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1. Introduction 

'(')*+,-./-)0,1) 20-3+,04.)
The demand for clear aligner treatment has surged in recent years due to aesthetic reasons 
and patient preferences for more invisible and comfortable orthodontic appliances (1). 
However, there are growing concerns about the biocompatibility of materials used in these 
aligners, especially considering their prolonged exposure in the oral cavity (2).  
Previous studies have highlighted issues related to the use of aligners, such as the release of 
harmful substances during the thermoforming or 3D-printing process, as well as the negative 
impact of intraoral aging or salivary activity on aligner integrity with subsequent leaching of 
harmful compounds in the oral cavity (3). These interactions may lead to adverse biological 
reactions and oral diseases, which have been reported in clinical practice but are often 
underreported (4). Despite the widespread use of aligners, there's a limited number of studies 
on this topic, with conflicting outcomes and variations in research methodologies (2). This has 
prompted the need for comprehensive research to evaluate the safety and potential health 
risks associated with clear aligner therapy. 

'(5)2.6.0789):;<.8-3=.6))
This specific goal of this research project was to provide clarity on a still-debated topic by 
investigating the biocompatibility of new materials used in orthodontic aligners. 
In fact, the primary objective of this study was to assess the biocompatibility of clear aligner 
materials, focusing on the thermoforming and 3D printing manufacturing processes. 
Specifically, the aim was to investigate the potential of the composition of these materials for 
cytotoxicity, and their compatibility with human oral tissues. Specifically, we aimed to assess 
the biocompatibility of 3D printed aligners produced through different manufacturing 
techniques to identify whether any variations in post-processing conditions could affect their 
final safety profiles, and to compare these results to the conventional thermoformed 
materials. 
The following hypotheses were tested: 

1.! Null Hypothesis (H0): There is no difference in cytotoxicity among 3D printed aligners 
fabricated using different manufacturing conditions.  

2.! Null Hypothesis (H0): There is no significant difference in cytotoxicity between 
thermoformed and 3D-printed aligners.  

These hypotheses may guide the investigation into the safety and biocompatibility of clear 
aligners, providing valuable insights into their potential impact on oral health. In fact, the 
proposed research may fill a critical gap in the existing literature and make the obtained 
results comparable and reproducible through a meticulous and replicable methodology.  
This approach aims to reduce the long-term onset of oral diseases associated with exposure 
to potentially harmful materials. Additionally, the present project seeks to influence 
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evidence-based decision-making in the field of orthodontics, shaping a pathway towards a 
positive impact on patient health and well-being. 

'(>)?9.636)@-7A8-A7.)
This thesis is organized into several sections to address the research objectives systematically. 
Following this introduction, the subsequent chapters will delve into the different 
manufacturing processes of clear aligners, the risks of cytotoxicity associated with these 
different materials, and the findings from both animal and human cell studies. Finally, the 
conclusion will summarize the key findings and their implications for orthodontic practice. 

2. Literature Review 
5('):=.7=3.B)+C):7-9+1+,-38)D43E,.76)

The number of patients seeking orthodontic treatment has significantly been increasing 
during the last few years, and the satisfaction of aesthetic needs has become one of the major 
objectives required from the orthodontist, especially by adult patients (1). Due to growing 
demand for more aesthetic and comfortable appliances than conventional fixed appliances, 
clear aligner treatment (CAT) is becoming increasingly popular among orthodontic patients 
over the last two decades (5) and, currently, the 93.13% of orthodontists use aligners, which 
made up 25 % of their annual orthodontic caseload (6).  

Clear aligners!are transparent, removable appliances intended to gradually align teeth (7). 
Usually, aligners must be worn for approximately 22 hours a day (except during eating or oral 
cleaning procedures) for a treatment time ranging from months to years (8).  

Although clear aligners were formally introduced for orthodontic use when Align Technology 
received FDA approval for Invisalign in 1998, in 1945, Kesling was the first to introduce a 
device known as the tooth positioner, aimed at moving teeth without the need for fixed 
appliances (9). 
The tooth positioner, made from vulcanized rubber on a dental setup after the removal of 
orthodontic brackets, was used to correct minor tooth irregularities and can be considered a 
precursor to modern clear aligners. It was worn continuously to guide teeth into 
predetermined setup positions (10). Subsequently, Nahoum developed the vacuum-formed 
dental contour appliance, a two-piece device for both upper and lower dental arches, 
primarily focusing on the alignment of anterior teeth (11).  
In 1993, J.J. Sheridan introduced the Essix appliance, which served as a retainer for 
orthodontic treatments (12, 13). This appliance incorporated Essix plastics along with the 
interproximal reduction technique, first introduced by ML Ballard in 1944, to address 
orthodontic issues.  
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In 1997, Zia Chishti and Kelsey Wirth founded Align Company, which introduced the aligner 
system known as Invisalign (Align Technology, Santa Clara, California). This system combined 
the use of plastic foils (Essix) with the concept of the tooth positioner (10). 

Subsequently, a large number of new aligner companies emerged in the market, such as Spark 
(Ormco, Orange, California, USA), among others (14).  

In recent years, in-office aligners have been introduced, providing the opportunity to produce 
aligners directly in-house without the involvement from third companies or laboratories and 
emerging as a cost-effective do-it-yourself method to plan, produce, and deliver orthodontic 
aligners (15). 

In fact, CAT is highly prone to rapid technological advancements that influence aligner 
materials, appliance design and manufacturing process. 

The combination of advances in transparent materials and computer technology has led to a 
revolution in CAT, making these orthodontic devices increasingly available and effective for 
tooth alignment in a variety of malocclusions (9). 
 
In fact, the advent of Computer-Aided Design (CAD) and Computer-Aided Manufacturing 
(CAM) technology has enabled the simulation of the dental movements with a pre-
visualization of the individualized treatment outcomes, and the production of customized 
removable transparent aligners, starting from silicone impression or intraoral scans (16).  
A wide range of CAD software is currently available to perform digital setup, and, despite their 
differences, all of them follow a similar workflow (10). 
First, patient dental arches are digitized using 3D scanning and imported into the CAD 
software, where teeth segmentation is performed to separate the teeth from the gingiva for 
digital setup. After setup, the software determines the number of aligners needed to achieve 
the planned dental positions, and the dental models are exported as Standard Tessellation 
Language (STL) files. These models are then 3D printed, followed by a thermoforming process 
to shape the thermoformed aligners (TFA).  
Various software, printers, thermoforming machines, and plastic foils are available on the 
market, each with different specifications and characteristics (10).  

In the past few years, a significant advancement in aligner technology has emerged in the 
field of orthodontics. The introduction of 3D printed resins intended for aligners allowed 
clinicians and laboratories to directly 3D print aligners without the need for dental models 
(10). While the digital set-up method is the same as that for TFA, the workflow for 3D printed 
aligners (DPA) is different because after finishing treatment planning, aligner shell files need 
to be created instead of staged models. Then, aligner shells are exported from the software 
and positioned on the virtual platform of the 3D printer following different various 
orientations (0°, 45°, 60-70°, 90°). For a successful 3D printing, support structures touching or 
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penetrating the aligner shells have to be created, using preprocessing (slicing) software. Using 
VAT technology, the 3D printing of aligners is performed, followed by specific post-processing 
procedures (cleaning, post-curing, and support removal). 

