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Abstract

Scaffolds with osteoconductivity, biocompatibility and good mechanical properties are promising for local drug release
of sodium alendronate (ALN), a first-choice drug for treatment of bone tissue diseases, with low bioavailability. The
viability to manufacture poly (L-lactic acid) (PLLA)/poly (methyl methacrylate) (PMMA) filaments containing ALN
in different proportions, through extrusion, followed by scaffolds using 3D printing by fusion deposition modelling
(FDM) and to investigate the influence of processes in mixtures drove this study. Differential scanning calorimetry
(DSC), spectroscopy in the infrared region with Fourier transform (FTIR/ATR), and X-ray diffractometry (XRD)
analysis indicated that PMMA decelerates crystallinity and confers malleability to PLLA/ALN mixture, besides its good
processability and miscibility with PLLA and no relevant changes in physicochemical properties of components. Field
emission scanning electron microscopy (SEM/FEG) showed good interfacial compatibility between PLLA/PMMA and
homogeneously dispersed drug crystals in matrix. PLLA-PMMA-ALN scaffolds were manufactured by accurate with
interesting properties for bone tissue engineering.
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1. Introduction

Sodium Alendronate (ALN) is used to various bone
tissue disorders such as osteoporosis, Paget disease, bone
cancer and bone metastases!'. This drug has a great affinity
for the human bone matrix and can inhibit resorption and
increase bone formation!!. However, the ALN has low
bioavailability (<1%) and requires high doses via oral or
intravenous administration generating side effects.

The administration of medication at the local level
can minimize negative effects!, reduce the dosages to
required therapeutic levels, increase patient compliance,
and improve the patient’s quality of lifel®]. Scaffolds with
osteoconductivity and osteoinductivity are promising
alternatives to perform this function and solve challenges
such as complex bone geometry, surgery needs, and risks
of'infection. The scaffolds must possess strong mechanical
properties, biocompatibility, and degrade gradually while
new tissue and extracellular matrix are formed and must have
high porosity and interconnected pores'. They are a kind
of implantable system that acts as a means of efficacy local
drug administration resulting in high drug concentrations
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at the site of interest, reducing systemic drug exposurel™
been classified as a pharmaceutical dosage forms and
medical devices!®.

Three-dimensional printing (3DP) is a modern way
to produce scaffolds incorporating drugs and the fusion
deposition modeling (FDM) method, a regular process
that allows fabricate different structures design with
interconnected macropore sizes according to demands®.
This method dispenses solvents and is low-cost!’.. For the
3D printer, filaments produced from pure, or a mixture of
materials feed the printer and enable continuous process but
can also degrade the components!®. A key point is to select
appropriate parameters®® such as screw speed, extruder
feed, and temperature are crucial, as well as incorporating
flow agents to increase the component fluidity index!'%!!,

PLLA is one of the most used materials in FDM-3DP due
to its easy-to-process properties by extrusion, high mechanical
resistance, and low thermal expansion coefficient!'?. It has
been approved by the American regulatory agencies (FDA)
and European Medicine Agency (EMA) for application in
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pharmaceutical and medicinal areas, notably because it is
bioresorbable, biocompatible, and has low immunogenicity!!>!4.,

To improve thermomechanical and flow properties and
regulate PLLA crystallization, poly (methyl methacrylate)
(PMMA) is an alternative due to the compatibility between
them and because its mixture can structure a mechanical
entanglement of molecular chains after fusion!'>, The PMMA
is hydrophobic, resistant to hydrolysis and is excreted
without harmful effect to the human body. Due to its good
mechanical properties, low cost, excellent biocompatibility
and processability, PMMA has been widely adopted as bone
cement. Moreover, PMMA deposition on orthopedic implants
improves mechanical fixation and biological performance!'®.

