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ABSTRACT

Background: An ever‑increasing demand is seen for clear aligners and transparent vacuum‑formed 
retainers. They are esthetic and convenient. However, the biomaterials used in these appliances 
might pose biological safety and biocompatibility threats in terms of their bisphenol‑A (BPA) release, 
cytotoxicity, adverse effects, and estrogenic effects. Due to the controversial results and the lack 
of any systematic reviews in this regard, we conducted this systematic review.
Materials and Methods: Web of Science, PubMed, Cochrane, Scopus, and Google Scholar as well 
as references of the found articles were searched (independently by 3 researchers) up to December 
22, 2021, to find studies relevant to the biocompatibility of clear aligners and thermoplastic retainers. 
The search keywords were a combination of the following (and more): Essix, vacuum‑formed aligner, 
thermoplastic aligner, clear aligner, Invisalign, vacuum‑formed retainer, BPA release, monomer release, 
cytotoxicity, estrogenicity, biocompatibility, chemical properties, and oral epithelial cell. As eligibility 
criteria, articles in all languages would be included as long as their text could be translated clearly 
using online translators or by professional translators; all types of publications (article, book, and 
thesis) would be included if containing relevant studies and information; they should have been 
on clear liners or thermoplastic retainers; and they should have been on biocompatibility, safety, 
cytotoxicity, or estrogenicity of clear aligners or thermoplastic retainers. There were no restrictions 
on the type of study (randomized clinical trials, experimental in vitro studies). Studies focusing merely 
on the mechanical properties of clear aligners or thermoplastic retainers (without examining their 
chemical properties) would be excluded. The risk of bias was assessed.
Results: The risk of bias was rather low. However, the methodologies of the studies were quite different. 
Overall, 16 articles (1 randomized clinical trial and 15 in vitro studies) were identified. The data for BPA 
release were reported in four articles (1 clinical trial and 3 in vitro studies). Quantitatively speaking, the 
amount of released BPA reported by in vitro studies was very low, if not zero. However, the BPA level was 
very high in the only randomized clinical trial. Many adverse effects were linked to using clear aligners 
or transparent retainers, including pain and soft‑tissue issues such as burning, tingling, sore tongue, lip 
swelling, blisters, ulceration, dry mouth, periodontal problems, and even systemic problems such as 
difficulty in breathing. Besides these biological adverse effects, oral dysfunctions and speech difficulties 
and tooth damage may be associated with clear aligners and should as well be taken into consideration.
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INTRODUCTION

The introduction of transparent thermoplastic 
materials in orthodontics leads to increase in demand 
for more esthetically appliances not only for adults[1] 
but for preadolescents and children.[2] Patients, who 
prefer “invisible” treatments, have a tendency toward 
using clear aligner therapy instead of traditional metal 
brackets[3] and using transparent vacuum‑formed 
retainers instead of Hawley‑type retainers.[4]

Clear aligners are plastic‑based trays that could 
correct some dentofacial malocclusions in specific 
sequences. They must be worn approximately 
full‑time  (22  h a day) except during eating and oral 
cleaning procedures for 2  weeks and be replaced 
with another one until completing the duration of 
orthodontic treatment.[5] During the treatment period, 
aligners are in close contact with the oral environment 
for a long time and are continually exposed to heat 
changes, moisture, respiration, bacteria, and salivary 
enzymes,[6] and also to trauma in oral function like 
abrasion at the cusp tips or nonfunctional habits like 
bruxism.[7]

Polyurethane is the basic component used in 
plastic‑based materials that could be affected by 
changes in the oral environment surrounding plastics.[8] 
This contact leads to the release of biologically active 
substances that could be cytotoxic or estrogenic 
molecules which are able to cause biological reactions 
and modify gene expression.[9]

