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Abstract

Background: The increasing adoption of direct three-dimensional (3D)-printed clear aligners has introduced novel
material systems in orthodontics, raising concerns regarding their biological safety. This study aimed to evaluate
and compare the cytotoxic effects of different commercially available direct 3D-printed aligner resins. Five ma-
terials (Power, Senertek, CBS, LUX, and Rayform) were fabricated under standardized conditions and processed
according to manufacturer protocols. Cytotoxicity was assessed using an indirect extract method in accordance
with ISO 10993 standards, and 1929 fibroblast cells were exposed to the material extracts. Cell viability was de-
termined using the MTT assay, and statistical analysis was performed using one-way ANOVA followed by Sidak’s
multiple comparisons test (p < 0.05). A significant difference in cell viability was observed among the groups
(F(6,21)=98.40, p <0.0001). The Senertek material demonstrated significantly lower cell viability compared to all
other groups, whereas CBS and LUX exhibited significantly higher viability than Power, Senertek, and Rayform.
No significant difference was detected between CBS and LUX or between Power and Rayform. Mean cell viability
values were 53.61% for Power, 37.84% for Senertek, 90.47% for CBS, 84.78% for LUX, and 53.28% for Rayform.
According to ISO 10993-5 criteria, CBS and LUX were classified as non-cytotoxic, while the remaining materials
were cytotoxic. These findings demonstrate that the cytotoxic behavior of direct 3D-printed aligner resins is stron-
gly material-dependent, highlighting the importance of material selection and processing conditions in ensuring the
biological safety of orthodontic applications.
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Introduction

Clear aligner therapy has become an integral component
of contemporary orthodontic practice due to its aesthetic
advantages, enhanced patient comfort, and compatibili-
ty with digital workflows [1]. Conventionally, aligners
are manufactured using thermoforming techniques, in
which a thermoplastic sheet is adapted over a three-di-
mensional (3D)-printed dental model. Although this
method is clinically well established, it presents several
limitations, including potential material deformation du-
ring thermoforming, variability in thickness, and multi-
ple processing steps that may influence the final proper-
ties of the appliance [2].

Recent advances in additive manufacturing have ena-
bled the direct fabrication of clear aligners using 3D
printing technologies. This emerging approach elimina-
tes the need for intermediate models and thermoforming
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composed of photopolymerizable resin systems, and
their final properties are strongly influenced by material
composition, printing parameters, and post-processing
protocols. These factors may significantly affect the de-
gree of polymerization and the release of residual mono-
mers or degradation products [4,5].

Biocompatibility is a critical consideration for alig-
ner materials, as these appliances remain in prolonged
contact with teeth, gingival tissues, and oral mucosa,
typically for more than 20 hours per day. The oral en-
vironment is dynamic, characterized by fluctuations in
temperature, pH, humidity, and enzymatic activity, all of
which may contribute to material degradation and the re-
lease of biologically active substances [6]. These relea-
sed compounds may interfere with cellular metabolism,
membrane integrity, and overall cell viability, making
cytotoxicity assessment an essential component in the
evaluation of dental biomaterials [7,8].

Previous studies investigating the biological effects of
aligner materials have reported heterogeneous findings.
While some studies have demonstrated minimal or no
cytotoxic and estrogenic effects under controlled con-
ditions, others have reported reductions in cell viability
and alterations in cellular behavior depending on the ma-
terial type, extraction conditions, and testing protocols
[9,10]. The biological response appears to be influen-
ced by multiple factors, including extract concentra-
tion, exposure duration, and environmental conditions,
with saliva potentially exerting a protective effect [11].
Furthermore, recent evidence suggests that post-proces-
sing procedures, particularly post-curing, play a crucial
role in determining the biocompatibility of 3D-printed
resins, as insufficient polymerization may increase the
release of unreacted components and consequently en-
hance cytotoxicity [12,13].
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Despite the increasing clinical adoption of directly prin-
ted aligners, the current literature regarding their cyto-
toxicity profiles remains limited and, in some cases, in-
consistent. Additionally, variations in resin composition
and manufacturer-recommended processing protocols
may lead to significant differences in biological perfor-
mance among materials. Therefore, comparative studies
evaluating multiple direct 3D-printed aligner resins un-
der standardized conditions are essential to better un-
derstand their biological safety [14, 15].

In vitro cytotoxicity testing, particularly through in-
direct extract methods in accordance with ISO 10993
standards, provides a reliable approach for assessing the
biological effects of substances released from polymeric
materials [16]. Among these methods, the MTT assay is
widely used to evaluate cellular metabolic activity and
viability, offering a quantitative measure of material-in-
duced cytotoxicity [17].

