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Plastics are indispensable and ubiquitous materials in oral healthcare and dental applications, favored for

their diversity in structure and properties, low cost, durability, chemical and water resistance, ease of

processing, and shaping. However, ancillary plastics are used for short periods or even once due to

hygiene concerns and convenience, and insufficient attention has been given to their unsustainable

current usage and end-of-life. Thus, the amount of plastic waste generated by consumers and clinicians

is staggering and projected to increase unabatedly for the foreseeable future. With recent advances in

plastics recycling and sustainable polymers, it is time to consider alternatives to tackle dentistry's growing

plastic waste problem. This Perspectives article highlights the sources and scale of dental plastic

wastage, followed by a multi-pronged consideration of material and practical interventions for this issue.

On the materials front, we discuss emerging approaches and alternative sustainable polymers to address

the unsustainable end-of-life of existing petroleum-based dental plastics/polymers and enable material

circularity. On the practical front, we discuss strategies for sustainable plastic usage, which must be

implemented alongside complementary material approaches. These approaches highlight the abundant

unrealized opportunities for developing a circular economy around dental plastics while reducing the

environmental footprint of modern dentistry.
Sustainability spotlight

The increasing access to oral healthcare pressures the demand for the use of plastics in dentistry globally, intensifying concerns about their unsustainable use
and environmental impact. This Perspective article emphasizes plastics' vital role in maintaining oral health at both consumer and clinical levels and
opportunities for sustainable designs, up/recycling strategies, and product development to foster innovations and economic growth, aligning with UN
Sustainable Development Goal 3 (Good Health and Well-being). Within Goal 8 (Decent Work and Economic Growth). Simultaneously, Goal 13 (Climate Action)
underscores the urgency of transitioning to sustainable polymers and circular economy practices, reducing the environmental footprint of modern dentistry.
This work represents a pivotal step towards achieving these sustainability goals, balancing health, economic, and environmental considerations in oral
healthcare.
1. Introduction

Oral health is an essential and integral component of overall
health and well-being, encompassing the condition of the
gineering (IMRE), Agency for Science,

onopolis Way, Innovis #08-03, Singapore

n_lim@imre.a-star.edu.sg

anchester, Manchester M13 9PL, UK

eering, National University of Singapore

pore

f Singapore, 11 Lower Kent Ridge Road,

nd Design Singapore, National University

9085, Singapore

e work.

the Royal Society of Chemistry
orofacial organs and tissues (enamel, dentine, gum, bone,
glands, muscles) that enable both physiological functions (e.g.,
eating, breathing, and speaking) and inuence psychological
and social dimensions (e.g., self-condence, well-being,
expression of emotions and feelings, and interpersonal rela-
tionships).1,2 Total oral health is achieved by preserving healthy
oral tissues, preventing the onset and curing diseases, and
preserving re-established healthy states.3 In this regard, oral
health demands life-long attention and care by individuals,
dentists and healthcare system.1

Synthetic polymeric materials, more commonly known as
‘plastics’, are widely used to maintain or re-establish oral health
in routine personal oral care and clinical dentistry because of
their high versatility and ability to be tailored to specic
requirements and properties (Fig. 1). Clinically, dentists rely on
RSC Sustainability, 2024, 2, 881–902 | 881
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a myriad of polymers (e.g., vinyl acrylics, polystyrene, epoxies,
polycarbonates, polyethylene, polyvinyl acetate, polysuldes,
polysilicon, polyethers, and acrylates) for preventive, restorative,
and regenerative therapies such as impression taking proce-
dures, printing models, manufacturing of intraoral devices
(crowns, bridges, dentures, clear aligners, splints), restorations,
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implants, etc. Polymers are also widely used for manufacturing
clinical instruments (spatulas, cheek retractors, saliva ejectors),
containers (trays, containers), and articial teeth for training.4,5

In addition to the polymers used by clinicians, consumers
use high volumes of plastics in oral care products due to the
increased awareness about the importance of maintaining good
oral health. Plastics are polymeric materials in the solid “glassy
state” at room or oral temperatures, where they have sufficient
stiffness and strength to fulll various design requirements.6

The size of the global toothbrushmarket was valued at USD 18.7
billion in 2023 and is projected to reach USD 25.7 billion in
2030. Likewise, the toothpaste market is expected to increase
from USD 29 billion in 2021 to USD 40 billion by 2028, with
a demand of 19–20 billion toothpaste tubes.7–9 The scale of
global plastic consumption for individuals' oral care needs can
be estimated using proxy information. For instance, the Amer-
ican Dental Association (ADA) recommends changing the
toothbrush every three to four months (or sooner depending on
the bristles integrity10). Anecdotal estimates suggest that an
individual who brushes their teeth three times a day using
a pea-sized amount of toothpaste (0.25 g per dose) would
consume 273 g or 2.7 tubes (100 g per tube) of toothpaste a year.
This translates to approximately 85 g of plastic waste generated
per person annually (15 g per empty tube of toothpaste and 45 g
for three toothbrushes) (Fig. 2). If one adds the use of mouth-
washes, the mass of plastic waste would increase by 600 g.
However, this is only a conservative estimate as it disregards the
mass of packaging and the variations in individual usage,
frequency of product replacement, and designs. Furthermore,
improvements in education, access to essential oral health
services, and higher life expectancies will contribute to
expanding the oral health market.

Besides the oral care products targeted directly at
consumers, dentistry has experienced an increased demand for
treatments with higher aesthetic appeals. In this regard,
Nikolaos Silikas
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advancements in computer-aided design/computer-aided
manufacturing (CAD/CAM) and 3D printing technologies have
increased the pressure on polymer usage to match the higher
demand for prostheses enabled via digital workows. Likewise,
advancements in orthodontic treatment and teeth whitening
have created opportunities for patients to use intraoral trays
and aligners with enhanced comfort and predictable outcomes.
As a result, the use of exible and transparent polymers [e.g.,
polyurethane (PU), polyethylene terephthalate glycol (PETG),
and ethylene-vinyl acetate (EVA)] is anticipated to be on the rise.

With these growing trends, the environmental pressure is
expected to increase due to the expansion of the dental industry,
increased consumption of (disposable) oral health products
(Fig. 2), as well as the lack of alternatives made of sustainable
polymers (vide infra). While improving sustainability in
different aspects of dental practice has started to receive
attention in recent years,11–13 examining aspects such as energy
usage,14 carbon footprint,15 resource management,16 and envi-
ronmental impact,17 the massive scale of plastic waste in the
dental industry has never been addressed in detail. The
following section provides an overview of the diversity of plastic
usage for personal and clinical oral care before we consider
strategies for achieving greater sustainability for these indis-
pensable and ubiquitous materials for dentistry.
1.1 The state of existing polymer usage in dentistry

1.1.1 Consumer oral care products. Manual and electric
toothbrushes effectively remove bacteria and plaque from oral
tissues. Although the toothbrush can present different designs
and manners to create motion (manual or electric), they share
core design features, namely the handle, neck, head, bristles,
and ferrule, which are manufactured using different polymers.

The handle can be produced by different polymers such as
polyethylene (PE), polypropylene (PP), and polyvinyl chloride
Jason Y: C: Lim
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Adjunct Assistant Professorship
at the department of Materials
Science and Engineering in NUS.
Aer obtaining his DPhil in
Inorganic Chemistry from the
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© 2024 The Author(s). Published by the Royal Society of Chemistry
(PVC), which are affordable, durable, and lightweight materials
that can be easily molded into different shapes with varying
degrees of exibility.18,19 Moreover, these non-porous polymers
generally do not absorb water, which makes them a more
hygienic choice for toothbrush handles. PE and PP are also used
to fabricate tongue cleaners. Although these polymeric mate-
rials can be mechanically recycled and reprocessed into new
products,19 it oen results in the deterioration of material
quality and performance.20

The bristles can come in different stiffness as the applica-
tions vary from cleaning gingiva and teeth (extra so and so) to
acrylic dentures (hard).21,22 Hence, different types of polymers
are used to produce bristles because of their ability to be mol-
ded into different shapes, durability, tear strength, exibility,
resistance to biodegradation, and affordability.18

The nylon family is perhaps the most commonly used poly-
mer to produce bristles. Nylon 6,6 (polyhexamethylene adipa-
mide) has a high degree of crystallinity, which confers high
modulus and tensile strength.18 An advantage of using nylon
bristles to clean oral tissues is that nylon is hygroscopic and
becomes more exible and less brittle as it absorbs water from
the environment, giving it good water bend recovery properties.
Nylon 6–12, in particular, is highly durable and has good water
absorption properties.23,24 Additionally, it has a higher degree of
stiffness than other types of nylon. It absorbs water at a low rate,
thereby maintaining the stiffness of the bristles when wet for
a longer time.18,25 Regardless of manufacturer and consumer
preferences, bristles of different types of nylon are effective in
removing debris, bacteria, and biolms from oral tissues.21,26

Other polymers that can be used to produce bristles are poly-
ethylene (PE) and polypropylene (PP). These are widely available
lightweight polymers that can produce bristles at low cost. The PE
bristles tend to be soer and less stiff than those manufactured
with nylon, which can be more comfortable for consumers with
Vinicius Rosa

