinum ATR‐QL; Bruker Optics). The analysis was performed in the 400–4000 cm−1 at 0.4 cm−1 spectral resolution in 16

Specimens (8 mm diameter � 2 mm height; n = 3) were scanned using

scans for each sample.

a high‐resolution micro‐CT system (MicroCT.SMX‐90 CT; Shimadzu
Corp.). The scanner was operated at 90 kV and 100 mA with 1224
resolution with a 16 µm voxel size. The images were analyzed in

2.3.2 | Thermogravimetric analysis

ImageJ (National Institutes of Health) where the porosity, the pore
size, and the connective density (connD) were assessed.

PBAT and PBAT/BAGNb filaments were evaluated in a thermogravimetric analyzer (TGA Discovery—TA Instruments). All samples
were weighed (0.5 g � 0.01) for the analysis. Platinum pans were

2.6 | Cell behavior

used, and the range in the temperature for analysis was set between 20°C and 600°C. The heating rate was 10°C/min, and all

The preosteoblastic MC3T3‐E1 cell line (Subclone‐14, Banco de

analyses were performed under nitrogen purge (25 ml/min). The

Células do Rio de Janeiro) was used to assess cell behavior. Cells

results were analyzed through the mass loss (%) after the heating

were cultivated in alpha minimum essential medium (α‐Men—Thermo

process.

Fisher Scientific) supplemented with 10% fetal bovine serum (FBS—
Thermo Fisher Scientific) and 1% penicillin (Thermo Fisher Scientific)
and stored in a 5% CO2 at 37°C until confluency. Specimens (12 mm

2.4 | Scaffold production

diameter � 2 mm height; n = 3) were sterilized under hydrogen
peroxide and immersed in culture media for 24 h at 37°C/5% CO2 to

The scaffolds were produced with the composite filaments in an

produce a conditioned medium. This medium was used to treat cells

FDM printer (CL1, Cliever). The scaffolds were designed with a

during analysis. For all tests, the culture medium without contact

0.5 mm distance between the deposited filaments, and the diameter

with materials was used as the control.

of the deposited structures was 0.5 mm. The printing nozzle size
was 300 µm, and the temperature was set at 195°C. No postproduction treatment was applied to the scaffolds. The scaffold

2.6.1 | Cell proliferation

design was planned in a computer‐aided design software (SolidWorks—Dassault Systèmes SolidWorks Corporation). Cylindric

Sulforhodamine B (SRB) assay was used to test the influence of

structures measuring 500 µm were designed creating a mesh with

materials in cell proliferation. MC3T3‐E1 cells were seeded at

500 µm space between each other. This design was transferred to

5 � 103 cells/well density in 96‐well plates, and after 24 h, each well

the FDM printing to obtain the scaffolds via polymer melting and

was treated with 100 μl of conditioned medium for 72 h. After

deposition.

treatment, cells were fixed and stained (50 μl SRB 0.4%—Sigma
Aldrich). The SRB dye was quantified in a spectrophotometer (MultiskanGO, Thermo Fisher Scientific) where the absorbance at 560 nm

2.5 | Scaffolds characterization

was detected. Three specimens were used for each experiment that
was performed in triplicate.

2.5.1 | Contact angle and surface‐free energy
The contact angle was measured on the surface of the samples by

2.6.2 | Cell mineralization

the sessile drop method using distilled water and α‐bromonaphthalene. Three single drops were poured on top of the three speci-