This work aimed to develop PLLA-PMMA-ALN
filaments by extrusion and test the production of scaffolds
via FDM-3DP. Seeking to understand the behavior of the
blends and the influence of melting processing on the thermal
stability of the mixtures, the filaments and scaffolds were
characterized. The effort was to produce a dosage form for
local administration of ALN, using relatively simple and
innovative techniques such as extrusion and 3DP. As far
as research has been carried out, there is no study using
PLLA-PMMA-ALN blend in extrusion processing and 3DP.

2. Materials and Methods

PLLA was obtained from Nature Works 3D850 (0.5% of
isomer D; density of 1.24 g/cm?; 176 °C melting point; 9 g
(10 min"') to 210 °C with aload of 216 kg; average diameter
of 2.8-2.9 mm), ALN trihydrate form was obtained from
Alpex Healthcare Limited (Mw = 326,13 g/mol; 245 °C
melting point) and PMMA was obtained from Sigma Aldrich
(Mw = 15,000 g/mol; density 1.2 g/cm?).

In order to use all materials as a powder, PLLA was
previously immersed in liquid nitrogen by 20 min and then
inserted in a knife grinder per 5 min to obtain a thin powder!!”.
In regard to limit PLLA degradation by hydrolysis in the
mixtures, ALN trihydrate form was dry at 150 °Cby 1 hina
vacuum oven at 350 mmHg to remove its hydration waters
and, consequently, conversion into its anhydrous form!'®.

2.1 Extrusion

Previously with each filament production, the samples
were dried at 60 °C in a vacuum oven at 350 mmHg by 1 h
for moisture removal and then inserted in a simply threaded
mini extruder (Filmaq 3D CV). To produce the filaments.
screw speed and nozzle temperature were maintained at
30 rpm and 185°C, respectively, for all the samples.

2.2 3D printing

The object model to be printed was obtained through 3D
modeling software (Fusion 360, USA) and stored in STL
file format. Slicing software (Ultimaker Cura, Netherlands)
was used to plan the printing procedure; the file was saved
to “G code” and imported into the 3D printer. A porous
disc scaffolds were made on a 3D Printer (Creality CR-10S
Pro brand) using the following print parameters: diameter:
25 mm, Mesh size: 1.5 mm and thickness:0.8 mm, at 180 °C
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print temperature, 80 mm/s printing speed, 55 °C table
temperature and 100% flow.

2.3 Techniques used for characterization

Filament and scaffolds samples were previously
ground in a knife grinder, were analyzed by attenuated
total reflectance infrared region with Fourier transform
(ATR-FT-IR) (Frontier, Perkin Elmer) in the range of 4000-
400 cm!, with a resolution of 4 cm™ and were an average
of 32 repeated scans at room temperature.

Differential exploratory calorimetry (DSC) (DSC
Q20, TA Instruments) curves were obtained under N, flow,
employing sealed aluminum capsules containing about
5 mg of sample that were kept under heating from 25 to
200 °C, 1 min isotherm, a slow cooling up to -70 °C and a
new heating up to 200 °C at a rate of 10 ° C min™'. Given
that PMMA possesses an amorphous structure and PLLA
represents the principal component of mixtures, Equation
111 was employed to calculate the degree of polymer
crystallinity (X ) in the samples:

Xc(%)=(1/(p)~(AHm/AHm°)~100 )

where AH_is the melting enthalpy, AH _° is the fusion
enthalpy standard of a crystallinity sample of 100% and ¢
is the mass fraction of the polymer in the samples. PLLA
standard melting enthalpy (AH, ) is 93.7 J/gi*l. Samples
presenting more than one melting enthalpy, the total value
in the equation (AH, 1+AH_+AH_+AH_)) is inserted.

Previously cut into small pieces, were analyzed by X-ray
diffractometry (DRX) (D8 Advance Eco, Bruker) in the two
theta 20 range from 2 to 50° range using an increase step
0.1 and permanence time of 1 sec at each step, in steps of
0.01°, at an accelerating voltage of 40 kV and a current of
25 mA under speed of 2° min™'.

