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Introduction: Post-processing (PP) is performed to improve the surface, which can favor microbial adhesion and
consequent pathological manifestations that impair the indication of polylactic acid (PLA) obtained by fused
filament fabrication (FFF) for biomedical applications. This aims to evaluate the influence of chemical, thermal,
and mechanical PP on the adhesion of Streptococcus mutants and Candida albicans, roughness, and wettability of
the PLA obtained by FFF with and without thermal aging.

Methods: The specimens were designed in the 3D modeling program and printed. The chemical PP was performed
by immersion in chloroform, the thermal by the annealing method, and the mechanical by polishing. Thermal
aging was performed by alternating the temperature from 5 °C to 55 °C with 5000 cycles. Colony-forming unit
(CFU/mL) counting was performed on dual-species biofilm of C. albicans and S. mutans. Roughness was analyzed
by rugosimeter and wettability by the sessile drop technique. Data were verified for normality using the Shapiro-
Wilk test, two-way ANOVA (x = 0.05) applied for CFU and wettability, and Kruskal-Wallis (« = 0.05) for
roughness.

Results: Chemical, thermal, and mechanical PP methods showed no influence on CFU/mL of C. albicans (p =
0.296) and S. mutans (p = 0.055). Thermal aging did not influence microbial adhesion. Chemical PP had lower
roughness, which had increased after aging. Wettability of the mechanical PP was lower.

Conclusions: Post-processing techniques, do not present an influence on the adhesion of S. mutans and C. albicans
in PLA obtained by FFF, chemical PP reduced roughness, and mechanical reduced wettability. Thermal aging did
not alter the microbial adhesion and altered the roughness and wettability.

Valerga et al., 2019); The thermal is based on the annealing technique
by inserting the specimens in furnaces for a predetermined time between

1. Introduction

Chemical, thermal, and mechanical post-processing (PP) aims to
refine the surface of printed objects (Mu et al., 2020; Singh et al., 2019;
Valerga et al., 2019; Valerga Puerta et al., 2021). Chemical PP is easy,
economical, and performed by exposure to chemical vapors or immer-
sion in solutions such as ethyl acetate (C4H802), tetrahydrofuran
(C4H80), dichloromethane (CH2CI2), and chloroform (CHCI3) (Mu
et al., 2020; Valerga Puerta et al., 2021); The mechanical method con-
sists in passing an abrasive ball or disc over the surface of the printed
object to smooth the peaks and valleys caused by the printing process.
Among the methods are manual sanding, abrasive flow machine, abra-
sive milling, sandblasting, and vibratory finishing (Mu et al., 2020;

the glass transition and the melting temperature of the polymers (Singh
et al., 2019). This temperature increase reduces polymer viscosity and
promotes microstructural reorganization with the filling of gaps by the
increased fluidity of the polymer, reduction of valleys, increased adhe-
sion between printed layers, and crystallinity (Amza et al., 2021) (see
Fig. 1).

The Fused Filament Fabrication (FFF) technique fabricates objects
with higher roughness and porosity (Kessler et al., 2020; Valvez et al.,
2021; Verbeeten et al., 2020) and operates by extrusion of filaments
from thermoplastic materials such as polylactic acid (PLA) (Al Rashid
and Koc, 2021; Kessler et al., 2020). The FFF 3D printer is composed of a
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feeding material control mechanism, heating chamber, and nozzle (Al
Rashid and Kog, 2021; Verbeeten et al., 2020). The filament moves
through the heating chamber until it reaches the semisolid phase; in the
extruder the material is melted and deposited on the build platform,
layer by layer, until the final object is obtained (Kessler et al., 2020).

The surface characteristics promoted by the FFF technique derive
from the reduction in adhesion strength between printed polymer layers
by increasing temperature and cooling cycle intervals, leading to re-
sidual thermal stress that promotes voids and pores. This phenomenon
called “anisotropic behavior” compromises the mechanical properties of
tensile strength, flexure, hardness, and compression and increases
roughness (Kessler et al., 2020; Valvez et al., 2021; Verbeeten et al.,
2020). To reduce these effects, it is possible to use pre-processing
methods such as printing parameters: angle, layer thickness, printing
speed (Mu et al., 2020; Singh et al., 2019; Valerga et al., 2019; Valerga
Puerta et al., 2021), and PP (Kessler et al., 2020; Singh et al., 2019).