Alizarin S Red was used to quantify cell mineralization. An osteogenic

mens per group (6 mm diameter � 2 mm height; n = 3) in an optical

induction media (α‐Men supplemented with 10% FBS, 1% Penicillin,

tensiometer (Theta Line, Biolin Scientific). After 10 s, the contact

0.0023 g/ml β‐glycerophosphate, and 0.05 mg/ml L‐ascorbate) was

angle between the droplet and the material was recorded. The re-

used during the experiment. Cells were seeded at 1 � 104 cells/well

sults were used to calculate the surface free energy of the samples

density in 24‐well plates and treated with a conditioned medium for

according to the OWRK/Fowkes method in mN/m (Borrelli

7, 14, and 21 days. After each testing time, cells were fixed in

et al., 2020). Polar and dispersive components were used to calculate

formaldehyde 10% (Sigma Aldrich) and stained with 2% Alizarin S

surface energy at the measurement software (OneAttension‐ Biolin

Red aqueous solution (Sigma Aldrich). Wells were imaged with a

Scientific), where water polar and dispersive components were

digital camera with 5� magnification, and the obtained images were

21.80 and 51.00 mN/m, respectively, while the α‐bromonaphthalene

analyzed in an image software (ImageJ—National Institutes of

were 0 and 44.40 mN/m.

Health). The area fraction of mineralized granules on each well was
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quantified based on the red intensity threshold. The same segmen-

trabecular separation (Tb.Sp), the trabecular number (Tb.N), the

tation was used for all samples. Wells treated without conditioned

connD, and the bone fraction (BV/TV).

media were used to normalize the results in wells with treatment.

2.8 | Statistical analysis
2.7 | In vivo
The results of filament characterization were descriptively analyzed.

2.7.1 | Animals

The normality was assessed by Shapiro‐Wilk. Student‐t test was used
to compare groups in the assessment of scaffold structural parame-

All in vivo experiments were conducted after approval of the animal

ters by microCT, in the contact angle and surface free energy, in the

ethics committee of Universidade Positivo (registration number 411)

cell proliferation analysis, and in the cell mineralization analysis at

following the Declaration of Helsinki. One hundred and twenty male

each time point. For cell mineralization between time points, one‐way

rats (Rattus novergicus Albinus, Wistar lineage) with an average weight

ANOVA was used with Tukey post hoc. Two‐way ANOVA and Tukey

of 300 � 50 g were used to perform the in vivo bone formation

were used to assess the differences between groups and post-

analysis. The animals were housed in cages under controlled room

operative times in the % bone area, mean density, Tb.Sp, Tb.Th, and

temperature (22 � 2°C) and humidity (40%–60%), with 12‐h light/

Tb.N results. ANOVA on ranks was used for BV/TV and ConnD

dark cycle with appropriate food and water ad libitum.

comparisons. All analyses were carried out with SigmaPlot 12.0

A rat femur model was used in the present study. Before the

(Systat Software Inc) at 95% significance.

surgery, the animals were randomized in randomization software and
assigned to one of the four different groups (n = 10). Cylindric 2 mm
height � 2 mm diameter PBAT/BAGNb samples were produced and

3 | RESULTS

sterilized in hydrogen peroxide before the implantation. Autogenous
bone and deproteinized bovine bone marrow (DDBM—Bio‐Oss—

The PBAT and PBAT/BAGNb filaments were successfully produced

Geistlhich) were used as positive controls. A sham surgery (SHAM)

and presented a mean diameter of 1.75 mm, compatible with the FDM

was performed with the empty bone defects to evaluate the spon-

3D printer. Fourier‐transformed infrared spectroscopy spectra

taneous wound healing as a negative control.

showed C‐O and C=O vibrations at 1150/1270 cm−1 and 700/

The animals were submitted to general anesthesia and local

1700 cm−1 wavelength, respectively. Those peaks are mainly related

anesthesia. The right femoral region was shaved and submitted to

to PBAT, while the 450 and 1050 cm−1 absorbance are assigned to

antisepsis and local anesthesia. A 1‐cm‐long incision was performed

the asymmetric stretching Si‐O‐Si vibrations, which is related to the

on the long axis of the femur. The femur's lateral diaphysis was

presence of BAGNb. The thermal degradation temperature for both

exposed, and the defect was created in the femur bone with 2 mm

materials occurred between 350°C and 430°C (Figure 1b), while the

height and 2 mm diameter with a cylindric trephine burr under

maximum degradation occurred at 404°C. However, due to the

constant irrigation with sterile water. The bone defects were filled

presence of inorganic particles, PBAT/BAGNb showed 89.84% of

according to the groups, and after the implantation, the fascia‐

weight loss, while PBAT showed 96.34%. The presence of BAGNb on

periosteal flaps were sutured with polyglactin while for the skin,

polymer filaments resulted in changes in the thermal degradation

nylon was applied. The animals were observed by a veterinarian for

profile and decreased the initial degradation temperature (Ti = 257°C;

postoperative complications after the surgery. After 15, 30, and

Figure 1c).

