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In recent years, aesthetic concerns regarding orthodontic appliances have significantly
increased due to the growing number of adult patients undergoing orthodontic therapy.
Clear removable aligners have seen growing popularity as an aesthetic and comfortable
alternative to traditional fixed appliances. Clear aligner therapy also appears more
respectful of the patient’s periodontal health; in fact, clear aligners allow the patients to
maintain proper daily oral hygiene thanks to being removable. Among the parameters that
affect the clinical efficacy of aligners, the material employed for their manufacturing plays a
key role. The present paper aims to review the most used materials in manufacturing clear
aligners, focusing on their clinical and mechanical performances, according to the current
state of literature. Furthermore, biological features of the different materials are also
examined regarding their effects on dental and periodontal tissues, oral mucosa, and
potential systemic effects.

Keywords: thermoplasticmaterials, physical properties,mechanical properties, clear aligner, clinical performances,
biocompatibility

1 INTRODUCTION

The idea to employ clear overlay orthodontic appliances to move progressively misaligned
teeth was introduced in 1946 by Kesling, who described how consecutive tooth movement is
possible by utilising positioners produced from setup models (Kesling, 1945; Kesling, 1946).

In the last decades, thanks to the introduction and spread of CAD/CAM technologies in dentistry,
the use of clear removable splints for orthodontic purposes has received a great impulse.

The first digitally designed and manufactured aligners system was the Invisalign system, a
series of removable polyurethane aligners launched in 1998 by Align Technology (Santa
Clara, CA, United States). In 1999 it was presented at the American Congress of
Orthodontists. In 2001 it was introduced in Europe (Galan-Lopez et al., 2019).
Currently, it is one of the most used clear aligners systems worldwide (Galan-Lopez
et al., 2019; Nemec et al., 2020).

In recent years, the increase of adult patients undergoing orthodontic treatments has led to
the widespread clear aligner therapy (CAT), considered a valid alternative to conventional
fixed appliances for its aesthetic features and comfort (Rosvall et al., 2009; Fujiyama et al.,
2014). Literature has reported various potential advantages correlated to CAT, such as the
maintenance of better oral hygiene and periodontal health (Rossini et al., 2015; Lu et al., 2018;
Wu et al., 2020), reduction in the amount and incidence of root resorption following
orthodontic therapy (Yi et al., 2018; Li et al., 2020), the improvement of TMD-related
pain and headache (Festa et al., 2021). Nowadays, clear aligner systems are produced
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worldwide by numerous companies, including leading brands
in orthodontic products (Table 1).

The clinical efficacy of clear aligners can be affected by many
factors. Undoubtedly, the properties of materials used to produce
clear aligners are among the essential aspects in determining their
mechanical and clinical features.

The present paper study reviews the most employed materials
in the manufacturing of clear aligners, focusing on their
mechanical performances and biological features about their
effects on dental and periodontal tissues and oral mucosa.

2 CLEAR ALIGNERS MATERIALS

Materials employed to produce Clear Aligners can affect their
clinical performances (Zhang et al., 2011; Lombardo et al., 2017).
The type of material used depends on the manufacturing process.
Aligners can be produced by moulding the material on physical
models, derived from a virtual planning software through 3D
printing, or generated directly by 3D printing, without physical
models (Tartaglia et al., 2021).

Currently, since no approved photo polymerisable resin is
suited for direct printing, only thermoformed aligners are
commercialised and clinically employed (Tartaglia et al., 2021).

2.1 Thermoplastic Materials
According to their molecular structure, thermoplastic polymers
can be classified into amorphous and semicrystalline polymers.
Amorphous polymers have irregularly arranged molecular
structures characterised by a low degree of molecular packing.
Semicrystalline polymers, instead, contain both areas of
uniformly and tightly packed chains (crystalline domains) and
irregularly arranged areas (amorphous regions). Crystalline
domains can be comparable to fillers in composite materials in
these polymers, which confer hardness and rigidity. In general,
amorphous polymers are softer, transparent, have low shrinkage,
and have better impact resistance. Semicrystalline polymers are
hard, opaque or translucent, have good chemical resistance and
have a sharp melting point (Chalmers and Meier, 2008; Condò
et al., 2021).

The most used polymers, individually or blended, for the
production of transparent orthodontic aligners are polyester,

polyurethane, and polypropylene (Zhang et al., 2011; Condò
et al., 2021).

Among polyesters, polyethylene terephthalate (PET) and
polyethylene terephthalate glycol (PETG), a non-crystallising
amorphous copolymer of PET, are widely used in the
production of clear aligners thanks to their excellent
mechanical and optical properties (Dupaix and Boyce, 2005).