One of the materials with estrogenic properties 
is bisphenol‑A  (BPA). This compound is starting 
monomer for the production of epoxy resins and 
polycarbonates which is found in the structure of clear 
aligners and retainers.[10‑12] Intraorally, degradation of 
these materials could cause leach BPA due to changes 
in temperature or PH, mechanical wear, and bacterial or 
salivary enzymatic activity.[13‑15] Estrogenic interactions 
are not only potentially harmful effect of BPA but 
also proliferative stimulation on human cells and 

toxicity activity were reported.[16‑18] According to the 
United State Environmental Protection Agency  (EPA) 
referenced the Food and Drug Administration 
protocol, safe intake dosage of BPA is 50  m kg/kg/
day.[19] However, adverse events have been seen and 
mentioned with dosages even below this safe level.[20]

Few controversial studies have investigated the toxicity 
of clear aligners and their extent of BPA leaching. 
Some of them did not show any estrogenic or cytotoxic 
effects in treatments.[15,21] In contrast some others 
reported undesirable events when using aligners.[22] 
Therefore, the literature is inconsistent in this regard.[23]

Due to the above‑mentioned controversies and 
lack of any systematic reviews in this regard, the 
aim of this systematic review was to summarize 
the biocompatibility and safety of clear aligners 
and transparent vacuum‑formed retainers, such as 
their BPA release, adverse effects, cytotoxicity, and 
estrogenic effects.

MATERIALS AND METHODS

This systematic review was prepared according to the 
Preferred Reporting Items for Systematic reviews and 
Meta‑Analyses guidelines.

Search strategy
Internet databases and search engines as well as 
reference lists of relevant articles were searched up 
until December 22, 2021, to find studies relevant 
to the biocompatibility of clear aligners and 
thermoplastic retainers. The Internet databases and 
search engines in use were Web of Science, PubMed, 
Cochrane, Scopus, and Google Scholar. The search 
keywords were related to the biocompatibility of clear 
aligners and thermoplastic retainers  [Table  1]. The 
search was done by 3 researchers independently.

Population, intervention, comparator, and 
outcomes
The population, intervention, comparator, and 
outcomes items were as follows: The population was 

Conclusion: Given the very high levels of BPA leach observed in the only clinical trial and considering other possible dangers 
of small traces of BPA (even at low doses) and also given the numerous adverse events linked to clear aligners or transparent 
retainers, it seems that safety of these appliances might be questionable and more clinical studies of biocompatibility are needed 
in this regard.

Key Words: Adverse effects, aligner, biocompatibility, biomaterials, bisphenol‑A release, clear aligners, cytotoxicity, 
estrogenic effects, orthodontic treatment, retainer, safety, transparent vacuum‑formed thermoplastic retainers, vacuumed 
form
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any studies  (in  vivo or in  vitro). The intervention 
was the use of orthodontic clear aligners and 
transparent vacuum‑formed thermoplastic retainers. 
The comparator was any control group compared 
with these experimental groups. The outcomes were 
any BPA release, adverse effects, cytotoxicity, and 
estrogenic effects of orthodontic clear aligners and 
transparent vacuum‑formed thermoplastic retainers.

Eligibility criteria
The articles published in the literature were screened 
for the inclusion and exclusion criteria by three 
authors. This was first done independently, and after 
that, jointly through discussion. As for eligibility 
criteria, there was no year limit. Furthermore, 
articles in all languages would be included as long 
as their text could be translated clearly  (using 
online translators or by professional translators). 
All types of publications  (article, book, and thesis) 
would be included if containing relevant studies 
and information: The included publications should 
contain research methodology and results, and 
hence articles such as editorials or letter to editors 
or such that had only recommendations would be 
excluded. The included studies should have been on 
clear liners or thermoplastic retainers. In addition, 
they should have been on biocompatibility, safety, 
cytotoxicity, or estrogenicity of clear aligners or 
thermoplastic retainers. There were no restrictions 
on the type of study  (e.g., randomized clinical trials 
and experimental in  vitro studies). Studies focusing 
merely on the mechanical properties of clear aligners 
or thermoplastic retainers  (without examining their 
chemical properties) would be excluded. Reference 
lists of the excluded studies were read and checked 
for relevant articles (e.g., references of articles related 
to the biocompatibility of other types of appliances 
other than clear aligners or thermoplastic retainers 
that had been excluded).