The filaments and scaffolds were cut into small pieces
and prepared on carbon tape with gold deposition on their
surface, creating a conductive film of electrons. The recovered
samples were analyzed in the Scanning Electron Microscope
with Field Emission (SEM-FEG) (Jeol, SM-71510 model)
with a 10 kV electron-emitting beam. Measure of the pore
size of the scaffolds occurred through the ImagelJ software.
Each mean diameter and standard deviation of filaments
were obtained from the arithmetic average (5 measurements)
in diameter at distant locations along the filaments with a
digital caliper. To determine the average diameter of scaffold
pores, Scaffold 1 took two measurements in each of the six
pores visible in SEM-FEG image in 3 different micrographs;
Scaffold 2 took two measurements in each of the two pores
of 3 different photos.

3. Results and Discussions

A previous study found evidence of compatibility
among binary and ternary physical mixtures of PLLA,
PMMA, and drug polymers??!l. It showed the viability of
producing filaments.

Table 1 shows that pure PLLA filament and Filaments 1,
5, and 9 have the lowest standard deviation values, indicating
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a more constant diameter when compared to the filaments
containing ALN, resulting from the favorable processability
and miscibility of the PLLA-PMMA mixture.

The filaments containing ALN exhibited greater diameter
measurement amplitudes and a mean value deviation of up to
0.29 mm from the standard extruder nozzle diameter (1.75 mm).
It suggests that the extruder model utilized, with only one
heating and feeding zone, may not be the most appropriate
for these blends. The drug, witha T _ of 262 °C, higher than
the processing temperature of 185 °C, is not melted with the
other components, resulting in solid domains that increase
shear stresses??, making flow challenging during extrusion.

Significant variations in filament diameter can influence
the subsequent 3D printing process of scaffolds, causing
inconsistencies in the printed scaffold®!. Concerning images
of the manufactured filaments, Figure 1, the PLLA pure
filament has an opaque white surface while PLLA-PMMA
filaments have a lighter and more transparent appearance,
suggesting miscibility, which is consistent with the diameter
analysis of filaments. The presence of ALN turns the filaments
whiter and opaque (trend of red arrows) as the amount of
the drug increases. Filaments containing 20% and 25% of
PMMA showed greater flexibility than other wires.

To monitor the impact of processing on filament
degradation, Figure 2 in analysis demonstrated that the

870 cm™! band, representing the crystalline area of PLLAPY,
declined with a percentual increase of PMMA into the
filaments (Figure 2A). Therefore, this polymer plays a role
in decreasing the crystallinity of PLLA.

Most bands in the polymeric matrix remained in similar
regions with no changes in chemical structure. However, the
intensity of PLLA bands at 1750, 1128, and 1047 cm™* (C=0)
8 and 1084 cm™' (C-O-C)*! (Figures 2B, 2C, and 2D) tend
to increase with the incorporation of ALN. It is due to the
presence of water molecules in the drug, which induces
hydrolysis polymer degradation, and the contribution of
thermal degradation during processing, which induces PLLA
depolymerization®?. Shortening polylactide molecules
results in the formation of new carboxylic acid groups and
affect the relative contributions of carbonyl (C=0), carbon-
carbonyl-oxygen (C-CO-0), and oxygen-carbon-carbonyl
(O-C-CO) groups. It was an effect observed in a preliminary
compatibility study of the PLLA-ALN mixture?!l.

The PMMA’s typical bands at 1239 cm™! (C-O), 1063,
987 and 841 cm™ (C-C) and 1147 cm! (C-O-C)?* were
not observed in filaments (Figure 2B, 2C and 2D), partly
due to the low intensity of these bands and the percentage
of polymer in the filament (15-25%), and overlapping the
intense PLLA band at 1084 cm™ (C-O-C)1?*!. Related to the
stretching of the symmetric angular deformation group of

Table 1. The filaments nomenclature, composition, and mean diameter.

