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ABSTRACT

Clear aligners have revolutionized orthodontic treatment, yet concerns are rising about microplastics (MPs) and nanoplastics
(NPs) released from these devices through mechanical wear and chemical degradation. Once ingested, these particles may un-
dergo structural and chemical transformations in the gastrointestinal tract, particularly under acidic gastric conditions. Despite
growing environmental and toxicological awareness, the degradation patterns of aligner materials remain largely unexplored.
This study evaluated the acid-induced degradation and elemental release of thermoformed (TFA) and direct-printed (DPA) align-
ers in a simulated gastric environment. TFA (Invisalign SmartTrack) and DPA (Graphy TC-85DAC) samples were exposed to
hydrochloric acid (pH 2). Surface acid-induced degradation was monitored using atomic force microscopy (AFM) over 60 min,
while elemental release was quantified using inductively coupled plasma mass spectrometry (ICP-MS) following acid digestion
on 0.5M HCI leachates after 7days. TFA rapidly disintegrated into an amorphous gel, preventing AFM imaging at pH2. DPA
maintained integrity and showed progressive roughening: RMS roughness rose from 10.06 to 10.97 nm (+ 9%; p <0.001), mean
roughness from 7.85 to 8.49nm (+8%; p=0.002), and maximum height from 68.31 to 76.51 nm (+ 12%; p=0.038). ICP-MS of
digested matrices revealed distinct elemental fingerprints: TFA was dominated by Sn (33.42mg/kg), K (21.35mg/kg), and Na
(13.34mg/kg); DPA by Ca (36.63mg/kg), Na (11.87mg/kg), and Fe (3.2mg/kg). In 7-day 0.5M HCI leachates, TFA released Sb
0.13 and Sn 0.09 mg/kg, whereas DPA showed Sb 0.03 and Sn 0.11 mg/kg; DPA leachates were richer in Ca (7.57 mg/kg) and Fe
(1.57mg/kg). DPA exhibited quantifiably slower acid erosion than TFA and distinct elemental release profiles at longer extrac-
tion, supporting greater acid-phase stability of DPA and providing elemental markers to trace aligner-derived particles. The re-
sults pertain to Invisalign SmartTrack and Graphy TC-85DAC and should not be generalized to all thermoformed or 3D-printed
aligners. These findings emphasize the need for biostable, environmentally safer materials in orthodontics, especially consider-
ing the ingestion and systemic distribution of MPs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Clear aligners are widely used in orthodontics due to their
aesthetic advantages and growing demand. With advance-
ments in material science, the main manufacturing techniques
are thermoforming and, nowadays, direct 3D printing [1].
Thermoformed aligners (TFA) and direct printed aligners (DPA)
offer distinct mechanical properties and benefits. However, their
stability and biocompatibility, when subjected to mechanical
stress, remain critical areas of inquiry.

In recent years, research has highlighted the potential release of
microplastics (MPs) and nanoplastics (NPs) by orthodontic appli-
ances, especially in response to wear, environmental exposure,
and chemical interactions [2]. Thermoplastic materials such as
PET-G and polyurethanes, commonly used in thermoformed
aligners, are designed to be biocompatible and durable under
typical intraoral conditions. However, they are still suscepti-
ble to structural degradation and potential ingestion [3]. Due to
that, prolonged exposure to acidic and enzymatic environments,
as would occur if aligner MPs or degraded particles enter the
gastrointestinal tract, could accelerate the subsequent plastic re-
lease and both chemical and physical transformations [4].

Ontheotherhand, DPAisproduced using photopolymerization-
based techniques where UV-curable resins form aligners.
Unlike thermoforming, these methods offer greater accuracy
and material efficiency [5]. The degree of conversion of pho-
topolymers, influenced by layer thickness, light exposure,
and post-curing, affects mechanical properties and biocom-
patibility [6]. Incomplete polymerization can lead to residual
monomer release, which may be exacerbated under acidic oral
conditions, potentially impacting cytotoxicity and material in-
tegrity [7].