Polycarbonate (PC) is also employed for its durability,
hardness and transparency (Zhang et al., 2011).

Thermoplastic polyurethane (TPU) an extremely versatile
material, featuring several favourable properties such as
excellent mechanical and elastomeric characteristics,
chemical and abrasion resistance, adhesion properties,
simplicity of machining (Frick and Rochman, 2004; Zhang
et al., 2011).

Invisalign aligners, were initially produced of a single-layer of
polyurethane, Exceed-30 (EX30). In 2013, EX30 was substituted
by a new polymer, named Smart Track (LD30) a multilayer
aromatic thermoplastic polyurethane/copolyester (Rossini et al.,
2015; Li et al., 2020). According to the producer, the new material
should provide the aligners with more elasticity and produce
more constant forces, improving their clinical efficacy (Lombardo
et al., 2017; Condò et al., 2021).

PC, PETG are classified as amorphous (Chen et al., 2011;
Demirel et al., 2011). Depending on processing procedures, PET
and TPU can have an amorphous or semicrystalline structure
(Frick and Rochman, 2004; Condò et al., 2021).

2.2 Polymers Blends
Thermoplastic orthodontic devices should exert continuous and
controlled forces to produce correct tooth movements (Zhang
et al., 2011).

Mechanical properties of the polymers can be improved by
mixing various types of them: polyester, polyurethane, and
polypropylene are the most used materials in the polymer
blends employed in manufacturing of clear aligners (Zhang
et al., 2011; Condò et al., 2021).

Large number of studies on thermoplastic polymer blends has
been produced in recent years: (Medellín-Rodríguez et al., 1998;
Hwang et al., 1999; Poomali et al., 2008; Zhang et al., 2011; Ma
et al., 2016; Seeger et al., 2018). Polymer blending has proven to be
a viable way to improve the physical and chemical properties of

TABLE 1 | Chemical (molecular) structure of some widely mass-marketed aligners and retainers.

Aligner Material Manufacturer

Biolon PET-G (Polyethylene terephthalate glycol) Dreve dentamid GmbH. Unna, Germany
Duran PET Scheu dental, Iserlohn, Germany
EasyDU PET (PFb/PFc) BenQ Co., Taipei, Taiwan
F22 Polyurethane Sweden-Martina, Due Carrare, PD, Italy
Invisalign SmartTrack (multi-layer aromatic thermoplastic polyurethane) Align Technology, Santa Clara, CA, United States
MaxFlex TPU Maxflex Co., Taipei, Taiwan
Nuvola Polyethylene terephthalate glycol (PET-G) GEO srl, Rome, RM, Italy
Spark Trugen (multi-layer polyurethane) Ormco Orange, CA, United States
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polymers, thereby enhancing the clinical performances of
aligners.

The blending ratio of polymers employed plays an
essential role in determining the features of the blend. For
example, blending PETG/PC/TPU at the 70/10/20 ratio
showed the best mechanical properties compared to other
blending ratios, providing sufficient and sustainable
orthodontic forces than other commercialised products
(Zhang et al., 2011). PETG/PC2858 blend, at 70/30 ratio,
expressed the best combination of tensile strength, impact
strength and elongation at break (Ma et al., 2016).

2.3 3D Printed Aligners
According to some authors, 3 days printed aligners can offer
several advantages compared to thermoformed ones. Direct
3D printing can avoid adverse effects of thermoforming
processes, such as alteration of mechanical, dimensional
and aesthetic characteristics of the material (Ryu et al.,
2018), offering better geometric accuracy and precision,
better fit, higher efficacy and mechanical resistance and
reproducibility (Maspero and Tartaglia, 2020).

3D printing techniques utilizable to build directly printed
aligners can be numerous such as selective laser sintering
(SLS), laser sintering melting (SLM), stereolithography (SLA).
However, 3D printing by photo-polymerisation of clear liquid
resin seems to be the most suitable procedure (Tartaglia et al.,
2021).

Material employed through 3D printing in orthodontics can
be very different. Among those, we can find acrylonitrile-
butadiene-styrene plastic, stereolithography materials (epoxy
resins), polylactic acid, polyamide (nylon), glass-filled
polyamide, silver, steel, titanium, photopolymers, wax, and
polycarbonate (Prasad et al., 2018).

Various studies have investigated mechanical and
biological properties of resins suitable for 3D printing of
clear aligners (Nakano et al., 2019; Maspero and Tartaglia,
2020); however, at present, no polymerizable material has yet
been approved for the production of directly printed aligners
(Tartaglia et al., 2021).

