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a b s t r a c t

Bone involvement promoted by aging and accidents has raised interest in biomaterials and

biofabrication technologies for bone regeneration purposes. Thus, 3D printing technology

has gained prominence in the production of scaffolds due to its versatility in producing

complex geometries with interconnected pores. In this work, composite scaffolds of poly

(lactic acid) (PLA), bioglass (BG) and carbon nanotubes (CNT) were produced by 3D printing,

using hexagonal, honeycomb-like geometry interspersed. The samples were analyzed in

terms of chemical structure, crystallinity and morphology using Fourier transform infrared

spectroscopy and Raman spectroscopy, X-ray diffraction and scanning electron micro-

scopy, respectively. The thermal stability of the composite was evaluated by thermog-

ravimetry and the mechanical properties by compression tests. The cell viability was

determined by Alamar Blue. The results that raman spectroscopy confirmed the interac-

tion of BG in the polymer matrix by new peaks in the spectrum between 1400 and

2600 cm�1 and the presence of the D, G and 2D bands of the CNTs. In terms of compressive

strength, PLA scaffolds with 2 mm inner spacing demonstrated higher compressive

strength of 14.88 ± 2.35 MPa, while PLA/CNT higher apparent compressive modulus of

0.58 ± 0.36 GPa. In cell viability, statistical tests showed that there was no significant dif-

ference between scaffolds with 2 and 4 mm inner spacing.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Population aging causes an increase in degenerative diseases

and fractures by accidents, which impact on people's quality of

life. Thus, there is a great interest in the search formaterials for

bone reconstruction [1,2]. Among the main materials investi-

gated, the biomaterials compatible with bone structure, such

as poly (lactic acid) (PLA) and bioglass (BG) [3], stand out.

Among the methods of biomaterials production, there is

the additive manufacturing. This technique has gained sig-

nificant prominence due to the ability to produce combina-

tions of materials with appropriate design for bone

regeneration, such as porous scaffolds. The scaffolds are

structures that act as a support for cell growth with the aim of

regeneration of a new tissue and can be optimized by mate-

rials with properties of biodegradability, biocompatibility and

bioactivity for bone improvement and replacement [4,5].

With regard to the 3D printing technique, we can quote the

fused deposition modeling (FDM) to produce scaffolds, with

the advantage of low cost, reproducibility, control of size, ge-

ometry, interconnectivity of the pores produced and the

combination of materials that can be used in the process [6]. It

is emphasized that the geometry and size of the pores are

important factors that favor cell growth and differentiation

and tissue vascularization [6,7].

With reference to the biomaterials available for bone

regeneration, it is desirable that these present characteristics

such as biocompatibility and bioreabsorption. Serra et al. [8]

produced scaffolds de chitosan, gelatin and bTCP for bone

regeneration and concluded that the scaffolds showed

bioactivity and biocompatibility being potential materials for

application in bone regeneration. Lee et al. [9] produced a

chitosan biomaterial modified with nanoclay for application

as a bone substitute and concluded that thematerial produced

had osteoinductive effects, enhanced by the nanoclay, and

provided the making of a favorable environment for bone

healing. Popescu et al. [10] developed alginate-pullulan-glass-

ceramic composite scaffolds for bone regeneration and

concluded that the composite induced bone regeneration and

angiogenesis in in vivo tests, increasing its osteogenic capac-

ity. Gregor et al. [11] reported the biocompatibility of the

scaffold produced by fused deposition modeling technique

with commercially available poly (lactic acid) (PLA), present-

ing cytotoxicity tests, evaluation of cell proliferation and dif-

ferentiation capacity with satisfactory results. The PLA is

considered a promising biomaterial due to its biocompati-

bility, bioreabsorptivity and good mechanical strength, be-

sides being easily processed and absorbed by the human body,

qualities that make them attractive for the production of bone

scaffolds [12,13].

Another material, widely used for bone regeneration is the

bioglass (BG), a type of bioceramics that presents high prop-

erties of biocompatibility and osseointegration. Bioglass de-

velops strong bonds with bone through the formation of a

bone apatite layer on the surface, which releases Si, Ca, P, and

Na ions, as well as stimulates bone tissue formation [14e16].

In this regard, de Souza et al. [17] have attested to the

biocompatibility, bioactivity and bone regeneration in in vitro

and in vivo experiments with bioglass.

One of the methods to obtain bioglass is the sol-gel, which

is highly attractive for favoring the porosity of great interest

for bone regeneration, besides being a simple and least cost

method [16,18]. With regard to bioglass, it is known that it has

limitations that come from its low mechanical strength,

especially fracture toughness [19]. As a way of trying to rem-

edy this situation, studies [20,21], point to the addition of

carbon nanotubes (CNT) as reinforcement material, due to its

excellent mechanical resistance [22]. In this case, Touri et al.

[23] attested to the improved mechanical properties of the

bioglass/CTN composite compared to the bioglass scaffold for

bone tissue engineering.

