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Three-dimensional printing is a type of additive manufacturing of great interest in biomedical engineering. The
production in situ of customized structures, tissues, implants, or other devices represents a great advance in
this field. In addition, the use of polymers functionalized with bioactive substances that improve treatment
represents even greater progress. One of these substances could be olive leaf extract (OLE), which has a wide
variety of antioxidant compounds of interest for the treatment of heart, neurodegenerative, or oncological
diseases.

This work analyzes the use of supercritical impregnation of polylactic acid (PLA) filaments with an OLE for later
use in a 3D printer. The effect of printing temperature (200, 210, and 220 °C) and printing speed (40, 50, and
60 mm/s) was studied, using the antioxidant activity of the generated devices as a response variable. The results
showed that both parameters were statistically significant and negative, an increase in these factors led to a
decrease in antioxidant activity.

1. Introduction

Three-dimensional (3D) printing is an additive manufacturing technique used to manufacture a wide range of
structures with complex geometries. Since its invention in the 1980s, different 3D printing methods have been
developed to meet the demand for specific high-resolution products (Ngo et al., 2018). Among them, fused
deposition modeling (FDM) uses thermoplastic polymeric filaments that are heated as they pass through a die
and are deposited by extrusion layer by layer on a platform. FDM is one of the most widely used additive
manufacturing processes today with the commonly used polymers polylactic acid (PLA) and acrylonitrile
butadiene styrene (ABS). The main advantage of the use of PLA over ABS, from a biomedical point of view, lies
in its biodegradability and biocompatibility, it is non-petrochemical origin, it is non-toxic, and it needs low
operating temperature (which reduces manufacturing costs). That is why FDM with the use of PLA as a polymer
filament is the main technology used in biomedical engineering. The biomedical sector accounts for 11% of the
additive manufacturing market share (Rajan et al., 2022).

Some examples of the application of FDM in biomedicine are the generation of biomedical implants with different
purposes such as tissue regeneration (Liu et al., 2016; Szojka et al., 2017) or the manufacture of devices for
the administration and release of drugs (Khosraviboroujeni et al., 2022; Cui et al., 2022). In general, for these
applications, there are numerous studies regarding the functionalization of the final devices but the pre-
functionalization of printing filaments is becoming a focus of investigation (Viidik et al, 2021).

Medicalized polymeric filaments are generally obtained by mixing the drugs or active substances with the
polymeric pellets before their processing by hot melt extrusion (Auriemma et al., 2022). The drug load depends,
in addition to the physicochemical properties of the active substance and polymers, on parameters such as the
extrusion temperature, the way of mixing, which in turn depends on the type and shape of the extruder, the
mixing speed or the feeding rate (Viidik et al., 2021). In the present work, the addition of the active substance
was carried out by supercritical solvent impregnation (SSI) over the commercial filament. This technique uses
the capacity of CO2 in supercritical conditions (up to 31 °C and 73 bar) to penetrate polymeric matrices, driving
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the active substances solubilized in it toward the interior of the polymer. By bringing the system to atmospheric
conditions, COz in a gaseous state can escape from the interior of the polymer, while the active substances
remain trapped (Cejudo et al., 2021). SSI has previously been successfully applied for the impregnation of
mango leaf extract into PLA filaments before 3D printing (Rosales et al, 2021).

In this work, the chosen active substance was olive leaf extract (OLE). Olive leaves are considered a potential
source of bioactive compounds that can be used in biomedical applications, mainly due to their high content of
phenolic compounds with high antioxidant capacity. In previous works, OLE has been characterized, finding
oleuropein, luteolin-3-glucoside, and hydroxytyrosol as the main compounds (Machado et al., 2022). These
polyphenols can slow down the progression of cardiovascular, neurodegenerative, and cancer diseases due to
their ability to mediate oxidative reactions and can modulate the immune response by affecting leukocyte
proliferation and cytokine production (Roleira et al., 2015; Gorzynik-Debicka et al., 2018). In addition, extracts
rich in oleuropein have demonstrated their antimicrobial capacity against bacteria, viruses, and fungi (Omar,
2010). Due to all these properties, the functionalization of biomedical polymers with olive leaf extract could be
a good option for the creation of release devices that minimize infectious, inflammatory, or rejection risks.

The main objective of this work was to study the effect that 3D printing had on filaments that were previously
loaded with an extract of olive leaves using supercritical solvent impregnation. For this, the antioxidant capacity
of the devices generated in a conventional desktop 3D printer was studied. The effect of printing speed and
temperature was studied. Most of the investigations on the parameters that affect FDM have focused on the
improvement of the final surface, the dimensional accuracy, and the mechanical properties of the printed devices
(Mohamed, et al., 2015; Rajan, et al., 2022). The approach presented in the current work implies an innovative
effect by using the bioactivity of the printed devices as a response variable for the evaluation of the 3D printing
parameters.