3 MECHANICAL AND PHYSICAL
PERFORMANCES OF CLEAR ALIGNER
MATERIALS
Dental misalignment and malocclusions usually compromise
patients’ aesthetics and smiles, which negatively impacting
oral hygiene and periodontal health. Nowadays, the main
reason patients today decide to undergo orthodontic
treatment is precisely the improvement of the aesthetics of
the face, and in turn, aesthetics play an essential role in the
choice of orthodontic treatment. An increasing number of
adult and adolescent patients require orthodontic treatment
using transparent aligners because it is effective and does not
compromise the quality of life because it is invisible (Bucci
et al., 2019; Tartaglia et al., 2021).

Another benefit of these aligners is that they are removable, so
they do not compromise the patients’ oral hygiene, and the result
is more comfortable than fixed appliances (Tartaglia et al., 2021).

The treatment is based on a sequence of upper and lower
transparent aligners that the patient wears 22 h/day and changes
after 14 days (Lombardo et al., 2015).

Thermoplastic materials of the aligners are polymers with
different characteristics that respond differently to various
types of mechanical stress such as chewing, physical stress
such as heat and chemicals stress such as colouring agents,
salivary enzymes and mouthwashes (Lombardo et al., 2015;
Ma et al., 2016).

The ideal aligner should have excellent transparency, low
hardness, resilience, elasticity, resistance to mechanical stress
and overtime and biocompatibility. Therefore, to improve the
performance of aligners in orthodontic treatment, it is
significant to investigate the properties characteristic of the
materials and how they respond to various stresses and then
develop the more performing ones, for example, combining
them (Ma et al., 2016).

3.1 Colour Stability and Transparency of
Different Types of Clear Aligners Materials
In light of the patient’s aesthetic, the transparency of the
aligner should remain stable approximately during the
2 weeks of treatment (Liu et al., 2016). However, the
aligners’ colour stability and transparency are affected by
colouring drinks, ultraviolet radiation, and mouthwashes
(Bernard et al., 2020).

The dentists always recommend that patients remove the
aligners when eating or drinking anything (except water).
Often, many patients ignore the doctor’s requests and eat
and drink with the aligners, undermining their
transparency, which is the essential aesthetic characteristic
of the resinous copolymer that composes them (Bernard et al.,
2020). It has been found that about 50% of Americans do not
remove aligners for eating and drinking (Liu et al., 2016).

Different studies aim to investigate the aligners’ colour
stability and transparency when exposed to colouring agents
and saliva (Liu et al., 2016; Daniele et al., 2020). The materials
examined were: multi-layered thermoplastic polyurethane with
integrated elastomer (Smart Track); one material based on PET-
G (Erkodur), one material of copolyester (Essix ACE), two based
on PET (Essix Plastic e Ghost aligner) and resinous polyurethane
(Zendura).

Visual inspection about colour stability indicated that all types
of aligners showed no colour change after the 12-h, in contact
with colouring agent (wine, coffee, black tea, cola and nicotine)
except for the Smart Track in coffee and red wine.

With the increase of the time to 7 days, all the aligners
showed colour changes slightly, except for the immersion in
the coffee solution and black tea, which created an important
colour change for all brands after 7 days. show a perceivable
colour variation. In this last case, Essix P., Gost Aligner, Essix
A and Zendura samples exhibited a slight colour variation;
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while the Erkodur and SmartTrack samples display marked
colour changes. Regarding the red wine, ST exhibit a
substantial colour change after 7-day immersion.

Considering the immersion in the nicotine solution for
14 days, all the samples have only slightly colour changes;
when immersed in red wine, they revealed enhanced colour
variation, especially for Zendura and Essix P., while the other
disks presented only perceivable variations (Table 2).

3.2 The Influence of Thermoforming
Process
Changes in material performances are made out also by the
thermoforming process.

Various studies show how the transparency, hardness and
thickness vary before and after the aligner’s thermoforming
process (Ryu et al., 2018; Bucci et al., 2019).

Ryu et al. study (Ryu et al., 2018) relates the thickness of the
materials to the transparency before and after the thermoforming
process and shows changes in four types of materials (two

copolyester-based: Essix A + and Essix ACE another two pet-g
based: Duran and ECligner).

The study has shown that thermoforming affects the material’s
transparency by decreasing it. After thermoforming, the
transparency of the eCligner samples, 0.5 and 0.75 mm
thickness, respectively, is remarkably reduced compared to
that which characterises the Duran and Essix A + samples of
the same thickness.

The Essix ACE sample, 0.75 mm thick, shows an important
decrease in transparency compared to eCligner, with a thickness
of 0.75 mm.

