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Abstract

Bioaerosols containing viruses and other microorganisms are dispersed from the
mouth during dental procedures, posing infection risk to patients and professionals.
Uncertainty over viral bioaerosols caused unprecedented worldwide disruption during
the COVID-19 pandemic, and millions couldn’t access dental care, impacting oral
health. This project aims to determine: the extent of virus dispersion in dental
bioaerosols; if dispersion can be controlled using bioaerosol control measures; and

the effect of environmental parameters such as ventilation.

A model of viral dental bioaerosols was developed using two bacteriophages (MS2,
phi6) infused into a mannequin’s mouth during dental procedures with an air turbine
handpiece. Physical aerosol was measured using optical particle counters, and
bacteriophage captured in surface and air samples. Infective bacteriophage was
measured using plaque assay and bacteriophage RNA quantified by reverse-
transcription quantitative polymerase chain reaction. Distance of virus dispersion,
persistence of virus over time, and the effect of control measures (ventilation, rubber
dam, waterline disinfectants, suction, local exhaust ventilation [LEV], electric

micromotor handpiece) were explored.

Without control measures, dental procedures led to dispersion of infectious virus over
significant distances from the procedure (6.9 m in air, 2.8 m on surfaces), and at low
ventilation rates, remained airborne for a prolonged time (46 min). Increasing
ventilation rate to recommended levels reduced persistence to only a few minutes.
Viral RNA recovery was greater than infectious virus, suggesting not all dispersed
virus remains infectious. Control measures produced substantial reductions in
physical aerosol and infective virus, particularly LEV, which often eliminated virus

recovery completely.

In conclusion, viral bioaerosols in dentistry can be dispersed over substantial
distances and remain airborne for considerable time. However, improved ventilation
and control measures commonly used in dentistry reduce this. Infection control
guidance should include when and how to employ these measures to reduce risk in

everyday care and during infectious disease outbreaks.
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Chapter 1. Literature Review

1.1 Introduction

In late March 2020, the UK entered a national lockdown due to the developing
coronavirus disease 2019 (COVID-19) pandemic. Dental services were suspended in
the following days due to concerns over transmission of the disease in dental
surgeries (Hurley and Neligan 2020). In the UK, a series of urgent dental care
networks were set up to provide emergency care (Carter et al. 2020). The main
concern in dentistry during this time was the risk of dispersion of the causative agent,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), from patients’
saliva in aerosols—tiny liquid droplets suspended in the air—produced by dental
instruments such as dental handpieces and scalers during dental treatment (Figure
1.1). The challenge during this period was not so much that there was a known risk,
but rather that the level of risk was completely unknown, resulting in an outright halt
to the provision of dental care. This meant that millions of patients missed out on
dental treatment, worsening their oral health outcomes (Dickson-Swift et al. 2022;
Stennett and Tsakos 2022).

This concern was also present elsewhere in healthcare, with aerosols generated
during anaesthesia from endotracheal intubation and non-invasive ventilation, as well
as during endoscopy and surgery with high-speed devices, posing a perceived risk to
patients and health professionals (Jackson et al. 2020). These procedures, which
were thought to carry the risk of aerosolising infectious fluids such as blood, saliva, or
respiratory secretions in bioaerosols (aerosols containing biological material), are

termed “aerosol generating procedures” (AGPs).

It is difficult to ascribe a single definition to the term “aerosol”, and from an aerosol
science perspective, this refers to any collection of liquid or solid particles of any size
suspended in a gas. In the infection prevention and control (IPC) literature, however,
aerosols are often defined as particles of < 5 ym which are able to mediate airborne
transmission of disease (Tang et al. 2021). The same discrepancy is true for
“droplets”, which aerosol scientists might define as any liquid particle, and the IPC
literature as particles > 5 uym which fall rapidly to the ground within 1 — 2 m and

cannot mediate airborne transmission. The term “splatter” relates largely to the dental



IPC literature and is defined by some authors as droplets > 100 ym in diameter
(Miller et al. 1971).

Figure 1.1. Dental Aerosols.

Aerosols produced by an air-turbine handpiece (a) adapted from Allison et al. (2021c), and
(b) during a simulated procedure in a dental mannequin.

The AGP is not a new concept, becoming important during the SARS outbreak in
2002 — 2004 (Li et al. 2004; Yassi et al. 2005), and later during the influenza A
(H1N1) pandemic in 2009 (Thompson et al. 2013). The World Health Organisation
(WHO) defines high-risk AGPs as “medical procedures that have been reported to be
aerosol-generating and consistently associated with an increased risk of pathogen
transmission” (WHO 2014). It is important to note that the production of aerosols
alone, without posing an increased risk of infection, is not enough to meet these
criteria; this was a source of confusion in the response to COVID-19 and other
outbreaks whereby simply the production of any aerosol during a procedure was
conflated with carrying increased risk. The current list of AGPs according to the
National Infection Prevention and Control manual for England (NHS England 2022b)
is shown in table 1.1. This list was informed by a rapid review of the literature
conducted by the UK IPC cell (UK IPC Cell 2022), who recommended the removal of
several previously included procedures (UK Health Security Agency 2021b),
including tracheal intubation and extubation (in anaesthetised patients), manual
facemask ventilation, non-invasive ventilation, and high flow nasal oxygen. Much of

the evidence relating to the removal of these procedures from the UK AGP list arose



from the NIHR-funded AERATOR study, which measured aerosols using particle-
counting instruments and showed that increased aerosol concentrations were not
observed during these procedures compared, for example, to breathing or coughing
(Brown et al. 2021; Shrimpton et al. 2022; Wilson et al. 2021). Although this work
was meticulously conducted, a limitation of any methodology measuring aerosol
quantity alone, is that the microbiological content and therefore pathogenic potential
of the aerosols cannot be measured even if the aerosols themselves are not shown
to be increased. Considering all the available evidence, the IPC cell concluded that
dental procedures which involve using high-speed instruments, should remain on the
AGRP list.

Aerosol-generating procedures (AGPs)

Awake* bronchoscopy (including awake tracheal intubation)

Awake* ear, nose, and throat (ENT) airway procedures that involve respiratory
suctioning

Awake* upper gastro-intestinal endoscopy

Dental procedures (using high speed or high frequency devices, for example ultrasonic
scalers/high speed drills)

Induction of sputum

Respiratory tract suctioning**

Surgery or post-mortem procedures (like high-speed cutting / drilling) likely to produce
aerosol from the respiratory tract (upper or lower) or sinuses.

Tracheostomy procedures (insertion or removal).

Table 1.1. Current list of aerosol-generating procedures (AGPs) in the UK.

Taken from the National Infection and Prevention Control Manual for England (NHS England
2022b). *Awake including ‘conscious’ sedation (excluding anaesthetised patients with
secured airway). ** The available evidence relating to respiratory tract suctioning is
associated with ventilation. In line with a precautionary approach, open suctioning of the
respiratory tract regardless of association with ventilation has been incorporated into the
current AGP list. It is the consensus view of the UK IPC cell that only open suctioning beyond
the oro-pharynx is currently considered an AGP; oral/pharyngeal suctioning is not an AGP.

Recent reviews of the evidence surrounding bioaerosols and AGPs in healthcare
settings have concluded that the existing evidence is highly heterogenous and of
mixed quality (ARHAI Scotland 2021; Jackson et al. 2020; Tran et al. 2012; UK IPC
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Cell 2022). Furthermore, a recent report published by the National Institute for Health
and Care Research (NIHR) highlighted the need for research to address gaps such
as risk factors for disease transmission during AGPs, mitigation strategies, and better
understanding of the relevant fundamental aerobiology (NIHR AGP Research Group
2021).

1.2 Respiratory aerosols and airborne transmission of disease

Aside from bioaerosols created during specific medical or dental AGPs (which were
of great concern during SARS, H1N1 influenza, and COVID-19 outbreaks), normal
respiratory activities such as breathing, talking, and coughing generate aerosols, and
the amount of aerosol produced is related to the degree of respiratory effort. For
example, Wilson et al. (2021) demonstrated a 34.6-fold increase in total aerosol
particle emission during talking (95%ClI: 15.2 — 79.1) and a 370.8-fold increase
during coughing (95%CI: 162.3 — 847.1) compared to breathing. Another interesting
study of aerosol emission rates during singing and playing wind instruments found a
28% increase in aerosol particle emission for every 1 dBA increase in sound
pressure level during brass instrument playing (Volckens et al. 2022), further

demonstrating the relationship between aerosol emission rates and respiratory effort.

Respiratory aerosols are thought to be generated within the respiratory tract by the
interaction of turbulent airflows with the films of liquid and mucus which line the
airways. During exhalation, bronchioles collapse causing fluid films to form across the
small airways which burst upon subsequent inhalation, generating aerosols which are
then exhaled (Asadi et al. 2019). Similar mechanisms are thought to occur as a result
of laryngeal articulation during vocalisation, and in the pharynx and oral cavity during
speech, producing particles of comparatively greater size than those produced in the
lower airways (Johnson et al. 2011). The presence of microorganisms, including
viruses, in the fluid at any of these aerosol generation sites means that microbes can

be carried within respiratory aerosols.

There is now overwhelming evidence that airborne transmission of several
respiratory viruses occurs by inhalation of virus-laden aerosol (Wang et al. 2021). For
example, infectious SARS-CoV-2 (Lednicky et al. 2020; Santarpia et al. 2020),
middle east respiratory virus (MERS) (Kim et al. 2016), influenza (Lindsley et al.
2010; Yan et al. 2018), and respiratory syncytial virus (RSV) (Kulkarni et al. 2016), as

well as RNA from SARS-CoV-1 (Booth et al. 2005), rhinovirus (Myatt et al. 2004),
4



and measles virus (Bischoff et al. 2016) can be recovered in air samples from
infected patients. Furthermore, experimental (Dick et al. 1987) and epidemiological
data from humans (Azimi et al. 2021; Cowling et al. 2013; Katelaris et al. 2021; Li et
al. 2021; Miller et al. 2021; Riley et al. 1978; Yu et al. 2004) and data from animal
studies (Gustin et al. 2015; Hao et al. 2019; Kutter et al. 2021; Sia et al. 2020; Totura
et al. 2020) confirm a substantial role for these infectious aerosols in transmitting

clinical disease.

Airborne transmission is also a route of spread for some bacterial diseases, as
demonstrated for Mycobacterium tuberculosis by elegant experiments in guinea pigs
exposed to air from hospital tuberculosis wards, whereby 49% of exposed animals,
but no unexposed animals, developed clinical evidence of tuberculosis (Escombe et
al. 2008; Riley et al. 1962). Furthermore, viable bacterial respiratory pathogens such
as Pseudomonas aeruginosa, Staphylococcus aureus, Stenotrophomonas
maltophilia, Achromobacter spp., and Burkholderia spp. have also been isolated from
air samples during coughing in patients with cystic fibrosis at distances up to 4 m and
up to 45 mins after coughing (Wood et al. 2019). In this study, species isolated from
air samples were identical to those in patient’'s matched sputum samples on
sequencing. Airborne transmission of the gram-negative coccobacillus Bordetella
pertussis, has also been demonstrated in a non-human primate model between
inoculated animals and animals housed in separate cages at a distance of 7 feet
(Warfel et al. 2012). There is also epidemiological evidence in rare cases of airborne
transmission of pneumonic plague, caused by the gram-negative coccobacillus,
Yersinia pestis (Kool and Weinstein 2005). Additionally, the presence of DNA from
the fungal pathogen Pneumocystis jirovecii has also been demonstrated in the air
surrounding patients with Pneumocystis pneumonia, and at distances of up to 8 m
(Choukri et al. 2010; Fréalle et al. 2017).

Aside from human-to-human transmission via respiratory aerosols, there have been
isolated reports of transmission of zoonotic bacterial pathogens such as Francisella
tularensis (Hauri et al. 2010; Siret et al. 2006) and Burkholderia pseudomallei (Wu et
al. 2023) via the airborne route. Indeed, due to the fact that aerosolised bacteria such
as Y. pestis, F. tularensis, and B. pseudomallei can readily initiate respiratory
disease, they have been investigated as potential biological weapons (Day and
Berendt 1972; Druett et al. 1956b; Thomas et al. 2012; Thomas et al. 2009), along



with other zoonotic bacterial pathogens such as Bacillus anthracis (Druett et al. 1953)

and Brucella suis (Druett et al. 1956a).

1.3 The fate of aerosols

Once in the environment, aerosols do not remain stable. For example, the
momentum with which they are emitted, either during breathing, coughing, or via an
instrument such as a dental handpiece, affects how long they remain in the air and
how far they travel (Kwon et al. 2012). The size of aerosol particles also dictates their
residence time, with larger particles settling to the ground sooner than smaller ones,
under the influence of gravity. This relationship is described by Stokes’ law, and
whilst in still air, a spherical 100 um-diameter particle might take 5 sec to settle to the
ground from a height of 1.5 m, a 5 um particle would remain suspended for 33 min
(Wang et al. 2021). The temperature and relative humidity of the environment also
influences the aerosol, as both affect the rate of evaporation (Orr et al. 1958).
Smaller particles evaporate more quickly and therefore become smaller and remain
suspended for longer. The ultimate size and composition of the resulting particle is
also determined partly by their salt, protein, surfactant, and water content (Vejerano
and Marr 2018; Xie et al. 2007).

One persisting problem in the literature relating to airborne transmission and AGPs is
the conventional IPC dogma that infectious diseases are transmitted via one of three
clearly defined, and mutually exclusive routes: the contact route, whereby infection is
transmitted by direct contact with the patient or their surroundings; the droplet route,
where transmission occurs over short distances via the patient’s respiratory droplets
coming into contact with an individual’s mucosa; or the airborne route, which can
occur over larger distances via aerosols (typically defined as particles < 5 um
diameter) from the patient’s respiratory tract being inhaled or contacting an
individual’s mucosa (NHS England 2022b). More recently however, several authors
have questioned the validity of these neat delineations and have highlighted that the
literature on which they are based, dating back as far as the work of Flligge in the
late 19%" century, has been misinterpreted (Randall et al. 2021). For example,
particles much larger than 5 um in diameter—up to 100 ym—can remain suspended
in the air and could contribute to airborne transmission. In addition to this, the
concept that droplets >5 ym always settle to the ground within 2 metres of the source

is erroneous, and in fact particles 50—100 uym can be carried 2 m and beyond,
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particularly in indoor settings with turbulent air flows, or where droplets travel in a

fast-moving plume during a cough or sneeze (Tang et al. 2021).

1.4 Deposition of bioaerosols

Once aerosolised, microbe-laden aerosols can be inhaled or deposited on exposed
(e.g., oral, pharyngeal, ocular) mucous membranes, potentially initiating an infection.
Aerosol particles up to 100 um can be inhaled, and the size of these particles
dictates where in the respiratory tract they are most likely to be deposited (figure 1.2).
Once inhaled, aerosol particles may increase in diameter due to hygroscopic growth
in the high relative humidity of the airways (Finlay et al. 1996). Larger aerosols of > 5
pm aerodynamic diameter primarily deposit in the nasopharyngeal airways, and
although < 5 ym aerosols may become deposited in the upper airways, these
aerosols can penetrate more deeply into the bronchial and alveolar airways. Very
small aerosols < 0.1 ym are primarily deposited in bronchiolar and alveolar regions
(Guha et al. 2014). The site of deposition is important, as evidence from animal
models suggests that lower doses of many bacterial and viral pathogens are required
to cause lethal infection when administered in small aerosols (depositing in the lower
airways) compared to in large aerosols (depositing in the upper airways) with

differing disease course resulting from infection at each site (Thomas 2013).
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Figure 1.2. Mechanisms of aerosol deposition in the respiratory tract.

Reproduced from (Wang et al. 2021) CC BY 4.0 license. (A) Mechanisms of deposition in
different areas of the respiratory tract, including inertial impaction (larger aerosols),
gravitational sedimentation, and Brownian diffusion (smaller aerosols). (B) Deposition
efficiency in different regions of the respiratory tract as a function of aerosol diameter, based
on the International Committee of Radiological Protection (ICRP) lung deposition model
(Hinds 1999).



1.5 Bioaerosols in dentistry

As in any setting where health professionals are in close contact with patients, dental
professionals are exposed to patients’ respiratory aerosols, and any microbes
contained therein. In dentistry however aerosols are also generated by instruments
such as air turbine handpieces and ultrasonic scalers used within the microbially-
laden oral cavity. Some of the first detailed studies of bioaerosols in dentistry were
conducted in the 1960s and early 1970s, following the introduction of the air turbine
handpiece in the late 1950s, due to concerns surrounding aerosolised bacteria, tooth
debris, and lubricating oil from these handpieces. Studies using air and surface
sampling to detect oral microbes dispersed from the mouths of patients during dental
procedures (Kazantzis 1961; Micik et al. 1969; Miller et al. 1971) or the presence of
Serratia marcescens as a tracer organism (Hausler and Madden 1966; Madden and
Hausler 1963) were the first to demonstrate dispersion of microorganisms from the
mouth in droplets and aerosols. The authors found that the degree of dispersion was
affected by the instrument used and varied by the location of sampling as well as

decaying over time.

Bioaerosols were not high on the dental IPC agenda after this initial interest, although
widespread adoption of the use of gloves, facemasks, and the safe use of sharps in
dentistry did gradually occur during the 1980s, in part encouraged by the HIV/AIDS
pandemic and prevalence of hepatitis B and C (Nield 2020). Authoritative guidance
for dental IPC in the UK did not arrive until 2009 in the form of HTM 01-05:
decontamination in primary care dental practices (Department of Health 2013),
however, this included very little information on potential risks from bioaerosols.
Some interest in bioaerosols by the dental profession was seen during the SARS and
MERS outbreaks in the first and second decades of the 215t century (Al-Sehaibany
2017; Li et al. 2004) however it wasn’t until the early stages of the COVID-19
pandemic in 2020 that the importance of bioaerosols in dentistry became fully
apparent. Many of the opportunities to learn lessons on the risks posed by dental
aerosols were missed prior to the COVID-19 pandemic, and it is important that we
improve our understanding of effective mitigations to prevent similar widespread

disruption in future outbreaks.

There is very little high-quality epidemiological evidence on the risk of infection of

dental professionals via bioaerosols in the dental clinic, however one study which

looked at SARS-CoV-2 seroprevalence in the north west of England during the early
9



COVID-19 pandemic, prior to widespread vaccination, found that previous COVID-19
infection was more likely in clinical members of the dental team (~16%), compared to
both non-clinical members of the team (e.g., reception staff) and the general
population at that time (~6%) (Shields et al. 2021). This may not be surprising, given
that among other professions, dentistry may have one of the highest bioaerosol
exposure risks due to the combination of close proximity and frequent potential

exposure to pathogens (Office for National Statistics 2020).

1.6 The oral microbiota

The mouth contains many diverse microbial populations, mainly situated in highly
organised biofilms located within numerous niches including mucosal, tooth,
subgingival, and non-biological surfaces, as well as in saliva. The composition of
these populations vary between individuals, as well as over the life course, and can
change in the presence of disease states such as dental caries and periodontitis
(Lamont et al. 2018). Bacterial species are numerous, and several hundred taxa
have been identified. The most common species belong to genera including
Streptococcus, Neisseria, Haemophilus, Rothia, Veillonella, and Prevotella, although
many are unculturable and their detection relies on culture-independent methods

such as sequencing (Wade 2013).

Aside from bacteria, archaea and fungi are also present within the oral cavity and
contribute to microbial ecology, along with a wide diversity of viruses (Baker et al.
2017; Huynh et al. 2015). The most frequently detected viruses are bacteriophages—
viruses which infect bacteria—particularly those belonging to the families
Siphoviridae, Podoviridae, and Myoviridae. Most studies, however have used
sequencing, with very few directly isolating bacteriophage (Sugai et al. 2023). It is
likely that many detected sequences represent prophage genomes (bacteriophage
genetic material which remains dormant in the host bacterial cell), rather than free
bacteriophage virions. A variety of eukaryotic viruses are also present in health,
including herpesviruses, retroviruses, and papillomaviruses (Pérez-Brocal and Moya
2018). Viruses are also present in saliva in significant quantities during active
infections with viruses such as SARS-CoV-2, influenza A and B, RSV, human
metapneumovirus, and parainfluenza viruses (To et al. 2017a; Yang et al. 2021b) as
well as blood-borne viruses such as HIV and hepatitis B and C (Frerichs et al. 1992;

Hermida et al. 2002; Kamimura et al. 2021). The diverse range of microorganisms in
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the oral cavity may therefore be dispersed from the mouth into the environment due
to interactions between dental instrument aerosols and oral fluids and biofilms which

contain microbes.

As well as the mouth, biofilms are also present within the waterlines which supply
dental instruments. The water supplied by these waterlines have been shown by
sequencing to contain numerous bacterial taxa from the genera Legionella,
Mycobacterium, Serratia, Pseudomonas, Coxiella, Staphylococcus, Sphingomonas,
Delftia, Caulobacter, Pedobacter, Stenotrophomonas, Methylobacterium,
Novosphingobium, and Polaromonas, (Hoogenkamp et al. 2021; Yoon and Lee 2019;
Zemouri et al. 2020c). Dental bioaerosols are therefore highly likely to contain
bacteria from these genera (Zemouri et al. 2020c) in addition to those which arise

from the oral cavity.

1.7 Measurement of bioaerosols

Several methods for the measurement of aerosols in healthcare settings have been
reported in the literature, for example, by detecting the microbes or microbial
products arising from individual patients, quantifying the aerosols themselves by
physical measurement of individual droplets, or by detection of tracers (biological or
otherwise) added to aerosols to quantify them. These methods can be used in real
clinical settings or in simulation models, and each approach has its own benefits and

limitations.

1.7.1 Measurement of dispersed oral microbes in vivo

Some of the earliest studies of dental bioaerosols relied on detection of patients’
microbiota to quantify bioaerosols produced during dental procedures. Micik (1969)
used air sampling equipment to detect bacteria in aerosols during normal respiratory
activities and dental procedures in a specially-designed chamber. In these
experiments, the use of an air turbine handpiece produced 1,000 times as many
bacterial colony forming units (CFU) as quiet breathing, and twice as many as during
a sneeze; high-volume suction reduced detection of bacteria by 99.4%. The same
group reported that droplets containing oral bacteria, captured using agar settle
plates, were detectable 6 feet away from a procedure using an air turbine handpiece,
although this was less than a sneeze (Miller et al. 1971). More contemporary

applications of these methods found that the highest concentrations of droplets and
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aerosols containing bacteria settled on the area of the patient’s chest during dental
procedures, suggesting that the zone closest to the procedure most likely carries the
greatest risk of contamination (Zemouri et al. 2020c). In the same study, the authors
also used 16S-rRNA gene sequencing to identify taxa dispersed into the environment
and reported the presence of genera from the oral cavity (Actinomyces,
Corynebacterium, Staphylococcus, and Streptococcus) as well as those present in
instrument water supplies (Acinetobacter, Enhydrobacter, Sphingomonas),
suggesting contribution of oral and dental-waterline—derived microbes. This finding is
supported by Dutil et al. (2009) who reported the presence of dental-waterline—
derived bacteria in water and air samples using bacterial culture and quantitative
polymerase chain reaction (QPCR), including Legionella spp. and non-tuberculosis
mycobacteria. Although exposure to dental-waterline—derived microbes may be
hazardous, their presence makes studying patient-derived microbes in dental
bioaerosols challenging. Additionally, the variability of each patient’s oral microbiota,
in terms of quantity and composition, makes this methodology potentially
problematic. Furthermore, most studies have looked at bacteria only, and so the

contribution of other infectious agents, particularly viruses, is not well understood.

A smaller number of authors have tried to detect viruses in dental bioaerosols, and
this has mainly been during the COVID-19 pandemic by specific detection of SARS-
CoV-2 using reverse transcription gPCR (RT-gPCR). One study reported the
presence of SARS-CoV-2 RNA on settle plates in a dental surgery in five out of 24
cases where dental treatment using a scaler and air turbine handpiece was carried
out on patients with known COVID-19 (Akin et al. 2021). All positive samples in this
study were in patients where medium-volume suction was used during the procedure
instead of high-volume suction. In a similar study, SARS-CoV-2 RNA was not
detected in swabs from operators’ face shields and patients’ chests using RT-qPCR
following dental treatment, despite the fact that 19 of the 28 patients had SARS-CoV-
2 in their saliva (Meethil et al. 2021). This study did use suction, which may have
eliminated viral dispersion, and patients also had a very low salivary viral load (27—
912 copies/mL) which may have limited detection following dispersion. Interestingly,
a study in a university dental clinic in Iran during a period of high community COVID-
19 prevalence found SARS-CoV-2 RNA in 36% of air samples (Bazzazpour et al.
2022). Very little research has been done in clinical dental settings looking at viruses
other than SARS-CoV-2, although one study in dental patients reported the presence

of hepatitis B virus DNA using PCR, in dental aerosols from one out of three hepatitis
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B carriers, during an orthodontic debonding procedure with a high-speed dental

handpiece (Toroglu et al. 2003).

Whilst sampling during an infectious disease outbreak may make the recovery of any
pathogen of interest more likely, most of the time patients attending the dental clinic
are unlikely to have an infection, and capturing a particular pathogen becomes
unlikely during periods of low community prevalence. This is the main limiting factor
in studies of this kind in the dental setting, and methodological issues in sampling
and detection of microbes may further complicate this approach. Additionally, if
microorganisms are sampled directly from the clinic, it may be difficult to separate the
contributions of different sources, such as the oral cavity, the respiratory tract, or the

water supply of the dental instruments themselves.

Taken together, results from these studies suggest that the variable presence of
certain viruses in the mouth compared to bacteria in general make detection
challenging. Insufficient work has been done to fully characterise the oral virome, let
alone the viruses present in bioaerosols in dental and other healthcare settings. The
examination of RNA viruses has also largely been neglected in favour of DNA
viruses. The use of metagenome sequencing approaches has not yet been applied to
the study of dental bioaerosols; however, this may be a potentially useful approach.
This method does not rely on amplification of specific targets, as with 16S-rRNA
gene sequencing, for example, meaning that non-bacterial microbes, including
viruses, can be identified. These methods may help us to better understand the

diversity and potential for dispersion in bioaerosols.

1.7.2 Physical aerosol measurement

An alternative method is the physical measurement of aerosol particles, which
assumes that where the absolute amount of aerosol is increased, the presence of
bioaerosols and therefore infection risk is also increased. Given that microbiological
methods show that microbes are indeed dispersed from the mouth during dental
treatment, physical measurement of aerosols is therefore a useful approach. One
issue with this method, however, is that the assumption linking aerosol quantity and
pathogenic potential may not always be valid. For example, one could imagine two
procedures which produce similar quantities of aerosol, but where microbial content
differs widely. The main benefits of physical aerosol measurement are the rich
temporal data produced, and that the relative size of the droplets within the aerosol

13



can be easily resolved, which as discussed, is important because size affects

dispersion, persistence, and potential infectiveness (Guha et al. 2014).

Several instruments exist for measuring aerosols, as follows: optical particle counters
(OPCs; figure 1.3) detect individual particles by measuring the light they scatter as
they pass through a laser beam; the intensity of the light is a function of the diameter
of the particle, its shape, and refractive index, and particles 0.3 — 10 um are typically
detected (although particles down to 0.1 um can be detected with more sophisticated
intracavity OPCs). OPCs can measure the diameter of aerosol particles but do so by
reporting the diameter of particle of known optical density which produces the same
scattered light signal, set during the instrument’s calibration, as the particle being
measured; this is referred to as the optical diameter and may differ from the detected
particle’s true physical diameter. To count particles smaller than is possible using an
OPC, condensation particle counters (CPCs) pass a stream of particles through a
chamber filled with a supersaturated vapor which condenses onto particles, thus
increasing their size sufficiently to be detected and counted by the laser. These
instruments can detect particles as small as 2 nm, but because their diameter is
changed by the instrument, CPCs cannot measure the original diameter of particles.
Aerodynamic particle sizers (APS) count particles based on how they behave in air
rather than the light they scatter and measure the aerodynamic diameter of particles
over a range of around 0.5 — 20 um, giving a detailed particle size distribution of the
aerosol. Finally, scanning mobility particle size spectrometers (SMPS) are able to
generate detailed size distributions of particles over a range of 1 — 1,000 nm (TSI Inc.
2012).
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Figure 1.3. An optical particle counter.
Model: Lighthouse 3016-1AQ.

Due to the convenience of physical aerosol measurement, many investigators have
used these instruments to measure dental aerosols, with varying methodological
rigor. One factor limiting the application of these methods is the presence of particles
under normal conditions in ambient air, which are also detected by these instruments
(background signal), limiting the ability to detect aerosols specifically from a dental
procedure. One well-conducted study controlled the background signal using air
filtration and reported increased aerosol concentrations during procedures on
patients involving ultrasonic scaling, the use of an air-water syringe, and high and low
speed drilling, with particles below 10 um predominating in terms of number
concentration (Dudding et al. 2022). Importantly, the authors also measured the
aerosol concentrations produced by breathing and speaking, which were similar to

the background signal, and coughing, which was more similar to the dental
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procedures. Few other studies using physical aerosol measurement in dentistry have
sought to minimise background signal or have used a patient-derived aerosol
reference such as speaking or coughing; this may limit the validity of this
measurement technique in other studies with patients which have not used such an
approach. Particle measurement instruments have also been used in simulated
clinical experiments, and are a useful way of assessing the relative reduction in
aerosol concentrations during assessment of mitigation strategies such as high-
volume suction (Yang et al. 2021a), local exhaust ventilation (Allison et al. 2021b;
Ehtezazi et al. 2021; Shahdad et al. 2021), and electric micromotor handpieces
(Allison et al. 2021c¢).

Although the physical measurement of aerosols is useful, and provides rich
information about aerosol characteristics, the application is not without difficulties and
pitfalls, which are well reviewed by Gregson et al. (2021). It is therefore important to
interpret these studies in concert with other data from studies using complementary

methods.

1.7.3 Chemical tracers

As discussed, one limitation of microbiological methods using patients’ oral flora is
that this varies widely between individuals, and a limitation of physical aerosol
measurement is that it is difficult to determine what proportion of the aerosol’s
constituents come from the mouth. One approach to address this is to use a tracer,
i.e., a substance that can be added to a simulated system or a clinical setting to allow
certain components of the aerosol, e.g., saliva or blood, to be estimated or
measured. The benefit of using a tracer, particularly in simulated settings, is that high
levels of repeatability can be achieved, allowing multiple parameters to be assessed
in a controlled way. An obvious limitation, however, is that sources of variation such
as patient’s anatomy and microbiota, or their respiratory activities, may not be

accurately modelled.

A number of authors have used chemical tracers such as methylene blue (Pierre-Bez
et al. 2021) and other dyes (Baldion et al. 2021; Chiramana et al. 2013; Noordien et
al. 2021) or citric acid (Chiramana et al. 2013; Shahdad et al. 2020) to detect
aerosols produced during simulated dental procedures. To increase detection
sensitivity, other authors including our group, have used fluorescent tracers such as
fluorescein (Allison et al. 2021a; Bentley et al. 1994; Dahlke et al. 2012;
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Horsophonphong et al. 2021; Veena et al. 2015). In many such studies however, the
tracer was added to the water used to supply the dental instruments, and so the
tracer effectively shows where water from the instrument, but not necessarily saliva
and potential microbes, may be transported to. Additionally, many such studies rely
on visual or photographic methods of detecting the tracer which may lack sensitivity.
Our research group sought to address these limitations by measuring recovered
fluorescein (Figure 1.4) fluorometrically using a spectrophotometer to improve

sensitivity, as well as infusing the tracer into the mouth of the mannequin to simulate

saliva, rather than in dental instrument irrigant water (Allison et al. 2022; Allison et al.
2021b; Allison et al. 2021c; Holliday et al. 2021; Llandro et al. 2021). This method
has proved useful for studying dental aerosols and the insights gained have informed
IPC guidance in the UK (UK IPC Cell 2022).

Figure 1.4. Fluorescein chemical tracer

Fluorescein added to the water supplying an ultrasonic scaler, allowing the aerosol from the
procedure to be measured by quantifying dispersed fluorescein.
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1.7.4 Bacterial tracers

Methods using non-biological tracers are helpful, but although these data tell us
where potential pathogens in bioaerosols might go, these models do not adequately
represent the biological characteristics of bioaerosols. As such, infectivity and
survival of potentially dispersed microbes cannot be determined. A number of
authors have sought to use bacteria as tracer organisms in simulation studies of
bioaerosols, with one of the earliest studies in the field using a suspension of the
gram-negative bacterium Serratia marcescens during simulated dental procedures
with an air-turbine handpiece; this study demonstrated dispersion of the organism
which decreased in quantity with increasing distance, but with smaller droplets
predominating at more distant sites (Hausler and Madden 1966). Other authors have
used Streptococcus mutans (lonescu et al. 2020), Lactobacillus acidophilus
(Horsophonphong et al. 2021), and Enterococcus faecalis (Barros et al. 2022) in a
similar way. Many of the organisms used as bacterial tracers are easy to obtain,
straightforward to work with, and pose little risk to human health when appropriate
control measures are used. This approach is therefore very useful in demonstrating

how and where bacteria are dispersed during dental procedures.

1.7.5 Viral tracers

Only a handful of studies have used viruses as tracer organisms. One study which
used the RNA virus, equine arteritis virus, in the irrigant of an ultrasonic scaler
operating in a steady state within a containment chamber, detected infectious virus
using cell culture (RK13 cell line, Oryctolagus cuniculus kidney) in droplets and
aerosols at up to 60 cm (Fidler et al. 2021). The inclusion of antiviral substances in
the irrigant substantially reduced detection. This finding was replicated in a study
using human coronavirus 229E (HCoV-229E) as a tracer during the operation of an
air-turbine in a steady state inside a containment chamber (lonescu et al. 2021). In
this study, the tracer was mixed with artificial saliva and placed into the mouth of a
dental mannequin during the procedure and viral RNA was detected in droplets by
RT-gPCR. The authors reported detection of HCoV-229E RNA on surfaces at 25 cm,
which was eliminated when hydrogen peroxide was included in the handpiece
irrigant. This methodology allows controlled examination of viral dispersion during

simulated procedures; however, the use of animal and human pathogens limits use
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to laboratory settings only (equine arteritis virus is a notifiable equine pathogen, and

HCoV-229E causes the common cold in humans).

Some authors have sought to address this by using viral tracers which do not pose a
risk to human health in real clinical settings, allowing evaluation of dispersion outside
of the laboratory. These studies have used bacteriophages (phages) which are
viruses that infect bacteria and are harmless to humans. Whilst there are many types
of phages, most possess a “tail”, which is an appendage projecting from the viral
capsid allowing attachment to the host and delivery of the viral genome. The majority
of phages belong to one of three families: Myoviridae, Podoviridae, and Siphoviridae
(Harper 2021). The phage life cycle begins with the adsorption of a free virion to a
host cell, resulting in delivery of the phage genome into the cell. Many phages follow
a lytic life cycle, with the virus taking over the cellular machinery of the host cell in
order to assemble new virions within the cell, before disrupting the cell membrane
and wall, releasing progeny phage into the extracellular environment (Dennehy and
Abedon 2020). Other phages follow a lysogenic life cycle, whereby once inside the
host cell, the phage genome remains there (and is termed a prophage), rather than
proceeding to virion production and cell lysis. Phages which follow this lifecycle are
termed “temperate”, and many also retain the ability to produce lytic infection cycles
(Los et al. 2021). First described in the early 20" century, bacteriophages have been
used to treat bacterial infections, and helped researchers to elucidate many of the
fundamental principles of genetics including demonstration of DNA as the primary

genetic material and the function of mMRNA (Mathews 2015).

In infection control studies, phages have been used as tracer organisms to simulate
human viruses including studies of wastewater processing (Lin and Marr 2017),
laboratory biosafety (Stern et al. 1974), and clinical IPC (Fisher et al. 2012; Reynolds
et al. 2019; Tung-Thompson et al. 2015) (Figure 1.5).
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Figure 1.5 Selected virion structures

Comparison of bacteriophage MS2 and Phi6 virion structures with that of human viruses
(blue text). Virion diameter is given, and virions are shown based on relative size. Virion
images adapted from ViralZone, Swiss Institute of Bioinformatics. CC BY 4.0 license.

The first published study to apply phage tracers to the study of dental bioaerosols
was by Vernon et al. (2021), using bacteriophage phi6, and demonstrated dispersion
of virus from the mouth of a mannequin during a procedure using an air-turbine
handpiece; this was reduced when using a non-air-turbine geared speed-increasing
handpiece, high-volume suction, rubber dam, or local exhaust ventilation. A second
study by our research group used a different phage (MS2) in a similar way to Vernon
et al. and demonstrated dispersion of infectious virus during dental procedures using
an air turbine handpiece at up to 3 m (Allison et al. 2022). Our study also evaluated
the effects of a commonly used dental waterline disinfectant and demonstrated
reduced the dispersion of virus in aerosols and droplets (data presented in Chapter
3). Additionally, we simultaneously evaluated the effect of the waterline disinfectant
on a fluorescent tracer and found there was a difference between this and the results
using the viral tracer, indicating that the use of a biological tracer may add additional
information not obtained by chemical tracers alone. Subsequently, other authors
have used the phages MS2 (Pratt et al. 2023), phi6 (Malmgren et al. 2023; Vernon et
al. 2022), and phiX174 (Beltran et al. 2023; Liu et al. 2023) to investigate viral dental
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bioaerosols in clinical settings. No studies using a viral tracer have yet
simultaneously compared multiple virus types (e.g., enveloped/ non-enveloped) or
examined the effect of environmental parameters such as ventilation, temperature,

and humidity on virus dispersion and survival.

The primary method used to quantify infectious phage is the plague assay, which
was first developed by d’'Herelle in 1917 (d'Herelle 2007) and was later well
described by Adams in the 1950s (Adams 1959). This method uses plates of solid
agar substrate overlaid with a semisolid agar medium to which the phage and host
bacteria are added. The plates are incubated until discrete plaques of absent
bacterial growth form in an otherwise confluent lawn of host bacteria. Each plaque,
which corresponds to a three-dimensional volume of infected and lysed bacteria
within the media, is assumed to have originated from a single viral particle, and on
plates containing phage of an appropriate dilution, these plaques can be counted,
allowing calculation of the concentration of infectious phage in the original sample.
Other methods to enumerate phage include RT-qPCR or sequencing to detect phage
nucleic acids, electron microscopy and epifluorescence microscopy to detect whole
phage particles, and mass spectrometry (Acs et al. 2020; Clokie 2009). Many of
these methods are highly sensitive, however they do not allow discrimination of

infectious versus inactive phage particles as the plaque assay does.

