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Abstract

Background: Although 3D-printed indirect restorations offer precision and reduced fabrication time, the literature
still lacks consensus regarding their surface characteristics and microbiological behavior, factors that may reduce
restoration longevity, reinforcing the need to consolidate the available evidence. The purpose of this scoping review
was to map the available evidence on the microbiological behavior of 3D printing materials for indirect restorations.
Material and Methods: The scoping review was conducted according to the guidelines of Arksey and O’Malley and
the Joanna Briggs Institute, following the PRISMA-ScR checklist. The literature search was performed in PubMed,
Scopus, and Web of Science databases, including in vitro, in vivo, in situ, and clinical studies addressing this topic.
Results: Among the 20 included studies, 19 were conducted in vitro and only one in vivo. The main factors iden-
tified as reducing microbial adhesion were the incorporation of nanoparticles (such as ZrO,, TiO,, graphene, and
silanized chitosan), appropriate surface polishing, and controlled post-curing, which decreased surface roughness
and enhanced antimicrobial properties. Conversely, the absence of surface finishing, insufficient post-curing time,
and certain polymer compositions were associated with increased bacterial adhesion.

Conclusions: Both material modification and post-fabrication treatment are key determinants of the microbiolo-
gical behavior of 3D-printed resins. Furthermore, factors such as printing parameters and finishing and polishing
protocols have a direct influence on the microbiological performance of these materials.
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Introduction

Understanding the microbiological aspects of restorative
materials is of paramount importance, as the oral cavity
represents a complex environment where various species
of the resident microbiota can colonize restorations, tee-
th, oral mucosa, and periodontal tissues in a pathogenic
manner [1,2]. Biofilm formation and bacterial adhesion
are closely associated with several material-related fac-
tors involved in the fabrication of indirect restorations,
including 3D-printed materials. Therefore, alterations in
surface properties, such as roughness, hydrophobicity,
and chemical composition, can influence the microbio-
logical profile [3,4].

In this context, the development of novel 3D-printed
materials with antibacterial properties has garnered in-
creasing attention in recent literature, intending to create
restorative materials that contribute to the prevention of
diseases such as dental caries and periodontitis [5]. In
the pursuit of improved microbiological performance,
various resin-based materials have been developed and
evaluated [6]. Nanohybrid and nanoparticle-filled com-
posites are regarded as universal restorative materials
due to their favorable physical and esthetic properties
[7]. Some studies have explored the incorporation of
fillers into 3D-printed resin matrices to enhance key at-
tributes such as wear resistance and antimicrobial effec-
tiveness [8,9]. Furthermore, hybrid 3D-printed resins
reinforced with ceramic particles have demonstrated en-
hanced physical and biological performance, suggesting
promising applicability in long-term crown restorations
[5,10,11].

In addition to intrinsic properties of restorative mate-
rials, the continuous evolution of 3D printing technology
introduces printing parameters that may influence both
the microbiological behavior and the material characte-
ristics of printed resins. Printing parameters, including
printing type and orientation, significantly influence the
final properties of these materials, particularly their me-
chanical and surface characteristics [12].

Despite the growing body of research, the literature still
lacks consensus regarding the microbiological behavior
of 3D-printed materials. While some studies have repor-
ted minimal microbial adhesion and satisfactory surfa-
ce smoothness [1,13,14], others have found increased
surface irregularities and greater microbial colonization
[2,11,15]. Therefore, the present study aimed to map
the available evidence regarding the microbiological
behavior of 3D-printed materials used in indirect resto-
rations. The null hypothesis was that 3D-printed restora-
tive materials would not differ from those fabricated by
other methods regarding microbial adhesion.

Material and Methods
This scoping review was structured based on the five-sta-
ge methodological framework proposed by Arksey and

e271

Microbiological behavior of 3D printing materials for indirect restorations

O’Malley [16], which includes: identifying the research
question; identifying relevant studies; selecting studies;
charting the data; and collating, summarizing, and re-
porting the results. The review was also guided by the
Joanna Briggs Institute Manual for Evidence Synthesis
[17] and the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Re-
views (PRISMA-ScR) [18]. The protocol for this review
was registered on the Open Science Framework plat-
form (DOI: 10.17605/0SF.IO/KWQZV).