5(5)F=+4A-3+,)+C)D43E,.7)G0-.73046)0,1)G0,AC08-A73,E)?.89,3HA.6))
The evolution of clear aligner treatment is primarily due to changes in the materials available 
in the market (17). 
The clinical success of thermoformed aligner treatment mainly relies on the properties of the 
plastic foil used, its transformation from foil to aligner, and the accuracy of dental model 
printing (10).  
In the conventional thermoforming process, aligners are fabricated by heating the 
thermoplastic foil until it reaches the thermoforming temperature, and by pressing it onto 
the dental models using a vacuum process (17). 
Various thermoplastic materials, or combinations of materials, are being used for fabrication 
due to their excellent characteristics (18).  
The thermoplastic polymers most commonly used for manufacturing commercial 
thermoformed aligners are polyester, polyurethane or co-polyester,! polyethylene 
terephthalate glycol-modified (PET-G), polypropylene, polycarbonate, ethylene vinyl acetate, 
and polyvinyl chloride (17). 
Thermoformed materials have progressed from single-layered or monophasic plastics to 
second-generation polyurethane materials, and now to third-generation multilayered 
materials commonly consisting of both hard and soft layers (19). The soft layer enables elastic 
deformation, facilitating the fitting of the aligner, while the hard layer provides strength and 
durability (19). 
Thermoplastic polyurethane (TPU) is a highly versatile polymer, which is composed mainly of 
di- and tri-isocyanates, combined with polyols (20). Its numerous advantageous properties 
are well-known in the literature, including high mechanical and elastomeric properties, 
resistance to chemicals and abrasion, strong adhesion properties, and ease of fabricating (21). 
Thanks to its flexibility, TPU has the ability to change shape under load and return to its 
original form once the load is removed (17). Additionally, it can elongate and recover, 
demonstrating its resilience. Furthermore, TPU exhibits high wear resistance and a broad 
range of resiliency (17). 
Among the companies that use TPU aligners, Align Techonology Inc. (San Jose, CA, USA) is 
considered the leading aligner company on the market, producing one of the most advanced 
transparent aligner system (Invisalign ®) (22). 
In 2013, significant improvements were introduced in the Invisalign material (23), with the 
transition from a single-layer of polyurethane (Exceed-30, EX30) to a new polymer called 
SmartTrack (LD30), which consists in a multilayer aromatic thermoplastic 
polyurethane/copolyester (17). As claimed by the company, this new material should be more 
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elastic, with a costant release of forces and enhancing the efficiency of treatment 
biomechanics (24). !
Another rapidly growing aligner company, the Ormco Corporation (Spark, Ormco, Orange, CA, 
USA), has recently introduced their SparkTM Clear Aligner System, claiming that their TruGEN 
multi-layer polyurethane material is a next-generation material that provides more 
transparent aligners, with prolonged retention strength and greater resistance to staining 
(25).  
Recently, 3D printed resins have been introduced for 3D printing of aligners (17). The world’s 
first commercially available aligner material is Tera Harz TC-85 resin (TC-85DAC, Graphy, 
Seoul, Korea), which is a photopolymer material with shape memory properties for direct 3D 
printing of aligners introduced in 2021 (26). 
This resin enables combining the benefits associated with 3D printing along with those related 
to shape memory properties (27). 
In fact, 3D printing can avoid adverse effects of thermoforming procedures, including the 
alteration of mechanical, dimensional, and aesthetic properties of the material, ensuring a 
higher accuracy, fitting, and efficacy of the final aligner [69]. Among the other practical 
advantages, there are ease of production, significantly shorter lead times, and lower costs of 
raw materials and of processing workflow (17, 28, 29). 
Shape Memory Polymers (SMPs) are a sub-group of smart shape memory materials which can 
switch from a temporary to their permanent shape, changing their macroscopic form in a 
predefined way in response to a suitable stimulus (17).    
The shape memory mechanism of SMPs is based on two key characteristics: a stable polymer 
network structure which determines the original shape, and a reversible switching polymer 
that enables the material to change into a modified or temporary shape (30, 31). 
In particular, TC-85 resin is a thermoresponsive SMP which has a new capacity to recover its 
original shape after being deformed, upon specific thermal initiation represented by hot 
temperature (27). 
In response to the thermal stimulus (generally hot water), there is reversible activation or 
deactivation of polymer-chain motion in the switching segments, according to the threshold 
of glass transition temperature (Tg=69.45°C) (32). In fact, upon reaching this temperature, the 
elastic property of TC-85 allows it to return from the altered to its original shape, and this 
shape recovery produces light and constant orthodontic forces resulting in more physiological 
tooth movement (17).  
Considering its composition, TC-85 is an aliphatic vinyl ester-urethane polymer, possibly 
cross-linked with methacrylate functionalization (33). This chemical structure provides the 
resin with its characteristic shape memory properties, making it a material completely 
different from the TPU or PETG used for thermoformed aligners (non-cross-linked polymers) 
(33, 34). 
Among the clinical advantages due to its shape memory properties, TC-85 resin enables to 
apply a lighter and more constant forces to the teeth due to its flexibility and viscoelastic 
properties (34). In addition, it is expected that the force decay induced by repeated insertion 
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of the clear aligners will be reduced and a constant orthodontic force will be maintained (34). 
Additionally, its elastic range and its geometric stability also at high temperatures enable to 
perform more tooth movement per step without permanent deformation of the aligner (34). 
 

5(>)>I)J73,-3,EK)L+7MC4+B)0,1)N0730-3+,6)
The recent advancements in digital dentistry have strongly influenced the dental field, both 
in the clinical and research aspects (35).  
The progress of computer-aided design and computer-aided manufacturing (CAD-CAM) 
technology has enabled the improvement of the effectiveness of orthodontic procedures and 
fabrication processes, offering several advantages for patients, clinicians, and dental 
laboratories (35). 
The 3D-printing (or additive manufacturing) process involves the gradual fabrication of an 
object from 3D model data! in a layer-by-layer building process, which enables the 
manufacturing of individualized appliances with tailored properties while spending less time 
and material (36, 37).  
Among the available 3D printing processes, the VAT polymerization method is the most widely 
employed technique for manufacturing a large range of dental devices (37). 
Vat-polymerization is based on the hardening of a bulk liquid to create an object, achieved by 
polymerizing photosensitive liquid resins that cure when exposed to a light source of a specific 
wavelength (37).  
Based on the type of light source used in the printer, the main Vat-polymerization 
technologies are represented by stereolithography (SLA), digital light processing (DLP),!and 
liquid crystal display based (LCD) printers, which polymerize the liquid polymer resins using a 
laser beam, a light beam or LCD screens, respectively (37). 
The applications of 3D-printing have grown rapidly in the surgical and prosthetic fields, but 
recently, they are also expanding into the field of orthodontics due to its potential (38).  
Currently, 3D-printing is primarily used in orthodontics for the fabrication of diagnostic 
models, surgical guides, and occlusal splints (39), but these represent only a few of their 
potential applications.   
The utilization of 3D-printing technology, along with the availability of new materials in the 
market, is changing the manufacturing process of orthodontic devices, especially for 
removable appliances.  
Additive manufacturing, combined with CAD software, enables customizing the appliances 
and designing complex geometric shapes in the same device, improving the efficiency of 
orthodontic treatment.  
The reduction of manufacturing steps allows for the subsequent decrease in laboratory costs 
and production time, resulting in more precise appliances and a decreased production of non-
recyclable waste materials, thus decreasing their environmental impact (10, 40). 
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Therefore, the advancing digital transition is gradually replacing the conventional manual 
manufacturing process with a fully customized digital approach, leading to a consequent 
increasing interest in the new 3D-printed materials.  
Usually, the workflow for the fabrication of digital appliances includes the following major 
stages (10, 37): 

-! Design of digital appliance (CAD software). 
-! Selection of materials and printing technology (SLA, DLP, or LCD). 
-! Data processing (CAM software programs), including the selection of printing 

parameters (layer thickness, exposure time, lifting height and speed, or lowering 
speed), slicing and support parameters (uniform or adaptative slicing, position of the 
object in the building platform, printing orientation/angulation, and supportive 
structure). 

-! Manufacturing. 
-! Post-processing procedures (remove, clean, post-polymerization or post-curing, 

removal of the supportive structures). 
However, there is currently limited knowledge available for the novel 3D-printed materials 
for intraoral use (40, 41). 
This is an important aspect because, due to the specific composition required from 3D-printed 
resins, their properties in terms of biocompatibility may be affected by various parameters 
during all stages of their manufacturing (40). 
Processing variations in manufacturing techniques of 3D-printed polymers may negatively 
influence their biocompatibility, as previously reported in dental literature (42-44). 
Especially in the prosthetic field, the impact of material characteristics, printing device 
technology, printing orientations, layer thickness, washing methods, and post-curing 
conditions has been extensively evaluated for both the mechanical properties and 
cytotoxicity of 3D-printed materials (42, 45-48). 
On the contrary, orthodontic literature lacks information about the potential cytotoxic effects 
of different fabrication parameters because the influence of these variables has been mostly 
assessed on biomechanical properties and dimensional accuracy (48-51). 
Due to the growing fields of applications in orthodontics, this lack of knowledge raises 
numerous concerns because there are still no precise manufacturing protocols to optimize 
the fabrication process and to minimize the cytotoxicity of these newly introduced 3D-printed 
resins.  
 

5(>)236M)+C)*O-+-+/383-O))

!"#"$%&'()*+,%-./012.(3.4%56)*)*73(3)6%3.%892+:*/*+:2;%'.;%#<%=+3.)2;%
>')2+3'0,"%

The cytotoxicity refers to the property of a specific substance or agent to cause destructive 
action to human cells, causing their damage or death (10). It represents an adverse and 
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potentially harmful effect due to the exposure of some materials to human bodies, and some 
dental materials are known to induce cytotoxic effects in oral tissues on contact (3).  

Typically, aligners are worn throughout the day, for a treatment period spanning from months 
to years (8). Therefore, due to their direct contact with the oral environment for a very long 
duration, the safety and biocompatibility of aligner materials have become a matter of public 
health concern (3, 5). 

Aligner materials are expected to not induce adverse reactions locally or systemically, not 
release potentially harmful substances into the intraoral environment, and not be 
carcinogenic (17). 