The overall validity of the approach used may be improved by applying a combination
of the above methods, as a number of authors have sought to do, particularly by
adding sensitive physical aerosol measurement to a more specific approach such as
recovery of microorganisms in the clinic (Choudhary et al. 2022; Rafiee et al. 2022)

or the use of a biological tracer (Allison et al. 2022; Vernon et al. 2022).

1.8 Bioaerosol control measures

The dispersion of microbes in dental bioaerosols is clearly of great importance during
an emerging infectious disease outbreak. During the COVID-19 pandemic, this led to
the closure of dental services in many parts of the world, resulting in worsened oral
health outcomes for patients unable to access care. Population measures during
pandemic outbreaks such as vaccination (Beladiya et al. 2024) and face mask use
(Coclite et al. 2020) may be highly effective at reducing community transmission and
therefore risk to dental staff. Similarly, vaccination of healthcare workers against

endemic diseases like influenza may also reduce transmission risk (Kliner et al.
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2016) as this has been successfully implemented for blood borne viruses such as
hepatitis B (Chen and Gluud 2005). As discussed, however, microorganisms are
dispersed from the mouth in droplets and aerosols during dental treatment, along
with microbes from biofilms present in dental unit waterlines (DUWLs) (Dutil et al.
2007). The existing evidence, as synthesised in several systematic reviews (Al-
Yaseen et al. 2022; Gallagher et al. 2020; Innes et al. 2021; Johnson et al. 2021; UK
IPC Cell 2022), suggests that procedures which use high-speed handpieces are
more likely to disperse microbes during dental procedures than other instruments,
and that contamination reduces with distance from, and with time after the procedure.
These studies have all concluded, however, that the evidence base remains

heterogenous and of low quality.

A better understanding of the risks posed by dental bioaerosols and of effective
control measures may avoid the need to close services in future outbreaks. Outside
of this context however, microbial dispersion is also of importance when treating
patients with endemic diseases such as COVID-19, influenza, RSV, and tuberculosis.
Most dental treatment in patients with active infection can be deferred, however
urgent and emergency care cannot. Effective bioaerosol control measures are
therefore needed to reduce exposure risk to dental professionals and other patients.
A number of systematic reviews (Koletsi et al. 2020; Kumbargere Nagraj et al. 2020;
Samaranayake et al. 2021) and guidance documents (National Services Scotland
2020; SDCEP 2021a; 2021b) have examined the evidence on methods of bioaerosol
control, again concluding that the data are of mixed quality, with little to no data
relating to dispersion of viruses in dental settings. The same is also true of the
literature from other healthcare settings, with several systematic reviews of non-
dental AGPs concluding that the data are highly heterogenous and often of low
quality (ARHAI Scotland 2021; Chan et al. 2021; Jackson et al. 2020; Tran et al.
2012).

Dental bioaerosol control methods reported in the literature generally apply one of
three approaches: 1) reducing the total amount of aerosol produced; 2) reducing the

number of microbes within bioaerosol; or 3) capturing or removing bioaerosols.

1.8.1 Reducing aerosol production

Dispersion during dental procedures requires an aerosol within which to carry
microbes, and control methods which reduce the total amount of aerosol are
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therefore attractive. This is mainly achieved using dental instruments which produce
less aerosol than the conventional air turbine handpiece. Initially introduced in the
1950s, the air turbine handpiece operates by driving compressed air through a small
turbine in the head of the handpiece to spin a bur at rotational speeds up to 400,000
rpom. This air must be exhausted from the turbine, and is usually directed through the
front of the handpiece, towards the tooth, along with water to cool the bur. This
produces considerable aerosol (Sergis et al. 2020). An alternative design is to use an
electric motor (micromotor) to drive a geared handpiece instead of an air-driven
turbine, meaning that water alone can be used to cool the bur, thereby producing
less aerosol (Figure 1.6). Importantly, this benefit is only present when water alone
(without air) is used to cool the bur, which has not been clear in some documents

recommending this approach (SDCEP 2021a).

Micromotor handpieces have been shown to produce substantially less aerosol than
air turbine handpieces. For example, work by our research group using a simulation
model with a fluorescent tracer measured using air-samplers, found that compared to
an air turbine, which produced substantial aerosolised tracer, micromotor handpieces
produced little detectable suspended aerosols at 1.7 m (Allison et al. 2021c). Another
simulation study using a bacteriophage tracer found very little dispersed virus in
settled (< 1 plaque-forming unit [PFU]) or suspended aerosols (< 0.08 PFU/m?3)
outside of the immediate splatter zone (41 cm; defined by the authors) (Vernon et al.
2022). In another paper using the same methods, the authors also compared
dispersion using micromotor handpieces to an air turbine, and found 360-fold
reduction in infectious virus in settled aerosol and 195-fold reduction in suspended
aerosols (Vernon et al. 2021). These findings are supported by a clinical study using
aerosol particle measurement, in which measured aerosol concentration was ~100-
fold lower during procedures with a surgical handpiece (electric micromotor

handpiece ~40,000 rpm) compared to an air turbine handpiece (Dudding et al. 2022).
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Figure 1.6. Micromotor dental handpiece

Irrigation of the micromotor handpiece with chip air activated (a) showing mist of air and
water, and (b) without chip air, showing jets of water only. Originally published in the Journal
of Dentistry (Allison et al. 2021c), the author retains the rights to the image.

1.8.2 Reducing microbial load in bioaerosols

Control measures which aim to reduce the number of microbes within bioaerosols
have also been used, either by isolating the aerosol from the rest of the oral cavity,
as with rubber dam, or by inactivating microbes using antiseptic mouthrinses or

disinfectants in the water supplying dental instruments.

Rubber dam is a simple and inexpensive approach which has been used in dentistry
for almost a century and a half (Author Unknown 1867). A sheet of rubber is placed
over the mouth with holes for the teeth to be treated, effectively isolating them from
the rest of the oral environment. Several systematic reviews of clinical studies have
concluded that rubber dam reduces dispersion of bacteria with an estimated
reduction of up to 99% at 1 m from the procedure, 70% at 2 m, and little effect at
greater distances (Kumbargere Nagraj et al. 2020; Samaranayake et al. 2021;
SDCEP 2021a). Conversely, one study found a 62% increase in recovery of bacteria
from headscarves worn by operators when rubber dam was used (Al-Amad et al.
2017). However, due to the non-specific microbial analysis used, it is possible that
bacteria from DUWLs were detected, and that dispersion was increased by greater
deflection of the aerosol from the handpiece due to the presence of the dam. The
effectiveness of rubber dam in controlling viral bioaerosols is also demonstrated by

experimental data from a study using phi6 bacteriophage as a tracer, which reported

24



a reduction in infectious virus of 92% in settled aerosol and of 100% in air samples
(Vernon et al. 2021).

A number of authors have suggested the use of antimicrobial mouthrinses such as
chlorhexidine, povidone iodine, and cetylpyridinium chloride in reducing microbial
load in the mouth prior to dental procedures, to thereby reduce the number of
microbes dispersed in dental bioaerosols. Clinical studies have generally reported a
33 — 94% reduction in bacterial dispersion in bioaerosols when a pre-procedural
mouthrinse is used (Koletsi et al. 2020; Samaranayake et al. 2021; Takenaka et al.
2022); however, not all studies have shown a reduction, with one study reporting a
59% increase in bacterial dispersion during orthodontic debonding when a
chlorhexidine mouthrinse was used compared to no rinse (Dawson et al. 2016).
Although several studies have demonstrated a reduction in salivary viral loads (e.g.,
SARS-CoV-2) following antiseptic mouthrinses use (Chaudhary et al. 2021;
Hernandez-Vasquez et al. 2022), the effect on viral dispersion in dental bioaerosol
remains unknown; it is reasonable, however, to assume that this is similar to the
effect on bacterial bioaerosol dispersion and salivary viral load. Clinical
recommendations published during the COVID-19 pandemic acknowledged this
evidence base, but stopped short of recommending antimicrobial mouthrinses due to

the risk of adverse effects such as allergy (SDCEP 2021a).

Disinfection of DUWLs to reduce waterline biofilm is standard practice in dentistry.
Products are commercially available for periodic disinfection, which have a residual
effect on biofilm accumulation, whilst other products are intended for continuous use
at concentrations safe for patients (Zemouri et al. 2020a). As both types of
disinfectant remain present in the water supplying dental instruments, it stands to
reason that they may influence microbes present in the mouth and in bioaerosols
created during dental procedures. A number of authors have suggested addition of
antimicrobial agents such as chlorhexidine, sodium hypochlorite, hydrogen peroxide,
and cinnamon extract to dental instrument irrigants to reduce bioaerosol dispersion,
and these have been shown to reduce bacterial dispersion in clinical studies by 43 —
88% (Ashokkumar et al. 2023; Kumbargere Nagraj et al. 2020; Patil et al. 2023). No
clinical studies have examined the effect of DUWL disinfectants on viral dispersion,
however simulation studies with human and equine viruses in laboratory settings
demonstrate elimination of infectious virus in bioaerosols using sodium hypochlorite

and hydrogen peroxide in irrigants (Fidler et al. 2021; lonescu et al. 2021). Similarly,
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work by our group using MS2 bacteriophage demonstrated a 99% reduction in
infectious virus at 0.5m when a commercially available agent was used (Allison et al.
2022). As with pre-procedural mouthrinses, concerns related to adverse effects of
widespread antimicrobial use, including allergy, limited adoption during the COVID-
19 pandemic (SDCEP 2021a).

1.8.3 Capturing bioaerosols

Suction devices are routinely used in dentistry to remove saliva and irrigants from
patients’ mouths during treatment, to improve access and visibility, and to maintain a
dry field required during certain restorative procedures. Current standards define
“high-volume suction systems” as those achieving an air flow rate of 250 L/min at the
suction tip, with “medium-volume systems” achieving 90 — 250 L/min (NHS Estates
2003). Terminology used in the literature for dental suction varies, including high
“speed”, “velocity”, or “volume” dental “suction”, “evacuation”, or “aspiration”. Some
studies have also examined systems which incorporate dental suction into devices
used for oral isolation or retraction of soft tissues (Dahlke et al. 2012; Lloro et al.
2021; Suprono et al. 2021). Similarly, the effectiveness of low flowrate, small
diameter suction devices referred to as “saliva ejectors” have also been measured
(Graetz et al. 2022; Holloman et al. 2015; Ou et al. 2021). The term “high-volume
dental suction” is used in the present thesis to refer to the intra-oral use of a large
bore suction cannula designed to achieve air flow rates of > 250 L/min. Clinical
studies of high-volume dental suction demonstrate up to 80 — 90% reductions in
bacterial dispersion during dental procedures, particularly at distances close to the
dental procedure (i.e., within 30 cm) (Kumbargere Nagraj et al. 2020; Samaranayake
et al. 2021; SDCEP 2021b). This is supported by data from simulation studies using
droplet imaging demonstrating 92% reduction (Watanabe et al. 2023), fluorescent
tracers demonstrating 75% reduction at 0.5 m and 67% 1.5 m (Allison et al. 2021a),

as well as reductions in studies using a phage tracer (Malmgren et al. 2023).

To capture aerosols that escape the oral cavity, local exhaust ventilation (LEV)
devices may be used. LEV, often referred to in the literature as “extra-oral suction”
and aerosol “scavenging” or “extraction” systems, use an inlet positioned close to the
patient’s mouth which can achieve very high airflow rates (~3,000 — 5,000 L/min) to
remove aerosol. The captured air is usually returned to the room after high-efficiency
particulate air (HEPA) filtration. One clinical study found an 89 — 93% reduction in
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bacterial dispersion when LEV was placed 10 cm from patients’ mouths compared to
20 cm (Takenaka et al. 2022). Simulation studies using particle counting instruments
(Ehtezazi et al. 2021) and fluorescent tracers (Allison et al. 2021b) also demonstrate
reductions in detectable aerosol of up to 90% within 0.5 m from the procedure when

LEV is used, reducing to 75% reduction at 2 m.

Since the COVID-19 pandemic, the importance of ventilation in dental clinics has
become more widely understood. Bioaerosol can accumulate in poorly ventilated
spaces, leading to increased risk of disease transmission (Li et al. 2007). There is
little definitive evidence to support specific recommendations for adequate ventilation
rates for dental settings, however in the UK, ventilation rates of 10 air changes per
hour (ACH) are recommended for healthcare settings (NHS Estates 2003). Following
a dental procedure on an infected patient, bioaerosols may persist in in the air,
risking infection to others present or entering the room. Recommendations during the
COVID-19 pandemic on how long after a procedure it becomes safe to enter the
room without protective equipment (so called “fallow time”), were based on the limited
existing evidence and expert opinion. It was suggested that larger contaminated
droplets are likely to settle onto surfaces within 10 minutes after a dental procedure,
with the clearance of smaller aerosols being dependant on ventilation rate: after 30
min at 10 ACH or 60 min at 5 ACH for a typical dental procedure where no other
bioaerosol control method is used (National Services Scotland 2020; SDCEP 2021a;
2021b). These sources also suggest that fallow time may be reduced where other
bioaerosol control methods are used. Where ventilation systems are poor or cannot
be upgraded, there is evidence that air filtration using HEPA filters (also referred to in
the literature as “air cleaners”, “purifiers”, or “scrubbers”) may be effective in reducing
dental bioaerosol dispersion (Kumbargere Nagraj et al. 2020; Liu et al. 2023; SDCEP
2021a).

1.8.4 Personal protective equipment

The final line of defence against infectious bioaerosols is personal protective
equipment (PPE). Under normal conditions, and outside of the context of an
infectious disease epidemic, the principles of standard infection control precautions
apply to dental treatment (Centres for Disease Control and Prevention 2023a; NHS
England 2022b). In relation to PPE, this means wearing disposable gloves, eye

protection, and a fluid-resistant surgical mask where exposure to blood and saliva is
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likely, in order to reduce the risk of splashing or spraying of body fluids onto the oral,
pharyngeal, respiratory, or ocular mucosa. These precautions assume that the risk of
inhaling infectious bioaerosols is negligible—a fair assumption during normal
conditions in an asymptomatic patient. Where patients have a known or suspected
infection however, then specific precautions (including PPE) appropriate to the route
of transmission of that infection should be used; these are termed transmission-
based precautions. For infections known to be transmitted via airborne transmission
(e.g., influenza, COVID-19 and other coronaviruses, measles, tuberculosis)
respiratory protective equipment such as a filtering face piece 3 (FFP3) or N95 mask,
or a powered air-purifying respirator should be used when providing any care for
patients to prevent inhalation of infectious respiratory bioaerosols. When performing
an AGP on patients with an infection transmitted via the droplet route, respiratory
protective equipment should also be worn to prevent inhalation of infectious
bioaerosols (Centres for Disease Control and Prevention 2023a; NHS England
2022b). As discussed however, the classical contact/droplet/airborne transmission
routes have been criticised for their over simplified approach to transmission
dynamics and so risk assessment should take place for individual patients (Jimenez
et al. 2022; Tang et al. 2021; Wang et al. 2021).

Outside of normal conditions, for example during an infectious disease epidemic,
specific recommendations for PPE related to the causative agent may be given, as
was the case in dentistry during the COVID-19 pandemic (Centres for Disease
Control and Prevention 2023b; UK Health Security Agency 2021a). The evidence
relating to the role of PPE in preventing infection of healthcare workers is generally of
low certainty, and is largely from simulation studies assessing contamination, rather

than those reporting rates of infection (Verbeek et al. 2020).
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1.9 Aims and objectives

Given the current evidence base and disruption to dental services seen during the
COVID-19 pandemic, there is clearly a need for better understanding of the impact of
bioaerosols in dentistry and how they can be controlled. This project therefore aims

to test the following hypotheses:

1. Microorganisms, including infective viruses, are dispersed from the mouth in
bioaerosols during dental procedures.

2. Dispersion during dental procedures can be controlled using bioaerosol control

measures.
3. Environmental parameters, such as ventilation, affect dispersion and

persistence of dental bioaerosols.

These hypotheses will be tested using a clinical simulation model of dental
bioaerosols with two distinct bacteriophage tracers as surrogates for human viral

pathogens. The objectives of the project are to:

A. Measure the dispersion and infectivity of bacteriophage tracers in droplets and
bioaerosols during simulated dental procedures.

B. Define the effectiveness (e.g., percentage reduction in bioaerosol dispersion)
of bioaerosol control measures, such as high-volume dental suction, local
exhaust ventilation, rubber dam, micromotor handpieces, and dental unit
waterline disinfectants.

C. Demonstrate the effect of ventilation on the persistence of bioaerosols using a

room-scale aerobiology chamber.
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Chapter 2. Materials and Methods

2.1 Microbiological methods

2.1.1 Media and buffers

Microbiological growth media were obtained in powdered form from the suppliers in
Table 2.1. The amount of powder recommended by the manufacturer was weighed
using an analytical balance (PB300, Mettler Toledo, OH, USA), added to de-ionised
water, and stirred using a magnetic stirrer (Stuart, UK). pH was measured using a
single junction electrode (InLab Expert Pro; Mettler Toledo, OH, USA) attached to a
benchtop meter (Seven Easy; Mettler Toledo, OH, USA) and corrected to pH 7.3 —
7.5 by adding sodium hydroxide using a Pasteur pipette.

Agar (Melford; Suffolk) was added at 1.4% w/v to media for agar plates before
autoclaving at 121°C for 20 min (AMB430; Astell, Kent) and allowing to cool to 45 —
50°C before pouring into 90 mm polystyrene petri dishes (Fisherbrand; Fisher
Scientific, USA) in a laminar-flow cabinet (TC48; Gelaire, Australia). For overlay agar
used in plaque assays, agar was added at 0.7% w/v to media, which was then boiled
to dissolve the agar using a stirring hotplate (Starlab, Milton Keynes) before adding 3
mL aliquots to 13 mm diameter glass screw-top tubes. The tubes containing media

were then autoclave sterilised as above.

Buffers in Table 2.1 were obtained from the manufacturer shown, except for SM
buffer, which was made by adding the reagents listed in table 2.1 to de-ionised water
and correcting the pH to 7.5 as described. 20 mL aliquots of SM buffer were

autoclave sterilised as above before storing at room temperature.

30



Medium or Buffer Reagent Amount
NZCYM Tryptone 10 g/L
Sigma Aldrich; USA Sodium chloride 5g/L
Yeast extract 5g/L
Magnesium sulfate heptahydrate 2g/L
Maltose 2g/L
Casamino acids 1g/L
Tryptic Soy Broth (TSB) Tryptone 17 g/L
Formedium; Norfolk Sodium chloride 5g/L
Soya Peptone A3 3g/L
Dipotassium hydrogen phosphate 2.5¢g/L
Glucose 2.5g/L
Luria-Bertani (LB) Broth Tryptone 10 g/L
Melford; Suffolk Sodium chloride 10 g/L
Yeast extract 5g/L
Super Optimal broth with Tryptone 20 g/L
Catabolite repression Yeast extract 5g/L
(S.0.C. medium) Sodium chloride 10 mM
Invitrogen; USA Potassium chloride 2.5mM
Magnesium chloride 10 mM
Magnesium sulphate 10 mM
Glucose 20 mM
SM Buffer Sodium chloride 100 mM
Magnesium sulfate heptahydrate 8 mM
Tris hydrochloride 50 mM
Gelatin 0.01% w/v
TAE Buffer Tris base 40 mM
Bio-Rad; USA Acetic acid 20 mM
EDTA, pH 8.0 1 mM
TE Buffer Tris hydrochloride (pH 8) 10 mM
Invitrogen; USA EDTA 0.1 mM

Table 2.1. Media and buffers.

2.1.2 Bacterial culture

Bacterial strains were obtained from the Leibniz Institut DSMZ. Escherichia coli
W1485 (DSM 5695), an F* A\ derivative of E. coli K-12 (Lederberg and Lederberg
1953), was obtained as a lyophilised culture, reconstituted in NZCYM liquid medium
(Sigma Aldrich; Table 2.1), and inoculated onto NZCYM agar plates by streaking,
before incubating overnight at 37 °C. A single colony was then picked the following
day with a sterile loop and used to inoculate 5 mL NZCYM broth which was

incubated overnight in a shaking incubator at 37 °C, 200 rpm.

Pseudomonas syringae pv. phaseolicola (HER-1102; DSM 21482) was obtained as a
lyophilised culture and reconstituted in Tryptic Soy Broth (TSB; Formedium, Norfolk;

Table 2.1) before inoculating onto Tryptic Soy Agar (TSA; 1.4% agar; Table 2.1) by
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streaking and incubating at 25 °C for 48 h. A single colony was then picked with a
sterile loop and used to inoculate 5 mL TSB which was incubated overnight in a

shaking incubator at 25 °C, 200 rpm.

Expected colony morphology was confirmed before conducting phase contrast
microscopy (DM750; Leica, Germany) and gram staining to confirm expected cell
morphology and culture purity. Glycerol stocks were made by adding 700 uL of
overnight bacterial culture to 300 uL of sterile 80% glycerol (Alfa Aesar, MA, USA) in
sterile 1.5 mL cryotubes (24 % v/v final glycerol concentration) before vortexing and
centrifuging for 3 — 5 s to consolidate contents. Cultures were then deposited in the
laboratory’s culture collection and stored at -80 °C. Working cultures were made from

this master stock for subsequent use.

2.1.3 Bacteriophage culture

Bacteriophage MS2, a member of the species Emesvirus zinderi (DSM 13767;
subsequently “MS2”), was obtained from the Leibniz Institut DSMZ GmbH as a
lyophilised culture and was reconstituted in NZCYM. Bacteriophage phi6, a member
of the species Cystovirus phi6 (DSM 21518; subsequently “phi6”), was obtained from
the Leibniz Institut DSMZ GmbH as an active liquid culture.

To produce isolated phage plaques, a sterile loopful of phage stock was streaked on
an agar plate of the correct medium for the host (NZCYM for MS2 and E. coli; TSA
for phi6 and P. syringae). 3 mL aliquots of sterilised overlay agar in 13 mm glass
tubes were placed in a beaker of water and heated in a microwave oven (R-206;
Sharp, Japan) at low power to melt the agar. The tubes were then placed in an
electronic heating block (Techne Dri-Block™ DB100/4; Cole-Parmer, Staffordshire)
set to 50 °C until use. After allowing the streaked phage to dry for a few minutes, 100
ML of overnight-grown host bacterial culture were added to 3 mL of the appropriate
molten overlay medium and mixed by gentle vortexing. The mixture was then quickly
poured onto the agar plate and distributed over the surface by gentle swirling. After
allowing the molten agar to solidify, the plate was incubated inverted at 37 °C
overnight for MS2 and at 25 °C for phi6.

After incubation, the plate was inspected to ensure confluent growth of the host
bacterial lawn where phage was not streaked, and absent bacterial growth in areas

of high phage concentration. Growth of individual plaques was confirmed in the
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appropriate area of the plate, and a single plaque was picked by pressing the end of
a sterile glass Pasteur pipette into the agar in the location of the plaque to excise the
entire thickness of agar. The agar plug was then transferred to 1 mL of SM buffer in a
1.5 mL microcentrifuge tube by pressing the bulb of the Pasteur pipette. The tube
was thoroughly vortexed for 1 min to disperse the phage and then centrifuged for 1
min at 15,000 x g (PrismR; Labnet, USA or CR-1512; CAPP, Germany) to pellet the
agar debris and any bacterial cells. The supernatant was then filtered using a 0.22
pm polyether sulfone (PES) syringe filter (Fisher Scientific, USA). The purified phage
lysate was stored at 4 °C and used as a working stock to seed higher volumes of

phage lysate. Phage titre was then determined by plaque assay as described below.

To produce higher-volume lysates, lysis was conducted either on agar plates or in
liquid media. For MS2, lysis on plates was generally found to be more reliable,
whereas lysis in broth was preferable for phi6. For plate lysis, 100 pL of overnight
host bacterial culture were added to a 1.5 mL microcentrifuge tube with an
appropriate volume of phage lysate containing 104 — 10¢ Plaque-Forming Units (PFU)
measured by plaque assay (e.g., 100 pL of a 10° — 107 PFU/mL phage lysate). The
contents were mixed by gentle vortexing and incubated at room temperature for 5 —
10 min to allow adsorption of phage to host cells. The mixture was then added to 3
mL of the appropriate sterile molten overlay agar and mixed by gentle vortexing
before pouring onto solid agar of the same medium and gently swirling the plate to
distribute the overlay agar. The overlay agar was allowed to solidify before incubating
the plate inverted at the appropriate temperature and duration for the host. Control
plates containing only overlay agar (media control) and overlay agar with host

bacteria only (host control) were included.

Following incubation, lysis of the host bacteria was confirmed by complete clearance
of the plate, or by patchy growth of phage-resistant colonies of host bacteria.
Confluent growth of a bacterial lawn was confirmed on the control plate. To recover
phage, 3 mL of SM buffer was added to the surface of the lysed plate, and a cell
scraper was used to disrupt and detach the overlay agar. The liquid and overlay agar
were then recovered into a 15 mL or 50 mL centrifuge tube as appropriate for the
recovered volume. Multiple plates were used to allow recovery of sufficient volumes
of phage lysate. The recovered raw lysate was then vortexed at 3,000 rpm for 1 min
to resuspend the phage and then centrifuged at 10,000 x g in a fixed-angle rotor for

10 min at 4 °C to pellet bacterial cells and agar debris (5804R; Eppendorf, Germany).
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The supernatant was recovered and filtered using a 0.22 ym PES syringe filter.
Where visible agar debris was present in the supernatant, the centrifugation and
supernatant recovery steps were repeated, and a 0.45 um PES filter was first used to
prevent the 0.22 ym filter clogging. Titre was then determined by plaque assay, and

the purified lysate was stored at 4 °C.

For lysis in liquid media, 10 mL host bacterial overnight cultures were established in
50 mL centrifuge tubes. 200 uL of phage stock (~108 — 10" PFU/mL) were then
added to the cultures which were shaken at 200 rpm at the appropriate growth
temperature for the host until the culture became clear. After incubating, the lysate
was centrifuged at 10,000 x g in a fixed-angle rotor for 10 min at 4 °C to pellet cells
and debris (5804R; Eppendorf, Germany). The supernatant was then filter sterilised
using a 0.2 um sterile PES syringe filter. Titre was then determined by plaque assay,

and the lysate was stored at 4 °C.

To produce purified lysates for long term storage at -80 °C, lysates were prepared as
above, and host growth media was exchanged with SM buffer using a 20 mL 100
kDa molecular weight cut-off protein concentrator (Pierce; Thermo Scientific). 15 mL
of phage lysate were added to the upper chamber of the protein concentrator and
centrifuged at 4,000 x g for around 5 min at room temperature (3K10; Sigma, USA)
until the volume in the upper chamber was reduced to ~ 5 mL. The flow-through was
discarded, 15 mL of SM buffer were added to the upper chamber, and the
centrifugation step was repeated until the volume was again reduced to ~ 5 mL. The
wash and centrifugation steps were then repeated with a further 15 mL of SM buffer
until the final volume was ~ 5 mL. 700 pL volumes of the purified lysate were then
added to 300 pL of autoclave sterilised 80 % glycerol (24 % final glycerol
concentration) in 1.2 mL cryovials. The contents were mixed by pipetting and then
centrifuged for 5 sec to consolidate the liquid before placing in the -80 °C freezer for

long term storage.

2.1.4 Quantification of bacteriophage by plaque assay

Ten-fold serial dilutions of the phage sample whose titre was to be determined were
prepared in SM buffer covering the range expected to produce countable plaques

(usually 10-° — 108 dilutions for phage lysates).
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To quickly determine phage titre, spot plaque assays were used, as these allow
several phage dilutions to be inoculated onto a single agar plate. This is particularly
useful where the expected titre is unknown as a larger range of dilutions can be
plated more easily than with whole plate plaque assays. A sixteen-sector grid was
drawn on the underside of an agar plate of the appropriate medium, and each sector

was labelled with the appropriate dilution, including a control (Figure 2.1).
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Figure 2.1. Template grid for spot plaque assays.

This grid was traced onto the underside of petri dishes for use in spot plaque assays.
Shaded areas were not used.

100 uL of overnight-grown host bacteria corrected to ~ 0.6 ODesoo (used in all plaque
assays) were added to 3 mL aliquots of molten overlay agar and mixed by gentle
vortexing. The mixture was poured onto the surface of an agar plate of the same
medium and allowed to solidify close to a Bunsen flame. Once the overlay agar had
solidified, 5 uL of SM buffer was spotted onto the control sector of the plate, and then
working from more dilute to more concentrated, 5 uL of the appropriate phage
dilutions were spotted onto the relevant sectors of the plate. The plate was then left
with the lid slightly open, close to the Bunsen flame to allow the phage suspension to
adsorb onto the agar. The plate was then incubated overnight at the appropriate

temperature for the host (37 °C for E. coli; 25 °C for P. syringae).

Once sufficient host growth had occurred, the sector with 30 — 300 plaques countable
plaques was identified, and equation (1) was used to calculate the titre in Plaque-

Forming Units (PFU) of the original phage sample.

Nplaques ( )
dilution factor X volume of phage added(mL)

Plaque Forming Units, PFU/mL =
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Whole plate plaque assays (Figure 2.2) were used where a more accurate
determination of phage titre was required, and 1 — 3 replicates of each phage dilution
were included depending on the required precision of the measurement. 100 uL of
mid-exponential phase host bacteria were added to 100 uL of each of the phage
dilutions to be tested in labelled 1.5 mL microcentrifuge tubes. The contents were
mixed by gentle vortexing, and the tubes were incubated at room temperature for 5 —
10 min (long enough to allow adsorption of phage to host cells, but not so long as to
produce progeny phage). The entire tube contents were then transferred to 3 mL
aliquots of molten overlay agar and mixed by gentle vortexing, before the overlay
agar was poured onto the bottom agar plates and distributed by gentle swirling. The
overlay agar was allowed to solidify before incubating inverted at the appropriate
temperature and duration to allow growth of the host bacteria (overnight at 37 °C for
E. coli; 24 — 48 h at 25 °C for P. syringae). Control plates containing only overlay

agar (media control) and overlay agar with host bacteria only (host control) were

included.

Host cells
ﬁ. Phage
“Se

Formation of
plaques

Bottom agar

Ovéﬁay
agar

Figure 2.2. Plaque assay protocol.

Host bacterial cells and phage are added to molten overlay agar which is then layered on
solid bottom agar plates and incubated to allow formation of plaques which can then be
counted. Created using Biorender.com.
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Plates with < 100 plaques were counted manually by marking the underside of the
petri dish with a marker pen. On plates with a greater number of plaques, plates were
photographed (Figure 2.3) on a black background using a petri dish digital imaging
system (Don Whitley Scientific, Bingley) with side illumination and a digital camera
(Samsung SM-G975F/DS; South Korea) at a distance of ~ 15 cm from the subject.
Images were then transferred to a desktop computer, and plaques were counted
using the multipoint tool in ImagedJ v1.53k (Schneider et al. 2012). Where more than
~ 300 plaques were present, the original sample was diluted in SM buffer, and
another plaque assay was conducted to produce countable plaques. Titre (plaque-
forming units (PFU) /mL) was then calculated for each individual plate which

contained 30 — 300 plaques using equation (1).

Figure 2.3. Example plaque assays.

A: control plate with only Pseudomonas syringae added to the top agar, showing confluent
bacterial lawn, and B: with phi6 also added, showing large plaques in the P. syringae lawn.
C: control plate with Escherichia coli only, showing confluent bacterial lawn, and D: with MS2
also added, showing small plaques in the E. coli lawn.
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2.2 Molecular biology methods

2.2.1 RNA extraction

Phage RNA was extracted from samples using the GeneJET viral DNA and RNA
extraction kit (Thermo Scientific; USA) according to the manufacturer’s instructions.
When the kit was first used, the supplied lyophilised carrier RNA (polyadenylic acid)
was reconstituted by adding 300 uL of the supplied eluent, and concentrated wash
buffers were supplemented with 99.8% ethanol (Fisher Scientific; USA). Before each
extraction, the required amount of lysis solution was supplemented with 25 L of
reconstituted carrier RNA per 1 mL of lysis solution and mixed by pipetting, and 50
ML of the supplied column preparation liquid was added to the centre of each spin

column.

200 uL of each phage sample was added to a 1.5 mL nuclease-free microcentrifuge
tube, to which 200 pL of lysis solution (supplemented with carrier RNA) and 50 pL of
proteinase K was added. The solution was mixed by pipetting and then incubated for
15 min at 56 °C in a thermomixer set to 300 rpm (F2.0; Eppendorf, Germany). Tubes
were briefly centrifuged (3 — 5 s) to collect condensate from the lid, and 200 uL of
99.8% ethanol were added before incubating for 3 min at room temperature. The
tubes were briefly centrifuged, and the contents were transferred to the upper
chamber of the prepared spin columns before centrifuging at room temperature for 1
min at 6,000 x g. The flow-through was discarded, and 700 pL of the supplied wash
buffer 1 was added to the spin columns before centrifuging for 1 min at 6,000 x g.
The flow-through was again discarded, and 500 uL of the supplied wash buffer 2 was
then added to the spin columns before centrifuging for 1 min at 6,000 x g. The spin
columns were then placed in new wash tubes and centrifuged for 1 min at 16,000 x
g. 50 pL of eluent (preheated to 56 °C) was then added to the centre of the spin
columns and incubated for 3 min at room temperature before centrifuging for 1 min at
13,000 x g. The eluted purified RNA was stored at -80 °C or used immediately in

reverse transcription reactions.

2.2.2 Reverse transcription

Reverse transcription (RT) of extracted phage RNA was performed using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems; USA). This kit uses

random primers, and whilst specific primers for MS2 and ph6 may have provided
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increased RT efficiency, the use of random primers allowed both targets to be
transcribed from each individual sample. Additionally, this kit had previously been
optimised in our laboratory and was used consistently across all experiments. Any
reduced RT efficiency resulting from random primers would therefore be consistent
across samples and conditions. The kit components were thawed on ice, and the
required volume of a 2X master mix was made up according to the manufacturer’s
instructions containing, per reaction: 2 pL reverse transcription buffer; 0.8 yL dNTPs,
2 yL random primers, 1 uL MultiScribe™ reverse transcriptase; 4.2 yL nuclease-free
water (Molecular biology grade, ultrapure; Thermo Scientific, USA). The master mix
was mixed on ice by pipetting, and 10 uL were transferred into 0.2 mL PCR tubes
(MicroAmp™ 8-Tube strip; Applied Biosystems; USA) followed by 10 uL of purified
phage RNA with mixing by pipette. A no-reverse-transcriptase (NRT) control was
included by adding the appropriate volume of all reaction components to a single 0.2
mL PCR tube but substituting the 1 pL of reverse transcriptase for 1 pL of nuclease-
free water. 10 uL of a representative phage RNA sample was then added to the NRT
control tube. Tubes were briefly centrifuged for 3 — 5 s to consolidate contents,
before reverse transcription was performed in a thermal cycler (TurboCycler Lite;
Blue-Ray Biotech, Taiwan) using reaction conditions of 25 °C for 10 min, 37 °C for 2
h, 85 °C for 5 min, then hold at 4 °C. The absorbance spectra of 1 uL aliquots of each
sample were measured using a spectrophotometer (ND-1000; Nanodrop
Technologies Inc., USA) in triplicate. Azes0280 > 1.8 was considered acceptable. DNA
concentration was disregarded as the presence of carrier RNA in the extraction step

will inflate this value.

2.2.3 Quantitative polymerase chain reaction

Quantitative Polymerase Chain Reaction (qQPCR) was carried out using the Premix
Ex Tag™ (Probe gPCR) ROX Plus master mix (Takara Bio Europe). MS2 and phi6
primers and hydrolysis probe were obtained from Applied Biosystems (USA)
according to Gendron et al. (2010) as shown in Table 2.2. The MS2 forward primer
was located at the 1,261 — 1,283 nt position within the mat gene and the reverse
primer was within the cp gene at position 1,420 — 1,401 nt which corresponds to a
160 bp PCR product. The phi6 forward primer was located on the phi6 S segment
within the phi-6S_1 gene at position 429 — 445 bp and the reverse primer was within
the same gene at position 528 — 506 bp which corresponds to a 100 bp PCR product

(Figure 2.4). Primers and probes were supplied at 100 uM concentration and were
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diluted to 10 uM working concentration in aliquots with nuclease-free water before

use, in a laminar flow cabinet (TC48; Gelaire, Australia). TagMan (Applied

Biosystems; USA) hydrolysis probes were used in gPCR assays with a 5" FAM (6-

carboxyfluorescein) reporter, and a 3’ nonfluorescent quencher (NFQ) and minor

groove binder (MGB) moiety.

(-29)

Oligonucleotide Sequence Tm, °C | GC%
MS2 forward primer | 5—-GTC CAT ACC TTA GAT GCG TTA GC-3’ 59.3 | 47.8
MS2 reverse primer | 5— CCG TTA GCG AAG TTG CTT GG-3’ 58.6 55.0
5-FAM- ACG TCG CCAGTT CCG CCATTG
MS2 probe TCG-MGB/NFQ-3' 70.1 | 62.5
Phi6 forward primer | 5-TGG CGG CGG TCA AGA GC-3’ 63.2 70.6
Phi6 reverse primer | 5-GGA TGA TTC TCC AGA AGC TGC TG-3 62.1 52.2
, 5-FAM-CGG TCG TCG CAG GTC TGA CAC
Phi6 probe 170G C-MGB/INFQ3 71.7 | 68.0
'(\f'gf)fm""ard Primer | 5 _TGT AAA ACG ACG GCC AGT-3 56.5 | 50.0
M13 reverse primer | 5._cAG GAA ACA GCT ATG ACC-3 521 | 50.0

Table 2.2. Oligonucleotides used in RT-qPCR and Sanger sequencing.

MS2 and phi6 primers and probes were taken from Gendron et al. (2010). FAM: 6-
carboxyfluorescein; MGB: minor groove binder; NFQ: nonfluorescent quencher.
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Figure 2.4 MS2 and Phi6 primer binding sites

Alignment of primers to reference sequences for MS2 (NC_001417.2) and Phi6
(NC_003714.1). Genes are annotated, and the PCR product with forward and reverse
primers (arrows) are displayed in blue labelled “primer 1.