The research was guided by the following question:
“What is the microbiological behavior of 3D-printed
materials used for indirect restorations?”” Based on this,
the Population Concept Context (PCC) framework was
applied. The population was defined as materials used
for the fabrication of indirect restorations; the concept
referred to microbiological behavior; and the context
was established as the digital workflow in dentistry.

An electronic search was conducted across three data-
bases: PubMed/MEDLINE, Web of Science, and Sco-
pus. An initial search strategy was developed and sub-
sequently adapted for each database. The search terms
were organized into three groups: #1 (Dental Materials
OR Acrylic Resins OR Provisional Restorations OR
Composites OR Dental Polymers OR crown OR crowns
OR Surface properties); #2 (3D printed OR 3-dimensio-
nally printed OR Additive manufacturing OR Printing,
Three-Dimensional OR 3D printing technology OR 3D
printing OR CAD/CAM OR three-dimensional printed
resin OR Computer-aided design OR Computer-aided
manufacturing); #3 (Microbial adhesion OR Streptococ-
cus OR Candida albicans OR Microbial response OR
Biofilm formation OR Microorganisms OR Anti-Biofilm
Formation OR Bacterial adhesion OR Streptococcus
mutans OR Antimicrobial activity OR Microbiological
behavior OR Streptococcus sanguinis OR Lactobacillus
salivarius); The final search strategy applied was: #l
AND #2 AND #3.

An electronic search was conducted up to February
2025. The search was independently performed by two
reviewers (P.T.O.N., J.V.D.). Eligibility criteria were
applied to select the studies based on evaluating titles
and abstracts using the EndNote reference manager
(EndNote; Clarivate), and studies that did not meet the-
se criteria were excluded. In the subsequent phase, the
complete texts of all potentially eligible studies were
examined by the same calibrated reviewers. In cases
where there was no consensus among the researchers, a
third (R.S.L.) was consulted. One researcher (P.T.O.N.)
piloted the extraction form on a few studies and extrac-
ted the following data from the articles: author, year of
publication, study type, test material, control material,
evaluated microbiological aspects, additional parame-
ters assessed, and study conclusions, using data extrac-
tion tables (Excel Microsoft corporation). In case of
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missing data, the authors of the included studies were
contacted via email to provide the missing or additio-
nal data. Another researcher (J.V.D.) reviewed the data.
The inclusion criteria comprised in vitro studies, in vivo
studies, clinical studies, and in situ investigations that
evaluated the microbiological behavior of materials and
used 3D-printed materials. Exclusion criteria were de-
fined as follows: case-reports, case-series, studies for
which the full text was unavailable, studies analyzing
disinfectant solutions, and studies that did not involve
materials intended for indirect restorations. No restric-
tions were applied regarding publication date or langua-
ge, and no filters were used.

Results

Using the search strategy, a total of 770 articles were
identified: 194 from PubMed/MEDLINE, 233 from
Web of Science, and 343 from Scopus. After duplicate
removal and screening of titles and abstracts, 46 articles
were assessed through full-text reading, of which 20
met the eligibility criteria and were included, while 26
were excluded. The identification and inclusion process
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of studies from the electronic databases is illustrated in
a flowchart (Fig. 1). The characteristics of the included
studies are summarized in Table 1.

Among the 20 studies included, 3D-printed resins de-
monstrated a lower degree of microbial adhesion
compared to other fabrication methods in six of them
[1,13,19-22]. However, four studies [2,23-25] reported
unfavorable outcomes, and one study [26], found no
statistically significant differences among the materials
evaluated. Six studies [5,6,8,27-29] evaluated materials
modified through the incorporation of different particles
intended to enhance their microbiological properties.
A reduced degree of microbial adhesion was observed
in four of these studies [5,6,8,27]. Conversely, two stu-
dies reported divergent results depending on the type of
particle [28] and the alkyl chain length of the evaluated
groups [29]. The added particles included ZrO, nanopar-
ticles [6], graphene nanoplatelets [8], titanium dioxide
and silanized chitosan nanoparticles [28], a synthesized
fluoride complex [5], silver-loaded halloysite nanotubes
[27], and quaternary ammonium compounds [29].