However, despite the widespread use of aligner treatment and the reported oral diseases 
related to aligner exposure, so far, a very limited number of studies have been conducted on 
this topic (2). Additionally, the existing studies present conflicting outcomes and significant 
variations in their research methodologies, posing challenges in achieving consensus findings 
or establishing a standardized manufacturing workflow for improved biocompatibility (37). 

In fact, as reported by the most recent systematic review on this topic performed by Yazdi et 
al. (2) in 2022, the current literature is inconsistent in this regard, due to the lack of evidence-
based literature and the contradictory findings reported by the published studies (17). 

Additionally, several aligner systems have become available on the market (17). Despite being 
based on similar polyurethane polymeric material, differences in cytotoxicity have been 
reported among aligner systems used by different companies (3, 7, 52), due to the variations 
in material composition and the manufacturing techniques (53). Therefore, the constant and 
growing development of multiple commercial aligner systems necessitates the ongoing 
evaluation of the cytotoxicity of aligners produced by various manufacturers (17). 
Several in vitro studies have assessed the potential cytotoxicity of thermoplastic materials 
used for the fabrication of different commercial clear aligner brands and conflicting results 
have been reported over the years (17). 
Some studies demonstrated that thermoplastic materials do not induce any estrogenic or 
cytotoxic effects (52) and that no Bisphenol A (BPA) or harmful monomers appear to be 
released from the thermoplastic materials (54).  
Other authors reported that the exposure to thermoformed plastics may have negative 
reaction on gingival fibroblasts (3, 7) and epithelial keratinocytes (55). As reported by previous 
studies (3, 7, 56), a slight cytotoxicity was reported for all the materials tested in each study.  
However, despite the low in vitro toxicity of their findings, most of these studies concluded 
that the clinical use of thermoformed aligners may be considered safe, as their toxicity was 
close to that reported in other orthodontic materials (below the safety level)(7) and that the 
oral cavity and saliva offer protection to any adverse effects (55). 
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Polyurethane is the basic component used in plastic-based materials that could be affected 
by changes in the oral environment, which can influence the integrity of plastic aligners (2). 
These modifications lead to the release from plastics of biologically active substances that 
could be cytotoxic or estrogenic molecules, capable of causing biological reactions and modify 
gene expression (57) (Figure 1).  
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One of the compounds with cytotoxic properties is bisphenol!A (BPA). This substance serves 
as the base monomer to produce epoxy resins and polycarbonates that are found in the 
structure of clear aligners (2). BPA has been associated with several harmful effects, including 
a proliferative stimulation on human cells, local and systemic toxicity activity (such as 
disrupting the physiological activity of beta-pancreatic cells), and estrogenic effects, with an 
increased risk of prostate cancer and breast cancer (58). The United States Environmental 
Protection Agency (EPA), following the protocol established by the Food and Drug 
Administration (FDA), has indicated that the safe intake dosage of BPA is 50 µg/kg/day (59). 
However, several studies have reported adverse effects of BPA even at doses lower than this 
established safe standard dose (2).  
Considering the chemical composition of thermoplastic materials, Alexandropoulos et al. (60) 
suggested that isocyanate, and not BPA, is the component that could cause potential adverse 
effects. As previously reported (17), tissue exposure to isocyanate release from thermoplastic 
aligners can induce deleterious oral health effects such as allergic contact reactions. Upon 
contacting oral tissues, isocyanates react by rapidly binding to cellular proteins and 
biomolecules, creating an immunogenic event that leads to sensitization reaction in humans 
(17).  
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As reported by Peter et al. (5) in a recent review of 2022, the release of BPA from aligner 
materials can neither be confirmed nor denied, and the safety of aligners remains a 
questionable topic due to inconsistent evidence and conflicting findings reported by 
published studies.  
According to these findings, another systematic review on the safety of aligners performed 
by Iliadi et al. (61) reported that the release of toxic monomers from aligners remains 
ambiguous across current scientific evidence.  
Again, due to the inconsistency of the available evidence on this topic, it is important to note 
that the latest review on this topic (2) concludes that the biocompatibility issues of 
thermoformed aligners should be taken seriously, and more studies should be conducted to 
assess the amounts of leached plastic compounds and their cytotoxicity in the oral 
environment. 
Instead, considering 3D printed resins, there is a gap in the literature because it is such a 
recent topic that has not yet been adequately investigated. In fact, only two studies (15, 62) 
about the biocompatibility of 3D printed resins with shape memory properties are currently 
available, reporting contrasting results.  
The study conducted by Pratsinis et al. (15) reported that if there are any factors released by 
the direct aligners after 14 days, these substances do not have cytotoxic effects on gingival 
fibroblasts, intracellular levels of ROS, or estrogenic effects. On the contrary, the study by 
Willi et al. (62) reported a large variability in the release of dimethacrylate urethane 
monomers, which could have potentially harmful effects on health after repeated exposure. 
Given the absence of scientific evidence on the topic, numerous concerns have been raised 
regarding the use of 3D printed resins due to certain intrinsic characteristics of the resins and 
manufacturing procedures that can alter their final biocompatibility (40, 42). 
3D-printed resins are generally photopolymers composed of methacrylate (40). All these 
materials are highly toxic and allergenic before being 3D-printed, and the level of toxicity 
significantly decreases after polymerization process, by removing uncured resins (26, 63). 
As reported in the literature (42, 64), polymerization of photopolymer resin is a complex 
procedure, depending not only on the characteristics of the material but also on the curing 
procedure. 
The mechanical properties, viscosity, polymerization shrinkage, absorption of water, and their 
degree of conversion are predominantly determined by the composition of the 3D-printed 
materials (43). 
Most of 3D-printed resins are cured by a free radical polymerization through UV irradiation. 
Once UV light wavelength is absorbed by material, free radicals are produced, inducing cross-
linking of the oligomers and monomers in the resin, resulting in a polymer of cured material 
(65) (Figure 2). 

%
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Even under appropriate polymerization conditions, the incomplete conversion of monomers 
into polymers is a common side effect of all methacrylate-based materials (41). 
This incomplete conversion with a marked reduction in the degree conversion results in an 
increased release of residual monomers that may leach into oral cavity and consequently 
cause adverse biological reactions to the tissues, including gingival inflammation or irritation, 
immune reactions, apoptosis, or cell cycle disturbances (3). 
As previously reported in vitro (41, 66, 67), certain monomers (such as tri-ethylene glycol 
dimethacrylate TEGDMA; 2-hydroxyethyl methacrylate, HEMA; methyl methacrylate, MMA; 
bisphenol A glycidyl methacrylate, Bis-GMA) and extractable additives can induce negative 
biological consequences in surrounding tissues or at distance, including local or systemic 
toxicity (cytotoxicity and genotoxicity), allergic reactions, estrogenic activity, mutagenicity, 
and teratogenicity (68). Additionally, the degradation and metabolism of HEMA and TEGDMA 
monomers can generate epoxides (like 2,3-epoxymethacrylic acid, 2,3-EMA)  that may 
interact with deoxyribonucleic acid  (DNA), potentially causing DNA double-strand breaks 
(69). Furthermore, oxidative stress can occur due to the binding of methacrylate monomers 
with cellular antioxidants and radical scavenger glutathione (GSH), leading to GSH depletion 
and an increase in reactive oxygen species (ROS) production (70). 
The cytotoxicity of the 3D printed polymers largely depends on the type and quantity of the 
residual monomer content (42), which may be attributed to incomplete polymerization or 
inadequate material qualities (43). 
Photopolymer resins used for intra-oral use are categorized into short-term or long-term 
biocompatibility based on the duration of their usage (71). Therefore, surgical guides or 
indirect bonding trays can be 3D printed using resins with short-term biocompatibility, as they 
only need to be in contact with the oral cavity for a limited time. Conversely, orthodontic 
appliances, such as clear aligners, must be 3D printed using long-term biocompatible resins 
(71). 
Although the novel 3D printed resins introduced for additive manufactured medical devices 
are classified as Class IIa medical device, which authorize continuous or repeated intraoral 
use for up to 30 days according to the European Medical Device Directive (guideline 
93/42/EEC) (41, 72), improper manufacturing procedures may increase the risk of cytotoxic 
effects in both the short and long term (42, 73).  
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In addition to the characteristics of the resin material, another critical step that may influence 
the cytotoxicity of the final 3D-printed appliances is the post-curing (40, 42, 74). The post-
curing is a process in which after the 3D-printing, the solid object obtained is exposed to an 
additional ultraviolet (UV) light source to complete the polymerization reaction in all areas 
(17), to minimize the residual monomer content and its harmful contact with oral tissues (42). 
Different post-curing conditions have been proposed in literature. The selection of the proper 
curing time, UV intensity and temperature, such as the use of external light curing devices 
operating with LED or Xenon lamps, or the presence or absence of Nitrogen gas during 
polymerization are parameters that can influence the cytotoxicity of the final 3D-printed 
device (40, 42). 
As previously reported (75, 76), the degree of conversion of 3D printed resin is specifically 
enhanced by oxygen inhibition and long exposure time, high wavelength, intensity of UV 
curing light and temperature during the post-curing reaction. 
However, even using the correct amount of UV light, if the resin is exposed to atmospheric 
oxygen during the curing, oxygen may penetrate on the top layer and inhibit the complete 
polymerization of the surface layer, resulting in an under-cured polymer with unreacted 
oligomers and monomers (65) (Figure 3) .  
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Several strategies have been suggested to prevent the inhibitory effect of oxygen on 
photopolymerization, including to post-cure under an inert gas like nitrogen, or, less 
frequently, using glycerin or vacuum, to exclude the oxygen from the environment during the 
post-polymerization (76).  
For the post-curing, Graphy recommends using Tera Harz Cure, an external curing machine 
with nitrogen generator, which uses UV LED and a wavelenght of 405 nm (Figure 4).  
%
%
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The presence of nitrogen enables dispersing oxygen and creating an oxygen-free environment 
inside the curing chamber. This step allows to achieve complete conversion of monomers and 
oligomers, preventing shrinkage and discoloration, and attaining optimal resistance to 
bending and deformation, as reported by the company. The protocol is curing aligners for 14 
minutes with nitrogen gas.  
Despite the ever-increasing interest in 3D-printed appliances, the effects of post-processing 
variables on their final biocompatibility are poorly documented in the current orthodontic 
literature also because of the very recent introduction of this 3D printed aligner resin (40). 
In addition, the few available studies about the cytotoxic effects of 3D-printed resins report 
contrasting results and show disparities in research protocols, making it difficult to 
standardize the manufacturing workflow aimed at achieving better biocompatibility (37).  
An important aspect is that aligners are yellowish after 3D printing but become clear after 
post-curing (Figure 5).  
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Incorrect post-curing procedure can affect the final proprieties of the aligners. Particularly for 
the post-curing conditions, considering all the currently available literature on Graphy 
aligners, there is no unanimity on the post-curing protocol (Table 1).  
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Study  Post-curing time 
"#$%&'$!(#$)&*+(!!
Can et al. (33) 5 minutes from cervical and incisal sides 
Zinelis et al. (51) 10 minutes from cervical and incisal sides 
Koletsi et al. (77) 12 minutes from the cervical and incisal 