Data collection
The data were collected by a minimum of 3 
researchers  (and in some cases, 4 researchers), first 
independently and later through discussion. The 
outcomes of interest were cytotoxicity  (cell viability, 
cell proliferation, cell reaction such as cell mobility 
and cell inflammatory response and barrier function), 
estrogenicity, or monomer and BPA leaching. The 
other variables sought were study design, sample 
size, technical analysis method, and grouping of 
interventions.

Risk of bias
Since there is no standard risk‑of‑bias assessment 
tool for in  vitro studies, the authors borrowed items 
from other risk‑of‑bias assessment tools. A  rather 
comprehensive list of items was assembled for 
investigating the risk of bias, by taking items from 
relevant renowned risk‑of‑bias tools for study types 
other than in  vitro studies  (since no risk‑of‑bias 
assessment tool existed for in  vitro studies). All the 
included studies were screened for risk of bias using 
a minimum of 3 researchers  (and in some cases, 4 
researchers), first independently and afterward by 
discussion.

Data abstraction and synthesis
A panel of three authors examined the studies 
summarized as tables to be eligible for synthesis. 
All the units of measurement were converted to the 
same unit of ppm. There were no missing summary 
statistics. Sample heterogeneity was assessed using 
I2 statistics. Possible causes of heterogeneity among 
study results were assessed using subgroup analysis. 
Sensitivity analyses were carried out to assess the 
robustness of the synthesized results.

Statistical analyses
Only four studies had reported the leach of BPA. 
Since the methodological characteristics of these 
studies differed greatly and their timings were not 
matched, it was not possible to aggregate their results 
into a meta‑analysis. Therefore, the only analysis 
performed was summarization: Their results were 
summarized and their variances were calculated.

RESULTS

Study characteristics
The initial search yielded 59 relevant articles. 
According to the selection criteria and after removing 
duplicates 19 articles were chosen. After removing 
3 overlapped studies, 16 papers were found to meet 

Table 1: Combinations of search keywords
First keyword Second keyword Third keyword
Essix BPA Cytotoxicity
Vacuum formed aligner BPA Estrogenicity
Vacuum‑formed aligner BPA Biocompatibility
Thermoplastic aligner BPA release Chemical properties
Aligner BPA release Oral epithelial cell
Clear aligner BPA release Oral epithelial cells
Invisalign Monomer
Vacuum formed retainer Monomer release
Vacuum‑formed retainer

BPA: Bisphenol A



Figure 1: PRISMA flow diagram showing the included studies. PRISMA: Preferred reporting items for systematic reviews and 
meta-analyses.
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the criterion, among which there were 15 in  vitro 
investigations and 1 randomized control trial [Figure 1 
and Table 2].

In vitro studies
In this review, 15 in  vitro research were 
assessed.[4,6‑9,15,21,22,24‑30] 3‑[4, 5‑dimethythiazol‑2‑yl]‑2, 
5‑diphenyl tetrazolium bromide  (MTT) assay was 
used in five research.[15,22,24,26,27] MTT is a colorimetric 
assay for assessing cell metabolic activity. In four 
out of five studies that used MTT assay, clear 
aligner materials were found to be slightly toxic, 
and cell proliferation and viability were lowered as 
a result of the clear aligner’s action.[22,24,26,27] One of 
them showed no toxicity effect on human gingival 
fibroblast[15] [Table 2].

In order for evaluating cell proliferation due to 
estrogenicity, two research employed the estrogenicity 
assay.[9,15] The estrogenicity assay involved two 

cell lines and was based on estrogen receptors: An 
estrogen‑sensitive  (Michigan cancer foundation‑7) and 
an estrogen‑insensitive  (MDAMB‑231 human breast 
adenocarcinoma) were used to exclude the possibility 
of the decrease in proliferation of cells, drugs, and 
materials. Both studies found that aligners have no 
estrogenic effects.[9,15] Gas chromatography‑mass 
spectrometry  (GC‑MS) was used in three articles to 
measure leaching from aligner materials.[6,7,21] Both of 
them were unable to confirm the release of monomers, 
implying that the chemical substance is stable.[6,7] The 
third study, which analyzed BPA released rate, indicated 
that BPA was slightly leached. Nevertheless, a low BPA 
dose could be due to medical reasons could be cause 
medical disorders, that should be decreased[21] [Table 2].

