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Abstract
Resin-based composite (RBC) is used extensively in dentistry to restore teeth and improve oral health. This usage has negative environmental impacts via pollution, plastic waste and carbon emissions. RBC consists of an inorganic filler phase within an organic polymeric resin-based matrix phase which is typically methacrylate-based. The methacrylate monomers within RBC do not fully polymerise in normal clinical use and long-term elution results in the release of monomers into the environment via several pollution pathways. The varying typical constituent RBC monomers and degradation products are recognised to be cytotoxic, mutagenic and in the case of bisphenol-A (BPA), estrogenic. Monomers and BPA elute from RBCs in situ into sewerage as excreted human waste, from microparticulate waste into municipal wastewater when RBCs are removed, finished or polished, as disposed CAD/CAM waste microparticles into municipal wastewater, into landfill leachate or the air when RBC is disposed to landfill or incinerated, and finally into groundwater or the air when cadavers with RBC in situ are interred or cremated respectively. This study sought to investigate these pollution pathways to better understand the environmental impact of RBC. Several different analytical techniques were utilised to detect and quantify monomeric elution and characterise RBC microparticulate waste. Other aspects of environmentally sustainable use of RBC were also considered and investigated using life-cycle analysis methods and comprehensive scoping reviews of sustainable oral healthcare. Conclusions derived from this research are, monomers can be detected and quantified in the pollution pathways investigated, the full extent of the impact of pollution from RBC requires further investigation, environmentally sustainable use of RBC and other dental materials requires a reductionist approach prioritising prevention of disease and optimal clinical use to reduce the need for replacement, and coordination of all stakeholders (manufacturers, distributors, users and disposal services) within the oral healthcare supply-chain is required.


[bookmark: _Toc154054702]Summary 
[bookmark: _Toc154054703]Background
Environmental pollution derived from dental material use in the provision of oral healthcare has previously focused on the use of dental amalgam on account of its mercury content. This material has been superseded by resin-based composite (RBC), a combination of inorganic glass filler particles (60-80%) coupled to and contained within an organic resin matrix, primarily consisting of methacrylate monomers. There is a need to fully understand the potential environmental impacts of RBC in order to ensure environmentally sustainable oral healthcare. Common monomeric constituents in RBC include bisphenol A glycerolate dimethacrylate (BisGMA) and urethane dimethacrylate (UDMA) with diluent low molecular weight monomers hydroxyethyl methacrylate (HEMA) and triethylene glycol dimethacrylate (TEGDMA). Other components of RBC include initiators, inhibitors and activators. RBCs placed in a clinical environment do not achieve complete conversion of the monomers which may lead to a greater elution of monomers into the environment over time. In addition, through the fabrication and clinical use, microparticulate waste is generated and released into the environment. The various mechanisms through which RBC microparticles and monomer eluents are released into the environment include; removal and finishing/ polishing of old and newly placed restorations, the disposal of microparticulate waste from CAD/CAM applications, after placement into patients and excretion of monomers into sewerage, after interment or cremation of patients that have these restorations and the disposal of expired or unused RBC into landfill or via incineration. 
[bookmark: _Toc154054704]Aim

[bookmark: _Toc154054705]Methods
A generic methodology was developed to detect and quantify the eluted RBC monomers arising from each of the environmental release mechanisms that are described in this thesis. The generic methodology described also includes the selection and use of the test RBC materials. 
In addition, a specific methodology was developed for each environmental release mechanism that was simulated in the form of a microcosm. This additional methodology is detailed for each experiment in the relevant chapter and includes specimen preparation, storage, sampling and analysis.  
[bookmark: _Toc154054706]Generic methodology
High performance liquid chromatography (HPLC) and solid-phase microextraction coupled to high performance liquid chromatography (SPME-HPLC) was utilised to detect and quantify the eluted monomers of interest:  Bisphenol A glycerolate dimethacrylate (Bis-GMA), urethane dimethacrylate (UDMA), triethylene glycol dimethacrylate (TEGDMA), bisphenol-A (BPA) and hydroxyethyl methacrylate (HEMA). 
The RBC test materials used in all the experiments were:
· The commercial (unpolymerised paste-form or polymerised to manufacturer’s guidelines and standards set by ISO 4049:2019 [endnoteRef:1]) RBC (Filtek Supreme XTE, 3M Oral Care, USA), with or without its matching dentine adhesive, as per the specific experiments. [1:  International Organization for Standardization. (2019). Dentistry: Polymer-based restorative materials (ISO Standard No. 4049:2019). https://www.iso.org/standard/67596.html. Accessed: 08/03/2024] 

· CAD/CAM (pre-polymerised) RBC blocks (LavaTM Ultimate, 3M Oral Care, USA). 
These two materials are considered to be representative of their category of RBC and contain all the constituent monomers of interest. The 
An ‘in house’ control material fabricated RBC was manufactured with the same constituents of interest as found in the commercial materials.  This is referred to as Envirodent Project RBC (EDP) with constituents and concentrations detailed in the methodology chapter.
[bookmark: _Toc154054707]Experiment-specific methodologies 
RBC Eluents in Human Excreted Waste (saliva and urine)
“A clinical pilot trial on 22 patients was carried out for the provision of one multi-surface composite restoration on a posterior tooth. The representative commercially available resin-based composite (RBC) and dentine adhesive containing the study monomers were used. Urine and saliva/mouth rinse samples were obtained from every participating patient at the following time intervals: Baseline (control), immediate pre-intervention, immediate post-intervention and 24hr post-intervention. Potential exposure to the study monomers from food and drink, that may act as confounders, was identified”. Sample analysis for test analytes were carried out using solid phase micro-extraction coupled with high performance liquid chromatography (SPME-HPLC).
RBC microparticle pollution
SEM, particle size and specific surface area analysis, FT-IR and potentiometric titrations were used to characterise microparticles arising from grinding commercial and control RBCs as a function of time, at time of generation and after 12 months ageing in water [endnoteRef:2]. The RBCs were tested in the two states: (i) direct-placement materials and (ii) pre-polymerised CAD/CAM ingots. The five target monomers were analysed by combined solid phase micro-extraction and high-performance liquid chromatography (SPME-HPLC).  [2:  Mulligan S, Ojeda JJ, Kakonyi G, Thornton SF, Moharamzadeh K, Martin N. Characterisation of Microparticle Waste from Dental Resin-Based Composites. Materials (Basel). 2021 Aug 8;14(16):4440. doi: 10.3390/ma14164440. PMID: 34442963; PMCID: PMC8402022] 

Disposal via landfill burial and incineration
The RBC test material was polymerised, placed in microcosms of either sterilised (121 °C/ 15 min) or non-sterilised landfill leachate for 28 days at 35 °C and sampled. Groundwater, landfill leachate and tap water were utilised in different scenarios to represent interment, disposal to landfill and release into municipal wastewater respectively. 
Incineration (≈850 °C for 2 hours) of the polymerised RBC utilising a custom flame/kiln rig was performed. Incinerated RBC and unburnt controls were washed in acetonitrile ultrasonic baths for 1-hour post-incineration and sampled. 
The eluted monomers of interest were quantified via solid phase micro-extraction coupled to high-performance liquid chromatography (SPME-HPLC) for simulation of landfill disposal and HPLC for simulation of incineration. 
RBC eluted monomers from end-of-life scenarios
Interment and cremation simulation of RBCs was conducted.  For the interment study, analogue replica teeth were fabricated from lithium disilicate with uniform mesio-occlusal-distal cavities. Known volumes of the test and control RBCs, were placed in two equal groups of models and photopolymerized. The restored tooth replicas were aged in artificial saliva at 35 C for 6 months to simulate the oral environment. Duplicates of these specimens were then placed in microcosms, immersed in groundwater at 10 C for 12 months. The immersing groundwater was sampled and analysed at 5 intervals over the 12-month period (baseline, 1, 5, 10 and 12 months).
For the cremation study, standardised discs (2 mm × 10 mm diameter) were fabricated from the test and control RBCs described and aged in the same manner as the interment experiment, prior to staged incineration. A combination of HPLC and SPME-HPLC were used to detect and quantify the eluted monomers of interest. 
Resin-based composite (RBC) and sustainable oral healthcare – a life cycle assessment
A comparative cradle-to-gate life cycle analysis (LCA) was performed investigating the three current direct placement restorative materials:  Commercial RBC and its associated packaging in comparison to dental amalgam and glass polyalkenoate cement. Packaging was included to determine the environmental impact of packaging as a source of single-use plastic (SUP) within dentistry. The functional unit was ‘one dental restoration’ of each DRM system under investigation, according to the system boundary of this study, which were:
· the impact of the raw materials and processing steps
· the packaging materials, and their processing steps
The material and energy inputs and outputs were provided by collaborating with a major international dental manufacturing company (SDI Limited, Australia).
ReCiPe Midpoint v1.13 impact assessment methodology using the Egalitarian I approach was used, which translated resource extraction and emissions into environmental impacts. 
[bookmark: _Toc154054708]Results
Monomeric elution from the mechanisms of environmental release of RBC was demonstrable. Monomers of interest were detected after clinical intervention in urine and saliva without any statistical significance comparing pre and post intervention concentrations. Microparticulate RBC was characterised; the maximum specific surface area of the direct-placement commercial RBC was seen after 360 s of agitation and was 1290 m2/kg compared with 1017 m2/kg for the control material. The median diameter of the direct-placement commercial RBC was 6.39 μm at 360 s agitation and 9.55 μm for the control material. FTIR analysis confirmed that microparticles were sufficiently unique to be identified after 12 months ageing and consistent alteration of the outermost surfaces of particles was observed. Protonation-deprotonation behaviour and the pH of zero proton charge (pHzpc) ≈ 5–6 indicated that the particles are negatively charged at neutral pH7. All microparticles of RBC tested eluted the target monomers, except for the CAD/CAM cohort, where BisGMA was not detected. The finished/polished microparticles released significantly more UDMA than the aged, direct-placement RBC FS-Aged. Significantly lower concentrations of all monomers were released from the CAD/CAM material in comparison to the direct-placement RBC samples. Concentrations of BPA were significantly higher in non-sterilised landfill leachate samples in comparison to sterilised leachate samples. Concentrations of TEGDMA and UDMA were generally higher in sterilised samples compared with non-sterilised. There was no significant difference between samples regarding Bis-GMA. Incineration resulted in significantly less overall elution of BPA, TEGDMA and UDMA compared to landfill disposal concentrations, assuming complete combustion occurs.
The interment study showed that for both composite materials, TEGDMA eluted in the highest concentration with other monomers detected in the following levels of TEGDMA>HEMA>BPA>UDMA>BisGMA. The cremation simulation scenario showed a two-stage monomer release, with the majority of the monomers of interest detected in the initial low temperature phase of cremation and significantly reduced concentrations in the second high-temperature stage. Significantly higher concentrations of monomers were released and detected from un-aged RBC, compared to the specimens aged in artificial saliva. 
Cradle-to-gate life cycle analysis (LCA) demonstrated that dental amalgam had the highest impact across most of the categories, but RBC had the highest Global Warming Potential. The highest sources of the environmental impacts for each restorative material were: Amalgam, derived from material use; RBC, derived from energy use in processing material and packaging material; GIC, derived from material and energy use for packaging.
A scoping review identified that dental materials made up one of the eight diverse but closely interlinked themes that influence the sustainability of oral healthcare provision (Environmental impacts (CO2e, air and water); Reduce, reuse, recycle and rethink; Policy and guidelines; Biomedical waste management; Plastics (SUPs); Procurement; Research & Education; Materials). Specific barriers to sustainable dental material use were identified as: A lack of professional and public awareness; challenges associated with the recovery and recycling of biomedical waste with a focus on associated SUPs; lack of knowledge and education into sustainable healthcare provision and the challenges from the manufacturing, use and disposal of dental materials. Engagement with key stakeholders across the dental materials supply chain was highlighted as a key opportunity for environmentally sustainable manufacturing, distribution, procurement, clinical use and waste management.
[bookmark: _Toc154054709]Conclusions
RBC has an environmental impact through the release of eluted monomers and microparticles via the proposed environmental pollution pathways. 
The supply chain that manufactures, distributes, uses and disposes of RBC is responsible for improving the environmental sustainability of RBC. This can be achieved through; increasing awareness, engagement of stakeholders, incorporation of a circular economy for waste packaging, ensuring manufacturer guidelines are followed during placement and polymerisation protocols are followed, increased use of CAD/CAM RBC applications when clinically appropriate, responsible disposal of microparticulate CAD/CAM RBC waste and incineration of waste RBC with energy recovery. Ultimately the most environmentally sustainable management strategy to prevent pollution from eluted RBC monomers and microparticulate RBC waste is the prevention of preventable oral disease such as caries and tooth surface loss via education and good-quality preventive and operative oral healthcare.
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[bookmark: _Toc154054716]Glossary of terminology and abbreviations 
ACN		Acetonitrile
ATR		Attenuated Total Reflectance
BA 		Bonding agent (Scotchbond Universal 3M-ESPE)
BHT 		Butylated hydroxytoluene
BisGMA 	Bisphenol-A glycidyldimethacrylate
BPA 		Bisphenol A
CAD/CAM 	Computer aided design/ computer aided manufacturing
CAR		Carboxen
CO2-eq		Carbon dioxide equivalent
COM		Commercially available RBC material
CPD		Continued professional development
CQ 		Camphoroquinone
DALYs		Disability adjusted life years
DMABE 	Ethyl 4-dimethylaminobenzoate
DRMs		Dental restorative materials
DVB		Divinylbenzene
EDP 		(EnviroDent Project) test control composite
FEP		Freshwater Eutrophication Potential
FETP 		Fresh Water Ecotoxicity Potential
FPA 		Focal plane array
FS 		Filtek Supreme XTE (3M-ESPE)
FTIR 		Fourier-transform infrared spectroscopy
GC-MS		Gas chromatography – mass spectrometry
GIC		Glass ionomer cement
GWP 		Global Warming Potential
HEMA 		Hydroxyethyl methacrylate
HMBP 		Hydroxy-4-methoxy benzophenone
HPLC 		High performance liquid chromatography
HTP 		Human Toxicity Potential
IT		Information technology
LC-MS		Liquid chromatography - mass spectrometry
LCA		Life cycle analysis
LCIA		Life cycle impact analysis
LLE		Liquid-liquid extraction
MAE		Microwave-assisted extraction
MDP 		Metal Depletion Potential
MEP 		Marine Eutrophication Potential
METP		Marine Ecotoxicity Potential
MSW		Municipal Solid Waste
OD 		Ozone Depletion
PA		Polyacrylate
PDMS		Polydimethylsiloxane
PHE		Public Health England
pHzpc		pH of zero proton charge
pKa		Acid dissociation constant
PLE		Pressurised liquid extraction
PPE		Personal Protective equipment
PSA		Particle size analysis
QoL		Quality of life
RBC 		Resin-based composite
SE		Solvent extraction
SEM		Scanning electron microscopy
SPE		Solid phase extraction
SPME 		Solid phase microextraction
SUPs		Single use plastics
TAP 		Terrestrial Acidification Potential
TEGDMA 	Triethylene glycol dimethacrylate
UDMA 		Urethane Dimethacrylate
UHQ 		Ultra-high quality
US		Ultrasonic
WDP		Water Depletion Potential


[bookmark: _Toc154054717]Chapter I – Introduction
This is an investigation into the potential pollution that can occur from the use of resin-based composite (RBC) dental restorative materials. This issue has wider ramifications when considering sustainable oral healthcare in a generic sense.
Pollution can be defined as the presence within or introduction of contaminants into the natural environment that can cause adverse change and has harmful or poisonous effects [endnoteRef:3]. Environmental pollution starts with the release of a seemingly innocuous pollutant that over time builds to a point where a critical threshold is exceeded causing unforeseen consequences. [3:  OED https://en.oxforddictionaries.com/ accessed 11/11/2023] 

Within dentistry, much of the pollution discussion has focused on amalgam, due to the significant mercury content of this material. A legally binding initiative to reduce environmental mercury pollution, the UN Minamata Convention Mercury Treaty of January 2013, has advised nations to phase down the use of dental amalgam due to its mercury content [endnoteRef:4]. In April 2017, following the stipulations of the Minamata Convention, the European Council adopted regulations aimed at providing a “high level of protection and to limit the pollution generated by activities and processes related to mercury”. This means that countries in the EU have to apply legislation to control and restrict the manufacture, use, storage, disposal and trade of materials containing mercury, which includes dental amalgam [endnoteRef:5].  [4:  UNEP Minamata Convention on Mercury Text and Annexes. United Nations, 2013. Available online at:
http://mercuryconvention.org/Portals/11/documents/Booklets/Minamata%20Convention%20on%20Mercury_booklet_English.pdf (Accessed 19/05/2023)]  [5:  Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May 2017 on mercury, and repealing Regulation (EC) No 1102/2008. Available online at http://data.europa.eu/eli/reg/2017/852/oj (Accessed 22/11/2023)] 

Resin-based restorative materials, which are perceived to be either inert or have a reduced pollutant impact, have been replacing the use of amalgam. It is expected that with this mandate to phase-out amalgam as a dental restorative modality, resin-based composite (RBC) usage will increase. Whilst there is some limited evidence of the harmful effect to health from bisphenol A and some methacrylates, used as monomers in unpolymerised resin restoratives, there is no evidence that addresses the environmental pollutant potential of the plastic constituents of dental composite resin-based materials [endnoteRef:6]. [6:  Use and Future Use of Materials for Dental Restoration FDI Advocacy toolkit. Available online at
www.fdiworlddental.org/sites/default/files/media/images/use_of_materials_english.pdf 
(Accessed 19/05/2023)] 

Resin-based dental restorative materials include dentine adhesives, composites, resin-modified glass ionomers and resin-based luting agents; most of which share a common organic polymer matrix (monomer prior to polymerisation) and a coupling agent (silane). The most common monomer is bisphenol-A glycidyldimethacrylate (Bis-GMA), often combined with urethane dimethacrylate (UDMA) and diluents such triethylene glycol dimethcrylate (TEGDMA). An inhibitor, such as hydroquinone, is also included (<0.1%) to extend the shelf life of the material. Dentine adhesives form a further large group of resin-based materials, that are used in conjunction with the restorative material; these share many of the monomers with the frequent addition of hydroxyl ethyl methacrylate (HEMA) [endnoteRef:7]. [7:  van Noort R. Introduction to dental materials, 4th Edition. Mosby Elsevier. 2013.] 

Due to the manufacturing, disposal and widespread usage of RBC, all of these chemical compounds have the potential to become environmental pollutants. There is a requirement for the true potential of this pollution to be determined. This can be achieved through a risk assessment, defined as the quantitative and qualitative evaluation of the risk posed to human health and/or the environment by the actual or potential presence of and exposure to pollutants. To better understand RBC pollutant potential, the release mechanisms, detection and quantification of the constituent monomers are required.
The potential pollution risk from dental restorative materials is most likely to derive from the organic matrix, rather than the inorganic filler; which is colloidal silica and metallic silicates. However, the grinding and polishing of RBC during manufacturing of restorations or in the clinical setting through removal and polishing process, creates micro-scale particulates consisting of resin matrix and inorganic filler. The effect of particulate pollution is significant due to the increased surface area of material released in this form.
Of the organic matrix monomers of concern, most of the existing literature focuses on the compound bisphenol A (BPA), a constituent of Bis-GMA. These studies focus on possible endocrine disrupting, cytotoxic or carcinogenic effects [endnoteRef:8] [endnoteRef:9] [endnoteRef:10]. Increased levels of BPA and other organic compounds have also been detected in increased levels in saliva and urine for up to 30 hrs post-placement of the restoration [endnoteRef:11] [endnoteRef:12]. [8:  Wada H, Tarumi H, Imazato S, Narimatsu M, Ebisu S. In vitro estrogenicity of resin composites. J Dent Res 2004; 83:222-226.]  [9:  Wataha JC, Hanks CT, Strawn SE, Fat JC. Cytotoxicity of components of resins and other dental restorative materials. J. Oral. Rehab; 1994. 21:453–462.]  [10:  Urcan E, Scherthan H, Styllou M, Haertel U, Hickel R, Reichl FX. Induction of DNA double-strand breaks in primary gingival fibroblasts by exposure to dental resin composites. Biomaterials 2010; 31:2010–2014.]  [11:  Kingman A, Hyman J, Masten SA, Jayaram B, Smith C, Eichmiller F, Arnold MC, Wong PA, Schaeffer JA, Solanki S and Dunn WJ. Bisphenol A and other compounds in human saliva and urine associated with the placement of composite restorations. JADA 2012; 143:1292-1302.]  [12:  Sasaki N, Okuda K, Kato T, et al. Salivary bisphenol-A levels detected by ELISA after restoration with composite resin. J Mater Sci Mater Med 2005; 16:297-300.] 

Concerning the environmental fate of BPA, previous evidence suggests that manufacturing and use patterns of BPA pose virtually no risk to the environment or humans [endnoteRef:13] [endnoteRef:14] [endnoteRef:15]. However further research has shown that this contentious chemical could have a greater impact than previously thought on development and fertility. Notwithstanding, there is a paucity of data for the fate and pollutant potential of other constituent organic monomers in resin-based dental restoratives. It has been highlighted that some of these methacrylate compounds, Bis-GMA and BisEMA are potentially significant pollutant compounds as they are insoluble in water, immobile, persistent and bioaccumulative [endnoteRef:16]. Chemical property estimation models were used to derive these conclusions without due consideration of the routes to the environment.  [13:  U.S. Environmental Protection Agency, Integrated Risk Information System: Bisphenol A (CASRN 80-05-7). www.epa.gov/iris/subst/0356.htm. (Accessed 22/11/2023)]  [14:  Flint S, Markale T, Thompson S, Wallace E. Bisphenol A exposure, effects, and policy: A wildlife perspective. Journal of Environmental Management 2012,104: 190- 34]  [15:  Staples CA, Dorn PB, Klecka GM, O’Block ST and Harris LR. A Review of the Environmental Fate, Effects, and Exposures of Bisphenol A. Chemosphere 1998, 36:2149-2173]  [16:  Mercury in Dental Amalgam and Resin-Based Alternatives: A Comparative Health Risk Evaluation, Health Care Research Collaborative, University of Illinois, June 2012] 

The pollution pathways in which the components of RBC reach the environment are varied and can be categorised as follows:   
· Manufacture of materials
· Waste disposal of un-used material into landfill sites
· Directly into the water ways from excreted human waste post-placement of RBCs restorations 9.
· CAD-CAM subtractive fabrication of restorations by milling and grinding pre-polymerised composite blocks 
· Cremation or burial of a corpse with these dental restorations
· Removal, preparing, finishing and polishing of dental restorations during dental procedures
A need to better understand the level of prior knowledge for this field and the associated knowledge gaps have informed a comprehensive literature review that seeks to answer the following primary and secondary research questions.
[bookmark: _Toc154054718]Primary research question
What is potential pollutant risk to the environment from the chemical compounds found in resin-based composite (RBC) restoratives?
[bookmark: _Toc154054719]Secondary research questions
· Are the monomers and microparticles derived from resin-based composite dental materials released into the environment?
· Can the concentration of the released monomers be accurately quantified? 
· Can the microparticulate RBC be characterised?
· Can sustainable oral healthcare concepts be applied to the use of dental materials?

[bookmark: _Toc154054720]Chapter II – Literature Review 
[bookmark: _Toc154054721]Research Questions
[bookmark: _Toc154054722]Primary research question
What is the potential pollutant risk to the environment from the chemical compounds found in resin-based composite (RBC) restorative materials?
[bookmark: _Toc154054723]Secondary research questions
Are the monomers and microparticles derived from resin-based composite dental materials released into the environment?
Can the concentration of the released monomers be accurately quantified? 
Can the microparticulate RBC be characterised?
Can sustainable oral healthcare concepts be applied to the use of dental materials?
[bookmark: _Toc154054724]Introduction
This literature review will seek to address the research questions through a systematic critical appraisal of the relevant literature. The aim of this literature review is to understand and critically analyse the relevant background research and at the same time, select and source the information that is necessary to establish a meaningful aim, hypothesis and methodology to drive the research investigations.  Accordingly, this literature review will investigate a potential link between the release of constituent ‘plastic’ components from dental restorative materials and environmental pollution. Examining current common dental material use and potential environmental pollution will strengthen this aim. A further aim is to evaluate the current knowledge base to facilitate informed and appropriate experimental methodology. 
The dental restorative materials containing plastics in the research question are specifically resin-based composite materials and their derivatives. In order to understand the background to this topic, pollution from another common dental restorative material that is well-recognised, namely dental amalgam, will be examined. Pollution from resin-based composite materials will then be considered, pertaining to the plastic content of this material as per the research question. The review will seek to identify:
· Controversies and environmental concerns around the use of dental materials with a focus on RBC materials. 
· The nature of pollution and the mechanisms of potential release into the environment from the use of commonly used dental restorative material components.
· The analytical methods used for the detection and quantification of monomer release and characterisation of microparticulates. The applications of these methods to the analysis of the environmental impact of resin-based composite will be discussed. 
[bookmark: _Toc154054725]Outline of the Literature Review
· Environmental pollution and common dental materials – an overview
· Common dental materials, applications and pollution
· Dental amalgam 
· Constituents
· Mercury
· Potential environmental pollution pathways of amalgam and its constituents: An overview.
· Resin based composite
· Applications of RBC
· Constituents
· Resin monomers and polymers
· Fillers
· Coupling agents
· Initiators
· Other additives in RBCs
· Polymerisation 
· Elution and release of components from RBC
· Mechanisms of elution and eluted monomers
· Biocompatibility of RBCs
· Microparticles and microplastics 
· Potential environmental pollution pathways of RBC
· Disposal via landfill burial and incineration
· Human excreted waste (saliva and urine) into wastewater and sewerage
· CAD/CAM milling and release of particulates into wastewater
· Cremation of cadaver containing RBC restorations into the air 
· Interment of cadavers containing RBC restorations into groundwater 
· Particulates from clinical procedures (finishing and polishing or removal)
· Methods of analysing environmental pollution from potential pollution pathways of RBC
· Elution of dental monomers
· Methods for the detection of RBC constituent monomers
· Solid-phase microextraction coupled to high-performance liquid chromatography
· Microparticulate characterisation methods
· Summary 
· Environmental pollution from dental materials – an overview 


[bookmark: _Toc154054726]Environmental pollution and common dental materials 
– An overview
Environmental pollution can be defined as the presence within, or introduction into the environment of a substance, which has harmful or poisonous effects [endnoteRef:17]. Dentistry is the treatment of diseases and conditions of the oral cavity. The use of materials to facilitate dental treatment dates back over 4000 years to early civilisations, as it is recorded that Phoenicians used gold around 2500 B.C. to restore dentitions [endnoteRef:18]. Since then, dental treatment has relied upon the use of a plethora of materials to restore oral health, whether that be gold, ceramics, alloys such as dental amalgam or plastic-based materials. The environmental impact of the use of these materials requires careful assessment in order for the intention of beneficence to be realised fully, without unintentional, avoidable environmental harm.  [17:  OED https://en.oxforddictionaries.com/ accessed 11/01/2018]  [18:  Maccheroni, MJ & Darveniza M. Reinterpretation of a Phoenician dental appliance. BDJ 2019; 226: 985–988 ] 

Previously, much of the concern regarding pollution from the use of dental restorative materials has been centred upon dental amalgam. This is due to the constituent mercury content of this material, the potential release of said mercury and its subsequent negative effects upon the environment and human health. Amalgam has been used regularly as a dental restorative material since 1818 and controversy over its use has existed since its inception [endnoteRef:19]. Concerns have previously been focused upon the direct negative effects that the mercury content of this material could potentially have on the health of those who have had a dental restoration. However, awareness of the impact of amalgam use upon the environment has been highlighted by the legislation brought about by the Minamata Convention [endnoteRef:20]. This international ruling will ultimately result in the reduced use and eventual cessation of use of amalgam with a resultant shift towards the increased use of alternative materials. Currently the most appropriate alternative material is resin-based composite (RBC), a material that consists in part of plastic resin. Recently, awareness of the impact of plastic material in general on the environment has been increasing. The impact on the environment of plastic-based dental materials has not been considered in depth and in light of an anticipated increased usage of RBC it is pertinent that the environmental credentials of this material be examined. [19:  Soler JI, Ellacuria J, Triana R, Guinea E & Osborne JW. A history of dental amalgam. Hist Dent. 2002; 50(3): 109-116.]  [20:  Fisher J, Varenne B, Narvaez D, & Vickers C. The Minamata Convention and the phase down of dental amalgam. Bulletin of the World Health Organization 2018, 96(6), 436–438.] 

[bookmark: _Toc154054727]Common dental materials, applications and pollution
Dental materials are used to restore the function and/ or the aesthetics of the dentition. Dental amalgam is a direct-placement restorative material with other materials in this category being calcium silicate, glass ionomer, resin-modified glass ionomer, compomer and resin-based composite (RBC) [endnoteRef:21]. Dental amalgam and RBC are the most commonly used direct-placement dental restorative materials. There has been a shift towards an increased use of RBC, however dental amalgam remains a popular restorative material that is used throughout the world in large quantities with approximately 75 tonnes per year being used within the EU alone [endnoteRef:22]. The decision to use amalgam instead of RBC to restore a tooth is often based on the perceived disadvantages of RBC. These disadvantages include a requirement for adjunct technologies and equipment (e.g. dental dam and light curing units), longer placement time, higher material costs and a less predictable functional longevity compared with dental amalgam [endnoteRef:23] [endnoteRef:24] [endnoteRef:25] [endnoteRef:26].  [21:  Noort, R.V. Introduction to Dental Materials, Edinburgh, Mosby/Elsevier, 2013 ]  [22:  Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May 2017 on mercury, and repealing Regulation (EC) No 1102/2008. Available online at http://data.europa.eu/eli/reg/2017/852/oj (Accessed 22/11/2017)]  [23:  Use and Future Use of Materials for Dental Restoration FDI Advocacy toolkit. Available online at www.fdiworlddental.org/sites/default/files/media/images/use_of_materials_english.pdf (Accessed 19/05/2017)]  [24:  Rasines Alcaraz MG, Veitz-Keenan A, Sahrmann P, Schmidlin PR, Davis D, Iheozor-Ejiofor Z. Direct composite resin fillings versus amalgam fillings for permanent or adult posterior teeth. Cochrane Database Syst Rev. 2014 Mar 31;(3):CD005620. doi: 10.1002/14651858.CD005620.pub2.]  [25:  Opdam NJ, van de Sande FH, Bronkhorst E, Cenci MS, Bottenberg P, Pallesen U, Gaengler P, Lindberg A, Huysmans MC, van Dijken JW. Longevity of posterior composite restorations: a systematic review and meta-analysis. J Dent Res 2014; 93:943-9. ]  [26:  Opdam, NJ, Bronkhorst, EM, Loomans BA, Huysmans MC. 12-year survival rate of composite vs amalgam restorations. J Dent Res 2010; 89: 1063-1067.] 

As per any manufactured item, all dental restorative materials have a potential pollutant effect on the environment. This will be associated with the fabrication process, transportation, clinical use and disposal of waste material. In addition, following the death of a person who has these restorative materials in their dentition, constituents are released into the soil or atmosphere, following interment or cremation respectively. The mechanisms by which pollution occurs from the use of dental amalgam and RBC can be referred to as pollution pathways. A better understanding of these pollution pathways would aid in the development and implementation of mechanisms that seek to provide advice and create the policies and strategies for pollution reduction. Amalgam has been a commonly used dental material for a long time and the environmental issues associated with it are now well known. By understanding the impact of amalgam upon the environment, the potential environmental issues associated with RBC that require investigation will be clearer and will help with the methodology required to answer the research question. 
It is fair to state that, in the overall global scheme of the real and potential pollutants that afflict our planet, pollution from dental restorative materials is likely to have a negligible effect and as such, we should focus on the management of greater environmental pollution problems. However, the counterargument to this is that every industry has a social, moral and ethical responsibility to manage the environmental impact of its own technologies, materials and overall footprint. Dentistry has the opportunity and ability to participate by critically reviewing and managing the effect of its industry on the environment.
The following section will now examine the two most commonly used dental materials; dental amalgam and RBC, in order to better understand the potential environmental impacts of these materials. 
[bookmark: _Toc154054728]Dental amalgam
Dental amalgam is used to restore posterior teeth as it can be placed relatively efficiently to produce durable, high-strength restorations with good marginal integrity and longevity 6. Until the 1990s, amalgam was the predominant material used for restoring posterior teeth and as such has enjoyed a long and successful status in the dental armamentarium. This is because of amalgam’s ease of use, with minimal adjunctive apparatus requirements (such as light curing units) and moisture tolerance. These benefits continue to offer advantages in some clinical applications such as special care dentistry where a reduced amount of time to place a durable restoration is beneficial or when moisture control is not possible for the reliable placement of alternative materials such as RBC or glass polyalkenoate materials. 
[bookmark: _Toc154054729]Constituents 
Dental amalgam is an alloy of mercury, silver, copper, zinc and tin and has been used as a dental restorative material for over 150 years [endnoteRef:27]. [27:  Aminzadeh K, Etminan M. Dental Amalgam and Multiple Sclerosis: A Systematic Review and Meta-Analysis. J Public Health Dent 2007; 67: 64-66.] 

[bookmark: _Toc154054730]Mercury
Since its inception, the mercury content of dental amalgam has made it a contentious material from both a health and environmental perspective. Mercury is a naturally occurring heavy metal in the form of cinnabar and is released into the environment via natural events such as volcanic eruptions and anthropogenic activities such as dental treatment using amalgam, coal combustion, industrial processes such as chlor-alkali production and artisanal gold mining. Upon environmental release, mercury can accumulate in waterways and sediment, where it is methylated via microbial processes into highly toxic methylmercury, allowing access to food webs via ingestion by low-order organisms. Subsequent bioaccumulation and biomagnification of methylmercury in predatory long-lived fish such as tuna can then occur. Human consumption of such fish and therefore ingestion of methylmercury can impact upon human health. Methylmercury has been shown to have harmful effects primarily to the nervous system but also the cardiovascular, respiratory, immune and digestive systems [endnoteRef:28]. In addition, the developing nervous system is much more sensitive to methylmercury than the adult nervous system, with profound debilitations such as blindness, deafness, microcephaly and gross motor and mental impairment possible with exposure [endnoteRef:29] [endnoteRef:30]. [28:  Bates M. Mercury amalgam dental fillings: An epidemiologic assessment. Int J Hyg Environ Health, 2006; 209: 309-316]  [29:  Harada M. Minamata disease: methylmercury poisoning in Japan caused by environmental pollution. Crit Rev Toxicol 1995; 25: 1-24.]  [30:  Ekino S, Susa M, Ninomiya T, Imamura K, Kitamura T. Minamata disease revisited: an update on the acute and chronic manifestations of methyl mercury poisoning. J Neurol Sci 2007; 262: 131-44.] 

The high inorganic mercury content of amalgam has previously led to various countries raising concerns from an environmental perspective, with recommendations made by the Swedish Parliament in a legally nonbinding resolution effective from January 1997, against the use of dental amalgam for environmental reasons. Between 2008 and 2009, Norway, Sweden and Denmark banned the use of amalgam largely on environmental grounds and other countries, including Germany, Finland, Netherlands, Italy, Spain and Austria, have made similar recommendations restricting the use of dental amalgam for environmental reasons [endnoteRef:31].  [31:  Study on the potential for reducing mercury pollution from dental amalgam and batteries. Final Report. European Commission 2012. Available online at:   www.ec.europa.eu/environment/chemicals/mercury/pdf/final_report_110712.pdf (Accessed 19/05/2017)] 

The need for international regulation to control the use and environmental fate of mercury was promoted by the United Nations Environment Programme (UNEP) concluding in the creation of a global legally binding treaty signed in 2013, known as the Minamata Convention on Mercury [endnoteRef:32]. This treaty seeks to provide controls and reductions across a range of products, processes and industries where mercury is used, released or emitted. It is named after the city in Japan where residents suffered debilitating and lethal health effects due to mercury pollution in the mid-20th Century [endnoteRef:33].  [32:  UNEP Minamata Convention on Mercury Text and Annexes. United Nations, 2013. 
Available online at: http://mercuryconvention.org/Portals/11/documents/Booklets/Minamata%20Convention%20on%20Mercury_booklet_English.pdf (Accessed 19/05/2017)]  [33:  FDI Dental restorative materials and the Minamata Convention on Mercury Guidelines for successful implementation. Available online at: www.fdiworldental.org/oral-health/dental-materials/minamata-convention-on-mercury-guidelines-for-successful-implementation.aspx (Accessed 19/05/2017)] 

The Minamata Convention on Mercury of 2013 advised the global phase-down of dental amalgam on the basis of potential anthropogenic mercury release into the environment from its use. The United Nations Environment Programme (UNEP) Global Mercury Assessment of 2013 revealed that in 2010, an estimated 270-341 metric tonnes of mercury globally, was derived from the use of dental amalgam. This accounted for 20% of global mercury consumption in products overall [endnoteRef:34]. The UK is one of 140 signatories that have agreed to this phase-down of dental amalgam and to promote alternatives. In order to implement the Minamata Convention, the EU has drawn up legally binding legislation; however, dental amalgam is not included in this legislation and its use is currently being examined separately under the auspices of the European Commission [endnoteRef:35]. August 2017 marked the ratification of the Minamata Convention, with various stipulations set in motion to take effect in the very near future, mirrored by EU regulations. By July 2018 restrictions will be in place on amalgam use in deciduous teeth, children under the age of 15 years and pregnant and breastfeeding women unless there are specific medical needs. In addition, by July 2019 member states must have a plan for the phase down of amalgam and by the end of June 2020 reporting will take place on the feasibility to phasing out amalgam completely, preferably by 2030. The ratification of the Minamata Treaty recognises that a suitable timeframe must be put in place, and from a dental perspective the success of meeting these deadlines relies upon the universal use of equivalent alternative materials that do not contain mercury.  [34:  AMAP/UNEP (2013) – Technical Background Report for the Global Mercury Assessment 2013, Arctic Monitoring and Assessment Programme, Oslo, Norway/UNEP Chemicals Branch, Geneva, Switzerland. ]  [35:  Study on EU Implementation of the Minamata Convention on Mercury FINAL REPORT 30 MARCH 2015. Available online at: www.ec.europa.eu/environment/chemicals/mercury/pdf/MinamataConventionImplementationFinal.pdf (accessed 19/05/2017)] 

[bookmark: _Toc154054731]Potential environmental pollution pathways of amalgam and its constituents 
As highlighted, the primary compound of concern with regards to environmental pollution from dental amalgam is mercury. Naturally occurring elemental mercury is toxic and is distributed throughout the environment by both natural and anthropogenic processes. Most people have some exposure to elemental, inorganic or methyl mercury as a result of normal daily activities [endnoteRef:36]. Mercury from dental amalgam can be deposited into the soil, atmosphere, surface water and groundwater. The main release mechanisms of mercury into the environment from dental amalgam are via wastewater discharge from dental practices and emissions into the soil, watercourse and atmosphere and from the interment or cremation of cadavers with amalgam fillings [endnoteRef:37]. Excretion of trace amounts of mercury from individuals with dental amalgam restorations into sewerage is an additional environmental release mechanism. During masticatory function amalgam-derived mercury is released from restorations with an eventual fate of excretion via urine and faeces. Parafunction such as bruxism and habits such as chewing gum have been demonstrated to result in the release of higher amounts of mercury vapour, increasing the amount absorbed and therefore excreted [endnoteRef:38]. The extent of excretion of mercury in urine is related to the exposure from dental amalgam in a dose-dependent fashion, or simply put, the greater the number of amalgam surfaces, the higher the excretion rate [endnoteRef:39]. The amount of mercury released from individuals with dental amalgam restorations via this pollution pathway on an individual basis is minimal. It has been reported for a patient to excrete more than the accepted safe biological mercury concentration of 30 micrograms/g creatinine over 450 amalgam surfaces would be required [endnoteRef:40]. However, it is worthy of note that in the USA alone, between 1988 and 2008 an estimated one billion amalgam restorations were placed [endnoteRef:41]. Therefore, it is clear that constant small release events of amalgam-derived mercury into the environment via human waste, when increased to the scale of billions, is a significant pollution pathway.  [36:  IOMCC/UNEP/WHO. Guidance for identifying populations at risk from mercury exposure. UNEP DTIE Chemicals Branch and WHO Department of Food Safety, Zoonoses and Foodborne Diseases. Geneva, 2008.]  [37:  Scientific Committee On Health And Environmental Risks (SCHER) (2008) Opinion on the Environmental Risks and Indirect Health Effects of Mercury in Dental Amalgam]  [38:  Dental Amalgam: A Scientific Review and Recommended Public Health Service Strategy for Research, Education and Regulation; Public Health Service, U.S. Department of Health and Human Services, January 1993.]  [39:  Skare I, Engqvist A. Human exposure to mercury and silver released from dental amalgam restorations. Arch Environ Health 1994; 49: 384–394.]  [40:  Mackert JR Jr, Berglund A. Mercury exposure from dental amalgam fillings: absorbed dose and the potential for adverse health effects. Crit Rev Oral Biol Med 1997; 8: 410-36.]  [41:  Dental devices: classification of dental amalgam, reclassification of dental mercury, designation of special controls for dental amalgam, mercury, and amalgam alloy. Final rule. Food and Drug Administration, HHS. Fed Regist. 2009;74(148):38685-714.] 

The Danish Environmental Protection Agency estimated that in 2001 approximately 1,200kg of mercury was used in dental restorations [endnoteRef:42]. From this value it was estimated that between 190 and 269kg of mercury was discharged into wastewater, and that emissions into the air and soil due to cremation and burial were approximately 170kg mercury and 70kg respectively. For every 90,000kg of mercury used in amalgam restorations, it is estimated that 100kg of mercury enters the environment [endnoteRef:43]. [42:  Danish EPA (2004) Mass Flow Analysis of Mercury 2001. Environmental Project 926]  [43:  Cooley R, Berkmeier W, Lubow, R. Evaluation of Ability of Various Agents to Suppress Mercury Vaporization. Clin Prev Dent 1985; 7: 29-32.] 

To reduce the amount of mercury released from dental amalgam into the environment, the dental profession has adopted best management practices for the handling and disposal of waste amalgam. These include the use of chair-side traps, amalgam separators compliant with ISO 11143, inspecting and cleaning traps and using a commercial waste disposal service to recycle or dispose of the amalgam collected. Dental practices in the UK are required by law to use amalgam separators [endnoteRef:44]. These have been shown to reduce the amount of mercury in wastewater by 90% in comparison to practices not using separators [endnoteRef:45]. This highlights that around 10% of mercury from amalgam is released into sewerage via wastewater from dental practices. This released mercury is deposited in sludge at wastewater processing plants where further processing and removal of heavy metals occurs. It is estimated that the combined effect of amalgam separators and purifying plants removes 99% of mercury in wastewater prior to release into the natural environment [endnoteRef:46].  [44:  Department of Health. Environment and sustainability. Health Technical Memorandum 07-01: Safe management of healthcare waste 2013.]  [45:  Chin G, Chong J, Kluczewska A et al. The Environmental Effects of Dental Amalgam. Aust Dent J 2000; 45: 246-249]  [46:  California Dental Association (2014) Dental Amalgam: Public Health and the Environment. Available online at www.cda.org/Portals/0/Pdfs/Policy_Statements/Issue_Amalgam.Pdf (Accessed 19/05/2017)] 

The release of mercury into the air from the cremation of cadavers containing amalgam restorations can be reduced using selenium chimney filters 28. Notwithstanding, the emission of mercury via cremation is increasing, as this becomes a preferred method particularly in the UK, for the disposal of human cadavers [endnoteRef:47]. Depending on the size and number of amalgam restorations an estimated 0.25g to 1g of mercury is released per cadaver cremated [endnoteRef:48]. It is interesting to note that an average fluorescent bulb contains 0.004g of mercury, indicating that cremation of a cadaver with the average number and size of amalgam restorations equates to the disposal of around 150 fluorescent bulbs [endnoteRef:49]. Even with a reduced number of amalgam restorations being placed, due to the number of existing restorations in the dentitions of the populace, the release of mercury from cremation will persist. It was previously predicted that mercury emissions from crematoria would rapidly increase until 2020, plateau around 2035; returning to the lower levels seen in 2000 by 2055 [endnoteRef:50].  [47:  YouGov UK (2016). Majority of people want to be cremated when they die.  Available online at: https://yougov.co.uk/news/2016/08/16/majority-people-want-be-cremated-when-they-die/ (Accessed 22/11/2017)]  [48:  Rahill P. Mercury Rising? Analyzing Emissions and the Cremation Process. Cremationist 2008; 44: 6-7.]  [49:  U.S. Department of Energy. Information on Compact Fluorescent Light Bulbs (CFLs) and Mercury. Washington D.C.: U.S. Department of Energy; 2010.]  [50:  British Dental Association (2008) Dental Amalgam: Fact File [Online] December 2015. Available online at: www.bda.org/dentists/policy-campaigns/public-health-science/fact files/Documents/amalgam_fact_file.pdf (Accessed: 19/05/2017)] 

[bookmark: _Toc154054732]Resin-based composite
Currently the most appropriate alternative to dental amalgam used as a universal direct placement restorative material is resin-based composite (RBC). An increase in usage of RBC is anticipated concurrent with our changes in treatment ethos and an overall reduction of amalgam usage [endnoteRef:51] [endnoteRef:52]. [51:  Mackert JR Jr., Wahl MJ. Are there acceptable alternatives to amalgam? J Calif Dent Assoc 2004; 32: 601-10.]  [52: 51 Labauve JR, Long KN, Hack GD, Bashirelahi N. What every dentist should know about bisphenol A. Gen Dent 2012; 60: 424-32.] 

[bookmark: _Toc154054733]Applications of RBC
RBC can be used to restore both anterior and posterior portions of the dentition, with the added benefits of providing structural support on account of adhesive properties, conservative cavity preparation requirements and an aesthetic, tooth-like appearance. The development of modern dental RBCs dates to the late 1950s and its use has increased significantly over the proceeding decades with a range of applications extending beyond its primary use as a direct restorative material to other disciplines of dentistry including use as a cement and as an indirect restorative material [endnoteRef:53], [endnoteRef:54], [endnoteRef:55]. Computer aided design/ computer aided manufacturing (CAD/CAM) is a process in which RBC can also be utilised as a blank to construct extra-coronal restorations such as inlays, onlays and crowns. [53:  R.L. Bowen Use of epoxy resins in restorative materials J Dent Res 1956; 35: 360-369.]  [54:  Drummond, J L. Degradation, Fatigue, and Failure of Resin Dental Composite Materials. J Dent Res 2008; 87: 710-719.]  [55:  Ferracane, J. Resin composite-State of the art. Dent Mater 2011; 27: 29-38.] 

[bookmark: _Toc154054734]Constituents
RBC consists primarily of an inorganic filler phase within an organic resin-based matrix phase. The main constituents of the plastic resin matrix are typically methacrylate-based. Other components key to controlling the polymerisation reaction includes initiators, accelerators, inhibitors and photo-stabilisers (Table 1). 
RBC is a more chemically complex material in comparison to dental amalgam and a better understanding of the ‘plastic’ monomer constituents of RBC will aid in understanding the potential environmental impact of RBC pollution.
[bookmark: _Toc154054735]Resin monomers and polymers
The monomers that will be discussed are BisGMA, UDMA, TEGDMA and HEMA. BisGMA, UDMA and TEGDMA are common dental composite resins, whilst HEMA will be focused on due its presence within bonding agents. In addition, bisphenol A (BPA), whilst not a constituent of dental composites will be discussed as it is a degradation product of BisGMA. As will be highlighted, BPA is a controversial monomer and is recognised in the literature that it is present within dental composite [endnoteRef:56].  [56:  British Dental Association (2013). Restorative Materials and Environmental Pollution, BDA Evidence Summary [Online] Available From: https://Www.Bda.Org/Dentists/Education/Sgh/Documents/Restorative%20materials%20and%20env ironmental%20pollution.Pdf ] 

[bookmark: _Ref153653953][bookmark: _Toc153028396]Table 1: The typical composition of RBC
	Resin component 
(typical monomers)
	Filler component
	Other common constituents

	BisGMA 
(bis-phenol glycidyl di-methacrylate) 
UDMA 
(urethane di-methacrylate) 
TEGDMA
(tri-ethylene glycol di-methacrylate)
HEMA 
(hydroxyethyl methacrylate)
	Inorganic quartz and silica particles (silanated)
	Camphorquinone - initiator
4-dimethylaminobenzoic acid ethyl ester (DMABE) - accelerator
3,5-di-tert-butyl-4-hydroxytoluene (BHT) – inhibitor
2-hydroxy-4-methoxybenzophenone  (HMBP) -  photo-stabiliser



BisGMA
BisGMA is the reaction product of bisphenol A and glycidyl ester methacrylate and contains pendant hydroxyl groups within its molecular backbone [endnoteRef:57] [endnoteRef:58]. In comparison to previously used RBC monomers, BisGMA exhibits reduced toxicity, shrinkage and volatility whilst maintaining a high modulus [endnoteRef:59]. Figure 1 shows the chemical structure of BisGMA and Table 2 summarises the properties of BisGMA.  [57:  Labauve JR, Long KN, Hack GD, Bashirelahi N. What every dentist should know about bisphenol A. Gen Dent 2012; 60: 424-32.]  [58:  Sideridou, I., Tserki, V., and Papanastasiou, G. Effect of chemical structure on degree of conversion in light-cured dimethacrylate-based dental resins. Biomaterials 2002; 23 (80): 1819-1829. ]  [59:  Kerby RE, Knobloch LA, Schricker S & Gregg B. Synthesis and evaluation of modified urethane dimethacrylate resins with reduced water sorption and solubility. Dent Mater 2009; 25(3):302-13. ] 

[image: ]
[bookmark: _Ref153653995]Figure 1: The chemical structure of BisGMA

[bookmark: _Ref153653981][bookmark: _Toc153028397]Table 2: The Properties of BisGMA[endnoteRef:60] [60:  Sigma Aldrich (2016). Bisphenol A glycerolate dimethacrylate [Online] Available From:http://www.sigmaaldrich.com/catalog/product/aldrich/494356?lang=en&region=GB ] 

	Physical status 
	Liquid 

	Molecular formula 
	C29H36O8 

	Appearance 
	Colourless to yellow 

	Molecular weight 
	512.59 g/mol 

	Boiling point 
	[image: ]615 to 725 °C at 760 mmHg 



UDMA
UDMA was developed as an alternative RBC monomer as it has the advantages of reduced viscosity, increased filler loading and greater toughness when compared to BisGMA 42. UDMA is the product of 2,4,4- trimethylhexamethylene diisocyanate and 2-hydroxyethyl. Figure 3 shows the chemical structure of UDMA and Table 3 summarises its properties. 

[image: ]
[bookmark: _Ref153654087]Figure 2: The chemical structure of UDMA





Table 3: The Properties of UDMA[endnoteRef:61] [61:  Aldrich (2016c). Diurethane dimethacrylate, mixture of isomers [Online] Available From:http://www.sigmaaldrich.com/catalog/product/aldrich/436909?lang=en&region=GB ] 

	Physical status 
	[image: ]Liquid

	Molecular formula 
	C23H38N2O8

	Appearance 
	Clear to slightly hazy

	Molecular weight 
	470.56 g/mol

	Boiling point 
	594.3 °C at 760 mmHg



TEGDMA
TEGDMA is a dimethacrylate monomer used mainly in dentistry, however it is also used in industrial sealants, photopolymers, anaerobic adhesives, UV-cured coatings, and fuel-resistant metal parts. TEGDMA is also an intermediate compound in the synthesis of other chemicals [endnoteRef:62].  [62:  Meyer, J. M. TEGDMA and Bisphenol-A: the same level of risk in dental medicine?. Autredent 2010; 56: 81-86. ] 

Figure 3 shows the chemical structure of TEGDMA and Table 4 summarises its properties. 
[image: A black line with circles
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[bookmark: _Ref153654024]Figure 3:  The chemical structure of TEGDMA
[bookmark: _Ref153654109]
Table 4: The properties of TEGDMA[endnoteRef:63] [endnoteRef:64] [63: Arkema (2014). Triethyleneglycol dilmethacrylate [Online] Available From: http://www.arkema.com/export/shared/.content/media/downloads/socialresponsability/sfetysummuri es/Photocure-Resins-SR-205-Triethyleneglycol-Dimethacrylate-GPS-2014-12-15V0.pdf ]  [64:  Djozan, D. SPME and GC-MS analysis of triethylene glycol dimethacrylate released from dental composite. J. Chromatogr Sci 2010; 48 (2): 130-133.] 

	Property 
	

	Physical status 
	Liquid 

	Molecular formula 
	C14H22O6 

	Appearance  
	Colourless to yellow 

	Molecular weight 
	286.32 g/mol 

	Solubility (H2O)
	3.6 g/l 

	Boiling point 
	162 °C at 760 mmHg 



HEMA
Hydroxyethyl methacrylate (HEMA) is chemically synthesized from the reaction of methacrylic acid and ethylene oxide. HEMA is used in dental adhesives and has a multiplicity of other applications such as use in photosensitive chemicals, adhesives, coating additives, thermosetting paints, sealants and personal care products. HEMA is also an intermediate in the production of other methacrylate esters [endnoteRef:65] [endnoteRef:66]. Figure 4 shows the chemical structure of HEMA and Table 5 summarises its properties.  [65:  Evonik (2013). 2-Hydroxyethyl methacrylate (HEMA) [Online] Available From: http://corporate.evonik.com/_layouts/Websites/Internet/DownloadCenterFileHandler.ash?fileid=109 1 ]  [66:  PubChem (2016). 2-HYDROXYETHYL METHACRYLATE [Online] Available From: https://pubchem.ncbi.nlm.nih.gov/compound/2-hydroxyethyl_methacrylate#section=Top ] 

                                                        [image: ] 
[bookmark: _Ref153654150]Figure 4: The chemical structure of HEMA

[bookmark: _Ref154048084]Table 5: The properties of HEMA [endnoteRef:67] [67:  Sigma Aldrich (2016d). 2-Hydroxyethyl methacrylate [Online] Available From: 
http://www.sigmaaldrich.com/catalog/product/aldrich/477028?lang=en&region=GB ] 

	Property 
	

	Physical status 
	Liquid 

	Molecular formula 
	C6H10O3 

	Appearance 
	Colourless 

	Molecular weight 
	130.14 g/mol 

	Solubility ( H2O )
	Miscible 

	Boiling point 
	67°C at 3.5mmHg



Bisphenol A
Bisphenol A (BPA) was first synthesised in 1891 by the Russian chemist Alexander Dianin. BPA is produced via a condensation reaction between two phenol molecules and one acetone molecule and with over 2.7 million tons of BPA being produced in 2003 (and more each year as demand for plastics increase), it is one of the mostly commonly produced chemicals in the world [endnoteRef:68]. The hydroxyl groups within BPA give this chemical the ability to be converted to ethers, esters and salts. In addition, nitration, sulphonation and alkylation are possible allowing further uses of BPA [endnoteRef:69] [endnoteRef:70]. [68:  Michalowicz J. Bisphenol A--sources, toxicity and biotransformation. Environ Toxicol Pharmacol 2014; 37(2):738-5.]  [69:  Flint S, Markle T, Thompson S & Wallace E Bisphenol A exposure, effects, and policy: a wildlife perspective.J Environ Manage. 2012; 104: 19-34. ]  [70:  Vandenberg L. N., Hauser R., Marcus M., Olea N., Welshons W. V. Human exposure to bisphenol A (BPA) Reproductive Toxicology. 2007;24(2):139–177] 

The many advantageous properties of BPA such as good mechanical properties, thermal stability and resistance to moisture absorbance permit multiple applications such as in lining water-pipes, bottles, food containers, medical equipment, toys, dental products and electronic devices 51 [endnoteRef:71]. BPA is also used in the production of thermal paper, polyacrylates, polyester and lacquers coatings for tins 53 [endnoteRef:72].  [71:  Huang YQ, Wong CKC, Zheng JS, Bouwman H, Barra R, Wahlström B, Neretin L, Wong MH. Bisphenol A (BPA) in China: a review of sources, environmental levels, and potential human health impacts. Environ Int. 2012; 42:91–99.]  [72:  Nam S.-H., Seo Y.-M., Kim M.-G. Bisphenol A migration from polycarbonate baby bottle with repeated use. Chemosphere. 2010; 79(9):949–952.] 

Figure 5 shows the chemical structure of BPA and Table 6 summarises its properties.
                                                [image: ] 
[bookmark: _Ref153654199]Figure 5: The chemical structure of BPA

[bookmark: _Ref153654184]Table 6: Properties of BPA 82
	Property 
	

	Physical status 
	Solid

	Molecular formula 
	C15H16O2 

	Appearance 
	White 

	Molecular weight 
	228.29 g/mol 

	Solubility (H2O)
	120 to 300 mg/l 

	Boiling point 
	220 °C 

	Degradation
	Half-life is 2.5 – 4 days. Does not persist in H2O



[bookmark: _Toc154054736]Fillers
The filler particles are generally inorganic silica and quartz and range in size from nanometers to 100s of micrometers, making up 45% to 75% of the composite volume 5 [endnoteRef:73].  These particles are embedded within the resin matrix and are chemically united to the resin phase via a silane-coupling process [endnoteRef:74]. Filler particles are included to improve the physical properties of hardness, flexural strength, wear resistance, radiopacity and optical characteristics [endnoteRef:75].  [73:  K.A. Schulze, A.A. Zaman, K.J. Soderholm. Effect of filler fraction on strength, viscosity and porosity of experimental compomer materials. J Dent. 2003; 31: 373-382]  [74:  Halvorson RH, Erickson RL, Davidson CL. The effect of filler and silane content on conversion of resin-based composite. Dent Mater. 2003; 19(4): 327-33.]  [75:  Shinkai K, Taira Y, Suzuki S, Kawashima S, Suzuki M. Effect of filler size and filler loading on wear of experimental flowable resin composites. J Appl Oral Sci. 2018; 26. ] 

[bookmark: _Toc154054737]Coupling agents
Coupling agents are used to promote a stable bond between two substances which otherwise would not readily adhere, in the case of RBC this is between glass filler particles and the plastic resin phase. Silane coupling agents are organosilane compounds that have at least two reactive groups of different types bonded to a silicone atom [endnoteRef:76]. One of these reactive groups permits bonding to inorganic materials and the other permits bonding to organic materials. Methoxy, ethoxy and silanolic groups allow bonding with various inorganic materials such as glass, metals or silicates. A subsequent reactive group such as an epoxy group or methacryl group facilitates reaction with organic materials, including synthetic resins. As a result of possessing two types of reactive groups, silane-coupling agents are capable of permitting chemical bonding between an organic material and an inorganic material [endnoteRef:77]. The strength and quality of the bond between the inorganic component and the polymer matrix in dental materials has a direct impact on the strength and degradation resistance, which therefore impacts durability and longevity of restorations.  [76:  Matinlinna JP, Lung CYK, Tsoi JKH. Silane adhesion mechanism in dental applications and surface treatments: A review. Dent Mater. 2018; 34(1):13-28.]  [77:  Heymann, H., Swift, E. J., Ritter, A. V., & Sturdevant, C. M. (2013). Sturdevant's art and science of operative dentistry. St. Louis, Mo: Elsevier/Mosby.] 

[bookmark: _Toc154054738]Initiators
Two methods are commonly used to activate the polymerization process of RBC, chemical and light activation. Two-paste chemical activation composite systems require the mixing an activator such as benzoyl peroxide with an organic aromatic amine. This is used clinically when light activation may not be possible, for example as a luting agent under a crown where light transmission is not possible.
Light activated systems are more commonly used than chemical activated systems and initiation of polymerization is via the use of blue light wavelength of around 420 to 540 nm [endnoteRef:78]. Camphorquinone is commonly used and is activated by blue light from a light-curing unit to start the polymerisation process. A disadvantage of camphorquinone is its intense colour, which can affect the shade of RBCs. To solve this issue other initiators have been used such as phenyl-propanedione (PPD), diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and recently ivocerine, a germanium-based initiator [endnoteRef:79]. These alternative initiators require different activation wavelengths, TPO is 380 to 425 nm and PPD is below 350 to 490 nm, therefore the light-curing unit used must be able to generate light in these spectra for appropriate polymerization [endnoteRef:80]. The quality of the light-curing unit, the spectra of light emitted and appropriate use by the clinician would all have an impact on the polymerization of the RBC and therefore subsequent elution of monomers into the environment. [78:  Santini A, Gallegos IT, Felix CM. Photoinitiators in dentistry: A review. Prim. Dent. J. 2013; 2: 30–33. ]  [79:  Park YJ, Chae KH, Rawls HR. Development of a new photoinitiation system for dental light-cure composite resins. Dental Materials 1999; 15: 120-127.]  [80:  Lee D-S, Jeong T-S, Kim S, Kim HI, Kwon YH. Effect of dual-peak LED unit on the polymerization of coinitiator containing composite resins. Dent Mater. 2012; 31: 656–661.] 

[bookmark: _Toc154054739]Other additives in RBCs
Stabilisers are used to help prolong the shelf life of RBC and prevent spontaneous polymerisation in ambient light when being used. Common stabilisers include monomethylhydroquinone, butylated hydroxytoludene and triphenyl antimony (TPSb). The latter of these stabilisers has been identified as an eluate [endnoteRef:81].      [81:  Spahl W. Budzikiewicz H. Geurtson W. Determination of leachable components from four commercial dental composites by gas and liquid chromatography / mass spectrometry 1998. J Dent 26; 137-145 ] 

Inorganic colour pigments allow RBC to have varying shades to allow matching to tooth colour. These inorganic pigments range from grey to red to yellow. 
[bookmark: _Toc154054740]Polymerisation 
RBCs are used either in a paste-form as a direct-placement restorative material or in a pre-polymerised state for machining in CAD/CAM applications. When RBC is used as a direct-placement restorative it is cured to a hard state via free-radical polymerisation using a high intensity light of a blue wavelength 60.
[bookmark: _Toc154054741]Elution and release of components from RBC
A characteristic of direct-placement RBCs is that they only reach a 60-75% monomer to polymer conversion, and as low as around 30% at the base of a restoration [endnoteRef:82].  Conversely, ‘factory’ polymerised RBCs, typically used as ingots or blocks for machined CAD/CAM restorations, have a much higher degree of polymerisation. Therefore, the consequence of incomplete polymerisation of direct-placement RBCs over indirect CAD/CAM RBCs is the potential for leaching of these unpolymerised chemicals [endnoteRef:83] [endnoteRef:84]. In effect, the concentration of released components from RBCs is dependent upon the degree of polymerisation with a strong inverse relationship between the leaching of resin components from RBC and monomer conversion [endnoteRef:85]. Put simply, the greater the degree of polymerisation of the material, the less elution of monomers occurs, with less potential biocompatibility or environmental pollution concerns. [82:  Ferracane JL, Condon JR. Rate of elution of leachable components from composite. Dent Mater 1990; 6: 282-287.]  [83:  Ruse N. D., Sadoun M. J. Resin-composite blocks for dental CAD/CAM applications. J. Dent. Res. 2014; 93(12):1232–1234.]  [84:  Moharamzadeh K, Van Noort R, Brook I M, Scutt A M. HPLC analysis of components released from dental composites with different resin compositions using different extraction media. J Mater Sci Mater Med 2007; 18: 133-137]  [85:  Olea N, Pulgar R, Perez P. Estrogenicity of resin based composites and sealants used in dentistry. Environ Health Perspect 1996; 104: 298-305.] 

[bookmark: _Toc154054742]Mechanisms of elution and types of eluted monomers
The elution of monomers and oligomers from RBCs has been well studied in experimental analyses [endnoteRef:86] [endnoteRef:87] [endnoteRef:88] [endnoteRef:89]. It can be seen that a number of factors influence the mechanisms and nature of elution. Firstly, the composition of the monomer mixture and distribution of activators will affect polymerisation [endnoteRef:90]. Secondly, the extent of the polymerisation reaction and double-bond conversion will impact the amount of unpolymerised monomer within the resin matrix [endnoteRef:91]. In light-polymerised RBC experiments this is further influenced by light-curing unit factors, such as quality of light source, wavelengths of light omitted, distance to RBC and depth of light penetration [endnoteRef:92]. Thirdly, the solvent in which the experimental RBC resides impacts elution, with some organic solvents like ethanol or methanol resulting in greater elution rates than aqueous solvents like artificial saliva [endnoteRef:93]. Fourthly the molecular size and chemical characteristics such as hydrophilicity of the monomers would affect elution as for example a relatively large, hydrophobic molecule such as bisphenol A glycidyl methacrylate (BisGMA) would not elute from the resin matrix as quickly as a small, more hydrophilic molecule such as triethylene glycol dimethacrylate (TEGDMA). Finally, the filler component influences elution as the higher the load of filler materials within RBC, the volume of resin phase is reduced, with resultant reduced elution observed [endnoteRef:94]. The elution of monomers and oligomers from RBC impacts the biocompatibility of the material. [86:  Polydorou O, Konig A, Hellwig E, Kummerer K. Long-term release of monomers from modern dental-composite materials. Eur. J. Oral Sci. 2009; 117: 68-75.]  [87:  Manojlovic D, Radisic M, Vasiljevic T, Zivkovic S, Lausevic M, Miletic V. Monomer elution from nanohybrid and ormocer-based composites cured with different light sources. Dent Mater. 2011; 27(4):371-378. ]  [88:  Lempel E, Czibulya Z, Kovács B, et al. Degree of Conversion and BisGMA, TEGDMA, UDMA Elution from Flowable Bulk Fill Composites. Int J Mol Sci. 2016;17(5):732. ]  [89:  Łagocka R, Mazurek-Mochol M, Jakubowska K, Bendyk-Szeffer M, Chlubek D, Buczkowska-Radlińska J. Analysis of Base Monomer Elution from 3 Flowable Bulk-Fill Composite Resins Using High Performance Liquid Chromatography (HPLC). Med Sci Monit. 2018; 24: 4679–4690. ]  [90:  St Germain H, Swartz ML, Phillips RW, Moore BK, Roberts TA. Properties of microfilled composite resins as influenced by filler content. J Dent Res 1985; 64: 155–160.]  [91:  Ferracane JL. Elution of leachable components from composites. J Oral Rehabil 1994; 21: 441–452.]  [92:  Pearson GJ, Longman CM. Water sorption and solubility of resin‐based materials following inadequate polymerization by a visible‐light curing system. J Oral Rehabil 1989; 16: 57–61.]  [93:  Van Landuyt KL, Nawrot T, Geebelen B, De Munck J, Snauwaert J & Yoshihara K. How much do resin-based dental materials release? A meta-analytical approach. Dent Mater 2011;  27: 723-747.]  [94:  Wataha JC, Rueggeberg FA, Lapp CA,Lewis JB, Lockwood PE, Ergle JW,Mettenburg DJ. In vitro cytotoxicity of resin‐containing restorative materials after aging in artificial saliva. Clin Oral Invest 1999; 3: 144–149. ] 

[bookmark: _Toc154054743]Biocompatibility of RBC materials
The biocompatibility of resin-based dental materials has been discussed in the literature [endnoteRef:95]. Bisphenol A glycidyl methacrylate (BisGMA) is the most potentially harmful resin monomer to human health and the environment in modern RBCs by virtue of the constituent bisphenol A (BPA). There is in vitro evidence of the potential harmful effect to health from BPA and methacrylates from resin-based dental restorative materials [endnoteRef:96]-,[endnoteRef:97],[endnoteRef:98]. BPA is associated with health-related problems when critical levels are reached due to its oestrogen-mimicking properties [endnoteRef:99]. It has been hypothesised that exposure to BPA during early human development may be the underlying cause of genital tract abnormalities [endnoteRef:100], childhood obesity [endnoteRef:101], infertility and an increased incidence of breast cancer over the last 50 years [endnoteRef:102]-,[endnoteRef:103],[endnoteRef:104]. The release of BPA from dental RBC and sealants has also been reported and whilst the concentration of BPA released from RBC may be minimal, it is detectable and its release from a dental source increases exposure above environmental background BPA levels. The effect of this is unknown; however, there is recent evidence that a low-dosage BPA concentration of 0.5 µg/kg body weight (BW)/day (d), which is 8-10 times lower than the current preliminary European Food Safety Authority’s total daily intake of 4 µg/kg BW/d, was enough to effect bone formation, metabolic parameters and gene expression in developing rats [endnoteRef:105] [endnoteRef:106].  The effect of use of BisGMA containing RBCs and BPA release on developing humans therefore deserves further investigation. [95:  Moharamzadeh K, Brook IM, Van Noort R. Biocompatibility of resin-based dental materials. Materials 2009; 2: 514-548.]  [96:  Wada H, Tarumi H, Imazato S, Narimatsu M, Ebisu S. In vitro estrogenicity of resin composites. J Dent Res 2004; 83: 222-226.]  [97:  Wataha JC, Hanks CT, Strawn SE, Fat JC. Cytotoxicity of components of resins and other dental restorative materials. J Oral Rehab 1994; 21: 453–462.]  [98:  Urcan E, Scherthan H, Styllou M, Haertel U, Hickel R, Reichl FX. Induction of DNA double-strand breaks in primary gingival fibroblasts by exposure to dental resin composites. Biomaterials 2010; 31: 2010–2014.]  [99:  Staples C A, Dorn PB, Klecka GM, O’Block ST, Harris LR. A Review of the Environmental Fate, Effects, and Exposures of Bisphenol A. Chemosphere 1998, 36: 2149-2173]  [100:  Skakkebaek NE, Meyts ER, Jorgensen N. Germ cell cancer and disorders of spermatogenesis: an environmental connection? APMIS 1998; 106: 3-12.]  [101:  Trasande L, Attina TM, Blustein J Association Between Urinary Bisphenol A Concentration and Obesity Prevalence in Children and Adolescents. JAMA 2012; 308:1113-1121.]  [102:  Munoz de Toro, MM, Markey CM, Wadia PR et al. Perinatal exposure to Bisphenol A alters peripubertal mammary gland development in mice. Endocrinology 2005; 146: 4138-4147]  [103:  Lecomte S, Habauzit D, Charlier TD, Pakdel F. Emerging Estrogenic Pollutants in the Aquatic Environment and Breast Cancer. Sánchez L, ed. Genes 2017; 8(9):229. ]  [104:  Wang Z, Liu H, Liu S. Low‐Dose Bisphenol A Exposure: A Seemingly Instigating Carcinogenic Effect on Breast Cancer. Advanced Science 2017; 4(2):1600248. ]  [105:  Lejonklou MH, Dunder L, Bladin E, Pettersson V, Rönn M, Lind L, Waldén TB, Lind PM. Effects of Low-Dose Developmental Bisphenol A Exposure on Metabolic Parameters and Gene Expression in Male and Female Fischer 344 Rat Offspring. Environ Health Perspect 2017; 125(6):067018.]  [106:  Lind T, Lejonklou MH, Dunder L, Rasmusson A, Larsson S, Melhus H, Lind PM. Low-dose developmental exposure to bisphenol A induces sex-specific effects in bone of Fischer 344 rat offspring. Environ Res 2017; 159:61-68.] 

In addition to BisGMA, triethylene glycol dimethacrylate (TEGDMA), a diluent used in the manufacturing of RBCs has also been shown to be of concern with regards to biocompatibility and potential toxicity.  High Performance Liquid Chromatography (HPLC) analysis indicates that TEGDMA is the major monomer released from experimental dental composite resins. TEGDMA leaches out of RBCs at concentrations that are toxic to monolayer cell cultures of epithelial cells. In-vitro studies in three-dimensional tissue engineered human oral mucosal models indicate that experimental RBCs containing high levels of TEGDMA cause significant mucotoxicity and increased the amount of the inflammatory cytokine IL-1 released from oral mucosal models [endnoteRef:107].  [107:  Moharamzadeh K, Van Noort R, Brook I M, Scutt A M, and Thornhill M H. Mucotoxicity of dental composite resins on a tissue-engineered human oral mucosal model. J Dent 2008; 36: 331–336
54 Ferracane, JL. Elution of leachable components from composites. J Oral Rehabil, 21: 441–452.] 

In summary, elution of the constituent monomers of RBC results from diffusion of unpolymerised monomers out of the material and also via hydrolytic or enzymatic degradation of the resin matrix [endnoteRef:108].  [108:  Peutzfeldt A. Resin composites in dentistry: the monomer systems. Eur J Oral Sci 1997; 105: 97–116] 

It is clear that RBCs are not inert plastic materials and they have an environmental impact associated with the release of the resin monomer components.  Importantly there is a lack of studies addressing the role of these released components as potential environmental pollutants and should be considered for future research.
[bookmark: _Toc154054744]Microparticulates and microplastics
The release of composite components into the environment also occurs on a microparticulate or microplastic scale during clinical application. When these materials are shaped, finished and polished after placement or removed from teeth, particulates and micro-particles containing part-polymerised monomer are released into wastewater. There has been some recent concern regarding this microparticulate RBC dust and its pathogenicity to respiratory systems [endnoteRef:109]. These waste particulates eventually reach the environment. In addition, there is an increasing trend to use highly polymerized RBC for the fabrication of crowns, inlays and onlays through subtractive CAD/CAM milling of blanks that create a fine micro-particle waste powder in large volumes, which is also released into municipal wastewater. Microparticulate and particularly microplastic pollution is a growing concern and has been seen regarding the potential pollutant effect of plastic micro-particles from sources such as cosmetic face scrubs and the laundering of synthetic fibre-based clothing [endnoteRef:110].  [109:  Ding J, Li J, Qi J, Fu L. Characterization of dental dust particles and their pathogenicity to respiratory system: a narrative review. Clin Oral Investig. 2023 May;27(5):1815-1829. doi: 10.1007/s00784-023-04910-w. Epub 2023 Feb 11. PMID: 36773127; PMCID: PMC9918839.]  [110:  Plastic in Nemo bubble bath poses threat to marine life. Jon Ungoed-Thomas and Joseph Hook. The Sunday Times Published: 24 April 2016 (Accessed 19/05/2017)] 

Microplastics are defined as plastic particles smaller than 5mm and represent an increasing proportion of plastic debris released into the environment [endnoteRef:111]. Microplastics not only act as direct pollutants, there is also evidence that they can attract and bind to biotoxins known as persistent organic pollutants (POPs) such as polychlorinated biphenyl (PCB) [endnoteRef:112]. It is speculated that adsorption of POPs to microplastics increases the possibility of access to the food chain via the process of bio-accumulation [endnoteRef:113]. Ingestion of microplastics has been documented in plankton, barnacles, mussels, fish and seabirds [endnoteRef:114]. Microplastic particles are found in many species of North Sea fish including popular edible species such as haddock, cod and herring [endnoteRef:115]. Methods of detection and quantification of microparticles are improving to help better understand this phenomenon [endnoteRef:116]. The dangers of ingestion of particles by marine life are four-fold: toxicity from ingesting the particle itself, contaminants leaching from the microplastics, ingestion of attracted pollutants bound to the microplastics and accumulation of particles within the organism. Additives associated with microplastics, such as the aforementioned RBC contaminant BPA, can potentially affect the endocrine systems of aquatic organisms, impacting mobility, reproduction and development. BPA is a known endocrine disruptor in fish, crustaceans, and invertebrates, and has been shown to cause whole-body and molecular effects at concentrations in the ng/L to mg/L range [endnoteRef:117]. The potential effects on organisms, including humans, within food webs is unknown. [111:  Barnes DKA, Galgani F, Thompson RC, Barlaz M. Accumulation and fragmentation of plastic debris in global environments. Philos Trans R Soc Lond B Biol Sci 2009; 364: 1985-1998.]  [112:  Engler, RE. The complex interaction between marine debris and toxic chemicals in the ocean. Environ Sci Technol 2012; 46: 12302-12315.]  [113:  Tanaka K, Takada H, Yamashita R, Mizukawa K, Fukuwaka M, Watanuki Y. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine plastics. Mar. Pollut. Bull. 2013, 69, 219−22.]  [114:  Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine environment: a review. Mar. Pollut. Bull. 2011; 62: 2588–2597.]  [115:  Foekema EM, Gruijter CD, Mergia MT. Plastic in North Sea Fish. Environ. Sci. Technol. 2013; 47: 8818−8824]  [116:  Claessens M, van Cauwenberghe L, Vandegehuchte MB, Janssen CR. New techniques for the detection of microplastics in sediments and field collected organisms Mar. Pollut. Bull. 2013; 70: 227–233.]  [117:  Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine environment: a review. Mar. Pollut. Bull. 2011; 62: 2588-2597.] 

Through normal clinical use of RBC such as the removal of failed or aged dental restorations, or the shaping, finishing and polishing of a directly placed restoration, microplastic waste is generated and released into the environment. It has been estimated via meta-analysis that by 2025, 32 million RBC restorations that were placed in posterior teeth in 2015 will have required replacement or repairing with subsequent microparticulate release into the environment [endnoteRef:118]. This environmental pollution via the release of microparticulate waste also occurs via the disposal of the subtractive remnants produced through the milling of CAD/CAM RBC to fabricate dental laboratory manufactured restorations.  [118:  S.D. Heintze, V. Rousson. Clinical effectiveness of direct class II restorations—a meta-analysis. J Adhes Dent. 2012; 14: 407-431.] 

During clinical applications of directly-placed RBC it is not possible to achieve full conversion of the constituent monomers to form a polymer. The conversion rate is the proportion of monomers that reacts to the total initial number of monomers. These free or partly-linked monomers elute from the restorations and by extension also from microparticulate waste [endnoteRef:119]. It has been demonstrated that the ester bonds of common dental resin monomers such as BisGMA, TEGDMA and UDMA are susceptible to hydrolysis via host salivary hydrolases and esterases and cariogenic bacterial virulence up-regulation accelerating the biodegradation of RBCs [endnoteRef:120]. The resultant degradation of the resin matrix, increases water sorption of the material resulting in further hydrolysis, degradation and monomer release. The recognized elution of monomers from RBC over the short-term and longer-term [endnoteRef:121], further elution caused by bacterial degradation mechanisms [endnoteRef:122] and the large surface area of microparticles are contributory to increasing the pollution potential of RBC particulate waste.  [119:  Ferracane JL, Condon JR. Rate of elution of leachable components from composite. Dent Mater 1990; 6: 282–7.  ]  [120:  Stewart CA, Finer Y. Biostable, antidegradative and antimicrobial restorative systems based on host-biomaterials and microbial interactions. Dent Mat. 2019; 35: 36-52.]  [121:  Putzeys E, De Nys S, Cokic SM, Corneliu Duca R, Vanoirbeek J, Godderis L, Van Meerbeek B, Van Landuyt KL, Long-term elution of monomers from resin-based dental composites. Dent Mater. 2019; 35(3): 477-485.]  [122:  Bourbia M, Ma D, Cvitkovitch DG, Santerre JP, Finer Y. Cariogenic bacteria degrade dental resin composites and adhesives. J Dent Res. 2013; 92(11): 989–994. ] 

[bookmark: _Toc154054745]Potential environmental pollution pathways of RBC
The pollution pathways of dental amalgam previously highlighted in Section 4.3 allow insight into the pathways RBC may take to the environment. The two dental materials follow a similar fate with regards to release via human waste into sewerage, cremation and interment of cadavers that have these materials within them. However, as regulation on disposal of waste RBC differs to amalgam, release in to landfill of waste RBC occurs. In addition, CAD/CAM based applications do not apply to RBC. Finally, microparticulate waste of RBC differs from amalgam particulate waste in its polymeric nature that can elute constituents, and the density of amalgam waste offers an advantage to be removed via amalgam traps at source of production. 
The environmental pollution pathways of RBC that have been considered are:
Disposal via landfill burial and incineration
Human excreted waste (saliva and urine) into wastewater and sewerage
CAD/CAM milling and release of particulates into wastewater
Cremation of cadavers containing RBC restorations into the air 
Interment of cadavers containing RBC restorations into groundwater 
Particulate release from clinical procedures (finishing and polishing or removal)
[bookmark: _Toc154054746]Disposal via landfill burial and incineration
Dental practices generate a large variety of waste, some of which is classified as hazardous and must be disposed of via regulated routes. However, the majority of the waste produced in the dental industry is classified as municipal solid waste (MSW). MSW is a generic term that can also be applied to all residential, commercial and industrial waste [endnoteRef:123]. In the UK MSW is recycled or sent to landfill, however in many other countries uncontrolled disposal of hazardous waste occurs, with potential for environmental harm [endnoteRef:124].  [123:  Kjeldsen P, Barlaz MA , Rooker AP, Baun A, Ledin A, Christensen TH. Present and Long-Term Composition of MSW Landfill Leachate: A Review. Critical Reviews in Environmental Science and Technology 2019; 32(4): 297-336. ]  [124:  Vieira CD, de Carvalho MA, de Menezes Cussiol NA, Alvarez-Leite ME, Dos Santos SG, da Fonseca Gomes RM, Silva MX, de Macêdo Farias L. Composition analysis of dental solid waste in Brazil. Waste Manag. 2009; 29(4): 1388-91. ] 

It has been estimated that worldwide up to 95% of MSW is disposed to landfill, as this is the most cost-effective disposal option [endnoteRef:125]. However, despite landfill being the least expensive waste disposal option, it is not an environmentally sound disposal route with known adverse impacts on the environment. Adverse effects include leachate and gases emissions, however fires and explosions, unpleasant odours, vegetation damage, ground water pollution, landfill settlement, climate change and air pollution are all concerns associated with landfill [endnoteRef:126].  [125:   Renou S, Givaudan JG, Poulain S, Dirassouyan F, Moulin P. Landfill leachate treatment: review and opportunity. J Hazard Mat [Internet]. 2008; 150 3: 468– 93.]  [126:  El-Fadel, M, Findikakis, AN and Leckie, JO. Environmental Impacts of Solid Waste Landfilling. Journal of Environmental Management 1997; 50: 1-25. ] 

In order to reduce the volume of waste being sent to landfill and therefore reduce the adverse impacts in the UK, taxes are levied on landfill disposal to encourage recycling [endnoteRef:127].  [127:  Hopewell J, Dvorak R,  Kosior E. Plastics recycling: challenges and opportunities. Philos. Trans. R. Soc. London Ser. B  2009;  364:  2115– 2126.] 