sides 
Pratsinis et al. (15) 
Willi et al. (62) 

24 minutes from the cervical and incisal 
sides 

Koenig et al. (78) Not specified 
"#$%!(#$)&*+(!
Grant et al. (79) 14 minutes with nitrogen 
Hertan et al. (80) 35 minutes with nitrogen 
Lee et al. (34) 
Park et al. (48) 

25 min with nitrogen x 2 times 

Eslami et al. (81) 
Sayahpour et al. (82) 

20 min with nitrogen 

 
Considering the wide range of emerging 3D-printed resins, 3D-printers, and post-curing 
machines on the market, this presents an issue because multiple 3D fabrication systems and 
processes are available to clinicians, increasing the risk of delivering a potentially harmful final 
3D-printed appliance to the patient (73). 
!

!"#"!%?*)2.)3'0%@2'0)9%A3,B,%C,,*(3')2;%D3)9%56)*)*73(3)6&
!
Several adverse clinical effects of aligners have been reported on humans, especially in terms 
of oral diseases (4). Pain, burning, tingling, or soreness of the tongue and lips, blisters or 
ulcerations on the tongue, lips or oral mucosa, swelling of the gums, tongue, or lips, gingival 
or mucosal inflammation or irritation are common side effects reported after aligner 
exposure (2, 4, 83, 84).  
Several components of aligner materials, including BPA, isocyanate, and methacrylate 
monomers, have been associated with these harmful effects (2, 68). These components can 
induce a local risk of allergic and irritant contact dermatitis, even below their safety limit 
values (5). 
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Allareddy et al. (4) summarized the adverse clinical events reported during the use of 
thermoplastic aligners according to a retrospective analysis by the FDA. In addition to the 
above mentioned potential oral health risks associated with the aligner treatment, during a 
ten-year observation period, various serious adverse systemic effects (also life-threatening) 
are also associated with the use of aligners, including difficulty in breathing, sore throat, 
swollen throat, swollen tongue, hives, itchiness, and anaphylaxis (4). 
Additionally, as emerged from their findings, these adverse events are grossly underreported 
in clinical practice, and that providers and manufacturers should pay attention to unexpected 
complications (4).  
 

3. Materials and Methods  
>(')F/P.73Q.,-04)I.63E,)

¥! Experiment 1: Preliminary Study on Animal Cells. 
This experiment aimed to assess the cytotoxicity of 3D printed materials under various 
post-curing conditions using mouse cells. The experimental setup involved culturing 
mouse cells in vitro and exposing them to 3D printed materials treated with different 
post-curing methods. 

¥! Experiment 2: Evaluation on Human Cells.  
The objective of this experiment was to evaluate the cytotoxicity of 3D printed 
materials under different post-curing conditions using human cells. Human cell lines 
were cultured and subjected to exposure to 3D printed materials treated with varying 
post-curing techniques. 

¥! Experiment 3: Comparison of Thermoformed and 3D Printed Aligners. 
 This experiment compared the cytotoxicity of thermoformed aligners with 3D printed 
aligners using human cells. The experimental design involved culturing human cells 
and exposing them to three types of aligners to assess and compare their respective 
cytotoxic effects. 

 

>(5)G0-.7304)* +44.8-3+,)0,1)D43E,.7)G0,AC08-A73,E)
An a priori power analysis was conducted using G*Power (Heinreich Heine Universität, 
Dusseldorf, Germany) version 3.1.9.6 to determine the minimum sample size required to test 
the study hypothesis (85). The results indicated the required sample size to achieve 95% 
power for detecting a medium effect, at a significance criterion of α = .05, was N = 12. 
Therefore, for each experimental group, a total of 12 aligners were tested. 
Three different aligner materials were used in the present study: two thermoformed 
materials, SmartTrack (Invisalign, Align Technology, XX) and TruGen (Spark, Ormco), and one 
3D-printed resin, Tera Harz TC-85 DAC (Graphy, Graphy company). 
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Information regarding the composition of the materials and their manufacturers is shown in 
Table 2.  

 

8'N02%! "%D034.2+%:')2+3'0,%;2,(+3=)3*."%

Group Material Type Composition Manufacturer 

,(-#./0#*(! SmartTrack Thermoformed  Multilayer aromatic 

thermoplastic 

polyurethane/copolyester 

Align 

Technology 

12/)3!! TruGEN Thermoformed  Multi-layer polyurethane  Ormco  

4)/2%5!! Tera Harz TC-

85 DAC 

3D-printed Photopolymerizable aliphatic 

vinyl ester-urethane polymer, 

cross-linked with methacrylate 

functionalization 

Graphy  

 

Invisalign and Spark aligners were obtained from mid-course refinements of orthodontic 
patients with a similar initial malocclusion (Class I, anterior crowding). Thermoformed aligners 
were stored inside the sealed packs originally provided by the manufacturers. 
For 3D-printed aligners, digital models were imported into orthodontic computer-aided 
design software (OnyxCeph; Image Instruments, Chemnitz, Germany), and a set of maxillary 
and mandibular aligners with a thickness of 0.5 mm was virtually designed. After generating 
an STL file with printing supports, 3D-printed aligners were printed using the Uniz NBEE (UNIZ 
technology, San Diego, USA) with a 60° printing orientation and 100 µm printing layers, using 
Tera Harz TC-85 DAC resin (Graphy, Seoul, Korea).  
After printing, the aligners were removed from the printer’s platform, placed in a spinner 
machine for 6 minutes, and then dried using compressed air to avoid any excesses of resin 
during the post-curing. Subsequently, the printing supports were removed from aligners, and 
the trays were post- cured under different post-curing conditions. 
The aligners were washed in an ultrasonic cleaning machine at 80°C for 2 minutes and then 
in boiling water for 1 minute, according to manufacturer's instructions. After the washing 
procedures, the aligners were dried for 5 minutes in a dryer machine. After drying, 3D-printed 
aligners were packaged using a silver foil, to block any additional UV light exposition. 
A summary of the manufacturing conditions of the 3D aligners for the three experiments is 
presented in the Table 3. 

>(>!J+6-RJ7+8.663,E)J7+8.1A7.6)+C)>I)J73,-.1)D43E,.76!
The different post-curing parameters for Experiment 1, 2, and 3 are summarized in Figure 6 
and Table 3.  
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!
In the Experiment 1, two different post-curing conditions of 3D printed aligners were tested: 
in the post-curing 1A (P1A), six aligners were placed horizontally and post-cured using the 
Tera Harz Cure with Nitrogen generator (THC2) curing machine (Graphy, Seoul, Korea). 
According to the manufacturers’ instruction, post-curing time was set at 14 minutes, using a 
high UV light intensity (200W) and a generator of nitrogen for oxygen removal. 
A second set of six aligners was post-cured for 30 minutes on each side of the aligner (totaling 
60 minutes), using the Form Cure (FormLabs Inc, Somerville, USA) (Postcuring 1B, P1B). 
The technical properties of the curing machines are summarized as follows: 

-! THC2: Light Source = UV LED; LED Wavelength = 405 nm; LED power Output = 200W; 
LED Operation Temperature = 5-35°C. 