Thus, the aim of this study was to produce and study PLA,

PLA/BG and PLA/CNT scaffolds by FDM printing with honey-

comb geometry, geometric shape that is indicated as favorable

to cell growth and differentiation [24]. It is noteworthy that it

is the first time that a biocomposite with this form of pro-

duction and composition was produced, since it was not

found in the literature of PLA, BG and CNT scaffold in inter-

leaved honeycomb, produced by FDM printing, using bio-glass

synthesized by organic sol-gel route.

2. Materials and methods

2.1. Bioactive glass synthesis

The bioglass was synthesized by the sol-gel method according

to the methodology of Faure et al. [25] adapted. The following

precursor chemicalswere used: tetraethyl orthosilicate (TEOS)

11.6 ml, and triethyl phosphate (TEP) 1 ml, both from Sigma-

Aldrich (SP/Brazil), calcium nitrate tetrahydrate 7.15 g, so-

dium nitrate 4.65 g and 5 mM citric acid solution, 26 ml from

Dynamics (SP/Brazil). The reagents were mixed slowly in a

thermostat reactor of the brand Thega (MG/Brazil) until the

formation of a transparent gel. Afterwards, it was kept at 60 �C
in a stove from the brand Gigante, model G42L (SP/Brazil), for

18 h and sintered at 200 �C for 5 h and 700 �C for 2 h in a

Solidsteel muffle furnace, model SSfm (SP/Brazil). The ob-

tained powder was sieved in a 100 Tyler sieve for particle size

reduction, according to the diagram in Fig. 1.

2.2. Filament preparation

Transparent PLA filament with a diameter of 1.75mm from 3D

Fila® (MG/Brazil) was used. PLA (0.2 g) was solubilized in pure

acetone mixed in a Schuster L100 ultrasonic washer (RS/

Brazil) for 360 s with (0.007 g) carboxylic acid functionalized

multi-walled carbon nanotubes. Then the same preparation

was performed with the PLA solution and BG (0.016 g). The

prepared solutions were used for coating the pure PLA fila-

ment by reverse immersion methodology (Fig. 2). To coat the

PLA filament with the solutions, a funnel with a small hole

and a thickness close to the diameter of the filamentwas used.

One centimeter of the filament was inserted at the end of the

funnel and the solution was added at the top of the funnel.

Then, the filament was pulled upwards at 0.05 m/s until the

entire useable length is coated with the CNT or BG solution.

Afterwards, the filament was left for drying and adhesion at

room temperature (RT) for 2 h. After this time, the inverted
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dipping procedure was performed again, thus coating the

filament again with a second layer superimposed on the pre-

vious one. After this process, the filament was separate for

drying in at RT for another 5 h. After that period, ready to use

in the printer.

During printing, the filament with the surface coated with

CNT or BG undergoes a melting process at 210 �C in the

printer's extruder nozzle, thus ensuring that the nanoparticles

deposited on the surface of the filament are also part of the

entire polymeric matrix.

2.3. 3D printing of scaffolds by fused deposition
modeling (FDM)

A commercial FDM printer of the brand Stella3 LITE (PR/Brazil)

was used to fabricate the scaffolds. The selected interleaved

honeycomb architecture forming hexagons was designed by

the Cinema 4D modeling software (free version) and the

printing parameters were set by the Prusa-Slicer slicer version

2.3.2 (free version). Fig. 3 shows the design of the scaffolds.

The 3D scaffolds were prepared via bedding layer deposition

by melt extrusion of PLA filament with a 0.2 mm diameter

extruder nozzle. The temperature of the initial layer was

210 �C and the temperature of the other layers was 180 �C,

Fig. 2 e Scheme of preparation of solutions for coating

filaments for 3D printing.

Fig. 3 e Layer-by-layer scaffold design with hexagonal

honeycomb geometry. In A, the first layer is observed on a

certain axis. In B, the posterior layer in the displaced axis

so that the hexagons are in the center of the previous layer,

in this way, the intercalation of the layers shown in C.

Fig. 1 e Schematic diagram of bioglass synthesis by the sol-gel method.
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with a layer thickness of 0.1 mm and a wall thickness of

0.4 mm. The printing speed for the outer part was 20 mm/s

and for the inner part was 10 mm/s, and scaffolds with inner

spacing, between filaments, of 2 and 4 mm of PLA, PLA/BG,

and PLA/CNT were produced (Fig. 4).

2.4. Thermal impregnation of the scaffold surface

To induce increased cell adhesion, the PLA, PLA/BG and PLA/

CNT scaffolds were coated with bioglass in order to cover the

entire surface. To do so, the samples were placed in petri

dishes and covered with the powder, and then placed in a

stove at a temperature of 130 �C with an average heating rate

of 4.8 �C/min, followed by convection cooling.

2.5. Description

2.5.1. X-ray diffraction (XRD)
Qualitative crystalline phases were obtained by XRD, in Proto

Manufacturing equipment, XRD Powder Diffraction System:

the generator of 30 kV and 2 mA, Cu-Ka1 radiation, angular

step of 0.0149�, time interval of 0.5 s, sweep of 47 min and 2q

ranging from 5� to 60�. The crystalline phases in the residue

were identified with reference to COD. The test was performed

on the bioglass samples and the PLA, PLA/BG and PLA/CNT

filaments.