To prevent contamination of qPCR, all steps were performed using dedicated
pipettes, plasticware, and lab coat in a laminar flow cabinet (TC48; Gelaire,
Australia). Reagents and cDNA were thawed before briefly pulse-vortexing and
centrifuging (3 — 5 s) to resuspend contents. A master mix was made up according to
the manufacturer’s instructions with the following volumes per reaction: 10 uL Premix
Ex Taq (2X) (Probe qPCR) ROX Plus; 0.4 pL forward primer (0.2 yM final
concentration); 0.4 pL reverse primer (0.2 uM final concentration); 0.8 uL probe (0.4
MM final concentration); 6.4 pL nuclease-free water. The master mix was then mixed
on ice by pipetting. 18 uL of master mix were added to the bottom of the wells of a
96-well PCR plate (MicroAmp™ Optical 96-Well; Applied Biosystems, USA) and 2 pyL
of nuclease free water (Molecular biology grade, ultrapure; Thermo Scientific, USA)
was added to the walls of No Template Control (NTC) wells. Once all wells were
complete, reagents were put away before opening any cDNA samples. cDNA was
centrifuged before opening to consolidate contents of the tubes. 2 uL of cDNA
template (including the no reverse transcriptase control) were added to the walls of
the wells in the 96-well plate. All reactions were conducted in triplicate. Wells were
sealed with optical film (MicroAmp™ Optical Adhesive Film; Applied Biosystems,
USA) and the plate was centrifuged for 10 — 15 s to eliminate bubbles and

consolidate well contents. The plate was loaded into a QuantStudio 3 gPCR machine
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(Applied Biosystems; USA) and the reaction was started with the following
conditions: 30 s initial denaturation at 95 °C; 40 cycles of 95 °C for 5 s then 60 °C for

34 s. After completion, the sealed plate was stored at -20 °C.

gPCR analysis was performed using the Thermo Fisher Connect cloud-based
platform (Thermo Fisher Scientific, USA) using the “Design and Analysis” and
“Standard Curve” software modules. An automatic baseline was determined by the
software, and a defined ARn threshold of 0.04 was used for all analyses.
Quantification cycle (Cq) was determined for each well when its fluorescence signal
crossed this threshold. Mean Cq and standard deviation were reported for each group

of replicates.

To determine efficiency of the RT-qPCR, ten-fold serial dilutions of phage lysate were
made up in SM buffer covering a 6 Log1o range. RNA was extracted and cDNA
synthesised for each individual sample as above. gPCR was then conducted in
triplicate, and efficiency of the RT-gPCR was calculated using the Design and
Analysis software module within the Thermo Fisher Connect platform by plotting Cq
versus Log1o(template quantity) and calculating the slope of a linear regression curve
fitting these points. The slope was then used in equation (2) to calculate efficiency of

the reaction, and efficiency 0.9 — 1.1 was deemed acceptable (Svec et al. 2015).
i (stope) @)
Efficiency = —1 + 10\Slope

2.2.4 Agarose gel electrophoresis

DNA was visualised using agarose gel electrophoresis. Agarose powder (Melford,
Suffolk) was dissolved at 0.8 — 1.2 % w/v in 50 mL of tris-acetate-EDTA (TAE) buffer
by heating in a microwave oven (R-206; Sharp, Japan) at medium power until
dissolved. 3 pL of ethidium bromide (Sigma Aldrich; USA) were added to the agarose
before pouring into a gel tray with comb and allowing the gel to solidify after removing
bubbles using a pipette tip. 7 L of DNA was mixed with 3 uL of loading buffer
(HyperLadder; Meridian Bioscience, USA) in a 0.2 mL tube by pipetting before
adding the contents to the wells of the gel. 5 yL HyperLadder 100 bp (100 — 1013 bp)
or HyperLadder 1kb (250 — 12,007 bp) DNA molecular size markers (Meridian
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Bioscience, USA) were also included on the gel depending on the expected size of
the DNA to be visualised. Electrophoresis was conducted in a horizontal tank with a
direct current power supply (Power Pac basic; Bio-Rad, USA) at 80 v for ~ 45 min

with TAE as the running buffer. Following electrophoresis, the gel was removed and

imaged by UV transillumination (G:Box; Syngene, Cambridge).

2.2.5 Plasmid DNA standards

Plasmids containing MS2 and phi6 sequence extracts were made by cloning phage
PCR products into plasmids using TOPO TA cloning. This allowed use of plasmid
DNA for absolute quantification in qPCR. MS2 and phi6 RNA was extracted using the
GeneJET viral DNA and RNA extraction kit (Thermo Scientific; USA), and reverse
transcribed using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems; USA) as described above. A spectrophotometer (ND-1000; Nanodrop
Technologies Inc., USA) was used to take triplicate measurements of 1 pL aliquots of
each sample to measure DNA concentration and absorbance spectra. A2sor280 > 1.8

was considered acceptable.

Basic PCR was then performed using reagents supplied in the TOPO TA Cloning Kit
for Sequencing (Invitrogen, USA). The MS2 and phi6 primers in Table 2.2 and
recombinant Taq polymerase (Invitrogen, USA) were used in the PCR, by adding the
following to each 50 pL reaction in 0.2 mL PCR tubes (MicroAmp™ 8-Tube strip;
Applied Biosystems; USA): 5 uL 10x PCR buffer; 0.5 yL dNTPs (50 mM); 2 L of
each primer (10 yM); 0.2 yL Taq polymerase (5 units/uL); 1 yL cDNA template.
Negative controls were included using nuclease-free water instead of template for
both primer sets. PCR was conducted using a QuantStudio™ 3 real-time PCR
system (Applied Biosystems, USA) with reaction conditions as follows: initial
denaturation at 95 °C for 1 min, then 35 cycles of: 95 °C for 15 sec; 60 °C for 15 sec;
and 72 °C for 10 sec; followed by a final extension for 7 min at 72 °C. PCR products
and negative controls were visualised using a 1.2 % agarose gel to confirm single

product amplification.

Cloning reactions using the pCR™4-TOPQO® vector (Figure 2.5) were set up with MS2
and phi6 PCR products. The TOPO TA Cloning Kit for Sequencing (Invitrogen, USA)
was used by adding the following volumes of the supplied reagents to 2 yL of PCR

product in a 0.2 mL PCR tube: 1 yL pCR™4-TOPO® vector; 2 pL nuclease-free water;
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1 uL supplied salt solution. Contents were mixed gently by pipetting and incubated at

room temperature for 5 min before immediately placing on ice.
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Figure 2.5. pCR™4-TOPO® vector map.

Locations of EcoRI and Sphl restriction sites, ampicillin (AmpR) and neomycin/kanamycin
(NeoR/KanR) resistance genes, origin of replication (ori), M13 sequencing primer sites, and
the lacZa-ccdB gene fusion are shown.

2 uL of the cloning reaction were added to One Shot™ Chemically Competent E. coli
TOP10 cells (Invitrogen, USA) and mixed gently by pipetting before incubating on ice
for 5 min. Heat shock was performed by incubating at 42 °C in a water bath (JB1;
Grant, Cambridgeshire) for 30 s before immediately placing on ice. 250 uL of S.O.C.
medium (Table 2.1) were then added before shaking horizontally in a shaking
incubator (KS 4000 i control; IKA, Oxford) at 37 °C, 180 rpm for 1 h.

25 uL and 50 L aliquots of the transformation mixture were spread on separate LB
agar plates containing 50 ug/mL ampicillin and incubated overnight at 37 °C.
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Following incubation, numerous white colonies were formed. The pCR™4-TOPO®
vector allows positive selection as it contains the lethal ccdB gene (Bernard 1996)
which is expressed fused to the C-terminus of the LacZa fragment. Ligation of a PCR
product disrupts the ccdB-LacZa gene fusion and so only cells which have taken up a
recombinant plasmid containing the insert can survive. Inclusion of bla confers
ampicillin resistance, such that when grown on media with ampicillin, cells which
have not taken up the plasmid cannot grow. 4 colonies from each transformation
were picked and inoculated into separate 50 mL centrifuge tubes containing 5 mL LB

with 50 mg/mL ampicillin and grown overnight at 37 °C, 200 rpm.

2.2.6 Plasmid DNA extraction

Plasmid DNA was extracted from E. coli TOP10 cells (Invitrogen, USA) using the
PureLink Quick Plasmid Miniprep Kit (Invitrogen; USA). Wash buffers were
supplemented with 99.8% ethanol (Fisher Scientific; USA) before first use, and
RNAse A was added to the supplied resuspension buffer as recommended by the
manufacturer before storing at 4 °C. 1 — 5 mL of overnight bacterial culture was
centrifuged in a 1.5 mL microcentrifuge tube or 15 mL centrifuge tube for 10 min,
4,000 x g at 4 °C (CR-1512; CAPP, Germany/ 3K10; Sigma, USA) to pellet the cells.
All centrifugation steps were performed at room temperature. The pellet was then
resuspended in 250 pL of the supplied resuspension buffer supplemented with
RNAse A. 250 pL of lysis buffer were then added and mixed by inverting the tube
which was then incubated at room temperature for 5 min. 350 uL of precipitation
buffer was added, and the tube was shaken to homogenise before centrifuging for 10
min, 12,000 x g. The supernatant was transferred to a spin column and centrifuged
for 1 min, 12,000 x g. The flow through was discarded and 500 pL of wash buffer
(W10) was added to the column and incubated for 1 min before centrifuging for 1
min, 12,000 x g. The flow through was then discarded and 700 uL of wash buffer
(W9) was added to the spin column and incubated for 1 min before centrifuging for 1
min, 12,000 x g. The flowthrough was again discarded, and the column centrifuged
again for 1 min, 12,000 x g. The column was then placed into a 1.5 mL
microcentrifuge tube and a 75 pL aliquot of preheated (65 — 70 °C) TE buffer was
added to the centre of the column and incubated for 1 min. Where downstream
sequencing was planned, nuclease-free water was used instead of TE buffer. The
column was then centrifuged for 2 min, 12,000 x g to elute the plasmid DNA. A

spectrophotometer (ND-1000; Nanodrop Technologies Inc., USA) was used to take
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triplicate measurements of 1 pL aliquots of each sample to measure absorbance

spectra. A2s0/280 > 1.8 was considered acceptable.

2.2.7 Plasmid standard verification

Plasmids containing MS2 and phi6 PCR products were linearised by digestion for 1 h
with Sphl restriction enzyme in rCutSmart™ buffer (New England Biolabs; MA, USA)
at 37 °C according to the manufacturer’s instruction. 5 yL buffer was added to ~1 ug
DNA and 1 uL Sphl, made up to a total volume of 50 pyL with nuclease-free water.
DNA was then visualised on a 1% agarose gel to confirm that the linearised plasmid

was of the expected molecular weight.

20 pL aliquots of purified plasmids (50 — 100 ng/uL) were sent to a commercial
sequencing provider (TubeSeq service; Eurofins Genomics Europe GmbH) for
dideoxy chain termination (Sanger) sequencing using an Applied Biosystems 3730XL
instrument. Plasmids were sequenced in the forward and reverse direction using M13
forward and reverse primers (Table 2.2) supplied by the sequencing provider, which
straddle the insert region of the pCR™4-TOPQO® plasmid. Plasmids isolated from two
colonies were sent for sequencing for each construct. Glycerol stocks were made

from each isolated colony and stored at -80 °C.

Alignment to NCBI reference sequences for MS2 (accession: NC_001417.2) and
phi6 (NC_003714.1) was assessed using SnapGene v6.2 (GSL Biotech, LLC) and
Benchling Molecular Biology (https://benchling.com/). Plasmids verified by

sequencing were allocated the names pCR4-MS2 and pCR4-phi6 respectively and
were deposited in the laboratory’s culture collection in E. coli TOP10 cells at -80°C.

All other transformants and isolated plasmids were discarded.

2.2.8 Plasmid DNA qPCR standard curves

Dilutions of pCR4-MS2 and pCR4-phi6 plasmid DNA were made in nuclease-free
water to approximately 1.5 ng/uL, and DNA concentration was measured with a
Qubit™ 4 fluorometer using the Qubit™ 1x dsDNA HS assay (Invitrogen; MA, USA).
Individual measurements were made in triplicate and averaged, and three biological
replicates were conducted on consecutive days. An online calculator, which uses the
calculation in equation (3) (New England Biolabs NEBioCalculator, available at:

https://nebiocalculator.neb.com/#!/dsdnaamt) was used to derive copy number/uL
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based on the mean measured DNA concentration of plasmid standards and the size
of the plasmids (pCR4-MS2 = 4,116 bp; pCR4-phi6 = 4,056 bp).

DNAmass, g x (6.022 x 1023, molecules/mol)
((DNAlength, bp)x (617.96, g/mol/bp))+ 36.04, g/mol

DNA, molecules =

3)

10-fold serial dilutions of the plasmid standards were made up in nuclease-free water
covering the range 3.38 x 10" — 3.38 x 10° copies / uL for MS2 and 2.90 x 10" — 2.90
x 108 copies / yL for phi6. 2 L of each standard (approximately 6 x 10-' — 6 x 10°
copies per reaction) were used in qPCR as described above. No-template controls
were included using nuclease-free water. Three independent gPCRs were conducted
using the standards, each with three technical replicates per experiment. A fixed ARn
threshold of 0.04 and auto-baseline was used. Standard curves were derived by
fitting a linear regression equation to Cq and Log1o(copy number) replicate values for
each standard. R? was calculated, and the efficiency of the qPCR was calculated

using equation (2).

The limit of detection (LoD) of gPCR assays for MS2 and phi6 were determined using
the discrete threshold method according to Klymus et al. (2020), defined as the
lowest concentration standard that amplified in > 95% of replicates. Samples with

quantities below the LoD were assigned a value of 0 in subsequent analyses.

2.3 Clinical simulation experiments using a mannequin model

2.3.1 Environment

Clinical simulation experiments were conducted in various dental treatment rooms
and open plan clinics at Newcastle Dental Hospital, Newcastle upon Tyne Hospitals
NHS Foundation Trust. Individual dental treatment rooms of 45.0 — 51.5 m3, located
in the Dental Clinical Research Facility were used in experiments in Chapters 3 and
5. These rooms were ventilated via a supply-extract, centrally supplied mechanical
ventilation system using ceiling vents, providing 3.30 — 4.96 Air Changes per Hour
(ACH). The open plan Clinical Simulation Unit (CSU), an 825 m?3open plan teaching
laboratory containing dental simulators, was used in experiments described in
Chapter 4. The CSU was also ventilated by central mechanical ventilation, providing
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6.46 ACH. Ventilation rates were measured on behalf of Newcastle upon Tyne
Hospitals Foundation Trust by an external contractor as part of a commissioned

building ventilation survey.

Experiments described in Chapter 4 were conducted in the Bioaerosol Chamber
facility at the School of Civil Engineering, University of Leeds (Hiwar et al. 2025; King
et al. 2013). This is a 32.25 m?® sealed biosafety level 2 chamber supplied with HEPA-
filtered air with variable ventilation rate, temperature, and relative humidity.
Experiments were conducted in this facility at two ventilation rates: 1.5 ACH and 11.7
ACH. Ventilation rate was confirmed as part of routine calibration of the facility by the
School of Civil Engineering using a balometer (Model PH721, TSI Incorporated,
Shoreview, MN). The ventilation configuration in the facility uses a clean airflow path
with a high, wall-mounted inlet vent and a low wall-mounted outlet vent diagonally
opposite. The chamber was ventilated at the maximum airflow rate (11.7 ACH)

between those experiments which used a lower air exchange rate.

For all experiments, where possible, temperature of 20 - 25°C and relative humidity
<70 %RH was maintained, corresponding to levels deemed acceptable for healthcare
settings according HTM 03-01 (NHS England and NHS Improvement 2021).

Parameters measured during experiments are given in the relevant results chapters.

2.3.2 Mannequin model

In experiments in individual dental treatment rooms at Newcastle Dental Hospital,

a dental mannequin (P-6/3 TSE, Frasaco GmbH; Germany) with model teeth
(Frasaco GmbH, Germany) was attached to a dental chair (A-dec Inc.; USA)
positioned ~80 cm above the floor. In experiments in the Bioaerosol Chamber, the
same mannequin was attached to a platform in the centre of the chamber with the
upper incisor teeth positioned 80 cm from the ground. In experiments in open plan
clinics, a free-standing dental simulator (Model 4820; A-dec, OR, USA) was used and
was positioned with the same tooth 80 cm from the ground.

A two-channel syringe pump (Legato 101, KD Scientific; USA) was used to introduce
a suspension of MS2 and phi6 phage into the mouth of the mannequin at a titre of ~
107 - 10" PFU/mL, which is in the observed range of salivary viral load for human
pathogens including SARS-CoV-2 (To et al. 2017b; Yang et al. 2021b). Titres used
for each experiment are given in the relevant results chapters. Phage suspension
was delivered through two, 1-mm internal diameter tubes which passed through the
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rubber “cheeks” of the mannequin and opened adjacent to the tooth undergoing a
dental procedure in each experiment. The suspension was delivered at a flow rate of
1.0 — 1.5 mL/min which represents the upper range of normal human total stimulated
saliva flow (Ship et al. 1991). Prior to starting the procedure, 1 mL of the same phage
inoculum was added to the labial surfaces of the upper teeth using a 1 mL syringe.
The dental mannequin was cleaned between experiments using disinfectant wipes
(Clinell Universal Wipes; GAMA Healthcare, UK), followed by 70% ethanol.

2.3.3 Dental procedures

Dental procedures were conducted in clinical simulation experiments using a range
of dental instruments as shown in Table 2.3. The instrument flow rate was measured
by dispensing the irrigant into a 50 mL volumetric flask for 1 min and calculating the
mean of three replicates. Measurements of instrument flow rate were obtained at
least on each day of experimentation. Procedures were conducted according to
standard clinical practice by a single dentally trained operator with over 10-years’

experience.

The crown preparation procedure on the mannequin’s upper right central incisor
tooth was conducted in the same manner for all experiments. The order was as
follows: depth cuts in the incisal and labial surfaces (~1 mm) were first made with a
coarse tapered crown bur; a 1mm chamfer margin was then cut around the entire
tooth; reductions were made to the labial, incisal, mesial, and distal surfaces to the
final desired contour; the palatal reduction was made with a coarse rugby ball bur;
finally, the entire preparation was refined with a fine tapered crown bur. This
procedure took precisely 10 minutes, with palatal reduction occurring at
approximately 5 mins, and refinement of the tooth surface continuing until the end of

the 10 mins.

2.3.4 Bioaerosol control measures

Several bioaerosol control measures (Figure 2.6) were tested in experiments
described in Chapter 3 and 5, as shown in Table 2.4. These mitigations were applied
according to standard clinical practice unless otherwise stated by a single, dentally
trained operator with over 10-years’ experience. High-volume dental suction flow rate
was measured using an airflow meter designed for dental suction units (Ramvac
Flowcheck; DentalEZ) by calculating the mean of three measurement replicates.
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Measurements of suction flow rate were obtained at least on each day of
experimentation. Airflow rate of the LEV device in Table 2.4 was taken from the

manufacturer’s product literature.

Figure 2.6. Dental suction and LEV control measures

(A) dental suction and (B) local exhaust ventilation (LEV) used in bioaerosol control measure
experiments (Chapter 5).
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Max Z95L; NSK, Japan) with diamond burs (Rugby Ball
379, Shoulder 856SG & 856G; Drendel and Zweiling,
Germany) driven by an electric motor (NLX Nano; NSK,
Japan) at 200,000 rpm.

chip air not activated

upper right central incisor
tooth

Instrument Irrigant and flow rate Procedure Duration
High-speed air-turbine handpiece (Synea TA-98, W&H Tap water, 29.3 — 45.1 mL/min Crown preparation on the 10 min
(UK) Ltd.; St Albans, UK or EXPERTtorque LUX E6680L, | (actual rates given in results upper right central incisor

Kavo; Germany) with diamond burs (Rugby Ball 379, chapters), chip air activated tooth.

Shoulder 856SG & 856G; Drendel and Zweiling, Germany)

1:5 speed increasing electric micromotor handpiece (Ti- Tap water, 44.8 mL/min (SD: 1.3), | Crown preparation on the 10 min

Table 2.3. Dental instruments and procedures used during clinical simulation experiments.
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Mitigation

Details

High-volume dental

Dental suction using an 8.2 mm aspirator tip at an air flow rate of 238.8 L/min (SD:3.3). This was fixed in position 1 cm

suction from the tooth undergoing the procedure with a retort stand. The suction tip was connected to Newcastle Dental
Hospital’s centrally supplied dental suction.
Rubber dam Rubber dam (Henry Schein, UK) was applied to maxillary teeth from first premolar to opposite first premolar. A ~15

mm diameter hole was cut in the centre of the dam to prevent pooling of water from the handpiece as suction was not
used. Winged molar rubber dam clamps (Henry Schein, UK) were placed on the dam at the first premolar positions,
and the dam was affixed to a rubber dam frame (Henry Schein, UK). The assembled construct was then applied to the
mannequin at the beginning of each experiment (after phage solution had been added to the tooth surfaces) using
rubber dam clamp pliers, and floss to seat the dam between the teeth. Finally, the rubber dam was released from the

wings of the clamps to seat the dam around the cervical areas of the clamped teeth.

Local Exhaust
Ventilation (LEV)

A DentalAIR UVC AGP Filtration system (DA-UVC1001; VODEX Ltd.) was used as the LEV device. This device uses
a HEPA filter compliant with EN1822 standards at a nominal airflow rate of 5,000 L/min of air and includes a 254-nm,
27-mW/cm? UVC source in the airflow before filtration. The centre of the device’s inlet nozzle was positioned 10 cm
inferior to the chin of the mannequin and 3 cm above the plane of the mannequin’s mouth. The device was operated at

the maximum airflow setting.

Dental unit waterline
(DUWL) disinfectant

ICX (A-dec; OR, USA), a commercially available dental waterline disinfectant intended for continuous use, containing
active ingredients sodium percarbonate and silver nitrate, was added the water supplying the dental instrument at the

manufacturer’'s recommended concentration of 106.2 mg/L.

Table 2.4. Bioaerosol control measures used during clinical simulation experiments.
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2.4 Aerosol and droplet sampling methods

2.4.1 Sampling rig construction

A sampling rig was constructed consisting of a central hub made from a circular
polytetrafluoroethylene billet with 10 mm holes drilled at 45° intervals around the
circumference to supported eight, 10 mm diameter threaded steel bars which were
secured centrally by threaded thumbscrews secured into the hub and supported
distally by tripod stands. The bars could be extended from 1 — 4 m, allowing a
maximum coverage area of 8 m in diameter. 90 mm aluminium disks were attached
to bars at intervals of 0.5 m using spring clips bonded to the underside of the disks
with epoxy resin (90 mm polystyrene Petri dishes were used instead of aluminium
disks in initial experiments in Chapter 3). Filter papers were placed on platforms to
capture settled aerosols and droplets (Figure 2.7), along with surrounding benches in
experiments in enclosed surgeries. Sampling locations were measured relative to the
centre of the rig, which was positioned as close to the head of the mannequin as
possible and on a plane ~84 cm above the floor; this was also the height of the
benches used for other sampling locations. Free-standing retort stands, or those

attached to the rig, were used to support air sampling equipment described below.

Figure 2.7. Aerosol sampling rig.
Rig constructed from 10 mm threaded steel bar supported by tripod stands as used in A)
enclosed dental treatment rooms and B) open plan clinics.
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2.4.2 Droplet and settled bioaerosol sampling

To capture droplets and settled aerosols, autoclave-sterilised, 30 mm diameter
cotton-cellulose filter papers (Whatman, Cytiva; USA) were positioned in appropriate
sampling locations and pre-wet with 100 yL of SM buffer immediately before the
experiment. In initial experiments (Chapter 3), samples were collected using
tweezers, which were cleaned with 70% ethanol between samples, and placed into
sterile tubes for transport to the laboratory. In subsequent experiments, samples
were placed in open sterile 50 mm petri dishes (Cytiva; USA), which were sealed with
lids before transport to the laboratory to minimise handling. In the lab, filter papers
were folded with tweezers using aseptic technique and transferred into 1 mL spin
columns with a 30 um pore size polyethylene membrane (Pierce; Thermo Fisher
Scientific, USA) and a silicone end cap. 500 pL of SM buffer were then added (350
WL deionised water was used during initial experiments in Chapter 3) and samples
were incubated at room temperature for 20 min before shaking in a horizontal
orientation for 20 min using an orbital shaker at 300 rpom. Column end caps were
then removed, and the columns were placed into new 2 mL microcentrifuge tubes
before centrifuging at 15,000 x g for 3 min to elute phage for use in plaque assays
and RT-qPCR. The area of the filter papers (7.07 cm?) was used to calculate

PFU/cm? and copies/cm?.

To determine the efficiency of recovery of phage from filter papers, a 10 pyL inoculum
containing 5.8 x 10° PFU/mL of MS2 and 4.5 x 107 PFU/mL of phi6 was spiked onto
individual filter papers in triplicate. Filter papers were pre-wet before inoculation with
100 pL of SM buffer to prevent drying of phage, except one sample which was left
dry. After being left for 30 min on the bench in covered, sterile 90 mm petri dishes,
filter papers were processed as above. Separate samples were also processed by
incubating only (no shaking) or by vortexing at 3,000 rpm for 1 min instead of
shaking. Negative control filter papers were included by inoculating with 10 uyL SM
buffer instead of phage. Positive control samples were included by spiking 10 uL of
the same inoculum into 500 pL of SM buffer in a spin column but with no filter paper,
and processing by shaking as above. Positive control samples with the spin column
membrane removed were also included to test if the presence of the spin column
membrane had any effect on phage recovery. Eluted samples were then measured
using plaque assays and RT-qPCR and recovery efficiency was calculated by

comparing to positive controls (with the column membrane intact).
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To compare recovery on filter papers during clinical simulation experiments to
alternative methods reported in the literature (Beltran et al. 2023; Vernon et al. 2021;
Vernon et al. 2022), 90 mm diameter petri dishes were also placed in appropriate
positions in initial experiments (Chapter 3) to capture droplets and settled aerosols.
Plates of the appropriate medium (TSA for P. syringae and NZCYM for E. coli) were
overlain with 3 mL of molten overlay agar seeded with 100 uL of overnight-grown
host bacterial cells. Plates were prepared immediately before experiments,
uncovered at the start of experiments, and closed at the end, before transporting to
the laboratory and incubating for 24 h at the appropriate temperature for the host
bacteria (37 °C for E. coli, 25 °C for P. syringae). Plaques were then counted, and
the surface area of the plates (63.62 cm?) was used to calculate PFU/cm?. Negative
controls were obtained by placing samples in an adjacent, enclosed surgery for the
duration of each experiment and collecting and processing these in the same way at

the end of the experiment.

2.4.3 Air sampling for suspended bioaerosol

Suspended aerosols were captured using all glass, cyclone air samplers
(BioSampler; SKC Inc., USA,; Figure 2.8). BioSamplers were filled with 20 mL of SM
buffer (distilled water during initial experiments with MS2 only in Chapter 3) and
operated at 12 — 12.5 L/min using a sampling pump (BioLite+; SKC Inc., USA). Flow
rate was calibrated using a rotameter (SKC Inc., USA). At the end of the experiment,
buffer was manually swirled in the sampler in the opposite direction to the vortex
created during operation, in order to resuspend any phage adsorbed to the vessel
walls. The buffer was then poured into a sterile 50 mL centrifuge tube and
transported to the laboratory. Samplers were cleaned with laboratory
detergent/disinfectant (1:20 Chemgene HLD4L, Byotrol; UK), rinsed with 70% ethanol
and then deionised water, before sterilising by autoclaving. Negative control samples
were obtained by running an air sampler in an adjacent, enclosed surgery for the
duration of each experiment, or in the location of the experiment before the

experiment began.
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Figure 2.8. BioSampler air sampling equipment

BioSampler all glass air samplers used in experiments. Left image: custom designed
sampling rig allowing individual samplers to be run consecutively in the same location (used
in experiments in Chapter 4). Right image: samplers run simultaneously in different locations.

2.4.4 Physical aerosol measurement with an optical particle counter

A laser diode optical particle counter (OPC; 3016-I1AQ, Lighthouse, USA) was used to
measure particle number concentration of all suspended aerosol and was calibrated
to ISO 21501-4 by the manufacturer. The OPC had six particle-size channels (0.3,
0.5, 1.0, 2.5, 5.0, and 10.0 um), a sampling flow rate of 2.83 L/min, and concentration
limit of 282.5 particles/cm?® at 10% coincidence loss. The sampling frequency was set
to 1 — 0.2 Hz (one sample every 1 — 5 sec). The device also measured temperature

and relative humidity at the same frequency.

2.5 Statistical Methods

SPSS Statistics 27 (SPSS Inc.; USA) and GraphPad Prism 9 (GraphPad Software,
LLC; USA) were used for data analysis. a = .05 with appropriate correction for

multiple comparisons was used for all analyses.
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The assumption of normal (Gaussian) distribution was assessed using quantile-
quantile plots and the Shapiro-Wilk test. Comparison of normally distributed interval
data between two groups was achieved using the student’s t test, and where the
assumption of normality was violated, the Mann-Whitney U test (Wilcoxon rank-sum

test) was used instead. Corresponding paired tests were used for paired data.

One-way ANOVA was used to compare interval data between multiple groups on a
single nominal or ordinal variable, with post-hoc Tukey’s honestly significant
difference (HSD) test for multiple comparison of groups, or Dunnett’s test where
groups were compared to a single control group. Homogeneity of variances was
assessed using Bartlett’s test, and where the assumptions of one-way ANOVA were
violated, the Kruskal-Wallace test was used. For comparison of interval data between
multiple groups on two variables, two-way ANOVA was used, and the Sidak

correction was used for multiple comparisons between groups.

Pearson’s r and Spearman’s p with associated p were used to assess linear and
monotonic correlations between variables. Relationships between two variables were
assessed using linear regression or nonlinear regression using a one phase decay
exponential model as appropriate. The most appropriate model was selected by
visual assessment of curve fit, residual plots, and R?. 95% confidence bands, and/or
95% prediction bands were reported. To assess the recovery of phage at different
distances in dispersion experiments and at different times after the procedure in
persistence experiments (Chapter 4), the intercept of regression curves with y = 0
(plaque assay data) or y = limit of detection (RT-gPCR data) was calculated to
determine at what distance from the source, or time from the procedure, recovery of
infectious phage or phage RNA would be expected to be zero, based on the
regression models. Bland-Altman plots were used to compare agreement between

two measures, including average bias and 95% limits of agreement.

For time-series data (e.g., OPC data), Area Under the Curve (AUC) was calculated
with associated standard error from replicate curves, and then a t-test or ANOVA was

used to compare groups.

Where appropriate, Log10 transformation of raw data was used to allow visualisation.

The function: Log,o(x + 0.01) was used to allow correction of zero values.
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Chapter 3. Optimising a Clinical Simulation

Model of Dental Bioaerosols

3.1 Introduction

Bioaerosols are emitted from multiple sources in the dental clinic (e.g., dental
procedures, dental instrument irrigants, patients’ and dental professionals’ respiratory
activities, environmental sources) and variation between individuals in emission rates
and microbial composition makes studying the bioaerosols produced during dental
procedures challenging in vivo. Simulation models allow standardisation of
parameters such as the dental procedure and the ability to exclude patient variation
such as respiratory activities and oral microbiota. These models are therefore
attractive for studying dental bioaerosols. The use of a specific tracer which can be
put into the mouth of a dental mannequin during a simulated dental procedure allows
the aerosols specifically produced by the dental procedure to be more reliably
studied. Although our group has previously published work using simulation models
with a fluorescent tracer (Allison et al. 2021a; Allison et al. 2021b; Allison et al.
2021c; Holliday et al. 2021; Llandro et al. 2021), these models are limited by the fact
that such tracers offer no biological information, for example, the survival and

infectivity of any microorganisms dispersed within bioaerosols.

The use of viruses relevant to human health (e.g., influenza, SARS-CoV-2, RSV) as
tracers in a simulation model would be an ideal approach, however the need for
appropriate biosafety measures mean that this is not practical in real clinical settings.
Indeed, several authors have used mammalian viruses to model dental bioaerosols
(Fidler et al. 2021; lonescu et al. 2021), however this has been limited to the
laboratory environment only. Bacteriophages (phages) are ideal candidate viruses to
use as viral tracers in the clinic as they pose no risk to human health, and
measurement of infectious virus using bacterial plaque assays is much easier than

viruses of eukaryotes where cell or tissue culture methods are required.

The experiments described in this chapter using bacteriophage MS2 to study the
effect of a dental unit waterline (DUWL) disinfectant have been published in the
Journal of Dental Research (Allison et al. 2022), but prior to this, only one other study

had used a bacteriophage (phi6) in clinical simulation experiments in dental settings

58



(Vernon et al. 2021). Other authors have subsequently published data using
bacteriophage models with MS2 (Pratt et al. 2023), phi6 (Vernon et al. 2022), and the
ssDNA E. coli phage, PhiX174, which is a member of the Microviridae family (Beltran
et al. 2023; Liu et al. 2023). Our group, however, remains the only group which has
not relied upon the direct settlement of phage onto growth media seeded with host
bacteria in Petri dishes for the detection of phage, but rather eluting phage captured
on filter papers. Importantly, the relative recovery efficiency of phage from Petri
dishes and filter papers has not yet been reported in the literature. The additional
potential advantages of using filter papers are that: 1) dilution of concentrated
samples is possible where there are too many plaques to accurately count, and 2) by
eluting phage from filters, subsequent analysis using molecular methods such as RT-
gPCR is possible. The ability to quantify recovered phage nucleic acids by RT-qPCR
and compare this to the amount of infectious phage by plaque assay is necessary to
determine what proportion of dispersed phage remains infective following dispersion.
This is important because the measurement of human viruses (e.g., SARS-CoV-2,
influenza) in clinical studies has often relied on RT-qPCR, and infectious virus is
often not recoverable from samples which are PCR positive (Moore et al. 2021,
Thompson et al. 2013; Winslow et al. 2022).

As little prior work has been done to optimise phage sampling using filter papers or
for the absolute quantification of phage tracers by RT-qPCR, initial experiments were
conducted to determine how the phage tracers and assays performed in the clinical
setting and laboratory; this was initially conducted using a single phage (MS2).
Bacteriophage MS2 is a member of the species Emesvirus zinderi in the family
Fiersviridae, with non-enveloped, non-tailed, 26 nm diameter virions (figure 3.1) and
a 3,569 nt single-stranded positive-sense RNA genome encoding four proteins. MS2
adsorbs to the F pilus of its host Escherichia coli via the single maturation protein

present on the surface of its capsid (Meng et al. 2019).

All previous studies of dental bioaerosols using viral tracers have used a single virus,
however different viruses are known to have different survival characteristics
depending on the presence of a viral envelope, features of their environment such as
relative humidity, and the presence of other solutes such as salt, proteins, and
surfactants (Fedorenko et al. 2020; Firquet et al. 2015; Lin et al. 2020; Zargar et al.
2022). For this reason, in subsequent experiments, a second phage—phi6—was

used simultaneously to assess how survival of phage in dental bioaerosols differs
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between viruses which differ in the possession of a viral envelope. Bacteriophage
phi6, a member of the species Cystovirus phi6 in the family Cystoviridae, is an
enveloped, non-tailed virus with 85 nm diameter virions and a 13,385 bp double-
stranded RNA genome, which is divided into three linear segments (S, M, L
segments). Phi6 virions adsorb to retractile pili of its gram-negative host
Pseudomonas syringae, which brings the virions into contact with the bacterium’s
outer membrane. The viral envelope then undergoes fusion with the bacterial
membrane which is mediated by the viral surface receptor protein P3 (Roine et al.
1998). Local digestion of the host cell’s peptidoglycan layer occurs via protein P5 on
the nucleocapsid, allowing the nucleocapsid to enter the bacterial cytoplasm by
invagination of the plasma membrane (Poranen et al. 1999). Expression by E. coli
and P. syringae of the pili required for phage to adsorb to the host cells is known to
vary based on environmental factors (Goldlust et al. 2023; Sistrom et al. 2015). As
described in Chapter 2, preparation of host bacterial cultures was therefore carried
out according to the same protocol in each experiment to minimise variation and
ensure consistent host infection efficiency by phage in samples during plaque

assays.

The two phages used in this project (enveloped phi6 and non-enveloped MS2) were
chosen as surrogates for human viruses due to their broad structural similarity to
several enveloped (e.g., coronaviruses, influenza, respiratory syncytial virus), and
non-enveloped (e.g., norovirus, adenovirus, rhinovirus) human pathogens. MS2 and
phi6 have also been used as surrogates for clinically relevant viruses in previous
non-dental studies (Anderson et al. 2023; Fedorenko et al. 2020; Fisher et al. 2012;
Tung-Thompson et al. 2015; Zargar et al. 2022).
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Figure 3.1. Bacteriophage phi6é and MS2 virions.

Source: ViralZone, Swiss Institute of Bioinformatics. CC BY 4.0.

The primary aim of the initial experiments described in this chapter was to optimise
the use of MS2 and phi6 as viral tracers to study dental bioaerosols in the clinic;
however, the experiments also provided an opportunity to begin to test the efficacy of
dental bioaerosol control measures and to demonstrate the ability of the simulation
model to detect differences in dispersion of phage when such measures were

employed.
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Initially, the effect of a dental unit waterline (DUWL) disinfectant on virus recovery
was explored. These agents are widely used in dental settings to control biofilms in
the waterlines supplying dental instruments. Although much work has been done
examining the effect of DUWL disinfectants on microbial biofilms, very few authors
had considered the effect of these disinfectants on microbes dispersed from the
mouth in bioaerosols (Dutil et al. 2007; Sethi et al. 2019). This was an attractive first
bioaerosol control measure to address because it is not possible to measure its effect
using a non-biological method of measurement, such as particle counting
instruments or chemical tracers. Whilst these approaches have been well described
in the literature, they have primarily been used to assess physical measures of
aerosol control (such as capturing aerosol with dental suction or removing it from the
air by increasing ventilation rate) rather than affecting the viability of viruses within
the aerosol. This is because the mechanism of DUWL disinfectants is not to reduce
aerosols per se but to reduce the viability of any microorganisms contained within
them. The DUWL disinfectant, ICX® (A-dec Inc.; USA) which contains sodium
percarbonate and silver nitrate, was chosen due to its existing use in the author’s
institution and extensive use in dentistry generally. ICX® is intended for continuous
use in DUWLs at a concentration of 106.2 mg/L; the manufacturer does not give a

detailed breakdown of the proportions of the product’s constituent parts.