-! FormCure: Light Source = 13 multi-directional LEDs; LED Wavelength = 405 nm; LED 
power Output = 39 W; LED Operation Temperature = suggested 18°-28°C (maximum 
80°). 

 

In the Experiment 2, 3D printed aligners were post-cured using the Tera Harz Cure with 
Nitrogen generator (THC2) curing machine (Graphy, Seoul, Korea).  
The aligners were post-polymerized using different procedures:  

-! P2A condition: with Nitrogen for 14 minutes (six aligner sets). 
-! P2B condition: without Nitrogen for 14 minutes (three aligner sets). 
-! P2C condition: without Nitrogen for 30 minutes (three aligner sets). 

 
In the Experiment 3, 3D printed aligners were post-polymerized according to the 
manufacturer's instructions, using the THC2 machine for 14 minutes and nitrogen, and then 
compared to the thermoformed materials. 

!"#!@0QP4.)J7.P070-3+,)
Each aligner material (Invisalign, Spark, and Graphy) was prepared by cutting it into pieces 
using the following methodological approach. 
All the procedures were performed in a class-II biosafety cabinet to reduce the potential 
contamination of the aligners. Additionally, after obtaining the pieces from each material, the 
bench was cleaned with 80% ethanol to prevent unwanted cross contamination of material 
across different samples. 
The sealed packages of Invisalign and Spark aligners were opened directly in the biosafety 
cabinet under sterile conditions, to use them as received from the companies (Figure 7). 
 

%
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Being manufactured in office, Graphy aligners were submerged for 1 minute in boiling water, 
as per standard protocol recommended by the manufacturer (Figure 8).  
%
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The Graphy aligners were then dried in the biosafety cabinet resting on a disposable sterile 
tissue wipe contained in a single use periodontal treatment kit (MDDI Global). 
The aligners have been handled only using dedicated and sterile instruments, e.g. autoclaved 
tweezers, to prevent any cross contamination of material particles. 
The aligner pieces were prepared to reach a final size of approximately 2mm x 2mm for each 
piece. A periodontal probe was used as a measurement reference tool (Figure 9).  
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According to the protocol defined by the International Standards Organization (ISO) 10993-5 
norm, the samples were sterilized at 121°C. 

>(")SAQ0,)8.446)36+40-3+,)
The experiments were conducted in accordance with the Declaration of Helsinki. The study 
was approved by the Ethical Committee, under the project BIADIDENT Rep 4159/2018, at 
“Ospedali Riuniti” of University of Foggia.  

Normal human third molar buds were collected from the tooth buds of healthy pediatric 
patients, aged 8–12 years, who underwent extractions for orthodontic reasons, mainly 
overcrowding, after obtaining informed consent from both parents of the patients. 

The central part of dental buds, corresponding to the dental papilla, was cut in small pieces, 
and digested with agitation for 1 hour at 37°C in a solution of 3 mg/mL type I collagenase plus 
4 mg/mL dispase (Gibco Ltd., Uxbridge, UK). Single cell suspension was obtained by passing 
the cells through a 70" m BD Falcon strainer (Falcon) (Becton & Dickinson, Sunnyvale, CA, 
USA). 

After filtration, single-cell suspension was centrifuged at 1300 rpm for 5 min; the pellet was 
resuspended and cultured in Mesenchymal Stem Cell Culture medium supplemented with 5% 
fetal bovine serum (FBS), 100 U/mL penicillin-G, and 100 " g/mL streptomycin (Gibco Limited, 
Uxbridge, UK). 

Cells were seeded at a density of 5 x 10"  cells/cm#. Flasks were incubated at 37°C and 5% CO# 
and the medium was changed every 3 days. 

>(T)U,)N3-7+)*O-+-+/383-O)?.6-3,E)
Frozen cultures of primary normal human dental bud stem cells (DBSCs) were provided by the 
University of Foggia, Italy, and then cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
(4.5 g/L D-Glucose, L-Glutamine, Pyruvate) without L-ascorbic acid (L-AA) supplemented with 
10% fetal bovine serum and 1 X Gibco® Antibiotic-Antimycotic (Thermo Fisher Scientific, 
Waltham, MA, USA) in 96-well plates (9 x 10"! cells/well).  The cells were grown under the 
same standard conditions at 37 °C in a humidified environment of 5% CO2 and 95% air. 
Cell confluence over time was measured by inverted microscopy imaging (Evos XL Core, 
Invitrogen, Thermo Fisher Scientific). DBSCs, when grown to 80% confluency, were detached 
by pre-treating with 2.5 mM EDTA for 5 minutes at room temperature, followed by incubation 
with 2.5 ml of trypsin for 5 minutes. The viability of DBSCs was confirmed by Invitrogen 
Tryptan Blue Stain used with Countess Automated Cell Counter trypan blue exclusion (trypan 
blue dye, 0.4% solution, Thermo Fisher Scientific). For the experiments, cell cultures between 
passage 5 and 6 were used. 
To assess the cytotoxicity comparison between post-curing conditions and materials, the 
aligner material samples were placed in 96-well plates for 7 or 14 days. 
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As reported by Park et al.(86), the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay was used to assess cell viability after exposure to potentially cytotoxic 
materials. 5 mg/ml of MTT (Thiazolyl Blue Tetrazolium Bromide Assay,  
S-M5655-500MG, Sigma-Aldrich) was dissolved in RPMI-1640 without phenol red. The 
solution was filtered through a 0.2 μm filter and stored at 2-8°C. 
The cell cultures were washed with PBS-EDTA, and the cells were treated with an MTT 
solution (diluted 1:10 in DMEM) and then incubated at 37°C in a humidified chamber at 5% 
CO2 for 4 hours. At the end of the incubation period, the medium was removed, and the 
reaction was stopped by the addition of 100 μl of 0.04 N HCl in absolute isopropanol, in which 
the converted dye (formazan) was solubilized.  
Then, the plates were gently swirled for 10 minutes, and the optical density (OD) of each well 
was immediately measured in a spectrophotometer (550 Microplate Reader Bio-Rad 
Laboratories Inc., CA, USA) at 570 nm. The measurements were taken at 15 and 30 minutes 
after each test.  
For the Experiment 1, three independent experiments were performed after 7 and 14 days, 
and each group was tested in triplicates: 

-! P1A = resin post-cured under P1A condition. 
-! P1B = resin post-cured under P1B condition. 
-! Positive controls (C+) = the DMEM medium with cultured cells, without any aligner 

specimens. 
-! Negative controls (C-) = the DMEM medium without cultured cells and aligners 

specimens. 

For the Experiment 2, three independent experiments were performed after 7 and 14 days, 
and each group was tested in triplicates: 

-! P2A=resin post-cured under P2A condition. 
-! P2B=resin post-cured under P2B condition. 
-! P2C=resin post-cured under P2C condition. 
-! Positive controls (C+)=the DMEM medium with cultured cells, without any aligner 

specimens. 
-! Negative controls (C-)=the DMEM medium without cultured cells and aligners 

specimens 

To evaluate the cytotoxicity comparison between aligner materials, the aligner material 
samples were placed in 96-well plates for 7 days. Three independent experiments were 
performed in triplicates: 

-! Graphy Group = Graphy specimens (P1A post-curing procedures) cultured in the 
DMEM medium. 

-! Invisalign Group = Invisalign specimens cultured in the DMEM medium. 
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-! Spark Group = Spark specimens cultured in the DMEM medium. 
-! Positive controls (C+) = cells cultured in the DMEM medium without any aligner 

specimens 
-! Negative controls (C-) = the DMEM medium without cultural cells and aligners 

specimens. 

To eliminate optical interference from background components, the values obtained for the 
DMEM (C- group) were subtracted by the means of the other groups (i.e. for Experiment 1: 
P1A, P1B, C+). 

The OD of the C+ cells served as a reference for 100% cell viability and was used to assess the 
level of cytotoxicity in the assay. 

As previously reported (7), cell viability was calculated according to the following formula: 

Cell viability (%) = (mean value of the OD of the examined groups/mean value of the OD of 
the control group) x 100. 

According to Ahrari et al.(87), the cytotoxicity was calculated as follows: 

-! No cytotoxicity = cell survival more than 90%. 
-! Slight cytotoxicity = cell survival between 60%-90%. 
-! moderate cytotoxicity = cell survival between 30%-59%. 
-! Severe cytotoxicity = cell survival less than 30%. 