RBC from dental surgeries that has expired its usage date, and excess unused composite within discarded compules and syringes, is considered as municipal solid waste and consequently disposed of in landfill sites. When disposed in this way, landfill leachate can react with RBC allowing the release of its components. Landfill leachate is formed when precipitation percolates through the contents of a landfill site promoting and assisting decomposition processes facilitated by bacteria and fungi. The temperature, pH and oxygen content of the landfill leachate solution change over time, affecting the reactivity of the solution. In a landfill site that receives a mixture of commercial, municipal and mixed industrial waste, a leachate composed of organic matter, inorganic ions and cations, heavy metal ions and xenobiotic compounds including persistent organic pollutants (POPs) will arise. This reactive leachate has the potential to allow breakdown and release of RBC into constituent components including monomers, oligomers and BPA [endnoteRef:128]. The United States Environmental Pollution Agency (USEPA) Office has proposed, through computer simulations, that potential contamination of the environment from dental composites can only arise from accidental release during transportation of dental waste or malfunction in landfill liners [endnoteRef:129]. In the UK there is concern regarding the location of coastal landfill sites and potential failure of containment due to coastal erosion [endnoteRef:130]. It is estimated that in the UK there are over 1200 historic landfill sites in areas at risk of coastal erosion or in flood plains [endnoteRef:131]. Therefore, it should be considered that the disposal of RBC in similar landfill sites has the potential to allow environmental pollution in the future should landfill sites fail, flood or be lost to the sea via coastal erosion [endnoteRef:132]. This risk would be mitigated if RBC were disposed of via incineration. The impact of RBC disposal into landfill and potential pollution of the environment has not been investigated in the literature.  [128:  Mulligan S, Fairburn A, Kakonyi G, Moharamzadeh K, Thornton S F, Martin N. 2573 - Optimal management of resin-based composite waste: landfill vs. incineration. J Dent Res 2017; 96 (Spec Iss 2): 2573. ]  [129:  Erdal, S, Orris P. Mercury in dental amalgam and resin-based alternatives: A comparative health risk evaluation 2012. Health Care Research Collaborative, Vol.10. ]  [130:  Cooper N J, Bower G, Tyson R, Flikweert J J, Rayner S, Hallas A. Guidance on the management of landfill sites and land contamination on eroding or low-lying coastlines 2012. CIRIA. ISBN: 978-0-86017-721-0. ]  [131:  Brand J H. Assessing the risk of pollution from historic coastal landfills. Executive Summary for the Environ- ment Agency by Dr James H. Brand and Professor Kate Spencer. London: Queen Mary University of London, 2017. PhD thesis. ]  [132:  O'Shea FT, Cundy AB, Spencer KL. The contaminant legacy from historic coastal landfills and their potential as sources of diffuse pollution. Mar. Pollut. Bull 2018; 128: 446-455.] 

[bookmark: _Toc154054747]Human excreted waste (saliva and urine) into wastewater and sewerage
As highlighted earlier, during normal clinical use of RBC, elution of the constituent monomers and oligomers occurs, as complete polymerisation is not possible. This polymerisation can vary between 35-77% resulting in elution of the unpolymerised monomers [endnoteRef:133] [endnoteRef:134]. RBC components, like amalgam components, are excreted in human waste after placement into the environment. In a landmark large-scale 2012 study by Kingman et al urine and saliva samples were analysed to detect the amount of BisGMA, TEGDMA and BPA present after the placement of RBC restorations in 171 patients [endnoteRef:135]. Samples were collected before treatment twice, one hour after treatment and between 24-30 hours after. This study showed that there were observable increases in concentrations of all of the target analytes in urine and saliva up to 30 hours after placement. Rubber dam use influenced the amount of monomers detected in saliva, in that when it was not used BisGMA concentrations in saliva were two to four times higher than when it was used. Urinary monomer concentrations were not influenced by rubber dam use. The concentration of BPA in urine increased by around 40% compared to initial levels by the final sampling time of 30 hours post placement. This study did not record the mass or volume of RBC used however approximations were made. Improvements to the study would have been to measure the exact weight of RBC used via calculating the difference between the RBC container pre and post treatment. In addition, the post-treatment sampling time frame was relatively short and would have benefitted by have longer term sampling points, especially in light of what has been documented in the literature regarding longer term elution of monomers. Therefore, it can be demonstrated that monomeric eluates found in urine and saliva can be released into the environment after the placement of a restoration. This impact on the environment has not been investigated in the literature. [133:  Ensaff, H., O’Doherty, D. M. and Jacobsen, P. H. ‘Polymerization shrinkage of dental composite resins’, Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2001; 215(4): 367–375]  [134:  Ferracane JL, Condon JR. Rate of elution of leachable components from composite. Dent Mater 1990; 6: 282-287]  [135:  Kingman A, Hyman J, Masten SA, et al. Bisphenol A and other compounds in human saliva and urine associated with the placement of composite restorations. JADA 2012; 143: 1292-302. ] 

[bookmark: _Toc154054748]CAD/CAM milling and release of particulates into wastewater
Computer aided design/ computer aided manufacturing (CAD/CAM) has been utilised by the dental industry to manufacture restorations since the mid 1980s [endnoteRef:136]. CAD/CAM units are able to produce almost any type of single-unit resin-based composite or ceramic restoration. A 2001 literature review claimed that CAD/CAM restorations performed better than any other restorative material and with equivalence to the ‘gold standard’ cast gold [endnoteRef:137]. This study referred primarily to ceramic indirect restorations however RBC materials used in the CAD/CAM process are more durable than directly placed RBC on account of having a highly polymerised resin phase and a higher amount of filler particles. The CAD/CAM process permits an innovative workflow within a dental surgery to be established. For example, if a patient requires an indirect restoration such as a crown or inlay it is possible to have this manufactured and placed within a short period of time (a matter of hours) rather than the traditional laboratory route of up to two weeks. Dental laboratories also benefit from the use of the CAD/CAM process as models can be scanned into milling units, bypassing the need for manual techniques. In addition, it is also possible to scan a prepared tooth in surgery and send a ‘digital impression’ to the laboratory, negating the need for conventional impressions and casting of models, reducing the environmental burden of material use and logistics of transport to and from the laboratory with its associated carbon footprint [endnoteRef:138]. The company Sirona developed and produced the first dental CAD/CAM machines [endnoteRef:139]. These were called CEREC units and since 1985, over 27000 of these units have been supplied to over 50 countries producing more than 20 million restorations [endnoteRef:140]. It can be anticipated that an increased scale of use of CAD/CAM based restorations in the future is likely as logistics such as improved Internet provision and improvements in technology develop.  [136:  Poticny DJ, Klim J. CAD/CAM in-office technology Innovations after 25 years for predictable, esthetic outcomes. JADA. 2010; 141(6): 5S-9S.]  [137:  Hickel R, Manhart J. Longevity of restorations in posterior teeth and reasons for failure. J Adhes Dent 2001; 3(1):45-64.]  [138:  Duane B, Ramasubbu D, Harford S, Steinbach I, Stancliffe R, Croasdale K, Pasdeki-Clewer E. Environmental sustainability and procurement: purchasing products for the dental setting. British Dental Journal 2019; 226: 453–458. ]  [139:  Moörmann, WH. The evolution of the CEREC system. J Am Dent Assoc. 2006; 137: 7S - 13S.]  [140:  Poticny DJ, Klim J. CAD/CAM in-office technology: innovations after 25 years for predictable, esthetic outcomes. J Am Dent Assoc. 2010; 141 Suppl 2:5S-9S.] 

Dental CAD/CAM is a subtractive process in that a blank of restorative material is milled in three axes typically using two 64-micrometer grit diamond burs. This will produce microparticulate waste that is often disposed via wastewater discharge into municipal sewerage. The effect of this pollution has not been investigated in the literature.
[bookmark: _Toc154054749]Cremation of cadavers containing RBC restorations into the air 
[bookmark: _Ref14950948]Cremation is the process of combustion, vaporisation and oxidation of human remains. In Europe over 150,000 cremations occur each year in the 1000+ crematories in operation [endnoteRef:141]. Temperatures of 800 ̊C or higher are required over a time period of between 1 and 2 hours. There are two methods used, the hot or cold process. During the hot process remains are placed within the chamber at 800 ̊C or higher, however in the cold process temperatures of 300 ̊C are used 141.  [141:  Mari M, Domingo JL. Toxic emissions from crematories: a review. Environ. Int. 2010; 36 (1): 131-137.] 

During the cremation process of human cadavers, a number of emissions are released into the environment[endnoteRef:142]. These pollutants include mercury compounds, dioxins, furans, hydrogen chloride, nitrogen oxides, carbon monoxide and volatile organic compounds. In addition, the release of odours and particulate matter can be of concern. [142:  Xue YF, Cheng YL, Chen X, Zhai XM, Wang W, Zhang WJ, Bai Y, Tian HZ, Nie L, Zhang SH, Wei T. Emission characteristics of harmful air pollutants from cremators in Beijing, China
PLoS One 2018; 13(5): Article e0194226.] 

Via the use of established combustion methods, the use of secondary combustion chambers and filters, the majority of pollutants released can be maintained below regulation limits. In addition, concentrations of mercury, hydrogen chloride, dioxins and furans can be monitored in additional arrestment chambers [endnoteRef:143].  [143:  Process Guidance Note 5/2(12) Statutory Guidance for Crematoria DEFRA 2012] 

The release of RBC components into the environment via cremation has not been investigated in the literature.
[bookmark: _Toc154054750]Interment of cadavers containing RBC restorations into groundwater 
In the UK cremation is now currently the most popular choice of managing human remains after death, with around a third of people choosing cremation in 1960 compared with two thirds of people in 2015 [endnoteRef:144]. This implies currently one third of cadavers are interred in cemeteries in the UK. In the USA in 2016, 50.2% of Americans chose to be buried whereas in a more recent survey this has decreased to 43.5% [endnoteRef:145]. The Office for National Statistics states that in 2016 in the UK there were 525,048 deaths, which was around 5000 fewer deaths than 2015 [endnoteRef:146]. Therefore, by deduction in 2016 approximately 175,016 cadavers were interred. More recent data highlights an increase in percentage of the population electing to be cremated in the UK (79.83% in 2022) [endnoteRef:147]. Included in these interred cadavers were lifetime accumulations of dental treatment now released into the environment. This has been an issue with dental amalgam as highlighted previously. However, what has not been investigated in the literature is the environmental impact of the burial of cadavers containing RBC and the release of eluates into the environment via percolation of groundwater. To understand the potential environmental burden of RBC pollution in this fashion, the number of cadavers being interred and the volume of dental RBC contained within them requires investigation. [144:   "National Cremation Statistics 1960-2009". The Cremation Society of Great Britain. 2010-08-31.]  [145:  National Funeral Directors http://www.nfda.org/news/media-center/nfda-news-releases/id/2511/nfda-cremation-and-burial-report-shows-rate-of-cremation-at-all-time-high]  [146: Office of National Statistics. https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths. Accessed 02/02/18.]  [147:  "Progress of Cremation in The British Islands 1885-2022". The Cremation Society of Great Britain. 2023-07-25. Accessed 08/03/2024.
] 

[bookmark: _Ref14951063]Every ten years in the UK there is an Adult Dental Health Survey commissioned. The last survey was 2009, published in 2011 [endnoteRef:148]. This survey aims to give an overview of the oral health of the UK. In the UK between 2013-2015 the most common age to die was 85 years for men and 89 years for women [endnoteRef:149]. It can be assumed in older generations that die and are buried, that the most common dental material that is present is dental amalgam; hence this generation of patients are collectively known as ‘the heavy metal generation’ [endnoteRef:150]. In younger generations this trend is changing, with a reduced amount of dental amalgam being used and RBC being the preferred dental material placed.  [148:  Eaton KA. The adult dental health survey 2009. Prim Dent Care. 2011;18(3): 99-100.]  [149:  National life tables, UK: 2013–2015. Office for National Statistics
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/bulletins/nationallifetablesunitedkingdom/20132015]  [150:  Hellyer PH. The older dental patient – who cares? BDJ 2011; 211: 109–111.] 

In the generations that have followed the ‘heavy metal generation’ the dental treatment requirement landscape has changed via oral hygiene and prevention messages being more accessible, use of fluoride toothpaste, fluoridation of public water supplies and ideological shifts in dental treatment provision based around conservative measures. This does not necessarily mean that a lesser volume of RBC will be used compared to amalgam as the use of RBC to treat tooth surface loss conditions such as abrasion, attrition and increasingly erosion means that RBC has applications outside of caries management. However, the 2011 UK Adult Dental Health Survey highlights that the number of restored teeth present in a dentition increases with age. Over the age of 55 the percentage of teeth restored was consistently between 47 and 49%. The younger generations of 16- to 24-year-olds in contrast had far fewer teeth restored at 7%. Those aged between 25 and 44 years old had slightly higher percentages of restored teeth (ages 25 to 34 was 15% and ages 35 to 44 was 26%) but it is those aged 45 and above that percentages creep up to 41% meaning just under half of these dentitions contained restorations 147. As life expectancy increases in line with the number of dentate patients containing restorations, future repair and replacement of restorations with RBC means the amount of RBC that will be placed in patients for future release into the environment will increase.  
From these statistics and the highlighted trend of increasingly higher RBC use in the future, understanding the consequences of elution of monomers from RBC into the environment from cadavers requires investigation. 
In addition, understanding the extent and rate of elution of materials into groundwater is complicated by material-based factors, such as the type of dental RBC and its composition at burial, how long it has been in situ and treatment-dependent factors such as how well polymerized the material was. This is then further compounded by interment site/method related factors which are listed below [endnoteRef:151]. [151:  Santarsiero A, Minelli L, Cutilli D, Cappiello G. Hygienic aspects related to burial. Microchemical Journal 2000; 67: 135-139.] 

· Geological and hydrogeological characteristics of the soil, including soil type, permeability and porosity. The pH and ability of groundwater to diffuse would impact the release of eluted monomers.
· Microbiological characteristics of the soil (as it was seen in scenario 4 that microbial activity impacts elution of monomers).
· Mechanical, structural, and resistance parameters of the soil.
· Coffin or other container construction used. The less permeable or biodegradable, the less elution.
· Land cover - land cover and topography will affect infiltration and water-logging will impact the release of eluted monomers.
· Climate. Degradation of RBC and elution rate are temperature dependent with positive correlation between increased temperature and elution of monomers.
· Depth of the unsaturated zone of the soil has an impact because as well as acting as a barrier to contamination of an underlying aquifer, this can also present a means for infiltration of oxygen that may aid decomposition and the elution process. 
It is clear from these statistics and the highlighted trend of increasingly higher RBC use in the future that understanding the consequences of elution of monomers from RBC into the environment from cadavers requires investigation. The release of RBC components into the environment via interment has not been investigated in the literature.
[bookmark: _Toc154054751]Particulates from clinical procedures (finishing and polishing or removal)
When a RBC restoration requires polishing, replacement or adjustment, particulate waste is generated. This waste material is removed from the oral cavity by the use of an aspirator and is disposed to wastewater, which proceeds to the environment via sewerage. The production of microparticulate waste RBC during clinical procedures is recognized [endnoteRef:152].The size of particulates produced during normal clinical procedures range from nanoscale to around 10μm. To put this in to perspective, the longest human chromosome is around 10μm and the width of human hair ranges from approximately 10 to 200 μm. The monomeric composition, the age of the restoration (and therefore how much previous elution of monomer has occurred), the extent of polymerisation (which can be influenced by operator factors and material chemistry) and the size and surface area of the microparticles released all affect monomeric elution potential and therefore environmental impact. It is estimated that in 2015 800 million restorations were placed. If it is accepted that around 6% of these restorations will fail within 10 years then this equates to approximately 48 million restorations being removed or refurbished with the resultant release of particulates [endnoteRef:153]. It can be estimated the average volume of a RBC restoration could be conservatively put at 0.3 g then this equates to 14.4 tonnes of particulate waste.  [152:  Van Landuyt KL, Yoshihara K, Geebelen B, Peumans M, Godderis L, Hoet P, et al. Should we be concerned about composite (nano-) dust? Dent Mater. 2012; 28(11): 1162–70.]  [153:  Beck F, Lettner S, Graf A, Bitriol B, Dumitrescu N, Bauer P, Moritz A, Schedle A. Survival of direct resin restorations in posterior teeth within a 19-year period (1996-2015): a meta-analysis of prospective studies. Dent. Mater 2015; 31: 958-985] 

There is limited information of the potential environmental effect of RBC microparticles generated during clinical use in the literature. 
[bookmark: _Toc154054752]Methods for the detection of RBC constituent monomers
To achieve the aim of answering the research question, “What is the potential pollutant risk to the environment from the chemical compounds found in resin-based composite (RBC) restorative materials?”, appropriate methods of analysis and quantification of the plastic components released from dental materials is a necessity. Analysis of the various eluates in the multiplicity of pollution pathways previously discussed requires a unified methodology. The different pollution pathways have different solutions in which the pollutants would reside, ranging from urine and saliva to groundwater to landfill leachate. Therefore, this section of the literature review intends to discuss methods of analysis that could be employed for eluate analysis and suggest a unified methodology.
[bookmark: _Toc154054753]Elution of dental monomers
The release of dental monomers into solution has been extensively examined in the literature. This has been in the context of assessing the potential detrimental effects to the material as a measure of longevity and durability or to determine cytotoxic effects of monomeric elution when in situ as a restorative material. There are no studies on the impact of the elution of the material as an environmental pollutant. This section aims to give an overview of previous studies to better understand how monomer elution assessment has been carried out in the literature.
Moharamzadeh et al [endnoteRef:154] studied the release of the monomers BisGMA, UDMA and TEGDMA from three types of light-cured dental composite materials in five different extraction media: artificial saliva, saline, distilled water, Dulbecco’s Modified Eagle Medium (DMEM) without serum and DMEM with 10% fetal calf serum.  [154:  Moharamzadeh K, Van Noort, R.; Brook, I.; Scutt, A. HPLC analysis of components released from dental composites with different resin compositions using different extraction media. J. Mater. Sci. 2007; 18: 133–137.] 

Discs of the test RBC materials were stored in 10 ml of the varying extraction solutions and incubated for 24 hours at 37 °C. After this time, the discs and extraction solutions were separated and the released monomers were analyzed immediately and also after 7 days of storage. High performance liquid chromatography (HPLC) was utilized to analyse the samples.  
The results of this analysis showed that: 
· BisGMA and UDMA were not detected in any of the samples. 
· TEGDMA was detected in high concentrations. This was due to the increased relative hydrophilicity and lower molecular weight of TEGDMA compared to BisGMA and UDMA, which impacts elution. Accordingly, TEGDMA was seen as the principal monomer eluted from the test RBCs.  
· TEGDMA was detected in all of the extraction media when sampled immediately, but at sampling after 7 days TEGDMA was not detectable in DMEM containing serum, despite being found in all other media. This was attributed to binding to proteins such as albumin over the 7 days.
This study highlighted the importance of choice of extraction media, the effect of storage on the concentration of monomers eluted from dental composite materials and how the different monomers elute on the basis of molecular weight. It also highlights how other contents in extraction media can interact with monomers and effect concentrations detected.
[bookmark: _Ref14951234]Spahl et al. [endnoteRef:155] investigated the monomers eluted from four commercial RBCs using gas chromatography coupled to mass spectrometry (GC-MS) and high-performance liquid chromatography coupled to particle beam interface-mass spectrometry (HPLC-PB-MS). The RBC materials being investigated were stored in methanol and water for 3 days at 37 °C to simulate the oral cavity prior to analyses. [155:  Spahl W, Budzikiewicz H, Geurtsen W. Determination of leachable components from four commercial dental composites by gas and liquid chromatography/mass spectrometry. J Dent. 1998; 26(2):137-45.] 

The results of this study found:
· considerable concentrations of TEGDMA were released from all RBCs composites in water due to the relatively hydrophilic nature of this methacrylate monomer and its smaller molecular weight. 
· small amounts of BisGMA and UDMA were also detected in water.  
· the concentration of TEGDMA detected was greater than the ED50 concentration (0.08 mg/l) of human oral pulp fibroblasts.
This study concluded that TEGDMA may cause cytotoxic effects to the pulp. As the concentrations of BisGMA and UDMA detected were less than the ED50 concentrations for pulp fibroblasts, these monomers have less adverse effects than TEGDMA. This study showed that detection of the larger molecular weight monomers is possible with different methodology to the Moharamzedah study. 
Ortengren et al. [endnoteRef:156]  investigated the water sorption and the elution of monomers from six different composite materials during water storage. Hydrolysis and oxidation of RBC in the presence of water has an important role in the degradation of RBC and therefore longevity. Diffusion of water into the resin matrix of RBC further promotes this chemical degradation and subsequent failure. [156:  Ortengren U, Wellendorf H, Karlsson S, Ruyter IE. Water sorption and solubility of dental composites and identification of monomers released in an aqueous environment. J Oral Rehabil. 2001; 28(12):1106-15.] 

In this study 15 samples were prepared for each material and stored at 37 °C ± 1 for 4 hours, 24 hours and 7, 60 or 180 days. After completion of the storage periods, analysis of the eluted monomers was carried out using HPLC. The results of this study found:
· TEGDMA was the dominant monomer released from the RBC materials.  
· the maximum concentration of monomers occurred after 7 days of storage in water. 
· UDMA and BisGMA were released from the RBC materials. 
· smaller molecular weight monomers such as TEGDMA monomers have higher mobility than large monomers (BisGMA and UDMA), and elution occurs more readily in aqueous environments. 
· BPA was not detected and this was because the conditions of the experiment were not aggressive enough to hydrolyse BisGMA.
It was concluded that the release of BPA from RBC may be a result of impurities being present from the manufacturing of BisGMA rather than from degradation of BisGMA under normal conditions. This study highlighted the long-term elution of the constituent monomers and the importance of hydrolysis in degradation and monomer release.
[bookmark: _Toc154054754]Methods for the detection of RBC constituent monomers
From the literature it can be seen that it is possible to extract and analyse RBC constituent monomers from solution via a variety of methods. As the most concern has arisen around BPA and food safety there are a number of methods of BPA detection and quantification. These are:
· Solvent extraction (SE): a method commonly used to extract BPA from solid food samples using a solvent such as acetonitrile, acetone, methanol or ethanol. This would not be appropriate as extraction from solution is required.
· Liquid-liquid extraction (LLE): a method for extracting BPA from solution using solvents such as ethyl acetate, chloroform or dichloromethane. However, the effect of the solvents on the RBC may be an issue and also chloroform and dichloromethane could cause degradation of the monomers and therefore reduce recovery.
· Microwave-assisted extraction (MAE):  a rapid method of extraction that uses microwave energy to extract BPA from solid and semi-solid food samples requiring less solvents and less time, however this is not appropriate as extraction from solution is required.
· Pressurized liquid extraction (PLE):  a method that uses liquid solvents at high temperatures and pressures. This accelerates the process of solvation resulting in an increased rate of extraction. Various solvents can be employed for this method dependent on the application.
· Solid-phase extraction (SPE): a method used in BPA extraction from liquidised food samples. Selecting the appropriate sorbent for BPA is dependent on the type of the food.
· Solid-phase micro-extraction (SPME), matrix solid-phase dispersion (MSPD) and stir bar sorptive extraction (SBSE) are methods that are rarely used in the extraction of BPA. 
As previously highlighted, gas chromatography-mass spectrometry (GC-MS) coupled to HPLC has been used in the literature to detect monomers from RBC 154. However, GC-MS is not suitable for the detection of high molecular weight monomers such as BisGMA as GC-MS causes BisGMA to fragment and only the products of decomposition are detectable. This implies a methodology that does not cause degradation of the larger molecular weight monomers would be desirable.
Despite the myriad ways to detect the monomers eluted from RBC, there is a requirement for the chosen method to be cost effective, accurately quantitative and versatile enough to be used for a variety of solvents namely urine, saliva, groundwater and landfill leachate. In addition, the method should not alter the sample and be able to detect and quantify the eluted monomers in very low concentrations. 
The ability to reduce interferences or ‘background noise’ in complex environmental sample solutions can be carried out via dilution or extraction prior to quantification. Unfortunately, dilution to reduce the background noise sufficiently can dilute the monomer concentration below the level of detection of the specific monomer. Therefore, extraction prior to analysis is a good method of preventing this issue. In the literature, Wang et al applied the method of solid-phase micro-extraction coupled to high-performance liquid as an appropriate method of analysing RBC monomers in saliva [endnoteRef:157]. The following section describes this method in more detail. [157:  Wang, V. S. Application of solid phase microextraction on dental composite resin analysis. J Chromatogr B 2012; 903: 88-94. ] 

[bookmark: _Toc154054755]Solid-phase microextraction coupled to high-performance liquid chromatography
SPME is a fast, solvent-free, portable and inexpensive sampling technique for the extraction of organic compounds from gaseous, aqueous or solid environmental samples [endnoteRef:158]. Invented by Pawliszyn in 1989, it is an efficient method of sample preparation that can be used in combination with GC, HPLC and capillary electrophoresis [endnoteRef:159].  [158:  Ouyang G, Pawliszyn J.   Recent developments in SPME for on-site analysis and monitoring.    TrAC 2006;  25(7):  692-703.]  [159:  Vas G, Vékey K. Solid-phase microextraction: a powerful sample preparation tool prior to mass spectrometric analysis.  J Mass Spectrom. 2004; 39(3): 233-54.] 

SPME requires the use of fibres coated in specific polymers that can absorb different analytes, such as RBC monomers, to varying degrees. High performance liquid chromatography (HPLC) is a technique used to separate, identify and quantify components in a sample via pumping analytes, such as non-volatile polycyclic aromatic hydrocarbon RBC monomers, in a solvent through a column of solid adsorbent material [endnoteRef:160]. By combining SPME and HPLC it is possible to extract and quantify with a high resolving power, specific RBC monomers from complex media such as urine, saliva, landfill leachate or groundwater by first extracting the monomers by SPME and then quantifying via desorption to the solvent used in HPLC [endnoteRef:161]. [160:  Kataoka H, Lord HL, Pawliszyn J. Applications of solid-phase microextraction in food analysis. J Chromatogr A. 2000; 880(1-2): 35-62.]  [161:  Wang S, Hu S, Xu H. Analysis of aldehydes in human exhaled breath condensates by in-tube SPME-HPLC. Anal Chim Acta. 2015; 900:67-75.] 

The use of SPME prior to HPLC eliminates the background matrix of environmental samples and human fluids by transferring the specific monomers into a clean solvent solution. An additional benefit of this procedure is the ability to concentrate the monomers into a smaller volume allowing low level trace concentrations (1 μg/L) detection.
[bookmark: _Toc154054756]Microparticle characterisation methods
Techniques previously utilised for the identification of microplastics have included Raman spectroscopy [endnoteRef:162] and sequential pyrolysis-gas chromatography coupled to mass spectrometry (pyrolysis GC/MS) [endnoteRef:163]. A more commonly utilised technique is Fourier-transform infrared (FT-IR) spectroscopy [endnoteRef:164]. A review of freshwater microplastic pollution studies by Eerkas-Medrano et al recommended a need for better detection of microplastic particles and a better understanding of transport pathways, including wastewater [endnoteRef:165]. With regards to the requirements of this research this is pertinent as the pollution pathways of microparticulate RBC centres around release into wastewater. [162:  Murray F, Cowie PR. Plastic contamination in the decapod crustacean Nephrops norvegicus. Mar Pollut Bull. 2011;62(6):1207-17. ]  [163:  Van Cauwenberghe L, Vanreusel A, Mees J, Janssen CR. Microplastic pollution in deep-sea sediments. Environ Pollut. 2013; 182: 495-499. ]  [164:  Frias JP, Otero V, Sobral P. Evidence of microplastics in samples of zooplankton from Portuguese coastal waters. Mar Environ Res. 2014;95: 89-95. ]  [165:  Eerkes-Medrano D, Thompson RC, Aldridge DC. Microplastics in freshwater systems: A review of the emerging threats, identification of knowledge gaps and prioritisation of research needs. Water Res. 2015; 75: 63–82.] 

FT-IR as a suitable method for the characterisation, identification and quantification of microplastics in wastewater samples has recently been described by Tagg et al [endnoteRef:166].  [166:  Tagg A, Sapp M, Harrison J, Ojeda J. Identification and Quantification of Microplastics in Wastewater Using Focal Plane Array-Based Reflectance Micro-FT-IR Imaging. Analytical Chemistry 2015; 87(12): 6032-6040. ] 

Infrared spectroscopy (IR) is a chemical analytical technique that measures the infrared intensity versus wavelength (wavenumber) of light. In addition, IR spectroscopy also detects the vibration characteristics of chemical functional groups in materials being investigated. When infrared light interacts with matter chemical functional groups adsorb infrared radiation in a specific wavenumber range. The transmitted or reflected infrared frequencies are examined on an interferogram and via using a mathematical tool called a Fourier transform, IR becomes FT-IR and raw data can be converted into a spectrum [endnoteRef:167]. [167:  Brian C. Smith, Fundamentals of Fourier Transform Infrared spectroscopy, CRC press, Boca Raton, 1996. ] 

Combining FT-IR spectroscopy with microscopy (micro-FT-IR) is a method that permits application of FT-IR to analyse microscopic samples due to an improvement in spatial resolution and therefore can be applied to microplastics and RBC microparticulate waste [endnoteRef:168]. [168:  Bhargava R, Wang SQ, Koenig JL.FTIR Imaging Studies of a New Two-Step Process To Produce Polymer Dispersed Liquid Crystals. Macromolecules 1999; 32 (8): 2748-2760] 

FT-IR is a reliable, cost-efficient and relatively simple technique for the identification of microplastics. An additional advantage is that this method is non-destructive and FT-IR analyses have been successfully used for identifying microplastics in both sediment and water samples if the functional groups of the plastic have been pre-established [endnoteRef:169] [endnoteRef:170]. This method can be applied to samples from a dental origin in order to characterise microparticulate waste that is released from common dental applications into the environment, as the functional groups are known.  [169:  Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds. Part B, 5th ed.; John Wiley & Sons: New York, USA, 1997. ]  [170:  Harrison JP, Ojeda JJ, Romero-González ME. The applicability of reflectance micro-Fourier-transform infrared spectroscopy for the detection of synthetic microplastics in marine sediments. Sci Total Environ. 2012; 416: 455-463. ] 

[bookmark: _Toc154054757]Summary 
This literature review has sought to address the research question, ‘What is the potential pollutant risk to the environment from the chemical compounds found in resin-based composite (RBC) restoratives?’
Dental amalgam has been well recognised for having negative environmental pollution credentials. The knowledge gained with regards to environmental pathways of dental amalgam into the environment, helps to postulate the potential release mechanisms of RBC. RBC and its unique chemistry is not an inert material, with a dynamic release of monomers and oligomers via hydrolytic degradation and incomplete polymerisation. The literature confirms that monomeric elution occurs and (via usage of RBC in clinical applications) microparticulate waste is regularly generated and released into the environment via multiple small-scale emissions. Having established the potential pollution pathways of RBC, the literature confirms that for each of these pathways, RBC is inevitably released into the environment in a multiplicity of ways.
Environmental pollution is the presence within, or introduction into the environment of a substance, which has harmful or poisonous effects. The literature confirms that the released constituent monomers and microparticulate waste have the potential to align to this definition when released via the stated pollution release pathways. 
This is a novel field of applied research to the environmental impact of RBC in the environment with specific knowledge gaps.  Based on this, a proposed methodology to study this further should consider the following:
· Identification of a representative RBC with common monomers to most RBCs used for assessment.
· Establish a control standard RBC to test alongside this representative RBC.
· Develop a methodology utilising SPME/HPLC technology to detect and quantify monomers eluted from RBC.
· Develop a number of experimental scenarios that best simulate the pollution pathways of RBC in to the environment, including but not limited to:
Use in patients if appropriate.
Ageing of materials in appropriate media, to simulate in-situ status prior to environmental release.
Long-term laboratory-based analyses of the test RBCs (in all potential release forms including polymerised, unpolymerised and as microparticles) and their monomeric eluates.
· Experimental investigations to detect and quantify the eluted monomers and to characterise the released microparticles from test materials as a function of the scenarios being investigated.
[bookmark: _Toc154054758]Environmental pollution from dental materials – an overview 
The included peer-reviewed publications provide a comprehensive and current account on this subject;
Mulligan S, Kakonyi G, Moharamzadeh K, Martin N. The environmental impact of dental amalgam and resin-based composite materials. Br Dent J 224, 542–548 (2018). https://doi.org/10.1038/sj.bdj.2018.229
Mulligan S, Hatton P & Martin N. Resin-based composite materials: elution and pollution. Br Dent J 232, 644–652 (2022). https://doi.org/10.1038/s41415-022-4241-7
Both these publications arise from the literature review and were published as original work by the candidate as principal investigator. 
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[bookmark: _Toc154054759]Chapter III – Hypotheses, Aim and Objectives
The critical review of the literature has led to the formulation of the following hypotheses.  The main hypothesis is addressed through the aim of the investigation and the sub-hypotheses are addressed through the objectives that guide the investigations conducted by the candidate and detailed in this thesis.
[bookmark: _Toc154054760]Hypotheses and sub-hypotheses
[bookmark: _Toc154054761]Main Hypothesis  
Resin-based composites act as environmental pollutants through a variety of pollution pathways.
[bookmark: _Toc154054762]Sub-hypothesis 1  
A single method of detecting monomer elution in different pollution pathway scenarios can be developed.
[bookmark: _Toc154054763]Sub-hypothesis 2 
Elution of RBC monomers in urine and saliva can be detected and quantified using the stated methodology.
[bookmark: _Toc154054764]Sub-hypothesis 3 
RBC microparticulate waste generated through common dental procedures can be characterised.
[bookmark: _Toc154054765]Sub-hypothesis 4
Elution of RBC monomers derived from RBC microparticulate waste can be detected, quantified and compared.
[bookmark: _Toc154054766]Sub-hypothesis 5
Elution of RBC monomers from interment and cremation of cadavers containing RBC can be detected and quantified.

[bookmark: _Toc154054767]Sub-hypothesis 6
Elution of RBC monomers from the disposal of waste RBC can be detected and quantified.
[bookmark: _Toc154054768]Sub-hypothesis 7
The wider aspects of sustainable oral healthcare can be applied to the use of dental materials in a pragmatic approach, considering the life-cycle of dental materials.
[bookmark: _Toc154054769]Aim
To undertake a comprehensive scientific assessment of the mechanisms of pollution from the micro-particles and elution of the principal monomers used in resin-based composite (RBC) dental materials. 
[bookmark: _Toc154054770]Objectives
· Identify the potential pathways to the environment of RBC waste products. 
· Develop the methodologies to assess the pathways and quantify monomeric elution.
· Assess the effect of ageing RBC and the effect of this on elution of monomers.
· Develop a standardised method for the extraction and quantification of monomers from the eluent solutions.
· Analyse and characterise the particulates generated through grinding and polishing.
· Identify a representative commercial RBC that contains most of the commonly used resin monomers.
· Manufacture a control RBC for comparative analysis.




[bookmark: _Toc154054771]Chapter IV – SPME-HPLC Method
A generic methodology utilising SPME-HPLC was developed to detect and quantify the eluted RBC monomers arising from each of the environmental release mechanisms that are described in this thesis.  This method involved direct SPME sampling using a manual holder and was not automated, requiring significant time (over 6 hours per sample) and physical resources to develop and validate it, with multiple SPME fibres tested at different extraction times to optimise it. The optimal efficiency and precision of the SPME fibre extraction was 60 minutes per sample with a standard deviation ranging between +/- 1 to +/- 4 (Table 2 in the journal article in this chapter). This standard deviation was linked to the complexities encountered during the method optimisation and future work would consider automation. 
In addition, a specific methodology was developed for each environmental release mechanism that was simulated in the form of a microcosm. This additional methodology is detailed for each experiment in the relevant chapter and includes specimen preparation, storage and relevant analytical techniques.  
Solid-phase microextraction coupled to high performance liquid chromatography (SPME-HPLC) was utilised to detect and quantify eluted BisGMA, UDMA, TEGDMA, HEMA and Bisphenol-A (BPA). 
The included paper;
Kakonyi G, Mulligan S, Fairburn AW, Moharamzadeh K, Thornton SF, Walker HJ, Burrell MM, Martin N. Simultaneous detection of monomers associated with resin-based dental composites using SPME and HPLC. Dent Mater J. 2021 Jul 31;40(4):1007-1013. doi: 10.4012/dmj.2020-240. Epub 2021 May 21. PMID: 34024881.
describes the development of the methodology that was used to detect the elution of monomers in the pollution pathways. This methodology was used in the microcosm experiments associated with the environmental pollution pathways, as detailed in the following thesis chapters:
· Chapter IV – Human excreted waste (saliva and urine) into wastewater and sewerage
· Chapter V – Microparticulate RBC characterisation and elution of monomers
· Chapter VI – Disposal via landfill burial and incineration
· Chapter VII – RBC eluted monomer pollution in end-of-life scenarios
The above publication is a co-authored peer-reviewed journal article. The candidate was a principal investigator in the work reported in this publication.  The publication is the result of a collaborative work, to which the candidate has contributed with the conceptualisation, research investigation, write up of this work and dissemination.
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[bookmark: _Toc154054772]Chapter V – Resin based composite monomers in human excreted waste (saliva and urine) 

The included manuscript;
Mulligan S, Kakonyi G, Fairburn A and Martin N. RBC Eluents in Human Excreted Waste (saliva and urine). 2023
has been prepared as a submission for publication.  It describes the detection and quantification of released RBC eluted monomers into the environment via urine and saliva in a cohort of patients that had RBC restorations placed.
This manuscript is the result of the combined efforts of the authors with a significant contribution by the PhD candidate in the conceptualisation and design of method, clinical treatment provision, clinical and laboratory-based sample collection/ preparation, sample analysis, data curation, writing, reviewing and editing.
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[bookmark: _Toc154054773]Chapter VI - Microparticulate resin-based composite: Characterisation, detection and analysis of eluted monomers
The included peer-reviewed manuscript;
Mulligan S, Ojeda JJ, Kakonyi G, Thornton SF, Moharamzadeh K, Martin N. Characterisation of Microparticle Waste from Dental Resin-Based Composites. Materials (Basel). 2021 Aug 8;14(16):4440. doi: 10.3390/ma14164440. PMID: 34442963; PMCID: PMC8402022
describes the characterisation of microparticle waste from clinical applications RBCs; using scanning electron microscopy (SEM), particle size and specific surface area analyses, Fourier transform infrared spectroscopy (FT-IR) and potentiometric titrations.
The included manuscript, prepared for publication;
Mulligan S, Kakonyi G, Moharamzadeh K, Thornton SF and Martin N. 2023. Monomer elution from microparticulate waste generated through the use of CAD/CAM and direct-placement resin-based composite 
describes the detection and quantification of eluted monomers (using combined solid phase micro-extraction and high-performance liquid chromatography SPME-HPLC). 
Both manuscripts are the result of the combined efforts of the authors with the major contribution by the PhD candidate in the conceptualisation and design of method, data curation, writing, reviewing and editing. Christopher Hill (The University of Sheffield) carried out the SEM described in this chapter. 
Summaries for both publications follow.


[bookmark: _Toc154054774]Characterisation of Microparticle Waste from Dental Resin-Based Composites
[bookmark: _Toc154054775]Overview
Microparticulate waste arising from grinding direct placement and CAD/CAM resin-based composites was successfully characterised using scanning electron microscopy, particle size and specific surface area analyses, Fourier transform infrared spectroscopy (FT-IR) and potentiometric titrations.
[bookmark: _Toc154054776]Results
· The maximum specific surface area of the direct-placement commercial RBC was seen after 360 s of agitation and was 1290 m2/kg compared with 1017 m2/kg for the control material. 
· The median diameter of the direct-placement commercial RBC was 6.39 μm at 360 s agitation and 9.55 μm for the control material. 
· FTIR analysis confirmed that microparticles were sufficiently unique to be identified after 12 months ageing and consistent alteration of the outermost surfaces of particles was observed. 
· Protonation-deprotonation behaviour and the pH of zero proton charge (pHzpc) of 5–6 indicated that the particles are negatively charged at neutral pH7. 
[bookmark: _Toc154054777]Relevance 
· The large surface area of RBC microparticles allows elution of constituent monomers with potential environmental impacts. 
· RBC microparticulate waste is altered when released into the environment due to elution of constituent monomers, potentially exacerbated by bacterial interaction.
· The ability to manipulate the charged nature of these particles provides an opportunity for the recovery of these pollutant particles at point of generation.
· Characterisation of this waste is key to understanding potential mitigation.


[bookmark: _Toc154054778]Monomer elution from microparticulate waste generated through the use of CAD/CAM and direct-placement resin-based composite
[bookmark: _Toc154054779]Overview
Detection, quantification and comparison of constituent monomers eluted from resin-based composite (RBC) microparticulate waste derived from CAD/CAM milling, the removal of old RBC restorations and the finishing/polishing of newly placed RBC restorations is described.
[bookmark: _Toc154054780]Results
· The RBC samples had a particle size median diameter ranging from 6.39 μm to 9.39 μm. 
· All samples eluted the target monomers, except for the CAD/CAM RBC microparticles, where BisGMA was not detected. 
· There was a statistically significant relationship between storage time in solution and monomer elution of both TEGDMA and UDMA, when considering the CAD/CAM microparticles and for UDMA and TEGDMA in the direct-placement finishing/polishing samples
· The finished/polished RBC microparticles released significantly more UDMA than the aged, direct-placement RBC FS-Aged. 
· Significantly lower concentrations of all monomers were released from the CAD/CAM material in comparison to the direct-placement RBC samples.
[bookmark: _Toc154054781]Relevance
· It can be postulated that if the microparticulate waste from milling CAD/CAM RBC restorations is not disposed via wastewater, these restorations are more environmentally sustainable. Further life cycle analysis is required to confirm this.
· The environmental impacts of oral healthcare provision can be achieved by a reduction in the need to carry out clinical procedures, which is the central tenet of good-quality, sustainable oral healthcare.


[image: ]
[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]
[image: ][image: ]
[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]


[bookmark: _Toc154054782]Chapter VII – Management of Resin-based Composite Waste: Landfill burial and incineration
The included conference proceeding abstract;  
Mulligan S, Falyouna O, Lambert I, Fairburn AW, Kakonyi G, Thornton SF, K Moharamzedah and Martin N.  Behavior of dental composite materials in sterilized and non-sterilized landfill leachate.  International Exchange and Innovation Conference on Engineering & Science (IEICES), Kyushu University – Japan; 2018. DOI: 10.15017/1961288
and the manuscript, prepared for publication;
Mulligan S, Falyouna O, Lambert I, Fairburn AW, Kakonyi G, Thornton SF2, K Moharamzedah and Martin N. Management of Resin-based Composite Waste: Landfill versus Incineration. 
describe and compare the release of resin-based composite (RBC) monomers into the environment after disposal of waste or expired RBC via landfill and incineration.
These publications were the combined efforts of the authors with a significant contribution by the PhD candidate (design of method, experimental design, experimental sample collection/ preparation and implementation of sample analysis, data processing and writing of paper). 
The co-author Omar Falyouna, as part of his MSc entitled ‘The Release of Monomers from Dental Composite Materials Disposed into Landfill Sites’ carried out the investigations regarding landfill disposal with the assistance of the PhD candidate. The co-author of this paper, Isabel Lambert, as part of her Meng, used the same methodology to investigate the disposal of RBC via incineration. HPLC for the incineration portion of this study was carried out by Isabel Lambert, Gabriella Kakonyi and Andrew Fairburn. SPME-HPLC for the landfill disposal simulation was carried out by Gabriella Kakonyi with data processing by Omar Falyouna. The included Conference Proceedings Paper was co-authored by the PhD candidate (Behaviour of dental composite materials in sterilized and non-sterilized landfill leachate). The schematic to denote the process of incineration was created by Isabel Lambert for this paper and was included in her submitted MSc Thesis entitled; ‘Environmental Effect of Polymeric Dental Compounds Through Different Waste Treatment Pathways’.
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[bookmark: _Toc154054783]Chapter VIII – The environmental release of constituent monomers from resin-based composite via interment and cremation 

The following manuscript prepared for publication;
Mulligan S, Kakonyi G, Lambert I, Fairburn AW, Thornton SF and Martin N. The environmental release of constituent monomers from resin-based composite via interment and cremation.
describes the release of resin-based composite (RBC) monomers into the environment through the simulation of interment and cremation. 
This paper was the combined efforts of the authors with a significant contribution by the PhD candidate (design of method, experimental design, experimental sample collection/ preparation and implementation of sample analysis, data processing and writing of paper). 
The co-author of this paper, Isabel Lambert, as part of her MEng used the same methodology to investigate the disposal of RBC via incineration. HPLC for the cremation portion of this study was carried out by Isabel Lambert, Gabriella Kakonyi and Andrew Fairburn. The schematic to denote the process of cremation was created by Isabel Lambert for this paper and was in her submitted MSc Thesis entitled; ‘Environmental Effect of Polymeric Dental Compounds Through Different Waste Treatment Pathways’.
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[bookmark: _Toc154054784]Chapter IX – Resin-based composite and sustainable oral healthcare – a Life Cycle Assessment 

The following peer-reviewed journal manuscript;
Smith L, Ali M, Agrissais M, Mulligan S, Koh L, Martin N. A comparative life cycle assessment of dental restorative materials. Dent Mater. 2023 Jan;39(1):13-24. doi: 10.1016/j.dental.2022.11.007. Epub 2022 Nov 23. PMID: 36428112.
describes a comprehensive cradle-to-gate life cycle assessment of RBC, from the sourcing of raw materials (cradle), through manufacturing and the required packaging ready for commercialisation and clinical use (factory gate).
This manuscript was the result of the combined efforts of the authors with a major contribution by the PhD candidate in the conceptualisation and design of method, data curation, writing, reviewing and editing. 
A summary of this publication follows.


[bookmark: _Toc154054785]Overview
The aim of this research investigation was to determine, through a comparative assessment, the environmental impacts of three direct-placement dental restorative materials (DRMs) and their associated packaging as a cradle-to-gate life cycle analysis (LCA) i.e. from the extraction of natural resources (cradle) to the factory gate prior to distribution to the customer. The environmental impacts of the three main direct-placement dental restorative materials and their associated packaging were investigated: Dental amalgam, RBC (and its associated adhesive bonding agent) and GIC. Packaging was included to determine the environmental impact of packaging as a source of single-use plastic (SUP) within dentistry. The functional unit was ‘one dental restoration’ of each DRM system under investigation, according to the system boundary of this study, which were:
· the impact of the raw materials and processing steps
· the packaging materials, and their processing steps
The material and energy inputs and outputs were provided by collaborating with a major international dental manufacturing company (SDI Limited).
ReCiPe Midpoint v1.13 impact assessment methodology using the Egalitarian I approach was used, which translated resource extraction and emissions into environmental impacts. The environmental impacts investigated included:
· Global Warming Potential (GWP)
· Fresh Water Ecotoxicity (FETP)
· Freshwater Eutrophication (FEP)
· Human Toxicity (HTP)
· Marine Ecotoxicity (METP)
· Marine Eutrophication (MEP)
· Metal Depletion (MDP)
· Ozone Depletion (OD)
· Terrestrial Acidification (TAP)
· Water Depletion (WDP)
With regards to the LCA of RBC, a significant share of the environmental impact is mainly caused by energy use. The use of material contributes significantly to some impacts such as WDP, from the resin and mineral filler in the material structure. In addition, other components in RBC manufacturing such as acetone and sulphuric acid are significant contributors to environmental impacts. The industrial manufacturing of strontium bromide and sodium carbonate require carbonation, filtration and ammonia recovery processing steps which have high environmental impacts. The organic resin and solvent in RBC adhesive’s structure made significant contributions to several of the environmental impact categories.
[bookmark: _Toc154054786]Relevance
Of the three materials investigated, dental amalgam had the highest impact across most of the categories, but RBC had the highest Global Warming Potential stemming from the energy used in processing the constituent materials and its packaging material. Manufacturing and packaging materials could be considered low hanging fruits to make changes to in order to improve sustainability, however a reduction in need for use via prevention of disease is the ultimate method of improving the environmental sustainability of RBC.
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[bookmark: _Toc154054787]Chapter X – Sustainable oral healthcare and dental materials

The included peer-reviewed manuscripts;
Martin N, Sheppard M, Gorasia G, Arora P, Cooper M, Mulligan S. Awareness and barriers to sustainability in dentistry: A scoping review. J Dent. 2021 Sep;112:103735. doi: 10.1016/j.jdent.2021.103735. Epub 2021 Jun 25. PMID: 34182058.
Martin N, Sheppard M, Gorasia G, Arora P, Cooper M, Mulligan S. Drivers, opportunities and best practice for sustainability in dentistry: A scoping review. J Dent. 2021 Sep;112:103737. doi: 10.1016/j.jdent.2021.103737. Epub 2021 Jun 26. PMID: 34182061.
Martin N, Mulligan S, Fuzesi P, Hatton PV. Quantification of single use plastics waste generated in clinical dental practice and hospital settings. J Dent. 2022 Mar;118:103948. doi: 10.1016/j.jdent.2022.103948. Epub 2022 Jan 10. PMID: 35026356.
Mulligan S, Smith L & Martin N. Sustainable oral healthcare and the environment: challenges. Dent. Update., 48 (2021), pp. 493-501, 10.12968/denu.2021.48.6.493
Martin N, Smith L & Mulligan S. Sustainable oral healthcare and the environment: Mitigation strategies. Dent. Update., 48 (2021), pp. 524 -531, 10.12968/denu.2021.48.7.524
highlight the links between dental material use and sustainable oral healthcare.
These publications are the result of the combined efforts of the authors with a significant contribution by the PhD candidate in the conceptualisation, design of research methodologies, data curation, writing, reviewing and editing.
Summaries for both publications follow.


[bookmark: _Toc154054788]Summary of papers 
The first two publications, consist of a scoping review in two parts.  This work was the first of its type and established a comprehensive baseline of the knowledge base at the time; essential to establish knowledge gaps and future research and practice objectives.  The aim of the scoping reviews was to better understand the wider context of sustainable oral healthcare and how dental material use is related to this, a comprehensive scoping review utilising the PRISMA extension for Scoping Reviews methodology was followed to investigate the level of awareness, barriers, drivers, opportunities and best practices.
The following three publications identify how oral healthcare including the use of RBC has an environmental impact that is specific to the profession and is currently unsustainable. This impact results in unwanted and difficult-to-manage waste, carbon emissions and other environmental impacts that contribute to climate change. These papers also highlight how oral healthcare can be considered a supply chain that generates negative environmental impacts from dental materials such as RBC, their required sundry items and packaging in addition to patient and staff commuting/travelling, direct patient care, the use and end-of-life management of restorative materials and single-use plastics (SUPs) such as personal protective equipment (PPE). Ownership of this problem is shared with the whole supply chain, from manufacturing to distribution, procurement, clinical use and finally, waste management. Mitigation strategies focus on the individual stakeholders in the supply chain, including the provision of clinical care, including the use of RBC. Key to this is establishing a baseline analysis of the nature and the size of the problem through life cycle assessments (LCAs). 
[bookmark: _Toc154054789]Relevance
Sustainable oral healthcare can be defined as the provision of equitable, ethical, high-quality, inclusive and safe care with appropriate, effective and efficient use of resources. Through this, the healthcare opportunities of current and future generations are respected and protected by actively minimising negative environmental impacts [endnoteRef:171]. [171:  Martin, N, Mulligan, S, Shellard, IJ and Hatton, PV, 2022. Consensus on Environmentally Sustainable Oral Healthcare: A Joint Stakeholder Statement. York: White Rose University Press. DOI: https://doi.org/10.22599/OralHealth] 

Dental materials, including resin-based composite (RBC) fall under the remit of this definition when we consider ensuring “appropriate, effective and efficient use”. The pollution potential of RBC with regards to monomer elution and the release of microparticles as described in the previous chapters are an inescapable reality. Healthcare is based around the concept of the Hippocratic oath of ‘first, do no harm’, which when we accept that pollution does occur from the necessary use of RBC to treat patients, implies an ethical and moral responsibility to limit environmental harm as much as possible whilst providing ‘equitable, ethical, high-quality, inclusive and safe care’.  
The provision of oral healthcare including the use of RBC has an environmental impact that requires consideration and unified action within the supply chain in order to become more environmentally sustainable. The provision of good-quality oral healthcare can deliver environmentally sustainable outcomes from a reduced need for interventions. This results in a reduction in the need for RBC and its negative direct and indirect environmental impacts.
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· 
[bookmark: _Toc154054790]Chapter XI – General Discussion & Conclusions
The primary research question, ‘Can the use of RBC act as a source of environmental pollution, specifically through the release of microparticulate waste and constituent monomers?’ can be affirmed. Equally, the main and sub hypotheses postulated are also affirmed. The aim of this research project was to undertake a comprehensive scientific assessment of the mechanisms of pollution from the micro-particles and elution of the principal monomers used in resin-based composite (RBC) dental materials. This has been achieved by pursuing the objectives stated, through a detailed investigation of each pollutant scenario.
The release of monomer from the different scenarios is in the concentration range of µg/L or parts per billion to mg/L or parts per million, however the widescale use and multiple pollution events (continuously and worldwide) that occur from placement, removal, milling of CAD/CAM RBC, disposal of waste RBC, interment and cremation, influence the amount of RBC and its monomeric pollutants that are released into the environment. 
The potential environmental release pathways were identified in the literature review and associated journal articles (Chapter II). A unified method of analysing the elution of monomers from these different pollution pathways using SPME-HPLC was developed by the authors as discussed in the associated journal article (Chapter IV). These pollution pathways were investigated in the subsequent chapters and are now summarised for discussion. 
[bookmark: _Toc154054791]Chapter V – RBC monomers in human excreted waste (Saliva and Urine)
Monomer elution occurs after placement of restorations, as complete conversion and polymerisation is not possible under normal clinical conditions, varying between 35-77% resulting in elution of unpolymerised monomers [endnoteRef:172] [endnoteRef:173] [endnoteRef:174] [endnoteRef:175] [endnoteRef:176]. This is well recognised in the literature and directly links to the biocompatibility of RBC, with acknowledged concerns regarding local and systemic effects [endnoteRef:177]. In this investigation, baseline levels of monomers were detected in the majority of participants prior to clinical intervention and can be assumed to be due to the fact that 86% of the participants had pre-existing RBC restorations. This is significant as it highlights the low-level, long-term elution of monomers that occurs from existing restorations that are subsequently released into the environment. [172:  Ensaff, H, O’Doherty, D M and Jacobsen, P. H. ‘Polymerization shrinkage of dental composite resins’, Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2001; 215(4): 367–375]  [173:  Ferracane JL, Condon JR. Rate of elution of leachable components from composite. Dent Mater 1990; 6: 282-287]  [174:  Calheiros FC, Daronch M, Rueggeberg FA, Braga RR. Effect of temperature on composite polymerization stress and degree of conversion. Dent Mater 2014; 30: 613–618. ]  [175:  Yu P, Yap A, Wang X Y. Degree of Conversion and Polymerization Shrinkage of Bulk-Fill Resin-Based Composites. Oper Dent 2017; 42: 82–89. ]  [176:  Eshmawi YT, Al-Zain AO, Eckert G J, Platt J A. Variation in composite degree of conversion and microflexural strength for different curing lights and surface locations. J Am Dent Assoc 2018; 149: 893–902. ]  [177:  Moharamzadeh K, Brook IM, Van Noort R. Biocompatibility of Resin-based Dental Materials. Materials (Basel). 2009 Apr 28;2(2):514–48. doi: 10.3390/ma2020514. PMCID: PMC5445714.] 

There was no statistical significance in the release of monomers when comparing pre- and post-intervention, age or gender. This can be explained by the relatively low number of participants in comparison to other previous larger scale, multi-centre previous investigations. This was a low powered feasibility study to assess the application of SPME-HPLC to detect and quantify monomers in urine and saliva. Urine and saliva are complex media with significant variation between participants dependent upon biological and physiological factors. A further observation from this study is that all participants were potentially exposed to the monomers of interest as a result of pre-existing RBC restorations, daily dietary products and their packaging. 
This study highlighted that SPME-HPLC can detect the RBC monomers of interest in the excreted urine and saliva, but not with the required level of sensitivity to identify the source. Alternative methods of detection such as LC-MS used as a comparison to SPME-HPLC would provide further insight, as would a much larger sample size. 
In consideration of this study and limiting environmental pollution via the release of excreted eluted monomers, it follows that placement of RBC should be carried out in such a way to limit elution as much as possible. This would include ensuring that RBCs are polymerised as effectively as possible through effective clinical use of adjunctive equipment, such as dental dam and light curing units. Finishing and polishing restorations limits the amount of unpolymerised monomers present in RBC restorations as elution of residual monomer has been shown to be higher if finishing and polishing is not performed [endnoteRef:178]. Accordingly, this would result in less monomeric elution and subsequent excretion of monomers into the environment. The study investigating elution from RBC microparticles carried out as part of this thesis highlighted that finishing and polishing regimen results in the release of microparticulate waste which has higher monomer concentrations, with increased environmental pollution potential. A practical way of reducing elution of monomers (with subsequent excretion) and environmental release of microparticles involving the oxygen inhibition layer, would be to recommend intentionally placing restorations without the need to significantly adjust it (not overbuilding the restoration to cut it back) and the use of an oxygen barrier such as glycerine before the final polymerisation protocol. [178:  Bezgin T, Cimen C, Ozalp N. Evaluation of Residual Monomers Eluted from Pediatric Dental Restorative Materials. Biomed Res Int. 2021 Sep 16;2021:6316171. doi: 10.1155/2021/6316171. PMID: 34580639; PMCID: PMC8464417.] 

[bookmark: _Toc154054792]Chapter VI - Microparticulate resin-based composite (RBC): Characterisation, detection and analysis of eluted monomers
The aim was to better understand microparticulate and monomer pollution derived from common clinical and laboratory-based applications of RBC, namely the removal, finishing and polishing of restorations and CAD/CAM subtractive milling of extracoronal prostheses such as crowns, inlays and onlays. The first paper, Characterisation of Microparticle Waste from Dental Resin-Based Composites, identified that RBC microparticles are distinct enough to be identified using FTIR, allowing potential testing of wastewater from dental surgeries to detect particulate waste release. This has applications when testing possible filtration mechanisms that could be developed to mitigate environmental pollution from this source. Filtration methods have recently been investigated in the literature and this research is in its infancy [endnoteRef:179]. A suggestion to the development of this was made in the paper used in this thesis, based around altering the pH of wastewater to improve filtration efficiency, as all RBC microparticulate samples tested developed a positive net charge at low pH values.  [179:  Polydorou O, Schmidt OC, Spraul M, Vach K, Schulz SD, König A, Hellwig E, Gminski R. Detection of Bisphenol A in dental wastewater after grinding of dental resin composites. Dent Mater. 2020 Aug;36(8):1009-1018. doi: 10.1016/j.dental.2020.04.025. Epub 2020 Jun 4. PMID: 32507540.] 

It was also demonstrated that RBC particulate waste is altered when released into the environment due to the elution of constituent monomers, exacerbated by bacterial influence. This is recognised in the literature and was confirmed by the study carried out in this investigation into the effect of landfill leachate, which identified that monomer elution was positively influenced by the presence of microorganisms [endnoteRef:180] [endnoteRef:181]. A better understanding of different species of bacteria and their effectiveness at degrading RBC polymers could offer opportunity for future work, capitalising on bacterial biodegradation of hetero-polymeric materials such as RBCs and similar pollutants, to mitigate anthropogenic environmental plastic pollution. [180:  Guo X, Yu Y, Gao S, Zhang Z, Zhao H. Biodegradation of Dental Resin-Based Composite-A Potential Factor Affecting the Bonding Effect: A Narrative Review. Biomedicines. 2022 Sep 18;10(9):2313. doi: 10.3390/biomedicines10092313. PMID: 36140414; PMCID: PMC9496159.]  [181:  Delaviz Y, Finer Y, Santerre JP. Biodegradation of resin composites and adhesives by oral bacteria and saliva: a rationale for new material designs that consider the clinical environment and treatment challenges. Dent Mater. 2014 Jan;30(1):16-32. doi: 10.1016/j.dental.2013.08.201. Epub 2013 Oct 7. PMID: 24113132.] 

The second paper in this chapter, “Monomer elution from microparticulate waste generated through the use of CAD/CAM and direct-placement resin-based composite”, investigated the particle size of microparticles generated by removal, finishing/polishing direct-placement RBC and CAD/CAM milling and associated elution of monomers.  
Particle size analysis confirmed the assumption that finishing and polishing RBC generated the smallest microparticles when compared to removal of RBC and CAD/CAM milling. It follows that the smaller the microparticulate waste, the higher the surface area and therefore potential for elution of monomers. A clinical suggestion based on this is to limit the amount of RBC that needs to be finished or polished by careful placement of RBC and not overfilling cavities with the intention of finishing the material to shape. 
To better understand the elution of monomers from RBCs that had been in situ for a period prior to their removal, this study (along with the interment and cremation simulation) aged the RBCs tested in artificial saliva at 35 ̊C for one year prior to experimentation. The artificial saliva used in this research had a similar acidity and viscosity to human saliva. The artificial saliva did not contain mucins that could also interact with RBC components; however, the water-based nature of this solvent allowed an appropriate simulation of elution. A criticism of this ageing process could be that it did not simulate the constantly changing dynamic seen in vivo, as RBCs are exposed to a variety of stresses from occlusion, temperature fluctuation and acidity. An improved method of ageing RBC would account for these factors with also additional simulation of changing or renewing the artificial saliva to prevent monomer saturation of the matrix and reduced rates of elution due to establishment of an equilibrium. Previous studies have highlighted that artificial saliva is a more aggressive medium than water, which is the medium that the microparticles eventually reside within after environmental release [endnoteRef:182] [endnoteRef:183]. Human saliva is more aggressive than artificial saliva due to the presence of enzymes that can degrade RBC resin and encourage more monomer elution than artificial saliva [endnoteRef:184].  [182:  Moharamzadeh K, Van Noort R, Brook IM, Scutt AM. HPLC analysis of components released from dental composites with different resin compositions using different extraction media. J Mater Sci Mater Med. 2007 Jan;18(1):133-7. doi: 10.1007/s10856-006-0671-z. PMID: 17200823.]  [183:  Alshali RZ, Salim NA, Sung R, Satterthwaite JD, Silikas N. Analysis of long-term monomer elution from bulk-fill and conventional resin-composites using high performance liquid chromatography. Dent Mater. 2015 Dec;31(12):1587-98. doi: 10.1016/j.dental.2015.10.006. Epub 2015 Nov 14. PMID: 26586630.]  [184:  Tabatabaee MH, Mahdavi H, Zandi S, Kharrazi MJ. HPLC analysis of eluted monomers from two composite resins cured with LED and halogen curing lights. J Biomed Mater Res B Appl Biomater. 2009 Jan;88(1):191-6. doi: 10.1002/jbm.b.31167. PMID: 18618467.] 

The concentrations of monomers detected from the microparticulate RBC varied significantly between the aged and non-aged direct-placement samples as during the ageing process constituent monomers eluted into the artificial saliva. There was significantly less elution of all monomers from the CAD/CAM microparticles in comparison to the direct-placement RBC as there was a much higher conversion of the monomers on account of the industrial polymerisation process (thermal and photo-polymerisation) of CAD/CAM RBC in comparison to solely photo-polymerisation of direct-placement RBC. As microparticulate waste generated by the manufacturing of CAD/CAM restorations can be collected and disposed of responsibly (and not into municipal wastewater as occurs in the removal and finishing/polishing of direct-placement restorations) sustainable management of waste microparticles is possible. In addition, the process of clinical treatment using CAD/CAM extracoronal restorations should also in theory require less adjustment of the restoration in comparison to the equivalent placement of a direct-restoration, on account of prior laboratory-based planning of occlusion. On this basis alone it can be speculated that CAD/CAM based treatment modalities are more environmentally sustainable when considering the release of microparticles and associated monomers. However, the carbon footprint of the RBC blocks (including the metal sprue required to hold the RBC when being milled), the CAD/CAM machines and energy to run them amongst other factors needed to assess environmental sustainability of use are required to make an overall assessment. This can only be achieved through a life cycle analysis and is suggested for future research.  
[bookmark: _Toc154054793]Chapter VII – Management of resin-based composite waste: Landfill burial and incineration
The aim was to compare the concentrations of monomers eluted during simulation of disposal of waste, unused or expired resin-based composite (RBC) via landfill or incineration, to determine the most suitable method of disposal with regards to potential environmental pollution. The ultimate solvent in the environment in which the disposed RBC eventually result in requires consideration. For landfill disposal this is leachate however this is not the case for incinerated municipal solid waste ash which can have a variety of post-processing destinations. Ash can be disposed of to landfill to stabilise it but is being increasingly utilised as an additional component of road and building materials [endnoteRef:185]. From an environmental sustainability perspective, this latter use falls favourably within the hierarchy of waste management as ‘reuse’. Current management of most municipal waste, non-hazardous industrial waste, sewage sludge and clinical waste is via incineration for several key reasons [endnoteRef:186]. Incineration permits energy generation in the form of heat or conversion to electricity whilst landfill sites are expensive to maintain, pollute the environment through leachate escape and generate methane with significant negative environmental impacts. To that end, in the European Union incineration is the recommended disposal mechanism for all but hazardous waste, with landfill being the least desirable [endnoteRef:187]. The study described in Chapter 6 compares polymerised RBC in landfill leachate and post-incineration, it can be anticipated that the disposal of unpolymerised RBC in landfill would result in the elution of significantly higher concentrations of monomers [endnoteRef:188]. The concentration of BPA detected in non-sterilised landfill leachate samples were significantly higher in comparison to sterilised leachate samples, indicating the influence of bacteria on degradation of BisGMA with resultant BPA release. In addition, data from the simulation of incineration showed significantly less overall elution of BPA, TEGDMA and UDMA compared to landfill disposal concentrations, assuming complete combustion occurs. This further strengthens the argument for incineration as a viable waste RBC disposal route, with a lower environmental impact, however life cycle analysis is required to confirm this and can be considered a future research opportunity.  [185:  Chowdhury R, Al Biruni MT, Afia A, Hasan M, Islam MR, Ahmed T. Medical Waste Incineration Fly Ash as a Mineral Filler in Dense Bituminous Course in Flexible Pavements. Materials (Basel). 2023 Aug 13;16(16):5612. doi: 10.3390/ma16165612. PMID: 37629903; PMCID: PMC10456925.]  [186:  Joseph AM, Snellings R, Van den Heede P, Matthys S, De Belie N. The Use of Municipal Solid Waste Incineration Ash in Various Building Materials: A Belgian Point of View. Materials (Basel). 2018 Jan 16;11(1):141. doi: 10.3390/ma11010141. PMID: 29337887; PMCID: PMC5793639.]  [187:  EU, 2018, Directive (EU) 2018/850 of the European Parliament and of the Council of 30 May 2018 amending Directive 1999/31/EC on the landfill of waste, OJ L 150, 14.6.2018, p. 100-108., 32018L0850]  [188:  Polydorou O, Trittler R, Hellwig E, Kümmerer K. Elution of monomers from two conventional dental composite materials. Dent Mater. 2007 Dec;23(12):1535-41. doi: 10.1016/j.dental.2006.12.011. Epub 2007 Apr 3. PMID: 17408734.] 

[bookmark: _Toc154054794]Chapter VIII – The environmental release of constituent monomers from resin-based composite via interment and cremation 
The aim of this investigation was to compare the release of monomers from RBC into the environment after the interment or cremation of cadavers that contain RBC restorations. Much like the previous chapter discussing disposal of RBC, the environmental impact of eluted monomers in this scenario stems from the solvent that the RBC material results in. In the case of interment, this is groundwater and if ashes containing any residual RBC monomers were scattered, there is potential for release into the environment via soil or watercourses dependent on where the ashes were scattered. In consideration that cremation ashes are also regularly buried in sealed containers, it can be acknowledged that there would be a reduced opportunity for environmental monomer release. From the experimental work carried out in this scenario, when considering interment, the chemical properties of the different constituent monomers is seen. This is with regards to the specific order and concentration of eluted monomers, in that the lower molecular weight, more hydrophilic monomers TEGDMA, HEMA and BPA eluted in higher concentrations compared to the larger molecular weight, more hydrophobic UDMA and BisGMA. When considering cremation of RBC, which is in essence akin to incineration as a method of disposal of waste or expired RBC, it was seen upon completion of the cremation process that minimal levels of monomers were detected from both the commercial or control RBCs tested. Based on environmental pollution via elution of monomers from RBC alone, it can be considered that cremation is the more environmentally sustainable option. When comparing the cremation of cadavers containing amalgam versus RBC, it is clear from the literature that there is a much greater environmental impact from dental amalgam. As highlighted in the article included as part of this thesis ‘The environmental impact of dental amalgam and resin-based composite materials’, there has been and continues to be, concern regarding the anthropogenic release of mercury due to the cremation of cadavers containing dental amalgam [endnoteRef:189]. This level of concern has now culminated in the European Commission publishing draft legislation to phase out dental amalgam completely from January 2025 [endnoteRef:190]. This is based upon the principles that a complete phasing out would ‘lead to the greatest environmental and health benefits, including in terms of reductions in mercury emissions from crematoria’ and that mercury-free alternatives, exist in the form of RBC. From the minimal amount of monomers emitted from crematoria described in the results, this further strengthens the argument for the phase out of dental amalgam based solely on the comparison of cremation of cadavers containing RBC. [189:  Mulligan, S., Kakonyi, G., Moharamzadeh, K., Thornton, S.F. & Martin, N. The environmental impact of dental amalgam and resin-based composite materials. Br Dent J 224, 542–548 (2018). https://doi.org/10.1038/sj.bdj.2018.229]  [190:  EUROPEAN COMMISSION, 2023. Proposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL amending Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May 2017 on mercury as regards dental amalgam and other mercury-added products subject to manufacturing, import and export restrictions
COM/2023/395 final. Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023PC0395&qid=1690187804960 (Accessed: 01/12/2023)] 

[bookmark: _Toc154054795]Chapter IX - Resin-based composite and sustainable oral healthcare – A Life Cycle Assessment
The direct use of RBC has been identified to have environmental pollution impacts from the previous discussion. The overall impact of all dental materials stems from their manufacturing, distribution, use and disposal as a complete life cycle [endnoteRef:191]. The paper included in this thesis, ‘A comparative life cycle assessment of dental restorative materials’, considers the environmental impacts from cradle to gate. That is from sourcing of raw materials for the fabrication of the products until these leave the factory gate with the associated packaging. RBCs are compared to dental amalgam and glass polyalkenoates, as the three most prevalent direct placement dental materials.  A number of environmental impacts were measured, including the key impact of global warming potential (GWP). Global warming is a key indicator of climate change, which is described as the single biggest health threat facing humanity [endnoteRef:192]. Dental amalgam had the highest impact across most of the categories, but RBC had the highest Global Warming Potential stemming from the energy used in processing the constituent materials and its packaging material. Manufacturing and packaging materials could be considered low hanging fruits to make changes to in order to improve sustainability, however a reduction in need for use via prevention of disease is the ultimate method of improving the environmental sustainability of RBC. [191:  Martin, N., Mulligan, S., Shellard, I.J. and Hatton, P.V., 2022. Consensus on Environmentally Sustainable Oral Healthcare: A Joint Stakeholder Statement. York: White Rose University Press. DOI: https://doi.org/10.22599/OralHealth]  [192:  Pörtner H.O., Roberts D.C. and Tignor M Intergovernmental Panel on Climate Change. Climate change 2022: impacts, adaptation and vulnerability. Contribution of Working Group II to the sixth assessment report of the Intergovernmental Panel on Climate Change.  Cambridge University Press, Cambridge, UK, and New York, NY, USA2022] 

It is clear that climate change is affected by a multitude of natural and human factors, including greenhouse gas emissions, changes in solar radiation, and volcanic activity.
As the negative impacts of climate change accumulate, rising sea levels and increased frequency and intensity of extreme weather events are expected to have devastating consequences on human and natural systems [endnoteRef:193]. [193:  Martin N, Hackley D, Mulligan S, Jamal H, Ilhan D, Armstrong M.  Climate Change - What is Climate change?  MOOC: Sustainability in Dentistry. FDI World Dental Federation. 2023. https://elearning.easygenerator.com/1c5f6712-1bf9-4702-9924-b323211d1057/  (Accessed 18 December 2023)] 

It is here that the concept of ‘sustainability’ comes in to play, ensuring that we provide effective oral healthcare to our society without impacting on our environment and ensuring that future generations will be able to do the same.
It is imperative that the profession, the entire supply chain and the legislation that provides the operational frameworks, work collaboratively with use of high-quality research data to ensure that oral healthcare can be provided in an environmentally sustainable manner. Beyond the actual impact of dental materials, reduction in the need for dental materials is the single best way to provide sustainable healthcare.  
The environmental impact of dental restorative materials goes beyond the actual material and critically, as identified in our LCA study, is associated with packaging; which is a requirement for safe and hygienic distribution. RBC packaging consists of primary, secondary and often tertiary packaging, in the form of the RBC compule, the container for the compules and the box that these are delivered in. The plastics used in the packaging of RBC are difficult to recycle as they can often be contaminated by the RBC material or used directly in a clinical setting and therefore classed as clinical waste. Recycling of pre-clinical plastic packaging waste that arises from manufacturing and distribution prior to contamination in a clinical setting is a feasible option.
[bookmark: _Toc154054796]Chapter X - Sustainable oral healthcare and dental materials 
The use and manufacturing of RBC are recognised as contributory to environmental pollution via the release of microparticles and eluted monomers. This is in addition to the indirect negative environmental impacts of the manufacturing and disposal processes previously discussed and highlighted in the associated publications. There is clearly no easy answer to the issue of sustainable dental material use, as they are a necessity to facilitate good oral health. Manufacturers have ESG (environmental, social and corporate governance) policies in place to establish, monitor, audit, report on and make changes to practices and procedures. Often these are influenced by other umbrella guidance documents, such as the United Nations Sustainable Development Goals, which are described as a ‘blueprint to achieve a better and more sustainable future for all … by addressing poverty, inequality, climate change, environmental degradation, peace and justice’ [endnoteRef:194]. Regulations such as the European Union’s Restriction of Hazardous Substances Directive (“RoHSD”) and Waste Electrical and Electronic Equipment (“WEEE”) standards, in conjunction with adherence to ISO (International Organisation for Standardisation) standards such as ISO 14001:2015/Amd 1:2024 (efficient use of resources and reduction of waste) and ISO 50001:2021 (establishing, managing and improving energy consumption and efficiency) are also pivotal for ensuring sustainable manufacturing of dental materials [endnoteRef:195] [endnoteRef:196].  [194:  UN Sustainable Development Goals, UN. Available at: https://www.un.org/sustainabledevelopment/sustainable-development-goals (Accessed: 10/12/2023)]  [195:  International Organization for Standardization. (2024). Environmental management systems. Requirements with guidance for use. Amendment 1: Climate action changes (ISO 14001:2015/Amd 1:2024). https://www.iso.org/standard/88209.html. Accessed: 08/03/2024]  [196:  International Organization for Standardization. (2021). Energy management systems. Requirements for bodies providing audit and certification of energy management systems (ISO 50003:2021). https://www.iso.org/standard/77575.html. Accessed: 08/03/2024
] 

There is currently a linear supply chain of manufacturing, distribution, use and disposal of RBC plastic packaging and implementing recycling of waste RBC packaging requires compliance and coordinated cooperation with dental practitioners, the waste disposal industry and manufacturers. The Consensus Statement on Environmentally Sustainable Oral Healthcare alongside other publications by the author of this thesis highlighted this challenge [endnoteRef:197] .The logical approach to reducing plastic waste in oral healthcare is by reducing the demand for it, which can only be achieved through promotion of disease prevention with the provision of high-quality RBC restorations that last as long as possible with a limited need for replacement. [197:  Martin N, Mulligan S, Shellard IJ and Hatton, P.V. Consensus on Environmentally Sustainable Oral Healthcare: A Joint Stakeholder Statement. (2022) York: White Rose University Press. DOI: https://doi.org/10.22599/OralHealth] 

[bookmark: _Toc154054797]Conclusions
In conclusion, the ultimate method of mitigating environmental pollution from RBC is via limiting the need for its use through prevention of oral conditions, namely caries and tooth-surface loss. When there is a requirement to use RBC, good quality oral healthcare is paramount, including optimal placement of direct restorations using effective polymerisation clinical methods and equipment. 
The following conclusions are derived from this body of work:
· Bisphenol-A and methacrylates in µg/L concentrations can be detected in urine and saliva using SPME/HPLC. Resin-based dental restorations increase BPA concentrations in both saliva and urine at 24 hr post-intervention. This study reinforces previous similar studies findings and provides a better understanding of the release of RBC components into the environment.
· Based on the most common clinical scenario of the different microparticulate waste generation processes, the most significant source is the removal of old restorations.  FTIR analysis confirmed that microparticles were sufficiently unique to be identified after 12 months ageing and consistent alteration of the outermost surfaces of particles was observed. 
· Bacteria-mediated degradation of RBC in landfill leachate resulted in an increased release of BPA. Monomers are released from polymerised and unpolymerised RBC into landfill leachate over time. Incineration of RBC results in the environmental release of significantly lower concentrations of monomers, elements and ions. Incineration is a viable alternative waste RBC disposal route, with a potentially lower environmental impact. 
· RBC constituent monomers were detected in both the interment and cremation simulation scenarios.  A significantly higher concentration of TEGDMA was detected in the interment scenario compared to the other monomers. Higher concentrations of monomers are released into the environment through the process of interment, compared to cremation, suggesting that cremation has a lower environmental impact potential to interment.
· Of the three direct-placement dental restorative materials, dental amalgam had the highest environmental impact across most of the categories.  RBC had the highest Global Warming Potential stemming from the energy used in processing the constituent materials and its packaging material. 
· Consideration of CAD/CAM RBC for restorations should be made based on reduced elution of monomers and potential environmental pollution. 
· Cooperation and collaboration between all the stakeholders that make up the RBC supply chain, from manufacturing to disposal is vital in improving the sustainable use of RBC. 
[bookmark: _Toc154054798]Further Work
This body of work has confirmed unequivocally that monomer elution from RBC and their microparticles occurs through a range of release pathways into the environment.
Further research investigations relating to this body of work are project specific that are discussed in the individual chapters and summarised as follows:
· Use of alternative detection methods and a larger scale study investigating excretion of monomers. 
· Use of SPME as a pre-method for MS to verify monomer elution in the different environmental matrices.
· Development of a ‘cradle to grave’ analysis of RBC’s total environmental impact through the use of large-scale clinical follow up studies (with the use of large datasets and artificial intelligence).
· Determining the true environmental impact of eluted monomers with regards to impacts upon microorganisms, flora and fauna.
· Development of mitigation mechanisms that prevent the release of microparticulate waste, including developing catalytic carbon filters.
· Development and improvement of RBC monomer conversion and development of alternative dental materials to RBC.
· Promotion of environmental sustainability within oral healthcare including the use of dental materials.
· Re-evaluation and updating of the information available to clinicians and patients regarding dental materials such as that highlighted in the last Scientific Committee on Emerging and Newly Identified Health Risks SCENIHR
Opinion on The safety of dental amalgam and alternative dental restoration materials for patients and users [endnoteRef:198]. [198:  Scientific Committee on Emerging and Newly Identified Health Risks. The safety of dental amalgam and alternative dental restoration materials for patients and users. Luxembourg: European Union; 2015.
] 


The main follow-on research questions to this investigation are:
[bookmark: _Toc154054799]What is the fate of the monomers in the environment?
· Do these degrade through natural chemical molecular breakdown?
· Do they act as vectors for bacteria or viral growth?
· Are they potentiated by interaction with the environment or in combination with other chemicals?
· Do they remain passive for a finite or indefinite period of time?
· Do they form complex chemicals?
What is the effect on biodiversity from this environmental pollution?
· Can they bioaccumulate within food chains/webs?
· If so, how and to what extent?
· What are the potential consequences of this?
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(denoted as FS-F/P) in triplicate were placed in 10ml vials of tap water (to simulate release

into municipal wastewater) and sampled over 12 months.

Particle size analysis

Particle size analysis was carried out using 1 g of each of the microparticulate samples from
the three scenarios, CAD/CAM (CAD/CAM), finishing/polishing (FS-F/P) and removal (FS-
Aged) using laser diffraction in solution. The 12-month aged microparticles representing
the removal scenario were collected by dehydrating the suspension of particulates and
collecting 1 g of sample. Solutions of dispersed microparticles in deionised water were
made and agitated in an ultrasonic bath for 360 seconds prior to laser diffraction analysis
using a Malvern Mastersizer 2000 (Malvern Panalytical, Malvern, UK). Brunauer-Emmett-
Teller (BET) method was utilised to calculate the specific surface area (SSA) of the samples

with a refractive index of 1.5.