Clinical trial
This review took one clinical trial into account. The 
first research examined BPA level in 45 patients’ saliva 
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Table 2: All the summarized studies
Author Study 

design
Sample size Technical 

analysis method
Groups under comparison Outcomes

Schuster et al., 
(2004)

In vitro 10 as‑received and 
12 retrieved aligners

GC‑MS 1. Before placement n=10
2. After retrieval (2 weeks) n=12

No leaching from the 
materials. (no residual monomers 
or oxidative)

Eliades et al., 
(2009)

In vitro 3 as‑received sets of 
Invisalign (n=6)

1‑MTT assay
2‑Estrogenicity 
assay

1. Samples of aligner eluents diluted to 
5%, 10%, and 20% volume
2. Normal saline solution as the 
negative control
3. Estradiol and BPA as positive control

1. No evidence of cytotoxicity on 
human gingival fibroblast
2. No stimulation on the 
proliferation of the MCF‑7 and no 
estrogenicity

Gracco et al., 
(2009)

In vitro 1. One “as‑received”
2. One “as‑received” 
Invisalign immersed 
in artificial saliva 3. 
10 retrieved Invisalign

GC‑MS Substances leached from aligners in 
artificial saliva

No substances released from the 
aligner in artificial saliva

H. M Kopperud, 
et al., (2011)

In vitro n=5 retainer material 
cut into circular 
specimens

GC‑MS 1. One heat‑cured resin Orthocryl
2. One light‑cured (triad VLC)
3. Three thermoplastic 
materials (Biocryl C, Essix A+, and 
Essix embrace)

1. Larger amount of MMA leached 
from the heat‑cured resin
2. Formaldehyde was not 
detectable in extracts from 
Biocryl C
3. Minimal leaching was found 
from the thermoplastic materials

Ansari et al., 
(2014)

In vitro n=5 retainer material 
powdered

“Do it yourself 
test” using 
potassium 
permanganate 
reagent

1. EVA (1 g)
2. 3A medes (1 g)
3. Ca (1 g)
4. Jaypee (1 g)
5. Ultradent (1 g)
6. Control group

1. All the products tested leached 
in variation amount
2. 3A Medes was the first to leach, 
followed by CA, EVA, Ultradent, 
and Avac R

Kotyka et al., 
(2014)

In vitro n=8 retainer material 
cut into squares

GC‑MS 1. Prethermoformed and thermoformed 
Biocryl Essix
2. Prethermoformed and thermoformed 
Biocryl retainer
3. Prethermoformed and thermoformed 
Dentsply Raintree Essix A
3. Unused and used Invisalign aligner

1. BPA only leach from 
thermoformed Biocryl acrylic resin 
retainer
2. Other materials did not leach
3. Detectable amounts of BPA but 
were below the reference dose

Premaraj et al., 
(2014)

In vitro 96 well plates of 
keratinocytes

1‑MTT assay
2‑Live/dead 
flexible stain 
assay
3‑ECIS

1. Keratinocyte in saline‑solution
2. Keratinocyte in saline‑solution 
control (not including particulated 
Invisalign plastic)
3. Keratinocyte in saliva eluate
4. Keratinocyte in saliva control (not 
including particulated Invisalign plastic)

1. Significant increased metabolic 
inactivity in Saline‑solution
2. No significant changes in cell 
viability in Saliva
3. Saline‑solution compromised 
membrane integrity, reduced 
cell‑to‑cell contact and mobility
4. Saliva neutralized or reduced 
the effects of Invisalign

Bradley et al., 
(2016)

In vitro Clinically used 
invisalign appliance 
(n=5) and as‑received 
aligners of the same 
brand (n=25)

ATR‑FTIR Chemical composition of the appliances No important chemical differences 
in the aging process and molecular 
composition of aligners

Afraz Walele1 
(2016)

In vitro n=5 thermoplastic 
sheet powdered

HPLC 1. CA
2. Jaypee
3. Ultradent
4. 3A Medes
5. EVA

1. Jaypee was the least leaching 
potential
2. The greatest amount of leaching 
followed by EVA, 3AMedes, CA
3. The amounts of leaching varied 
with the Ultradent

