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Summary abstract

Antimicrobial materials are becoming increasingly popular as a method of controlling
microbial growth due to the raised awareness of infection control and hygiene.
Standardised test methods help to demonstrate the efficacy of these materials before
they are implemented in end-use scenarios. However, some methods do not reflect the
in-use conditions of the materials, such as the use of high relative humidity that prevents
an inoculum from evaporating on a surface. This in turn allows an antimicrobial material
to remain active if it requires moisture, which is often the case. It is of utmost importance
to ensure that these standardised test methods accurately simulate the end-use
environment to provide confidence that their efficacy will remain once applied to the
point-of-use. To achieve this, a series of experimental decisions were tested including
environmental conditions (e.g., temperature, relative humidity, and airflow) as well as
other factors (e.g., inoculum volume and concentration, incubation period). To
reproducibly assess these parameters, an environmental control chamber was designed,
and 3D printed. Additionally, the impact of droplet evaporation on bacterial deposition
and the prolonged efficacy of antimicrobial materials was assessed. The environmental
conditions significantly (p < 0.05) affected the survival of bacteria on an inert (stainless
steel) surface by causing the evaporation of the inoculum on the surface, promoting cell
death via desiccation. Furthermore, a prototype environmental control chamber was
developed that was capable of maintaining temperature (room temperature to 37 °C),
relative humidity (15 to 100 %) and airflow in a stable manner. The environmental
conditions (temperature, relative humidity) as well as methodological decisions (surface
composition, droplet volume, droplet contamination with microorganisms) significantly
affected the evaporation rate of droplets on a surface in some instances. All of the factors
described affect the ability of an antimicrobial material to exhibit or retain its efficacy,
and novel standardised test methods need to accommodate these factors if they are to
accurately simulate a variety of end-use scenarios. Future work should aim to continue to
develop both the novel chamber and realistic conditions in standardised test methods to

determine antimicrobial material efficacy more accurately when in use.
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and HC referring to the material placement and humidity control compartments respectively) or a plastic
box appropriate for the current method Of ISO22196. N= 2. .....ccccuveeeeeieieeeieeeesieeeessie e e seieeessieaeesseaaeeenaes 113
Figure 32 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the
surrounding environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected
during experiment to assess the recovery of E. coli NCIMB 8545 from stainless steel 316L and copper (CuSn5)
when placed in a custom designed and 3D printed tray inside the novel environmental control chamber (MT
and HC referring to the material placement and humidity control compartments respectively) or a plastic
box appropriate for the current method of ISO22196. N= 2. ...........uuueeieieeeeeeiiieeeeeeeeesiteeea e e e eesesaeaaaaeeesians 113
Figure 33 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 3161 and
copper (CuSn5) coupons (coupon) inoculated with E. coli NCIMB 8545 and recovered after 0 and 24 hours.
The inoculum control in each case refers to the remaining bacterial culture that was not applied to the
coupons. Novel chamber (positions B1, B4, B7, B10, E1, E4, E7, E10: Figure 18) and plastic box refers to the
coupons placed in the novel environmental control chamber and the traditional method of performing

Y O KL =X o T=Tor 1 1V/=] SR 114
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surrounding environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected
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Glossary of terms
AMM — Antimicrobial material — A material that has been functionalised to reduce or

eliminate microbial growth or survival.

Bioaccumulation — The increasing concentration of a compound in living things as it

moves up the food chain.

Bioburden — The number of microorganisms present on a surface that has not been

antimicrobially treated.
Biocide — A substance that destroys living things.

Biofouling — The contamination of a surface by microorganisms and small animals, usually

in @ marine context.
Desiccation — The removal of moisture from the environment.

Experimental decisions — In the context of this thesis, it relates only to the variables of a
standardised test method that can be altered. For example, the inoculum volume applied
to the surface. A subsection of this term is the environmental conditions that can be

altered in a standardised test method, such as temperature and relative humidity.

Fomite — An object or material that is likely to transfer disease.