Secondly, the effectiveness of rubber dam was explored. Rubber dam has been used
in dentistry for well over a century (Author Unknown 1867), and is routinely used
during restorative dental treatment to isolate the teeth being treated from the rest of
the mouth. No studies have assessed the efficacy of rubber dam on the dispersion of
human viruses in clinical studies, however, one study used a viral tracer (phi6) in a
simulation model to assess rubber dam (Vernon et al. 2021). The authors of this
study demonstrated substantially reduced detection when rubber dam was used.
Importantly the model used by the authors only incorporated a single viral tracer, and
so it is not clear whether rubber dam is effective in controlling dispersion of different
viruses, such as MS2. We therefore chose to assess the effect of rubber dam during
the first experiments using both MS2 and phi6 together.
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3.2 Aims and objectives

The aim of this chapter is to develop and characterise a simulation model of dental
bioaerosols and bioaerosol control measures using multiple bacteriophage tracers.

The specific objectives are to:

e Develop a reliable RT-gPCR assay for absolute quantification of MS2 and
phi6.

¢ Optimise a simulation model of dental bioaerosols in a clinical environment
using plaque assays and RT-gPCR to detect bacteriophage tracers.

¢ Demonstrate the ability of the clinical simulation model to detect differences in
bioaerosol dispersion when dental bioaerosols control measures are used.

o Test the effect of DUWL disinfectants and rubber dam on the dispersion of

viable and non-viable viral particles in dental bioaerosols.
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3.3 RT-qPCR assay optimisation

3.3.1 RT-qPCR efficiency with phage cDNA

Plaque assays allow detection of infectious phage; however, they do not give any
indication of the dispersion of inactive phage particles. RT-qPCR assays, based on
previously reported primers and probe (Gendron et al. 2010), were therefore
optimised to allow absolute quantification of MS2 and phi6 RNA. Efficiency of the
assay was first determined using cDNA synthesised from RNA extracted from 10-fold

dilutions of MS2 and phi6 phage lysates.

The efficiency of the assay covering the range 2.32 x 10" — 2.32 x 107 PFU/reaction,
was 98.37% for MS2 (R? = 0.999), and for phi6, covering the range 7.20 x 10" - 7.20
x 107 PFU/reaction, this was 98.91% (R? = 0.995; figure 3.2). Agarose gel
electrophoresis of PCR products showed specific amplification of a single band of the
expected size (160 bp for MS2 and 100 bp for phi6; figure 3.3). Representative qPCR

amplification plots are shown in appendix figure A.1.

MS2 Phi6
40— 40+
30 304
QU 20 UD- 20
Y =-3.070*X + 33.38 Y =-3.348*X + 40.41
10 Efficiency = 98.37% _ 104 Efficiency = 98.91%
R?=0.999 R%=0.995
0 0

I 1 I 1 1 I 1 1 1 I 1 I I I I 1
100 1017 102 103 104 105 10% 107 108 100 107 102 10® 104 105 106 107 10%
PFU/ reaction PFU/ reaction

Figure 3.2. RT-qPCR standard curves for MS2 and phi6 primer and probe sets.

Produced using cDNA synthesised from MS2 and phi6 lysates (n = 3 independent replicates
per standard). PFU/ reaction = plaque forming units per 2 L reaction, calculated by plaque
assay of the original purified phage lysate. Coloured shaded area surrounding linear
regression curves represent 95% prediction intervals (95% of observations are expected to
fall within this). Linear regression equation, corresponding R?, and calculated efficiency of the
gPCR are shown.
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Figure 3.3. Agarose gel electrophoresis of MS2 and phi6 RT-qPCR product.

1% agarose electrophoresis gel (80 v, 50 min). 100 bp — 1,013 bp DNA molecular weight
marker (HyperLadder; Meridian Bioscience, USA) included in the left most lane. Single
amplification products are seen at expected sizes (MS2: 160 bp; phi6: 100 bp).

3.3.2 Verification of plasmid DNA standards

To allow absolute quantification of phage, plasmid DNA standards containing MS2
and phi6 PCR product inserts were constructed using TOPO TA cloning. Basic PCR
of cDNA synthesised from MS2 and phi6 RNA extracted from phage lysates
produced adequate quantity and quality DNA for cloning (MS2 = 149.7 ng/uL, A2so280
= 2.06; phi6 = 244.2 ng/uL, Azso2s0 = 2.14). Agarose gel electrophoresis confirmed a

single product at the expected molecular weight (figure 3.4).
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Figure 3.4. Agarose gel electrophoresis of MS2 and phi6 basic PCR products.

1.2 % agarose electrophoresis gel (80 v, 45 min). 100 bp — 1,013 bp DNA molecular weight
marker (HyperLadder; Meridian Bioscience, USA) included in lane 1. NTC: no-template
control.

TOPO TA cloning of phage PCR products was then conducted using the pCR™4-
TOPO® vector in E. coli TOP10 cells (Invitrogen, USA). Purified plasmids were
linearised with Sphl and separated on a 1 % agarose gel (figure 3.5). Undigested
plasmids showed bands at ~2.5 kb, corresponding to covalently closed circular
plasmid DNA, and at > 10 kb corresponding to open circular (nicked) plasmid DNA.
For plasmids digested with Sphl, bands corresponding to linearised plasmid DNA
were observed at the expected size of ~4kb for plasmids containing MS2 (4,116 bp)
and phi6 (4,056 bp) inserts. Some residual open circular plasmid DNA was observed
in digested plasmid lanes (> 10kb) suggesting some incomplete digestion. The
digestion protocol could have been further optimised, however, the result provided
sufficient initial verification of the plasmids prior to sequencing.
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Sph1 - + - +

Figure 3.5. Agarose gel electrophoresis of pCR4-MS2 and pCR4-phi6 plasmid
constructs.

Plasmids separated on 1% agarose gel (80 v, 55 min) with and without prior linearisation
using Sphl. 1 kbp DNA ladder included in lane 1. pCR4-MS2 and pCR4-phi6 plasmids have
an expected size of 4,116 bp and 4,056 bp, respectively.

Sanger sequencing of the pCR4-MS2 and pCR4-phi6 constructs using M13 forward
and reverse primers, which straddle the vector’s insert region, confirmed alignment of
the constructs to MS2 and phi6é PCR products expected from NCBI reference
sequences (NC_001417.2 and NC_003714.1 respectively; figure 3.6).
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Figure 3.6. Sequences of pCR4-MS2 and pCR4-phi6 plasmid constructs.

Alignments of expected MS2 and phi6 PCR products taken from NCBI reference sequences
(NC_001417.2 and NC_003714.1 respectively; template sequence) to sequencing reads of
the insert region of pCR4-MS2 and pCR4-phi6 plasmids (aligned sequences). Sanger
sequencing was performed using M13 forward and reverse primers which straddle the insert
site of the original pPCR™4-TOPQO® vector. Misalignments of sequence reads shown in red
correspond to the vector sequence.

3.3.3 Plasmid DNA standard curves

Following verification of pPCR4-MS2 and pCR4-phi6 plasmids, standard curves were

constructed using qPCR to allow absolute quantification of phage RNA recovered

during clinical simulation experiments. Plasmid DNA was isolated using a column-
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based extraction kit as described in Chapter 2 (section 2.2.6), and DNA
concentration was measured using a spectrophotometer (ND-1000; Nanodrop
Technologies Inc., USA; Figure 3.7) before diluting samples to approximately 1.5
ng/pL in nuclease-free water. DNA concentration of the diluted plasmid standards
was then measured accurately using a Qubit spectrofluorometer, by taking the
average of 9 replicate measurements. Measured DNA concentration was then used
to calculate copy number per pL for each standard (see section 2.2.8). Standards
were then 10-fold serially diluted, covering the ranges 3.38 x 10~ — 3.38 x 10°
copies/uL for MS2 and 2.90 x 10" — 2.90 x 108 copies/uL for phi6, before conducting
gPCR. Derived standard curves (figure 3.8) demonstrated good efficiency across a 7-
Log1o range of input DNA (MS2: 111.7%; phi6: 106.8%) and excellent curve fit (R?us2
= 0.991; R?phis = 0.987). For MS2, the limit of detection was calculated at 33.8
copies/uL, and for phi6, this was 2.9 copies/uL.
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Figure 3.7. pCR4-MS2 and pCR4-phi6 plasmid DNA concentration.

Determined by fluorometric measurement using a Qubit™ 4 fluorometer. n = 9 measurement
replicates.
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Figure 3.8. qPCR standard curves derived using pCR4-MS2 and pCR4-phi6 plasmid
DNA standards.

n = 3 independent replicates per standard. Coloured shaded area surrounding linear
regression curves represent 95% prediction intervals (95% of observations are expected to
fall within this). Linear regression equation, corresponding R?, and efficiency of gPCR are
shown. Limit of detection (LoD) is shown by the grey shaded areas.

3.4 Recovery of phage from filter papers

The recovery efficiency of phage from filter paper samples was determined by spiking
a 10 pL inoculum of 5.8 x 10° PFU/mL MS2 and 4.5 x 107 PFU/mL phi6 (confirmed
by plaque assays immediately prior to the experiment) onto pre-wet filter papers, and
a non—pre-wet control in triplicate, and comparing this to samples where the
inoculum was spiked directly into buffer. Two positive controls were tested, either
with or without the presence of the polyethylene membrane which comes supplied in

the spin columns used for phage elution.

Recovery of infectious phage measured by plaque assay was not significantly
different with or without the presence of the spin column membrane in positive
controls for MS2 (unpaired t test, t(4) = 0.727, p = 0.508) or phi6 ({6) = 1.514, p =
0.181), although recovery appeared to be more variable for phi6 without the column
membrane in place (figure 3.9). Columns with the original membranes were therefore

selected for further use.

Compared to positive control samples (with column membranes), recovery of MS2 in
plaque assays from filter paper samples processed by shaking, incubation only, and
vortexing was 66.4%, 49.1%, and 71.3%, respectively. Recovery was lower for phi6
at 3.5%, 4.4%, and 3.8%, respectively. No phage was recovered in plaque assays
from non—pre-wet filter papers for either phage.
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There was a significant difference in plaque assay recovery for different sample
processing methods (positive control samples not included in comparison) for MS2
(one-way ANOVA, F(3, 8) = 8.152, p = 0.008), with the mean recovery of infectious
phage from non—pre-wet samples being significantly lower than from vortexed
samples (Tukey’s HSD, p = 0.010) and shaken samples (p = 0.014) which had been
pre-wet. No significant differences were observed for phi6 (F(3, 8) =1.101, p =
0.403).
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Figure 3.9. Recovery of infectious phage from filter papers following various
processing methods.

n = 3 independent replicates (4 for phi6 positive controls). A. recovery from positive control
samples with or without the originally supplied spin column membrane filters. B. recovery
following different sample processing methods, * = p < 0.05; ** = p < 0.01 (one-way ANOVA
with post hoc Tukey’s HSD test).
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A similar pattern was seen with recovery of phage RNA from filter papers using RT-
gPCR. This was not significantly different with or without the presence of the spin
column membrane for MS2 (unpaired t test, t(6) = 0.272, p = 0.795) or phi6 ({(6) =
0.552, p = 0.601) (figure 3.10).

Compared to positive control samples, recovery of MS2 RNA from filter paper
samples processed by shaking, incubation, and vortexing was 53.8%, 57.1%, and
55.4%, respectively. Recovery of phi6 RNA was lower at 5.6%, 15.6%, and 6.4%,
respectively. Unlike in plaque assays, recovery from non—pre-wet filter papers using
RT-gPCR was 4.9% for MS2 and 15.4% for phi6.

Comparison of the effect of different processing methods on the recovery of phage
RNA between processing methods, showed a significant difference for MS2 (one-
way ANOVA, F(3, 8) = 21.69, p < 0.001), with the mean recovery of infectious phage
from non—pre-wet samples being significantly lower than from vortexed samples
(Tukey’s HSD, p < 0.001), shaken samples (p = 0.001), and incubated samples (p <
0.001) which had been pre-wet. No significant differences were observed for phi6
(F(3, 8) =1.048, p = 0.423).

As recovery was poor from non—pre-wet filter papers for both phages using plaque
assays and RT-qPCR, filter papers were pre-wet with SM buffer in subsequent
experiments. As recovery was not significantly different between other methods,
shaking (300 rpm, 20 min) was selected as the preferred protocol, as multiple
samples could be processed simultaneously more easily than with vortexing.
Incubation alone was not chosen, as recovery of infectious MS2 was lower, even if

this did not reach significance (figure 3.10)
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Figure 3.10. Recovery of phage RNA from filter papers quantified by RT-qPCR.

n = 3 independent replicates (4 for positive controls). A: recovery from positive control
samples with or without the supplied spin column membrane filters. B: recovery following
different sample processing methods; *** = p < 0.001 (one-way ANOVA with post hoc
Tukey’s HSD test). Dotted horizontal lines show limit of detection of the RT-qPCR assay.
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3.5 The effect of a DUWL disinfectant on phage viability

As the first experiments in the clinic would use MS2 as the initial phage tracer and
aimed to test the effect of the dental unit waterline (DUWL) disinfectant ICX®, it was
necessary to first test the effect of ICX® on MS2 in the laboratory. Two-fold serial
dilutions of ICX® in de-ionised water were made, covering the range 6.25 — 100 % of
the manufacturers’ concentrations (6.64 — 106.2 mg/L final ICX® concentration), and
these were added to in triplicate to MS2 (2 x 107 PFU/mL final concentration) along
with a negative control containing no ICX®. Samples were incubated for 10 min at

room temperature before quantifying infectious phage by plaque assay.

ICX® had a statistically significant effect on MS2 plaque counts (one-way ANOVA,

F(5, 12) = 16.29, p <0.001; figure 3.11) and compared to the control condition (0%

ICX®), all concentrations above 6.25% had significantly lower mean plaque counts

(Dunnett’s test; 12.5% p = 0.013; 25%, 50%, 100% p < 0.001). Plaque counts were
highly negatively correlated with disinfectant concentration (p = -.848, p <.001).
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Figure 3.11. Effect of ICX® on MS2 viability.

n = 3 per data point, error bars show standard deviation. PFU: Plaque-Forming Units. * = p <
0.05, ** = p < 0.001, one-way ANOVA with post hoc Dunnett’s test compared to 0%.

75



3.6 Effect of ICX® on infectious MS2 in a clinical simulation model

Having determined the effect of ICX® on MS2 viability in the laboratory, initial clinical
simulation experiments were performed using MS2 as a tracer. The primary aim was
to characterise the simulation model with MS2; however, these experiments were an
ideal opportunity to measure the effect of the presence of a DUWL disinfectant in the
dental instrument irrigant on dispersion of infective virus during a dental procedure.
Experiments were conducted in a 44.96 m? dental surgery with a ventilation rate of
4.96 ACH. Sampling locations are shown in figure 3.12.
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Figure 3.12. Sampling locations in clinical simulation experiments with ICX® and MS2.
Created using BioRender.com.

10-min crown preparations were performed on the mannequin’s upper right central
incisor tooth using an air turbine handpiece with an irrigant flow rate of 38.3 mL/min.
No dental suction or other aerosol control method was used. Two conditions were
investigated: 1) tap water as the handpiece irrigant; 2) ICX® in tap water at the
manufacturer’'s recommended concentration (106.2 mg/L). Three replicates were
conducted per experimental condition. Dental unit water lines were flushed with at
least 10 L of tap water before experiments to remove any residual DUWL disinfectant
and experiments with tap water were conducted first. MS2 suspension (2 x 107
PFU/mL) was infused into the mannequin’s mouth at 1.5 mL/min; the suspension
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also contained 1 g/L fluorescein to compare results to this previously used tracer.

Details of this are reported elsewhere (Allison et al. 2022).

Overall, a substantial reduction was seen in the detection of infectious MS2 in settled
aerosols and droplets from filter paper samples when ICX® was used (two-way
ANOVA, main effect for ICX®, F(1, 56) = 25.99, p < .0001), and detection reduced
with increasing distance from the procedure (main effect for distance, F(4, 56) =
11.85, p <.0001), with a significant interaction of the two factors (F(4, 56) = 10.53, p
<.0001; Figure 3.13). Considering specific distances from the procedure, the
difference between ICX®and water was statistically significant at the centre of the
sampling rig (Sidak's multiple comparisons test, mean difference 11.22 PFU/cm?
[95%CI: 6.14 — 16.30]; p < 0.0001,) and at 0.5 m (mean difference 5.85 PFU/cm?
[95%CI: 3.01 — 8.39]; p < 0.0001). Highest plaque counts were obtained from central
filter papers (water mean [SD]= 11.88 [0.85] PFU/cm?; ICX® = 0.66 [0.16] PFU/cm?)
with little detected at 1.5 m or 3.0 m (figure 3.14). When considering the average
amount of phage dispersed per cm? across all sampling locations during each
replicate, ICX® reduced dispersion of MS2 from an average of 3.59 PFU/cm?
(SD:0.06) with water by 96.5% to 0.13 PFU/cm? (SD:0.03; #(4) = 93.98, p < 0.0001).

Infectious phage was recovered from 0.5 and 1.0 m BioSamplers during ICX®
replicates (mean [SD] = 456.87 [152.29] and 101.53 [87.92] PFU/m? respectively) but

not during experiments with water or in any negative control samples.
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Figure 3.14 Spatial dispersion of MS2 with a dental unit waterline disinfectant
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maximum MS2 recovered during each condition.
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3.7 Effect of ICX® on physical aerosol concentration

To test whether the reduction in the recovery of infectious MS2 with ICX® was due to
inactivation of phage in dental bioaerosols by the DUWL disinfectant, rather than by a
reduction in the total amount of physical aerosol produced, the effect of ICX® on
aerosol particle number concentration from the air turbine handpiece was also tested
in separate experiments using an OPC. The same air turbine handpiece was
operated in a steady state for 30 min with coolant flow rate of 22 mL/min in a 51.45
m?3 enclosed dental surgery with a ventilation rate of 3.30 ACH. To minimise
background particle number concentration and improve signal-to-noise ratio, central
mechanical ventilation was supplemented by placing two High-Efficiency Particulate
Air (HEPA) filtration units (DA-UVC1001; VODEX Ltd., UK) in the room at the foot
and head of the dental chair. Each device provided a nominal clean-air delivery rate
of 5,000 L/min, together contributing an equivalent air exchange/filtration rate of
11.66 ACH. This equates to a total equivalent rate of 14.96 ACH assuming
homogenous airflow. Background particle number concentration with supplementary
HEPA filtration was measured at 1.48 particles/cm?® (SD: 0.73) from 40 min of data.

An air turbine handpiece with a tapered diamond bur was fixed in position with the tip
of the bur 1 cm below the incisal edge of the upper right central incisor tooth (figure
3.14), and three experimental conditions were tested: 1) water as the irrigant; 2) ICX®
at the manufacturer's recommended concentration of 106.2 mg/L (1x ICX®); 3) ICX®
at ten times the manufacturer’'s recommended concentration (1.062 g/L; 10x ICX®). A
single replicate of each condition was performed; however, the total sampling time
(30 mins) was equivalent to three repetitions of the 10-min procedure in the prior
clinical simulation experiments with MS2. This was because disturbance of the room
air by starting and stopping the experiment introduces air currents and therefore
variation in particle number concentration; 30 min of continuous OPC data were

therefore obtained for each condition instead of three 10-min replicates to avoid this.

The OPC was positioned 30 cm above the plane of the handpiece, and 30 cm inferior
to the mouth of the mannequin (figure 3.15). Sampling began at 10 min before the
handpiece was operated and for 30 min of handpiece operation (40 min sampling
total), with a sampling frequency of 0.2 Hz (1 sample every 5 seconds). HEPA
filtration units were run for at least 20 min before the first experiment, and for at least

1 hour between experiments to ensure particle counts returned to baseline.
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Figure 3.15. Positioning of (A) OPC and (B) air turbine handpiece during aerosol
concentration measurements with ICX®.

Mean particle number concentration during min 20 — 40 (i.e., after 10 mins of
handpiece operation, when particle number concentration had stabilised) was
statistically significantly lower for 1x ICX® than for water, with a mean difference of
7.68 [95%Cl: 5.49 — 9.88] particles/cm? (One-way ANOVA with post hoc Dunnett’s =
<0.0001; figure 3.16), however the time series data for these groups overlap
substantially (figure 3.17), suggesting that there is no clinically meaningful difference
in the amount of aerosol produced by the air turbine with these two irrigants. Mean
particle number concentration was substantially higher for 10x ICX® than for water
with a mean difference of 67.26 [95%Cl: 65.05 — 69.48] particles/cm3 (p < 0.0001).
The time series data for the 10x ICX® was markedly separated from the other two
groups, suggesting a clinically meaningful increase in aerosol production for the 10x
ICX® group. The 10x ICX® group produced a greater proportion of the smallest
particles measured by the instrument (0.3 pm) at 79.2% of particles measured,
compared to 73.0% for water and 75.4% for 1x ICX® (figure 3.18). This may be due
to the effects of the detergent in ICX on surface tension, thereby producing smaller

aerosol droplets.
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Figure 3.16. Aerosol particle number concentration from an air turbine handpiece.

Handpiece operated continuously, 20 mins of measurements with a 5 sec sampling interval
taken once concentration stabilised after 10 mins of handpiece operation. Background data
taken from 40 min of data in total from 4 separate measurements (not included in ANOVA).
Handpiece irrigant was either tap water, ICX® at the manufacturer’s concentration (1x), or
ICX® at ten times manufacturer’s concentration (10x); D, = particle diameter. **** = p <
0.0001 (one-way ANOVA with post hoc Dunnett’s test).
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Figure 3.17. Aerosol particle number concentration over time for an air turbine
handpiece.

Handpiece operated continuously during the time bounded by the orange shaded area.
Handpiece irrigant was either tap water, ICX®at the manufacturer’s concentration (1x), or
ICX® at ten times manufacturer’s concentration (10x); D, = particle diameter. Sampling
interval = 5 sec.
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Figure 3.18. Particle size distribution from a continuously operated air turbine
handpiece.

Proportion of total particles detected for each particle size bin with different irrigants shown
as (A) heatmap (numbers in cells show proportion of total for that particle size) and (B)
grouped bar chart. 1x ICX® = ICX® at manufacturer’'s concentration; 10x ICX® = ICX® at ten
times manufacturer’s concentration. 20 mins of measurements with a 5 sec sampling interval
taken once concentration stabilised after 10 mins of handpiece operation.

3.8 Comparing sampling methods in a multi-phage tracer model

Having demonstrated the ability of the clinical simulation model to detect differences
in dispersion with a single phage, two phages with differing virion structure
(enveloped phi6 and non-enveloped MS2) were next used to explore differences in
dispersion. Filter papers were placed in the environment in the same way as
experiments with MS2 alone, however, Petri dishes lawned with host bacteria (E. coli
and P. syringae) were also placed in key locations alongside filter papers to compare
this previously reported method of phage recovery (Beltran et al. 2023; Liu et al.
2023; Vernon et al. 2021; Vernon et al. 2022) to elution from filter papers. These
experiments were also used as an opportunity to measure the effectiveness of rubber

dam, and so replicates were conducted both with and without rubber dam.

Experiments were conducted in a 51.45 m® enclosed single dental surgery with 3.30
ACH. 1mL of phage suspension (MS2: 5.30 x 10'° PFU/mL,; phi6: 8.05 x 102
PFU/mL) was added to the surfaces of the teeth of the mannequin immediately
before beginning experiments. In experiments using rubber dam, this was done
before the rubber dam was placed. Phage tracer at the same titre was infused into
the mouth of the mannequin (beneath the rubber dam where this was used) at a total

flow rate of 1 mL/min.
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10-min crown preparations were performed on the upper right central incisor using an
air turbine dental handpiece with irrigant flow rate of 27 mL/min. No dental suction or
other bioaerosol control measure was used. Two conditions were investigated: 1) no
rubber dam; 2) rubber dam. Two replicates were conducted per experimental
condition. Dental unit water lines were flushed with at least 10 L of tap water before

experiments to remove any residual DUWL disinfectant.

For experiments using rubber dam, the dam was perforated in locations
corresponding to the maxillary teeth mesial to and including the first premolars. A ~15
mm diameter hole was cut in the centre of the dam to prevent pooling of water from
the handpiece, as no dental suction was used during experiments. Winged molar
rubber dam clamps were placed on the dam at the first premolar positions, and the
dam was affixed to a rubber dam frame. The assembled construct was then applied
to the mannequin at the beginning of each experiment (after phage had been added
to the tooth surfaces) using rubber dam clamp pliers, and dental floss to seat the
dam between the teeth. Finally, the rubber dam was released from the wings of the

clamps to seat the dam around the cervical areas of the clamped teeth (figure 3.19).

Figure 3.19. Rubber dam.

Premolar clamps and dam used to isolate the maxillary teeth of the dental mannequin from
right first premolar to left first premolar. A hole was cut in the dam to allow drainage of
handpiece irrigant, as suction was not used.
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To compare sampling efficiency of filter papers to that of Petri dishes, both sample

types were placed in sampling locations shown in Figure 3.20. Distances were

measured relative to the centre of the rig, which was positioned 22 cm superior to the

UR1 tooth and on a plane 84 cm above the floor; this was also the height of the

benches used for other sampling locations. Positive control samples of the phage

solution and aspirates from the mannequin’s mouth were collected after each

experiment.
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Figure 3.20. Sampling locations in clinical simulation experiments with MS2 and phi6.

Created using BioRender.com.

Recovery of infectious phage (MS2 or phi6) from locations where both sample types

were present was significantly greater (p < 0.0004, Wilcoxon matched pairs signed

rank test) for filter papers (Mean [SD] = 3.13 [9.11] plaques/cm?) compared to Petri
dishes (Mean [SD] = 0.14 [0.33] plaques/cm?). The equation describing the
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relationship between the two, derived by linear regression, was y = 30.08 x —
0.1485, where y = filters and x = plates (R?:0.952). This curve was heavily influenced
by a single phi6 sample from the centre location; Curves including and excluding this

data point are shown in Figure 3.21, and a breakdown for each individual phage is
shown in Figure 3.22.
In 6 of 32 samples, phage was recovered from plates (0.06 plaques/cm?; SD=0.05)

where none was recovered from filter papers. On no other occasion was the recovery

of phage from plates greater than from filter papers (figure 3.21).
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Figure 3.21. Relative recovery of infectious phage.

Recovery of either phage (MS2/phi6) from filter papers and agar in Petri dishes (plates),
corrected for surface area. Two replicates from experiments with rubber dam and two without
were included with four locations, each sampling two phages (32 data points in total). A:
scatter plot showing linear equation, R? and 95% confidence bands of the equation. B: as for
A, but with the circled datapoint in red excluded. C: Recovered phage from each sample
type, solid lines connect samples from the same location collected during the same
experiment. *** = p < 0.001 (Wilcoxon matched pairs signed rank test).
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Figure 3.22. Relative recovery of infectious phage per phage.

Recovery from filter papers and agar in Petri dishes (plates), corrected for surface area for
both MS2 and phi6. Two replicates from experiments with rubber dam and two without were
included with four locations, each sampling two phages (32 data points in total). Upper panel:
recovery on plates versus filters, showing linear equation, R? and 95% confidence bands for
each individual phage (MS2 and phi6). Lower panel: as for upper panel, but with the
datapoint in red excluded.

3.9 Effect of rubber dam on aerosol concentration

To determine whether the use of rubber dam results in a difference in aerosol
concentration, particle number concentration was measured using an OPC during
rubber dam experiments at 1 and 4 m from the procedure. At 1 m, substantial

elevations in aerosol particle number concentration were seen during the 10-min
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dental procedure (up to one hundred-fold) and decayed towards baseline following
the procedure (figure 3.23). At 4 m, steady but modest increased aerosol
concentration was seen during the dental procedure (up to 20-fold) but without the

extreme spikes observed at 1 m.

Significant differences in Area Under the Curve (AUC) were seen for the main effects
of rubber dam (two-way ANOVA F(1, 4) = 41.35, p £0.003) and distance (F(1, 4) =
475.7, p £0.0001). At 1 m, AUC was 6.4% higher with rubber dam but was not
statistically significant (post hoc Sidak's, p = 0.253) and at 4 m this was 23.6% higher
with rubber dam (p < 0.020). This suggests that rubber dam causes a small increase

in the total amount aerosol detected at 4m, but not at 1m.
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Figure 3.23. Aerosol particle number concentration over time during a 10-min clinical
procedure using an air turbine handpiece with and without rubber dam.

Sampling was at 1 m (A) or 4 m (B) from the dental procedure with a 1 sec sampling interval.
Dp = particle diameter. C: Area Under the Curve (AUC) of time series OPC data (2 replicates
per bar). ns= not statistically significant, * = p < 0.05 (two-way ANOVA with post hoc Sidak
correction).
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3.10 Effect of rubber dam on recovery of infectious phage

3.10.1 Settled aerosols and droplets on surfaces

Without rubber dam, recovery of infectious MS2 and phi6 in settled aerosol and
droplets from filter papers samples was highest at 0.22 m with reduced recovery at
greater distances from the procedure (figure 3.24, figure 3.25). No MS2 or phi6 was

recovered in negative control samples.

For MS2, rubber dam reduced the recovery of infectious phage overall (two-way
ANOVA rubber dam main effect, F(1, 27) = 6.692, p = 0.015), although the main
effect of distance was not significant (F (3, 27) = 1.966, p = 0.143) and rubber dam
was not a significant factor at any individual distance in post hoc comparisons
(Sidak's, p > 0.05). Considering the average recovery of phage across all samples at
all distances for each replicate, rubber dam reduced dispersion of MS2 overall by
86.3% (t(2) = 6.052, p = 0.026).

For phi6, rubber dam also reduced the recovery of infectious phage overall (two-way
ANOVA rubber dam main effect, F(1, 28) = 7.866, p = 0.009), with distance being a
non-significant factor in the ANOVA model (F (3, 28) =2.111, p = 0.121). Rubber
dam eliminated detection of infectious phi6. The reduction was statistically significant
at the 0.2 m distance in post hoc comparisons (Sidak's, p = 0.013). Considering the
average recovery of phage across all samples at all distances for each replicate,
rubber dam reduced dispersion of phi6 overall by 100.0% ({(2) = 9.543, p = 0.0108).
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Figure 3.24. MS2 and phi6 recovered from surface samples with and without rubber

dam.

A: Each data point represents the average of all samples in each replicate (n = 2 replicates);
* = p<0.05, unpaired t test. B: Data show each individual filter paper sample across all
replicates by distance from the procedure; * = p < 0.05, two-way ANOVA with post hoc

Sidak's test.
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Figure 3.25 Spatial dispersion of MS2 and phi6 with and without rubber dam

Dispersion of MS2 and phi6 in surface samples at each sample location with and without
rubber dam. Each sample location shows the average of two replicates. The heatmap scale
is different for the two MS2 figures and equates to the maximum MS2 recovered during each
condition.
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3.10.2 Suspended aerosols in air samples

For both MS2 and phi6, recovery of infectious phage in suspended aerosols in
BioSamplers was similar at 1 m and 2 m without rubber dam (figure 3.26), and no

MS2 or phi6 was recovered in negative control samples.

Considering the average recovery in BioSamplers across both distances for each
replicate, rubber dam reduced recovery in air samples by 85.7% for MS2 and by

100% for phi6, however, differences were not statistically significant (MS2: {(2) =

2.683, p = 0.115; phi6: #(2) = 3.667, p = 0.067).
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Figure 3.26. MS2 and phi6 recovered from air samples with and without rubber dam.

A: Each data point represents the average of all samples in each replicate (n = 2 replicates).
B: Data show each individual samples across all replicates by distance from the procedure.
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3.11 Phage detection by RT-qPCR

Eluted phage from filter paper samples was stored at -80 °C for six months prior to
RNA extraction and reverse transcription whilst the RT-qPCR assay was optimised.
Positive control samples taken from the phage tracer, and aspirates from the
mannequin’s mouth following the procedure contained high levels of both MS2 and
phié RNA (~10"° copies/mL). For both phages, negative control samples during the
RNA extraction step (H20), reverse transcription step (no-RT), and qPCR step (no-
template) were below the LoD of the RT-qPCR assay, except one H20 sample and
one no-RT sample (figure 3.27). Negative control samples taken during the clinical
simulation experiment (filter paper and BioSampler) were below the LoD, except one
filter paper sample (MS2: 6.9 x 10° copies/cm?; phi6 3.0 x 10° copies/cm?) and one
BioSampler sample (MS2: 67.4 x 105 copies/m?3; phi6 3.9 x 10° copies/m?3); these

samples did not contain any infective phage in plaque assays.
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Figure 3.27. MS2 and phi6é RNA in control samples from rubber dam experiments
detected by RT-qPCR.

Dotted line defining the orange shaded area denotes limit of detection. Positive controls
taken from the phage tracer used in experiments (syringe) and aspirated from the mouth of
the mannequin following experiments (mouth). Negative controls from RNA extraction (H20),
reverse transcription (no-RT), and gPCR (no-template) steps. n = 3 except for H20 (n = 2).

Detection of MS2 and phi6é RNA in settled aerosols and droplets from filter papers

samples was greater when no rubber dam was used; there was little detection
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beyond 1 m without rubber dam, or beyond 0.2 m with rubber dam (figure 3.28).
When considering the average recovery in samples across all distances for each
replicate, rubber dam reduced the amount of MS2 RNA detectable by 92.9%, and by

92.4% for phi6, although neither reached statistical significance (MS2: {(2) = 0.927, p
= 0.452; phi6: ¢(2) = 1.077, p = 0.394).
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Figure 3.28. MS2 and phi6 RNA detected in droplets and settled aerosols by RT-qPCR
with and without rubber dam.

Dotted line defining the orange shaded area denotes limit of detection. A: Each data point
represents the average of all samples in each replicate (n = 2 replicates); B: Data show each
individual filter paper sample across all replicates by distance from the procedure.

Due to sample loss (sample accidentally discarded), only one replicate worth of
BioSampler RT-qgPCR data was available for the no rubber dam condition (n =1

available). Therefore, no statistical tests were performed due to the single data point
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for this condition. As with plaque assays, recovery was similar at 1 m and 2 m
distances. Considering the average recovery in all air samples (1 m and 2 m), rubber

dam reduced recovery of MS2 RNA by 100%, and of phi6 RNA by 97.8% (figure
3.28).
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Figure 3.29. MS2 and phi6 RNA detected in air samples by RT-qPCR with and without
rubber dam.

A: Each data point represents the average of all samples in each replicate (n = 2 replicates,
however only one replicate’s data is available for the no rubber dam condition). B: Data show
each individual sample across all replicates by distance from the procedure.
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3.12 Relationship of infectious phage to phage RNA

Comparison of the amount of infectious phage recovered from filter papers to the
amount of phage RNA shows no correlation between plaques and copies for MS2
(Spearman’s p = 0.299 [95%CI: -0.043 — 0.578], p = 0.076) and a weak correlation
for phi6 (o =0.421 [95%CI: 0.098 — 0.664], p = 0.011). A linear regression curve
fitted to the data showed poor curve fit for both MS2 (R? = 0.006) and phi6 (R? =
0.025). There was no correlation between plaques and copies for BioSampler
samples for MS2 (p = 0.523, exact p = 0.095) or phi6 (o = 0.550, exact p = 0.097).
The linear regression curve also had poor fit to the data for MS2 (R? = 0.462) and
phi6 (R? = 0.193; figure 3.30).
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Figure 3.30. Relationship of infectious phage and phage RNA recovered from dental
bioaerosols.

Scatter plot of infectious MS2 or phi6 phage (plaques) and phage RNA (copies) recovered in
settled aerosols and droplets from filter papers (n = 36 per phage) and in suspended
aerosols from BioSamplers (n =9 per phage) following a 10-min dental procedure with or
without rubber dam. Coloured shaded area surrounding linear regression curves represent
95% confidence intervals of curves. Curve equations and corresponding R? values are
shown.
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3.13 Discussion

The aim of initial experiments was to characterise the mannequin simulation model
and demonstrate its ability to represent infective virus dispersion during dental
procedures using multiple phage tracers. The dispersion of infectious MS2 and phi6
was demonstrated, recapitulating what is seen with oral microorganisms in dental
bioaerosols in vivo. No human studies have yet assessed the dispersion of infective
viruses in dental aerosols, however one study reported the detection by enzyme-
linked immunosorbent assay and PCR of Hepatitis B Virus (HBV) in aerosols during
orthodontic debonding on HBV carriers (Toroglu et al. 2003), and two studies have
demonstrated dispersion of SARS-CoV-2 in dental settings using RT-gPCR. Akin et
al. (2021) recovered SARS-CoV-2 RNA from settled aerosols and droplets at
distances of 0.9 — 3.1 m in 5 of 24 patients with COVID-19 following use of an air
turbine and ultrasonic scaler, and Bazzazpour et al. (2022) recovered RNA from 36%
of environmental air samples in dental clinics during the first wave of the COVID-19
pandemic in Tehran, Iran. Another study using RT-qPCR failed to detect SARS-CoV-
2 RNA on surface samples taken from around a dental procedure in individuals with
asymptomatic COVID-19 and low salivary copy numbers (Meethil et al. 2021). One
recent study attempted to detect respiratory viruses using an end-point PCR panel in
air samples taken during various dental treatments in 12 patients (Choudhary et al.
2022). The authors were able to isolate bacteria in aerosols but not viruses,
highlighting the difficulties of studying viruses in dental bioaerosols from individuals
without an acute infection or where infection/carrier status is unknown. This

demonstrates the utility of a simulation model for studying viral dispersion.

Because oral bacteria are easier to detect and work with than the viruses present in
the oral cavity, there are comparatively more robust data from human studies on the
dispersion of bacteria in dental bioaerosols; for example, Zemouri et al. (2020c)
demonstrated increased bacterial dispersion compared to background levels in
settled aerosols and droplets on agar plates during dental procedures at 30 cm from
the patient’s mouth and on the instrument tray close to the procedure, but not at 1.5
m. This study also demonstrated increased airborne bacterial concentrations using a
BioSampler at 0.5 m from dental procedures compared to baseline. Taken together,
the present data therefore replicate the dispersion of microorganisms in dental

bioaerosols seen in human studies.
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Much of the previous literature has used Petri dishes with microbial growth media to
capture dispersed bacteria in human and simulation studies (Barros et al. 2022;
Boccia et al. 2023; Rayyan et al. 2022; Zemouri et al. 2020c). Relying on bacterial
culture allows detection of viable bacteria, however many bacterial species cannot be
cultured easily in the laboratory, and other microbes (e.g., fungi, archaea, protozoa)
are not usually detected. Culture-independent methods which rely on molecular
detection (e.g., PCR, sequencing) allow detection of unculturable microbes, however
this method is unable to distinguish viable form non-viable organisms. Approaches

which combine both types of methodology are therefore useful.

