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ABSTRACT

Three-dimensional (3D) printing technology has significantly revolutionised the
field of restorative dentistry by facilitating the remarkably swift and highly accurate
production of customised dental restorations tailored to meet individual patient
needs and specifications. Nevertheless, a growing body of evidence increasingly
underscores the presence of substantial health risks that are associated with the
intraoral degradation of resin-based materials that have not been appropriately
cured during the manufacturing process. The phenomenon of incomplete
polymerisation—often a consequence of factors such as oxygen inhibition, insufficient
exposure to light, or the implementation of suboptimal curing protocols—results
in the release of residual monomers and microplastics into the oral cavity, thereby
raising serious concerns. These released substances are progressively being
recognised as biologically active contaminants that possess the potential to induce
a variety of adverse effects, including cytotoxicity, oxidative stress, endocrine
disruption, and inflammatory responses that can impact both local tissues within
the oral cavity and systemic tissues throughout the body. This comprehensive
review aims to synthesise the most current research regarding the chemical and
mechanical consequences that arise from inadequate curing processes, the
biological pathways that are affected by the ingestion of microplastics and the
leaching of monomers, and the broader implications this has for the long-term
safety and well-being of patients undergoing such dental procedures. Various
strategies that have been proposed—including oxygen-free polymerisation
techniques, the use of optimised curing wavelengths (for example, at 385 nm),
and the development of modified resin formulations—are discussed as potential
means to effectively mitigate these significant health risks associated with dental
materials. The findings presented in this review emphasise the pressing necessity
for the establishment of standardised protocols and the pursuit of further research
endeavours aimed at addressing the concealed health burden that is posed by
the degradation of 3D printed dental restorations in the context of clinical dentistry.
Ultimately, addressing these challenges will require a collaborative effort among
researchers, clinicians, and manufacturers to enhance the safety and efficacy of
dental materials in restorative practices.

Keywords: 3D printing in dentistry; resin-based restorations; improper curing;
oxygen inhibition; microplastic release; intraoral degradation; polymerisation;
biocompatibility; endocrine disruption; dental material safety
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Improper Curing of 3D Printed Restorations and Intraoral Degradation

1. Introduction
The integration of three-dimensional (3D) printing

into restorative dentistry has fundamentally reshaped
clinical workflows, enabling the fabrication of patient-

specific prostheses, surgical guides, and orthodontic

devices with unprecedented precision and efficiency™.

This additive manufacturing technology - often
referred to as rapid prototyping - offers distinct
advantages over traditional subtractive techniques,
including reduced material waste, lower production
costs, and the ability to reproduce complex
geometries*®. Among the various materials used in
dental 3D printing, resin-based photopolymers are
favoured for their fine resolution, ease of post-
processing, and suitability for a range of intraoral
applications. The ongoing advancements in 3D
printing technology are expected to further enhance
the mechanical properties and clinical applications
of resin materials in restorative dentistry. These
innovations will likely lead to improved patient
outcomes and expanded treatment options,
ultimately transforming the landscape of dental
care in the coming years.

Despite its transformative potential, resin-based
3D printing raises significant concerns related to
material stability, biocompatibility, and long-term
intraoral performance. A growing body of evidence
suggests that improper curing during the printing
and post-processing stages can result in incomplete
polymerisation of the resin matrix, leading to the
persistence of unreacted monomers and oligomers.®’
These residual compounds may leach into the oral
cavity over time, posing potential risks including
mucosal irritation, allergic reactions, and systemic
toxicity -  especially in  vulnerable or
immunocompromised patients.”™ To address
these challenges, ongoing research is essential to
develop improved curing techniques and
biocompatible materials that ensure safety and
efficacy in dental applications. These advancements
will facilitate the broader adoption of 3D printing
in restorative dentistry, ultimately benefiting patient
care and outcomes.Furthermore, the integration of
standards and  material

regulatory safety

assessments will be crucial in addressing these
concerns and ensuring the sustainable use of 3D
printing in restorative dentistry.The future of 3D
printing in dentistry will likely hinge on overcoming
these challenges, enabling the technology to reach
its full potential in enhancing personalised patient

care and treatment efficiency.'>"®

Moreover, degraded or incompletely cured 3D-
printed restorations have been implicated in the
release of microplastics—minute plastic particles
generated through wear, hydrolysis, and enzymatic
degradation in the oral environment. These
microplastics may be ingested, inhaled, or absorbed,
and their presence has been associated with
inflammation, oxidative stress, endocrine disruption,
and bioaccumulation in various tissues.””?. The
potential for these particles to carry additional
toxicants such as phthalates or heavy metals further
heightens concerns regarding their long-term health
effects.?'??33 Therefore, comprehensive studies are
needed to evaluate the long-term impacts of
microplastics and their associated risks on dental
patients' health and overall well-being.