Vinicius Rosa is a dentist and
received his MSc and PhD in
Dental Materials from the
University of Sao Paulo. He is an
Associate Professor at the
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Fig. 1 The quantity of polymer used to produce (A) toothbrushes and (B) interdental brushes varies according to the device design. (C) Nylon has
promising properties for bristles production but wears significantly after a few months of use. (D) The base and pillars of 3D-printed surgical
guides (30–40 g) are discarded as polymer wastage. (E) Silicone impressions and (F) personalized acrylic trays are discarded as waste after
fulfilling their sole objectives of casting models or impression-taking procedures. (G) Individual saliva ejectors are lightweight (2–4 g) but dis-
carded after a single use. A clinician attending 10 patients daily (45 minutes appointments) will generate approximately 400–800 g of plastic
waste in saliva ejectors per month. Note: pictures are not to scale; actual plastic waste varies according to product design, individual's oral
hygiene habits, treatment plan, and prostheses design.
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sensitive gums.27 However, a disadvantage of PE bristles is their
tendency to wear out faster than nylon ones.19 Finally, PP bristles
have higher wear and tear resistance and are less prone to
bending than nylon ones,22,27,28 which can be a clinical disadvan-
tage when aiming at extra gentle movements and friction on oral
tissues. Table 1 summarises the mechanical properties of poly-
mers typically found in consumer dental products.
Fig. 2 Consumption of essential (toothbrush, toothpaste, and floss) and
approximately 1 kg of plastic waste (excluding packaging) per household

884 | RSC Sustainability, 2024, 2, 881–902
1.1.2 Materials for clinical care. Besides the oral care
products targeted directly at consumers, dentistry has experi-
enced an increased demand for treatments with higher
aesthetic appeals. The advancements in CAD/CAM and 3D
printing technologies have increased the pressure on the use
of polymers [e.g., polyetheretherketone (PEEK), poly-
methylmethacrylate (PMMA)] to produce prostheses via digital
workow.
adjunct (mouthwash and interdental brush) oral care products creates
(two adults).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of polymers commonly used to produce oral care consumer products (properties can vary depending on the specific type,
formulation, manufacturing process, testing conditions, and presence of additives or fillers18,23–25,38)

Property PE PP PVC Nylon-6,6 Nylon-6,12 Polyester

Modulus of elasticity (GPa) 0.4–0.7 (low density),
0.9–1.2 (high density)

1.6–2.4 2.0–3.0 (unplasticized),
0.4–0.7 (plasticized)

2.8–3.2 2.5–3.5 1.00–10.6

Water absorption (%, by weight) 0.1–0.3 0.1–0.3 0.2–0.5 0.8–1.5 0.4–1.0 0.2–2.0
Coefficient of friction (<0.3= low, 0.3–0.6
= moderate, 0.6–1.0 = high)

Low Low/moderate Low/moderate Low Low Low

Melting point (°C, varies according to
type and molecular weight)

110–130 (low density),
130–160 (high density)

165–170 80–140 190–238 215–220 150–290

Perspective RSC Sustainability
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The demand for removable partial prostheses and dentures
will inevitably grow with an aging population and higher life
expectancy. However, despite the many advancements in
developing intraoral scanners, traditional impression-taking
procedures with trays loaded with polymeric impression mate-
rials [e.g., polyvinyl siloxane (PVS) or polydimethylsiloxane
(PDMS)] will maintain their popularity. Our simulations of
clinical procedures show that a trivial impression-taking with
a stainless steel tray can consume from 150 to 400 g of PDMS.

The fabrication of articial teeth, denture bases and complete
dentures, trays, orthodontic retainers, occlusal splints, and prin-
ted or milled casts commonly employs PMMA due to its ease of
manipulation, low solubility in saliva and oral uids, color
tailoring, cost-effectiveness and a high degree of conversions
(>90%), resulting in resins that present satisfactory mechanical
properties and chemical stability.29–31 The material is available as
kits containing a powder and liquid, solutions (3D printing),
blocks, and discs (CAD/CAM). The latter are highly cross-linked
materials with superior mechanical properties.30

Polycarbonate (PC) has high mechanical strength, stiffness,
toughness, good chemical resistance, and an acceptable
aesthetic appearance.32,33 As a clinical substitute for PMMA, PC
offer advantages such as reduced solubility, comparable hard-
ness, enhanced mechanical strength, and fracture tough-
ness.32,34 Therefore, PC has been indicated for fabricating dental
guards, prostheses, orthodontic brackets, and temporary
crowns.32,33,35

Polyetheretherketone (PEEK) is also used to produce frame-
works for removable and xed dental prostheses by CAD/CAM
due to its promising mechanical properties, high inertness
and chemical stability in the oral environment, and excellent
biocompatibility and aesthetic properties.36,37 Despite the highly
optimized workows, clinics and labs produce a high volume of
polymer waste. Manufacturing a complete denture from
a PMMA disc via a CAD/CAM can produce up to 300 g of polymer
waste. Meanwhile, a highly optimized milling process designed
to yield a very high number of individual crowns per PMMA disc
(from 25 to 32 crowns per disc) still results in a wastage of 50 to
60 g of polymer (Fig. 3).

1.1.3 Orthodontic aligners and trays for teeth whitening.
The advancements in teeth whitening and orthodontic treat-
ment have created opportunities for patients and consumers to
use intraoral appliances and aligners with enhanced comfort
and predictable results. As a result, the use of exible and
© 2024 The Author(s). Published by the Royal Society of Chemistry
transparent polymers by clinicians worldwide is anticipated to
be on the rise.

Polyurethane (PU) is commonly used to fabricate intraoral
appliances (e.g., retainers, night guards, and clear aligners) due
to its high biocompatibility, durability, and ability to be molded
into complex shapes. In addition, PUs can be used as scaffolds
for tissue engineering or as an adhesive to replace bone
cement.39 PU is composed of repeating urethane linkages,
which consist of a carbamate group linked to two organic
groups (R), one on each end [(R1–NH–CO–O–R2)n]. The nal
properties of PU depend on the nal chemical structure of the
repeating units.40

Polyethylene terephthalate glycol (PETG) is a non-crystalline
co-polyester of polyethylene terephthalate (PET). It is widely
used to fabricate clear aligners as it is transparent, resistant to
chemical changes, and presents high elongation at break,
tensile strength, and modulus of elasticity (approx. 50 MPa and
1 GPa, respectively).41 Notably, PETG allows for high versatility
in fabricating clear aligners via thermoforming or 3D printing.42

The increasing demand for aesthetic dental treatments,
advancements in technology and alternative materials to
traditional metal braces have promoted the emergence of the
orthodontic clear aligners market, which is expected to grow
from USD 4.1 billion in 2022 to approximately USD 32.2 billion
in 2030.43 This market growth will add pressure on the envi-
ronment through the surge in the consumption of polymers for
the fabrication of aligners. Aligners are oen fabricated using
a PU sheet (approximately 15 g) shaped over a model of the
patient's teeth using a heat-vacuum forming device. The
mandibular and maxillary teeth aligners weigh approximately
1.5–3.0 g and 3.0–4.0 g, respectively (excluding packaging and
shipping, Fig. 4). Generally, one aligner or, in some specic
designs, two aligners can be obtained per sheet, resulting in 8.0
to 13.5 g of polymer wastage (61 to 90% of the sheet mass when
one or two aligners are produced from a single sheet, respec-
tively). Similar wastage is observed in manufacturing trays for
teeth whitening. It must be highlighted that these masses of
plastic vary according to the size of the mouth, aligner sheet
thickness, treatment plan, and design requirements.
1.2 Considerations and opportunities for sustainable
polymers in dentistry

It can be seen from Section 1.1 that there is massive plastic usage
and waste generated by the consumption of personal oral care
RSC Sustainability, 2024, 2, 881–902 | 885
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Fig. 3 (A to C)The workflow for producing dental prostheses involves (A) scanning models and (B) digitization of a virtual prosthesis designed via
computer-aided design. A PMMA disk is inserted in a milling unit to produce one upper or lower complete denture via computer-aided
manufacturing (C). (D) After the milling procedure, the dentures are removed from the discs (average mass of each denture: 12–14 g). (E) The
milling of a single complete denture leaves behind 120–150 g of unusedmaterial and 150–180 g of milled fine powder. (F) Multiple crowns can be
milled from a disc to reduce the amount of unused material and minimize waste. In the example, 30 crown designs were obtained from a PMMA
disc, resulting in 55 g of waste. (G and H) The quantity of polymer waste generated in the production of intra-oral splints is contingent upon the
design size. Instances where a singular splint is acquired (G) typically yield higher waste volumes than scenarios where two splints can be
manufactured from a single disc (H). (I) The optimization of virtual model orientation can reduce the required resin volume for printing identical
models by more than 30%, decreasing it from 64 to 31 mL (the actual amount of material used and waste vary according to patient charac-
teristics, treatment plan, and prostheses design).
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products or consumables routinely used in clinical dental prac-
tice. These do not include routine personal protective equipment
(PPEs) such as gowns, aprons, gloves, and masks, which are
single-use and traditionally made from petroleum-derived
resources. The magnitude of the consumption can be illustrated
with the pre-pandemic data from the Department of Health and
Social Care (DHSC, United Kingdom) that distributedmonthly 10–
15 million aprons units, 40–45 thousand eye protection units, 1–2
million face masks and 145–150 million gloves.44,45 While reusing
and reducing the consumption of plastics may be possible to
some extent (such as in the case of unnecessary packaging), the
need for keeping high-standards of infection control and main-
taining hygienic practices to prevent cross-contamination makes
the reduction in consumption largely impractical, especially
concerning PPE. To compound the challenge further, the diversity
of synthetic polymers with different properties suited for various
dental applications, as aforementioned, makes providing a one-
size-ts-all solution for the current unsustainable plastic usage
in dentistry extremely challenging. Nonetheless, there are several
possibilities for reducing the environmental impact of polymers,
which we will discuss in this Perspectives article.