2.5.2. Fourier transform infrared vibrational spectroscopy
(FTIR)
A Thermo Scientific Nicolet iS50 FTIR spectrophotometer was

used for FTIR. The samples were analyzed in the mid-infrared

spectral region (MIR - Middle Infrared), from 4000 to 400 cm-1.

The test was performed on the bioglass sample.

2.5.3. Scanning electron microscopy (SEM)
The bioglass and scaffolds weremetallized with Au/Pd using a

QUORUM TECHNOLOGIES SC7620 metallizer and then

observed under a TESCAN VEGA 3 scanning electron micro-

scopewith an electron beam current of 85e90 mA, acceleration

voltage of 15 kV andWD of 15mm. The test was performed on

the bioglass samples and the PLA, PLA/BG and PLA/CNT

scaffolds before and after impregnation with BG on the sur-

face. The pore size in the filaments was measured by SEM,

according to Fig. 5.

2.5.4. Raman spectroscopy
For the Raman scattering measurements, it was used the

LabRam Spectrometer equipment HR Evolution model from

Horiba, under the following conditions: Laser of 633 nm;

Range of 600e3200 cm-1; Time of 120 s; Accumulations of 2;

Laser Power Filter of 5% and, Lens of 100x. The tests were

performed on the bioglass samples and PLA, PLA/BG and PLA/

CNT scaffolds before and after thermal impregnation with BG

on the surface.

2.5.5. Thermogravimetric analysis
The thermogravimetric analysis (TGA) and its derivative (DTG)

was performed in Shimadzu equipment of the model DTG-

60H. The test was performed under a continuous oxygen at-

mosphere at 50ml/min, at a heating rate of 20 �C/min, fromRT

up to 800 �C. The test was performed on the PLA/CNT scaffold

sample impregnated with BG on the surface to evaluate the

Fig. 4 e Process for obtaining of scaffolds by FDM printing. In A filament produced by FDM in PLA, PLA/BG and PLA/CNT. In B

dimensions of the scaffold designed by the modeling software. On C FDM printer. In D and E Layer dimensions with 2 and

4 mm inner spacing. In F scaffold produced by FDM.
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thermal stability, degradation behavior, and percentage of the

residual mass of the composite scaffold.

2.5.6. Compression test
To determine the mechanical properties by compression,

specimens with dimensions of 28x14 � 13 mm were made by

3D printing of the studied materials following the guidelines

of ASTM D695-10 [26]. To attend the specifications established

by the standard, the specimens were manufactured with di-

mensions attending the requirement that the height be twice

the size of the width. The tests were performed in a universal

testing machinemodel EMIC DL-500 with 500 kgf load cell and

1 mm/min rate. It was performed on PLA, PLA/BG and PLA/

CNT scaffolds with 2 and 4 mm of inner spacing between fil-

aments. Several works [27e29] showed the production of

scaffolds with smaller inner spacing between the filaments,

which justified the choice of the honeycomb geometry in the

present work, becausewith the different intercalated layers, it

was possible to obtain smaller inner spacings, between the

filaments.

The compressive strength and strain properties were

calculated from the load-displacement data. The apparent

compressive modulus was based on the slope of the

stressestrain curve in the elastic region.

2.5.7. Cell viability
The MC3T3 murine calvaria-derived preosteoblast cell line

(obtained from the American Type Culture Collection/ATTC,

USA) was used to analyze cell viability. Cells were cultured in

a-MEM medium supplemented with 10% fetal bovine serum

and 1% antibiotic/antimycotic solution (all from Gibco, USA).

Twenty-four hours before cultivation on the scaffolds, the

cells were maintained in a nutritionally deficient condition

(culture medium without the addition of fetal bovine serum)

to keep all cells in the same cell cycle phase. Cell viability was

assessed using the Alamar Blue assay, a ready-to-use resa-

zurin-based solution (a non-toxic compound that is cell

permeable and non-fluorescent blue in color) that functions as

an indicator of cell health. Upon entering metabolically active

cells, the dye is reduced to resorufin, a highly fluorescent red-

colored compound that increases the overall fluorescence and

color of the media surrounding cells, which allows the

assessment of viability without the need to detach the cells

from the scaffolds or lyse them for evaluation.

MC3T3 cells were grown on the PLA, PLA/BG and PLA/CNT

scaffold samples of 2 and 4 mm inner spacing, between fila-

ments, impregnated with BG on the surface in 24-well plates

at a density of 1 � 104 cells per well. Cells cultured on a

polystyrene plastic surface compounded the control group.

Two independent experiments were performed in sextupli-

cate (n ¼ 6). After the experimental times of 24, 48 and 72 h,

the medium was removed from the wells and the cells were

incubated with 30 mL of Alamar Blue (Invitrogen, USA) and

270 mL of a-MEM medium under regular culture conditions.

After 4 h, the absorbances of the solution were determined

using amicroplate reader (at 570 nm for the reduced form and

600 nm for the oxidized form) and the percentage reduction of

Alamar Blue in each samplewas calculated using the equation

provided by the manufacturer.

2.5.8. Statistical analysis
Statistical validation of the data was performed using the

analysis of variance test (ANOVA), with 95% confidence

interval (p < 0.05). Mean values were compared using Tukey's
test.