60 days the animals were submitted to 100% oxygen vaporized

The design of scaffolds is shown in Figure 2a, and representative

isofluorane for euthanasia. An incision was made on the area of the

images of printed scaffolds are shown in Figure 2b. As the presence

surgery, and the femur was sectioned and stored in 10% formalin.

of particle impact the printability, it can be observed that the BAGNb
increases heterogeneity on the structure. The differences in the
printability may be observed in the quantification of the porous

2.7.2 | In vivo bone repair

structure. No statistical difference was found between groups in the
porosity of produced scaffolds (PBAT: 74.54% [�5.23]; PBAT/

The femoral bone samples were sectioned and analyzed by X‐ray

BAGNb:69.81% [�8.66]; p > 0.05), but reduced average pore size

computed microtomography (MicroCT; SMX‐90 CT; Shimadzu

was found for PBAT/BAGNb (Figure 2c; p < 0.05). Statistically

Corp.). The femur sections were analyzed with a 60 kV intensity and

significantly lower contact angle was found for PBAT/BAGNb groups

100 mA with a 10 μm voxel size in images with a 1024 resolution. An

(Figure 3; p < 0.05) with water, and no statistically significant dif-

imaging software (ImageJ; National Institutes of Health) was used to

ference was found between groups (p > 0.05) when α‐bromo-

quantify the new bone formation in a standardized area selected by a

naphtalen is used. The surface free energy was calculated using water

greyscale threshold (100–200). A region of interest was used to

and α‐bromonaphtalen, where PBAT scaffolds presented 45.97 mN/

assess the bone density, the trabecular thickness (Tb.Th), the

m2 while PBAT/BAGNb showed 52.73 mN/m2 (p > 0.05).
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F I G U R E 1 Characterization of poly(butylene adipate‐co‐terephthalate) (PBAT) and PBAT/niobium containing bioactive glasses (BAGNb)
filaments after the melt extrusion process. (a) Fourier‐transformed infrared spectroscopy (FTIR) results for PBAT and PBAT/BAGNb materials
with C‐O and C=O bonding from PBAT structure and Si‐O‐Si bonding from BAGNb particles; (b) thermogravimetric analyzer (TGA) analysis
between 20°C and 600°C with main weight loss at 350°C and 430°C. (c) % of mass loss/ºC after heating between 20°C and 600°C. The mass
loss for PBAT/BAGNb materials started at early temperatures with irregular increases along with the analysis

Pre‐osteoblastic cell behavior was assessed through cell pro-

4 | DISCUSSION

liferation and cell mineralization analysis. No reduction in pre‐
analysis

3D‐printed scaffolds have been studied as an alternative to regen-

(p > 0.05). After 14 and 21 days, increased mineralization was

erative treatments, and maxillofacial regenerative therapies may

osteoblastic

cell

proliferation

was

found

in

the

observed for PBAT/BAGNb when compared to the PBAT group in

benefit from the development of custom‐built scaffolds with bioac-

the mineralization assay (Figure 4). After 21 days, the area of

tive properties (Abar et al., 2020; Korn et al., 2020; Lopez et al., 2018;

mineralized nodules was higher than the early time points. Repre-

Mehra et al., 2011). In the present study, PBAT and BAGNb particles

sentative images show increased red staining in wells over time,

were used to produce melt‐extruded filaments that were used for

which represents an increased formation of minerals by pre‐

FDM 3D printing of scaffolds. The PBAT/BAGNb printed scaffolds

osteoblastic cells.