There are limited options for recycling the excess and leover
plastics produced by clinical practice and consumers of oral care
products: some of these polymers may, in theory, be recovered
and converted into non-medical products, such as turning
disposable polypropylene gowns into containers. However,
886 | RSC Sustainability, 2024, 2, 881–902
mechanical recycling has limitations: inevitable material degra-
dation during the process eventually relegates these plastics to
landlls or incinerators.46 Unfortunately, many plastics used in
oral care and dentistry are not recycled due to the difficulty of
separating different polymers from composite products (such as
the blends used to produce oral care products) or the risks of
contamination by body uids arising from usage. Nonetheless,
there have been advancements in the use of high-density poly-
ethylene (HDPE) for producing recyclable toothpaste tubes, and
this may translate into packaging innovation with less plastic
waste.9,47 There are opportunities to reduce plastic waste through
greater product design simplicity and by reconsidering what is
essential for personal oral hygiene. Compared to manual brushes
with wider heads containing a large number of bristles, leveraging
on rotation–oscillation movements to achieve greater cleaning
effectiveness can be accomplished even with a reduced number of
bristles in the smaller toothbrush head.48,49 In addition, substan-
tial unexploited opportunities exist in repurposing dental-relevant
polymers as feedstock for chemical upcycling into industrially
relevant small molecule chemicals or, to a lesser extent, functional
materials. Chemical upcycling of plastic waste transforms these
post-use polymers into new products of higher value, thus placing
this low-cost and readily-abundant waste material at the begin-
ning of the value chain instead of at the end.50–53 This approach
can reduce our reliance on petroleum sources to produce these
essential chemicals, whose industrial demand may prove
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Polymer sheets (green dashed circle) are used to create clear aligners over models (orange constructs) via the thermoforming
technique (blue arrow indicates the clear aligner after cutting and finishing). (B and C) Approximately 600 g of polymer are used to fabricate 20
sets (mandible and maxilla) of clear aligners (excluding the printing of the models; actual polymer waste varies according to product design and
treatment plan).
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nancially viable to sustain a possible post-use plastics industry.
Alternatively, several classes of polymers in current use (e.g.,
nylons) are also amenable for closed-loop recycling,54 where the
polymers are rst broken down into their constituent monomers,
which can then be repolymerized to form virgin polymers.
Therefore, in Section 2, we highlight relevant chemical methods
for achieving these transformations that can be applied to the
most common classes of polymers used in dentistry. In addition,
we briey discuss the possibilities of harnessing biodegradation
to break down dental polymers and exploit the emerging eld of
synthetic biology for valorizing waste dental plastics into high-
value chemicals and polymers.

While chemical upcycling can repurpose and keep existing
dental polymers within circular material loops, there is also
a simultaneous need to develop the next generation of new
sustainable dental polymers. In Section 3, we discuss the prac-
tical and material considerations for designing such polymers
suited for dentistry. We also highlight several notable classes of
polymers that may potentially nd useful applications in
dentistry. These include biodegradable polymers that can be
produced from renewable biomass sources, which reduces reli-
ance on petroleum feedstock, and polymers with inherent
circularity built into their chemical structures to be depoly-
merized with the appropriate physicochemical triggers. However,
it should be emphasized that the chemical upcycling of existing
polymers and the development of new sustainable polymers are
complementary in sustainable dentistry, and one approach
should not be pursued at the expense of the other. The devel-
opment of new polymers can be hampered by the economics and
logistics of production, and their differences in properties
compared to existing dental polymers can prove to be barriers to
widespread adoption in practice. Meanwhile, most of the current
polymers of dental relevance are produced from non-renewable
petroleum sources that can be depleted in the future. However,
some (e.g., polyolens) can also be produced from biomass
sources on substantial scales.55 Finally, we conclude this
Perspectives with recommendations for sustainable polymer
usage in dentistry that will apply to both existing and emerging
classes of dental polymers. We hope the approaches discussed
herein may inspire and guide new approaches for a more
sustainable future of polymers and plastics in dentistry.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2. New opportunities for dental
polymers' end-of-life

The sustainable end-of-life of dental polymers and plastics
requires collecting and sorting materials for chemical recycling
and upcycling, given the polymer-specic chemistries.

Clinically, the collection of single-use plastic PPE is
straightforward, as these can be disposed of in designated waste
bins and sorted according to their types (gloves, gowns, hair
covers, and masks) and decontaminated before any further
chemical upcycling (sustainable decontamination of dental
waste is discussed in ref. 56). On the other hand, plastic waste
from lab procedures not contaminated with oral uids from
usage is of high purity with known composition; thus, it can be
segregated by material type. Therefore, in our opinion, the latter
is suitable for chemical recycling/upcycling without further
sorting or treatment.

Personal hygiene products such as toothbrushes, tongue
cleaners, and toothpaste tubes are commonly classied as
municipal solid waste and are contaminated with other types of
waste. Recovering the polymers from hygiene products for
recycling/upcycling can be difficult. To compound the chal-
lenge, hygiene products are made of different types of polymers
(e.g., handles and bristles of toothbrushes), and separating
them from each other can be cumbersome and costly. It may,
therefore, be more feasible to produce products made of
sustainable alternatives (see Section 3) with simpler single-
component designs to allow natural biodegradability and
avoid environmental contamination.9,47,57

2.1 Opportunities for chemical recycling and upcycling of
dental plastics

In recent years, there has been a growing customer awareness
regarding the environmental impact of long-lasting polymers.
This increases the pressure to develop sustainable technologies
and establish a circular economy for plastics, including those
used in the health industry. The range of new technologies to
recycle polymer waste is growing rapidly, and the revenues from
new polymer recycling technologies are expected to reach USD
162 billion by 2030 globally.58 Although plastic waste sorting
and collection are currently unsolved problems, chemical
RSC Sustainability, 2024, 2, 881–902 | 887
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recycling/upcycling must occur hand-in-hand to create a viable
and nancially sustainable post-use economy for these sorted
plastics. Recent progress in unsupervisedmachine learning and
hyperspectral imaging has made it possible to distinguish and
group unidentied plastic samples composed of 12 distinct
polymers, including those commonly employed in dentistry
(e.g., PEEK, PMMA, and PET).59 Therefore, integrating machine
learning with polymer chemistry may enable predictive tools to
distinguish different polymer types commonly encountered in
clinical and consumer products. Fig. 5 summarises the range of
possibilities for dental plastics in use today.

2.1.1 Polyurethanes (PUs). PUs are polymers with fragments
joined by carbamate linkages, whose electrophilic nature makes
these polymers susceptible to chemical degradation via
glycolysis60–63 and aminolysis.64–66 In glycolysis, PUs are converted
into small molecules or oligomeric polyols by reactions of the
carbamate linkages with glycol and are oen catalyzed by amines,
hydroxides, and alkoxides, and Lewis acids.61,62,67–70 Split-phase
glycolysis is oen performed using an excess of glycols, where the
solubility of the polyol in the glycol layer facilitates its separation
from other by-products of the reaction and can also result in higher
purity polyol products compared to those recovered from single-
phase glycolysis.70,71 Reaction temperatures are oen high despite
Fig. 5 Summary of possibilities for chemical upcycling of common de
polymer production, as well as conversion back to monomers for close

888 | RSC Sustainability, 2024, 2, 881–902
using catalysts (>150 °C), and efficient polymer breakdown can be
performed both with traditional and microwave heating.60 Ami-
nolysis of PUs is typically conducted with diamines or alkanol-
amines68,72 under inert conditions using catalytic quantities of
sodium or potassium to afford small molecule or urea oligomers
terminated with amine or hydroxyl groups, respectively.73 These
polyols and amines obtained from glycolysis and aminolysis can be
used to synthesize new polymers and coatings.60

Closed-loop PU recycling can be achieved by rst subjecting
PUs to hydrolysis, which generates polyols, CO2, and the cor-
responding diamine. The diamine can then be converted to
isocyanate starting materials with phosgene and re-polymerized
with the polyols obtained to regenerate the original PU.71,72

Hydrolysis processes in superheated water under 250 °C (ref. 74
and 75) have shown great promise in converting PUF wastes
within 30 minutes to give a two-phase liquid with a polyol phase
and an aqueous phase that contains toluene diamines (72–86%
yield). In addition, PU hydrolysis can be performed in a CO2/
water mixture at 190 °C for 24 hours, where the carbonic acid
formed activates the carbamate groups for the reaction to
occur.76 However, due to the high energetic demands of PU
hydrolysis, the reaction can be challenging to perform on
commercial scales.77
ntal plastics in current use for useful small molecule and functional
d-loop chemical recycling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1.2 Polyetheretherketone (PEEK). This thermoplastic
comprises aromatic polyketone with a high melt temperature
(343 °C), thermal stability, and chemical resistance.78–81 Under
pyrolytic conditions at$750 °C, PEEK can be broken down into
small molecules such as dibenzofuran, diphenyl, and naph-
thalene, while a reaction temperature of 1500 °C affords
phenol.81 These products are important chemical precursors in
the chemical industry. PEEK can also be degraded by thermal
treatment in sub- and supercritical water with Na2CO3 as an
additive, yielding useful aromatics such as phenol and diben-
zofuran.82 It was subsequently shown that using ethanol as a co-
solvent and Cs2CO3 as the carbonate source could further
increase the efficacy of PEEK decomposition by approximately
50%.80