SPME-HPLC Analysis

The 5 target monomers (Bis-GMA, TEGDMA, UDMA, BPA and HEMA) were analysed by
combined solid phase micro-extraction and high-performance liquid chromatography
(SPME-HPLC) as described in Kakonyi et al 22, Briefly, calibration curves forall monomers of
interest were performed, the HPLC setup consisted of a C18 reversed phase
chromatography column (Sigma Aldrich, Gillingham, UK), flow speed of 1 mL/min, 150 pL
injection volume and 15-min run time, with 200 nm detection wavelength. The HPLC
instrument was calibrated by analysing four repeats of the monomers of interest (BisGMA,
UDMA, TEGDMA, HEMA and BPA) stock solutions diluted in 65%/35% gradient grade
acetonitrile/ultrahigh quality water (18.2 MQscm) to the following nominal concentrations:

1,25, 50, 100, 250, 500 and 1,000 pg/L.

Table 2 shows the calibration curve summary and Figure 1 illustrates an HPLC
chromatogram of the detected monomers (Bis-GMA, UDMA, HEMA, BPA and TEGDMA) and

their retention times.
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Table 2: Calibration curve summary

Monomer

Equation of calibration curve

BisGMA

Y=T10.77X-6391.7

UDMA

Y=225.18X-1845.2

TEGDMA

Y=372.57X-2727.8

HEMA

Y=385.71X - 6994.3

BPA

Y=1196.6X - 5659.6

Table 3: Summary of single step, simultaneous SPME-HPLC setup

Condition Value
HPLC
Column Discovery® C18 reversed phase chromatography column

(Sigma Aldrich), L: 250 mm, @: 4.6 mm, particle size: 4 um

Mobile phase (%)

Gradient grade acetonitrile (Fisher Scientific)
ultrahigh quality water (18.2 MQ:cm) (35)

(65)

Run time (min) 15
Flow speed (mL/min) 1
Detection wavelength (hnm) | 200
Injection volume (uL) 150

Limit of detection and
suggested calibration range

25-1,000 pg/L for HEMA, BPA, UDMA, Bis-GMA 100-1,000
ug/L for TEGDMA

SPME

Fibres

65 um PDMS/DVB (blue), 65 um PDMS/DVB StableFlex
(pink), and 50 um/65 pm DVB/CAR/PDMS (gray)

Adsorption/desorption 9:1
sample volume ratio

Adsorption time (min) 90
Desorption time (min) 45

Desorption solution

See HPLC mobile phase

Efficiency of recovery

26+3% HEMA, 28+1% BPA, 47+5% TEGDMA 82+7% UDMA,
85+8% Bis-GMA
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Figure 1! HPLC chromatogram of detected monomers and retention time (x-axis is time in minutes and y-axis is absorbance

in milli-Absorbance Units or mAU)

The total concentrations for each sample were ascertained via identification of the
separated compounds on the chromatograph based on the known retention time from
initial calibration curves and inferred from the peak area and height, that is proportional to
the concentration of the analytes #. After calculation of the concentration using the
calibration curves, recovery and dilution factors of the fibres and extraction media

accordingly were accounted for.

Four SPME fibres were utilised: 65 um polydimethylsiloxane/divinylbenzene (blue)
(PDMS/DVB), 65 |1m PDMS/DVB StableFlex fibre (pink), 50 pm DVB/65 um Carboxen/PDMS
StableFlex fibre (gray) (DVB/CAR/PDMS) and 85 um polyacrylate (white) (PA) (Sigma Aldrich,
Gillingham, UK). The different SPME fibres were utilised on account of the variation in
polarity and molecular weights of the monomers of interest. The SPME setup is summarised
in Table 3 each of the fibres were used in succession for each of the samples; desorption

was into 1 ml of acetonitrile solution prior to HPLC analysis.

Toassess the efficiency of the fibres, known concentrations of the different monomers were
analysed via HPLC and the recovery factor was calculated by dividing the concentration of
the extracted monomer by the established true concentration of the monomer in solution.
The recovery factors for BisGMA, UDMA, TEGDMA, HEMA and BPA were 100%, 100%, 48%,
15% and 22% accordingly.
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Statistical analysis

The data were analysed using statistical software (SPSS ver. 28, USA). Normality was
checked using the Shapiro-Wilk test and two-way ANOVA was used to assess monomer
elution and storage time followed by Tukey’s post hoc test was used for comparisons

between materials. All tests were carried out at a=0.05.

Resulis

The particle size analyses of the different samples are shown in Table 4. The different RBC
samples had a particle size median diameter ranging from 6.39 um to 9.39 um with a range

of SSAs of 913 m?/kg (CAD/CAM) to 1290 m?/kg (FS-F/P).

Table 4: Particle size analysis of the CAD/CAM, Finished/Polished and Removed CAD/CAM samples

RBC Dx 10 Dx 50 Dx 90 D (3,2) D (4,3) Specific
Sample (Median Surface Volume Surface Area
Diameter) Area Mean | Mean (BET
Di Method)
iameter

CAD/CAM |2.81um |9.39um |44.3um |6.65um 23.4um 913 m¥/kg

FS-F/P 2.13um | 6.39 um 22.6 um | 4.65um 10.4 um 1290 m?*/kg

FS-Aged 248 um | 7.24um 342um | 59um 18.3 um 1019 m?/kg

All the CAD/CAM, FS-Aged and FS-F/P microparticulate samples eluted the monomers of
interest into the storage media, except for the CAD/CAM cohort, where Bis-GMA was not
detected. CAD/CAM microparticles released BPA in highest concentration up to 45 days
during the sampling period. UDMA was released consistently with HEMA demonstrating a
general decline in elution. TEGDMA elution similarly declined during the sampling period

until between days 180 and 360 when concentrations increased markedly.

The FS-F/P samples demonstrated almost twice the concentration of UDMA released
initially in comparison to the FS-Aged samples, BPA elution occurred consistently
throughout the sampling periods for both direct placement samples and at similar

concentrations. TEGDMA concentrations for both the direct samples were highest in the
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initial 25 days of sampling and decreased from day 50. The aged RBC sample (FS-Aged)
exhibited an increase in concentration for TEGDMA and UDMA from 180 days to 365 days.

Concentration of monomers released from Lava CAD/CAM RBC microparticles
after milling (CAD/CAM)
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Figure 1: Concentration of monomers released from Lava CAD/CAM RBC microparticles after milling (CAD/CAM)
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Figure 2: Concentration of monomers released from Filtek Supreme microparticles after finishing regimen (FS-F/P)
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Figure 3: Concentration of monomers released from Filtek Supreme microparticles after removal regimen (FS-Aged)

Discussion

The particle size analysis data showed a distinct difference in the surface areas of the three
samples with specific surface area being highest for the finishing/polishing microparticles
(FS-F/P), followed by the removed microparticles (FS-Aged) and then CAD/CAM
microparticles (CAD/CAM). This correlates with the prediction that finer grit burs used in the
finishing and polishing of restorations results in smaller particles. Two-way ANOVA of the
eluted monomer concentrations for all investigated materials was performed to assess the
material and effect and interaction of storage time. There was a statistically significant
relationship between storage time in solution and monomer elution of both TEGDMA and
UDMA, when considering the CAD/CAM microparticles and for UDMA and TEGDMA in the
direct-placement finishing/polishing samples (FS-F/P). To that end, the null hypothesis that
there will be no difference in the quantity of monomer elution between different time
points sampled over 1 year between the different RBC microparticles analysed can be

discounted for these monomers.
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Overall, the finished/polished microparticles released significantly more UDMA than the
aged, direct-placement RBC FS-Aged. This in addition to an increased amount of HEMA
detected in the aged cohort compared to the unaged FS-F/P cohort could be explained by
the fact that HEMA is a degradation product of UDMA %%, Significantly lower concentrations
of all monomers were released from the CAD/CAM material in comparison to the direct-
placement RBC samples. The null hypotheses that there is no difference in the quantity of
elution of monomers between microparticulate CAD/CAM and direct placement
microparticulate RBC can be rejected. This is unsurprising as previously stated, CAD/CAM
RBC blocks are pre-polymerised to a higher degree of monomer conversion 2%, In addition,
the manufacturing process of CAD/CAM blocks can permit a higher amount of filler
incorporation resulting in the resin component making up around 20% of the RBC in

comparison to around 25% for modern direct-placement materials.

It was anticipated by the authors thatthere would be a comparatively higher concentration
of monomers released and detected in the freshly polymerised FS-F/P microparticles than
the aged cohort (FS-Aged) on account of the presence of the oxygen inhibition layerin the
former. This was not the case except for the initial higher concentration of UDMA seen in
the FS-F/P cohort. The results from this study indicate that this oxygen inhibition layer does
not significantly impact the release of monomers when compared to aged RBCS, as it
ranges from 4 um to 40 um with an insignificant amount of free monomer present ** . The
ageing process of the FS-Aged cohort allowed ingress of water into the resin matrix over 12
months. It has been shown that the resin matrix of RBCs can become saturated within two
months of immersion in artificial saliva®. This allows diffusion of monomers out of the RBC
however as these RBC discs were left in a solution of artificial saliva that was not changed
then a diffusion equilibrium established that did not allow egress of monomers from the
resin matrix into the artificial saliva. This hydration also allowed hydrolysis of the resin
matrix to occur to a minimal amount but probably not to the extent that would be seen in
vivo with the added impacts of salivary enzymes, dietary pH changes and bacterial
influence . This also highlights that these factors contribute to long-term continuous

degradation of RBC restorations in vivo with subsequent low-grade elution of monomers

into the environment.
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The clinical applications of RBC mean that only a relatively small amount of microparticles
is released from finishing and polishing restorations in comparison to the removal of older
restorations. In these clinical scenarios the microparticulate waste will be disposed of to
wastewater, It has been estimated that in 2015, 800 million direct RBC restorations were
placed and that around 6% fail within ten years requiring removal and replacement *. This
contributes to a significant environmental burden from oral healthcare. This study did not
discuss the other components of RBC restorations such as inhibitors and initiators, that also
are released into the environment such as photoinitiators. It is recognised that CAD/CAM
materials have less monomers to release into the environment and no photoinitiators *. If
the microparticulate waste generated through the manufacturing of CAD/CAM RBC
restorations is not disposed via wastewater, then it could be postulated that these
restorations are more environmentally sustainable from a material pollutant potential.
However, the carbon impact of the manufacturing of CAD/CAM machinery, its usage and
logistics of transportation of impressions and restorations to and from the laboratory
would need to be better understood through life cycle analysis for a better comparison of
sustainability. It should also be noted that based on the most common application and
clinical scenario of the different microparticulate waste generation processes discussed in
this paper that the most significant source by a vast margin is the removal of old
restorations. To that end, reducing the need for replacement of restorations by prevention
of dental caries and ensuring that restorations are placed as optimally as possible is of

paramount importance.

A recent study by Polydorou et al. sought to simulate and assess the clinical release of
microparticulate waste into water effluent, primarily investigating BPA release which
ranged from 3-182 pg/L . BPA was detected in all three of the microparticulate RBC
samples in this current study at similar concentrations and represents an important
hazardous eluate on account of its estrogenic activity that could occureven in low dosages
*_ Concerns have been raised regarding the impacts on wildlife exposed to BPA in

wastewater associated with endocrine disruption %37,

15




image90.png
Conclusion

The release of microparticulate waste from RBCs into wastewater results in immediate
dilution, to the extent that toxic dosages are unlikely to arise. However, despite the
previous misconception that ‘dilution is the solution to pollution’, oral healthcare has an
ethical responsibility to limit its negative environmental impacts. This can be achieved by
a reduction in the need to carry out clinical procedures, which is the central tenet of good-

quality, sustainable oral healthcare **.
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Abstract:

Treament of used and nused dental esin based composies resulting from the actvities of denal industies and clinics
s challenging. Disposal to landfl sit is commonly utlized to manage this waste. T investigaed e release of
monomers fiom dental coposits n landfl leachate and the chemical changes of sterilzed and non-sterlzed
Iachate  the existnce of dental composites. Solid phase micro-extraction (SPME) coupled with high performance
iguid chromatography (HPLC) was used fo exiract and quany he released monomers. Chemical characierizafion of
leachate was carried out using pH meter; gas chromatography (GC), ion chromatography (IC) and inductively coupled
plasma mass spectromeny (1CP-MS). The HPLC reculs, revealed tht Bis-GMA, TEGDMaA, UDMA, HEMA and BPA
“monomers were released rom dental composites. Accordin to the reuls of H, GC, IC and ICP-AS,the presence of
dental composites has no significant ffct in the chemisry of eachate excapt increasing the prodciion of CH, and
CO, However, autoclaving increased pH values and decreased. calcium conceniration in-sterilized samples

Furthermore, Mn?*concentration increased and Fes* concentration decreased.in mon-sterilzad samples e 1o

‘microbial actvites

Keywords: Composite Materials; Monomers; Landsil Leachate; Autoclaving

1. INTRODUCTION

‘Cumently, millions of tons of solid waste are generated
amually by residental, commercial and_industrial
actvities, ncluding healfhcare, There is @ need for this
waste o be properly freated in order to prevent
environmenta] polluton. Dental resin based composite
(RBO) is the most commonly used dental material
worldvide and is used o teat one o the most common
diseases in the world, dental caries [1]. In light of tis
dental matersl mamufacters, clinics and_ hospitals
produce huge amounts of waste RBC. Dental RBC are
polymers consisting of a resin mati, inorganic fller
anda couplng agent [2]

Environmental pollution fom plasic polymers i 2
growing global concern, and there is envirommental
polluton concern regarding RBC use, specifcally the
plastc resin matrix [3]. RBC resin matrices confain
‘monomers such as bisphenol A glycidy] methacrylate
(BisGMA), triethylene glycol _dimethylacrylate
(TEGDMA) and wrefhame dimethacrylate (UDMA) [4]
(5], Complete polymerization of dental RBC is mot
possible in normal clinical use [6]. In addition, expired
material is disposed of in an wnpolymerised form. This
xesils in the leaching of the sbove monomers and
ofters such 2s bisphenol.A (BPA) and hydroxyethyl
metbacrylte (HEMA) [6]. When RBC is placed o eeth,
monomers are released and there has been concern
regarding potentil adverse buman health effects. For
example, exposure to BPA may cause some fertlity
isues such a5 low spem count, low sperm quality and
reducton in male sexual functions [7]. Moreover, BPA
i swspected fo be carcinogenic with regards o
reproductve organs, for instance, testicular, prostte,

breast, uterine and ovarian [8]. TEGDMA is considered
a cytotoxic substance and can canse damage fo many
biological systems because it can easily penetrateall the
biological compartments including the cell muclei and
may intersct with intercellular molecules fo cause
adverse cytotoxic effects [9]

Disposal to landfill sites is a common method of
treating and managing dental waste materials. As
‘monomers have the potentisl to cause adverse efects,
before disposing of this waste in landSil sites we need.
to understand their behavior in this aggressive
environment. This is important in order to protect the
environment and human health, a5 they are inherently
linked.

The sim of this paper is primarily to extract and
quantify the monomers relessed from dental RBC into
1andill leachate and secondarily to characterize the
chemical changes of sterilized and non-sterilized landill
leachate in the presence of dental composite materials.

2. METHODS AND MATERIALS

21 Landfillleachate and composite materials
Landfill leachate samples were collected from a
‘municipal waste landl site that i located in the North
of England (Viridor Lid).

22 Dental composite materials
Polymerized commercally available RBC material with
a resin matrix consisting of the monomers Bis.GMA,
TEGDMA, HEMA and UDMA was investgated n this
study. Furtbermore, the release of the monomer BPA
was investigated as release is Known to oceur as a result
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of decomposition or degradation of the waste RBC
‘materials or fom contamunation in manufacture [10],

23 Preparation of samples
Landsil leackate was steilized via autoclaving for 15
‘mimutesat 121°C (11]. All samples were prepared under
an oxygen free enviromment (oxygen conceniation <1.5
mg/L) juside a glovebox chamber. Three groups of
samples were prepared: blank, sterlized and non-
stenlized. The samples were prepared by adding 0.5 &
of polymerized dental composite materal into 14 mL of
Tandsil leachate. After preparation, the samples were
ncubated t 35°C to simmlste the conditions of andfil
site [12]. According o our experimental design, 6
sanpling points were chosen: 0, 1. 3, 7. 14 and 28 days.
126 samples were prepared. 2 follows: duplicate
samples for sampling points 0, 3 and 14 days and
rplicate samples for sampling poins 1,7 and 28 days.

2.4 Analytical Methods
Chemical analysis of landfil leackate was carried out
wing pH metr for pH messremens, gs
chromatography (GO) fo gas analysi and volatile atty
acids (VFAS) analyss,ion chromatography (IC) fo fon
amalysis and_inductively coupled plasma  mass
spectzometry (ICP-MS) for heavy metals analysis. Solid
phase micro-extraction method (SPME) was used o
extract the released monomers fiom dentl composite
materisl  using  fow  diferent fibers:
polydimethylsloxane /divinylbenzene (olue) (65 ym)
(PDMSIDVB),polydimethylsilovane divinylbenzene on
2 sublelex  Sber  Gmb) (65 pm)
divinylbenzene/Carboxen on polydimethylsloxane on 2
StableFlex fiber (gray) (5030 um) (DVBICARPDMS)
and polyacrylate (white) (85 um) (PA) [13]. High
Performance Liquid Chromatography (HPLC) vas used
o analyze the extracted monomers

3. RESULTS AND DISCUSSION

Dusing the first 7 days of incubation, methane and
carbon dioxide were detected in the headspace of blank
md nonsterlized samples 3 shown in the
accompanying figuees (Fig. 1.4) and (Fig. LB). The
production of methane and carbon_dioride  gases
resulted fom the microbial actvites during the
degradation of organic compounds in landsil Leachate.
The maximum concentration of methane and carbon
dioxide dtected in the blank samples after 3 days was
027 mgL and 8462 mplL. respectively. Regarding
non-sterlized samples, the production of methane and
carbon dioxide continued fo_ reach their maximm
concentration_of 042 mgL amd 1031 mell,
respectvely. The presence of dental RBC may act as 2
source of mirients for microorganisms which led to an
ncrease in metabolic activiie, esulting i an ncrease
n the production of methane and carbon diozide by
5556% and 17.92%, respectively. Afler reaching
‘maximum concentations, the concentation of both
‘methane and carbon dioxide dramatically decreased to
reach their Iowest pont which indicated the inhabitation
of microbial actvities afler 7 days. In the sterlized
samples methane and carbon dioride was not produced.
These results prove the success of auoclaving 35 @
‘method of strilizing landSl leachate.
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Fig. 1. (A) Methane concentration and (B) Carbon
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Fig. 2. pH Measurements

The pH measurements of blank and non.sterized
samples reveald that the pH values ranged from 7.76 to
814 (Fig. 2). According to the literatue and the pH
values of the blank samples, the estimated age of the
andll siteis approsimately 10 years. This implies that
the landsil site 1 in its stabilized stage of leachate pr
[14]. According o the information that was provided
from the owner of the site, the age of the sie it
approximately 8 years which is cloe to the estimated
age from the results of pH analyss

On the contrary, the pH value of serilized samples was
bigher than the blank and non-sterlized samples (9 to
9.40). The first hypothesis for the increase n the pH
‘value in the autoclaved samples vas the loss of volatile
ftty acids during autoclaving. However, Sgure (Fig. 3)
showed that there is no significant difference i the
concentration of total volatile fatty acids in blanks,
sterlized and. non-sterilized samples as the ertor bars
intersect with each other. Therefore, the firs assumption
s invalid. The second hypothesis for the increase in the
PH of landfll leschate afier autoclaving was the
decrease of the partil pressure of carbon dioxide
(CO) in the headspace of the sample during
‘autoclaving as the sample was open during autoclaving
to prevent pressure sccumlation. This may allow the
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escape of carbon dioxide from the head space of the
sample. The release of carbon dioxide gas fom the
sample may reduce the partial pressure of CO; m the
headspace of the sample which would affect the
equilibrium of the carbonate system in the landfill
leachate. The carbonate system is described in the
following equations:

C0: (9 +H:0 = HiCOs* o)
HiCOs* = HCOy +H @
HCOy = CO™ + H' ®

‘Where: K, K and Ks are the equilibrium constants for
equation (1, (2) and (3) respectively.

According to equations (1), (2) & (3), decreasing the
partial pressure of carbon dioxide in the headspace will
push the carbonate system in the landll leachate to
compensate the decrease of pCO; by evaporating the
dissolved. CO:_carbonates and. bicarbonates fiom.
soluton to the headspace of the sample which will
increase the pH value of the landfil leachate and
precipitate calium hydroside Ca(OH)> The second
assumption could be reinforced by the decrease of
calcium concenrations in sterlized samples compared
to blank and monsterlized samples due to the
precipitation of calcium hydroride a5 shown in figure
(Fig. 4. Furhermore, to ivestgate the effect of the
partal presswe of CO and. the concentration of
bicarbonates on the pH value of landsll leachate,
equation (1) and equation (2) can be rearanged to the
following equaton:

pH = log [HCO;-og (K: K pCONg)) @

Equation (4) shows that if there is a decrease in the
partial pressure of carbon dioxide and the concentration
of bicarbonates, the pH value will ncrease.

The results of ion analyss revealed that there was no
significant difference befvveen the concenfation of fons
namely: chloride (CI), sulfte (SO, phosphate (PO,
acetate (CH;C00), sodium (Na), ammomium (NHe),
‘magnesium (Mg) and potassium (K) in blank, sterilized.
and non-sterlized samples in the presence of dental
polymers except for calcium (Ca). As shown in fiwre
(Fig. 4.) the concentration of calcium ions in sterilized.
sampls s less than the concentraton of calcium ions i
blanks and non-steriized samples. This is due fo the
decresse of partil pressure of carbon dioride g2 in the
bead space of the sample during autoclaving and
precipiation of calcium hydroxide 25 previously
mentioned.

Simularly, the resuts of heavy metals analysis revealed
hat there was no significant difference between the
concentation of heavy metals in blank, sterlized and
non-sterlized samples in the presence of dental
polymers except for fwo metals: manganese Mo and
ion Fe". Figwe 5 (Fig. 5). shows that the
concentration of Mu™ in blanks and non-sterilized
samples ae higher than the concentration of Mn* in the
stenlized samples. The microorganisms in landfill stes
are_predominately anaerobic, thus, during metabolic
activitesthey tend to use electron acceptors such as
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Ma*, Fe¥’, SO or CO; n the absence of oxygen.
‘Therefore, the increase of Mn** concentration in blank
and nonsterlized samples compared to. sterilized
samples may be due to th activites of microorganisms
as they use Mn*" as electron acceptor and reduce it to
Mr* during the degradation of organic compounds.

Conversely, as shown in_figwe 6 (Fig. 6) the
concentration of Fe'* in blanks and non-sterilized
samples is lower than the concentration of Fe'” n the
stenlized smples which may due to the activties of
amaerobic microorganisms as they use Fe** as electron
acceptor and reducing i t Fe®.
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Fig. 7. Concentration of monomers. The closed circles

for sterlized samples and the open circles for non-

sterilized samples. (A) The concenirations of BPA (red)

and TEGDMA (green) and UDMA (purple). (B) The

concentrations of HEMA (blue) nd Bis-GMA (red).

According o the results of HPLC analysis, Bis-GMA,
TEGDMA, UDMA, BPA and HEMA monomers were
released from dental composite materials in sterilized
and non-steilized landllleachate as shown in figures
(Fig. 7. A) and (Fig. 7. B) The concentation of BPA in
non-sterilized samples (2100 gL, 28 days) is higher
than the concentration of BPA. in sterlized samples
(1200 pg’L. 28 days). These results reveal that the
‘microbal activiies have an effect on the elease of BPA
from dental composite mateials in landfil leachate

‘Conversly, the concentration of TEGDMA and UDMA
in sterlized samples was higher than the concentration
of TEGMA and UDMA in non-sterlized samples. The
resuls showed hat the microbial activities may reduce
the release of TEGDMA and UDMA by degrading them.
Morcover, the increase of pH in the sterilized samples
may have a positve effect on the release of TEGDMA
and UDMA. Inferestngly, for Bis-GMA, the microbial
activities or the increase of pH has no effect on the
release of Bis-GMA in stenlized and non-sterilized
samples as there is mo significant difference between the
concentration of Bis-GMA in sterlized and mon-
sterilized samples. HPLC results also_showed that
HEMA was released from dental composite materals in
sterilized and non-steilzed samples to a similar degree.

4. CONCLUSION

Autoclaving succeeded in steilizing landsil leachate as
here was no microbial activiies o produce methane or
carbon dioxide gas in the beadspace of the sterlized
samples. The presence of RBC materils increased the
mate of methane and carbon dioxide production
compared to blank samples. Autoclaving of landfill
leachate increased the pH values of sterilized samples

compared to non-steriized samples due o the decrease.
of the partal pressure of carbon dioside in the head
space of the vialas the vial was open during autoclaving.
The results of volatle fatty acids analysis revealed that
there is no_significant difference i concentration
between  sterilized _and _non-steriized _ samples.
Furthermore, the results of fon analysis revealed that
there is no difference between the concentration of ons.
in sterlized and non-sterilized samples except calcium
ions. Similarly, e results of heavy metals showed that
there is mo significant difference _between the
concentration of heavy metals in sterlized and non-
sterlized samples except for Mu™ and Fe"

Bis-GMA, TEGDMA, UDMA, HEMA and BPA were
released from dental composite material in sterilized
and non-sterlized sampls. The microbial actvites and
the increase of pH may have an effect on the release of
TEGDMA, UDMA and BPA from dental composite
‘materals. However, the presence of microorganisms
and pH increase have no effect on the release of Bis-
GMA from dental composite materials.
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Abstract

Objectives

This study aimed to compare the concentrations of monomers eluted during
simulation of disposal of waste, unused or expired resin-based composite (RBC) via
landfill or incineration, to determine the most suitable method of disposal from an

environmental pollution perspective.

Methods

A commercially available RBC (Filtek Supreme XTE, 3M Oral Care, USA) was
polymerised, placed in microcosms of either sterilised (121°C/15min) or non-
sterilised landfill leachate for 28 days at 35°C and sampled. Incineration (2850°C for
2 hours) of the polymerised RBC utilising a custom flame/kiln rig was performed.
Incinerated RBC and unburnt controls were washed in acetonitrile ultrasonic baths

for 1 hour post-incineration and sampled.

Eluted monomers (triethylene glycol dimethylacrylate (TEGDMA), urethane
dimethacrylate (UDMA), bisphenol-A glycidyl methacrylate (Bis-GMA), hydroxyethyl
methacrylate (HEMA), and bisphenol-A (BPA)), were quantified via solid phase
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micro-extraction coupled to high-performance liquid chromatography (SPME-

HPLC) for simulation of landfill disposal and HPLC for simulation of incineration.

Results

Concentrations of BPA were significantly higher in non-sterilised landfill leachate
samples in comparison to sterilised leachate samples. Concentrations of TEGDMA
and UDMA were generally higher in sterilised samples compared with non-sterilised.
There was no significant difference between samples regarding Bis-GMA.
Incineration resulted in significantly less overall elution of BPA, TEGDMA and UDMA
compared to landfill disposal concentrations, assuming complete combustion

occurs.

Conclusions

Bacteria-mediated degradation of RBC in landfill leachate with resultant increased
release of BPA, a recognised xenoestrogen, could increase the potential
environmental impact of RBC when disposed of in landfill. Monomers are released
from polymerised and unpolymerised RBC into landfill leachate over time.
Incineration of RBC results in the environmental release of significantly lower
concentrations of monomers, elements and ions. Incineration is a viable alternative

waste RBC disposal route, with a potentially lower environmental impact.
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Introduction

Resin-based composite (RBC) is a combination of inorganic glass filler particles (60-
80%) coupled to and contained within an organic resin matrix. The resin matrix
constituents primarily consist of methacrylate monomers that include structural
high molecular weight monomers such as bisphenol A glycerolate dimethacrylate
(BisGMA) and urethane dimethacrylate (UDMA), low molecular weight monomers
hydroxyethyl methacrylate (HEMA) and the diluent triethylene glycol
dimethacrylate (TEGDMA) . In addition, these are combined with other constituents

such as initiators, inhibitors and activators.

RBC is increasingly used as the material of choice for all direct-placement
restorations. In 2015 alone, around 800 million RBC restorations were estimated to
have been placed, emphasising the volume of dental material that is utilised in the
provision of routine oral healthcare 2 The potential release pathways of RBC
components into the environment have been identified * # . The identification of
bisphenol-A (BPA) as a degradation product or contaminant from manufacturing
BisGMA-based RBCs has been reported °. Bisphenol-A (BPA), a potent xenoestrogen
and environmental pollutant, has been detected eluting from RBC materials 7*. BPA
is estimated to feature at a concentration of a maximum of 10ug/g in unpolymerised
RBC resin. From this estimation it has been calculated that a patient would be

exposed to between 4 and 16 ng/day over 10 years per 1g of material used °.

Aproposed pollution pathway is the release of waste RBC into the environmentfrom
the disposal of expired, waste or unused dental RBC. Waste unused or expired RBC
generated from the manufacturing process or from dental clinics, laboratories or
hospitals is classified as municipal waste and disposal to landfill sites is a common
practice in the UK. RBC is disposed of in the form of unpolymerized paste or as a
partly polymerised solid polymer block that has been thermally cured.

Environmental contamination with such restorative materials has been proposed to
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be only feasible if there is an accidental release during transportation of dental

waste or leakage or malfunction in landfill liners 1°.

In the last decade acknowledgement of the impacts of plastic-based pollution on
the environment in the form of persistent pollutants and microparticulate waste has
changed perceptions on the risks associated with this form of environmental
contamination. Therefore, it is pertinent to examine the behaviour of dental RBC
when disposed through the two major pathways of landfill burial or incineration.
Landfill burial leads to interaction of the RBC with landfill leachate, where bacteria-
mediated degradation of RBC occurs with an anticipated increased rate of monomer

elution™.

Incineration is reported to be an effective means of plastic disposal, being the main
method of plastic disposal in Japan, Demark and Sweden ‘2. Elsewhere, it is
generally less common than landfill and recycling. Concerns have arisen
surrounding the release of potentially hazardous chemicals into the environment
during the incineration process such as particulate matter, metals, nitrogen oxides
and other substances of unknown toxicity. Other negative environmental impacts
associated with incineration include acidification, smog formation, climate change
and eutrophication . When plastic-based materials are incinerated, such as RBC
and its associated packaging, dioxins, furans and polychlorinated biphenyls are

potentially released into the environment .

This study aimed to compare the two main disposal methods of RBC; via landfill
burial and incineration to ascertain which is the most appropriate to limit
environmental harm and to improve the environmental sustainability of dental RBC

use.

Materials and Methods

RBC Samples

Filtek Supreme XTE (dentine shade A3;3M Oral Care, USA) was selected for this study

as a representative commercial material containing common constituents of
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current state-of-the-art RBC materials. The resin monomer component of Filtek
Supreme XTE consists of BisGMA, UDMA, TEGDMA and ethoxylated BisGMA
(BisEMAG). The fillers in Filtek Supreme XTE are a combination of non-
agglomerated/non-aggregated 20 nm silica filler, non-agglomerated/non-
aggregated 4 to 11nm zirconia filler and aggregated zirconia/silica cluster filler

(comprised of 20nm silica and 4 to 11nm zirconia particles) **

Standardised discs (2mm x 10mm diameter) were fabricated from Filtek Supreme
XTE RBC in a stainless-steel mould (sealed with a glass slide over the mould prior to
polymerisation to prevent the formation of the oxygen inhibition layer) and
polymerised with an LED photocuring calibrated unit (SmartLite FOCUS, Dentsply
Sirona, York, PA, USA) in accordance with standards set by I1SO 4049:2009 and
manufacturer’s guidelines (40s at 2mm depth increments with overlapping curing

zones).

Landfill disposal simulation

To simulate disposal to landfill, the RBC samples were placed in microcosms of
either sterilised (121°C/15min) or non-sterilised landfill leachate for 28 days at 35°C
and sampled regularly. Landfill leachate was sterilised to better understand the
influence of microorganisms in the leachate on the elution of monomers from RBC

samples.

Landfill leachate samples was sourced from a municipal waste landfill site (Viridor
Ltd, Manchester, UK) and stored under nitrogen gas at 4°C to minimise degradation.
The leachate was sterilised via autoclaving for 15 minutes at 121°C. The sterilisation
protocol was verified by the absence of cultures forming after inoculating 100l of

landfill leachate onto agar plates under anaerobic conditions.

Two groups of samples were prepared, using sterilised landfill leachate and non-
sterilised landfill leachate. 0.5g of polymerised FS were added to 14mL of landfill

leachate and incubated at 35°C. The leachate was sampled at 6 time points for 28
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days. Duplicate samples were chosen for sampling points 0, 3 and 14 days and

triplicate samples for sampling points 1, 7 and 28 days.

Incineration simulation

Incineration (*850°C for 2 hours) of polymerised and unpolymerised RBC samples
was performed, utilising a controlled direct flame/kiln custom rig (Figure 1). Each
disc was placed in a test-tube and burnt for 60 minutes using a Bunsen burner flame
(S1 at 900°C, verified with an infrared thermometer). Incinerated RBC and unburnt
controls were washed in 10ml of acetonitrile (ACN) in ultrasonic baths for 1-hour
post-incineration (S2). The burnt RBC samples were then air dried in a hot air oven
(37°C) for 12 hours to remove the solvent prior to higher temperature incineration
in ceramic crucibles placed in a kiln (1200 °C) for 1 hour (S3 and S4). The process was
completed with a final wash in 10 ml ACN. The total burn time of 2 hoursis akinto a
typical incineration time of between 1 and 3 hours. Unburnt discs were washed as
the above procedure as the control. The ACN solution samples were filtered and

underwent a 10 times dilution prior to analysis.

81 — Incineration in a Bunsen flame

82 — Washing
A A
F’
S1 S2 S3 S4 S2
Order of steps >

Figure 1: Schematic of the sequence utilised to simulate incineration

Analysis of monomers from landfill simulation

The 5 target monomers (Bis-GMA, TEGDMA, UDMA, BPA and HEMA) were analysed
by combined solid phase micro-extraction and high-performance liquid

chromatography (SPME-HPLC) as described in Kakonyi et al **. Briefly, calibration
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curves for all monomers of interest were performed, the HPLC setup consisted of a
C18 reversed phase chromatography column (Sigma Aldrich, Gillingham, UK), flow
speed of 1 mL/min, 150 pL injection volume and 15-min run time, with 200 nm
detection wavelength. The HPLC instrument was calibrated by analysing four
repeats of the monomers of interest (BisGMA, UDMA, TEGDMA, HEMA and BPA) stock
solutions diluted in 65%/35% gradient grade acetonitrile/ultrahigh quality water
(18.2 MQs«cm) to the following nominal concentrations: 1, 25, 50, 100, 250, 500 and
1,000 pg/L (Figure 2). The calibration curve is detailed in Table 2 and a summary of
HPLC chromatogram of the detected monomers (Bis-GMA, UDMA, HEMA, BPA and

TEGDMA) and their retention times is shown in Figure 3.

1200000 Monomer Equation of calibration curve
1000000
BisGMA Y =710.77X - 6391.7
80000
B
% sonoo
g o UDMA Y = 225.18X - 1845.2
< 400000
200000 TEGDMA Y =372.57X - 2727.8
0
0 m 50 1000 1200 —y =55 7IX 000
BPA ¥ = 1196.6X - 5659.6
Monomer | Colour
HEMA
BPA
TEGDMA

UDMA
BisGMA

Figure 2: Calibration curve summary (duplicated by two of the authors represented by the dashed and solid lines)

Four SPME fibres were utilised: 65 um polydimethylsiloxane/divinylbenzene (blue)
(PDMS/DVB), 65 pum PDMS/DVB StableFlex fibre (pink), 50 um DVB/65 pm
Carboxen/PDMS StableFlex fibre (gray) (DVB/CAR/PDMS) and 85 um polyacrylate
(white) (PA) (Sigma Aldrich, Gillingham, UK). The different SPME fibres were utilised
on account of the variation in polarity and molecular weights of the monomers of
interest (Table 1). Each of the SPME fibres were used in succession for each of the

samples; desorption was into 1 ml of acetonitrile solution prior to HPLC analysis.
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To assess the efficiency of the fibres, known concentrations of the different
monomers were analysed via HPLC and the recovery factor was calculated by
dividing the concentration of the extracted monomer by the established true
concentration of the monomer in solution. The recovery factors for BisGMA, UDMA,

TEGDMA, HEMA and BPA were 100%, 100%, 48%, 15% and 22% accordingly.

8.6 minutes

3.7 minutes 5.6 minutes BisGMA
HEMA TEGDMA

I \ \J U

J \, o~

]
| 3
| =& [~ 4,6 minutes 7.2 minutos

BPA UDMA

nq 05 10 14 29 28 30 35 48 45 83 85 Ho 88 74 75 83 85 93 88 100

Fiqure 3: HPLC chromatogram of detected monomers and retention time (x-xis is time in minutes and y-axis is

absorbance in milli-Absorbance Units or mAU)
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Table 1: Summary of single step, simultaneous SPME-HPLC setup

Condition Value

HPLC

Column Discovery® C18 reversed ph ssmnues 1atography
column (Sigma Aldrich), L: Zou i, J: 4.6 mm,
particle size: 4 um

Mobile phase (%) Gradient grade acetonitrile (Fisher Scientific) (65)
ultrahigh quality water (18.2 MQ-cm) (35)

Run time (min) 15

Flow speed (mL/min) 1

Detection wavelength (nm) | 200

Injection volume (uL) 150

Limit of detection and | 25-1,000 ug/L for HEMA, BPA, UDMA, Bis-GMA 100~
suggested calibration range | 1,000 ug/L for TEGDMA

SPME

Fibres 65 um PDMS/DVB (blue), 65 um PDMS/DVB
StableFlex  (pink), and 50 um/65 um
DVB/CAR/PDMS (gray)

Adsorption/desorption 9:1

sample volume ratio

Adsorption time (min) 90

Desorption time (min) 45

Desorption solution See HPLC mobile phase

Efficiency of recovery 26+3% HEMA, 28+1% BPA, 47+5% TEGDMA 82+7%

UDMA, 85+8% Bis-GMA

The total concentrations for each sample were ascertained via identification of the
separated compounds on the chromatograph based on the known retention time
from initial calibration curves and inferred from the peak area and height, that is

proportional to the concentration of the analytes . After calculation of the
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concentration using the calibration curves, recovery and dilution factors of the

fibres and extraction media accordingly were accounted for.

Analysis of monomers from incineration simulation

Analyses of the eluted target monomers Bis-GMA, UDMA, TEGDMA, HEMA and BPA

were carried out via high-performance liquid chromatography (HPLC).

Duplicate calibration curves were produced by analysing standardised solutions
containing all the monomers of interest, including BPA (Figure 2). The
concentrations of monomers eluted were calculated from the data from the HPLC
analysis and calibration curves. The ACN wash solutions were filtered, diluted (10
times dilution) and analysed directly using HPLC at each wash stage (S2 in Figure 1).
HPLC data and the standardised calibration curves were used to calculate the

concentrations of monomers released from the samples.
The HPLC setup was as follows:

e Column: Discovery® C18 HPLC Column (SIGMA ALDRICH, UK), 250 mm

length, 4.6 mm in diameter, and particle size of 4 um.
e Mobile phase: CH3CN 65%/H20 35%.
¢ RunTime: 15 minutes.
e Flow speed: 0.5ml mL/min.
¢ Detection: UV: 200 nm.

e Injection volume: 342 L.

10
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Results

Landfill disposal simulation
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The HPLC analysis showed that Bis-GMA, UDMA, TEGDMA, HEMA and BPA were
released from the RBC samples and detected in both the sterilised and non-
sterilised landfill leachate samples (Figure 4 and Figure 5). The concentration of BPA
in the non-sterilised landfill leachate reached a maximum concentration of 2100
pg/L in comparison to the sterilised samples of 1200 ug/L at 28 days, indicating a
potential effect on monomer degradation and BPA release from microbial activity.
There was no significant difference between the concentration of HEMA or BisGMA
concentrations in the sterilised samples and non-sterilised samples. The
concentrations of UDMA and TEGDMA were overall higher in the sterilised samples
in comparison to the unsterilised samples, which is potentially due to the
sterilisation process altering the pH of the landfill leachate. The sterilised samples
pH was more alkaline and ranged from pH 9.0 to 9.4, whilst the non-sterilised

samples pH range was 7.76 to 8.14 during the sampling time frame.

Incineration simulation

The lower molecular weight monomers HEMA, BPA and TEGDMA increased post-
Bunsen burning, whereas the higher molecular weight monomers UDMA and
BisGMA reduced significantly (Figure 6). Figure 6 and Figure 7 also highlight that the
aged and unaged RBC elution patterns during the incineration process differ with
regards to the higher molecular weight monomers UDMA and BisGMA, where
significantly more UDMA was detected, post-Bunsen burn and a similar
concentration of BisGMA was detected in comparison to the unburnt controls in the
aged samples. This could be due to the ageing process permitting solubilisation and
diffusion of the higher molecular weight monomers over time, whereas when RBC is
initially polymerised the majority of eluted monomers will be of lower molecular

weight.
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Figure 6: Monomer concentrations after incineration process of polymerised RBC
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Figure 7: Monomer concentrations of 12-month aged polymerised RBC after incineration process
Discussion

This study sought to better understand and compare the disposal of RBC in landfill
burial and incineration, together with the potential environmental impacts arising
from these processes. This study showed that monomers eluted from RBC after

simulation of disposal to landfill and incineration. The concentrations of BisGMA

13
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and HEMA released are equivalent for both disposals to landfill and complete
incineration of RBC. Monomers are consistently released from polymerised RBC into
landfill leachate over time. Incineration of RBC results in the environmental release
of significantly lower concentrations of monomers, elements and ions. Bacteria-

mediated degradation of RBC in landfill leachate increased the release of BPA.

The incineration simulation was a two-stage process with much higher
concentrations of the monomers of interest detected after the initial portion of
incineration (post-Bunsen burn) than the minimal amounts detected after the
second stage of incineration (post-kiln). Complete incineration, akin to the post-kiln
stage, with the resultant products released into the environment, would result in
then significantly lower levels of BPA, TEGDMA and UDMA released via incineration
than landfill burial. Conversely, incomplete incineration, akin to the post-Bunsen
burn stage, would result in significantly higher concentrations of monomers
released into the environment, compared to landfill. Post-kiln burning resulted in
significantly lower concentrations for all the monomers of interest being detected.
This can be attributed to the Bunsen-burning phase causing an increased porosity
of the RBC discs allowing an increased elution of the lower molecular weight
monomers, whilst degrading the higher molecular weight monomers. This can also
explain the presence of HEMA as a detectable monomer when it is not a named
constituent of Filtek Supreme XTE, as in similar studies in the literature it is
recognised that HEMA is a degradation product of UDMA ** . The minimal
concentrations detected post-kiln incineration can be explained by the fact that
most of the available monomers will have already eluted in the post-Bunsen sample,
and any residual monomer would be either completely degraded or the heating
process caused complete polymerisation of the remaining monomers present. A
similar study carried out by the authors using the same incineration rig to better
understand cremation of human remains containing RBC, pre-aged the polymerised
RBC prior to incineration by storing in artificial saliva for 12 months (Figure 7). The
concentrations of monomers detected from the aged RBC in this previous work was

significantly less than that of the RBC incinerated in this current study, due to the

14
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leaching of monomers throughout the ageing process. This highlights the dynamic
nature of these polymeric materials, and that release of the constituent monomers

occurs throughout the entire life-cycle of RBC.

This investigation had some limitations associated with the scaling down from an
industrial incinerator to a laboratory experimental simulation. This study assumed
that RBC would be polymerised prior to disposal, which is the case in an industrial
setting. Expired RBC from dental practices and hospitals would likely be disposed of
in an unpolymerised state that would result in the release of greater concentrations
of monomers. A preliminary, unpublished study by the authors, found that
maximum equivalent concentrations of unpolymerised RBC in unsterilised landfill
leachate reached 2888 ug/L (BPA), 1685 ug/L (TEGDMA), 1530 ug/L (UDMA), 40 ug/L
(BisGMA) and 810 ug/L (HEMA).

The use of landfill leachate was an accurate representation of disposal of RBC to
landfill, however landfill leachate varies with different sites based around how old
the landfill site is, as leachate can be more aggressive a solvent dependent on
factors such as pH ?. The incineration rig did not allow direct contact between the
RBC and the burning flames. The RBC were kept in a test-tube during the Bunsen-

burning stage and subsequently, in a ceramic crucible in the kiln.

The use of acetonitrile as a solvent to dissolve and facilitate detection of monomers
in the incineration simulation is not an accurate representation of the release of
post-incineration RBC into the environment where it would be more likely that the
RBC would encounter water. However, as part of the experimental design the use of

acetonitrile allowed ease of direct analysis via HPLC. The use of acetonitrile

15
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represented a worst-case scenario; suggesting that the actual eluted concentrations

would be lessin a true incineration scenario.

Conclusions

The findings from this study suggest that incineration of RBC is preferable when
compared to landfill, if only environmental pollution from RBC monomeric

constituents and BPA is considered.

The energy used and its associated pollution arising from the incineration pathway
adds a further environmental carbon impact. Energy recovery is possible and has
been previously cited as the most suitable way of disposing of highly mixed plastics
such as RBC and its associated packaging % This is a knowledge gap and further
work including life cycle analysis of RBC from cradle to grave would be required to

fully understand this.

From the perspective of environmental sustainability, reduction of the use of dental
materials is the most effective strategy, achieved through effective caries and tooth-
surface loss preventive regimes and is the central tenet of providing
environmentally sustainable, good-quality oral healthcare 2 2. There is a need for
the use of RBC as a dental material to improve oral health and the quality of life of
patients. There is also an ethical requirement to ensure that the use of this material,

including its disposal, is not detrimental to the environment.

It should also be noted when considering oral healthcare provision as a circular
economy supply chain, it is essential to establish an effective collaboration between
the oral healthcare profession and manufacturers of dental materials; to
responsibly manage the potential pollutants generated by products such as RBC is
essential, as clearly stated in the Consensus Statement on Environmentally

Sustainable Oral Healthcare, ratified in 2022 =,

16
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Abstract 
 
Objective  
To assess the potential environmental pollutant risk of resin-based composite (RBC) 



after interment and cremation of cadavers containing restorations, via in vitro 



simulation and analysis of elution of monomers.  



Methods  
Interment and cremation simulation of RBCs was conducted.  For the interment study, 



analogue replica teeth were fabricated from lithium disilicate with uniform mesio-



occluso-distal cavities. Known volumes of two RBCs, CompA or CompB, were placed 



in two equal groups of models (n=9 per group) and photopolymerized in accordance 



with standard operating guidelines as stipulated by the manufacturer. CompA was a 



commercially available RBC (Filtek Supreme XTE, 3M Oral Care) and CompB, an in-



house blended control. Both RBCs contained all the monomers of interest. The 



restored tooth replicas were aged in artificial saliva at 35°C for 6 months to simulate 



the oral environment. Duplicates of these specimens were then placed in microcosms, 



immersed in 14 ml of groundwater at 10°C for 12 months. The immersing groundwater 



was sampled and analysed at 5 intervals over the 12-month period (baseline, 1, 5, 10 



and 12 months). 



In the cremation simulation, standardised discs (2 mm × 10 mm diameter) were 



fabricated from the RBCs described for the interment study and aged in the same 



manner prior to staged incineration. The resulting ash and unburnt material were 



analysed using HPLC. Eluted monomers triethylene glycol dimethylacrylate 



(TEGDMA), urethane dimethacrylate (UDMA), bisphenol-A glycidyl methacrylate 



(BisGMA), hydroxyethyl methacrylate (HEMA), bisphenol-A (BPA) were detected and 



quantified via solid phase micro-extraction coupled with high-performance liquid 
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chromatography.  



Results 



Elution of all monomers was detected for CompA and CompB over the sampling period 



for both scenarios. The interment study showed that for both composite materials, 



TEGDMA eluted in the highest concentration with other monomers detected in the 



following levels of TEGDMA>HEMA>BPA>UDMA>BisGMA. The cremation simulation 



scenario showed a two-stage monomer release, with the majority of the monomers of 



interest detected in the initial low temperature phase of cremation and significantly 



reduced concentrations in the second high-temperature stage. Significantly higher 



concentrations of monomers were released and detected from the non-aged RBC 



(CompA), compared to the specimens aged in artificial saliva. 



 



Conclusion 



RBC constituent monomers were detected in both the interment and cremation 



simulation scenarios.   



A significantly higher concentration of TEGDMA was detected in the interment 



scenario compared to the other monomers.  



Higher concentrations of monomers are released into the environment through the 



process of interment, compared to cremation, suggesting that cremation has a lower 



environmental impact potential to interment. 



 



 



Introduction 



 



Environmental pollution from the use of dental materials is recognised to occur through 



several pathways 1. Previously, concern focused primarily on dental amalgam and its 



associated mercury content. The World Health Organization (WHO) has highlighted 



that the main mechanism of human exposure to mercury is from dental amalgam 2. 



Whilst deemed safe to use as a restorative material, the cremation or interment of 



human cadavers that contain dental amalgam constitutes an important route for 



mercury environmental pollution. Once mercury is released into the environment, it 



can travel long distances and persists circulating between air, water, soil and living 
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organisms. In the food chain, mercury and especially methylmercury (created by 



anaerobic microorganisms via biomethylation) negatively impacts ecosystems and 



concentrates via bioaccumulation until eventually it can be consumed by humans 3.  



Today, the most suitable alternative to dental amalgam is resin-based composite 



(RBC). RBC is widely used globally as the most effective material of choice for direct-



placement restoration clinical applications.  This is a trend that is set to increase, 



concurrent with changes in treatment ethos and an overall reduction of amalgam 



usage 4. As the term implies, RBC is a composite material with a constitution of 



inorganic glass filler particles coupled to and contained within an organic resin matrix. 



Common organic matrices are blended methacrylate-based resins that include 



bisphenol A glycidyl dimethacrylate (BisGMA), urethane dimethacrylate (UDMA), 



hydroxyethyl methacrylate (HEMA) and triethylene glycol dimethacrylate (TEGDMA). 



Bisphenol-A (BPA) is present in BisGMA containing RBCs, presumably as a residual 



contaminant from manufacturing or as a product of degradation.  Various constituent 



monomers are recognised to elute from RBC and are known to have cytotoxic and 



genotoxic impacts at critical concentrations 5 6. BPA is a poignant example as it is a 



recognised potent xenoestrogen and environmental pollutant 7 8. The cytotoxicity of 



these monomers varies and have been ranked BisGMA>UDMA>TEGDMA>HEMA 9 



10 11. It is important to recognise, that at an individual level, the monomers that leach 



out from RBCs, are unlikely to reach a toxic threshold in patients when in situ as dental 



restorations 12. However, we should also consider the wider environmental impact as 



thousands of tonnes of RBCs that are potentially released into the environment at the 



end of life, either through interment or incineration (in the UK alone, this equated to 



>600,000 cadavers in 2020) 13.The degradation processes are complex but ultimately 



result in resin matrix monomers that leach into groundwater from interred cadavers or 



into the air as by-products of combustion from cremation. This environmental pollutant 



pathway for RBCs has not been previously assessed. The aim of this study is to 



characterise and quantify, through an in vitro simulation of cremation and interment, 



the eluents and by-products from RBCs that are released into the environment. 
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Materials and Methods 
	
Interment simulation 



 



Eighteen lithium disilicate ceramic (IPS e.max, Ivoclar Vivadent, Ellwangen, Germany) 



identical tooth replicas with standardised mesio-occluso-distal (MOD) cavities were 



fabricated.  The rationale for the use of replica teeth was to simulate the placement of 



a RBC in a dental cavity that results in varying conversion rates within the material 



and exposure of the same surface area to the surrounding environment.  



Nine were restored with the test RBC (Filtek Supreme XTE – 3M Oral Care) and 



designated CompA. The ceramic replicas were fabricated and restored to better 



represent the elution dynamics and surface area of exposed RBC restorations in vivo. 



The remaining nine replica teeth were restored with the control RBC (CompB) which 



was manufactured for the purpose of this study (Table 1). Based on the manufacturers 



data for CompA, both RBCs contained all the monomers of interest with CompB 



having a known and quantified composition (Table 1).  



CompA was used as a representative example of commercial RBCs containing 



standard RBC monomers. The proprietary system bonding agent was used 



(Scotchbond Universal, 3M Oral Care, USA) for all restorations in both groups. A 



calibrated light emitting diode photocuring unit (SmartLite FOCUS, Dentsply Sirona, 



USA) was used in accordance with the manufacturer’s guidelines (40 s irradiation per 



2 mm increment of RBC).  
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was manufactured for the purpose of this study (Table 1). Based on the manufacturers 

data for CompA, both RBCs contained all the monomers of interest with CompB 

having a known and quantified composition (Table 1).  

CompA was used as a representative example of commercial RBCs containing 

standard RBC monomers. The proprietary system bonding agent was used 

(Scotchbond Universal, 3M Oral Care, USA) for all restorations in both groups. A 

calibrated light emitting diode photocuring unit (SmartLite FOCUS, Dentsply Sirona, 

USA) was used in accordance with the manufacturer’s guidelines (40 s irradiation per 

2 mm increment of RBC).  
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RBC Component Role Percentage 



BisGMA 



UDMA 



TEGDMA 



Camphorquinone 



4-dimethylaminobenzoic acid ethyl ester (DMABE) 



3,5-di-tert-butyl-4-hydroxytoluene (BHT) 



2-hydroxy-4-methoxybenzophenone (HMBP) 



Silane treated silica (10-15 μm and 40 nm) 



Monomer 



Monomer 



Monomer 



Photoinitiator 



Accelerator 



Inhibitor 



Photostabiliser 



Filler 



8.75 



8.75 



7.3 



0.075 



0.075 



0.0003 



0.00015 



75 



 



Table 1: Constituents of Control RBC CompB (resin/filler component ratio 3:1) 
 



The restored tooth replicas were aged in artificial saliva (Table 2) at 35°C for 6 months 



to simulate the oral environment. Six months was selected as an arbitrary time 



between placement and end of life.   



Component Conc. (mM) 



Magnesium chloride 



Calcium chloride dihydrate 



Potassium dihydrogen orthophosphate 



HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) 



Potassium chloride 



Ammonium chloride 



0.2 



1.0 



4.0 



20.0 



16.0 



4.5 



 



Table 2: Constituents of artificial saliva without mucin (made up to 1 litre and titrated 
to pH 6.7 using potassium hydroxide) 



 



The aged, restored teeth replicas were placed in microcosms containing 14ml of 



groundwater at 10°C for 12 months of sampling. The groundwater used was collected 










RBC Component  Role  Percentage 

BisGMA 

UDMA 

TEGDMA 

Camphorquinone 

4-dimethylaminobenzoic acid ethyl ester (DMABE) 

3,5-di-tert-butyl-4-hydroxytoluene (BHT) 

2-hydroxy-4-methoxybenzophenone (HMBP) 

Silane treated silica (10-15 μm and 40 nm) 

Monomer 

Monomer 

Monomer 

Photoinitiator 

Accelerator 

Inhibitor 

Photostabiliser 

Filler 

8.75 

8.75 

7.3 

0.075 

0.075 

0.0003 

0.00015 

75 

 

Table 1: Constituents of Control RBC CompB (resin/filler component ratio 3:1) 

 

The restored tooth replicas were aged in artificial saliva (Table 2) at 35

°

C for 6 months 

to simulate the oral environment. Six months was selected as an arbitrary time 

between placement and end of life.   

Component  Conc. (mM) 

Magnesium chloride 

Calcium chloride dihydrate 

Potassium dihydrogen orthophosphate 

HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) 

Potassium chloride 

Ammonium chloride 

0.2 

1.0 

4.0 

20.0 

16.0 

4.5 

 

Table 2: Constituents of artificial saliva without mucin (made up to 1 litre and titrated 

to pH 6.7 using potassium hydroxide) 

 

The aged, restored teeth replicas were placed in microcosms containing 14ml of 

groundwater at 10

°

C for 12 months of sampling. The groundwater used was collected 


image125.emf



from at least 10 metres below ground-level at a permo-triassic sandstone unconfined 



aquifer site in St Albans, UK. Sampling and analysis of groundwater was carried out 



at 5 intervals (baseline, 1, 5, 10 and 12 months). Recovery and dilution of the 



groundwater samples were accounted for throughout the study as accurate SPME is 



dependent upon keeping a constant sample volume in addition to the depth at which 



the fiber is inserted into the test solution. Eluted monomers triethylene glycol 



dimethylacrylate (TEGDMA), urethane dimethacrylate (UDMA), bisphenol-A glycidyl 



methacrylate (BisGMA), hydroxyethyl methacrylate (HEMA) and bisphenol-A (BPA) 



were quantified via solid phase micro-extraction coupled with high-performance liquid 



chromatography (SPME-HPLC), in accordance with the technique developed by the 



authors and described by Kakonyi et al (2021)14. Grey (Divinylbenzene/Carboxen/ 



Polydimethylsiloxane), pink (Polydimethylsiloxane/Divinylbenzene)	 and blue 



(Carboxen/Polydimethylsiloxane) SPME fibres were utilized for separate microcosms 



for each of the RBC cohorts.  



 



Cremation simulation 
	
Preparation of RBC samples 



Standardised discs (2 mm × 10 mm diameter, 500 mg) were fabricated from both 



RBCs described above, CompA (Filtek Supreme) and CompB, and polymerised in the 



same manner as the interment scenario materials. CompA was coated with a single 



layer of bonding agent (Scotchbond Universal, 3M Oral Care, USA) and polymerised 



as per manufacturers guidelines. The rationale for the use of RBC discs, as opposed 



to restored replica teeth as in the interment study, was that the temperature used for 



cremation (>800°C) would burn all plastic material regardless of the containing 



structure.  
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CompA and CompB discs were aged in artificial saliva for six months at 35ºC (average 



oral temperature) prior to cremation simulation.  This aging process enabled additional 



analysis of monomeric elution from the samples to be carried out by sampling the 



artificial saliva over time. It is recognized in the literature that elution of monomers 



mostly occurs soon after placement of the RBC and continues at a slower rate 



thereafter 15. The test materials were divided into three test groups that were all stored 



in artificial saliva:  CompA with the bonding agent; CompA without the bonding agent; 



and CompB without the bonding agent.  Thirty specimens of each test material 



(CompA and CompB) were fabricated as standardized discs (2mm H x 10mm D) with 



a mass of 0.5g each.  Each group of thirty specimen discs (15g) was immersed in 



artificial saliva (1l).  



The artificial saliva was sampled (via SPME-HPLC method) at nine sequential time 



points for 91 days for both materials without the bonding agent (Figure 2 and 3) and 



similarly for CompA with bonding agent was sampled at fourteen sequential time 



points for 391 days (Figure 4).  	The extended sampling time of CompA artificial saliva 



was selected as this represents a commercially used RBC and associated bonding 



agent, with the constituents of interest and the focus of the investigation, thus enabling 



more meaningful interpretation of the data.  Samples of unaged CompA were also 



used in this experiment as a comparator to the saliva-aged samples, to determine the 



impact of elution during the ageing process and monomer elution. 



Significant method development was required to simulate the temperature (>850°C) 



and conditions of the cremation process.  A two-stage process was developed, akin 



to that employed during the cremation process of human remains 16. The first phase 



involved the sample being heated, within a test tube, to approximately 500°C. The 



second phase involved the placement of the sample, into a kiln at 900 ̊C, within a 
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. The test materials were divided into three test groups that were all stored 

in artificial saliva:  CompA with the bonding agent; CompA without the bonding agent; 

and CompB without the bonding agent.  Thirty specimens of each test material 

(CompA and CompB) were fabricated as standardized discs (2mm H x 10mm D) with 

a mass of 0.5g each.  Each group of thirty specimen discs (15g) was immersed in 

artificial saliva (1l).  

The artificial saliva was sampled (via SPME-HPLC method) at nine sequential time 

points for 91 days for both materials without the bonding agent (Figure 2 and 3) and 

similarly for CompA with bonding agent was sampled at fourteen sequential time 

points for 391 days (Figure 4).  	The extended sampling time of CompA artificial saliva 

was selected as this represents a commercially used RBC and associated bonding 

agent, with the constituents of interest and the focus of the investigation, thus enabling 

more meaningful interpretation of the data.  Samples of unaged CompA were also 

used in this experiment as a comparator to the saliva-aged samples, to determine the 

impact of elution during the ageing process and monomer elution. 

Significant method development was required to simulate the temperature (>850°C) 

and conditions of the cremation process.  A two-stage process was developed, akin 

to that employed during the cremation process of human remains 

16

. The first phase 

involved the sample being heated, within a test tube, to approximately 500°C. The 

second phase involved the placement of the sample, into a kiln at 900 ̊C, within a 


image127.emf



ceramic crucible (Figure 1). This two-phase set up was considered a more realistic 



way of modelling cremation as the use of two chambers is common when cremating 



human remains. 



 



 



 



Figure 1: Schematic of the sequence utilised to simulate cremation 
 



Each RBC experiment was conducted in triplicates and mean monomer 



concentrations were calculated.  Figure 1 is a schematic of the sequence of the 



method that follows. Each disc was placed in a test-tube and burnt for 60 minutes 



using a Bunsen burner flame (S1 at 900ºC, verified with an infrared thermometer). The 



samples were then washed with 10ml of acetonitrile (ACN) solvent for a further 60 



minutes in an ultrasonic bath (S2). They were then air dried in a hot air oven (37ºC) 



for 12 hours to remove the solvent prior to higher temperature incineration in the kiln 



(1200 ºC) for 1 hour (S3 and S4). The process was completed with a final wash in 10 



ml ACN. The total burn time of 2 hours is akin to a typical cremation burn time of 



between 1 and 3 hours. Unburnt discs were washed as the above procedure as the 



control. The ACN solution samples were filtered and underwent a 10 times dilution 



prior to analysis using HPLC. Duplicate calibration curves were produced by analysing 30 
 



cremation and incineration as both involve the use of two chambers (Mari and Domingo, 2010; Waste 



Management Resources, 2009).  



 



5.4.2 Final procedure  



The final procedure used during Experiment 2 involved a number of steps which included, washing, drying, 



heating via bunsen burner and heating via kiln.  There were two variations of this procedure one in which 



acetonitrile solution was used as the washing solvent and one in which ultrahigh quality water was used as the 



solvent. Figure 17 shows the final sequence of steps used in Experiment 2.   



 



 



 



 



 



 



 



 



 



 



 



 



5.4.2.1 Burning 



During each run 1 disc of approximately 500 mg was burnt. To ensure sufficient burning of the dental material 



it was decided that heating via the bunsen burner would be carried out for a period of 1 hour as would heating 



via the kiln, meaning a total burn time of 2 hours. This decision was appropriate for the simulation of cremation 



as cremation typically last between 1 and 3 hours (Cremation resource, n.d.). The fact that a much larger 



weight, compared to the weight of the disc, is normally burnt during this time period would suggest that a total 



burn period of 1 hour would be more appropriate during experimentation. However, as cremation involves 



direct burning rather than indirect burning it was decided that a time period of 2 hours was more suitable 



(Acremation, 2015). This decision was also appropriate for incineration as although incineration typically lasts 



for a much shorter time period than cremation, it too involves direct burning rather than indirect burning 



(DEFRA, 2013; Waste management resources, 2009).   



 



During heating via the bunsen burner gas samples were collected every 5 minutes. Samples were only collected 



if gases had been created and were not drawn from the system as this would have created a vacuum and 



anaerobic conditions within the test tube. Gas samples were analysed via the GC (Section 6.4). 



 



S1       S2                     S3                        S4           S2
            S4             S1 Order of steps 



Key 



S1 = Heating via bunsen 



burner  



S2 = Washing  



S3 = Drying  



S4 = Heating via kiln  



 



Figure 17 Experiment 2 steps within final procedure 



S1 – Incineration in a Bunsen flame 
S2 – Washing 
S3 – Drying in a hot air oven 
S4 – Higher temperature incineration (kiln)  
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standardised solutions containing all the monomers of interest, including BPA. The 



concentrations of monomers eluted were calculated from the data from the HPLC 



analysis and calibration curves.  










standardised solutions containing all the monomers of interest, including BPA. The 

concentrations of monomers eluted were calculated from the data from the HPLC 

analysis and calibration curves.   
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Results 



Elution of monomers into artificial saliva 
	



 



Figure 2: CompA without bonding agent - Concentration (µg/l) of detected monomers 



in artificial saliva over 91 days 



 



Figure 3: CompB without bonding agent - Concentration (µg/l) of detected monomers 



in artificial saliva over 91 days  
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Figure 4: CompA with bonding agent - Concentration (µg/l) of detected monomers in 



artificial saliva eluted over 391 days  



 



CompA eluted the hydrophilic, lower molecular weight monomers HEMA and 



TEGDMA in addition to BPA, in higher concentrations for the first 50 days of sampling. 



UDMA was also released in higher concentrations than BisGMA in the initial 50 days 



and this could be due to a higher concentration of UDMA in comparison to BisGMA in 



the formulation of the RBC. All monomers showed a gradual decline in elution over 



time except for HEMA.  
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Interment  



 



Fig 5: Concentration (µg/l) of detected monomers from CompA into groundwater 



over 12 months 



 



Fig 6: Concentration (µg/l) of detected monomers from CompB into groundwater 



over 12 months 
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Elution of all monomers was detected for both CompA and CompB over the sampling 



period. TEGDMA eluted in the highest concentration in the case of both composite 



materials. The order of detected monomer concentrations from greatest to least was 



consistent between CompA and CompB (TEGDMA>HEMA>BPA>UDMA>BisGMA). 



The smaller molecular weight monomers (BPA, TEGDMA and HEMA) were detected 



in higher concentrations than the larger weight monomers (UDMA and BisGMA) 



(Figures 5 and 6). In general, higher concentrations of monomers were detected from 



the commercial RBC CompA compared with CompB. Average concentrations of 



monomers released over the sampling period for CompA were: TEGDMA 790µg/l, 



HEMA 48µg/l, BPA 45µg/l, UDMA 12µg/l and BisGMA 8µg/l. For Comp A, decreased 



concentration over time for BisGMA correlated with a subsequent increase in BPA 



concentrations being detected (Figure 7). 



 



 



Figure 7: Concentration (µg/l) of detected BisGMA and BPA monomers from CompA and CompB 



over 12 months  
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RESULTS



• Low level pollution over a prolonged time frame from RBC usage is identified in this research.



• Methacrylates (and BPA) in mg/L=ppm concentrations can be detected eluting from artificially aged RBC restorations into
groundwater after release into the environment via the simulation of the interment of cadavers.



• Although low concentrations of monomers are released, the high number of restorations placed worldwide implies a
greater cumulative effect, and further research into the effect of this is required.



CONCLUSIONS



Poster x 



INTRODUCTION



AIM
To assess the potential environmental pollutant risk of resin-based composite (RBC) after interment of cadavers
containing restorations via in vitro simulation and analysis of elution of monomers into groundwater.



Release of eluted resin matrix monomers 
into groundwater after interment



2 Storage of samples 
in artificial saliva 



• Inorganic filler



• Silane coupling agent



• Inhibitors



• Activators



• Triethylene glycol dimethacrylate
(TEGDMA)



• Bisphenol A glycerolate 
dimethacrylate (BisGMA)



• Hydroxyethyl methacrylate (HEMA) 



• Urethane dimethacrylate (UDMA)



Environmental pollution risk?



• Resin matrix



SPME fibre



MATERIALS & METHODS



4 Detection of eluates using solid
phase microextraction (SPME)
coupled to high performance
liquid chromatography (HPLC)



Restored 
using CompA



or CompB



3 Duplicate sampling of
groundwater from
microcosms containing
CompA & CompB at 5
intervals over 12 months



CompA (commercial RBC) and Comp B (lab-made
standard) were used to restore the ceramic teeth.
Samples were labeled and weighed prior to aging in
artificial saliva for 6 months at 35°C.



Resin-based composite restoration
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Death



Standardised ceramic (lithium
disilicate) model teeth with
uniform cavities were fabricated
from the same die (E-Max).



Microcosm 
containing 



groundwater



The aged models restored with
CompA and CompB were
transferred to microcosms
containing groundwater and stored
in dark at 10°C during the sampling
period.



• Elution of all monomers was detected for both CompA and CompB over the sampling period.



TEGDMA eluted in the highest concentration in the case of both composite materials .



• The order of detected monomer concentrations from greatest to least was consistent



between CompA and CompB (TEGDMA>HEMA>BPA>UDMA>BisGMA). The smaller molecular



weight monomers (BPA, TEGDMA and HEMA) were detected in higher concentrations than



the larger weight monomers (UDMA and BisGMA) (Figures 1a and 1b).



• In general, higher concentrations of monomers were detected from the commercial RBC



CompA vs CompB.



• In summary, average concentrations of the monomers released over the sampling period for



CompA were as follows: TEGDMA 790mg/L, HEMA 48mg/L, BPA 45mg/L, UDMA 12mg/L and



BisGMA 8mg/L. For Comp A.



Figures 1a and 1b show 
the concentration of 
eluted monomers for 
CompA and CompB
over the 12 months 
experimental period.
over time.
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• Increased concentration for BisGMA at month 5 correlated with a subsequent increase in



BPA concentrations being detected from months 5 to 12 (Figures 2a and 2b).



Figure 1a



Figure 1b
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Figures 2a and 2b 
demonstrate the 



correlation between 
BisGMA and BPA 



concentrations over 
time.
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Elution of all monomers was detected for both CompA and CompB over the sampling 

period. TEGDMA eluted in the highest concentration in the case of both composite 

materials. The order of detected monomer concentrations from greatest to least was 

consistent between CompA and CompB (TEGDMA>HEMA>BPA>UDMA>BisGMA). 

The smaller molecular weight monomers (BPA, TEGDMA and HEMA) were detected 

in higher concentrations than the larger weight monomers (UDMA and BisGMA) 

(Figures 5 and 6). In general, higher concentrations of monomers were detected from 

the commercial RBC CompA compared with CompB. Average concentrations of 

monomers released over the sampling period for CompA were: TEGDMA 790µg/l, 

HEMA 48µg/l, BPA 45µg/l, UDMA 12µg/l and BisGMA 8µg/l. For Comp A, decreased 

concentration over time for BisGMA correlated with a subsequent increase in BPA 

concentrations being detected (Figure 7). 

 

 

Figure 7: Concentration (µg/l) of detected BisGMA and BPA monomers from CompA and CompB 

over 12 months   
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• IncreasedconcentrationforBisGMAatmonth5correlatedwithasubsequentincreasein

BPAconcentrationsbeingdetectedfrommonths5to12(Figures2aand2b).
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Cremation 



	



Figure 8: CompA - Concentration (mg/l) of released monomers from the cremation process 



 



Figure 9: CompB - Concentration (mg/l) of released monomers from the cremation process 



 



Elution of all monomers was detected for both CompA and CompB over the sampling 



period. This was greatest for all monomers in the post-Bunsen initial stage compared 
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Figure 8: CompA - Concentration (mg/l) of released monomers from the cremation process 

 

Figure 9: CompB - Concentration (mg/l) of released monomers from the cremation process 
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to the unburnt control and the post-kiln stage. UDMA eluted in the highest 



concentration for both RBC materials. In the post-Bunsen burn stage, UDMA and BPA 



were detected in highest concentrations for CompA; whilst there was no significant 



difference between the concentrations of monomers detected in CompB. There was 



no significant difference in the concentrations of monomers detected for both RBC 



materials (Figures 8 and 9). 



Significantly higher concentrations of monomers were released and detected from the 



non-aged RBC (CompA), compared to the specimens aged in artificial saliva (Figure 



10).  



 



 



Figure 10: CompA - Concentration of released monomers from that was not aged in 
artificial saliva during cremation process 
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to the unburnt control and the post-kiln stage. UDMA eluted in the highest 

concentration for both RBC materials. In the post-Bunsen burn stage, UDMA and BPA 

were detected in highest concentrations for CompA; whilst there was no significant 

difference between the concentrations of monomers detected in CompB. There was 

no significant difference in the concentrations of monomers detected for both RBC 

materials (Figures 8 and 9). 

Significantly higher concentrations of monomers were released and detected from the 

non-aged RBC (CompA), compared to the specimens aged in artificial saliva (Figure 

10).  
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Discussion 
  



 



This study sought to better understand the release of RBC monomers into the 



environment that arise from interment and cremation. Previously quantification of 



eluted residual monomers was solely considered as an indicator of the polymerisation 



efficiency and the biocompatibility of the material 17. It is apparent from this study that 



consideration of released monomers into the environment from the management of 



human remains is another factor to consider in the use of RBC materials. 



Ethical considerations required that this investigation was conducted as an in-vitro 



study, with a design that replicated the generic conditions of interment and cremation. 



Some variables were identified that could not be included in the study design and that 



will inevitably affect the amount and rate of monomer elution from RBC. In the 



interment study, these are the amount and composition of the actual RBC, the level of 



polymerisation of the restoration at placement and the time it has been in situ. 



Hydrogeological characteristics of the interment environment will also have an effect 



on the rate of elution; such as the nature of the soil (permeability, waterlogging, oxygen 



levels, temperature, pH and microbiological characteristics) 18  19 , as will the 



permeability of the casket.  



In the cremation study, acetonitrile (ACN) was used as the solvent; which is different 



from the interment study that used groundwater. ACN is a stronger solvent than 



groundwater and therefore would dissolve more of the eluted monomers from the 



samples. This provided an insight into a final total extent of elution over time.    



SPME-HPLC and HPLC were used for the interment and the cremation studies 



respectively. These different and complementary analytical techniques enabled the 



effective and selective extraction of the monomers of interest. These techniques 
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enabled the accurate identification of high molecular weight monomers such as 



BisGMA (MW = 512) and UDMA (470) that decompose in gas chromatography 



studies. The potential presence of other contaminants in groundwater required the use 



of SPME-HPLC that enables the effective and selective extraction of the monomers of 



interest 20. 



This study quantified the release of monomers from one restoration with the 



expectation that a heavily restored dentition would increase the concentration 



proportionally. This enables an extrapolation to be made of total environmental 



impacts arising from these routes, as the number of restorations would potentially 



influence the overall environmental impact.  



The analytical results identify that HEMA was detected for the two materials tested in 



both the interment and cremation studies; despite not being a named constituent 



monomer in either RBC. HEMA is present in the bonding agent used in the study but 



the concentrations within this, cannot account for the concentrations detected as 



eluents. This finding has previously been noted as a consequence of HEMA being a 



degradation product of UDMA 21  22  23 . The analysis of elution of monomers into 



artificial saliva during the pre-ageing process confirmed this finding, in which all 



monomers showed a gradual decline in elution over time with the exception of 



HEMA24. 



TEGDMA was the monomer released from RBC in the greatest amount and was 



detected in significantly higher concentrations in the interment scenario compared with 



cremation. This is on account of the hydrophilic nature of this monomer eluting into 



groundwater.  



BPA was also released from CompA and CompB over a prolonged period in the 



interment scenario, with CompA showing a concomitant reduction in BisGMA 
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concentrations implying degradation of BisGMA resulted in the release of BPA. BPA 



is a recognised endocrine disruptor in fish, crustaceans, and invertebrates, and has 



been shown to cause whole-body and molecular effects at concentrations in the ng/L 



to mg/L range 25. The number of people interred is still significant and the increasing 



use of RBC and population that has these restorations highlights a potential additional 



environmental burden. 



In the cremation study, there is an increased concentration of monomers detected in 



the post-Bunsen burn stage. The likely rationale for this is that the burning process 



degraded the RBC sample disc structure allowing the monomers to elute more readily. 



The concentration of monomers detected in the second phase, post-kiln, is 



significantly lower than the monomers detected from the unburnt (control) discs and 



discs post-Bunsen burning. The likely explanation for this finding is that the initial 



Bunsen-burn phase released the majority of detectable monomers and the 



subsequent high temperature phase of the kiln caused complete degradation of the 



majority of the remaining monomers. Significantly higher concentrations of monomers 



were released and detected from the non-aged RBC (CompA), compared to the aged 



specimens (Figure 10). The explanation for this finding is that monomers eluted into 



the artificial saliva medium (Figures 2-4), resulting in lower concentrations of 



monomers for subsequent elution after the cremation processes. This finding 



highlights the continual and constant elution of monomers into the environment that 



occurs during the service life of a RBC restoration. 



From an environmental sustainability perspective, the energy use and associated 



carbon footprint associated with cremation needs to be better understood to compare 



the overall environmental impact against the interment scenario. With respect to the 



elution of monomers from RBCs into the environment, the data in this study and 
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supporting literature, indicates that cremation is a favourable, lower impact option to 



interment. 



This study highlights that RBCs are not inert materials and elution of constituent 



monomers occurs over a prolonged period of time into the environment after interment 



and cremation, with a reduced comparative environmental impact from cremation. 



Providing optimal oral healthcare and improved quality of life for patients using dental 



materials needs to be balanced against potential negative environmental impacts, 
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Objectives: Different types of direct-placement dental materials are used for the restoration
of structure, function and aesthetics of teeth. The aim of this research investigation is to
determine, through a comparative cradle-to-gate life cycle assessment, the environmental
impacts of three direct-placement dental restorative materials (DRMs) and their associated
packaging.

Methods: Three direct-placement dental materials; dental amalgam, resin-based composite
(RBC) and glass polyalkenoate cements (GIC) are assessed using primary data from a
manufacturer (SDI Limited, Australia). The functional unit consisted of ‘one dental re-
storation’ of each restorative system under investigation: 1.14 g of dental amalgam,; 0.25 g
of RBC (plus the adhesive = 0.10 g); and 0.54 g of GIC. The system boundary per restoration
included the raw materials and their associated packaging materials for each DRM together
with the processing steps for both the materials and packaging. The environmental im-
pacts were assessed using an Egalitarian approach under the ReCiPe method using
Umberto software and the Ecoinvent database. Nine different impact categories were used
to compare the environmental performance of these materials.

Results: Dental amalgam had the highest impact across most of the categories, but RBC had
the highest Global Warming Potential. The highest sources of the environmental impacts
for each restorative material were: Amalgam, derived from material use; RBC, derived from
energy use in processing material and packaging material; GIC, derived from material and
energy use for packaging.
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Significance: Less intensive energy sources or more sustainable packaging materials can
potentially reduce the impacts associated with RBC and GIC thus making them suitable
alternatives to dental amalgam.
© 2022 The Authors. Published by Elsevier Inc. on behalf of The Academy of Dental
Materials. This is an open access article under the CC BY license (hitip/creative:

~omnons.or g licen: y/4.0/).

1. Introduction

The most commonly utilised direct-placement dental re-
storative materials are dental amalgam, resin-based compo-
site (RBC) and glass polyalkenoate cements (better known as
glass ionomer cements or GICs) [1]. Dental amalgam is an
alloy of mercury (~50% wt), silver (~230% wt), copper (~13%
wt), tin (~8% wt), zinc (~8% wt) and other trace elements. It
has been used as a dental restorative material for over 150
years | /]. Since this time, the presence of mercury in dental
amalgam has been contentious, initially over health concerns
to the patient. The current position of the Scientific Com:
mittee on Emerging and Newly Identified Health Risks (SCE-
NIHR) states that dental amalgam is safe and well tested
clinically (]. More recently the environmental pollutant ef-
fect of dental amalgam has gained greater notoriety due to its
release into the environment during the material’s life cycle
[4,5].In 2010 an estimated 270-241 metric tonnes of mercury
globally was derived from the use of dental amalgam, ac-
counting for 20% of global mercury consumption jn]. The
Minamata Convention on Mercury, which has advised a
phase-down in the use of dental amalgam, has further ac-
celerated a shift towards the use of alternative materials,
including RBC and GIC-based materials [/]. Despite the ad
vised phase-down of dental amalgam as a DRM, following the
ratification of the Minamata treaty, it remains the DRM of
choice in some low- and middle-income countries due to its
relatively low cost and effectiveness [3].

RBC consists of an inorganic glass filler phase coupled to,
and contained within, an organic resin-based polymer matrix
phase. The main constituents of the plastic resin matrix are
typically methacrylate-based. Other components key to con-
trolling the polymerisation reaction of this material include
initiators, accelerators, inhibitors and photo-stabilisers [%].
Over 500 million RBC restorations were estimated to have
been placed worldwide in 2012 and cuirent usage is expected
to be higher due to increased overall applications in the last
decade [1]. RBC restorations have a greater range of applica-
tions than dental amalgam as they are adhesive to tooth
structure, restore the structural integrity of the teeth, are
tooth-coloured and have clinically acceptable levels of me-
chanical performance, degradation resistance, and durability
[10,11]. These testorations are not reported to pose any form
of health hazard with some emerging data on their environ-
mental impact that is considered to be low [12- 14].

GIC materials consist of fluoro-alumino-silicate glass that,
when combined with an organic polyacid, triggers an acid-
base setting reaction. The resulting tooth-coloured restora-
tions have specific adhesion to the inorganic constituents of
teeth and are commonly used in non-stress bearing dental

applications and paediatric dentistry; principally due to re-
ported cariostatic properties brought about through dynamic
release of fluoride into the immediate surrounding tooth
structure. These cements are commonly available as a pure
GIC or combined with a methacrylate polymer resin (resin-
modified GICs or RMGICs) in an attempt to combine the op-
timal properties of both GIC and RBC [9].

Dental amalgam, RBC and GIC-based materials can be
contained in single-use sealed rigid plastic containers, de-
scribed as compules or spills (dental amalgam), or in bulk
packaging for multiple uses. This packaging facilitates
transportation, predictable mixing, ease of use and delivery
into the tooth, protection from ambient light or moisture and
extending the product shelf-life. In addition, these containers
are further transported in secondary and/or tertiary packa-
ging. These delivery containers are designed for single use
applications and are disposed of, along with associated
packaging, into clinical or municipal waste streams. The
material containers and their associated packaging are made
up of heteropolymers that are assembled as a complex
compound structure and are therefore difficult to recycle.
There may also be residual unused material present in the
containers which is also disposed into the aforementioned
Wwaste streams.