PLA is a semi-crystalline polymer derived from bacterial fermenta-
tion of dextrose from natural sources and has advantageous mechanical
and biological properties, biocompatibility, non-toxic to human cells,
and biodegradable (Abdul Samat et al., 2021; Casalini et al., 2019; Chen
et al., 2019), characteristics that favor its indications in the biomedical
field such as for the production of implants, suture threads, and scaffolds
for tissue engineering (Abdul Samat et al., 2021; Al Rashid and Ko,
2021; Casalini et al., 2019; Chen et al., 2019).

Campos et al. (2022) developed attachments for retaining over-
dentures with PLA using the FFF method and observed excellent reten-
tion, hardness, and compression properties. However, attachments are
subject to microbial contamination because they are placed in an area
that is difficult to clean, which can promote microbial adhesion and
subsequent oral and systemic diseases (de Campos et al., 2023; de
Campos and dos Reis, 2023).

PLA attachments by FFF have a high surface roughness, which can
favor the adhesion of microorganisms since rougher surfaces tend to
promote higher biofilm accumulation (Alp et al., n.d.; Batak et al., 2021;
de Campos et al., 2023; Mei et al., 2011; Vidakis et al., 2020), due to the
increase of the surface area or being associated with hydrophobicity,
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with 30N for 15 seconds
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electrostatic interactions, and Van Der Waals forces that benefit micro-
bial adhesion (Batak et al., 2021; Vidakis et al., 2020). Surface rough-
ness has a major influence on microbial adhesion after the period of
biofilm establishment because the microbes can find the best spaces to
adhere, such as cracks and pores (Mei et al., 2011).

The primary colonizers of biofilm, the Streptococci, among them
Streptococcus mutans, adhere to surfaces by electrostatic interactions
(Schubert et al., 2021; Song et al., 2015). The oral biofilm is multi-
species and this encourages the adhesion of the fungus Candida albi-
cans, which attempts to adhere to materials in biofilms previously
formed by bacteria and is associated with oral and systemic candidiasis
and prosthetic stomatitis, a condition that most affects denture wearers
(Busscher et al., 2010; Schubert et al., 2021; Song et al., 2015).

The evaluation of material behavior over time is relevant to assess
the relative durability, time of applicability and use in various medical
applications without compromising the patient or the functionality of
the designed prosthetic component (Barrasa et al., 2021; Bechtel et al.,
2022; Bergaliyeva et al., 2022). It can be performed by the thermal aging
technique, which consists of the complete immersion of the sample in
water at a given temperature and time, to simulate the use term (Barrasa
et al., 2021; Bechtel et al., 2022; Bergaliyeva et al., 2022). The rough,
porous surface and the biodegradability of PLA, accelerate aging leading
to reduced mechanical performance and altered surface, which may
favor the growth of microbial adhesion (Barrasa et al., 2021; Bechtel
et al., 2022; Bergaliyeva et al., 2022; Fernandez-Grajera et al., 2022).

Considering the medical and dental application of PLA obtained by
FFF, the reduction of biofilm accumulation is paramount to prevent
contamination, and infections, and improves hygiene to overcome the
surface characteristics that favor microbial adhesion (de Campos et al.,
2023). This study aimed to evaluate the behavior of PLA obtained by FFF
against dual-species biofilm, roughness, and wettability with chemical,
thermal, and mechanical PP, with and without thermal aging. This study
presents a null hypothesis that the different PP methods and aging have
no influence on microbial adhesion, on the roughness and wettability of
PLA obtained by additive manufacturing (AM).

Sample after chemical
post-processing

Sample after thermal
post-processing

—

Sample after mechanical
post-processing

Fig. 1. Graphical abstract of the post-processing methods.
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2. Material and methods
2.1. Three-dimensional modeling

The specimens were elaborated and designed in the three-
dimensional modeling program (Rhinoceros®) in the dimensions of
9¢2mm. After this process, the file with the design was converted to
“STL” format for further reading in the FlashForge Adventurer 3 3D
printer (FlashForge 3D Technology Co., LTD, Zhejiang™).