Furthermore, the transparency of Duran and Essix A +
samples (wall thickness) are significantly lower after the
thermoforming compared to the pre-forming value, while no
significant differences are seen, pre and post thermoforming, for
the eCligner and Essix ACE samples.

The solubility in water and its absorption also affects the
hardness of the material.

The hardness of all four materials did not show a significant
difference compared to controls before thermoforming (Ryu
et al., 2018).

TABLE 2 | Colour stability.
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In all four materials, there is an increase in the absorption
ability of water after thermoforming. As for the solubility in
water, there is a significant increase for Duran, Essix A + and
Essix ACE samples, unlike what happens for eCligner samples.

However, The hardness of essix A and Essix Ace samples was
less than the eCligner samples after thermoforming. Essix A +
and Essix ACE samples showed higher surface hardness after
thermoforming than before thermoforming (Ryu et al., 2018).

It has been seen through another study (Bucci et al., 2019) that
investigated two types of aligners, one passive and one active in
PET-G 0.75 mm film, that the thermoforming process can make
changes in the thickness of the aligners.

After thermoforming, There are different thicknesses throughout
the occlusal surface ranging from a minimum value of 0.38mm to a
maximum of 0.69mm.These values are lower than the 0.75 of the
original PET-G sheets before being thermoformed.

Despite this variation, this does not affect the clinical
performance of the devices.

Similar results are also obtained in the in vitro study of Dalaie
et al. (Dalaie et al., 2021).

The study of Dalaie et al. investigated the thermomechanical
properties of two PET-G aligners of two different thicknesses, 1
and 0.8 mm, in response to thermoforming; it has been seen that
in both types, the hardness decreases by about 7.6% after
thermoforming, but there are no significant differences in
hardness into the two types of aligners. The reduction of
thickness decreases after thermoforming in both types of
aligners, which justifies the reduction of flexural modulus
(Dalaie et al., 2021). Comparing the flexural modulus of
Duran with a thickness of 0.75 and Duran 1mm, the first
modulus increases and the second decrease, meaning that with
increasing thickness of the Pet-G sheets, the bending modulus
decreases (Dalaie et al., 2021).

3.3 The Influence of the Oral Environment
In the oral cavity, the aligners are subject to humidity, salivary
enzymes and temperature variations that can alter their shape

and properties throughout time. However, they are also
subjected to continuous and intermittent forces due to
normal oral functions such as chewing, speaking, swallowing
and parafunction such as clenching and grinding (Bucci et al.,
2019). The temperature of the oral environment can rise to 57°

after taking a hot drink, and it can take several minutes to return
to its original temperature. Such temperature increases can
affect the mechanical properties of thermoplastics (Iijima
et al., 2015). As evidence of this, there are several in vivo
and in vitro studies (Ryokawa et al., 2006; Iijima et al., 2015;
Bucci et al., 2019; Dalaie et al., 2021).

One in vitro study based its results on comparing eight
different types of most used materials (PET-G, PC, PP, PUR,
A +, C +, PE and EVA) from different manufacturers and placed
them in contact with a solution that simulated the oral
environment (Ryokawa et al., 2006).

It assessed that the elastic modules of Polycarbonate (PC),
PET-G and Essix A + in the intraoral environment exhibited
significant increases compared to the original samples; in reverse,
those of polypropylene (PP), C +, polyethylene (PE) and Ethylene
Vinyl Acetate (EVA)were significantly reduced. No significant
changes were observed in the polyurethane (PUR).

On the other hand, an increase in thickness in all materials was
also highlighted due to water absorption (Ryokawa et al., 2006).

The in vitro study by Dalaie (Dalaie et al., 2021) simulated the
temperature variations that occur in the oral environment
through intermittent thermocycles, 22 h per day for 14 days
and studied how the hardness, thickness and flexural modulus
of two aligners (in Pet-G foil with thicknesses of 1 and 0.8 mm)
vary in contact of the oral environment.

Significant variations in hardness were highlighted only in the
0.8 mm thick PET-G sheet; in the other 1 mm sheet, there were no
significant ones. This increase in hardness can be attributed to
changes in the crystalline and amorphous structures or the release
of plasticisers after exerting intermittent thermal cycling.

The study aimed to investigate the effects of temperature
variations on the shape memory properties of five

FIGURE 1 | Aligner with AuDAPT Coating.
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thermoplastic materials with different glass transition
temperatures and different crystalline structures (Iijima et al.,
2015). The materials selected are PET-G (Duran), polypropylene
(Hardcast), polyurethane polymers (PU1 PU2 PU3) with three
different glass transition temperatures.