The ingestion of MPs and NPs from everyday products has
become a growing concern in medical and environmental re-
search [8]. Preliminary studies suggest that TFAs and DPAs
produce MPs and NPs under specific environmental stresses,
raising concerns about their potential effects on the digestive
tract [2, 9-11]. In fact, once in the gastrointestinal tract, MPs
could be broken down further into NPs and transformed com-
ponents due to the stomach's acidic environment, potentially
enabling them to permeate biological membranes. This break-
down, facilitated by gastric acids and enzymes, could allow
these particles to infiltrate cells and tissues and possibly cross
biological barriers, posing unknown risks to human health
[12]. In addition, the acidic conditions of the gastrointestinal
tract can induce the release of potentially toxic plastic addi-
tives [13].

Therefore, the present study evaluated the material response of
TFA and DPA in a simulated acidic gastric environment, focus-
ing on their structural acid-induced degradation and the release
of elemental components under acidic conditions.

2 | Materials and Methods

This study examined two types of orthodontic aligners: TFA and
DPA, both tested in a simulated gastric environment. TFA samples

comprised Invisalign SmartTrack aligners (Align Technology
Inc., Tempe, AZ, USA), a proprietary multilayer aromatic ther-
moplastic polyurethane and copolyester blend. DPA samples
were produced by Graphy Tera Harz TC-85DAC resin (Graphy
Inc., Seoul, South Korea) with SprintRay PRO 95 3D printer
(SprintRay Europe GmbH, Weiterstadt, Germany) following the
manufacturer’s specifications, with post-curing completed via a
Tera Harz Cure THC2 device (Graphy Inc.). TC-85DAC is a pat-
ented biocompatible shape-memory resin composed primarily of
urethane acrylate oligomers and photoinitiators.

2.1 | Atomic Force Microscopy (AFM) Surface
Analysis

AFM analysis was used for surface topography with nanometric
resolution. Samples measuring 5x5Xx0.6mm (nominal thick-
ness) from each aligner type were prepared and mounted on a
delaminated mica disc to prevent contamination. A hydrochloric
acid (0.01M HCI) solution at pH2 was prepared to simulate the
stomach's acidic environment, a value within the fasted gastric
pH range, and aligned with gastric residence half-times reported
for small particles [14]. Each sample was subsequently immersed
in 200 ul of HCI solution on the AFM stage, and imaging began
immediately in immersion mode. AFM analysis was conducted
using a Digital Instruments Nanoscope IIla (Santa Barbara, CA,
USA), with a scan size of 1xX1mm, a resolution of 512 lines per
frame, and a scan rate of 1.968 Hz. AFM was operated in tapping
mode to prevent damage to the samples. The Z-axis sensitivity was
calibrated to 8.40nm/V, and the piezo calibration was set at 440V.

Images were acquired at 6 min time points over a total period of
1h. Every 15min into the observation period, an additional HCI1
solution was added to compensate for evaporation and maintain
consistent acidity levels. The same region of interest (ROI) was
used across all scans for consistent spatial analysis of surface
changes over time. The images were then processed using Fiji
1.54 software, while AFM scan data analysis was performed
with Gwyddion software (Department of Nanometrology, Czech
Metrology Institute, Czech Republic).

AFM surface analysis was performed on a single sample and
comprised the quantification of the following parameters, reg-
istered before the acidic treatment (T0) and after the complete
cycle of induced degradation (T10):

« Average value: the mean surface height measured relative
to a reference plane for roughness quantification.

« RMS roughness (Sq): root-mean-square roughness, repre-
senting the standard deviation of surface heights.

« Mean roughness (Sa): the arithmetic mean of the absolute
surface height deviations from the reference plane

« Excess kurtosis: indicates the sharpness of surface height
distribution relative to a normal distribution.

o Maximum: highest surface height measured from the refer-
ence plane.

e Median: median surface height measured from the refer-
ence plane
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« Minimum: lowest surface height measured from the refer-
ence plane.

« Maximum peak height (Sp): the height of the highest peak
measured from the reference plane.

« Maximum pit depth (Sv): the depth of the deepest valley
measured from the reference plane.

