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Εffect of cleansers on the composition 
and mechanical properties of orthodontic 
aligners in vitro
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Abstract 

Background: The aim of the study was to investigate the effect of three aligner cleaners on the composition and 
mechanical properties of two types of orthodontic aligners.

Materials and methods: The cleaners tested were two alkaline peroxide solutions (Retainer Brite—RB; Retainer 
Cleaner—RC) and one peroxide-free (Steraligner—ST) and the aligners Clear Aligner (C, polyester) and Invisalign 
(I, polyester–urethane). The aligners were immersed in the cleaner solutions as instructed every day (15 min for RB, 
RC; 5 min for ST) for a two-week period. The acidity of the solutions was tested with a pH meter. The changes in the 
chemical composition of the aligners were studied by attenuated total-reflection Fourier transform infrared spectrom-
etry (ATR-FTIR), while Instrumented Indentation Testing (IIT) was used for assessment of changes in Martens Hardness 
(HM), modulus  (EIT), elastic index  (nIT) and relaxation  (RIT).

Results: RB and RC were weakly acidic (pH = 6.3), whereas ST was mildly acidic (pH = 4.8). The ATR-FTIR analysis dem-
onstrated evidence of acidic hydrolysis of C in ST and I in RB. The IIT-derived properties of I were not affected by the 
cleaners. However, for C a significant change was found in HM (all cleaners),  nIT (all cleaners) and  RIT (RB, ST). Although 
the chemical changes support a hydrolytic material deterioration, the results of mechanical properties may interfere 
with the material residual stresses during fabrication.

Conclusions: Caution should be exerted in the selection of aligner cleaners. The mild acidic cleanser was more 
aggressive to the polyester, whereas an alkaline peroxide to the polyester–urethane aligner.
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Introduction
Aligner system technology provides an orthodontic treat-
ment modality for patients regarding aesthetics highly [1, 
2]. The sequential positioners are usually fabricated out 
of poly(ester–urethane) (PU) or polyethylene terephtha-
late glycol (PET-G) thermoplastic materials [3] which are 
translucent and difficult to detect with naked eye. Every 

aligner becomes deformed upon placement exerting light 
forces to the teeth. Each removable appliance remains 
intraorally for two weeks usually, until being replaced by 
the following new one, inducing tooth movement in an 
incremental fashion. During this short period, the stabil-
ity of their properties is of major importance for clinical 
effectiveness [4].

A major issue with these devices is that the stagna-
tion of salivary flow make their internal surfaces prone 
to plaque accumulation [5, 6] and staining [7–9]. Cal-
culus formation, although not very common, cannot be 
excluded, as well. Thus, it becomes imperative for the 
patients to retain oral hygiene [10] at an appropriate 
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level and remove any debris left in the aligner sur-
faces. For that purpose, chemical cleaners have been 
developed requiring no patient dexterity unlike to the 
toothbrush/toothpaste or soap combination alterna-
tives. These are mild sanitization solutions of various 
acidity containing sodium bicarbonate, acids, sulfates, 
chelators and a variety of salts. The cleaners are capa-
ble of efficiently removing bacteria biofilms, restoring 
the original translucency of the appliances and offer-
ing a pleasant odor when immersed daily for a few 
minutes [5, 6, 11–13]. However, the reactivity of the 
cleaners has raised questions on possible chemical 
modifications of the aligners and consequently on their 
mechanical properties, which may adversely affect 
the treatment outcome. In the relevant literature, the 
information available for such side effects regarding 
this interaction is limited and involves mainly thermo-
plastic retainers [11–15] used to stabilize the ortho-
dontic treatment outcome. In particular, changes were 
observed in the flexural modulus of chemically cleaned 
retainers made of copolyester [12], whereas those of 
polypropylene/ethylene copolymer [13] or polyure-
thane [14] did not present significant deviations. For 
aligners, the effect of cleaners on the time-dependent 
mechanical properties of the devices, which are crucial 
for the stress-transfer characteristics of the light con-
tinuous forces to the teeth, has not been addressed so 
far.

The aim of the present study was to evaluate the 
changes in the mechanical properties and surface 
chemistry of aligners treated with cleaning solutions 
of different composition. The null hypothesis was that 
the cleansers have a negligible effect on the properties 
tested.

Materials and methods
Materials
The aligners and the cleaning agents tested are presented 
in Table  1. Forty unused upper aligners of Clear Align-
ers (C) and Invisalign (I) aligners were obtained from an 
orthodontic practice and classified into four groups of 
ten specimens each per material. The cleansing solutions 
of RB ad RC were prepared by dissolving each tablet in 
150 ml of tap water, whereas for ST 15 ml of the liquid 
was mixed with 135ml of tap water.

