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Abstract Background/purpose: Invisible orthodontic treatments are becoming increasingly
popular, and numerous brands of invisible aligners are now available. However, concerns
remain about the safety of the materials used in these products. This study aimed to assess
the cytotoxic effects of both original and thermoformed thermoplastic materials used in ortho-
dontic aligners on human periodontal ligament (HPDL) cells in vitro.
Materials and methods: The experiment used six different brands, each containing three types of
thermoplastic materials, Polyethylene terephthalateco-1, 4-cyclohexylenedimethylene tere-
phthalate (PETG), thermoplastic polyurethane (TPU), and copolyester polyethylene terephthalate
(PET). The original sheets and the thermoformed materials were soaked in a culture medium for
seven and fourteen days, and then applied to cultured human periodontal ligament cells. Cells
were harvested on the first, third, and fifth days after application, and their viability was analyzed
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay.
Results: The findings revealed that some thermoformedmaterials, notably PETG, exhibited lower
survival rates compared to their non-thermoformed versions. However, other materials such as TP
and PET maintained over 70% cell viability, indicating only minor cytotoxic effects.
Conclusion: These findings highlight the need for further research into the long-term biocompat-
ibility of thesematerials but generally affirm their safety for use in orthodontic aligners under the
tested conditions.
ª 2024Association for Dental Sciences of theRepublic of China. Publishing services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Introduction

The modern orthodontic aligner appliance, now widely
embraced by patients, undergoes a streamlined fabrication
process. It begins with the digitization of oral scans to
create a three-dimensional model of the dentition. This
model serves as the foundation for crafting the final or-
thodontic aligner through precision molding with thermo-
plastic plates.

Various materials are employed in orthodontic aligner
appliances, including Polyethylene terephthalateco-1, 4-
cylclohexylenedimethylene terephthalate (PETG), ther-
moplastic polyurethane (TPU), and copolyester poly-
ethylene terephthalate (PET). However, concerns have
been raised regarding the potential release of bisphenol A
(BPA) from these biomaterials, which could lead to
adverse effects. Studies have indicated that these plastic-
based materials may exhibit cytotoxicity and induce bio-
logical reactions, including modified gene expression.1,2

Nonetheless, conflicting findings exist, with some studies
suggesting no cytotoxic effects on oral epithelial cells but
alterations in their behavior and the expression of in-
flammatory response-related proteins.3 While the major-
ity of BPA release originates from the aligner material,
there appears to be no significant discrepancy in BPA
concentration among different types of aligners across
various media.4

Due to the intricate nature of the oral environment,
factors like acidic beverages, enzymatic activity, mastica-
tion, and attrition force can contribute to the abrasion and
wear of clear aligners, leading to increased particle
release. A study demonstrated slight cytotoxicity associ-
ated with this phenomenon, with PETG showing the highest
cytotoxicity, particularly exacerbated by the thermoform-
ing process.5 A systematic review underscored the potential
safety concerns surrounding aligner appliances, highlighting
the necessity for further clinical investigations into their
biocompatibility.

Therefore, the objective of this study was to examine
the in vitro cytotoxic effects of various thermoplastic ma-
terials used for clear aligners on human periodontal liga-
ment cells (HPDLs).
Materials and methods

Cell culture

The HPDLs was bought from ScienCell Research Labora-
tories Cat. #2630 (ScienCell Research Laboratories, Carls-
bad, CA, USA).To cultivate human periodontal ligament
cells, begin by preparing Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, ThermoFisher Inc, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS, ThermoFisher
Inc, Waltham, MA, USA) and 1% penicillin-streptomycin, at a
dosage of 100 units per ml of DMEM. Introduce the cells to
this medium and incubate at 37 �C in a CO2 incubator set to
5% CO2 for three days. Once the cells adhere to the bottom
of the culture dish, indicating successful formation, trans-
fer them to a similar 37 �C, 5% CO2 incubator for further
passaging.
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Thermoplastic plate preparation

Thermoplastic plate preparation: Totally three types
(PETG, TPU, PET), six brands of thermoplastic plates
divided into two groups: original and thermoformed, are
shown in Table 1. Thermoforming is done using the ESSIXⓇ
Select VacⓇ vacuum thermoforming machine (Ortho
Technology, Inc. West Columbia, SC, USA), according to the
heat treatment seconds specified by each brands.