o Weight (g) .
Name Composition (Wt%) Average Diameter (mm)
PLLA PMMA ALN

PLLA PLLA (blank) 35.00 - - 2.0+0.08
Filament 1 PLLA+15%PMMA 35.00 5.25 - 1.46+0.17
Filament 2 PLLA+15%PMMA+2.5%ALN 35.00 5.25 0.87 1.63+£0.18
Filament 3 PLLA+15%PMMA+5%ALN 35.00 5.25 1.75 1.68 £0.25
Filament 4 PLLA+15%PMMA+7.5%ALN 35.00 5.25 2.62 1.59+0.21
Filament 5 PLLA+20%PMMA 35.00 7.00 - 1.75+0.17
Filament 6 PLLA+20%PMMA+2.5%ALN 35.00 7.00 0.87 1.71+0.10
Filament 7 PLLA+20%PMMA+5%ALN 35.00 7.00 1.75 1.55+0.20
Filament 8 PLLA+20%PMMA+7.5%ALN 35.00 7.00 2.62 1.78 £0.20
Filament 9 PLLA+25%PMMA 35.00 8.75 - 1.90 £ 0.07
Filament 10 ~ PLLA+25%PMMA+2.5%ALN 35.00 8.75 0.87 1.76 £0.12
Filament 11 PLLA+25%PMMA+5%ALN 35.00 8.75 1.75 1.84£0.15
Filament 12~ PLLA+25%PMMA+7.5%ALN 35.00 8.75 2.62 1.60+0.15
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Figure 1. Images of the PLLA-PMMA filaments produced without and with ALN.
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Figure 2. FTIR spectra obtained for the filaments produced. FTIR spectra of filaments: (A) PLLA containing 15, 20 and 25% of PMMA;
(B) PLLA containing 15% of PMMA and different amounts of ALN; (C) PLLA containing 20% of PMMA and different amounts of ALN;
(D) PLLA containing 25% of PMMA and different amounts of ALN.

PLLA are the bands at 2914 and 2845 cm™! (Figure 2C)1252¢),
Based on this, the extruded did not show any blunt effects on
the main functional groups of polymers, especially on PLLA.

In the filaments containing 5 and 7.5% ALN presented
low absorption bands at 1635, 1524, and 903 cm™ 27
(Figure 2B, 2C, and 2D), indicating the presence of drug
crystals on their surface. These PLLA bands at 870 cm™ are
different from bands identified in the presence of PMMA.
In this case, it increases with the incorporation of ALN,
indicating its role as a nucleating agent””. Regarding the
impact of extrusion on the filaments, Table 2 presents the
data obtained from the DSC curves.

Pure PLLA filament exhibited T and T, values (176.7 °C
and 59.2 °C) that were like those observed for the untreated
polymer (175.5 °C and 58.4 °C), suggesting that extrusion
processing had insignificant effects on the thermal properties
of PLLA. The filament with 25% PMMA exhibited the
lowest melting point, resulting in a higher flow rate and
facilitating melting processing!?®!.

The degree of crystallinity of the pure PLLA filament
(19.4%) was slightly above the one found for gross material
(13.4%), suggesting a favorable condition for crystal grow!’).

A progressive PMMA incorporation reduces the AH_,
and for filaments containing 20 and 25% of PMMA the
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second exothermic peak disappeared, which can be explained
by PMMA’s effect of restricting PLLA crystallization*”.
This result corroborates the reduction in T, and the greater
flexibility that these filaments showed. PLLA and Diphenyl-
isocyanate (MDI) composites, processed by injection,
showed similar T, results®®.

The filament containing 15% PMMA and 5% ALN
showed a decrease in crystallinity (20.9%) to the filament
with 15% PMMA and 7.5% ALN (14.5%), despite the higher
drug content. The domains of solid ALN’s particles in the
matrix may explain this reduction due to the formation of
PLLA shapeless crystallites®!l. Filaments containing 25%
PMMA and ALN also showed a slight decrease in crystallinity
and melting enthalpy compared to filaments without ALN.
A similar phenomenon was observed with the interfacial
interaction of E-44 with the polymeric matrix (PET/PA-6),
favoring nucleation but decreasing crystal growth?,