Unlike PUs, the options for upcycling PEEK into industrially-
relevant small molecules are limited because it lacks
chemically-labile bonds. Therefore, it may be preferable to
upcycle PEEK into functional polymeric materials through
aromatic sulfonation by reacting the polymer in sulfuric acid83

or chlorosulfonic acid.84

Depending on the degree of sulfonation (DS), the resulting
sulfonated polymer can become water-soluble and be used as
a polyelectrolyte.84 The sulfonic acid groups can also act as
chemical crosslinking sites for reactions with polyols to form
polymer electrolyte membranes with high strength, thermal
stability, and excellent proton conductivity,85 making them
promising candidates for fuel cell applications. Sulfonated
PEEK can also be used as polymer electrolytes with the potential
for energy storage in lithium-ion batteries.86

2.1.3 Poly(methylmethacrylate) (PMMA). Although PMMA
possesses an unreactive saturated C–C polymer backbone, it is
amenable to pyrolysis with highmonomer recovery and purity.87

A number of technologies with different reactor set-ups have
been patented. Segui et al.88 have reported the molten metal-
bath reactor that can afford a reported purity of 98% methyl
methacrylate (MMA) monomer. In another example, a patented
uidized bed reactor using sand as the heat transfer medium
could achieve an MMA yield of ∼95% with 96% purity.89 Alter-
natively, extrusion-based reactors can heat up and initiate
PMMA degradation, allowing MMA to be collected with yields
between 89–97%.90,91 The recovered MMA can be subjected to
well-established radical and anionic polymerization procedures
to regenerate virgin PMMA polymers, which could be used again
for dental applications.

The ester side chains of PMMA are amenable to hydrolysis,
alcoholysis, and aminolysis to afford carboxylic acids, func-
tionalized esters, and amides, respectively, which can be
repurposed for different applications. For instance, the reaction
of PMMA with diamines forms polymers terminated with
primary amines92 that can be suitable for the immobilization of
biomolecules such as DNA for biomedical applications. Hils
et al.93 also demonstrated the synthesis of a triple-responsive
(pH, temperature, CO2) poly(N,N-diethylaminoethyl meth-
acrylamide) by PMMA amidation with N,N-diethylethylenedi-
amine. With trivalent counterions such as [Fe(CN)6]

3−, both an
upper and lower critical solution temperature-type phase
© 2024 The Author(s). Published by the Royal Society of Chemistry
behavior is achievable at pH 8 and 9. Indeed, the inherent
possibilities for functional material production from recovered
waste PMMA are vast.

2.1.4 Polyethylene terephthalate glycol (PETG). PETG is
a non-crystalline amorphous polyester co-polymer of poly-
ethylene terephthalate (PET) that exhibits good mechanical
properties, stability, high solvent and fatigue resistance. Unlike
PET, which contains ethylene glycol (EG) as the sole diol
component (Fig. 5), PETG also contains 1,4-cyclo-
hexanedimethanol (CHDM) as a secondary glycol component.
Nonetheless, due to the structural similarities between PETG
and PET, the chemistries developed for the chemical recycling
of PET can also likely be applied directly to the former.

Polyesters like PET and PETG can be transesteried using
glycols or alcohols and transamidated by reacting with amines.
This enables the aromatic terephthalate component to be
recovered for chemical recycling into new PET or other poly-
mers such as polybutylene terephthalate (PBT).94 For example,
glycolysis using EG can be performed on PET to recover
bis(hydroxyethyl)-terephthalate (BHET), which is performed
commercially through IBM's VolCat process95 and can be
repolymerized to form virgin PET. Aminolysis of PET using
ethanolamine can also yield N,N0-bis(2-hydroxyethyl)
terephthalamide (BHETA), which is a useful precursor for the
synthesis of new polycarbonates, polyesters, and polyurethanes.
Indeed, polyurethanes synthesized from PET-derived BHETA
have recently been shown to be useful as polymer electrolytes
for energy storage in prototype lithium-ion batteries.96 Glycol-
ysis, alcoholysis, and aminolysis are facilitated by different
classes of catalysts, such as Lewis acid metal complexes such as
aluminum triisopropoxide97 and dibutyltin oxide,98 deep-
eutectic solvents (e.g., 1,3-dimethylurea/zinc acetate)99 and
organocatalysts (e.g., 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)100). More recently, Jehanno et al.101 demonstrated
a sustainable PET chemical recycling process using an ionic salt
comprising TBD and methanesulfonic acid (MSA). This
solventless method completely depolymerized PET in less than
2 hours, producing a BHET yield of 91%. The same BHET
monomer recovered was then subjected to repolymerization
with the same TBD :MSA catalyst, affording PET with similar
thermal properties. Similarly, these methods could conceivably
be applied to the closed-loop chemical recycling of PETG.

In recent years, a series of innovative catalytic procedures
has demonstrated the feasibility of converting PET into other
high-value small molecule chemicals. Through photo-
reforming, the ethylene glycol component of PET can be
transformed into glyoxal, glycolate, acetate, and formate with
concomitant H2 evolution, while the terephthalate component
can be recovered.102,103 Electrocatalysis can also convert PET to
terephthalate, potassium diformate, and H2.104 While not yet
demonstrated using PETG, one may envisage that the aliphatic
EG and CHDM components can be similarly oxidized to form
value-added aliphatic compounds.

2.1.5 Polyolens. Polyolens include polyethylenes (PEs)
and polypropylene (PP) and are the single most-abundant types
of plastics produced worldwide. As they comprise only saturated
C–C and C–H bonds, these polymers are highly chemically inert
RSC Sustainability, 2024, 2, 881–902 | 889
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and non-biodegradable. In dentistry, they are encountered in
toothpaste tubes and PPE. Due to their lack of reactive func-
tional groups, polyolens are traditionally only broken down
into complex mixtures of shorter-chain hydrocarbons through
pyrolysis, gasication, and hydrogenolysis,105 oen at high
temperatures (>250 °C). These hydrocarbons can be used as
fuels, waxes, or lubricants. Numerous methods have been
developed recently to expand the scope for obtaining high-value
small-molecule chemicals from polyolens. For instance,
oxidative degradation reactions can yield short-chain dicar-
boxylic acids from PEs,106–108 which are useful in pharmaceutics
and are important precursors for the specialty chemical and
polymer industries (e.g., adipic acid is a monomeric component
of nylon-6,6).

In recent years, there has been considerable interest in the
post-synthetic modication of polyolens via C–H functionali-
zation chemistry, which introduces new functional groups on
the polymers that can imbue them with new properties for new
applications. For instance, Hartwig and coworkers have recently
demonstrated that organometallic catalytic oxidation of PE to
install carbonyl and hydroxyl groups can create polymers with
enhanced adhesion, which can be used for creating new blends
and malleable thermosets.109 Selective carbonyl group installa-
tion on PEs can also be achieved using aldehydes and oxygen
gas.110 These reactive functional groups can also serve as
convenient reactive sites for graing other functional units onto
the polymer backbone for new applications. Installing hydroxyl
groups onto the side chains of isotactic PP can allow poly-
caprolactone to be graed onto these polymers, which can be
used to compatibilise immiscible polymer blends.111 Carbonyl
and chlorinated groups on post-synthetically-functionalized PE
can also be exploited for reaction with short-chain polyamines,
forming cationic amphiphilic polymers with antifungal
properties.112

2.1.6 Polycarbonates (PCs). PCs consist of the bisphenol A
(BPA) monomer, which is a known endocrine disruptor113 that
has the potential to be released in oral environments. Despite
this possibility, Watanabe et al. have studied the leaching of
BPA from orthodontic brackets in water and have found that the
amount of BPA released is unlikely to have estrogenic effects in
practice.114 BPA can be recovered from PC by hydrolysis.
However, harsh conditions are required under high tempera-
tures and pressures with prolonged reaction times.115–117

Nonetheless, the use of 1-butyl-3-methylimidazolium acetate
([Bmim][Ac]) ionic liquid/water mixtures can greatly accelerate
PC hydrolysis for high-yielding recovery of BPA.118,119 PC
hydrolysis can also be facilitated by alkaline earth metal oxides
and hydroxides117 as well as metal triates.120

Alcoholysis of PCs can allow for the recovery of functional
small-molecule organic compounds. For instance, dimethyl
carbonate (DMC) can be obtained from the methanolysis of
PCs, which can also be facilitated using ionic liquids121,122 and
organocatalysts such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD).115 These processes also liberate BPA, which can be re-
polymerized with DMC to regenerate virgin PCs. In addition,
DMC is also useful as a solvent exempted by the U.S. EPA as
a volatile organic compound123 and can potentially replace
890 | RSC Sustainability, 2024, 2, 881–902
hydrocarbon and halogenated solvents such as para-
chlorobenzotriuoride. Additionally, glycolysis of PCs with
ethylene glycol can produce bis(hydroxyethyl) ether of BPA
(BHE-BPA), which is useful for synthesizing alternative poly-
mers such as PUs.124

2.1.7 Polysiloxanes. Silicone polymers such as poly-
dimethylsiloxane (PDMS) contain alternating silicon–oxygen
bonds on their main chain (e.g., –O–Si–O–Si–O–Si–), which are
highly chemically-resistant and thermally-stable. Traditionally,
the thermal decomposition of polysiloxane can be achieved at
very high temperatures (∼600 °C) under inert conditions but
can be reduced to ∼300 °C in air,125 oen forming cyclic
siloxane oligomers such as hexamethyltricyclosiloxane. Other
than the high energetic requirements, thermal polysiloxane
decomposition is disadvantaged by slow reaction kinetics.126

Nonetheless, the recovery of cyclosiloxanes is valuable as they
can be used for repolymerization to form virgin polysiloxanes
and other silicone materials. Compared to the synthesis of
polysiloxanes from readily-abundant silica, which requires the
production of metal-grade Si and is extremely energy-intensive
with environmentally-unfavourable emissions,127 chemical
recycling of polysiloxanes could be a more economic and
sustainable approach.