The materials for the aligners were shaped into 3.5 mm
diameter discs by punching both the original and ther-
moformed sheets. Following the International Organiza-
tion for Standardization (ISO) standard 10993e12:2012,
the ratio between the weight of the samples and the
volume of the dilutions was 0.1 g/mL. Totally, calculate
that each brand’s original and thermoformed plastic
sheets require 3.2 g for three different soaking days. The
accomplished accurate weight for each brand’s aligners
were disinfected them by soaking in 75% alcohol.
Following disinfection, immerse and rinse the discs twice
in DMEM to eliminate any remaining disinfecting alcohol
that could impact cell survival. Subsequently, use a
0.22 mm filter to purge any impurities from the DMEM.
Continue to incubate the discs soaked in DMEM for seven
and fourteen days in cell culture dishes. Assess the
viability of the HPDL cells on days one, three, and five,
while examining the cellular morphology under 100x,
200x, and 400x magnification using optical microscopes.
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] assay

MTT assay (Sigma Aldrich, St. Louis, MO, USA) dye was used
to evaluate cell viability. The 5 � 104 HPDL cells were
planted into 24-well flat-bottomed, tissue culture plates.
After 24 h of incubation, the culture medium was replaced
with 200 lL/well of the extract. After additional 24 h, the
medium was replaced with 100 lL/well of the MTT solution
(1 mg/mL) in PBS, and the cells were incubated for an
additional hour at 37 �C in a 5% CO2 atmosphere. After the
solution was removed, 100 lL/well of dimethyl sulfoxide
was added and the plates were swirled gently for 10 min.
The optical density of each well was immediately measured
in a spectrophotometer (Sunrise, Team, Mannederf, Zurich,
Switzerland) at 540 nm.

The following formula was used to calculate the cell
viability: Cell viability (%) Z (optical density of test group/
optical density of cellular control group) x100.6 The clas-
sification of cell viability was as follow: More than 90% cell
viability showed no cytotoxicity, 60%e90% cell viability
showed slight cytotoxicity, 30%e59% cell viability showed
moderate cytotoxicity and less than 30% cell viability
showed severe cytotoxicity.7 To test cell viability, it is
generally considered safe if the survival rate exceeds 70%.8

Three independent experiments were performed in tripli-
cate.After treatment with different materials, the
morphology and number of HPDL cells were observed under
a microscope at 100x, 200x, and 400x magnifications. The
statistical analysis were performed using the statistical
package for social sciences (SPSS 22.0, SPSS IBM, Armonk,
NY, USA). Differences between mean values were



Table 1 Description of the ingredients and origins of the products used in this study.

Product
brand

Composition Company

DURAN� Polyethylene terephthalateco-1,
4-cylclohexylenedimethylene terephthalate (PETG)

SCHEU-DENTAL GmbH., Iserlohn,Germany

ESSIX� Polyethylene terephthalateco-1,
4-cylclohexylenedimethylene terephthalate (PETG)

Dentsply Sirona�, Fair Lawn, NJ, USA

Leone� Poly ethylene terephthalateco-1,
4-cylclohexylenedimethylene terephthalate (PETG)

Leone S.p.a. Orthodontic and implantology, Firenze, Italy

Maxflex� Thermoplastic polyurethane (TPU) Cuumed Catheter Medical, Taichung, Taiwan
Zendura� Thermoplastic polyurethane (TPU) Bay Materials LLC, Fremont, CA, USA
Keystone� Copolyester polyethylene terephthalate (PET) KeystoneⓇ Industry, Gibbstown NJ, USA
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determined by one-way of variance (ANOVA) with Bonfer-
ronni post-hoc test. The level of significance was set at
P < 0.05.

Results

The viability of HPDL cells in PETG materials soaked for
seven and fourteen days compared to a 70% performance
benchmark is as follows:

The Duran experiment

Cell viability comparison in the fourteen-day immersed
group: cell viability in the T-Duran group was lower than in
the Duran group (P < 0.05). However, in the seven-day
immersed group, cell viability in the Duran group was
lower than in the T-Duran group (P < 0.05) (Fig. 1). Under
the microscope, the HPDL cells were harvested on the first,
third, and fifth days and examined at 100x, 200x, and 400x
magnifications to assess cell morphology and count. The
cells exhibited a spindle shape, and the number varied
depending on the conditions (Fig. 2).
Figure 1 The viability of HPDL cells in Duran materials soaked
benchmark. Duran: non-thermoformed. T-Duran: thermoformed. d
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In Essix experiment

Cell viability comparison in the fourteen-day immersed
group: cell viability in the T-Essix group was lower than in
the Essex group (P < 0.05). However, in the seven-day
immersed group, there was no difference in cell viability
between the T-Essix and Essex groups (P > 0.05); both had
survival rates above 70% (Fig. 3). The HPDL cells were
harvested on the first, third, and fifth days, and examined
under magnifications of 100x, 200x, and 400x microscope,
the cells consistently exhibited a spindle shape, and the
number varied under different conditions (Fig. 4).
In Leone experiment

Cell viability comparison in the fourteen-day immersed
group: cell viability in the T-Leone group was lower than in
the Leone group (P < 0.05). However, in the seven-day
immersed group, there was a difference in cell viability
between the T-Leone and Leone groups after five days of
cell culture (P < 0.05), though both had survival rates
above 70% (Fig. 5). The HPDL cells were harvested on the
for seven and fourteen days compared to a 70% performance
: day. T: thermoformed.