Despite the clear positive benefits of these materials to
global public health [1%], to date few studies have been per-
formed to understand their impact on the environment. Life
cycle assessments (LCA) || provide a robust methodology to
determine the environmental impact of a material, product
or service [17]. The methodology is supported by BS EN ISO
14040:2006 |1/1 which provides guidance relating to the four
steps necessary to complete a LCA. Within oral healthcare,
LCA is increasingly being used to assess environmental im-
pacts. LCAs have been applied to measure the environmental
impact of dental equipment and sundries, clinical procedures
and oral hygiene devices. Unger and Landis (2014) performed
a comparative LCA of reused versus disposable dental burs
highlighting the necessity of increasing operational efficiency
to reduce environmental impact |15]. Munhoz et al. (2013)
developed a streamlined life cycle inventory (LCI) of the
dental local anaesthetic compule syringe [19]. Their results
highlighted the impact of LCA by providing solutions to re-
duce the energy use by 20% and solid waste production by
40% during manufacturing.

LCA to determine the environmental impact of clinical
procedures include the study by Borglin et al.(2021), that fo
cused on the dental examination procedure and identified a
number of major contributors or hotspots that could be ad-
dressed [/U]. Duane et al. (2020) applied LCA to endodontic
procedures, identifying 4.9 kg CO»-eq [21]. LCA methodology
has also been used to compare the sustainability of different
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types of toothbrushes [/, 22] highlighting that the use of re-
cycled plastic in the manufacturing process leads to a re-
duction in the carbon footprint (kg CO,-eq) and disability-
adjusted life years (DALYs) compared to other potential
manufacturing materials.

The first instance of carbon accounting applied to dental
materials is in a Public Health England (PHE) report com-
missioned by the Centre for Sustainable Healthcare (2018),
that assessed the carbon emissions associated with seven-
teen key dental procedures [24]. This study included the im-
pact of restorations using dental amalgam, RBC and GIC
dental materials. The system boundary applied to this re-
search included patient travel, staff travel, procurement,
energy, water, waste, and nitrous oxide; the impact relating
to capital items was excluded. The results found that a dental
amalgam restoration has a carbon footprint of 14.8 kg CO2-
eq, compared to 14.75 kg CO2-eq for a composite filling, while
a GIC filling has a carbon footprint of only 8.6 kg CO2-eq. This
important PHE study identified the types of dental proce-
dures that are responsible for large amounts of greenhouse
gas emissions. Critically, however it did not consider the
environmental impacts of the actual materials as used in the
clinical setting. There is an imperative need to understand
the environmental impacts associated with the manu-
facturing of direct-placement dental restorative materials
and their associated packaging through a comprehensive and
robust LCA.

Beyond the actual materials, the global impacts of plastics
and especially single-use plastics (SUPs), for example as used
for packaging for DRMs, are of increasing concem [25-2/].
Unger et al. used LCA to determine if the use of biopolymers
in the manufacture of medical devices as a substitute for
commonly used plastics such as low-density polyethylene,
polypropylene and neoprene, led to a reduction in environ-
mental impact [27]. Their results showed that although there
was a reduction in carcinogenic and non-carcinogenic im-
pacts, respiratory effects and cumulate energy demand were
observed.

The aim of this research investigation is to determine,
through a comparative assessment, the environmental im-
pacts of three direct-placement dental restorative materials
(DRMs) and their associated packaging as a cradle-to-gate
LCA ie. from the extraction of natural resources (cradle) to
the factory gate prior to distribution to the customer [29]. A
new integrated framework is developed to guide future en-
vironmental impact assessments of materials that considers
empirical inputs and packaging ( .

The framework extends the basic elements from a clas-
sical LCA process which includes goal & scope definition,
inventory analysis, impact assessment and interpretation, by
embedding a closed loop system that covers extemalities like
LCA software and database, primary data source from man-
ufacturer and redesign for impact reduction. The metho-
dology of this investigation includes primary data from
manufacturer for materials and packaging materials. This
integrated framework positions the role of LCA as an iterative
exercise with the results of an initial assessment used for
product and/or process improvement. These improvements
can be implemented and refined through further LCA so the

Fig. 1 - Life cycle assessment system framework for
comparing dental restorative materials.

process can be utilised to enable continuous improvements
and understanding of environmental impacts.

2. Materials and methods

The environmental impacts of the three main direct-place-
ment dental restorative materials and their associated
packaging are investigated: Dental amalgam, RBC (and its
associated adhesive bonding agent) and GIC. Packaging was
included to determine the environmental impact of packa-
ging as a source of single-use plastic (SUP) within dentistry. A
new integrated framework is developed to guide future en-
vironmental impact assessments of materials that considers
empirical inputs and packaging (Fig. 1).

Comparative LCA of three direct-placement DRMs; dental
amalgam, a RBC and a GIC, which are supported by empirical
data from the materials’ manufacturer (SDI Limited,
Australia). BS EN ISO 14040:2006 outlines the four steps re-
quired to complete a robust and reliable LCA [17]. Step one,
goal and scope definition (Section 2.1), establishes a system
boundary within which all of the relevant processes relating
to the chosen product or setvice are considered. The
boundary depends on the chosen application, any necessary
assumptions and the audience of the final output. The
boundary may include the complete life cycle of the product,
cradle-to-grave/cradle; or only certain steps in the production
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process and can be refined throughout the LCA. Step two
(Section 2.2), inventory analysis, requires the data relating to
the material and energy inputs and outputs to be collated
and summated. During the life cycle impact assessment
(LCIA), step three (Section 2.2), inputs and outputs are as-
signed to the chosen impact categories and transformed into
environmental impacts for analysis. The results of the LCIA
are then analysed in detail through step four, interpretation
(Section 4) [17].

2.1. Goal and scope definition

The functional unit applied to this investigation, used to de-
fine the scope of the study [30], was ‘one dental restoration’
of each DRM system under investigation, according to the
system boundary of this study (Fi;. 7). This includes a) the
impact of the raw materials, and their processing steps, re-
quired per restoration and b) the packaging materials, and
their processing steps, required per restoration. The ‘use
phase’ was omitted from this study as these impacts have
already been established [74].

2.2 Inventory analysis

The material and energy inputs and outputs required for the
LCI of each DRM system and associated packaging, in line
with the system boundary in Fig. 2, were provided by a major
international dental manufacturing company. The 3 DRMs
investigated are representative of dental amalgam, RBC and
GIC. The LCI data was collected directly by the Senior Re-
search and Development Scientist for SDI Limited (Agrissais
M) for this study and it is considered to be reliable, robust and
of high quality. In line with the chosen functional unit, the
mass of each DRM restoration was given as: RBC = 0.25 g (plus
the RBC adhesive = 0.10g); GIC =0.54g; amalgam =1.14 g.

2.3.  Impact assessment

This study used the ReCiPe Midpoint v1.13 impact assess-
ment methodology using the Egalitarian I approach. This
methodology translates resource extraction and emissions
into environmental impacts using characterisation factors at
both midpoint and endpoint level [31]. Midpoint level char-
acterisation factors occur along the pathway of impact and
endpoint level characterisation factors relate to the human
health, resource scarcity and ecosystem quality areas of
protection. Although the two levels of characterisation com-
plement each other, the midpoint level relates strongly to
environmental flows and has inherently low uncertainty as-
sociated with it and therefore was used for the environ-
mental analysis in this research. The egalitarian approach
was chosen when comparisons were made as it provides the
most precautionary perspective, over the longest timeline
and all impact pathways where data is available [31]. All
impact assessments were carried out using Umberto soft-
ware (iPoint-sytems gmbh, Reutlingen, Germany).

Where data was missing from the Ecoinvent database for
individual inputs, published protocols were implemented
based on chemical characteristics or functional parallels
|22,32]. These parallels were further confirmed by the man-
ufacturer of the materials used as being appropriate to the
scope of the study.

The equation for the contributions of individual emissions
within the system, is given in Eq. (1):

n
Process LCA = ¥, Ay % gy )
e

Ap represents the inputs (i) into the supply chain, ac-
cording to the system boundary shown in Figz. 7, this includes
raw material extraction, energy use and production pro-
cesses; n is the total number of inputs (i) and Ep is the

l Key inputs: Materials, energy and water

Raw Materials
Metal ores, chemical constituents

.

Manufacturing
and Packaging
+ Resin-based composites
* Glass-ionomer cements
* Dental amalgam
+ Single use plastic packaging

Life Cycle
Assessment (LCA)

Umberto
+
Ecoinvent
database

—

Key outputs: Waste and emissions [

Fig. 2 - Life Cycle Assessment system boundary, depicting the materials and energy flows associated with the fabrication of
RBCs, GICs, dental amalgam and the associated packaging requirements.
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Fig. 3 — Comparison of GWP from different sources within different DRMs.

emissions intensity of the chosen impact categories outlined
above, for each input (i) into the supply chain [32].

To determine the environmental impacts of the manu-
facturing processes used in the production of the DRMs and
the associated packaging, Fqs. (Z) and (2) were utilised to
calculate the electrical energy and thermal energy requite-
ments respectively.

E=Pt @
Q=CpymAT @)
In Eq. (), E represents the electrical energy requirement

(kWh), P corresponds to the equipment’s power require-
ments (W) and time (s) is represented by t. With respect to Eq
(), the thermal energy requirement is represented by Q, Cp
denotes the specific heat capacity (J kg K™) of the material
being processes, the mass (kg) of the material being pro-
cessed is represented by m and finally the change in tem-
perature (K) during the manufacturing process is represented
by AT [34].

3. Results
3.1. Total life cycle impacts

This section provides the results of the process LCAs for the
three DRM systems analysed in this study, namely dental
amalgam, RBC, RBC adhesive and GIC and all their associated
packaging requirements (the LCIA results have been provided

in the supplementary excel file). Fiz. 3 displays the Global
Warming Potential (GWP) as measured in kg CO,-equivalents,
associated with the DRMs. We focused on GWP as most of the
existing LCA studies report results for GWP which can facil-
itate a direct comparison. Moreover, global warming poten-
tial is generally known to a wider audience than other
indicators.

For illustrative purposes, the composite and adhesive
elements within the RBC have been displayed sepatrately. It
can be seen that each had a different source dominating the
contributions to overall GWP. For instance, Material can be
seen as the largest GWP contributor for dental amalgam. For
RBC, energy used in Material production was the highest
contributing source for GWP. For the RBC adhesive and GIC,
energy use in packaging had the highest GWP.

Overall, dental amalgam had the highest GWP (1.25E-01kg
COs-eq), followed by RBC (1.20E-01kg COs-eq), RBC adhesive
(6.96E-02 kg CO,-eq) and GIC (5.94E-02 kg COs-eq). For a more
holistic analysis, the impacts for RBC and adhesive should be
summed up together. In such a case, RBC has the highest
GWP at 1.89E-01 kg CO,-eq.

It is pertinent to mention here that other life cycle impact
categories may present a different picture of the results. This
can be seen in Fig 1 that presents the share of the different
DRMs in a combined form for nine different LCIA categories.
These categories include Global Warming Potential (GWP),
Fresh Water Ecotoxicity (FETP), Freshwater Eutrophication
(FEP), Human Toxicity (HTP), Marine Ecotoxicity (METP),
Marine Eutrophication (MEP), Metal Depletion (MDP), Ozone
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Depletion (OD), terrestrial Acidification (TAP), and Water
Depletion (WDP). Once again, the results for RBC composite
and adhesive have been presented separately for clarity and
detail. The figure has been adjusted so that the y-axis statts
at 30%.

Fig, 4 shows that dental amalgam has the highest relative
impact across fifteen of the nine LCIA categories while RBC
(composite + adhesive) has the highest impact for GWP and
FDP. RBC has the highest impact for OD and the second-
highest impact for ULOP. Thus, by focusing on only one or
few LCIA categories the narrative of the analysis can change
completely. As such, it is important to have a holistic en-
vironmental impact assessment with different categories
presented for a complete picture,

3.2 Individual life cycle impacts

Flgs. 5~/ present the environmental impacts of amalgam,
RBC (including adhesive) and GIC respectively. These impacts
are sub-divided into the Material, energy invested in material
processing (Mat_energy), Packaging and the energy used in
Processing the packaging (Pack_Energy).

The indicators are normalised to provide an absolute in-
dicator of 100% for each value which highlights the percen-
tage contribution of each component to the total impact. For
clear visibility the figures show nine LCIA categories in-
cluding GWP, FETP, FEP, HTP, METP, MEP, OD, TAP, and WDP.

The bar chart in Fig & shows the relative contribution of
sources in the overall environmental impacts of dental

amalgam production. It can be seen that for dental amalgam,
Material contributed the highest environmental impact
(>80%) across all of the LCIA categories. As such, the figure
was adjusted so that the y-axis starts at 80%, to show the
relative contributions of other sources clearly. The second
largest contributor across most of the LCIA categories was
Material Packaging. The impact of energy consumption for
Packaging Processing was generally higher than that for en-
ergy used for Material Processing.

The bar for GWP has been highlighted in the chart and
shows that Material had the highest share (87.61%) in the
total GWP. For a deeper understanding, the pie chart in the
lower right comer of I, = shows the share of constituents
towards this GWP from Material. It can be seen that silver
metal contributed overwhelmingly (92.95%) to GWP, followed
by mercury (5.39%) and tin (1.66%). Additional material con-
stituents include copper, zinc, etc., but their impacts were
negligible as compared to the others and as such weren’t
included in the pie chart.

The bar chart in Fig. & shows the relative contribution of
sources for the environmental impact of RBCs. It is important
to mention that since the composite and the adhesive are
used together in a single dental restoration, their impacts
have been presented together. For this DRM, energy con-
sumption (heat + electricity) for Material Processing and
Packaging Processing had the greatest relative impacts across
most of the LCIA categories. The third largest contributor
across most of the categories came from materials used for
Packaging (including syringe and compule for the composite/
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Fig. 4 - Comparison of LCIA categories for the DRMs.
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Fig. 5 - The percentage contribution of each component required in the production of one Amalgam restoration for each
environmental impact category studied. Y-axis starts at 80% and GWP results are highlighted.

RBC and additional packaging for the Adhesive). The least
impacts came from Material Processing.

In Fig. 6, the bar for GWP is highlighted for further ela-
boration of the results and shows that the greatest share of
impact came from energy use in Packaging Processing

(57.06%), followed by that from energy use in Material Pro-
cessing (29.64%), followed by those from components used in
producing different Packaging for the DRM (12.79%).

The impacts of different sources have been further dis-
aggregated in the pie charts on the right-hand side of the

Life cycle impacts in RBC+Adhesive DRM Production
®Pack Energy @Mat Energy ®Packaging @Material
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Fig. 6 - The percentage contribution of each component required in the production of one RBC restoration for each
environmental impact category studied. GWP results are highlighted.
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Life cycle impacts in GIC DRM production
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Fig. 7 - The percentage contribution of each component required in the production of one GIC restoration for each
environmental impact category studied. GWP results are highlighted.

figure. The pie chart in the top-right corner shows the con-
tribution of energy use in processing the materials towards
GWP. It shows that the composite had an overwhelming
share (99.93%) in the corresponding GWP impact. The re-
maining two pie charts display share in GWP from material
and energy consumption in producing the packaging. For
materials, those used in compule production resulted in the
greatest share of GWP (66.96%) among all components.
Conversely, for energy consumption in processing packaging,
the share of energy used to process Adhesive packaging re-
sulted in the highest GWP (62.55%).

These results can be further disaggregated in terms of the
individual component flows in producing compule, syringe
and adhesive packaging. However, this has not been dis-
cussed as the focus is on energy consumption which was the
largest contributor of GWP for RBCs. This energy consump-
tion included both grid electricity and heat use. This heat was
also produced from electricity.

The bar chart in Fig. 7 shows the relative contribution of
the four sources for life cycle impacts of GIC DRM produc-
tion, Packaging and the associated energy consumption for
Packaging Processing were the major contributors for all
impact categories. The third largest contributor across
most of the categories was Material whereas energy con-
sumed in Material Processing had the lower impact for the
majority of impact categories. The bar for GWP has been
highlighted to display the share of different sources. It can
be seen that most of the contribution to GWP came from
energy (49.99%) and material (46.46%) used in packaging
production.

The Sankey diagram in the lower right corner shows the
contributions of the material and energy constituents to the

GWP associated with Packaging Processing for GIC DRM. For
material, polycarbonates had relatively the largest share of
GWP impact (86.20%) whereas electricity use contributed the
highest GWP from energy use in packaging production. Once
again, the source of heat was also grid electricity and the
energy sources have only been presented separately for il-
lustrative purposes. A picture of the GIC primary packaging is
displayed in the top right corner of Fig, 7.

4. Discussion

There is a research gap with respect to the application of LCA
to determine the environmental impacts of dental restorative
materials. Notwithstanding, the results of this study can be
compared to a small number of available works.

The Centre for Sustainable Healthcare report, commis-
sioned by Public Health England - PHE [24], reported that a
dental amalgam restoration has a carbon footprint of 14.8 kg
CO,-eq, while this study reports the GWP of dental amalgam as
1.25E-01 kg CO»-eq. Similarly, this study reports a much lower
impact for both a RBC (1.20E-01 kg CO,-eq, compared to 14.75 kg
CO,-eq reported by PHE), and a GIC (5.94E-02 kg CO,-eq, com-
pared to 8.6 kg COseq reported by PHE). The key difference
between these two studies is the system boundaries applied.
The PHE study concerns the application of these materials into
a patient, included patient travel, staff travel, procurement,
energy, water, waste and nitrous oxide, the study does not
consider the production of the DRMs required for each of these
restorative procedures. Therefore, as the system boundary of
the present study concerns the environmental impact of the
raw materials required for the manufacture of dental




image149.png
DENTAL MATERIALS 39 (2023) 13-24 21

amalgam, RBC, and GIC restorative matetials, it may be sen-
sible to consider these results as complimentary and summate
them to provide a cradle to grave system boundary.

4.1. Environmental impact of the material architectures
of the DRM systems

Fig. = shows that across the majority of the environmental
impact factors, the incorporation of silver into the dental
amalgam has the highest environmental impact, (>80%).
Despite having the highest weight percentage of the material
inputs to the dental amalgam (47%), mercury only shows the
second highest impact. Mercury is a known environmental
pollutant with associated negative health impacts when toxic
thresholds are surpassed. When present within dental
amalgam, there is no evidence that the mercury within this
material causes serious harm, rarely local adverse events
such as allergic reactions have been recorded [3/]. However,
the release of this material into the environment throughout
its life cycle is the reason for its advised reduction and cur-
tailment under the auspices of the Minamata Convention
ratification, Other elements within dental amalgam also have
potential negative environmental impacts, for example, the
impact of released silver into the environment varies de-
pending on its form [26] however it is known to be toxic to
terrestrial and aquatic organisms [37].

From the dentist’s surgery, the precious metals used in
the production of amalgam find their way into the environ-
ment via numerous mechanisms (5] with global regional
variations. Amalgam capsules are treated as hazardous
waste and are mostly sent for incineration which results in
the formation of incinerator ash. This ash, which contains
traces of the dental amalgam, is then sent to landfill. Cap-
sules could also be sent straight to landfill if they are unin-
tentionally disposed of into municipal waste. In the dental
surgery, dental amalgam debris is filtered via separators to
reduce the volume of waste deposited in the water system.
The combined effect of dental amalgam separators and pur-
ifying plants is calculated to remove 99% of mercury in
wastewater before release into the natural environment |37].
Another pathway to the environment is via human waste
excretion [39]. Overall, while the environmental impact of
mercury in dental amalgam fillings cannot be ignored, it is
clear that when a wider scope is applied to the other con-
stituents of dental amalgam, the use and consequences of
the silver content of this DRM must also be considered.

While RBCs and GICs contain different materials, their
mobility through the environment mirrors that of dental
amalgam. The environmental release of the monomeric
components of RBC has potential negative impacts based
upon their proven in vitro cytotoxic and genotoxic effects
[40-427] and the release of bisphenol A (BPA) a known xe-
noestrogen [47]. The release of RBC waste in the form of
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Fig. 8 - Electricity and heat use in material and packaging production for the DRMs.
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microparticles generated through normal dlinical use (such
as removing an old restoration) further compounds these
impacts due to the large surface area that these pollutants
can elute [4, 14 447,

The results provided in Fiz. & show that a significant share
of the environmental impact of RBCs is mainly caused by
energy use, The use of material contributes significantly to
some impacts only e.g., WDP. Most of this can be traced to
resin and mineral filler in the material structure. Moreover,
acetone and sulphuric acid in particular are significant con-
tributors to environmental impacts {45]. Mineral fillers are
produced on an industrial scale and the LCA results of com-
pounds such as strontium bromide and sodium carbonate (or
soda ash) for which carbonation, filtration and ammonia re-
covery process steps are required, demonstrate high en-
vironmental impacts from their production [46,47). While the
use of organic resin and solvent in the RBC adhesive struc-
ture led to a high contribution to a number of the environ-
mental impact categories.

Similarly, to the RBC, the environmental impact of mate-
rials used in GICs is mainly spread across the use of mineral
fillers. Other aspects that can influence the environmental
impacts of mineral fillers include the high electricity re-
quirements during manufacturing leading to increased re-
sults for the human toxicity environmental impact
category [45].

‘With a steady reduction in the use of amalgam restora-
tions, it is clear from a material input, that the alternative GIC
materials provide a solution that has a reduced impact on the
environment. Taken alone, the material inputs into the RBC
restoration led to the lowest environmental impact, and re-
main similar when the impacts of the adhesive required to
adhere the RBC to the tooth is also assessed.

4.2. Environmental impact of the manufacturing energy
requirements of the DRM systems

To avoid the disclosure of proprietary company data, the in
dividual process steps required for the manufacture of each
DRM have not been provided. iz, & presents the energy
(electricity + heat) intake by source for manufactuting ma-
terials as well as packaging for each of the DRMs. It can be
seen that a significant amount of energy is used in packaging
for GIC and RBC DRMs which could perhaps be redesigned for
efficiency gains.

This study uses the electricity mix (the national electricity
board), medium voltage [kWh] dataset from Ecoinvent to
provide an average impact for the electricity and heat use in
DRM production [44]. A reduction in the total impact of the
electrical energy required in the production of each DRM
could be achieved through decarbonisation. Decatbonisation
of the national grid which can be accomplished through the
implementation of renewable energy resources, nuclear
power generation or an increase in the utilisation of gas, for
example. The same end can also be achieved through a re-
duction in demand that equates to energy efficiency savings
[50.511. A reduction in thermal energy requirements can be
achieved through efficiency savings such as the im-
plementation of sensors and controls, the use of appropriate
refractory materials to reduce heat loss, ensuring efficiency

heat transfer within furnaces and the recovery of heat to
reuse in other processes [57].

4.3. Environmental impact of the packaging requirements
of the DRM systems

Fig. © shows that the packaging requirements for the GIC
DRM has the highest impact caused by the packaging mate-
rials; the use of polycarbonate (PC) in this packaging (47 wt%)
results in majority of the GWP impact. The GWP of the dental
amalgam packing has the highest percentage contribution
from the use of low-density polyethylene (LDPE) and the use
of polyamide-6 leads to the highest percentage contribution
of the GWP for the RBC packaging. The GIC DRM packaging
would benefit, where possible, from substituting PC for a
polyolefin polymer such as LDPE, PP or high-density PE. As PC
production involves addition chemical processing between
the oil refinery and polymerisation, it has a higher environ-
mental impact than polyolefin polymers and therefore
making this substitution would reduce the environmental
impact of this packaging type [3].

As shown in previous studies, developing strategies to re-
cycle medical waste will not only reduce the environmental
impacts of utilising virgin materials during the manufacturing
process, it will also reduce the costs of waste disposal and
teduce the burden of waste polymers on landfills [*4,57].

The component level analysis presented in through
7 can be helpful in process improvements as indicated in the
framework provided in Fig 1. For instance, replacement of
silver and mercury with suitable altematives can reduce the
life cycle impacts and potentially make dental amalgam a
suitable choice, Similarly, by changing energy sources for
RBC manufacturing, the resulting impacts can be lowered
significantly. The impacts for GIC can be reduced by re-
designing packaging to include altematives to poly-
carbonates. Once these changes have been made, another
LCA can be conducted to compare the three DRMs. These
results can be combined with other criteria such as economic
and social elements to choose the best alternative.

5. Conclusions

This study compared the relative life cycle impacts from
three direct-placement dental restorative materials (dental
amalgam, RBC and GIC), using primary data from the man-
ufacturer, The study considers the material and associated
packaging of the individual DRMs and it includes a compar-
ison of energy consumption in processing the materials for
final output. The study shows empirically that dental
amalgam generally has the highest life cycle impacts across
most of the categories. GIC has relatively the lowest impact
across the corresponding categories. These impacts could be
reduced further through efficiency gains in packaging design.
For REC to be better positioned as a suitable dental amalgam
alternative, less intense energy sources should be explored
and analysed. The longevity and need for replacement (with
associated environmental impacts) of the restorations dis-
cussed in this research has not been discussed and would
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form the basis of future work to elucidate the optimal ma-
terial in a true cradle-to-grave study.

This study includes the introduction of a closed loop in-
tegrated framework that delineates steps for continuous
process improvements through a combination of primary
data, LCA and root cause analysis. The framework proposes
that the LCA results for DRMs can help identify the processes
and material inputs with the greatest environmental im-
pacts. Corrective action can include a combination of
changes in energy, manufacturing and material choices.
These changes will be reflected in another LCA until the
margin for improvement becomes insignificant.

The limitations of this study are the use of environmental
criterion only to identify the optimal DRM and financial and
clinical durability indicators could be used for a more holistic
assessment. In addition, the use of other energy sources
could have relatively lower environmental impacts. A future
study could consider the use of more sustainable and re-
newable energy sources for impact assessments. The com-
parison of data from different manufacturers to identify best
practices is desirable but competitive practice makes this
unattainable. While this study provides three self-contained
case studies, the results will have a wider impact than den-
tistry alone with respect to the use of single-use plastic
packaging within the healthcare system.
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Objectives: (i) To undertake a comprehensive scoping review of the literature that addresses the research question
‘What is the current state of environmental sustainability in general dental practice?’ (i) To provide an effective
baseline of data that will consider general awareness, barriers and challenges for the implementation of sus-
tainable practice.

Data & sources: The scoping review was conducted for all published literature in the English language that ad-
dresses this topic up to the 31st April 2021. The method of the PRISMA-ScR (PRISMA extension for Scoping
Reviews) was followed. 128 papers included in this scoping review consisted of: Commentary [Letters, editorials,
communication and opinion] (n = 39); Research (n = 60); Literature reviews (n = 25); Reports [Policy and
legislation] (n = 4). Each included record was analysed for emerging themes that were further classified ac-
cording to their general relevance. The scoping review is considered over two manuscripts, with this first paper
focusing on awareness of the problem and barriers or challenges to the implementation of sustainable care.
Conclusions: Fight diverse but closely interlinked themes that influence the sustainability of oral health provision
were identified: Environmental impacts (CO,e, air and water); Reduce, reuse, recycle and rethink; Policy and
guidelines; Biomedical waste management; Plastics (SUPs); Procurement; Research & Education; Materials.
Barriers to implementation were identified as: Lack of professional and public awareness; carbon emi
arising from patient and staff commute; challenges associated with the recovery and recycling of biomedical
waste with a focus on SUPs; lack of knowledge and education into sustainable healthcare provision and; the
challenges from the manufacturing, use and disposal of dental materials.

sions

1. Introduction

that climatic change currently causes over 150,000 deaths globally per
year and between 2030 and 2050 this will increase to 250,000 addi-

Evidence that climate change is anthropogenic in nature is estab-
lished [1,2]. Four out of nine planetary boundaries (safe operating limits
of planetary health) have been crossed, including climate change, loss of
biosphere integrity, land-system change and altered biogeochemical
cycles (phosphorus and nitrogen) [3]. Global average temperatures are
now significantly higher than pre-industrial levels, an effect that cannot
be explained without human activity and greenhouse gas emissions [4].
The impacts of climate change include increased ocean and atmospheric
temperatures, the associated impacts of altered precipitation patterns,
rising sea levels, acidification of the oceans, increase in the frequency
and intensity of extreme weather events and severe flora and fauna
species-level extinction. Climate change has also been described as ‘one
of the biggest global threats to human health of the 21st century’ [5].
Human health is intrinsically linked to the environment. It is estimated

* Corresponding author.

tional deaths per year [6,7].

Health care delivery is currently not environmentally, socially or
financially sustainable due to high amounts of COse (carbon dioxide
equivalent) and waste generation [8]. It is paradoxical that healthcare,
with a central tenet to support and protect health and life, contributes to
climate change with consequent increased deaths and reduced quality of
life through unsustainable practices. Oral healthcare in particular, has
previously focused on solely providing optimal patient care, without
consideration of environmental impact. This is changing with an
increasing awareness of the need for sustainability at all levels of society,
government and industry. For example, the signing of the Paris Agree-
ment of 2016, national legislation such as the U.K.’s Climate Change Act
of 2008 and global climate change activism. Accordingly, there is a call
for Dentistry as a profession, to integrate sustainable development goals
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into daily practice and support a shift to a green economy in the pursuit
of healthy lives and well-being for all through all stages of life [9]. As we
strive to implement more sustainable practices, there is a need to un-
derstand the current knowledge base, to increase awareness, identify
barriers and opportunities to implementation; alongside examples of
best practice that can be implemented and wanslated into wider
contexts,

Sustainability within oral healthcare is an emerging topic with a
significant volume of literature outputs covering multiple facets of this
domain, It is therefore important to review and compile this existing
knowledge in a structured manner to establish a baseline, that will
inform and support further research, fill knowledge gaps, drive
engagement and establish parameters of best practice.

A scoping review of the current literature base is considered the most
appropriate tool to accomplish this by asking the research question,
‘What is the current state of environmental sustainability in general
dental practice?” The aim of this study is fo undertake a comprehensive
scoping review of the literature to address the research question.
Through this process we have undertaken a thematic analysis that de-
seribes the general professional and societal awareness of the problem;
identifies the barriers or challenges to the implementation of sustainable
care; considers the drivers and opportunities to develop and engage with
sustainable practice and reviews recommendations and examples of best
Ppractice,

2. Method

The methodology established by Arksey & O’Malley and the

Included
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PRISMA-ScR (PRISMA extension for Scoping Reviews) was used [10,
11].

A thematic analysis as described by Braun & Clarke (2006, 2014) was
employed to analyze the emerging themes in accordance with the six-
point phases described [12,11], Through a thematic analysis we have
organized, described and interpreted our data set. Themes were identi-
fied from common patterns in the included papers. A patterned response
relates to ‘prevalence’, in terms of space within each data item and of
prevalence across the entire data set. Items of low prevalence, or that
captured something important in relation to the overall research ques-
tion, were also included. In this scoping review, we have gone beyond an
inductive process of thematic coding and analysis (Frith and Gleeson,
2004) to a more detailed semantic approach (Knafl and Patton, 1990)
[14,15]. In this way, the data is organized according to semantic con-
tent, and is then summarized and interpreted, with an attempt to
theorize the significance of the patterns and their broader meanings and
implications. A thematic analysis was used to identify, analyze and
report patterns (themes) that arise through the review process,

The search strategy for the scoping review was undertaken in a series
of distinet steps (Fiz 1), An initial search included published literature,
internet web resources, all topics and all types of documents, A multi-
disciplinary research platform (Web of Science, Clarivate™-Institu-
tional licence) was employed for this task as it enables simultaneous
cross-searching of a range of citation indexes and databases (Table 1)
[16:], Web of Science identified relevant literature, with no restriction on
study design, article type (e.g., opinion pieces, editorials or patents etc.),
source or date; and these were filtered later, No limitations were placed
on the year of publication but only papers in the English language were

records

Records retrieved
from reviews
n=33

Potentially relevant,
previously identified
n=62

— — -

Excluded
Records identified records
n=944
Duplicate or
— — | irretrivable sources
—y n=100

False positives

n=615

Y

Full texts retrieved

n=324

Not relevant
n=54

Did not meet the
inclusion criteria
n=141

anluslon) (Eliglhﬂity) ( &mnshce'fie::?ugsions D (ldenﬁﬁcaﬂo)

Records included in
the scoping review

n=128

Fig. 1. Flow chart for record retrieval and inclusion (All outputs up to 30 April 2021).
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Table 1
Search databases, search domains and search termns through web of science (16).
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Table 2
Inclusion and exclusion search criteria.

Database
Web of Seience Core
Cdllection (1900-2021)

Search domains

Publications: Joutnals (ineluding open access),
conference proceedings, patents, and books.Sources:
Science Gitation Index Expanded (1900-2021);
Social Sciences Citation Index (1900-2021); Arts &
Humanities Citation Index (1975-2021); Conference
Proceedings Gitation Index- Science (1990-2021);
Conference Proceedings Citation Index- Social
Science & Humanities (1990-2021); Book Citation
Index-Science (2005-2020); Book Gitation Index—
Social Sciences & Humanities (2005-2020);
Emerging Soutces Citation Index (2015-2020%
Current Chemical Reactions (1985-2020) [incl udes
Institut National dela Propriete Industridle structure
data back to 1840); Index Chemicus (1993-2021).
Publication: Joutnals (inclnding open access),
meetings, patents, and books.Domains: Pre-clinical
and experimental research, methods and
instrumentation, animal studies

Publication: Journals (including open access),
meetings, patents, and books.Domains: Pre-clinical
and experimental tesearch, methods and
instrumentation, animal studies.

Publication: Complete tables of contents and
bibliographic information from the worlds leading
scholarly journals. Domain: Social & Behavioural
Sciences (1998-2021); dlinical Medicine
(1998-2021); Life Sciences (1998-2021)
Publication: Research data sets and data studies.
Domain: Science (1900-2021); Social Sciences &
Humanities (1900-2021)

Publication/Domain: Combines patent information
indexed in the Derwent World Patent Index
(1963-2020) with patent citations indexed from the
Derwent Patents Citation Index (1973-2021).
Publication: Bibliographic information for scholarly
literature published in Korea.Dornain: National
Research Foundation of Korea and contains
Publications: Comprehensive bibliographic database.
Domain: Life sciences database: The U.S. National
Library of Medicine® (NLM®), NCBI databases and
PubMed Related Atticles

Publications: Selected and provided by the Scientific
Hectronic Library (eLIBRARY.RU)Domain: Across all
domains

Publications: Open access journals from Latin
Ametica, Portugal, Spain, and South Africa.Domair:
Across all domains

BIOSIS Citation Index
(1926-2021)

BIOSIS Previews (1969-
2021)

Cutrent Contents Connect
(1998-2021)

Data Gitation Index (1900-
2021)

Derwent Innovations Index
(1963-2021)
KGI-Korean Journal

Database (1980-2020)

MEDLINE® (1950-2021)

Russian Science Citation
Index (2005-2021)

SeELO Gitation Index
(2002-2021)

included; as this is considered to be the main publishing language for
scientifie articles, governmental and national and international NGO
reports. Since sustainability is an umbrella term which encompasses
multiple subjects (e.g., climate change, carbon emissions, the use of
plasties and many others), numerous searches were carried out with the
aim to include as many relevant interpretations of sustainability as
possible. The search terms used were: Carbon footprint; climate change;
environmental impact; green dentistry; life cycle analysis or LCA; pro-
curement; sustainable healthcare; sustainable dentistry; reduce, reuse,
recycle or 3rs; reduce, reuse, recycle, rethink or 4rs; recycl?; single use
plastics; waste management; and waste hierarchy, All search terms
except sustainable healthcare and sustainable dentistry were com-
pounded with the additional search term: Dentistry or dental care or
dental practice or dental office, The search strategy was designed and
agreed following consultation with the research team, The search was
conducted between April 2020 to 30t April 2021 with this latter date
marking the cut off for inclusion. This initial search identified 944
records,

Further screening was conducted by reviewing titles and abstracts
with the authors working in pairs according to the inclusion/exclusion
criteria and reaching consensual decisions (Table 2). Outputs were
further excluded if they were duplicates (n = 44), irretrievable (n = 56)

Inclusion criteria

Direct relation to dentistty

English language

Discussed sustainability in relation to the enviconment (not durability ot other
meanings)

All types of sources, including commentaries, opinion, teviews, reports and research,

Exclusion criteria

Contained search terms in a different context to the tesearch question

Poor use of English langnage, poorly written or poorly translated, that prevented
understanding

Papers not rdl evant to the reseatch question

Reseatch papers with absent ot inadequate methodology

and not relevant at initial review (false positives) (615 papers), Further
outputs were identified by the investigators from the bibliographies of
the systematic and narrative reviews (n = 95). This process yielded 324
records, for which the full texts were retrieved.

The full text papers were randomly divided into four groups to be
analysed by four of the investigators (MS, GG, PA, MC), Each investi-
gator individually read and critiqued a share of papers, summarising
each with relative merits, The papers were tabulated in a spreadsheet to
enable thematic analysis and coding with further filtering according to
the inclusion/exelusion criteria (Table 2), Subsequently, the four in-
vestigators, working in pairs, cross-checked every paper. At this point,
further papers were excluded. This process resulted in a final count 128
outputs to be included in the review.

The 128 papers included in this scoping review consisted of: Comr-
mentary [Letters, editorials, communication and opinion] (n = 39);
Research (n = 60); Literature reviews (n = 25); Reports [Policy and
legislation] (n = 4). Each record included was analysing for emerging
themes as described. Key themes from each paper were coded against
identified themes (T-bi 3, . Tabulated outputs up to the 31 April
2021 were included as the cut-off date from this scoping review
(Table 4),

g

3. Results

The outputs are described thematically in eight separate headings as
per T4ble 1. These are further divided into sub sections, where possible,
to enable the reader to focus on specific points according to their general
relevance, These subsections are detailed in two sequential publications:

- Awareness and bariers to sustainability in dentistry: A scoping
review, This publication considers the literature with a focus on: Back
ground, where appropriate; Awareness of society and the profession to
the impact of oral health professional activities; and Barriers to develop
and engage with sustainable practice.

- Drivers, opportunities and best practice for sustainability in
dentistry: A scoping review [17]. This complementary publication
considers the same bady of the scoping literature review with a focus on:
Drivers to develop and engage with sustainable practice; Opportunities to
develop and engage with sustainable practice; Recommendations & Best
practice for effective sustainable dental practice, based on guidance and
real examples,

Table 3
Themes identified in the review of the literafure.
Code Theme Topic
1 Eavironmental impacts - COse, ait and water
2 Reduce, reuse, recycle and rethink
3 Policy and guidelines
4 Biomedical waste management
S Plastic (SUPs)
6 Procurement
7 Research & Education
8 Materials
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figure legend, the reader is referred to the web version of this article.),

3.1, Theme 1: Environmental impacts-GOZ2e, air and water

3.1.1. Background

A series of recent articles by Duane et al., consider sustainability in a
comprehensive manmer and provide a very helpful contemporary
context to this domain |18-25]. The introductory article highlights the
relationship between planetary health and human health, focusing on an
increased professional awareness to be environmentally sustainable but
matched by an inability to act on this through lack of knowledge and
tools | 18], This article also provides a series of useful definitions of
greenhouse gases, global warming potential and COse. The topics of air
pollution, energy and water use, have a heavy predominance in the
literature of this theme. There is a need to consider sustainability in
dentistry within a wider context of modernisation of the dental profes-
sion and the services that it provides [2¢],

3.1.1.1. Airpollution. Ata societal international level, the management
of air pollution on a world-wide basis is led through the United Nations’
body, The Intergovernmental Panel on Climate Change (IPCC) | The
IPCC aims to ‘provide policymakers with regular scientific assessments
on climate change, its implications and potential future risks, as well as
to put forward adaptation and mitigation options.” Air pollution impacts
every living being on planet Earth and every human citizen has a per-
sonal responsibility for managing this at an individual level. The pro-
fessional literature has highlighted this point, noting that global
greenhouse gases need to drop by 45% from 2010 levels in the next 12
years [ 5],

A major contributor to air pollution arises from petrol and diesel
vehicles with significant health effects particularly on young children
and people with respiratory and cardiovascular disease, Increased short-
term exposure to elevated particulate matter can have adverse health
effects |251; in the UK, air pollution kills 40,000 people every year [9].
Healtheare is identified as a major contributor to CO, emissions and in
the UK this is estimated to account for 5% of the national emissions [#].
At the level of professional activities in oral health care, air pollution is
increasingly being understood and should not be underestimated [15,
J(1-114]. This arises from a number of different sectors, mainly inciner-
ation of waste, anaesthetic gases and CO, emissions associated with
travel and transport; these are all considered separately in this report.

‘Waste management through incineration further contributes to air
pollution. Medical waste incinerators release toxic air pollutants and

Journial of Dentistry 112 (2021) 103735

ash, major contributors of dioxins in the environment; with a reported
link to an increased risk of non-Hodgkin lymphoma and serum organo-
chlorine concentrations [:15], Incineration of plastics is a recognised and
significant contributor to the release of hazardous dioxins |36 1.

3.1.1.2, Patient and staff travel, Travel and transport accounts for 13%
of CO, emissions associated with UK-NHS health, public health and
social care, Travelling to and from practice by both patients and health-
care providers is the highest emission source (64.5%) [8,5,1 407,

The air pollution impact of travel related to dentistry is also signif-
icant and equates to around 8% of the total UK NHS air pollution impact
from travel [21], One tenth of air pollution emissions are from health
care systems [16,41],

Dental-associated travel affects air quality, releasing over 443 tonnes
of nitrogen oxides (NOx) and 22 tonnes of particulate matter (PM2.5)
annually. The associated reduction in air quality reduces over 325
quality-adjusted life years (QALY) per year and costs £17.5 million a
year [8,70], There is a realisation that the profession’s management of
carbon emissions needs to be an integral part of normal sustainable
practice [31].

3,1.1.3. Energy use. The energy use ufbuildings makes up 15% of the
carbon footprint of primary dental care [*,26,35], Without ‘green’ en-
ergy saving features, buildings contribute to 24% of the total UK NHS
healthcare system carbon footprint by consuming more than £410
million worth of energy [ 61, The annual carbon footprint of NHS dental
electricity use is 51,939 tCO4e and for gas 51,649 tCO»e; this equates to
7.7% and 7.6% respectively of the total carbon footprint of NHS dental
services in England [19,37]. Older smaller clinics, with no air condi-
tioning and fewer meeting rooms generated lower carbon footprints
than newer clinics. This suggests that new buildings are not necessarily
more energy efficient [19]; the energy saving building features need
have to be balanced against usage. A study by Duane et al. (2019) in-
cludes a useful comparative table of energy use within the dental
practice [ 19]; e.g, autoclaves, washer disinfectors and ultrasonies use a
lot of energy, although for a relatively low time through the day [10].
Building regulations and advisory groups can assist building owners to
rate or create healthy, efficient and cost saving buildings; e.g., LEED
(Leadership in Energy and Environmental Design) system in the UK or
TERI in India [1%,72,33,42-44]. Arecent LCA that considers the overall
environmental unpact of dental examinations highlights their relative
low impact, with the caveat for the need to consider the magnifying
effect of the number of these procedures undertaken every year [45].

3.1.1.4. Water consumption. Water consumption also contributes to the
carbon footprint; although compared to other activities, the direct
impact on carbon emissions from oral care provision is lower, The water
industry in the UK contributes 0.8 per cent of annual UK greenhouse gas
emissions [1r|. The proportion of the carbon footprint directly attrib-
uted to water use in the provision of oral healthcare is only 0,09% of the
overall carbon footprint [34,37], Water is a very precious resource that
should be managed more effectively in dental practices, The European
Dental Association (EDA) reports that dental offices consume 57,000
gallons (259,000 litres) of water a year | with an average water
consumption estimated at around 33,000 litres per surgery per year

4. Other reports estimate that the use of water in dental practices
from tooth brushing at plaque stations and hand washing is presumed to
be 17,000 gallons (77,284 litres) a year per dental surgery [47]. The
indirect impact is significant, as the water used in dental offices needs ta
be treated before and after in water and sewage works; both requiring
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Table 4

Thematic description of the literature (Eight tables: One table per theme). The 128 papers included in this scoping review are all published literature and consist of:
Gommentary [Letters, editorials, communication and opinion] (n  39); Research (n  60); Literature reviews (1 25); Reports [Policy and legislation] (n  4), Tables
include outputs with primary focus (normal font) and secondary focus (italic font),

Author Title Year  Type Subject matter teported Location
teported

Theme 1: Environmental impacts-CO,e, air and water (7 = 21)

Borglin et al. [47) The life cycle analysis of a dental examination: Quantifying the 2021  Research Advice Sweden
environmental burden of an examination in a hypothetical dental practice

Duane et al. (4] Sustainability in Dentistry: A Mul tifaceted Approach Needed 2020  Research Advice-System approach UK

Wilson et al. [40] What impact is dentistry having on the environment and how can dentisiry 2020  Commentary  Advice, opportunity UK
lead the way?

Verma etal. [130] Knowledge, Attitude and Practice of Green Dentistry among Dental 2020  Research Perceptions India
Professionals of Bhopal City: A Cross-sectional Sutvey

Duane et al. [17] Envitonmentally sustainable dentistry: a btief introdustion to sustainable 2019 Review Ovetview UK
concepts within the dental practice

Duane et al. (27 Envitonmental sustainability and biodiversity within the dental practice 2019  Review Advice, opportunity UK

Duane et al. (19] Environmentally sustainable dentistry: energy use within the dental practice 2019 Review Advice UK

Duane et al. 23] Envitonmental sustainability: measuting and embedding sustainable 2019  Review Advice UK
practice into the dental practice

Duane et al. [21] Environmental sustainability and travel within the dental practice 2019  Review Awareness, opportunity UK

Nagpal et al. [51] Green Dentistry: Daunting for Developing Countries 2019  Commentary  Challenges UK

Duane & Dougall [41] Guest Editorial: Sustainable Dentistry 2019  Commentary  Advice, challenges and UK

opportunity

Hurley & White (/] Carbon modeling within dentistry 2018  Report Recommendations UK

Philtipson J. 1951 The need for sustainable dentistry 2018  Commentary  Advice UK

Grose et al. [149] Devel oping sustainability in a dental practice through an action research 2018  Research Advice UK
approach

Duane et al. 37] An estimated carbon footprint of NHS primary dental care within England. 2017 Research Assessment UK- England
How can dentistry be more environmentally sustainable?

Sachdev etal. [177]] Green route indeed a need for dental practice 2017 Review Advice India

Aggarwal et al. [150] Go green: A new prospective in dentistry 2017  Commentary  Advice India

Mulimani et al. 11511 Green dentistry: The art and science of sustainabl e practice 2017 Review Awareness, advice UK

Richardson et al. {9 What's in a bin: A case study of dental clinical waste composition and 2016  Research Awareness UK
potential greenhouse gas emission savings.

Carney et al. [17] The D Word 2015 Commentary — Awateness USA-

California

Duane et al. [152] Green Dentistry - Motivating change 2014 Commentary  Challenges and advice UK

Holland C. [157] Greening up the bottom line 2014 Commentary  Advice UK

Avinash et al. [157 Going Green with Eco-friendly Dentistry 2013 Commentary  Advice UK

Duane et al. [31] Taking a bite out of Scotland's dental carbon emissions in the transition toa 2012 Research Awareness UK- Scotland

low carbon future

Theme 2: Reduce, rense, recyele and rethink (n=17)

Bowden etal. [101] Evaluating the environmental impact of the Welsh national chil dhood oral 2021  Review Awareness UK-Wales
health improvement programme, Designed to Smile

Su etal. [154] Additive manufacturing of deatal prosthesis using pristine and recycled 2020  Research Awareness China
zirconia solvent-based sturry stereolithography

Lyne etal. 25 Combining evidence-based healtheare with environmental sustainability: 2020  Research Awateness ot reported
using the toothbrush as a model

Ahmadifard A, (7] Unmasking the hidden pandemic: sustainability in the setting of the COVID- 2020  Commentary  Awareness UK
19 pandemic

Duane et al. [24) Incorporating sustainability into assessment of oral health interventions 2020  Research Awareness Liot reported

Duane & Dougall 14111 Guest Editorial: Sustainable Dentistry 2019  Commentary  Attitudes Mot reported

Khanna et al, [155] Green dentistry: A systematic review of ecological dental practices 2019 Review Awareness, advice Mot reported

Harford et al. [7] Sustainable Dentistry: How-to Guide for Dental Practices 2018  Commentary  Advice ot reported

Grose et al. 1501 Devel oping sustainability in a dental practice through an action research 2018  Research Advice ot reported
approach

Phillipson J. [+1] The need for sustainable dentistry 2018 Commentary  Awateness, advice Mot reported

Eram et al.[150] Eco Dentistry: A new wave of the future dental practice 2017  Commentary — Awareness, advice Mot reported

Pithon etal. [19%] Sustainability in Orthodontics: what can we do to save our planet? 2017 Commentary  Awateness, advice Mot reported

Kakkar et al. [97] Go green: a new prospective in dentistry 2017  Commentary — Awareness, advice ot reported

Sachdev etal [123) Green route indeed a need for dental practice: A review 2017  Review Advice ot reported

Ranjan etal. [79] Awareness about biomedical waste management and knowledge of effective 2016 Research Awareness ot repocted
recycling of dental material s among dental students

Rupa et al. 53] Taking a Step Towatds Greener Future: Practical Guiddline for Eco-Friendly 2015  Commentary — Overview Not repotted
Dentistry

Chadha etal. [157] Establishing an Eco-friendly Dental Practice:A Review 2015  Review Advice ot reported

Rastogi etal. [110] Green Dentistty, A Metamorphosis Towards an Eco-Friendly Dentistry: A 2014  Commentary  Awareness Mot reported
Short Communication

Chopra et al. 371 Eco Dentistry: The enviconment-friendly dentistcy 2014 Commentary  Awareness, advice ot reported

Rahman etal. [154] Green Dentistry - Clean Dentistry 2014 Commentary  Awateness, advice ot teported

Al Shatrat et al. |10 Jotdanian dentists’ knowledge and implementation of eco-friendly dental 2013  Research Advice Jordan
office strategies

Garg and Guez [17] Trends in Implant Dentistry - Green dentistey 2010  Commentary — Awareness Not reported

Anderson et al. [ 1161 Creating an environmentally friendly dental practice 1999 Commentary  Awareness Mot reported

(contintied on mext page)
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Table 4 (continued)

Author Title Year  Type Subject matter teported Location
tepotted

Theme 3: Policy & Guidelines (n=5)

Wolfetal. (561 Changing Dental Profession—Modern Focms and Chall enges in Dental 2021  Commentaty  Awateness, advice ot reported
Practice

Wilson etal. [49] What impact is dentistry having on the environment and how can dentistry ~ 2020  Commentary  Awateness, advice UK
Lead the way?

Australian Dental Policy Statement 6.21 — Dentistry and Sustainability 2020 Report Awareness Australia

Association [117]

Chopra etal. [160] Green Dentistry: Practices and Perceived Bacriers Among Dental 2017 Research Awateness, advice India
Practitioners of Chandigarh, Panchkula, and Mohali (Tricity), India

Aroraetal. [44] Eco-friendly dentistry: Need of futute. An overview 2017 Review Awareness, advice India

Chadhaetal. [107) Establishing an Eco f!iendly Dental Practice: A Review 2015 Review Awareness, advice South East

Asia
Fan etal (1241 Laboratory eval uation of amalgam separators 2002 Research Awateness, advice usa

Theme 4: Biomedical waste management, including amalgam (n=49)

Musliu et al. (07 The use of dental amalgam and amalgam waste management in Kosova. An 2021  Commentary ~ Awareness, bartier, Kosova
environmental policy approach oppottunity

Wolf etal (20] Changing Dental Profession—Modetn Forms and Chall enges in Dental 2021  Commentary — Awateness Not reported
Practice

Martin et al. [1] ‘Waste Plastics in Qinical Environments: A Multi-disciplinary Challenge 2020  Research Awareness, barrier UK

Akkajit et al. [127] Assessment of Knowledge, Attitude, and Practice in respect of Medical Waste ~ 2020  Research Awareness, barrier, Thailand
Management among Healthcare Workers in Qlinics opportunity

Tompe etal. (% A Systematic Review to Eval uate Knowledge, Atfitude, and Practice 2020 Review Awareness, bartier, Asia
Regarding Biomedical Waste Management among Dental Teaching opportunity
Institutions and Private Practitionets in Asian Countties

Subramanian etal. (8%  Biomedical waste management practice in dentistry 2020  Research Awareness, opportunity India

Choudhary etal. (10} Assessment of Knowledge and Awareness About Biomedical 2020  Research Awareness, barrier, India
WasteManagement among Health Care Personnel in a Tettiary Care Dental opportunity
Facility in Delhi

Aghalari et al, (1621 Determining the amount, type and management of dental wastes ingeneral 2020  Research Awareness, best practice Iran
and specialized dentistry offices of Northern Iran

Makanjuola etal, (167 Managing the phase-down of amalgam amongst Nigerian dental 2020  Research Barriers, opportunity Nigetia
professional s and students: A national survey

Duane et al. [:44] Envitonmental sustainability and waste within the dental peactice 2019  Commentary  Awateness, drivers, Mot reported

opportunities

Duane & Dougall | 411 Guest Editorial: Sustainable Dentistry 2019  Commentary  Awateness, Drivers Mot reported

Sultan et al. (103 Establishing mercury-free medical facilities: a Malaysian case study 2019  Research Bartier, opportunity Mal aysia

Phillipson J. 391 The need for sustainable dentistty 2018  Commentary  Drivers, opportunity HNot reported

Mulligan et al. [10%) The environmental impact of dental amalgam and resin-based composite 2018 Review Awateness, opportunities Mot reported
material

1Hié-Zivojinovic etal Knowledge and Attitudes on medical waste management among Belgrade 2018  Research Awareness barriers, Serbia

(1651 medical and dental students opportunity

Singh et al. (671 Awateness of Biomedical Waste Management in Dental Students in Different 2018  Research Awareness barrier, Wepal
Dental Colleges in Nepal opportunity

Mormeni et al. [71] Composition, Production Rate and Management of Dental Solid Waste in 2017 Research Opportunity, awareness Iran
2017 in Bitjand, Iran

Teixeira etal. [101] Waste diagnosis in public dental facilities in Reconcavo Baiano county: 2017 Research Awareness, opportunity Brasil
contributions to integrated waste management

Sachdev eral. |13 Green ronte indeed a need for dental practice: A review 2017  Review Opportunity ot reported

Eram etal [97] Eco Dentistry: A new wave of the future dental practice 2017  Education Opportunity ot reported

Richardson etal. 1291 ‘What's in a bin: A case study of dental clinical waste composition and 2016  Commentary  Awareness, opportunity UK
potential greenhouse gas emission savings.

Khwaja et al. [156] Mereury exposure in the work place and humanhealtt: dental amalgam use 2016 Research bartiers, opportunity, best  Pakistan
in dentistry at dentalteaching institutions and private dental clinics practice
inselected cities of Pakistan

Ranjan et al. 7] Awareness about biomedical waste management and knowledge of effective 2016 Research Awareness bartiets; India
recycling of dental matetial s among dental students opportunity

Abhishek et al. [0] Awareness-Knowledge and Practices of Dental WasteManagement among 2016  Research Bartiers, oppottunity India
Private Practitioners.

Shah etal. [16/] Knowledge, Attitude and Practices of Intetns,Graduates and Postgraduate 2015  Research Awateness, Barriets India
Students at PrivateDental Coll eges in Ahmedabad RegardingBio Medical
Waste Management

Rupa etal [53] Taking a Step Towards Greener Future: Practical Guiddine for Eco-Friendly ~ 2015  Commentary ~ Oppottunity Not reported
Dentistry

Allen [147] Disposing of clinical and dental waste 2015 Commentary Awateness, opportunity UK

Bathala et al. [10% “There’s plenty of room at the bottom®: The biomedical waste management 2014  Commentary  Awateness India
in dentistry

Chopra, etal. 77 Eco Dentistry: The enviconment-friendly dentistcy 2014  Commentary  Opportunity Hot ceported

singhetal. | Metcury and Other Biomedical Waste ManagementPractices among Dental 2014 Research Awareness, barriers, India
Practitioners in India opportunity, best practice

Rastogi etal, [110) Green Dentistry, A Metamorphosis Towards an Eco-Friendly Dentistry: A 2014  Commentary  Awateness, opportunity Mot reported
Short Communication

Unger et al, 127 Comparative life cycle assessment of reused versus disposable dental burs 2014 Research Opportunity, best practice  Not reported

(continued on niext page)
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Author Title Year  Type Subject matter reported Location
reported
Holland C. {55 Greening up the bottom line 2014  Commentary — Opportunity Not reported
Govan P. (461 Waste management in dental practice 2014  Commentary  Drivers, best peactice, South Africa
opportunity
Kapoor et al, [167] Knowledge and awareness regarding biomedical waste management in 2014 Review Awareness, bariers, India
dental teaching institutions in India- A systematic review opportunity
Bansal et al. [701 Knowledge, Attitndesand Practices of dental care waste management among 2013 Research Awareness, barriers, India
private dental practitioners in Tricity (Chandigarh, Panchkula and Mohali) opportunity
Avinash et al. [152) Going Gteen with Eco-friendly Dentistry 2013  Commentary  Barriers, opportunity, best Mot reported
practice
Nabizadeh et al. [57] Composition and production rate of dental solid waste and associated 2012 Research Awateness, best practice Itan
management practices in Hamadan, Iran
Koolivand et al. [01.] Investigating composition and productionrate of healthcare waste and 2012  Research Batriers, oppottunity Iran
associatedmanagement peactices in BandarAbbass, Iran
De Souzaetal. [1) Improper Waste Disposal of Sil ver-Mercury Amal gam 2012 Research Awareness barriers, Not reported
opportunity
Agarwal et al [94] Waste management in dental office - Letter 2012  Commentary  Awareness, best practice India
Yasny & White. {1411 Envitonmental Implications of Anesthetic Gases 2012 Review Opportunity, best practice, Mot reported
Rudraswamy et al. [75]  Staff's attitude regarding hospital waste management in the dental college 2012 Research Awaeness, bartiers India
hospitals of Bangalore city, India
Kumar /1015 Green dentistry; eco-friendly dentistry: beneficial for patients, beneficial for 2012  Commentary  Barriers, opportunity Mot reported
the environment.
Sood & Sood. 1711 Dental perspective on hiomedical waste and mercurymanagement: A 2011 Research Barriets. oppottunity India
knowl edge, attitnde, and practice survey
Muhamedagic et al, Dental Office Waste - Public Health and Ecol ogical Risk 2009  Review Awareness, opportunity ot reported
nas
Cocchiarellaetal. |57)  Report of the Council on Scientific AffairsBiohazardous Waste Management: 2009  Report Barriets, opportunity USA
What the Physician Needs to Know
Guedes et al. [ First detection of | ead in black paper from intraotal filmAn environmental 2009  Research Awateness, opportunity ot reported
concetn
Al-Khatib et al. |59] Dental solid and hazardous waste management andsafety practices in 2009  Research Batriers Palestine
developing countries: Nablusdistrict, Palestine
Sudhakar and Dental health care waste disposal among private dental practices in 2008  Research Awateness, bartiers India
Chandrashekar. [10]  Bangalore City, India
Al-Khatib & Darwish Assessment of waste amal gam management indental clinicsin Ramallahand 2007  Research Bartiers, opportunity Palestine
[137] al -Bireh cities inPalestine
Hiltz [170] The Environmental Impact of Dentistry 2007 Commentary  Awareness, opportunity Canada
Ianoetal. [171] Optimizing the procedure for mercuryrecovery from dental amalgam 2007  Research Opportunity Brazil
Batchu et al. [134] Eval uating Amalgam Separators Using and International Standard 2006  Research Best Practice, opportunity Mot reported
Batchu et al. 1130] The effect of disinfectants and line cleaners on the rel ease of mercury from 2006  Research Awareness India
amalgam
Hylander etal. [(10] High metcury emissions from dental clinics despite amalgam separators 2005  Research Bartiers, opportunity Mot reported
Ozbek & Sanin (6] A study of the dental solid waste produced in aschool of dentistry in Turkey 2004  Research Awareness Turkey
Journal of Itish Dental  Update on Waste Management for the practice of dentistry 2004 Commentary Background, best practice Ireland
Association [70]
ADA Council on Managing silver and lead waste in dental offices 2003  Report Opportunity, best practice  USA
Scientific Affairs
1471
Fanetal. [174] Laboratory eval uation of amalgam separatots. 2002  Research Best Practice usA
Wilson N, 144 Dental practice and the environment 1998 Review Awateness, opportunity Mot reported
Theme 5: Plastics (SUPs) (n=6)
Bardoliaetal. (1051 The environmental impact of dentistcy 2019  Commentary  Awateness, opportunity ot reported
Zetietal [172) Floating plastics in Adriatic waters (Meditetranean Sea): From the macro-to 2018  Commentary — Awateness ot reported
the micro-scale.
Wesic et al. [177] Chitosan-tridosan fil ms for potential use as bio-antimicrobial bags in 2017  Research Opportunity Hot reported
healthcare sector
Nasser etal. (174 Evidence summary: can plastics used in dentistry act as an enviconmental 2012 Review Awaeness Not reported
pollutant? Can we avoid the use of plastics in dental practice?
Palosuo et al.[175] Latex Medical Gloves: Time for a Reappraisal 2011  Commentary  Barriers: HNot reported
Sasaki et al. [170] Salivary bisphenol-A levels detected by ELISA after restoration with 2005  Research Awateness Mot reported
composite resin.
Theme 6: Procurement (n=2)
Joy etal. (1001 Metcury in Dental Amalgam, Online Retail, and the Minamata Conventionon 2020  Commentary  Awateness, opportunity HNot reported
Mercury
Wilson etal [40] What impact is dentistry having on the environment and how can dentistry ~ 2020  Commentary ~ Awateness, opportunity, UK
lead the way? barriers
Duane etal. [0 Enviconmental sustainability and procurement: purchasing products for the 2019  Commentary ~ Awareness, opportunity ot reported
dental setting
Phillipson J. 1151 The need fot sustainable dentistry 2018  Commentary  Drivers, opportunity UK

(contiued o Tiext page)
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Table 4 (contimued)

Author Title Year  Type Subject matter reported Location
tepotted

Theme 7: Research & Education (n=8)

Borglin et al. [45] The life cycle analysis of a dental examination- Quantifying the 2021  Research Awateness Sweden
environmental burden of an examination in a hypothetical dental practice

Duane et al. i 177 Envitonmental sustainability in endodontics. A life cycle assessment (LCA) of 2020  Research Awateness Hot reported
a root canaltreatment procedure

Lyne et al. Combining evidence-based healthcare with environmental sustainability- 2020  Research Awareness ot reported
using the toothbrush as a model

Duane et al. (174} Embedding environmental sustainability within the modern dental 2020 Commentary  Awareness, Opportunity Europe
curriculum— Exploring current practice and developing a shared
understanding

de Leon (141 Bartiers to envitonmentally sustainable initiatives in oral health care clinical 2020  Commentary ~ Awareness, bartiets Canada
settings

Wilson etal [41] What impact is dentistry having on theenvitonment and how can dentistty ~ 2020 ~ Commentary ~ Awateness, bartiets, UK
| eadthe way? opportunity

Verma etal. (50| Knowledge, Attitude and Practice of Green Dentistry among Dental 2020  Research Awateness, knowl edge; India
Professionals of Bhopal City: A Cross-Sectional Survey attitude

llié-Zivojinovic et al. Knowledge and Attitudes on medical waste management among Belgrade 2018  Research Awareness, knowl edge, Serbia

(1] medical and dental students attitude

Bansal et al. [/0] Knowledge, Attitudes and Practices of dental care waste management among 2013 Research Awareness, knowl edge, India
private dental practitioners in Tricity (Chandigarh, Panchkula and Mohali) attitude

Prathima et al. [107] Knowledge, attitude and practices towards eco-friendly dentistry among 2017 Research Awareness, knowl edge, India
dental practionets. attitude

Theme 8: Materials (n=20)

shigo etal. [150) Recycling of Plaster of Patis 2020  Research Opportunities ot reported

Makanjuola et al. 1951 Managing the phase-down of amalgam amongst Nigerian dental 2020  Research Bartiers, opportunity Higetia
professionals and students: A national suvey

Amir Sultan etal. | Establistiing mercury-free medical facilities: a Malaysian case study 2019 Research Opportunities Mal aysia

De Bortolietal. (1611 Ecological footprint of biomaterials for implant dentistry: is the metal-free 2019 Review Best practice, opportunity  Hot reported
practice an eco-fiiendly shift?

Mulligan et al, [104] The environmental impact of dental amalgam and resin-based composite 2018 Review Awateness, opportunities ot reported
matetial

Gavrilescu et al. The advantages and disadvantages of nanotechnol ogy 2018 Review Bactiers, oppottunity ot reported

Teixeira etal. [! Waste diagnosis in public dental facilities in Reconcavo Baiano county; 2017  Research Awateness, opportunity Beasil

contributions to integrated waste management

Bakhurji et al. Dentists' perspective about dental amalgam: cutrent use and future direction 2017 Research Attitudes Mot repotted
Pithon et al. [145] Sustainability in Orthodontics: what can we do to save our planet? 2017  Commentary ~ Opportunities. ot reported
Green route indeed a need for dental practice: A review 2017  Review Opportunities Mot reported
Go green: a new prospective in dentistry 2017  Commentary  Opportunities Mot reported
Recovery of Mercury from Dental Amalgam Scrap-indian Perspective 2017  Research Awareness India
Khwaja et al. [136] Mercnry exposure in the work place and human health: dental amalgam use 2016 Research Barriers, opportunity, best  Pakistan
in deatistry at dental teaching institutions and private dental clinics in practice
selected cities of Pakistan
Chadha etal. [101) Establishing an Eco-friendly Dental Practice: A review 2015  Review Opportunities Wot reported
Singh etal. [77] Meteury and other biomedical waste managementpractices among dental 2014  Research Awareness, barriers, India
practitioners in India opportunity, best practice
Rekow et al. [155] ‘What constitutes an ideal dental restorative material ? 2013  Commentary  Opportunities Tiot reported
Panasiuk & Glodek. Substance flow analysis for meccucy emission in Poland 2013 Research Awareness, opportunities Poland
1129
Bayne etal. [1 The challenge for innovation in direct restorative materials 2013  Commentary  Battiets, opportunities Mot reported
Ecdal & Otris (111 Metcury in dental amalgam and resin-based alternatives: A comparative 2012 Research Opportunities Mot reported
health risk evaluation
de Souza et al. (1121 Improper Waste Disposal of Silver-Mercury Amalgam 2012 Research Awareness, bartiers Not reported
sawait etal. [167] Observance of proper mercury hygiene practices Jordanian general dental 2010 Research Barriets, opportunity Jordan
practitioners
Muhamedagic et al. Dental office waste - public health and ecol ogical risk 2009  Review Awateness, opportunities Mot reported
[125)
Al-Khatib & Danwish. Assessment of waste amalgam management in dental dlinicsin Ramallahand 2007  Research Battiets, oppottunities Palestine
ns7] al -Bireh cities in Palestine
Iano et al. [115] Optimizing the procedure for mercuty recovery from dental amalgam 2007  Research Opportunities Wot reported
Jokstad etal. [125] Amal gam waste management 2006 Commentary  Awareness Wot reported
Batchu etal. {1531 Evaluating amal gam separators using and international standard 2006  Research Best peactice Hot repotted
Hylander etal. [116] High mercury emissions from dental clinics despite amalgam separators 2005  Research Bartiers, opportunities Not reported
Hotsted-Bindslev. Amalgam Toxicity - environmental and occupational hazards 2004 Commentary  Awareness, background Not reported
9
Journal of rish Dertal Update on Waste Management for the practice of dentistry 2004 Commentary  Awateness, best practice Republic of
Associatior [76] Irdand
ADA Council onScientific  Managing silver and lead waste in dental offices 2003 Repart Awateness, opportunities USA
Affairs. [147)
Drummond et al. [ 1567 Mercury generation potential fiom dental waste amalgam 2003  Research Opportunities ot reported
Fani etal. [124] Laboratory eval nation of amalgam separators. 2002 Research Best practice Mot reported
Chinetal. [114] The environmental effects of dental amalgam 2000  Review Awareness ot reported
Anderson. | Creating an environmentally friendly dental practice 1999  Commentary  Opportunities ot reported

(continued on next page)
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Author Title Year  Type Subject matter reported Location
reported
Arenholt-Bindstev Envitonmental aspects of dental filling materials 1998  Review Awateness Not reported
g
Westman et al. [ (:11] Amal gam waste management - Issues and Answers 1994  Review Awareness Not reported

Arenholt, Bindstey.
(EREi}

Dental amalgam-enviconmental aspects

1992 Review Awareness, best practice, Scandinavia

significant energy and further contributing to CO, emissions.

These CO» emissions contribute in a circular manner to unpredict-
able water precipitations associated with climate change, creating pe-
1iods of draught and desertification [45],

3.1.2. Awareness

General individual awareness for carbon emissions and their impact
on the environment is high, albeit translation into the professional oral
health domains is not as pervasive. Evidence for the effect of the carbon
footprint of dentistry is noted with an appreciation for lack of practical
action and the need for education of the profession at all levels [7].
Wealthier countries are the largest contributors to earbon footprint but
are least affected by the consequences [11],

The provision of oral healthcare, like any other business or inter-
vention, creates a significant carbon footprint that is not limited to the
actual intervention itself, but it is the sum of the emissions created by
each stakeholder in the supply chain. The linear economy supply chain is
considered as a continuum from mineral extraction, processing and
synthesizing of raw materials, to manufacturing and ultimately waste
management; with oral healthcare and dentistry included within it, as
the principal intended beneficiaries of these services and products 149
(Fig. 9).

In the UK (2013-14), the Government through Public Health En-
gland conducted a comprehensive calculation of the carbon emissions of
NHS dental services in England to identify the types of dental procedures
which are responsible for large amounts of greenhouse gas emissions
[37,38]. This included patient travel, staff commuting, business travel,
procurement, gas and electricity use, waste disposal, water use and
nitrous oxide release. In 2013 to 2014, the total greenhouse gas emis-
sions of NHS dental services in England were 675,706 tonnes of carbon
dioxide equivalents (tCO2e). This is equivalent to flying 50,000 times
from the UK to Hong Kong and makes up 3% of the overall carbon
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Fig. 3. Linear economy supply chain! Mineral extraction, processing and syn-
thesizing of raw materials >> Manufacturing and packaging of the dental re-
storatives, sundries and equipment products >> Distribution and purchase of
these products >> Clinical procedure with further energy expenditure, water
use and use of materials >> Collection and disposal of waste (associated with
different levels of contamination), mostly managed through landfill and
incineration.

footprint of the NHS in England. The highest proportion of these emis-
sions is caused by travel, followed by procurement, energy, nitrous
oxide, waste and water [1&,37,39],

An earlier study for National Health Service (NHS) dental services in
Scotland (2004) estimated a contribution of 17.9 kg CO»eq per patient
appointment [31], Both studies provide a breakdown, with travel
commute making the largest contribution (46% for Scotland and 64.5%
for England) that accounts for 3% of the overall carbon footprint of the
NHS in England [21,50]. These studies are indicative of the size of the
problem and have the limitation that they do not include full LCA of
procedures as there is insufficient data to support this type of study.
Some data collection for calculating water and waste are performed only
in small regional areas and cannot be considered to be fully represen-
tative of the whole population, Nevertheless, these studies provide an
invaluable insight into the nature and the size of the CO, emissions.
Equivalent services in USA and Ausmwalia conwibute 10% and 7%
respectively to total CO, footprint [ | &1, In 2014, Health and Social Care
agreed to reduce the carbon footprint of the NHS in England by 80% by
2050 from the 2008 baseline in accordance with the Climate Change
Act. [31,36-40].

A practical guide has been developed by the Centre for Sustainable
Healthcare in the UK with suggestions on how dental practices can
become more sustainable through travel, supplies, energy waste man-
agement, biodiversity and green space. It includes real life examples of
suggestions made in dental practices and considers cost, return on in-
vestment, environmental benefit and ease of implementation of each
suggestion 1],

3.1.3. Barriers to change

The problem of implementation of sustainability behaviours and
attitudes is a significant challenge and even more so in in developing
countries; where the greatest barriers are a lack of economic feasibility
and knowledge-base [51].

Broad sustainability aims and guidance are beginning to be intro-
duced into healthcare contracts, but these are neither sufficiently
pervasive nor enforceable by the employer or law, For example, in the
UK, the NHS England standard contract, contains three clauses which
currently are not applicable to primary healtheare | 15]: Providers must
take all reasonable steps to minimise their impact on the environment;
demonstrate their progress on climate change adaptation, mitigation
and sustainable development; and provide annual summaries of this to
commissioners, Considering travel, the alternatives to the use of private
cars, of cycling and walking are not readably available options for many
due to the lack of infrastructure that facilitates this [21].

‘When it comes to the choice of most commonly used dental mate-
rials, amalgam and resin-based composites are the greatest exponents.
However, the comparative carbon footprint of these two materials is
unknown with an absence of more concrete life cycle analysis data for
each material. There is a requirement to provide this analysis so that
informed choices can be made by the profession and the public [38,4(].

Ultimately, the decision-making for oral healthcare professionals of
cost and inconvenience vs positive impact on the environment is highly
subjective and lacks sufficient evidence that will support strong argu-
ments [21].
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3.1.4. Biodiversity

Arecent UNEP report [52], highlights that climate change is causing
an ‘unprecedented’ and ‘accelerated’ rate of species extinction across the
world with a profound effect on biodiversity that can have catastrophic
consequences, Within the UK, 15% of around 8,000 species assessed are
facing extinetion [22]. In addition to our contribution to global warming
through CO, emissions, some of our activities in dentistry have a direct
negative impact on biodiversity; such as the presence of mercury in
waste-water works from dental practices that don’t use traps, Mercury is
neurotoxic and teratogenic; it can accumulate as it rises through the food
chain and it can also impact the microbiological activity in soil.
Manufacturing and distribution of supplies has an environmental impact
via mining and procurement of raw materials, manufacturing environ-
mental impacts and transport in the supply chain, This can affect
emissions, land and water pollution and changes to landscapes resulting
in changes to biodiversity 7],

Every sector can contribute in a positive manner by promoting
biediversity within their own operational environments. Biodiversity
refers to the variety of living species which interact with one another to
form ecosystems: This means, the promotion of the growth and devel-
opment of green spaces for habituation of insects and animals [©],
Dental practices can consider gravel or grass instead of tarmac; that has
an impact on insects (essential building block for biodiversity) and
lowers the risk of flooding, Trees provide shelter and shade, and in this
way contribute to a reduction in a building’s energy budget, through
reduced air conditioning usage and improved solar gain. Reduction of
the use of harmful pesticides when caring for practice gardens/lawns
also improves biodiversity [44,57]. Green roofs help mitigate the urban
heat island effect (an urban area is significantly warmer than the sur-
rounding countryside), and help with both energy conservation and
stormwater management ||, In addition to the above, dental pro-
fessionals can offset CO, emissions by investing in reforestation cam-
paigns 1. There is a need for effective quality research that
demonstrates the cost benefits of providing a biodiverse space [22].

3.2. Theme 2: Reduce, reuse, recycle and rethink

3.2.1. Background

Within the setting of the dental surgery, the complex and mostly
contaminated nature of the waste produced in the delivery of oral
healthcare makes it difficult or impossible in some instances to imple-
ment policies of reuse, reduce and recycle, Many of the polymers used
are highly cross-linked and processed so that they may not be easily
broken down into the constituent raw materials or derivatives. Polymer
devices used in a clinical environment are at high risk of contamination,
and the nature of the polymers and/or the complex shape of the devices
makes it costly and difficult to clean, disinfect and sterilize [ s
Items that are currently easily recycled (e.g., paper, plastic and glass
products) should be also be recycled in the workplace, to help reduce the
depletion of natural resources and lower carbon emissions [.14], Sus-
tainable activity through the recognised strategies of reduce, reuse,
recycle and rethink are considered in the literature, Although commonly
grouped together, the individual distinct focus of each strategy, requires
that they should be considered as separate entities in the review of the
literature and are considered in detail under the headings of opportu-
nities and best practice in the second part of this review [ 171,

3.2.2. Barriers

Difficulties and barriers to recycling are the main reason for lack of
engagement, The following have been identified that affect oral
healthcare provision; The need for additional storage space and the cost
of transport for moving waste; staff training and co-operation are
essential; the (real and perceived) risks associated with waste
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segregation need to be managed; availability of waste recycling facilities
(especially in developing economies); and a lack of cultural under-
standing of the need and benefits associated with recycling [24

3.3, Theme 3: Policy

3.3.1. Background

The provision of healthcare in dentistry and the management of
waste arising from this, has to operate within the boundaries of legis-
lative regulation to ensure safety and sustainable practice; thus, pre-
senting a conflicting challenge. These frameworks vary both in their
Temit from guidelines to legally enforceable laws, and across countries
[56,57]. Given that they are designed to operate within their own
country, they are normally published in their native language, and thus
are excluded from thisreview if not in English. There is aneed to protect
the public from communicable infectious diseases, with increased use of
SUPs and PPE in dental practices that has a deleterious effect on envi-
ronmental sustainability in dentistry, An example of this was the
introduction of new infection control guidance that was introduced in
England and Wales (2009 and revised in 2013) under the Health Tech-
nical Memorandum HTMO1-05; that focused on management of
cross-infection control with no consideration to sustainable practice [2%,
58], An in-practice study identified a 58% increase in waste manage-
ment costs over a four-year period following the introduction of
HTMO01-05 [20], In the UK, the Control of Substances Hazardous to
Health Regulations (COSHH) requires all dental employers to control
exposure to hazardous substances to prevent ill health [7].

Concemning the management of waste, there is an abundance of
legislation surrounding the use of hazardous substances in healthcare,
The main basis for dental waste management in the European Union is
the Waste Framework Directive that requires Member States to take
necessary measures to ensure waste is disposed of without endangering
human health or the environment. Directive 91/689/EEC addresses
hazardous waste and by Decision 2000/532/EC a list of wastes was
adopted, which includes dental amalgam waste [54/], Waste manage-
ment in the UK is governed by the Environmental Protection Act (1990)
that imposes legal ‘duty of care’ requirements on waste producers, to
ensure the appropriate safe handling and disposal/treatment of waste
[60], The Hazardous Waste Regulations (England and Wales) 2005
outline the legally binding requirements for hazardous waste which
must be properly segregated, packaged and labelled [114].

In the UK, confusion often arises around interpretation of HTMO01-05
making cross-infection and appropriate waste management difficult to
follow. This creates an unnecessary burden and frustration in the ability
to engage with sustainable practice with fear of litigation [4(,61,62].
Other examples cite the need for effective legislative frameworks for the
safe and environmentally sustainable management of amalgam waste
[62], When designing policy and regulatory frameworks, there is a need
to consider sustainability in dentistry within a wider context of
modernisation of the dental profession and the services that it provides

1261,

3.4. Theme 4: Biomedical waste management

3.4.1, Background

The term biomedical waste has been defined as “any waste that is
generated during the diagnosis, treatment, or immunization of human
beings or animals, or in the research activities pertaining to or in the
production or testing of biological and includes categories mentioned in
Scheduile I of the Biomedical Waste (Management and Handling) rules
1998 [r4-70], Biohazardous waste has been referred to as medical
waste, infectious waste, red bag waste, biomedical waste, and regulated
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medical waste, Most agencies and states assume that biohazardous
waste is waste capable of transmitting infectious disease, and therefore
includes materials sufficiently contaminated with blood or body fluids to
transmit disease. In a physician’s office, this would include supplies or
disposable materials saturated with blood or body fluids [57].

‘Waste management is a significant and expensive problem for the
healtheare sector [49,55], This is due to the complexity of the waste
generated and its contaminated/infectious status. The volume of
biomedical waste (BMW) produced across the world is staggering, witha
reported 5.5kg of waste/patient/day in the UK-NHS and 0.4 kg/pa-
tient/day in Germany |3%|. According to WHO and SEARQ, the
South-East Asian countries, collectively produce approximately 1000
tonnes a day (approx. 350,000 tonnes of BMW a year) [7!]. These are
pre-COVID pandemic figures and will be much greater during the
pandemic with the increased use of single-use disposable PPE that has
been necessary [72].,

Biomedical waste has steadily increased in oral healthcare over
recent decades due to the increased use of plastic barriers, gloves and
masks [27,72]. For example, the Eco-Dentistry Association |74], esti-
mated that 1,7 billion sterilization pouches and 680 million patient
barriers were disposed by US dental practices every year [*1,73,75], It is
of note that high income countries produce more waste then medium
and low-income countries (7. BMW that is inadequately managed, can
cause water, air and soil pollution [7:, /6],

The carbon emissions embedded in the disposal of all dental-related
waste streams is approximately 1,493 tCOse, which is 0.22% of the
overall carbon footprint of NHS dental services in England 371, How-
ever, it is important to bear in mind that it is the actual toxicity of the
waste that may have the greatest impact on the environment, rather
than the associated CO» emissions | %7, Incineration of clinical waste
releases greenhouse gases that contribute 1% of Europe’s carbon emis-
sions [39]. Part of the problem is that BMW is not always effectively
managed due to practical, logistic or financial reasons, with much that
can be recycled ending in incineration and landfill |37|. Incineration of
healthcare waste is linked to air pollution affecting public health [54], A
rapid increase in the number of healthcare institutions, results in an
increased burden of biomedical waste [¢5,/0,77,75]. Generation of
BMW, despite being smaller than regular domestic waste, becomes sig-
nificant when taking into account the risks associated with pathogens,
chemicals and their respective toxicities.