Raghavan 
et al., (2017)

Clinical 
trial

n=45 patients HPLC 1. Vacuum‑formed retainers
2. Hawley retainers‑heat cure
3. Hawley retainers‑chemical cure

1. Significant BPA levels in saliva 
for all groups.
2. The highest levels: Hawley 
retainers fabricated by chemical 
cure
3. The lowest levels: Hawley 
retainers fabricated by heat cure

Contd...
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Table 2: All the summarized studies
Author Study 

design
Sample size Technical 

analysis method
Groups under comparison Outcomes

Al Naghbi 
et al., (2018)

In vitro n=6 sets of Vivera 
retainers (3 
as‑received and 3 
retrieved)

Estrogenicity 
assays

1. As‑received (n=6)
2. Retrieved (n=6)
3. b‑Estradiol (β‑E2) was used as 
positive
control (solutions, at concentrations: 
5%, 10%, and 20%)

1. No significant MCD‑7 
proliferation cells.
2. B‑estradiol induced a potent 
stimulation of MCF‑7 cells 
proliferation
3. No effect was observed on 
MDA‑MB‑231 cells

Martina et al., 
(2019)

In vitro n=4 different brands 
of aligners

MTT assay 1. Duran, Biolon, Zendura, SmartTreck
2. DMEM medium was negative control 
for 100%cell viability
3. Para rubber instead used as a 
positive control

1. 4 materials show slight 
cytotoxicity: Biolon (highest 
cytotoxicity level on HGFs) 
followed by Zendura, SmartTreck 
and finally Duran
2. Thermoformed showed the 
highest cytotoxicity level

Fayyaz Ahmad 
et al., (2020)

In vitro n=91 wells of mice 
fibroblasts (84 
as case and 7 as 
control)

MTT assay 1. Dental LT
2. E‑Guard
3. Smart Track Invisalign
4. 7 wells served as control

1. All materials exhibited slight 
cytotoxicity
2. Significantly increasing in cell 
viability from day 1 to 7
3. The higher cytotoxicity: E‑Guard 
clear then dental LT and the least 
cytotoxicity by Smartrack Invisalign
4. A statistically significant 
difference in cell viability between 
Invisalign and Dental LT and 
Invisalign and E‑Guard
5. No significant difference in cell 
viability between dental LT and 
E‑Guard

Nemec et al., 
(2020)

In vitro n=69 sets of aligners 
(cut‑out disks of 6 
mm in diameter)

1‑SEM
2‑Live‑cell movie 
analyzer
3‑MTT Assay
4‑Live/dead stain 
assay
5‑Quantitative 
real‑time PCR

1. Oral epithelial cells grown on inner 
surface of SmartTrack
2. Oral epithelial cells were grown on 
outer surface of SmartTrack
3. Oral epithelial cells grown on tissue 
culture plastic (control group)

1. The proliferation/viability of 
cells growing on aligners was 
significantly lower
2. Rare occurrence of dead cells 
on aligners
3. Increasing gene expression 
level of all inflammatory markers in 
cells grown on aligners
4. Increasing gene expression 
levels of the proteins involved 
in barrier function (Conclusion: 
Aligner’s material exhibits no 
cytotoxic effect on oral epithelial 
cells, but alters their behavior and 
the expression of proteins involved 
in the inflammatory response and 
barrier function

El idrissi et al., 
(2020)

In vitro n=10 as‑received 
aligners
n=10 retrieved 
aligners

HPLC 1. Before placement=n=10
2. After retrieval (2 weeks) n=10
In artificial saliva

Chromatograms of bisphenol 
samples in new and aged aligners 
did not show traces of bisphenol 
for up to 8 weeks

Katras et al., 
(2021)

In vitro n=37 glass vials 
containing each 
of three types of 
aligners in 3 different 
media

HPLC/
tandem mass 
spectrometry 
(LC‑MS/MS)