Hydrophobicity — The ability to repel or fail to mix with water.

Leaching — The disassociation of antimicrobial (or other) compounds from a material into

the environment.

Nanoparticle — A discrete nano-object with all dimensions lower than 100 nm.

Photocatalytic — The excitation of a particle or chemical reaction by light.
Potentiated surface — A surface that has been functionalised with antimicrobials.

Reactive oxygen species — Molecules that contain at least one oxygen atom and at least

one unpaired electron.

Relative humidity — The ratio of water vapour in the air as a function of the maximum

possible at a specified temperature.

Saturated salts -A slushy mixture of distilled water and a chemically pure salt.
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Soiling — The addition of proteins or other compounds on to a material.

STM — Standardised test method — Methods used for a variety of purposes (including
assessing antimicrobial material efficacy) with the intention of providing reproducible
results. In the context of this thesis, any use of the term STM refers only to non-porous

antimicrobial material testing unless otherwise stated.

Surface tension — The attractive force exerted on the surface molecules of a liquid by the

molecules beneath.

Surface topography — Surface orientation and roughness, characterised by peaks and

valleys.

Treated article — Any substance or article that intentionally incorporates one or more

biocidal products.

Vapour pressure — A measure of the tendency of a material to change into its gaseous /

vapour states.
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1. Introduction: Antimicrobial materials and
standardised test methods
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1.1. Preface
Some of the contents of this chapter have been previously published in the journal

Antibiotics (Cunliffe et al., 2021), which focused solely on antibacterial materials and STMs,
with the work presented here not only representing additional STMs relating to antiviral
and antifungal properties but also offering a more up to date analysis using the most recent
literature available and integrating that into the wider context of the field. The complete
work is shown in Appendix A. This author was the primary individual responsible for
reviewing the literature, drafting the manuscript, and subsequently editing reviewers’

comments to allow for publication.

1.2.  Why isitimportant to test antimicrobial materials
The movement of microorganisms throughout an environment is a prominent method of

transfer between hosts. This typically occurs via aerosols(Mirhoseini et al., 2015; M. Wu et
al., 2020), direct contact (I. Y. Jung et al., 2019; Szczesny et al., 2022), or indirect contact
via fomites (Stephens et al., 2019). A fomite is any surface on which pathogens are
commonly found. Some microorganisms can retain their pathogenic potential whilst
outside their host for extended periods of time (Pommepuy et al., 1996), with studies
suggesting survival for days and even weeks on inanimate surfaces such as plastics and
metals which are often considered to be ‘hygienic surfaces’ (Neely, 2000; Heller and
Edelblute, 2018). Many of these materials are used to construct FTS such as door handles,
lift buttons, light switches, and digital locks (Xiao et al., 2019; Jaradat et al., 2020). Viability
of microorganisms on FTS has been demonstrated, and more critically, the evidence of
transfer of potentially harmful microorganisms from the FTS to a biological surface (e.g.,
human skin) via touch has also been reported numerous times in the literature (Suwantarat
et al., 2017; Kraay et al., 2018; Weber et al., 2020). In the clinical setting, studies highlight
bedsteads, supply carts, over-bed tables, lockers, patient bodies, bed-linen, curtains and
intravenous pumps as frequently touched when specifically considering interactions
between hospital staff and patients (Huslage et al., 2010; V. C. C. Cheng et al., 2015). These
patient-care items can serve as a potential reservoir for pathogenic microorganisms and
may be the cause of infection, and cross-infection, between hospital patients. Furthermore,
non-clinical environmental reservoirs of pathogens can cause further problems where
compounding factors also occur, such as on cruise ships where advanced medical