« Maximum height (Sz): vertical distance between the highest
peak and deepest valley.

Also, a time-lapse photo was generated by sequentially overlay-
ing the images captured at different time points, providing a dy-
namic visualization of the surface changes over time. Baseline
AFM comparison between TFA and DPA untreated samples was
already reported by a previous study [2]. In the present protocol,
pre-exposure AFM was avoided, focusing instead on a one-shot,
time-lapse AFM under a pH 2 HCI solution.

Statistical analysis involved linear regression to evaluate changes
in AFM-measured surface parameters over time. Measurements
taken at multiple intervals from the same sample were used to
assess whether observed variations were statistically significant,
indicating genuine morphological changes rather than random
fluctuations. A p-value less than 0.05 was considered statistically
significant.

2.2 | Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) for Elemental Release
Analysis

Following AFM imaging, spectroscopic analysis was performed
to detect potentially dissolved atoms from the aligner materials.
The elemental content of aligners was obtained by acid diges-
tion, followed by ICP-MS using a recently developed method for
the digestion of plastic polymers [15]. Moreover, an accelerated
extraction was consistent with stringent screening approaches
for plastic leachables and complements shorter pH 2 incubations
used in recent ICP-MS studies of polymeric materials [16].

The total metal content in the aligners was determined after acid
digestion. This process was obtained through an ETHOS One mi-
crowave system (Milestone Srl, Sorisole, Italy) equipped with 10
polytetrafluoroethylene (PTFE) vessels. Samples of each material
were first cut using ceramic scissors into pieces of ca. 5mm. Then,
approximately 50 mg of the sample was weighed and inserted into
each vessel, along with 4mL of HNO, and 1mL of H,SO,. The
materials were then digested by applying a temperature ramp
reaching 200°C for 45min, consisting of a 30-min heating and a
15-min holding time. Afterwards, further digestion at room tem-
perature was performed: 0.1 mL of H,O, was added to each vessel,
and, following gentle stirring, the reaction was allowed to con-
tinue for 30 min at room temperature, after which another 0.1 mL
of H,0, addition was made. The vessels were left to cool to room
temperature; then, solutions were transferred to pre-cleaned low-
density polyethene (LDPE) bottles and diluted to 20 g with Milli-Q
ultrapure water bath (Merck-Millipore, Burlington, MA, USA).

In addition, the leaching of metals from the aligners was simu-
lated using a 0.5mol/L HCI solution. To do so, about 500 mg of

TABLE1 | Working parameters of ICP-MS.

Parameter Value
RF Power 1550 W
Nebulizer gas flow 1.06 L/min
Auxiliary gas flow 0.80L/min
Cooling gas flow 13.99L/min
Dwell time 300ms
Flow rate (collision cell) 4.34mL/min
Sampling depth 5mm

aligner fragments were weighed and put in 30 mL LDPE bottles.
Then, 20mL of HCI was added to the bottles. The bottles were
then closed and put in an orbital shaker at 150 rpm at room tem-
perature, and the solution was finally collected after 7 days.

All solutions (both after acid-induced degradation and leaching
in 0.5mol/L HCI) were then filtered using 0.45um nylon filters,
diluted, and spiked with two internal standards (Rh and Re, re-
spectively). These solutions were then analyzed using an ICAP
Q ICP-MS (Thermo Scientific, Waltham, MA, USA); working
parameters are reported in Table 1.

External calibration was employed for element quantification.
The analyzed elements were Na, Mg, Al, K, Ca, Ti, Cr, Mn, Fe,
Cu, Sr, Sn, Sb, As, Cd, Cr, Pb, Sb, Sn, and Zn.

Method precision was assessed by analyzing 3 digestion and ex-
traction replicates and computed as relative standard deviation
(RSD) as in the following equation:

Sigma2 %
H

where o is the standard deviation, and u is the average of the
three replicate measures. The limit of detection (LOD) was ob-
tained after the analysis of 5 procedural blank samples (i.e., acid
solutions underwent digestion and dilution without the addition
of the sample for the digestions and HCI solutions without the
addition of aligners for the extractions) and was calculated as 3
times the SDs of the blanks [17].