2.2. Printing parameters

The printing parameters were followed according to the manufac-
turer of the polylactic acid (PLA) filament used (FlashForge™). The
building direction was 0°, speed 50 mm/s, layer thickness 0.16 mm,
extrusion temperature 210 °C, platform temperature 50 °C, and 0.4 mm
extruder nozzle diameter. These parameters were transferred to the
FlashPrint software that promoted the connection between the virtual
model and the physical sample print.

2.3. Specimen printing

The specimen to be printed was selected and the 3D printer per-
formed the printing of the objects with PLA filament (FlashForge™) in
red coloration by the FFF method. A total of 128 specimens were prin-
ted, divided into eight groups, represented in (Table 1).

2.4. Post-processing (PP)

2.4.1. Chemical

The samples were immersed in a sterile vat containing chloroform
solution (CHCI3) for 30 s. After this period, the samples were removed
from the solution and dried at room temperature.

2.4.2. Thermal

It was performed using the “thermal annealing” method, which
consists in raising the temperature of the samples to 95 °C for 120 min in
a temperature-controlled muffle oven. After this period the samples
were cooled at room temperature.

2.4.3. Mechanical

The samples were polished with an aluminum oxide composite
carborundum disc (Dentorium®) at a speed of 200/ min~?!, with a torque
of 30 N for 15 s. The disc and the entire sample surface were in complete
contact for uniform polishing of the entire sample.

2.4.4. Thermal aging

Thermal aging was performed in a thermocycler (MSCT- 3Plus;
Marcelo Nucci- ME; Sao Carlos, SP, Brazil), by alternating the temper-
ature from 5 °C to 55 °C in distilled water, with 30 s in each temperature

Table 1

Specimen group and description. Groups present in the study were
divided into with and without thermal aging and subdivided by the
type of post-processing performed, chemical, thermal or mechanical,
and the control group (no post-processing).

Aging Post-processing method

Without aging Control: no post-processing
Chemical post-processing
Thermal Post Processing

Mechanical post-processing

With aging Control: no post-processing
Chemical post-processing
Thermal Post Processing

Mechanical post-processing
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and 10 s of transition, 1 cycle/min, and 5,000 cycles were performed,
corresponding to 6 months of clinical use.

2.5. Microbial adhesion analysis

2.5.1. Dual-species biofilm formation

Samples were sterilized with hydrogen peroxide plasma (Sterrad)
and distributed (n = 8) in 24-well plates (Kasvi - GuangZhou Jet Bio-
filtration Co. LTD). Microbial adhesion was performed with a dual-
species biofilm composed of C. albicans (ATCC 10231) and S. mutans
(ATCC 25175). The inoculum was prepared in a Brain Heart Infusion
Broth (BHI) culture medium (Conda S.A Laboratory, Spain). The stan-
dardization of the inoculum was measured by optical density
(OD625nm) in a spectrophotometer (Multiskan GO, Thermo Scientific
Multiskan® Spectrum, Waltham, MA, USA) with absorbance between
0.08 and 0.100 and the yeasts were counted in a Neubauer chamber
(HBG, GieBen, HE, Germany).

Each well of the 24-well plate containing the specimens received 1.5
mL of BHI culture medium inoculated with 10° CFU/mL of S. mutans and
10° CFU/mL of C. albicans and was incubated at 37 °C and 750 rpm of
agitation in a bacteriological oven (CienLab, Campinas, SP, Brazil) for 1
h and 30 min for biofilm adherence. After this period, the specimens
were washed with 2 mL of 0.085 % saline solution, and 1.5 mL of sterile
BHI culture medium was added. The plates were incubated at 37 °C and
750 rpm for 48 h in a bacteriological oven.

2.5.2. Colony forming units (CFU)

The colony-forming units per milliliter (CFU/mL) were evaluated for
the quantification of viable cells. For seeding, specimens were trans-
ferred to test tubes, placed in an ultrasonic bath for 20 min, and shaken
individually. A 25 pL aliquot of the solution without dilution was used,
and subsequently, a 25 pL aliquot was transferred to a microtube con-
taining 250 L of 0.85 % saline solution to obtain serial dilutions of 10°
to 1073, each microorganism was seeded in Petri dishes with specific
agar, being Sabouraud Dextrose Agar for C. albicans and BHI Agar sup-
plemented with nystatin for S. mutans.