Only one study [22] was conducted in vivo, while the

Records identified through database

Fig. 1: Flowchart of study selection.

searching
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remaining investigations were in vitro. Nine studies
[2,5,10,13,20,21,24,28,30] reported the use of definitive
3D-printed resins for fixed prostheses. In contrast, ten stu-
dies [1,6,11,13,19,20,22-24,26] focused on 3D-printed
resins intended for the fabrication of provisional crowns.
Additionally, ten studies [2,5,10,13,19,20,25,26,28,29]
used control groups in their analyses.

Regarding the test materials, 14 studies [1,2,10,11,13,19-
26,30], evaluated commercial resins aiming to compare
their antimicrobial effects. Among these studies, addi-
tional aspects were investigated, such as different po-
lishing protocols [21] and the influence of post-curing
time and atmosphere on surface properties [30]. Further-
more, two studies [11,24] analyzed surface finishing by
polishing and glazing, confirming that post-processing
significantly affects surface roughness and, consequent-
ly, microbial adhesion. Concerning polishing protocols,
one study [24] used silicon carbide papers with grits
of 1200, 2400, and 4000, while the other [11] used a
micromotor with progressively finer prosthetic rubber
abrasives. For the glazed groups, both studies coated the
specimens with light-curable GC Optiglaze.

With regard to specimen geometry, 15 studies
[1,5,6,10,11,13,20,21,23-26,28-30] used disc-shaped
specimens. In contrast, two studies [22,26] used dental
crowns as test specimens, while four studies [2,19,26,27]
used rectangular or cubic specimens to evaluate the level
of microbial adhesion for each test material. Five stu-
dies [6,8,19,23,24] investigated the influence of artifi-
cial aging on the antimicrobial performance of the tested
materials. Among them, three studies [6,8,19] demons-
trated sustained effectiveness of the evaluated 3D-prin-
ted resins even after thermocycling, whereas two studies
[23,24] reported greater effectiveness for milled resins.

Crowns fabricated with heat-curing exhibited
the highest colony-forming unit (CFU) counts,
followed by milled crowns and 3D-printed
crowns (p< 0.05).

The C&B Permanent group presented the
highest colony-forming unit count, whereas
the Tera Harz TC-80DP group exhibited the
lowest number of colonies (P < 0.05).

Surface roughness,
wettability, and cyto-
toxicity

Colony-forming unit count
Colony-forming unit count (CFU
count)

Discussion

The null hypothesis that 3D-printed restorative materials
do not differ from those produced by other fabrication
methods in terms of microbial adhesion was rejected, as
material composition, printing parameters, and surface
treatments demonstrated the potential to influence bio-
film formation.

When analyzing the adhesion of oral microorganisms to
materials used for the fabrication of 3D-printed provi-
sional crowns, the studies included in this review repor-

Heat-cured PMMA, milled PMMA, and printed
oligomers
Hybrid resin—ceramic materials: Crowntec (Sa-
remco, Switzerland), VarseoSmile Crown Plus
(Bego, Germany), Tera Harz TC-80DP (Graphy,
South Korea), C&B Permanent (ODS, South
Korea), Formlabs Permanent Crown (Formlabs,
USA), and HeyGears (China).

UDMA, Urethane Dimethacrylate; QA, quaternary ammonium group; Cn, alkyl chain containing n carbon atoms; Ag-HNT, Silver-decorated Halloysite Nanotubes; ZrO2, Zirconium dioxide; PEEK, poly-

etheretherketone; PEKK, polyetherketoneketone; AKP, arylketonepolymer; PMMA, polymethyl methacrylate; TiO2 NPs, titanium dioxide nanoparticles; sCS NPs, silanized chitosan nanoparticles; UA,

urethane acrylate; PPT, Post-polymerization time; PPA, post-polymerization atmosphere.