A key contributor to this degradation pathway is
oxygen inhibition, a well-documented phenomenon
wherein atmospheric oxygen interferes with free
radical polymerisation at the surface of photo-
polymerised materials, forming an non polymerised,
tacky inhibition layer.'®'" This layer not only weakens
the surface integrity of the restoration but also acts as
a reservoir for unreacted monomers and a nidus for
bacterial colonisation. Addressing oxygen inhibition
through oxygen-free polymerisation protocols—such
as curing in nitrogen-filled chambers—has been shown
to enhance the degree of conversion and reduce
residual toxicity.”™'® Research into innovative curing
techniques, such as nitrogen-filled chambers, may
significantly mitigate the risks associated with oxygen
inhibition and improve the overall safety of 3D-
printed dental restorations.Implementing these
advanced curing protocols could lead to safer,
more effective resin-based restorations, ultimately
enhancing patient care and reducing health risks
associated with 3D printing in dentistry.

© 2025 European Society of Medicine 2
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Given the widespread adoption of 3D printing in
clinical dentistry, it is imperative to critically evaluate
the biological and mechanical consequences of
improper curing and intraoral degradation. This
review synthesises current literature on the chemical
and biological implications of sub-optimally cured
3D-printed dental restorations, with particular focus
on the release and systemic effects of microplastics.
In doing so, it highlights the urgent need for improved

polymerisation protocols, material reformulation,

and standardisation to safeguard patient health in the
era of digital dentistry.Addressing these challenges
will not only enhance the safety and efficacy of dental
materials but also foster greater trust in the adoption

of innovative technologies within the field.

This review aims to provide a comprehensive
understanding of the risks associated with resin-
based 3D printing in dentistry and propose actionable

strategies for mitigating these concerns.
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Figure 1 - 3D-Printing Workflow for Dental Applications®’

2. Curing and Polymerisation

The mechanical performance and long-term stability
of 3D-printed dental restorations are intrinsically
linked to the degree of polymer conversion achieved
during the curing process. Inadequate polymerization
—often due to insufficient post-curing, light
attenuation, or improper exposure settings—results
in residual monomers and oligomers embedded
within the polymer matrix.” These incompletely
cured components can leach into the oral cavity,
leading to diminished mechanical properties,
increased susceptibility to hydrolytic degradation,
and heightened biocompatibility concerns. The

findings underscore the pressing need for enhanced

© 2025 European Society of Medicine

curing techniques and regulatory frameworks to
ensure the safety and efficacy of 3D-printed dental

materials in clinical practice.

which

predominant method employed in the realm of

Photo-polymerisation, stands as the
dental 3D printing, is fundamentally reliant on the
process of light-activated free radical polymerisation,
a sophisticated chemical reaction that is initiated
by exposure to light. Nevertheless, this intricate
process exhibits a significant vulnerability to the
presence of atmospheric oxygen, which possesses
the ability to scavenge initiating free radicals®'°,

thereby resulting in the formation of a superficial
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layer that is inhibited by oxygen and is consequently
rich in unreacted monomers that have not undergone
polymerisation. This superficial layer, characterised
by its compromised properties, not only diminishes
the surface hardness and wear resistance of the
printed material but also poses a considerable
toxicological risk, particularly in settings that are
intraoral, where the potential for adverse reactions

is heightened due to the proximity to sensitive tissues.

Recent advancements in the field have been directed
towards the development of polymerisation
environments that are devoid of oxygen, utilising
inert gases such as nitrogen or argon, which have
been shown to significantly improve monomer

conversion rates and enhance the overall performance
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of the material in question.”" The successful

implementation of these innovative curing
environments is of paramount importance for
enhancing both the safety and efficacy of resin-
based materials utilised within dental applications,
which ultimately serves to improve the overall care
and outcomes experienced by patients undergoing
such treatments. In order to guarantee optimal
performance and ensure the safety of patients, it is
absolutely essential that ongoing research continues
to focus on refining curing techniques and exploring
alternative materials, as this is crucial in navigating
the ever-evolving landscape of dental 3D printing

technology.
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Figure 2 - Oxygen-Inhibited Surface Layer in Photopolymer Resins70

3. Oxygen Inhibition and Material
Degradation

Oxygen inhibition remains a major barrier to
achieving fully cured 3D-printed dental restorations.
Molecular oxygen readily reacts with initiating free
radicals to form peroxy radicals, which exhibit limited
reactivity toward methacrylate monomers.”® This
results in a superficial, under-polymerised layer that
is mechanically weak and chemically unstable.”