presented increased wettability and increased the ability to promote

In vivo bone repair is shown in Figures 5 and 6. Representative

cell mineralization. In vivo analysis showed bone formation for PBAT/

microCT reconstructions are shown in Figure 5a. On DBBM images,

BAGNb scaffolds with comparable results to the AB and deprotei-

the presence of bovine‐derived hydroxyapatite particles is observed

nized bone bovine marrow.

and remained on the defect after 60 days. The wound closure for AB

To allow the 3D printing of PBAT/BAGNb composites, the

after 60 days was more pronounced. No increase in bone density

polymer processing via melt‐extrusion was applied as the melting of

was found between 15 and 60 days for AB and SHAM. On DBBM

PBAT leads to the easier spreading of particles into the polymer and

and PBAT/BAGNb, increased density was observed after 30 and

allows the conformation of produced composites into filaments to be

60 days. No statistically significant difference was found between

used for scaffold manufacturing (Zagho et al., 2018). Although the

groups and postoperative times in BV/TV and ConnD analysis. The

chosen parameter for extrusion was selected based on the chemical

trabecular separation was increased after 30 and 60 days for AB,

structure of PBAT, this process can be responsible for changes in the

SHAM, and PBAT/BAGNb groups (p > 0.05). The trabecular thick-

polymer structure, which was not the goal in the material processing.

ness (Tb.Th) parameter was increased over time for the PBAT/

The parameters of extrusion were optimized for the composites using

BAGNb (p < 0.05). Although the thicker trabecular structure was

temperatures that are known to be effective for PBAT processing

formed, the trabecular number (Tb.N) was reduced over time in this

(Zehetmeyer et al., 2016). The 10 wt% BAGNb concentration was

group.

selected during this process to allow the printability of extruded

6
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F I G U R E 2 Design of produced scaffolds and structural characteristics. (a) The design purposed for the scaffolds to be produced by fused
deposition modeling (FDM) printing. (b) 3D reconstruction of microCT imaged poly(butylene adipate‐co‐terephthalate) (PBAT) and PBAT/
niobium containing bioactive glasses (BAGNb) scaffolds. (c) Porosity, pore size, and connective density (connD) of PBAT and PBAT/BAGNb
scaffolds

F I G U R E 3 Surface wettability of developed scaffolds. (a) Water and α‐bromonaphtalen contact angle on the surface of poly(butylene
adipate‐co‐terephthalate) (PBAT) and PBAT/niobium containing bioactive glasses (BAGNb) scaffolds. (b) Surface‐free energy (mN/m2) is
calculated based on the contact angle of polar and non‐polar liquids on the surface of scaffolds

filaments by the FDM nozzle. The addition of BAGNb is observed by

loss takes place in lower temperatures for the PBAT/BAGNb fila-

the presence of Si‐O‐Si bonding on FTIR (Figure 1a), and the influ-

ments (Figure 1b and 1c). This may be related to a modification in the

ence of particles on thermal behavior was also observed. The weight

polymeric structure and crystallinity by the dispersion of inorganic

ULBRICH
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F I G U R E 4 Pre‐osteoblastic cell behavior analysis for poly(butylene adipate‐co‐terephthalate) (PBAT) and PBAT/niobium containing
bioactive glasses (BAGNb) scaffolds. (a) Cell proliferation results (%) after 72 h of treatment with material's conditioned medium and staining
with sulforhodamine B (SRB). (b) Quantitative analysis of % of the mineralized area after 7, 14, and 21 days and (c) representative images of
Alizarin S red analysis after 7, 14, and 21 days of culture

F I G U R E 5 (a) Representative images of bone after 15, 30, and 60 days with different treatments. (b) Bone density through the defect
extension after different postoperative times. (c) Bone density in pixel density after different treatments
particles in between the chains that may modify the breaking of ester