3 | Results
3.1 | AFM Surface Analysis

The TFA sample demonstrated pronounced susceptibility to
acidic environments, with rapid surface roughening observed
upon immersion in HCI at pH 2. The material's structural integ-
rity was compromised by forming a gel-like amorphous mass,
even after repeated tests. This phenomenon rendered AFM im-
aging impossible due to the inability to acquire data; therefore,
only DPA samples could acquire AFM images.

The DPA sample resisted acid-induced degradation bet-
ter than the TFA one. AFM was employed to investigate the
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morphological degradation of microplastics during 1h of con-
tinuous immersion in HCI. Surface roughening occurred more
slowly, allowing AFM imaging and subsequent quantification of
surface parameters, as shown in Table 2.

Analysis of RMS roughness (Sq) and mean roughness (Sa)
further supports the hypothesis of surface roughening. Both
parameters exhibited a significant increase. This suggests
that the acid treatment effectively eroded the material, cre-
ating a more irregular topography due to acid exposure.
This phenomenon was also confirmed by a reduction in ex-
cess kurtosis. However, the excess kurtosis values showed a
slight decrease, even non-statistically significant, implying
that while the surface became rougher, the distribution of
surface features remained relatively uniform at the end of the
exposure, without a corresponding rise in sharp or isolated
peaks. Interestingly, kurtosis's values exhibited huge variabil-
ity, indicating a dynamic change in surface morphology. This
combination suggests that HCI etching induces a broader and
more homogeneous roughening effect rather than creating lo-
calized, extreme surface irregularities.

Data showed a consistent increase in surface elevation metrics,
but surface degradation was expected to manifest as material
loss under the assumption that acid exposure cannot generate
new topographic peaks. Based on this, the maximum peak
height (Sp) was used as a reference, and other parameters were
tracked relative to it.

Therefore, the observed statistically significant increase in
maximum peak height (Sp) indicated that, as valleys deepen
and the overall topography becomes more pronounced, sur-
face roughening occurs preferentially in the lower regions.
Together, these findings confirm a consistent erosive mecha-
nism driven by HCI exposure, where the retained peak acts as
a real reference while surrounding areas undergo progressive
dissolution.

Moreover, the progressive slight shift of the median value con-
firmed that the effect is not limited to isolated pits but reflects
a global transformation of the surface landscape, likely corre-
sponding to material removal at the polymer-acid interface.
Importantly, no statistically significant changes were ever de-
tected in the median levels, which strengthens the conclusion
that AFM zero-level drift is negligible, and the roughening is
physical and unidirectional.

Linear regressions performed on Maximum, Median, and
Minimum values supported that the observed nanostructural
morphological changes are unlikely to be random and are
strongly correlated with immersion time in HCI solution over
time, statistically significant only for the Maximum parameter
(Figure 1). Accordingly, AFM trends are interpreted as within-
specimen time trends.

The AFM time-lapse photos illustrated the dynamic changes,
visually representing residual material's progressive acid-
induced degradation and stability. Figure 2A-M shows the ob-
served topographical changes in the DPA sample subjected to
HCI at 6min each, highlighting the increasing prominence of
residual peaks as the surrounding polymer matrix progressively

dissolves. Specifically, Figure 2N represents the changes in sur-
face between timepoints, highlighted to visually detect the ma-
terial etched by HCI exposure.

3.2 | ICP-MS for Elemental Release Analysis

The chemical analysis of TFAs highlighted the content of dif-
ferent metals in their polymeric matrix. The predominant ele-
ment was tin (Sn), followed by potassium (K) and sodium (Na)
with concentrations measured at 33.42mg/kg, 21.35mg/kg, and
13.34mg/kg, respectively. In contrast, DPAs showed higher
amounts of calcium (Ca), Na, and iron (Fe) with concentrations
of 36.63mg/kg, 11.87mg/kg, and 32mg/kg, respectively. The
biggest difference in concentration between TFA and DPA sam-
ples was reached by Sn (31.64mg/kg), while the smallest was
by copper (Cu; 0.03mg/kg). All these differences underscore the
two aligner types' distinct compositions and leaching pathways
when exposed to acidic behavior. Specific concentrations as well
as RSDs and LODs are reported in Table 3.