Although formulations containing multifunctional
acrylates and higher photo-initiator concentrations
may reduce the impact of oxygen inhibition, they
do not eliminate it entirely.’”” This phenomenon
underscores the importance of optimising post-curing
processes to enhance the mechanical properties
and biocompatibility of 3D-printed dental materials.
The ongoing evolution of 3D printing technology
is expected to address these challenges, further

enhancing the mechanical

properties and

© 2025 European Society of Medicine 4
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biocompatibility of resin materials used in restorative

dentistry.

In the context of additive manufacturing, layer-by-
layer fabrication further exacerbates the issue, as
each new layer is deposited atop an incompletely
cured interface. This can reduce interlayer bonding
strength and jeopardise the mechanical cohesion
of the restoration.'' Strategies to mitigate oxygen
inhibition include physical exclusion via Mylar strips,
the use of oxygen-blocking coatings, or photo-
initiator systems designed to function effectively in

ambient conditions.’™ "’

Improving post-curing
protocols is essential to enhance the mechanical
properties and biocompatibility of 3D-printed
dental materials, ultimately ensuring patient safety
and effective treatment outcomes.The exploration of
advanced polymer materials and innovative curing
techniques will be vital in addressing the challenges
posed by oxygen inhibition and enhancing the

performance of 3D-printed dental restorations.

4. Microplastic Release and Health

Implications

4.1 ENHANCED VENTILATION SYSTEMS

Improperly cured 3D-printed dental restorations
undergo progressive intraoral degradation through
hydrolysis, mechanical abrasion, and enzymatic
activity. These processes result in the release of
microplastics—particles typically <5 mm in size—
and unreacted chemical residues into the oral
environment.'? Once released, these microplastics
may be ingested, inhaled, or absorbed into soft
tissue, leading to local inflammation and potential
systemic effects.The implications of microplastic
release from dental restorations necessitate further
investigation into their long-term health effects,
particularly regarding inflammation and systemic

toxicity.

Microplastics have been implicated in oxidative
stress, immune dysregulation, endocrine disruption,
and even carcinogenesis.””? Their small size and high

surface area allow them to adsorb environmental

pollutants and heavy metals, acting as vectors for
additional toxicants.??* Importantly, microplastics
have been found in human organs including the
placenta, colon, liver, and spleen, suggesting systemic
distribution and bicaccumulation.?®4? Addressing
the implications of microplastic release from dental
restorations is crucial, as it could significantly impact
patient health and necessitate the development of
safer materials and practices in dental care. The
need for comprehensive risk assessments and
regulatory oversight is paramount to ensure that
innovations in dental 3D printing do not compromise

patient safety and public health.

The potential for microplastics to enter the food chain
and affect human health underscores the urgency for
regulatory measures and public awareness regarding
the implications of 3D printing in dentistry and the
environment. As the field continues to evolve, it is
essential to prioritise the development of safer
materials and practices that minimise the risks
associated with microplastic release in dental
applications.The implementation of effective
strategies, such as improved ventilation and
advanced filtration systems, is essential to mitigate
the health risks posed by airborne microplastics in
dental settings and enhance the overall safety of
dental practices. Implementing these measures will
not only protect patients but also contribute to a
more sustainable dental healthcare environment
addressing the growing concerns surrounding
microplastic pollution in oral care products.

The oral environment presents unique degradation
challenges due to dynamic pH fluctuations,
mechanical forces, and the presence of salivary
enzymes and microbial biofilms.**-* These factors
accelerate fragmentation of resin materials and
release nano- and micro-scale debris.**® Once
internalised, these particles may disrupt cellular
function, compromise mucosal barriers, and interfere

with endocrine pathways.*~2

© 2025 European Society of Medicine 5
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Human exposure to microplastic and nanoplastic particles
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Figure 3 - Human Exposure Pathways for Ingested and Inhaled Microplastics71

The increasing prevalence of microplastics in
dental materials necessitates immediate attention
to their potential health impacts, urging both
clinical and regulatory advancements to safeguard
patient well-being. Given the significant health
risks associated with microplastics, it is imperative
for dental professionals to adopt best practices in
material handling and implement effective risk
mitigation strategies. This will not only enhance
patient safety but also contribute to a more
sustainable practice in the evolving landscape of

digital dentistry.