Other than thermal cracking, a number of alternative (cata-
lytic) strategies have been developed in recent years. Alcoholysis
can be performed with DMC in methanol using potassium
uoride as a catalyst to yield alkoxy(oligo)siloxanes,128 which
can be transformed to (poly)siloxanes by hydrolysis. The affinity
of silicon towards uoride can also be exploited by using tet-
rabutylammonium uoride to break down PDMS into cyclo-
siloxanes in a simple process under mild conditions.129 The
cyclic product mixture could be repolymerized via acid- or base-
catalyzed ring-opening polymerization to form silicones,
demonstrating the possibility of closed-loop polymer recycling.

2.1.8 Nylons. Nylons are a family of polyamides that can be
produced from a single monomer (e.g., nylon-6) or separate
diacid and diamine monomers (e.g., nylon-6,6) and are typically
used in the bristles of toothbrushes. Amides are more resistant
to hydrolysis than esters and typically require acidic mediums
such as phosphoric (H3PO4), hydrochloric (HCl), or sulfuric
(H2SO4) acid.130,131 Shukla et al.132 studied the hydrolysis of
nylon-6 ber waste in different acids and found that hydrolysis
of nylon-6 using weaker acids, such as formic acid, yielded low-
molecular-weight oligomers with uniform chain lengths. In
contrast, hydrolysis in 30% HCl and 15% H2SO4 gave the
monomer, aminocaproic acid, at 93% and 79% yield respec-
tively. Alternatively, microwave irradiation has been shown to
greatly facilitate nylon depolymerization andmonomer recovery
using an aqueous HCl solution and was demonstrated using
nylon-6 and nylon-66.133 Other than potentially allowing repo-
lymerization to produce nylon polymers, the recovered diacids
(e.g., adipic acid) and diamines can be repurposed as feedstock
for other applications.

For nylon-6, it is possible to recover the cyclic monomer 3-
caprolactam (CP), which can be subjected to ring-opening
polymerization for closed-loop chemical recycling. Kamimura
et al. have demonstrated that nylon-6, in the presence of 4-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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dimethylaminopyridine (DMAP) catalyst in ionic liquids, can
afford high yields of CP aer 6 hours at 300 °C.134 Other than
ionic liquids, supercritical alcohols,135 and subcritical water136

can also afford high yields of CP with short reaction times.
Besides these approaches, Milstein and coworkers have re-

ported that hydrogenative depolymerization of various nylons can
occur using H2 in the presence of a ruthenium pincer catalyst to
afford amino alcohols and oligoamides.137 Valuably, the authors
demonstrated that the hydrogenated product mixture of mono-
mers and oligomers can be dehydrogenated to reform a poly(oligo)
amide, potentially completing a closed loop for the chemical
recycling of amide. While still only in a proof-of-concept stage and
not ready for practical adoption, this is the rst demonstration that
a sustainable, green, and atom-economic hydrogenation-based
process can be used for closed-loop polyamide recycling.
2.2 Biodegradation of existing dental plastics

Plastic biodegradation by microorganisms offers an alternative
route for the end-of-life treatment of dental plastics. Although this
offers an energetically-mild approach to the degradation of poly-
mers, the process is oen very slow under ambient conditions.
However, it can be sped up under industrial composting condi-
tions. Indeed, advances in synthetic biology, such as genome
editing, and our understanding of biologicalmetabolism pathways
can allow the engineering of new microorganism strains that can
achieve biotransformations traditionally unachievable with
natural microbial strains. Depending on the plastics, some of the
depolymerized products can be assimilated as feedstock for the
production of high-value commodities such as small molecule
chemicals (that cannot be easily produced from chemical upcy-
cling approaches) and even bioplastics such as poly(-
hydroxyalkanoates) (PHAs) (vide infra).138 This section provides
a brief snapshot of the possibilities of how biodegradation can
impact polymer end-of-life in dentistry.

Amongst commonly-used dental polymers, PUs and nylons are
the most susceptible to biodegradation by microorganisms. Asper-
gillus tubingensis139 is a species of fungi that grows on PU lms,
which results in cracking and erosion of the PU surface, with
accompanying chemical degradation observed. Nylon-6 and nylon-
6,6 can be broken down by marine bacteria such as Bacillus
cereus, which use the polymer as the sole carbon source at 35 °C in
a mineral salt medium (pH 7.5), albeit over three months.140 Anal-
ysis revealed that the degradation process introduces new functional
groups such as terminal amides, aldehydes, and carboxylic acids
onto the polymer structure, decreases the polymer's crystallinity,
and reduces the average molecular weight of nylon-6 and nylon-6,6
by 42% and 31%, respectively. Other than bacteria, lignolytic fungi
such as Phanerochaete chrysosporium can also degrade nylon-6
polymers. As reported by U. Klun et al.141, this species attaches
itself to the polymer bers, using them as a nitrogen source. Aer
three months of exposure, the molar mass of the polymer was
reduced by 50%, and physical grooves can be seen by scanning
electron microscopy, showing the polymer's physical degradation.

Besides simply breaking down the polymers, biological
approaches can be combined with chemical approaches to
synthesize useful products from dental-relevant polymers,
© 2024 The Author(s). Published by the Royal Society of Chemistry
which is not easily achievable by either method alone. It is
possible to synthesize compounds with antioxidant and anti-
inammatory properties, such as protocatechuic acid, from
hydrolyzed PET's terephthalic acid (TA).142 Although not yet
demonstrated using PETG, it is likely that the TA obtained from
chemical or enzymatic hydrolysis of the polymer can be repur-
posed in a similar manner. In addition, polyethylene (PE) can be
subjected to chemical pyrolysis to form a hydrocarbon wax
before being chemically oxidized to form a fatty acid mixture
that can be used as a substrate for bacterial PHA production.143

The medium chain-length (MCL)-PHAs obtained were largely
amorphous, with a molecular weight of approximately 150 kDa
and polydispersity index of 1.9, suggesting that these materials
could nd applications as elastomeric additives in coatings and
adhesives. Similarly, MCL-PHAs can also be produced from TA
as the sole carbon source.144

Despite the above possibilities, the challenges of biodegrada-
tion of dental polymers, viz. slow kinetics, need to be duly
addressed before they can become amajor player in the end-of-life
treatment. This highlights the need for further advances in
synthetic biology and the development of a new generation of
sustainable polymers produced exclusively from renewable feed-
stock that are more susceptible to microbial degradation than
petroleum sources. These, however, need to be segregated from
existing plastic recyclates as they can act as contaminants and
reduce the quality of the resulting recycled plastics.
2.3 Perspectives

Chemical recycling and upcycling of existing post-use dental
plastics are oen hampered by their durability and chemical
resistance, as these were originally designed and formulated for
utility rather than material circularity. A number of strategies
discussed in Section 2.1 require the use of a bulk solvent phase,
harsh reaction conditions, or hazardous reagents to achieve
their targeted chemical transformation, which is inevitable due
to the plastics' unreactivity. Solvents, in particular, pose
a signicant problem, as they oen comprise the largest
component of any reaction and are very rarely recycled for reuse.
Nonetheless, several recent developments have greatly
improved the sustainability of these chemical processes: (1) the
use of more environmentally-benign solvents such as super-
critical water; (2) avoiding the use of solvents altogether; (3) the
usage of more benign reagents such as O2 for oxidations rather
than (stoichiometric) oxidants; (4) alternative reactive modali-
ties such as photo- and electrocatalysis rather than relying on
traditional thermal chemistries, which has been shown to allow
reactions that traditionally require harsh conditions to proceed
under much milder, near-ambient conditions.145,146

For plastic upcycling to become a practical reality, sustain-
able and economic factors must be considered. Sustainable
methods are critical to avoid creating a more extensive envi-
ronmental problem through waste generation than the problem
it is attempting to solve. Economically, the products need to be
of sufficient high value with demand that is commensurate with
the scale of plastic waste produced. In this regard, higher-value
chemicals (e.g., organic acids), which can be fed directly into
RSC Sustainability, 2024, 2, 881–902 | 891
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existing industrial processes for use as precursors or ingredi-
ents, are potentially viable. For (polymeric) materials derived
from plastics, their end-of-life needs to be also considered: can
these products be suitably upcycled without having to dispose
them unsustainably in landlls or incinerators? Notably, these
issues impact the eld of plastics recycling/upcycling as a whole
and are not just related to dental polymers. With the signicant
global scientic attention to new sustainable chemical
recycling/upcycling strategies and biocatalytic processes, rapid
advances toward achieving sustainable plastic upcycling can be
expected in the coming years.