The mechanical properties for each material were significantly
reduced after 2,500 thermocycles, and a significant decrease is
observed in Hardcast material (crystal plastic) with the highest Tg
(155.5°) and PU 1 (crystalline or semicrystalline plastic) with the
lower Tg (29.6°C). Duran (73.3°), PU 2 (56.5°) and PU3(80.7°),
with intermediate Tg, exhibited more stable mechanical
properties. Polyurethane polymers exhibited excellent shape
memory undergoing the range of intraoral temperature
variations.

The orthodontic strength produced by thermoplastic devices
decreased for all materials with the gradual temperature change.

The in vivo study (Bucci et al., 2019) plays an essential role in
the orthodontic history of materials because it considers the oral
cavity’s temperature variations and all the oral functions and
parafunction to which the aligners are subjected.

A series of passive and active aligners formed by PET-G foil is
used in this study, and patients were instructed to wear them
10 days for 22 h per day, and it was seen how their thickness
changes after this time.

It was found that there were small reductions in the thickness
of the aligner after 10 days but not significant as to affect the
therapeutic performance, so the sheets of PeT-G have good
stability in contact with the oral environment (Bucci et al., 2019).

3.4 The Influence of Mechanical Stress and
the Phenomenon of Stress Relaxation
The aligners have an essential characteristic; they are viscoelastic,
so they are in the middle between the properties of viscous and
elastic materials. This means that their behaviour can vary
significantly over time under load, even when inserted first
and before any tooth movement.

Under constant loads, the deflection of the viscoelastic
material increases over time, while at constant deflection, the
loads decrease, and this phenomenon is called self-relaxation
(Lombardo et al., 2017).

As already mentioned, the aligners placed in the oral cavity are
subject to various stresses and intermittent loads in the long and
short term. The phenomenon of stress relaxation reduces the
forces exerted by the aligner placed in the mouth, at constant
deflection and before the tooth begins to move. However, this
depends on the characteristics of the material of aligners and the

magnitude of the applied loads. It is essential to consider this
reduction and quantify it to ensure that tooth movement occurs.

To examine the different mechanical characteristics of the
materials, the study (Lombardo et al., 2017) investigated four
types of materials, two single-layer materials based on PET-G and
polyurethane and two multilayers.

After an initial resistance test, the samples were subjected to a
constant load for 24 h in a humid environment and at a constant
temperature, and the stress relaxation of the various materials was
measured; the test was performed three times.

The monolayered aligners showed significant resistance to
absolute stress and stress relaxation speed; the multi-layered ones
instead showed a constant stress relaxation but an absolute stress
resistance four times lower than the monolayered ones. In
general, all the materials tested showed a significant relaxation
to rapid stress in the first 8 h, but 24 h, it tended to plateau for
some materials; for others, it decreased. The polyurethane-based
monolayer aligner produced higher initial stress values and a high
decay rate, the other one based on Pet-g showed the most
significant stress relaxation rate during 24 h. Multilayers
showed lower stress relaxation rates and lowered initial stress
values than monolayers (Lombardo et al., 2017).

4 BIOCOMPATIBILITY OF MATERIALS
USED AS ORTHODONTIC ALIGNERS

According to a retrospective analysis by FDA (Food and Drug
Administration) (Allareddy et al., 2017), the adverse clinical
events reported during the use of active aligners were
analysed. During a 10-years observation period, the most
frequently reported adverse events are difficult breathing, sore
throat, swollen throat, swollen tongue, hives and itchiness,
anaphylaxis (Allareddy et al., 2017) adverse events during use
of Invisalign Technology.

4.1 Cytotoxicity of Materials
The lack of scientific literature due to the few studies available and
the contradictory results have kept the debate open about the
existence of toxic effects related to the use of invisible aligners.
Moreover, the increasing introduction of the new aligners has
provided the need to test the cytotoxicity of the materials used by
various manufacturers.

In vitro studies have evaluated the potential toxicity of
thermoplastic materials used by different brands. Four
different materials used for the aligners were evaluated: Duran
(Germany), Biolon (Germany), Zendura (United States) and

TABLE 3 | Cytotoxicity of four of different thermoplastic materials for clear aligners. Cell viability (%) = (optical density of test group/optical density of cellular control group) ×
100. Cytotoxicity scored according to the classification of Ahrari et al. (from Martina et al., modified) (Ahrari et al., 2010; Martina et al., 2019).