3. Results and discussion

3.1. Characterization of the bioglass synthesized by sol-
gel

Fig. 6A shows the X-ray diffractogram of the bioglass. The

diffractometric pattern shows the peaks of the sodium cal-

cium silicate phase (Na2CaSiO4) as the majority phase. In

Fig. 6B, in the FTIR spectrum of the bioglass, the vibrations of

the silicon-oxygen bonds are observed; the vibrations of the

phosphate group and the vibrations of carbon-oxygen. In turn,

micrographs can be observed in Fig. 6C and D that show ag-

glomerates of variable sizes with pore formation.

The Na2CaSiO4 phase found in this study has a high ca-

pacity to induce apatite formation as also reported by Zhao

et al. [30] and Bellucci et al. [31] when they synthesized bio-

glass via sol-gel. In addition, another bioactive calcium silicate

Fig. 5 e Schematic representation of the measurement of the pore size of the filaments used in the printing of scaffolds.

Measurement obtained by scanning electronic microscopy, using the Essence Software.
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phase (Ca3SiO5) was also found in the present work and re-

ported by Refs. [21,32], being responsible for favoring the for-

mation of hydroxyapatite-deficient crystals that stimulate cell

growth, biocompatibility and bioactivity, suggesting that the

presence of this phase enhances the application of bioglass in

the bone implant area.

As for the FTIR results of the bioglass, in Fig. 6B the

following wavelengths were found: 879 and 1068 cm�1 asso-

ciated with the elongation vibrations of silicon with oxygen;

619, 650 and 698 cm�1 the vibrations of the phosphate

grouping and, at 1440 and 1485 cm�1 the vibrations of carbon

with oxygen. Similar results were also reported by Bento et al.

[33], Vafa et al. [34] and Lucas-Girot et al. [35], on silicon vi-

brations with oxygen. As for the vibrations of the phosphate

grouping and the carbon-oxygen bonds, they were similar

with the study by Cacciotti et al. [36], Aguiar et al. [37] and Ben-

Arfa et al. [38].

Regarding the micrographs of the bioglass powder, Fig. 6C

and D shows agglomerates of variable size with pore for-

mation. Vafa et al. [34] informs that the best bond with the

bone tissue is due to the porosity of the material, factors that

are beneficial for the circulation of the body fluid and stim-

ulation of cell growth and that are elevated with the use of

citric acid in the synthesis of the bioglass [25]. Therefore, the

presence of pores in the biomaterial are important attributes

for bone repair.

3.2. Visual appearance, morphological and structural
characterization of scaffolds produced by FDM printing

In Fig. 7, one can observe the hexagonal opening honeycomb

geometry in different views. In its interior, interleaved lat-

tices of the hexagonal opening are observed, which produces

the decrease of the inner spacing. According to studies

[39e41], scaffolds with acute and obtuse angle geometry,

characteristic of hexagonal geometry, facilitate angiogenesis

and promote good vascularization, attachment, proliferation

and cell differentiation, being fundamental for bone regen-

eration [24].

Fig. 8 shows micrographs of the filaments (A-C) and

scaffolds (D, E) with of the 2 and 4 mm inner spacing pro-

duced by FDM printing in a view of the top surface of the cut

scaffolds. It can be observed that the PLA filament did not

present porosity (Fig. 7A), however with the addition of BG

and CNT (Fig. 8 B, C) the appearance of pores in the structure

of the PLA filament is observed. The average pore size for the

filament with BG was equal to 2.43 ± 1.29 mm and for the

filament with CNT 5.83 ± 3.20 mm. Serra et al. [42] e Baptista

et al. [43] also found a pore diameter similar to the present

study. In Fig. 8D, the micrograph of the scaffold with 2 mm

inner spacing showed inner distance between filaments and

layers ranging between 130 mm and 500 mm. In Fig. 8E, the

micrograph of the printed scaffold with 4 mm inner spacing

Fig. 6 eMicrostructural characterization of bioglass powder synthesized by sol-gel. XRD in A, FTIR in B andMicrographs in C

and D.
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Fig. 7 e Top view obtained by optical microscope with 10x and 0.8x magnification: Top and perspective view of scaffolds in

A and B. Macrographs of printed scaffold with 2 mm inner spacing in C and printed scaffold with 4 mm inner spacing in D.

Fig. 8 e Micrographs of filaments and scaffolds. (A) PLA filament; (B) PLA/BG filament; (C) PLA/CNT filament; (D) scaffold with

2 mm of the inner spacing and (E) scaffold with 4 mm of the inner spacing.
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showed inner distance between filaments and layers ranging

between 150 mm and 800 mm.

In this context, Mohammadi et al. [24] in his study showed

that scaffolds with pores of 320e600 mm and hexagonal pore

geometry favor better osteogenesis and angiogenesis.

Corroborating, Chen et al. [44], pointed out that scaffolds with

pores of 500 mm had better cell adhesion, proliferation and

osteogenic differentiation.