3. Next-generation sustainable dental
polymers: requirements,
considerations, and possibilities

Along with the rest of the world, dentistry has a responsibility to
nd solutions for alternative polymers to address the global
plastic waste crisis. The research breakthroughs expected of the
plastics industry is to makematerials more biodegradable while
maintaining strength and durability that rival traditional
commodity polymers, viz., the material should not start to
degrade during its service and shelf life.147,148 Thus, the chal-
lenge in developing sustainable products lies in balancing their
ease of degradation with practicality, durability, and biocom-
patibility. Toothbrush handles made of bamboo, as an alter-
native to traditional PP, serve as an interesting example to help
minimize environmental impact (based on life cycle assess-
ment).149 Nonetheless, research and development in the hith-
erto underexplored eld of sustainable dentistry are needed to
afford new scope and opportunities based on green chemistry at
all levels. Aside from specic properties that need to be met for
a targeted area of dental application (e.g., toothbrush bristles
should have high exibility and effectively reach and clean all
areas of the teeth and gums), polymers for oral care consumer
products should generally satisfy the following criteria:

� Durability: to withstand frequent use over time (e.g., as
toothbrush bristles and tongue cleaners).

� Hygiene: materials should ideally be non-porous, resistant
to bacteria adherence, and easily cleaned.

� Variety of processing designs: need to be easily molded into
various shapes to cater to different oral care needs, durability
and rigidity requirements.

In this section, we will consider the essential material
properties (Table 2) and consumer and clinical requirements
for dental polymers (Section 3.1) and discuss the possibility of
replacing existing dental plastics with more sustainable alter-
natives (Sections 3.2 and 3.3). Table 2 summarises the key
material characteristics of existing dental polymers that need to
be satised for potential sustainable replacement candidates.

3.1 Consumer and clinical requirements for dental polymers

The development of new polymeric materials can be targeted to
three segments: (i) consumer care (toothbrushes, containers for
personal oral care products), (ii) materials for patient use
(impression materials, prosthetic and restorative materials,
892 | RSC Sustainability, 2024, 2, 881–902
intraoral devices), and (iii) adjunct devices (saliva ejectors,
individual trays). Each segment will have specic requirements
that will inuence the development and adoption of alternative
materials to t their purpose. For instance, nylon has been the
material of choice for producing toothbrush bristles because of
its hygroscopic capabilities that modulate the bristles' rigidity.
However, no specic requirements are expected from the poly-
mers used to manufacture the bristles and the other parts of the
toothbrush. Nonetheless, the toothbrush handle and the neck
are expected to be light and smooth (to decrease microbial
contamination) and allow exibility to cushion the forces the
user applies when brushing to avoid unnecessary stress to oral
so tissues and breakage.

On the other hand, alternative polymers that target direct
patient applications need to consider specic requirements. For
instance, materials used in direct restorations (crowns, bridges)
and occlusal splints (bruxism) must present high mechanical
properties (e.g., fracture strength) and resistance to degradation
by oral uids, biolms, pH variation, food, and beverages.
Likewise, new polymers for impression need to fulll the
criteria established by organizations such as the American
Dental Association (ADA) and International Standardization
Organization (ISO), summarised in Table 3.

However, not all materials for direct patient applications
require such high compliance standards. For instance, indi-
vidual trays or surgical guides are primarily prepared with
polymers that provide pieces with high rigidity. Different
requirements apply to polymers used to fabricate orthodontic
aligners and athletic mouthguards. Although both applica-
tions require exibility, aligners must be transparent and be
able to withstand the wear and tear of daily use. In addition,
clear aligners must present a time-dependent relationship
between stress and strain to deform and deliver the forces for
tooth movement as planned by the clinician.42 It must be
highlighted that developing new polymers capable of deliv-
ering steady forces to the teeth over time is needed. The
current polymers used for fabricating clear aligners experi-
ence an exponential reduction in force over time, resulting in
signicantly less force aer a few hours from installation,
which compromises teeth movement.150

In contrast, athletic mouthguards must have high elastic
behavior to absorb impact. Still, they may require less wear
resistance and are used for a shorter time than aligners. In these
cases, long-term wear resistance is not a clinical concern.
Therefore, new recyclable/upcyclable polymers that fulll the
“rigidity/exibility requirement” (and transparency in some
cases) at a reasonable cost could become viable clinical alter-
natives. In the following sections, we will consider some
emerging bioplastics (Section 3.2) and new strategies for engi-
neering polymer recyclability (Section 3.3) relevant to dental
applications.
3.2 Alternative bioplastics

Bioplastics are polymers wholly or partially synthesized from
renewable bio-based feedstock, rather than petroleum. While
drop-in bioplastics such as bio-polyethylene can be produced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Properties of polymers commonly used in dental procedures and treatments

Polymer Use Characteristics

Nylon Toothbrush bristles and handles Thermoplastic, stiff, chemically/heat-resistant,
durable, good wear properties

Low- and high-density polyethylene
(LDPE, HDPE)

Toothpaste tubes Thermoplastic, exible, durable, lightweight,
and chemically resistant. It can be extruded,
allowing for the production of tubular
structures

Thermoplastic elastomers (TPE) Tongue cleaners Easily molded, exible, high stretchability
(allowing conformation to tongue surface
without permanent shape deformation)

Polyetheretherketone (PEEK) Complete dentures, removable prostheses,
implants

Thermoplastic, high stiffness, biocompatibility,
excellent geometrical stability, and resistant to
many common chemicals used in oral
healthcare products

Polymethyl methacrylate (PMMA) Dental prosthesis (bridges and veneers) High biocompatibility, mechanical strength,
and stiffness, easy to polish, and can be colored
to match the natural color of the teeth

Polyurethane (PU) Dental prostheses and implants, orthodontic
aligners, occlusal splints, and night guards

High biocompatibility and wear resistance. It
can be formed into various shapes (multiple
levels of exibility and rigidity), is light-
weighted, has ease of fabrication, and has good
chemical resistance to common dental
disinfectants and cleaning agents, tunable
properties

Polycarbonate (PC) Dental guards, sports mouth guards, clear
aligners, and other dental prostheses

High biocompatibility, mechanical strength,
and stiffness. Good impact strength and
chemical resistance to common dental
disinfectants and cleaning agents

Polydimethylsiloxane (PDMS) Impression materials, custom dental trays,
dental guards, and orthodontic appliances

High tear resistance and elastic recovery. Its
excellent exibility allows PDMS to conform to
the shape of oral tissues for accurate
impressions. High chemical resistance to
common dental disinfectants and cleaning
agents
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from monomers derived from biomass sources, this class of
bioplastics will not be considered herein as they are physically
and chemically indistinguishable from their petroleum-derived
counterparts. Instead, our discussion will be focused on com-
postable bioplastics such as polylactic acid (PLA) and poly(-
hydroxyalkanoates) (PHAs). Although commonly touted as
a sustainable replacement for existing petroleum-based plas-
tics, being produced from biological sources does not equate to
biodegradability. Indeed, PLA is not biodegradable under
ambient conditions but is considered compostable, as it can be
broken down under dened and controlled conditions within
specic timeframes.151 Nonetheless, should biodegradable and
compostable polymers enter mainstream dentistry, their waste
needs to be adequately segregated from those of existing
petroleum plastics, as they are oen treated as impurities and
can complicate plastic recycling streams. Cost aside, much
remains to be improved for bioplastics before they can claim
a signicant market presence. Nonetheless, it is important to
consider the possibilities of such materials to replace existing
plastics in dentistry, which may be especially pertinent for
personal dental products (e.g., toothbrushes and tongue
cleaners) that cannot be easily separated from municipal waste
streams. Amongst bioplastics, PLA and PHAs offer great
© 2024 The Author(s). Published by the Royal Society of Chemistry
potential as replacements for some existing petroleum-based
polymers (Fig. 6).

At the time of writing, PLA is amongst the most produced
bioplastics in the world. Its monomer (lactic acid) can be
derived from the fermentation of plant starch from corn,
sugarcane, and cassava or from sugars by Lactobacillales
bacteria. PLA is highly biocompatible and has been affirmed by
the US FDA as a suitable material for medical applications.
Indeed, PLA has broad applicability for provisional crowns,
complete dentures, and orthodontic devices in dentistry.
Although PLA can be produced by polycondensation of lactic
acid, the resulting polymeric materials were of ill-dened
molecular weight and microstructure.152 Therefore, ring-
opening polymerization (ROP) of the cyclic lactide monomer
is now more frequently used for PLA synthesis, as it allows for
better control of the end product in terms of molecular weight,
dispersity, well-dened polymer chain-ends, and desired tac-
ticity.153 Modern advances in catalysis have enabled lactide ROP
to be performed under mild conditions using Lewis acidic
organometallic complexes154–156 and organocatalysts,157,158 oen
with good stereocontrol. The properties of PLA can be tuned to
reduce brittleness, facilitate processing, and improve their
mechanical properties through stereocomplexation,159,160
RSC Sustainability, 2024, 2, 881–902 | 893
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Table 3 Requirements for dental polymers

Manual toothbrushes – resistance of tued portion to deection (ISO 22254:2005)

Since the perception of stiffness differs amongst countries, stiffness may be classied differently

Elastomeric impression materials (ISO 4823:2015)

Type: body

Consistency
(test disc
diam, mm)

Strain-in
compression%

Detail reproduction
(line width, mm)

Linear dimensional change
(max%)

Elastic recovery
(min%)min max min max

0: putty — 35 0.8 20 75 1.5 96.5
1: heavy — 35 50
2: medium 31 41 2.0 20 20
3: light 36 — 20

Base polymers-part 1: denture base polymers (ISO 20795-1:2013)

Curing mode (type)
Ultimate exural strength
(min MPa)

Flexural modulus
(min MPa)

Residual monomer
(max% mass fraction)

Sorption
(mg mm−3)

Solubility
(mg mm−3)

Heat (1), light (4), or microwave (5) 65 2000 2.2 32 1.6
Autopolymerizable (2) 60 1500 2.5 8.0

Base polymers-part 2: orthodontic base polymers (ISO 20795-2:2013)

Types
Ultimate exural strength
(min MPa)

Flexural modulus
(min MPa)

Residual monomer
(max% mass fraction)

Sorption
(mg mm−3)

Solubility
(mg mm−3)

All 50 1500 5 32 5
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surface treatment,161 and formulation of composites with
various additives,162,163 such that their properties can resemble
those of commodity petroleum plastics such as polystyrene and
PET. Similarly, appropriate composite formulation and post-
synthetic processing techniques can extend the application of
PLA-based materials to more diverse dentistry uses.