Then, the plates were incubated at 37 °C for 24 h in a bacteriological
oven, with S. mutans in microaerophile. The CFU number was counted
and recorded. For the calculation, it was considered the dilution in
which the number of CFU varies from 30 to 300 colonies and with the
following formula:

CFU/mL = (number of colonies x 10") /q

where n is the absolute value of the dilution, and q is the amount in
mL, of each dilution to seed the plates. In the present study, q = 0.025.

2.6. Surface roughness

Surface roughness was assessed using the SJ. 201P rugosimeter
(Mitutoyo Corporantion, Japan) in which the equipment’s analyzer tip
traveled 8 mm. Three measurements were taken per sample (n = 10) in
the direction of its largest diameter.

2.7. Wettability

Wettability was assessed by the sessile drop method with distilled
water. A 50 pL drop was deposited on each surface at constant room
temperature. A time of 60 s was allowed for the partial stabilization of
the water drop in contact with the substrate to obtain a measurement
according to the variation of the mean angle of contact (0) (n = 3).

2.8. Statistical analysis

Data were verified for normality by the Shapiro-Wilk test and two-
way ANOVA was applied for CFU and wettability (o« = 0.05). The
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Kruskal-Wallis non-parametric analysis (a = 0.05) was applied to the
roughness data.

3. Results
3.1. Colony forming units (CFU)

The chemical, thermal, and mechanical PP (p = 0.296) and thermal
aging (p = 0.563) methods showed no influence on the CFU/mL of
C. albicans (Table 2).

For S. mutans, no influence of chemical, thermal and mechanical PP
methods (p = 0.055) and thermal aging (p = 0.813) was observed on
CFU/mL (Table 3).

3.2. Surface roughness

For roughness, chemical PP showed lower roughness with aging,
statistically different from control (p = 0.001) and thermal PP (p =
0.001). For the groups without aging, chemical PP generated lower
roughness, statistically different from the control (p < 0.001) and
thermal PP (p = 0.001); mechanical PP was different from the control
group (p = 0.003). Thermal aging reduced the roughness of the control
(p < 0.001) and thermal PP (p = 0.004) groups (Table 4).

3.3. Wettability

For wettability, in the groups with thermal aging, mechanical PP
showed lower wettability, statistically different from the control group
(p =0.001) and chemical PP (p < 0.001). In the groups without thermal
aging, mechanical PP generated lower wettability, statistically different
from the control group (p < 0.001), thermal PP (p = 0.002), and
chemical PP (p < 0.001). Thermal aging led to a significant increase in
wettability in the control group (p < 0.001) (Table 5).

4. Discussion

This study evaluated the influence of chemical, thermal, and me-
chanical PP on the adhesion of dual-species biofilm, roughness, and
wettability of PLA obtained by AM by the FFF method with and without
thermal aging. It was observed that the PP did not reduce the adhesion of
C. albicans and S. mutans and altered roughness and wettability. The null
hypothesis was partially accepted since PP did not alter microbial
adhesion, which can be explained by the fact that adhesion on surfaces is
influenced by factors related to the material, such as roughness,
porosity, microorganism, virulence factors, pH, pili, and in both the
surface free energy and hydrophobicity (Batak et al., n.d.; de Bruijn
et al., 2021; Hall et al., 2021; Kreve et al, n.d.), and altered roughness
and wettability, which may be related to topographical changes in the
surface of the material.

In this study, PP methods were similar to those explored by (Bhan-
dari et al., 2019; de Bruijn et al., 2021; Singh et al., 2019; Valerga et al.,
2019; Valerga Puerta et al., 2021), however, these did not present
evaluation of microbial adhesion associated with different PP methods.
In the literature, there is a gap in this subject associated with the FFF
technique; Dai et al. (2022) performed mechanical PP on resins for the

Table 2
Mean and standard deviation of colony forming units per milliliter (CFU/mL) for
Candida albicans.