Brand Composition Cell viability (%) Cytotoxicity

Biolon Polyethylene terephthalate glycol (PETG) 64.6 ± 3.31 Slight
Zendura Polyurethane resin 74.4 ± 2.34 Slight
SmartTrack Multilayer aromatic thermoplastic polyurethane 78.8 ± 6.35 Slight
Duran Polyethylene terephthalate glycol (PETG) 84.6 ± 4.02 Slight
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SmartTrack (United States). Human Gingival Fibroblasts (HGFs)
are the cell lines often used to verify the biocompatibility of dental
materials. Their use in vitro is recommended by the International
Standards Organization (ISO) (Martina et al., 2019) because they
constitute the main cell line present in the oral tissues and are the
most exposed to the toxic effects of the materials of the aligners as
they are in intimate contact with the periodontal tissues when
they are in placeAmong the four tested materials, Biolon showed
the highest toxic action on HGFs, followed by Zendura,
SmartTrack, and finally, Duran proved to have the lowest
toxic activity. In this study, it appears that all tested materials
exhibit low in vitro toxicity on the tested cells. (Table 3 (Ahrari
et al., 2010; Martina et al., 2019))

On the other hand, there are only two previous studies in
which the cytotoxicity of clear aligner materials is tested. Eliades
et al. evaluated the potential release of Bisphenol-A (BPA) from
the materials used by the Invisalign technology (Eliades et al.,
2009). The study shows the non-existence of estrogenic and toxic
effects on HGFs, in contrast to the slight toxicity that emerged
from the current study.

It has been shown that the chemical composition of
thermoplastic Invisalign materials does not have the elements
necessary to release BPA. Isocyanate and not BPS is the
component that could develop potentially harmful effects on
health (Alexandropoulos et al., 2015). Premaraj et al. (2014)
found that the isocyanate in Invisalign aligners can trigger oral
health effects. Allergic contact reactions have been reported
following exposure to isocyanate. After contact with oral
tissues, isocyanates react by rapidly binding to proteins and
biomolecules, creating an immunogenic event that leads to a
sensitization reaction in humans. These experiments have shown
that the contact of the gingival epithelial cells with the plastic
material in a saline-based environment determines an
interruption of the membrane integrity, reduced metabolism
and reduced cell-cell contact capacity. These Phenomena did
not occur in artificial saliva. The results can play a protective role
and reduce the effects of the plastic material of the allineators.

4.2 Gold Nanoparticle-Modified Dental
Aligner Used as Periodontal Therapy
The correlation between the gingival pocket depth, gingival
bleeding, periodontal disease and the presence of a type of
bacteria in periodontal pockets have been widely demonstrated
(De Iuliis et al., 2016). Appreciable changes in the oral
microbiome, with higher anaerobic and facultative anaerobic
bacteria, have been detected in patients wearing fixed
orthodontic appliances (Kado et al., 2020). This effect is
attributed to the fact that fixed appliances make dental
hygiene procedures more difficult due to brackets and
archwires. Conversely, the use of removable appliances may
allow orthodontic patients to maintain adequate oral hygiene
by allowing the standard procedures of brushing and flossing,
which can be performed by easily removing the splint. Even
though causing a significant change in the composition of the
subgingival microbiome, CAT has shown to produce no changes

in the relative presence of periodontal pathogens, at least in the
first 3 months of therapy (Guo et al., 2018).

Several studies, referring to periodontal indexes such as plaque
index, gingival index, probing depth, have reported that patients
undergoing CAT have better periodontal health than those
treated with fixed orthodontic appliances (Rossini et al., 2015;
Lu et al., 2018; Wu et al., 2020).

A recent study showed that the aligners coated with gold
nanoparticles (Zhang et al., 2020) determine favourable
antibacterial activity against P. gingivalis, one of the bacteria
responsible for the onset of periodontal disease and other
systemic diseases such as Alzheimer’s disease. P. gigivalis has
recently been identified in the brains of patients with Alzheimer’s
disease (Kaye et al., 2010; Dominy et al., 2019). This finding could
lead to considerations of using aligners as a means of long-term
drug delivery in patients with P. gingivalis infection. The
antibacterial action of gold nanoparticles (NPs) has opened up
new research fields. Studies indicate the gold NPs exert their
antibacterial action in different ways, such as reducing membrane
potential, inhibiting ATPase activity, inhibiting the binding of
ribosomes to tRNA. To evaluate the biocompatibility of
AuDAPT, the haemolytic properties on mouse erythrocytes
were tested. The results highlighted the absence of harmful
irritative effects on the oral mucosa. Thus, AuDAPT can be
applied for oral applications (Figure 1).

In conclusion, we can state that AuDAPT-coated aligners can
perform antibacterial activity on P. gingivalis. Aligners coated
with AuDAPT could slow biofilm formation showing favourable
biocompatibility. This system could be used for the treatment of
systemic infections related to periodontal disease.