Poly(hydroxyalkanoates) (PHAs) are a family of biogenic
polyesters (Fig. 6) produced by numerous bacteria in nature,
such as Cupriavidus necator and Ralstonia eutropha, as an
intercellular carbon and energy-storage reservoir.164,165 Natural
PHAs feature exclusively (R)-conguration at the chiral center
(e.g., isotactic) owing to their fermentative synthesis,165 while
synthetic PHAs produced from ROP of cyclic esters and b-
lactones are less stereo-regular. The properties of PHAs depend
not only on polymer molecular weight but also the identity of
their pendant alkyl chains: while short chain length (SCL: C3–

C5) PHAs such as poly(3-hydroxybutyrate) [P(3HB)] are highly
crystalline, stiff and brittle, with high melting point of ∼175 °C,
medium chain length (MCL C6–C14) PHAs are more amorphous,
exible and have lower strength. The diversity of these struc-
tures and the possibilities of copolymerizing hydroxyalkanoate
monomers with other monomers enable their properties to be
customized for different applications. For example, copoly-
merizing 3-hydroxybutyrate (3-HB) with 25 mol% hydrox-
yvaleriate (HV) units resulted in the decrease of the melting
point of the resulting material (PHBV) to 137 °C,164,166,167
894 | RSC Sustainability, 2024, 2, 881–902
compared with P(3HB). Besides improved thermal process-
ability, its impact strength was enhanced by an order of
magnitude, making its overall properties comparable to PP's.
Under aerobic conditions, PHB degrades completely to CO2,
water, and humus, whereas under an anaerobic environment,
CH4 is produced.167 While naturally-occurring PHB is easily
degraded by microorganisms due to its exclusive (R)-congu-
ration of the side chains, synthetic PHBs consisting of a mixture
of (R)- and (S)-stereoblocks exhibit different degradation rates;
(S)-units undergo a slower enzymatic degradation than (R)-
units.168,169 This implies that the material's lifetime can be
potentially modied by controlling the stereoregularity during
polymer synthesis. Chemical degradation of PHAs can yield
products such as crotonic acid, which can be used to produce
other high-value chemicals such as poly(crotonic acids) and
crotonate esters.170 Alternatively, it was shown that MCL-PHAs
can be thermally degraded to 2-alkenoic acids, which can be
utilized as a feedstock for further PHA biosynthesis, potentially
offering a strategy for PHA recycling.171 PHAs are biocompatible,
and many of them have been used for various biomedical
applications, such as scaffolds for tissue engineering, wound
dressings, medical implants, antimicrobial membranes, and
drug delivery platforms.172,173 Although not currently used as
dental materials, there is signicant potential for these bio-
plastics to be used in this eld.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bioplastics with circular life cycles can potentially replace some existing plastics in dentistry.
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In addition to PLA and PHAs, considerable recent research
has been done in developing sugar-derived biomass-based
alternatives to conventional oil-based plastics. A bio-PC nano-
composite containing isosorbide (derived from D-glucose) and
cellulose nanocrystals that possessed excellent mechanical
strength was reported as a potential replacement for BPA-based
PCs.174 Alternatively, PET can potentially be replaced with
poly(ethylene furanoate) (PEF), which contains the biomass-
derived furan-dicarboxylic acid monomer (derived from fruc-
tose) as a replacement for the petroleum-derived terephthalic
acid component of PET. Compared with PET, PEF production
has potentially lower greenhouse gas emissions,175 and this
bioplastic has higher gas barrier properties to gases such as
water vapor and oxygen.176 Such is the promise of PEF that it is
Fig. 7 Synthesis of chemically recyclable polymers using renewable sourc
PLC from LO.186,190

© 2024 The Author(s). Published by the Royal Society of Chemistry
now produced on commercial scales by Avantium. Despite the
possibility of these bioplastics replacing oil-based dental poly-
mers in use today, such as BPA-containing PCs and PETG, their
end-of-life may not be very different. Although accelerated
biodegradation tests have shown that PEF degrades faster than
PET at 58 °C,177 PEF breakdown under more realistic natural
conditions is yet to be studied. If the purpose of replacing
existing dental polymers, especially for personal care products,
with bioplastics is to reduce environmental impact through
more facile natural biodegradation, these bioplastics may not
necessarily be suitable.

Despite the promise of these bioplastics, their costs of
production are currently incomparable to those of petroleum-
based polymers, which inevitably hinders their more widespread
es: (A) flexible PU foams fromMVL;183 (B) PCMVL fromCMVL;185 and (C)
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adoption and usage. This applies even to PLA and PHAs. The cost
of PHAs, for instance, can be 5–10 times those of existing
petroleum-based plastics, associated with complex bioprocessing
techniques and challenging downstream product purication.178

In this regard, there is considerable effort in reducing the cost of
PHA production, such as using cheaper carbon sources for
biosynthesis179 (e.g., industrial and municipal wastes, which
include waste polystyrene).180 Beyond cost, other factors also affect
the feasibility of bioplastic production and adoption: environ-
mental concerns over agricultural practices, land usage, and
competition with food crop production, such as that for PLA
feedstock production, can potentially outweigh their benets over
petroleum-based polymers. Such factors can conspire to sound the
death knell for bioplastics/biodegradable polymers: despite the
promise of Bionolle™, a biodegradable polyester produced by
ShowaDenkowith similar processibility as LDPE and has potential
for its monomers (succinic acid and 1,4-butanediol) to be
produced from biomass sources,181 its production was terminated
in 2016. This was attributed to economic reasons and delays in
environmental regulations.182
3.3 Synthetic polymers with inherent recyclability

Other than bioplastics, recent years have also witnessed the
development of inherently-recyclable polymers and covalent
adaptable networks (CANs)-crosslinked polymers containing
reversible covalent bonds that solve the end-of-life issue and
provide a direct approach to establishing a circular economy. As
shown in Fig. 7, these polymers are designed such that their
chemical bonds can be broken on demand upon applying
specic physicochemical triggers (e.g., high temperature and
specic chemicals). For inherently-recyclable polymers, these
properties enable monomer recovery that can then be used in
repolymerization. At the same time, CANs allow post-usage
reprocessibility and recyclability. Although these polymers
show great promise as circular materials, most have not yet
made it to commercial production. Nonetheless, we must
consider them as potential replacements for existing oil-based
polymers where applicable for dentistry, even though the
biodegradability of most of these polymers has yet to be tested.

For such polymers, specic chemistries are needed to enable
material circularity; it is perhaps more feasible for them to be
replacements for clinical settings rather than in personal domestic
dental use, where segregating the waste materials can be more
feasibly achieved. Regardless, these recyclable polymers should be
hydrolytically stable, resistant to common chemical constituents of
food and dental products (e.g., Cl−), and preferably produced from
sustainable/biomass resources. Herein, we highlight some possi-
bilities that require specic thermal and/or chemical conditions
for achieving bond dynamics that are typically not encountered in
common dental practice.

The synthesis of chemically recyclable polymers from renew-
able feedstock has gained immense popularity over the past
decade. In particular, substituted polyvalerolactones produced
from renewable monomers such as 4-carbomethoxyvalerolactone
(CMVL) and b-methyl-d-valerolactone (MVL) have been docu-
mented. Hillmyer et al. reported the synthesis of bio-based and
896 | RSC Sustainability, 2024, 2, 881–902
chemically recyclable exible polyurethane (PU) foams using
hydroxy telechelic PMVL to replace petroleum-derived polyols (Fig.
7A).183 These materials not only rival petroleum-derived PUs in
performance but also the crosslinked PMVL PUs, which can also
be chemically depolymerized to recover theMVLmonomer in high
purity and yield. An MVL yield of up to 97% and$95% purity was
achieved when PMVL PU foam was subjected to 200–250 °C and
100 mTorr conditions. Although not essential, the depolymeriza-
tion could be accelerated by adding Sn(oct)2. To close the recycling
loop, theMVL recovered was used to synthesize new PMVL polyols,
whichwere shown to be identical to an analogous sample prepared
from virgin monomers.