Various European directives provided for specific regimes (take-
back, recovery and recycling) to deal with waste packaging, waste
electrical, electronic equipment and waste batteries [34].

3.4.2. Barriers to change

Biomedical waste is heterogenous making it difficult to manage [0,
This is particularly the case of dental waste that uses a wide range of
materials [49,61].

Inadequate knowledge and poor attitudes exist towards the genera-
tion and management of biomedical waste across the world and in
particular in some developing economies lacking adequate regulatory
frameworks that consider BMW to be no different from household waste,
[3 5,66,77-R3].

A good level of knowledge, a positive attitude and effective infra-
structure is key to implementing effective waste management; which are
often missing [¢2,54,85], These are often lacking due to a lack of edu-
cation, financial support and appropriate supportive legislation [24,53,

An increase in the prevalence of infectious diseases coupled with
much greater patient safety awareness, measures and regulation results
in a significant increase in the quantity of SUP solid waste generated (e,
g., plastic barriers, gloves and masks) in dentisiy. This accounts for

about 90% of the total solid waste generated [29,41,59,(:1, /6], The
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increased regulation creates confusion with regards to managing sus-
tainability [ 397,

3.5. Theme 5; Plastics

3.5.1. Background

Plastics are an integral and essential part of modern life and the
global economy and exhibit a range of properties that make them
invaluable in clinical settings, Polymers can be assembled in a wide
range of combinations using compound multi-layered structures and
forming highly specific complex shapes, that create a clinical item or
packaging with optimised properties, Plastic items and devices provide
clinical and public confidence of using a new clean and/or sterile device
every time, The low cost of raw materials and bulk fabrication means
that a wide variety of single-use products may be manufactured at
exceptionally low costs. The combined manufacturing versatility,
cleanliness/sterility guarantee and cost effectiveness of plastic devices
makes Teusing and/or recycling economically unattractive, with
disposal being the more likely solution [49,55]. This results in a highly
wasteful linear economy for Single Use Plastics (SUPs) with significant
environmental impacts and greenhouse gas emissions affecting biodi-
versity and health (F ). Eight million tonnes of plastic enter our
oceans each year, that does not naturally biodegrade but breaks down
into smaller particles ‘micro-plastics’ [Y], Rates of plastic use have
grown exponentially since the 1950’s, reaching 350 million tonmes (Mt)
globally in 2017, In Europe, production of plastics has been estimated at
60 million tonnes in 2018, which is around 17% of global plastic pro-
duction [£7]

The amount of plastic packaging discarded by the healthcare sector
in the UK is significant ; with over 590,000 tormes generated annually,
more than the entire municipal waste output of Luxembourg (England
Chief Medical Officer Report 2016-17) |

In dentistry, single-use instruments are common, driven by short-
term cost and a perceived drive to infection prevention [73,39]. The
industry produces many non-reusable materials, such as single-use
plastic tubes of toothpaste, with lids that cannot be recycled [£]. The
Teasons for an increased use of plastics in dentistry are highlighted as:
Improved infection control, ability to manufacture complex sophisti-
cated shaped items, ease of manufacturing and ease of use and ease of
disposal [32,76,24], Ultimately, plastics from dentistry follow the same
fate as other plastics which are pervasive in the environment [201],

A recent study showed that an average of 20 SUP items are used on
average for every routine adult primary care dental procedure in the UK
[49]. The use of SUP items per adult care procedure is greatest for
routine dental fillings, followed by root canal treatment, oral surgery for
dental extractions/minor surgical procedures, provision of crowns,
bridges and dentures and finally periodontics. The most commornly used
produects are PPE for the dentist and nurse, On average, more than one
pair of gloves, masks, wipes, autoclave-sterilization sleeves and tray
liners were used with each patient, independent from the type of pro-
cedure delivered. This was compounded by the large number of items
necessary for setting-up before and for decontaminating after proced-
ures. In the UK, based on the number of dentists and dental therapists
registered with the General Dental Gouncil in 2019 (n & 45,000), it is
possible to use this data to extrapolate the national usage of the
approximate number of SUPs used in a 40-week working year, working
four days per week and considering a conservative estimate of five
procedures per day. A mean of 20 SUP items/dental procedure translates
to a conservative estimate in excess of 720 million dental SUP items/-
year that end up as waste in the UK |71 |, The SUP items identified in this
study were approximately 50:50 single plastics and multiple plastics
forming compound structures 1. This is a situation that is not sus-
tainable in thelong-term [75,"]. Disposal of these plastics through high





image164.png
N. Martin et al.

temperature incineration releases the carcinogens dioxin and furan [
°4]. Plastics containing PVGC produce acidic gases when incinerated and
are difficult to recycle [42,57,54],

To address the impacts that plastics are causing a number of orga-
nizations, such as the Ellen McArthur Foundation [75] and WRAP [96],
have been at the forefront in helping to push through changes in policy
atan international and national level. The UK Plastic Pack initiative led
by WRAP, largely focuses on plastic packaging, with major goals to be
achieved by 2025 for 100% of all plastic packaging to be reusable,
recyclable or compostable, 70% of plastic packaging to be recycled or
composted, elimination of single-use plastic packaging and 30% recy-
cled content to be used in all plastic packaging.

3.5.2. Barriers to change

There is an overriding requirement to protect patient safety through
IPAC processes (Infection Prevention and Control) operating in an
inereasingly litigious society with sustainability concerns becoming very
secondary, The need to comply with control of infection regulations that
focus on IPAC processes is an additional barrier [©7,94]. There is an
urgent need to weigh these complex interplaying issues of environ-
mental harm and personal harm [&]. A second factor is the need to
understand that the disposal of the actual plastic waste contributes a
small percentage to the overall impact on pollution and CO, emissions
that arise from plastic usage in healthcare. The major contribution
comes upstream in the supply chain from manufacturing, processing,
distribution and logistics [99].

3.6. Theme 6: Procurement

3.6.1. Background

Sustainable procurement, when applied to dentistry, is the practice
by which the dental surgery addresses environmental and social/ethical
considerations when they purchase goods or services [20]. ‘Green pro
curement’ is a process whereby public authorities meet their procure-
ment needs by choosing solutions ‘that have a reduced impact on the
environment throughout their life-cycle, as compared to alternative
products/solutions’ [20].

Each stakeholder of the supply chain, has a significant impact on the
environment through the process of procurement of raw materials,
manufacture, transport, distribution ete. In the UK, the carbon footprint
of dental services provided by the NHS, public health and social care
accounts for 72% of the total [i6]. This impact is in the form of GHG
emissions, land and water pollution and changes to landscapes resulting
in changes to biodiversity [4,7]. Procurement is a major hotspot, noted
as the 2™ highest contributor (19%) of the UK NHS dentistry’s carbon
footprint [4,15,20,37,30], There is a recognition to coordinate pro-
curement of products that use plastic as a container or packaging with
‘waste management that can recover and recycle this waste [49]. This
approach can have significant financial gains by mapping procured
plastic (at all levels of packaging) with sustainable recovery and recy-
cling technologies,

Extensive and complex care plans, requiring multiple appointments
are more resource intensive. This highlights the need to promote pre-
vention as the most effective way of managing this pollution burden [1

i7]. A focus on sustainable purchasing leads to lower costs, environ-
mental and health benefits. Importantly, procurement should also be
ethical with due regard to products originating from developing econ-
omies with regard to labour, safety and human rights of workers [ 21],

3.6.2. Barriers to change
The limited supply of sustainable produets || and the user con-
venience of some products (e.g., disposable gowns) overrides the desire
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for more sustainable options [2(1], There is a lack of knowledge and
evidence on best practice that balances safety and sustainability for
products, The need to adhere to legally-binding regulations and laws
that stipulate patient safety as the main concern. The high cost of some
recycled products, such as recycled paper that is twice the price of
non-recycled paper is a barrier to its use [ 20]. An example for the use of
effective procurement as a tool to reduce the use of amalgam, in line
with Minamata phase down plans, is through sales made only to Tegis
tered practitioners via a Know Your Customer approach |100], In this
way the volume of sales, suitability, and risks involved can be monitored
more effectively.

3.7. Theme 7: Research and education

3.7.1. Awareness

This theme considers knowledge acquisition through research and
knowledge delivery through education.

An increasing body of research in sustainable practice is evident
through this literature review that pervades all the identified themes
(Table 4). A prevailing finding is the paucity of high-quality research
into the provision of environmentally sustainable oral healthcare in
general and that is linked to the requirement to provide equally high-
quality patient-centred care outcomes [8,25,50,101],

With regards to education, there is a growing awareress of a lack of
education in both undergraduate and postgraduate curricula, as part of
formal education or informally through continuing professional educa-
tion programs [30,65,70,81,102], This educational provision is
inversely proportional to an increasing level of interest in the dental
profession for education into approaches for engagement with and the
delivery of sustainable practice [18,72, 1,65, . It is also set
against a backdrop of generalised lack of awareness and knowledge in
this area; as highlighted in the relevant sections for each theme in this
review. A study in India reported that 76% of private practitioners were
aware of the harm they were doing to the environment; 95% of them
reported they felt a responsibility to not harm the environment [75],

Some changes are beginning to take place, with evidence of sus-
tainability included in the undergraduate curriculum [J0,41,79,1031],
There is a perceived lack of encouragement from curriculum regulatory
and governing bodies [1F]. There is a growing and distinct need to
reverse this trend with eco-friendly curricula that focuses on the edu-
cation of staff and students on sustainability using a range of media and
resources [9,23,35,40,65,68,71,79,97,104,150]

65,

62

3.8. Theme 8 Dental materials

Dental materials, are used in various formats, either for direct clin-
ical application or indirectly associated with oral healthcare provision,
The literature covers a wide spectrum of materials and in the context of
sustainability, this theme is undoubtably the one that goes furthest back
in time, with references to a number of materials used directly or indi-
rectly for clinical care; each of these is considered individually,

Dental materials have a high pollution impact, from all levels of the
supply chain: Synthesis of raw materials, manufacturing, distibution,
procurement, clinical use and ultimately waste management. It is
indisputable that these materials are required for the provision of
effective oral healthcare, but there is also a need to understand this
impact and how to affect this as a usexr [49].

3.8.1. Barriers

Life cycle analyses are possible but are not specific to the CO foot-
print due to the lack of analysis of processes that are necessary to make
materials suitable for healthcare. Carbon conversion factors for making
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the manufacturing of materials are not readily available outside in-
dustry; making it very difficult to develop appropriate strategies [4,51,
1.

For many decades, the dental environmental spotlight has focused on
dental amalgam. A greater appreciation and understanding of the
pollutant potential of other dental materials should drive further
research in this field. Most dental suction units are evacuating by-
products of restorations (for example, mercury and particulate waste
containing monomers) and, increasingly, derivatives of ceramic prod-
uets originating from milling, yet very little research exists on their
potential harm to the environment [&,105].

3.8.2. Dental amalgam

3.8.2.1. Background. Worldwide consumption of mercury is around
300 tons per annum |[7:]. Mercury is the heavy metal of primary
concern, making up to 50% by weight of dental amalgam. Mercury is
bioaccumulating and exposure to mercury is known to have toxic effects
in plants, animals and humans. Mercury can be neurotoxic and terato-
genic; it can accumulate as it rises through the food chain and it can also
impact the microbiological activity in soil. Once in the environment, a
number of factors contribute (pH, temperature, oxygen, bacteria) to
convert it into the more toxic methylmercury that is more bioavailable
and can now accumulate in the food chain [32,13,44,59,61,64,75,94,
103,105-121],

Dental mercury accounts for 3-4% of terrestrial mercury [54,111,
L 14,118, 120], The UNEP Global Mercury Assessment of 2013 revealed
that in 2010 an estimated 270-341 metric tonnes of mercury globally
were derived from the use of dental amalgam [122], 75 metric tonnes of
amalgam per annum were used in the EU alone [105]. The subsequent
2018 report notes that the category of ‘mercury-added products’ that
includes dental amalgam, remains a major source of mercury release,
but according to the latest 2015 global inventory, these levels are in
decline, especially in developed countries [123],

Disposal of dental amalgam directly into the sewage system is
common practice around the world. A study in Chicago, revealed a
discharge of 35mg of mercury (as amalgam) a day into sewers, that
contributed around 8-14% of total mercury in wastewater treatment
plants [56,124]. Notwithstanding, the mercury waste from dental
amalgam, accounts for less than 1% of mercury discharged by human
activity into the environment [77,92].

Beyond the dental practice, the amalgam legacy in the form of
mercury emissions from crematoria will rapidly increase until 2020.
This is predicted to plateau around 2035; returning to the lower levels
seen in 2000 by 2055 [105],

3.8.2.2. Pollution pathways for dental amalgam. Mercury from amalgam
enters the environment as dental waste from the placement and removal
of restorations into waste water systems, due to intra-oral degradation of
amalgam and release through human excretion, incineration of clinical
waste (extracted teeth with amalgam fillings) or at the end-of-life
following burial and cremation [77, 54,63,65,71,73,77,92,
L05-107,101,114,116-120,125-130], A 2005 Scandinavian study
revealed that the output of mercury per chair exceeded the maximum
recommended output [116]. The incineration of extracted teeth with
amalgam as clinical waste releases mercury into the atmosphere [50,59,

71,77,81,106,111,114,121,125,1 31]. In a similar manner, inap-
propriate disposal of Hg to landfill is a further pollution source as this
can leach into the environment [77,112,121,126,129]. A 1998 study
reported that end-of-life cremation accounted for 7% of Hg emissions in
Sweden [111] and a subsequent Malaysian case study reported that in
2013, 3.6 tonnes of Hg were released from the cremation of bodies with

33,35,5:
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amalgam [|27], Dissolved mercury is the most reactive fraction and
should be included when considering total mercury emissions as this
causes the most severe environmental effects [116]

Dental separators are designed to capture amalgam waste at the
point of clinical use in the dental surgery. These are not widely used
throughout much of the world and are approximately 90% effective [9,
30,18,44,53,58,103,105,111,125,126,132-135], The amalgam waste
that is not captured in a separator, will flow directly into the municipal
waste water network, Sediments are likely to accumulate in the pipes of
dental practices and in the sewage pipes through natural precipitation.
As an example, an average 1.2 kg of mercury per clinic was found during
the remediation of abandoned Swedish facilities in 1993-2003 and
similar quantities were observed in more recent work [ ! 15]. Separators
are not 100% effective because mercury can form colloids which are
able to pass through traps/separators [116|. Also, fine mercury particles
are produced when using high speed handpiece, these are particularly
hard to recover and are overlooked in ISO 11143 [L16].

Mercury contamination from these routes is cited as a reason to cease
the use of amalgam as a dental restorative material [24,111,116,119],
Moreover, it is difficult to control mercury waste as enters the envi-
ronment in different forms as elemental vapour, amalgam sludge,
amalgam scrap or amalgam waste [110,135,1715],

Cleaners containing oxidising agents and hypochlorite (sodium hy
pochlorite and sodium dichloroisocyanate), that are used to disinfect the
dental chair and the effluent pipes potentiate the release of mercury [35,
02,114,130,134],

Mercury levels in the air were found to be higher than permissible
limits in dental surgeries [15t], Reasons for this are: Difficulty in
implementing best practice [107], mishandling of materials, lack of
ventilation and use of hand mixing rather than capsules |16 |.

3.8.2.3. Barriers to change. There is a lack of consistency at an inter-
national level and across jurisdictions with regards to the availability of
legislation and regulation [63,115,127,157], and limited access to
collection agencies and sites for waste amalgam waste [112,113,135].

The low cost of amalgam prevails over sustainability concemns [59,
113], This is especially the case in developing economies, where
affordability of dental care is a major concern. In these economies, a
switch to a more costly or complex technique or material may exclude a
large pumon of a population from receiving simple dental care [107,
,150]. A lack of knowledge prevails in some countries with
limited understanding of the merits of alternative materials [107], An
interesting observation has been raised that an increase in the use of
resin-based composites to replace existing amalgam restorations could
produce a spike in environmental mercury levels [112],

There is a lack of general knowledge and awareness for the man-
agement of amalgam waste and disposal [65,62,81,147,159]; noting
that a lack of education on the environmental sustainability of dental
amalgam in the undergraduate curriculum [1.16], There is significant
evidence of inappropriate disposal of amalgam in many countries, with
the use of a common bin followed by incineration as common practice
[30,59,61,77,103,106,115,120,137].

The use of amalgam separators is not universal, with the main cited
reasons being: A lack of equipment in developing countries [34,1(7],
resistance from the dental profession that objected to this being imposed
as a mandatory requirement [117] and a combination of inadequate
legislative frameworks and failure to implement existing regulations
(63).

There is a need to avoid Hg pollution risks high mercury emissions
from dental clinics despite amalgam separators [92,1 05, 107,109,1536,
1401,
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3.9. Anaesthetic gases

3.9.1. Background

The major atmospheric effects that may arise from the emission of
volatile anaesthetics are their contributions to ozone depletion in the
stratosphere and to greenhouse warming in the troposphere, These
agents are also a recognized greenhouse gas, accounting for around 6%
of the heating effect of greenhouse gases in the atmosphere [ 15|, Nitrous
oxide (N»O) is a gas with a global warming potential of 298 times that of
COge [14], N2O also causes ozone depletion |141], Most of the organic
anaesthetic gases remain for a long time in the atmosphere, where they
have the potential to act as greenhouse gases,

The bromide-containing agent halothane is the most destructive
against ozone, although it is rarely used. Isoflurane and enflurane
(which contains only chloride and fluoride ion substitutions) have a
lesser impact [141]

Published atmospheric lifetimes range between 1.4 and 21,4 years
for sevoflurane and desflurane, respectively, N»O emissions from all of
its various environmental sources are currently the single most impor
tant ozone-depleting substance emission and are expected to remain the
largest throughout the 21st century [ 141], Onaverage, 163 litres of NyO
are used per patient episode, equating to around 90 kg COze (without
considering carbon emissions of producing NO2 and cylinder rental).
Nitrous oxide used by NHS dental services in England is responsible for
1.3% of the total nitrous oxide use of NHS England and makes up 0.9%
of the total carbon footprint of NHS dental services in England [#4].

3.10. Pollution pathway

Two main pollution pathways are the anaesthetic technique and the
actual anaesthetic machine delivery system. Incidents associated with
these routes include: Poorly fitting masks, not turning off valves
immediately once removed from patient; leakage of gas when re-filling
tanks; gas in system may leak into the environment if nat flushed
correctly; underinflated cuff of laryngeal mask; leaks from valves, con-
nectors in circuit, tubing, reservoir bags ete. [141]. Scavenged gas is
vented into the outside environment, As anaesthetic gases undergo very
little metabolic change inside the body, upon exhalation by the patient
these agents remain in a form that may pollute the environment [1 411,

3.11. Gypsum

3.11.1. Background

Gypsum is an essential material that is widely used in dental labo-
ratories for the manufacture of all indirect prosthodontic devices, When
this is disposed, it is most likely to go to landfill where it can form HpS
gas, HyS gas can cause irritation to the eyes, nose, or throat and may also
cause difficulty in breathing for some asthmatics. Headaches, poor
‘memory, tiredness, and balance problems may also occur, Permanent or
long-term effects include headaches, poor attention span, poor memory,
and poor motor function, For these reasons, gypsum is a banned waste
from normal landfill in many countries, but this practice is not the norm.
Gypsum waste should be disposed into a separate cell for high sulphide
waste [44,/9,142,143].

3.12, Resin-based dental composite

3.13.1. Background

Resin-based composite materials (RBCs) are not inert plastic mate-
1ials and they have an environmental impact associated with the release
of microparticles and elution of resin monomer components, including
BPA that is of significant environmental coneern [105,144],
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3.12.2. Barriers

There is a lack of knowledge associated with the environmental
impacts of RBCs [20,105,121], Early studies show tentative results and
conclusions with regard to how composite and BPA act in the body as
well as in the environment, The impact of certain oestrogenic xenobiotic
effects on development, health and reproductive systems are debatable
[111),

3.13. Lead

3.13.1. Awareness

Lead is toxic and persists in the environment. Even at low levels of
exposure, lead exerts adverse health effects on both children and adults
[71,24,47,10F,128]. Lead waste can remain in soil for as long as 2000
years where it can be readily picked up by plants and enter food systems
[97]. According to the US Environmental Protection Agency (EPA),
dental offices generate 4.8 million lead foils a year according [145].
Lead foil from dental radiograph films is the main contributor and if
disposed in regular domestic waste, lead can leach and persist for a long
time in soil and groundwater [32,.1,55,140].

3,13.2. Barriers

There is wide disparity across all dental sectors for the management
of radiographic film waste lead, with reports of inappropriate disposal
[70,73,75]. Additionally, some manufacturers only report a 5% return
rate of lead from film for recycling [155].

3.14. Metals

Silver thiosulfate is a solution used to fix the image on exposed dental
radiographs that presents a significant environmental concern [1 06,108,
125,1 46,147], According to the US EPA, dental practices generate
28 million litres of silver thiosulphate x-ray fixer a year [145], In
wastewater treatment plants, this is converted into silver sulphide which
settles in sludge [579,76,125,147]. Higher up the supply chain, toxic
by-products are released through mining, processing and refining the
natural resources and ores. These toxic by-products are leached into the
environment creating a major source of environmental pollution | 35].

Lead is toxic and persists in the environment. Even at low levels of
exposure, lead exerts adverse health effects on both children and adults
[71,94,97,108,1 28], Lead waste can remain in soil for as long as 2000
years where it can be readily picked up by plants and enter food systems
[471. According to the US Environmental Protection Agency (EPA),
dental offices generate 4.8 million lead foils a year according
Lead foil from dental radiograph films is the main contributor and if
disposed in regular domestic waste, lead can leach and persist for a long
time in soil and groundwater [22,75,55,146],

Other metals that are regularly used in dentistry, have the potential
for re-using and re-cycling such as orthodontic brackets and wires.
Alternative materials with lower carbon footprints to stainless steel
(6,15 kgCO2e/kg), should be considered, such as ceramics (1.14
kgCOqe/kg) and brass (2.42 kgCOqe/kg) [32,76,57,79,145].

145],

3.14.1. Barriers

A significant challenge to reusing metallic devices is a very protec-
tionist and negative psychological reaction towards reusing medical/
dental devices |76 1.

There is a lack of regulation and control with regard the disposal of
potentially toxic solutions. For example, silver thiosulphate x-ray fixer is
poorly regulated in parts of the world, with most of this going into the
municipal waste water drains [57, 70].

There is wide disparity across all dental sectors for the management
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of radiographic film waste lead, with reports of inappropriate disposal
[70,75,74]. Additionally, some manufacturers only report a 5% return
tate of lead from film for recycling [175].

3.15. Nanotechnology & Microparticles

3.15.1. Background

Nanoecotoxicology defines dangerous exposure that considers the
entry routes of air, water/soil via ingestion together with the circuit of
nanomaterials in the abiotic and biotic environment. Their size enables a
wide distribution and uptake by the smallest life forms and some nano-
particles that are notnaturally present in the environment, such as nano-
silver, nano-copper and nano-zine that have antimicrobial properties,
have the potential to pose great threat to microbial communities [2£],
Healtheare is a significant cantributor of microplastics as part of the
waste stream that can enter the food chain; these can absorb other
chemicals, poisoning wildlife, destroying ecosystems and putting human
health at risk [9,105]. The dangers of ingestion of particles by marine
life are four-fold: toxicity from ingesting the particle itself, contaminants
leaching from the microplastics, ingestion of attracted pollutants bound
to the microplastics and accumulation of particles within the organism
(9]

3.16. Disinfectants

Disinfectants such as hypochlorite, glutaraldehydes, iodophors,
phenolic derivatives, alcohol-based preparations can inactivate essential
biological systems [15,53,92].

4. Conclusions

This scoping review has identified 128 records that contribute to our
understanding of environmentally sustainable oral healthcare. The
thematic analysis highlights eight diverse but closely interlinked themes
that influence the sustainability of oral health provision on a world-wide
basis: Environmental impacts (COqe, air and water); Reduce, reuse,
recycle and rethink; Policy and guidelines; Biomedical waste manage-
ment; Plastics (SUPs); Procurement; Research & Education; Materials.
The following headline conclusions are ericapsulated with a focus on the
levels of awareness and the real and perceived bamriers to develop and
engage with sustainable practice.

Public awareness of the need to decarbonise and reduce pollution
from our activities on a global basis is at an all-time high and this is
directly proportional to the increasing urgency to engage with this
problem. Professional awareness is much lower as there is a perceived
disengagement between citizenship responsibility and that of our pro-
fessional activities, that are led by the aims of the core professional
activities, This is a constant theme throughout the literature and
undoubtably both the greatest barrier and opportunity to engage in
effective and impactful sustainable outcomes,

The greatest forms of carbon emissions arise from patient travel, staff
commuting, business travel, procurement, gas and electricity use, waste
disposal, water use and nitrous oxide release. Of these, patient and staff
commuter travel account for the greatest contribution to the profession’s
carbon foot print. A number of studies support the preliminary evidence
that provides a heightened level of awareness into the source and
magnitude of these emissions,

The greatest barrier to the implementation of sustainability are the
behaviours and attitudes that exist within the profession and that do not
consider or prioritise sustainable practices. These are particularly
pervasive in developing countries; where the greatest barriers are a lack
of economic feasibility and a poor knowledge-base on the subject.

In addition to our contribution to global warming through GO,
emissions, some of our activities in dentistry have a direct negative
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impact on biodiversity; such as the presence of mercury in waste-water
works from dental practices that don't use amalgam traps. The
manufacturing, distribution and poor waste management of equipment,
sundries and associated packaging, that are part of a linear economy
supply chain, presents a pellutant environmental impact.

The provision of oral healthcare in a clinical setting creates complex
and contaminated waste that makes it difficult or impossible in some
instances to implement policies of reuse, reduce and recycle, This is
especially poignant in respect of single use plastics that are found in the
form of different complex polymer combinations, Plastic is an indis-
pensable component of modern safe healthcare and their use is un-
avoidable, Plastic items and devices provide clinical and public
confidence of using a new clean and/or sterile device every time, The
combined manufacturing versatility, cleanliness/sterility guarantee and
cost effectiveness of plastic devices makes reusing and/or recycling
economically unattractive, The challenge is that these devices are costly
and difficult to clean, disinfect and sterilize, Recovery for recycling is
often not cost-effective, possible and not supported by appropriate
legislation.

The provision of healthcare in dentisoy and the management of
waste arising from this has to operate within the boundaries of legisla
tive regulation to ensure safety and sustainable practice. There is a
recognized conflict between the need to operate within the regulatory
frameworks of safe health provision and doing so in a sustainable
manrer, Most states and agencies assume that biohazardous waste is
waste capable of transmitting infectious disease, and consequently its
management automatically favours incineration and discounts any form
of recovery, Waste management policies are often not sophisticated
enough to identify and compel stakeholders to establish effective path
ways for segregation of waste that enable effective recovery for recy-
cling, Current waste management focuses on landfill and incineration,
both with significant environmental impacts, There is a lack of aware-
ness and understanding of the actual impact of disposal of plastic waste,
Most of the CO, emissions have occurred upstream in the supply chain.
Ease, convenience and availability of low-cost products with high
environmental impacts override a desire for more sustainable options.
Procurement is also driven by the need to adhere to regulatory frame-
works, that focus on clinical effectiveness and do not consider envi-
ronmental impacts,

Lack of knowledge, awareness and educational programs are
pervasive throughout the literature and identified as a common barrier
to engagement and change in all themes. There is a distinet lack of
quality research that supports and enables the provision of emviron-
mentally sustainable oral health provision.

Dental materials present the highest level of pollution, at all levels of
the supply chain, from manufacturing, through to distribution, pro-
curement, clinical use and ultimately waste management, The impact
from dental materials is material-specific, with much of the evidence
focused on dental amalgam. There is a distinct need to establish effective
life cycle analysis studies to provide baseline data for key restorative
materials and subsequently identify ways to minimize their use and
facilitate recovery.
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ARTICLE INFO ABSTRACT

Keywords: Objective: To undertake a comprehensive scoping review of the literature to address the research question ‘What
Sustainability is the current state of environmental sustainability in general dental practice?” To provide an effective baseline of
g“‘“““‘y data that will consider the drivers, opportunities and recommendations for the implementation of sustainable
rivers :
f ractice.
Opportunities p

Data & sources: The scoping review was conducted for all published literature in the English language that ad-
dresses this topic up to the 31st April 2021. The method of the PRISMA-ScR (PRISMA extension for Scoping
Reviews was followed. 128 papers included in this scoping review consisted of: Commentary [Letters, editorials,
communication and opinion] (n=39); Research (n=60); Literature reviews (n=25); Reports [Policy and legis-
lation] (n=4). Each included record was analysed for emerging themes that were further classified according to
their general relevance. The scoping review is considered over two manuscripts, with this second paper focusing
on the opportunities, recommendations and best practice to develop and engage with sustainable practice.

Best practice
Scoping review

Conclusions: Drivers, opportunities and recommendations for best practice to achieve environmentally sustain-
able goals in oral health care: The lack of public and professional awareness is the greatest driver to engage with
a positive change of behaviour and attitudes. Awareness through education is key at all levels and this should be
the bedrock of future strategies. Reduction in staff and patient commuter travel through a reduction of the
incidence of preventable oral diseases, improved patient care logistics and IT. Reducing waste and increase
recycling opportunities, especially for SUPs. Engagement with legislation and policy makers. Engagement with
key stakeholders across the dental materials/products supply chain for the management of manufacturing,
distribution, procurement, clinical use and waste management.

1. Introduction

Awareness of the environmental impact of oral health care remains
low across the profession and more so within the general public. The
challenges and barriers to engaging with sustainable oral health care
provision are explored in the first paper of this two-part scoping review
[1]. The first paper reveals a reassuring desire amongst the profession to
consider ways to engage and make a difference through the provision of
environmentally sustainable practice . There is a need to identify current
drivers, opportunities, recommendations and good practice that can be
used to effect change through an increase in awareness.

In the first paper, the authors reported on a comprehensive and
thorough scoping review of the literature that asked the research
question ‘What is the current state of environmental sustainability in

* Corresponding author.

general dental practice?’ [1]. This review identified eight diverse but
closely interlinked themes that influence the sustainability of oral health
provision were identified: Environmental impacts (CO.e, air and water);
Reduce, reuse, recycle and rethink; Policy and guidelines; Biomedical
waste management; Plastics (SUPs); Procurement; Research & Educa-
tion; Materials.

The scoping review has established a knowledge baseline of our
general awareness, barriers and challenges for the implementation of
sustainable practice [1]. Barriers and challenges to implementation
focus on a lack of professional and public awareness; high levels of
carbon emissions arising from patient and staff commute; the challenges
associated with the recovery and recycling of biomedical waste with a
focus on SUPs; lack of knowledge and education into sustainable
healthcare provision and; the challenges from the manufacturing, and
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the use and disposal of dental materials, The aim of this second paper is
to build on our knowledge base of general awareness and barriers to
implementation. The focus is to provide a subsequent baseline that
considers the reported drivers, opportunities, recommendations and
good practice for the implementation of environmentally sustainable
oral healthcare.

2. Method

A scoping review was employed as considered to be the most
appropriate tool for answering the broad research question. The meth-
odology established by Arksey & O’Malley and the PRISMA-ScR
(PRISMA extension for Scoping Reviews) was used [2,3].

A thematic analysis as described by Braun & Clarke (2006, 2014) was
employed to analyze the emerging themes in accordance with the six-
point phases described [4,5]. Through a thematic analysis we have
organized, described and interpreted our data set. The methodology
used for this scoping review is described in detail in the first part of this
two-part series |1]. The 128 papers included in this scoping review
consisted of; Commentary [Letters, editorials, communication and
opinion] (11 = 39); Research (n = 60); Literature reviews (1t = 25); Re-
ports [Policy and legislation] (m = 4). Each record included was
analyzing for emerging themes as described. Key themes from each
paper were coded against identified themes, The tabulated outputs from
this scoping review included up to the 31% April 2021,

3. Results

The outputs are described thematically in eight separate headings as
per Table 1 and further detailed in Martin et al. [1|. These themes are
further divided into sub sections, where possible, to enable the reader to
focus on specific points according to their general relevance, These
subsections are detailed in two sequential publications:

- Awareness and barriers to sustainability in dentisoy: A scoping
review [l]. This publication considers the literature with a focus on;
Background, where appropriate; Awareness of society and the profession
to the impact of oral health professional activities; and Barriers to
develop and engage with sustainable practice,

- Drivers, opportunities and best practice for sustainability in
dentistry: A scoping review. This second current paper considers the
same body of the scoping literature review with a focus on: Drivers to
develop and engage with sustainable practice; Opportunities to develop
and engage with sustainable practice; Recommendations & Best practice
for effective sustainable dental practice, based on guidance and real
examples.

3.1. Theme 1: environmental impacts-CQOze, air and water

3,1.1. Drivers

As individuals we tend to separate our societal responsibilities of
environmental citizenship, from our professional work-related duties in
the dental surgery [¢]. To drive sustainable behaviour in our profes-
sional endeavours, we need to make a conscious and deliberate effort to
translate our domestic sustainability behaviours to the dental practice
environment. This ‘domestic’ behaviour needs to be more pervasive and
encompass all our activities by becoming a strong attitude across all our
living environments |7], It is noted that the transition of sustainable
behaviours from home to practice may be influenced by the lack of
direct personal financial impact of mismanaging resources in the work
place (water, electricity, heating) [F], In this context, having open
conversations and carrying social, personal and financial responsibility
for the use of resources will further drive sustainable behaviours.

The need to establish, maintain and enhance practice reputation
through sustainable behaviour is a strong driver. A strong reputation
will enhance staff morale and help to build the practice by attracting
more patients with shared sustainability values [9,10]. Moreover,
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marketing of a practice as an early and committed adopter could help to
influence change upstream and possibly secure funding and support for
future ventures [ [ 1],

Sustainability through reduction islikely to result in lower overheads
through reduced use of material and equipment [%], The use of a pre-
ventive approach results in fewer appointments and a reduced need and
use of materials that results in lower carbon emissions from transport
and less waste [ 3711, In the long term, the implementation of sustainable
practice is considered more economically beneficial to the business [12],
Local and national cost incentives such as using solar energy and cycling
to work as per the UK examples of the Carbon Trust and the Green
Business Fund, that offer incentives in the form of loans or tax relief on
equipment [1 L, 3],

3.1.2. Opportunities

3.1.2.1. Reduction via prevention. Dental procedures have a higher
travel emission proportionally to other areas of healthcare as appoint-
ments are quicker and more numerous and happen more often over a
patient’s lifetime [ 14].

A reduction of our carbon footprint is achieved first and foremost
through a promotion and implementation of oral health with a strong
focus on disease prevention, the provision of high-quality interventions
that do not require revising and maintenance plans that are effective and
pragmatic [15,16], Prevention of oral disease results in fewer treatment
requirements, that in turn have a reduced environmental impact.
Conversely, extensive complex and protracted treatment plans are more
resource intensive and contribute more to greater CO, emissions [15,
I 7], This is also associated with greater procurement involvement that is
a further contributor to CO» emissions [9, Regulatory frameworks
that govern contracts for the provision of dental services should value
and seek to transform services through appropriate remuneration of
prevention-based approaches [17],

There is a need to be understand that although some interventions,
such as the use of fluoride varnish to prevent carieshave a large CO,
footprint, but over time the effect will be compensated by a reduced
need for and use of oral health care services. In this way the environ-
mental impact of a single intervention, at a moment in time, will lead to
anetreduction in the carbon footprint over the life of the individual due
to a reduced need for more complex interventive therapeutic, reparative
and restorative care [3]. The same is true for the use of electric tooth-
brushes that are noted for having the highest carbon footprint compared
to other toothbrushes [17]. However, they are equally noted to reduce
plaque and gingivitis more than manual toothbrushing in the short and
long termy; albeit the clinical importance of these findings remains un-
clear |20, Further research is needed into the environmental conse-
quences of different prevention strategies [ 21,

3.1.2.2, Patient and staff travel. A 5% shift to walking and cycling in
staff commuting would reduce carbon and air pollutant emissions by
over six tonnes of NOx and 0.4 tormes PM2.5, avoiding around £300k in
costs to health and society Iu

Better monitoring and measuring of the impact of travel isrequired.
This would enable organisations to reduce the impact they have on air
pollution and, ultimately, help to create more holistically sustainable
and healthy travel systems [22], Outreach programmes such as Child-
smile www child-smile.org.ul, help to reduce travel, reduce carbon
emissions and improve air quality [152],

Reduction in COy emissions through prevention reduces the COy
footprint as this reduces the number of visits due to less need for future
treatment, less need for travel and fewer resources used, There is an
increased role for the use of remote clinical consultations as a way to
reduce patient and staff commuter travel [2,17,18,21-24].

3.1.2.3. Energy consumption. Consideration is given to a number of
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complementary strategies such as producing own renewable energy:
Solar panels, wind turbines, solar thermal systems and heat pumps [10,
21,23,25-29], At a domestic level, the following energy practices are
recommended: Using energy efficient appliances (LED, fluorescent
bulbs, sensor lights, dimmer switches, air conditioning, LED mon-
itors/TVs); making use of natural lighting; incorporate an electrical
shutdown policy for when electrical appliances will not be used; main-
tain and upgrade boilers and air conditioning units to more
energy-efficient with thermostats and timers; make better use of win-
dows and blinds to regulate temperature before switching on air con-
ditioning; lower temperature by a few degrees on water heaters and
washing machines; and maintain all equipment to ensure that it is
48],

rurming efficiently [S,10, 21,20

3.1.2.4. Water consumption. Mitigating actions are identified to manage
the use of water more effectively with reduced waste: The installation of
water meters; use of low flow devices; replacement of wet vacuum
pumps with dry pumps; turning off the tap when brushing; auditing
water consumption; turn off water-consuming equipment when not in
use; maintain equipment, taps and avoid leaks; use non-water based
products for cleaning where possible; run autoclaves and practice
laundry machines when fully loaded; increase staff and patient aware-
ness through the use of motivational stickers/posters against wasting
water; use water-saving toilet and collect rainwater for watering and
equipment that does not require potable water [75, 26 29,32,34,560,17,
39-41,45-47].

3.1.3. Best practice

A number of tools and systems to measure, audit and manage CO»
footprint have been developed by different groups to assess travel,
procurement and energy usage. Examples of this are the tools created by
the Royal College of General Practitioners, Footprint Reporter; the NUS
Green Impact, Toolkit User Guide; the Centre for Sustainable Health,
Health Outcomes of Travel Tool; the Carbon Trust and the Global Action
Plan to help dental practices become more sustainable [, 11,1%,22,41,
46].

The dental profession should focus their COp emission reduction
strategies on staff travel, Accordingly, electric vehicles are promoted as
is an encouragement to employers to further promote and incentivise
active travel amongst staff, as this has additional health benefit to staff
which could reduce societal costs by around £3 milliona year [14,17,15,
0], Other strategies that are widely advocated include the
use of public transport and car sharing [1 ’]; combining patient ap-
pointments and providing multiple procedures in one visit with a greater
use of high-end technologies (CAD-CAM and intra-oral scanning) that
will reduce the number of appointments and transport to laboratories
[24,55,45,4%]; see families in one visit or a family appointment [ 14,75,
A9]; reduce transport between dental surgery and laboratory with
scanned impressions [27,.11]; and purchase larger bulk deliveries
[21-23,34]. The use of telecommunication should be enhanced for all
administrative logistics and for remote clinical consultations [14,15,
21-23,27,536,50], Programs such as ‘Childsmile’ [152], where only the
dental team travels, reduce travel emissions as there are fewer people
travelling to provide care [21,22]; on-site preventive care facility in
nursing homes |21 ] and attending to multiple patients together at care
homes [ 14].

Key to success, is staff and patient engagement and this should be
driven through a series of proactive approaches, such as staff training,
increasing awareness, use of e-dentistry resources, online videos, sus-
tainability notices with photographs and leaflets, promotion through
social media [11,18,23,27]. This can be achieved by designating a lead
sustainability officer in practice or a sustainability working group to
embed sustainability into the practice [1!,27,4¢] alongside a waste
management leader [11,51,5 2], It is essential that sustainability practice
and organizational policies and procedures with effective action plans
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and realistic targets are embedded and normalized within the team so
that they become part of day to day running of the practice [! 1],

3.2. Theme 2: Reduce, reuse, recycle and rethink

3.2.1, Background

Within the setting of the dental surgery, the complex and mostly
contaminated nature of the waste produced in the delivery of oral
healthcare makes it difficult or impossible in some instances to imple-
ment policies of reuse, reduce and recycle. Many of the polymers used
are highly cross-linked and processed so that they may not be easily
broken down into the constituent raw materials or derivatives. Polymer
devices used ina clinical environment are at high risk of contamination,
and the nature of the polymers and/or the complex shape of the devices
makes it costly and difficult to clean, disinfect and sterilize [54-55].
There should be an encouragement torecycle items that can be currently
recycled to help reduce the depletion of natural resources in terms of
paper, plastic and glass products, with associated lower carbon emis-
sions compared to landfill [51]. Sustainable activity through the
recognized strategies of reduce, reuse, recycle and rethink are consid-
ered in the literature. Although commonly grouped together, the indi-
vidual distinct focus of each strategy, requires that they should be
considered as separate entities in the review of the literature.

3.2.2. Drivers for change

3.2.21, Reduce. Of the three Rs, the logical and immediately achiev
able approach to reducing waste in oral healthcare is by reducing the
demand for the products and materials [70, 1,52,56], This can be
achieved by targeting preventable oral health diseases through a pro-
motion of better health focused on disease prevention coupled with the
provision of high-quality interventions that do not require revising and
maintenance plans that are effective and pragmatic; all of which
involving the patient as a key part of the strategy [15].

3.2.2.2, Reuse. There is support for the reuse of equipment and devices
if appropriately cleaned, disinfected and sterilised where appropriate. A
case study with dental burs shows this to be the case if the autoclaves are
operating efficiently, When their efficiency falls, the impact on the
environment of reusable burs is more than that of disposable burs [35].
Some countries offer tax incentives for donating old electrical equip-
ment [31]. Recovery and reconditioning schemes for equipment to be
put back into circulation are in existence as per that between single-use
instrument manufacturer (Robinson Healthcare Ltd) and the Healthcare
Environmental Group (HEG) for single use instruments |50,

3.2.2.3. Recycle. Significant opportunities exist for recycling at all
levels and low-level domestic in-practice arrangements should not be
dismissed as they have significant additional benefits. Recycling reduces
demand on raw materials, reduces demand on landfill and foments in-
dividual responsibility for waste management, Some recycling is low
cost or no cost, some generates additional income and saves the cost of
domestic waste disposal [51,52].

3.2.2.4. Rethink. The fourth R stands for ‘Tethink’, This applies to all
sectors of the supply chain, as a collective and individual stakeholder.
We need to move from a linear economy that terminates in landfill and
incineration to a circular economy with reduction, reuse and recycling
at its heart involving all stakeholders [21,155] (Fig, 2), The environ-
mental impact associated with the provision of the actual clinical pro
cedures is better understood through LCA research; with lessons that can
be adopted [15,75,7:], Reviewing and rethinking how to dispose of
waste using novel methods of waste management is required, an
example would be the use of reusable sharps disposal containers to avoid
incineration [24,41],
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Ultimately, we need to be proactive in the management of our re-
sources in the dental surgery so that we move to an eco-friendly practice
and use forefront materials sustainably and consider how their waste is
managed in a sustainable manner [31,5v].

3.2.3. Opportunities

3.2.3.1. Reduce. Beyond the dental setting of primary dental care, op-
portunities exist for a reduction of pre-clinical plastic waste (products
and packaging) that arise from manufacturing and distribution prior to
being contaminated in a clinical setting upstream in the supply chain,
33% of the waste generated in the dental surgery is packaging [31,.5,
46,40]. Purchase of products with minimal packaging and use of reus-
able plastic containers can reduce general waste production [27,51,40,
42,52,57]. This concept, illustrated through the waste management hi-
erarchy inverted pyramid, and widely recognized as the preferred
strategy for sustainability goals, indicates reduction to be both the most
practical and achievable strategy (Fig. 1) [24,31,52,58,50].

The current linearity of the oral healthcare supply chain suggests that
the most effective strategy to minimize the impact of healthcare plastic
waste on the environment is by adopting a reductionist approach com-
bined with innovative recycling approaches at both pre- and post-
clinical contamination [5.3][55].

Thus, efforts to reduce the pollution impact on the environment from
oral healthcare must therefore focus on a strategy of reduction alongside
any recycling capabilities wherever possible. A reduction of our carbon
footprint and pollution from waste are achieved through the provision of
optimal oral healthcare [(0]. Strategies for the implementation of a
policy of the 4 Rs (with the addition of ‘rethink’) is considered at varying
levels [1¢ 41,4.,45,59,61], These include the labelling of bins to aid
with segregation to drive recycling and reuse, engagement with sup-
pliers for reducing waste, recycling waste, upcycling and purchasing
recycled products [23,28,31,41,42,51,52,62-65]), Notwithstanding,
adoption of these practices is hugely variable across the world with
minimal efforts to reduce or recycle waste in some countries [65-17].

3.2.3.2. Reuse, There are opportunities for sustainable engagement
though for the reuse and upcycle of equipment in the dental practice
[51]. The purchase of high-quality durable equipment that is well
maintained [22]; use of cloth fabric alternatives for SUP barriers,
cleaning, hand towels ete, Reusable PPE (including laboratory coats
instead of disposable aprons, reusable face shields, reusable bibs for
patients) asreusable gowns have a 2,3-fold reduction in terms of energy,

Fig. 1. Waste management hierarchy inverted pyramid-strategy for meeting
sustainability goals, with reduction to be both the most practical and achievable
measure [159].
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water and carbon emissions and 7-fold reduction in waste [511, Use of
washable cups, dishes and cutlery in the staff break room and re-usable
water bottles, Implementation of eco-friendly sterilisation programmes
that reduces the need for disposable sterile packaging after (reusable
instrument cassette trays) [52,78], Finally, staff should consider and
think about the nature of the waste generated and how this can be
reduced [10,27,31,32,35-37,30-43,46,51,52,68].

3.2.4. Recommendations and best practice

3.24.1. Reduce. A number of recommendations and examples of best
practice have been identified with much focus on the reduction in the
use of paper. Auditing paper consumption as an initial driver for a
reduction strategy is considered important [50]. Beyond this, other
approaches to paper reduction, focus on: The use of digital technology
for patient records; electronic reminders, use of tablets to record patient
clinical assessments (especially forms such as medical history); patient
investigations (intraoral scanmers, digital radiographs); electronic credit
card transfers and order forms; and paperless meetings, Paper use can be
reduced with smarter and more cost-effective printing (double-sided,
thinner paper); stop unsolicited mail and use of scrap paper for internal
notes 10, ,26,28,29,31,32 37,39-41,43,46,47,51,56,59],
Careful planning and execution of clinical procedures should lead to a
reduction of materials and equipment such as impression trays, Dap-
pen’s pots, prophy cups, suction, syringes, burs ete [10,23,24,26,78,29,
-41,45,46,51,66],

3.2.4.2, Reuse. The challenges associated with reusing plastics and in-
siruments in healtheare settings arise from the nature and construction
of polymer items and the need to operate in a society-facing role within
sringent regulatory frameworks and increased levels of litigation [53].

3.24.3. Recycle. Whilst according to the waste management hierarchy
inverted pyramid (Fig, 1), recycling is less desirable compared to
reduction and reuse, it reduces the need for raw materials to be mined
and processed [24]. Mechanical and chemical recycling are increasingly
being used in healthcare for the management of SUPs to good effect
[54]. A number of recommendations and best practice are identified for
recycling: Educating staff about recycling, enabling waste separation for
ease of recovery for recycling, improving awareness and liaising with
local authorities and support groups [23,28,21,41].

There is a prerequisite to separate plastic and paper from sterile
wrapping in order to recycle. Effective separation of sterile wrapping
before contamination could save up to 5kg of waste a week. If sterile
wrapping is not disposed of as clinical waste, there would be an
approximated reduction of around %2 a tonne of greenhouse gases a year
[71], In this context, there is an opportunity to identify and use
pre-existing community recycling programs to recycle paper and plastic
halves of autoclavable bags and packaging [4:].

Beyond paper and plastic, the recovery and recycling of old in-
struments, waste alloy, old materials and malfunctioning equipment is
encouraged [ 5,6,45,40.], Recyeling of ceramics (zirconia) for
the fabrication of dental prosthesis shows some real potential, with a
reduction in need for virgin materials [72],

Other items that can be recycled effectively include: Office waste
such as plastics, paper and medical shredding, toner and inkjet car-
tridges that are also cost saving for the practice [10,29,52,40,50,6.1,71,
741.

3.3. Theme 3: Policy

3.3.1. Drivers for change

There is a general consensus within the profession that there needs to
be a closer, more effective and more pragmatic alignment of two
apparently divergent regulatory frameworks. One that is designed to
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Fig. 2. Circular economy with waste diverted to mechanical and chemical recycling, reducing the burden on raw materials (extraction and synthesis) and disposal

(landfill and incineration) [155].

protect the public through the provision of safe clinical practice and at
the same time manage the environmental impacts associated with the
provision of sustainable practice [64,77].

A clear driver for change of policy and regulatory frameworks comes
from the need to protect those who are more vulnerable from long-term
effects of global warming and pollution [14,56]. Effective use of policy
for the sustainable management of clinical waste is evident in some
sectors that requires management of waste disposal to operate within a
environment context [78-81], The need to engage with professions
complementary to dentistry, such as oral healthcare workers, dental
hygienists and therapists has been highlighted; as these groups are
largely missing from the environmental sustainability dialogue [82].

3.3.2. Recommendations and best practice

It is important to ensure that the profession has appropriate repre-
sentation in the formulation of policy and guidelines that will impact
healthcare delivery and sustainable practice. This includes active
participation in the use of metrics (e.g waste audit, carbon emissions etc)
and consideration of evidence that covers both planetary and public
health issues [21], In this context, a country’s dental association can
have a pivotal role to support the profession in sustainable practice [ 28]
and should do so with all dental professional groups [82],

There is a need for greater transparency and standardization of
measurement or reporting the environmental credentials of a product
for manufacturers. Vendor agreements should include the requirement
to take back packaging and waste materials in order to discourage
inefficient use.

Policy makers must think about political, social, geographical and
historical contexts when considering how to influence the sustainability
of dentistry changes. Policy makers have to be careful that an inter-
vention designed to improve one system component does not have un-
intended negative consequences. An example is that not all multiuse
devices will be environmentally preferable to single-use ones if they
require reprocessing or remanufacture, so a blanket ban on all single-use
instruments may not always be appropriate (21].

Specific recommendations identified are: The use of amalgam sepa-
rators that meet ISO 11143, This shows that the separator removes 95%
of waste amalgam when subject to the test method specified [36,42,31,
85,84]. Ensure that all waste is handled and disposed of in accordance
with appropriate local, national or international regulations to avoid
environmental contamination (e.g.,, In the UK, the Environmental Pro-
tection Act 1990, the Controlled Waste Regulations 2012, the Hazardous

Waste Directive 2011 and the Carriage of Dangerous Goods Regulations)
[52,1]. The encouragement of waste management through financial
incentives or disincentives such as subsidies, taxes or penalties has been
shown to be effective [51],

An example of how societal action drives policy is the build-up to the
Minamata Convention on Mercury (2013). A series of conferences and
world environmental summits took place; with the Human Environment
(Stockholm, 1972) [145], the Earth Summit (Rio, 1992) [146], the
World Summit on Sustainable Development (Johannesburg, 2002)
[147], The Montreal Protocol on Substances that Deplete the Ozone
Layer (Ozone Secretariat, 2011) [14F], Stockholm Convention on
Persistent Organic Pollutants (Stockholm Convention, 2008) [149], The
Rotterdam Convention (Rotterdam, 2008) [150], Basel Convention
(Basel, 2011) [151] and the on the Control of Transboundary Move-
ments of Hazardous Wastes (Basel, 2011) [152].

3.4. Theme 4: Biomedical waste management

3.4.1. Drivers for change

Poor waste management can lead to an increase in hospital-acquired
infections (nosocomial) [J1,62,66,08,61,85-88]; and through an alter-
ation of the microbial floras in the environment, it can lead to antimi-
crobial resistance [31,62]. It should be noted that infectious diseases are
a major contributor to the high morbidity and mortality rates in devel-
oping countries (HIV, TB, Hepatitis) [42,7(,75,86,20]. A reduction in
waste has financial benefits that can result in improved healthcare op-
portunities and patient care [51,52]. Awareness of the need to engage
with BMW is key to any solution; a trait that is increasing [Y0].
Notwithstanding, there is a desire for promotion of waste management
through education [91],

3.4.2. Recommendations and best practice

It is important to establish a baseline of knowledge of current prac-
tice so that this can be compared against desired (gold) standards and
establish a practical waste management plan. An assessment of baseline
practice is best done through an audit process of waste management [5,
18,23,32,36,46,51,52,58,61,63,66,92-04].

A practical waste management plan should consider the waste
management hierarchy (Fig, 1) [22,61]: Implementation of a policy of
the 4 Rs (Reduce, reuse, recycle and rethink) [1,43,59]; and a focus on
avoidance and reduction at source as best practice [24,71,58],

Core to the implementation of local waste management plan is a high
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level of staff awareness and engagement through effective education and
training [42,51,52,62,64,6(,78,94], This should include: Education of
staff on the need for waste management and the impacts of doing so;
provision of regular and effective staff training 5% |; ensure engagement
from every individual in the team as a collective effort [R()]; display
effective and simple waste segregation flowcharts and clear local rules to
enable training and implementation [2:,52,51],

Effective education should commence at an early point of the staff
development at undergraduate school and as a continuum through
postgraduate and professional life [/¢ ,58], This should include a
research curiosity into the environmental consequences of dental waste
produets [21],

Engage with and lobby regulatory bodies, healthcare providers,
professional dental associations and local/national government to
enable effective waste disposal and avoid environmental pollution [,
(16, 79,81,85,89,05], These organizations, as well as regulating lawful
practice, can provide valuable training resources to assist with the
development and implementation of a waste management plan [27,5¢,
02].

Further best practice recommendations include: The use of waste
disposal services close to the practice to reduce carbon emission from
transportation of waste and implementing a practical waste segregation
disposal system [27,

3.4.2.1. Segregation of waste, Effective segregation at a local level will
enable recycling of household waste, significantly reduce the burden of
contaminated waste and avoid accidental harm (eg. needlesticks) [¢%,
19,94]. The converse is true, that poor waste segregation leads to
non-clinical waste being disposed of in the clinical waste stream,
increasing the cost to the practice and potential harm to the environ-
ment from incineration [24,26,51,52,66,71,78,91,02,04,0¢]. Paper is
the highest type of waste in a dental practice and it is easily segregated
and recycled (7!]. Effective waste collection and segregation can be
achieved through the use of: Color coded and clearly labelled bins [/,
41 4,n5]; durable bags/containers for blood-soaked gauze, cotton
and dressings [9,74]; mon-chlorinated bag/containers for waste
collection; durable containers that can be reused [5¢] and dedicated
bins for all sharps [ /4],

3.4.2.2. Waste contractors, Beyond waste management at a local prac-
tice level, the plan should extend to include effective engagement with
‘waste contractors. Firstly, ensure that waste contractors are complying
with the appropriate local and national legislation at all levels, from
collection to disposal [44,62,%1,97]; use licensed handlers for off-site
recycling of hazardous materials [45] and ensure that they have a
recycle clause [27,25,52], Beyond this, try and have a contract which
uses total waste management; encourage contractors to diversify to
include recycling opportunities; innovate new solutions for reducing
waste [52] and use incineration facilities with energy recovery [24/,

3.4.2.3. Medicine waste. A reduction approach is the most widely
advocated approach to the management of medical waste. Medicine
‘waste poses a significant pollution problem as pharmaceutical residue
dissolved in waste water can re-enter the food chain [9,27]. Effective
management strategies to reduce the impact of this include: Reduction
of prescribing, especially antibiotics; only prescribe the required amount
and encourage patients to return unused medication to the pharmacy for
safe disposal, and not down sink or toilet [25,51].

3.4.2.4, Food waste. Food waste in healthcare facilities is a further
source of environmental pollution. A primary care survey in the Re-
public of Ireland, identified that 15% of the waste within healthcare
facilities was atmributed to food, In Scottish dental practices, if more than
5 kg of food waste is produced per week this must also be collected
separately.
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This can be managed through legislation, requiring special ar-
rangements for the collection of food waste [50]. Also, the use of waste
collectors and converted into energy by anaerobic digestion with a re-
turn of revenue. Installation of composting and worm farms to create
soil conditioner that can also be a source of revenue [51.

34.2.5. Headlthcare waste treatment technologies. Health care waste
treatment options include incineration, microwaving, autoclaving,
hydro-pulping and compaction [9£).

Incineration is suitable for all types of waste and reduces volume of
‘waste up to 95%, However, it requires high investment costs and emits
unwanted pollutants [-4,98], Incineration with energy recovery is
increasingly being adopted accounting for approximately 25% of all EU
waste [51].

Knowledge of where practice waste goes would inform choice and
could be sent to a waste-to-energy plant which convert energy from
incineration to usable energy [ 241,

Alternative technologies for processing of healthcare waste have
been suggested: (i) Microwaving has a lesser impact on the environment
compared to incineration because there are no combustion emissions
produced by the system, It can reduce the waste volume by approxi-
mately 80%. However, it is not suitable for pathological waste and re-
quires a strict monitoring system; (ii) Autoclaving is suitable for
sterilizing hazardous waste. However, the volume of waste cannot be
reduced in this process, and it is not suitable for clinical waste with body
parts. (iii) Hydro-pulping is used for domestic paper/cardboard waste
but not indicated for clinical waste treatment; (iv) Compaction of waste
can reduce the volume up to 60% but sterilization is not possible in this
method [98],

3.5, Theme 5: Plastics

3.5.1. Opportunities

Sustainable alternatives to plastics in healthcare are being devel-
oped, Examples of technologies currently under research are; the use of
chitosan (A polysaccharide obtained from the hard outer skeleton of
shellfish) |9¢| and already in extensive use is Polyvinyl alcohol (PVOH)
[100]; both used as a bag for soiled linens which then dissolve in do-
mestic laundering (washing machines).

3.5.2. Recomumendations & best practice

The literature identifies that dentists should conduct environmental
audits of their practice following the principles of the International
Chamber of Commerce [101,102], This should include a waste audit to
establish a baseline for amount of plastic being used (2.

Efforts should be made to try and minimize single use plastics as
much as possible. In this context, manufacturers and distributors should
be encouraged to concentrate on optimizing and reducing packaging,
such as that for dental burs; as this has been was shown to be the biggest
confributor to environmental impact of disposable burs [ 351, The use of
latex elastics in orthodontics is promoted as a way of promoting fores-
tation [29],

There is a gap in our knowledge of easily manageable hot spots of
dental waste and if interventions such as an environmental audit can
decrease the amount of waste [ 101].

3.5.2.1, Gloves, Disposable examination gloves, of the type used in the
dental profession, form a very large part of the waste stream | 7:¢]. There
is a conflict between the greater environmental credentials of natural
rubber latex (NRL) and the more polluting but less allergenic nitrile
gloves. NRL is an environmentally sustainable material, which is also
naturally biodegradable, enabling hospitals to meet their ‘green’ pur-
chasing requirements [32,103], The production process for the raw
materials for NRL gloves is 16 GJ/ton for NRL which is an order of
magnitude lower than that for niwile gloves (108 to 174 GJ/ton).
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Moreover, synthetic nitrile gloves are derived from oil chemistry with
higher economic costs for the raw materials, that in themselves are a
non-renewable source.

Tt should be noted though, that NRL gloves, although biodegradable,
are invariably incinerated as contaminated clinical waste, producing
toxic emissions [27], The main challenge with NRL gloves is its poten-
tially severe allergenic potential; leading the profession, public and
regulatory opinion to lean away from their use on the grounds of patient
safety [27]. Notwithstanding, there is a body of opinion that considers
that the reduced incidence of allergic reactions, the availability of spe-
cific and sensitive testing for the selection of low-allergen gloves,
competitive costs and lower environmental impact, make NRL gloves an
excellent choice of material for medical gloves and should continue to be
used [73,104],

3.6, Theme 6: Procurement

3.6.1. Recommendations

Carbon emissions and air pollution impact can be reduced with
better coordinated distribution logistics, suggestions include: Transport
products in the same delivery, transported from the same logistics cen-
ter, and ideally produced locally [ ,ZR,35], Improved logistics
should consider the combination of deliveries for bulk orders to reduce
the environmental impact of transport from supplier to practice [16, 5],

There is a nieed for research that will provide the evidence base for
sustainable products to create a set of sustainable product options for
oral healthcare professionals [21], Practices should select products with
minimal packaging that is easy to recycle [24,51,42,40,57], Purchase
should seek eco-friendly alternative dental materials [4 ] and those that
originate from recycled sources |12 ]; such as toilet tissue, paper towels
and office fumniture [28,22,42,45,46,57], Furniture from renewable
sources such as bamboo

1] and from reforested wood [29].

Office supplies and paper use is both a significant hotspot and an
easily achievable target to address. Recommendations include: Review
use and buy accordingly to avoid unnecessary waste [18,27,47]; pur-
chase recyclable materials [1 5,23,24, 28,52,43,51,52,6.1]; durable office
equipment with long warranties [ 1(4]; Purchase stationery in bulk [,

4]; purchase tea/coffee from Fairtrade [105] or Rainforest Alliance
[106] sources [56]; avoid the use of glossy, coloured or plastic coated
paper [56].

3.6.1.1. Engagement with suppliers,. Working and engaging with sup-
pliers to assess their sustainability practices is a necessity to improve the
environmental impact of procurement [?,14,21,23,56,5], Sustainabil-
ity should be included as a procurement requirement alongside fitness
for purpose, financial and ethical considerations [14,18,21,2:,24,20].
A professional move towards a more sustainable dental practice will
embed core sustainability values and consequently put pressure on
suppliers to engage in a similar manner [21,24,27,56]. This might
include consolidation of delivery, reducing and reusing packaging and
the quality of the packaging itself [45], Manufacturers should provide
recycling information for medical equipment components in user man-
uals and/or offer to recycle the equipment they produce. Requesting
such information might put additional pressure on manufacturers to
meet the sustainable needs of their customers [I 7,50], Manufacturers
also need to redesign products to improve useful life, reduce energy
consumption, reduce packaging, eliminate toxicity in the composition of
products, and prioritize the use of renewable material [1%,51]. A desire
to reduce the costs of procurement provides a financial incentive to
improve logistics throughout the supply chain and make this more
sustainable as a secondary outcome 2/ |. Examples of good practice are
the cradle-to-cradle circular economy concept that is promoted as a
strategy to redevelop the production methods of products to eliminate
and reuse all waste produced, using green energy suppliers [10],
Effective internal stock management in the dental practice is key to
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sustainable procurement, There is a need to regularly audit stock to
check for expiry dates and monitor usage [25,18,24,27,51,61]; alter
orders according to usage once audits have been completed [2.1]; un-
dertake stock rotation to ensure items closest to their use by date are
used in preference to newer stock [ 1]; and only order as it is required,
reducing excess waste [51,77].

3.7. Theme 7: Knowledge exchange

3.7.1. Opportunities and recommendations

Given the urgency of the need to address the pollution crisis, there is
aneed for more focused high quality and high impact research, Research
into best practice and evidence-based provision, should be supported
with an environmental analysis with appropriate expertise, with
appropriate support from funding bodies for the need of this combined
approach, Oral health research should also include an investigation of
the complex internal drivers and external forces that influence sustain-
ability, including the behaviour of each stakeholder and that of the
supply chain as a whole [53]. High quality life cycle analyses (LCA) are
required to identify hot spots in the supply chain, dental products,
procedures and care provision with provision of evidence for decisions
between the use of different materials, single use vs reusable or manual
vs electric products, and the impact of different travel methods [14,75,
7]. There is a need to understand the environmental impact of home
based and professionally delivered prevention, so that effective trans-
lation of good practice can take place [21].

Governments and funding bodies should consider the importance of
health care sustainability within their portfolio of health research [14].
Funding should be focused to support areas where evidence is lacking
and to support innovation [21],

Within education, there is an increasing level of interest in the dental
profession on sustainable practice, but this is against a backdrop of
generalized lack of awareness and knowledge in this area; as highlighted
in the relevant sections for each theme in this review. This is com-
pounded with a lack of knowledge of how to engage [9,!2,65,70,55,
1171, A study in India reported that 76% of private practitioners were
aware of the harm they were doing to the environment; 95% of them
reported they felt a responsibility to not harm the environment [47],

Sustainability is now a major topic of discussion in the Association
for Dental Education in Europe (ADEE), as evidenced by a recent
consensus paper that suggests eight pillars as a framework to promote
best practice for the teaching of sustainability in dentistry [16]. This
Teport suggests four main themes as a foundation of a consensus to
embed sustainability in the undergraduate curricula: Disease prevention
and health promotion, Patient education and empowerment, Lean ser-
vice delivery and Preferential use of strategies with lower environmental
impact, Encouraging evidence of this progressing to further stages is
noted through work undertaken by the ADEE |108]1 and the Centre for
Sustainable Health, UK [104], among others,

There is also a recognition of the need to involve and engage with
professions complementary to dentistry, such as oral health care
workers, dental hygienists and therapists [#2]. Awareness training
should recognize that single use products and disposable items come at
high environmental price and the dental team should be educated in best
sustainable practice for waste management [!4,25,41,87], Patients
should be educated to adopt environmentally sustainable practices, such
as turning the tap off when brushing teeth [2r,032,41,42,45,110] and
most importantly, the benefits of good oral health through preventive
regimes to reduce the number and complexity of interventions over their
lifetime [7,1 21,23,27,42].

3.8. Theme 8: Dental materials

In this theme, the literature identifies a number of materials used
directly or indirectly for clinical care and opportunities for their use ina
sustainable manner are considered individually.
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3.8.1. Best practice

Consideration should be given to the use of approved standards that
recognize sustainable sourcing, such as the US-based Green Seal Veri-
fication system [46,] 11]. Ensuring longevity of dental materials and
avoiding waste is key to sustainable practice through their correct use
and implementation [©7].

3.8.2. Dental amalgam

‘Worldwide consumption of mercury is around 300 tons per annum
[6&]. Mercury is the heavy metal of primary concern, making up to 50%
by weight of dental amalgam. Mercury is bioaccumulating and exposure
to mercury is known to have toxic effects in plants, animals and humans,
Mercury can be neurotoxic and teratogenic; it can accumulate as it rises
through the food chain and it can also impact the microbiological ac-
tivity in soil. Once in the environment, a number of factors contribute
(pH, temperature, oxygen, bacteria) to convert it into the more toxic
methylmercury that is more bioavailable and can now accumulate in the
food chain [26,31,17,39,43,44,49,57,59,62,68,69,74,77,97,112-124],

Dental mercury accounts for 3,4% of terrestrial mercury [+2,77,115,
| 14,1 23], The UNEP Global Mercury Assessment of 2013 revealed that
in 2010 an estimated 270-341 metric tonnes of mercury globally were
derived from the use of dental amalgam | 125]. 75 tonnes of amalgam
per annum were used in the EU alone [112]. The subsequent 2018 report
notes that the category of ‘mercury-added products’ that includes dental
amalgam, remains a major source of mercury release, but according to
the latest 2015 global inventory, these levels are in decline, especially in
developed countries [1261,

Disposal of dental amalgam directly into the sewage system is
common practice around the world, A study in Chicago, revealed a
discharge of 35mg of mercury (as amalgam) a day into sewers, that
contributed around 8-14% of total mercury in wastewater treatment
plants [73,%3]. Notwithstanding, the mercury waste from dental
amalgam, accounts for less than 1% of mercury discharged by human
activity into the environment [45,79].

Beyond the dental practice, the amalgam legacy in the form of
mercury emissions from crematoria will rapidly increase until 2020.
This is predicted to plateau around 2035; returning to the lower levels
seen in 2000 by 2055 [112].

3.8.2.1. Opportunity. There is a world-wide drive to phase-down/
eliminate the use of dental amalgam to reduce the pollution impact of
mercury in the environment. The Minamata Convention on Mercury
[127] requires that signatory countries should phase-down mercury use
and aim to eliminate dental amalgam by 2030 [15,:43,28,112], In this
context, the European Union has adopted phase-down policy of the use
of dental amalgam driven by these environmental concerns [24,27]. The
literature identifies a wider series of recommendations to reduce the
environmental impact of mercury from dental amalgam that can be
categorized into the following themes:

1 Source reduction and elimination as the best way to reduce waste [41,
57,97,124,1 28,1291, with the following strategies: Source reduction
that can also be provided as part of preventive dentistry approach
[49,117,118,124]; use dental amalgam as little as possible to reduce
‘waste produced [42,/4]; use capsulated amalgam to reduce waste
[59,[150]]; lobby for insurance policies to promote mercury
free-alternatives and encourage the profession to take up policies
that support amalgam alternatives |49]; the deve]opmem and use of
alternatives wherever possible [10,12,23,2 7,42,41,56,113,

120,121],

2 Knowledge acquisition, There is much emphasis of the need for more
knowledge acquisition at all levels of the profession: There are calls
for the adoption of more preventive and adhesive dentistry [129]
[1:11]; and the provision of effective training in the handling and
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disposal of mercury (including extracted teeth with amalgam resto-
rations) [31,34,36,39,41-43,57,59,74,81,132,133].

3 Waste management features heavily with recommendations in two
areas.

a A need to avoid local ‘chairside’ Hg pollution risks [ 134,36,
39,42,57,59], by means of: An overall reduction in exposure [4%,
74,91]; use of water-spray cooling and high-volume vacuum sue-
tion during amalgam removal in order to significantly reduce
environmental mercury vapour [43,76,0,97,116]; the use of
effective chairside traps, vacuum filters and amalgam separators,
amalgam separators that meet ISO11143, that are 95% effective
[12,23,26,2 37,39,41-43,45,5R,59,6 2,63,67-70,73,74,
97,112,118,120,126,157,134]; avoid the use of hypochlorite
cleaners, as they increase dissolution of mercury [42,54,[125]].
Effective and safe storage of amalgam features with the following
recommendations; Have an amalgam spill-kit for spills of
elemental mercury; use a dedicated special container in accor-
dance with relevant regulations; ensure that this has a mercury
suppressant; that the container is tightly sealed and; stored in a
cold environment [31,36,43,62,70,74,79,81,89,94,97,113,115,
116,120,133].

b General waste management:There is a need to enact existing leg-
islative frameworks[1::¢] and follow simple guidelines for mer-
cury waste handling [115]. The US Environmental Protection
Agency [1537] provides detailed guidelines on the management of
dental effluent and dental amalgam [26,(2]. Recommendations:
Recycle waste amalgam with effective collection, separation and
recovery of mercury and silver through approved biological waste
management companies; the establishment of mercury-free med-
ical/dental facilities to avoid local environmental pollution should
be considered [28,35,37,49,73,74,81,94,112,117,119,176,131,
134]. Also, the removal of amalgam restorations from cadavers
prior to cremation (similar to removal of pacemakers before
cremation) has been suggested [117].

3.8.3. Anaesthetic gases

3.8.3.1. Recommendations & Best Practice. NOye levels can be reduced
by capturing and neutralizing the gas during its use, a technology that is
commonly used in hospitals but not in dentistry [51,138]. Use of
effective protocols and standard operating procedures can avoid the
pollution routes identified.

The use of recycling systems (e.g. Dynamic Gas Scavenging System is
recommended [ 1:39], which collects and reuses 99% of anaesthetic gases
without chemically altering them in the process and with significant
reduction in energy consumption |1 %],

There is a need for further research to: (i) Establish the optimal
(lowest environmental impact) fresh gas flow rate to aid a reduced
aesthetic use [13€]; (i) reduce the impact of NO2 waste [ 2%]; (iii) cost
effective methods of NO2 reversal technology |1

3.84. Gypsum

3.8.4.1. Opportunities, Recovery and recycling of dental gypsum is
possible and effective with the recycled gypsum powder reported to be
99% as good as virgin gypsum [31,140]

Other opportunities to reduce the impact of gypsum waste is to use
alternative biodegradable impression materials [21], It is also possible
to avoid the use of impressions and casts through the use of intraoral
seanners [F,24,27,34,25],

3.8.5. Resin-based dental composite

3.8.5.1. Opportunities. An understanding of the pollution pathways is
essential to enable identification of pollution reduction strategies. The
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pathways of RBC materials to the environment are: (i) Waste from
expired composite compules or syringes, that becomes municipal waste
and discarded in landfill. Once in the landfill, leachate can react with
RBC allowing the release of its components. The temperature, pH and
oxygen content of the landfill leachate solution change over time,
affecting the reactivity of the solution, (ii) Microparticles from finishing
or removing RBC restorations or from grinding CAD/CAM ingots,
Microplasties not only act as direct pollutants, there is also evidence that
they can attract and bind to biotoxins known as persistent organic pol-
lutants (POPs). (iif) These monomers are detectable in saliva and urine,
and it is therefore accepted that leached monomers of dental composite
are released into the environment via human excretion after dental
procedures involving RBC. (iv) End of life through cremation and
interment, Methacrylates also exhibit high log Kow values, suggesting
that these compounds are bio-accumulative, immobile, persistent, and
have low water solubility, For these compounds, bioaccumulation
through the food chain is of concern [17,112,1417,

3.8.5.2, Best practice, The use of BPA-free RBCs and base-plates for
orthodontic oral appliances should be promoted [71,46]. A preventive
regime that seeks to reduce the need for interventive RBC restorations
should be pursued as best practice for oral health outcomes and reduced
pollution arising from this family of materials,

3.8,6. Metals

3.8.6.1. Best practice. Best practice for base metals is to either recycle
them [17,22]; or use digital radiogTaphy to avoid the need for silver
thiosulphate x-ray fixer [25,26,28,21,42,57,142],

The greatest opportunity comes from the transition to digital radi-
ography. Whilst using conventional wet-film radiography, the literature
highlights the ease of recycling of lead foil and that this should be
facilitated at a local level through the following actions: Segregation of
the lead foil from the other components from of the film packet; and
avoidance of disposal of film in domestic muruclpal waste that will end
up as land fill and incineration [26 0,3 5
[ 34,147], Alternatives to lead aprons for shielding are also considered
[46],

Effective management of radiographic fixer is essential and key non-
polluting practices should be followed: (i) Radiographic fixer and
developer should not be mixed prior to disposal [47,6.]; (i) Used
radiographic fixer must not be washed down the drain but sent for silver
Tecovery and the developer shotild be neutralized prior to disposal [/1,
78,134]; (iii) certified waste carriers should be used to d]spose
ot the waste, ideally by recycling [2#,37,44,55,#1,142],

Ceramic endosseous implants materials have a lower environmental
impact, generating fewer emissions of greenhouse gases (GHGs) and
consuming lower amounts of water and energy, when compared to
metals; although with the recognition that the data only considers pri-
mary production and not processing and finishing [157].

5

3.8.7. Nanotechnology

3.8.7.1. Recommendations. A review of the literature reveals a signifi-
cant knowledge gap, focused on dentistry that will support practical
recommendations to reduce the potential harmful effects of nanotech-
nology in healthcare, In this context, we need to consider nanoparticles
in the wider context of healthcare to find relevant reports, This paper
highlights both the knowledge gap in this field and the increasing evi-
dence of nanosilver toxicity to human and nature |144]. Further tar-
geted research and knowledge is required.

3.8.8. Disinfectants

3.8.8.1. Recommendations. Consideration should be given to the use of
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ultrasonie, steam or dry heat for sterilization instead of these toxic
cleaning agents [27,20,35,56,41,45], Waste management in the dental
practice should make effective provision for the adequate disposal of
these toxic pollutant solutions and not into the municipal waste water
sewerage system, These include, monomers and associated reagents
such as initiators, accelerators and inhibitors [24,01].

A recognised pollutant pathway for dental amalgam, is through the
use of certain cleaners containing hypochlorite (sodium hypochlorite
and sodium dichloroisocyanate) as they potentiate the release of mer-
cury from effluent pipes [4.,45,84,115,134],

4. Conclusions

This scoping review has identified 128 records that contribute to our
understanding of environmentally sustainable oral healthcare. The
thematic analysis highlights eight diverse but closely interlinked themes
that influence the sustainability of oral health provision on a world-wide
basis: Environmental impacts (COye, air and water); Reduce, reuse,
recycle and rethink; Policy and guidelines; Biomedical waste manage-
ment; Plastics (SUPs); Procurement; Research & Education; Materials,
The levels of awareness and the perceived barriers to engagement in
sustainable practice has been reported by the authors in a preceding
publication [1]. Public awareness of the need to improve our environ-
mentally sustainable practices at all levels is high. However, profes-
sional awareness is much lower as there is a perceived disengagement
between citizenship responsibility and that of our professional activities,
This is a constant theme throughout the literature and presents both the
greatest barrier and the opportunity to engage in effective and impactful
sustainable outcomes,

The following headline conclusions from this study are encapsulated
with a focus on the drivers, opportunities, recommendations and ex-
amples of best practice to develop and engage with sustainable practice.

Patient and staff commuter travel account for the greatest contri-
bution to the profession’s carbon foot print and this should be the focus
of our activities through the adoption of different strategies, Opportu-
nities to impact in this area focus on the use of smart clinical appoint-
ments with shared care, the use of technology for remote consultations
and the adoption of a reductionist approach through the promation of
high standards of oral health that focuses on preventable diseases, The
consequence of good oral health is a reduced need for interventive
operative care that carries with it a reduced carbon foot print and a
reduced waste pollution impact.

Reducing and recycling present the greatest opportunities for sus-
tainable impact of our activities. The use of best practice guidelines
through the adoption of technology, effective logistical management
systems and environmental regulations are key to a more sustainable
practice.

Professional engagement with policy making at all levels, from a
domestic in-practice level to regional, national or international is
essential for the formulation and promotion of best-practice guidelines,
These should consider in a balanced manner, both patient wellbeing and
environmental impacts; as both are inextricably linked to genmeral
planetary and human health,

‘Waste management should shift its focus from simply the segregation
and efficient disposal of waste to satisfy safety regulations., This should
also include sustainability drivers.

Plastic is an indispensable component of modern safe health care and
this is unavoidable, Focus should consider the effect of reducing the
volume at a local level and through the supply chain, including the use
of packaging. Recycling (mechanical and chemical) should take a much
greater role in the management of clinical SUPs (including PPE) and
packaging.

Coordinated logistics and efficient procurement that ties in with
waste management is important so that sustainable practice can take
place, This approach can have significant financial gains by mapping
procured plastic (at all levels of packaging) with sustainable recovery
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and recycling technologies.

Education is key to an increase of professional awareness and this is
considered a ‘low hanging fruit’ that can be adopted through under-
graduate university degree programs and through continuing profes-
sional development — This is a high priority activity as there is a need to
establish a normalized attitudinal change amongst the next generation
of professionals to provide oral health care in a sustainable manner.
Academic environments have a responsibility to engage with this level
of knowledge exchange and the associated research that will drive and
identify sustainable solutions.

Dental materials, in a generic form, present the highest level of
pollution. This is associated with the sourcing of constituents, the
chemistry used, the packaging and transport incurred. The effects are
noted at all levels of the supply chain, from manufacturing, through to
distribution, procurement, clinical use and ultimately waste manage-
ment. There is a pressing need to engage with all elements of the dental
materials/products supply chain in a coordinated and systemic manner
to reduce these environmental impacts.
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ARTICLE INFO ABSTRACT

Key words: Objectives: To quantify (by number and mass) single use plastic waste generated from the provision of oral

Single use plastics healthcare in primary and secondary care clinical dental settings in the UK.

15)‘”’{ Methods: An observational study of four dental practices and the clinics of a UK undergraduate dental teaching
entistry

hospital was conducted. A range of routine common procedures were observed by trained and calibrated ob-
Waste management P : : 3 oot :
servers; these were: Examinations, endodontics, periodontics, direct placement restorations, fixed and removable
prosthodontics and oral surgery. The PPE items used before and during the COVID-19 pandemic were also
included.
Results: Routine ‘surgery set up’ generic items present a significant proportion of SUP plastic waste as these are
used in every instance of patient treatment. An average of twenty-one (n = 21) SUP plastic waste items are used
for every procedure with a mean mass of 354 g per procedure (including set up and clean up). The use of PPE
increased from 14 items (pre-COVID -19) to 19 items during the pandemic. SUP items are constructed from a
single plastic or from multiple plastics forming compound structures (heteropolymers); with an approximate
50:50 distribution.
Conclusions: The dental profession, at the point of care, uses a high volume of single use plastic that becomes
clinical waste. The use of personal protective equipment (PPE) significantly increased during the COVID 19
pandemic and this accounts for the single greatest contribution of single use plastic, as this is used for every
clinical procedure.
Clinical Significance: Manufacturers, distributors and oral healthcare providers have an opportunity to consider
and implement approaches that include effective waste management with reduction, recovery and recycling at its
core, towards transforming oral healthcare to a circular plastics economy.

Introduction The adoption of plastic items, especially single-use products, is a

relatively new development in healthcare. Plastic products were first

Globally, 8 million tonnes of plastic waste are dumped into the
oceans every year [1,2]. Beyond the environmental damage, plastic
pollution has wide-ranging negative effects on the natural environment
[3-7]. Healthcare services, amongst other organisations, contribute
significantly to plastic pollution [8,9]. In 2016/17, England NHS pro-
viders produced over 590,000 tonnes of waste [10]. This plastic pollu-
tion in healthcare services stands in tension with the principle of first, do
no harm [11]. At the same time, the coronavirus (COVID-19) pandemic
underscored the value of single use plastic products (SUPs), especially
Personal Protective Equipment (PPE), for cross-infection control.
Life-saving PPE and plastic pollution are the two sides of the same coin.