Aligners designated for Retain Brite (RB) and Retain 
Cleaner (RC) treatment groups were immersed in indi-
vidual caps with the cleaning agents for 15 min, whereas 
a 5-min immersion period was used for the Steraligner 
(ST) group, according to the manufacturer’s instructions. 
After each cleansing cycle, the aligners were rinsed thor-
oughly with tap water and then stored in dry conditions. 
This procedure was repeated 14 times, once per day for a 
two-week period, corresponding to a daily cleaning dur-
ing the instructed in-service function of each appliance. 
Aligners non-immersed in the cleaning solutions were 
used as control (CO).

pH measurements
The pH of 150  ml freshly made cleaning solutions was 
measured by a calibrated pH meter (P 903, Consort NV, 
Turnhout, Belgium) employing a standard liquid probe. 
Measurements were performed two minutes after mixing 
in triplicate and the values were averaged.

Mechanical properties (IIT)
Ten upper first molars from different appliances of each 
testing group (RB, RC, ST, CO) per aligner type (C, I) 
were sectioned. The specimens were embedded in self-
curing acrylic resin (Verso Cit-2, Struers, Ballerup, 

Table 1 The aligner materials and the cleaning agents used in the study

* According to the manufacturers’ information

Product/code Composition* Manufacturer

Aligners

CA Clear Aligner/C Polyethylene terephthalate glycol Scheu-Dental GmbH, Iserlohn, Germany

Invisalign/I Polyester–urethane Align Technology, San Jose, CA, USA

Cleaning agents

Retainer Brite/RB Potassium peroxymonosulfate, Sodium perborate monohydrate, Sodium bicarbo-
nate, Sodium sulfate, Sodium carbonate, Pentasodium triphosphate, Corn syrup 
solids, Sodium lauryl sulfoacetate, PEG-180, Flavor, Magnesium stearate, Tetrasodium 
EDTA, Citric acid, FD&C Blue #1, FD&C Blue #2

Dentsply Sirona, Sarasota, FL, USA

Retainer Cleaner/RC Potassium peroxymonosulfate, Sodium percarbonate, PEG-150, Peppermint oil, 
Indigo, Sodium benzonate, Sodium bicarbonate, Tetrasodium EDTA, Sodium lauryl 
sulfate

Fancymay, Greenland, (Amazon Associate)

Steraligner/ST Surfactant, Polyrsorbate 20, Sodium pyrophosphate, Tetrapotassium salt (undefined), 
Essential oil complex, Sodium gluconate, 2-propanol, Disodium EDTA, Sodium benzo-
nate, Sodium bicarbonate, FD&C Blue #1

TJA Health LLC, Joliet, IL, USA
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Denmark), with their occlusal surfaces parallel to the 
horizontal plane. The samples were ground up to 4000 
grit-size SiC papers under water cooling, and polished 
with a water-based diamond suspension (Nap R1 DiaPro, 
Struers) in a grinding/polishing machine (Dap-V, Stru-
ers). Then, the specimens were subjected to Instru-
mented Indentation Testing (IIT), employing a universal 
hardness testing machine (ZHU0.2/Z2.5, Zwick Roell, 
Ulm, Germany) with a Vickers indenter for determina-
tion of the following mechanical properties: the Martens 
Hardness (HM), indentation modulus  (EIT), elastic index 
 (nIT) which is indicative for the brittleness of the mate-
rial, and the indentation relaxation  (RIT). Two different 
loading regimes were applied. The HM,  EIT and  nIT were 
acquired from force–indentation depth curves apply-
ing a maximum load of 2.9  N for 2  s contact time. The 
 RIT (monitoring the load level, while maintaining a con-
stant contact area between the indenter and the material) 
was measured employing a tetragonal force pulse where 
a constant indentation depth was applied for 60  s and 
the  RIT was measured by recording the force decrease 
between the start and the end of the constant indentation 
depth period. All mechanical properties were measured 
according to the equations provided by the international 
standard ISO14577-1, 2002 [16].

Surface chemical composition (ATR‑FTIR)
Another series of specimens was prepared by sectioning 
as above. Intact occlusal specimen surfaces were ana-
lyzed by Attenuated Total Reflectance Fourier Transform 
Infrared Spectrometry (ATR-FTIR), employing a spec-
trometer (Spectrum GX, PerkinElmer, Buckinghamshire, 
Bacon, UK) equipped with an ATR accessory (Golden 
Gate, Specac, Orpington, Kent, UK) with a diamond type 
III crystal (2 × 2 mm) and a sapphire anvil. Spectra were 
acquired after under the following conditions: 4000–
650   cm−1 wavenumber range, 4   cm−1 resolution, 20 
scans co-addition, 2 μm depth of analysis at 1000   cm−1. 
The spectra of treated specimens were compared with 
the controls to identify changes in peak positions indi-
cating the presence of new chemical groups. Further-
more, to verify the H-bonding status of the polyester 
backbone, the 1800–1650  cm−1 wavenumber range of all 
spectra was subjected to curve-fitting analysis (Gaussian 
area mode) employing PeakFit v.4.12 software (Seasolve, 
Framingham, MA, USA).