Accordingly, the aim of the present study was to eva-
luate and compare the cytotoxic effects of different
commercially available direct 3D-printed clear aligner
resins using an indirect extract method on L.929 fibro-
blast cells. The null hypothesis was that no significant
difference in cytotoxicity would be observed among the
tested materials.

Materials and Methods

1. Study design

This in vitro experimental study was designed to evalua-
te the cytotoxic effects of different direct three-dimen-
sional (3D)-printed clear aligner resins. Cytotoxicity
was assessed using an indirect extract method in com-
bination with the MTT assay, in accordance with ISO
10993-5 and ISO 10993-12 standards [17].

2. Materials

Five commercially available direct 3D-printed clear
aligner resins were included in this study:

* LuxCreo — LuxCero (LuxCreo Inc., California, USA)
* CRS — Custom Aligner Resin (Custom Resin Solu-
tions, Turkey)

* Senertek — Clear-A (Senertek, Turkey)

* PowerResins — Clear Smile Resin (3BFAB, Turkey)

* Rayform — 4D Clear Aligner Resin (Rayform Co., Ltd.,
South Korea)

All materials were processed according to the manufac-
turers’ recommended protocols, and batch numbers were
recorded. All specimens were fabricated and processed
under strictly standardized conditions, including identi-
cal design parameters, printing settings, and post-pro-
cessing protocols, to ensure consistency and comparabi-
lity among groups.

Samples were designed using CAD software (Tinker-
cad, Autodesk Inc., USA). For each material, five squa-
re specimens measuring 20 x 20 mm with a thickness
of 0.7 mm were fabricated. All samples were produced
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under standardized printing conditions, including a la-
yer thickness of 50 um, vertical orientation, and without
support structures. From each square specimen, five cir-
cular discs with a diameter of 4 mm were obtained. Ac-
cordingly, a total of 25 discs were prepared for each ma-
terial, resulting in five extract samples per group (each
consisting of five discs) and an overall total of 125 discs.
3. Post-Processing Procedure

All materials were subjected to post-processing accor-
ding to manufacturer instructions:

» LuxCero: Provided fully processed and polymerized
within a closed system workflow.

* PowerResins (Clear Smile Resin): Final curing perfor-
med using Otoflash G-171 under nitrogen (N,) atmos-
phere (10002 flashes).

* CRS (Custom Aligner Resin): Cleaned using >98%
isopropyl alcohol (IPA) with multi-step washing and ul-
trasonic cleaning, followed by air drying. Final curing
was performed using a Dentafarm Photopol UV unit
(120 W, 2 + 2 minutes, inverted), under nitrogen atmos-
phere.

 Senertek (Clear-A): Cleaned via centrifugation, fo-
llowed by UV curing in glycerin medium and subse-
quent ultrasonic cleaning at 80-90°C.

* Rayform (4D Clear Aligner Resin): Cleaned with IPA,
air-dried, and UV-cured (Phrozen unit) for 30 minutes.
4. Extract Preparation and cell culture

Cytotoxicity was evaluated using an indirect extract
method. For each extract, five discs were immersed in
DMEM culture medium and incubated at 37°C for 72
hours. Following incubation, the extracts were sterilized
by filtration and subsequently applied to the cell cultures.
L929 mouse fibroblast cells were used for cytotoxicity
assessment. The cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum and 1% an-
tibiotic, and maintained at 37°C in a humidified atmos-
phere containing 5% CO,.

5. MTT Cytotoxicity Assay

Cells were seeded into 96-well plates and allowed to
reach appropriate confluency. The culture medium was
then removed, and the prepared material extracts were
applied to the cells. Following 72 hours of incubation,
MTT reagent was added to each well, and the formation
of formazan crystals was allowed to occur. Subsequent-
ly, the crystals were dissolved, and absorbance values
were measured at 570 nm using a spectrophotometer.
Cell viability was expressed as a percentage relative to
the negative control. For control conditions, the negative
control group consisted of DMEM / DMEM-F12 cultu-
re medium, while the positive control group was treated
with DMSO.

6. Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 9.0, GraphPad Software, USA).
Continuous variables were expressed as mean =+ stan-
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dard deviation (SD). Normality of data distribution was
assessed using the Shapiro—Wilk test.

Differences among groups were analyzed using one-way
analysis of variance (one-way ANOVA). When a signi-
ficant difference was detected, pairwise comparisons
between groups were performed using Sidak’s multiple
comparisons test. A p-value of <0.05 was considered sta-
tistically significant.