* Corresponding author.

introduced in healthcare in the 1950s as a convenient and durable
alternative for traditional materials [12]. Products represented a
short-term cost-saving from the beginning, when these products were
designed for multiple use. This changed in the 1980s, with the increased
prevalence of tuberculosis and malaria, the emergence of antibiotic
resistant bacteria, and the newly emerging diseases such as AIDS, Ebola
and SARS. These, all converged to drive an alternative combating tool to
the use of pharmaceuticals. Thus, these different factors and especially
the AIDS epidemic, led to the introduction of Universal Precautions and
Single Use Plastics as both an instrument and symbol of medical hygiene
[12]. In the 2000's, Variant Creutzfeldt-Jacob disease (v-CJD) gave a
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further impetus for using single-use instruments and single-dose pack-
aged materials. These efforts of infection prevention and control were
synthetised in the UK with the introduction of the Health Technical
Memoranda in 2009 [ 11]. This success propelled a rapid development of
cost-effective manufacturing technologies that enabled the mass pro-
duction of plastic items at a comparatively low cost.

In the 1980's, when the mass use of plastic items became widely
accepted in dentistry, plastic waste was not seen as necessarily prob-
lematic |14/, An audit of ten practices, in the early 1990s in Australia,
found that dental surgeries are only “small waste producers”, At the
time, the majority of practices could utilise local government waste
collection services without paying for specialised waste collection
companies, The use of plastic produets as cross-infection measures was
not yet universally adopted. Farmer etal, found a variation of 23-91% in
the composition of how much the overall waste was made up by SUP
praducts such as gloves, cups and other items, Yet, in the same report it
was noted that the introduction of Universal Precautions accounted to a
nine-fold increase in waste generated,

Dental restorative materials are also experiencing a shift towards a
greater use of plastic, in line with the increased prevalence of resin-
based composite (RBC) restoratives, and the gradual phase-down or
phase-out of dental amalgam [15]. It should be noted that RBC mate-
rials, advocated as the most commonly used substitute for dental
amalgam carry their own environmental concerns [1(-201,

Since 2010, plastic waste at large emerged as a worldwide public
concerr, especially associated with marine pollution [21-22]. These
years also saw a surge in research into plastic waste in healthcare and
more specifically in dentistry [ 25, In the UK, it is now estimated that the
total plastic waste generation will increase to around 6.3 million tonnes
by 2030; with the largest contributor being the healthcare service sector
— aceounting for over half (53%) of all plastic waste [24], To put this into
perspective, the healthcare sector in the UK generates over 590,000
tonnes of waste annually, more than the entire municipal waste output
of Luxembourg [25].

Today, SUP devices, products and packaging are essential items for
the provision of safe and economical healtheare as they fulfil the needs
of every stakeholder, In this context, SUP items fulfil all the major re-
quirements of a risk-averse industry that provides the required clinical
and public confidence using new clean and/or sterile devices every time
with zero risk of contagion, This is a supply chain that is tightly regu-
lated by legislative frameworks focused on patient safety; with
HTMO01-05 being pertinent to oral healthcare in the UK [13,21]. This
type of unilateral legislative regulation, with an exclusive focus on pa-
tient safety, is considered a further contributor to waste generation; with
a 58% increase in the cost of waste services noted following the intro
duction of HTM 01-05 [2¢]. The outcome of these combined various
drivers is a net increase of SUP-based biomedical waste resulting from
consumer use (e.g,, toothbrush, interproximal brush/floss or toothpaste
tube) or from professional oral healthcare providers (e.g., clinical sun-
dries and restorative materials); that contributes to a highly wasteful
linear economy for SUPs. In order to identify the required remediation
solutions, it is essential therefore to establish a baseline of data that
identifies the overall use of SUPs in the provision of oral healthcare and
in this way act as a driver to reverse the trend. This data will enable
informed discussions with stakeholders across the supply chain to
identify management strategies to reduce and recycle SUPs, as individ-
ual members and with responsibility for the chain as a whole. The aim of
this study is to quantify (by number and mass) the single use plastic
items used for the provision of oral healthcare in primary care clinical
dental settings in the UK. Two scenarios are considered; plastic items
associated with (a) the provision of routine oral healthcare and (b) the
additional plastic used for PPE (personal protective equipment) as
required by the UK Government for the safe delivery of oral healthcare
care (COVID-19 control measures, June 2020) |
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Methods

All items of SUP used for the provision of adult oral healtheare in UK
primary care settings were identified, counted and weighed as a function
of the procedure undertaken. Procedure-specific data capture tools were
designed, further refined and validated through an iterative process of
multiple waves during a four-week pilot study that took place in the
primary care settings of general dental practice and an undergraduate
clinical dental teaching hospital department of restorative dentistry
(Charles Clifford Dental Hospital, STH NHS Trust, Sheffield); that pro-
vides all items of primary care in the disciplines of endodontics, peri-
odontics and prosthodontics (fixed and removable). The resulting data
capture tool included an itemised list of the SUP items (and its associated
primary packaging) used in these settings, allowing for the addition of
further items not listed. The treatment procedures included in the study
were: Oral examinations, endodontics, periodontics, restorative (direct
placement restorations), fixed and removable prosthodontics (crowns,
bridges and dentures) and oral surgery (dental extractions, minor oral
surgery and biopsies).

Five investigators conducted the study through a series of direct
observations of patient-centred clinical care, The investigators were
independent, non-participatory and non-obstuctive to the actual clin-
ical intervention. They were trained and calibrated in the data capture
process and ensured full compliance with clinical governance protocols
and the required health and safety requirements, Investigators recorded
and itemised the following data as appropriate: Date, clinical centre and
every SUP item used for every observed patient-based clinical proced-
ure, The unit of observation was a clinical patient-intervention per-
formed by a clinician and supported by a dental nurse. Both the patient
and the clinical care team remained anonymous; no personal or iden-
tifiable data was recorded. The study setting was dental primary care
clinics, constituted of three mixed care dental practices (NHS and pri-
vate) and a dental teaching hospital, all located in the South Yorkshire
region (England, UK). The dental practices and the teaching hospital are
considered to be wholly representative of their type in the UK for the
delivery of primary dental care (Table 1), The research was approved by
the University of Sheffield, School of Clinical Dentistry Ethics Commit-
tee. The observations were risk assessed in order to ensure safety and to
reduce disruption to normal working practice. Observations were con-
ducted in line with existing safety protocols, All items were weighed
using a microgram scientific balance (Fisher Scientific-Analytic Series,
Leicestershire, UK) and rounded to the nearest gram.

The data collected included generic information (setting, date, time,
procedure) and a full itemised list of every SUP item used during the
course of complete patient-centred clinical procedures. Samples of each

Table 1
Observation sites and observed procedures.
site Type Procedures Wumber of
observations
Dental Primary and Oral Sutgery 67
Teaching specialist Restorative
Hospital secondary care  (Endodontic,

Petiodontal and
Prosthodontic)

services

Dental Primary cate Restorative 39
Practice (NHS) (Endodontic,
A Periodontal and
Prosthodontic)
Dental Primary cate Oral Sutgery, 17
Practice and private Restorative
B (Endodontic,
Peciodontal and
Prosthodontic)
Dental Primary care Restorative 29
Practice and private (Endodontic,
c Periodontal and

Prosthodontic)
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SUP item were collected and weighed to estimate the cumulative mass of
SUP used and disposed during the procedure. The investigations took
place at four different locations during a four-month period between the
dates of 15.10.2019 to 30.02.2020. In total, 152 observations were
conducted, distributed between the department of restorative dentistry
of the dental teaching hospital and the three practices (Tables | and 2),

Subsequent to the intervention study period, the additional PPE used
for the provision of aerosol generating procedures (AGPs) during the
COVID-19 pandemic was also quantified and weighed.

Results

Data sets were tabulated for each site and analysed both indepen-
dently and jointly as appropriate. The data revealed commonality of
items and numbers for all the four sites, providing a rich data profile for
analysis. The single exception to this, was for the use of nitrile gloves.
There was a significant discrepancy between the number of gloves used
by clinical undergraduate dental students in the department of restor-
ative dentistry of the teaching hospital and that of qualified dentists,
Dental students, in the clinical teaching environment of restorative
dentistry, work with specific clinical governance cross-infection control
measures for operation in open, multi-user clinical environments. In this
respect they need to don and doff significantly more pairs of gloves to
consult patient records, operate the chair-side computer or to retrieve
equipment and materials from the dispensary. Thus, the data sets for
nitrile glove usage are presented separately for treatment procedures
delivered by dental students and by qualified dentists (Tabl= ). Since
this increase of gloves in the teaching hospital environment reflects a
local and uncommon exception, we normalised the observed data for
PPE (e.g,, gloves, bibs, masks) and cleaning items (e.g., tray liner, barier
film, wipes) based on the average number of procedures delivered by
dentists and their nursing/assisting teams in the three general dental
practices and the hospital’s Oral Surgery Department; excluding the
corresponding student data from the department of restorative dentistry
of the teaching hospital.

The combined data for SUP items (rnumber and mass) for each adult
dental care procedure is presented in Table <. This table includes the
data for PPE (Generic and additional for COVID 19) and that used for
cleaning and decontamination of the dental surgery after each proced-
ure. The data identifies the different types of all the items that could
potentially be used for any given procedure, and those that were actually
counted for each of these procedures in the study.

Generic items (used as routine surgery set-up) present a significant
proportion of SUP plastic waste as these are used for every procedure in
every instance of patient treatment. We determined that a mean of
twenty-one (n = 21) SUP items are utilised in every routine adult pri-
mary care dental procedure (Fig. 1); with a mean mass of 354 g per
procedure (including set up and clean up), Our results identify that the
number of potentially used SUP items per adult care procedure is as
follows, in decreasing order from most to least: The provision of direct
placement restorations, root canal treatment, oral surgery for dental
extractions/minor surgical procedures, provision of crowns, bridges and
dentures and finally periodontal care, PPE use increased from 14 items
(pre-COVID —19) to 19 items during the pandemic.

The makeup of each SUP was considered and classified as either

Table 2
Number of observations conducted per dental procedure,

Procedure Number of observations pet proceduce
Dental examinations 78

Periodontal treatment 22

Endodontic treatment 5

Direct placement restorations 30

Prosthodontic (Fixed & removable) 9

Oral sutgery treatment 8

Total 152
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Table 3
Use of nitrile gloves in dental practice and the dental hospital.

Nitrile glove use per observed procedure Mean niumbet of gloves used by the

team per dlinical intetvention

Dental team (dinician & assistant) (number 3.6
of observations=61, two glove users)

Student team (Clinician +/- assistant) 11.2
(number of observations =91)

made from a single plastic or constructed using multiple plastics forming
compound structures (heteropolymers); with an approximate 50:50
distribution (Fig. 2).

Discussion

This study sought to identify, count and weigh the SUPs used during
the provision of routine oral health care procedures in adults; to provide
a baseline of data that highlights the magnitude of the problem and
serve to identify the need for remediation strategies,

The combined data provided reflects a significant use of SUPs for the
provision of commeon procedures in primary care dental settings. The
most commonly used products are PPE worn by the dentist and nurse (at
least one pair of gloves and mask) and specific items for set up and
cleaning (wipes, sterilisation sleeves and tray liners) that were used with
every patient, independent from the type of procedure delivered. In
most cases more than one pair of gloves are used, highlighting exami-
nation gloves as the most frequently used SUP item, The data also
highlights the increase in use of PPE associated with the COVID-19
pandemic.

Combining the data from this study with published workforce sta-
tisties for dentists and therapists in the UK for 2020 [2E], it is possible to
extrapolate with a high level of confidence, the national (UK) usage of
SUPs in dental practice. The calculation is based on the following as-
sumptions: The number of dentists and dental therapists registered with
the General Dental Council in 2020 (= 47,000) [2E]; considering a
notional average of five procedures per day; a 40-week working year,
with an allowance for part-time working (mean 4 days/week); and does
not include student activity in teaching dental hospitals. A mean of 41
SUP items/dental procedure with a mean mass of 254 g (1:ble 4),
translates to a conservative estimate 2bn dental SUP items per year (14.4
tonnes) that end up as waste (Table 5 — Rows L and Q). The additional
PPE required during the COVID-19 pandemic increased this figure to
approximately 2.4bn SUP items (27 tonnes) (T: 5 —Rows M and R).
The authors have previously highlighted the significant impact associ-
ated with the use of nitrile gloves as a conservative estimate of 352
million gloves per year from routine adult primary care clinical pro-
cedures in the UK [29,20],

Observational audit approaches have been used successfully to assess
the amount and composition of waste produced by dental practices [/6,
71]. This study draws on these approaches, with a focus on the link
between dental procedures as they were delivered and the plastic
products used and disposed of as a result of the delivery of this
patient-centred procedure, It is relevant to note that this approach limits
the scope of the investigation to the clinical environment of the dental
surgery and does not take account of the additional plastic waste up-
stream of the supply chain.

Our assessment of the use of SUPs in the provision of routine primary
oral healtheare to adults presents a mixed picture, On the one hand, a
large amount of PPE items are used in every procedure (before and
during the COVID-19 pandemic). In some cases, this was donned and
doffed multiple times with new PPE during an individual patient-based
procedure, highlighting PPE as the biggest proportion of SUP waste
output. On the other hand, there is a wide variety of specialised SUP
plastic items with a complex assembly nature, made from highly cross-
linked plastics and processed so that they may not be easily broken
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Table 4
SUP items, number and mass, for each adult dental care procedure.
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Fig. 1. SUP items per routine adult dental care procedure.
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Fig. 2. SUP items according to composition. Single plastic or complex com-
pound multi-polymer items.

down into the constituent raw materials or derivatives. Devices assem-
bled from multiple polymers in multi-layer constructs and combined
(glued/welded) in complex shapes are very difficult or impossible to
disassemble. Some polymers present significant chemical challenges,
such as, PVC, which releases HCI and organic Cl-containing by-products
when thermally processed. Additionally, polymer devices used in a
clinical environment are at high risk of contamination, and the nature of
the polymers and/or the complex shape of the devices makes it costly
and difficult to clean, disinfect and sterilize, hence a single-use device
thas been adopted [21].

This study has not considered sterilisation pouches and packaging,
that would add an additional significant volume of SUPs to the data.
Packaging presented a problem as items were presented already pre-
open or formed part of a multi-package. Nevertheless, this form of
SUP should not be disregarded as packaging is recognised as the single
largest contributor to plastics in the dental industry as the product
travels down the supply chain to the dental surgery and end user, with
the majority (>90%) ends as waste for incineration or landfill (32).
Indeed, the management of plastic packaging is the greatest target for
the UK’s Plastic Pact (led by WRAP) and the European Plastics Pact by
“bringing together frontunner companies and governments to accel-
erate the transition towards a European circular plastics economy” with
ambitious common targets to be reached by 2025 [23,74].

It is important to put this data in the context of the frequency with
which the procedure is undertaken to obtain a realistic interpretation of
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the actual cumulative impact of SUPs for each procedure. Consider the
two procedures at each end of the spectrum for the production of SUPs as
identified in this study (Table 4); direct placement restorations (53
items) and examinations (13 items). The picture changes significantly
when we factor in the number of these procedures per annum. Published
data for the volume of activity for different procedures carried out by
NHS dental services in the UK enables this exercise [15], Direct place-
ment restorations (amalgam 5.6%, resin-based composite 5.4% and
glass ionomersl.5%) accounted for 12.5% of activity in the year
2013/14. Dental examinations accounted for 41.5% of the annual vol-
ume of activity. It becomes immediately apparent that the greatest
volume of SUPs generated in dentistry are those associated with dental
examinations by a factor greater than x3; a point also identified by
Borglin et al. [16]. There is an opportunity for both manufacturers and
clinical care providers to engage in a collaborative manner to identify
ways of both reducing the use of these items and recycling (nechanical
or chemical) these plastics for use in low-value products, such as con-
struction bricks, fences, park benches ete, or as feedstock for new plas-
ties 1971,

The impact of infectious disease pandemics, associated with a com-
bined legislative requirement and a public desire for higher levels of
patient safety makes the management of clinical waste and associated
primary/secondary packaging a big challenge. In this context, the
COVID-19 pandemic has raised, once more, the required safety standard
for the provision of clinical care and the associated use of PPE; which
history suggests is a one-way journey with ever increasing protection
levels, as identified earlier in this paper, This is illustrated by the recent
post-COVID 19 guidarnce issued by the Office of Chief Dental Officer for
England (November 2021) Dental standard operating procedure:
Transition to recovery’ with regards to disposable SUP plastic aprons.
This guidance requires their continued use, a measure not universally
advocated by regulatory bodies prior to the pandemic [35], Maintaining
patient services and safety during the COVID-19 epidemic has moved
the focus from the environment to other factors, and will require a
change in mindset or re-think, Remediation strategies need to focus on
establishing an appropriate and sensible standard for the use PPE in oral
healtheare that is effective, practical, evidence-based and that can be
implemented in an equitable manner across all global societies, irre-
spective of economic and development status, Critically, PPE also needs
to be environmentally sustainable so that it can be recovered and
recycled effectively and, in this way, provide the required protection to
both individuals and the environment.

As per the United Nations waste management inverted pyramid,
source reduction and recycling are the most preferable options to
minimise the environmental impact of SUPs | 19]. In this context, the
main drivers for the oral health supply chain are through engagement
with reduction combined with recycling (pre- and post-clinical
contamination). Reuse is not considered a viable option for SUPs that
arise from packaging or clinical waste. The concept of ‘Tethink’ (the
fourth R of ‘reduce, reuse, recycle, rethink’) encourages us to consider
how we can engage with reduction and recycle to overcome the inherent
challenges that this presents in our industry. Reduce and recycle should
be the focus of the most practical and readily implementable remedia-
tion strategy. Reduction is best achieved through the delivery and
maintenance of good oral health, focused on prevention and with the
provision of durable interventions, using high quality products mate-
tials, that will last longer and/or require fewer revisions (40]. This
approach focuses on a reduction for the need of restorative consumables
and interventive care appointments at the patient end-user level.
Reduction is also achieved with a focus higher up the supply chain, at
the level of manufacturing companies and distributors, through a sys-
temic analysis of packaging needs and the elimination of unnecessary.
wasteful packaging that works its way downstream. The stewardship
provided by the Flexible Plastics Consortium is a good example of
progress in this respect [41]. Recycling opportunities arise from: (i)
Engagement with stakeholders in the supply chain to add value to waste
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Table 5

Approximate number of SUPs and associated mass (kg) generated in the UK in
one year (2020) from routine adult primary care operative interventions carried
out by dentists and therapists, excluding associated plastic packaging.

A Approximate number of dental healthicare  ~ 47,000
professionals (Dentists & Therapists)
B Working days per year (40 weeks * 4 days) 160 days
C  Approx. number of operative procedures ~ 5 days
per day
D Mean numbet of SUPs per procedure = 55 items
(including generic PPE, set up and
decontamination)
E Additional PPE items per procedure =~ 9 items
(COVID-19)
F Mean mass of SUPs per procedure: 2548
Procedure specific
G Mean mass of SUPs per procedure: Generic 100 g
set up and clean up
J  Mean mass of SUPs: Generic PPE (g) 30g
K Mean mass of SUPs: COVID-19 PPE (g) 305g
L Total annual number of SUP items A*B*CG*D = 2 billion
(including generic PPE, set up and items
decontamination)
M  Total annual number of SUP items A*B*CHD+E)  ~2.4
(incl uding COVID-19 PPE) billion
items
N Annual mass of procedural SUPs (kg) A*B*CXF +G)  13.3 tonnes
+1000
©  Annual mass of PPE SUPs (kg) (A*B*C*J) + 1.13 tonnes
1000
P Total annual mass of PPE SUPs (induding ~ A*B*G*(J+K)  12.6 tonnes
additional COVID-19 PPE (kg)) + 1000
Q  Total annual mass of SUP waste (kg) N+0O 14.4
tonnes
R Total annual mass of SUP waste (kg) N+0+P 27 tonnes

(incl uding COVID-19 PPE)

plastic packaging. (ii) the design and development of plastic items made
from single plastics that can be readily recycled; (iii) engagement with
end-user consumers and waste management companies to segregate,
collect and recycle clinical SUPS as a valuable commodity.

In conclusion, it is important to highlight that the problem does not
lie with the actual plastic used in oral healthcare itself, which is a useful
item that provides effective and safe patient-centred care., There is
though, a recognition of the need to transfer the plastic used from its
current linear life cycle of synthesis from fossil-based constituents and
waste management to a circular plastic economy [42,41]. A circular
economy uses renewable and/or biobased constituent materials for the
fabrication of SUP items with the subsequent recovery and recycling as
valued feedstock for the synthesis of new plastics. Focus should consider
the effect of reducing the volume at a local level and through the supply
chain, including the use of packaging.

‘We can reduce the amount of plastic, through the promotion of high
standards of oral healtheare that focuses on preventable diseases, The
consequence of good oral health is a reduced need for interventive
operative care that in turn leads to a reduced carbon foot print and a
reduced waste pollution impact. Recycling (mechanical and chemical)
should take a much greater role in the management of clinical SUPs
(including PPE) and packaging. The use of best practice guidelines
through the adoption of technology, effective logistical management
systems and environmental regulations are also key to a more sustain-
able practice with less use of plastic.

Conclusions
The dental profession, at the point of care, uses a very high volume of

single use plastic that becomes clinical waste, This is disposed of via
either landfill or incineration, with some element of energy recovery as

EY

Journal of Dentistry 118 (2022) 103948

the best-case scenario, The material qualities of these products depend
on their use, and rethinking their use is indispensable for reducing their
adverse environmental effects, Established strategies for the manage-
ment of plastic waste of reduce and recycle, should be adopted to the
specific requirement of healtheare settings.

Focusing on dental procedures, this research established baseline
data on the volume and types of SUPs that are used (and that create
waste) in dental settings. The findings highlighted the recyeling of PPE,
such as gloves and face masks as a practice that could be organised to
materialise highly positive environmental impaet and economically
viable business models.

The use of personal protective equipment (PPE) significantly
increased during the COVID-19 pandemic compared with pre-pandemic
levels and this accounts for the single greatest contribution SUP in terms
of volume and weight as this is used for every clinical procedure. Leg-
islative authorities should consider how to deliver clinical care in a
manmer that does not compromise patient safety whilst being mindful of
limiting the environmental impact of this clinical plastic waste.

There is a need to increase our awareness of this output from the
provision of oral healthcare, so that appropriate remediation strategies
can be considered and implemented with urgency.

Manufacturers and dismibutors that provide single use plastic items
to the clinical oral healthcare profession, should consider and imple-
ment approaches that include effective waste management with recov-
ery and recycling at its core, that is part of a circular plastics economy.
Cral healtheare providers have an opportunity to drive change by
engaging with these stakeholders upstream of the supply chain and also
with the waste recovery companies.

Author contributions

Nicolas Martin is the principal investigator for this manuscript, has
provided content expertise and contributed to the writing and editing of
the maruscript. Nicolas is a co-applicant of the EPSRC award that has
supported this project,

Steven Mulligan is a co-investigator for investigations reported in
this manuseript. He has contributed to the writing and editing of the
manuscript. Steven is a co-applicant of the EPSRC award that has sup-
ported this project.

Peter Fuzesi is a co-investigator for investigations reported in this
manuscript. He has contributed to the writing and editing of the
manuscript.

Paul Hatton is a co-investigator for investigations reported in this
manuscript. He has contributed to the writing and editing of the
manuscript. Paul is a co-applicant of the EPSRC award that has sup-
ported this project.

Declaration of Competing Interest

On behalf of the joint authership for this manuscript, I confirm that
there is no conflict of interest On behalf of the joint authorship for this
manuscript, I confirm that there is no conflict of interest

Acknowledgements

We acknowledge the funding received for this project by the Plastic
Research Innovation Fund, EPSRC (EP/5025200/1) and the Grantham
Centre for Sustainable Futures (University of Sheffield) for their ongoing
support with this project. The research team wish to express their sincere
gratitude to the following clinicians for their assistance in the gathering
of primary data on the usage of SUPs in dental practice; Flinor G Dur-
band, Leah S Hollingsworth and Olivia Kiernan (School of Clinical
Dentistry, the University of Sheffield), We also wish to acknowledge Dr
Bilal El-Dhuwaib for facilitating access to dental practices. In my ca-
pacity as the lead author and on behalf of the joint authorship for this
manuseript, 1 confirm the accuracy of the above information




image190.png
N. Martin et al.

References

i

[21

[31

[41

[5]

[61

71

[8]

91

[10]

[11]

[12]

[13]

[141

[15]

[16]

[171

[18]

[191

[20]

[21]

J.R Jambeck, R Geyet, C. Wilcox, T.R. Siegler, M. Perryman, A. Andrady,
R Narayan, K.L Law, Marine pollution. Plastic waste inputs from land into the
ocean, Science 347 (6223) (2015) 768-771, littps://doi.org/10.1126/

seience. 1260352, PMID: 25678662,

M. Eriksen, LC.M. Lebreton, H.S. Carson, M. Thiel, C.J. Moore, et al., Plastic
Pollution in the World’s Oceans: more than 5 trillion plastic pieces weighing over
250,000 tons afloat at sea, PLoS One 9 (12) (2014), e111913, https://doi ot/
10.1371/joucnal pone.011191.

Y. Ait Bamai, C. Miyashita, A. Araki, T. Nakajima, S. Sasaki, R Kishi, Effects of
prenatal di(2-ethylhexyl) phthalate exposute on chil dhood all ergies and infectious
diseases: the Hokkaido Study on Environment and Chil dren’s Health, Sci. Total
Environ. 618 (2018) 1408-1415, hitps://doi.org/10.1016/j
scitotenv,2017,09.270.

X. Gao, H.-S. Wang, Impact of Bisphendl A on the Cardiovascular System —
Epidemiol ogical and Experimental Evidence and Molecular Mechanisms, Int. J.
Environ. Res. Public Health 11 (2014) 8399-8413, hitps://doi.org,10.3390,
ijerph110808399.

C. Etler, J. Novak, Bisphenol A Exposure: human Risk and Health Policy, J. Pediatr.
Hurs. 25 (2010) 400-407, https://doi.org,/10.1016/j.pedn.2009,05.006.

M. Minatoya, S. Naka Jima, . Sasaki, A. Acaki, C. Miyashita, T. Ikeno, T. Nakajima,
Y. Goto, R. Kishi, Effects of prenatal phthal ate exposute on thyroid hormone levels,
mental and psychomotor devel opment of infants: the Hokkaido Study on
Enviconment and Childrer’s Health, Sci. Total Enviton. 565 (2016) 1037-1043,
hetps://doi.otg/10.1016/].scitoteny. 2016.05.098,

J. Peretz, L Vrooman, W.A. Ricke, P.A. Hunt, . Ehulich, R. Hauser,

V. Padmanabhan, H.S. Taylot, S.H. Swan, C.A. Vandevoort, J.A. Flaws, Bisphenol A
and reproductive health: update of experimental and human evidence, 2007-2013,
Environ. Health Petspect. 122 (2014) 775-786, https://doi.org/10.1289/
ehp.1307728.

B. Duane, D. Ramasubbu, S. Harford, 1. Steinbach, J. Swan, K. Croasdale,

R Standliffe, Envitonmental sustainabil ity and waste within the dental practice, Br.
Dent. J. 226 (2019) 611618, https://doi.org/10.1038/541415-019-0194-%, b.

A. Leonard, H. Dunn, N. Wil son, The ‘gloves ate off — can we reduce inappropriate
glove usage through an educational based intervention and risk assessment, Atch.
Dis. Child. 103 (2018), hitps://doi.org/10.1136,/goshabs. 68, A28-A28.

Chief Medical Officer (CMO): annual reports [WWW Document], n.d. GOV.UK.
URL https://www.gov.uk/government/collections/chief-medical -officer-annual-
reports (accessed July 2021).

J. Kadliner, . Slottetback, In collaboration with Atup: boyd R, Ashby B, and Steele
K. Health cace’s dimate footprint: how the health sector contributes to the global
climate ctisis and opportunities for action, Health Gare Without Harm; Climate
smact health care series Green Paper Number One (September 2019) chrome-
extension: //efaidnbmnnnibpeajpegl clefindmkaj/viewer. htrul 7pdfurl =https%43A%
2F%2Fnoharmglobal .orpd2Fsitesdb2Fdefaul %6 2F fil esd62Fdoc uments-fil es%
2F5961%2F Heal thCaresdlimateFootprint 092519.
pdféelen=16206619&chunk=true. (Accessed October 2021).

S. Hodges, Hospitals as factoies of medical garbage, Anthropol Med 24 (2017)
319-333, hitps://doi.org/10.1080,/13648470.2017.1369165.

Decontamination: Health Technical Memorandum 01-05: Decontamination in
primary care dental practices. Office of Public Sector Information Policy Team.
2013. https://assets.publishing service.gov. uk/government/uploads/system/

upl oads/attachment_data/file/170689/HTM_01-05 2013.pdf (accessed December
2020).

G.M. Farmet, M. Stankiewicz, B. Michael, A, Wojeil, Y. Lim, Ivkovic. Audit of waste
collected over 1 week from ten dental practices. A pilot study, Aust. Dent. J. 42
(1997) 114-117.

Minamata Convention on Mercuty. United Nations Envitonmental Programme.
http://metcuryconvention.org/ (accessed July 2021).

S. Mulligan, G. Kakonyi, K. Moharamzadeh, S.F. Thotnton, N. Martin, The
enviconmental impact of dental amalgam and resin-based composite materials, Br.
Dent. J. 224 (2018) 542-548, https://doi.org/10.1038/5].bdj.2018.229.

0. Pdlydorou, A. Konig, E. Hellwig, K. Kiimmeret, Long-term release of monomers
from modetn dental-composite materials, Eur. J. Oral Sci. 117 (1) (2009) 68-75,
hittps://doi.org/10.1111/j.1600-0722,2008.00594.%. PMID: 19196321.

0. Pdlydorou, 0.C. Schmidt, M. Spraul, K. Vach, S.D. Schulz, A. Kénig, E. Hellwig,
R. Gminski, Detection of Bisphenol A in dental wastewater after grinding of dental
tesin composites, Dent. Mater. 36 (8) (2020) 1009-1018, https://dol.otg/10.1016/
j.dental 2020.04.025. Epub 2020. PMID: 32507540,

C. Reidelbach, M. Garcia-Kaufer, N. Wingert, A. Atif, K. Vach, E. Hellwig,

R. Gminski, O. Polydorou, Cytotoxicity and estrogenicity in simulated dental
wastewater after grinding of resin-based materials, Dent. Mater. 37 (10) (2021)
1486-1497, https://doi.org/10.1016/j.dental 2021.07.003. Epub 2021 Aug 8.
PMID: 34376295

E. Putzeys, 8. Nys, .M. Cokic, R.C. Duca, J. Vanoirbeek, L. Godderis, B.

V. Meerbeek, K.L Van Landuyt, Long-term e ution of monomers from resin-based
dental composites, Dent. Mater. 35 (3) (2019) 477-485, hitps://doi.otg/10.1016/
j.dental 2019,01.005. Epub 2019 Jan 2. PMID: 30704750,

1o Plastic in Nature: Assessing Plastic Ingestion From Natute To People. An
analysis for WWE by WWE International, Dal betg and The University of Newcastle-
Australia. 2019. ISBN 978-2-940529-95-7. https://d20uvy59p0dg6k.cloudfront.
net/downl oads/plastic_ingestion web_spreads.pdf (accessed November 2021).

[22]

[23]

[241

[25]

[26]

[271

[28]

[29]
[30]

[311

[32]
[331
[341

[35]

[36]

[371

[38]

391

[40]

[41]

[42]

[43]

Journal of Dentistry 118 (2022) 103948

D. Maye, J. Kirwan, G. Brunori, Ethics and responsibilisation in agri-food
governance: the single-use plastics debate and strategies to introduce reusable
coffee cups in UK retail chains, Agric Hum Values 36 (2019) 301312, https://doi
org/10.1007/510460-019-09 2
1. Martin, 5. Mulligan, P. Fugesi, T.L. Webb, H. Baird, S. Spain, T. Neal, A. Garfoth,
A. Tedstone, P Hatton, Waste plastics in dlinical environments: a multi-disciplinaty
challenge, in: Creative Circular Economy Approaches to Himinate Plastics Waste
Plastics Research and Innovation Fund Conference, University of Sheffield. UK
Research and Innovation and UK Circular Plastics Hetwork 2020, 08-09 Jun 2020
Pp. 86-91. Available online: http://eprints.whiterose.ac.uk/164993/(accessed
November 2021).

UK statistics on waste 2019 update, Defra https://www.gov.uk/government,
statisti cal -data-sets/env23-uk-waste-data-and-management (accessed October
2021).

Health Impacts of All Pollution - what do we know? Annual Report of the Chief
Medical Officer 2017.https://assets.publishing.setvice.gov.uk/government/
uploads/system,/uf oads/attachment_data file/690846,/CMO_Annual_Report_
2017_Health_Impacts_of All_Pollution what do_we know.pdf (accessed October
2021).

J. Richardson, J. Grose, 8. Mangi, . Mills, D.R. Moles, R. Mukonoweshuro,

M. Nasser, A. Nichols, What’s in a bin: a case study of dental clinical waste
composition and potential greenhouse gas emission savings, Br. Dent. J. 220
(2016) 61-66, hitps://doi.org/10.1038/5].bdj.2016.55.

COVID-19 guidance and standard operating procedure for the provision of urgent
dental care in primary care dental settings and designated utgent dental care
provider sites, NHS England (2020). Version 3 (updated 28 Augusthttps://www.
england.nhs.uk/coronavirus/wp-content/upl oads/sites/52,/2020/06/C0581
covid-19-urgent-dental -care-sop-update-16-june-20-pdf (accessed 18 November
2021).

Registration Statistical Report 2020. General Dental Council — UK. chrome-
extension://efai dnbmnnnibpeajpeglel efindmkaj/viewer. html ?pdfurl =https%3A%
2F%2Fwww.gde-uk.org%2Fdocs%2F defaul t-soutced2Fregistrati on-reportsdo
2Fgdc-registration-statisti cal-report-2020—final 311fef86-9e9f-44bb-81d8-
68b3a44cae39.pdP3Fstvrsn%3D91877ec 8&d en=391839&chunk=true.
(Accessed November 2021).

. Mulligan, L Smith, N. Martin, Sustainable oral healthcare and the environment:
challenges, Dent. Update 48 (7) (2021) 524-531, 48.

M. Martin, L. Smith, 8. Mulligan, Sustainable otal healthcare and the environment:
mitigation strategies, Dent. Update 48 (6) (2021) 493-501.

G...M.. Farmer, N. Stankiewicz, B. Michael, A. Wojeik, Y. Lim, Ivkovic. Audit of
waste cdllected over 1 week from ten dental practices. A pilot study, Aust. Dent, J
42 (1997) 114-117.

Plastics in heal theare: Time for a re-evaluation, J. R. Soc. Med. 113 (2) (2020)
49-53,

UK Plastics Pact — WRAP. https://wrap.org.uk/taking-action/plastic-packaging,/
the-uk-plastics-pact. (Accessed November 2021).

European Plastics Pact. https://europeanpl asticspact.org/. (Accessed November
2021).

Carbon modelling within dentistry: towards a sustainable future. Public Health
England and Centre for Sustainable Healthcare. Carbon modelling within dentistry:
towards a sustainable future (July2018). https: //assets. publishing.service.gov.uk/
government/upl oads,/system, upl oads, attachment_data,/file/724777/Carbon_
modelling within_dentistry.pdf (Accessed November 2021).

L Borglin, S. Pekarski, S. Saget, B. Duane, The life cycle analysis of a dental
examination: quantifying the environmental burden of an examination in a
hypothetical dental practice, Community Dent. Oral Epidemiol. 00 (2021) 1-13,
hitps://doi.org/10.1111/cdoe. 12630.

AB. Jumah, V. Anbumuthu, A.A, Tedstone, A.A. Garforth, Catalyzing the
Hydrocracking of LowDensity Polyethylene, Ind. Eng. Ctiem, Res. 58 (2019)
20601-20609.

Standard operating procedure — Transition to recovery. Office of Chief Dental
Officer England (NHS). https://www.england.nhs.uk/coronavirus/wp-content/
uploads/sites/52/2020/06,C1461-dental -transition-to-recovery-sop-v6.pdf
(Accessed November 2021).

M. Hyman, B. Turner, A. Carpintero, Waste Management hierarchy. Guidelines for
National Waste Management strategies: Moving from Chiall enges to Opportunities,
United Nations Enviconment Programme - Infer-Otganisation Programme for the
Sound Management of Chemicals (I0MC), 2021, pp. 18-19, 2013 (1.3Accessed
September.

N. Martin, S. Mulligan, Environmental Sustainability Through Good-Quality Oral
Healthcare, Int. Dent. J. $0020-6539 (21) (2021) 00131-00133, https://doi.org/
10.1016/j.identi.2021.06.005. Epub ahead of print. PMID: 34412696

British Plastics Federation. New flexible packaging industry consottium to bring
circular economy solutions. https://www. bpf.co.uk/acticle/new-flexible-
packaging-industry-consorti um-to-bring-citcular-eco-1138.aspx (Accessed
September 2021).

N. Martin, M. Sheppard, G. Gorasia, P. Arora, M. Gooper, S. Mulligan, Awareness
and barriers to sustainability in dentistry: a scoping review, J. Dent. (2021 Sep;
112), 103735, https://doi.org/10.1016/j.jdent.2021.103735, Epub 2021 Jun 25,
PMID: 34182058,

N. Martin, M. Sheppard, G. Gorasia, P. Arora, M. Cooper, 8. Mulligan, Drivers,
opportunities and best practice for sustainability in dentistry: a scoping review,
J. Dent. (2021 Sep; 112), 103737, https://doi. org/10.1016/j. jdent.2021.103737,
Epub 2021 Jun 26. PMID: 34182061.





image3.png




image191.png
Enhanced CPD DO C

Sustainability/OralHealth

Steven Mulligan

Lucy Smith and Nicolas Martin

Sustainable Oral Healthcare and
the Environment: Challenges

Abstract: Oral healthcare has an environmental impact that is specific to the profession and is currently unsustainable. This impact results
in unwanted and difficult-to-manage waste, carbon emissions and other environmental impacts that contribute to climate change.
Contributions to this pollution come from the supply chain that provides the required materials and sundries, patient and staff commuting/
travelling, direct patient care, the use and end-of-life management of restorative materials and single-use plastics (SUPs) such as personal
protective equipment (PPE). This article explores these various contributors to pollution arising from oral healthcare.
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Oral health professionals are increasingly
recognizing the need to provide care in a
manner that is sustainable, by minimizing
the impact on natural resources and at the
same time promoting and delivering optimal
oral health in a safe manner.'? Health is
intrinsically linked to the environment and
therefore, to adhere to the Hippocratic oath
of first, doing no harm’, healthcare has an
inherent responsibility to prevent negative
environmental impacts. An environmental
impact is defined as ‘any change to the
environment, whether adverse or beneficial,
wholly or partially resulting from an
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organization's activities, products, or
services' Pollution is the introduction

of contaminants into the environment
with a resultant negative change, and

can broadly encompass everything from
air pollution, to carbon emissions to
disposal of single-use plastics (SUPs).
Consideration of the environmental
impact of dentistry is intertwined with the
concept of sustainability, which is defined
as 'meeting the needs of the present
without compromising the ability of future
generations to meet their own needs'?
Application of this concept to the dental
industry can be simply transcribed as
ensuring that the dental care we provide
patients today does not negatively impact
future patients. A major recent challenge
to sustainability within dentistry is the
current COVID-19 pandemic, which

has had the unintended, but hugely
concerning, consequence of generating
enormous volumes of SUP waste.! We
should also be mindful of our personal
and team behaviours and attitudes to
environmental sustainability, both as
private citizens and in the workplace,
because there needs to be a ‘will’ for there
to be a‘way’ to deliver change.

Downloaded from magonlinelibrary.com by 090.206.026.096 on December 1, 2023.

Environmental impacts from dental
healthcare provision occur in a number
of ways and are highlighted in an
example scenario of a routine dental
restoration appointment. Consider
the need for patient and staff travel
to/from the dental practice and the
generation of carbon emissions from
these journeys. This is compounded
with the energy and materials used in
the manufacture, distribution and supply
of the materials along the supply chain
(Figure 1). The resulting waste that has
been generated along the supply chain
and in the dental surgery needs to be
considered in the context of the provision
of environmentally sustainable oral
healthcare. This routine dental procedure
scenario has a clear environmental
impact through pollution, direct and
indirect carbon emissions, and other
environmental impacts such as ecotoxicity,
ozone depletion and acidification.

Through this two-article short series,
we aim to provide a broad overview of
sustainability in oral healthcare, with
a focus on the challenges, the need
to develop a foundation of scientific
knowledge and some mitigating
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Figure 1. Linear economy supply chain: mineral extraction, processing and synthesizing of raw
materials; manufacturing and packaging of the dental restoratives, sundries and equipment; products
distribution; procurement of products; clinical procedure with further energy expenditure, water

use and indirect material use; collection and disposal of waste associated with different levels of
contamination, mostly managed through landfill and incineration.
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Figure 2. Breakdown of total annual carbon footprint of dental services in England for 2013-2014.22

approaches. This first article highlights

the principal environmental challenges
associated with the provision of sustainable
oral healthcare.

Environmental citizenship and
the dental team

It is indisputable that as oral healthcare
providers, our primary focus is that of meeting

494 DentalUpdate

the oral healthcare needs of the population
we serve. The catch seems to be that as
individuals, we show a tendency to separate
our societal responsibilities of environmental
citizenship from our professional (work-
related) duties.’ The latter is mostly focused
on the need to deliver an outcome in a
cost-effective manner, with environmental
citizenship concerns becoming very secondary
or redundant. The driver for extending our

Downloaded from magonlinelibrary.com by 090.206.026.096 on December 1, 2023.

environmental citizenship, from an individual
societal role (eg at home, neighbourhood),
to our work environment (eg dental practice)
appears to be associated with the need to
make a conscious and deliberate transition
from a behaviour approach that is dictated
by the circumstances in which we find
ourselves (eg work place, travel, holiday) to a
stronger attitudinal approach that will have a
stronger, more pervasive and more persistent
effect? The first step to environmental
sustainability in the work place is to break
down mindsets that distinguish between
environmentally sustainable actions in the
domestic setting and the actions in the
dental practice - put simply, do at work as
you would at home. Having translated our
environmental attitudes, we can then shift
our attention to dealing with the practical
implementation of our sustainable actions

in the work setting. This is more poignant
when we acknowledge that our actions at
alocal level, whether in our homes or in a
dental surgery, directly impact planetary
health, which is being degraded to an extent
unprecedented in human history. Four out
of nine planetary boundaries (safe operating
limits of planetary health) have now been
crossed, including climate change, loss of
biosphere integrity, land-system change and
altered biogeochemical cycles (phosphorus
and nitrogen).® The concept of planetary
health is based on the tenet that human
health and civilization depend on flourishing
natural systems and the wise stewardship

of those natural systems.'® Planetary health
studies attempt to understand the links
between global environmental changes,
their effects on natural systems and how
these changes impact human health on a
local, regional and global level."" The dental
team has a responsibility to ensure that the
way patients are cared for and the materials
used, do not contribute to the disruption

of natural systems and further damaging
planetary health.

The environmental impact of
oral healthcare provision

All activities have a carbon footprint and lead
to other environmental impacts, including the
provision of oral health. Under the terms of
the 2008 Climate Change Act, the UK, and by
extension the NHS, is committed to reducing
greenhouse gas emissions to ‘net-zero’

by 2040.* Carbon footprints are used to
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calculate the total amount of greenhouse gas
emissions related to a product or service and
are calculated by the summation of all of the
emissions at every stage within the life cycle.
Greenhouse gases include CO,, methane,
nitrous oxicles, each having a negative
environmental impact by trapping heat into
the earth’s atmosphere. The global warming
potential (GWP), the amount of warming a gas
causes over a given period of time, of each
greenhouse gas can be calculated according
to the unit of carbon dioxide equivalent
(CO,-eq), thereby allowing different carbon
footprints to be compared,'*!* Similarly, life-
cycle assessment, can be used to calculate the
environmental impacts of a product or service
including manufacturing, procurement, travel
orcommuting and disposal of waste.'s'”
These environmental impacts measured
include GWP (embodied carbon), embodied
energy, acidification potential, eutrophication
potential, toxicity, and ozone depletion.'®*

In the UK, the health service's carbon
footprint in 2019 was 25 megatonnes (Mt)
CO,-eqj; as the UK 2019 net emissions of
carbon dioxide were provisionally estimated
to be 351.5 Mt CO,-eq, this represented
approximately 7.7% of the carbon footprint of
England.”*? Public Health England published
areport in 2018 identifying that over 60%
of the carbon footprint of NHS dentistry is
caused by the travelling requirements of
patients and staff (Figure 2).2 The same
report highlights that the total greenhouse
gas emissions of NHS dental services in
England makes up 3% of NHS emissions.

This is not solely a UK issue. In 2014 the
healthcare systems of the world generated 1.6
gigatonnes (Gt) CO,-eq or 4.4% of the global
total.”” The Public Health England report*
considers the carbon footprint for a wide
range of dental interventions in two ways:
per item of procedure, or as a total volume
of activity.”? For example, if we consider the
carbon footprint for individual procedures,
it is evident that intracoronal restorations
(amalgam or resin-based composite) have

a relatively high footprint (16 kg CO,-eq)
compared to either a dental examination or
ascale and polish procedure (6 kg CO,-eq).
If we now consider the volume of activity
carried out in England, amalgam and resin-
based composites (combined volume)
account for approximately 11% of the total
activity compared to a combined volume of
58% for dental examination and scale and
polish procedures, making these the most

June 2021

carbon intensive dental procedures. Directly
placed dental restorations are common
energy intensive procedures, However,
examinations and hygiene visits are more
frequently performed and therefore result in
comparatively higher emissions of CO -eq,

It should be noted that the use of dental
materials has other environmental impacts
that examinations and hygiene visits do not
(discussed in a subsequent section). The
wider environmental impacts of restorative
dental materials will be provided through
the delivery of a robust, industry-informed
life-cycle assessment to be published by the
authors in the near future.

Carbon emissions and the
COVID-19 pandemic

The national lockdown enacted by the UK
Government in response to the COVID-19
pandemic, from March to late June 2020,
affected dental care provision profoundly.
A consequence of this was a notable
reduction of waste and greenhouse gas
emissions. This was brought about by

a reduction in travel, slowing down of

the supply chains, reduction in directly
generated waste and fewer materials used
to treat patients; cumulatively making a
very positive contribution to the overall
reduction in greenhouse gas emissions
worldwide.® It is noteworthy that vehicular
road transport is respansible for 34% of
nitric oxide and nitrogen dioxide (NO)
and 5% of non-methane volatile organic
compounds, which has significant impacts
on respiratory health.” This reduction in
travel had a significant contribution to a
net positive impact of UK dentistry on the
environment during the 4-month lockdown
of the COVID-19 pandemic, this impact,
however, was transitory.

Following the relaxation of the national
lockdown, dental care services were able
to recommence activities, albeit in a very
constrained environment, and subject to
very stringent health and safety regulations.
These regulations required a significantly
greater use of personal protective
equipment (PPE), such as plastic aprons,
masks, visors and gowns. A further strategy
that aimed to reduce the risks associated
with in-person appointments throughout
the COVID-19 pandemic focused on the
use and wider adoption of teledentistry for
the provision of advice and remote clinical

consultations. This is explored in greater detail
in part two of this series,

The environmental impact of
dental restorative materials

In dentistry, the subspecialty of restorative
dentistry is by far the greatest user of
materials for the provision of dental care
(Table 1), As per the dental appointment
scenario, the environmental impact of the
diverse supply chains that converge on the
dental practice should be considered and
not underestimated (Figure 1). The head
of the supply chain is the sourcing of raw
materials and mineral extraction,” and then
in a sequential manner the preparation and
synthesis of constituents, the manufacturing
and blending of the materials, associated
packaging (primary, secondary and tertiary,
according to the proximity to the materials
and their purpose), distribution with
associated repackaging and eventually
concluding with end-user procurement
prior to clinical use, From here follows the
unavoidable management of all the waste
generated along this journey, which includes
materials used, additional disposable sundry
and support items, such as impression trays,
composite delivery guns, aspirator tips,
barrier films and sleeves, and all forms of
packaging (including the delivery containers,
eg composite compules). All of this currently
ends as landfill or is incinerated with some
energy recovery as the best-case scenario.®
Waste management should also consider the
direct impact of the actual restoration on the
environment at one of the following points:
W As macro- to nano-scale particulate waste,
during placement, finishing and polishing
or removal;
®  Immediately after the procedure, as eluted
monomers or mercury excreted by the
patient; and
® At end of life, following interment
or cremation.

Thus, it is clear that in the product journey,
from mineral extraction to clinical usage,

all materials used in dentistry have an
environmental impact, and there needs to
be a careful balance between the desired
healthcare outcomes and the management
of associated environmental impacts. This
balance is illustrated through the case
study of direct placement dental restorative
materials that are used routinely for the
restoration of form and function of teeth. Of
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Figure 3. Montage of dental restorations/
materials that contribute to pollution. Top:
amalgam restoration replaced with a resin-based
composite direct placement restoration. Bottom:
example of RBC microparticles created from
machining CAD/CAM blocks, or from finishing/
removal of old RBCs. Centre: scanning electron
microscope image of RBC microparticles with a
scale bar of T mm.

Figure 4. Montage illustrating the variety, volume
and complexity of plastic waste generation from
clinical practice.

these, the most commonly used are dental
amalgam and resin-based composite (RBC)
(Figure 3).

Previously, concerns regarding the
negative environmental impacts of dental
materials have focused solely on dental
amalgam usage due to its high (50% by
weight) mercury content. There is no
evidence that serious health issues are
directly caused by dental amalgam;?"?*
however, national and international disquiet
regarding the environmental impact of this
material have raised concerns regarding
its use. This culminated in the Minamata
Convention in 2013, its ratification in 2017
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Direct placement materials

B Amalgam

M Resin-based composites

M Glass ionomer (acid—base reaction)
B Resin-modified glass ionomer

W Temporary

™ Cements
Indirect placement materials B Metal alloys
(fixed and removable) = Ceramics

 Polymers

Impression and occlusal
registration materials

B Natural and synthetic polymers: alginates
and silicones.

Table 1. Categories of materials used in restorative dentistry.

and subsequent implementation of its treaty
in 2018.% This treaty seeks to provide controls
and reductions across a range of products,
processes and industries where mercury is
used, released or emitted.

The release of dental amalgam into the
environment occurs through established
release pathways. These include via
wastewater discharge from dental practices
and emissions into the soil, watercourse
and atmosphere, and from the interment
or cremation of cadavers with amalgam
fillings.”' There is an expectation that
amalgam use will be phased down until it is
ultimately phased out, with an anticipated
increased use of the most suitable alternative
direct dental material, RBC. Accordingly,
this has raised the question regarding the
environmental credentials of RBC. In a similar
way to amalgam, RBC has components that
are potential environmental pollutants in
the form of eluted monomers (including
bisphenol-A derived from constituent bis-
GMA in the resin matrix) and microparticulate
waste that is released into the environment
in similar ways to dental amalgam (Figure 3).
Alternative monomers and technologies could
improve negative environmental impacts
such as the use of UDMA rather than bis-GMA,
for example. Potential release pathways of
RBC particulates and monomers into the
environment have been shown to include:

B Manufacturing waste products disposed
into landfill sites

B Unused waste material disposed into
landfill sites

B Human waste after treatment with RBCs
into wastewater and sewage

B Particulate waste from CAD/CAM milling

Downloaded from magonlinelibrary.com by 090.206.026.096 on December 1, 2023.

of polymerized composite blocks
discharged into wastewater and sewage
B Breakdown products following the
cremation or interment of a cadaver
containing dental RBC restorations, which
are released into the air and ground
water respectively
B Particulate waste (akin to microplastics)
into water effluent from dental surgery
suction systems when RBC restorations
are removed, prepared, finished
or polished.”

Based on the worldwide number of
applications of direct placement restorations,
RBCs are expected to become one of the
largest dental contributors to environmental
pollution. The latest calculation undertaken
in 2012, estimated that over 500 million
resin-based composite restorations were
placed globally, this estimate is now likely to
have increased due to an increase in overall
applications in the last decade.” Other direct-
placement materials such as glass ionomers
should also be considered when trying to
understand the impact of dental materials.
Unmodified glass ionomer materials do

not contain monomers, but like any other
material, they will have an environmental
impact associated with the extraction of glass,
the synthesis of chemicals, manufacturing,
distribution and procurement.

It is pertinent to remember that while the
use of dental materials per se has obvious
environmental impacts, the associated
primary, secondary and tertiary packaging
used to contain (eg composite compule,
adhesive blister/bottle), deliver (eg box with
plastic separator trays) and safely transport
these materials (eg outer wrapping, further
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Number of SUP items used

4x gloves
2 x masks

2 x gowns*

2 x FFP3 masks*
2 x hair nets*

2 x visors*

Barrier film and sleeves
LA barrel*
LA plunger#*

Rotary brush/cup

Pot for prophylactic paste
Lid prophylactic paste
Dappens dish

Micro-brushes

Dappens dish

Dental dam

Dental dam silicone wedges
Matrix system*

Mylar strips

Plastic wedges

Micro brushes

Dappens dish

Impression trays

Silicone impressions
Cartridge and mixing tip for
impression material
Temporary crown material

Endodontic files
Sponge for files
Gutta-percha points
Resin-based sealer

Wipes
Wipe dispenser tub

2 x plastic aprons
Clinical waste bag

Needle plus sheath*
Denture pot
Rinse cup

Wrapper for disclosing tablet
Oral hygiene aid
Floss

Direct plastic restorative material (RBC,
flowable, RMGIC)

Restorative container +/-cap (RBC
compule/amalgam or GIC capsule)
Single-use adhesive brush

Single-use adhesive pouch

Finishing discs/abrasive silicone tips
Finishing strips

Floss

Cartridge and mixing tip for

temporary crown

Occlusion registration paste

Cartridge and mixing tip for the
occlusion registration

Polythene bag to transport impression to
the laboratory

PTFE (plumbers’ tape)

Irrigation syringes for NaOC| and EDTA
Blunt needle and sheath for NaOCl and
EDTA dental dam

ental silicone wedges

D
Gloves
Plastic apron

Total (approximate) number of SUPs per procedure = PPE + generic set up (+/- COVID-19 PPE) + treatment specificitems

+ Decontamination.

eg SUPs for periodontal procedure = generic set up (n=6) + COVID-19 PPE (n=11) + periodontal treatment (n=7) + decontamination

(n=6) = 30 SUPs

Table 2. Typical range of SUPs for different restorative procedures. ltems in italics: optional items (eg matrix system or mylar strips); *additional individual

wrapping; RMGIC: resin-modified glass ionomer cement; GIC: glass ionomer cement.

boxing and film wrapping) is a further discarded plastic packaging. The net pollution  life-cycle analysis studies. In this context,
contribution to the plastic pollution burden. effect from different packaging systems sustainability considerations would include

In this respect, dentistry is a considerable (eg composite syringe versus compules) is the volume of material used, the range of

net contributor to the world burden of unknown and would be the focus of further shades required, product expiration dates and
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A Approximate number of dental
healthcare professionals*

Working days per year

C Approximate number of =5
operative procedures per day

Approximate number of SUPs | =20
per procedure

E Approximate number of PPE =11
items per procedure
Total number of SUPs per year

. Total number of PPE

(COVID-19) per year

F+G

Total number of SUPs (+PPE) per year

=45,000

40 weeks x 4 days = 160

AXBXCXD -
AxBxCxE

= 396,000,000

= 1,116,000,000

Table 3, Approximate number of SUPs generated in the UK in a single year from routine adult primary
care operative interventions, excluding associated plastic packaging.

relative efficacy of product packaging/delivery
to avoid unnecessary waste.

Single-use plastics

Plastic, and in particular single-use plastic
(SUP), forms an essential and indispensable
part of current healthcare provision at all
levels and in all clinical environments. Plastic
provides a very safe and cost-effective
alternative and can be combined with
other materijals to create complex bespoke
devices or medicinal delivery vehicles. [n
doing so, SUPs provide the required clinical
and public confidence of using a new clean
and/or sterile device every time, with no
risk of contagion. Thus, SUPs fulfil all the
major requirements of a risk-averse industry
that operates within very tight budgetary
constraints and tight regulatory frameworks,
with HTM01-05 being pertinent to dentistry.”*
The inherent versatility, safety and low cost
of SUPs is also its Achilles' heel because it is a
major contributor to a highly wasteful linear
economy resulting from their end-of-life fate,
as exemplified in the montage of clinical SUPs
depicted in Figure 4.

In healthcare, most SUPs are classified
as clinical waste and, as such, are disposed
through landfill and incineration, with limited
energy recovery (Figure 1). It is estimated
that total plastic waste generation in the UK
will increase to around 6.3 million tonnes
by 2030. The service sector, which includes
healthcare, is the largest contributor to

Dentall!p:

plastic waste producing over half (53%) of all
plastic waste,* To put this into perspective,
the healthcare sector in the UK generates
over 590,000 tonnes of waste annually, more
than the entire municipal waste output

of Luxembourg.*

The media, in its various formats,
highlights the potential devastating impact
of SUPs on the environment, mobilizing
public opinion at different levels. A YouGov
poll commissioned by the nan-governmental
organization, Oceana, published in 2019,
highlighted that 74% of the public felt that
the government needed to do more to tackle
SUPs, and over half wanted to see SUPs
banned, due to their negative environmental
impacts.®® When questioned who should
take the lead role in reducing SUP pollution,
26% of the survey participants felt that it
should be citizens, 30% thought it should be
politicians and 37% felt businesses should
shoulder the responsibility. This highlights
that while the general public feel they
should play a role in managing SUPs, most
feel it is the responsibility of government
and the industries that use them. This in
turn highlights the differentiation between
behaviour and attitude changes, the latter
needed to drive change, but more difficult to
reconcile at a personal citizen level.

Within dentistry, dental material use
generates SUPs in the form of PPE (gloves,
bibs, aprons and masks), sundry clinical items
(aspirator tips, tray liners, cups for rinsing

=720,000,000

and handle covers), and also in the form of
material packaging as detailed previously.
Disposal of this waste plastic is expensive,
costing the NHS in excess of £33 million.*

A recent study by the authors identified
that prior to COVID-19, an average of 20
SUP items was used for the provision of a
routine adult primary care dental operative
intervention (restoration, prosthodontic
intervention, RCT, periodontal care).” This
calculation assumed that every item was
used only once. This calculation excluded
PPE, which would add afurther 11 items per
procedure (Table 2). In the UK, based on the
number of dentists and dental therapists
registered with the General Dental Council in
2019 (n=45,000), it is possible to extrapolate
the number of SUPs used as a function of the
approximate number of clinical operative
interventions carried out. The calculation
assumes a 40-week working year, with an
allowance for part-time working (mean 4 days/
week); an average of five procedures/day and
a mean 20 SUP items per dental procedure.
Multiplying these variables suggests that
a conservative estimate for the UK usage
of SUPs is in excess of 720 million dental
SUP items/year that end up as waste. This
previously unconsidered high volume of SUP
usage within dentistry was highlighted by the
authors in the national presst?
The impact of COVID-19 means that, with
additional PPE requirements, SUP usage per
dental procedure has increased significantly.
The previous estimate of SUPs with the
addition of COVID-19 PPE would increase this
figure by 396 million PPE items to a combined
conservative estimate of over 1 billion items
of SUP, excluding associated plastic packaging
(Table 3),

Having established that SUPs in
healthcare (and dentistry) follow a largely
linear economy, an alternative and more
desirable SUP circular economy would focus
on a reduced consumption of finite resources
(such as oil-derived plastics) and would design
waste out of systems.
The established strategies for the
management of plastic waste of reuse, reduce
and recycle, are not readily applicable to the
healthcare setting. Many of the polymers
used are highly cross-linked and processed so
that they may not be easily broken down into
the constituent raw materials or derivatives.
Polymer devices used in a clinical environment
are at high risk of contamination, and the
nature of the polymers and/or the complex

Jupe
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: Cumulative total Previous year ‘
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Clinical waste bags
Eye protectors

FFP2 face masks
FFP3 face masks
IIR face masks
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Table 4. A selection of PPE items relevant to primary care dentistry and the total number of these

items used between February and October 2020,

shape of the devices make them costly and
difficult to clean, disinfect and sterilize. Devices
assembled from multiple polymers in multi-
layer constructs and combined (glued/welded)
in complex shapes are very difficult/impossible
to disassemble. Thus, reusing and recycling

are not currently considered viable options

for the management of this waste stream in
healthcare. Recycling of pre-clinical plastic
waste (products and packaging) that arise
from manufacturing and distribution prior to
being contaminated in a clinical setting is the
more feasible option through a combination
of established mechanical (shredding) and
innovative chemical (polymer breakdown)
recovery methods. The current linearity of the
supply chain suggests that the most effective
strategy to minimize the impact of healthcare
plastic waste on the environment is by
adopting a reductionist approach combined
with innovative recycling approaches, at
both pre- and post-clinical contamination.® A
reductionist approach focuses on a reduction
of demand, which can be achieved through
promotion of better health focused on disease
prevention, coupled with the provision
of high-quality interventions that do not
require revising. This model is an excellent

fit for dentistry, which has tried and tested
prevention protocols that can be successfully
delivered at public health levels, professionally
within the dental practice setting or by the
individual at a patient-centred level.

A major impact of the current COVID-19
pandemic is an unprecedented increase in the
use of SUPs within healthcare. As of October
2020, the UK Department of Health and Social
Care (DHSC) estimated that since February
2020, over 4.0 billion PPE items have been
distributed for use by health and social care
services in England alone. Table 4 identifies

luna 2021

a selection of PPE items relevant to primary
dental care and dental material use and serves
to emphasize the great difference in the use of
PPE in 2020 compared to 2019.*!

These figures highlight the amplified
reliance that healthcare has on SUPs during the
COVID-19 pandemic. The further requirement
for face-masks to be worn by the general
public significantly increases the environmental
burden associated with the disposal of these
additional SUPs, that are complex-compound
devices and difficult to recycle. These
facemasks, also worn by patients to attend
dental appointments, contribute an additional
66,000 tonnes of contaminated plastic waste
in household waste*? It is likely that due to the
regulations set out in national governmental
and corporate standard operating procedures,
that SUPs in the form of disposable aprons
and other additional measures will increase
dramatically and may remain in place as
the 'new normal” even after the COVID-19
pandemic subsides, This would be akin to the
policy change and use of barrier |atex gloves in
response to the HIV pandemic of the late 1980s,
the introduction of universal cross-infection
precautions in the early 1990s, mandatory
handpiece and instrument sterilization
protocols and the use of single-use endodontic
instruments after the variant Creutzfeldt-Jakob
disease (v-CJD) outbreak of the 1990s.

Conclusion

Pollution from oral healthcare is a problem and
the profession has both a duty of care and an
ethical responsibility to minimize its impact, in
the same manner as is expected from any other
industry or professional body, or indeed as
private citizens, In this article, we have explored
the current status of sustainability in dentistry
and highlighted some action that we can

engage with as oral healthcare providers, and
in collaboration with the public we serve, and
the supply chain of which we form part.

The problem has been magnified with
the COVID-19 pandemic by highlighting
PPE and the impact of additional millions
of items of SUPs that need to be managed
effectively, beyond landfill and incineration.
We have identified the need to consider
the wider environmental impacts of our
dental restorative materials, the associated
packaging and the impacts associated with
their delivery to the clinical setting and from
patient and staff commuting.

The concept of environmental citizenship
identifies the need to ‘translate’ our personal
environmental behaviours to the workplace.
We can do this by switching to, and engaging
with, a more attitudinal approach for the
management of waste and additiona
environmental impacts we generate in the
course of our professional activities.

The environmental impact of our
activities as healthcare professionals is varied
and translates as either atmospheric pollution
through increased greenhouse gas emissions,
orwaste. Mitigation strategies for managing
this impact are considered in part two of this
short series.
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Pandemic Tales

| was aware of this flu like disease
originating in Wuhan, China from the
TV news in December 2019. | suspect
like many others | did not think it would
particularly affect my life and if | had
thought about it, | think | probably
thought this would be like SARS and
similar threats and not be as bad as
journalists were suggesting, how wrong
| was! COVID-19 entered my work life

in early February, many of our fourth
year students go on elective to SE Asia
and we had to make decisions about
whether they could travel or not. All too
quickly, it was deciding our returning
students must quarantine before
seeing patients.

The School (Figure 1) prepared to
move teaching and assessment on line
as lockdown approached. One of the
biggest challenges was communication
with the students, how to keep them
in the picture when you did not know
what the future held yourself.

My NHS colleagues were great
letting a number of university staff
including me 'look after the students' as
they started to provide emergency care
in the Charles Clifford Dental Hospital.
Fortunately, | had just replaced my
10-year-old laptop with a new one,
which meant | had the technology for
working from home.

Online meetings and recording
lectures all became the normal.
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Although in my head | think,
| have the on-camera skills of
Emily Maitliss, it turns out |
do not.

The much harder
challenge was delivering
valid, deliverable assessments
remote assessments to over
600 undergraduate and
postgraduate students across
10 degree programmes. This
revolutionary change was
achieved in under 3 months
thanks to the work of so
many people.

| liked, and continue to like, working
from home, but it was good to return
to clinical work towards the end of May.
On the first day back, the walk into work
through very empty streets was eyrie.
Stranger still was turning up to doa
job I have done for years, but not being
comfortable because so much was new. |
imagine many Dental Update readers had
the same experience.

We were the first Department in
the University to resume face-to-face
teaching in August. The preparation to
ensure this could be delivered safely was
challenging. Students returned and started
with clinical skills refresher courses before
commencing seeing patients again.

| have focused on the clinical students,
but dental schools consist of a much
larger community. Over the past year, the

School has progressed its masters and PhD
students by opening research laboratories
again in a staged and safe way. These
students have had a particularly tough
time. Staff of course have their own
research, and this has also suffered.
Dental schools have probably been
hit hardest of all university departments,
and many challenges remain, but | am
certain there are many things we will do
better because of what we have learned
over the past year. Finally, | want to take
this opportunity to thank all the staff
and students of the School of Clinical
Dentistry, University of Sheffield, and the
Charles Clifford Dental Hospital for their
hard work, resilience and can do attitude.

Chris Deery
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Abstract: Carbon emissions and single-use plastics (SUPs) are the main forms of environmental pollution relating to waste arising from oral
healthcare. Ownership of this problem is shared with the whole supply chain, from manufacturing to distribution, procurement, clinical use
and finally, waste management. Mitigation strategies focus on the individual stakeholders in the supply chain, including the provision of
clinical care. Key to this is establishing a baseline analysis of the nature and the size of the problem through life cycle assessments (LCAs).
Reduction of CO, emissions, other associated environmental impacts and plastic waste is considered through remote clinical consultations,

recycling, patient education and the provision of high-quality care to achieve high impact environmentally sustainable outcomes.
CPD/Clinical Relevance: Environmentally sustainable oral healthcare requires the combined efforts of all stakeholders across the supply
chain. The provision of good oral healthcare can deliver environmentally sustainable outcomes from a reduced need for interventions.
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Oral healthcare, in the form of
prevention, therapeutic interventions
and long-term maintenance, has an
effect on the environment in the form of
pollution, an increased carbon footprint,
and an increase in other environmental
impacts. In both domestic and clinical
settings, much of the waste will end up
as landfill or incineration, with some
energy recovery in limited instances."?
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Part one of this two-part series explored
the sources of pollution arising from our
professional activities in the provision of
oral healthcare and how these activities
appear to conflict with environmentally
sustainable practice. Environmental
impacts, plastic usage in the form of single-
use plastics (SUPs, including packaging) and
the use of dental materials and sundries
are the largest contributors to pollution.
Broader concepts were identified that
influence these issues, such as the impact
of supply chains, environmental citizenship
and the effect of the COVID-19 pandemic.
Oral health professionals are required to
carry out their duties to promote oral health
in an ethical manner, to the highest quality
standards, doing so in a safe manner with
appropriate use of healthcare resources.
In our dual capacity as citizens and oral
healthcare providers, we have a moral and
ethical responsibility to manage the impact
of our activities in the environment and
ensure that we do this sustainably.** The
first step to achieving this is to translate

our behaviour of sustainable citizenship
from the domestic environment to that of
the work place to create a pervasive team
attitude that will provide high-quality
oral healthcare in an environmentally
sustainable manner.®

The complex and mostly contaminated
nature of the waste produced in the
delivery of oral healthcare means that
it is challenging to implement the
established waste management strategies
of reuse, reduce and recycle in the clinical
healthcare setting.

Of these three strategies, the logical
and immediately achievable approach to
reducing waste in oral healthcare is through
a reduction for the demand of materials and
associated products. This reduction of need
can be achieved through a promotion of
better health focused on disease prevention
coupled with the provision of high-
quality interventions that do not require
revising. This should be coupled with
effective and pragmatic patient-centred
maintenance plans.
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Figure 1. Remote clinical consultation between a dental practice with the patient and own GDP
(left) and a remote specialist/consultant (right). Transmission of live data through multiple two-way
audio-visual channels (multiple cameras, including intra-oral) and radiographs, using secure super-fast

broadband connectivity.

This second article identifies the need
to assess and establish a reliable baseline
of scientific knowledge that will inform
different approaches to mitigate these
environmental impacts, including remote
clinical consultations and recycling.

Assessment of
environmental impacts

As with all major problems in life,
understanding the scale of the issue
is a prerequisite.? Accordingly, the first
step for planning sustainable dentistry
requires a baseline assessment of the
nature and the size of the problem.
This will include an analysis of data
on current practices, including dental
materials and SUP use. Dentistry is
truly unique in its use of a wide range
of very specific materials and operates
in a highly regulated healthcare
environment. It provides an opportunity
to study and understand the impacts of
these materials through sophisticated
mathematical modelling referred to as
life cycle assessments (LCA). LCAs are
techniques for assessing the potential
environmental impacts and aspects
associated with a product or service.
This is achieved by:”

M Establishing a system boundary and
functional unit;

July/August 2021

®  Compiling an inventory of relevant
inputs and outputs;

M Evaluating the potential environmental
impacts associated with those inputs
and outputs;

B |nterpreting the results of the inventory
and impact phases in relation to the
objectives of the study.

To use the term ‘life cycle’ with respect

to the use of dental materials and SUPs
could be regarded as a misnomer, as a life
cycle implies that usage is circular, that is,
where part or all of the material is reused.
Instead, as we have identified, the use of
dental materials and indeed the multiplicity
of SUPs in dentistry can be described as
being predominately linear, because the
materials are made, used and disposed

of in landfill or via incineration. With this
in mind, LCAs for dental materials can be
complex and all-encompassing, or they can
be used to determine the environmental
impact of a specific component within
the life cycle of these materials. This is
especially useful for dental restorative
materials because they are not simple
entities and their environmental fate must
be considered to be: part of a complex
manufacturing and distribution network;
part of a complex system with different
constituents and packaging; often part of
a complex restorative process with other
sundries (eg impressions require trays and

crowns require cements); and part of a
restored dentition that is attached to an
additional complexity, a human. There is

a danger of naively considering dental
materials in isolation and not considering
these complexities, which a well-designed
LCA can accomplish. The overarching
goals of LCAs make them an invaluable
tool to enable evidence-based decision
making.®'® A robust LCA could determine
which restorative dental materials, waste
management strategies, dental waste
products (such as empty composite
compules and associated packaging) result
in the lowest environmental impacts.

LCAs can be performed from ‘cradle to
gate, which describes analysis of impacts
caused by the material manufactured by
the company until it reaches the gate of
the factory. A wide range of environmental
impacts can be assessed including (but not
limited to) the global warming potential
(GWP, a quantification of climate change
that measures the change in the Earth’s
temperature cause by greenhouse gas
emissions from anthropogenic activities),
human toxicity (which measures the toxicity
of a compound, and its potential dose, to
determine the harm caused on its release
into the environment), eco-toxicity (a
measurement of the tolerable concentration
of harmful substances in water to different
ecosystems), eutrophication (caused by
nutrient accumulation in ecosystems)
and ozone depletion (degradation of the
ozone layer caused by the release of ozone
depleting substances)."

Analysis of the fate of the dental
materials, associated packaging, the GWP
and other environmental impacts after
this point are difficult to ascertain due to a
dearth of available data. A more complete
‘cradle to grave'analysis, which follows the
journey of the material from manufacturing,
to use, to disposal would be the only
way to fully understand the complete
environmental impact of dental materials.
This is where collaboration between
stakeholders, including manufacturers,
distributors, policy makers, regulators,
public administration, purchasers,
academics, experts, clinicians, consumers
and patients, is essential to fully analyse the
impact of dental material use. By working
together, and analysing dental material life
cycles (including the opinions of patients
who receive these restorations) better, more
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Figure 2. Chemical and mechanical recycling has the potential to develop a circular economy that is
less dependent on raw materials and waste management through landfill and incineration.
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Figure 3. A circular economy supply chain, with a reduced reliance on the extraction and synthesis of
raw materials and end-of life disposal in landfill or incineration. Waste from materials and packaging
can be diverted back into the supply chain through mechanical and chemical recycling.
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sustainable and well-accepted treatments
can be provided.

Reducing CO, emissions
through remote
clinical consultations

The risks associated with in-person
appointments throughout the COVID-19
pandemic can be mitigated through the
use and wider adoption of teledentistry
for the provision of advice and remote
clinical consultations (RCCs) (Figure 1). This
is part of the NHS strategy that is actively

526 DentalUpdate
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being considered to reach its NHS Net Zero
carbon emissions target by 2040."?

Remote clinical consultations reduce the
need for patient travel with an associated
reduction of CO, emissions. Teledentistry
has been previously used to eliminate
disparities between rural and urban
communities and improve community
access to oral healthcare.’*'* Today, RCCs
facilitate expert or consultant-led treatment
planning with the patient involved in the
process.' RCCs using technology that
currently exists in the form of secure, live,
superfast internet connectivity and high-

resolution, multi-channel audio-visual
streaming can provide patient-centred,
cost-effective, safe and efficient care that

is well accepted by patients.'® Teledentistry
and RCCs are now actively promoted

for their additional beneficial impact of
reduction in air pollution caused by road
travel, high patient satisfaction and patients
not having to take time off work and/or
travel with associated costs."”

After travel, the second largest
contributor to carbon emissions from
primary care dentistry is through
procurement, or the acquisition of
goods and stock required for dental
service provision, which includes dental
materials. It is noteworthy, that most
dental materials originate from a small
cluster of manufacturers that are mainly
located in the European continent, Japan
and the USA, with a significant carbon
footprint associated with the required long-
distance transport.

What about recycling?

Plastic waste can be recycled through
mechanical and chemical routes (Figure 2).'®
Essentially, mechanical recycling is a
physical process of separating, washing,
grinding and re-granulating plastics; a
process that results in useful a low-grade
and low-value product that is mainly
used to make items such as construction
building blocks, park benches, fence posts
and waste bins. Chemical recycling breaks
down chemical bonds to depolymerize
condensation polymers such as polyamides
(eg nylon tooth brush bristles) and
polyesters (eg trays, containers, film)
through processes such as hydrolysis,
alcoholysis and glycolysis. Chemical
recycling results in precursor chemical
products that can be readily recycled and
used as valuable feedstock for industrial
plastic manufacturing processes.
Frustratingly, not all polymers can
be depolymerized. Addition polymers,
such as polyolefins (eg polyethylene (PE),
polypropylene (PP), polystyrene (PS), cannot
easily be depolymerized to monomers,
making them inefficient and expensive to
recycle. Others, such as polyvinyl chloride
(PVQ), present significant challenges as
they release HCl and organic Cl-containing
by-products through thermal processing.
The single largest contributor to plastics in
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Approximate number of dental

healthcare professionals (UK GDC

Report 2019)

=110,000

_ Working days per year ~40 weeks x 4 days = 160 ]
Number ofcinical procedures per day

Approximate number of pairs of gloves | =1
per procedure

Total number of pairs of gloves per year AxBxCxD 76,000,000 pairs

Table 1. Approximate number of pairs of nitrile examination gloves used inthe UKin 1 year from routine adult primary care clinical procedures.

the dental surgery comes from packaging
because the product travels from the
manufacturer downstream to the dental
surgery after which the majority (>90%)
ends as waste for incineration or landfill
(Figure 3)."* The packaging sector in the
EU accounts for 65% of the main plastics
used in healthcare divided as follows: low
density PE (17.5%), PP (19.3%), PS (6.4%),
PVC (10%), high- and medium-density PE
(12.2%).2 It is encouraging, however, that
managing this plastic packaging waste
stream is a major research priority for the
UK and other nations, with significant
target-driven research initiatives
underway. The UK Plastics Pact has set a
series of ambitious targets for 2025, with
the headline of 100% of plastic packaging
to be reused, recycled or compostable.?!
With regards to the actual plastic
items used in the dental surgery, the
greatest challenge is that they are
contaminated and, therefore, considered
potentially dangerous. As such, current
EU and UK legislation requires very
strict disposal routes.? The largest
contributors to SUPs in oral healthcare
are nitrile examination gloves. In the
UK, based on the number of dental care
professionals registered with the General
Dental Council in 2019, it is possible to
extrapolate the national usage of nitrile
gloves.# The calculation assumes a figure
of 110,000 dentists and DCP registrants
(including nurses) that is rounded
down from the official figure 113,439
{that acknowledges some elements of
double counting); a 40-week working
year, with an allowance for part-time
working (mean 4 days/week); an average
of 10 procedures/day (any clinical event
requiring the donning of gloves); and

Iuly /AU

working as a dentist/DCP and nurse team
(two pairs of gloves/procedure, accounted
for in the total number of 110,000
registrants), Multiplying these variables
suggests that a conservative estimate

for the number of disposable nitrile
examination gloves used for the provision
of oral healthcare in the UK is 176 million
pairs of gloves per year (Table 1).

Some programmes (eg Terracycle) are
available for the collection and mechanical
recycling of non-clinically contaminated
gloves This route is not available
for clinical gloves used in dentistry or
healthcare because they are classed as
clinical waste and must be disposed of
through regular clinical waste processes.
Plastic sundries make up the remainder of
the plastics in the dental surgery; where

a further recycling challenge lies in the
design of plastic products for functionality
in healthcare. These have specific
characteristics for a given application and
often combine both condensation and
addition polymers to obtain needed barrier
properties and flexibility.

It is clear that the key to improve
recyclability and a more circular economy,
is to design simpler devices with plastics
that can be disassembled or that lend
themselves to cost-effective chemical
recycling. Chemical recycling is the
focus of intensive research, such as that
pioneered by Garforth et af that employs
a hydrocracking catalytic process that is
tolerant of a mixed polyolefin (PE, PP and

PS) with small amounts of PET (polyethylene

terephthalate) and PVC, reducing rigorous
collection and sorting regimes.*

In healthcare and dentistry, for truly
sustainable plastic use, innovative recycling
strategies are required to avoid complex,

bespoke, expensive, multi-stage chemical
separation and thermal treatments. The
adoption of effective recycling technologies
has the potential to impact our supply chain
and divert much waste into a successful
circular economy, with a reduced reliance
on the extraction and synthesis of raw
materials and end-of life disposal in landfill
or incineration (Figure 3).

Education

Education is the prerequisite that will
facilitate incorporating sustainability
within the profession. This starts from
undergraduate training by incorporating
sustainability within the curricula of

dental trainees; a process that is currently
underway that considers how sustainability
can be included in the undergraduate
dental curriculum.? Continued professional
development (CPD) must include elements
of sustainable practice and auditing and
accreditation, such as the programme

run by the Green Impact initiative, which
should be encouraged within primary
care.’’ Educating patients regarding
sustainability would follow naturally from
this and be accepted and well received

by not just the environmentally conscious
cohort, This can be as simple as promoting
‘green’travel and helping to accommodate
it, such as highlighting public transport
routes or providing an area to allow
patients to secure their bicycles outside
dental practices.

Good quality dentistry is
sustainable dentistry

This article has previously identified the
potential for a reduction in pollution,
carbon emissions, and other environmental
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Figure 4. The relationship between oral health measures (first column), their impact on good oral health outcomes (second and third columns) and, as an
unintended consequence, in environmentally sustainable outcomes (fourth column).

impacts by promoting and delivering
high-quality care for the management

of oral health, principally with a focus on
preventable diseases. The provision of
high-quality preventive care brings about
notable and durable oral health benefits
for the individual and the population

at large, while reducing inequalities.
Effective prevention regimes resultin a
reduced need to treat (preventable) oral
diseases, which in turn results in less
patient travel, with a net reduction in CO,
emissions and resources needed.””*** The
recent publication by PHE highlighting
the inequalities in oral health in England
recommends community interventions,

528 DentalUpdate

such as targeted supervised tooth
brushing in childhood settings and water
fluoridation.’' These actions would reduce
inequalities for those in more deprived
areas while also improving sustainability
through prevention. Prevention reduces
costs to healthcare systems and has wider
economic benefits. An example would

be the cost of dental extractions (majorly
caused by caries) required for 0-19

year olds in secondary care sites, which
cost £50.5 million in 201532 To this we
should now also add the financial burden
associated with the environmental impact
from the treatment of preventable diseases
(eg caries and periodontal disease).

