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Abstract

Background: Clear aligner therapy (CAT) is a prominent orthodontic
treatment option. CAT was formerly only used to treat mild malocclusions, but
with developments in technology, it can now treat much more complex
malocclusions. With the increasing popularity of CAT and technological
improvements, led to the development of Invisalign’s SmartTrack technology,
the first commercially available aligner material that used multi-layer plastic to
facilitate tooth movement. Multiple layers provide superior mechanical
properties that eluded previous single layer plastics.

Aim: To study the cytotoxicity properties of different thermoplastic multilayer
clear aligner materials on human primary gingival fibroblasts (HGFs).
Materials and methods: Three multilayered clear aligner materials were
considered in this study: SmartTrack (Align Technology, San Jose, CA, USA),
Zendura FLX (Bay Materials, Fremont, CA, USA), and ComfortTrack (Great
Lakes Dental Technologies, Tonawanda, NY, USA). The samples were incubated
at 37°C in DMEM (0.1 mg/mL) for 21 days. The cell viability of HGFs cultured
with each sample medium was then compared to a negative control assessed
by MTT assay.

Results: The results showed slight toxicity for each one of the samples tested.
The highest cytotoxicity level seen in the HGFs was SmartTrack (65.5% * 2.5 of
cell viability), followed by Zendura FLX (72.3% # 8.6), and the least was
observed by ComfortTrack (80.8% + 2.1).

Conclusion: The Under the experimental conditions of the study, all of the
materials tested displayed slight levels of cytotoxicity. SmartTrack was
measured as the most cytotoxic. There were no statistical differences found
between the three aligner materials (P< 0.05).

Keywords: Clear Aligners, Cytotoxicity, Invisalign, Fibroblasts.

1. Introduction

properties that eluded previous single layer plastics [8]. CAT
was originally only used for the correction of minor

Clear aligner therapy (CAT) has become a popular choice
for orthodontic treatment. As more adults are seeking
orthodontic treatment, there is a corresponding demand
for esthetic treatment options [1-3]. Even children and
adolescents show preference to orthodontic appliances that
are less visible than traditional metal brackets and wires
[4]. Other advantages of CAT over fixed appliances are
fewer emergencies, shorter treatment visits, [5] and
greater patient comfort [6].

As CAT’s popularity has increased, so too has the
technology improved. Most notable over the last decade is
Invisalign’s SmartTrack technology (Align Technology, San
Jose, CA, USA). Released in 2013, it was the first
commercially available aligner material that used multi-
layer plastic to support tooth movement and has become
preferred over previous materials by both clinicians and
patients [7]. Multiple layers offer superior mechanical

malocclusions, but with technological advances, they now can
treat much more complex malocclusions [9,10]. As a result of
this, treatment times are increasing, and patients are
required to wear their clear aligners for longer durations.
Each stage of aligners is meant to be worn for about 22 hours
a day for up to 21 days each. It has been shown that the
thickness of the aligners can be diminished after exposure to
the oral cavity over this time; [11] it may be possible that
harmful molecules are being released into the oral cavity.
Align Technologies shipped over 1.2 million cases in 2018,
[12] thus the importance of investigating this issue further as
millions of people are treated with CAT worldwide each year.
There has been extensive research on the biocompatibility of
other orthodontic materials such as brackets, [13] wires, [14]
and adhesives, [15] but only three previous papers have
focused on the potential toxicity of clear aligner plastics [16-
18]. Furthermore, there have been several new multi-layer
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plastics introduced to the market that have not yet been
publicly tested.

The purpose of this study, therefore, was to test the
cytotoxicity of 3 different multilayer thermoplastic
materials - SmartTrack (Align Technology, San Jose, CA,
USA), Zendura FLX (Bay Materials, Fremont, CA, USA), and
ComfortTrack (Great Lakes Dental Technologies,
Tonawanda, NY, USA).

2. Materials and Methods

The three materials that were evaluated in this study were
SmartTrack (Align Technology, San Jose, CA, USA),
Zendura FLX (Bay Materials, Fremont, CA, USA), and
ComfortTrack (Great Lakes Dental Technologies,
Tonawanda, NY, USA). The cytotoxicity of each material
was tested after they had been thermoformed.