Filaments containing 20% PMMA and either 5% or
7.5% ALN presented an increase in both crystallinity and
AH_ relative to the filament that contained only PMMA.
This outcome is expected with higher drug content; as
higher crystallinity requires more energy during crystal
fusion!'®), Filaments containing 15%, 20%, and 25%
PMMA, with an increasing incorporation of ALN, exhibited
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comparable T and T, values. The lack of significant The diffractograms obtained for the filaments (Figure 3)
changesin T and T, suggests no molecular interactions show for pure PLLA filament prominent peaks at 16°
between the components during the extrusion process!'*, and 19°, with less intense peaks at 15° and 22°, similar
and the drug had no direct effect on the thermal stability to another study for PLLA/nHA filaments™!. This result
of the polymeric matrix. suggests increased crystallinity relative to the pure PLLA

Table 2. Summary of Tg, T_,T,AH ,AH_and X_values obtained from the DSC curves of the filaments produced.

Filament T, °C) T, CC) AH  (J/gy T, (°C) T,(°C) AH, (J/g) AH,(J/g) X (%)
PLLA 59.2 176.7 489 92.9 160.3 24.8 59 19.4
PLLA+15%PMMA 58.3 176.4 46.5 95.5 161.4 28.2 4.1 17.6
PLLA+20%PMMA 56.9 175.7 39.1 104.4 - 30.1 - 11.6
PLLA+25%PMMA 56.7 174.6 38.3 106.9 - 29.3 - 12
PLLA+15%PMMA 58.3 176.4 46.5 95.5 161.4 28.2 4.1 17.6
PLLA+15%PMMA +2.5%ALN 58.6 176.4 452 98.2 162.9 28.2 3.8 16.6
PLLA+15%PMMA +5%ALN 55.1 174.7 37.5 100.2 - 21.2 - 20.9
PLLA+15%PMMA +7.5%ALN 56.7 176.2 40.5 96.2 162.4 273 2.2 14.5
PLLA+20%PMMA 56.9 175.7 39.1 104.4 - 30.1 - 11.6
PLLA+20%PMMA +2.5%ALN 56.3 1749 38.6 101.5 - 30.5 - 10.7
PLLA+20%PMMA +5%ALN 56.9 176 41.6 99.1 163.1 31.4 1.1 12.1
PLLA+20%PMMA +7.5%ALN 56.2 174.5 40.5 111.9 - 28.9 - 15.9
PLLA+25%PMMA 56.7 174.6 38.3 106.9 - 29.3 - 12
PLLA+25%PMMA +2.5%ALN 57.1 175.8 29.8 103.5 - 24.1 - 7.8
PLLA+25%PMMA 5%ALN 57.1 175.1 37.1 101.5 - 29.1 - 11.2
PLLA+25%PMMA +7.5% 57.9 176.8 22.5 102.8 - 17.5 - 7.1
A ——PLLA B —— PLLA +15% PMMA +2,5% ALN
—— PLLA + 15% PMMA —— PLLA +15% PMMA +5% ALN
—— PLLA + 20% PMMA PLLA +15% PMMA +7,5% ALN
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Figure 3. Diffractogram obtained for the produced filaments. *Diffractogram of filaments: (A) PLLA containing 15, 20 and 25% of
PMMA; (B) PLLA containing 15% of PMMA and different amounts of ALN; (C) PLLA containing 20% of PMMA and different amounts
of ALN; (D) PLLA containing 25% of PMMA and different amounts of ALN.
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presented in the DSC analysis. The presence of PMMA in
filaments increases the amorphous halo, keeping in line
with the FTIR and DSC results. All filaments exhibited a
semi-crystalline nature (figures-3B, 3C, and 3D) with the
presence of ALN peaks in the filaments containing 5 and
7.5% of the drug and 15% PMMA. The lack of these peaks
in the filament with only 2.5% of ALN can be explained by
the low concentration of the drug, with its crystalline region
below the detection limits of the assay!.