Statistical analysis
The results of pH and mechanical properties were ini-
tially tested for normality (Shapiro–Wilk) and homosce-
dasticity (Brown–Forsyth) tests. For normally distributed 
data, comparisons were carried out by one-way ANOVA, 
whereas for data failed to pass normality tests, the 

nonparametric one-way ANOVA on Ranks (Kruskal–
Wallis) test was used. In all cases, Tukey post hoc mul-
tiple comparison tests were used to allocate differences 
among groups. The level of statistical significance for all 
tests was set at a = 0.05. Statistical analysis was carried 
out employing SigmaPlot v 14 software (Systat Software 
Inc, San Jose, CA, USA).

Results
pH measurements
The RB and RC cleansers showed a similar pH value 
(6.31 ± 0.02), whereas the ST cleanser showed a signifi-
cantly lower pH value (4.83 ± 0.04).

Mechanical properties (IIT)
Figure  1 demonstrates representative force–indentation 
depth (a, c) and force–time curves (b, d) for the align-
ers (C, I) per cleaner group (RB, RC, ST) and the control 
(CO).

For Clear Aligner, a shifting of the peak of the load–
indentation graph was found toward higher indentation 
values after all cleaner treatments in comparison with 
the control (a), which implies a softening effect. Moreo-
ver, two of the cleaner treatments (RB, ST) demonstrated 
lower force decay overtime from RC and the control (b). 
The results are summarized in Table  2. All the cleaners 
comprised a statistically homogeneous group with sig-
nificantly lower HM,  nIT values from the control. Insig-
nificant differences were found between the groups in 
 EIT, whereas the  RIT measurements revealed significantly 
reduced values of RB, ST groups from RC and the control 
(CO).

For Invisalign, the loading and unloading curves 
were identical (a, b) indicating insignificant differences 
between the cleaner groups tested and the control, as is 
verified from the numerical data given in Table 3.

Surface chemical composition (ATR‑FTIR)
Representative ATR-FTIR spectra of the aligners before 
and after cleaning treatments are illustrated in Figs. 2, 3 
and 4.

For Clear Aligner (Fig.  2), the peak assignments are 
as follows  (cm−1): 2926 and 2854 (C–H stretching) [not 
shown in the expanded spectra of the figure]; 1712 (C=O 
stretching); 1577, 1604 (aromatic C–C stretching); 1450, 
1408, 1369 (C–H bending); 1257, 1240 (C=O stretch-
ing), 1173 (C–H bending); 1113, 1093 (C–O– stretch-
ing); 1016 (C–C ring bending), 956 (C–H stretching of 
the cyclohexylene ring); 875, 723 (aromatic C–H bend-
ing) [17–19]. The cleaning procedures showed similar 
spectra, except for ST, which demonstrated a small peak 
at 1670   cm−1 assigned to acid groups [20]. The curve-
fit analysis of the ester peak of Clear Aligner (Fig. 3 and 
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Table  4) showed two major peaks at 1727   cm−1 (free 
C=O groups) and 1712   cm−1 (H–bonded C=O groups) 
comprising 90–93% of the total C=O peak area  (tAC=O) 
at a ratio of 0.4–0.5 (free to H–bonded, based on mean 
values) for RB, RC and CO, ST, respectively. All speci-
mens showed minor peaks at 1740  cm−1 (2–4% of  tAC=O) 
and 1693  cm−1 (5–6% of  tAC=O) possibly assigned to oxi-
dation byproducts.

The control group demonstrated approximately twice 
the area of the 1740   cm−1 peak in comparison with the 
treated groups (4 vs 2 for ST and 2.1 for RB, RC), whereas 
the differences in the 1690  cm−1 peak area were smaller 
(5.7 vs 4.1 for ST and 4.8 for RB, RC). The ST group dem-
onstrated additionally two low wavenumber peaks (1677 
and 1644  cm−1, 5.9% in sum of  tAC=O) attributed to acid 
formation [20].

Fig. 1 Representative force–indentation depth (a, c) and force–time curves (b, d) for Clear Aligner (C) and Invisalign (I) appliances after immersion 
in Retainer Brite (RB), Retainer Cleaner (RC) and Steraligner (ST) solutions vs the controls (CO)

Table 2 The results of the IIT-derived mechanical properties for 
Clear Aligner (C)

Mean values and standard deviations (in parentheses) or median and 25% and 
75% percentiles (in brackets). Same superscript letters show groups without 
statistical differences per property (p > 0.05)

Group HM (N/mm2) EIT (MPa) nIT (%) RIT (%)

C–CO 112 (6)a 2699 [2414 2991] 40.6 (0.7)a 8.4 [7.9 12.8]a

C-RB 106 (3)b 2469 [2409 3034] 39.0 (0.6)b 15.1 [14.1 15.6]b

C-RC 108 (1)b 2529 [2352 3041] 39.1 (0.5)b 9.0 [8.4 9.2]a

C-ST 107 (3)b 2466 [2376 2643] 38.6 (0.6)b 12.1 [8.7 13.3]b

Table 3 The results of the IIT-derived mechanical properties for 
Invisalign (I)