Aging Candida albicans
Post-processing methods p-value
Control Mechanical Thermal Chemical
With 5,99 (0,57) 6,18 (0,53) 5,81 (0,37) 5,88 (0,45) 0,296
Without 5,98 (0,33) 6,14 (0,34) 6,16 (0,37) 5,84 (0,41)
p-value 0,563
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Table 3
Mean and standard deviation of colony forming units per milliliter (CFU/mL) for
Streptococcus mutans.

Aging Streptococcus mutans
Post-processing methods p-value
Control Mechanical Thermal Chemical
With 6,55 (0,76) 6,61 (0,68) 6,15 (0,51) 5,93 (0,54) 0,055
Without 6,44 (0,58) 6,48 (0,63) 6,39 (0,34) 6,06 (0,59)
p-value 0, 813
Table 4

Median and confidence interval (95 %) of roughness values with and without
thermal aging.

Post-processing methods With Aging Without Aging p-value
Control 4,23 [3,66; 4,73]A 11,06 [8,98;12,49]A  <0,001
Mechanical 2,98 [2,34;4,55]B 3,80 [3,32;4,70]BC 0,123
Thermal 3,49 [3,22;5,39]A 6,7 [5,42;7,85]AC 0,004
Chemical 1,18 [0,97;2,11]1B 1,15 [1,03;1,64]1B 0,631

Identical letters indicate statistical similarity in the column.

Table 5

Mean and standard deviation of contact angle values with and without

thermocycling.
Post-processing methods With Aging Without Aging p-value
Control 44,26 + 3,28AC 54,57 + 1,88A <0,001
Mechanical 35,19 + 1,48B 31,65 + 1,21C 0,071
Thermal 40,39 + 0,35AB 40,04 + 2,80B 0,851
Chemical 46,15 + 2,85C 49,73 + 2,49A 0,069

Identical letters indicate statistical similarity in the column.

base of prosthesis obtained by the digital light processing method (DLP)
and observed a reduction in microbial adhesion (p = 0.0047) (Dai et al.,
2022). The difference between the material and the printing technique
makes comparisons with the results obtained in this study impossible,
which showed no statistical differences between the control group and
the PP techniques for the adhesion of S. mutans (p = 0.055) and
C. albicans (p = 0.296).

S. mutans is a gram-positive, acidogenic bacterium, present in the
oral cavity and able to survive in the bloodstream and cause, although
rare, cardiac valve and pulmonary artery damage (Bhandari et al., 2019;
Dai et al., 2022; Schubert et al., 2021). The adhesion process of S. mutans
is linked to the expression of three genes (brpA, gbpB, comDE) that are
responsible for the production of extracellular polysaccharides (EPS)
promoting adhesion to surfaces (Dai et al., 2022), which is favored in
pre-initiated biofilms by presenting co-aggregating characteristic and
acidic environments (Bhandari et al., 2019; Dai et al., 2022).

C. albicans, is an opportunistic fungus present in the normal micro-
biota commonly found on mucosal membranes and can cause diseases,
especially in immunosuppressed individuals, such as oral and systemic
candidiasis, and prosthetic stomatitis in denture wearers (Krzysciak
et al., 2014; Schubert et al., 2021). Its adhesion occurs by adhesins and
because it is dimorphic, the initial adhesion occurs in its ovoid form and
later passes to the form of hyphae (Krzysciak et al., 2014). The surface-
associated factors such as roughness, hydrophobicity, and surface-free
energy may favor the adhesion of S. mutans and C. albicans (Dai et al.,
2022; Krzysciak et al., 2014; Schubert et al., 2021). Schubert et al (2021)
observed that the adhesion of both microorganisms was not related to
surface roughness but concluded that hydrophobicity is influential in
promoting higher surface adhesion strength (Schubert et al., 2021).