5 DISCUSSION

In general, ideal properties of active components of orthodontic
devices are considered large spring back, low stiffness, good
formability, high stored energy, biocompatibility, and
environmental stability (Kapila and Sachdeva, 1989). Even for
clear aligners, the main features to be sought, in addition to high
transparency and aesthetic stability, should be low hardness, good
elasticity and resilience, resistance to ageing (Zhang et al., 2011;
Ma et al., 2016). Physical and chemical characteristics of materials
employed in the manufacturing of aligners are crucial in
determining such features.

Nowadays, the material used to manufacture the aligners are
polyethylene terephthalate glycol (PeT-G), polypropylene (PP),
polycarbonate (PC), thermoplastic polyurethanes (TPU),
ethylene-vinyl acetate (EVA) and many more (Lombardo
et al., 2015).

This article investigates the performance of materials used in
thermoplastic aligners, such as polyethylene terephthalate glycol
(PeT-G), thermoplastic polyurethanes (TPU), polyethylene
terephthalate PET.

Regarding aesthetic performances associated with colour
stability and transparency, several studies show that the Ghost
aligner based on pet-g material is more stable than the other in
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contact with colouring agents, especially coffee and red wine, after
7 days.

Colour stability and transparency of the aligner should remain
stable approximately during the 2 weeks of treatment, but the
studies and results are limited in this range of time.

Changes in material performances are made out also by the
thermoforming process.

The thickness and hardness of aligners are significant; play a
role in the magnitude of the forces delivered on the tooth by the
device and, therefore, the performance of the aligners in
orthodontic treatment.

The negative results of the thermoplastic process marked
changes in the material’s properties in response to the
generation of heat used during thermoforming.

Ryu et al. (2018) show that the transparency decreases in all
the samples after the thermoforming process, and the samples of
Essix Ace copolyester-based (0.75 thickness) displays less
transparency than the other samples after thermoforming of
the same thickness.

After the thermoforming process, lower transparency values
are recorded in the samples that had less thickness; for example,
the transparency of Duran and Essix A + samples (0.5 mm
thickness) is significantly lower after the thermoforming
compared to the pre-forming value, so this means that after
thermoforming, the transparency decreases with decreasing
thickness, since the thermoplastic material is deformed,
resulting in a decrease in transparency, without compromise
the aesthetics of the aligners themselves.

This finding contrasts with a previous study an increase in
transparency with decreased thickness (Azhikannickal et al.,
2012).

Regarding the hardness and water solubility, all thermoplastic
materials show an increase in water absorption capacity following
thermoforming and water solubility, except for the eCligner
sample. (Ryu et al., 2018).

The hardness of the thermoplastic materials tested in this
study increased after thermoforming. At the same time, the
samples of Essix a and Essix Ace show a significant increase of
hardness after thermoforming in the other samples is not so
different from before thermoforming process. This means
that the mechanical properties of the thermoplastic materials
used for the production of CA should be studied for their
clinical application, thinking to the thermoforming process.

This study contrasts with Delaie’s study (Dalaie et al., 2021),
which investigates the thermomechanical properties of two PET-
G aligners of two different thicknesses, 1 and 0.8 mm, in response
to seeing in both types, the hardness decreases by about 7.6% after
thermoforming.

In the oral cavity, the aligners are subject to humidity,
salivary enzymes and temperature variations that can alter
their shape and properties throughout time. However, they are
also subjected to continuous and intermittent forces due to
normal oral functions such as chewing, speaking, swallowing
and para functions such as clenching and grinding. (Bucci
et al., 2019).

However, few in vivo studies can reproduce the natural oral
environment in light of those facts. (Iijima et al., 2015). From this

in vitro study (Ryokawa et al., 2006), the elastic modules of PC,
PETG and A + in the intraoral environment showed significant
increases compared to the original sample; in reverse, those of PP,
C +, PE, and EVA were significantly reduced. No significant
changes were observed in the PUR.

On the other hand, increased thickness in all materials was
also highlighted due to water absorption.

The temperature variations that occur in the oral environment
is replicated through intermittent thermocycles, 22 h per day for
14 days, and this study show how the hardness, thickness, and
flexural modulus of two aligners based on PET-G of 1 and 0.8 mm
of thickness vary in contact with this temperature variations
(Dalaie et al., 2021).

Significant variations in hardness were highlighted only in the
0.8 mm thick PET-G sheet; in the other 1 mm sheet, there were no
significant ones. The changes in the crystalline and amorphous
structures or the release of plasticisers probably are linked to the
increase in hardness after exerting thermal cycling (Dalaie et al.,
2021).