Cell viability data were normalized to the mean value of the
negative control group and expressed as percentage (%).
Prior to the study, sample size estimation was performed
using G*Power software (version 3.1.9.7). Based on a
one-way ANOVA model comparing five independent
groups, the significance level was set at o = 0.05 and the
statistical power (1—3) at 0.80. Considering the expec-
ted pronounced differences among materials in in vitro
cytotoxicity studies, a large effect size (f = 0.90) was
assumed. Under these assumptions, the minimum total
sample size was calculated as 25. In the present study,
four replicates per group were used, resulting in a total
of 20 measurements. The corresponding achieved power
for this sample size was calculated as 0.91.

Results

Cell viability of L929 fibroblast cells exposed to diffe-
rent direct 3D-printed materials was evaluated using ab-
sorbance measurements and expressed as a percentage
relative to the negative control.

One-way ANOVA revealed a statistically significant di-
fference among the groups (F(6,21) =98.40, p <0.0001,
R2=10.9657), indicating a strong effect of material type
on cell viability.

Post hoc analysis using Sidak’s multiple comparisons
test demonstrated that the Senertek group had signifi-
cantly lower cell viability compared to all other mate-
rial groups (p < 0.05 for all comparisons). In contrast,
CBS and LUX groups exhibited significantly higher cell
viability than the Power, Senertek, and Rayform groups
(p < 0.0001). No statistically significant difference was
observed between the Power and Rayform groups (p
> 0.9999) or between the CBS and LUX groups (p =
0.9322).

The mean cell viability values (mean + SD, n = 5) were
as follows: Power (53.61 £+ 2.10%), Senertek (37.84 +
9.20%), CBS (90.47 £+ 5.60%), LUX (84.78 + 10.60%),
and Rayform (53.28 + 6.80%). The negative control
group showed 100.00 + 2.10% cell viability, whereas the
positive control group demonstrated markedly reduced
viability (7.95 £ 0.70%).

According to ISO 10993-5 criteria (>70% cell viability),
CBS and LUX materials were classified as non-cyto-
toxic, whereas Power, Senertek, and Rayform materials
were classified as cytotoxic, (Fig. 1).

All data were normalized to the negative control and are
presented as mean =+ standard deviation, (Table 1).
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Cell Viability with 1ISO 10993-5 Threshold (70%)

100 A

Cell Viability (%)

Power

Senertek

Table 1: Cell viability (%) values of direct print materials.

CBS LUX Rayform

Material

Fig. 1: Cell viability (%) of L929 fibroblast cells exposed to different direct 3D-printed aligner materials. Data
are presented as mean + standard deviation (n = 5). The dashed horizontal line represents the ISO 10993-5 cy-
totoxicity threshold (70% cell viability). Materials above this threshold are considered non-cytotoxic (CBS and
LUX), whereas those below are classified as cytotoxic (Power, Senertek, and Rayform).

Group Measurement 1 (%) | Measurement 2 (%) | Measurement 3 (%) | Measurement 4 (%) | Mean £ SD (%)
Power 54.63 54.17 55.11 50.54 53.61 +£2.10
Senertek 29.23 29.79 46.23 46.11 37.84 £9.20
CBS 83.77 95.56 87.56 94.99 90.47 £ 5.60
LUX 86.72 99.48 78.29 74.63 84.78 £ 10.60
Rayform 55.45 60.66 52.85 44.15 53.28 £ 6.80
Control (-) 97.81 98.53 101.71 101.91 100.00 = 2.10
Control (+) 8.63 7.90 8.31 6.94 7.95+0.70

Discussion

The present study evaluated the cytotoxic effects of
different direct 3D-printed clear aligner resins using a
standardized indirect extract method. The findings re-
vealed a clear material-dependent variation in cytotoxi-
city, with CBS and LUX classified as non-cytotoxic,
whereas Power, Senertek, and Rayform exhibited cyto-
toxic effects according to ISO 10993-5 criteria. Among
all tested materials, the Senertek resin demonstrated the
lowest cell viability, indicating a pronounced biological
response.

The observed differences in cytotoxicity can be attribu-
ted to several factors, most notably resin composition
and post-processing protocols [18]. Although all ma-
terials were processed according to manufacturer re-
commendations, the post-processing workflows varied
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considerably among groups. Variations in cleaning me-
thods (centrifugation versus isopropyl alcohol washing),
curing environments (nitrogen atmosphere versus con-
ventional UV), and curing durations may have influen-
ced the degree of polymerization and, consequently, the
release of residual monomers. Previous studies have
shown that insufficient or suboptimal post-curing signi-
ficantly increases the release of unreacted components,
which is directly associated with higher cytotoxicity le-
vels [19]. This is consistent with the markedly reduced
cell viability observed in the Senertek group in the pre-
sent study.