1. Smile direct club aligner in artificial 
saliva, artificial gastric fluid, and ethanol 
on T0, T1, T2, T6, T10, and T20
2. Invisalign aligner in artificial saliva, 
artificial gastric fluid, and ethanol on T0, 
T1, T2, T6, T10, and T20
3. Essix Ace aligner in artificial saliva, 
artificial gastric fluid, and ethanol on T0, 
T1, T2, T6, T10, and T20

1. No significant difference in BPA 
concentration between the 3 types 
of aligners in the 3 media
2. The majority of BPA release 
occurred during the first 24 h
3. BPA released was below the 
established safety levels for adult 
patients

PCR: Polymerase chain reaction; GC‑MS: Gas chromatography‑mass spectrometry; MTT: 3‑(4, 5‑dimethylthiazol‑2‑yl)‑2, 5‑diphenyltetrazolium bromide; 
ECIS: Electric cell‑substrate impedance sensing; ATR‑FTIR: Attenuated total reflectance Fourier transform infrared spectroscopy; HPLC: High‑performance 
liquid chromatography; SEM: Scanning electron microscopy; LC‑MS: Liquid chromatography with tandem mass spectrometry; BPA: Bisphenol‑A; VLC: Visible 
light‑cured; MCF: Michigan cancer foundation; MMA: Methyl methacrylate; MCD: Methyl‑β‑cyclodextrin; HGFs: Human gingival fibroblast; MDA‑MB‑231 cells: 
M.D. Anderson ‑ Metastatic Breast 231 cells
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before and after using aligners  (vacuum‑formed, heat 
cure, and chemical cure). BPA level was found after 
the placement of three types of aligners.

The results expressed the chemical cured with the 
highest amount of BPA whereas the heat cured with 
the lowest amount[23] [Table 2].

Risk of bias
The overall risk of bias was low in almost all 
studies [Table 3].

Adverse events
Bisphenol‑A release
Only 4 studies had reported BPA release  [Table  4]. 
In vitro studies mostly showed very low amounts of 
BPA. However, the clinical trial showed much higher 
levels of BPA.

Pain and soft tissue problems
Ten of all articles examined pain and soft‑tissue 
problems such as burning, tingling, sore tongue, 
swelling of lip, blister, ulceration, and dry mouth. All 
of them confirmed these side effects during wearing 
clear aligner[31‑40] [Table 5].

Periodontal problems
Only three out of thirteen articles have examined the 
periodontal effect of clear aligner which demonstrated 
the increase in periodontal problems.[34,41,42] Thavarajah 
and Thennukonda[34] mentioned periodontal effects 
leading to the loss of teeth (2.9%) [Table 5].[34]

Speech difficulty and oral dysfunctions
Nedwed and Miethke. and Alajmi et al. noticed speech 
difficulty during clear aligner therapy.[31,38] Shalish 
et al. indicated oral dysfunction which decreased over 
time [Table 5].[32]

Systemic problems
Four articles have investigated systemic 
complications of clear aligner.[32,34,36‑38] Thavarajah 
and Thennukonda[34] and Allareddy et  al.[36] analyzed 
several signs and symptoms of the systemic 
issues. The evidence showed that the difficulty 
in breathing is the most common of the systemic 
problems [Table 5].[34,36]

Tooth and restoration problems
Li et  al.[43] expressed that apical root resorption is 
one side effect of clear aligner therapy. Thavarajah 
and Thennukonda[34] revealed tooth attrition, fail of 
veneers, and chipping of teeth  (4.6%) in orthodontic 
patients who used clear aligners [Table 5].[34]