Studies with bacteriophage tracers have generally also used growth media seeded
with host bacteria to capture a phage tracer (Beltran et al. 2023; Vernon et al. 2021;
Vernon et al. 2022). Whilst this is an effective methodology, there are a number of
potential limitations: 1) nucleic acid extraction and downstream analysis using PCR
or sequencing is not possible; 2) it is more difficult to accurately quantify microbial
numbers at heavily contaminated sites (>300 CFU or PFU) as further sample dilution
is not possible; 3) where numerous microbes contained within a single droplet fall
onto an agar plate, a single colony or plaque may be formed, leading to
underestimation of microbial quantity. This is not the case with elution from filter
papers, whereby microbes can be fully dispersed before enumeration. For these

reasons, capture on filter papers and subsequent elution was used.

The results suggest that recovery of phage is around 30 — 40 times greater on filter
papers in the same site compared to using host-seeded media. This is most likely
because complete dispersion of phage is achieved prior to plaque assays when
using filter papers, or because the porous filter paper matrix captures and retains the
phage better than direct deposition on growth media. It is also possible that on
plates, there is less opportunity for the phage to fully adsorb to its host (which is
suspended in the agar matrix) compared to with filter papers, whereby eluted phage
and host are incubated together in suspension before enumeration, potentially
allowing more complete adsorption of phage to host. Sampling directly onto growth
media may mimic aerosol deposition onto mucosal surfaces, as infection can
proceed directly. However, sampling onto filter papers is more comparable to
deposition onto inert surfaces, particularly porous surfaces like fabric and clothing.
Given that mucosal surfaces (ocular, oropharyngeal) are usually protected from
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larger droplets by PPE, simulation of surface deposition using filter papers may be a

more valid approach.

Despite this, the total recovery efficiency of infectious phage from cotton-cellulose
filter papers appears to be moderate at 66.4% for MS2, but much lower at 3.5% for
phi6. This may perhaps be because phi6 virions are more easily disrupted due to the
presence of a lipid membrane, compared to those of the non-enveloped MS2; this is
consistent with the findings of other studies comparing recovery of the two phages
from surfaces (Anderson et al. 2023). The presence of the filter membrane which is
supplied in the spin column appears to have little effect on recovery and leaving this
in place has the added benefit of retaining the filter paper sample and buffer in the
upper part of the chamber prior to centrifugation. Zero recovery was seen in dry filter
papers which had not been pre-wet, confirming that this is a necessary step, likely
due to the sensitivity of phage virions to desiccation; this again reproduces previous
data on recovery from wet and dry surfaces for both MS2 and phi6 (Anderson et al.
2023). Although no significant differences in recovery were observed between
processing methods of pre-wet filter papers, shaking is preferable for practical
reasons, as it is easier to shake multiple samples simultaneously in a rack than
having to repeat a vortexing step for individual samples. A similar pattern was seen in
the recovery of phage RNA from filter papers, at 53.8% for MS2 and 6.5% for phi6,
which suggests that losses in phage recovery are likely predominantly due to the
retention of phage particles on filters rather than loss of infectivity, however it may be
that disruption of phage particles (and therefore loss of infectivity) and degradation of
free RNA occur simultaneously. Recovery of these phages after spiking onto less
porous polycarbonate or polytetrafluoroethylene (PTFE) filters with elution in larger
volumes (5 mL) of TSB has been shown to approximate 100% (Gendron et al. 2010).
Polycarbonate filters, however, are not flexible enough to allow manipulation into
tubes for analysis, and the high hydrophobicity of PTFE makes them inappropriate
for sampling during dental procedures, where they are likely to become quite wet at
locations close to the procedure. Relative recovery of approximately 1% has been
reported for MS2 and phi6 sampled directly from aerosols onto gelatin filters (Tseng
and Li 2005), however comparable data for relative recovery from phage spiked onto
gelatin filters are not available. Moreover, gelatin filters are very fragile and require
higher elution volumes (~5 mL), thereby diluting the sample. The protocol used
therefore balances an acceptable recovery rate with low elution volume and good

practicality.
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Without bioaerosol control measures, the highest levels of infectious MS2 and phi6
recovered in settled aerosols and droplets from surfaces were seen within the first
0.5 — 1 m from the dental procedure, which coincides with the highest aerosol particle
concentration measured by OPC. The probability of aerosols and droplets settling
onto surfaces is likely to be greatest closest to the source as larger droplets will settle
out quickly under the influence of gravity, and so this finding is not surprising, but is
reassuringly consistent with much of the existing literature. Other studies using a
single phage tracer (Vernon et al. 2021; Vernon et al. 2022) as well as those using
particle counting instruments (Yang et al. 2021a), fluorescent tracers (Allison et al.
2021a; Holliday et al. 2021), and clinical studies sampling bacteria (Ashokkumar et
al. 2023; Suprono et al. 2021; Zemouri et al. 2020c) have all reported the highest

aerosol concentrations closest to the source.

In experiments with rubber dam using MS2 and phi6 together, infectious phage was
detected in suspended aerosols using BioSamplers, and this was greatest when no
bioaerosol control measures were used, which is consistent with the dispersion of
bacteria in dental bioaerosols in human studies (Bennett et al. 2000; Choudhary et al.
2022; Duitil et al. 2007; Zemouri et al. 2020c¢). Interestingly, detection in experiments
with MS2 and phi6 was similar in BioSamplers at 1 m and 2 m for both phages when
no rubber dam was used. This may be because small aerosols (< 5 pm) have a much
longer residence time in the air and can therefore travel greater distances from the
source than larger aerosols (< 100 um) and droplets (Wang et al. 2021) which are
more likely to settle on surfaces, as seen closest to the dental procedure. During
experiments with ICX® using MS2 alone, low levels of infectious MS2 were recovered
from BioSamplers at 0.5 and 1.0 m, but not during experiments with water. Given the
reduction in detection on surfaces when ICX® was used, the reason for this is
unclear, but it may that the unavoidably variable nature of a real dental procedure
means that phage is dispersed from the mouth stochastically and is detected in
unexpected places. This is particularly the case in suspended aerosols captured by

BioSamplers which are more able to disperse larger distances.

Recovery of phage RNA was much greater than recovery of infective phage. The
amount of phage determined by gPCR is usually higher than by plaque assay, as the
former does not require phage particles to be intact or infectious for quantification.
However, in previous reports, the differences between gPCR and plaque assay have

been modest when performed on laboratory-cultured phage lysates (Anderson et al.
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2011; Peng et al. 2018). The large discrepancy in the present data suggests that a
proportion of the phage dispersed in dental bioaerosols loses its infectivity in the
process. This is reflected in the poor correlation between plaque assay and RT-
gPCR in aerosol samples from rubber dam experiments, since many samples had
high levels of phage RNA but no infective phage. This phenomenon is seen in human
studies which sample respiratory viruses from aerosols in hospital settings, whereby
viral nucleic acids are readily detected, but infectious virus is less commonly
recovered (Binder et al. 2020; Lednicky et al. 2020; Moore et al. 2021; Winslow et al.
2022). Similarly, data from a SARS-CoV-2 human challenge study suggests that viral
load in nose and throat swabs based on viral RNA is greater by several orders of
magnitude than from culture of infectious virus throughout the course of infection

(Killingley et al. 2022). These data support the validity of the simulation model.

These data demonstrate that our model can detect differences in phage dispersion
when bioaerosol control measures are used. This is particularly useful for bioaerosol
control measures which affect viability of microorganisms, such as DUWL
disinfectants, rather than those affecting overall aerosol dispersion. The active
agents in ICX®, sodium percarbonate and silver nitrate, disrupt viral proteins and
nucleic acids (McDonnell and Russell 1999), and measurement of the effect of
DUWLs on bioaerosols dispersion has not been possible hitherto with chemical
tracers such as fluorescein or methods which measure aerosol concentration alone.
MS2 was compared to fluorescein as a tracer in the experiments with ICX® described
in this chapter, and the phage tracer performed better in its ability to detect
differences in dispersion when ICX® was used; these data have been published

elsewhere and are not discussed further in the present thesis (Allison et al. 2022).

ICX® contains the active ingredients sodium percarbonate and silver nitrate, which
produce viral inactivation by disrupting viral proteins and nucleic acids (McDonnell
and Russell 1999). ICX® reduced MS2 viability in solution in laboratory experiments,
consistent with its effect on bacteria in DUWL biofilms (Zemouri et al. 2020a). In
clinical experiments, ICX®in instrument irrigation solutions reduced dispersion of
infectious MS2 in aerosols and droplets by 96.5%. OPC data confirmed that at the
manufacturer’'s concentration, total aerosol concentration is not decreased by a
clinically relevant amount, and that at 10-times normal concentration, aerosol
concentration was actually increased; the mechanism behind this is unclear, but it

may that the presence of concentrated surfactants reduces particle size and
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therefore increases particle number concentration. Indeed, a trend of an increasing
proportion of particles in the 0.3 um diameter channel was seen with increasing ICX®
concentration in OPC experiments with ICX®. This finding is of clinical importance
and means that disinfectants commonly used to control DUWL biofilms, which are
designed to be used continuously in irrigant solutions, have the potential to reduce
dispersion of pathogens from the mouth within aerosols and droplets, and this

measure is likely already in place in many dental settings.

No other studies have yet tested the impact of DUWL disinfectants on viral dispersion
in the clinic; however, two studies have assessed this in laboratory environments.
lonescu et al (2021) found reduced dispersion of aerosolised human coronavirus
HCoV-229E RNA following the use of an air turbine handpiece when hydrogen
peroxide was included in the irrigant, and Fidler et al. (2021) demonstrated reduced
dispersion of Equine Arteritis Virus aerosolised by an ultrasonic scaler when 0.5%
sodium hypochlorite or electrolysed water were used as irrigants. These laboratory
findings support the present data, and similar observations have been reported with
dispersed bacteria in human studies. For example, Ashokkumar et al. (2023)
reported large differences in dispersed bacteria in settled aerosols and droplets
collected on Petri dishes following ultrasonic scaling, and Rayyan et al. (Rayyan et al.
2022) found reduced dispersed bacteria on Petri dishes following endodontic
procedures when 0.1% sodium hypochlorite was used in dental waterlines. One
difficulty in these clinical studies is understanding how much of the dispersed
bacteria are from the mouth, and how much are from the waterlines themselves, as it
is well known that dental waterlines contain an abundant and complex microbiota
(Hoogenkamp et al. 2021; Yoon and Lee 2019) which is influenced by the presence
of DUWL disinfectants (Zemouri et al. 2020b). Indeed, data from sequencing studies
suggest that only a small proportion of the dental bioaerosol microbiota appears to be
attributable to the mouth (Meethil et al. 2021; Rafiee et al. 2022). This again
highlights the usefulness of the viral tracer model, as it is possible to study the
dispersion of oral microbes in isolation separate from the contribution of the waterline

microbiota.

In experiments using rubber dam, total aerosol concentration measured by OPC was
increased by 23.6% at 4 m, but not at 1 m when the dam was used. Given that
increased dental aerosol concentrations are seen when instruments are used at the

front of the mouth compared to on posterior teeth (Watanabe et al. 2023), it is
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perhaps unsurprising that the presence of a rubber dam means that greater
concentrations of aerosol particles escape from the mouth. The increased aerosol
seen in the present experiments with rubber dam was therefore likely due to
handpiece aerosol being deflected into the room by the dam rather than being
directed back into the oral cavity. Importantly, this aerosol did not contain phage, as

the dam separated the handpiece aerosol from virus in the mouth.

Interestingly, one clinical study reported increased dispersion of bacteria when
rubber dam was used (Al-Amad et al. 2017), however this may be due to increased
dispersion of DUWL-derived bacteria as a result of the dam deflecting the handpiece
aerosol out into the environment. Other clinical bacterial (Tag El Din and Ghoname
1997) and simulation studies using phage (Vernon et al. 2021) and fluorescent
tracers (Dahlke et al. 2012) have reported 20 — 100% reductions in dispersion when
rubber dam was used. This is similar to the present data, where rubber dam reduced
the detection of infectious MS2 by 86.3% and phi6 by 100.0%, and phage RNA
detection was reduced by 92.9% for MS2 and 92.4% for phi6. Furthermore, adding
phage tracer to the surfaces of the teeth before placement of the rubber dam, as in
the present study, to simulate residual saliva may be more realistic than other similar

studies which have not done so (Vernon et al. 2021).

The flow rate of the phage tracer (simulating saliva) used in experiments was 1.0 —
1.5 mL/min which is a conservative approximation of human stimulated whole saliva
flow rates. Data pooled from three studies with 262 participants suggests a
stimulated whole saliva flow rate in healthy individuals of 2.18 mL/min (SD: 0.74)
(Nederfors et al. 2004; Ono et al. 2007; Yamamoto et al. 2009). Given that dental
instruments are present in the mouth during a dental procedure, it is reasonable to
assume a stimulated rather than unstimulated saliva flow rate. Similarly, the phage
titre used in these experiments (2 x 107 — 8 x 10'2 PFU/mL) was reasonable
compared to reported respiratory virus salivary viral loads of 1.1 x 108 virions/mL
(range: 8 x 10° — 6.1 x 10'?) for SARS-CoV-2 in asymptomatic individuals (Yang et al.
2021b) and 2.0 x 10° copies/mL (range: 1.8 x 103— 1.6 x 10°) for influenza A in
hospitalised patients (To et al. 2017b).

Plasmid DNA was used as a standard for absolute quantification as this is a robust
and reliable method which allows standards to be easily stored in E. coli and isolated
when needed. One disadvantage of this method, however, is that any variation

introduced during the reverse transcription of phage samples is not accounted for
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using the plasmid DNA standards. An alternative method would be to use in vitro
transcribed RNA, which is then subsequently reverse transcribed and included in

gPCR to derive a standard curve (Gregorova et al. 2022).

These data have several important limitations, not least that the in vitro simulation
model does not represent the inherent variability of human anatomy, salivary flow
rates, viral load, operator variability, and dental instrument design and irrigation flow
rates seen in clinical practice. However, the use of realistic parameters (e.g., salivary
viral load and flow rate), standardisation of the model across replicates and use of a
single operator offers the ability to test parameters in a much more controlled manner
than is possible in clinical studies. Additionally, the inherent antimicrobial properties
of saliva (Vila et al. 2019) were not accounted for, and saliva may therefore further
reduce dispersion of pathogens in bioaerosols in vivo compared to the present
model. These findings may not necessarily be representative of the behaviour of
other viruses, in particular human pathogens, in the oral environment and dental
bioaerosols. Finally, the development and optimisation of the RT-qPCR assay meant
that the RT-gPCR analysis did not take place until several months after the
experiments, and eluted phage samples were stored at -80 °C before RNA
extraction; this delay may have caused a reduction in the amount of RNA available
for extraction, reducing the amount detected in RT-qPCR assays. This demonstrates
the importance of timely analysis which is ensured in subsequent experiments.
Considering these limitations and comparing to the existing literature, these data
support the validity of the present dental bioaerosol simulation model and provide

confidence in the ability to use it in subsequent experiments.

In the following chapters, this model will be used to further explore the spatial
dispersion of viruses during a dental procedure, and for how long after a dental
procedure they remain in the air. Whilst understanding the risk from dental
bioaerosols is important, we also need to know how to manage this risk. The efficacy
of methods to control dental bioaerosols, for example increasing ventilation or the
use of other bioaerosol control measures like dental suction, will therefore also be

explored.
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Chapter 4. Dispersion and Persistence of

Dental Bioaerosols

4.1 Introduction

One key question in our understanding of the risk posed by dental bioaerosols is
where and how far microbes contained in aerosols are dispersed. This is vital as
unless we understand where at-risk areas are around a dental procedure, it is
impossible to implement effective infection control measures. Several authors have
sought to understand this using different approaches, however one setting in which
there is a real need to understand dispersion distance is the open plan dental clinic.
These clinics with multiple dental units in open or partially enclosed treatment bays
are often found in dental teaching hospitals where students or trainees treat patients
under the supervision of one or more clinical supervisors. Being open-plan,
supervisors can manage several students or trainees more easily than if treatment
took place in enclosed surgeries or operatories. During the COVID-19 pandemic,
uncertainty over the distance of dental bioaerosol dispersion in open-plan clinics
caused much concern and disruption in dental teaching institutions in the UK and
across the world (Dental Schools Council and Association of Dental Hospitals 2020).
Early work to understand the dispersion distance of dental bioaerosols focused on
the detection of viable bacteria in the environment following a dental procedure, with
the author of one study reporting increased detection of viable bacteria above
baseline at 11 m from active treatment areas (Grenier 1995). More recent
applications of these methods suggest that the distance of dispersion of bacteria is
not always consistent, and the room configuration is important, as even at 1.5 m from
the procedure, viable bacteria are not always detected during dental treatment in an
enclosed dental surgery (Zemouri et al. 2020c). Complementary methods using a
fluorescent tracer during simulated dental procedures confirm the potential for
dispersion of dental aerosols over large distances in open plan clinics (Allison et al.
2021a; Holliday et al. 2021), but with the direction of dispersion also being an
important factor, with higher levels of dispersion seen opposite the operator and over
the patient (Allison et al. 2021a; Allison et al. 2021c). Comparatively less research
has looked at the dispersion distance of viruses in dental bioaerosols. One study
conducted during the COVID-19 pandemic reported SARS-CoV-2 RNA in 36% of air
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samples during dental treatment in clinics in Iran of various sizes. Samples which
contained viral RNA, were on average 1.31 m from the procedure (Bazzazpour et al.
2022). Other studies looking at viral dispersion have generally used a viral tracer
model (bacteriophage Phi6, PhiX174), being conducted only in enclosed surgeries at
sampling distances up to 2 m, and have found that detection of the viral tracer
decreases with increasing distance from the procedure (Beltran et al. 2023; Vernon
et al. 2021). Experiments in the previous chapter also used an enclosed dental
surgery, with sampling at up to 3 m, and found that viral recovery reduced with
increasing distance (Allison et al. 2022). The dispersion distance of viruses during
dental procedures has not yet been explored in an open plan clinic and nor has the
dispersion of multiple viruses in the same experiment. This is important because the
behaviour of viruses with different survival in aerosols or on surfaces cannot be
easily compared where only a single viral tracer is used. Similarly, recovery of
infectious virus has been relied upon in previous studies, unlike in studies of viral
aerosols in real clinical settings which have generally relied on molecular detection,
for example, using RT-qPCR (Akin et al. 2021; Bazzazpour et al. 2022; Meethil et al.
2021).

As well as the distance of dispersion, the persistence of infectious bioaerosol over
time is also an important consideration. This dictates when it may be safe for
individuals to enter a potentially infectious environment without personal protective
equipment such as respiratory protective equipment. This was another key
consideration in dentistry during the COVID-19 pandemic, and in the UK, national
guidance was issued on how long it was necessary to allow potentially-infectious
bioaerosol to disperse before allowing another patient into the dental surgery
(SDCEP 2021a; 2021b). This was termed the post-operative fallow time and ranged
between 10 — 60 min depending on the ventilation rate of the room and any aerosol
control measures used (e.g., high volume suction). A number of authors have used
particle counting methods to measure the persistence of aerosols after a dental
procedure, either using simulated procedures (Allison et al. 2021b; Allison et al.
2021c; Ehtezazi et al. 2021; Shahdad et al. 2021) or measurements taken during
patient treatment (Graziani et al. 2021). The time taken for aerosol concentration to
reach baseline levels varies between studies, with elevations above baseline
observed even at 90 min post procedure in an unventilated space (Shahdad et al.
2021). A simulation study by Ren et al. demonstrated the dependence of aerosol

clearance rate on room ventilation, with removal of 95% of the aerosol taking longer
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than 30 min in a room with 3 air changes per hour (ACH) but taking only 7 min in a
room with 35 ACH (Ren et al. 2021). Fewer studies have looked at aerosol
persistence using methods other than particle detection, for example, one study
using a fluorescent tracer during simulated procedures in an open plan clinic
ventilated at 6.5 ACH found little additional settled tracer in surface samples after 10
min following the end of the procedure (Holliday et al. 2021). A study using
bacteriophage PhiX174 as a viral tracer and Serratia marcescens as a bacterial
tracer, combined with numerical modelling in an enclosed surgery (5 ACH) showed
99% reduction in detection of released tracer at 90 min, but detectable amounts still
present even at 120 min (Liu et al. 2023). Ventilation is clearly an important factor,
both for the total amount of bioaerosol dispersed, and the persistence of the aerosol
over time. Current UK guidance for ventilation in healthcare settings stipulates that
new dental facilities should be ventilated to provide a clean airflow path (supply at
high level, extract at low level) with an air exchange rate of 10 ACH, temperature
range of 20 - 25°C, and maximum 70% relative humidity (RH) (NHS England and
NHS Improvement 2021). Because dental clinics are found in many different settings
ranging from purpose-built hospitals to converted residential properties, the
ventilation configuration in these clinics are highly variable. No good cross-sectional
data exist however it is likely that many dental practices fall short of the
recommended 10 ACH, with some surgeries lacking any natural or mechanical

ventilation.
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4.2 Aims and objectives

The aim of the experiments described in this chapter is to understand the spatial
dispersion and temporal persistence of viral bioaerosols generated during dental

procedures. The specific objectives are to measure the:

e Spatial dispersion of dental bioaerosols and the infective potential of these
using a bacteriophage tracer model during simulated dental procedures in an
open-plan dental clinical setting.

e Persistence over time of dental bioaerosols at high and low ventilation rates

using a room-scale aerobiology chamber.
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4.3 Spatial dispersion of dental bioaerosols — specific methods

To explore the spatial dispersion of viral bioaerosols, experiments were conducted in
an 825 m?3 open plan clinical teaching laboratory to allow sampling over an 8 m
diameter area. The room was ventilated by supply-extract central mechanical
ventilation providing 6.46 ACH via ceiling vents. The sampling rig was set at 84 cm
above the floor, with its central hub positioned 22 cm superior to the upper right
central incisor of the mannequin. Eight, 4 m sampling arms were spaced at 45°
intervals, with filter paper samples placed on platforms along each arm at 0.5 m
intervals. One sample was placed on the centre of the rig. BioSamplers were spaced
along the 90° arm at 0.5 m, 1 m, 2 m, and 4 m. Two optical particle counters (OPCs)
were placed on the 180° arm at 1 m and 4 m. This equates to 64 surface samples
per replicate (256 total across 4 replicates), and 4 air samples per replicate (16 total).
Sampling locations are shown in figure 4.1. Four replicates of the experiment were

conducted.

A 10-min crown preparation was conducted on the upper right central incisor tooth
with an air turbine handpiece (Synea TA-98, W&H (UK) Ltd.; St Albans, UK) with
diamond burs (Rugby Ball 379, Shoulder 856SG & 856G; Drendel and Zweiling,
Germany), and a coolant flow rate of 31.8 mL/min (SD: 0.5) with chip air activated.
OPC sampling began 5 min before the procedure started, and BioSamplers were
started 2 min before the procedure. All sampling continued until 5 min after the end of
the 10-min procedure (total sample time: 20 min OPC; 17 min BioSampler). A
suspension of MS2 (mean titre 1.28 x 10" PFU/mL, SD: 4.50 x 10°) and phi6 (mean
titre 3.13 x 10'° PFU/mL, SD: 8.49 x 10°) was infused into the mouth of the

mannequin at 1.5 mL/min.

For surface samples, where at any given distance from the procedure, multiple
samples were present across different sampling arms (e.g., eight 1 m samples per
replicate across 0 — 315° arms), the mean recovery of all samples within a replicate
was calculated for each distance (0 — 4 m) and this was plotted and averaged for all
replicates (n = 4) during subsequent analyses. Recovery was plotted by distance,
and nonlinear regression was used to describe the relationship before calculating the
intercept of the curve with the x axis (limit of detection [LoD] was used for RT-gPCR

analyses).
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Figure 4.1. Overview of bioaerosol spatial dispersion experiments.

Upper panel: schematic diagram of sampling locations; lower panel: photograph of open plan
setting and sampling rig around the mannequin.
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4.4 Aerosol particle concentration at1 m and 4 m

Experiments in the open plan dental clinic aimed to explore the distance of dispersion
of bioaerosols from a dental procedure. Mean temperature during experiments was
22.18 °C (SD: 0.90) and mean humidity was 31.36 %RH (SD: 3.29). Mean
background particle number concentration in the 5 min before the procedure
(baseline) was 4.46 (SD: 1.17) particles/cm? at 1 m and 3.87 (SD: 0.21) particles/cm?
at 4 m. During the 10-min dental procedure, at 1 m mean aerosol concentration
increased to 37.8 (SD: 26.3) particles/cm?3, showing sharp spikes in aerosol
concentration of 10 — 100-fold above baseline (figure 4.2). At 4 m from the
procedure, a modest increase in aerosol concentration was seen, with mean 7.08
(SD: 0.97) particles/cm?3, but without the distinct spikes in concentration seen at 1 m.
After the end of the end of the procedure particle concentration reduced to the

baseline within 5 min at both locations.
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Figure 4.2. Aerosol concentration measured at 1m and 4m.

Particle number concentration was summed across all optical particle counter size channels
(0.3, 0.5, 1.0, 2.5, 5.0, 10.0 ym). Average of 4 replicates shown with sampling rate of 1 Hz.
The orange shaded area denotes the period of the dental procedure (10 min) and the dotted
line denotes the mean aerosol concentration in the 5 min preceding the procedure at that
location (baseline; n = 4). Individual replicate data are shown in appendix figure A.2.

4.5 Dispersion of infectious phage

Positive control samples taken from the inoculum infused into the mouth of the
mannequin confirmed MS2 mean titre of 1.28 x 10'° PFU/mL (SD: 4.50 x 10°) and
phié mean titre of 3.13 x 10" PFU/mL (SD: 8.49 x 10°). No growth of phage was
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seen in plaque assays for any of the assay negative controls (host and media
controls), or in any of the experiment negative controls for surface samples (filters).
One out of four experimental negative control BioSamplers had 3.9 PFU/L MS2 (just
above the LoD of the assay of 0.98 PFU/L, and well below 52.1 PFU/L mean

recovery in non-control samples).
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Figure 4.3. Infectious phage in control samples.

Infectious MS2 and phi6 measured by plaque assay in positive and negative control samples
(positive, host, media, BioSampler n = 4; filter n = 8). Individual data points, mean, and
standard deviation are shown. PFU: Plaque-Forming Units.

During the dental procedure, recovery of both phages was greatest in surface
samples at the centre of the sampling rig and at 0.5 m locations, with recovery
reducing sharply beyond this distance for phi6, and beyond 1 m for MS2. Overall

recovery of MS2 in surface samples was 419-fold higher than the recovery of phi6
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despite a similar starting inoculum. Recovery in air samples was highest at 0.5 m and
1 m locations, however there was a more gradual reduction in recovery at distances
beyond this compared to in surface samples, and the recovery of MS2 and phi6 in air

samples was similar (table 4.1).

Surface Samples
Distance MS2 Phi6
Mean (PFU/cm?) SD Mean (PFU/cm?) SD
0m 922.4 1,524.7 5.3 10.1
0.5m 2,147.2 3,855.4 1.9 2.3
1m 117.6 214.3 0.4 0.8
1.5m 0.3 0.5 0 0
2m 0.2 0.3 0 0
2.5m 0.1 0.2 0 0
3m 0.4 0.5 0 0
3.5m 0.4 05 0 0
4m 0.2 0.3 0 0
Air samples
MS2 Phi6
Mean (PFU/L) SD Mean (PFU/L) SD
0.5m 120.6 134.1 103.2 79.4
1m 101.2 116.9 112.5 148.5
2m 55.6 66.2 64.0 72.2
4m 20.3 36.3 16.4 29.1

Table 4.1. Recovery of infectious phage in surface and air samples by distance from
the procedure.

Each value shows mean recovery across 4 experimental replicates at that distance. PFU:
plague-forming units. SD: standard deviation.

Dispersion of phage was seen in a directional pattern and was not evenly distributed
across all sampling arms surrounding the procedure. The greatest dispersion was
seen was seen on 135°, 180°, and 270° sampling arms, corresponding to locations
opposite the operator and over the mannequin, which a real clinical scenario would
be over the patient’s body and dental chair. Mean recovery shown by sampling arm
is presented in table 4.2 and heatmaps showing spatial distribution across the entire

sampling rig are shown in figure 4.4.
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MS2 Phi6
Angle

Mean (PFU/cm?) SD Mean (PFU/cm?) SD

0° 2.4 4.4 0.0 0.0

45° 9.2 25.5 0.0 0.0

90° 6.2 17.4 0.0 0.0

135° 388.7 819.7 1.4 3.0

180° 282.0 749.4 1.3 2.5

225° 9.0 24 1 0.0 0.0

270° 1,570.0 4,439.0 0.0 0.0

315° 0.1 0.2 0.0 0.0
(Centre) (922.4) (1524.7) (5.3) (10.1)

Table 4.2. Recovery of infectious phage in surface samples by sampling location.

Mean recovery at all distances excluding the centre of the rig (0.5 — 4 m) for each sampling
arm (0° - 315°) across 4 experimental replicates. Recovery from the centre of the rig shown
separately in brackets for comparison. PFU: plaque-forming units. SD: standard deviation.
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Figure 4.4 Dispersion of infectious phage in surface samples.

Heatmaps showing raw values for phi6 and on a logarithmic scale for MS2 using the function
Logqo(raw value + 0.01) to correct for zero values. Sample location is equivalent to the
schematic in figure 4.1. Each location is the mean of four replicates at that location. PFU:
Plaque-Forming Units.

115



Nonlinear regression curves and equations describing the relationship between

recovery of phage and distance from the procedure can be seen in figure 4.5.

Regression curves for each individual sampling arm are shown in appendix figure A.3

and A.4. Intercepts of the regression curves with the x axis (indicating the distance

where recovery of infectious phage is expected to be zero) were calculated and are

show in table 4.3.
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Figure 4.5. Dispersion of infectious phage over distance.

Recovery of MS2 and phi6 in surface samples from filter papers or air samples using
BioSamplers from four experimental replicates. Each data point shows the mean amount of
phage recovered in plaque assays at that distance averaged across four replicates of the
experiment. Error bars show standard deviation. Non-linear regression curves (one-phase
decay model, except for Phi6 air samples which uses straight line), curve equations, and R?
are shown. Surrounding shaded areas represent 95% confidence intervals of the curve. PFU:

Plaque-Forming Units.
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Surface samples Air samples

MS2 275m 6.91m

Phi6 214 m 4.57m

Table 4.3. Distance of infectious phage dispersion.

Distances from the dental procedure that recovery of infectious phage would be expected to
reach zero. Determined by calculating intercept of the regression curve describing recovery
over distance, with the x axis. Regression curves and equations are shown in figure 4.5.

4.6 Dispersion of phage RNA

Positive control samples from the phage inoculum showed this to contain 1.55 x 102
(SD: 8.63 x 10™) copies/mL MS2, and 6.92 x 10° (SD: 6.24 x 10°) copies/mL phi6, as
measured using RT-qPCR. Plasmid DNA standards also amplified as expected,
showing 1.50 x 102 (SD: 2.60 x 10'2) copies/mL for MS2 plasmid standards and 1.18
x 107° (SD: 1.81 x 10°) copies/mL for phi6 standards (figure 4.6).

One of three MS2 assay negative controls for the RNA extraction step amplified (1.38
x 10° copies/mL; limit of detection [LoD] 1.69 x 10* copies/mL), however, all other
assay negative controls (RNA extraction, reverse transcription, and gPCR steps),

were negative.

Two of eight MS2 negative control filter papers amplified (mean 7.06 x 103
copies/cm?in these samples; LoD: 1.19 x 103 copies/cm?), and three of four negative
BioSamplers (mean 5.79 x 10° copies/L; LoD: 1.66 x 103 copies/L). Two of eight phi6
negative filters amplified (2.58 x 102 copies/cm?; LoD: 1.03 x 102 copies/cm?), and
one of four negative BioSamplers (2.50 x 102 copies/L; LoD: 1.42 x 102 copies/L). All

other experiment negative controls were negative.
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Figure 4.6. Phage RNA in control samples.

Individual values, mean, and standard deviation shown. NRT: no-reverse—transcriptase
control; NTC: no-template control. Dashed line defining orange shaded area denotes limit of
detection of the RT-qPCR assay. n = 8 for filters; n = 4 for BioSamplers & syringe +ve
(inoculum from experiments); n = 3 for others.

As with recovery of infectious phage, RNA recovery for both phages was greatest in
surface samples at the centre of the sampling rig and at 0.5 m locations, with
recovery reducing sharply beyond this distance for phi6, and beyond 1 m for MS2.
Overall recovery of MS2 RNA in surface samples was 181-fold higher than recovery
of phi6 RNA. Recovery in air samples was highest at 0.5 m and 1 m locations,
however there was a more gradual reduction in recovery at distances beyond this

compared to surface samples. Overall recovery of MS2 RNA in air samples was 43-
fold greater than for phi6 RNA (table 4.4).
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Surface Samples
MS2 Phi6
Mean (Copies/cm?) SD Mean (Copies/cm?) SD
Om 3.5 x10° 4.3 x10° 1.9 x 10* 2.7 x 104
0.5m 9.7 x 10° 1.6 x 107 5.4 x 10* 7.2 x 10*
1m 2.3 x10° 4.3x10° 9.8 x 10? 1.6 x 103
1.5m 7.4 x 10?2 5.5 x 102 0.0 x 10° 0.0 x 10°
2m 8.8 x 10? 7.6 x 102 8.7x10° 1.7 x 10"
25m 4.4 %103 49x10° 2.3 x10° 4.7 x 10"
3m 1.4 x 103 2.5x103 7.4 x10° 1.5 x 10"
3.5m 7.3x103 1.2 x 10% 1.0 x 10 2.1 x 10
4 m 3.3x103 6.1x103 9.4 x 10° 1.9 x 10'
Air samples
MS2 Phi6
Mean (Copies/L) SD Mean (Copies/L) SD
0.5m 4.5 x 104 3.1 %104 1.1 x10° 9.1 x10?
1m 2.9 x 104 3.3 x10* 6.9 x 102 9.5 x 102
2m 3.0 x 10 3.0x10* 5.1x10? 6.8 x 102
4 m 9.4 x 10° 1.0 x10* 3.1x10? 3.6 x 102

Table 4.4. Recovery of phage RNA in surface and air samples by distance from the

procedure.

Each value is an average across 4 experimental replicates of all samples at that distance.
SD: standard deviation.

Dispersion of phage RNA was seen in a directional pattern and was not evenly

distributed across all sampling arms surrounding the procedure. As with infectious

phage, the greatest dispersion was seen was seen on 135°, 180°, and 270° sampling

arms, corresponding to locations opposite the operator and over the mannequin.

Heatmaps showing spatial distribution across the entire sampling rig are shown in

Figure 4.7.
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Figure 4.7. Dispersion of phage RNA in surface samples.

Heatmaps showing recovery of phage RNA on a logarithmic scale using the function
Logio(raw value + 0.01) to correct for zero values. Sample location is equivalent to the
schematic in figure 4.1. Each location is the mean of four replicates at that location. PFU:
Plaque-Forming Units.
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Nonlinear regression curves and equations describing the relationship between
recovery of phage RNA and distance from the procedure can be seen in figure 4.8.
Intercepts of the regression curves with the LoD of the RT-gPCR assay (indicating

the distance where recovery is expected to fall below the LoD) were calculated and
are show in table 4.5.
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Figure 4.8. Dispersion of phage RNA over distance.

Recovery of phage RNA in surface samples from filter papers or air samples using
BioSamplers from four experiment replicates. Each data point shows the mean amount of
phage RNA in samples at that distance averaged across four replicates of the experiment.
Geometric mean and SD shown for surface samples, arithmetic mean and SD shown for air
samples. Non-linear regression curves, R?, and equations (one-phase decay model, except
straight line for phi6 air samples) are shown, with surrounding shaded areas representing

95% confidence intervals of the curve. Dashed line defining orange shaded area denotes
RT-gPCR assay limit of detection.

121



Surface samples Air samples

MS2 1.61m 5.36 m

Phi6 0.37m 451 m

Table 4.5. Distance of phage RNA dispersion.

Distances from the dental procedure that recovery of phage RNA would be expected to fall
below the RT-gPCR assay limit of detection. Determined by calculating intercept of
regression curve describing recovery over distance, with y = limit of detection. Regression
curves and equations are shown in figure 4.8.

4.7 Relationship of infectious phage to phage RNA

For all samples from dispersion experiments, linear regression was used to describe
the relationship between infectious phage and phage RNA recovered from the same
samples. Examination of curves revealed outlying values (n = 3) which were skewing
regression curves, these were (plaques, copies): MS2 surface samples (5.02 x 104,
2.33 x 108), MS2 air samples (0, 4.96 x10°), and phi6 surface samples (0, 1.01 x
108). No outlying values were identified for phi6 air samples, and regression curves
and equations with all values included are shown in appendix figure A.5. Outlying
values were excluded and resulting regression curves and equations are shown in
Figure 4.9. This demonstrated that recovery of phage RNA was consistently greater
than that of infectious phage, with linear regression coefficients ranging from 5.9 —
3,166 depending on the phage and sample type (surface or air sample). Goodness of
fit ranged from R2: 0.04 — 0.81 depending on the phage and sample type. There were
several samples in which no infectious phage was recovered but where phage RNA
was recovered, however, there were very few samples in which infectious phage, but

no phage RNA was recovered.

Bland-Altman plots in figure 4.10 show the ratio (plaques/ copies) between the two
measures plotted against their average. Biases (mean ratio) from Bland-Altman
analyses were consistently above zero (shown for each sample type in figure 4.10),
confirming that recovered phage RNA was consistently higher than infectious phage

in the same samples.

122



MS2

Surface Samples

Air Samples
3%107 150,000
. y = 236.9x + 13373
* R?=0.646
e 2x107 - 100,000
% =
g 2
2 2
8 1x1071 Q
¢ ¥ =3166x + 69778
R?=0.810
0 T T T T T T T T 1 0 T T 1
0 2,000 4,000 6000 8000 10,000 0 100 200 300
Plaquesicm? Plaques/ L
Phi6
Surface Samples Air Samples
. 1700x + 2502 4,000 y = 5.949x + 290.4
= +
200,000-" Y ) R?=0.392
~ T e R?=0.039 3,000+ -
£ 4 b
] r
& £ 2,000
§- 100,000 3 P
1,000 .
1 0 | I I 1
40 0 100 200 300 400
Plagues/cm? Plaques/ L

Figure 4.9. Relationship between infectious phage and phage RNA.