Another important consideration is the standardized
sample design and extraction protocol used in this study.
All materials were fabricated with identical dimensions
and printed under consistent parameters, thereby mini-
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mizing variability related to manufacturing conditions.
In addition, the use of a controlled extract preparation
protocol enabled a reproducible assessment of substan-
ces released from the materials. Therefore, the differen-
ces observed in cytotoxicity are more likely attributable
to intrinsic material properties rather than experimental
variability.

The results of the present study are consistent with pre-
vious reports indicating that 3D-printed aligner mate-
rials exhibit heterogeneous biocompatibility profiles.
Several studies have demonstrated that certain resin sys-
tems may reduce cell viability depending on extraction
concentration and exposure conditions, whereas others
remain within non-cytotoxic thresholds [20]. This varia-
bility underscores the importance of evaluating each ma-
terial individually rather than generalizing the biological
safety of all 3D-printed aligner systems.

In addition to material composition, the interaction be-
tween extraction conditions and biological response
should also be considered. It has been reported that elua-
tes prepared under different environmental conditions
may produce varying biological outcomes, with saliva
potentially exerting a protective effect against cytotoxic
components [21]. Although a standardized extraction
medium was used in the present study, intraoral factors
such as salivary buffering capacity and enzymatic ac-
tivity may influence the biological impact of released
substances.

The findings also highlight the potential role of dose-de-
pendent effects of leached components. Even under
identical extraction conditions, certain materials may
release higher concentrations of residual monomers or
degradation products, leading to increased cytotoxicity.
This may explain why the Power and Rayform groups
exhibited moderate cytotoxicity, whereas CBS and LUX
maintained high levels of cell viability. Similar dose-de-
pendent cytotoxic responses have been reported in pre-
vious studies evaluating both 3D-printed and thermofor-
med aligner materials [20].

Interestingly, the literature also includes studies re-
porting no cytotoxic or estrogenic effects for certain
3D-printed aligner materials under controlled conditions
[22]. These discrepancies may be attributed to differen-
ces in resin formulations, extraction protocols, aging
conditions, and analytical methods. Therefore, the varia-
bility observed in the present study is consistent with the
heterogeneous nature of the existing literature.

Another critical factor is the potential impact of intrao-
ral aging and long-term exposure. Previous studies have
shown that simulated oral aging can alter the chemical
structure and surface properties of 3D-printed resins,
leading to increased release of degradation products
over time [19]. In the present study, cytotoxicity was
evaluated under short-term extraction conditions; howe-
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ver, the cumulative effects of repeated aligner use in
clinical settings should be considered when interpreting
these findings.

From a clinical perspective, the identification of ma-
terials such as CBS and LUX with high cell viability
suggests that certain direct 3D-printed resins may offer
a more favorable biological profile for orthodontic
applications. In contrast, materials exhibiting lower cell
viability, particularly Senertek, may require further opti-
mization of processing protocols or additional biocom-
patibility evaluation prior to widespread clinical use.
Despite the strengths of the present study, including
standardized manufacturing parameters and controlled
extraction conditions, several limitations should be ac-
knowledged. First, the study was conducted under in vi-
tro conditions, which cannot fully replicate the complex
oral environment. Additionally, the use of a single cell
line (L929 fibroblasts) and a single assay (MTT) may
limit the generalizability of the findings to broader bio-
logical responses. As the MTT assay primarily reflects
mitochondrial activity, it may not fully capture other
biological responses, such as inflammatory signaling,
oxidative stress, or membrane integrity. Therefore, fu-
ture studies incorporating multiple cell types and com-
plementary analytical methods would provide a more
comprehensive evaluation of material biocompatibility.

Conclusions

The present study demonstrated that the cytotoxicity of
direct 3D-printed clear aligner resins varies significantly
depending on the material. CBS and LUX resins exhi-
bited favorable biocompatibility profiles and were clas-
sified as non-cytotoxic according to ISO 10993-5 cri-
teria, whereas Power, Senertek, and Rayform materials
showed cytotoxic effects under the tested conditions.
These findings indicate that direct 3D-printed aligner
materials cannot be considered biologically equivalent,
and their cytotoxic behavior may be influenced by factors
such as material composition and post-processing proto-
cols. From a clinical perspective, the selection of aligner
materials with proven biocompatibility is essential to en-
sure patient safety during long-term intraoral use.
Further research is needed to evaluate the long-term bio-
logical effects of these materials under conditions that
more closely simulate the oral environment. In addition,
the relatively limited number of replicates used in this
study may reduce the statistical robustness of the fin-
dings. Furthermore, the absence of long-term aging or
degradation simulations represents an additional limita-
tion, as intraoral conditions may alter material proper-
ties and cytotoxic behavior over time. Therefore, future
studies incorporating long-term exposure models and
simulated oral aging conditions are warranted to better
reflect clinical scenarios.
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