Mean values and standard deviations (in parentheses) or median and 25 and 
75% percentiles (in brackets). No statistically significant differences were found 
between the immersion groups and the control for the properties tested 
(p > 0.05)

Group HM (N/mm2) EIT (MPa) nIT (%) RIT (%)

I-CO 80 (4) 1615 (148) 44.7 [44.2 45.9] 9.3 [6.5 11.4]

I-RB 80 (5) 1605 (141) 43.6 [42.4 44.6] 9.2 [6.9 12.3]

I-RC 79 (4) 1558 (197) 46.0 [45.0 46.6] 8.5 [7.6 9.2]

I-ST 83 (5) 1709 (148) 45.6 [45.2 46.4] 9.6 [5.4 13.8]
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For Invisalign (Fig. 4), the peak assignments are as fol-
lows  (cm−1): 3330–3270 (N–H stretching); 2927–2919 
and 2850 (C–H stretching) [not shown in the expanded 
spectra of the figure]; 1726–1699 (C=O stretching); 1609 
and 1595 (aromatic C–C stretching); 1526 (C–N and 
N–H bending); 1477, 1412, 1365 (C–H bending); 1310 
(C=O vibrations), 1252 (C–N and C–O stretching); 1220, 
1105, 1064 and 1017 (C–O–C stretching) 816 and 770 
(aromatic C–H bending) [17, 21]. No differences were 
found after the cleaning treatments and the controls.

The curve-fit analysis of the ester peak of Invisalign 
(Fig.  5 and Table  5) resolved four peak components 
assigned to polyurethane (hard polymer segment) or 
polycarbonate (soft polymer segment) of poly(ester–
urethane) polymers at 1732   cm−1 (free C=O groups 
of urethane and carbonate components), 1714   cm−1 
(H–bonded C=O groups of carbonate component), 
1699   cm−1 (H–bonded C=O groups of amorphous ure-
thane component) and 1683   cm−1 (H–bonded C=O 
groups of low-ordered urethane component) [22]. 
The free C=O accounted for 16.7–18.2% of the  tAC=O 
(mean values) and were not affected by the treatments. 
The same applied for the H–bonded C=O groups of 
the carbonate segment (21.7–23.8%). However, for the 

amorphous urethane H–bonded C = O groups, a reduc-
tion in the peak area was found after RB treatment 
(39.8%) in comparison with the control (50.5%) and the 
other treatments (50.3% for RC and 44.3% for ST). This 
difference was in favor of the low-ordered urethane H–
bonded C=O groups, which increased after RB treat-
ment (16.3%) in comparison with the control (9.8%), RC 
(11%) and ST (8.6%).

Discussion
The orthodontic force delivered by aligners depends 
on material thickness, hardness, elastic modulus and 
amount of activation [1]. To predictably move teeth, it is 
important that the mechanical properties of the aligners 
to be stable during the in-service period [2]. However, 
during usage the aligners are not only exposed to the 
oral environment, but should be treated with disinfect-
ing and cleaning solution for hygienic purposes [3–7] The 
results of the present study showed that some cleaners 
may affect the mechanical properties or/and the surface 
chemistry of aligner materials fabricated by polyethylene 
terephthalate glycol (PET-G) or poly(ester–urethane). 
Consequently, the null hypothesis should be partially 
rejected.

Fig. 2 ATR-FTIR spectra of Clear Aligner (C) before (CO) and after treatments with Retainer Brite (RB), Retainer Cleaner (RC) and Steraligner (ST) 
cleaners. An additional peak appeared at 1669  cm−1 after ST cleaner (expanded 2000–650  cm−1 range, absorbance scale)
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The cleaners tested have been specifically designed 
for orthodontic aligners, although the quantitative com-
position of some (RB, RC) resembles that of conven-
tional denture-base cleaners [23]. RB and RC cleaners 
are mainly composed of sodium perborate or sodium 
percarbonate, which in water solutions decompose to 
borates and hydrogen peroxide or hydrogen peroxide 
with sodium and carbonate ions. The hydrogen peroxide 
further decomposes to active oxygen and water, whereas 
the carbonates to carbon dioxide and water [24]. The 
cleansers contain surfactants, flavoring agents and pig-
ments. It has been documented that the cleaners of this 
category (commonly referred to as alkaline peroxides) 
reduce the hardness and flexural strength and increase 
the roughness of polymethyl methacrylate denture-base 
materials through hydrolytic oxidation and network plas-
ticization (extraction of residual methyl methacrylate 
monomer, cross-linkers, oxidation byproducts, etc.) [25, 
26]. For ST, the composition given does not define any 

source of active oxygen as in the other two cleaners, the 
only difference being the lower pH. All the cleaners con-
tain EDTA chelators. EDTA is known to inhibit biofilm 
formation, especially the tetrasodium salt [27], whereas 
the disodium demonstrates increased solubility in water 
and a faster chelation effect [28]. Also, pyrophosphates 
and polyphosphates are used as inhibitors of Ca and Mg 
precipitation on the appliances [29, 30].