Temperature variations linked to the oral environment also
influenced the mechanical performance of materials, depending
on different glass transitions (Iijima et al., 2015).

The materials such as Hardcast (polypropylene) with the
highest Tg (155.5°) and PU 1 (crystalline or semicrystalline
plastic) with the lower Tg (29.6°C) were significantly decreased
in mechanical properties after 2,500 thermo cycles, on the other
hand, Duran, PU2 and PU3 which had intermediate Tg (75.3°C
for Duran, 56.5°C for PU 2 and 80.7°C for PU 3) showed stable
mechanical properties (Iijima et al., 2015).

The orthodontic strength produced by devices decreased for
all materials with the gradual temperature variation. (Ryokawa
et al., 2006; Iijima et al., 2015; Bucci et al., 2019; Dalaie et al.,
2021).

In the “in Vivo” study (Bucci et al., 2019), a series of passive
and active aligners formed by PET-G foil was used, and patients
were instructed to wear them 10 days for 22 h per day, and it was
seen how their thickness changes after this time.

Ten days is a limited time, and usually in agreement with the
doctor, it is decided to have themworn 14 days, the increase in the
time they have to stay in the mouth can affect the loss of
thickness.

Within the study’s limits, the results show that there were
small reductions in the thickness of the aligners after 10 days, but
not significant as to affect the therapeutic performance, so the
sheets of PeT-G have good stability in contact with the
environment. (Bucci et al., 2019).

As already mentioned, the aligners placed in the oral cavity are
subject to various stresses and intermittent loads in the long and
short term. (Bucci et al., 2019).

To examine the different mechanical characteristics of the
materials and their resistance to absolute stress and stress
relaxation speed, a study investigates four types of materials,
two single-layer materials based on PET-G and polyurethane and
two multilayers in contact with a humid environment from 8 to
24 h (Lombardo et al., 2017).

The monolayered aligners showed significant resistance to
absolute stress and stress relaxation speed; the multi-layered ones
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instead showed a constant stress relaxation but an absolute stress
resistance four times lower than the monolayered ones. In
general, all the materials tested showed a significant relaxation
to rapid stress in the first 8 hours, but 24 h tended to plateau for
some materials; for others, it decreased. (Lombardo et al., 2017).

The biocompatibility of clear aligners is still an open research
field due to the lack of scientific literature and the few studies
performed. The analysed studies evaluated in vitro toxicity of
different thermoplastic materials used by the different brands.
According to the experimental studies performed, all clear aligner
materials exhibited mild cytotoxicity (Martina et al., 2019).
Exposure of gingival epithelial cells to aligner plastics in a
saline environment resulted in a reduction in membrane
integrity, reduction in metabolic activity, and reduced
intercellular contact of cell-cell junctions. The same effects
were not found in artificial saliva. The results show how the
plastic effects of active aligners can be neutralised or reduced in
the presence of artificial saliva. Saliva could play an essential role
in maintaining the integrity of epithelial cells (Premaraj et al.,
2014).

It is essential to consider that it is difficult to compare the
effects obtained in vitro with an in vivo environment, so we still
do not have certainty regarding the absence of harmful effects for
oral epithelium. In conclusion, we can state that the clear aligner
materials showed only a low level of cytotoxicity, and the clinical
use could be considered safe. Literature studies reveal that the use
of clear aligners guarantees better maintenance of periodontal
health than fixed appliances. The oral microbioma changes
during orthodontic treatment with fixed appliances, increasing
anaerobic bacteria and periodontal pathogens. This change is
responsible for the transition from oral health to periodontitis

(Kado et al., 2020). The qualitative and quantitative evaluation of
plaque showed that periodontal health during treatment with
CAT is better than treatment with fixed appliances. There is a
significant decrease in periodontal indices (GI, PBI, BoP, PPD)
(Rossini et al., 2015). The studies demonstrated that the
periodontal status during orthodontic treatment with CAT is
much superior to conventional fixed appliances (Wu et al., 2020).

Nanomaterials have recently been reported to exhibit
antimicrobial activities above all gold, (NP) nanoparticles.
Both in vitro and in vivo experiments were performed to
evaluate the biocompatibility of the basis of AuDAPT. The
antibacterial action of gold NPs is currently an active research
field. Aligners coated with AuDAPT demonstrated favourable
biocompatibility and an ability to slow biofilm formation (Zhang
et al., 2020). It is thought that this method could be used to treat
systemic infections related to periodontal disease. However,
further information is needed because the microorganisms
present in the oral cavity are more complex than a single type
of bacterium. Investigation should be conducted in the future to
simulate the biological environment and develop suitable
methods for treating bacterial-related oral diseases through
dental devices.
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