treatments are not available (Xiaofei Liu and Chang, 2020).The transmission of pathogens
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via fomites is of growing concern, particularly with the increase in prevalence of
antimicrobial resistance. This means infection will be harder to treat (Laxminarayan et al.,
2016). One approach to controlling microorganisms in these environments is to use
materials that are antimicrobial, i.e. can kill or prevent the growth of a microorganism
should it come into contact (Michael et al.,, 2014). Antimicrobial materials provide the
benefit of reducing human error and do not impact on the availability of facilities. Such
materials may be innately antimicrobial, produced with a biocide embedded within, or
there may be some coating or treatment that confers antimicrobial properties onto the
surface—many of which have gained popularity over recent years (Page et al., 2009). For
example, in some hospitals and other end-use environments, Cu has been exploited as an
AMM (Dunne et al.,, 2018), whilst brass has also been used extensively for FTS,
demonstrating an oligodynamic (present even at low concentrations) effect (Dauvergne
and Mullié, 2021). Other materials and additives are now gaining focus in the literature, for
example, materials with photocatalytic properties such as certain forms of titanium
dioxide, various metal salts and oxides as well as certain dyes (Salazar et al., 2020), other
metal ions (Lemire et al., 2013) and some organic agents (Oosterhof et al., 2006) and

materials used in their nano form, such as Ag, Cu and Zn (Khadka et al., 2018).

1.2.1. Droplet transmission
Droplet transmission of microbes is one of the most common ways to spread airborne

disease in any environment (S. K. Das et al., 2020), both through person-to-person
transmission (Y.-H. Cheng et al., 2016) and with fomites as a proxy (Van Doremalen et al.,
2020). There are several methods for droplets to facilitate transmission, with the most
common resulting from coughing (Al Maghlouth et al., 2004; Wainwright et al., 2009;
Jayaweera et al., 2020) but could also include other bodily fluids such as blood spatter
(Gallagher et al., 2020) (particularly prevalent in healthcare settings) or waste fluids (i.e.
urine (Arena et al., 2021; Cao et al., 2022)) when proper sanitisation procedures are not
maintained. Many antimicrobial materials (AMMs) require a level of moisture to be active
(James Redfern et al.,, 2018), for example silver (Ag) (Michels et al., 2009). Droplets
containing microorganisms can provide this required moisture, however this means that
antimicrobial efficacy is directly proportional to the evaporation time of the droplet (i.e.
once it has evaporated, the material will no longer be antimicrobial). The process of

decreasing antimicrobial efficacy post-evaporation heavily favours the use of materials that
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exhibit their antimicrobial effect rapidly. However, this may also cause a depletion of the
active ingredient over time, especially if the material employs an antibiotic-release
mechanism (Bhattacharjee et al., 2022). Interestingly, although copper (Cu) has been
extensively reported as an effective AMM, a recent study demonstrates reduced
antimicrobial efficacy of Cu when bacteria are deposited in a dry manner and incubated at
40 % relative humidity (McDonald et al., 2020), although these findings are disputed.
Droplets originating from humans can also travel a great distance, modelled to be up to
two meters with no wind present and up to six meters when wind was applied (Dbouk and
Drikakis, 2020), implying that the spread of microorganisms in an indoor environment (such
as a hospital) may be relatively vast with continuous recontamination. Therefore,
intermittent cleaning regimes may not act fast enough to stop the rapid spread of disease

between patients and staff.

1.2.2. End-use applications of antimicrobial materials
Care must be taken when considering the end-use environment of the AMMs

implementation, as applications and end-use environments will be diverse. For example,
one study found that the relative humidity of teaching hospitals in Boston, USA to be
between 20-30 % (Quraishi et al., 2020). Thus, materials that require extended periods of
moisture on the surface will likely not be as efficacious as current standardised test
methods (STMs) are predicting them to be. On the other hand, Tokyo, Japan has an
outdoor mean relative humidity of between ~60-70 % in the previous ten years (J. M.
Agency), and so materials implemented there can have a greater reliance on moisture, such
as materials with Ag, as their prolonged efficacy can be assured with longer evaporation
times. Due to the varying environmental factors in end-use scenarios, some generalisation
is required. As an example, simply moving from one room to another in a hospital building
will likely present different airflow, light exposure and relative humidity values, and
different times of the day and year will present varying environmental conditions (Ramos
et al., 2015). This is further compounded when comparing different areas of a country,
between countries or even intercontinental, and creates issues for demonstrating reliable
efficacy claims across a wide range of end-use scenarios. This makes it difficult to accurately
compare efficacy results of materials intended for different end-use scenarios if realistic
testing were implemented. Therefore, a more generalised and balanced approach that uses