In the present study, none of the mechanical prop-
erties of the Invisalign aligners showed significant 
difference after immersion in any of the three clean-
ing solutions in comparison with the control group. 
This implies that the poly(ester–urethane) structure of 
Invisalign was stable to the degradative effects of the 
cleaners tested. However, for Clear Aligner, a signifi-
cant reduction in Martens Hardness and elastic index 
was manifested, which indicates that these aligners 
became softer and more brittle, irrespectively of the 
active ingredients and the pH of the cleaners used. A 

Fig. 3 Gaussian curve-fitting of the ester peak of Clear Aligner before (CO) and after treatments with Retainer Brite (RB), Retainer Cleaner (RC) and 
Steraligner (ST) cleaners. The additional peak after ST cleaner at 1669  cm−1 of Fig. 2 is analyzed in two peaks at 1678  cm−1 and 1664 indicating 
formation of acid derivatives (1800–1650  cm−1 range, absorbance scale, dotted lines: original spectra, r2: coefficient of determination for the 
goodness of curve-fit)
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possible explanation is an increased hydrolytic insta-
bility of the esterified hydrophilic polyglycol segments 
of the amorphous PET-G. An interesting finding of 
the study was the different effects of RB and RC clean-
ers in  RIT, which is associated with the behavior of the 
aligner materials under creep. RC with the same pH 
with RB was less aggressive to Clear Aligner, match-
ing the effect of the control group, while RB demon-
strated significantly higher  RIT values from RC, being 
similar with the acidic ST. This may suggest that several 
compositional factors, other than the pH, may induce 
the hydrolytic degradation. In industrial applications, 

sodium percarbonate is considered more reactive than 
sodium perborate, with the latter requiring additional 
alkalinity (usually mediated by solutions of 1% NaOH) 
for an effective bleaching effect [31]. It is not known if a 
similar mechanism is implemented in RB, which would 
explain the difference. Furthermore, a parameter which 
may affect the mechanical properties of the aligners is 
the undefined role of residual stresses developed during 
the manufacturing process [32]. Successive immersion 
may provide an extent of relaxation with a subsequent 
effect on the mechanical properties measured [32]. 
However, the extent and orientation of residual stresses 

Fig. 4 ATR-FTIR spectra of Invisalign (I) before (CO) and after treatments with Retainer Brite (RB), Retainer Cleaner (RC) and Steraligner (ST) cleaners. 
Spectra are identical (expanded 2000–650  cm−1 range, absorbance scale)

Table 4 The results of the curve-fitting analysis of the ester peak for Clear Aligner (C)

1727  cm−1: Free C=O groups; 1712  cm−1: H–bonded C=O groups; 1743, 1693  cm−1: Oxidation byproducts; 1677, 1664  cm−1: Acid impurities

Group Peak area (%)

1743  cm−1 1727  cm−1 1712  cm−1 1693  cm−1 1677  cm−1 1664  cm−1

C–CO 3.9 29.1 61.3 5.7 – –

C-RB 2.1 28.5 64.6 4.8 – –

C-RC 2.1 26.9 66.2 4.8 – –

C-ST 1.9 27.7 60.4 4.1 3.4 2.5
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of orthodontic retainers still remain unknown. This 
may be an interesting topic for further research.

To characterize the chemical changes induced on 
the aligner surfaces, an ATR-FTIR analysis was used. 
Although the sampling depth of the method is limited 
to the uppermost 2  μm zone (vs bulk characterization 
of ground/polished specimens by IIT), it may provide 

important information on the degradation mechanisms 
involved. Comparison of the spectra at the fingerprint 
range (2000–650   cm−1) showed a difference only in 
Clear Aligner treated with ST, where a peak appeared at 
1699   cm−1 attributed to acid production via oxidation 
of the PET structure [20]. A more detailed analysis by 
curve-fitting of the ester peak components demonstrated 

Fig. 5 Gaussian curve-fitting of the ester peak of Invisalign (I) before (CO) and after treatments with Retainer Brite (RB), Retainer Cleaner (RC) and 
Steraligner (ST) cleaners. After RB treatment, two additional peaks appeared (1743  cm−1, 1672  cm−1) and the intensity of the peak at 1687  cm−1 was 
increased indicating changes in the H–bonding status of the ester groups (1750–1650  cm−1 range, absorbance scale, dotted lines: original spectra, 
r2: coefficient of determination for the goodness of curve-fit)

Table 5 The results of the curve-fitting analysis of the ester peak for Invisalign (I)

1732  cm−1: Free C=O groups of urethane and carbonate; 1714  cm−1: H–bonded C=O groups of urethane and carbonate; 1699  cm−1: H–bonded C=O groups of 
amorphous urethane segments; 1684  cm−1: H–bonded groups of low-ordered urethane segments; 1743, 1672  cm−1: Acid impurities