The PBAT and the BAGNb were used in the present study as

bonds in PBAT, which are known to be responsible for the polymer

bioresorbable materials in a well‐designed tridimensional structure

degradation (Fukushima et al., 2013).

that aims to promote better interaction between material and

8
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F I G U R E 6 Morphometric analysis of in vivo bone repair. (a) BV/TV and (b) connective density (connD) values for different groups over
time. The trabecular structure of bone after different treatments in each postoperative time was shown in (c), where the Tb.Th, Tb.Sp, and Tb.
N values were analyzed for the analysis of bone quality during wound healing

surrounding tissues (Metz et al., 2019). The 3D printing was possible

related to an increased surface area for ion release that could pro-

as the concentration of BAGNb was optimized, and by using 10 wt%,

mote increased cell activity, as observed in Figure 4. The values were

a good resolution was found. The presence of particles may impair

within the optimal pore size for bone growth, showing to promote

the adequate deposition of layers during the fused deposition, lead-

higher deposition of bone due to increased interaction in the mate-

ing to differences in printed structures' resolution, and this may be

rial/tissue interface (Hassan et al., 2019). This may be related to bone

related to the pore size results found for PBAT/BAGNb. The porosity

formation over the defect, where this interaction could result in a

and pore size values of PBAT/BAGNb follow the findings of similar

homogeneous formation from the defect limits to the center

materials (Bruyas et al., 2018; Buj‐Corral et al., 2018). They may be

(Figure 5b and 5c).
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Surface properties may increase the interaction between scaf-

to their differentiation into osteoblasts (Czekanska et al., 2012). The

folds and cells. It is well‐known that most of the bioresorbable syn-

ability to modify cell response is related to cell recruiting in vivo and

thetic polymers used for composite bone regeneration scaffolds are

to the differentiation of mesenchymal stem cells into osteogenic

hydrophobic (Shkarina et al., 2018; Vaikkath et al., 2016). The water

lineages that present the machinery to deposit osteogenic matrix.

contact angle values for PBAT and PBAT/BAGNb groups are lower

The PBAT/BAGNb scaffolds were used considering the in vitro

when compared to PLLA (Cairns et al., 2012), PLGA (Arabpour

characterization and the cell behavior analysis. Rat animal models

et al., 2019), and PCL (Shkarina et al., 2018), that present contact

were used in this analysis to provide a feasible overview of the ac-

angle values between 100° and 120°. The bioactive glass particles are

tivity of developed materials and their safety. No postoperative

highly hydrophilic, and the presence of 10 wt% BAGNb into the

complications were observed for the PBAT/BAGNb treated animals,

composites reduced the contact angle significantly. The macro‐ and

and no sign of local or systemic toxicity was observed, corroborating

micro‐scale structures also play an important role in the wetting

with previous reports that showed PBAT as a safe material for

properties of materials, and an increase in the surface roughness

biomedical applications (dos Santos Silva et al., 2019; Santana‐Melo

promoted by the particles could modify the wetting response on

et al., 2017). Autogenous bone was used as a control as it is

these materials. Increasing the wettability in implanted materials by

considered the gold standard for bone regeneration procedures,

reducing the contact angle, as observed in this study, may lead to

while DBBM is shown to produce increased bone volume in regen-

better interaction between the cell and tissue environment.

erative procedures (Papageorgiou et al., 2016). The high patient

Enhanced cell adhesion is found for hydrophilic scaffolds as physio-

morbidity associated with the AB (Pereira et al., 2019) and the lack of

logical fluids could easily interact with materials mediating their

structural organization and the lower solubility (Kuchler et al., 2019)

addition by extracellular matrix receptors leading to integrin binding

of DBBM are the main drawbacks of those treatments that may be

(Fan & Guo, 2020). Once cell adherence takes place the cell meta-

overcome by the developed materials. After 15, 30, and 60 days of

bolism may be modulated promoting proliferations, spreading and

follow up PBAT/BAGNb results were comparable to the controls

differentiation over the scaffold. Besides bone formation, the facili-

considering the density along with the defect (Figure 5a and 5c).