The concentrations of metals leached after 1 week of extraction
in 0.5M HCl are presented in Table 4. The results showed trends
consistent with those observed in the total metal content analy-
sis, reflecting the chemical composition of the two aligner types.
It is observable, for example, that the most abundantly leached
metals are Na, Ca, K, and Fe, remarking the more concentrated
metals in both TFA and DPA. One important exception is in-
stead Sn in the TFA sample: this is the most abundant element
in TFA after the acid digestion, but the leached concentration in
HCl is instead lower than most of the other analyzed elements.
This may be due to the chemical properties of Sn compounds
added in polymers as organometals, which are less likely to be
leached out in a polar solvent such as water solutions [18]. In
addition, Sn may be added as a functional catalyst during the
polymerization process of the resins used for these aligners,
making this element potentially more strongly bonded in the
crystalline polymer phase [19].

4 | Discussion

The present study aimed to investigate the transformation of
plastics used for TFAs and DPAs once they reach a simulated
acidic gastric environment after their mechanical fragmenta-
tion into MPs and subsequent ingestion. The analysis focused
on their structural surface roughening and the leaching of ele-
mental components.

Surface topography analysis revealed distinct roughening pat-
terns between the materials. TFAs underwent rapid amorphiza-
tion, losing their nanoscale structure and becoming unsuitable
for detailed atomic force AFM imaging. Under gastric acid, ester
linkages in the copolyester of TFA are rapidly hydrolyzed, and
additives/lamination adhesives can leach, promoting swelling
and loss of cohesion. Probably because the laminate's acid-labile
core controls bulk behavior, TFA rapidly softened into an amor-
phous mass and could not be AFM-tracked. Supporting this
structural change, a prior in vitro study in oral environments
simulating acidic pH highlighted changes regarding the physi-
cal properties of TFAs [4]. Moreover, cleaners characterized by
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FIGURE1 | Linear regression lines of maximum, median, and minimum values between TO (baseline).

different pH levels have been related to surface chemical compo-
sition changes [20]; the authors reported alteration of polyester
and polyurethane materials, i.e., Invisalign one, when they are
subjected to the alkaline solutions only.

In contrast, crosslinked urethane-(meth)acrylate of DPA resin
displayed progressive surface erosion, with nanoscale features
persisting over time; its network resisted short-term bulk dis-
solution, so it was observed surface roughening without mac-
roscopic disintegration. This controlled degradation could
influence how DPA-derived MPs might interact with gastric
mucosa, particularly regarding adhesion, transport, and poten-
tial uptake by epithelial cells. Unfortunately, no previous studies
have been carried out about this aspect, limiting the comparison
of the present results with other investigations.

Although the present pH-only model was designed to isolate
acid-driven effects, the physiological gastric environment also
contains enzymes that may act synergistically with acid, nota-
bly pepsin. Invisalign SmartTrack is a proprietary multilayer
aromatic thermoplastic polyurethane with a co-polyester core
[21], while Graphy TC-85DAC is a UV-cured, crosslinked al-
iphatic urethane-acrylate resin containing photoinitiators,
per its safety data sheet. Under gastric pH, ester-containing
domains in both copolyester and urethane-acrylate networks
are vulnerable to acid-catalyzed hydrolysis, whereas ether-
rich thermoplastic polyurethane segments are relatively more
hydrolysis-resistant [22, 23]. Importantly, pepsin does not
cleave these polymers directly but rapidly adsorbs to plas-
tic surfaces to form a protein “corona” that alters charge and
wettability, promotes aggregation, and can retain protons at
the interface, thereby potentiating acid-driven scission and
surface roughening [24]. Evidence for this enzyme-acid syn-
ergy includes pepsin-containing gastric fluids forming coronas
on plastics and shifting their aggregation potential, as well as