5. Resin Composition and Printing

Parameters

The chemical formulation of 3D printing resins plays

a pivotal role in polymerisation kinetics, mechanical

strength, and degradation potential. Common dental
resins are composed of monomers (e.g., Bis-GMA,
UDMA), photo-initiators, and fillers. Resins with high
photo-initiator content or those specifically designed
for short-wavelength curing tend to achieve greater

monomer conversion and reduced residual toxicity.®

Printing parameters—such as exposure time, light
intensity, layer thickness, and print speed—significantly
influence polymerisation efficiency and mechanical
properties.> Optimised parameters reduce voids
and porosity in the cured matrix, limiting the ingress
of water and microbes that contribute to resin
breakdown. Reinforcing agents, such as nano-fillers
or glass fibres, can enhance fracture resistance and
reduce surface wear, mitigating the likelihood of
microplastic generation under masticatory forces.

The development of biodegradable alternatives to

© 2025 European Society of Medicine 6
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current resin-based materials is essential to mitigate
the environmental impact of microplastics generated
from dental applications. By prioritising sustainable
materials, the dental industry can reduce its
contribution to plastic pollution and enhance
patient safety. The transition to biodegradable resin
alternatives is crucial for minimising the
environmental footprint of dental practices and
addressing the growing concerns surrounding
microplastic pollution in oral care products The
exploration of these sustainable materials will not
only benefit the environment but also align with the
increasing demand for eco-friendly practices in

healthcare.

6. Wavelength-Dependent Curing:
385 nm vs 405 nm

The wavelength of the curing light source plays a
crucial and significant role in influencing not only
the degree of conversion but also the residual
monomer content found within the various types of
3D printed resins that are utilised in the additive
manufacturing process. Digital Light Processing
(DLP) and masked stereolithography (mSLA)
printers, which are among the most commonly used
technologies in this field, typically employ light-
emitting diode (LED) arrays that operate at
wavelengths of either 385 nm or 405 nm to
effectively initiate the curing process. Resins that
are specifically formulated with photo-initiators such
as TPO or BAPO tend to exhibit their peak absorption
characteristics in close proximity to the 385 nm
wavelength, which consequently allows them to
benefit significantly from an enhanced polymerisation
process when they are cured using light at this
particular wavelength.?

When comparing the wavelengths of 405 nm and
385 nm, it becomes evident that 385 nm light
provides distinct advantages in various applications,
particularly in the field of dental materials and
photo-polymerisation processes. The shorter
wavelength of 385 nm corresponds to higher
photon energy, which is crucial for initiating and

accelerating the curing process of light-sensitive

resins. This increased photon energy not only
enhances the efficiency of the curing reaction but
also allows for a greater penetration depth into the
material being cured. As a result, restorations cured
with 385 nm light exhibit improved curing depth,
ensuring that the material hardens more uniformly
throughout its structure. This is particularly important
in dental applications, where thorough curing is
essential for the longevity and durability of
restorations. Furthermore, the use of 385 nm light
significantly ~ reduces  surface  inhibition—a
phenomenon where the outer layer of a material
remains uncured due to exposure to oxygen. By
minimising this inhibition, restorations achieve a
more robust surface, leading to stronger bonds
and enhanced resistance to wear and degradation
over time. Consequently, the overall outcome is
the creation of restorations that not only possess
greater mechanical strength but also exhibit improved
chemical stability. This translates to longer-lasting
dental work that can withstand the rigours of daily
use, ultimately benefiting both practitioners and
patients alike.** Additionally, the use of 385 nm light
can improve the accuracy and surface resolution of
printed objects due to reduced scatter. However,
mismatched resin-wavelength pairings can result in
over-curing, yellowing, or brittleness, making

adherence to manufacturer specifications critical.