>(#)@-0-36-3804)D,04O636)

Descriptive statistics and a statistical analysis were performed using the Statistical Package 
for Social Sciences (SPSS 22.0, SPSS IBM, Armonk, NY, USA). The Shapiro-Wilk test was 
performed to assess the normal distribution of the data. Due to a normal distribution, 
parametric tests were applied. 

¥! Experiment 1 and 2: Two-way analysis of variance (ANOVA) and one-way ANOVA with 
Tukey’s post hoc test were performed to analyze the differences between the 
different post-curing conditions (P1A, P1B, C+ for Experiment 1; P2A, P2B, P2C, C+ for 
Experiment 2) and timepoints (7 and 14 days). Independent Student t-test was used 
to compare the different timepoints.   

¥! Experiment 3: One-way ANOVA was used to assess the cell survival differences among 
various aligner materials (Graphy, Invisalign, Spark, C+) at a single time point (7 days).  

The level of significance for all analyses was set at P ! .05. 
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4. Results  

V(')F/P.73Q.,-)' )

The results of the cytotoxicity assay and the level of cell viability for the P1A, P1B, and C+ 
groups after 7 and 14 days are shown in Tables 4 and 5. 

 
8'N02%R"%<3//2+2.(2,%':*.4%4+*1=,%T@$DL%@$QL%5[S%'.;%>88%)3:3.4,%TY%'.;%$R%;'6,S"%%
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Test P Value 

Group 7.374 2 3.687 166.341 <0.001*** 
MTT 4.978 1 4.978 224.604 <0.001*** 
Group*MTT 1.444 2 0.722 32.567 <0.001*** 

*** P ≤ 0.001 
!

8'N02%V"%<2,(+3=)3H2% '.;% -./2+2.)3'0% G)')3,)3(,% */% 5200% K3'N303)6%/*+% @$DL% @$QL% '.;% 5[% 4+*1=,L% 27=+2,,2;% 3.%
=2+(2.)'42%T\S"%
 

Day 7  Day 14 P value 
Group Mean ± SD (%) Cytotoxicity  Mean ± SD (%) Cytotoxicity 
P1A 107.12 ± 17.47 A$ None 106.74 ± 18.41 A None n.s. 
P1B 59.79 ± 10.06 B*** Moderate 47.09 ± 20.62 B*** Moderate * 
C+ 100.00 ± 24.71 A /  100.00 ± 18.61 A / n.s. 

 
]]]%"!^%M"MM$_%]]%" %̂%"M$_%]%" %̂%"MV̀%.",a.*)%,34.3/3('.)"%%
" %H'012%3.;3(')2 ,%,)')3,)3('006%,34.3/3('.)%;3//2+2.(2,%N2)E22.%)3:2=*3.),"%
! %<3//2+2.)%02))2+%3.%)92%,1N4+*1=,%3.;3(')2%)92%,)')3,)3('006%,34.3/3('.)%;3//2+2.(2,%':*.4%=*,) U(1+3.4%(*.;3)3*.," !

!
Statistically significant differences between the groups and the MTT timings were 
demonstrated using the two-way ANOVA (Table 4). At 7 and 14 days, the P1B group exhibited 
significantly lower values compared to the P1A and C+ groups (P<0.001). At each time point, 
the cell’s survival was significantly reduced in the P1B samples compared to the P1A samples 
(P<0.001). A slight increase in cell viability was observed for the P1A group compared to the 
control group, although this enhancement was not statistically significant (Table 5). 
Overall, the P1A post-curing process showed high cyto-compatibility after 7 and 14 days, with 
a cell viability of 107.12% ± 17.47% and 106.74% ± 18.41%, respectively. In contrast, the P1B 
procedures reported significantly moderate cytotoxicity (P<0.001), with a mean percentage 
of surviving cells of 59.79% ± 10.06% after 7 days, and 47.09% ± 20.62% after 14 days (Table 
5). 
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V(5)F/P.73Q.,-)5)

The MTT results and cytotoxicity levels for P2A, P2B, P2C and C+ groups at 7 and 14 days are 
shown in Tables 6 (A, B), 7 and Figure 10.  
 
8'N02%F"%DS%<3//2+2.(2,%':*.4%4+*1=,%T@!DL%@!QL%@!5L%5[S%'.;%>88%)3:3.4,%TY%'.;%$R%;'6,S"%%
%
@9D%3$* 1>#$*OOO*@D'*9P*

@QD:%$/*
"#! R$:(*@QD:%$* $*1$/)* %*S:=D$*

T%9D#* 567U-* - * 56+V+* +C6CC,* 56555*WWW*

R11* 56+CV* +* 56+CV* ++6,VM* 5655+*WWW*
T%9D#WR11* 56+;C* - * 56577* C6+-;* 5655M*WW*

]]]%"!%M"MM$_%]]%" %̂%"M$_%]%" %̂%"MV"%
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FOI*
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FZI*
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8'N02%Y"%<2,(+3=)3H2%'.;%-./2+2.)3'0%G)')3,)3(,%*/%5200%K3'N303)6%/*+%@! DL%@! QL%@!5L%'.;%5[%4+*1=,L%27=+2,,2;%3.%
=2+(2.)'42%T\S"%
 

Day 7  Day 14 P value 
Group Mean ± SD (%) Cytotoxicity  Mean ± SD (%) Cytotoxicity 
P2A 97.15 ± 9.24 AB$ None 96.89 ± 11.48 A None n.s. 
P2B 91.12 ± 9.98 B* None 75.27 ± 13.85 B* Slight ** 
P2C 94.44 ± 9.19 AB None  81.38 ± 15.27 BC* Slight ** 
C+ 100 ± 7.56 A /  100 ± 13.22 A / n.s. 

]]]%"!^%M"MM$_%]]%" %̂%"M$_%]%" %̂%"MV`%.",a.*)%,34.3/3('.)"%%
" %H'012%3.;3(')2,%,)')3,)3('006%,34.3/3('.)%;3//2+2.(2,%N2)E22.%)3:2=*3.),"%
! %<3//2+2.)%02))2+%3.%)92%,1N4+*1=,%3.;3(')2%)92%,)')3,)3('006%,34.3/3('.)%;3//2+2.(2,%':*.4%=*,)U(1+3.4%(*.;3)3*.,"%
%

 

&341+2%$M"%W+'=93('0%2H'01')3*.%*/%(200%H3'N303)6%':*.4%)92%=*,) U(1+3.4%4+*1=,%T@!DL%@!QL%@!5L%5[S%')%Y%'.;%$R%
;'6, " 

%

]%@%^%"MV_%]]%@%^%"M$_%]]]%@%^%"MM$"% 

%
A two-way ANOVA was conducted that examined the effect of post-curing conditions and 
MTT timings on cell viability. There was a statistically significant interaction between the 
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effects of groups (P2A, P2B, P2C, and C+) and different timings (7 and 14 days) on cell survival 
rates (P<0.05).  
Overall, a significant reduction in cell survival was observed for the post-curing conditions P2B 
and P2C compared to groups P2A and C+ (P<0.05). Groups P2A and C+ exhibited similar cell 
viability, as reported by groups P2B and P2C, with no significant variations between them 
(Table 6B). 
Specifically, at 7 days, the P2A group exhibited higher cell survival rates compared to the P2B 
and P2C groups, although without significant differences. Additionally, both the P2A and P2C 
groups demonstrated comparable cell viability to the C+ group, while the P2B group displayed 
significant differences when compared to C+ (P<0.05), although no cytotoxicity was reported 
for P2B after 7 days (Table 7). 
After 14 days, the P2A group showed the highest cell viability among the post-curing 
conditions, with significant differences compared to P2B (P<0.05) and P2C (P<0.05). In 
contrast, P2A and C+ groups exhibited similar cell survival rates after 14 days, while both the 
P2B and P2C groups demonstrated significant differences when compared to P2A (P<0.05) 
and C+ (P<0.05). 
From 7 to 14 days, the cell viability decreased significantly in the P2B (P<0.01) and P2C 
(P<0.01) groups; on the contrary, P2A samples showed no significant changes between 
timepoints (Table 7). 
Overall, the P2A post-curing process demonstrated high cytocompatibility, with no significant 
decrease observed from 7 to 14 days. In contrast, although the P2B and P2C conditions 
showed high biocompatibility after 7 days, the mean percentage of surviving cells significantly 
decreased after 14 days (P<0.01). 
 

V(>)F/P.73Q.,-)>)
The cytotoxicity results and cell viability for the tested aligner materials (Graphy P1, Invisalign, 
Spark) at 7 days are shown in Tables 8 and 9, and Figure 12. One-way ANOVA reported no 
significant differences in surviving cell percentages between DPA and TFA groups (P>0.05), 
with no significant differences observed among the tested groups and controls (P>0.05). 
Overall, all the materials exhibited high cytocompatibility after 7 days (Table 9 and Figure 11). 
 