Figure 2 The interaction between HPDL cells and Duran and T-Duran membranes soaked for different durations. HPDL cells were
collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell morphology and
number. T: thermoformed.
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first, third, and fifth days, and examined under magnifica-
tions of 100x, 200x, and 400x microscope, the cells
consistently exhibited a spindle shape, and the number
varied under different conditions (Fig. 6).

The performance of HPDL cell viability in TPU materials
soaked for seven and fourteen days, compared to a 70%
benchmark, is as follows:
In Zendura experiment

Cell viability comparison in the fourteen-day immersed
group: on the first day of cell culture, cell viability in the
Zendura group was lower than in the T-Zendura group
(P < 0.05). In the seven-day immersed group, both the
Zendura and T-Zendura groups had survival rates above
70%, with no differences between them (P > 0.05) (Fig. 7).
Figure 3 The viability of HPDL cells in Essix materials soaked
benchmark. Essix: non-thermoformed. T-Essix: thermoformed. d: d
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The HPDL cells were harvested on the first, third, and fifth
days, and examined under magnifications of 100x, 200x,
and 400x microscope, the cells consistently exhibited a
spindle shape, and the number varied under different
conditions (Fig. 8).
In Maxflex experiment

Cell viability comparison in the fourteen-day immersed
group: on the first and fifth days of cell culture, cell
viability in the Maxflex group was lower than in the T-
Maxflex group (P < 0.05). In the seven-day immersed group,
although there was a difference in cell viability between
the Maxflex and T-Maxflex groups (P < 0.05), both had
survival rates above 70% (Fig. 9). The HPDL cells were
harvested on day 1, day 3, and day 5, and their morphology
for seven and fourteen days compared to a 70% performance
ay. T: thermoformed.



Figure 4 The interaction between HPDL cells and Essix and T-Essix membranes soaked for different durations. HPDL cells were
collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell morphology and
number. T: thermoformed.

Figure 5 The viability of HPDL cells in Leone materials soaked for seven and fourteen days compared to a 70% performance
benchmark. Leone: non-thermoformed. T-Leone: thermoformed. d: day. T: thermoformed.
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and numbers were analyzed at magnifications of 100x,
200x, and 400x microscope, the cells were spindle-shaped,
and the number varied under different conditions (Fig. 10).

The performance of HPDL cell viability in PET materials
soaked for seven and fourteen days compared to a 70%
benchmark is as follows:
In Keystone experiment

Cell viability comparison in the fourteen-day immersed
group: on the first and fifth days of cell culture, cell
viability in the Keystone group was lower than in the T-
Keystone group (P < 0.05). In the seven-day immersed
2069
group, although there was a difference in cell viability
between the Keystone and T-Keystone groups (P < 0.05),
the survival rates still exceeded 70% (Fig. 11). The HPDL
cells were harvested on day 1, day 3, and day 5, and their
morphology and numbers were assessed at magnifications
of 100x, 200x, and 400x microscopy, the cells consistently
exhibited a spindle shape, and the cell count varied under
different conditions (Fig. 12).
Discussion

In the current study, we evaluated the cytotoxic effects of
both thermoformed and non-thermoformed aligner



Figure 6 The interaction between HPDL cells and Leone and T-Leone membranes soaked for different durations. HPDL cells were
collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell morphology and
number. T: thermoformed.

Figure 7 The viability of HPDL cells in Zendura materials soaked for seven and fourteen days compared to a 70% performance
benchmark. Zendura: non-thermoformed. T-Zendura: thermoformed. d: day. T: thermoformed.
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materials. Earlier research highlighted that certain mate-
rials did not retain their original properties in their non-
heated, thermoformed state. For example, one study found
that thermoformed materials were more cytotoxic. Among
the materials tested, PETG (Biolon) showed the highest
cytotoxicity to human primary gingival fibroblasts (HGFs)
compared to TPU and PET. However, this study did not
include the non-thermoformed multilayer aromatic ther-
moplastic polyurethane/copolyester (SmartTrack) mate-
rial.5 For present study, we utilized three primary types of
materials: PETG, PET, and TPU, which are prevalent in the
2070
market and help to fill the research gaps identified in pre-
vious studies.

Contrary to previous findings, our study revealed that in
the seven-day immersion test, thermoformed aligner ma-
terials maintained over 70% cell viability for PDL cells,
indicating only slight cytotoxicity and performing better
than non-thermoformed materials. In the fourteen-day
test, except for the PETG (Duran, Essix, and Leone)
group, which showed decreased survival rates in thermo-
formed materials compared to their non-thermoformed
counterparts, thermoformed TPU and PET materials



Figure 8 The interaction between HPDL cells and Zendura and T-Zendura membranes soaked for different durations. HPDL cells
were collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell morphology
and number. T: thermoformed.