digestion-associated coronas persisting and modifying particle
behavior. Therefore, in vivo pepsin is expected to adsorb and
form a protein corona that retains protons at the interface,
further potentiating acid-driven hydrolysis, likely accelerat-
ing TFA degradation even more than in the present in vitro
pH-only model. Besides pepsin, gastric lipase and mucin may
alter or amplify acid-catalyzed hydrolysis; also, gastric electro-
lytes (NaCl/KCl) and dietary acids/co-solvents (e.g., acetic/cit-
ric acid, ethanol) can further increase additive migration and
surface damage under gastric conditions. Therefore, enzyme-
supplemented tests should quantify gastric factor-mediated in-
terfacial effects on these chemistries [25].

Chemical elemental analysis further differentiated the two ma-
terials. TFA leachates contained detectable tin and antimony,
consistent with residual catalyst species reported for certain
thermoplastic polyester/polyurethane formulations [19]. By
contrast, DPA leachates showed titanium and chromium at low
levels, plausibly originating from pigments/fillers or trace impu-
rities typical of urethane-methacrylate photopolymers. These re-
sults indicate that the gastric-phase behavior of aligner-derived
MPs is strongly material-dependent. For TFAs, the detection of
Sb and Sn merits caution, noting that risk depends on dose and
speciation rather than total element alone. For DPAs, Ti and Cr
are often present as stable oxides or trivalent species, yet their
bioaccessibility after gastric processing and downstream intes-
tinal fate remains to be defined. In enzyme-supplemented gas-
tric fluids (e.g., pepsin), protein coronas may further modulate
interfacial leaching; therefore, elemental leachate fingerprints,
rather than bulk composition alone, may be a practical strategy
to trace aligner-derived MPs in biological and environmental
samples.

Finally, it should be clear that the effect of released MPs and
NPs on human health is not yet fully understood, but improved

6 of 10

Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2025

35UBD1 7 SUOWILLIOD AIIERID 8|qedi[dde ay) Aq peusenob a2 sajole YO 9sN JO Sa|n1 10} Aid T aUIIUQ AB]IA UO (SUOTHPUOD-PUE-SWLBIALI0D" A | IM Afe.d 1 jBul [Uo//Sdiy) SUORIPUOD pue sWie | 8y} 885 *[5202/0T/9T] uo Akeiqi8uliuo A8|IM “euansul [pa un -epuig oxeq|io Aq ¥295€ 'q'Wq /Z00T 0T/I0p/W0d" A8 ARIq1ju! Juo//SAny WOl pepeojumod ‘0T ‘5202 ‘T86vZSST



FIGURE2 | (A-M) represents AFM scans of the 3D direct printed aligner sample on a 1 x1um field at 6 min intervals; Figure 2N shows the dif-

ferences between the first and the last frame; green area highlights the corroded material.

quality control during medical device manufacturing could
help reduce the related risks during their use [26]. As a matter
of fact, under gastric conditions, aligner-derived MPs/NPs are
expected to acquire a digestion-associated protein corona and
undergo acid-driven interfacial changes that can alter bioactiv-
ity and leaching. Recent in vitro studies show higher biological
engagement after gastric processing, also promoted by pepsin-
rich gastric fluids [27, 28]. Fortunately, aligner-specific litera-
ture further notes chemical leaching and variable cytotoxicity
for 3D-printed resins depending on formulation and post-
curing, underscoring product-specific risk profiles [29, 30].
With respect to human health, gastrointestinal-model studies
report epithelial uptake/translocation of plastic particles and
barrier/oxidative-stress responses, which plausibly inten-
sify when particles arrive preconditioned by gastric digestion
[31, 32]. Therefore, ensuring material safety should remain
a priority for future aligners, as near-continuous wear for
months to years leads to repeated ingestion of wear debris and
associated elements, making cumulative exposure a plausible
concern.