Each sample material was sterilized following the protocol
defined by the International Standards (ISO) 10993-5
norm. The samples were immersed in Dulbecco’s Modified
Eagles Medium (DMEM) and stored under stationary
conditions at 37°C in airtight test tubes for 21 days. The
ratio between the weight of the samples and the volume of
the dilutions was 0.1g/mL as recommended by ISO
parameters. After the release interval, the extracts were
sterile-filtered to eliminate solid particles and stored at -
20°C until further use.

MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] was used to evaluate cell viability.
Human gingival fibroblasts (HGFs) were plated into 48-
well flat-bottomed, tissue culture plates, with a density of
208 cells/well. After 24 hours of incubation, the culture
medium was replaced with 400 pL/well of clear aligner
extract. After an additional 24 hours, the medium was
replaced with 200 pL/well of the MTT solution (1 mg/mL),
mixed gently for 10 minutes, and the cells were incubated
for an additional four hours at 37°C. 200 pL of
isopropanol with 0.04 N HCL was then added to each well
and mixed thoroughly by repeated pipetting. The optical
density of each sample was measured in a
spectrophotometer at 600 nm. The optical density (OD) of
the cells cultured in the DMEM medium without any clear
aligner material sample extracts was used as a negative
control for 100% cell viability and as a reference for the
determination of the level of cytotoxicity in the assay. Cells
treated with a 1% concentration of anionic detergent were
used as a positive control [21].

2.1 Analysis

The optical density of each sample was used to calculate

the cell viability using the following criteria:

e  Cell viability = (optical density of test group/ optical
density of cellular control group) X 100 as calculated
by Vande Vannet et al. (2006) [20].

e  Cell viability was scored using the classification of
Sjogren et al. (2000) [19]:

>90% Noncytotoxic

60-90% Mildly cytotoxic
30-59% Moderately cytotoxic
<30% Markedly cytotoxic

O O O O

Descriptive statistics and statistical analysis were performed
using the Statistical Package for Social Sciences (SPSS 27.0,
SPSS IBM, Armonk, NY, USA). The normal distribution of the
data was confirmed by the Shapiro-Wilk test at p > 0.05.
Differences between mean values were determined by a one-
way Welch analysis of variance (ANOVA) with the Games-
Howell post hoc test at p < 0.05.

3. Results

The MTT assay is a colorimetric assay used to measure
cellular metabolic activity as an indicator of cell viability.
The yellow tetrazolium salt is converted to purple formazan
crystals by mitochondrial reductase enzymes in
metabolically active cells. The resulting-coloured solution is
quantified by measuring the absorbance at 600 nanometers
using a multi-well spectrometer. The greater number of
viable cells, the darker the solution will be [29,30].

The raw OD readings from each of the materials are listed in
Figure 1. All three samples showed significant differences
when compared to both the negative and positive controls,
but not when compared to one another. The cytotoxicity
levels of each sample after the viability formula were applied
(Cell viability = (optical density of test group/ optical density
of cellular control group) X 100) is shown in table 1. All the
tested plastics showed a mildly cytotoxic influence on the
HGFs after 21 days of incubation.

The material that expressed the highest cytotoxicity was
SmartTrack (65.5% #* 2.5 of cell viability), followed by
Zendura FLX (72.3% * 8.6), and the least was observed by
ComfortTrack (80.8% =* 2.1). The positive control resulted in
the viability of only 12.4% + 0.8.

Table 1. Mean viability and standard deviation,

cytotoxicity levels of materials.

Materials Mean Cytotoxicity Significance
Viability +
SDt
Zendura 72.3+8.6 Mild NS*
Great Lakes 80.8 + 2.1 Mild NS*
SmartTrack 65.5+ 2.5 Mild NS*

tStandard deviation, * No significant difference

4. Discussion

With the increasing popularity of CAT and the expiration of
patents previously held exclusively by Align Technology, the
orthodontic industry is currently seeing a flood of new
aligner materials being introduced into the market. In
addition, the accessibility of digital scanning and 3D printing
have made it easier than ever for dental professionals to
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provide effective in-office treatments without relying on
large external labs. It is imperative that these treatments
be administered in a manner that is efficient, predictable,
and safe for patients. Ideal ortho-dontic movement occurs
when a ‘light and continuous’ force is applied to the teeth,
and ideally, any plastics used for CAT would deliver a
constant therapeutic force over a relatively broad
deflection range [22].
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Figure 1. Optical Density of various materials used
in the study