Linear regression with outliers removed, of infectious MS2 and phi6 phage (plaques) versus
phage RNA (copies) recovered from surface samples and air samples. Linear regression
curves and 95% confidence intervals (shaded areas) are shown, along with curve equations

and associated R?. The dashed line enclosing the orange shaded area denotes the limit of
detection of the RT-gPCR assay.

123



MS2

Surface Samples Air Samples
Bias = 7,353 -
150,000 15,000 Bias = 1,636
L 3
100,000 10,000 *
o o
T s00009 ., . E 5,000
i ¢ . lee
0 ] s .‘ r s
-50,000 T r——
NN 5,000 +———F——T——T1———
N A RN 0 10,000 20,000 30,000 40,000
Average Average
Phi6
Surface Samples Air Samples
400,000 Bias = 68,016 30 Bias = 9.27
300,000 _— O P
¢ 20 .
200,000
8 ]
R $eeee E fod_o___* ________ e aemooaeas
0 .« s ® °
-100,000 0
-200,000 T T T T T T 1
~ o ~ 4 5 » o © -10 T T T 1
O N - R R I B 0 500 1,000 1,500
Average Average

Figure 4.10. Bland-Altman plots of RT-qPCR versus plaque assay.

Plots show the ratio (copies/plaques) of infectious phage plaques (measured by plaque
assay) to phage copies (measured by RT-gPCR) for MS2 and phi6 in surface and air
samples plotted against the average of the two measures. Solid black horizontal line
represents a ratio of 0 (no difference). The thick, central dashed line represents the average
ratio (bias) and the shaded areas defined by fine dotted lines indicate 95% limits of
agreement (bias +/- 1.96 x standard deviation).

4.8 Temporal persistence of dental bioaerosols — specific methods

Experiments exploring the persistence of infectious phage and phage RNA in the air
after dental procedures were conducted in a 32.25 m?3 aerobiology chamber at Leeds
University School of Civil Engineering (Figure 4.11) at two ventilation rates: 1.5 and
11.7 ACH. These ventilation rates were chosen as they were the maximum and
minimum rates the facility could operate at, allowing a maximal difference in
conditions. These parameters also translate well to a typical dental treatment room
without mechanical ventilation (1.5 ACH), and just above the 10 ACH recommended
for new dental facilities (NHS England and NHS Improvement 2021). 10-min crown

preparations were conducted on the upper right central incisor tooth with an air
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turbine handpiece (EXPERTtorque LUX E6680L, Kavo; Germany) driven by a
portable dental unit (Celesta Il, Belmont; Japan) connected to a compressed air
cylinder providing 4.5 bar supply pressure controlled via a regulator (series 8500,
BOC; Woking, UK). The handpiece coolant flowrate was 33.8 (SD:1.4) mL/min and
chip air was activated. MS2 and phi6 inoculum was infused into the mannequin’s
mouth at 1.5 mL/min, and 1 mL of inoculum was used to cover the labial surfaces of

the teeth immediately before the procedure.

A bank of eight BioSamplers was positioned in an arc around the mannequin (Figure
4.11), with each inlet located 40 cm from the mannequin’s mouth. Each BioSampler
was connected to a custom-made vacuum manifold which allowed each sampler to
be switched on or off in sequence for the desired length of time. The vacuum pump
was positioned outside of the chamber and was switched on remotely using a
remote-controlled power supply (RA-103, AEI Security; UK). Samplers were operated
at 12.5 L/min for 2 min each and the operator remained seated in the chamber until
the end of sampling. For each replicate, one negative control sample was taken prior
to starting the experiment. One sample was collected in the final 2 min of the dental
procedure (minute 8 — 10 of the procedure) and was plotted as time zero in
subsequent analyses, corresponding to the bioaerosol concentration at the end of the
procedure. Six two-min air samples were then taken following the end of the
procedure. For the first replicate, which was at 1.5 ACH, samples were conducted
consecutively, with no gap between each one (i.e., 0-2, 2—4, 4-6, 6-8, 8-10, 10-11,
11-12 min). Because phage was recovered in these samples at up to 10—12 min, the
decision was taken to leave a 2 min gap between each sample to extend the period
of sampling in subsequent replicates (n = 3 for each ventilation rate). Samples were
therefore taken after the procedure in these replicates at 2—4, 6-8, 10-12, 14-16,
18-20, 22—-24 min. The OPC was positioned immediately next to the samplers and
began sampling 5 min before the start of the procedure, and at ended after the last

BioSampler sample was taken.

Buffer was removed from the samplers and transported in 50 mL centrifuge tubes to
the Leeds School of Civil Engineering Microbiology laboratory, which is housed in the
same facility as the bioaerosol chamber. Plaque assays were conducted immediately
and 200 pL aliquots were stored at -80°C for subsequent RT-qgPCR analyses, which
were completed within 4 weeks of experiments at the Newcastle Translational Oral

Biosciences laboratory.
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Figure 4.11. Aerobiology chamber used in bioaerosol persistence experiments.

Upper panel: overview of the chamber and ventilation configuration; Middle panel: plan view
of the experimental setup; Lower panel: photographs of experimental setup. OPC: optical

particle counter.
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4.9 Aerosol particle concentration over time and effect of ventilation

rate

During experiments, mean temperature at 1.5 ACH was 27.08 °C (SD: 0.60), and at
11.7 ACH was 25.45°C (SD: 0.45). Mean humidity was at 1.5 ACH was 31.27%RH
(SD: 1.90), and at 11.7 ACH was 39.78 %RH (SD: 2.46). At 1.5 ACH, mean
background particle number concentration in the 5 min before the procedure
(baseline) was 18.87 (SD: 0.41) particles/cm? and at 11.7 ACH this was 3.46 (SD:
0.23) particles/cm?.

During the 10-min dental procedure, at 1.5 ACH, the mean aerosol concentration
increased to 113.4 (SD: 51.19) particles/cm?, showing sharp spikes in aerosol
concentration of 10 — 100-fold above baseline (Figure 4.12). At 11.7 ACH there was
a smaller increase in aerosol concentration, with mean 69.79 (SD: 34.78)
particles/cm3, with similar spikes in aerosol concentration. At 1.5 ACH aerosol
concentration did not return to baseline during the 24 minutes of sampling after the
end the procedure. At 11.7 ACH, aerosol concentration reduced steadily after the

procedure, approaching baseline within the period of sampling.

There was an 80.9% reduction ({5) = 6.12, p = 0.002) in mean area under the curve
(AUC) following the procedure at 11.7 ACH compared to at 1.5 ACH (417.4 vs
2190.0 [particle/cm?®]:min; Figure 4.13).
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Figure 4.12. Aerosol concentration over time at 1.5 and 11.7 air changes per hour
(ACH).

Aerosol particle number concentration during bioaerosol persistence experiments measured
by optical particle counter during a 10-min dental procedure (denoted by orange shaded
area). Particle concentration was summed across all particle size channels (0.3, 0.5, 1.0, 2.5,
5.0, 10.0 um). Average of data from three, 39-min replicates (one additional replicate [n = 4]
included of 27-min duration for 1.5 ACH only). Sampling rate 1 Hz. Dotted line denotes the
mean aerosol concentration in the 5 min preceding the procedure at that ventilation rate.
Individual replicate data are shown in appendix figure A.6.
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Figure 4.13. Aerosol concentration at 1.5 and 11.7 air changes per hour (ACH).
Area under the curve after the dental procedure (from 15 min onwards). Data from three
replicates for 11.7ACH and four replicates for 1.5ACH. **: p < 0.01, unpaired t test.

4.10 Persistence of infectious phage

Plague assays confirmed the titre of the phi6 inoculum to be 3.14 x 10'° (SD: 8.06 x
10°) PFU/mL, however, MS2 titre was lower than expected at 9.71 x 107 (SD: 5.88 x
107) PFU/mL. As limited time had been allocated to experiments in the Leeds
Aerobiology Chamber, it was not possible to repeat experiments with MS2 at higher
titre. Neither phage was seen in experiment or assay negative control samples
(Figure 4.14).
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Figure 4.14. Infectious phage in control samples.
Infectious phage in positive and negative control samples (n =7). Individual values, mean,
and standard deviation shown. PFU: Plaque-Forming Units.
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Due to the low starting inoculum of MS2, recovery of infectious MS2 was also low
compared to that of Phi6, however, MS2 was recovered in air samples even at 19
min following the procedure at 1.5 ACH. No MS2 was recovered after the procedure
at 11.7 ACH (table 4.6). Recovery of phi6 was much greater, and at 1.5 ACH,
continued to be high even at 23 min after the procedure. No recovery of phi6 was
seen after 3 min at 11.7 ACH.

Nonlinear regression curves describing the relationship of phage recovery over time
following the procedure are shown in figure 4.15, and the maximum expected time
after the procedure that infectious phage would be expected to be recovered,
calculated by determining the intercept of regression curves with the x axis, are

shown in table 4.7.
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MS2
Time, 1.5 ACH 11.7 ACH

min Mean (PFU/L) SD n Mean (PFU/L) SD n
0 2.0 4.0 4 27 4.6 3

1 0.0 - 1 - - -

3 6.0 7.7 4 0.0 0.0 3

5 0.0 - 1 - - -

7 8.0 9.2 4 0.0 0.0 3

9 0.0 - 1 - - -

11 0.0 0.0 4 0.0 0.0 3
15 27 4.6 3 0.0 0.0 3
19 27 4.6 3 0.0 0.0 3
23 0.0 0.0 3 0.0 0.0 3

Phi6
Time, 1.5 ACH 11.7 ACH

min Mean (PFU/L) SD n Mean (PFU/L) SD n
0 166.0 179.6 4 101.3 80.9 3

1 248.0 - 1 - - -

3 156.0 142.6 4 8.0 8.0 3

5 480.0 - 1 - - -

7 174.0 118.7 4 0.0 0.0 3

9 360.0 - 1 - - -

11 148.0 100.9 4 0.0 0.0 3
15 74.7 20.1 3 0.0 0.0 3
19 77.3 994 3 0.0 0.0 3
23 146.7 146.7 3 0.0 0.0 3

Table 4.6. Infectious phage in air samples after a dental procedure.

Recovery of infectious phage following a dental procedure at 1.5 air-changes per hour (ACH)
and 11.7 ACH. The midpoint of each 2-min sampling period is given as the time of the
sample (i.e., 1 min represents a sample taken from 0 — 2 min after the procedure). Time 0
represents a sample taken for the final 2 min of the 10-min dental procedure. One replicate
at 1.5 ACH was conducted with consecutive sampling 1 — 11 min after the procedure,
subsequent 1.5 ACH replicates (n = 3) and all 11.7 ACH replicates (n = 3) collected samples
from 0 — 23 min with 2 min spacing between each sample. n for each timepoint is therefore
between 1 — 4 as shown.
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Figure 4.15. Infectious phage in air samples after a dental procedure.

Recovery of infectious phage following a 10-min simulated dental procedure in an enclosed
chamber at 1.5 and 11.7 air changes per hour (ACH). One sample was taken in the last 2
min of the procedure (plotted as time 0:00) and 6 further 2-min samples were taken with 2
min between the end of one sample and beginning of the next (24 min sampling period in
total). The midpoint of each 2-min air sample is plotted as the mean and standard deviation
of at least 3 replicates. For a single replicate at 1.5 ACH only, sampling was conducted for 6
consecutive 2-min periods after the end of the procedure (i.e., no spacing between samples;
12 min sampling total). Red datapoints denote samples taken during this replicate only (1, 5,
9 min; n = 1) and other timepoints for 1.5 ACH up to 12 min (3, 7, 11 min) therefore include 4
replicates in total. Regression curves (straight line, except one phase decay for phi6 11.7
ACH) are plotted, with 95% confidence intervals as dotted line around curve where it was
possible to calculate these. The x axis is extended beyond the period of sampling (23 min)
this to show entire regression curves.
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1.5 ACH 11.7 ACH

MS2 31.62 min 16.58 min

Phi6 46.35 min 8.93 min

Table 4.7. Duration of infectious phage persistence in air samples.

Time after the dental procedure that recovery of infectious phage would be expected to fall
below zero. Determined by calculating intercept of regression curve describing recovery over
time, with the x axis. Regression curves and equations are shown in figure 4.15.

4.11 Persistence of phage RNA

Positive control samples from the phage inoculum showed this to contain 6.26 x 10"
(SD: 8.35 x 10"°) copies/mL MS2, and 1.46 x 10'° (SD: 5.84 x 10°) copies/mL phi6.
Plasmid DNA standards also amplified as expected, showing 2.84 x 108 (SD: 6.36 x

10°) copies/mL for MS2 and 1.69 x 10'° (SD: 2.65 x 108) copies/mL for phi6
standards.

One of seven phi6 experiment negative controls (negative BioSampler) amplified

(2.33 x 103 copies/ L; LoD 1.16 x 102 copies/ L), however, all other negative controls
were negative (figure 4.16).
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Figure 4.16. Phage RNA in control samples.

Recovery of Phage RNA in positive and negative control samples (positive, negative
BioSampler n =7; phi6 plasmid positive n =2; all others n =3). Individual values, mean, and
standard deviation shown. Dashed line delineating orange shaded area denotes RT-qPCR

assay limit of detection. SM: extraction control; NRT: no-reverse—transcriptase control; NTC:
no-template control.
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As with infectious phage, recovery of MS2 RNA was less consistent than for Phi6.
MS2 RNA was recovered in individual air samples even at 11 min following the
procedure at 1.5 ACH, however the mean recovery for each timepoint remained
below the RT-gPCR assay LoD for this target (1.35 x 104 copies/L). No MS2 RNA
was recovered at 11.7 ACH (table 4.8). Recovery of phi6 was more consistent, and
at 1.5 ACH, continued to be high even at 23 min after the procedure, although a
relative reduction was observed after around 15 min. No recovery of phi6 was seen
after 3 min at 11.7 ACH.

Nonlinear regression curves describing the relationship of phage RNA recovery over
time following the procedure are shown in figure 4.17, and the maximum expected
time after the procedure that phage RNA would be expected to be recovered,
calculated by determining the intercept of regression curves with the LoD are shown
in table 4.9. This was not calculated for MS2 as mean recovery at each timepoint

remained below the LoD for this target.
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MS2
Time, 1.5 ACH 11.7 ACH

min Mean (copies/L) SD n Mean (copies/L) SD n
0 3,897.0 7,794.0 4 0.0 0.0 3

1 0.0 - 1 - - -

3 11,298.9 22,597.9 4 0.0 0.0 3

5 0.0 - 1 - - -

7 0.0 0.0 4 0.0 0.0 3

9 0.0 - 1 - - -

11 3,456.8 6,913.6 4 0.0 0.0 3
15 0.0 0.0 3 0.0 0.0 3
19 0.0 0.0 3 0.0 0.0 3
23 0.0 0.0 3 0.0 0.0 3

Phi6
Time, 1.5 ACH 11.7 ACH

min Mean (copies/L) SD n Mean (copies/L) SD n
0 1,836.9 2,173.1 4 0.0 0.0 3

1 4,225.5 - 1 - - -

3 17,623.9 33,817.5 4 3,663.4 6,345.3 3

5 3,778.1 - 1 - - -

7 1,838.0 1,790.9 4 0.0 0.0 3

9 4,147.7 - 1 - - -

11 1,468.8 2,198.4 4 0.0 0.0 3
15 614.9 1,065.1 3 0.0 0.0 3
19 842.7 729.9 3 0.0 0.0 3
23 616.3 1,067.5 3 0.0 0.0 3

Table 4.8. Phage RNA in air samples after a dental procedure.

Recovery of phage RNA in air samples over time following a dental procedure at 1.5 air-
changes per hour (ACH) and 11.7 ACH. The midpoint of each 2-min sampling period is given
as the time of the sample (i.e., 1 min represents a sample taken from 0 — 2 min after the
procedure). Time 0 represents a sample taken for the final 2 min of the 10-min dental
procedure. One replicate at 1.5 ACH was conducted with consecutive sampling 1 — 11 min
after the procedure, subsequent 1.5 ACH replicates (n = 3) and all 11.7 ACH replicates (n =
3) collected samples from 0 — 23 min with 2 min spacing between each sample. n for each
timepoint is therefore between 1 — 4 as shown.
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Figure 4.17. Phage RNA in air samples after a dental procedure.

Recovery of phage RNA (MS2 and phi6) in air samples following a 10-min simulated dental
procedure in an enclosed aerobiology chamber at 1.5 and 11.7 air changes per hour (ACH).
One sample was taken in the last 2 min of the procedure (plotted as time 0:00) and 6 further
2-min samples were taken with 2 min between the end of one sample and beginning of the
next (24 min sampling period in total). The midpoint of each 2-min air sample is plotted as
the mean and standard deviation of at least 3 replicates. For a single replicate at 1.5 ACH
only, sampling was conducted for 6 consecutive 2-min periods after the end of the procedure
(i.e., no spacing between samples; 12 min sampling total). Red datapoints denote samples
taken during this replicate only (1, 5, 9 min; n = 1) and other timepoints for 1.5 ACH up to 12
min (3, 7, 11 min) therefore include 4 replicates in total. Nonlinear regression curves (one
phase decay) are plotted, with 95% confidence intervals as dotted line around curve where it

was possible to calculate these. Dashed line delineating orange shaded area denotes RT-
gPCR assay limit of detection.

1.5 ACH 11.7 ACH
MS2 Not calculated Not calculated
Phié 17.37 min 2.37 min

Table 4.9. Duration of phage RNA persistence in air samples.

Time after the dental procedure that recovery of phage RNA would be expected to fall below
the RT-qPCR assay limit of detection. Determined by calculating intercept of regression

curve describing recovery over time, with y = limit of detection. Regression curves and
equations are shown in figure 4.17.
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4.12 Discussion

In dispersion experiments, large increases in aerosol concentration measured by
OPC were seen during the dental procedure, and this was greatest at 1 m. More
modest increases were seen at 4 m. As well as increased physical aerosol during the
procedure, infectious MS2 and phi6 was also dispersed, reaching highest levels
within the first 1m around the procedure. Phage RNA was highest in the same
location but was recovered in consistently higher amounts than that of infectious
phage. Persistence experiments demonstrated high levels of infectious virus in air
samples after a dental procedure which remained elevated for a prolonged period at
low ventilation rates (1.5 ACH). At increased ventilation rates (11.7 ACH), infectious
MS2 was not detected after the end of the dental procedure, and phi6é was not

detected after 3 min following the procedure.

These results are consistent with published data using particle counting methods to
look at dental aerosols from various dental instruments. For example Dudding et al.
(2022) demonstrated considerable (~200-fold) increases in aerosol concentration
during treatment in patients using an air turbine handpiece, which was much greater
than other instruments such as an ultrasonic scaler. Because the air turbine is
consistently reported to produce more aerosol than other instruments, this instrument
was chosen for use in the present experiments, representing a worst-case scenario.
Other authors have demonstrated much variation in the time taken for aerosol
concentration to reduce to baseline after a dental procedure, with times ranging from
10 — 60 min (Allison et al. 2021b; Ehtezazi et al. 2021; Shahdad et al. 2021). More
important than how much aerosol is produced, however, is what is contained within
the aerosol. The literature is clear that bacteria from the mouth and from dental unit
waterlines are dispersed over considerable distances (Rafiee et al. 2022; Zemouri et

al. 2020c), however much less is known about the dispersion of viruses.

The present experiments, which studied an unmitigated 10-min dental procedure with
an air turbine handpiece in an open-plan clinical setting with modest ventilation rate
(6.46 ACH), demonstrate that infectious virus is indeed dispersed over distances
which may pose infection risk to staff and other patients. Based on regression
analyses, infectious MS2 and phi6 would be expected to be detectable on surfaces
within 2.75 m and 2.14 m of the procedure, respectively. This means that in an
unmitigated scenario, and when virus is present within a patient’s mouth, the
operator, assistant, and patient will likely be contaminated with infectious virus via
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droplets and larger aerosols settling onto surfaces. This dispersion distance also
suggests that most surfaces in a single enclosed dental surgery could potentially
become contaminated during such a procedure; this would be the case in a dental
surgery such as the 4.3 m x 4.5 m room used in experiments described in Chapter 3.
Additionally, in an open-plan clinic, bays separated by less than this distance would
be expected to receive surface contamination if a procedure were conducted in an
adjacent bay. Within these distances, the use of personal protective equipment such
as a fluid resistant mask and eye protection as a universal precaution would be
needed to prevent contamination by large droplets and aerosols (likely > 100
pm)(Tang et al. 2021), as well as a fluid resistant bib or gown dependant on the

infection risk and local policies.

In air samples, the expected distance of dispersion from regression analyses was
greater than in surface samples, equating to 6.91 m and 4.57 m for MS2 and phi6,
respectively. Compared to surface samples, aerosols recovered from air samples will
likely contain smaller particles with longer residence times, which can penetrate the
airways more deeply, potentially leading to more severe infection (Thomas 2013).
These data suggest that in a typical enclosed dental surgery, without any other
aerosol mitigation, anyone within the room would be exposed to potentially infectious
aerosol via inhalation. Similarly, without any mitigation, spacing of > 6.91 m would be
required between bays on an open-plan clinic with a similar ventilation configuration
to prevent inhalation of potentially infectious aerosol. Where the potential for infection
is high (known infectious patient or during an infectious disease outbreak), the use of
respiratory protective equipment will be necessary within these distances. These
experiments represent a worst-case scenario, with no mitigation of bioaerosol and
high salivary viral load, and so it is likely that aerosol control measures used in
routine clinical practice will reduce this dispersion distance substantially. The effect of

such control measures is explored in the following chapter.

At each location much higher quantities of RNA were recovered than that of
infectious phage. This is not surprising given the sensitivity of the RT-qPCR assay,
and is consistent with recovery of infectious virus versus detection by RT-gPCR in
human viral infections such as with SARS-CoV-2 (Killingley et al. 2022). Interestingly
though, the distance over which RNA recovery would be expected to reach zero from
regression analyses was lower in surface samples than was the case for infectious

phage, particularly for phi6 (Infectious phi6: 2.14 m, phié RNA: 0.37 m). For air
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samples, the expected maximum RNA recovery distance was more similar to that of
infectious phage. This is an unexpected finding, as greater sensitivity would be
expected for RT-qPCR than for plaque assays. It is possible that the difference is
related to stability of phi6 RNA on filter papers, particularly at greater distances
where lower amounts of phage RNA were present. Efforts were made however to
prevent desiccation of filters (prewetting, sealing vessels after the experiment, same
day elution), and eluates were stored immediately at -80°C prior to RNA extraction.
As described in Chapter 3, recovery of phage RNA from filter papers (MS2: 53.8%
recovery; phi6: 5.6%) was similar to the recovery of infectious phage (MS2: 66.4%;
phi6: 3.5%) and so this would not account for the difference seen in regression

analyses.

Furthermore, the RT-gPCR assay LoD for phi6 was lower (2.9 copies/ul) than for
MS2 (33.8 copies/pL), and so this is unlikely to account for the lower dispersion
distance for phi6. Despite low limits of detection at the level of the assay however,
only a proportion of the starting sample is taken at each step of the RT-qPCR
protocol (e.g., sample elution, RNA extraction, reverse transcription, gPCR). Only a
small proportion of the original RNA in the sample will therefore end up in the final
assay. As a result, limits of detection are higher when accounting for this, and when
correcting for surface area in surface samples and air volume for air samples (MS2
LoD: 1,194.8 copies/cm?, 1,656.1 copies/L; phi6 LoD: 102.6 copies/cm?, 142.2
copies/L). It is likely that this may account for the difference in regression results
between infectious phage and phage RNA, and in future work, optimising the
protocol to use a greater proportion of the starting material (e.g., by sample
concentration and higher volume qPCR reactions) may help to lower the corrected
LoD. The difference between recovery of infectious phage and phage RNA has
implications for studies which rely on molecular detection methods alone such as
those using gPCR (Bazzazpour et al. 2022; Meethil et al. 2021) or sequencing
(Poolkerd et al. 2024; Rafiee et al. 2022) as these may not provide the full picture on
the impact of potentially-infectious aerosols. For instance, in the present experiments
there were samples where phage RNA, but no infectious phage was recovered.

As observed in other studies (Allison et al. 2021a; Holliday et al. 2021), dispersion
was not equally distributed around the procedure, with greater dispersion seen
opposite the operator and over the “patient”. This is a useful observation as it allows

the identification of “hot spots” where surface contamination is more likely, and where
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surface disinfection can be particularly focussed. It should be noted however, that

this pattern of dispersion may be affected by factors such as the position of the

operator and their handedness, as well as the presence of an assistant (Figure 4.18);

the latter has been shown to influence airflow and surface contamination patterns in

fluorescent tracer studies (Allison et al. 2021a).
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Figure 4.18 Spatial dispersion of a fluorescent tracer

—=2.25

Heatmap showing dispersion of a fluorescent tracer around a simulated dental procedure
(anterior crown preparation using an air turbine handpiece, with dental suction), (B) without
the presence of a dental assistant and (C) with the presence of a dental assistant. Tracer
deposition is increase in locations behind the assistant when the assistant is present. Figure
adapted from (Allison et al. 2021a), published under CC BY 4.0 license.

The amount of virus recovered during dispersion experiments would be likely to

initiate infection if similar amounts of pathogenic virus were dispersed in vivo. Taking

an example viral air concentration of 100 PFU/L, which was seen at <1 m for MS2

and phi6, a respiratory rate of 14 breaths per minute, and a tidal volume of 0.5 L,

then an individual would likely inhale 7,000 PFU during a 10-min dental procedure.

This is much greater than the minimum infectious dose of many human respiratory

pathogens such as SARS-CoV-2 (55 focus-forming units (Killingley et al. 2022)),
influenza H2N2 (0.42 — 2.1 PFU (Alford et al. 1966)), and respiratory syncytial virus

Total surface area, mm? on logyo scale

(70 PFU (Bischoff 2010)), and provides strong evidence that dental treatment without
any other mitigating factor in an infectious individual is able to deliver sufficient dose

to initiate an infection.

In persistence experiments in the aerobiology chamber, at the low ventilation rate of
1.5 ACH, aerosol particle concentration measured by OPC remained high after the

procedure and did not return to baseline within the period of sampling (24 min post
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procedure). The aerosol also contained infectious phage, which was recovered up to
the end of the sampling period and remained high throughout. Regression analyses
suggested that MS2 would be expected to reach zero after 31.63 min and phi6 after
46.35 min at this air exchange rate. The estimate for MS2 however should be
regarded with caution, as the titre of phage used was lower than intended. This will
have reduced the amount of MS2 in air samples and may impact the ability to detect
this phage compared to if a higher titre inoculum was used. 9.71 x 107 PFU/mL MS2
was used, compared to 3.14 x 10'° PFU/mL for phi6, which equates to a 323-fold
lower than intended titre. Correction of the results obtained with MS2 by this factor
should however give an indication of what quantity of MS2 might be expected to be
recovered if the intended titre were used. As with dispersion experiments, despite
substantially greater amounts of recovered phage RNA compared to infectious
phage, regression analyses suggest a shorter time to expected zero detection of phi6
RNA at 1.5 ACH (17.37 min) compared to infectious phage (46.35 min). Regression
was not performed for MS2 RNA, as despite recovery above the LoD in some

replicates, mean recovery for each timepoint remained below the LoD of the assay.

At the higher ventilation rate of 11.7 ACH, which is comparable to the 10 ACH
recommended in current guidance for new dental facilities in England (NHS England
and NHS Improvement 2021), aerosol particle concentration measured by OPC
reduced to baseline levels within the sampling period (24 min). There was a sharp
decrease after the procedure, initially in a linear fashion, with some slowing of the
rate as aerosol concentration approached baseline. This was accompanied by a
sharp reduction in recovery of infectious phage, with no MS2 detected after the
procedure, and no phi6 from 3 min after the procedure. Regression analyses suggest
an expected zero recovery time at 11.7 ACH of 16.58 min for MS2 and 8.93 min for
phi6. Again, the MS2 data should be interpreted cautiously due to the low titre of the
inoculum. Phi6 concentration immediately after finishing the procedure (time 0:00)
was also lower at 11.7 ACH (101.3 PFU/L) compared to at 1.5 ACH (166.0 PFU/L).
These results suggest that ventilation rate is a key factor in the rate of clearance of
potentially-infective bioaerosols both during and following a dental procedure, which
is consistent with the results of other studies using particle counting methodologies
(Longo et al. 2023; Shahdad et al. 2021). The present approach is highly novel
however, as such experiments using a dental procedure in a highly controlled
bioaerosol chamber have not previously been described. No other bioaerosol control

measures or mitigations were used in these experiments. Such measures would be
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expected to supplement the beneficial effect demonstrated here of increased
ventilation; this has previously been shown by supplementing mechanical ventilation

with HEPA air purifiers to remove aerosol (Ren et al. 2021).

These data support the guidance for dental settings issued during the COVID-19
pandemic (SDCEP 2021a; UK Health Security Agency 2021a) on appropriate fallow
times during an infectious disease outbreak where community transmission is high.
Such an approach would also be appropriate when treating a patient with a known
infection spread by droplet (when conducting an AGP) or airborne routes. This
guidance suggests a fallow time of 60 min in settings with poor ventilation (1 — 2
ACH) where other mitigations such as dental suction are not used, and a minimum
fallow time of 10 min at ventilation rates > 10 ACH where dental suction is used or 15
min without suction at this ventilation rate. Given the substantial effectiveness of
aerosol removal at 11.7 ACH, it is possible that a lower rate, between 1.5 and 11.7
ACH, would still provide an acceptable aerosol clearance time but be easier for
dental service providers to achieve. Future work should therefore seek to assess a

wider range of air exchange rates to better understand minimum safe parameters.

Studies using viral tracers are useful in infection control research as they allow
various parameters to be tested in a controlled manner which may be difficult in
clinical studies, however, choosing the right surrogate is important. For example, in
dispersion experiment surface samples, detection of phi6 was 419-fold less than for
MS2 despite a similar starting inoculum and similar recovery in air samples. This
would suggest that MS2 is more robust on surfaces and may be a suitable surrogate
for other non-enveloped viruses such as norovirus (Kimmitt and Redway 2016; Tung-
Thompson et al. 2015). Any viral pathogen with similar stability on surfaces to MS2
may pose a risk of fomite-mediated transmission from contaminated surfaces. Both
MS2 and phi6 had similar recovery in air samples, suggesting similar stability in
aerosols and therefore both are likely to be useful surrogates for viral pathogens
where airborne transmission is a feature. Choosing the wrong surrogate (i.e., phi6 as
a surrogate for a virus that behaves more like MS2 on surfaces) may lead to drawing
the wrong conclusions about risk. In future, were an outbreak of a new pathogen to
occur as was seen during the COVID-19 pandemic, it would be important for future
studies to select viral surrogates with similar physical and virological properties to the
pathogen of interest.
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Apart from a single negative control BioSampler in dispersion experiments, no plaque
assay negative controls contained phage, however there were a few RT-gPCR
negative control samples which amplified above the LoD. These were largely
experiment negative controls (filter papers or BioSamplers) rather than assay
controls and were mostly only slightly above the LoD. Three BioSampler negative
controls in dispersion experiments for MS2 amplified at lower Cq values, however.
This demonstrates that despite meticulous processes to prevent contamination of
samples during experiments, the highly sensitive nature of the RT-gPCR assay can
be problematic, as infectious phage was not seen in these samples during plaque

assays.

Dental procedures then, have the potential to produce bioaerosols which when
treating an infective patient, contain enough virus to cause infect dental professionals
and other patients. Without further control measures, dental professionals who work
close to the patient’'s mouth may be exposed to these infective aerosols. Small
aerosols travel much further (> 4 m) than larger aerosols and droplets which are
more concentrated close to the patient (< 1 m). These infective bioaerosols remain in
the air for a long time (30 — 40 min) after a procedure where ventilation is poor,
however increasing ventilation to above 10 ACH reduces this persistence to 10 — 15
min. Given this, there is a need for further measures to control infective dental
bioaerosols to reduce the risk they pose to acceptable levels. The efficacy of several

bioaerosol control measures is explored in the following chapter.
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Chapter 5. Dental Bioaerosol Control Measures

5.1 Introduction

The previous chapter demonstrated that bioaerosols created during dental
procedures can travel significant distances from the source and remain in the air for
some time after the procedure, particularly at low ventilation rates. The data suggest
that in a real-world setting without bioaerosol control measures, dental professionals
are likely to be exposed to well above the infectious dose of a range of human viral
pathogens when treating a patient with an acute viral infection. There are few
epidemiological data on the risk of healthcare associated infection via dental
bioaerosols, however one study of 1,507 individuals looking at SARS-CoV-2
seroprevalence in dental professionals during the early COVID-19 pandemic found
higher rates of prior infection in clinical members of the dental team (16.7%)
compared to non-clinical staff in dental practices (6.3%) and the local population at
the time (6 — 7%) (Shields et al. 2021). This suggests that there may be an increased
risk of infection in dental professionals, supporting the present experimental data and

that of other authors.

If there is a risk of transmitting infection to dental professionals and other patients,
then control measures are needed to reduce this risk to an acceptable level. This
may be during an infectious disease outbreak, as seen during the COVID-19
pandemic, or when treating a patient with an endemic infection. In Chapter 3, two
dental bioaerosol control measures were shown to be effective. In these
experiments, the use of a dental unit waterline (DUWL) disinfectant reduced the
recovery of infectious MS2 by 96.5%, and the use of a rubber dam reduced infectious
MS2 by 86.3% and phi6 by 100%. Both measures aim to reduce the amount of viable
virus escaping the mouth within bioaerosols. DUWL disinfectants inactivate the virus
and rubber dam isolates the tooth being treated from the virus-containing saliva. Two
further approaches to bioaerosol control have also been described: 1) reducing the
total amount of aerosol produced by dental instruments; 2) capturing the aerosol after

it is produced to reduce exposure to those in the vicinity.

Many bioaerosol control measures were included in guidance published during the
COVID-19 pandemic to reduce the risk of infection when community transmission
was high (SDCEP 2021a; UK Health Security Agency 2021b). This guidance is now
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withdrawn, however, and the current National Infection Prevention Manual for
England mentions only the use of personal protective equipment and ventilation, but
not other specific control measures. Whilst Chapter 4 showed the effectiveness of
ventilation in reducing the total amount and residence time of virus in dental
bioaerosols, there are further opportunities to reduce bioaerosol risks with specific

control measures used during dental treatment.

One of the most frequently used instruments in dentistry is the air-turbine handpiece.
It produces a fine mist of pressurised air and water to cool the bur and tooth and
operates at speeds of up to 400,000 rpm. As a result, the air-turbine handpiece
produces significant aerosol (Sergis et al. 2020). This fast-moving aerosol, containing
very small droplets, therefore has the potential to carry microorganisms from the
mouth. One method of reducing the total amount of aerosol produced is by using a
handpiece driven by an electric motor instead of an air-driven turbine, which can
operate at up to 200,000 rpm. The electric-motor—driven (micromotor) handpiece
does not need to vent air from the front of the handpiece as is necessary with an air-
turbine handpiece, and jets of water alone can be used to cool the bur without
pressurised air. This produces less aerosol overall and droplets are of a larger size,
travelling shorter distances and remaining airborne for a shorter time (Allison et al.
2021c; Sergis et al. 2020).

Only one group has previously explored the effect of using an electric micromotor
handpiece on the dispersion of viruses following a dental procedure. Vernon et al.
(2021), using a mannequin simulation model, demonstrated reductions of
bacteriophage phi6 in surface and air samples of over 99% when the micromotor
handpiece was used compared to an air-turbine handpiece. Importantly however,
whilst similar reductions have been shown in aerosol particle concentration and the
dispersion of a fluorescent tracer (Allison et al. 2021c), the effect of a micromotor
handpiece has only been studied using a single virus (enveloped bacteriophage
phi6). It is therefore important to reproduce this using other viral tracers, ideally with
multiple viruses in the same experiments, to compare the effect between organisms

within the same model and under the same conditions.

Whilst reducing the total amount of aerosol produced by dental instruments is a
useful approach, any high speed instrument will produce some aerosol, as even
without an irrigant, oral fluids become aerosolised when they contact a spinning bur

(Sergis et al. 2020). Additionally, patients themselves produce respiratory aerosols
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when breathing, speaking, and coughing (Wilson et al. 2021) which in an infected
individual contain significant quantities of virus, correlating with the risk of
transmission (Alsved et al. 2022). There is therefore a benefit to bioaerosol control
methods which capture aerosols at source, preventing further dissemination and
reducing risk to those providing care. One such measure, which is widely used in
routine dental care, is high-volume dental suction. Dental suction is delivered by a
suction cannula connected to a central vacuum supply, and is used to evacuate
saliva, dental instrument irrigants, blood, and debris from the mouth. This improves
patient comfort, protects the airway, and allows improved visibility for the operator.
An additional benefit however is that dental aerosols are also captured. For example,
studies using particle counters demonstrate reductions in physical aerosol escaping
the mouth when dental suction is used (Ehtezazi et al. 2021; Shahdad et al. 2021).
Suction also addresses the dispersion of microorganisms within dental bioaerosols,
with a 98% reduction in adenosine triphosphate bioluminescence (marker of bacterial
contamination) reported with suction during treatment in patients (Lloro et al. 2021).
Reduction in viral dispersion of up to 56% has also been reported using a mannequin

simulation model with bacteriophage phi6 (Malmgren et al. 2023; Vernon et al. 2021).

Finally, local exhaust ventilation (LEV) devices may be used to capture dental
bioaerosols. Dental LEV devices use high air flow rates to extract air from around the
procedure before filtering it using high-efficiency particulate air (HEPA) filters and
recirculating the air back into the room. LEV is also often described as extraoral
suction/ extraction/ evacuation/ scavenging and has been shown to reduce physical
dental aerosol concentration (Barrett et al. 2022) and dispersion of a fluorescent
tracer by 74 — 100 % (Allison et al. 2021b). Reductions of 74% in bacterial dispersion
at 50 cm with a Lactobacillus acidophilus tracer have also been reported
(Horsophonphong et al. 2021), and in a mannequin model using bacteriophage phi6,
viral dispersion was 60% lower with LEV (Vernon et al. 2021). Again, the effect of
both suction and LEV on the dispersion of viruses in dental bioaerosols has only
been studied using a single enveloped virus (bacteriophage phi6), and so further
work is needed to compare effectiveness of these measures on both enveloped and

non-enveloped viruses.