Group Peak area (%)

1743  cm−1 1732  cm−1 1714  cm−1 1699  cm−1 1684  cm−1 1672  cm−1

I-CO – 16.7 23 50.5 9.8 –

I-RB 2.5 17.2 21.9 39.8 16.3 2.3

I-RC – 17 21.7 50.3 11 –

I-ST – 18.2 23.8 44.3 8.6 –
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the presence of free and H–bonded C=O groups at a 
ratio of 0.4 for RB, RC and 0.5 for CO and ST. The small 
reduction observed after treatment with the alkaline 
peroxides (RB, RC) may suggest degradation of a small 
fraction of free-ester groups. The highest and lowest 
wavenumber weak peaks (1743, 1693   cm−1) found in 
all groups indicate that oxidized impurities existed in 
the control and where reduced after treatments, mainly 
at the highest wavenumber. The two additional peaks 
resolved at 1677 and 1644  cm−1 suggest that the acid pro-
duced may appear in more than one forms (terephthalic, 
glycolic, etc.). Considering the depth of the ATR and IIT 
methods, it may be concluded that the chemical changes 
may exceed up to the depth of the IIT method, affect-
ing the mechanical properties accordingly. Curve-fitting 
of the ester peak components revealed some interesting 
information for Invisalign, the mechanical properties of 
which were not affected by any of the cleaners, as docu-
mented by the fingerprint range spectra. After RB treat-
ment, weak highest (1740  cm−1) and lowest (1672  cm−1) 
wavenumber peaks appeared indicating oxidative effects, 
while the peak at 1687  cm−1 assigned to the low-ordered 
crystallinity of the urethane segment was increased at the 
expense of the corresponding amorphous (1699   cm−1). 
This may indicate an onset of the development of a more 
brittle structure, possibly associated with aging. The fact 
that this phenomenon was observed only after treat-
ment with one alkaline peroxide (RB), suggests that the 
poly(ester–urethane) structure is more sensitive to this 
type of cleaners and that RB is a stronger alkaline perox-
ide than RC. Although the chemical changes of Invisalign 
were not associated with the mechanical response, they 
clearly demonstrate the capacity of ATR-FTIR spectrom-
etry in identifying early degradative changes in the sur-
face chemistry of the aligners.

The results of the present study should be carefully 
interpreted since the aligners were not subjected to 
intraoral conditions, to reliably assess the extent of the 
cleaner-induced degradation in the performance of 
intraorally exposed analogues. Such changes, though, 
documented in simple immersion tests may contribute 
to the earlier deterioration of the aligner properties, pos-
sibly affecting the in-service life of the devices. Further 
studies, considering in vivo functional loading as a test-
ing factor may enlighten the role of the cleansers to the 
properties of the aligners and facilitate defining the onset 
of the mechanical deterioration of these thermoformed 
materials.

Conclusion
The mechanical properties of the Invisalign aligners 
devices did not change after immersion in the cleaning 
solutions (two alkaline peroxides and one acidic), whereas 

Clear Aligner devices showed evidence of softening and 
brittleness (all solutions) and increased relaxation in two 
solutions (alkaline peroxide and acidic). However, these 
changes may be implicated with residual stresses.

The surface chemical analysis revealed acid formation 
in Clear Aligner after the acidic treatment, whereas the 
H–boned status analysis of Clear Aligner ester groups 
manifested a small reduction of the free-ester groups 
after alkaline peroxide treatments. Changes in Invisalign 
surface chemistry were registered only for one alkaline 
cleaner by the H–bonding status analysis of the ester 
groups, suggesting early signs of degradation.

Based on these findings, the cleaners tested should be 
used with caution in PET-G aligners, while some alka-
line peroxide solutions should be avoided for cleaning 
poly(ester–urethane) aligners.

Acknowledgements
Not applicable.

Author contributions
TE was involved in the conception and design of the work; AI, VE, GP and SZ 
helped in experimental configuration, materials, specimen preparation; AI, VE, 
SZ, TP and TE contributed to acquisition, analysis, and interpretation of data; all 
were involved in drafting and editing. All authors read and approved the final 
manuscript.

Funding
No funding was obtained for this study.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethical approval and consent to participate
This is an in vitro study and ethic approval does not apply in this case.

Consent for publication
Not applicable.

Competing interests
None from the authors have any competing or financial interest.

Author details
1 Department of Biomaterials, School of Dentistry, National and Kapodistrian 
University of Athens, Athens, Greece. 2 Clinic of Orthodontics and Pediatric 
Dentistry, Center of Dental Medicine, University of Zurich, Plattenstrasse 11, 
8032 Zurich, Switzerland. 3 Department of Oral and Maxillofacial Diseases, 
Tampere University Hospital, Tampere, Finland Faculty of Medicine and Health 
Technology, Tampere University, Tampere, Finland. 4 Department of Oral 
and Maxillofacial Diseases, Kuopio University Hospital, Kuopio, Finland. 
5 Faculty of Health Sciences, Institute of Dentistry, University of Eastern Finland, 
Kuopio, Finland. 