7. Mitigation Strategies for

Microplastic Release

To effectively minimise the release of microplastics
from dental restorations, a multifaceted approach is
essential. This involves optimising the polymerisation
process, which is crucial for ensuring that the materials
used in dental restorations achieve their maximum
strength and durability. By fine-tuning the conditions
under which polymerisation occurs—such as light
intensity, duration, and temperature—dentists and
manufacturers can significantly enhance the integrity
of the materials, reducing the likelihood of microplastic
formation. Additionally, careful consideration of
material formulation plays a vital role. Selecting high-

quality polymers that are less prone to degradation

© 2025 European Society of Medicine 7
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and incorporating additives that can improve wear
resistance will contribute to a more stable restoration.
This includes exploring biocompatible alternatives
and innovative composites that not only meet
aesthetic and functional requirements but also
minimise environmental impact. Furthermore,
implementing effective post-processing strategies
is critical. This may involve techniques such as polishing
and surface treatment to enhance the longevity of
the restoration and reduce rough surfaces where

microplastics can accumulate and be released. By

combining these strategies—optimised
polymerisation, advanced material formulation, and
thorough post-processing—dental professionals can
significantly reduce the environmental footprint of
dental restorations while ensuring patient safety
and satisfaction. Incorporating these strategies will
not only mitigate the environmental impact of
but the

performance and safety of dental restorations,

microplastics also enhance overall
ultimately benefiting patient health and treatment

outcomes.
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Mitigation strategies aimed at reducing the release
of microplastics encompass a variety of advanced

techniques and innovative materials. These include:

OXYGEN-FREE CURING USING INERT GAS
CHAMBERS

One effective approach is the implementation of
oxygen-free curing processes facilitated by inert
gas chambers. This method not only prevents the

inhibition of polymerisation reactions but also

significantly enhances the overall conversion of
monomers into polymers, thereby minimising the
likelihood of microplastic formation during the curing

15-17

phase.

VACUUM-ASSISTED POST-CURING TO IMPROVE
INTERNAL POLYMERISATION AND REDUCE VOIDS.
Another promising strategy is vacuum-assisted
post-curing, which serves to optimise the internal

polymerisation process. By applying a vacuum, this

© 2025 European Society of Medicine 8
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technique effectively reduces the presence of voids
within the polymer matrix, leading to a denser and
more stable final product. This increased density
not only contributes to the mechanical integrity of
the material but also plays a crucial role in limiting

the potential for microplastic release.®®

THERMAL ANNEALING OR ADDITIONAL LIGHT
CURING

Thermal annealing and supplementary light curing
techniques are also employed to bolster cross-link
density within the polymer structure. By enhancing
the degree of cross-linking, these methods help to
diminish the presence of residual monomers, which
are often precursors to microplastic generation.
This results in a more robust polymer that is less
susceptible to degradation and fragmentation over

time.*’

SURFACE FINISHING TECHNIQUES

In addition to these processing techniques, surface
finishing methods such as polishing and coating are
vital in reducing surface roughness and bacterial
adhesion. A smoother surface finish not only
improves the aesthetic qualities of the material but
also minimises the likelihood of microbial colonisation,
which can lead to further degradation and the eventual

release of microplastics into the environment.

MATERIAL INNOVATION

Furthermore, material innovation plays a critical role
in addressing the microplastic issue. The development
of biocompatible resins with lower toxicity profiles
and enhanced degradation resistance is paramount.
These advanced materials are designed to break
down more readily in natural environments, thus
mitigating the long-term impacts associated with
traditional plastics. By focusing on these innovative
solutions, the industry can make significant strides
in reducing the environmental burden posed by

microplastics.®’

The integration of these advanced strategies will
not only enhance the longevity and safety of dental
restorations but also contribute to a more sustainable

approach in the fight against microplastic pollution.

8. Conclusion
The adoption of resin-based 3D printing in

restorative dentistry offers transformative clinical
advantages, but it also presents under-appreciated
health risks associated with improper curing and
intraoral degradation. Incompletely polymerised
restorations can release unreacted monomers and
microplastics into the oral cavity, potentially leading
to local inflammation, systemic exposure, and long-
term toxicity. These concerns are heightened by
the ability of microplastics to accumulate in human

tissues and transport endocrine-disrupting chemicals.

Mitigating these risks requires a multifaceted
approach: enhancing curing efficacy through
wavelength-optimised protocols, eliminating oxygen
inhibition during post-processing, refining resin
formulations, and applying protective surface
modifications. Furthermore, future research must
prioritise long-term  clinical =~ studies, toxicity
assessments, and the development of standardised

guidelines for safe 3D printing practices in dentistry.

By recognising and addressing these challenges,
clinicians and researchers can ensure that digital
dentistry evolves not only in precision and efficiency
but also in biocompatibility and safety.

© 2025 European Society of Medicine 9
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