tated adhesion of clastic cells that are related to cell/enzyme medi-

These results show that PBAT/BAGNb materials supported miner-

tated degradation and the enhanced hydrolysis promoted by the

alized tissue formation along with the defect on the femur model in

hydrophilic nature of scaffolds may contribute to its degradation over

rats. A homogeneous bone formation was found along with the

time (Ren et al., 2019). Although in vivo degradation involves the

defect in the same pattern observed for the positive controls

activity of osteoclastic cells and is mediated by cell‐to‐cell commu-

(Figure 5c).

nication during the bone remodeling process, the degradation of the

PBAT/BAGNb scaffolds presented increasingly trabecular thick-

ester linkages in PBAT is water‐induced (Scaffaro et al., 2019), and

ness (Tb.Th) over time (Figure 6c), and these results may indicate the

thus, increasing the wettability may fasten the polymer and ion

organization of formed bone over time with comparable parameters

dissolution in bone defects.

found for AB and DBBM. These parameters indicate bone maturation
&

from the early bone formation at 15 days until 60 days of wound

Nayak, 2012), and previous studies (dos Santos Silva et al., 2019;

healing. The formation of bone tissue and the ability to bone

Santana‐Melo et al., 2017) have shown the degradation of PBAT in

remodeling after bone regeneration procedures are required features

vivo, which, according to the results of this study, could be acceler-

of bone regeneration treatments, and materials should allow this

ated by the incorporation of BAGNb particles into the PBAT poly-

physiological effect of bone maturation. In this study, BAGNb parti-

PBAT

presents

reduced

thermal

stability

(Mohanty

meric network (Figure 1b). The degradation of PBAT/BAGNb

cles were used to stimulate bone formation, which has been shown

materials is related to the degradation of polymeric chains and the

previously in similar animal models (Balbinot et al., 2019). Even in low

solubility of bioactive ions from BAGNb particles. Bioactive ions are

particle concentration (10 wt%), bone formation was increased, and

leached immediately after the contact to aqueous solutions (Balbinot

the formed bone was able to be modified over time, indicating their

et al., 2018; Hoppe et al., 2011), and further degradation may

maturation (Figure 6c). This behavior was not observed on DBBM

contribute to releasing particles that are entrapped into the poly-

granules as no significant difference was found in this parameter over

meric structure of PBAT. In this study, an indirect analysis was

time, probably due to the highly crystalline hydroxyapatite particles

conducted, and although the absence of contact between the mate-

that are less prone to degradation (Kuchler et al., 2019) while BAGNb

rials and cells is a limitation, this analysis aimed to understand the

particles are highly soluble and may present increased interaction

effect of released products on cell behavior. Few studies reported the

with tissues. The adequate bone formation induced in this initial non‐

biocompatibility of PBAT (dos Santos Silva et al., 2019; Fukushima

critical model in the femur shows the potential of these materials to

et al., 2013; Santana‐Melo et al., 2017), which is supported by the

be used in the further analysis for regenerative bone procedures

findings of the present study where no reduction in cell viability was

where custom‐build structure may be produced allowing the adap-

observed for PBAT and PBAT/BAGNb scaffolds treatment in pre‐

tation of implants in surgical site for personalized procedures.

osteoblastic cell behavior. The effect of BAGNb on pre‐osteoblastic

The production of composite scaffolds through additive

cell mineralization was reported before (Balbinot et al., 2018), and

manufacturing is established as an alternative for the design of

the ability of these cells to produce mineralized structures is related

controlled structures for tissue‐engineered treatments, and the
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The PBAT/BAGNb composites were successfully produced and used
for 3D printing of bone regeneration scaffolds. The developed scaffolds contributed to osteogenic activity in vitro and in vivo, showing
that the combination between PBAT and BAGNb in 3D‐printed
scaffolds may be an alternative for producing bioactive materials
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