Themorphology of PLA, PLA/BG and PLA/CNT scaffolds can

be observed in the micrographs of Fig. 9. Fig. 9A shows a

micrograph of the PLA scaffold with a smooth surface, while

Fig. 9B shows the presence of bioglass adhered to the poly-

meric surface and Fig. 9C and D shows the CNT exposed in the

region of the scaffold fracture.

Fig. 10 (A, B and C) showsmicrographs of the scaffolds after

thermal impregnation of the surface with bioglass, and it can

be seen that the particles of the bioglass were adhered to the

surface of the scaffold. With the particles of bioglass adhered

on the surface, it is intended to increase the bioactivity of

scaffolds through the bioactive properties of bioglass, since

polylactic acid (PLA), despite being considered an important

biomaterial for its excellent biocompatibility and degradation

in physiological environment, however, has low cellular

response [41]. In the study by Canales et al. [41], the bioglass

nanoparticles incorporated into PLA by fusion process showed

that the incorporation increased the hydrolytic degradation of

the polymer improving its degradation process and bioactivity

induced by bioglass.

Fig. 9 e Micrographs of the scaffolds before thermal impregnation: PLA in A, PLA/BG in B and PLA/CNT in C and D. Can be

observed on the surface of PLA BG in B and CNT in C and D.

Fig. 10 e Micrographs of the scaffolds after thermal impregnation of the surface with bioglass. PLA in A, PLA/BG in B and

PLA/CNT in C.
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Fig. 11 shows the diffractograms of the neat PLA, PLA/BG

and PLA/CNT filaments after FDM printing. The diffractogram

of the neat PLA filament shows only the amorphous halo. In

the diffractogram of PLA/BG and PLA/CNT, two peaks are

observed corresponding to 2q equal to 16.5� and 19� related to

crystals, being more intense in PLA/CNT. These peaks corre-

spond to the a0 and a crystals, respectively, of PLA that ac-

cording to Huang et al. [45] is due to the polymer melting that

occurs in the extrusion of FDM printing, suggesting that the

crystalline behavior of PLA is affected by BG and CNT after 3D

printing. And according to Zhou et al. [46] this addition acts as

a nucleation site for the growth of PLA crystals.

Fig. 12 shows the Raman spectra of the bioglass, the PLA

and PLA/BG scaffolds and the PLA and PLA/BG scaffold after

the impregnation of the surface with bioglass, being named

PLA Imp BG and PLA/BG Imp BG.

In the Raman spectrum of the bioglass it is possible to

observe the vibrations of the typical bands of the SieOeSi

bond, in the range 900e970 cm�1 corresponds to the Si-O-NBO

(non-point oxygen) stretching and the 1000 to 1100 cm�1 to

that of asymmetric SieOeSi stretching [37,47]. Whereas, the

bands from 800 to 1000 cm�1 are associated with the SieOeSi

bond in the silica tetrahedron with a different number of non-

point oxygen (NBO) [31]. Whereas, the vibrational bands at

938 cm�1 are characteristic of SieOeSi stretching and bending

modes, the peak at 1069 cm�1 is assigned to a bond stretching

vibration, in which the bridging oxygen atom moves parallel

Fig. 11 e XRD diffractogram of PLA, PLA/BG and PLA/CNT

filaments.

Fig. 12 e Raman spectrum of bioglass and PLA and PLA/BG scaffolds before and after thermal impregnation of the surface

with bioglass.
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to the SieSi lines. Whereas, the band around 600 cm�1 was

assigned to the phosphate (PeO) vibration [48].

The characteristic peaks of PLA were assigned to: 2740,

2891, 2947 and 3000 cm�1 which corresponds to the stretching

vibration of the CH2 structural arrangement; 1765 cm�1 to the

C]O stretching vibration; 1454, 1370, 1306 cm�1 to the

bending vibration of the CH3 arrangement; 1196, 1122, 1045,

746, 689 and 632 cm�1 to the CeC stretching vibration;

934 cm�1 swing vibration with CH3 and; 873 cm�1 to the

CeCOO stretching vibration of the repetitive unit of the PLA

polymer chain [44,49,50].

In Table 1, one can compare the peaks found in the Raman

spectra of PLA and PLA impregnated with BG, as well as in

Table 2 the peaks found in the spectra of PLA/BG and PLA/BG

impregnated with BG with their respective FHWM (width and

half-height). Note the characteristic vibration bands of the

polymer and the strong interaction with the BG inducing new

vibrational modes and generating new bands between 1400

and 2600 cm�1. In addition, the increase in FWHM indicates an

increase of functional groups adsorbed on the matrix, thus

showing the interaction of the bioglass with the PLA matrix.