5 | Limitations

While the study provides relevant data, it also presents several
limitations. The simulated gastric environment does not fully
replicate the complexity of physiological conditions, such as
enzymatic activity, motility, and temperature variability. In
fact, the present in vitro model lacked gastric enzymes and
peristaltic shear; both could interact with acid to accelerate
surface roughening and leachate formation. Moreover, the
analysis was limited to the external surface of the aligners,
and the observation was conducted on one DPA specimen;
between-specimen variability was not estimated.

Additionally, the chemical analysis focused on identifying indi-
vidual elements released during exposure without considering
the possible formation of secondary compounds.

Finally, because polymer composition, laminate design, cross-
link density, catalysts/photoinitiators, and post-curing vary
across commercial products, the present head-to-head results
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TABLE 3 | Average metal concentration after acid digestion of the aligners in mg/kg. The precision of the measurements (RSD) and the detection
limits (LOD) of the different elements analyzed for both TFA and DPA samples are also reported.

TFA DPA

Component LOD (mg/kg) Concentration (mg/kg) RSD (%) Concentration (mg/kg) RSD (%)
Na 2 13.34 2.44 11.87 5.47
Mg 0.21 <LOD — 0.26 13.49
Al 1.2 5.55 24.72 1.87 17.64
K 1.5 21.35 20.7 1.78 14.43
Ca 7.5 8.89 11.42 36.63 14.7
Ti 0.039 0.07 26.04 0.57 30.67
Cr 0.018 0.02 29.14 0.76 26.6
Mn 0.03 0.05 35.25 0.17 34.5
Fe 2.6 4.97 11.86 3.20 13.65
Cu 0.08 0.19 8.69 0.22 9.2
Sr 0.022 0.04 16.97 0.12 14.97
Sn 0.007 33.42 1.57 1.78 15.56
Sb 0.007 0.27 3.21 0.07 32.33

TABLE 4 | Average metal concentration from the different aligners after 1 week of 0.5M HCl extraction (expressed in mg/kg of the aligner mass).

The precision of the measurements (RSD) and the detection limits (LOD) of the different elements analyzed for both TFA and DPA samples are also

reported.
TFA DPA

Component LOD (mg/kg) Concentration (mg/kg) RSD (%) Concentration (mg/kg) RSD (%)
Na 6.01 8.62 0.23 6.89 5.07
Mg 0.08 <LOD — <LOD —
Al 0.4 0.65 2.02 1.07 11.79
K 0.14 9.53 1.7 0.28 13.69
Ca 2.9 4.06 9.29 7.57 1.37
Ti 0.007 0.04 1.96 0.04 8.43
Cr 0.05 <LOD 3.99 0.05 31.42
Mn 0.004 0.02 23.51 0.03 15.27
Fe 0.19 0.73 0.12 1.57 14.03
Cu 0.02 0.08 0.59 0.04 14.38
Sr 0.004 0.008 15.45 0.01 11.47
Sn 0.005 0.09 1.01 0.11 3.55
Sb 0.005 0.13 1.49 0.03 6.3

should be interpreted as product-specific rather than category-
wide; future studies should include more of these materials to
evaluate whether different brands of TFA and DPA exhibit the
same chemical behavior.

6 | Conclusion

The results of the present study highlighted key differences be-
tween the materials studied. TFA material (Invisalign SmartTrack)
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proved to be more macroscopically vulnerable to corrosion in an
acidic environment, undergoing a rapid degradation of the surface
structure that made AFM analysis impossible due to the forma-
tion of an amorphous, undefined mass. In contrast, DPA material
(Graphy TC-85DAC) maintained greater microscopic surface in-
tegrity, resulting in better resistance to acidic-induced degradation.

Spectroscopic analysis of the residues revealed differences in the
ionic composition of the materials released during acid exposure.
These results suggested that 3D-printable resins, despite some
limitations, represent a more stable option and resist acidic pH.

Furthermore, this manuscript demonstrates that orthodontic
aligners use plastics that exhibit a different chemical behavior
upon reaching the stomach when ingested MPs and NPs pro-
duced by mechanical stress during oral wearing. These conclu-
sions apply only to the materials tested and warrant confirmation
across additional thermoformed and 3D-printed formulations.
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