The provision of good dentistry
translates into a reduced need for
restorative dentistry, less material used,
fewer prostheses and fewer visits. This
reduction in treatment need translates to a
reduced amount of carbon emissions, other
environmental impacts and pollution; both
a welcome, but unintended consequence of
providing good-quality oral healthcare.

The authors suggest that effective and
durable patient-centred oral healthcare can
be achieved by considering the domains:
preventive care, operative care, integrated
care and ownership of care (Figure 4).

In this way, the dental team, working in
partnership with their patients, can deliver
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Figure 5. Good quality oral health provision results in good oral health outcomes and environmentally

sustainable dental care outcomes.

environmentally sustainable oral health
simply by jointly striving to achieve high
standards of care. The aim of this strategy
is threefold:

®  The provision and promotion of
good oral healthcare is core to what
we do as professionals, and as such
we should strive to do this as well
as possible.

B We can provide and promote good
oral health by pursuing excellence in
each of the domains that make up our
everyday practice.

= |f we provide and promote good
oral health, we will need to do fewer
interventions, which will result in
higher oral health outputs. This in
turn, will result in environmental gains
brought about by:

- A reduced use of materials that
will consequently reduce the overall
amount of waste produced at the
point of manufacturing, packaging
and clinical care.

Clinical need
Regulatory
frameworks

DRIVERS

STAKEHOLDER

- Reduced number of patient visits for
routine dental care that will equate
to reduced travel and thus, a reduced
patient-based carbon footprint.

This message is very simply encapsulated in
the statement: good oral healthcare is good
for the patient and good for the profession
and (as an unintended consequence) it is
also good for the environment’ (Figure 5).

Sustainability and the

supply chain

COVID-19 has had a profound effect on
dentistry and will probably continue to
do so indefinitely. Prior to the pandemic,
environmental concerns regarding SUPs,
carbon emissions and other environmental
impacts from the provision of oral
healthcare and the use of dental materials
in particular, was a source of concern for
the profession. It is clear that, although
our professional focus remains on the
provision of oral healthcare, the issue of
environmental sustainability has not gone

away and has been hugely magnified

with the extensive use of PPE during the
COVID-19 pandemic. The impact of dental
materials, sundries and equipment on the
environment is not restricted to daily dental
practice, but starts a long way upstream of
the supply chain when the raw materials
are synthesized, prior to manufacturing

or assembly into restorative materials,
devices or packaging. Our activities as
healthcare professionals are a long way
down the supply chain, just before the
final stage of waste management (Figure
3). In the supply chain, goods travel from
the raw materials and manufacturing (at
the head of the chain), via distribution and
procurement, to the end user in clinical
practice, and eventually to an end point
for end-of-life waste management. Each
stakeholder along the chain is principally
driven by commercial pressures and their
own individual business models. Limited
attention is given to sustainability outside
the need to comply with regulatory bodies
and some environmental action as part

of their own corporate responsibility,
included within the framework of the
company'’s environment, social and
corporate governance frameworks (ESG).
Historically, stakeholders have not readily
taken any responsibility for the impact of
their products or processes downstream
of the supply chain. For example, dental

C Mark:-ming ) Q:linical need)

== Enwronmenta
@lmcal neeD

Regulatory, Gll -for-| purpose

Gn for purpose) CGwemance)

distribution

frameworks

Landfill &
Incineration

Figure 6. Linear supply chain that is principally driven by the individual stakeholder drivers (top) that are core to the commercial business model. The
environmental drivers (bottom) are largely focused on compliance with regulatory frameworks and corporate responsibility.
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manufacturers create restorative materials
according to best practice, in compliance
with regulatory bodies. In doing so, -
some sustainable goals are achieved;
however, there is less preoccupation with
regards to the environmental impact of

the carbon footprint of distribution, the

use of the materials, packaging or waste
disposal. Essentially, there is a lack of whole
supply chain joined up’environmental
responsibility for products as they travel
downstream and are conveyed from
stakeholder to stakeholder (Figure 6).

As healthcare providers we need to
realize that we hold the ace card and have "
the capability to influence manufacturers,
distributors and waste management
companies to support our sustainable
practice endeavours. In this way, our
sustainable actions will have significantly
greater impact than being simply limited to
local small-scale initiatives, useful as they
may be. In this context, it is important that
we understand that our actions or inactions
as providers of sustainable practice will
have significant impacts in the way that

environmental impact, and this should

be considered further.

Single-use plastics present a

big environmental challenge in

healthcare. There is a clear need to

first acknowledge their invaluable "
and indispensable contribution to
healthcare in general and to oral
healthcare in particular. SUPs are
essential to the operation and delivery
of safe and effective clinical outcomes.
We need to identify ways of reducing
their use and increasing their recovery
and recycling rates.

The COVID-19 pandemic has
highlighted the need for increased

use of SUPs in personal protective
aquipment, guards and equipment
sheaths, as a key part of our strategies
to reduce the risk of contagion. History
tells us that this is unlikely to be a one-
off event and that once a pattern has
been set and established, it is likely

to mould our future practice and our
reliance on this extra PPE in our future
professional activities.

of oral healthcare providers; it is
important to note that in reality this
is a problem shared with all other
stakeholders up and down the oral
healthcare supply chain.

Net zero and carbon-negative
emissions and a reduction of plastic
waste going to landfill is achievable,
by taking individual responsibility for
our actions at a professional level and
through conscious and deliberate
decisions at every step of the healthcare
supply chain.
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The environmental impact of dental amalgam and
resin-based composite materials

5. Mulligan, * G. Kakonyi,* K. Moharamzadeh,' S. . Thornton? and N. Martin'
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Direct-placement dental restorative material include dental amalgam, alass ionomer, resin-moxliied olass ionomes,
compomer and resin-based composite (RBC). The choice of restorative material is determined by is abily to restore the
structure andor the aesthetic appearance of the dentition and to impart a net therapeutic value. In tis way, the most
appropriate material systen i chosen o manage each particular linicalsituation in the most effective manner. The most

commonly used direct-placement materials in everyday moden dentisty are dental amalgam and resin-based composites.
o date, concerns about the environmental impact from the use of dental materials has focused on dental amalgam and
mercury release. ft s now evident that the continued use of dental amalgam is time-limited on the basis of environmental

pollution as recommended by the Minamata Treaty. The recommendations include  planned phase-down of use of dental
amalgam with an anticipated complete phase-out by 2030. The environmental impact of other restorative dental materials
deserves further consideration. This artcle provides a detailed overview of the environmental isues associated with the use

of dental amalgam, the potential environmental issues associated with the alternative resin-based composite restorative
materiaks and to consider recommendations for further rescarch.

Introduction

The deciion-maing process for the dinicsl
useof s dental rstorstive mterial i made in
sccondance it the materials il to estore
the sructure and/or th seshetic sppesrance
of the teeth and in doing so, impart a net
therspeutic effct. Subjective parameters such
asthe clinicas' personal choice,skill base
and the costofthe matrial aelo considera-
tons made inthis dacision-making proc
The potentil impact upon the environment
from the use of dental materials has been &
minor consideraton o date with much ofthe
focus cented on the us of dental amalgam!
Dentalamalgamis  dirctplacement rstora-
tive materil with other materils in this
cstogory beingcalcium ilicate, glas omomer,

T unhesy sttt acsdmic vt s
ey el U Krgiom eparment ol
sl Exgheetng S Ut gion
“Conspanderct: sl

enal s o o

P Ppe, Acpted 19 December 2017
Dot w0228

resin-modifed glss onomer, compomer and
resn-based composite (RBC). Currently,
dental amalgam remsing popular restorative
material that is used througho the world in
arge quantites with approximately 75 tonnes
per year bing used within the EU slone
Worldwide, dental amalgam and RBC are
the most commonly used direct-placement
dentl rstostive materia, The decision to
e amlgm nstead of REC o restorea tooth
s often based on the perceived dissdvantages
GFREC. These disdvantagesincludea require-
‘ment for adjunct technlogis snd squipment
(eg dental dam and lightcuring it onger
placement time, hgher matrial costs snd &
lessprdictblefunctionsllongevity compared
with dental amalgam.+* Notwithstanding, in
light of the advice of the Minamata Treaty
and regardlss ofthe esoratvecredentials of
dentlamalgam, tsemvironmentalimpactdue
1o mercuryelsas mesns engoing use s time-
limited. An ventusl cesstion of useof dentsl
amalgam s in the foresseable future, with &
predictd increase in us o the obvious her-
native, RBC. This asesan important questions:
what are the environmentsl credentials of

the shernative direct phcement restorative
‘materislsand RECs in particular?

Therealityisthat s perany mamufactured
item, all dental restoative materal have a
potentil pollutant effect on the environ-
‘ment. This will be sscociated with the fb-
rication process, transportation, clinical use
and disposal of waste materis. In sddtion
followingthe dsth of person who hasthese
restorative materals n ther dentiio, con-
titents are released into the sol o atmor.
phere, following interment or cremation
respectively.

As staed, 1o date dental amalgam has
sscived the mos atention ssa surce of nvi-
sonmental plltion from dentistry o sccount
ofthe mercury content of this mateial Resn-
based composites, by contas, have not been
considersd i this context. Thi is possbly due
0. focus on mercury reeas from amalgam,
the knowledge that heavy metal pollaton is 3
serious, ecognisedisue and perhapsa parcep-
ion that RBCs e nert plstic matersls and
a5 such notconsidred to b an nvironmental
hasand. Thisviewis possblyenforcdby virtue
ofthe natural tooth-lke appesrance of RBC,
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ofen markted o the profsion vith s heskhy
ety connotation tht may suggest thatt s
s harmful than o metallic detal amalgam
sestorstion and thereors les lkly to cause
environments pollion. Qs threisa pro-
Fssonal responsiblty o nure thatone envi-
ronmental ollton problem, mercury rleased
from amalgam, s not replaced with snother.
There i lle avalble evidence egarding the
environmentsl fteof RECs and it consitusnt
ports as they ineitblyfind their vy into the
environment;his maybe from eiher the elease
ofconstituent monomersor the escive plastic
micmopartices”

Pallton can b discrbed stheintduction
of contaminarts ino the natural environment
with & resultant adveree change. Hitorcaly
environmental polluton strts vith th relsse
of ssemingly innocuous pollutants that aver
time build o point wherea criicl thrshold
excesed g unfreseen consequences. The
‘mechaniems by vhich plktion occur fom the
s of dentlsmalgam and REC cambe refered
088 pollton pthways. A bettr undsrstand-
ingofthese polution putvsys would sd inthe
development and implementation of mecha-
iamstht sekto provide advice and create the
policiesand strtegis for plltion reduction.

It fur o sate that,in the overal global
schem of the resl and potential polltants
that ffct our planet, polltion from dental
restorstive materil i lkely to hav a neglc
ble offct and as such, we should focus on
the mansgement of rester environmental
‘pollution problems Hoveever, th counterarg-
‘menttothis s thatevry industey has asocel,
‘morsl andstical responiblty o manage the
environmental impact oftsown technologies.
‘materiale and aversl footprint. Detistey s

the opportunity and sbilty to participate by
ertically reviewing and managin the effct
efits ndustry on the environment.

This artcle sims to provide o detailed
verview of the nvironmental ises
sted with the use of dent amalgam and the
ternaive resn-based composit restorative
materials, including recommendations for
further rssarch.

Dental amalgam

Dental amalgam is used to estre posterior
taeth st can b plced relatively efficintly to
producedurable high-srength estorations with
ood marginalntegity nd longevity (Fig, 1)°
Untlthe 19905, amalam was the predominant
‘materal used fo resoring posteriorteth and
assuch bas enjoyed along and succesfl status
inthe dentsl armamertarium, Denal smalgam
s an alloof mercury ilver, copper zine and
tin, and bas been used s @ dental restorative
material forover 150 years*Snceits incapion,
the mercury content of dental amalgam has
made it s contentious materisl from beth &
heslth and enisonmentsl perspective.
Mercury is a naturally occurring heavy
matal i th form of cinnabar, and s relessed
o the environmentvia naturd events such s
volcanic eruptions and anthropogsnic activi-
ties such as dertal testment using amlgam,
coal combustion, ndustrial processes such
s chlorallali prodaction and artisunal gold
‘mining, Upon environmental release mercury
can accumulate in waterways and sediment,
where it is methylated via microbial processes
into highly toxic methylmercury; sllowing
accsssto food websva ngestion by low-order
orgoniams. Subsequent biosccumulation

Fig. 1 Dental amaigam restorations
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and biomsgnification of methylmercury in
predatory longivd fih, such as tuna, can
then oceus. Human consumpion of such fah
and thrsfors ingetion of mathylmercury can
impact upon human halth, Methylmercury
has been shown to have harmful effects
primasily to the nervous system but slso
the cardiovsscular,rspitory, immune and
digestive systama.™ I addition, the develop-
ing nervous system s much more sensiive to
‘mthyimercury than theadlt nervous system,
with profound debilatons aichasblindness,
deatness, microcephaly and gross motor and
‘mentlimpairment posblewith exposure =

The high inorganic mercury content of
amalgam ha previously ledto various countries
sising concerns from an environmental per-
spective, with recommenditions made by the
Swedish Palament in a lgally nosbinding
resoluton efective from Jamary 1997, against
the use of denal amalgam for snvironmentsl
reasons. Between 2008 and 2009, Norway.
Sweden and Denmark banned the use of
amalgum ngelyon nvironmental grounds and
other counties, incuding Germany, Filaod.
Netherands, By Spain and Austria have made
imila ecormmendations restricting he we of
dentsl g fo environmentl essons

The need o teratiors] regaltionto contel
the use ane nvironmental e of mercury vae
promote by the Unitd Natons Environment
Programime (UNEP) concluding inth crstion
of o gobal legally binding tresty signed in
2013, known as the Minsmata Convention on
Mescury® This trsty secks to provide contrls
and.reductions across & range of products,
processes and industries whare mercury s usd,
seleasd or emitted. s namd st the city i
ipan where resents sufered debliating and
Tethl heslth efcts dus to mereury plkaton in
the mid-twentieth cenury’*

The Minamata Convention on Mercury of
2015 advised the lobal phase-doven of dertal
amalgam onthebasisofpotetial asthsopogenic
mescury reless nto the environment from e
e, The UNEP Global Mercury Asssesmentof
2003 reveled thatin2010anestimated 270-341
‘metrc tonne of mescury globlly s derved
fromthe use ofdental amalgem. Thisaccounted
for 205 of global mercury consumption in
procicts overll ” The UK i e of 140 signa-
toriestht have agresd tothis phase-doven of
dental malgam and o promte hertives. In
ondertoimplement the Minamata Comvention,
the EU has dravn up legaly binding lgila-
on; however, dental amalgam i ot nchded
imthislegiaton snd it use i curenty being
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examined separstely under the auspics of the
Earopesn Commisson* August 2017 marked
the atfiation of the Minamata Convention,
with vaious tipultions st in motion t tke
efect i the vory near future, mirrored by EU
regulations. By July 2018 restictions el be
in place on amalgam we in decidaous teth,
forcildren under the ageof 15 yers, and for
preguantandbrsastseding women unlessthere
arospcific medicl ned. I addition, by July
2019 member states must have » lan for the
‘hasedown of amalgam and by the end ofune
2020 eportingwill ke placeon the essbily
to phasing out amalgum completly prefr-
ably by 2030, The rtifction of the Minsmata
Trsty ecogissthata sl tmeframe must
be put in place, and from o dental perspective
the succees of mesting thess deadlnes reles
‘upon the univrsluse cfecuivalen ernative
‘materials tha do not conain mercury:

Environmental pollution pathways of
dental amalgam

As highlighted. the primary compound
of concern with regards to environmental
polltion from dental amalgam is mercury:
Naturally occuring dlemental mercury is
toic and is ditributd throughout the envi-
ronment by both natursl and snthropogenic
processes Most eople have some exposureto
dementa,inorganic or methyl mercury a8 8
reultof normal dalactiviiesMercuryfrom
demtal amalgur can b deposied o the sl
stmosphere, surface water and groundwater.
The main relesse meshanisms o mercury into
the environment from dental amalgam ae via
wastowaterdischarg from denal pacticesand
emissonsintothe ol watercours andsmor.
phere, o from the interment or cremation of

cudaver vith amalgam lings™ Escetion of
mceamountaot mercury o ndvihaloith
dertal sl resestions o sevage v an.
additonal emiommentl rlesse mechaiem.
Duing mastcatoeyfnction smelgur erved
merary i elused foenreorstions with an
evetual o xcetion via uin s e
Punfinction ch ssbriem and habisauchas
chewing g havw ben demons i o el
i the eeseof higher amount of mercury
vspous incxeasiog the amount sorbed and.
hereor exretd The exen of exceion
of mcury i e i eltd 0 th exposare
iom detal amalgem in » dove-dependent
ubion,or implypu. the greterth sumber
ofumslgu sufce th higher the xcsion
e The amountof merary releved from
indivduls it denal smalgam resontions
[ ———
s minime. habeen reportedfra paint o
excte mor thanthe sceped e logial
mercury concntsionof 30 mlg cresiine
over 430 sl e wouklbe e
Hiowews, it s worthy of ettt the USA
lone, betwsn 1998 and 2008 1 esimated
onebilin e rstorstions wereplacd*
Thersor, it s clar that the contant small.
s evets of amslgun-derived mercury
ot the envionment vi e wat, vhen,
incrusdtothe sl of llons s sigpiicant
poluon v

“The Danish Environmetl Protecion
Agenc eimatedthat i 2001 sprovimtely
1200 kg of mercury wasused in dental s
ontions From thi vahie it vas estimated
{hat between 190 nd 260 kg of mercuy vas
dicrgedintowasevaer,adht emisions
into the i snd sl du o cremation and
burisl vers spprcsimately 170 kg and 70 kg

Fig. 2 Dental resin-based composite MOD restoration

of mercury, espectivly For very 50000 kg
of mercury used in amalgam restorations, it
i estimated that 100 f mercury enters he

To reduc the amount of mescury relased.
from dental amalgamintothe environmers, the
dental profsion s sdopted best mansgement
practice fo the handling and disposal ofwaste
amalgam, These includs the use of chsir-side
traps,amalgum separators complant with IS0
1114, inspectingand claning trsps, and ing
& commercial wase disposs srvice to recycle
or dispose of the smalgsm callectsd. Dental
practice n the UK are requirsd by law to use
amalgam separtors” These hav been shovn
torsducetheamountof mercuy n wastvater
by 0% in comparison to practice not using
separators This ighlights that sround 10%
of mercury from amalgam is relessed into
sevage vin wastevatr fom dental practices.
Ths released mercury s depositd n udge st
st procesing plntewhre furtherpro-
cesingand removslofheavy metlsoceurs Ris
stimated that th combined efct o smalgpm
Sepustors s purifying plnts rmoves 9% of
‘mercury in wastewter befor releae nto the
naturs evisonment >

The reless o mercury int th i from the
cremation of cadavers containing amalgam
sestorstions can be redluced by the wse of
selenium chimney 6lters* Notwithstanding,
the emission of mercury via cremation is
incrssing s thisbecomes  preferred method
purticularly in the UK, for the disposal of
human cadavers* Depending o the ize and
‘umber o smalgam restortionsan stmated
025 gt01 gofmercury s elased percadaver
cremated.” It i intereting to note that an
aversge fluorescent bulb contains 0.004 g of
‘mercury indicsting the cremation of adaver
with the average mumber and iz of amalgum
restorstions squate o the disposl of sround
150 fuorsscent blbe* Even vith a reduced
‘umberof amalgam restoratons eing placed,
due to the smount of exsting restortions in
the dentitions of the populace,the elase of
‘mescury from cremation vl persit. It hae
been prediced that mercury emissions from
cromatoria il apily increase until 202,
platoa around 2035; returning to the lower
lvels sen in 2000 by 2055

Resi

vbased composites

Currntly the most sppropriate shernative
t0 dental amalgum used a5 ¢ universal disct
Placement restorative material i resin-based
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composite (RBC) as shown in Figure 2. An
incrsasein ssge o RBC i anticpated oncur-
sentvith ouschangesin testment ethosand
oversll raction of smalgam usage?<”

RBC is used to setore sl teth within the
dentiion, with theaddad benehts of providing
stractural support on account of adheive
propertis, conservative cavity preparation
requirements, and an aestheic tooth-like
sppearance. The development of modern
dental RBCs dates o the late 1950s and s use
hasincreased sgnificanty ver the procesding

Table 1 The typical composition of RBC
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decades with s rangeofspplictionsextnding
beyond its primary use as s direct restora-
tive material 0 other disciplines of dentstry
including use a @ cement and s an indect
restortive materil ** REC consits rimarly
ofan inorganc iller phase within an organic
rein-based mtrix phase RECs are usd either
in pase form s o dirct-placement restors-
tve materialorina pre-polymerised tte for
‘machining in CADCAM spplications. When
RBC is used as o divect-placement resora
tiveitis cured 0 o hard state via fee-radical
polymeristion usinga high ntensitylight ofa
blue wavelngth (450490 ). The main con-
tituents ofth lati resin matrix areypically
‘methacrylate-based. Other componsnts key
to contrlling the polymeristion reaction
includes iniiators,aceleators, nbibitorsand
‘photo stabilisers (ses Tble 1).

“The e partices are generaly inorganic
ilica and quart and range n size fom nano-
‘metres o hundreds of micrometres, making
up 457%t075% ofthe composit vlume. These
porticlsare embeddedvithinthe esinmatrix
and e chemicalyunied toth esn phase via
lane caupling, Fillrpartices sreinchudedto
improve the physica propertis of hardnes,
Sexuralstrength, wr resistance, radiopacity
and optical charsctritics

“The biocompaiilty of sesin-based dental
‘materialshas been discussed nthe itersture
Bisphencl A glycidyl methacrylate (BsGMA)
ithe most potentally harmfl sesin monomer
to human hesth and the emvironment in
‘modern RBC: by virtue of the contitusnt
bisphenal A (BPA). Thereis n v evidencec.
the potental harml efct o heslh rom BPA
and methacryltes from resin-based dental
restortive mterisls < BPA i associsted with
health et problems when ciicallvelare
sesched du o s osstogen- mimicking rop-
etiex® It has b ypothessed thatxporure
0 BPA duringeuly human development may
be theunderlying causeof genital tract sbror-
‘malities* childhood obesity® nfetilty, and

anincresed incidene of rsst cancr ver
e st 0 e T e f BPA from
ool RBC and selnts s b reported*
Whilthe concnttion of BPA elssed from
RBC maybe il it detsctble nd
[ ———
above evionmentl bchground BPA el
[ ————
s recent evience ht o o dosag BPA con-
Centationof0. g body weght GV day
(@, whichi10times ower henh crrst
priminay aropean Food Sfety Authori’s
o dytakeof 45 BV was oongh
ot bone rmtion mtablcparametes
and gen sspresion n devloing rts 1
The fct o BeGAA-contining RBCs and
B0 rlese on deloing humans theeire
deservs e mvesigaion,

Inaddiion to BGMA, triethylens gyl
dimethacrylte (TEGDMA).  diuet uod
in the manufactring of RICs hu o been
chown o b o concernwith rgurds f bio-
Compatiility nd potential toiiy High-
pefomanceliqud chromatogaphy (HPLC)
naysis inicaes that TEGDMA is the
mor monomer et from exprimental

dental comporit resine. TEGDMA leaches
out of RBCs st concentrtions that are toxic
to monolayer cell cubure of epithlsl cels.
In-vitro studies in thres-dimensional tise
engineered. human oral mucosal modls
indicie that experimental RECs cortaining
high levls of TEGDMA cause sgnificant
‘mucotosicity and increused the smout of
theinfammatory ytokine L1 elessed from
orsl mucosl models The concentrston of
selessed components from RECsis dependent
onthe degree of plymeristion vith a strong
inverse selatonship between the leching of
sesn components from BisGMA-based com-
positsand monemer comversion.” Put simply;
the greterthe degree of plymeristion ofthe
‘material,th les alution of monomers occur,
it lss potentislbiocompatiilyoremiron-
‘mental palluion concern.

A charsceristic of directlacement RECs
istha they cnly reach a 60-75% monomer
0 polymer convarsion, and as low as 30% at
thebase of restorston. Conversel facory.
polymerked RBC,typicallyused asingots or
‘machined CADCAM restoratons,have a much
higher degree of polymerisstion. Therefore

Fig. 3 Waste singlo-use resin-based composite compules contalning residual matertal





image12.jpg
GENERAL |

the consequence of incomplete polymeri
ton of directplacement RBCs over indivect
‘CADCAM RECs s the potentil for utvard
Leaching of these resctive chemicals?** In
eumimaryeuion o he constituent monomers
of REC resubs from diffsion of unpolymer-
ised momomers outofthe matrial thehydro-
ytc degradation of RBC or sz mamifscturing
Itis clear that RECs are not insrt plastc
mateials and they have an environmental
impact ssociated with the rle
‘monomer components, Importantly thers is
& lack of studies addressng th role of these
relessed componsatsaspotential envisonmen-
) polltans

ofthe resin

Environmental pollution pathways of
resin-based composites

Potential nvironmentl polution caused
by dental RBC reflects the lifecyee of the
‘material Dental RBCis produced omaninds-
i leveland the disposal of wase material
from the manufacturing process i the fst
potential polution event. Waste compoite
from mamfactuing isdisosed of i landsil
site presumably aftr polymerisation but
this i difficult to verify from mamifacturers.
Smilary, RBC rom dental surgeres tht has
expied and excess unused composie within
dicarded compiles and yringesisconsidered
a5 municipal solid wase and consequenty
diposed of n landsil st (F. 3). When
disposed of in this way landél lexchate can
resctvith RBC allovwing the relase ot com-
‘ponents.Landsillechat s formed whenpre-
ipitation percoats through th conents of
Iandsll site promoting nd asssing decom-
posiion processes fcilated by bacteriaand
fungi Thetempersture, pH andcxygen content
of the landsll eschate sotion change over
time, afecting the eactivty ofthe soluion.
In 4 andsl site that receives a mixture of
commercal, muicipal and mized industral
wase,  lechate composed ofoganic mater,
inonganic ions and cations, heavy metal ions
and senobiotic compounds incuding persis.
tent oganic poltant (POPs) il rs. This
resctive leachate has the potental to llow
breakdown and relese of RBC into con-
situent components inluding monomers,
oligomers and BPA* The United States
Environmental Polluion Agency (USEPA)
Office has proposed, through computer
simulations, that potentil contamination
ofthe environment from dental composites
can only arise rom acidentl eess daring

transportation of dentalwateor malfunction
inlandsll liners Inthe UK ther s concern
regurdin the location of cosstsl landsil tes
and potentil filure o containment due to
coutal erosion It is sstimated that n the
UK there are over 1200 hstoric landsil stes
i aress st sisk of constal exosion o in flood
plins Thesfor it should beconsiceredthat
the dispossl of RBC in similarlandll steshas
thepotentaltoalow environmentsl poltion
inthe fotur should andsil sits fal, food or
e st the se via costal eosion. This isk
would b migated if RBC were dspossd of
viaincinsrston.

‘The release of composite components
into the environment slso oceurs during
cincalspplicaton. When these materialsare
shaped. nished and polshed afier lacament
or removed.from testh, particulates and
micropaticls contsining part-polymerised
monomer are relsssd ino wsstwate. These
waste particulates eventualy resch the envi-
sonment, In addition, ther i an increasing
trend to use highly polymerised REC for
the fbricaion of crowns nlays and onlays
through subtractive CADCAM milling of
blanks tha crste a ine micro-partice waste
porwderin large volumes, which isalo reeased
into municipal wastewater Microparticulate
and particalarly microplastc polltion is &
roving concerninthe public rena regarding
the potential pllutant ffec of plastic micro-
particls from sources such s cosmetic face
Scrubs and the aundaring o synthtic fbre-
based lthing =

Microplsics redefined ss latic prticks
maller than Smim nd represent anincresing
propertion of plati dsbris releasd into the
environment.® Microplasics o only act ss

dinect pllutant, thers i o evidencethat
they canstract and bind tobitesi knovn
asperient rganic polutants (POPo)such
polycorinstd bipheny (PCB). i spec-
e tha dcnpion f POPato micrplastics
il of acces o the food
of bio-s
Ingestion of mictoplstics
mentedin lankion, barnace, mussels, s
and ssbind Micoplstic paticlsaefound
i many pecis of North Sea i inchuding
popular edble speces sch a haddock, cod
andhering Methodsof detection and quan-
ication of mictopartices s improing to
help bttr understand thie phenomenon.®
The dangersofngestion o paricles by marine
e are four- ok iy from ingestin the
pariceisl, comaminants lesching from he
microplstics ingesionofatracied polluants
bound 1o the microplsics snd accumulation
of particles within the orgenim. Additives
amocited i micopltics aichastheatore-
mentioned REC contaminant BPAcan poten-
il afctthe endocrinesysterms ofsqustic
orgnis, mpacting mobility reroduction
and devlopment. BPA i  known sndocrine
dirptor n o, crustcesns, and ivere-
brste, and bas b show to cause whole-
bodya molculr et st concentrstions i
thenglL o L rangs * The potentil effscts
on organims ncuding s, i ood
webs e unknown. Thereore the reless of
partpolymerised micrparticlsfrom dental
foure i potenialsignfcant eviconmentsl
sue becaus of the grester monome esse
e 0 the surfce nes ofth micropartices
Fg 9.
Once wsed o restore 8 tooth, REC st
sations esch unpolymerised monormer to

Fig. 4 Waste RBC particlates from CADCAM applications
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detectable levesfor manth after lacement™
These monomers sre dtsctble in saliva and
urine, and it s therefors acepted thatlesched
‘monomers of dental composie e relessed
into the environment via human excetion
ater dentl procediresivlving REC.™

In o manner akin to dental amalgam,
there are clear potential environmentsl
pollution pathsys for REC when individu-
s teste with dental compositeare inerred
or cremted. REC monomers i the mouths
ofthes patentswill have the potental tobe
reessed v xposure o roundvtersnd from
crematoria waste snd emissions.

Therefore, to summarie, the proposed
‘potential releas pathueays of RBC partcultes
and monomers intathe environmet axe:

+ Manufacturing waste prodcts disposed in
lndsll ites

Unused waste material disposed in

lndsll sites

+ Human waste sfe trestment with REC
into wastevatersnd sege

+ Partculate waste from CADCAM milling
of polymerised comporite blocks dis-

chargsdinto wastewsterand sveage

Breakdown products following the

cremation or interment of 3 cadaver con-

taining dental RBC retoratons,reeased

intoth ir and ground wter

+ Particulate wateinto water effsent from
the surgery suction systems when REC
sestorstions areremoved

+ Particulate waste ito wter efuent when
composits are finished o polished in
the mouth.

Recommendations for frther rsessch to
examine potential plion caused by the e
and disposalof REC should focusonthe sbove
euggeste elsse pttoways. t must b noted
thatthe stentof potenial pollton fom REC
dirctly eltes to @ numbe of actors and is
concemned with both the chemicallschates
and the micropartcles. The degree of ply-
‘meristion of the RBC must b examined, a5
the morehighly polymerised the REC, thelese
free morcmer is relessed. CADCAM-based
RBC is highly polymerised and therefore
the rslesse of frse monomer would be much
les than conventional RBC, but comversely.
have an emvironmental impact through the
disposal of the microparticles crested daring
the milling procese. The age of the material
befors exposure tothe envisonment would o
afsct the smount of fse monomer relsased
from the materia It s nticpated that  REC

restoration that has been st for mumber of
yesrsbefore removal froma tooth,or exposure
to the emvironment through cremation or
interment, would have aleady relessed the
‘majority of free monomer contained within
the materal. This s i contrsttothe iishing
and polshing egimen o a nevy plced rsto-
ration, which would have  higher monomer
relesss potential. Finaly,th size of the par-
et rlessed and thersfrsth sufscesrea
ofthe relased materisl will disectly relte to
th seactivityand dlution offse monomers.

Conclusion

In conclusion, emvronmental poluton from
the relsse of mercury from dental smalgam
s major concern, but one that is curently
g addressed at an nternational vl with
an expected phase-out of this materil in the
forssesble future, RECs have ben identifed
as 0 clear environmental pallutan, with sn
impact sising from both the chemicals that
each out in the form of complex shted resin
components and the microparticls arising
from everyday use during clinical placement,
removal and CADCAM fabricaion. The
impact of REC is difficul o quantify due to
theircomplx chemical mture, Thereisa need
for a comprehensiv ressach programm that
sets out to nvestigate the nature, magnitude
and efect of pollurion caused by the reless of
ustessnd micro-partiulates in o the envi-
sonment rsin from common RECa.
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Resin-based composite materials: elution and pollution

Steven Mulligan," Paul . Hatton' and Nicolas Martin**
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Abstract

Pollution arises from all human activity and the provision of oral healthcare using resin-based composite restorative
materials (RBCs) should be considered. This paper aims to provide a comprehensive review of the potentia pollutant
tisk to the environment from the chemical compounds found in resin-based restorative material, by incluing: ) the
principal pollutant compounds present n the resin matrix; 2) the degradation process of RBCs and its consequences;
3) the methods used for the detection and quantification of monomer elution and REC microparticles; and 4) a review
of the release mechanisms of eluates and REC microparticles nto the environment.

RBCs are pollutants by virtue of the compounds created during the degradation processes. These arein the form

of the consfituent eluted monomers and microparticles. Their impact on the environment and biodiversity is
unknown. These materials are currently one of the main direct-placement restorative materials and thei success is
unquestionable when used and maintained correctly. Mitigation strategies for reducing the impact o pollution on
the environment should be considered and implemented by al stakeholders and processes i the supply chain, from

manufacturing, clinical use and waste management.

Introduction

Polluton can be defined as the presence in
or introducton into the environment of 3
eubstance which has harmfal o poisonous
effects” Until recently, environmental
pollution from the use of resin-based
composite (RBC) materils has not been
considered. with concern centred around
biocompatibily ismes such as cptotoricity
and ostrogenicity from the elution of
constituent monomers*® The slution
of monomers from REC resuls in their
releas into the environment, Historially
envizonmental pllution has started with the
release of s semingly innocuous pollutant

iU of et Dty Skl o il
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ol i nnarnesbeod ck
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Aceped 21 ch 222

[ R

tha aver time buidsto s point wherea rtical
hreshold is exceeded, causing unforeseen
consequences. Within dentstry, much of
the pollution discussion has focused upon
amalgam by vitue of its mercury content;
currenly,the focus of the United Nations
Minamata Convention Mrcury Treaty of
January 2013. Thislogally binding tresty bas
adrised nations to phase down the use of
dentalamalgum onthe bsis of environmertl
pollution from s constitaent mercuryt

Resin-based restorative materials, which
are perceived to be either inert or have 3
reduced pollutant impact, are increasingly
replcing the we of smalgam This category
of materials includes dentine adhesives,
composies, resin-modified gl
and resn-based luting sgents, where mast
of which share 2 common organic polymer
matriz (monomer before polymerisation)
and a silane coupling agent. It i expected
that RBC ussge will incress i lme it the
‘mandatesset by the Minsmats Convention
and the changes i tretment ethos

As per any mamufctured item, all dental
restorative mateialshavea potentialpollutant
effct on the environment. This vill be
ciated with the manufacturing process,
transporation,clinical we, disposa of waste
‘material,human excreton and end-of lf of
the person with the restrstions. Whil there
i some limited evidence of the harmfl effct
0 heath from constituents found in RECs,
euch as bisphenol A (BBA) and methacryte-
based moomers, there i a lack of evidence
that addresses the environmentsl polltant
‘potentil of the latic constituens o dental
composite resin-based materials* Equally,
there is no evidence of an environmentsl
impact arisin from this. I should be noted
thatthe major environmental mpactsfromthe
s of these matersls ariss from the carbon
footprint associated with mamufacturing,
distrbution and disposal and we of auxlary
tem (personal protective equipment for
exampl),in addition to the plastic burden

ciated with packaging (designated as
primary, sscondary or tertiary in accordance
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t it prosimity to the matera). Primary
packaging acts ss  contaner and delvery
vebice (compule. syringes) secondary
pacaging i often found in the form of
polythens or shuminium/polyviny choride
laminse fols to protect the REC from
atmospheric humidiy and light: and rtary
packaging takes the form of trays bore,
ellophane an polythene wrspping Thee
addaconsidrableemironmertal impact that
hould notbe gnoredbut s outsideth cope
ofthispaper®®

“The sim of this repor i to provids +
comprehensiv. review of the potental
polltant rick to the environment rom the
chemical compounds found i resin-bused
retorative materials, by considering ) the
principal pollutnt compound presen n the
resin matix 2) the degradtion process of
RBCxand ts consequences; 3)the methods
wed fr the desction and quantiction of
‘monomer duasts and micaopaties nd 4)
aeview of th relense mschanins of sants
and micropatce ntothe emvionmet.

Resin-based composite restoratives

RBC materisls
structural integrity form and sesthetics
of anterior and posterior testh, enbling
conservative cavity preparstions on account
of their adhesive properties™ The range
of applications of REC extends to other
discplines of dentistry fr use as 2 cement
and as an indirct esorative material”
RBC consiststwo phases an inorganic illr
dispersed within sn organic methacrylate
resin-based matrix phase, Other companents
Keyto contoling the polymeristion reaction
includeinitistors,accelertors, inhbitors and
‘photo-stabilses (Tale 1).

re used to restore the

Common  constituent monomers

that form the matrix include bisphenol

Acgycidyl methacrylae (BsGMA), urethane

dimethacrylate (UDMA) snd triethylene

glycal dimethacrylate (TEGDMA). Various
propristary modified versions of these

‘moncmers slso exis but are based around

his set of methacrylate monomers. A brief

description of each follows to sid with the
understanding of the potential pollution

‘mechaniams and pathways:

+ BisGMAisthersctionprodict ofbisphencl
A and glycidyl eter methacrylate and
contains pendant hydroxyl groups within
itemoleculrbackbone.® In comprison to
proviously used RBC monomers, BSGMA
exhibit reduced toxicity, shrinksge and
olatilty while maintsining  high modlus

+ UDMA was developed as an alternative
monomer as it has the advantages of
reduced viscosity incressed fller losdling
and greater toughness when compared
to BisGMA. UDMA is the product of
244 trimethylhexamethylene dijsocyanate
and 2hydrosyethyl®

+ Hydroxysthyl methacrylate (HEMA) is
chemicaly synhesised rom th resction of
‘methacrylicacidand thylns oxide, HEMA
susedin detal adheives sl usedin
hotosensivechamicals, adhsive,coting,
additives, thermoseting paints, sexlants
and personal care products, HEMA i sl
an intermedise in the prociction ofother
methacrylteestes®

+ TEGDMA is a dimethscrylate monomer
used mainly i dentstey; howeve, it is lso
used i indastrial sealants, photoplymers
anserobic adhasives, ultraviolent-cured
contings and fus-reistant meta parts
TEGDMA s slosnintermadiste compaund
inthe synthesi ofothe chemicls®

Typical compositon o representative RBC and dental adhesive™

Resia matixphase(ypcal monomer)

- Bious
vy
* TecowA
* A
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+ BPA, while not s consituent of dental
composites, is s degradation product of
BiGMA snd can b classed a5 & monomer

cociated with RECs and is

secognisedinthe erstue hatiis present
within dentl comporite.”

of inerest

RBC fller prticles are generally inorganic
ilca and quartz and range in sze from
‘nanemeters to hundreds of micrometers,
making up 45-75% of the composite
volume* These particles are embedded
within the resin matrix and are chemically
united tothe rein phase vi s slane-coupling
rocess 3 Fillr partics are included to
improv the physical properties of hardnes,
fexura strength, war resistance, radiopacity
and optical charscteristcs

RBCs ar used sither in & paste form as
& direct placement resorative materil, or
in o pre-polymerised state o machining in
computer-sided design and computer-sided
‘manufacturing (CAD/CAM) spplication
RBC used as s divectplacement retorstive
it cured 1o a hard stae via free-radical
polymerisation during chemical or light
activation or & combination of the two.
Chemical ctivation requires the mixing of
an activator such s benzayl peroxide vwith
an organic ssomatic amine in & two-paste
composie system. Lightacivation e the
s ofa high intncitylghtofsblue wevelength
(420-540 nanometes)and s more commenly
used than chemical sctivated. systems.
‘Camphorodquinons is commenly used and is
sctivted bybluelight froma lght-curing unit
tostartthe polymeristion proces Alterative
inbiatorsinclae pheny-propanadione (PPD),
diphenyl (2.4 trimthyibenzoy), phosphine
oxide (TPO) and recently, ivocerine,
germanium-based iniiator Thes nitaors
require difsent activationwavelengths PPDic
below 350-490 1m and TPO is 380-425 nm

Stabiliers are used to help prolong the
hef life of REC and prevent spontansous
polymerisstion in smbient light when
being used. Common stablises include
‘monomethylhydroquinene, butylated
ydrexytoludene and riphenylsstimony: The

Filrphase Inganicqarzadsicaparice lanted)
terofthsestbilershas been dentified ac
Prointar Camphorqinons rproretary” ot
I Aclrstorstr | dmetamicbeicacd e Inorganic colous pigments allow REC to
ottt | b TR havevarying hades oallow matching o twoth
b colour, These pigments range from
Proo-stabiser [ r— by
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consttuen nganicand inorganic companents)
have the potential tobe elssed as polltants
intothe environment.

Release of components from RBCs

A comprehensive review of the literature
idemtified ome key mete-analysis that provides
& thorough review of the topic up to 2011
(van Landuyt et . 2011) snd a number of
eubsequent sudis that stisfid th inclusion
criteria for this review:® Included studies
considered the release of monomers and
‘microparticls from resin-based composite
retorative materials he sation mechanisms.
‘mechaniems of detection and the potental
pothivaysto the environment.

Components from RC can breskdown
from the primary composite matrx and fnd
their ey into the environment, The pathway
for this relesss i in the form of dissclved
chemicals in solution (euate) or particles,
inthe micron or nanoseale.

Degree of conversion, elution and
biodegradation processes

‘The direct placement of REC restortives
and subsequent activation only achieves
partial monomer conversion resuling in
incomplete polymerisation. A masimumevel
of 60-75% monomer to palymer conversion
is common ™ and as low as around 305
a the base of 1 restoration  Conversey,
‘factory’ polymerised RBC, ypically used
a5 bloc or ingotsfor machined CADICAM
resoratons, have 8 much higher degree of
conversion.” The mechanical propertes of
RBCs and therefore clnical durailty and
Tongerity are dependent on the degree of
conversion of monomers to polymer. Thus,
the concentraion of reessed components
from REC is dependent upon the degee of
polymerisstion with an inverse relationship
between the leaching of resin componerts
from RBC and monomer conversion.™
Free o party-linked menomers elute from
the restorations and by extension, also
from microparticulte waste* Therefre,
incompletepolymerisation of direct-
placement RBCs has the potentil for
leaching unpolymerised chemicls ** The
oppost i true tht thegrete the dere of
polymerisution of the materaltheeseaion
of monomers accurs, with less potentisl
biocompatbilty or environmental pollution
concerns. The str bonds o common dental
resin monomers,suchas BsGMA, TEGDMA

and UDMA, are susceptibleto hydrolysisvia
hostsalivary hydrolases and esteases and
cariogenic bacteial virulence upregulation.
accsleating the biodegradation of REC:.”
“The resultant degeadation of the resin matrix
increases water sorption of the material
resling in farther hydrolyss, dogradation
and monomer el

An in situ dental REC restoration vill

consistently elute » small concentration of
constituent monomers over a prolonged
period of time; however, particulate REC
generated through milling, preparing.
removing, finishing and polishing RBC
has & more pronounced monomer rlease.
“The recogaised elution of monomers from
RBC over the short and longer-term,
with further slution caused by bacterial
degradation mechaniems, coupled with the
arge surface are of micropartculate waste
are contibutary to increasing the polluion
potential of REC waste particulates "
In summary elution of the constituent
‘monomers of REC results from diffusion
of unpolymerised monomers aut of the
‘materil and alo via hyerelytic or enzymatic
degradation of the esin matrix.*

What and how mich s the release of
components rom RECs?

REC materials can i thei vy into the
environment following chemical elesse
(dissolution and. luton of monomars),
mechanical releas (rinding ino paticle:
or more commonl a combination of the o
degradtion poceses.

Eluton of manomers from RBCs
“The relesse of monomers from RBCs into
solution is termed elution. Eluent refers
o the solution or solvent used to extract
the monomer (for example, acetonitrile
in laboratory studies or saliva or water).
Eluste is the combined extraction solvent
(cluent) and the RBC monomers. When
aution oceurs the chemical dursbily of the
retoration s compromised, with subsequent
biocompatbilty and snvisonmenta poluton
considsrations. The dynamics of eluted
‘monomers from RBC ar the ocus of current
studies that sesk to quantify this menomer
reease 6 at difernt time points, both
directly afer placement and over longer
periods ftime e

‘The dution of monomers from other
RBC spplicaions has slzo been investigsted.
Theseincude intermediae rstorstive dental

materals* dental cements,* CAD/CAM
blocks* endodontic sealers** bonding
systeme and occlusal splin materisls®again
with the focus on potential bocompatibily
ismss withous consdarston o envisonmental

polluton.

Methodsof quanticaton o manomers elesed
fom RiCs

Standsrd laborstory in vitro methods
employed to extract, analyse and quantfy
RBC monomers include high performance
liquid chromatogrsphy (HPLC)* gas
chromtogruphy coupled to HPLCE and soid
‘hase micro-extracton (SPME) An fecive
‘methodology that meetsthes critra utlises
HPLC coupled ith SPME

Methodelogica spproaches can afect the
nature of the resuls rom s qualitative and
quansitative perspecive that i the type of
‘moncmers detctad and their concentrations.
To detect the menomers hated from REC, the
chosen method needs o fulfl the folowing
requirements: 1) b costofiective, accurataly
quntitative snd verssile enough to be used
for avarity of soivents, namaly uine, saliva,
goundsester and landsil lechate; 2) should
‘ot aler thesmple, ) detec nd quatifyhe
cluted monomers i very low concenteations;
and 4) reduce interfrences or ‘background
noise’ in complex environmentsl sample
solutions.

Fusthermore, the mechanisms and rature
of elution is influenced by s number of
facorsthat re dtsledin Box 1. Tis htion
process is further incressed through the
yerolyss, photolysis and oxidation of the
resin matrix and accelersted by microbial
biodegradation %514 Microorganisms
capable of faciltating biodegradation of
‘Platic mateias can resdily b isolated from
theenvironment therfor, diposed REC il
biodegrads and elsse monomers <

T sctul degracition ofeted moromers
from RBC poses o significant anslyical
challengs. This degradation process results
in urther fragmentation of large molecular
weight monomers to smallr compounds 1%
Al sudy by Spabl e al. 1998) identiid
emallamoustsof isGMA and UDMA buthigh
concentratons of TEGDMA relessed from all
RBCsamples i water® Ortengren . (2001)
invetiated the wter sorpton and the luion
of monomers from six different composite
‘materils during wate storage® Hydrolysis
and axidtion of REC i th presence of water
has an important rol in the degradation of
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Box 1 Factors thatinfluence the elution of monomers from resin-based dental

composite restorations:

+ The composition of the manomer mixture and ditrbution of acthatorsfnhistors wil ffet
pobmetaton'™

e exent o th polmeisaton ecton and double bond convrsion wil it th amaunt of
npolmerses moncrmeristhe st infight polymersed RO xperments s s
inenced by gt cuing it o, such 2 qualy f g sce,wovelengehs of g oted,
itance o RBC anddepth of htpenetrt=

. Thesolentn which the xperiments RBC rses impcs luson, wih sme rganic et e
ethnol o metanol esuting inreter o tes thansqeous slents e rifcil s

- Thesiz and chemical nture, such o hdophicty o the monomers,wouid afect eloon 5 or
xample, el g molecul such 5 BSGHA would o e fomthe resin matc 5 qickly
52 small el uch o TEGOMA

+ The fle component nfuences elution, s the higher the load of e mateils within RBC,
thevolme of e phese i reduced, with esuant reduced eution abseeed  The lton of
monomers and igomers fom RBC inpacts the biocampatlity and nvionments impactof

themateral.

Fig. 1 Micopartices generatedfrom RBC material. a) One compule of direct placement ight-
cured RBC.b)Full-coverage RBC crown groundfrom a CAD/CAM ingot

RBC. Difuson of watr int the resin matex
of REC promotes chemical degradstion.
‘TEGDMA was identified s the dominant
‘monomer released from the REC materal.
UDMA and BsGMA relase s noted from
the RBC material,albit in much smaller
concantrations. From eltion kinticsstudics,
it s recognised that slution of the surfice
‘moncmers occurs st appreximately 100 timee
grester s st than euion from the bulk of
RBCe* Moharsmzadeh tal (207) confimed
thess findings in o sty that investigated the
release of the monomers B+GMA, UDMA
and TEGDMA from threetypesoflght-cured
denta composite materal using HPLC*
The study alo identified TEGDMA in high
concentratons n mostbut ot all of the media
camples. The high concentration of sluted
‘TEGDMA found in these twostudisis dusto
theincressed rltive hydrophilcity snd over
‘moleculr weight compared to BisGMA and
'UDMA, which impacts lution.

RBC micropartices
RBC microparticulate wiste is genersted at
the chaireide through the dlinical grinding
of in situ REC restorstions with high-speed
rotary and sbrasiv bursdisce This process
commenly takes place during th removsl of
fild or aged REC dental restorstions and
during the shaping, nishing and polishing of
a dirsctly placed retoraion. Micropartices
O REC ae lso ceste from the subtrctive
‘millng and ginding ofpr-plymeried REC
blocks to fabricate inlays, cnlays, crowns,
bridges and implant sbutments (Fg 1.

The effct of waste microparticls in the
environmentnesdstobe consderedn termsof
the actul natureand iz of the micropartices
and s  function ofthe relesse of monomers
through dution and mbsequent degradation
processes A review of freshwate microplasic
polluton studies by Eerkas-Medrano et al.
(2015), recommended a need for effctive
detection of microplastc purtcles and @
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better understanding of transport pathways,
including wastewster® Theanslyss oftion
from micropartiulate RBC and itspotental
environmental impct i the focus of recent
incrsase sesearch ttetion 4

Beyond the potential pollutant effect of
the actual microparticles, it i important
to acknowledge the increased potentil for
dution of menomers from these partces.
Frseorpatly inked monomers et romthe
sesn matrx of diectlacement restorstons
andby extensin, also from microparticulate

The reconised short- and long-term
dution of monomers from RBC, the furher
dution caused by bacterial degradation
‘mechaniems and the large surface area of
‘microparticulate waste, are contributory o
incrsingthe plluion potential of REC waste
u——

Methads ofquantcatonof icoparices lssed
fumacs
Inonderto consider the environmentalimpact
ofthese paticls itis necessary to anlyse the
compositon,size and behaviour. A range of
techniques have been used fo thi purpose,
of which, fourier transform infrared (FTIR)
spectroscopy’isthe most widslyusedtechrique
for the characterisation, identifcation and
quantifcation of microplasticsin wastewster
samples*” FTIR spectroscopy is  relisble,
costeficient and rlativly simpletechnique
for the identiication of microplasice. An
additional advantage is that this method it
non-destructive snd FT-IR spectroscopy
analyses have been successfully used for
identifying microplasics in both sediment
mpls i the functional groups
ofthe plastic have been pre-establshed ™
‘This method can be spplied to sampls
from a dentl origin in orderto charsctrise
‘microparticulates that are relased from
common dental spplications into the
environment, s the functional groups are
known. Alternaive techniques for snalysis
include Raman spectrozcopy: sequential
pyrolyss-gas chromatography coupled to
‘mass spectrometry,infrared spectroscopy
and combined FT-IR spectroscopy with
miceostopy

and water

Release mechanisms Into the environment
A mumberof laueble relesse mechanismsare
considersd e

+ Disposl of RBC to landsill burial sts and
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+ Human waste (saliva and urine) into
wasteviterand seversge

+ CADICAM milling snd relesse of
particulates into wastewater and swerage

+ Particulteelasefrom clincal procedures
(nishing and polishing orremorsl)

+ Cremationof cadavers containing RECisto
the stmospheri air

+ Inermentof eadavers containing REC into
sroundsvater.

Disposal of RBCto landfil and incineration
The msjoriyofthe wsteprodiced inth drtsl
indutryis casified as municpal solid waste
(MSW). MSW is & generic term that can sho
be applied to ll residental, commercial and
industialwaste™ Inthe UK MSW is ecyclalor
senttolandsil howere in many oher couniies,
unconrolleddisposlof bzardous wsteoceurs,
with potenislfor emvionmentlharm.” Adverse
efcts incude eschateand gas amisions, fres
and explosions, unplessant odours, vegetaion
damage, ground water pallution, landil
setloment,cimate change andar polutions ol
concerns ssocited ith L

RBC from dental surgeristhathasexirsd
‘wsge dateand excess unsed compore vithin
discardad compules and yringes i considered
a5 municipal sold waste snd consequenty
disposed ofin landll siter When disposed in
thismannerlandileachteca resc with REC
lloving the reless of s componerts. Landsll
Iachatei fomed when preciptation pecolates
throughthe conents of lndiil s, promoting
and assisting dcompostion rocesss fcitted
bybacteria and g Thetemperature, pHand
axygen contentofthe andsil leachte soluion
change over time, affscting the resctivity of
the solution. In s andsll st tha receves &
‘mixture of commercial, municipal and mized
industria vast,aleachate composed ofrganic
‘matte inorganic ons and ctions,hesvy metal
ions and senobiotic compounds including
‘persistent onganicpollutants (POP) il s
Thsreactive achate hasthe potetial to alloe
breskdonnand relsss of RECinto consttuent
components, including monomers,oligomers
and BPA Notwithstanding, the evidsnce
eupporting thi relese method i ot st A
Iaborstory microcosm study examining the
seactivenssof REC materale nlandsileschate
concludd that the microbialactiviiesand the
increaseofpH of thislachateenvionment may
potentiste the relaseof TEGDMA, UDMA and
BBA. However, these conditons do not affct
the rate of releae of Bis-GMA from dental
composite mateials It should be conidered

that o breach of  landsil site through floods
or cosstal erosion has the potenial o allow
environmentl pollution from RECe

‘The potential of incinsraton as & susble
terative o landsil s been imestgated A
comparative study betwsen the two methods
concuded that bactria mediated degradtion
of RBC in landsil leschate with resultant
incressed release of BPA. Monomers are
releasd fom polymerised and unpolymersed
RBC into landsl Leachate over s prolonged
period of time. Incineration of REC reslts
inthe environmental relese of significantly
ower concentations of menomers,slements
and ions. Incineration i considered s visble
ternative wasts REC disposl rote, with &
potentalylower environmental enpact

Salla and urine nto wastewater
‘Ashighlighted i, dring normal dinicluse
ofRBC, dutionofthe constituent moomersand
Gligomers occurs, s complte polymerbation
ot possble % Thus, unpolymerised REC
components sr excreted i human wste sfer
Placement into the envimonment. A key large-
scle studyby Kingman et . (2012) provides
veryvaluable insight ino this pollutin sream,
identfing that monomer luates (BsGMA,
TEGDMA und BPA) found in wineand saliva
can'be reessed ino the environment up to 30
hoursafterthe placement o a REC restortion.
“The spplication of dental dam reduced the
quantiies of monomers detscted in saliva
Sgaiicantly (by four for BGMA)™

Microparticuates and microplastcs
RBC micropartculates are distinct from
microplastics, a they are o heterogenous
combinationof polymer adglas e whereas
‘microplatics are generally homogenous and
‘made of ane polymer, such as plypropylens.
Microplasticsare defined as plasic paticles
emaller than Smm and sepresentan ncreaing
propertion of plati dsbris releaed into the
environment™ Microplasics act ss direct
pollutants and can atract andbind o biotosins
knovn ss POPs, such as polychlorinated
biphenyl (PCB). There is speculation that
adsorption of POPs to microplstics incresses
the possilty of scces o th food chain via
the process of biosccumulation.” Ingesion
of microplastis has been documented in
planbton, bamacls mussdl,shand sesbirds.®
Microplastic prtices refoundi many spcies
of North Sea fsh, inchuding popular edible
species such as haddock, cod and hering.”
RBC microparticulte are resctiv (hey el

the monomer constituents) and are charged
and can therfore potentaly stract and bind
other compounds in the seme manner as
‘microplsticscan.* Methods of dtection and
quantifcation of microplasics ae improving
o el beterunderstand thisphenomenon.”

Micoparices fom utne destal teatnent
The clinical processof olshin, eplacement
or adjustment o « REC restorstion generstes
prticulate waste.™ This waste material is
removed from the sl caity by the wse of an
aspistor and i disposed o wastewater which
proceeds to the environment via municipsl
sewerage. Th size ofthese paticulates ranges
from nanoscleto sround 10 m.

The CADICAM subtrsctive (removal of
‘material) manufacturing processof rinding
pre-polymerised REC ingots generstes
sgnificant volumes of micropartiulate
‘powderthatisoften disposed ntolandsl o via
wstevater dscharge into municipal werage.

Beyondtheactulimpactofthemicropartics,
the sctual polutant potentialssocisted with
‘menomerication from these microparticlesis
nknown, Thepolluant otentil s dtermined
by the monomeri composition, the ag ofthe
retoration (and thereore how mch preious
lution of monomer has occured), the size
and surfce srea ofthe micropartils reessed
and the extent of plymerisstion (which can
be nfisnced by opersto fctors and material
chemisty) I this contet it s important to
o that the brelcdonn and potential sluton
of monomersfrom the two procsses (clnical
and CADICAM rinding) i lkly to difleron
account thatthe CADICAM blocs are highly
polymerised RBC, compared to the direct-
‘Placement materials with  range of 50-70%

The characterisation of micropartiles
aisng from sther grinding direct plcement
restorstions or CAD/CAM REC ingote
after 12 months sgeing in wter has been
investigated " The direct-placement
commercial RBC microparticles were destly
discernible after this time, with consistent
steration of the outsrmost surfaces of
partils, suggesting particle breskdown and
‘monomer eluion. The previously reported
study by Polydorou (2020) evaluated the
release of BPA in wastewater after grinding
ofresin composites and tested thee ltrtion
‘materile BPA was detcted in ll soluions
of ground microparticulate commercial
resin-based comporites, highlighting that
BPA can be relsased in wastewster during
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dentl procedures. The charged nature of
microparticulate RBC and experiments
invelving catalytic carbon lkation have been
suggeste for REC micropartiulat snd BPA
reduction in wastewter when considsring
remedition trateges ™"

Polluton after end of fe
Interment and cremation are the most
commen approsches to the management of
uman remains, which include a high volume
of dentl restortions and prostheses. Given
the high number of resin-based composite
restoratons, this potential envizonmental
‘polution patwsy also merisstention.

s life expectancy incresse in line with
the number of dentate patents containing
retoratons, futurerepar and replacement of
restorstons with REC means the smount of
RBC that ill be placed i patientsfor fture
relesseinto the environment will increase.

nerment

The environmental impact sssociated with

the burial of cadavers contsining REC has

the potenis fo the relase of ehustesinto the

environment via percolation of groundwter.

Understanding the esten and rate of shution

of materials into groundvate i complicated

by material-based actors, such as: the type

of denal RBC and its compositon at uriah

howlong it has been in st and treatment-

dependent factors, such as how well

‘polymerised the material was. This s then

Further compounded by interment ste and

method:elted factorsi®

+ Geological and hydrogeological
characteristics of the sol including soil
type, permesbility and porosiy pH and
abily of groundwtr to diffuse, would
impact the relase of euted moromers

+ Microbiclogial characteristic ofthe sl
and groundvater®

+ Mechanical, structural and resistance
parsmetes ofthe sl

+ Coffin or other container construction
wsed Theless permesble orbiodagradable,
thelesrelsaseinto groundwster

+ Land cover and topography will affect
infbrstion and witer permeston

+ Climate degradation of REC and dtion
rate are temperature dependent vith
positive correlation between incressed
temperature and shution of morcmers

+ Depth of the unsatarsted zome ofthe sl
hasan impactbecause aswell as acting ac 3
barrir to contamination of s underying

aquifer, this can also present & means
for infitrstion of oxygen that may aid
dscomposition snd the shtion process.

An i vitw investigation into the slution of
‘monomers from RECs into groundwater
identified that low concentrations of
‘menomersare relessed nto groundwter over
aprolonged time from RBC:* s clear from
these statitics and the highlightd trend of
incrasingly higher RBC usin the fture that
understanding the consequences of htion of
‘moncmers from REC into the environment
from cadavers requires further nvestigation.

Cemstion
Cremation is the process of combustion,
vaporistion and exidation of uman remains.
InEarope, ovr 150,000 remationsoccur ach
yesrin the 1000+ crematoriesin opertion.
Temperaturee of 800 °C o higher ae required
aver a time period of between 1-2 hours.
During the cremation process of human
cadavers, 2 number of emissions are relessed
into the environment™ These pollutants
include mercury compounds (principally
from dental amalgam), dioxins, furans,
ydrogen chlorid, mitrogen oxides, carbon
‘mencxide and veltile organic componnds.
Through the use of established combustion
mthods, secondary combustion chambers
and Siers, the majority of polutants relessed
can'be maintained below regulation it In
addition, concentrtionsof mercury hydrogen
chloride, dioxins nd furans can be monitored
insditonal rrstment chambers®

Thereis o published datatha characterises
the pollution potential from thi pathy.

iscussion

The oral heslthcare commanity recognises
that we have joint responstbilty to deliver
products and interventions that improves
oral heath and doss s i an environmentally
custsinable manner.

In the last dacades, the combined eforts of
theorl healthindusty. esarchers, governing
‘bodiesand the sl heslhcars rofesionhave
been hugly successful in the delvery of 3
cophisticated undarstanding and knowledge
oforland dental discase, treatment sratogies
and modaite. This includesthe inncvation
and development of xcellent technclogies,
‘materials and products to provids this care,
including stte-ofthe-art REC restorstives.
These combined eforts have, to date, been
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lurgely focused on the prevention and
‘management of oral dseases. Today, we have
& further understanding ofth nsed to ensure
thatoptimal orl halthcae provision should
sleo minimise umscesary CO, g emisons and
environmental pellution ss much as possble.
Inthe fture, it further understanding it s
hoped that ol heslheare provision becomes
carbon-neutrl and palluion-fee.

This articl has summarised the ltrsture
reganding the reesss of monomers from REC
and RBC microparticles, with a focus on
environmenta pollution. I identifie that all
the constitunt components of RBCs have the
‘potentialtoact s pollutants ssa consequence
oftheir breskdon This may b in the form
of duates,micropartils, o a combination of
thetwo, Thebreskdown of thess materialscan
occur through arange o differnt pathyays.

It important to highligh the distinction
between polltion and the impactof this on
the environment and biodiversity While we
recogaise, from i vitr studies, the pollution
potentialof these material, we do not have,
todate, any vidence tht thess mateiashave
an advers impact on the emvironment and
biodivenity.

Characteristion ofthe plluton potential
of these materials is very challenging and
limited to in vito lborstory studies. The
sessams for thisare asocisted withthe nature
of the chemicals, their combintion with
other environmentsl substances when duted
(organic and inorganic) to form complex
substances,the Timitations of the analyical
techniques and the interpretation of the
sesits. Notwithetanding the vidence to date
is conclusive in that elution of monomers
aisng from RECs does occur and tht these
are eleased nto the environment. TEGDMA
ithe most dominant monomerrelessed from
RBC but this i a function of its reltively
high hydrophility and it lower molscular
weight It s petinnt o note that compenents
selessed from RECsintothe month may resct
with other subsances (o salva food bolus
and gastric contents) and may be inactivated
i the process. Assuch,it i diffcult 1o study
and fully understand the impact of specifc
constinuentsof RECs.

Microparticls have s pollution potentisl
associted with their small size that makes
them essly dispersed in soluion and their
incressed surfce area that potentistes the
dution of monomers. Micropartices also
have  tendency o create agglomerates with
other substances, cresting potentially more
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complex peluting substances. Beyond the
actual impact of the micropartices, the
actual pollutant potentil sssocisted vith
‘monomerc elution from thes microprticles
isunknown.

& mumber of plasible polltion puthways
are consdered for RBC, fr which w have
verylimited knowladge Ofthese the elease of
‘microperticles and euate during th cincal
remova, nishing/polishing and CADICAM
‘millng ofrestorstions and their ubsequent
dischargs into wastewter snd landsll bural
have received the greatest rsearch attention.
The eevance ofthese proceses i gensrating
‘microperticles becomes evidentf e consider
the number of REC restorations that are
placed and replaced/rfusbiched worldvids.
s etimated that in 2015, 500 million direct
RBC resoraions were placed a figure based
on industry sales figures™ Estimates of
ten-year flure rate for REC (restoratons
that require removal and replacement or
refurbishment) range between 32 million
posteior restoratons (Heinize e al. 2012)
and 48 millon of al resorsions (Beck e al.
2015 Accepting an average gure of 40
‘million and considerin the sversge weightof
4 RBC resorsion to be 0.3 g t i possble o
cleulate the approzimate mass of paticulate
waste generated and rlesed into municipsl
wstewter tobeinthe range of 12 tonnes per
year. While this may be considered to be &
reatively small mount of pollution compared
tootherindustries th ral halthcareindustry
hasan squsllevel o responsibilty to manage
and minimise s polltion impact, rardless
ofthe magnitudeofthis.

With the impending demise of dental
amalgam, RBCs arethe only alternativediect-
Placement restorative materials with univrsal
spplication in all the dentition, Srstgies to
reduce thirpolltion impact should s
1. To promote ressarch and development

to create innovative dirsct-placement

‘materalsthat havelow tachniquesenstity

and ar cariostati, easly placed, durable
and have s lozero pollution impact 5
2 To adapt our processes throughout the
cupply chain to minimise the pollatant
impactfromthess mateials by minimiing
waste at all stages, through careful
attention o the manufcturing proceses,
distribution, clinical use and associted
gtics

3 To suggest clnicians should engage
and promote effctive caries prevention
regimesthatuill educe th flure rate of

RBCs and their need for replacement ™
Ensure that procedures are executed
and maintained to the very highest
ctandards to avoid retorstion removal
and replacement ™ This requires the use
of high-qulity materials that are placed
fllowing evidence-based protocols. The
repais and replacement of restorations

Leads to premature loss of teth through

the process known as the restorative

eyele. e Slowing down or stopping
the restorative cycle wil have a dual
environmental postive effct:

o Reduced we of mateils, creting less:
‘mamufscturing waste, lss paclaging
and e clinical waste

o Reduced number of patient viits for
routine dental care that equates to
reduced travel and thus a reduced.
patient-based carbon fooprint.

Eluton of monomers canbe mitigaed through
the use of dlinical techniques and ffsctive
light curing to: maximise polymeristion
conversion rates; undertake the replacement
of REC with dental dam iclation to reduce
the concentrtion of monomereuton nsliva
ands use gycerinegolon thefinal light-cured
surfice of REC to avoid the oxygen-inhited
layer and in this way; limit the amount of
unpolymersed monomer tht s present and
remved during fnishing/polishing of the
+ Further clinical strategies to reduce
the generation, release snd impact of
micropartics are: Modify trestments by
ot overbuikding restorstionsand herefore
requirng more nstrumentation
+ Consider repivingestoations rtherthan
replacing when cliniclly sppropriste
+ Dispose of CADICAM wasts respansibly
and notdownth snk
+ Development of REC materials with
improvad degree of monomer conversion
+ Reduce the resorative need through
preveation
+ Development of djunctivetechnclogy to
capturs micropartculte wase st the it
of generaton (clinic or aboratory).

This revien ha dentified the eed for a better
understanding of these pollution pathways
0 3id the development and implemertation
of restorative mateial technology, dlinical
practiceprotoclstechnelogis o mitiat the
polltion impactand ssociated legihtion and
polciesthat support thesestrstgies.

Condlusions

RBC is currenty the most sitable direct
sesthtic estortive dental materil and ite
clinical sucees s unquestionsble when used
and maintained correctly. This review has
identified that resin-based composites may
selesss monomers and micropartils thatare
‘potential olltans. Wedonothav, todate,any
evidence thatthese materals have an adverse
impacton the environment and biodiversty
Howere, these substances cortainly have the
potential o do harm, especially if critcal
thresholds are exceeded, indicating more
research s required. Miigution stategies
for reducing the impact of polltion on the
environment should therefore be considered
and implemented by al staksholders, from
‘manfactures through clinicluseor disposal
and.on towate management. Recommended
spproaches include careful supply chain
management to aveid sccumulation of
productsbeyond thee use by dateand deivery
ofhigh-qualtydinical srvices to ensur that
restorations deliver the grestst longeviies
possible, Prevention snd management of
ors diseases thronugh good-qualiy care snd
treatment is key to improving sustainsbily
by recicing th need for dentl materials and
sssociatsd negative emironmental impacts™
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composites using SPME and HPLC

Gabriella KAKONYI, Steven MULLIGAN?, Andrew W._ FAIRBURN', Keyvan MOHARAMZADEH:,
Steven F. THORNTON', Heather J. WALKER, Mike M. BURRELL? and Nicolas MARTIN®

*Groundiater Potection anc Restoration Grou, Deprtment of G and Strctus) Enginring, S Frecderck Mppin Biding, Mappin Steet, The
Unieraity of Sheffetd, 51 31D, Uned Kingdom

#School of irical Dty Giaremont Crescert, The Uriverstyof Shefeld, $10 274, Unied Kingdom

S Hamdan Sin Mohammed Golege of Dertal ediine (HEMCDM), oharmed Bin Rsehid Universiy of Medicine and Health Scences (MBRU)
Dub, United Arsh Emrates 800 MERU (£275)

“bIOMICS Mase Speciromety Faclty, Deprtment of Arimal an Plnt Scencee, Al Dery Euicing, Westem Bk, The Universty of Shefel,
510 27, Untea Kingaom.

Garesponding suior, Gabiela KAKONYI E-mait g kakony@ahaffeid ac uk

As resin based composices (RBC) replace dental amalgam for environmental ressons, there is & requirement to wnderstand the
envizonmental impact of this altemative destal sescorative materisl. In this study we standardice the simultaneous detection of
e monomeri components associated with RBCs using high performance liguid chromatography (PLC) coupled with solid phase
microescraccion (SPME). Factors sffeccing method performance (decection wavelengrh, calibration conditions, mechod sensitvity/
‘sceuracy/precision, extraction timelefficiency) sre evalusted using standard solutions containing the mixture of TEGDMA, UDMA,
Bis GMA, BPA and HEMA Detection sensitivicy and analyical efficincy of the mechod is optimized fo these compownds using 200
s datection wavelength, PDMSIDVE Sher asd extrsceion ime of 0 min. Analyticel sceurscy o the HPLC is 95% for sl monomers,
‘with precision of 2.3-5.1%. Detaction limits wnder the condicions deseribed are 25 ue/L for HEMA, BPA, UDAA, Bie.GMA, and 100

gL for TEGDMA. The extraction time is governed by the largest molecular weigh compownds.

Eeyuwords: Dental sescorstion, Resin-based compasice, Plstic pllution, HPLC, SPME

INTRODUCTION

The use of dental materials to restore teeth has clinical
and environmental implications, with global impacts.
‘The use of dental amalgam is declining, primarily due
to concerns regarding the environmental impact of
the mercury content of this material Legiclation has
been ratified that aims to reduce the use of amalgam
and to limit harm from the release of mercury into the
environment'*. The most commonly used dental material
worldwide and the only suitable alternative to dental
‘amalgam is resin based composite (RBC). RBC consists
of an organic polymeric resin mafzix coupled to inorganic
silica Sller particles which make up approximately 40—
60% volume. The major constituents of the organic resin
‘matrix are a combination of dimethacrylate monomers
with high molecular weights and hydrophobicity, that
provide structural strength (bisphenol A glycerolate
dimethacrylate, Bis GMA and diurethane dimethacrylate,
‘UDMA). Diluent monomers of lower molecular weight
are added to achieve appropriate viscosity (triethylene
glycol dimethylacrylate, TEGDMA) in addition to photo-
initiators (camphoroquinone), inhibitors and stabilisers
%o permit polymerization in the blue light wavelengths
and_ prevention of polymerization in ambient light
The resin component and fller particles are linked via
silane coupling agents. Dental adhesives are required to
bond RBC to dental tissues, the low molecular weight
‘monomer 2 hydroxyethyl methacrylate (HEMA) is used

Received Jun 18, 2020: Accepeed Dec 1, 2020
0110.4012/d; 2020.240 JOI JST.ISTAGEAmj2020-240

in adhesives to improve the hydrophilicity, wettability
and integration within dental tissue.

‘Whilst the impact of mercury on human health and
the environment is well understood, with stablished
analytical methods for its detection?, this is not the
case for RBCs and their constituent monomers. REC is
‘commonly used in dental applications with an estimated
800 million RBC restorations placed in 2015¢ and this
figure is expected to increase. There is therefore a
requirement for suitable analytical methods to detect.
the by-products of these materials as they enter the
environment. These analytical methods will better
inform the profession of the possible negative impacts
from the use and disposal of RBC and will facilitate
better methods of remediation and disposal.

‘The main constituents of the organic palymer resin
‘matrix are methacrylates. Of these, Bis-GMA is both a
‘common and major component and bisphenol A (BPA) is
required for its synthesis. BPA is one of the most highly
‘Froduced chemicals in recent years and is present in
‘many common consumer items, including water bottles,
Tiners for food and beverage containers and electronic
components=t. RBCs are not inert materials and
‘monomers are eluted info the environment through
various pollution pathways and as microparticulate waste
from common dental procedures. This environmental
pollution from the release of RBC monomers, BPA
and microparticulates released via dental procedures
iz poorly understood. It has been previously suggested




image25.jpg
1008 Dent Mater J 2021; 40(4): 1007-1013

that RBC monomers and microparticulates are released
into the environment via the elution of monomers after
placement and excretion, as microparticulates released
into wastewater after Snishing, polizhing and removal
(and s CADCAM waste), after disposal in landfll and
when released into the air o into groundwater during
cremation or interment of cadavers containing RBC”
Accordingly, there s a distinct need for a method that
Termits analysis of monomers in this diverse set of
environmental pollution pathways. This is made more
pertinent as studies have demonstrated the potential
adverse effects of BPA and dental monomers, such as
Bis GMA, which include estrogenic effcts, cytotoxicity,
‘genotoxicity and carcinogenicity*3®. Clinical rescarch
has described. allergic reactions of the oral mucosal
‘membrane of patients?+, as well as increasing number
of allergic reactions of dentists and dental murses to
‘methacrylates, varying between 1.3 and 14%. Within
these reactions skin lesions, asthma and sinusitis
have been reported. Latex gloves have found not to be
Frotective against such monomers™. I is clear that the
‘monomeric constituents of RBCs have direct detrimental
impacts especially in higher concentrations. It is also
accepted that regular low-level environmental release
of RBC monomers also occurs, creating a need for a
suitable method of detection and analycis.

‘The most widely used methods for the detection
of monomers are solid-phase microextraction (SPME)
coupled with () high pressure liguid chromatography
HPLC) and UV detection, and G liquid or gas
chromatography with mass  spectrometry detection
(LC/GC-MS)**®. These methods can achicve mg—uglL
level detection of plastic monomers using cither HPLC-
UV or LGIGC-MS, depending on the detail of chemical
information sought. As there are multiple monomers
in RBC eluted to varying degrees, the use of SPME
is essential to isolate the monomers of interest from
heterogencous sample matrices. SPME acts as 2 election
‘mechanism to isolate and remove RBC monomers from
Solution, prior o allowing quantification via calibrated.
HPLC,

This paper presents an analytical method for
the simultancous detection in aqueous media of the
aforementioned common four monomers associated with
RBGs; Bis-GMA, UDMA, TEGDMA and HEMA Whilst
BPA is not a direct constituent of RCs, it is included
in this analytical method due to ite risk profle and
considered essential to be detected when associated with
dental REC environmental pollution. Factors affecting
the method performance are assessed in standard
solutions subjected to SPME extraction coupled with
'HPLC detection. The deccribed method allows one-step
analysis of the monomers from water-based samples
and provides insight into the behaviar of cluted RBC

MATERIALS AND METHODS

Monomers and. initial sample preparation
‘Al sample monomers were purchased from Merck, UK:

2 hydrosyethyl methacrylate (HEMA, 09% M.=130 14
gmol), bisphenol A (BPA, 00%, M.=22829 glmol),
triethylene glycol dimethylacrylate (TEGDMA, 99%

86.32 g/mol), diurethane dimethacrylate (UDMA,
207%, M_=47036 gimol), bisphenol A glycerolate
dimethacrylate (BisGMA, M.=51259 gimoD. These
were mized and dissolved in 6% gradient grade
acetonitrile solvent (Ficher Scientific, Loughborough,
UK) diluted with 35% ultrahigh quality water (182
MQ-cm) to achieve approximately 1,000 mg/L of each
‘monomer (monomers’ stock solution). This stock solution
was used for no longer than 7 days. All chemicals and.
solutions were kept at 4°C and allowed to warm to room.
temperature before use.

HPLC
The HPLC setup consisted of a Cis reversed phase
chromatography column (Sigma Aldrich, now Merck.
Life Science, Gillingham, UK), flow speed of 1 mLimin,
150 L injection volume and 15-min run time, with 200
nm detection wavelength. The HPLC instrument was
calibrated by analysing four repeats of the monomers’
Stock solution diluted in 63%33% gradient grade
acetonitrilefultrahigh quality water (132 MO-cm) to
the following nominal concentrations: 1, 25, 50, 100,
250, 500 and 1,000 pglL.

SPME
The fiber for solidphase microestraction (SPME)
was selected according to the manufacturer’s
recommendation (Sigma Aldrich)®® and experience in
other studies™®. The important fber properties that must
be considered are monomer chain length, molecular
weight and polarity. Therefore, the 65 um PDMSDVB.
(plain blue hub) fiber, capable of extracting both polar
(HEMA, TEGDMA) and non-polar (BPA) molecules
within the highest range of M., was used to develop
the method. A fiber was conditioned in line with the
‘manufacturer’s guidelines and was replaced after every
100 extractions™. At room temperature, fiber immersion
times in samples of 30, 60 and 90 min were investigated.
and, following the approach of Wang et al™®, the
desorption time applied was maintained at half the
length o the immersion time.

‘As step 1, the monomers stock solution was diluted
%o concentrations of 100, 500 and 1,000 pglL in 100%
ultrahigh quality water in triplicate in order to evaluate
30, 60 and 90-min extraction times by SPME. The final
‘volume of each sample to be extracted was 9 mL. In step
2 the SPME fiber was inserted into each of the solutions
prepared in step 1. After the evaluated extraction time
passed, the fiber was retracted and inserted into 1 mL
65/35% gradient grade acetonitrilefultrahigh quality
water colution (step 3). In step 3 the monomers were
chemically desorbed from the fiber into the acetonitrile
solvent solution due to their higher affinity towards
acetonitrile compared with the fiber All samples
obtained in step 3 were analyzed with HPLC applying
the setup detailed in Section HPLC.
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RESULTS

Improved HPLC method
The wavelength chosen for HPLC determination of a
‘mixture of monomers was important to maximize the
Sensitivity of the method. In this study wavelengths
from 200 to 230 rm were investigated following previous
studies, as well as new wavelengthe'®®). The results
showed that the analyte peak area-response decreased
with increasing detector wavelength (Fig. 1). All five
‘monomers eshibited the highest peak area response
at 200 mm, measured at monomer concentrations of
500 pg/L At 200 nn the peak area response was 3 to 6
times more sensitive for all monomers, than at 220 nm,
which is the wavelength generally utilized for monomer
detection in previous studies using acetonitrile as the
background solvent for the analysis®.

The monomers eluted at the following times: 3.7

in HEMA, 46 min BPA, 5.6 min TEGDMA, 7.2

‘UDMA and 8.6 min Bis-GMA (Fig. 2). This order is in
‘accordance with the increasing molecular weight of the

[
g

HPLC detection
The HPLC method showed excellent precision (Table
1, SD=standard deviation) and accuracy (% recovery)
for the simultancous detection of all five monomeric
substances. Under these conditions, the lower limit
of detection (LoD) is 25 gL for HEMA, BPA, UDMA
and Bis-GMA, and 100 g/l for TEGDMA. Highlighted
values in Table 1 indicate relatively low accuracy
‘measurements, which thercfore were deemed to be
below the LoD of the detection technique.

SPME recovery

Table 2 summarizes the SPME extraction recovery rates
(% recovered) for HEMA, BPA, TEGDMA, UDMA and
‘Bic.GMA at 30, 60 and 90 min of extraction times. The
‘precision of the extraction n the range of 100-1,000 ug’L.
indicated by the relative standard deviation s low for all

Monomer chromatography based on analyte
‘measurement at 200 nm; horizontal axis (3)
corresponds to time (min), vertical asis (7) to
intensity (au, millions). The signal prior o min
3 has been observed on all chromatograms a5

Fig 1 Effec of wavelength on peak intensity of each an arifct of the chromatography and docs ot
monomer anlyzed by HPLC {tertere with the meacuremment o th detection
Table 1 Preccion and accuracy of the HPLC messurement obtsined via analyss of 4 replcates of all ive monomer
compounds mixed in 65/35% gradient grade acetonitrle and ultraigh qualy water
Nl gttt s ok s e e ormon A D ) ey
P FOO mh TODG (A MmO MO A TGDN U G DB BA TOOM UM BG
» u ® = = n | m B 58 @ m & & % 4 &
5 7 5 m 0w m oz owa ® m oW om w4 W W
9 s m ® % 0§ s om ® e B oW W 2w @
W m ou Wm0 b ue w2 % W B 0w
W W B m w4 NS T WS T % % % % 9
o w om owm S A ES MM WS W W W0 W W
w1 wn s A o LR L LEE W0 W W W W
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Table? EfSciency and precision of extraction by the SPME fher expressed as % recovered for each monomer compound at

extraction times 30, 60 and 90 min

HEMA BeA
Gorecovered  S0min  GOmin  9mm  %recoveed  S0omin  G0min  S0mm
mean 2 2 2% mean 2% 2 2
Staev = = E Staev E 1 B
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mean 5 ) o mean B & 82
Staev El = = Staev a2 = El
rSD 13 9 n rSD 1 4 s
Bis.GMA
Worecovered Somin  GOmin  omm
mean 7 & 5
Staev el E =
rSD 10 2 o

‘monomers and remains below 20% as expected for high
quality repeatability for SPME.