2. Materials and methods
2.1 Olive leaf extract obtaining and characterization

The raw material to obtain the extract was Olea europaea leaves provided by Olivarera San José Lora de
Estepa, S. Coop. And. (Seville, Spain). The leaves were dried at atmospheric conditions and then crushed
previous their use.

The enhanced solvent extraction (ESE) was carried out in high-pressure extraction equipment provided by Thar
Technologies Inc. (Pittsburgh, PA, USA) model SF1000 mainly equipped with an electrical thermal jacketed
extraction vessel 1 L capacity, a high-pressure pump for CO2 and a back pressure regulator to control the system
pressure. A diagram of the system was provided in previous work (Verano-Naranjo et al., 2021).
Approximately 200 g of olive leaves was introduced into the extractor vessel with 500 mL of ethanol. The system
was then heated to 80 °C and CO2 was pumped until reaching a pressure of 120 bar. These conditions were
maintained for two hours, subsequently proceeding to cool and depressurize the system and obtain the olive
leaf extract (OLE). This method and conditions were used by other authors (Machado et al, 2022; Chinnarasu
et al., 2016) to obtain an OLE with high antioxidant power.

The OLE was characterized based on its concentration and its antioxidant capacity. The last one was
determined according to the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical reduction method. For this, 0.1
mL of the extract at different concentrations was mixed with 3.9 mL of 6:10° M DPPH ethanolic solution and left
it to react for 3 hours. Then the absorbance at 515 nm of the resultant solution was measured in a Cary 60 UV-
Vis spectrophotometer by Agilent Technologies (Santa Clara, CA, USA). The same reaction was carried out
with ethanol instead the extract as a control. The inhibition of oxidation was calculated through Equation 1.

Absorbance of control — Absorbance of solution test

% oxidation inhibition = 100 1)

Absorbance of control

Thus, it was possible to plot a curve of antioxidant capacity of the extract against its concentration, being
estimated the ICso value as the extract concentration at which was inhibited fifty percent of oxidation. The
antioxidant activity index (AAl) was determined according to Equation 2, where [DPPH]: is the concentration of
the radical in the reaction medium, this was 23.1 mg/L.

AAl = ——TL (2

2.2 Supercritical impregnation of 3D-printing polymer filament

The polymeric filament that was functionalized was polylactic acid (PLA) and it was provided by Mundo reader
S.L. (Madrid, Spain). Its nominal diameter was 1.75 mm, although experimentally it was found that this was
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somewhat smaller, approximately 1.65 mm. The melting temperature of the material indicated by the
manufacturer is 145-160 °C, although a printing temperature higher than 200 °C is recommended, ideally 220
°C. The same equipment was used for the impregnation as for the extraction. In this case, 30 mL of OLE was
introduced at the bottom of the vessel together with a piece of the filament of approximately 2 meters wound on
a metallic support. The system was heated to 35 °C and 10 g/min of CO2 was pumped up to 90 bar. These
pressure and temperature conditions were maintained for 2 hours and then the system was depressurized and
the impregnated filament was obtained.

During the impregnation process, supercritical CO2 together with the active compounds penetrates the
polymeric matrix, where a reorganization of the polymeric chains occurs. Then, during the depressurization
process, the COz returns to its gaseous state, escaping from the polymeric matrix and producing pores, cavities,
and channels. These two phenomena can cause the polymer to undergo permanent swelling. Therefore, it was
necessary to evaluate if the impregnation process produced any deformation of the filament that prevented its
subsequent use in the 3D printer. For this, the diameter of the filament was measured before and after the
impregnation process, obtaining the percentage of swelling according to Equation 3.

final diameter — initial diameter 100

% Swelling = 3)

initial diameter

2.3 Printing process

The printing process with the impregnated filaments was carried out in an Anycubic 3D-printer model Mega S
from Shenzhen Anycubic Technology Co., Ltd, (Guangdong, China). The OLE-impregnated filament was
charged and discs of 10 mm diameter and 1.75 mm thin were printed modifying the temperature and speed of
printing according to the 32 experiment design shown in Table 1. Bed temperature (60 °C) and other printing
parameters were maintained constant.

Table 1: Printing conditions

Parameter Low Medium High
Nozzle temperature (°C) 200 210 220
Print speed (mm/s) 40 50 60

2.4 Antioxidant activity of the printed devices

To evaluate the antioxidant capacity of the printed discs, they were introduced into a mixture of chloroform and
ethanol, which allowed the dissolution of the polymer and the release of the OLE contained in it. The solvents
were then evaporated and 0.1 mL of ethanol and 3.9 mL of 6-10-> M DPPH ethanolic solution were added to the
dry sample, evaluating the variations in the absorbance and the antioxidant capacity in the same way as for the
extract. Using the calibration curve of the antioxidant capacity of the extract against its concentration, it was
possible to express this bioactivity of the devices as the mass of antioxidant compounds (AOC) per mass of the
polymer. All determinations were conducted in triplicate.