Rough surfaces present a favorable environment for the initial
adhesion of microorganisms because they present a larger contact area
and mechanical retention, but Ra values lower than 0.2 pm do not in-
fluence microbial adhesion (Batak et al., n.d.; de Bruijn et al., 2021; Hall
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et al., 2021; Kreve et al, n.d.). One of the major challenges of AM is the
increased surface roughness. This creates favorable surface conditions
for the adhesion of microorganisms (de Bruijn et al., 2021; Martin et al.,
2021; Mu et al., 2020; Singh et al., 2019; Vidakis et al., 2020). In this
study, the surface roughness of the control group was 11.3 pm without
aging and 4.23 pm with aging, which proves the high roughness of the
material obtained by the FFF method. Chemical, thermal, and me-
chanical PP techniques aim at reducing surface roughness (de Bruijn
etal., 2021; Singh et al., 2019; Valerga et al., 2019; Valerga Puerta et al.,
2021).

The chemical processing method reduced the roughness compared to
the control and thermal groups, data also reported by Valerga et al.
(2019), where PLA samples with chemical PP of immersion in CHClg
showed a 97 % reduction in roughness (Valerga et al., 2019). This
reduction can be explained by the loss of the volatile solvent from the
surface of the material, which acquires a viscous appearance, and under
the influence of gravity and surface tension, the irregularities were
reduced, and the smoothness of the surface was increased (Castro-
Casado, 2021; Valerga Puerta et al., 2021). Nevertheless, this reduction
in surface roughness did not influence microbial adhesion, since it still
showed values much higher than 0.2 pm, which may explain the lack of
microbial reduction.

The mechanical PP acts from the removal by cutting or pressing the
peaks on the surface of the specimens (de Bruijn et al., 2021; Valerga
et al., 2019), which can contribute to a reduction in surface roughness,
as observed in this study, where the group with mechanical PP was
different after aging from the control group (p = 0.003) with lower
roughness. Puerta et al. (2021) observed that mechanical PP reduced Ra
surface roughness by 77 %, reducing the peaks on the surface of the
samples (Valerga Puerta et al., 2021). Bruijm et al. (2021) concluded
that the application of a standard force of 400 N influenced the reduc-
tion of roughness and smoothness up to 1 mm, which can be achieved in
the internal layers (de Bruijn et al., 2021). The disadvantage of this
method is that it is only used for objects with simple geometries because
complex geometries do not fit the shape of the different types of me-
chanical PP, which would change their initial shape and make its use
unfeasible. However, as with the chemical PP group, the roughness
values were higher than 0.2 pm, which may explain the lack of reduction
in microbial adhesion.

Annealing the sample is a technique for performing thermal PP,
which reduces the residual thermal stresses between layers from the
printing process and promotes the viscoelastic relaxation of the polymer
with a consequent filling of the voids between layers and pores with
reduced surface roughness (Gao et al., 2020; Singh et al., 2019). In this
study, thermal PP did not reduce surface roughness statistically signif-
icantly, since this method increases the degree of crystallinity when
performed at temperatures above the glass transition temperature (Tg)
ranging from 55 to 65 °C, which can alter the mechanical properties
such as flexural strength and roughness (Fernandez-Grajera et al., 2022;
Meng et al., 2012).

Hydrophobicity and surface-free energy are related to microbial
adhesion through nonspecific bonding (Kreve et al, n.d.; Schubert et al.,
2021). Zhao et al. (2004) and Wassman et al. (2017) report that there is
no consensus on which surface, hydrophobic or hydrophilic better in-
hibits microbial adhesion (Wassmann et al., 2017; Zhao et al., 2004),
however, Kreve and Reis (2021) report that hydrophobic surfaces, such
as titanium alloys, have a higher affinity for microbial adhesion (Kreve
et al, n.d.). Waasman et al. (2017) further report that hydrophobic mi-
croorganisms such as S. mutans and C. albicans have a higher affinity to
adhere to surfaces with similar properties (Wassmann et al., 2017).