The present model, using the non-enveloped bacteriophage MS2 and enveloped
bacteriophage phi6, therefore provides an ideal opportunity to test the efficacy of a

micromotor handpiece, dental suction, and LEV in reducing viral dispersion
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compared to using an air turbine handpiece with no other bioaerosol control

measure.

5.2 Aims and objectives

The aim of the experiments described in this chapter was to determine the
effectiveness of three dental bioaerosol control measures (dental suction, LEV,
micromotor handpiece) in reducing the dispersion of enveloped and non-enveloped

viruses. The specific objectives were to:

o Define the relative effectiveness of bioaerosol control measures in reducing
total aerosol concentration.

e Compare the particle size distribution of aerosol produced using different
control measures.

e Assess the effectiveness of control measures in reducing the dispersion of

infectious virus and viral RNA.
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5.3 Dental bioaerosol control measures — specific methods

Experiments were conducted to test the efficacy of bioaerosol control measures in a
44.96 m?® dental surgery with a ventilation rate of 4.96 ACH. Sampling locations
(Figure 5.1) were chosen based on areas shown in Chapter 4 as most likely to be
contaminated during the dental procedure. This corresponds to 1 m around the
procedure, which is where the operator and assistant are situated during a real
procedure and is therefore most clinically relevant. 10-min crown preparations were
performed on the upper right central incisor tooth of the dental mannequin, and an
inoculum containing 1.22 x 10'° (SD:1.41 x 10'%) PFU/mL MS2 and 3.17 x 100
(SD:8.52 x 10%) PFU/mL phi6 was infused into the mannequin’s mouth at 1.5 mL/min
with 1 mL of inoculum added to all surfaces of the mannequin’s teeth immediately

before beginning the experiment.

Filter paper samples were pre-wet with 100 yL of SM buffer immediately before the
experiment. Sampling began 3 min before the procedure to allow a short period of
measurement of the baseline aerosol concentration and then continued for 5 min
after the 10-min dental procedure (18 min total). A short, 5-min, post-procedure
sampling period was chosen to minimise drying of filter papers and evaporation of
BioSampler buffer. Also, because persistence experiments in Chapter 4 showed high
concentrations of aerosolised phage are produced immediately after the procedure
decaying quickly at higher ventilation rates, prolonged sampling was unnecessary.
The ventilation rate in this setting (4.96 ACH) was between the two rates used in the
experiments in Chapter 4 (1.5 ACH and 11.7 ACH).
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Figure 5.1. Sampling locations in bioaerosol control experiments.
Schematic diagram showing experimental setup and sampling locations.

Experiments were performed under the following conditions (n = 3 per condition):

Control: crown preparation with an air turbine handpiece (Synea TA-98; W&H
Ltd., UK). Coolant flow rate: 45.1 mL/min (SD: 1.6), chip air activated.
Suction: as for control, but with high-volume dental suction (238.8 L/min air
flow rate [SD:3.3]) positioned 1 cm from the UR1 and held with a retort stand
(figure 5.2).

Local exhaust ventilation (LEV): as for control but with an LEV system (DA-
UVC1001; VODEX Ltd., UK) with the inlet positioned 10 cm inferior to the
mannequin’s chin and on a plane 3 cm above the UR1 (figure 5.2). The device
extracts air at the inlet nozzle and passes this through a high-efficiency
particulate air (HEPA) filter at 5,000 L/min. A 254-nm, 27-mW/cm? UV-C light
source is also positioned in the airflow before filtration. Irradiated and filtered
air is then returned to the room at either side of the base unit.
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e Micromotor: as for control but using a 1:5 speed-increasing handpiece (Ti-
Max Z95L; NSK, Japan) driven by an electric micromotor (NLX Nano; NSK,
Japan) instead of the air turbine handpiece. Speed: 200,000 rpm, coolant flow
rate: 44.8 mL/min (SD: 1.3), no chip air activated, meaning that the bur was
cooled by jets of water, rather than a mist of water and air (figure 5.3).

Figure 5.2. Dental bioaerosol control measures.
Positioning of (A) dental suction and (B) local exhaust ventilation used in experiments.

Figure 5.3. Micromotor handpiece irrigation.

Irrigation of the micromotor handpiece with chip air activated (a) showing mist of air and
water, and (b) without chip air, showing jets of water only. Originally published in the Journal
of Dentistry (Allison et al. 2021c), the author retains the rights to the image.
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5.4 Effect of control measures on aerosol concentration

Mean temperature during experiments was 22.95 °C (SD: 0.43) and mean humidity
was 40.39 %RH (SD: 8.43). Mean aerosol concentrations in the 3 min before the
procedure (baseline), during the 10-min dental procedure, at the difference between

the two are shown in table 5.1.

Baseline aerosol Aerosol concentration Increase
concentration during procedure from

(0 — 3 min) (3 —13 min) baseline,

Mean, particles/cm® | SD | Mean, particles/cm® | SD particles/cm?®

Control 15.72 6.65 43.51 15.22 27.79
Suction 12.18 4.82 22.12 2.78 9.32
LEV 24.60 5.44 26.06 2.14 1.46
Micromotor 23.42 4.67 45.60 16.79 22.18

Table 5.1. Mean aerosol concentration during a dental procedure with various
individual aerosol control measures.

Mean and standard deviation (SD) aerosol particle number concentration in the 3 minutes
preceding (baseline) and during a 10-min dental procedure with various bioaerosol control
measures. Measured by optical particle counter at 0.6 m from the procedure. Difference =
(procedure — baseline). n = 3 per condition. LEV = local exhaust ventilation.

Increases in aerosol particle number concentration were seen above baseline in the
control condition from the start of the procedure, and distinct spikes in concentration
were observed of up to 13-fold above baseline (figure 5.4). The increase above
baseline and the presence of spikes in concentration were reduced with dental
suction and practically eliminated with LEV. With the micromotor handpiece, similar
increases above baseline were seen to the control condition and spikes in
concentration of up to 8-fold above baseline. Aerosol concentration remained
elevated above baseline for the entire period of sampling after the procedure (5 min
post procedure) when the air turbine was used in the control condition. With the
micromotor handpiece, the aerosol concentration reduced to baseline much more

quickly after the procedure than the control condition.
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Figure 5.4. Aerosol particle concentration with various individual bioaerosol control
measures.

Aerosol particle number concentration measured using an optical particle counter at 0.6 m
before, during, and after a simulated dental procedure using different bioaerosol control
measures. Particle concentration was summed over all particle size channels (0.3, 0.5, 1.0,
2.5, 5.0, 10.0 um). Data shown are the average of 3 replicates with a sampling rate of 1 Hz.
Individual replicate data are shown in appendix figure A.7. Shaded orange area denotes the
duration of the dental procedure, and the dotted line denotes the background particle
concentration in the 3 min preceding the procedure. LEV: Local Exhaust Ventilation.

OPC data was corrected for baseline by subtracting the mean of the first 3 min of
data before the procedure from all data for each condition. Area under the curve
(AUC) during the procedure (min 3 — 13) was then calculated (figure 5.5). Comparing
AUC during the procedure, there were statistically significant differences between the
different control measures (One-way ANOVA, F(3, 8) = 10.53, p = 0.004). Suction
produced a 64.2% mean reduction in aerosol compared to control (post hoc
Dunnett’s test q(8) = 4.090, p = 0.009) and LEV a 76.1% reduction (q(8) = 4.845, p =
0.003). Micromotor reduced AUC by 19.9%, but this was not statistically significant
(q(8) = 1.262, p = 0.486).
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Figure 5.5. Differences in aerosol concentration during a dental procedure with
various individual bioaerosol control measures.

Area under the curve (AUC) of aerosol particle number concentration (from figure 5.4) from
the period during the 10-min dental procedure (3 — 13 min), corrected for baseline aerosol
concentration (0 — 3 min). 3 replicates per condition, mean and standard deviation shown.
LEV: Local Exhaust Ventilation. **: p < 0.01, one-way ANOVA with Dunnett’s multiple
comparisons test (comparing to control). Dotted line shows baseline aerosol concentration
pooled from all conditions (mean 19.0 particles/cm?®, SD:10.8, n = 12).

Aerosol measured during control and suction conditions had similar particle size

distributions, whereas during the LEV condition, proportionally more smaller particles
were produced (84.74% < 0.3 ym particles) than control (73.76% < 0.3 uym patrticles).
Micromotor produced the fewest < 0.3 pym particles (67.04%) and proportionally more

large particles than the other conditions (figure 5.6).
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Figure 5.6. Particle size distribution with different individual bioaerosol control
measures.

Percentage of total particles detected for each particle size bin with different aerosol control
measures, shown as (A) heatmap and (B) grouped bar chart. OPC data from a 10-min dental
procedure (n = 3 per condition). Numbers within cells in (A) denote the percentage of total
particles contributed by that particle size. LEV = local exhaust ventilation.

5.5 Effect of control measures on infectious phage

Positive controls taken from the phage inoculum used in experiments showed a
mean titre for MS2 of 1.22 x 10'° (SD: 1.41 x 10"%) PFU/mL and of 3.17 x 100 (SD:
8.52 x 10%) PFU/mL for phi6. Neither phage was seen in any negative control
samples (figure 5.7).
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Figure 5.7. Infectious phage in positive and negative control samples.

Positive n = 12; host n = 10; others n = 9. PFU: Plaque-Forming Units.

154



For MS2, there was an overall difference in recovery of infectious virus in all surface
samples between conditions (Kruskal-Wallis = 7.308, p = 0.033; figure 5.8) Recovery
with suction was 99.7% lower compared to control, 99.9% lower with LEV, and
99.6% lower with micromotor, however, only LEV reached statistical significance in
post hoc tests (Dunn’s test, p = 0.038; table 5.2).

Using two-way ANOVA (main effect and interaction), both the aerosol control
measure and distance from the procedure were included as factors for recovery of
infectious MS2 in surface samples. Sample location accounted for 11.7% of variation
in recovery (F(2, 24) = 4.223, p = 0.027), the aerosol control measure 21.5% of
variation (F(3, 24) = 5.103, p = 0.007), with the interaction between the two factors
(location and control measure) accounting for 34.0% (F(6, 24) = 4.104, p = 0.006).
Post hoc comparison of each measure to control showed significant differences for
suction (Dunnett’s test, p = 0.011), LEV (p = 0.010), and micromotor (p = 0.011).

Recovery by distance from the procedure is shown for each condition in figure 5.8.

In air samples, there was an overall difference in MS2 recovery between conditions
(Kruskal-Wallis = 9.804, p < 0.001; Figure 5.8). Recovery with suction was 92.7%
lower compared to control, 100% lower with LEV, and 82.1% lower with micromotor,
however, only LEV reached statistical significance in post hoc tests (Dunn’s test, p =
0.006; table 5.2).
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Figure 5.8. Infectious MS2 in surface and air samples during a dental procedure with
various individual control measures.

MS2 recovered following a 10-min dental procedure on surfaces and air samples corrected
for surface area/ air volume. For surface samples, the mean recovery in all samples for that
replicate is shown (upper left panel), as well as mean recovery in samples at each distance
from the procedure (upper right panel). For air samples, mean recovery in all samples within
a replicate is shown. Data points show individual replicates (n = 3). Bars show mean and
standard deviation. LEV: local exhaust ventilation. * = p < 0.05, ** = p < 0.01, Kruskal-Wallis
test with Dunn’s multiple comparisons test (comparing to control). Negative controls were not
included in the statistical test.

For phi6, recovery in surface samples was 28.2% lower when suction was used
compared to control, 100% lower with LEV, and 91.5% lower with micromotor,
however, there was no statistically significant difference in recovery between
conditions (Kruskal-Wallis = 6.310, p = 0.080; Figure 5.9; table 5.3).

Using two-way ANOVA (main effect and interaction), both the aerosol control
measure and distance from the procedure were included as factors for recovery of

infectious phi6 in surface samples. There was no significant effect of sample location
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(F(2, 24) = 1.240, p = 307), aerosol control measure (F(3, 24) = 1.036, p = 0.394), or
the interaction (F(6, 24) = 1.269, p = 0.308). Recovery by distance from the

procedure is shown for each condition in figure 5.9.

In air samples, there was an overall difference in phi6 recovery between conditions
(Kruskal-Wallis = 8.243, p = 0.014; figure 5.9). Recovery with suction was 39.7%
higher compared to control, 100% lower with LEV, and 1,571% higher with
micromotor, however, no individual condition reached statistical significance in post
hoc tests (Dunn’s test, p > 0.05). As the micromotor condition showed much greater
recovery than control, sensitivity analysis was conducted by repeating the Kruskal-
Wallis test with the micromotor data excluded. This analysis suggested no significant
overall difference between conditions when micromotor data were excluded (Kruskal-
Wallis = 5.609, p = 0.068; table 5.3).
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Figure 5.9. Infectious phi6 in surface and air samples during a dental procedure with
various individual control measures.

Phi6 recovered following a 10-min dental procedure on surfaces and air samples corrected
for surface area/ air volume. For surface samples, the mean recovery in all samples for that
replicate is shown (upper left panel), as well as mean recovery in samples at each distance
from the procedure (upper right panel). For air samples, mean recovery in all samples within
a replicate is shown. Data points show individual replicates (n = 3). Bars show mean and
standard deviation. LEV: local exhaust ventilation. There were no significant differences
between groups (Kruskal-Wallis test with Dunn’s multiple comparisons test comparing to
control). Negative controls were not included in the statistical test.
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Surface samples

Mean, PFU/cm? SD % difference compared to control
Control 15,650 15,888 .
Suction 518 716 -99.7%
LEV 12.9 11.8 -99.9%*
Micromotor 69.7 8.0 -99.6%
Air samples
Mean, PFU/L SD % difference compared to control
Control 70.5 32.7 )
Suction 51 4.7 -92.7%
LEV 0 0 -100%*
Micromotor 12.6 10.4 -82.1%

Table 5.2. Recovery of infectious MS2 during a dental procedure with various
individual aerosol control measures.

Mean and standard deviation (SD) recovery of infectious MS2 in surface and air samples
following a 10-min dental procedure with various bioaerosol control measures, measured
using plaque assays. n = 3 per condition. LEV = local exhaust ventilation. * = statistically
significant difference (Kruskal-Wallace with post hoc Dunn’s test, p < 0.05).

Surface samples
Mean, PFU/cm? SD % difference compared to control
Control 10.1 15.6 .
Suction 7.3 12.6 -28.2%
LEV 0.0 0.0 -100%
Micromotor 0.9 0.6 -91.5%
Air samples
Mean, PFU/L SD % difference compared to control
Control 6.2 4.6 -
Suction 8.7 9.7 +39.7%
LEV 0.0 0.0 -100%
Micromotor 104 131 +1,571%

Table 5.3. Recovery of infectious phi6 during a dental procedure with various
individual aerosol control measures.

Mean and standard deviation (SD) recovery of infectious phi6 in surface and air samples
following a 10-min dental procedure with various bioaerosol control measures, measured
using plaque assays. n = 3 per condition. LEV = local exhaust ventilation. * = statistically
significant difference (Kruskal-Wallace with post hoc Dunn’s test, p < 0.05).
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5.6 Effect of control measures on phage RNA

Positive control samples from the phage inoculum used in experiments showed this
to contain 4.48 x 102 copies/mL (SD: 2.11 x 10'?) for MS2, and 2.10 x 10'°
copies/mL (SD: 9.68 x 10°) for phi6. Plasmid DNA standards also amplified as
expected, showing 1.80 x 108 copies/mL (SD: 2.84 x 107) for MS2 plasmid standards
and 2.12 x 10"° copies/mL (SD: 1.93 x 10°) for phi6 standards (figure 5.10).

One of 12 phi6 assay negative controls for the reverse transcription (RT) step
amplified (2.35 x 10 copies/mL; limit of detection [LoD] 1.45 x 102 copies/mL),
however, all other RT (n = 12 per phage) and no-template (n = 7 per phage) negative

controls were negative.

Seven out of ten assay negative controls for the RNA extraction step (blank SM
buffer) amplified for MS2 with mean 1.05 x 10® copies/mL (SD: 2.49 x 10%; LoD: 1.69
x 10%). Seven out of ten RNA extraction negative controls also amplified for phi6 with
mean 2.88 x 10* copies/mL (SD: 7.76 x 10%; LoD: 1.45 x 103).

In experiment negative controls (blank filter papers and BioSampler taken during
experiments), mean recovery of MS2 in surface samples was 4.49 x 10* copies/cm?
(SD: 7.35 x 10% LoD: 1.19 x 103) and in air samples was 2.82 x 103 copies/L (SD:
7.62 x 103; LoD: 1.50 x 103; figure 5.11). For phi6, recovery in negative control
surface samples was 6.43 x 102 copies/cm? (SD: 8.84 x 10?%; LoD: 1.03 x 10?) and air
samples was 5.39 x 10" copies/L (SD: 1.48 x 10%; LoD: 1.29 x 10?; figure 5.12).
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Figure 5.10. Phage RNA in positive and negative control samples.

Phage +ve (inoculum used in experiments) n = 12; Plasmid +ve (DNA standard used in
gPCR) and no-template control (NTC) n = 7; extraction control (buffer used for elution) n =
10; no-template control (NTC, control for reverse transcription step) n = 7. Limit of detection,
MS2: 16,891 copies/mL; phi6: 1,450 copies/mL.

For MS2, there was an overall difference in recovery of viral RNA in surface samples
between conditions (Kruskal-Wallis = 8.436, p = 0.011; figure 5.11). Recovery with
suction was 95.8% lower compared to control, 99.7% lower with LEV, and 97.4%
lower with micromotor, however, only LEV reached statistical significance in post hoc
tests (Dunn’s test, p = 0.014; table 5.4).

Using two-way ANOVA (main effect and interaction), both the aerosol control
measure and distance from the procedure were included as factors for recovery of
MS2 RNA in surface samples. The control measure was the only significant factor in
the ANOVA model, accounting for 17.4% of variance in recovery (F(3, 24) = 3.202, p
= 0.041). Location (F(2, 24) = 2.660, p = 0.091) and the interaction (F(6, 24) = 2.436,
p = 0.056) were not significant factors in the ANOVA model. Post hoc comparison of
each measure to control showed significant differences for suction (Dunnett’s test, p
=0.048) and LEV (p = 0.044), but not for micromotor (p = 0.052). Recovery by
distance from the procedure is shown for each condition in figure 5.11.

In air samples, there was an overall difference in MS2 recovery between conditions
(Kruskal-Wallis = 7.513, p = 0.028; figure 5.11). Recovery with suction was 73.1%
lower compared to control, 71.2% lower with LEV, but 107% higher with micromotor.
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None of the individual control measures reached statistical significance in post hoc
tests however (Dunn’s test, p > 0.05; Table 5.4). As the micromotor condition showed
greater recovery than control, sensitivity analysis was conducted by repeating the
Kruskal-Wallis test with Micromotor data excluded. The results showed little
difference, with an overall significant effect (Kruskal-Wallis = 5.600, p = 0.050), but
no individual measure reached statistical significance in post hoc tests (Dunn’s test, p
> 0.05).
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Figure 5.11. MS2 RNA in surface and air samples during a dental procedure with
various individual control measures.

MS2 RNA recovered following a 10-min dental procedure on surfaces and air samples
corrected for surface area/ air volume. For surface samples, the mean recovery in all
samples for that replicate is shown (upper left panel), as well as mean recovery in samples at
each distance from the procedure (upper right panel). For air samples, mean recovery in all
samples within a replicate is shown. Data points show individual replicates (n = 3). Bars
show mean and standard deviation. LEV: local exhaust ventilation. * = p < 0.05, Kruskal-
Wallis test with Dunn’s multiple comparisons test (comparing to control). Negative controls
were not included in the statistical test. The dotted line denotes the limit of detection of the
RT-gPCR assay (1,194 copies/cm? or 1,501 copies/L).
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For phi6, there was an overall difference in recovery of viral RNA in surface samples
between conditions (Kruskal-Wallis = 9.701, p < 0.001; figure 5.12). Recovery with
suction was 94.2% lower compared to control, 99.9% lower with LEV, and 99.2%
lower with micromotor, however, only LEV reached statistical significance in post hoc
tests (Dunn’s test, p = 0.007; table 5.5).

Using two-way ANOVA (main effect and interaction), both the aerosol control
measure and distance from the procedure were included as factors for recovery of
infectious MS2 in surface samples. Neither the control measure (F(3, 24) = 2.966, p
= 0.052), sample location (F(2, 24) = 2.369, p = 0.115), nor the interaction (F(6, 24) =
2.251, p = 0.073) emerged as statistically significant factors in the model. No
individual control measure reached statistical significance in post hoc comparison
(Dunnett’s test, p > 0.05). Recovery by distance from the procedure is shown for

each condition in figure 5.12.

In air samples, Recovery with suction was 13.5% lower compared to control, 91.6%
lower with LEV, and 18.2% lower with micromotor, however there was no statistically
significant overall difference in phi6 recovery between conditions (Kruskal-Wallis =
5.069, p = 0.170; figure 5.12; table 5.5).
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Figure 5.12. Phi6é RNA in surface and air samples during a dental procedure with
various individual control measures.

Phi6 RNA recovered following a 10-min dental procedure on surfaces and air samples
corrected for surface area/ air volume. For surface samples, the mean recovery in all
samples for that replicate is shown (upper left panel), as well as mean recovery in samples at
each distance from the procedure (upper right panel). For air samples, mean recovery in all
samples within a replicate is shown. Data points show individual replicates (n = 3). Bars
show mean and standard deviation. LEV: local exhaust ventilation. * = p < 0.05, Kruskal-
Wallis test with Dunn’s multiple comparisons test (comparing to control). Negative controls
were not included in the statistical test. The dotted line denotes the limit of detection of the
RT-gPCR assay (102 copies/cm? or 128 copies/L).
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Surface samples

Mean, copies/cm? SD % difference compared to control
Control 6.25 x 108 7.68 x 108 .
Suction 2.64 x 10° 4.15x10° -95.8%
LEV 1.66 x 104 1.33 x 104 -99.7%*
Micromotor 1.65x10° 1.35x10° -97.4%
Air samples
Mean, copies/L SD % difference compared to control
Control 1.91 x 104 2.05x 103 R
Suction 5.13 x 10° 4.03 x 10° -73.1%
LEV 5.49 x 103 8.97 x 103 -71.2%
Micromotor 3.96 x 10° 2.93 x 10 +107%

Table 5.4. Recovery of MS2 RNA during a dental procedure with various individual
aerosol control measures.

Mean and standard deviation (SD) recovery of MS2 RNA in surface and air samples
following a 10-min dental procedure with various bioaerosol control measures, measured
using RT-qPCR. n = 3 per condition. LEV = local exhaust ventilation. * = statistically
significant difference (Kruskal-Wallace with post hoc Dunn’s test, p < 0.05).

Surface samples

Mean, copies/cm? SD % difference compared to control
Control 4.97 x 10* 3.48 x 10* ;
Suction 2.89 x 108 3.96 x 10° -94.2%
LEV 5.95x 101 7.76 x 10‘1 -99.99%,*
Micromotor 3.82x 10 1.81x 102 -99.2%
Air samples
Mean, copies/L SD % difference compared to control
Control 5.98 x 102 2.02 x 102 -
Suction 5.17 x 102 5.58 x 102 -13.5%
LEV 5.00 x 10" 8.66 x 10 -91.6%
Micromotor 4.89 x 102 4.39 x 102 -18.2%

Table 5.5. Recovery of phi6é RNA during a dental procedure with various individual
aerosol control measures.

Mean and standard deviation (SD) recovery of phi6 RNA in surface and air samples following
a 10-min dental procedure with various bioaerosol control measures, measured using RT-
gPCR. n = 3 per condition. LEV = local exhaust ventilation. * = statistically significant
difference (Kruskal-Wallace with post hoc Dunn’s test, p < 0.05).
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5.7 Discussion

In these experiments comparing dental bioaerosol control measures, reductions in
physical aerosol concentration were seen using dental suction, LEV, and a
micromotor handpiece compared to a control condition using an air turbine
handpiece without any other aerosol control measure. The distribution of aerosol
particle sizes produced differed between conditions, with the micromotor producing
comparatively fewer small particles than the air turbine; the opposite effect was seen
for suction and LEV, with smaller particles being more numerous than in the control
condition. This reduction in physical aerosol corresponded with a reduction in the
amount of infectious virus detected in surface and air samples around the procedure,
with a particularly significant effect for LEV. The effect of the micromotor handpiece
was more varied, with modest reductions in infectious MS2 compared to control in
surface and air samples and in phi6 in surface samples but increases in phi6
recovery in air samples. Overall, comparatively greater amounts of phage RNA were
recovered than infectious phage, suggesting not all dispersed phage remains
infective. The pattern was similar to that seen for infective phage, with reductions in
RNA recovery when bioaerosol control measures were used, especially in surface
samples and for LEV. Both infectious phage and phage RNA were recovered in
greater amounts closest to the procedure in samples at the centre of the sampling rig

(0.2 m), consistent with the data from dispersion experiments in Chapter 4.

During the control condition, without any aerosol control measure, frequent spikes in
OPC-measured aerosol concentration of up to 13-fold above baseline were
observed, consistent with other studies reporting aerosol concentration over time
during a dental procedure (Allerton et al. 2021; Allison et al. 2021b; Allison et al.
2021c; Shahdad et al. 2021; Tompkins et al. 2020). This is likely because the aerosol
produced by the air turbine is highly directional, and fluctuations in aerosol
concentration at any particular location vary as the operator moves the handpiece to
conduct the dental procedure. With the micromotor handpiece, similar spikes of up to
8-fold above baseline were seen. Although such spikes have been reported for
micromotor handpieces cooled by a jet of water, the amount of aerosol reported in
the literature is generally less than for an air turbine (Allison et al. 2021c; Vernon et
al. 2021). In the present experiments, despite similar spikes, using the micromotor
reduced area under the curve by 19.9% compared to control, which would support

the existing literature. The presence of distinct spikes in aerosol concentration
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suggests dental professionals are exposed to transiently high concentrations of
aerosol which vary over time. Studies which rely on measuring only average aerosol
concentration (Dudding et al. 2022; Gheorghita et al. 2022; Rafiee et al. 2022) may
therefore miss important temporal features of the aerosol produced. Spikes in
aerosol concentration were substantially reduced by suction and eliminated
completely by LEV. This was accompanied by reductions in area under the curve of
64.2% for suction and 76.1% for LEV, demonstrating the benefit of these control

measures in reducing the total amount of aerosol that escapes the mouth.

Aerosol measured during procedures with suction and LEV had a comparatively
smaller distribution of particles (78% and 84% < 0.3 ym respectively) than the control
condition (74% < 0.3 um), presumably because larger aerosol particles produced by
the handpiece were able to escape the mouth less easily and were preferentially
captured by suction or LEV. Conversely, the micromotor handpiece produced
comparatively fewer small particles (65% < 0.3 ym). This may be because, without
high-pressure air mixing with irrigant water, the mist of small particles produced by
the air turbine was not observed (figure 5.3). This is well demonstrated using imaging
techniques by Sergis et al. (2020), who showed that two mechanisms exist to
produce dental instrument aerosols: firstly the production of fine aerosol droplets by
high pressure air (chip air) premixed with water irrigant, producing a plume of aerosol
aligned with the direction of the bur; secondly the atomisation of irrigant water and
oral fluids coming into contact with the spinning bur, producing aerosol disseminated
radially from the bur. The latter is dependent on bur speed, although the authors

suggest that this atomisation is minimal below 80,000 — 100,000 rpm.

Baseline aerosol concentration in the 3 min prior to the procedure (table 5.1) was
higher for LEV compared to the other conditions. This is likely because while the LEV
device is running, HEPA filtered air is blown out of the exhaust vents of the device
back into the room, liberating particles from the surrounding surfaces and increasing
overall room particle concentration. This could pose a risk in clinical practice if
infectious droplets are resuspended in the air. Despite this, very little increase from
baseline aerosol concentration was seen with LEV during the procedure, as any
additional aerosol was captured and filtered. This demonstrates a limitation of
comparing experimental measurements taken using an OPC to baseline
measurements obtained under different conditions or at a different time. Doing so

may give inaccurate results, as baseline aerosol concentration will vary depending on
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many factors including activity in the room and environmental conditions. Correction
of experimental data to the baseline values obtained immediately prior to an
experiment is therefore preferable as in the present experiment (Gregson et al.
2021).

All bioaerosol control measures substantially reduced the amount of infective MS2
recovered from surfaces, with reductions of >99% seen for suction, LEV, and
micromotor. Similar reductions in MS2 recovery were seen in air samples, albeit
more modest for micromotor (82%), however recovery was completely eliminated by
LEV. The distance from the procedure also had a significant effect on recovery, with
most infectious MS2 found at the centre of the sampling rig next to the mannequin
(0.2 m). Recovery of phi6 was comparatively lower in surface samples than for MS2,
similar to findings in Chapter 3 and 4. In air samples, the recovery of phi6 during the
control condition was considerably lower than for MS2 (6.2 PFU/L vs 70.5 PFUI/L),
despite this being much more similar in experiments in Chapter 4, and in both sets of
experiments MS2 and phi6 starting titre was similar. The effect of bioaerosol control
measures on recovery of infectious phi6é was also more mixed than for MS2, with
suction showing little benefit in either surface (28% reduction) or air samples (40%
increase), and micromotor showing reductions (92%) in surface samples but a
substantial increase (1,571%) in air samples. Indeed, the data for phi6 demonstrate
substantial noise which may limit confidence in the data for this phage. As well as
this noise, the unexpected low recovery of phi6 in control air samples likely accounts

for the limited benefit of control measures compared to MS2.

The increase with micromotor in air samples could potentially be due to the larger
droplets produced by the micromotor handpiece being captured in the BioSamplers
(located at 0.5 m), with larger droplets having the potential to hold more phage than
smaller droplets produced by the air turbine in other conditions. It also may be a
chance finding due to the stochastic nature of the aerosols produced and inherent
variability of the dental procedure conducted. Similar to MS2, whilst not statistically
significant, no infectious phi6 was recovered in surface and air samples when LEV
was used, demonstrating consistent effectiveness of this measure across different
viruses and sample types. Indeed, only LEV was statistically significant in post hoc
comparisons for infectious MS2 in surface and air samples. The lack of significance
in other conditions may be due to the degree of variation seen between replicates.

This is an inevitable result of conducting a real dental procedure, even under
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controlled conditions; for example, to complete the same procedure the same
operator may not carry out the exact same sequence of movements each time.
Eliminating this real-world variation would limit the clinical relevance of the model. In
future studies however, a greater number of replicates should be conducted for each

condition to reduce the statistical variation, making tests of significance more reliable.

For the RT-qgPCR analysis, all but one assay negative control samples for the reverse
transcription step (no reverse transcriptase), and all negative control samples from
the gPCR step (no DNA template) did not show amplification. 70% of the assay
negative controls for the RNA extraction step (blank SM buffer used for elution) did
however show amplification above the assay LoD. Despite this, negative control
samples taken during the experiment (blank filter papers and BioSamplers) which
used the same RNA extraction process showed amplification which was closer to the
LoD although amplification remained largely lower that for experimental samples.
This highlights the high sensitivity of the RT-qPCR assay and the need for meticulous
control of contamination. Repeating the analysis from the original samples with new
reagents would have been ideal, however, insufficient original sample remained after
conducting the RT-gPCR assay as all available sample (200 uL) following plaque
assays, was used in the RNA extraction step. For future work, the overall volume
used to elute phage from filter papers could be increased, however this would further
dilute any eluted phage, lowering the sensitivity of downstream plaque assays and

RT-qPCR; this approach would therefore be a trade-off.

Recovery of phage RNA was considerably higher than that of infective phage, for
example, mean recovery of infectious MS2 in surface samples from the control
condition was 1.56 x 10* PFU/cm?, however recovery of MS2 RNA was 6.25 x 108
copies/cm?, a 2.6-log difference. This suggests that the detection of viral nucleic
acids does not necessarily equate to the amount of infectious virus present, and
inactivation of a significant proportion of the virus dispersed is likely to occur. This will
differ depending on the specific virus and its survival in air and on surfaces, but the
difference in RNA recovery versus infectious virus appears to hold true for both non-
enveloped MS2 and enveloped phi6.

Reductions in phage RNA recovery were broadly similar to reductions in infectious
phage, with suction, LEV, and micromotor producing reductions of >95% in surface
samples for MS2 and phi6, with a particularly substantial effect of LEV which showed
recovery of phage RNA close to the LoD of the assay in surface samples. In air
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samples, LEV again showed the most substantial effect with reductions of 71.2% in
recovery of MS2 and 91.6% for phi6, with the latter being below the limit of detection.
Suction showed a more mixed effect in air samples, with a 73.1% reduction in MS2
RNA, but only a 13.5 % reduction in phi6. The same was true for micromotor, with a
18.2% decrease in phié RNA recovery, but a 107% increase in MS2 recovery. This
parallels the findings for infectious phage in that LEV was consistently most effective,
suction more modestly effective, and micromotor having a variable effect in air

samples.

Overall, the reductions observed for suction in particle concentration measured using
OPC (64.2%), infectious phage in surface (up to 99.7%) and air samples (up to
92.7%), and phage RNA in surface (up to 96%) and air samples (up to 73.1%) are
consistent with the findings of previously reported studies. For example, 80 — 90%
reductions in the dispersion of bacteria have been reported in clinical studies when
dental suction is used, particularly closest to the procedure as observed in the
present data (Kumbargere Nagraj et al. 2020; Samaranayake et al. 2021; SDCEP
2021b). Other methodologies using droplet imaging (Watanabe et al. 2023),
fluorescent tracers (Allison et al. 2021a), and a phage tracer (phi6) (Malmgren et al.
2023) have demonstrated reductions with dental suction of 67 — 92%. One major
benefit for dental suction is that it is already widely used in routine dental practice to
remove instrument irrigant and oral fluids from the mouth, and dental teams are
familiar with its use. This means that some level of protection is provided from
infectious aerosols when suction is used to treat patients with a known respiratory
infection, or during times of high population prevalence, for example during an
infectious disease outbreak as seen in the COVID-19 pandemic. There would
therefore be few barriers to the implementation of this measure. More work however
needs to be done to understand the risk to staff of suction devices that return
unfiltered air to the treatment room given some evidence of increased infection risk
(Sarapultseva et al. 2021). Systems that vent externally to the treatment room or use

HEPA filtration would minimise this risk.

Similarly, the reductions observed with LEV in aerosol concentration (76.1%),
infectious phage, and phage RNA in surface and air samples (up to 100%) concord
with previous work. For example, reductions in bacterial dispersion in clinical studies
(Takenaka et al. 2022), in aerosol concentration with particle counting instruments

(Ehtezazi et al. 2021), and in recovery of fluorescent tracers in simulation studies
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(Allison et al. 2021b) of 75 — 93% have been reported. One disadvantage with LEV
however is that it is not widely used in dental practice and is unlikely to be readily
implementable across the profession in any future outbreak. Additionally, the cost of
the device could be prohibitive, with the device used in the present experiments
retailing at £2,340 (~$3,150) at the time of writing, plus significant energy costs when
in use. Cost is likely to be particularly prohibitive in low- and middle-income countries,
potentially limiting the use of this measure. LEV devices extract air from the
immediate vicinity of the dental procedure and pass the air through HEPA filters
before recirculating; this design is similar to portable air cleaners, which filter and
recirculate air within a room. During the COVID-19 pandemic, cheap and simple do-
it-yourself designs for air cleaners consisting of panel filters and a box fan secured
together with duct tape were widely circulated and implemented (The Corsi-
Rosetnhal Foundation 2023). These designs have been shown to effectively reduce
simulated respiratory aerosols (Derk et al. 2023), and it is conceivable that a similar
approach could be used to construct a low-cost LEV device which could be more
easily implemented in resource-limited settings. Another limitation of LEV is the
increased noise produced by the device during use, which can be unpleasant, and
adversely effects patient-reported satisfaction with treatment (Barrett et al. 2022).
This is likely to limit the application of LEV in routine practice, however when treating
patients with respiratory infections or during outbreaks, the benefits of LEV likely

outweigh the increased noise level.

Whilst findings for suction and LEV are consistent with the existing literature, the
picture for the micromotor handpiece is more mixed. With the OPC, aerosol
concentration was only 19.9% lower during the procedure, compared to findings from
a study using an aerodynamic particle sizer to measure aerosol concentration during
treatment in patients, which found 100-fold lower aerosol concentration using an
electric surgical handpiece compared to an air turbine handpiece (Dudding et al.
2022). The particle measurement instrument used in this study however was able to
measure a slightly broader range of particle sizes (0.5 — 20 um) and was positioned
closer (0.22 m) to the source than the present experiments (0.3 — 10 um; 0.6 m).
Additionally, the handpiece speed used (40,000 rpm) was substantially lower than
that used in the present work (200,000 rpm), and such low bur speeds for restorative
work can be technically challenging (Allison et al. 2021c). Reductions in infectious
phage with the micromotor were generally substantial (82.1 — 99.6%) except for phi6

air samples, where there was a 1,571% (16-fold) increase. As discussed, this may be
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a result of larger droplets produced by the micromotor handpiece, as demonstrated
by the OPC data, having the potential to contain more phage. This, however,
conflicts with previous work using a phi6 tracer which found 360-fold reductions in
surface samples, and 195-fold reductions in air samples (Vernon et al. 2021; Vernon
et al. 2022). Given that simulation models using a fluorescent tracer also point to
micromotor producing substantially less potentially-contaminated aerosol (Allison et
al. 2021c), it is likely that the finding of increased recovery of phi6 in air samples is a

spurious finding in this instance.

As Sergis et al. (2020) demonstrated, mixing of chip air and coolant water is the
predominant mechanism of handpiece aerosol production. For any benefit from an
electric micromotor handpiece over the air turbine in aerosol reduction, the
micromotor must therefore use water only to cool the bur, without premixing with air.
Micromotor handpieces were discussed in UK guidance on managing risk from
dental bioaerosols during the COVID-19 pandemic (SDCEP 2021a). Although bur
speeds of <60,000 rpm were recommended to reduce radial atomisation via contact
with the spinning bur, the importance of the type of cooling (with/without chip air) was
not clear in this publication. Future guidance should make this important factor
clearer, and authors should consider recommending electric micromotor handpieces
cooled only by water (no chip air) as a bioaerosol control measure. Some authors
have suggested that irrigation only with water may reduce cooling efficiency and risk
damage to the dental pulp (Allison et al. 2021c; Vernon et al. 2022), however at an
irrigation rate of 30 mL/min, the use of a water-jet—cooled electric handpiece does not
produced increased temperatures in the dental pulp compared to an air turbine
cooled at the same rate with air and water (Lempel and Szalma 2022). Finally,
despite increased torque and handpiece weight compared to an air turbine, the
micromotor handpiece has favourable cutting efficiency, reported operator

preference, and lower noise of operation (Eikenberg 2001; Pei et al. 2021).