DISCUSSION

The increasing demand for the application of 
thermoplastic clear aligners in both active orthodontic 
treatment and retention phase indicates the necessity 
of a comprehensive assessment of this popular and 
new treatment approach. Fluctuations in oral cavity 
PH, humidity, pressure, and temperature in addition 
to the enzymatic function of bacteria and saliva lead 
to mechanical and chemical transformation of these 
thermoplastic materials which may result in leaching 
of unreacted components including BPA.[16,44‑47] 
Ryokawa et  al. evaluated aligners in a stimulated 
intraoral environment and revealed that these 
materials absorbed the highest amount of water after 
24 and 336  h among all tested materials; and during 
the study, they did not saturate completely which 
showed the probability of monomer leaching from the 
aligners.[48] BPA has been supposed to have a number 
of estrogenic or cytotoxic effects including disruption 
of beta‑pancreatic cells’ physiologic activity  (insulin 
tolerance) and increased risk of prostate cancer and 
breast cancer.[49,50] Several publications confirmed 
adverse effects of BPA even at doses lower than 
the safe standard dose of 50  µg/Kg weight.[20,51‑53] 
Patients usually use each aligner for 22  h every day 
approximately for 2  weeks; aligners wrap around 
the teeth and contact approximately a third of the 
gingiva; hence, their safety toward oral cavity cells 
including keratinocytes and fibroblasts is of great 
concern. A number of studies have proposed concerns 
about BPA release from dental adhesives[54,55] and 
other orthodontic materials[6,56,57] but evidence on 
safety grounds of clear aligners is inconsistent and 
not sufficient.

Findings from most of the experimental in  vitro 
studies support the idea that there is no significant 
estrogenic or cytotoxic capacity of thermoplastic 
materials, either for as‑received or retrieved 
appliances. Absolutely, the unique environment of 
the oral cavity such as unpredictable mastication 
stresses and fluctuating PH and temperature besides 
the protective and neutralizing effects of saliva which 
was supported by Premaraj et al.’s study[22] cannot be 
simulated perfectly in any in vitro experimental study. 
In the oral cavity, mastication and attrition induced by 
the consumption of acidic beverages and enzymatic 
functions might result in clearer aligner abrasion and 
attrition which lead to more particle release. This is 
more pronounced in areas such as cusp tips which are 
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exposed to the pressure of antagonist’s teeth during 
mastication. Perhaps, this is why the only clinical trial 
in this regard showed much greater levels of BPA 
leach compared to the in vitro studies.[23]

It is supposed that particulate forms of polymers 
might induce higher biological action relative to bulk 
materials due to the increased surface‑to‑volume 
ratio which tends to increased reactivity with the 
surrounding environment.[6] Therefore, studies such as 
Ansari et al.,[25] Walele et al.,[4] and Premaraj et al.,[22] 
which considered particulate or powdered forms of 
aligner materials may be more reflective of the real 
effect of clear aligners in the oral cavity.

Renewal of aligners in 2‑week intervals may expose 
the patient to another cycle of abrasion and this 
cumulative cycle may induce the results different 
from the in vitro studies which consider just a limited 
range of time. Indeed, studies considering the serial 
application of new aligners with 2‑week intervals 
in longer periods which can mimic the orthodontic 
treatment are more reliable and thus recommended. In 
addition, the oral environment is a physically dynamic 
media and the gradual force of moving teeth on the 
clear aligner during orthodontic treatment can be 
another source of difference between experimental and 
in  vivo studies. Considering all the above‑mentioned 
reasons, the obtained data from these studies should 
be interpreted with caution.

Currently, a broad spectrum of cytotoxicity and cell 
viability assays is applied in the fields of toxicology 
and pharmacology. The choice of the precise assay 
is crucial in the assessment of obtained results. 
MTT assay is one of the most commonly used 
colorimetric assays to evaluate cytotoxicity or cell 
viability. This assay reveals cell viability through 
the determination of mitochondrial function by 
measuring the activity of mitochondrial enzymes such 
as succinate dehydrogenase. In this assay, MTT is 
reduced to a purple formazan and light absorbance 
at a specific wavelength can then quantify this 
product. This assay is highly reproducible, safe, and 
more precise than dye exclusion methods; however, 
experimental studies demonstrated that it tends to 
produce to false‑positive results for viability which 
induce underestimation of the cytotoxic effect of 
tested materials.[58,59] MTT formazan is insoluble in 
water, and it forms purple needle‑shaped crystals in 
the cells. Therefore, before measuring the absorbance, 
an organic solvent such as dimethyl sulfoxide or 