PLA has a hydrophobic surface, with a contact angle (CA) of
approximately 80°, which promotes a greater affinity for adhesion of
equally hydrophobic microorganisms (Casalini et al., 2019; Hall et al.,
2021). This CA can be influenced by the printing parameters inherent in
the protocol applied for each experiment since the literature reports the
influence of the following on the physical and mechanical properties of
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PLA (Brounstein et al., 2021; de Campos and dos Reis, 2023; Garcia
Plaza et al., 2019). Vidakis et al. (2020) observed in the printed PLA
specimens that the CA is altered depending on the roughness of the
surface and the thickness of the layers, with results for 100 pm layers
being 84.1° and 300 pm being 78.6° (Vidakis et al., 2020). In this study,
mechanical PP reduced the CA of PLA, however, there was no correla-
tion with microbial reduction, as observed by Dai et al. (2022) in which
the reduction of CA made the surface more hydrophilic and reduced
microbial adhesion in acrylic resin specimens printed with mechanical
PP (Dai et al., 2022). What may differentiate the results of this study
from those of Dai et al. (2022) is the type of material and processing
techniques, as microbial adhesion depends on other factors such as
roughness, porosity, and film thickness (Dai et al., 2022).

Despite the gap in the literature, a reduction of microorganisms on
the surface of PLA samples obtained by AM is associated with the
modification of the material, Brounstein, Yeager, and Labouriou (2021)
incorporated into PLA titanium dioxide (TiO2) and Zinc Oxide (ZnO)
and observed a reduction in the adhesion of microorganisms in the
modified groups compared to pure PLA, with better results for the PLA
\ZnO group (Brounstein et al., 2021). Vidakis et al. (2021) modified PLA
with silicon dioxide (Si02) at concentrations of 0.5 %, 1 %, 2 %, and 4 %
and demonstrated zones of inhibition of Staphylococcus aureus and
Escherichia coli mainly at the higher concentrations and for S. aureus the
zone of inhibition was larger than that observed for E. coli (Vidakis et al.,
2021). Despite the gap in the literature, a reduction of microorganisms
on the surface of PLA samples obtained by AM is associated with the
modification of the material, Brounstein, Yeager, and Labouriou (2021)
[42] incorporated into PLA titanium dioxide (TiO2) and Zinc Oxide
(ZnO) and observed a reduction in the adhesion of microorganisms in
the modified groups compared to pure PLA, with better results for the
PLA\ZnO group [42]. Vidakis et al. (2021) [43] modified PLA with sil-
icon dioxide (SiO2) at concentrations of 0.5 %, 1 %, 2 %, and 4 % and
demonstrated zones of inhibition of Staphylococcus aureus and Escher-
ichia coli mainly at the higher concentrations and for S. aureus the zone
of inhibition was larger than that observed for E. coli [43].

Fernandez-Grajera et al. (2022) evaluated the influence of aging on
microbial adhesion of PLA incorporated with cetyltrimethylammonium
bromide (CTAB) and magnesium and observed that aging increased
microbial adhesion on the surface after 3 months (p > 0.05) and further
reported that there was no influence of aging on the hydrophobicity of
the material (Fernandez-Grajera et al., 2022), which differs from this
study since aging reduced the control group’s CA and surface roughness.
Despite not having performed PP techniques, the results differ from
those found in this study in which the adhesion of C. albicans (p = 0.563)
and S. mutans (p = 0.813) did not change as a function of 6-month aging.
The non-increase of these microorganisms even after aging shows that
although there were no statistical differences between the control group
and the different types of PP, the result was positive, especially when
considering the clinical use of printed PLA as prosthetic components or
dental prostheses, which will be subject to these differences in temper-
atures, different microorganisms, and forces during feeding in the oral
cavity. However, clinical studies are needed to prove this hypothesis and
evaluate these results more complexly.

Studies did not evaluate the reduction of microorganisms associated
to PP methods with pure PLA, as was the objective of this study, which
hinders the discussion of the results. Although this study has shown that
there were no statistical differences in the adhesion of microorganisms
under different types of PP, this opens up a point for discussion. Thus,
despite the limitations of this study, one notes the relevance in the area
of implementing in vitro techniques and assays to better explain mi-
crobial adhesion mechanisms and PP techniques.

5. Conclusion

The chemical, thermal, and mechanical PP techniques do not influ-
ence the adhesion of S. mutans and C. albicans. Chemical and mechanical
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PP reduce the surface roughness and mechanical PP reduces the hy-
drophobicity of the PLA obtained by AM using the FFF method. Thermal
aging did not alter microbial adhesion of the PP methods evaluated and
improved the surface roughness and hydrophobicity of the control
group.
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