Malic acid is a promising renewable and abundantly avail-
able feedstock that can be produced microbially from biomass
as an intermediate in Kreb's cycle.184 Hoye et al. synthesized the
CMVL monomer from malic acid via a two-step synthesis. Ring-
opening transesterication polymerization (ROTEP) of CMVL
then produced the novel substituted polyvalerolactone PCMVL
(Fig. 7B).185 This material was found to be semicrystalline with
a glass transition temperature of −18 °C, with two melting
temperatures at 68 and 86 °C. Furthermore, this polyester can
be chemically recycled by two complementary pathways: (1)
reverse ROTEP or backbiting depolymerization to CMVL (87%
yield), or (2) eliminative process to form a methacrylate-like
monomer (88% yield), which can undergo polymerization to
give a new polymethacrylate derivative.

Copolymerization of limonene oxide (LO) with CO2 to
produce bio-based poly(limonene carbonate) (PLC) has also
attracted much attention recently (Fig. 7C).186–188 LO is bio-
derived from limonene, a monoterpene commonly found in
the peel of citrus fruits.189 The depolymerization of PLC was
recently demonstrated by Sablong et al. using 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD).190 At 110 °C in toluene, the strong
organic base deprotonates the OH-terminated PLC. This leads
to a fast degradation back to LO monomer via successive
backbiting reactions. This bio-based polymer can be a truly
sustainable material due to its quantitative depolymerization to
monomers and the use of non-toxic and cheap CO2 as
a building block for copolymer synthesis.

The vast majority of the polymers we have considered thus far
are thermoplastics, as they aremainly linear polymers that interact
with each other primarily through intermolecular forces that can
be overcome by heat to form viscoelastic liquids. An alternative
class of recyclable polymers is the CANs – an exciting family of
renewable plastics with end-of-life recyclability that offer high
strength, stability, and chemical resistance compared to tradi-
tional thermoset plastics.191 Unlike thermoplastics, thermosets are
3D crosslinked polymers with permanent covalent bonds
throughout their structure that cannot easily be broken even when
subjected to elevated temperatures, such that the polymer ther-
mally decomposes before melting. In contrast, CANs contain
dynamic covalent bonds that can be broken and formed reversibly
under suitable conditions, making up the 3D polymer network. A
large number of CANs have been developed in recent years, and
the interested reader is referred to recent reviews for a more in-
depth treatment of these materials.191 CANs may potentially be
used as recyclable and reprocessible alternatives to the current
© 2024 The Author(s). Published by the Royal Society of Chemistry
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commonplace thermosets, such as the PUs and PMMA used in
dentistry today. Although most CANs reported are based on
petroleum feedstock, an emerging generation of bio-based CANs is
gaining popularity, utilizing raw materials derived from sugars,
organic acids, oxygenated biopolymers, lignin, natural rubber, and
hydrocarbon-rich biomass such as vegetable oils.192

3.4 Perspectives

For the dental industry, as with many other applications, the
dominant motivations for adopting new polymers are the practical
benets (e.g., utility, cost, convenience), while sustainability
considerations oen take a back seat. At the time of writing,
considerable challenges need to be surmounted before sustainable
dental polymers can nd practical deployment. The issue of cost is
paramount, as more expensive materials and their (segregated)
disposal will ultimately be passed on to patients and consumers.
As aforementioned, even the most widely produced bioplastics,
PHAs and PLAs, are presently more costly than petroleum-based
plastics. The cost problem is expected to be even more acute for
polymers with inherent recyclability, as these oen require more
specialized and expensive monomers for production. Despite this
drawback, continued advancement in the production of bio-
plastics and sustainable alternative polymers will likely drive costs
down, offering new possibilities in dental applications.

Should some of these sustainable polymers enter the dental
polymer toolkit in the future, they should be segregated from
existing recyclable plastics aer use, as their presence can act as
contaminants and reduce the quality of recyclables. However, the
diversity in new sustainable polymer classes discussed in Section
3.3 can unnecessarily complicate waste disposal, even at the clin-
ical level by trained practitioners, due to the specic chemistries
needed for circularity. This could ultimately result in low adoption
or inadvertent backring. The problem is further complicated by
the diverse material properties required for different dental
applications, as a recyclable polymer suited for one application
may not be so for another. To overcome this, we suggest that
greater emphasis be placed on developing sustainable polymers
that possess inherent material diversity and allow ease of property
tunability. In this regard, the diverse family of PHAs may be the
most promising existing class of polymers, despite being currently
overlooked in dentistry, which can all be subjected to composting
post-usage. The possibility of composting also makes PHA-based
dental products suitable for domestic use. A similar consider-
ation should drive the development of inherently recyclable poly-
mers for dentistry, achieving the greatest diversity in material
properties for each type of reversible polymerization chemistry.

4. Beyond the materials: practices for
more sustainable dental plastics
consumption

Plastic waste in dentistry arising from the consumption of
single-use items such as PPEs and disposable clinical tools,
packaging materials, consumer care products, leovers from
laboratory procedures, and long-lasting materials for short-
lived applications presents a signicant environmental
© 2024 The Author(s). Published by the Royal Society of Chemistry
concern. Addressing this issue requires advancing technologies
for re-using or re-purposing existing polymers, developing less
durable materials with desired properties for short-lived clinical
applications, and optimizing lab workows to decrease wastage
from manufacturing procedures.

It is noteworthy that while dentistry contributes signicantly to
plastic waste, the broader healthcare industry has a more
substantial impact, contributing to approximately 4.4% of global
net emissions.193 In Europe, plastic constitutes approximately 36%
of healthcare waste.194 Notably, the global medical plastics market
was estimated at US$52.9 billion in 2023 and is expected to keep
growing with an annual growth rate of 7.4%.195 Hence, break-
throughs to decrease the environmental burden at the
manufacturing, clinical, and consumer levels in dentistry also
hold the potential for adoption in other medical sectors, all of
which face increasing pressure to decrease their waste footprint.

One plausible solution is collecting and segregating single-
use clinical materials, such as PPE, saliva ejectors, material
packaging, and containers. It is worth highlighting that a new
business model for dental practices has emerged in the last two
decades, from individual practices (single clinician) to the
consolidation of several dental practitioners under the same
roof with centralized administration, whether private or
public.196 Hence, the collection and segregation of clinical
wastage (contaminated or not) can be adopted as part of the
clinical operations procedures and guidelines. An impressive
example of how this has been feasibly achieved, since the
Minamata Convention on Mercury became effective in 2017,
dentists from around the world have already managed to
segregate the very minute pieces of amalgam that may need to
be removed from teeth in a collective effort to reduce mercury
emissions and minimize mercury-related health and environ-
mental risks. Hence, dental professionals are not alien to the
potential environmental hazards triggered by materials used
clinically, and a culture of clinical recycling can be conceivably
and feasibly implemented.

Another area that can be readily developed and implemented is
the smart design and optimized manufacturing practices for
dental appliances and products for consumer oral care, leveraging
improvedmanufacturing precision andmore powerful simulation
tools. For instance, our simulations show that optimizing the
positioning of virtual models before the 3D printing procedures
can reduce the amount of polymer consumed for model fabrica-
tion by 35% (Fig. 2). Hence, developing soware for automated
positioning can reduce the amount consumed and decrease the
wastage arising from eliminating auxiliaries such as supporting
pillars and model bases.

A similar call to action can be made to research and develop
more innovative designs for consumer oral care products,
clinical tools, and packaging. While the usage of powered
toothbrushes will likely continue increasing, manual tooth-
brushes will remain popular due to their lower unit price and
maintenance cost.197 Therefore, manufacturers must continue
innovating product designs to develop toothbrushes with less
plastic while maintaining cleaning effectiveness. Likewise,
manufacturers can innovate to promote a more eco-friendly
approach to dental clinical products. For instance, the design
RSC Sustainability, 2024, 2, 881–902 | 897
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and materials used to fabricate the current saliva ejectors are
similar to those proposed in the original patent applications in
the 1940s. Dentistry embraces technological advancements,
evidenced by the high acceptance of novel equipment for care
delivery and the adoption of digital planning and 3D-printed
solutions. Hence, clinicians worldwide have a fair chance of
accepting novel eco-friendly designs that fulll essential clinical
functions satisfactorily.

5. Conclusions

The ideal chemical and physical properties of existing
petroleum-based plastics have made them indispensable for
developing durable and hygienic materials for consumer
products and dental tools and for delivering clinical care and
treatments by dental professionals. The high versatility and
widespread use of plastics, combined with the humongous
volume of products consumed daily by the general population
and dentists to maintain and restore oral health, positions
dentistry as a signicant contributor to the global plastic waste
crisis. Thus, there is a need for greater awareness and endless
opportunities for innovation on multiple fronts to address the
massive plastic wastage issue in oral care. Recent advances in
recycling and upcycling technologies can aid in improving
material circularity. At the same time, developing sustainable
polymers can reduce the accumulation and environmental
recalcitrance of long-lasting materials used for short-lived
applications. Progress and shis towards these advancements
will not occur instantaneously. Hence, adopting more sustain-
able practices and improving the designs of established clinical
tools and products can serve as a bridge for decreasing the
environmental burden in the interim. Globally, there is
a growing awareness of the importance of maintaining good
oral health and comprehensive dental care. Therefore, research
and innovation need to address the rising consumption of
plastics in dentistry, simultaneously enabling the improvement
of global oral health without the corresponding environmental
impact. We hope this Perspectives article spurs much-needed
innovations and advances in this direction.
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106 E. Bäckström, K. Odelius and M. Hakkarainen, ACS
Sustainable Chem. Eng., 2019, 7, 11004–11013.
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