° e ted conflicting results. Several investigations observed

= 5 that 3D-printed resins exhibited lower microbial adhe-

a - sion than conventional materials, including bis-acrylics,

[20] PMMA, [1] acrylic polymers, [13,19] bis-acrylics

and composites, [19] as well as milled resins [1,13,19].

s - Two of these studies [1,13] further evaluated commer-

B g S cial 3D-printed resins, both hybrid and temporary, and

5 § < reported the lowest microbial adhesion indices for both

= | g 3 categories when compared with milled resins. These

% 5 § findings have been attributed to favorable printing pa-
H
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rameters, such as printing orientation and layer thick-
ness, which may result in smoother surfaces [1]. In con-
trast, other studies reported less favorable outcomes for
3D-printed resins, with increased surface roughness and
biofilm formation compared with milled PMMA, con-
ventional PMMA, and bis-acrylic resins. Such results
were associated with the presence of surface grooves
inherent to the layer-by-layer manufacturing process,
as well as crack propagation caused by residual stresses
arising from temperature variations during polymeriza-
tion, which may create niches conducive to bacterial ad-
hesion and proliferation [23,25].

Regarding materials for the fabrication of permanent
crowns by additive manufacturing, previous studies
[6,8] have emphasized the reinforcement of the poly-
meric matrix with different types of fillers as a strategy
to overcome mechanical strength limitations, thereby
promoting the development of high-strength nanocom-
posites with improved longevity in the oral cavity. An in
vitro study [9] investigated the microbiological effects
of incorporating nanodiamonds into the resin matrix as
reinforcing filler particles and demonstrated increased
resistance to Streptococcus mutans biofilm formation.
Nevertheless, within the oral environment, biofilm de-
velopment is modulated by competitive interactions
among diverse microbial species and by the presence of
the salivary pellicle, which complicates a comprehen-
sive assessment of material performance. Additionally,
another study [10] evaluated microbial adhesion on re-
sin-based hybrid ceramic materials and demonstrated
that the chemical composition of the polymeric matrix
and the initiator systems significantly influence surface
roughness and biofilm formation. Consistently, an in vi-
tro investigation using nanohybrid resins [11] showed
that the incorporation of a polymerization inhibitor,
associated with prolonged curing time, resulted in in-
creased surface roughness. These findings suggest that
specific formulation components may indirectly affect
biological behavior by modifying surface characteristics
that directly affects material-bacteria interactions.

The gradual fusion between printing layers leads to in-
creased porosity and the formation of deep grooves on
the surface structure. Accordingly, some studies inclu-
ded in this review reported surface treatments aimed at
achieving smoother surfaces and reducing microbial ad-
hesion. One investigation [21] evaluated polishing pro-
tocols across different materials, including 3D-printed
resins, and found that surface finishing significantly re-
duced bacterial adhesion, possibly due to the removal of
unpolymerized resin residues from the specimen surfa-
ces. In addition, horizontally printed methacrylate-based
materials were shown to promote less biofilm formation
than vertically printed specimens. Another study [11]
assessed polished and glazed hybrid resin specimens as
post-production treatments and observed lower micro-
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bial adhesion on glazed surfaces, whereas untreated spe-
cimens exhibited more pronounced biofilm formation,
indicating that the additive manufacturing process itself
does not inherently limit adhesion potential. Converse-
ly, Kim et al. [24] reported that, despite glazing produ-
cing similar surface roughness and wettability among
all tested resins, polished 3D-printed resins exhibited
significantly higher roughness and microbial adhesion
than polished milled resins. This difference was attribu-
ted to the surface characteristics of milled resins, which
undergo pre-polymerization under high pressure and
temperature, resulting in a more homogeneous struc-
ture. Furthermore, another study [30] investigated the
influence of post-curing time and atmosphere on surfa-
ce smoothness by assessing monomer conversion and
demonstrated that surface roughness was significantly
affected by resin type rather than by post-curing con-
ditions, with glass-filler-reinforced specimens showing
greater microbial adhesion. In contrast, another included
study [1] emphasized that material selection should con-
sider initial roughness parameters, as achieving surfaces
resistant to microbial adhesion may require substantial
investment and may still fail to ensure long-term dura-
bility due to the chemical and mechanical challenges
of the oral environment. Consequently, further clinical
studies are warranted to identify durable and clinically
effective surface treatment strategies for reducing mi-
crobial adhesion.