8'N02%Z"%5200%H3'N303)6%(*:='+3,*.%TW+'=96L%-.H3,'034.L%G='+CL%'.;%5[S%H3'%b.2Uc'6%DdbKD"%

% G1:%*/%Ge1'+2,% ;/ ! >2'.%Ge1'+2% &% " %
Q2)E22.%W+*1=,% $?F"F$#% #% FV"V#Z% M"YYR% M"V$F%

c3)93.%W+*1=,% #!$F"$?V% #Z% ZR"F#Y% %% %%
8*)'0% #R$!"ZMZ% R$% % % %
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8'N02%?"%5200%K3'N303)6%T27=+2,,2;%',%'%=2+(2.)'42S%':*.4%'034.2+%:')2+3'0,%TW+'=96L%-.H3,'034.L%G='+CS%')%Y%;'6,%
(*:='+2; %)*%)92%(*.)+*0,"%
%

Material Mean ± SD (%) Cytotoxicity 
Graphy 94.57 ± 10.62 A$ None  
Invisalign 94.71 ± 9.59 A None 
Spark 94.96 ± 8.66 A None 
C + 100 ± 8.62 A None 

]]]%"!^%M"MM$_%]]%" %̂%"M$_%]%" %̂%"MV"%%
! %<3//2+2.)%02))2+%3.%)92%,1N4+*1=,%3.;3(')2%)92%,)')3,)3('006%,34.3/3('.)%;3//2+2.(2,%':*.4%:')2+3'0," %
%
%
&341+2%$$"%W+'=93('0%2H'01')3*.%*/%(200%H3'N303)6%':*.4%'034.2+%:')2+3'0,%TW+'=96L%-.H3,'034.L%G='+CS%')%Y%;'6,%3.%%
(*:='+3,*.%E3)9%)92%(*.)+*0,"%

 

 
%
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5. Discussion 
"(')U,-.7P7.-0-3+,)+C)2.6A4-6))
The biocompatibility of dental materials is an important issue (88) because it indicates the 
ability of a material to interact with a biological system without causing injury (89) related to 
toxicity or harm to the oral environment (88).  
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Due to rapid development of new aligner systems, research has increasingly focused on 
aligner material biocompatibility, but literature findings are often contradictory, and 
experimental approaches different (90). 
Testing the cytotoxic effects of dental materials using cell culture techniques is relatively 
simple, repeatable, cost-effective, and controllable. In fact, in vitro studies are commonly 
used to assess cytotoxicity of dental polymers, especially with animal and human cell cultures 
(3, 15), representing a more viable alternative to animal experiments, which may introduce 
uncontrolled variables (55). Additionally, the MTT assay has long been regarded as the gold 
standard of cytotoxicity assays due to its high sensitivity, making it suitable for use as a high-
throughput screening assay (91). According to the previous literature (3, 7, 15, 92), the MTT 
assay is the most used colorimetric assay to assess cytotoxic effects of aligner materials. This 
assay reveals cell viability through the determina}on of mitochondrial func}on by measuring 
the ac}vity of mitochondrial enzymes such as succinate dehydrogenase (2). In this assay, MTT 
is reduced to a purple formazan and light absorbance at a specific wavelength can then 
quan}fy this product (2). This assay is highly reproducible, safe, and precise (2). 
The purpose of this research project was to test whether different post-curing conditions 
could affect the cytotoxicity of 3D printed aligners and if any differences in cytotoxicity existed 
between thermoformed and 3D-printed aligners.  According to the present findings, the null 
hypothesis that the post-curing procedures would not influence the relative cytotoxicity of 
3D-print materials has been rejected, while the null hypothesis that no differences in 
biocompatibility among thermoformed and 3D printed materials has been confirmed.!
In fact, as reported in the literature (42) the cytotoxicity of 3D-print materials may be affected 
by several parameters, including the material’s composition, the printing conditions (the type 
and speed of the printer device, or the orientation of the aligner on the build plate), and post-
processing procedures (washing and post-curing) (42). Therefore, each step in the material’s 
processing stage may have a negative impact on its biocompatibility(42).  
This aspect is of great significance as a wide range of 3D-printers and post-processing 
machines are commercially available and the manufacturer recommendations are not always 
followed by the end-users (42).   
In the preliminary study (Experiment 1), MC3T3E-1 mouse pre-osteoblasts were used because 
they have previously been useful for analysing cytotoxicity and provide an accurate 
assessment of a broad range of adaptive cellular responses. Tera Harz TC-85 resin, a 
photopolymer material for the direct 3D-printing of aligners introduced by Korean Graphy 
Inc. company (17, 27), was used to manufacture several copies of 3D-printed aligners of the 
same size and geometry. To assess the overall cytotoxicity of the material under different 
post-curing procedures and minimize the impact of additional variables on the level of 
cytotoxicity, the aligners were printed using the same 3D-printer. 
 The polymerization of photopolymer resin is a complex procedure, which depends, not only 
on the characteristics of the material but also on the properties of the curing machines (42, 
64). According to previous studies (93), the degree of conversion of 3D-printed resin can be 
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specifically enhanced by factors such as oxygen inhibition, high UV wavelength, the intensity 
of the curing light, and the temperature during the post-curing reaction (65).   
Most 3D-printed resins are cured by free radical polymerization through UV irradiation (76). 
When the UV light wavelength is absorbed by a material, free radicals are produced which 
induce cross-linking of the oligomers and monomers within the resin, resulting in a polymer 
of cured material (76). However, even using the correct amount of UV light, if the resin is 
exposed to atmospheric oxygen during the curing process, oxygen may penetrate the top 
layer and inhibit complete surface polymerization, resulting in an under-cured polymer with 
unreacted oligomers and monomers(65). Therefore, minimizing residual monomer content in 
3D-printed aligners is necessary to reduce later contact with the oral tissues(42). 
The Graphy company strongly recommends post-curing the aligners using an external UV 
curing device (THC 2 UV Curing System) with a Nitrogen generator to guarantee sufficient final 
polymerization (94). This is an external light curing device operating with a UV LED, at a 
wavelength of 405 nm and an intensity of 200 W, plus with a generator of nitrogen for oxygen 
removal.  
By using two types of post-curing processes and devices, the preliminary experiment 
compared two different curing conditions. In addition to the THC 2, the Form Cure was also 
assessed as it uses a 405-nm light source with 13 multidirectional light-emitting diodes, in 
association with a heated cure chamber that can reach a temperature of 80°C (72). 
The P1A group showed high biocompatibility, while the P1B group exhibited moderate 
cytotoxicity. However, after 7 and 14 days, the aligner post-cured with THC-2 (P1A) was not 
found to be cytotoxic, and a higher cell proliferation was observed compared to the control 
group. According to previous findings (42, 95), this could be explained by the improved cell 
adhesion of 3D-printed materials, which exhibited a greater surface area for cell adhesion and 
may result in greater cell viability compared to controls. 
The significant interaction between the post-curing procedures and the cytotoxicity of the 
aligners may be explained by the different technical properties of the two curing devices. 
Although both curing machines used a long wavelength to achieve better surface curing, two 
factors in the P1A group may have improved cell viability, resulting in high biocompatibility of 
the P1A resin. The increased light intensity of THC-2 and the possibility of curing under an 
inert gas like nitrogen to exclude oxygen from the environment resulted in an improved post-
polymerization process with a shorter exposure time (14 minutes). 
However, even though the P1B post-curing conditions involved the use of a higher 
temperature and a longer curing time, the P1B resin showed moderate cytotoxicity, likely due 
to the less powerful UV curing lamp and the lack of oxygen inhibition associated with the 
FormCure machine. 
Therefore, due to the dependence of the cytotoxic properties of 3D-printed aligners on the 
post-curing procedures, the assessment of the optimal conditions for the post-polymerization 
of a newly 3D-printed material was indicated, considering the wide range of post-curing 
conditions. 
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Although the limitations due to the use of animal cells and the introduction of more variables 
which may have influenced the outcomes, the current findings enabled a preliminary 
assessment of post-curing parameters affecting the cytotoxic effects of 3D-printed aligners. 
Therefore, to overpass these limitations, in the second part of the study (Experiment 2), 
human cell cultures was used to assess different post-curing procedures using the same post-
curing device and analyzing the influence of a single variable for each group on the final 
aligner cytotoxicity (specifically, the influence of nitrogen, high UV light intensity, and 
prolonged exposure time).  
Specifically, human DBSCs were used to test the cell viability after aligner exposure, which 
have the potential to differentiate towards fibroblastic, dentinogenic, chondroblastic, and 
osteoblastic tissue lines (96-98). 
Although gingival fibroblasts are considered the gold standard for assessing the cytotoxicity 
of dental materials, it should be noted that the aligner only contacts with approximately a 
third of the gingiva (2). The remaining portion is in contact with other oral mucosal tissues, 
leading to potential cytotoxic effects on them (2).  
The safety of aligner materials towards oral cavity cells is of significant concern (99) and 
previous studies have already reported that the exposure of the oral tissues to 3D-printed 
resins and thermoformed materials has potential cytotoxic effects, which cause irritation, 
inflammation and burning of the oral mucosa, and its genetic cell damage (2, 75, 100). 
Therefore, instead of gingival fibroblastic cell lines, in this study the authors used DBSCs 
because of their high differentiation capacity (99).  
Containing both the epithelial and connective tissue precursors, these stem cells enable to 
mimic the different tissues of the oral cavity mucosa (98), providing a comprehensive 
assessment of oral cell health when exposed to different aligner materials. 
3D-printed resins are highly toxic before 3D-printing, and the level of toxicity significantly 
decreased after post-polymerization process (26, 63), which is a complex reaction influenced 
by material composition and curing conditions (42, 101). 
Exposure to atmospheric oxygen during curing may inhibit complete polymerization, leading 
to under-cured polymer with cytotoxic effects on oral tissues FU7^*+5+I6 As previously reported, 
a strategy to prevent the inhibitory effect of oxygen on photopolymerization is to post-cure 
under an inert gas like nitrogen, to exclude oxygen from the environment and guarantee 
sufficient final polymerization (46, 101). 
Additionally, it is important to consider that, in  addition to oxygen inhibition, other factors 
may specifically reduce the amount of the residual uncured monomers during post-curing 
process, including a high intensity curing light or an extended post-curing light exposure time 
(75).  
Therefore, the present study compared three different post-curing conditions using the same 
curing device to assess the influence of these individual variables on the cytotoxicity of DPA. 
The P2A conditions (with nitrogen for 14 minutes) were the procedure recommended by 
Graphy company, which utilized nitrogen and high light intensity during post-curing. The P2B 
conditions (without nitrogen for 14 minutes) evaluated the effects of curing light intensity 
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only, maintaining the same curing time and excluding the influence of nitrogen. The P2C 
procedure (without nitrogen for 30 minutes) assessed the influence of an extended curing 
time in the absence of nitrogen, considering a post-curing time largely above 20 minutes 
because below this time, a significant increase in cytotoxicity of 3D-printed resins has been 
previously reported in literature (75). 
Additionally, in the comparison of post-curing conditions, the DPA cytotoxicity was assessed 
at 7 and 14 days. The choice of these two timepoints was based on the wear protocols 
proposed by Panayi et al. (10), who suggested a 7-day and 14-day wearing for DPA. 
Aligners had identical geometry and were printed using the same 3D printer to minimize 
variables affecting cytotoxicity (42). As recommended by Graphy company, the use of 
nitrogen generator for oxygen removal significantly increased DPA cytocompatibility of P2A 
compared to P2B and P2C, with a similar cell viability between P2A and controls C+ (cells not 
exposed to any aligner materials).  
At 7 days, P2A (nitrogen) and P2B (prolonged exposure time) groups showed no cytotoxic 
effects, with no significant differences compared to controls. At the contrary, although the 
P2B (high intensity) samples showed no cytotoxicity at 7 days, their cell viability was 
significantly reduced compared to C+ (P<0.05). 
Overtime, both the P2B and P2C groups showed a significant decrease in cell viability, with a 
slight cytotoxicity reported at 14 days, while P1 samples remained biocompatible. The 
reduction of surviving cells for P2B and P2C samples was significant compared to P2A and C+ 
groups. 
Previous studies reported contrasting results about the cytotoxic effects of DPA (15, 62). After 
14-day aging of 3D-printed aligners in water, Pratsinis et al. (15) did not find any released 
factors potentially cytotoxic for human gingival fibroblast, not affecting their intracellular 
reactive oxygen species levels and not inducing negative estrogenic effects. On the contrary, 
Willi et al.(62) found a great variability in the amount of urethane dimethacrylate monomer 
leached from DPA after 7 days in water, concluding that 3D-printed resin may present a 
potential health risk after repeated intraoral exposure. However, the differences with the 
present findings may be explained by considering the different post-curing procedures used. 
In fact, in both these previous study (15, 62), authors used a different curing machine (Cure 
M, Graphy, Seoul, Korea) with a lower intensity of UV curing light (80W) and without nitrogen 
generator, curing the samples for 24 minutes at the internal and external aligner sides. 
In this study, despite using a high-intensity UV curing light (200W) of THC2 for better surface 
cure in all three groups, the addition of nitrogen improved cell viability, leading to higher 
biocompatibility of the P1 resin compared to P2.  
Moreover, curing under an inert gas like nitrogen to exclude the oxygen from the 
environment resulted in improved post-polymerization with shorter exposure time (14 
minutes) compared to P3 group (30 minutes). 
In last part of the project (Experiment 3), the cytotoxicity of DPA to TFA materials from two 
leading aligner companies on the market (3, 14) was compared. For this comparison, DPA 
were post-polymerized under P1A conditions because this post-curing was recommended by 
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manufacturer's instructions and, consistently with the manufacturer's recommendation, it 
exhibited the highest cell viability. 
While the biocompatibility of Invisalign material has already been tested in the literature (3, 
7, 52, 55, 63), as far as we know, this is the first study evaluating the cytotoxicity of Spark 
aligners.  
Although the thermoforming process has been associated with increased cytotoxicity for TFA 
(7, 102), the present results did not detect cytotoxic effects in the evaluated thermoformed 
polyurethanes. This confirms the previously reported biocompatibility of Invisalign (52) and, 
notably, the biocompatibility of Spark, for which no literature is available. 
In addition, no cytotoxic effects of DPA was observed compared to TFA and controls, and 
similar cell viability was reported among the three groups after 7 days, which is considered 
an acceptable aligner wear time (103). 
Although the in vitro experiments do not reproduce the complexity of the oral environment, 
these findings provide an initial evaluation of post-curing parameters for cytotoxic effects in 
DPA, using the same methodological procedures and cell culture.  