Filaments with 20% PMMA exhibit ALN peaks exclusively
in the filament containing 7.5% ALN. The filament with 5%
ALN did not show these peaks, even though the FTIR spectrum
and SEM-FEG images suggested the presence of the drug.
These results indicate that there were no drug crystals on the
surface in the analyzed sample, as XRD analysis lacks the
ability to detect crystals in the sample’s penetration depth!*4,
Filaments containing 25% PMMA show a notable rise in
PLLA characteristic peaks as drug concentration increases.
ALN, anucleation agent, hindering molecular chain movement
and inducing polymeric matrix crystallinity®.. These results
contradict the crystallinity found in the DSC analysis.

Through visual analysis and in SEM-FEG, Figure 4 (red
arrows), white crystals ALN were observable in the 5 to 7.5%

ALN filaments, confirming its homogeneous dispersion
on those surfaces and by results where ALN bands appear
on the filaments. As the concentration of ALN increases,
the roughness and deformations (highlighted in red) also
increase. This finding aligns with the results obtained from
visual and diameter analyses of the filaments.

Pure PLLA filament exhibits a smooth surface without
substantial deformation (figure -4A), observed during the
PLA/F68 implant production!®. Furthermore, the surface
of PLLA-PMMA filaments becomes smoother and without
roughness as the percentage of PMMA increases, showing
good interfacial compatibility®”. The ability of PMMA to
facilitate flow during extrusion and the miscibility of the
PLLA/PMMA blend are the answers.

Considering that filaments containing 25% PMMA
showed: i) more constant diameter facilitating 3DP
processing; ii) greater material flexibility and processability
and iii) lower crystallinity degree when compared to other
ALN filaments, which positively impacts the mechanical
properties and the degradation rate of the polymeric
matrix, filament 10 (25% PMMA+2.5% ALN) and
filament 12 (25% PMMA+7.5% ALN) were selected for
scaffolds 3DP, Figure 5.
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Figure 4. Micrographs of the PLLA-PMMA filaments obtained by SEM-FEG. SEM images of filaments: (A) PLLA; (B) PLLA+15%PMMA;
(C) PLLA+15%PMMA+2.5%ALN; (D) PLLA+15%PMMA+5%ALN; (E) PLLA+15%PMMA+7.5%ALN; (F) PLLA+20%PMMA;
(G) PLLA+20%PMMA+2.5%ALN; (H) PLLA+20%PMMA+5%ALN; (I) PLLA+20%PMMA+7.5%ALN; (J) PLLA+25%PMMA; (K)
PLLA+25%PMMA+2.5%ALN; (L) PLLA+25%PMMA+5%ALN; (M) PLLA+25%PMMA+7.5%ALN.
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Scaffolds presented geometry according to the design. From the SEM images in Figure 6, it is possible to
Scaffold 1 has a stable structure without deformations, while observe that the scaffolds have a porous structure (arrows
scaffold 2 shows remnants of the polymer adhered to its in Figure 6A and 6C) regular and connected, and drug
surface. The filament diameter variation was responsible crystals (arrows in Figure 6B and 6D) dispersed relatively
for printing inconsistencies. homogeneously in both scaffolds. A homogeneous dispersion

Figure 5. Scaffolds images produced from filament 10 containing 25% PMMA and 2.5% ALN (A) and filament 12 containing 25%
PMMA and 7.5% ALN (B).

Det WD I— N & AC F ) D F———— 200um
SE 9.9 UFSCar - DEMa - LCE = - ) UFSCar - DEMa - LCE

Figure 6. The SEM-FEG micrographs from scaffolds 1 and 2. SEM images of scaffolds: scaffold 1 (PLLA+25%PMMA+2.5%ALN)
with bar = Imm (A) and bar = 200 pm (B); scaffold 2 (PLLA+25%PMMA+7.5%ALN) with bar = 1 mm (C) and bar = 200 um (D).
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Figure 7. FTIR (A) and diffractogram spectra (B) obtained for Filament 12 and Scaffold 2.
Table 3. Data obtained from DSC curves for filaments 12 and scaffold produced from it.
Sample T,°C) T, (°C) AH_ (Jg T,(C) T,(°C) AH, (/g) AH, (/g X (%)
Filament PLLA+25%PMMA+7.5%ALN 57.9 176.8 22.5 102.8 - 17.5 - 7.1
Scaffold PLLA+25%PMMA+7.5%ALN 57.2 175.3 35.7 101.8 - 27.5 - 11.6

of crystals is important because the presence of crystal
clusters can concentrate tension points on the structure
which leads to fragility of material!'”). Scaffold 2 showed
increased surface roughness and deformations due to its
higher drug concentration.