Received: 21 September 2022   Accepted: 9 November 2022

References
 1. Flores-Mir C, Brandelli J, Pacheco-Pereira C. Patient satisfaction and qual-

ity of life status after 2 treatment modalities: invisalign and conventional 
fixed appliances. Am J Orthod Dentofac Orthop. 2018;154(5):639–44.



Page 10 of 10Iliadi et al. Progress in Orthodontics           (2022) 23:54 

 2. Rosvall MD, Fields HW, Ziuchkovski J, Rosenstiel SF, Johnston WM. Attrac-
tiveness, acceptability, and value of orthodontic appliances. Am J Orthod 
Dentofac Orthoped. 2009;135(3):276 e271-12 (discussion 276–77).

 3. Alexandropoulos A, Al Jabbari YS, Zinelis S, Eliades T. Chemical and 
mechanical characteristics of contemporary thermoplastic orthodontic 
materials. Aust Orthod J. 2015;31(2):165–70.

 4. Papadopoulou AK, Cantele A, Polychronis G, Zinelis S, Eliades T. Changes 
in roughness and mechanical properties of invisalign((R)) appliances after 
one- and two-weeks use. Materials. 2019;12(15):2406.

 5. Levrini L, Novara F, Margherini S, Tenconi C, Raspanti M. Scanning elec-
tron microscopy analysis of the growth of dental plaque on the surfaces 
of removable orthodontic aligners after the use of different cleaning 
methods. Clin Cosmet Investig Dent. 2015;7:125–31.

 6. Shpack N, Greenstein RB, Gazit D, Sarig R, Vardimon AD. Efficacy of three 
hygienic protocols in reducing biofilm adherence to removable thermo-
plastic appliance. Angle Orthod. 2014;84(1):161–70.

 7. Liu CL, Sun WT, Liao W, et al. Colour stabilities of three types of 
orthodontic clear aligners exposed to staining agents. Int J Oral Sci. 
2016;8(4):246–53.

 8. Lombardo L, Arreghini A, Maccarrone R, Bianchi A, Scalia S, Siciliani G. 
Optical properties of orthodontic aligners–spectrophotometry analysis of 
three types before and after aging. Prog Orthod. 2015;16:41.

 9. Zafeiriadis AA, Karamouzos A, Athanasiou AE, Eliades T, Palaghias G. 
In vitro spectrophotometric evaluation of Vivera clear thermoplastic 
retainer discolouration. Aust Orthod J. 2014;30(2):192–200.

 10. Turkoz C, Canigur Bavbek N, Kale Varlik S, Akca G. Influence of thermo-
plastic retainers on Streptococcus mutans and Lactobacillus adhesion. 
Am J Orthod Dentofac Orthop. 2012;141(5):598–603.

 11. Levrini L, Mangano A, Margherini S, et al. ATP Bioluminometers analysis 
on the surfaces of removable orthodontic aligners after the use of differ-
ent cleaning methods. Int J Dent. 2016;2016:5926941.

 12. Wible E, Agarwal M, Altun S, et al. Long-term effects of different 
cleaning methods on copolyester retainer properties. Angle Orthod. 
2019;89(2):221–7.

 13. Wible E, Agarwal M, Altun S, et al. Long-term effects of various cleaning 
methods on polypropylene/ethylene copolymer retainer material. Angle 
Orthod. 2019;89(3):432–7.

 14. Agarwal M, Wible E, Ramir T, et al. Long-term effects of seven cleaning 
methods on light transmittance, surface roughness, and flexural modulus 
of polyurethane retainer material. Angle Orthod. 2018;88(3):355–62.

 15. Pascual AL, Beeman CS, Hicks EP, Bush HM, Mitchell RJ. The essential work 
of fracture of thermoplastic orthodontic retainer materials. Angle Orthod. 
2010;80(3):554–61.

 16. 14577–1 I. Metallic materials-Instrumented indentation test for hardness 
and materials parameters. In: International Organization for Standardiza-
tion Geneva;2002.

 17. Alexandropoulos A, Al Jabbari YS, Zinelis S, Eliades T. Chemical and 
mechanical characteristics of contemporary thermoplastic orthodontic 
materials. Aust Orthod J. 2015;31:165–70.

 18. Donelli I, Freddi G, Nierstrasz VA, Taddei P. Surface structure and proper-
ties of poly-(ethylene terephthalate) hydrolyzed by alkali and cutinase. 
Polym Degrad Stab. 2010;95:1542–50.

 19. Paszkiewicz S, Szymczyk A, Pawlikowska D, Irska I, Taraghi I, Pilawka R, Gu 
DJ, Li X, Tu Y, Piesowicz E. Synthesis and characterization of poly(ethylene 
terephthalate-co-1,4-cyclohexanedimethylene terephtlatate)-block-
poly(tetramethylene oxide) copolymers. RSC Adv. 2017;7:41745. https:// 
doi. org/ 10. 1039/ c7ra0 7172h rsc. li/ rsc- advan ces).