DISCUSSION

Improved HPLC method
In order to achieve distinct chromatography with
‘minimal background interference for each monomer
at 200 nm (Fig. 2) the use of acetonitrile for gradient
analysis, rather than common HPLC grade acetonitrile,
was necessary. Background interference from this mobile
phase was minimal and aided to improve the signal
for detection for each monomer. This way, using lower
detection wavelength significantly improved sensitivity
of the method indicated by 2 to 10 times higher intensity
recorded for the same concentration of the monomers in
question

HPLC datection.
The LoD values obtained with the improved HPLC
‘method represent significantly lower limits of detection
than corresponding values obtained for these monomers
in previous studies'®. Therefore, the HPLC method
Fresented here improves upon current detection and is
state-of the-art in tracing aqueous monomer components
of RBCz. Above the LoD concentrations the analytical
accuracy of the HPLC was consistently >05% for all
‘monomers, with a precision of 5.1% for HEMA, 2.7% for
BPA, 2.3% for TEGDMA, 2.8% for UDMA and 3.0% for
Bis-GMA.

It is important to note that the results shown in
Table 1 are reported for fresh samples or samples no

older than 7 days stored at 4°C, because we observed a
decrease in the detected peak area for TEGDMA in older
(both water and acetonitrile-based) samples. Attention
was also drawn to this time-dependent behavior by
Moharamzadeh et al, who investigated the 7-day
stability of TEGDMA in different media®. While they
did not observe statistically significant difference in the
concentration of TEGDMA in distilled water within 7
days, their study chowed the complete disappearance of
this monomer in culture media within the same length
of time, attributed to binding to protein The results
of Moharamzadeh e ol were investigated further in
conjunction with our method development, where we
‘applied gas chromatography coupled mass spectrometry
(GCMS) analysis of a TEGDMA standard prepared
in ultrahigh quality water. Through this additional
investigation we confirmed hydrolysis of the TEGDMA.
‘monomer chain occurred over a 4-month period®.
TEGDMA's time-dependent behavior, which s the most
Significant of the 5 monomers, alzo impacts the LoD.
The lower its concentration, the more the hydrolysis
of the TEGDMA monomer chain interferes with the
accuracy of the measurement. This is significant and.
‘novel information for the detection of RBC monomers as
it indicated that TEGDMA hydrolyzed and fragmented
after long term storage in aqueous media. This further
emphasized the crucial role that time of analysis plays
in in vitro toxicity assaye.

SPAE recovery
The maximum concentration of monomers extracted
by the SPME fiber is determined by the time needed




image28.jpg
Dent Mater J 2021;

40(4): 1007-1013 1011

Table 3 Summary of single step, simultaneous solid phase microextraction (SPME) coupled with HPLC determination of
associated dental resin-based composite (RBC) monomer compounds

Condition
HPLC

Column

Mobile phase (%

‘Run time (min)
Flow speed (mLimin)
‘Detection wavelength (nim)
‘njection volume (L)

‘Limit of detection and suggested calibration
range

seuE
Fiber.
Adsorption/desorption sample volume ratio
Adsorption time (min)
‘Desorption time (min)

Desorption solution

Efficiency of recovery

to reach adsorption_equilibriw How fast the
equilibrium is reached differs with the molecular weight
of the monomer being extracted. Our results chow that
the monomers HEMA, BPA and TEGDMA, which have
‘maller molecular weight (<300 gimol), reach adsorption
equilibrium within 30-60 min, while UDMA and Bis-
GMA with molecular weights above 450 g/mol require
60-90-min equilibration. According to SPME theary, the
distribution of analytes between the fiber coating and the
aqueous phase is expressed by the distribution constant
(K. With increasing molecular weight, K increases and
50 as the mass of analyte adsorbed by the coating of
the fiber. In other words, the higher the molecular
weight, the more analyte is adsorbed This explains the
‘higher percentage of extraction recovery for the larger
M. monomers UDMA and Bis-GMA, and in general the
increase of % recovered with increasing M. of the five
'RBC-monomers analyzed. The rate-determining step of
the adsorption equilibrium is the diffusion of monomers
across a thin stationary, aqueous layer at the coating-
aqueous phase boundary. Therefore, as K increases
Srom HEMA to Bis-GMA, so will the equilibration time
increase from 30-90 min since a greater mass must
diffuse across the static layer”

‘The aim of the described procedure s to standardize
the recovered percentage of each of the five RBC-
‘monomers present together in RBC extracted by SPME

Value

Discovery® C18 reversed phase chromatography column
(Sigma Aldrich), L: 250 mm, 0 4 6 mm, particle size: 4 ym

Gradient grade acetonitrile (Fisher Scientitc) (65)
ultrahigh quality water (18.2 Mo om) (35)

15
1

20
150

25-1,000 gL for HEM, BPA, UDMA,
Bis-GMA 100-1,000 pg/L for TEGDMA

65 ym PDMSDVE (plain biue hub, Supelco)
9r01

%0

5

+Same as HPLC mobile phase

26=3% HEMA, 2541% BPA, 4725% TEGDMA 8227% UDMS,
85=8% Bis GMA

from an aqueous solution analogous to environmental
samgles. This method can alco be used to detect
‘monomers in human samples, such as urine, saliva
or blood. Recovery by the fiber was validated between
100-1,000 uglL, which covers the concentration range
of monomer released from RECs, or in the case of BPA
in general globally recorded aqueous values, reported by
‘Frevious studies®i. Since SPME is not an exhaustive
(i 100%) extraction method, the most important factors
to adhere to are consistency in sampling time and other
sampling parameters. It is also important o keep a
‘constant sample volume and the depth to which the fiber
iz immersed into the solution™. Due to the consistency of
our results with SPME theory as well as high precision,
the herein reported recovery percentages can be applied
without the need to use internal standards of each
‘monomer in each sample, saving considerable amount
of time and costs. This allows a first line detection for
quantifying the concentration of released monomers
during RBC-related applications and processes in a
dental practice as well as in waste management.

Since the equilibration time is governed by the
largest molecular weight compounds, we recommend
the use of 90-min extraction time. Accordingly, Table
3 summarizes the analytical conditions for both HPLC
determination and SPME extraction of the RBC-
‘monomers for simple adoption of the technique. In order
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to calculate the final concentration of each monomer in
the sample the efficiency of recovery should be noted as
2623% for HEMA, 28+19% for BPA, 475% for TEGDMA
89-7% for UDMA and 85=8% for Bis.GMA. Therefore,
each sample vial should be sampled once.

CONCLUSIONS

‘The use of SPME coupled to HPLG for the simultaneous
determination of plastic monomers arising from the
applications of RBC is a practical and relatively
Simple method. It climinates the background mafrix
of heterogenous samples by transferring the specific
‘monomers into & clean solvent colution. The advantages
of this procedure are a substantially reduced sample
volume (eg <10 mL), a simplified preparation method
(in terms of time and equipment requirements), and
the extraction and analyss of all five related monomers
within a single step (without using organic solvent
extractions). The use of SPME is relatively inexpensive
as the fiber can be reused many times, and the limit of
detection, accuracy and precision of the HPLC analysis
are very good for the range of monomers considered. All
samples should be analyzed within 7 days or preserved
at >~18°C prior to analysis. Recommendations for future
research utilising this refined SPME HPLC method
are centered on analysing the environmental pollution
pathways associated with the use and disposal of REC.
This includes the characterization of RBO-related
‘monomers in samples such as groundwater, wastewater,
landsil leachate and human Suids such as saliva and.
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Abstract

Background

Monomeric components of resin-based composite materials are known to elute after

placement and are excreted into the environment.

Objective

To assess and quantify the potential environmental pollutant risk of the principal
monomers used in resin-based composite-adhesive dental restorative complexes utilising

a novel detection method following in-vivo placement in patients.

Methods

A clinical pilot trial on 22 patients was carried out for the provision of one multi-surface
composite restoration on a posterior tooth. Patients that had any other recent (< 6 months)
resin-based composite restoration were excluded from the study. A representative
commercially available resin-based composite (RBC) and dentine adhesive containing the
study monomers was used. Urine and saliva/mouth rinse samples were obtained from
every participating patient at the following time intervals: Baseline (control), immediate
pre-intervention, immediate post-intervention and 24hr post-intervention. Potential
exposure to the study monomers from food and drink, that may act as confounders, was

identified by means of a comprehensive baseline questionnaire and intervention-period
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diet sheet. Sample analysis for test analytes [Bis-phenol A (BPA), Tri-Ethylene Glycol di-
methacrylate (TEGDMA), Bisphenol A Glycidyl di-methacrylate (BisGMA) and Urethane di-
methacrylate (UDMA)] were carried out using solid phase micro-extraction coupled with

high performance liquid chromatography (SPME-HPLC).

Results

TEGDMA, BisGMA and UDMA concentrations varied, showing no increase or statistically

significant difference post-treatment.

Conclusions

Bisphenol-A and methacrylates in ug/L concentrations can be detected in urine and saliva.
Resin-based dental restorations increase BPA concentrations in both saliva and urine at
24hr post-intervention. This study reinforces previous similar studies findings and provides

a better understanding of the release of RBC components into the environment.
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Introduction

Resin-based composite (RBC) isa commonly used dental restorative material with excellent
aesthetic and physical properties that can bond to dental tissues and in this way helps to
restore tooth structure *2. RBC is made up of an inorganic glass filler within a complex
organic resin matrix combined via a silane-coupling agent. The resin matrix commonly
consists of cross-linking dimethacrylate monomers such as bisphenol A glycidyl
dimethacrylate (BisGMA), urethane dimethacrylate (UDMA) and triethylene glycol
dimethacrylate (TEGDMA). RBC materials also contain other additives such as
photoinitiators, accelerators, photostabilisers and polymerisation modifiers . The resin
matrix of RBC influences the mechanical properties of the material, polymerisation
shrinkage and reactivity as well as aesthetic properties *. The mechanical properties of RBC
have a direct influence on the handling characteristics and longevity of the material and
therefore the overall success of restorations. Polymerisation shrinkage is determined by the
interacting issues of reaction kinetics, volumetric shrinkage, elastic modulus and the
degree of conversion of monomers to polymers > The reactivity of the resin matrix is
dependent on several factors including the type and concentrations of initiators, activators
and inhibitors and the light transmission and absorption properties of the RBC. In turn the
reactivity of RBC influences polymerisation and therefore mechanical properties. Finally,
operator-dependant factors such as the depth of RBC increment placed, and the
position/distance of the light-curing source are influencing factors on the resin matrix
properties. These factors associated with the resin matrix mean that complete
polymerisation of RBC during dental applications is not possible and elution of monomers
and oligomers occurs °. The elution of monomers from RBC has known biocompatibility

issues including cytotoxic, mutagenic, genotoxic and oestrogen-mimicking effects 7 2°.

The constituent monomers in the matrix are released into the environment at multiple
points in the lifecycle of RBC use °. The extent that these monomers can cause potential
environmental harm has not been previously investigated. One pollution pathway of RBC
into the environment that requires further investigation is the elution of RBC constituent
monomers after placement with subsequent release into the environment through mouth-

rinsing after placement of restorations or through urine excretion. Previous studies have
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investigated the release of constituent monomers into saliva and urine after the placement
of RBC restorations based on potential biocompatibility issues, especially BPA !'. Olea et
al. observed significantly increased BPA concentrations after the placement of RBC-based
sealants °. A similar study analysed BPA concentrations in saliva after RBC restorations in

21 patients and identified that increased levels up to 100ng/ml of BPA were detected 2.

Common methods used in the literature to detect the release of monomers from RBCs have
included enzyme-linked immunosorbent assay (ELISA), high performance liquid
chromatography (HPLC), gas chromatography mass spectrometry (GC/MS) and liquid
chromatography mass spectrometry (LC/MS). In a recent meta-analysis of components
released from RBCs and the methods utilised, HPLC and GC/MS were used most prevalently
13, GC/MS has a low detection limit for monomeric components however the complexity of
sample preparation and the high injection temperatures with resultant thermal
degradation of high molecular weight components such as BisGMA were limitations **. The
use of solid phase micro-extraction (SPME) coupled to HPLC has been used to detect
monomers in saliva previously and was considered relatively simple, inexpensive and had
less matrix interference than LC-MS for qualitative and quantitative analysis **. In addition,
as the high molecular weight monomers in RBCs such as UDMA (MW 470) and Bis-GMA (MW
512), are not subjected to high temperatures and do not decompose, SPME-HPLC can be
considered a practical method for the measurement of monomers with a large molecular

weight.

The release of monomeric components of RBCs into the environment after in vivo
placement via saliva and urine with subsequent release into municipal wastewater, to the
authors knowledge, has not been investigated. The aim of this feasibility study was to utilise
SPME-HPLC to detect and quantify the constituent monomers of RBCs in saliva and urine

after the placement of a dental restoration.
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Method

Participants and specimen collection

Atotal of 22 patients (11 male and 11 female) requiring a multi-surface posterior restoration
that met the inclusion criteria were selected for this feasibility study. Ethical approval for
this in-vivo investigation was granted by the National Research Ethics Service (NRES)

Committee, UK (REC ref:14/L01272).

Study materials

This portion of the study required the use of a commercial, commonly used RBC and
bonding agent for a restoration in a patient, with the subsequent analysis of the release of
RBC components in the form of eluted monomer in urine and saliva. After researching the
common resin constituents found in most modern RBCs, it was elected that the test RBC
and dentine adhesive combination of Filtek Supreme XTE and Scotchbond Universal
adhesive (3BMESPE, Seefeld, Germany) were appropriate representative materials that
contained all the constituent monomers under investigation. From the data sheets
provided by 3MESPE it was known that the commercial RBC and accompanying adhesive
system contained the common RBC monomers triethylene glycol dimethylacrylate
(TEGDMA), urethane dimethacrylate (UDMA), bisphenol-A glycidyl methacrylate (Bis-GMA)
and hydroxyethyl methacrylate (HEMA).

Clinical protocol

Local anaesthesia (Xylocaine Dental adrenaline; Dentsply, Weybridge, UK) was used in all
22 of the participants. Rubber dam was used in all participants for moisture control and
optimal restoration placement conditions. Etching with 37% phosphoric acid was carried
out prior to the use of Scotchbond Universal adhesive (3M-ESPE, Seefeld, Germany) and the
cavities were restored in accordance to manufacturers’ instructions with Filtek Supreme
XTE (0.2 g compules, Shade A2D, 3M-ESPE, Seefeld, Germany). Incremental layers of 2.0 mm

were placed and cured for 20-30 s as per standard clinical protocol. The amount (weight in
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g) of RBC material was estimated by the difference in weight of the compule/s measured
prior to and after use. A calibrated light emitting diode photocuring unit (SmartLite FOCUS,
Dentsply Sirona) was used in accordance with the manufacturer’s guidelines and in
compliance with the standards set by ISO 4049:2009. After curing, the restorations were
finished and polished according to standard procedures. The extent of the cavity and
therefore the amount of RBC material varied minimally as the treatments were carried out

on posterior teeth (premolars and molars) requiring class 2 (2-surface) restorations.

Participant recruitment & Consenting

The inclusion criteria for patients are described below (Table 1). Participants were recruited

from patients attending for routine dental care at the Charles Clifford Dental Hospital, UK.

Table 1. inclusion and exclusion criteria

Inclusion criteria:

o Male or female adults over the age of 18

e Fit and well with no known major illnesses, that would impede routine dental
treatment of the type proposed.

e Having a tooth that requires a small to medium sized dental restoration using a resin-
based dental composite as a part of routine care

Exclusion criteria:

¢ Individuals who require dental treatment with deep dental caries with a significant
likelihood of involving the dental pulp; or any other form dental pathology
associated with the tooth in question.

Adiagnosis of irreversible pulpitis.

Not had any recent composite based restorations or pit-and-fissure sealants in the last
three months.

Patients wearing removable dental appliances, such as orthodontic retainers, occlusal
devices or dentures.

Patients with an insufficient understanding of English, or cognitive impairment that
limits participant’s ability to understand the protocol, provide informed consent, or
to comply with the procedures, will not be suitable for this project.

Patients with medical health complications that would impede having routine dental
treatment.

22 patients (11 male and 11 female) who required one two-surface restoration with resin-

based composite of one tooth were recruited.
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Consent forms and Patient Information Sheets were formulated to explain the treatment

and the research study.
Timeline

1.Prospective patients that fulfilled the study inclusion and exclusion criteria were
identified and invited to participate.
2.Baseline clinical appointment, prior to restoration placement:
a. Participant consent and recruitment.
b. Baseline saliva and urine sample were provided (t = 48hrs prior to the
treatment intervention) by every participant.
c. A baseline questionnaire was completed by every participant that included
a clinical dental history, frequency of drinking out of plastic bottles,
consumption of tinned/packaged food and microwave/ cling film usage.
d. Completion of a diet sheet for the 48hrs prior to intervention appointment.
This was designed to capture the use of common sources of plastic
monomers that may have been ingested and that may confound the results.
Participants were asked to refrain from these potential sources of plastic
exposure.
3.Clinical treatment appointment:
a. Apre-intervention saliva and urine sample collection (t = 0).
b. Animmediate post-intervention saliva and urine sample collection (t<1hr).
c. Participant given a diet sheet to be completed for the 24hrs immediate after
restoration placement.
4.24hrs after the intervention:
a. A post-intervention saliva and urine sample collection (t=24hrs after the
intervention).
b. Collection of completed diet sheet for the 24hr post intervention period.

Sample Collection Protocol

At the baseline clinical appointment, an unstimulated saliva specimen (20ml) was collected
in a glass specimen pot to eliminate plastic contamination. The samples were chilled to 4°C
to reduce enzymatic activity without altering the sample, as recommended by Atkinson et
al . In addition, a 20ml urine sample was collected in an appropriate glass vessel. The
samples were labelled and coded anonymously. The samples were delivered to the
Groundwater Protection and Restoration Group, Department of Civil and Structural
Engineering, The University of Sheffield on the same day for analysis or storage at minus
80°C until analysis. All the staff involved with the collection and analysis of the samples had

appropriate immunization and training in handling the saliva and urine samples. A
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laboratory sample handling protocol was designed to prevent any direct accidental contact

with the samples.

The dental treatment carried out was not novel and was routine dental care following

normal clinical care pathways and approved clinical operative protocols and materials.

As monomer contamination could occur through dietary exposure, it was requested that
prior to treatment and immediately post-treatment, that patients avoided exposure to
potential monomers. The most common method of exposure to bisphenol-A is through
cooking using plastic containers, drinking from plastic bottles and ingesting canned food,
therefore avoidance of these potential exposure mechanisms was requested. A
diet/background information sheet was provided for patients to complete 48 hours prior to
the treatment appointment to identify any common sources of plastic monomers the

patients may ingest.

The tooth surfaces treated, estimated amount of material used, and the batch number of
the composite and bonding agent were recorded on an anonymised case reporting form.
Within one hour of the completion of treatment a third set of saliva and urine samples was
collected, and a final appointment was scheduled for the following day. Within 24 hours a
fourth set of saliva and urine samples was collected. The patient was asked to record their
diet until they returned the following day to provide their final samples. The sequence of

events for sample collection is summarised in Table 2.
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Table 2: Flowchart of patient involvement and sample collection

Suitable patient identified via clinical and
Baseline appointment radiographic examination.

Patient Information Leaflet given to patient

\ 4 ¥

Patient willing to proceed

Questionnaire 1 given to

patient Patient not willing to
. Written consent obtained | proceed and withdraws
Second appointment from study

1st urine and saliva
sample collected

2nd questionnaire (diet)

provided

2nd urine and saliva
sample collected & 2nd

questionnaire (diet) | patient not willing to
. . collected proceed and withdraws
Thitd appointmerit Treatment provided from study

Third sample of urine and
saliva collected within
one hour after treatment

¥

Patient returns within 24 hours with fourth sample
of saliva and urine

Fourth appointment

Laboratory Methodology

Samples were stored at a constant minus 80°C with analysis commenced within 12 hours of
collection. The five target monomers (Bis-GMA, TEGDMA, UDMA, BPA and HEMA) were
analysed by SPME-HPLC, the methodology was developed by the authors and described in

Kakonyi et al 17. Briefly, calibration curves for all monomers of interest were performed,
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the HPLC setup consisted of a C18 reversed phase chromatography column (Sigma Aldrich,
Gillingham, UK), flow speed of 1 mL/min, 150 uL injection volume and 15-min run time, with
200 nm detection wavelength. The HPLC instrument was calibrated by analysing four
repeats of the monomers of interest (BisGMA, UDMA, TEGDMA, HEMA and BPA) stock
solutions diluted in 65%/35% gradient grade acetonitrile/ultrahigh quality water (18.2
MQecm) to the following nominal concentrations: 1, 25, 50, 100, 250, 500 and 1,000 ug/L.
Figure 1 and Table 3 summarise the SPME-HPLC setup. Four SPME fibres were utilised: 65
um polydimethylsiloxane/divinylbenzene (blue) (PDMS/DVB), 65 um PDMS/DVB StableFlex
fibre (pink), 50 um DVB/65 um Carboxen/PDMS StableFlex fibre (gray) (DVB/CAR/PDMS) and
85 um polyacrylate (white) (PA) (Sigma Aldrich, Gillingham, UK). After recovery and dilution
corrections, the monomers concentrations were calculated using calibration curve data
and after efficiencies of the SPME fibres were applied to derive the concentrations of the

monomers detected in the samples as per the previously published method.
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UDMA y=22518x-18452 | y=230.04x +23136 UDMA [T
BisGMA | y=710.77x-6391.7 [ y=631.53x+ 13174 BisGMA I

Figure 1: Duplicated calibration curves were carried out by the authors for the purpose of this study (solid and dashed lines

are two separate calibrations for reproducibility)
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Figure 2b: Calibration curves of the monomers of interest at low concentrations (0-100 
μg/L). 
 
 
Figure 2b highlights the calibration curves for the monomers of interest at low (0-100 



μg/L) concentrations, as the concentrations in the urine and saliva samples were 



anticipated to be in this range from findings in previous studies.  
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Table 3: Summary of SPME-HPLC setup

Condition Value

HPLC

Column Discovery® C18 reversed phase chromatography
column (Sigma Aldrich), L: 250 mm, @: 4.6 mm, particle
size: 4 um

Mobile phase (%) Gradient grade acetonitrile (Fisher Scientific) (65)
ultrahigh quality water (18.2 MQ-cm) (35)

Run time (min) 15

Flow speed (mL/min) 1

Detection wavelength (nm) 200

Injection volume (uL) 150

Limit of detection and

suggested 25-1,000 ug/L for HEMA, BPA, UDMA, Bis-GMA 100-
calibration range 1,000 pg/L for TEGDMA

SPME

Fibres 65 um PDMS/DVB (blue), 65 um PDMS/DVB StableFlex

(pink), and 50 um/65 um DVB/CAR/PDMS (gray)

Adsorption/desorption sample | 9:1
volume ratio

Adsorption time (min) 90

Desorption time (min) 45

Desorption solution See HPLC mobile phase

Efficiency of recovery 26+3% HEMA, 28+1% BPA, 47+5% TEGDMA 82+7%

UDMA, 85+8% Bis-GMA

Statistical methods

Data were analysed using IBM SPSS statistics software (V.23.0, IBM SPSS predictive
analytics community, Armonk, NY, USA). Kolmogorov-Smirnov and Shapiro-Wilk normality
tests were carried out for all urine and saliva samples to determine if there was normal

distribution of the data. Kruskal-Wallis tests were performed on the five different monomer
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concentrations in urine and saliva, in addition to investigating if there were any statistically
significant changes in monomer concentration before treatment and 24 hours post-

treatment using Wilcoxon Signed-Rank tests. Statistical significance was set at p<0.5.

Analytical methods

Urine and saliva samples were collected at four different timepoints; the consenting
appointment, no more than 4 weeks prior to the scheduled treatment appointment (24b4),
immediately before treatment (ib4), immediately after treatment (ia) and no more than 24
hours post-treatment (24a). Analysis focused on whether there was a significant increase
in the concentrations of monomers in saliva and urine samples associated with the

placement of a RBC restoration, with anticipated resultant environmental release.
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Results

Table 4: Summary of participants and diet/ background information sheet data

Participants (n=22)

Variables
Male/Female 11/11
Age
Mean (SD) 35 (12.5)
Min - Max 21-62
Daily toothbrushing 22
Daily use of mouthwash 8
Existing RBC restorations present (number of patients) 19
Mean mass of RBC used 033g
Regularly (on a weekly basis)
cooked meals in plastic containers (“ready-meals”) 7
Number of participants that regularly (on a weekly basis)
eat tinned foods (eg. "baked beans”) 8
Number of participants that regularly drink out of
plastic drinks bottles 11
Number of participants that regularly drink
canned beverages 15

All patients reported avoidance of drinking out of a plastic bottle or can, eating canned
food, cooking using plastic containers or using cling-film/plastic food containers 48 hours

prior to the clinical intervention and 24 hours after prior to the post-treatment sample

collection.

The p-values were less than the level of significance for all samples, it was therefore
concluded that the data did not follow normal distribution. Statistical analyses showed no
statistically significant difference in the levels of BisGMA, TEGDMA, UDMA, HEMA or BPA

between the 4 sub-groups at the different time points (T1-T4) or between age or gender of

the participants.
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Results - Saliva

Figures 2-6 show the monomer concentrations from the saliva samples of the 22 subjects,

in all participants the monomers of interest were detected prior to treatment.

Baseline levels of all monomers, except BisGMA, were detected prior to intervention despite
patients not having had recent dental restorations. 55% of participants had increased
concentrations of HEMA and BPA post-intervention, with three participants having
significant increased HEMA concentrations (3 to 7 times) and two participants having 5 to 6
times increased concentrations of BPA in comparison to baseline levels. 5 patients
exhibited significantly increased concentrations of BisGMA post-intervention (by a factor
10-12 times) in comparison to their pre-intervention concentrations. The maximum
concentrations detected post-intervention (T3/T4) for each monomer were as follows:

HEMA7.5ug/L, UDMA 23.8 ug/L, BisGMA 27.5 ug/L, BPA 12ug/lL and TEGDMA 19.2ug/L.

Concentration of HEMA in saliva (pug/L)

adaktabibalihieliid)

Participants

m24b4 mibd mia m24a

Figure 2: Concentration (ug/L) of HEMA in saliva
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Figure 3 Concentration (ug/L) of UDMA in saliva
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Figure 4: Concentration (ug/L) of TEGDMA in saliva
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Concentration of BisGMA in saliva (ug/L)
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Figure 5: Concentration (ug/L) of BisGMA in saliva
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Figure 6: Concentration (ug/L) of BPAin saliva
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Results - Urine

Figures 7 to 11 show the monomer concentrations from the urine samples of the 22
subjects. Baseline levels of all monomers were detected in all except 3 patients (UDMA and
BisGMA) despite patients not having had recent dental restorations. 64% and 68% of
patients had elevated HEMA and TEGDMA concentrations post-intervention respectively.
Six participants had significant increases in the concentration (5 to 8.5 times greater) of
HEMA post-intervention in comparison to baseline levels, whilst two patients had
significantly increased BPA concentrations (4 to 6 times greater) compared to pre-
intervention levels. The maximum urinary concentrations detected post-intervention
(T3/T4) for each monomer were as follows: HEMA 17.1ug/L, UDMA 7.6ug/L, BisGMA
10.1ug/L, BPA 30.5ug/L and TEGDMA 9.6ug/L.

Concentration of HEMA in urine (pg/L)
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Figure 7: Concentration (pg/L) of HEMA in urine
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Concentration of TEGDMA in urine (ug/L)
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Figure 8: Concentration (ug/L) of TEGDMA in urine
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Figure 9: Concentration (ug/L) of UDMA in urine
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Figure 10: Concentration (ig/L) of BisMA in urine
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Figure 11: Concentration (1ig/L) of BPA in urine
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Discussion

The main findings from this study were that after the placement of RBC restorations in the
22-patient cohort, increased concentrations of HEMA and BPA were observed in 55% of the
saliva samples and 64% and 68% of patients had elevated post-intervention HEMA and
TEGDMA urinary concentrations respectively. Sasaki et al reported an acute increase in
salivary BPA after the placement of RBC restorations 2. In a systematic review of exposure
to BPA from dental treatment, all studies included showed increased BPA concentrations
24 hours post-treatment 2. As BPA is a recognised endocrine disrupting chemical, elution
and potential direct impacts on patients treated using RBCs have previously been the main
concern. The environmental release of BPA alongside other components of RBC from a

dental treatment source and pre-existing restorations is the main finding of this study.

In previous studies, detectable levels of BPA have been found in saliva, urine, blood,
placental tissue, breast milk and adipose tissue in children, adults and pregnant women **
2 Indeed, BPA has been detected in urine in over 90% of US, Asian and European
populations tested, with concentrations in one study in the range of 2.6 to 2.9 ug/L, which

is similar to the concentrations detected in this study?! 2.

BPA is primarily ingested through dietary sources, accounting for 95-99% of exposure %,
despite participants avoidance of known sources of dietary exposure throughout the
sampling in this study, baseline levels of BPA were detected in all participants. BPA elution
from RBCs is also of some concern as at low chronic doses, it has been considered an
obesogenic compound that could contribute to metabolic syndrome, visceral adiposity and
diabetes * ». As BPA is classified as a hazardous chemical in the EU, recent proposals for
additional regulatory measures to further restrict the uses of and limit the exposure to BPA

and other bisphenols are under consideration .

Baseline levels of monomers were detected in the majority of participantsin this study prior
to clinical intervention and can be assumed to be due to the fact that 86% of the
participants had pre-existing RBC restorations. This is significant as it highlights the low-
level, long-term elution of monomers that occurs from existing restorations that are

subsequently released into the environment.
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There was no statistical significance in the release of monomers when comparing pre and
post intervention, age or gender. This can be explained by the relatively low number of
participants in comparison to other previous larger scale, multi-centre previous
investigations. This was a low powered feasibility study to assess the application of SPME-
HPLC to detect and quantify monomers in urine and saliva. Urine and saliva are complex
media with significant variation between participants dependent upon biological and
physiological factors; age and gender have known impacts on individual urinary proteome
variation #. A further observation from this study is that all participants were potentially
‘contaminated’ with the monomers of interest as a result to daily dietary products and their
packaging. The one-day pre-intervention washout may have been insufficient to allow for
full excretion of these monomers. The monomers of interest are reactive and their
interaction with proteins in urine is not very well understood. To that end, bespoke
calibration curves for urine and saliva could not be created to account for each individual
participant. SPME works on the principle of adsorption/absorption and desorption, where
the fibre is coated with an extractive phase to concentrate the analytes. Theurine or saliva
could interfere with this process by either removing some of the fibre coating and hence
reducing the effectiveness or some contaminants in the sample may permanently bind with

the fibre and reduce the number of active sites making it less effective.

A recent meta-analysis highlighted that the monomers HEMA, TEGDMA and BPA were the
most eluted substances from RBCs, and that there was a statistically significant positive
correlation between molecular weight and elution 2.This correlates with the increased

concentrations detected post-treatment in this study.

The SPME-HPLC method developed for this study was relatively simple and inexpensive in
comparison to other methods that could have been utilised. However, it should be
recognised that a limitation of SPME is related to errors associated with analysis of
hydrophobic compounds such as high molecular weight monomers as they can stick to the

wall of the container from which sampling is performed .

Another limitation of this study was the relatively short post-treatment sampling timeframe
as information on longer-term elution is necessary to better understand the total

contribution of eluted monomers into the environment.
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The surface area of RBC restorations exposed to the oral cavity has been shown to be the
most important factor for the long-term elution of monomers, however multiple other
variables impact this such as dietary habits, parafunction such as bruxism (teeth grinding),
the proportion and composition of the monomers used in the resin matrix and clinical
factors such as adequate polymerisation . In addition, bacterial hydrolysis of RBC by oral

microbiota governed by plaque control impacts elution %.

An estimated 275 million RBC restorations are placed each year * and if it is assumed from
this study the mean mass of RBC placed is 0.33g, this equates to 90.75 tonnes of RBC. When
extrapolating the combined urine and saliva maximum elution of monomeric components
from this study and acknowledging the long-term chronic elution into the environment, this

accounts for a significant source of environmental pollution.

Conclusion

In conclusion monomers from RBCs elute from restorations and into the environment after
dental treatment and can be detected using SPME-HPLC. This study highlighted that SPME-
HPLC is able to detect the RBC monomers of interest in the excreted urine and saliva, but

not with the required level of sensitivity to identify the true source of these monomers.

The large-scale use of RBC globally causes a situation of multiple small scale environmental
release events to occur, the overall impact of which requires further investigation.
Prevention of dental disease and good quality oral healthcare is the best way to mitigate
the need for dental restorations, the elution of monomers into the environment and

potential negative impacts 3.
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Abstract: Clinieal applicatons of ein-based composite (RBC) generale environmental pllution in
the form of micropartculate waste. Methods: SEM, partice size and specifc surface area analysis,
FEIR and potentiometric ttations were used o characterise micropartces arsing from grinding
commercial and control RBCs as a function of time, a time of generation and after 12 months
ageing in water: The RECs were tested n two states () direct-placement materials polymerised to
simulate routine dlinical ee and (1) pre-polymerised CAD/CAM ingos milled using CAD/CAM
fechnology. Results: The maximum specific surface area of the direct placement commercial REC
Was seen ater 360’ of aitation and was 1290 m?/ kg compared with 1017 m/ Kk for the contrcl
materal. Tre median diameter of the direct-placement commercial RBC was 639 pum at 360 s
agitation and 9.55 um for the control material FTIR analysis confirmed that micropartiles were
suficently unique fobe identified after 12 months ageing and consistent alleation of the ouermost
surfacesof partices was observed. Protonation-deprotonation behaviour and the pH of zero proton
charge (pHpe) % 5-6 indicated that the particlesare negatively charged at eutral pHY. Canclusion:
“The lage surface aea of REC micropartces allows elution of censtituent monomers with polenitial
environmenta impacts. Characterisaton of this waste is key to understanding polential mitigation.
strategies.

Keywords: resin-based composite; polluton; microplastic; micropasticl; pasticles size anlysis;
‘potentiometric titation; FTIR

1. Introduction

Plastic microparticles, described commonly as microplastics, are recognised as key en-
vironmental pollutants, with concerns centred around negative impacts on aquaticlfe, soil
as transportation vectors for more toxic chemicals or pathogens and potential bioaccumula-
tion in food webs [1-4]. Microplastic pollution was recognised over a decade ago and can
be defined as the release of small (<5 mm) synthetic plastc particles [3]. Common sources
of microplastic pollution in the environment include polymeric fibres released from the
laundering of synthetic textiles [5],personal care products containing synthetic exfoliating
microbeads and also the breakdown of macro-scale plastics already in the environment [6].
Microparticles containing plastics generated from the use of resin-based composite (REC)
should also be considered a pollution source requiring further investigation. Micro-scale
and nano-scale particulates containing plastic polymers are generated in dentistry via
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clinical applications using dental materials containing plastic, namely, RBCs which enter
the environment [7,8]. The mechanism of this pollution pathway i the small-scale but
frequent release of plastic-based microparticles into municipal wastewater from dental
treatments (rmoving old restorations or adjusting new restorations) and the subtractive
fabrication (milling and grinding) of resin-based dental prostheses such as crowns, inlays
and onlays. The extent and environmental impact of microparticles containing plastic
that are generated from dentistry is pootly understood and an assessment of risk to the
environment is not possible due to a lack of data.

RBC is made up of 60-80% inorganic glass filler particles coupled to and contained
within an organic resin matrix. The resin matrix of RBC materials is methacrylate-based,
composed of monomers of varying size, igidity and hydrophilicity such as bisphenol A
glycerolate dimethacrylate (BisGMA), urethare dimethacrylate (UDMAY), hydroxyethyl
methacrylate (HEMA) and triethylene glycol dimethacrylate (TEGDMA) [9,10]. Other
components required for optimal polymerisation of the material, such as inhibitors and
activators are also contained within the resin matrix (Table 1). The biocompatibility of
resin-based dental materials, and more specifically the constituent monomers, has been
discussed in the literature [11], Synthesis of the monomer BisGMA, commonly used in
RBC materials requires bisphenol A (BPA). BEA is associated with health-related problems
swhen criticallevels are mached due to is oestrogen-mimicking properties and the release
o BPA from dental RBC and sealants has been reported [12-15].

‘Table 1. Descrption of samples tested.

Simpie Clniale Nomadats Despion
Dict Placemmiit Direct-Control See Table 2
i
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Siied
oaditimd  capjcavconel seTab
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‘Table 2. Constituents of Control RBC (Disect placement and CAD/CAM; with a esin/Bller compo-
nentratio 31
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RBC is used as a dental material that is directly placed and subsequently cured
and set solid via radical vinyl polymerisation using a high-intensity visible blue light
source (300 myw/ can? and 480 ) [16]. Thiough this process, the monomers reach an
approximate level of 60-70% conversion, with the unreacted remainder trapped in the
‘matrix as partly linked moromers [17-19]. RBC restorations can also be fabricated extra-
orally in the form of an inlay, onlay or crown and subsequently adhesively bonded to the
tooth. CAD/CAM (computer-aided design/ computer-aided manufacturing) techrology is
used to mill or grind pre-polymerised blocks through a sublzactive process that generates
waste particulate poswder [20,21].

RBC microparticulate waste is gererated and released into the environment via o
‘main pathovays: () The dlinical grinding ofin situ RBC restorations with high-speed rotary
abrasive burs/discs, either through the removal of failed/aged RBC dental restorations
and/ or the shaping, inishing and polishing of a directly placed restoration. (i) The subtrac-
tive fabrication of prostheses (inlays, onlays, crowns, bridges and implant abutments) by
milling and grinding pre-polymerised RBC ingots. I isestimated that n 2015, 300 million
direct RBC restorations were placed; a figure based on industry sales figures [22]. It is
recognised that ~6% of these restorations will fail within 10 years, equating o approx-
imalely 48 million restorations being removed or refurbished with resultant release of
RBC particulates into municipal landill, incineration and wastewater [23]. Assuming that
the average weight of a RBC restoration is 0.3 g, a subsequent extrapolation would set
the particulate waste geerated and released into municipal wastewaer tobe up to 14.4
tonnes per year. Another meta-analysis study estimated that 32 million REC posterior
restorations placed in 2015 wil require replacement or rpairing within 10 years (2025),
further highlighting the potential pollutant waste pathyway of RBC microparticles [24]

Free or partly-linked monomers elute from the rsin matrix of direct placement mstora-
tions and by extension also from microparticulate waste [25]. One study that investigated
the release of monomers from composite particulate waste estimated up to 360 ug/m? of
'UDMA, 180 ug/m® of Bis-GMA, 970 ug/m?® of TEGDMA and 1.28 ug/m® of BPA were
eluted into ethanol [26]. Elution i also increased by hydrolysis, photolysis and oxidation
of the resin matrix [27] and accelerated by microbial biodegradation [28]. Microorganisms
capable of faclitating biodegradation of plastic materials can madily be isolated from the
environment [29,30] and would have the same impact upon dental microparticulate waste.

The recognised short-and long:-term elution of monomers from RBC [31] the fur-
ther elution caused by bacterial degradation mechanism 2] and the large surface area
of microparticulate waste are contributory to increasing the pollution potential of RBC
waste particulates. 1t s wall recognised that the constituent monomers of these RBC mi-
croparticulate have cytotoxic and genotoxiceffect i high concentations, howvever the full
extent of ths impact is difficult to ascertain [33-35]. To manage this pollutant route and
prevent or mitigate any potential harm, it is important to better understand the nature of
‘microparticulate waste from this souras and the effectof ifs elease into the environment.

“The aims of this investigation were () to characterise the size and distribution of REC
‘microparticls that are crealed from simulated linical use of conventional direct placement
RBC and CAD/CAM RBC, (i) to analyse the effect of ageing of the microparticles in water
to simulate environmental release, and (ii) o assess the potential reactivity of the RBC
‘microparticles in the environment and their potential to become toxic polluters and/ or
Vectors for pollution

2 Materials and Methods
RBC microparticles in solution were assessed at two points in time: comparing RBC
released at the time of generation and following 12 months ageing in water. Ground partic-
ulate RBC waste was tested from twa sources: (i) Direct- placement materials, ground using.
dental burs to simulate routine dlinical use (Direct Placement), and (i) Pre-polymerised RBC
blanks, ground into a final shape using CAD/CAM technology (CAD/ CAM). The RBCs in
Doth states contained the same monomers and originated from two sources (Table 1
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1. Inhouse fabricated RBC (Control) specifcally designed and fabricated with quantifi-
able constituents that were used for both the direct placement (Direct-Control) and
the CAD/CAM samples (CAD/ CAM-Control) (Table 2). Fabrication of the control
composite followed an established protocol used by the research group in previous
RBC experimental studies [36}

2 Commercially available direct and indirect RBC materials (COM). A direct placement
RBC (Direct-COM) (Filtek Supreme XTE, dentine shade A3; 3M Oral Care, Irwin-
dale, CA, USA) was chosen as this material as it contained all the monomers of the
control RBC. CAD/CAM RBC (CAD/CAM-COM) (Lava Ultimate size 14L shade
A3 3M Oral Care, Irwindale, CA, USA) was also used to represent CAD/CAM RBC
materials. It was ot possible to abtain the full constituent data for the resin matrix
of Lava Ultimate, although it is reported that this material contains UDMA s the.
principal monomer that i solely heat-polymerised and has 79 wt.% of zirconia-silica
nanofillers [37) Filtek Supreme XTE and Lava Ultimate RBCs were selected as being
representative of their class in the market containing common consttuents of current.
state-of-the-art RBC materials. The monomer component of Filtek Supreme XTE
consists of BisGMA, UDMA, TEGDMA and ethoxylated BisGMA (BisEMAG). The
illesin Filtek Supreme XTE are a combination of nor-agglomerated non-aggregated
20 nm silic filler, non-agglomerated!/ norragregated & to 11 nm zirconia fller and
aggregated zirconia/ slica cluster filler (comprised of 20 nm silica and 4 to 11 nm
zirconia particles).

21. Preparation of Direct Placament REC Samples
Standardised discs (2 mm x 10 mm diameter) were fabricated from both direct-

placement RBCs groups (Direct-COM and Direct-Control). These were polymerised with

an LED photocuring calibrated unit (SmartLite FOCUS, Dentsply Sirona, York, PA, USA)
in accordance with standards set by 150 4049:2009 and manufacturer's guidelines (40 s at

2 mm depth increments with overlapping curing zones). As per routine dlinical placement,

no attempt was made to prevent the formation of the oxygen inhibition layer, as this would

be routinely removed during the finishing and polishing regimes (and released in the

‘microparticle waste stream).

The discs were immediately ground using standard diamond dental burs (10-20

‘microns) in a water-cooled dental air turbine (SMARTtorque S619L, Kavo Dental, Bismar-

ckring, Germany) to simulate clinical applications.

22 Preparation of CAD/CAM REC Samples

Two CAD/CAM materials (CAD/ CAM-COM and CAD/CAM-Control) were used in
the form of ingots. The fabrication of Lava Ulkimate (CAD/ CAM-COM) s a manufacturer’s
proprietary process involving silica partcles of 20 nm diameter and zrconia particles of &
o 11 nm diameter (approximately 80% by weight), trated with a silane coupling agent
and incorporated within 2 unique resin matri. Polymerisation of these blanks requires an
industrial proprietary heat treatment process.

The control CAD/CAM RBC (CAD/CAM-Control) was fabricated using the same
formulation as the direct-placement control material with slanated silica (approximately
75% by welght) designed for hybrid RBC applications (10-50 m and 40 n) (Table 1),
(CAD/CAM-Control RBC ingos were polymerised in the dental laboratory using a cur-
ing unit (Soldlite V, Shofu Corp, Osaka, Japan) for 5 cycles of 10 min to optimise the
degree of monomer conversion. These ingos were not protected from developing an
oxygerrinhibition layer and were subsequently lightly polished to remove any possible
unpolymerised oxygen-inhibited surface, in 2 manner akin to the fabrication of commercial
RBC CAD/CAM blanks.

Allingots were milled in a dry CAD/CAM unit (Roland DWX-50, Roland DG (UK)
Ltd, Clovedon, UK). Sample cross-contamination was avoided by milling a separate times
with deep-cleaning of the unit prior o each session.
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23, Quaracteisation of RBC Samples
The particles from all samples, direct-placement and CAD/CAM RBCs, were callected,
wweighed and stored for either immediate characterisation or placed in solution (municipal
tapwater) for 12 months to simulate environmental release into water effluent systems.
‘The techniques utilised for the characterisation of RBC microparticles in wastewater
samples were scanning electron microscopy (SEM), laser diffraction particle size analysis
(PSA), micro-Fourier transform infrared (FTIR) spectroscopy and polentiometric itration.

24, Scanning Eletron Microscopy (SEM)

Direct-COM RC particles were mounted onto an aluminium pirvstub using a Leit-
C sticky tab (Agar Scentiic Stansted, Essex, England), gold-coated using an Edwards
51508 sputter coater (Edwards, Burgess Hill, West Sussax, England). SEM images were
obtained from a Tescan Vega LMU Scanning Electron Microscope (Tescar-UK, Cambridge,
Cambridgeshire, England) at an operating volage of 10ky:

25, Particle Size Analysis

Particle size analysis of 1 g of freshly milled (not aged in solution) direct placement
RBC samples was carried out using laser diffraction analysis in solution. Solutions of
dispersed microparticles in deionised water were agitated in an ultzasonic bath for 120 s,
2405 and 360 prior to laser diffraction analysis using a Malvern Mastersizer 2000 (Malvern
Panalytical, Malvern, UK). Different agitation time frames were employed as forces of
attraction rise rapidly below 10 um which led to particle agglomeration, meaning the finer
the sample the more difficult it is to separate the particles for analysis. The Brunauer—
Emmett-Teller (BET) method was utilised to calculate the specific surface area (SSA) of the
samples. A refractive index of 15 was selected as previous experimental composites have
been shown to have refractive indices ranging from 1.47 to 153 [35],

26 Fourier Transform Infrared Spectroscopy (FTIR)

‘The particles from all direct placement and CAD/CAM RBC sampleswere washed
with ultra-high quality (UHQ) water, and leftto dy at room temperature for 81y prior to
deposition on a stainless-stee] flat sample holder for infrared micro-analysis. Reflectance
micro-FTIR spectra were taken on a Perkin Elmer Spotlight 400 FT-IR Imaging System
(Perkin Elmer, Waltham, MA, USA). Micro Fourier Transform Infrared (FTIR) spectra
were collected over the 4000 em™" to 700 cm ™! wavenumber range, in reflectance mode,
using a lquid itrogen cooled Mercury-Cadrmium-Telluride (MCT) array detctor,at a
resclution of 8 ci™1 and an aperture of 20 wm. Sixteen scans were taken for each pixel
in the infrared maps, where each pixel corresponded to a square of 20 um per side. A
Kramer-Kronig transformation was not needed, as the resulting spectra did not present
specular reflectance distortions.

Samples were also analysed on a Perkin Elmer Frontier Fourier Transform Infrared
(FTIR) spectrometer (Perkin Elmer, Waltham, MA, USA), using a Perkin Elmer Attenuated
Total Reflectance (ATR) accessory, consisting of a diamond crystal at a fixed angle of 45°
One-hundred spectra were collected over the 4000 e to 650 cm~! wavenumber range,
ata resolution of 4 e

27. Potentiometric Ttrations

‘The RBC microparticle samples contain a variety of surface functional groups that
could act as binding stes for protons. These functional groups can protonate o deprotonate:
when inferacting with their immediate surroundings and as a result the paricles develop
a net pH-dependent charge [3~44]. Knowledge of these surface properties is crucial to
understanding the inferaction mechanisms betw en the microparticles and surrounding
environmental species. The concentration and characteristics of proton active sites on
the particle surfaces play an important ol in this respect, as they are responsible for the
surface binding abilty [45]. All ttrations of all samples were performed using a Metrohm
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Titrando 906 automatic titrator (Metrohm, Runcorn, UK) at 25 °C. The temperature was
kept constant and continuously menitored during the titration. The titrator was set to
add successive acid or base only after a drift equal or less than 5 mV min~! was achieved;
next, 0.05 g of each dry sample (washed four times with NaCIOg) was suspended in a
vessel with 25 mL CO;-free 0.1 M NaCIO; solution. The suspension was titrated with
0.1 MHCI to pH 3.5 and then with 0.1 MNaOH to pH 10.0. To test the reversibility of the
protonation-deprotonation behaviour, the suspension was back-titrated with 0.1 M HC
from pH 10.0 to 35. The HCl and NaOH were previously standardised against primary
standards. To calculate the acidity constant (pKa) values and the corresponding total
concentration of the binding sites, data from two replicates of each titration curve were
fitted using a program for determining surface protonation constants from itration data
(Protofit 21 rev1) [46].

3. Results
31 SEM

‘The micrographs of the direct placement particulate sample are shown in Figure 1.
‘The distribution and variation of the micropaticles correlates with the data from the PSA
results (Table 3). The images allow insight into the properties of the RBC particles to
aggregate, however with clear indication of the presence of submicron-size particles which
contribute to increasing the available ractive surface area.

Figure 1. (3) (100 um sale, upper left mage). () (10 m scale, upper sight mage). (€) (© wm
cale, ower image): SEM immages o ditect placement REC (DirectCOM) ground tsing 10-20 micton
diamondh-costed burs in a water.cooled it turbine tosimulate clincalapplictions:
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Table 3. Pasticke size analysis of dirsct-placemment RBC (Direct-COM and Disect-Cantrol).
Spin  DBZ D@3l
RBC Particulate Dx s (Dx  (Suface (Volume _Specific
i DX0 Medin  Dx90  90Dx  Ama  MeanDi SufaceAra
V Diameter) AUDxSD  Mewm)  ameter)  (BET Method)

DimctCOM 120s USagitation 27 um  7A3um  Z4um 3509  S24wm  127um  MeSmi/kg
DimctCOM240s USagitation ~ 22um  665um  238um 320 486um  108um  124mi/kg
DimctCOM360s USagitation 213 um  639um  26um 3208 46Sum  104um  1290mi/kg
DimctControl 120s USagitation 284 um ~ 100um ~ F6um 492 65um  29um  9129m/kg
DimctControl240s USagitation 258 um ~ 92um  H9um 3918 60um  165um  9947m/kg
DimctControl360s USagitation 2.9 um _ 955um  402um 3945 5%0wm  Flum 107 mi/kg

3.2 Partice Size Analysis

Laser diffraction paricle size analysis data of the Direct-COM and Direct-Control sam-
ples are detailed in Table 3. The particulate diameter measurements (Dx 10, Dx 50, Dx 90),
span of partcle distribution, surface area mean, volume mean diameter and specific surface
area are the most relevant methods of analysing fine particulates such as REC micropar-
ticles. Dx 50 i the size in microns that splits the distribution with half above and half
elow this diameter (median diameter). Similarly, Dx 90 is the size in microns where 90
percent of the distribution lies below this value, and 10 percent of the particulate sample
ies below the value of Dx 10. The span of a volume-based size distribution is defined
as Span = (Dx 90-Dx 10)/Dx 50 and gives an indication of how far the 10 percent and
90 percent points are apart, normalized with the midpoint. D [3.2] is the surface area mean
(Sauter Mean Diameter) and is relevant to reactivity and elution of monomers from the
smaller scale microparticles in the size distribution. D [43] is the volume mean diameter
orvelume moment mean (De Brouckere Mean Diameter) that reflects the size of the mi-
croparticles that constitute the bulk of the sample volume and is more sensitive to presence
of larger particulates in the size distribution. Incremental increased agitation from 120 s
to240's to 360 s resulted in corresponding increased specific surface area of all samples.
Dx 50, Dx 90, Span, D [32] and D [43] are allless for Direct-COM compared to the Direct-
Control material, presumably due to inclusion of nancscale particulates. The maximum
specific surface area of Direct-COM was seen after 360 s of agitation and was 1290 m?/ kg
compared with 1017 m?/ kg for the control material. The median diameter of Direct- COM
was 6.39 um at 360 s agitation and 9,55 um for the Direct-Control material; both being
significantly smaller than the 5 mum threshold that defines microplastic pollutants and at
the lower scale of the range of what defines a microparticle (1 to 1000 ).

33 FTIR

Foutier transform infrared (FTIR) spectzoscopy is one of the mst suitable, reliable
and commonly used methods for the characterisation, identification and quantification
of microplastics i environmental samples [47,45]. FTIR microspectroscopy (micro-FIIR)
12 tool that combines FTIR spectzoscopy with microscopy, allowing the identification
and comparison o infrared bands in smaller samples due to the improvement in spatial
resolution. Reflectance micro-FTIR images are obtained by illuminating the surfaces of
the material and collecting sufficient scattered radiation. This approach is particularly
useful as it requires lttle sample preparation and enables the rapid analysis of thick and
‘©opaque samples.

Figure 2 shows an example of the image of the dried direct RBC Direct-COM micropar-
ticles on a stainlessteel sample holder, taken with the optical microscope, alongside the
false-colour image of the same area, analysed using reflectance micro-FTIR spectroscopy:
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Figure 2. Reflectarce micro-FTIR spectzoscopy of Disect-COM micropartices o staness steel surfac: () Optical im-
ags of sample. (b) Falsecolour image showin the location of molectles with absorption bands betiveen 4000 and
750 e, Reative sbsosbance scae (4 s showr o the rght. (9 Reflectance micro-FTTR spects ofthe seea containg
Ditect-COM microprticescn  steelsurface, a diffrent poiats on th false-colo mag. Spectza have been offet for
comparative purposes

Figure 2c shows the FTIR spectra atsix different points in the scanned area befiween
4000 and 750 e~ Apart from the regions corresponding to the bare steel surface, all the
‘observed particles presented infrared absorption bands, and the similarity between their
spectra suggested that the scanned particles have similar composition.

‘The bands observe in the region befsveen 3050 and 2700 cm~"! can be assigned to C-H
stretching vibrations (uc_#), corresponding to CHs and >CHj functional groups 49,50}
‘The O-H stretching signal (vo-) corresponding to the presence of hydroxyl groups can
be assigned to a broad band around 3400 am~!. Complementary information to support
the presence of the C-H peaks can be found on the region between 1470 and 1300 cm?,
where bending vibrations of C-H, >CHy and ~CHs groups are observed. The bands
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around 1730 cm™! are assigned to the stretching C=0 (uc-o) of carbony] groups [51,52].
‘The strong bands around 1045 and 900 cm™"! have been usually attributed to stretching
Si-0 and $i~O-Si. Furthermore, bands around 790 em~" are commenly assigned to Si-C
vibrations [33,54]

The penetration depth of theinfrared beam on eflectance micro-FTIR depends on the
scanned material, but usually ranges from 2 to 5 um. The penetration depth of the infrared
‘beam on ATR-FTIR measurements depends on the sample, wavenumber,internal refection
element used and angle of incidence, and are normally in the range of around 300 nm at
1000 ™ [55], Therefore, ATR-FTIR is a more surface-sensitive fechnique than reflectance
micro-FTIR. From these data, comparison to spectra held on the Fluka spectral database
within the Perkin Elmer Spectrum software were mads (Figure 3). After comparison with
ATR-FTIR spectra of similar materials held on the Fluka database, it is evident that these
micropartcles ae sufficently unique to be identified, where the spectra of glass, epoxy
e and butyl methacrylate e compared to the freshly milled CAD/CAM-Control REC.

Glass

(from reference iibrary)

Epoxy resin

(from reference ibrary)

Butyl Methacrylate | Isobutyl Methacrylate copolymer

(from reference fibrary) }\\

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500

Wavenumber (cm?)

Figure 3 ATR-FTIR spectra of unaged, freshly milled CAD/ CAM-Control and “Glass", “Epeny resi” and “Butyl Methacry-
Iate/Isobutyl Methacrylate copolymer”, from the rference ibrary.

Comparison of frehly milled CAD/CAM particulates (COM and Control) versus
those aged in microcosms containing water for 12 months is shown in Figure 4. There
s consistency betwen the spectza in comparison of the COM and contzol materials and
also the impact of ageing, The ATR-FTIR spectra of the aged CAD/CAM-COM and
‘CAD/CAM.-Control microparticles suggest that the outermost surfaces o the partcles
have been altered. Theories as to wha this has been caused by include hydrolysis and
leaching of surface monomers, adsorption of organic compounds such as eluted monomers,
o the establishment of alayer of proteinaceous biofilm [56,77].




image67.jpg
Matoriss 021, 14,4440 frreg

Lava treshly mited)

Lavataged)

Absorbance (a.u.)

‘Control CADICAM (reshly miled)

Control CADICAM (3ged)

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
Wavenumber (cm)

Figure 4. ATR FTIR spectra of the CAD/ CAM-COM and CAD/CAM-Cantrol reshly milled and aged sampls for better
comparison.

Infrared absorption bands that could support the presence of bioflm in the surface
ofthe aged samples (Figure ) include the amide I and Il bands at 1650 and 1570 cmn”",
respectively,the fist one due to sirtching C=O (vc-o) of amides associated with proteins
and the latter a combination of bending N-H (51 of amides and also contributions from
stretching C=N (v-yy) groups [58]. The absorption at 1250 con- in the aged samples could
be atributed to the double bond stretching of >P=O of general phosphoryl groups, phos-
phorylated proteins, poly phosphate products, and phosphodiester of nucleic acids [40,55}
‘The rogion between 1200 and 800 cm~"! is usually dominated by the complex superposition
of vibrations corresponding to the C-O-C and C-O-P streiching, where specific band
assignments are very difficult. The presence of carbonyl, amide and phosphoryl functional
groups also contribute o the acid-base exchange reactivity observed in the potentiometric
itration experiments [40,43,60] (sce next section).

34, Potentiometric Titrations
Examples of the potentiometric firation curves are presented in Figure 5A B,

Figure 5. Polontiometric ttration data for partic suspensions for aged CAD/CAM-COM in NaCIO, solution. (4) Titrtion.
data and model fiting using 8 Nor Electrostatic Model. ircl sy mbel correspond tothe forward ttraton data and squate
symbols cormespond to back itration. (B) Susface charge, as a function of pH
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‘The concentration of deprotonated sites is standardised per mass of sample (mol g)
and calculated according to Fein et al. 0] as follows:

[i+eonsumed basea = (Ca = Co — [H*] + [OH )/ mp, &)

‘where my, is the concentration of particles in the suspension (g L™); Ca and Cp are the
concentrations of acid and base added at each step of a titration, respectively; and [H']
and [OH-] represent molar species concentrations o H* or OH-. In order to calculate the
acidity constants and the total conaentration of each binding site, data from the ttration
curves were ited using the software ProtoFit 21 using a Non-Electrostatic Model (NEM),

“The ttrated suspensions exhibited a protontion-deprotonation behaviour over the
‘whole pH range studied (sce Figure A B). Inthis figure, the 12-montl-aged CAD/ CAM-
‘COM particle data are shown as a representative illustrative example. No evidence of
saturation was found with respect to proton adsorption, indicating that, even at pH 35,
full protonation of the functional groups on the surface was not achieved. The shaps
of the titrtion curves oblained suggested the presence of functional groups with close
acid-base pKa values [40,61] showing that although some small variability could be
perceived in each set of the same sample,essentially reproducible results were obtainec!
(the variation betsveen thettratin curves sas below 6% of [E-leungea between pH 35
and 10), Although a small hy steresis could be cbserved between acd and base titzations at
the same fonicsirength, esults from reverse irations did ot vary strongly and suggested
a eversible proton adsorption; desorption reaction. Table 4 summarises the pKa values
and surface ste densitis for the diffrent ested samples.

Table 4. Comparison of deprotonation constants and susface sife cancentrations for the ttrated samples (* NEM = norv

electrostatic model)
Sunple  Ageing
Dinct:
Diet e
Dinct:
con  Asd
cap/can
Contl - Ased
cAD/CAM.
DICAM: e
Dinct.
Contt Frsht
Dinct.
Comt__Ased

GOt Gt Gort Mod
o [ [ pery “mollg) "mol) e

654206 971020 A103 (0NE0N  03REAN  0ITE0  NEM  SE2£074
042019 W0E016 4609 00SE0N  0ZOL0  0KIENS NEM 572503
6955041 WLOSEOL AMEIN QOO0 0IRE00 007ELY  NEM  SSSE079
6208 908 IDI0H OOEL0N OISO 0KIE00I  NEM  ST£07
7655185 90203  SHEL9 OOSE0N  OMIL00  0ISE0I NEM  E74E156

ZA15Q7 978206 A79E028 QOKEON  OFIE0  0IBE0E  NEM 630D

The obtained pKa values are representative ofslica/silanal groups for pKy, hydroxyl
groups for pK; and carbaxylic groups for pKs [51]. The existence of pH of zero proton
charge (pHipe) indicated thatall sumples o the particles developed a positive net charge
at low pH values [£2]. The pHzpe = 5-6 also indicated that the paricles are negatively
charged at neutral pHY and electrostatic attraction with positive-charged surfaces,ionic
species or metals may be favourabe.

The preliminary results of potentiomatric itration experiments on the studied samples
indicated that the surface groups capable for potential surface binding are sites involving
carboxyl groups (pK = 3-5),sites involving silancl /silica groups (pK =~ 6-7) and sites
involving hydroxyl or amine groups (pK > 8). These findings are in agreement with
previous studies on collodal surfaces [44-46]

4 Discussion
This study aimed to characterise various examples of dental RBC microparticulate

waste following release into the environment by means of PSA, SEM imaging, reflectane
micro-FTIR, ATR-FTIR and potentiomefric tirations. REC microparticulate waste is  small
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contribution to environmental pollution when compared to plastic microparticle waste
from other industries. Moreover, this research s pertinent as the healthcare sector has a
responsibilty to be sustainable with consideration of potential harm and more importantly,
avoidance of harm.

Previous reported research in this field has primarily focused on the production
of RBC dust from dental office/ laboratory grinding procedures. A recent systematic
review of particulate production and composite dust during routine dental procedures
identified only five articles that contributed to the meta-analysis [63]. These papers did not
consider environmental release, witha predominant focus of the reviewed literature on dust
characterisation, outcome of potential inhalation and cy totoxicity, and the methods used to
generate the RBC dust. Only one of these papers in this review used ATR-FTIR and was
concerned with orthodontic adhesive particles [54]jusifying the need for further research
to increase our understanding of RBC particulates and environmental release pathways.

From the results obtained in this study, there are a series of specific findings and
implications. The PSA data (Table 3) revealed that the particulate material generated for the
direct RBC commercial and control material was in the microplasti size range of <5 mm
(0.5 ym to 1000 ) with median particle sizes ranging from 6.39 to 10 um for all samples.
Utilisation of nano-scale particulates in the commercial RBC (with 5-100 nm flle particles
and classifid as “nanc-fill” [¢5]) created smaller microparticles, however aggregation in
solution resulted in most particles observed as microrscale. The SEM images confirmed
this, showing aggregation of the Direct-COM RBC particles in addliion to the presence
of submicron particles. This current study sought to replicate clinical conditions with
the use of water spray during the grinding process of the RBC samples. This is akin to
common clinical applications that generate greater volumes of microparticulate waste,
such as adjusting polishing/ removing restorations or preparing teeth for extra coronal
prostheses. It is recognised that grinding with water spray significantly decreases RBC
nanoparticle release but does not eliminate it (56}, In addition, it has been previously
proposed that the use of water coolant when grinding REC theoretically contributes to the
formation of larger particle sizes [(7}, The potentiometric ttrations data from this skudy
demonstrated generation of surface charge, and there is an expectation from these data
that aggregation or clumping of particles occurs due to electrostatic attraction.

‘The PSA data highlight the commercial direct-placement RBC had the smallest particke
size and greatest specific surface area across all agitation times compared to the control,
with particlesin the nano-scale raising concerns highlighted by other studies investigating.
similar RBC materials [67,65]. A proportion of the particles detected in the higher size
range were due to aggregation of particles. The large surface area of the particles identified
in the data highlights a resultant accelerated! elution of monomer into the environment
occurs. The significance of this is clear, especially with materials containing BisGMA
(whichis associated with the release of BPA [7]) as BPA elution over a prolonged period of
fime has been previously detected in samples of waer (aged >6 months) containing REC
particulates [59]

“The effect oftime in solution on the microparticls (representing environmental release)
s evident through the comparison of the ATR-FTIR spectra for the commercial and control
CAD/CAM materials (Figure 4). The experimental ageing process used to simulate release
into the environment had the effect of altering the surface chemistry of REC microparticle
surfaces consistently for all samples ested. A plausible explanation for this difference is
due to either microbial biofilm colonisation of the particulates, the elution of monomers
ora combination of the two. It has been previously demonstrated that increased amounts
of monomers are released from RECs in untreated landil leachate when compared to
abiotic landiillleachate, demenstrating the impact of bacterial interaction with REC [70}
Elution of monomers from direct placement and CAD/CAM RBC is well represented
in the literature but has focused mainly on macro-scale samples such as disc-shaped or
blocks of specimens [71-73}. Few studies have investigated the elution of monomers from
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microparticulate RBC, and unti recentl, even fewer have considered an environmental
impact of this phenomenon [72]

The data from the potentiomelric ttrations of the RBC microparticulate samples indi-
cated that although RBC s a heterogenous material made up of glass in a resin matriv, the
uniformity of manufacturing and the commonly utilised chemical compounds that make up
the majority of these materials reveal minimal variance between the CAD/CAM commer-
cial or control samples. Aged materials showed a capabilty of protoration-deprotonation
behavious,and it is therefore possibie to potentially electrostatcally attract these partcles
i charged filters affer long-term release in the enironment (Figute 5).

Having established the potential pollutant impact and release pattvways for micropar-
tickes arising from RBC, it i pertinent to considar appropriate management strategies
A logical first-tep approach to reducing the environmental burden of RBC particulate
waste s to reduce the Rumber of restorations requiring placement and subsequent replace-
ment. Such a strategy should focus on astrong prventive ethos that obviates the need
for restoring teeth in the first instance combined with high quality operative care and
effective maintenance protocols that seek to maximise durability: Beyond this, attention
should focus on recovery of waste at the point of production with consideration to recycling.
capabilites. Particles generated from dry-milled CAD/ CAM applications should be dis-
posed of responsibly and not into municipal waste, which would subsequently be placed
inlandiill. Collection and processing systems should be put in place for this particulate
waste. For water-based microparticulate waste,there s clear scope to consider fillzation
‘mechanisms. Such systems have been shown to optimally emove BPA from water samples
using activated carbon such as that used in a recent study by Polydorou et al [74]. The
surface ofthe catalytic carbon ile in this study was highly positively charged. As noted
proviously, the potentiometricfitrtions carred outin our study highlighted that at reutral
PH RBC partculates are negativly charged, explaining catlytic carbor(s good adsorplive
Propertics. A further development would be to consider how intentional variance in the
‘PH of the wastewater from dental surgeries would improve flration effciency. Given the
‘potential impactof BPA s an important hazardous substance released from REC due tots
estrogenic mpacts even in small dosages [75], ther is a clear research need to investigate
its access to food webs and potential impact

Polydorou et al’s study complements our current work described in this article,
highlighting the recognised impact o the lrgs surface area of waste RBC particulates and
elution of contituent monomers and BPA, i addition o suggesting a method for recovery
fltzation to prevent contamination of effluent water systems.

‘The characterisation of microparticles arising from RBCs adds o our baseline knowl-
edge in this field and prompts further research recommendations: (i) The need for a
comprehensive analysi that characterises and quaniifies the environmental impact of the
eluted monomers and BPA from all RBC sources with due consideration to the multiple pol-
lLution pathways. i) The micro-FTIR and ATRFTIR data for all samples and comparison
tosimilar materials held on the Fluka database (PerkinElmer Spectrum software) shoswed
that the RBC samples were unique enough to be identified. This provides an opporturity
to detect RBC microparticulate waste downstream of dental practices and laboratories.
Idenification and quantifcation of microplastcsin wastewater using micro-FT-IR imaging.
has been accomplished, and this can now be applied to dental RBC microparticies 76},
() There isa clear need to pursue the development of more environmentally sustainable
dental materials and improved management of associated micropartculate waste.

5 Conclusions

In this study, we have characterised microparticulate waste arising from grinding
direct lacement and CAD CAM resin-based composites. RBC microparticles e distinct
enough to be identified using FTIR, llowing potential testing of wastewaer from dental
surgeries. Itisalso clear that particulate waste s altered when rleased into the environment
due to anticipated elution of constituent monomers, potentially exacerbated by biofim,
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bacterial interaction and surface area. There s potential for RBC microparticles to become.
toxic polluters and/ or vectors for pollution due to the reactivity highlighied i this work.
Remediation strategies should focus on reduced use of materials and effective recovery
with potential recycling,

The ability to manipulate the charged nature of these particles provides an opportunity
for the recovery of these pollutant particks at point of generation. This would specifcally
e within denial surgeries where the greatest source of particulate plastic waste from an
REC soure originates from, the remova o replacement of ailed RBC restorations.
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Abstract

Objectives

To assess the potential environmental pollutant risk of resin-based composite (RBC)
microparticulate waste by detecting, quantifying and comparing the monomeric elution
from RBC microparticles derived from CAD/CAM milling, the removal of old RBC
restorations and the finishing/polishing of newly placed RBC restorations after long term
storage in tap water to better understand potential environmental pollution from these

sources.

Methods

Microparticulate waste samples were derived from two RBC sources, pre-polymerised
CAD/CAM RBC blocks (Lava™ Ultimate, 3M Oral Care, USA) and direct-placement RBC (Filtek
Supreme XTE, 3M Oral Care, USA). Simulation of laboratory milling of CAD/CAM blocks,
removal of old RBC restorations and finishing/polishing of newly placed restorations was
carried out. Ageing of direct-placement RBC in artificial saliva for 12 months prior to
processing was performed to simulate older restorations. Particle size analysis of the
samplesvia laser diffraction analysis using a Malvern Mastersizer 2000 (Malvern Panalytical,
Malvern, UK) was performed. Samples were placed in tap water and sampled for 12 months.

5 target monomers bisphenol A glycerolate dimethacrylate (Bis-GMA), triethylene glycol
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dimethacrylate (TEGDMA), urethane dimethacrylate (UDMA), bisphenol-A (BPA) and
hydroxyethyl methacrylate (HEMA) were analysed by combined solid phase micro-
extraction and high-performance liquid chromatography (SPME-HPLC). Shapiro-Wilk test
and two-way ANOVA was used to assess monomer elution and storage time followed by

Tukey’s post hoc test was used for comparisons between materials.

Results

The RBC samples had a particle size median diameter ranging from 6.39 um to 9.39 um. All
samples eluted the target monomers, except for the CAD/CAM cohort, where BisGMA was
not detected. The finished/polished microparticles released significantly more UDMA than
the aged, direct-placement RBC FS-Aged. Significantly lower concentrations of all
monomers were released from the CAD/CAM material in comparison to the direct-

placement RBC samples.

Conclusions

Based on the most common clinical scenario of the different microparticulate waste
generation processes, the most significant source is the removal of old restorations. To that
end, reducing the need for replacement of restorations by prevention of dental caries and
ensuring that restorations are placed as optimally as possible is of paramount importance.
If CAD/CAM RBC microparticulate waste generated through the manufacturing of
restorationsis not disposed via wastewater, it can be postulated that these restorations are

more environmentally sustainable from a material pollutant potential.
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Introduction

Resin based composite (RBC) is used worldwide to restore teeth and is one of the most
common direct-placement dental material currently in use, with approximately between

500 to 800 million restorations placed perannum *2

RBC is a combination of inorganic glass filler particles (60-80%) coupled to and contained
within an organic resin matrix, primarily consisting of methacrylate monomers. Common
monomeric constituents include structural high molecular weight monomers such as
bisphenol A glycerolate dimethacrylate (BisGMA) and urethane dimethacrylate (UDMA)
with diluent low molecular weight monomers hydroxyethyl methacrylate (HEMA) and
triethylene glycol dimethacrylate (TEGDMA) °. Other components of RBC include initiators,
inhibitors and activators. BisGMA-based RBCs are recognised to contain and release

bisphenol-A (BPA) as a degradation product or contaminant from manufacturing*.

BPAis arecognised endocrine-disrupting chemical that binds to and activates the estrogen
receptor and has been linked to several diseases like heart disease, obesity, breast cancer,

diabetes and infertility °¢".

To that end, elution and potential direct impacts on patients treated using RBCs have
previously been the main concern. RBC is primarily utilised as a direct placement material,
which is placed intraorally and polymerised using a high-intensity visible blue light source
(=300 mw/cm2 and 480 nm) ® Complete polymerisation of the monomers in RBC is not
possible in common intra-oral applications (60-70% conversion) resulting in the short,
medium and long-term elution the remaining free partly linked monomers ° *. As
monomers constitute the main part of the RBC resin matrix, they are the largest risk for
biotoxic effects and degradation of mechanical properties of RBC restorations upon elution
1, It is recognised that dental wastewater contains fine and course particulate waste from
the removal of dental restorations, historically this was an issue due to the release of
mercury that was a constituent of dental amalgam 2. More recently the detection of BPA in
dental wastewater has been investigated from ground RBC in a clinical simulation ©. The
release of RBC microparticles and elution of monomers has been proposed as a potential

environmental pollution pathway of RBC use alongside other pathways *.
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Restorations such as veneers, inlays/onlays, crowns and bridges can also be manufactured
extra-orally via computer aided design/ computer aided manufacturing (CAD/CAM) from
RBC blocks that have been polymerised using heat and light resulting in a higher degree of
monomer conversion “. In either direct intraoral or extraoral manufacturing RBC
applications, microparticulate waste is generated, either from the removal, grinding,
finishing and polishing of materials or the subtractive fabrication of CAD/CAM RBC blocks
to create restorations in dental laboratories. Microparticulate RBC is identified as a concern
in the literature regarding the exposure of healthcare professionals to RBC dust as
aerosolised material during clinical use or in patients when directly interacting with

intraoral tissues €Y7,

The different clinical scenarios that generate microparticles from these common RBC
materials and their applications are similar yet distinct. The degree of polymerisation/
conversion of monomers differs as CAD/CAM RBC materials have a higher degree of
conversion incomparison to directly placed RBC and the oxygen inhibition layer present on
the surface of newly placed restorations results in the presence of a higher concentration
of unpolymerized monomers. In addition, the amount of material that is instrumented with
subsequent volume of RBC microparticles released varies between applications, for
example finishing and polishing RBC restorations results in much less microparticulate
waste in comparison to the removal of existing restorations. Lastly, the monomers present
in the RBC microparticles capable of elution differ between older restorations that will have
eluted a proportion of monomeric constituents prior to their removal in comparison to

newly placed restorations.

Characterisation of RBC microparticles has highlighted that the median diameter of
CAD/CAM samples were between 9.52 and 10.0um, whilst particulates generated via
finishing/polishing particulates ranged from 6.35 to 7.13um. The specific surface area of
these microparticles were calculated at between 912 and 1017 m?/kg (CAD/CAM) and 1145
and 1290m?/kg (finished/polished particulates) 2. This high surface area for elution of
monomeric constituents and BPA gives rise to a need to better understand the
concentrations of monomers released in RBC clinical applications. Itis anticipated that the

different mechanisms of particulate generation will produce particulates of different sizes
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with corresponding different surface area that in turn influence elution of monomers into
the environment. Particle size analysis of the different mechanisms of RBC microparticulate
waste generation highlighted above was identified as a knowledge gap in need of further

investigation.

Detection and quantification of eluted RBC monomers in the literature has previously
utilised enzyme-linked immunosorbent assay (ELISA), high performance liquid
chromatography (HPLC), gas chromatography mass spectrometry (GC/MS) and liquid
chromatography mass spectrometry (LC/MS). In a recent meta-analysis of components
released from RBCs and the methods utilised, HPLC and GC/MS were used most prevalently
%, GC/MS has a low detection limit for monomeric components but is limited by the
complexity of sample preparation and the high injection temperatures causes thermal
degradation of high molecular weight components such as BisGMA #. This study utilised
solid phase micro-extraction (SPME) coupled to HPLC #. The methodology that was
developed for this study has been previously published by the authors and was considered
relatively simple, inexpensive and had less matrix interference than LC-MS for qualitative

and quantitative analysis .

This study aimed to quantify and compare the monomeric elution from RBC microparticles
derived from CAD/CAM milling, the removal of old RBC restorations and the
finishing/polishing of newly placed RBC restorations after long term storage in tap water to
better understand potential environmental pollution from these sources. The null
hypotheses are that there will be no difference in the quantity of elution of monomers
between microparticulate CAD/CAM and direct placement microparticulate RBC and that
there will be no difference in the quantity of monomer elution between different time

points sampled over 1 year between the different RBC microparticles analysed.

Materials and Methods

RBC microparticles for this study were derived from two RBC sources, pre-polymerised
CAD/CAM RBC blocks and direct-placement RBC. These RBCs were selected as being
representative of their class in the market, containing normal constituents of other

common RBC materials. The CAD/CAM RBC source represented the manufacturing of
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indirect restorations, and the direct-placement RBC source represented the scenario of
removal of existing old direct restorations and the finishing/polishing of newly placed
restorations. To simulate the removal of older restorations, these RBC samples were aged
in artificial saliva prior to processing, whereas the RBC samples representing newly placed

restorations were not.

The RBC materials shared the same manufacturer and contained the monomeric
constituents of interest (BisGMA, UDMA, TEGDMA). The CAD/CAM RBC was Lava™ Ultimate
(size 14L shade A3; 3M Oral Care, USA) and the direct-placement RBC was Filtek Supreme
XTE (dentine shade A3; 3M Oral Care, USA). The fabrication and exact monomer constitution
of Lava Ultimate is a manufacturer’s proprietary process involving silica particles of 20 nm
diameter and zirconia particles of 4 to 11 nm diameter (approximately 80% by weight),
treated with a silane coupling agent and incorporated within a unique resin matrix
containing UDMA as the principal monomer with BisGMA, TEGDMA and BisEMA (Bisphenol
A Polyethylene Glycol Diether Dimethacrylate) as additional co-monomers that is solely

heat-polymerised 2.

The resin monomer component of Filtek Supreme XTE consists of BisGMA, UDMA, TEGDMA
and ethoxylated BisGMA (BisEMAG). The fillers in Filtek Supreme XTE are a combination of
non-agglomerated/non-aggregated 20 nm silica filler, non-agglomerated/non-aggregated
4 to 11 nm zirconia filler and aggregated zirconia/silica cluster filler (comprised of 20 nm

silica and 4 to 11 nm zirconia particles) *.

Preparation of CAD/CAM RBC Samples

Lava Ultimate CAD/CAM blocks were milled in a dry CAD/CAM unit (Roland DWX-50, Roland
DG (U.K.) Ltd., Clevedon, UK) and the microparticulate waste was collected and stored for
analysis. 0.3g of the CAD/CAM microparticles (denoted as CAD/CAM) were placed into 10ml
of tap water in 36 vials to allow for analysis over 12 months of analysis (in triplicate). The
prolonged sampling time intended to represent the real-world situation of RBC particulates

in solution in the environment, after release in wastewater and into watercourses.
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Preparation of the direct-placement RBC Samples

Standardised discs (2 mm x 10 mm diameter) were fabricated from Filtek Supreme XTE RBC
in a stainless-steel mould and polymerised with an LED photocuring calibrated unit
(SmartLite FOCUS, Dentsply Sirona, York, PA, USA) in accordance with standards set by ISO
4049:2009 and manufacturer’s guidelines (40 s at 2 mm depth increments with overlapping

curing zones).

One cohort of these polymerised discs were aged for 12 months in artificial saliva (Table 1)
at 35°C to simulate the oral environment. After this ageing period the discs were ground
using standard diamond dental burs (10-20 microns) in a water-cooled dental air turbine
(SMARTtorque S619L, Kavo Dental, Bismarckring, Germany) to simulate the removal of an
old restoration which was desiccated to collect the microparticles. 0.3g of these RBC
microparticles (denoted as FS-Aged) in triplicate were placed in 10ml vials of tap water (to

simulate release into municipal wastewater) and sampled over 12 months.

Table 1: Constituents of artificial saliva without mucin (made up to 1 litre and titrated to pH 6.7 using potassium hydroxide)

Component Part
Magnesium chloride 0.03
Calcium chloride dihydrate 0.23

Potassium dihydrogen orthophosphate 0.86

HEPES (N-2-hydroxyethylpiperazine-N’-2- | 7.56
ethanesulfonic acid)

Potassium chloride 1.89
Ammonium chloride 0.38
Potassium hydroxide 89.04

To simulate the finishing/polishing of newly placed restorations, the other cohort of the
Filtek Supreme XTE polymerised discs were processed immediately in the same way as the
aged discs except for the use of finishing and polishing burs. As per standard clinical
practice, no attempt was made to prevent the formation of the oxygen inhibition layer, as
this would be routinely removed during the finishing and polishing regimes and released

into wastewater as part of the microparticle waste. 0.3g of these RBC microparticles