In conclusion, all three bioaerosol control measures studied produced substantial
reductions in the dispersion of virus within dental bioaerosols, particularly in surface
samples from large droplets and settled aerosols. The mechanism of this is either by
reducing the amount of physical aerosol produced, as in the case of the micromotor
handpiece, or by capturing the aerosol at source in the case of suction and LEV. All
measures are likely to be useful in reducing the risk of infection both when treating

patients with endemic respiratory diseases and during an emerging infectious
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disease outbreak, particularly when used together. Of the three measures, LEV was
most effective, often eliminating detection of infectious virus in surface and air
samples completely, although cost and noise may limit use in routine dental care.
Suction is an effective control measure, and widespread use in dentistry makes
implementation as a bioaerosol control measure straightforward. The micromotor
handpiece consistently produced reductions in virus dispersion in surface samples,
but this was more variable in air samples, with both increases and modest reductions
observed. Combining this with the existing literature suggests this measure is likely to
be beneficial, but with a greater degree of uncertainty than for LEV, for example.
Incorporation of these control measures into infection prevention and control
guidance will reduce risk in routine practice and help to increase preparedness and

prevent the disruption to dental services seen during the COVID-19 pandemic.
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Chapter 6. General Discussion

The work in this thesis built upon methods developed in Newcastle during the
COVID-19 pandemic using fluorescein as a tracer to simulate microorganisms in
saliva (Allison et al. 2021a; Allison et al. 2021b; Allison et al. 2021c; Holliday et al.
2021; Llandro et al. 2021). This initial work was heavily cited in national guidance and
helped to support the safe reopening of dental services during the pandemic (Dental
Schools Council 2020; Dental Schools Council and Association of Dental Hospitals
2020; National Services Scotland 2020; NHS England 2022b; SDCEP 2021a; UK
IPC Cell 2022). Despite its impact, unanswered questions remained around the
relevance of a fluorescent tracer to the behaviour of a viral pathogen; this led to the
development of the bacteriophage model used in the present work, which represents

a more biologically relevant surrogate.

Although viral tracers had been used before to study dental bioaerosols in laboratory
settings (Fidler et al. 2021; lonescu et al. 2021), only one group had used a
bacteriophage (phi6) in clinical settings (Vernon et al. 2021) prior to the start of the
present work. The data in Chapter 3 however, were the first published using MS2 to
study dental bioaerosols (Allison et al. 2022). Other groups have subsequently
published work in clinical settings using bacteriophages phi6, MS2, and phiX174
(Beltran et al. 2023; Liu et al. 2023; Malmgren et al. 2023; Pratt et al. 2023; Vernon et
al. 2022), although none have used more than a single phage at any one time. In the
present work, by using two phages together in the same experiment, the relative
dispersion of each can be compared under the same conditions. The value of this
approach is demonstrated by the consistent finding in the preceding chapters that
enveloped phi6 is less stable on surfaces under the same conditions than non-
enveloped MS2, despite similar survival in air samples. This may not be surprising
given variation in survival of different viruses on inanimate surfaces including human
pathogens. For example, some enveloped viruses (e.g., coronaviruses, influenza
virus, RSV) have been shown to survive on surfaces from hours to days, whereas
some non-enveloped viruses (e.g., adenovirus, rotavirus, rhinovirus, coxsackievirus)

may retain activity for days to months (Kramer et al. 2006).

Most of the existing work using bacteriophage tracers has relied on plaque assays to
quantify infectious phage; however, many clinical studies (Akin et al. 2021;
Bazzazpour et al. 2022; Choudhary et al. 2022; Meethil et al. 2021; Moore et al.
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2021; Thompson et al. 2013; Toroglu et al. 2003; Winslow et al. 2022) rely on
molecular detection methods of human viral pathogens, such as gPCR and gene
sequencing. Comparison between recovery of infectious virus in simulation
experiments and viral nucleic acids in clinical studies is therefore difficult. Only one
previous study, published after the beginning of the present work, has combined
plaque assays with absolute quantification of viral RNA using RT-gPCR (Malmgren et
al. 2023); this study however used only phi6 as a tracer, limiting ability to compare

between viruses.

Several studies have sought to assess the rate of decay of aerosols after a dental
procedure and determine the time after which it becomes safe to enter the room once
bioaerosol has dissipated (so called “fallow time”). This fallow time was an important
consideration during the COVID-19 pandemic, and specific recommendations were
given at the time (SDCEP 2021a; UK Health Security Agency 2021a). Most authors
have used OPCs or other particle measurement techniques to assess dental aerosol
persistence (Allison et al. 2021b; Allison et al. 2021c; Ren et al. 2021; Shahdad et al.
2021). Prior to the start of the present work, no studies had looked at the persistence
of viruses in air samples after a dental procedure in clinical studies or clinical

simulation experiments.

The work described in this thesis therefore represents a novel approach to the study
of dental bioaerosols by: 1) combining two structurally different viruses in the same
experiments; 2) simultaneous quantification of infectious virus and viral nucleic acids;
and 3) the use of a controlled bioaerosol chamber to measure the persistence and
rate of decay of virus in air samples following a dental procedure. The overall
objectives of the work are revisited below, and the progress against these objectives

is reviewed in the following sections:

A. Measure the dispersion and infectivity of bacteriophage tracers in droplets and
bioaerosols during simulated dental procedures (section 6.1).

B. Define the effectiveness (e.g., percentage reduction in bioaerosol dispersion)
of bioaerosol control measures, such as high-volume dental suction, local
exhaust ventilation, rubber dam, micromotor handpieces, and dental unit
waterline disinfectants (section 6.2).

C. Demonstrate the effect of ventilation on the persistence of bioaerosols using a

room-scale aerobiology chamber (section 6.3).
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6.1 Infectious virus is dispersed from the mouth in dental

bioaerosols

A key insight of the present work is that infectious virus is dispersed from the mouth
during a dental procedure in quantities likely to be above the minimum infectious
dose for several human viral pathogens (presented in Chapter 4, page 133 — 134).
Dispersion of virus in droplets and large aerosols which settle onto surfaces is most
significant close to the procedure (< 1m). Dental professionals are likely to be
exposed to significant contamination on surfaces around the procedure, including the
dental chair, instruments, clothing, and personal protective equipment. There is
therefore a risk of transmission of infection via fomites in dental settings. On
surfaces, there was a large difference between the amount of infectious virus
recovered, with 419-fold more MS2 recovered in surface samples than phi6. In air
samples, the amount of virus recovered was much more similar between MS2 and
phi6, and significant amounts of infectious virus were recovered at the maximum
sampling distance from the procedure (4 m). This suggests that surface
contamination is most significant closest to the procedure, with high variation
between the two viruses. The risk from small aerosols, which stay suspended in the
air, remains high even at sites distant from the procedure with less variation between

viruses.

Recovery of viral RNA was consistently higher than infective phage in the same
samples. This suggests that although viral particles may be dispersed from the
mouth, they may not always retain infectiveness. This is consistent with the findings
of the only other study using plaque assays and RT-qPCR with a bacteriophage
tracer (Malmgren et al. 2023) and of clinical studies of SARS-CoV-2 in air samples
from general hospital wards (Lednicky et al. 2020; Moore et al. 2021). Studies that
rely only on measuring nucleic acids to ascribe infection risk may therefore

overestimate this risk and efforts should be made to also determine infectiveness.

Whist evidence from clinical studies in humans suggest that microorganisms are
dispersed in dental bioaerosols in the clinic (Dudding et al. 2022; Meethil et al. 2021;
Rafiee et al. 2022), evidence from epidemiological studies that this translates to
infection risk is limited and mixed. For example, a study of SARS-CoV-2
seroprevalence conducted in the UK during the early COVID-19 pandemic suggests
clinical members of the dental team had an increased prevalence of prior infection

(~16%) compared to non-clinical members of the team and the local population at the
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time (~6%) (Shields et al. 2021). However, other epidemiological studies conducted
in China, Japan, and Israel at a similar time suggest the risk of transmission to dental
professional following exposure to an infected individual may be low compared
community transmission rates (Meng et al. 2020; Natapov et al. 2021; Tsubura et al.
2025). The reason for low transmission rates in dental settings during the COVID-19
pandemic may be because of heightened vigilance, widespread screening of
patients, and empirical application of bioaerosol control measures at the time. Many
of the measures found to be effective in reducing microbial dispersion in bioaerosols
in the present and other work may therefore have been in place at the time of these

epidemiological studies.

6.2 Viral dispersion can be controlled with simple measures

The data presented in Chapters 3 and 5 demonstrated the effectiveness of five
bioaerosol control measures: dental unit waterline (DUWL) disinfectants, rubber dam,
dental suction, local exhaust ventilation (LEV), and micromotor handpieces. LEV in
particular appeared to be highly effective and often eliminated the dispersion of
infective virus. The DUWL disinfectant ICX® reduced dispersion of MS2 in surface
samples by 96.5%, whilst rubber dam reduced MS2 dispersion by 86.3% and
eliminated detection of phi6. Suction and micromotor demonstrated reductions in
infective virus of up to >99%, however their effects were less consistent. It is likely
however, that when multiple measures are used together, dispersion of virus and
therefore risk of transmission is reduced considerably. This fact may account for the
low rates of transmission of SARS-CoV-2 in dental settings in the epidemiological

studies discussed above in section 6.1.

As well as efficacy in bioaerosol reduction, cost and ease of implementation are also
important considerations for any bioaerosol control measure. Of the measures
studied, dental suction is probably the cheapest and easiest to implement as almost
all dental practices will already be using this measure. In routine practice and during
an infectious disease outbreak, suction would therefore be immediately
implementable at minimal cost. Rubber dam is also an inexpensive and widely used
approach which would be easy to implement for most dental settings. Similarly,
DUWL disinfectants are almost universally used and are therefore already providing
protection against transmission. Many dental practices use micromotor handpieces,
or have the equipment required to do so, however the air turbine handpiece remains
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the predominant high-speed dental handpiece in current use. For some settings, the
implementation of micromotor handpieces, for example during an outbreak, would
therefore be straightforward and for others would pose cost and logistical
implications. Of all measures, LEV would be most difficult to widely implement.
Despite common use during the COVID-19 pandemic, few if any dental settings use
this measure routinely, and implementation would have significant financial
implications. Additionally, the use of LEV is inconvenient due to the space taken up
by the device, obstruction of operator access and visibility by the inlet, and the
significant noise of operation (Barrett et al. 2022). Implementation of new measures
during an outbreak may be further limited by difficulties in procurement. For example,
national reports on the UK’s response to the COVID-19 pandemic highlight significant
difficulties in procurement and distribution of personal protective equipment (PPE)
caused by poor preparation and ill-prepared supply chains (Baroness Hallett 2024;
The British Medical Association 2024). This phenomenon was also apparent in
dentistry, with lack of access to appropriate PPE being cited by multiple sources
during the pandemic (Moore et al. 2022; The Royal College of Surgeons of England
2020). The impact of such financial and logistical difficulties in applying bioaerosol
control measures during the COVID-19 pandemic is well explored by Vernon et al.

(2025) in a qualitative analysis of the experiences of UK dental schools.

Aside from the measures studied in the present work, other bioaerosol control
measures such as portable air cleaners (Ehtezazi et al. 2021; Liu et al. 2023), pre
procedural mouthrinses (Samaranayake et al. 2021), thickening agents added to
irrigants to reduce aerosolisation (Farah et al. 2022; Plog et al. 2020), and physical
barriers or containment devices to prevent aerosol dispersion (Guzman-Flores et al.
2023; Santa Rita de Assis et al. 2022) have been recommended. Many of these were
considered in guidance during the COVID-19 pandemic (SDCEP 2021a), which often
concluded that insufficient evidence existed to recommend use. These measures
however likely play a role in reducing risk of disease transmission via dental
bioaerosols, and further work should be undertaken to better understand their
efficacy.

6.3 Bioaerosol persistence and the importance of ventilation

In Chapter 4, experiments in a room-scale aerobiology chamber demonstrated that at
low room ventilation rates (1.5 ACH), infectious phage could remain in the air for a
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significant length of time after a dental procedure. In these experiments, phi6 was still
recoverable in air samples at the maximum sampling time (24 min post procedure)
and regression analyses suggested it would take > 46 min for virus in the air to
dissipate. Studies using particle counting methodologies have found similarly long
clearance times of aerosols in dental settings (Ehtezazi et al. 2021; Shahdad et al.
2021). This long persistence time is observed for smaller aerosols which can remain
airborne for prolonged periods but does not appear to be as significant with larger
aerosols and droplets which fall onto surfaces. For example, a study using a
fluorescent tracer found that after a dental procedure in an open plan clinic with 6.5
ACH, little additional surface contamination was observed beyond 10 min (Holliday et
al. 2021).

Increasing the room ventilation rate in these experiments to 11.7 ACH dramatically
reduced the amount of infectious phage detected in air samples after the procedure,
with no phi6 detected from 3 min after the procedure, and regression analyses
suggesting that it would take just under 9 min for phi6 to be undetectable. This
finding is also consistent with studies using particle counting methodologies which
demonstrate that as ventilation rate increases, aerosol clearance time reduces
dramatically (Longo et al. 2023; Ren et al. 2021). The high ventilation rate (11.7
ACH) used in the present work is only slightly higher that the rate of 10 ACH
recommended for all new dental facilities by current NHS guidelines (NHS England
and NHS Improvement 2021). The results should therefore be directly relevant to
clinical practice. It should be noted however that whilst these ventilation requirements
relate to new dental facilities they do not apply to existing ones. Given that many
dental clinics in primary care are in converted residential buildings without purpose-
built ventilation systems, is very likely that many existing dental settings fall well short
of these standards. Upgrading ventilation systems within dental practices is likely to
be prohibitively expensive and logistically difficult for many providers. Outside of the
commissioning of new facilities then, reliance on ventilation for the control of dental
bioaerosols is unlikely to be simple where well-designed ventilation systems are not

already in place, without significant investment from providers of dental services.

Whilst changes to ventilation systems are expensive and difficult to implement, many
authors have assessed the effect of portable air cleaners (also referred to as air
purifiers or scrubbers). These devices use a fan to draw air from the room into the

device, and the air is then passed through a high efficiency particulate air (HEPA)

179



filter or similar, before returning the filtered air to the room. As such, they do not
provide additional ventilation in the form of fresh air, however they remove
particulates including microorganisms from the room. Such devices have been
shown to supplement the effects of mechanical ventilation in removing physical
aerosol and increasing aerosol clearance rates in dental settings (Ehtezazi et al.
2021; Ren et al. 2021). In a clinical study, a reduction of 69 — 80% in bacterial
contamination in surfaces samples following dental treatment has also been
demonstrated when an air cleaner is used (Cappare et al. 2022). Whilst no studies
have examined the effect of air cleaners on viral dispersion in clinical studies, a
simulation study using a mannequin with a PhiX174 bacteriophage tracer and a
Serratia marcescens bacterial tracer showed substantial reduction in dispersion and
residence time of both organisms (Liu et al. 2023). Whilst not directly examining air
cleaning devices, an observational study of SARS-CoV-2 infection in dental
professionals in three clinics in Russia during the COVID-19 pandemic provides
some insight into the importance of filtration. The authors found higher infection rates
in one clinic which recirculated the air extracted by the dental suction back into the
clinic, compared to the two other clinics which HEPA filtered the air and exhausted
this outside of the clinic (Sarapultseva et al. 2021). The authors ascribe the
difference in infection rates to the suction configuration, however other confounding
variables were not well reported in the paper, and it is likely that factors other than

the suction also contributed to the difference in infection rates.

6.4 Limitations

The work described in this thesis has a number of important limitations which must
be considered when translating findings to clinical practice or guidance. Firstly, the
model aimed to simulate dispersion of virus in aerosols produced by the dental
procedure, but it does not replicate respiratory aerosols produced when a patient
breathes, speaks, or coughs. The benefit of this model is that the contribution of
dental-procedure—derived aerosol can be ascribed in detail, however risk from other
aerosols may be underestimated. For example, respiratory activities produce
significant aerosol, which is proportional to respiratory effort (Wilson et al. 2021), and
these aerosols contain viable virus in infected individuals (Kulkarni et al. 2016;
Parhizkar et al. 2022; Santarpia et al. 2022; Yan et al. 2018). These additional
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sources of infection risk should be taken into account when considering the findings

of this work.

Bacteriophage tracer was infused into the mannequin’s mouth via two tubes
positioned adjacent to the upper right central incisor tooth and the surfaces of all
teeth were covered with 1 mL of solution before starting experiments. Whilst the flow
rate (1.5 mL/min) was chosen to approximate a realistic human stimulated saliva flow
(Ship et al. 1991), the position of the tubes was not anatomically accurate. In reality,
saliva would be produced bilaterally from parotid, submandibular, and sublingual
glands, as well as numerous minor salivary glands around the oral mucosa (Drake et
al. 2024). Additionally, microorganisms would also be contained within dental plaque,
blood, and gingival crevicular fluid (Gupta et al. 2021) which is not replicated by the
mannequin model. The arrangement used was chosen to allow simplicity and
reproducibility and offer the best chance of the bacteriophage tracer being captured
in the aerosol. Given that the model was established as a plausible worst-case
scenario however, it is likely that the capture of oral microorganisms in dental
aerosols differs in the model to in vivo. Despite this, similar dispersion of oral
microbes has been demonstrated in vivo, recapitulating the present model (Akin et al.
2021; Rafiee et al. 2022).

Two structurally different bacteriophages (enveloped phi6 and non-enveloped MS2)
were chosen in the present research to allow comparison between viruses. Whilst it
is reasonable to assume that some aspects of these viruses’ behaviour in aerosols
are translatable to other viruses (particularly human viral pathogens), this may not be
the case. For example, both viruses used in the present work are smaller (MS2: ~27
nm diameter; Phi6: ~85 nm) than many human respiratory viruses such as Influenza
A (80-120 nm) and SARS-CoV-2 (60-140 nm) (Menter et al. 2020; Noda and
Kawaoka 2010). The two phages may therefore behave differently to larger human
pathogens, for instance remaining suspended in aerosols for longer due to their
smaller size. Viruses, however, are not likely to be suspended in aerosols as
individual viral particles but rather contained within the liquid droplets which make up
the aerosol. For example, aerosols produced during dental procedures contain a mix
of particles ranging from a few nanometres to 100 ym and larger (Dudding et al.
2022; Sergis et al. 2020); any virus will be carried within these droplets, many of
which will be much larger than the viral particles themselves, making their size a less

important factor in dispersion and persistence.

181



Differences were seen between survival of MS2 and phi6 in surface samples. Whilst
this difference may be due to virion stability on porous surfaces and the presence of
a lipid envelope as discussed earlier (see Section 3.13), other factors may account
for the lower recovery of phi6. For example, in experiments looking at recovery
efficiency from filter papers, no phage was recovered from non—pre-wet filter papers,
suggesting desiccation is an important factor. Additionally, differences in the effects
of UV exposure on each virus may contribute to differences in recovery. It is
therefore vitally important to select a viral surrogate which replicates important
features of any viral pathogen of interest when designing such experiments in future.
Bacteriophages were chosen, as being of no risk to human health, they can be easily
used in clinical settings. Additionally, plaque assays using the phages’ bacterial hosts
are simpler than for viruses with eukaryotic hosts, where tissue culture is necessary.
The present methods would be equally applicable to non-bacteriophage viral tracers,
which have been reported in laboratory settings, for example using HCoV-229E,
Feline calicivirus, and Equine arteritis virus, but not in the clinic (Fidler et al. 2021;

lonescu et al. 2021; Munjakovic et al. 2025).

The same dental procedure, a 10-min crown preparation on a maxillary central
incisor, was conducted for all experiments. This procedure was chosen based on the
observation that procedures at the front of the mouth produce more aerosol which
escapes the mouth compared to those conducted on posterior teeth (Vernon et al.
2021; Watanabe et al. 2023). A procedure on an anterior tooth therefore allows the
maximum amount of aerosol to be produced, giving the model greater ability to
detect an effect compared to if a less aerosol-producing one were chosen. Secondly,
the procedure was the same as that used in prior work conducted by the author with
a fluorescent tracer (Allison et al. 2021a; Allison et al. 2021b; Allison et al. 2021c;
Holliday et al. 2021; Llandro et al. 2021). This therefore allows an opportunity to
compare fluorescent and bacteriophage tracers (reported elsewhere (Allison et al.
2022)). ltis likely, however, that the dispersion and persistence of bioaerosols will be
different for other dental procedures compared to the anterior crown preparation
used in the present work.

The work was conducted in a number of settings including two enclosed single-
surgery dental operatories (45.0 m3, 4.96 ACH and 51.5 m?3, 3.30 ACH), a large
open-plan clinical teaching unit (825 m3, 6.46 ACH), and a room-scale aerobiology
chamber (32.3 m3, 1.5 — 11.7 ACH). The findings therefore relate to a range of
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environments; however, the physical configuration and ventilation parameters of any
particular setting will have a large influence on the behaviour of aerosols within the
space. The present results should therefore be interpreted within the context of the
setting where insights from these findings will be used. For example, when
considering risks from dental bioaerosols in any setting, it would be sensible to
understand how room volume, air exchange rate, and ventilation configuration may

differ to those in the present work or other published research.

In some experiments standard deviation was large, and this may have limited the
precision of the results obtained (e.g., estimates of dispersion distance, persistence
time, or effect of bioaerosol control measures). This variation has also been reported
in other studies using dental mannequin-based simulation models with various
biological and non-biological tracers (Ahmed and Jouhar 2021; Beltran et al. 2023;
Bergmann et al. 2022; Comisi et al. 2021; Emery et al. 2023; Guzman-Flores et al.
2023; Han et al. 2021; Pratt et al. 2023; Puljich et al. 2022; Vernon et al. 2021) and
also in clinical studies in humans looking at bacterial dispersion (Al-Amad et al. 2017;
Bahador et al. 2021; Boccia et al. 2023; Cochran et al. 1989; Dutil et al. 2009; Dutil et
al. 2007; Holloman et al. 2015; Senpuku et al. 2021; Zemouri et al. 2020c). This
suggests the variation is a feature of both in vitro and in vivo studies which use a real
dental procedure. This is likely due to the fact that even under controlled and
reproducible conditions, there will always be variation in how the procedure is
conducted by the operator between replicates, leading to variation in the data. One
way to eliminate this variation would be to avoid using a real dental procedure,
instead operating the handpiece in a steady state without moving it. This would not
be comparable to a real clinical scenario, however, and would limit translatability of
the results. An alternative would be to increase the number of replicates for each

condition to allow more precise estimates.

The dental mannequin was cleaned between experiments to minimise the risk of
contamination of samples with phage from previous experiments. It is possible
however that despite this cleaning, some phage or phage RNA was transferred to
samples, affecting the amount recovered. To reduce the risk of this, negative control
samples were obtained immediately before experiments and were taken from the
same locations as experimental samples. Control samples were transported to the
laboratory with other samples and were processed at the same time. This provides

confidence that contamination was not a significant factor.
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Finally, amplification in some RT-qPCR negative control samples was observed,
which may limit confidence in these results. However, where amplification was
present, this was usually only slightly above the limit of detection of the assay, and
always well below positive controls and samples. Whilst repeating the assays with
new reagents would have been ideal, insufficient sample remained to allow this, as
the protocol was optimised to elute phage from samples in the minimum eluant
volume to minimise dilution. In future, accommodations should be made to allow
sufficient sample for repeat assays. Importantly, the results of the RT-qPCR assays
were generally in agreement with plaque assays and physical aerosol measurement

with OPC, providing confidence in the data.

6.5 Implications for clinical practice

Much of the disruption to dentistry during the COVID-19 pandemic was caused by
uncertainty over the risks from dental bioaerosols. This was because there was little
high-quality evidence at the beginning of the pandemic, and policy makers and
individual practitioners had little information on which to make decisions. In many
countries, access to dental care was severely curtailed to limit risk in the absence of
certainty around how to safely deliver care. In the UK, closure of dental services
undoubtedly negatively impacted the population’s oral health (Dickson-Swift et al.
2022; Stennett and Tsakos 2022) and so whilst well-intended, closing dental clinics
during an outbreak clearly carries risk of harm. One important outcome of the present
work would therefore be to equip dental practitioners with a better understanding of
the risk from dental bioaerosols, but also of how to reduce this risk. This is generally

applicable to two situations:

The first, and most immediate, would be the patient who comes into the dental
practice with an active respiratory infection (e.g., influenza, COVID-19, common
cold). For most patients who present in this way, elective treatment can be deferred
until they have recovered, but for some this may not be possible or desirable (e.g.,
emergency treatment). Here, the use of measures shown in this and other work to be
effective in reducing bioaerosol dispersion (suction, micromotor, LEV, rubber dam,
waterline disinfectants) can be implemented for treatment of the individual patient,
minimising risk to staff and other patients. Ventilation can also be maximised where
possible by adjusting mechanical ventilation systems (though this is unlikely in dental
practices) or by opening windows. Whilst not specifically examined in the present
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work, the use of PPE appropriate for airborne transmission would obviously be
appropriate based on extant IPC guidance (NHS England 2022b). In this scenario,
being an endemic infection, the risk to dental professionals and patients is likely to be
low, however transmission via bioaerosols risks illness, lost productivity, and in some

groups (e.g., elderly, immunocompromised, pregnant), greater morbidity.

The second, and hopefully less likely, scenario would be an emerging infectious
disease outbreak as was seen in early 2020 with COVID-19. Here there are likely to
be high levels of community transmission and much uncertainty. In this situation, the
universal application of the same measures may be appropriate, as directed by
guidance from relevant bodies. Here, simple-to-implement measures such as
waterline disinfectants, dental suction, rubber dam, and micromotor handpieces can
be quickly put in place. Implementation of more logistically difficult measures such as
ventilation, and to a lesser extent LEV, will however likely require investment on the
part of the provider. In such a situation however, despite initial costs, these measures

are likely to be highly effective in reducing infection risk.

Individual practitioners and service providers should consider how they might
implement measures to control risk from bioaerosols in both of the above scenarios
and consider implementing local policies ahead of time to allow a rapid response

when needed.

6.6 Implications for policy

Specific guidance for dental settings was published during the pandemic to manage
risk of COVID-19 transmission. Early in the pandemic, this related mainly to the
empirical application of control measures for all patients, given high rates of
community transmission, asymptomatic infection, and the absence of vaccines or
effective treatments (College of General Dentistry and Faculty of General Dental
Practice 2020; Dental Schools Council and Association of Dental Hospitals 2020). As
the pandemic progressed, dental guidance documents stressed the importance of
risk assessment to identify those patients who were unlikely to be infected and could
be treated without bioaerosol control measures, and those who needed additional
measures due to known or suspected infection (Office of the Chief Dental Officer
England 2021; SDCEP 2021a; UK Health Security Agency 2021a). Most of these
latter documents included information about PPE and post-operative fallow times, but

not all included recommendations on bioaerosol control measures. Post-pandemic,
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the existing NHS infection control guidance for England does not include any specific
measures (other than PPE use) to reduce bioaerosol exposure when undertaking
aerosol generating procedures (including dental procedures) (NHS England 2022b).
Similarly, the dental framework document which supports this guidance only includes
recommendations on PPE and ventilation, but not any specific bioaerosol control
measures (NHS England 2022a). General and dental-specific infection control
guidance needs to include better descriptions of risk during aerosol generating
procedures (e.g., most frequently contaminated sites, persistence of infectious
aerosols in the air) and recommendations on the use of effective control measures.
Current guidance should be updated to include advice both in the context of endemic

infections and during an outbreak to improve preparedness.

At the time of writing, one module of the UK COVID-19 inquiry, Module 1 Resilience
and Preparedness, has concluded and reported (Baroness Hallett 2024). This found
that the UK was poorly prepared for the pandemic, and that this led to avoidable
human and financial harm. In particular, the UK prepared for the wrong pandemic, as
much planning had focused on an influenza outbreak, the response to which proved
largely unhelpful for the coronavirus outbreak which ultimately transpired. The report
recommended, among other things, a joined-up civil emergency strategy and three-
yearly UK-wide pandemic response exercises. Given the poor preparedness of the
healthcare system generally (The British Medical Association 2024), and dentistry
specifically (Moore et al. 2022; The Royal College of Surgeons of England 2020;
Vernon et al. 2025), it is vital that the dental profession is included in this strategy

and these exercises in order to prevent similar impact in any future outbreak.

As well as the provision of dental care, dental education was heavily impacted
(Vernon et al. 2025), with students in some UK dental schools having to undertake
an additional year of study to compensate for missed training due to the pandemic
(Havergal 2021; Macluskey et al. 2022). It is therefore vital for dental education
providers and relevant bodies such as Dental Schools Council to consider local
contingency plans and national guidance on the delivery of dental education to allow
a rapid response and bolster preparedness in an emerging infectious disease

outbreak.

In 2023, the UK government published the UK Biological safety strategy which aims
to create “...a UK-wide approach to biosecurity which strengthens deterrence and

”

resilience...” (Cabinet Office 2023). Some specific pillars of this strategy are to:
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e Develop a new strategic approach to pandemic preparedness across
government.

e Develop a roadmap for UK specialist biological security science and
technology infrastructure, capability, and skills.

e Deliver a coordinated package of exercises on priority biological security
scenarios to improve UK preparedness.

¢ Increase data and intelligence capture on biological threats to the UK.

This laudable strategy aligns with the recommendations of Module 1 of the UK
COVID-19 inquiry; however, the dental profession should be included in stakeholder
groups to ensure any insights gained benefit oral healthcare. The strategy includes a
supporting document Priority pathogen families research and development tool,
which includes families of viral and bacterial pathogens of pandemic or epidemic
potential or other biosecurity risk as priorities for research and development (UK
Health Security Agency 2025). These pathogens are considered in the context of
general biological security, and further work could be done to explore the potential
impact of these agents specifically on healthcare provision, and dental care
specifically. Interestingly, despite the finding from the UK COVID-19 inquiry that the
UK prepared for the wrong (viral) pathogen, the UK Health Security Agency did not
include any fungal pathogens in their priority tool. The failure to consider an entire

kingdom seems like an oversight in this context.

6.7 Implications for research and future work

The present work, and similar published research in dentistry has focused on a small
group of tracer organisms, particularly bacteriophages; the behaviour of these
viruses in a mannequin simulation model may not translate well to the behaviour in
real dental settings of many of the organisms in the priority report above (UK Health
Security Agency 2025). Further work should be done to develop and characterise
tracers, which include viruses, bacteria, and fungi, to maximise the relevance of the
model. For example, it would be very useful to compare the behaviour in aerosols of
organisms which are easy to use as tracers (e.g., MS2, phi6, phiX174, Streptococcus
mutans, Lactobacillus acidophilus, Serratia marcescens) to priority human
pathogens. This would need to be performed under appropriate biosafety conditions
outside of the dental clinic but would allow translation of work in real clinical settings

with tracers to human pathogens. Furthermore, it would be desirable to develop a
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representative “cocktail” of tracer organisms which could be used in experiments to
efficiently simulate the behaviour a wide range of human pathogens. As well as using
this model for research, it may also be useful for infection prevention and control
training; for example, the model could be used with clinical teams, both in dentistry,
and elsewhere in healthcare (e.g., high consequence infectious disease teams) to

teach and assess the effectiveness of infection control practices.

Much existing work on dental bioaerosols uses particle counting instruments such as
OPCs. Whilst this is a very easy approach, and gives excellent time-resolved,
location-specific data, no insight into the content of the aerosol is obtained. As such,
it is vital in future work to use these methodologies in concert with biological
measurements to understand not just where and how much aerosol is produced, but
what it contains. This is as true within dentistry as it is in other areas of bioaerosol
research. One key application of these instruments however is in the measurement
of aerosol dispersion and persistence in individual settings, for example to help
practitioners and healthcare providers quickly assess risk or the effect of control
measures in their own settings. The ease of use of these devices and immediate

data availability lends itself well to this application.

Similarly, as the present work has shown, measurements using molecular methods
may not correlate well with the presence of infective virus. Future studies should
therefore not only seek to detect the presence of viral (or other microbial) nucleic
acids or other molecular markers, but to also demonstrate infectivity or viability.
Depending on the organism studied, this may be straightforward or challenging. An
alternative approach which could be employed in studies using only molecular
detection, would be to would be to infer likely quantities of infectious virus using data
from studies reporting molecular detection and infectious virus. Ideally, this approach
would be used when studying the same or related viruses, as where viruses are
dissimilar, the relationship between infectious virus and viral nucleic acids may not be

the same.

Whilst the present work demonstrates the effectiveness of several bioaerosol control
measures, each of these were tested in isolation. It would be desirable in future to
test the cumulative benefits of using multiple measures together (e.g., suction and a
DUWL disinfectant) to better understand how the control measures interact. This may
help to highlight the control measures which most efficiently reduce viral dispersion in

dental aerosols when used together.
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Finally, whilst the mannequin model is a useful way to study risk from dental
bioaerosols, further clinical work with patients is required to understand how data
from this and similar models translates to what really happens in the clinic. Future
work should incorporate air sampling during dental treatment to understand which
microorganisms are dispersed. To this end, the author has secured funding and
approvals to conduct a clinical study in patients undergoing dental treatment. Dental
bioaerosol samples will be taken during treatment and compared to environmental,
dental instrument irrigant, and oral rinse samples using next generation sequencing.
This will allow exploration of the relative contribution of the microbiota of the oral
cavity and instrument irrigant to the microbiota of dental bioaerosols. This study is
expected to begin recruitment within a few months at the time of writing, and it is
hoped that this work will provide new insights into the composition and origin of the

dental bioaerosol microbiota.
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Appendix. Supplementary Data
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Figure A.1. Representative qPCR amplification plots.

Plots shown are from a single RT-gPCR experiment using cDNA synthesised from
bacteriophage MS2 and phié RNA. RNA was extracted from lysates of MS2 (2.9 x 10"°
Plaque-Forming Units [PFU]/ mL) and phi6 (9.0 x 10'° PFU/mL). Stock solution was 10-fold
serially diluted before RNA extraction to cover the range 2.3 x 102 — 2.3 x 10’ PFU per gPCR
reaction for MS2 and 7.2 x 102 — 7.2 x 107 PFU per reaction for phi6. All samples were run in
triplicate, and no-template (NTC) and no-reverse-transcriptase (NRT) controls were included.
MS2, phi6, and negative control samples are shown on separate charts for clarity.
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Figure A.2. Aerosol concentration measured at 1m and 4m (replicate data).

Aerosol particle number concentration in dispersion experiments measured by optical particle
counter at 1m and 4m from the dental procedure. Particle concentration was summed across
all particle size channels (0.3, 0.5, 1.0, 2.5, 5.0, 10.0 uym). Each trace shows an individual
replicate (n = 4) with sampling rate of 1 Hz. The orange shaded area denotes the period of
the dental procedure (10 min) and the dotted line denotes the mean aerosol concentration in
the 5 min preceding the procedure at that location (baseline).
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Figure A.3. Dispersion of infectious MS2 over distance by location.

Recovery of infectious MS2 from filter paper surface samples from four experiment
replicates. Each data point in peripheral graphs shows the mean amount of phage recovered
in plaque assays at that distance, per replicate averaged across four replicates of the
experiment. In the central graph, mean recovery and standard deviation are shown. The
central graph shows samples at all locations. Peripheral graphs show samples only from the
corresponding sampling arm as denoted. Non-linear regressions curves (one-phase decay
model), curve equations, and R? are shown. Surrounding shaded areas represent 95%

confidence intervals of the curve where it was possible to calculate this. PFU: Plaque-
Forming Units.
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Figure A.4. Dispersion of infectious phi6é over distance by location.

Recovery of infectious phi6 from filter paper surface samples from four experiment replicates.
Each data point in peripheral graphs shows the mean amount of phage recovered in plaque
assays at that distance, per replicate averaged across four replicates of the experiment. In
the central graph, mean recovery and standard deviation are shown. The central graph
shows samples at all locations. Peripheral graphs show samples only from the corresponding
sampling arm as denoted. Non-linear regressions curves (one-phase decay model), curve

equations, and R? are shown. Surrounding shaded areas represent 95% confidence intervals
of the curve where it was possible to calculate this. PFU: Plaque-Forming Units.
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Figure A.5. Relationship between infectious phage and phage RNA.

Linear regression with all data included of infectious MS2 and phi6 phage (plaques) versus
phage RNA (copies) recovered from surface samples and air samples. Linear regression
curves and 95% confidence intervals (shaded areas) are shown, along with curve equations
and associated R?. The dashed line enclosing the orange shaded area denotes the limit of
detection of the RT-gPCR assay. All data are included without any exclusion of outliers,

however outliers identified visually are denoted as red datapoints (no outlier for phi6 air
samples).
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Figure A.6. Aerosol concentration over time at 1.5 ACH and 11.7 air changes per hour
(ACH) (replicate data).

Aerosol particle number concentration during persistence experiments. Measured by optical
particle counter during a 10-min dental procedure (denoted by orange shaded area) at 1.5
and 11.7 air changes per hour (ACH). Particle concentration was summed across all particle
size channels (0.3, 0.5, 1.0, 2.5, 5.0, 10.0 ym). Data from three, 39-min replicates are shown
(with one additional replicate [n = 4] included of 27-min duration for 1.5 ACH only). Sampling
rate 1 Hz. Dotted line denotes the mean aerosol concentration in the 5 min preceding the
procedure at that ventilation rate.
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Figure A.7. Aerosol particle concentration with various individual bioaerosol control
measures (replicate data).

Aerosol particle number concentration measured using optical particle counter before,
during, and after a simulated dental procedure using different bioaerosol control measures.
Particle concentration was summed over all particle size channels (0.3, 0.5, 1.0, 2.5, 5.0,
10.0 um). Each data series shown is an individual replicate (n = 3) with a sampling rate of 1
Hz. Shaded orange area denotes the duration of the dental procedure, and the dotted line
denotes the background particle concentration in the 3 min preceding the procedure from 3
replicates. LEV: Local Exhaust Ventilation.
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