Fig. 13 presents the Raman spectrum of the PLA/CNT

scaffolds before and after impregnation with BG on the sur-

face, being named PLA/CNT Imp BG. Table 3 shows the peaks

found in the respective spectra. The D band at 1333 cm�1 and

G band at 1594 cm�1 were identified, confirming the existence

of the carbon nanotubes in the 3D printedmaterial. This result

was similar to that presented by Vidakis et al. [51] with the

fabrication of PLA/CNT nanocomposites by 3D printing. Iva-

nov et al. [52] in turn observed that the bands at 2890-

3000 cm�1 of the polymer matrix decreased with the presence

of the carbon nanotubes. The Raman spectrum of PLA/CNT

Imp BG scaffolds showed decreased intensity of the peaks

related to the D (1334 cm�1), G (1594 cm�1) and 2D (2661 cm�1)

bands, indicative of carbon nanotubes. The degree of defects

in the graphitic structure is characterized by the ratio between

the intensities of the D andG bands (ID/IG), the lower the value

of the ratio, the lower the amount of defects in the carbon

structure. Thus, the ratio values (ID/IG) for PLA/CNT were 2.2

and for PLA/CNT Imp BG was 1.6. Also, the increase of the

FHWM of the D-band was observed being indicative of the

increase of defects or functionalization in the CNTs and also

the intensity of the D-band higher than the G-band confirming

also the defects of functionality.

3.3. Thermogravimetric analysis and its derivative
(TGA/DTG)

The results of thermogravimetric analysis (TGA) and corre-

sponding differential thermogravimetric analysis (DTG)

(Fig. 14) provides data for the thermal and oxidative stability of

the PLA/CNT Imp BG composite sample and the approximate

residualmass percentage of CNT and BG incorporated into the

polymer substrate. The PLA/CNT Imp BG composite sample

showed decomposition at 266 �C with a DTG peak of 315 �C.
The TGA curve shows two mass losses after the tempera-

ture increase. The initial mass of the composite sample was

5.48 mg and the losses appeared in the temperature ranges of

100e163 �C and 266e347 �C. The first mass loss between 100

Table 1 e Deconvolutions of themain spectrum Raman of
PLA scaffolds and PLA impregnated with bioglass (BG).

Deconvolutions
of PLA
cm�1 peaks

FWHM
PLA cm�1

Deconvolutions
of PLA Imp BG
peaks cm�1

FWHM
PLA Imp
BG cm�1

632 61.29 e e

689 47.45 677 92.11

746 63.81 780 43.68

873 35.57 857 34.12

934 44.86 927 31.66

1045 39.67 1068 59.45

1122 45.04 e e

1196 34.50 1191 46.43

1306 44.18 1308 80.90

1370 46.78 1368 23.03

e e 1419 33.20

1454 31.25 1460 41.66

e e 1588 65.43

e e 1685 61.60

1765 45.87 1752 50.89

e e 1830 57.41

e e 1910 64.85

e e 1976 47.29

e e 2030 13.66

e e 2074 141.43

e e 2564 418.13

2740 51.34 e e

2891 41.83 2891 40.75

2947 28.74 2936 41.20

3000 39.80 2989 38.01

Table 2 e Deconvolutions of the peaks of the Raman
spectrum of PLA/BG and PLA/BG scaffolds impregnated
with bioglass (BG).

Deconvolutions
PLA/BG
cm�1 peaks

FWHM
PLA/BG
cm�1

Deconvolutions
PLA/BG
Imp BG

cm�1 peaks

FWHM
PLA/BG
Imp BG
cm�1

691 131.56 689 56.70

748 39.99 740 90.75

873 28.69 873 31.53

926 47.39 955 56.77

1040 33.10 1040 32.55

1096 29.40 1091 43.52

1128 29.99 1132 32.94

1187 37.34 1206 58.41

1303 30.99 1294 40.33

1360 55.42 1343 20.03

- e 1385 23.52

1454 27.61 1454 30.99

- e 1526 31.91

- e 1608 111.98

- e 1696 38.10

1765 34.47 1765 33.25

2206 460.93 2183 211.63

2684 401.89

2746 110.17 e e

2835 17.80 e e

2889 38.17 2891 36.87

2947 23.59 2947 27.62

3002 35.18 2999 43.44

3153 137.43 e e
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and 163 �C is observed to be approximately 1.058% (0.058 mg)

which can be attributed to adsorbed water. The second mass

loss occurs between 266 and 347 �C, being quite significant

with degradation and loss of 94.82% which corresponds to

5.19mg of mass. The peak of the DTG curve of 315 �C indicates

Fig. 13 e Raman spectrum of PLA/CNT scaffold before and after thermal impregnation of the surface with bioglass.

Table 3 e Deconvolutions of the Raman spectrum peaks
of PLA/CNT scaffolds and PLA/CNT impregnated with
bioglass (BG).

Deconvolutions
of peaks
PLA/CNT cm�1

FWHM
PLA/CNT
cm�1

Deconvolutions
of PLA/CNT

Imp BG
cm�1 peaks

FWHM
PLA/CNT
Imp BG
cm�1

669 114.48 671 152.99

748 34.08 726 73.27

873 32.76 873 33.15

- e 931 31.37

1042 34.59 1042 37.55

1119 46.69 1122 46.63

- e 1202 42.07

1333 55.29 1334 92.17

1458 24.39 1454 30.00

1594 62.42 1594 87.64

1765 39.39 1765 32.85

1963 187.25 e e

2175 89.70 e e

2622 304.61 e e

2660 63.05 2661 73.57

- e 2745 35.65

2894 35.57 2892 43.53

2947 29.11 2948 27.52

3000 39.28 3001 35.58

Fig. 14 e TGA and DTG curves of the PLA/CNT imp BG. TGA/

DTG provides data for the thermal and oxidative stability of

the PLA/CNT Imp BG composite sample and the

approximate residual mass percentage of CNT and BG

incorporated into the polymer substrate.
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themaximum temperature of degradation, being attributed to

the degradation of the polymer. At the end of the degradation,

it can be seen that all polymeric material was decomposed

having a residue of 5.2%mass corresponding to 0.22mg that is

not degraded at the maximum temperature analyzed, sug-

gesting to be CNT and BG.