 20. Felder TC, Gambogi WJ, Kopchick JG, Peacock RC, Stika KM, Trout TJ, 
Bradley AZ, Hamzavytehrany B, Gok A, French RH, Fu O, Hu H. Optical 
properties of PV backsheets: key indicators of module performance and 
durability. Proc SPIE. 2014;9179:91790P – 1.

 21. Corish PJ. Identification and analysis of polyurethane rubbers by Infrared 
Spectroscopy. Anal Chem. 1959;31:1298–306.

 22. Rogulska M, Kultys A, Pikus S. The effect of chain extender structure 
on the properties of new thermoplastic poly(carbonate–urethane)s 
derived from MDI. J Therm Anal Calorim. 2016. https:// doi. org/ 10. 1007/ 
s10973- 016- 5756-4.

 23. Mylonas P, Milward P, McAndrew R. Denture cleanliness and hygiene: an 
overview. Br Dent J. 2022;233:20–6.

 24. Khanmohammadia M, Mashkurib N, Rostamib M, Garmarudi AB. 
Quantitative determination of sodium perborate and sodium 

percarbonate in detergent powders by infrared spectrometry. J Anal 
Chem. 2012;67:330–4.

 25. Azevido A, Machado AL, Pavarina AC, Vergani CE, Giampaolo ET. Hardness 
of denture base and hard chair side reline acrylic resins. J Appl Oral Sci. 
2005;13:291–5.

 26. Pavarina AC, Vergani CE, Giampaolo ET, Machado AL, Teraoka MT. The 
effect of disinfectant solutions on the hardness of acrylic resin denture 
teeth. J Oral Rehabil. 2003;30:749–52.

 27. Devine DA, Percival RS, Wood DJ, Tuthill TJ. Inhibition of biofilms associ-
ated with dentures and toothbrushes by tetrasodium EDTA. J Appl 
Microbiol. 2008;103:2516–24.

 28. Dow. Chelation chemistry. General concepts of the chemistry of chela-
tion Form No. 113-01388-01-0721 S2D, 2021 (www. dow. com/ conte nt/ 
dam/ dcc/ docum ents/ en- us/ app- tech- guide/ 113/ 113- 01388- 01- chela 
tion- chemi stry- gener al- conce pts- of- the- chemi stry- of- chela tion. pdf ).

 29. Pradeep AR, Agarwal E, Raju A, Narayana Rao MS, Mohamed FM. Study 
of orthophosphate, pyrophosphate, and pyrophosphatase in saliva 
with reference to calculus formation and inhibition. J Periodontol. 
2011;82:445–51.

 30. Brauner E, Di Cosola M, Ambrosino M, Cazzolla AP, Dioguardi M, Nocini 
R, Topi S, Mancini A, Maggiore ME, Scacco S, Bottalico L, Malcangi A, 
Cantore S. Efficacy of bioactivated anticalculus toothpaste on oral 
health: a single-blind, parallel-group clinical study. Minerva Dent Oral Sci. 
2022;71:31–8.

 31. Pesman E, Imamoglu S, Kalyoncu EE, Kirci H. The effects of sodium percar-
bonate and perborate usage on pulping and flotation deinking instead 
of hydrogen peroxide. BioResources. 2014;9:523–36.

 32. Fang D, Zhang N, Chen H, Bai Y. Dynamic stress relaxation of orthodontic 
thermoplastic materials in a simulated oral environment. Dent Mater J. 
2013;32:946–51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1039/c7ra07172hrsc.li/rsc-advances)
https://doi.org/10.1039/c7ra07172hrsc.li/rsc-advances)
https://doi.org/10.1007/s10973-016-5756-4
https://doi.org/10.1007/s10973-016-5756-4
http://www.dow.com/content/dam/dcc/documents/en-us/app-tech-guide/113/113-01388-01-chelation-chemistry-general-concepts-of-the-chemistry-of-chelation.pdf
http://www.dow.com/content/dam/dcc/documents/en-us/app-tech-guide/113/113-01388-01-chelation-chemistry-general-concepts-of-the-chemistry-of-chelation.pdf
http://www.dow.com/content/dam/dcc/documents/en-us/app-tech-guide/113/113-01388-01-chelation-chemistry-general-concepts-of-the-chemistry-of-chelation.pdf

	Εffect of cleansers on the composition and mechanical properties of orthodontic aligners in vitro
	Abstract 
	Background: 
	Materials and methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Materials
	pH measurements
	Mechanical properties (IIT)
	Surface chemical composition (ATR-FTIR)
	Statistical analysis

	Results
	pH measurements
	Mechanical properties (IIT)
	Surface chemical composition (ATR-FTIR)

	Discussion
	Conclusion
	Acknowledgements
	References