"(5)*43,3804)UQP4380-3+,6)C+7):7-9+1+,-38)J708-38.))
Evaluating optimal post-curing conditions for new 3D-printed materials is fundamental for 
orthodontic practice because of the wide range of commercially available post-curing 
machines and the possibility of users not following manufacturer's recommendations (42, 
101).  
DPA may be considered as a suitable biocompatible clinical alternative to the TFA, but it is 
essential to consider their post-polymerization conditions which may affect their cytotoxicity. 

"(>)@-A1O)W3Q3-0-3+,6)0,1)XA-A7.)J.76P.8-3=.6))
Potential limitations of the study include testing cytotoxicity with a single and relatively 
simple assay, using DBSCs and not simulating the clinical conditions of the intra-oral cavity.  
Further investigations are required to assess the degree of toxicity on other cell lines, using 
in vivo models and evaluating long-term effects.!
 

6. Conclusion 

T(')@AQQ07O)+C)2.6A4-6))
The results of the present study suggest that post-curing conditions may affect the in-vitro 
cytotoxicity of DPA, and the use of nitrogen in the post-curing process may significantly 
reduce DPA cytotoxicity over time. DPA post-cured according to the manufacturer’s 
instructions demonstrates high biocompatibility over time, with no significant differences 
compared to TFA (Invisalign and Spark) after 7 days. 
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T(5)*+,-73;A-3+,)-+)@83.,-3C38)Y,+B4.1E.))
Therefore, direct printing of aligners may represent a viable biocompatible alternative to the 
thermoforming procedure, but orthodontic laboratories and clinicians should follow the 
manufacturer’s recommendations to avoid possible toxic effects during aligner treatment.* 
This is the first study to evaluate the impact of post-curing conditions on DPA aligners, 
comparing them with TFA aligners. The results demonstrate how improper curing procedures 
may affect aligners' cytotoxicity, offering valuable contribution to the current scientific 
knowledge into orthodontic safety.  
These findings fit within an extremely relevant and current topic, which holds significance not 
only within the literature but also in clinical practice, particularly given the rising popularity 
of in-office orthodontics. In such settings, standardized protocols are often disregarded due 
to the wide range of resins, 3D printing, and post-processing devices available on the market 
and which can be easily installed in orthodontic offices due to their compact size, affordability, 
and user-friendly nature (104). However, it is important to keep in mind that these 
technologies, although convenient and cost-effective, possess diverse characteristics that can 
adversely affect aligner safety, posing risks to patients’ health (73). 

T(>)XA-A7.)2.6.0789)I37.8-3+,6)
Future studies will focus on evaluating additional resins that are expected to enter the market 
in the coming years, including both shape memory and non-shape memory resins, for direct 
printing of aligners and other orthodontic devices. 
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Table 9. Cell Viability (expressed as a percentage) among aligner materials (Graphy, Invisalign, 
Spark) at 7 days compared to the controls. 
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