Similar behavior was found in the studies of Abeer et al.

[53] where the pure PLA scaffold showed thermal decompo-

sition of the polymer from 300 to 370 �C and almost complete

mass loss (99.15%), while in the PLA/BG scaffold the thermal

decomposition was from 230 to 300 �C.

3.4. Compression test

For the compression and cell viability tests it was used in the

nomenclature PLA, PLA/BG and PLA/CNT the numbers 2 and 4

meaning the inner spacing of the scaffolds.

Fig. 15A shows the graph of the compressive strength in

relation to the type of material analyzed. Among the scaffold

models with 2 mm of the inner spacing, PLA presented the

highest compressive strength corresponding to 14.88 ±
2.35 MPa. Among the 4 mm of the inner spacing scaffold

models, the PLA/NTC presented the highest compressive

strength value of 9.76 ± 6.28 MPa. Fig. 15B shows the behavior

of the scaffolds in relation to the deformation and it can be

seen that the scaffolds with the highest deformation were

PLA2 with 0.16 ± 0.02 (%) and PLA/BG4 corresponding to

0.24 ± 0.05 (%). Fig. 15C shows the graph of the average

apparent compressive modulus and it can be seen that the

scaffolds with the highest stiffness were PLA/CNT2 with

0.58 ± 0.36 GPa and PLA4 with 0.36 ± 0.25 GPa. The size of the

inner spacing in the scaffold structure may directly influence

the mechanical behavior and, as seen in Fig. 8, the openings

varied between 130 mm and 500 mm, for scaffold produced

Fig. 15 e Mechanical properties obtained from uniaxial compression tests. The data represent the average values and the

standard deviation of the evaluated mechanical properties. Compressive Strength at A, Strain at B and Apparent

Compressive Modulus at C.
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with 2 mm of the inner spacing, and 150 mm and 800 mm for

scaffold with 4 mm of the inner spacing. Another factor that

may explain the decrease in compressive strength of PLA/BG

and PLA/CNT scaffolds is that the insertion of these compo-

nents into PLA caused an increase in porosity in the filament,

as can be seen in Fig. 8 (A-C). Despite the average pore size, in

the filaments, being smaller in PLA/BG scaffolds, the

compressive strength in these materials was lower than in

PLA/CNT, suggesting that, in spite of increasing the pore size

in PLA, insertion of CNT led to a slight increase in compres-

sive strength due to its intrinsic properties. The same stan-

dard was found by Corcione et al. [54] when hydroxyapatite

microspheres were incorporated into PLA in the production

of scaffolds for use in bone regeneration. The authors

attributed the decrease in compressive strength to the

incorporation of hydroxyapatite in the PLA structure. Serra

et al. [8] also obtained similar results to the present study and

the authors state that, despite the strength being lower than

that of the trabecular bone the scaffold was able to act as

templates during the first phases of bone regeneration. Bap-

tista et al. [55] found better values for the mechanical per-

formance of PLA scaffolds printed via 3 d-printing with

porosity and geometry variation. The authors concluded that

staggered scaffolds showed a greater reduction in open

porosity and an increase in mechanical properties when

compared to the other configurations. Baptista and Guedes

[56] also obtained PLA scaffolds with excellent mechanical

performance when evaluating the variation in geometry and

porosity and concluded that this material may be applied as a

bone substitute.

The statistical analysis of the mechanical properties in

compression is presented in Table 4. For compressive

strength, one can see that for p-value of 0.028695, the calcu-

lated F (3.72) is higher than the critical F value (3.10), as for

strain, the p-value is 0.035863 and the calculated F (3.47) is

higher than the critical F value (3.10). Thus, the hypothesis

that the averages of the presented specimens are equal is

rejected at 95% confidence level. Due to the ANOVA results,

Tukey's test was necessary to investigate whether the bioglass

and carbon nanotubes were more effective in causing signif-

icant changes in the mechanical properties of the scaffolds

and for minimum significant difference (M.S.D) of 6.878504 it

was observed that PLA/BG2, PLA/BG4 and PLA/CNT2 scaffolds

present statistical differences regarding compressive strength

and PLA4, PLA/BG4 and PLA/CNT2 present statistical differ-

ences regarding deformation do M.S.D. of 0.130193. For

apparent compressive modulus, the p-value was 0.035863 and

the calculated F (2.36) was lower than the critical value F (3.10)

and this result reveals that there is no statistical difference

between the scaffolds.