A study by Lombardo et al in 2017 demonstrated that
multilayer plastics initially display much less stiffness
when compared to single-layered plastics, and their force
decay showed far less deformation when prolonged stress
was applied [23]. With such favourable force
characteristics, there will certainly be more multilayered
aligner materials available for retail in the future.
Although several single-layer CAT materials have been
shown to be safe in a clinical setting, there is little to no
published evidence on the biocompatibility of these
multilayered plastics at the time of the present study.

This study evaluated the in-vitro cytotoxicity of three
different varieties of multilayered thermoplastic materials
after 21 days of incubation in a simulated oral
environment. Each sample extract was then exposed to a
cell culture of HGFs, and the resultant cell viability was
assessed. We chose gingival fibroblasts for our
investigation because they are the most abundant cell type
seen in the periodontal connective tissues, and they play a
critical role in maintaining healthy gingival architecture
[24]. They are commonly used in biocompatibility
assessments of dental materials and are recommended for
such assays by the International Standards Organization.

Mild levels of cytotoxicity were observed in all of the
samples we tested, but none of them displayed levels that
would contraindicate them for routine clinical use. This
cytotoxic effect was similar to, and in some cases even
lower, than that what has been observed in other
orthodontic materials such as elastic ligatures, bonding
materials, and molar bands [15,25,28]. Our findings align
with the studies performed by Martina et al. (2019), who

discovered that the thermoforming process may actually
increase the cytotoxicity of each material when compared to
their non-thermo-formed counterparts [18]. Conversely,
other studies that have evaluated the biocompatibility of
clear aligner materials found little to no negative effects in
the past. An investigation of potential cytotoxicity and
estrogenicity of Invisalign appliances by Eliades et al. (2009)
revealed a complete absence of toxic effects, although it must
be noted that this study was performed before the
multilayered SmartTrack material was commercially
launched [16,26]. Interestingly, the findings by Premaraj et
al. (2014) showed similar cytotoxic results when samples
were prepared in a saline solution, but cell viability
significantly increased when exposed to a saliva-eluate;
suggesting that saliva may offer protection against
potentially harmful stimuli to the gingival tissues [17].

The cytotoxicity ranking system we used from Sjogren et al.
[19] was further developed by Vande Vannet et al. in 2006
[20] by expounding the data from monolayer cell cultures
and applying it to a three-dimensional epithelial model.
They translated the [(1) noncytotoxic, (2) mildly cytotoxic,
(3) moderately cytotoxic, and (4) markedly cytotoxic levels
into a clinically applicable histological model. Their
observations from the corresponding levels are as follows:
(1) The epithelial tissues have a constant thickness, devoid
of terminally differentiated cells (2) Minimal changes occur
with slight edema. (3) The beginning of spongious tissue
development in the upper layers with architectural atrophy
and cellular irregularity. (4) Most of the upper cell layers of
the epithelial tissues have disintegrated. There is cellular
necrosis and loss of cellular junctions in the basal layer [20].
Using the data from Vande Vannet et al. (2006) [20], it is fair
to extrapolate the present findings to determine that these
materials are safe for clinical use. It must be acknowledged
that our experimental conditions were not able to
completely replicate the dynamic conditions encountered in
the oral environment and therefore may be considered a
limitation in the study. Variables in diet, hygiene, and
salivary flow/composition can influence the chemical
balance within the oral cavity. Mechanical forces from
insertion, removal and non-nutritive mastication can
potentially alter the physical properties of clear aligner
materials in vivo [23]. Comparable in vitro experiments
under similar conditions can offer viability to our study
design and our current results, but further in vivo studies
that take into consideration changes of pH and mechanical
stresses of the oral cavity may improve experimental
findings.

5. Conclusion

¢ In our experiment, all tested clear aligner materials
showed mild levels of cytotoxicity.

* There were significant differences in cytotoxicity levels
between the control and test samples, but not between
the test samples themselves.

e Since the materials only showed mild levels of
cytotoxicity, they can be determined as safe for clinical
use.
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