From another analytical perspective, studies investiga-
ting the incidence of microbial species on commercially
available 3D-printed resins employed a wide diversity
of microorganisms and distinct experimental combina-
tions. One study [20], which used different microbial
species, found that printed resins exhibited greater ad-
hesion by representatives of the normal microbiota
compared to fungal and periodontopathogenic species,
consistent with the results of other studies included in
this review [1,13]. It has been argued that isolated pe-
riodontopathogenic species may demonstrate low adhe-
sion due to the absence of primary bacterial species that
mediate the initial attachment and promote the forma-
tion of a mixed polymicrobial biofilm on the substrate,
underscoring the importance of evaluating the potential
of each microbiota group when interpreting study outco-
mes [13]. Conversely, other studies reported higher ad-
hesion of Streptococcus mutans on printed resins com-
pared to S. sanguinis [2,21] and Candida albicans [23].
Several researchers highlight that compositional factors
may influence microbial adhesion by modifying surface
characteristics, which can lead to differences in coloni-
zation patterns among microorganisms. In this context,
some studies indicate that S. mutans tends to exhibit
greater adhesion to composite-based materials compa-
red with other formulations [2,23].

The fact that most studies reported in the literature and
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included in this review are in vitro constitutes a limi-
tation, as the specific characteristics of the oral cavity
require evaluation of materials under clinical conditions
that better represent reality. Furthermore, factors such as
the complex geometry of prostheses must be conside-
red, since it is known that specimen shape influences the
degree of microbial adhesion and surface characteristics
[1]. An in vitro study [26] used saliva from a single do-
nor on specimens shaped as single crowns to simulate
biofilm formation in a clinical environment, finding
that 3D-printed resins did not differ significantly from
conventionally fabricated acrylic and bis-acrylic resins.
This outcome may be explained by the analysis being
conducted at an ecarly stage of biofilm development,
which tends to change over time. Conversely, the in vivo
study included in this review [22] found that 3D-prin-
ted provisional restorations exhibited lower colony
counts of Streptococcus mutans, Streptococcus pyoge-
nes, and Candida species compared to milled PMMA
and heat-cured conventional PMMA. It is evident that,
under clinical conditions, the salivary pellicle is a key
determinant of microbial adhesion in the oral cavity,
rendering surfaces more hydrophilic [9]. Additionally,
the presence of a polymicrobial biofilm and interspecies
interactions represent unique aspects of clinical condi-
tions, highlighting the need for further in vivo studies on
this subject [13,21].

The results of this review must be interpreted with cau-
tion. The studies exhibited methodological heteroge-
neity based on various factors, including differences in
materials and intended applications, testing protocols,
post-curing durations, artificial aging times, additional
evaluated parameters, layer thicknesses, printing me-
thods, and specimen geometries, thereby complicating
high-precision comparisons. Furthermore, among the
limitations, no risk of bias assessment tool was used in
this review. However, this study compiles data that gui-
de decision-making with direct implications for clinical
practice. Its findings provide support for strategies that
overcome inherent limitations of 3D printing, contribu-
ting to the reduction of microbial adhesion. Nonetheless
further studies, particularly clinical evaluations, are es-
sential to achieve a better understanding of the influence
and variability in the performance of 3D-printed mate-
rials used in indirect restorations.

Conclusions

The incorporation of nanoparticles, combined with
appropriate technical parameters, enhances the antimi-
crobial efficacy of 3D-printed resins. Microbial adhesion
is mainly influenced by material composition, printing
parameters, and surface post-processing rather than by
the printing technique alone. From a clinical perspecti-
ve, optimizing layer thickness, printing orientation, and
finishing protocols is essential to reduce surface irregu-
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larities and limit biofilm accumulation. Although most
evidence is derived from in vitro studies, the findings
suggest that properly optimized 3D-printed provisional
restorations may present acceptable biological perfor-
mance.
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