Thus, it can be inferred that the inclusion of bioglass and

carbon nanotubes in the PLA matrix caused changes in the

mechanical properties in compressive strength and strain of

the scaffolds. On the other hand, no significant difference was

found in the apparent compressive modulus values between

the PLA matrix and the composites with bioglass and carbon

nanotubes. The results were compatible with trabecular bone,

such as present in vertebrae, skull and joints, which has

compressive strength of 2e20 MPa and apparent compressive

modulus of 0.1e2.0 GPa [57].

3.5. Cell viability

The reduction of Alamar Blue® was evaluated at three

different incubation times, the values being obtained from the

absorbance readings at 24 h, 48 h and 72 h.

Fig. 16 presents the data from the Alamar Blue assay

showing that all groups of scaffolds exhibited lower cell pro-

liferation compared to the control group. Among the scaffold

groups analyzed, the 4 mm of the inner spacing scaffolds

showed better cell proliferation. Regarding the time, the

scaffolds, in 24 h of the PLA/BG4 group was the one that pre-

sented the best cell proliferation with 32.82 ± 0.90 (%). In 48 h,

the same group also presented the best result with

32.53 ± 16.78 (%). In 72 h, the PLA4 group showed the highest

cell proliferation with 38.53 ± 24.39 (%).

Table 4 e Analysis of single factor variance for compression assay of PLA, PLA/BG and PLA/CNT scaffolds with 2 and 4 mm
diameter produced by FDM printing. Compressive Strength: p-value - 0.028695 and M.S.D - 6.878504; Strain: p-value -
0.035863 and M.S.D - 0.130193; Apparent Compressive Modulus: p-value - 0.035863.

Compressive Strength (MPa)

Source Sum of Squares Degrees of Freedom Mean of Squares F (calculated) F critical p-value

Source Sum of Squares Degrees of Freedom Mean of Squares F (calculated) F critical p-value

Between the groups 186,1782 5 37,23564 3,728483 3,105875 0,028695

Inside the group 119,8417 12 9,986806

Total 306,0198 17

Strain

Source Sum of Squares Degrees of Freedom Mean of Squares F (calculated) F critical p-value

Between the groups 0,062117 5 0,012423 3,47236 3,105875 0,035863

Inside the group 0,042933 12 0,003578

Total 0,10505 17

Apparent Compressive Modulus (GPa)

Source Sum of Squares Degrees of Freedom Mean of Squares F (calculated) F critical p-value

Between the groups 0,469103 5 0,093821 2,363193 3,105875 0,103199

Inside the group 0,476409 12 0,039701

Total 0,945512 17
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The two-way ANOVA statistical analysis was applied and

reveals that between the materials and the control, the

calculated F (25.28) is higher than the critical F value (2.32),

thus requiring the application of Tukey's test. It can be infer-

red that, between the materials and the control, they are

statistically different (M.S.D. of 22.37). The analysis between

the samples of the study materials, the double factorial

ANOVA statistical results point out that there is no significant

difference between these groups, because the calculated F

(3.06) is inside the critical F value (3.21).

Some limitations could have influenced the difference in

the results of the Alamar blue assay between the control group

and the scaffolds tested. The first is that the hydrophilicity of

PLA can be an obstacle to cell viability due to its degradation

with acidic products [58]. The second is that in the control

group, the cells were seeded on a polystyrene surface, which

has been considered the gold standard surface for adherent

cell cultures due to its biocompatibility and physical proper-

ties [59,60], while in the tested groups the cells need to over-

come the possible limitations related to the physical

properties of the microenvironment so that they can adhere

and then proliferate. In a general analysis of scaffolds groups,

after a drop in cell growth at 24 and 48 h, it is observed that

there was cell growth at 72 h. As the study covered only three

days, the ability of the cells to overcome these eventual inte-

gration difficulties with the scaffold surfaces may not have

been adequately detected.

Thus, it is noted that the scaffolds produced presented

themselves as potential materials for the development of

artificial structures with application as bone substitutes and

can be an alternative for regenerative medicine and for tissue

engineering.

4. Conclusions

This study demonstrated that PLA, PLA/BG and PLA/CNT

scaffolds can be produced as 3D printed structures by FDM

technique with a controlled geometric structure with inter-

leaved hexagonal honeycomb pores, with good reproducibility

and precision, fundamental characteristics for the fabrication

of customized biomaterials, and with mechanical properties

in compression similar to trabecular bone. The SEM analysis

revealed the porous microstructure in the filaments of the

scaffolds. In the Raman structural characterization, it was

possible to identify the interactive vibrational behavior of the

structural arrangements of thematerials in this study and the

emergence of new peaks, not reported in the literature,

demonstrated the interaction of bioglass and carbon nano-

tubes with the polymer matrix. Furthermore, the good ther-

mal stability of the PLA/CNT Imp BG composite. In the cell

viability analysis, the results were lower than the control

group, however, at 72 h there was greater cell proliferation

among the scaffolds. Thus, the results showed that the three-

dimensional scaffold of hexagonal honeycomb geometry of

PLA, BG and CNT has potential for applications in bio-

materials, but needs further studies in the area. Although the

study with scaffolds shows interesting data for using 3D

printed composites for bone repair in vertebrae, ribs, skull and

joint bones, the application for future implants remains

limited regarding biocompatibility for osteogenic integration,

regardless of the type of scaffold generated by 3D printing.
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