Figure 9 The viability of HPDL cells in Maxflex materials soaked for seven and fourteen days compared to a 70% performance
benchmark. Maxflex: non-thermoformed. T-Maxflex thermoformed. d: day. T: thermoformed.
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demonstrated higher viability rates than their non-
thermoformed versions, maintaining over 70% viability and
thus classified as slightly cytotoxic. Although previous
research has proposed that thermoformed aligners might
release monomers at elevated temperatures, contributing
to cytotoxic effects, our study did not examine the release
and concentration of these monomers, so we cannot
confirm this hypothesis.

Additionally, the hygroscopic properties of PETG are
suspected of facilitating ion release, potentially leading to
cytotoxic effects.9,10 PETG is noted for its superior abrasion
resistance and ranks as one of the least hygroscopic
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commercially available materials. It is also frequently
marketed as BPA-free. However, it is crucial to recognize
that some PETG may incorporate BPA or similar compounds
during its production, particularly when recycled PET is
converted into PETG. This process could lead to the release
of trace BPA amounts under specific conditions.

The hygroscopic nature of polymers could exacerbate
cytotoxicity by causing ion release due to material degra-
dation.11 In our study, under the seven-day immersion
conditions, both non-thermoformed and thermoformed
materials showed only slight cytotoxicity with minor dif-
ferences in viability for HPDL cells. Nevertheless, in the



Figure 10 The interaction between HPDL cells and Maxflex and T-Maxflex membranes soaked for different durations. HPDL cells
were collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell morphology
and number. T: thermoformed.
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fourteen-day immersion tests, non-thermoformed mate-
rials exhibited reduced viability for PDL cells in comparison
to thermoformed materials. This decrease in cell viability
could be attributed to the prolonged exposure leading to
ion release from the hygroscopic characteristics of PETG.

Thermoplastic Polyurethane (TPU) is recognized for its
flexibility, transparency, and oil resistance. It typically does
not contain BPA, therefore not releasing BPA under stan-
dard conditions. TPU is mainly utilized in fields that require
both flexibility and durability. In medical contexts, TPU has
proven effective, extending beyond just aiding in bone and
cartilage regeneration. Research involving a composite of
TPU and polylactic acid (PLA) has shown that varying the
TPU to PLA ratio significantly affects the proliferative and
metabolic activities, cell adhesion, growth patterns, and
Figure 11 The viability of HPDL cells in Keystone materials
soaked for seven and fourteen days compared to a 70% per-
formance benchmark. Keystone: non-thermoformed. T-
Keystone thermoformed. d: day. T: thermoformed.
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cellecell interactions of human adipose-derived mesen-
chymal stromal stem cells.12 This confirms TPU’s absence of
BPA and its excellent biocompatibility. Accordingly, in our
study, materials like Zendura and Maxflex that contain TPU
consistently maintained cell viability above 70%.

PET (Polyethylene terephthalate) is the most commonly
used polymer in plastic production, primarily for
manufacturing beverage bottles and food containers. It is
generally recognized as BPA-free and does not release BPA
under normal usage conditions. However, PET can degrade
when exposed to high temperatures or prolonged sunlight,
potentially releasing small amounts of chemicals, including
traces of BPA.13 The viability of Human Embryonic Kidney-
293 (HEK-293) cells and human immortalized keratino-
cytes (HaCaT) is influenced by exposure to PET micro-
plastics, largely in a dose-dependent manner and varying by
exposure time and cell type.14 In contrast, an in vitro study
examining the potential toxic effects of three nano-
particlesdtwo generated by laser ablation (polycarbonate
and one form of polyethylene terephthalate, PET1) and one
(PET2) produced via nanoprecipitationdfound no differ-
entiated toxic effects in Caco-2 cells.15 Further research
indicates that nano-PET, at environmental concentrations,
does not lead to significant toxicity endpoints in the res-
piratory system, as no evident cell apoptosis was
observed.16 In present study, the fourteen-day immersion
group, the viability of thermoformed materials was only
lower than that of the non-thermoformed materials after
the first three days of culture. This finding aligns with
previous research, suggesting that the heat treatment
applied to PET does not adversely affect the viability of PDL
cells. In conclusion, this study demonstrates that both
thermoformed and non-thermoformed materials maintain
high PDL cell viability rates, consistently above 70%,
affirming their low toxicity under the conditions tested.



Figure 12 The interaction between HPDL cells and Keystone and T-Keystone membranes soaked for different durations. HPDL
cells were collected on days one, three, and five, and examined at magnifications of 100x, 200x, and 400x to evaluate cell
morphology and number. T: thermoformed.
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