Considering the diameter of the pores, scaffold 1 showed
an average diameter of 0.84 mm (840 um), a value relatively
close to the one determined (1 mm). For scaffold 2, the
mean diameter obtained was 1.37 mm (1370 um), short of
the desired 1.5 mm. Both scaffolds presented micropores
larger than 200 pum, that are considered ideal for bone
regeneration!*®. Since a porous scaffold structure provides
a biological environment that promotes cell adhesion, tissue
proliferation and growth, and allows nutrient flow!>”.

The scaffold results suggest that the amount of API used
influences the 3DP process, which agrees with literaturet®®!.
Applying porous diameter as a parameter, scaffold 2 is a
more exciting alternative, being selected for investigation
in the following analysis. Besides, the higher ALN content
helps to analyze the effect of the FDM-3DP on the chemical,
physical, and thermal material stability. Figure 7 presents
the FTIR spectra and diffractograms obtained for filament
12 and scaffold 2.

The spectrum indicates that filament and scaffold exhibited
similar behavior (Figure 7A). Notably, the PMMA band
at 1239 cm! (C-0O), absent in the filament, was visible in
the scaffold at a low intensity. The appearance of this band
might be related to the alteration in the intensity of PLLA
bands at 1750 cm (C=0), 1084 cm™ (C-O-C), 1128, and
1047 cm! (C-O) in the scaffold. These bands are susceptible
to change due to polymer degradation!®!, probably caused
by subsequent thermal degradation after extrusion and 3DP.
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The scaffold presents bands at 2914 and 2845 cm! attributed
to the stretching of PLLA symmetrical angular deformation
group®2¢l. Furthermore, PLLA and ALN peaks are visible
in both the scaffold and the filament (Figure 7B), wherein
the reduction of these peaks indicates a relative decrease of
crystallinity in the scaffold, contradicting the DSC analysis.

From the DSC results, Table 3, filament and scaffold
showed similar T and T, values, suggesting no molecular
interactions during 3D printing processing!'*. An increase
from 7.1 to 11.6% in crystallinity was observed, indicating
favored crystallinity in 3DP®, as observed in extrusion.
Composites of PLA and tricalcium phosphate processed
by extrusion® with a similar behavior presented adequate
mechanical properties for scaffolds. There was also
an increase in AH_ of 22.5 J/g in filament to 35.7 J/g
in scaffold, an expected result because the bigger the
crystallinity, more energy is consumed in the fusion of
crystals, making it challenging to change the phase of
polymeric matrix!'7.

4. Conclusions

During extrusion, the properties of the components were
maintained. The presence of ALN as solid crystals, attributed
roughness, and deformations in filaments. It was also found
that PMMA reduced crystallinity in the PLLA matrix and
improved flow during processing and malleability to filaments.
This result may positively influence the polymeric matrix’s
mechanical properties and degradation rate in human body
and assist in later 3DP processing. Based on set of results,
the filaments containing 25%PMMA and 2.5% and 7.5%
of ALN were selected to produce scaffolds.

Polimeros, 34(2), 20240014, 2024
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In the second part of the study, it was possible to produce

PLLA/PMMA/ALN filaments by extrusion and scaffolds by
accurate 3DP, mainly the PLLA+25%PMMA+7.5%ALN with
good physicochemical properties for bone tissue engineering
aiming at local drug release. Drug release studies from the
mixtures presented here will be conducted in further papers.
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