isopropanol is required to solubilize the crystals.[58,59] 
In addition, the cytotoxicity of MTT formazan makes 
it difficult to remove cell culture media from the 
plate wells due to floating cells with MTT formazan 
needles, giving significant well‑to‑well error. 
Additional control experiments should be conducted 
to reduce false‑positive or false‑negative results 
that caused by background interference due to the 
inclusion of particles. This interference could lead to 
an overestimation of the cell viability.[58,59] Besides, 
damaged mitochondria may be still able to reduce 
MTT to formazan crystals.[60‑62] Loveland revealed that 
cells with inactivated mitochondria were also able to 
produce formazan crystals as well as cells with active 
mitochondria.[63] In the reviewed studies, Martina 
et al.[26] and Ahamed et al.[24] considered this assay as 
the only method for the measurement of cell viability 
and both of the studies revealed no cytotoxicity but 
this result is prone to all mentioned shortcomings of 
this assay and should be interpreted with caution. In 
addition, in their studies, Nemec et al.[27] and Premaraj 
et al.[22] had considered methods other than MTT and 
the reduced metabolic function of oral epithelial cells 
which were exposed to clear aligners and decrease 
in cell proliferation was demonstrated noting that no 
cell cytotoxicity was reported. A  different result may 
be expected if these studies were conducted in oral 
environment conditions.

Another common method for cell viability 
measurement is the GC‑MS analysis. This assay is 
consisted of a storage condition in the ethanol‑water 
solution which is more aggressive than the oral 
environment and may not reveal the real behavior 
of clear aligners. Gracco et  al. stated that the 
environment in this analysis may underestimate 
the chemical stability of the aligners.[7] Despite the 
aggressive condition of this assay and underestimated 
chemical stability, no leaching was revealed in 
Schuster et  al.[6] and Gracco et  al.[7] study while the 
leaching was under the reference dose for daily intake 
in Kotyk and Wiltshire.[21] study.

In some studies, only a single assay was conducted. 
Considering all mentioned shortcomings of different 
assays, it is obvious that a single assay is not sufficient 
to reflect the precise results. Hence, to increase the 
reliability of obtained results, more than one assay 
is recommended to be used in in  vitro studies for 
cytotoxicity determination. Materials of aligners like 
polyurethane affect the expression of many factors 
involved in the epithelial barrier function and local 
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inflammatory response.[27] The role of these factors in 
any of the side effects of aligners’ therapy has still to 
be established in clinical studies.

Although according to the EPA, the safe dose of BPA 
for daily intake is supposed to be 50  µg/kg,[19,64,65] 
there is evidence which show the human seminoma 
cell proliferation at low doses of BPA; if the low dose 
of BPA can cross the placenta, it can interfere with the 
fetal germ cell proliferation and differentiation.[66] In 
male mice, vom Saal et al. asserted that doses of 0.02, 
0.2, and 2.0 Ng/g/day increased adult prostate weight, 
whereas a 200  Ng/g dose decreased adult prostate 
weight in male offspring.[52] Their study revealed 
that a small increase in BPA may change prostate 
cell differentiation, resulting in a permanent increase 
in prostatic androgen receptors and prostate size.[52] 
Hence, BPA leaching even in negligible amounts may 
presume adverse effects and is not definitely safe.

CONCLUSION

There were considerable variations among the 
methodologies of the available studies. Still, it 
seems that quantitatively speaking, the amount of 
leached BPA reported by in  vitro studies is very low, 
if not zero. However, given the very high levels of 
BPA leach observed in the only clinical trial and 
considering other possible dangers of small traces 
of BPA  (even at low doses), as well as noting the 
frequent adverse events associated with clear aligners 
and transparent vacuum‑formed retainers, it seems that 
their potential biocompatibility issues should be taken 
seriously, and therefore, more clinical trials should 
be conducted to assess the leached BPA amounts 
and other hazard indicators  (such as cytotoxicity) in 
the oral environment. Such potential effects of BPA 
even at low doses might describe in part why even 
despite the observed low amounts of released BPA, 
many adverse effects were linked to using clear 
aligners, including pain and soft‑tissue issues such 
as burning, tingling, sore tongue, swelling of lip, 
blister, ulceration, dry mouth, periodontal problems, 
and even systemic problems such as difficulty in 
breathing. Besides these biological adverse effects, 
oral dysfunctions, and speech difficulties and tooth 
damages may be associated with clear aligners and 
should as well be taken into consideration.
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