3. Results and discussion
3.1 OLE characterization

It was obtained an extract with a concentration of 75 g/L (dry extract per wet extract) and a global extraction
yield (mass of dry extract per mass of dry olive leaves) of 12.4 %. The antioxidant capacity of the extract was
assessed with an 1Cso of 35.70 mg/L and an AAI of 0.65. These results are comparable with those obtained by
Chinnarasu and coworkers (Chinnarasu et al., 2016), who make a similar extraction of olive leaves with CO2
and 50% of ethanol at 100 bar and 55°C during 24 hours, and obtain a global extraction yield of 13.4% and an
AAI of 0.65.

3.2 Swelling of the polymer after the impregnation

After the impregnation process, it was estimated a small swelling of the filament of 1.81 + 0.11 %, which allowed
the filament to continue to be used in the 3D printer. This result is in concordance with a previous work (Verano-
Naranjo et al, 2021) that studied the swelling of PLA in its supercritical impregnation with ketoprofen at different
conditions of temperature and pressures; the swelling percentage did not exceed 2% for the conditions of the
present work.
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3.3 Antioxidant activity of the printed devices

A priori, the effect of printing temperature should be a determining factor in the antioxidant activity of the printed
devices, since high temperatures could degrade the major polyphenolic compounds in OLE that are responsible
for this activity, as several authors have pointed out (Stamatopoulos et al., 2014; Attya et al., 2010). So, it was
decided to study the effect on the reduction of the printing temperature from that indicated as ideal by the
manufacturer (220 °C), always within the optimal range (above 200 °C). Regarding the printing speed, as a
starting hypothesis it was proposed that at a higher printing speed, the polyphenolic compounds would spend
less time in the printer nozzle at high temperatures, so their degradation would be less, and the antioxidant
capacity would be greater. Thus, it was decided to study the effect of increasing the printing speed, from the
optimum (40 mm/s) to the one in which the print quality is seriously compromised (60 mm/s) for the 3D printer
used.

To assess whether the different printing conditions studied affected the antioxidant activity of the printed
material, the printed samples were subjected to a dissolution and extraction process, the inhibition of oxidation
against DPPH was studied, and the ratio of antioxidant compounds is shown in Figure 1. The statistical study
of the effect of these parameters on antioxidant capacity is shown in the ANOVA table (Table 2) and the Pareto
diagram in Figure 2.

s
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40 mm/s 50 mm/s 60 mm/s

=
o

mg AOC/g polymer
O N B OO

m200°C m210°¢C 220°C

Figure 1: Antioxidant activity of printed devices at different conditions of printing temperature (200, 210, and 220
°C) and printing speed (40, 50, and 60 mm/s).

Table 2: ANOVA table for effects of printing temperature (A) and printing speed (B) against the antioxidant
capacity of printed devices

Effect Sum sq Df Mean Sq F-value p-value
A (printing temperature) 26.4186 1 26.4186 13,90 0,0012
B (printing speed) 18.3063 1 18.3063 9,63 0,0054
AA 70.068 1 70.068 36,88 0,0000
AB 0.0651258 1 0.0651258 0,03 0,8549
BB 7.40736 1 7.40736 3,90 0,0616
Error 39.9028 21 1.90013
Total 162.168 26
AA
A
B
A: Printing t t

B [ | B: Printing speed
AB I 3 + Positive effect

‘ ‘ ‘ ‘ mm -- Negative effect

0 2 4 6

Standardized effect

Figure 2: Pareto chart for effects of printing temperature (A) and printing speed (B) against the antioxidant

capacity of printed devices.
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As can be noted in Figure 1, an increase in temperature generally supposed a decrease in antioxidant activity,
what is in concordance with the previous hypothesis. In this line, studies on the degradability of polyphenols
compounds, although they are usually carried out up to temperatures around 100 °C, found a decrease in the
amount of compounds such as oleuropein as temperature increases (Volf, 2014). In the Pareto diagram and the
ANOVA table, it can be seen how the effects of temperature (A) and squared temperature (AA) are negative (as
the temperature increases, the antioxidant capacity decreases) and significant (p-value < 0.05).

Regarding the effect of printing speed, the Pareto chart shows a significant and negative effect of printing speed
(B) a decrease in antioxidant capacity was noticed as printing speed increased. However, a positive effect of
this squared factor (BB) suggests that the effect of this variable on antioxidant capacity was not clear, at least
for the values studied.

4. Conclusions

In this project, the use of impregnation techniques with supercritical fluids has been analyzed to obtain filaments
preloaded with natural bioactive substances for use in biomedical engineering. Devices printed with these
filaments have been found to maintain antioxidant capacity, which is directly related to printing conditions. An
increase in printing temperature led to a decrease in the antioxidant activity of the printed devices. However,
the effect of printing speed had less influence on the bioactivity of the printed devices. Nevertheless, a deeper
study of these printing variables with wider ranges and through the analysis of other bioactive properties of
biomedical interest is necessary, as well as the possible application of other polymers and pharmacoactive
substances for similar processes.
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