ranges of environmental conditions for efficacy testing would likely provide a greater
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confidence in the antimicrobial efficacy of the material when implementing it into multiple
use cases. For example, a material would be tested multiple times based on the conditions
present in its intended end-use case (i.e., ~22 °C and 50 % relative humidity in indoor

acclimatised buildings) and approved appropriately.

Four common generalised settings where AMMs are used are healthcare, food and
industrial, the built environment, and marine. Each with a unique set of challenges to
determine what AMM to utilise and how to determine its efficacy.
1.2.2.1. Healthcare

Healthcare settings are the most clinically relevant use of AMMs, as a reduction in the
spread of pathogenic microorganisms can noticeably impact on patient clinical outcome
and safety of staff and visitors (Schreiber et al., 2018), but also the direct cost to the
economy (Serra-Burriel et al.,, 2020). This is because secondary healthcare associated
infections (HCAIs) increase the average time of a patient visit in hospital by up to 2.5 times
(De Angelis et al., 2010), as well as the potential time required to remove and refit
bioburden-laden indwelling devices such as catheters and implants (Scott, 2009).
Meanwhile the direct cost of HCAIs in the United States of America alone is $33 billion each
year (Zimlichman et al., 2013). AMMs must be used alongside other already effective
systems of cleaning in order to minimise the impact of human error (Carpenter et al., 2015),
and complacency in sanitation practices should be prevented. The two areas within the
healthcare setting where AMMSs would provide the most noticeable impact are frequently

touched surfaces (FTS) and medical equipment and devices.

1.2.2.1.1. Frequently touched surfaces
Antimicrobial materials are often utilised for FTS. As the cost of these materials is often
much higher than their non-antimicrobial counterpart (Basnett et al., 2020), usage might
be restricted to where they will be most effective. The common FTS in a healthcare setting
can include bed steads, bed rails, bedside equipment, bedside tables, door handles etc
(Grass et al., 2011). Antimicrobially enhanced textiles have also been developed and
implemented in hospitals over recent years to further reduce the transmission of
microorganisms (Laird and Riley, 2016), particularly via staff members who will interact
with many patients per day (Mitchell et al., 2015). Other areas such as curtains and seat

covers are also considered (Schweizer et al., 2012).
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1.2.2.1.2. Medical equipment and devices
The implementation of AMMs into medical devices and equipment, both internal (i.e.,
catheters and implants) and external (i.e., wound dressings) increases patient wellbeing
and reduces the burden on additional healthcare required by secondary infections that
often arise from devices interacting with patients. For example, dental prosthesis
(Karimzadeh et al., 2021), catheters (Atkins et al., 2020) and wound dressings (Church et
al., 2006), among other applications, all continue to benefit from advances in AMMs.
1.2.2.2. Food and industrial

Antimicrobial materials are also used in the food industry (e.g. as packaging (S. Ahmed et
al., 2022)) in order to increase the shelf life of a product (Moustafa et al., 2019). This in turn
generates a lower degree of food waste and allows for greater efficiency of supply chains
if products can be held for a longer time before reaching the customer (Azeredo et al.,
2019). Approximately one third of global food is wasted each year with an equally large
impact on the global economy (Seberini, 2020). In South Africa alone overall food waste
has been estimated at 177 kg / capita / annum (Oelofse and Nahman, 2013). Materials used
in food packaging must abide by strict regulation regarding the toxicity of the material
being used and avoid leaching where possible, although this heavily depends on the
country in which the material will be used. For example, the food and drug administration
(FDA) in the US (J. H. Han, 2003). Also, the microorganisms that need to be considered differ
from those in other sectors (Malhotra et al., 2015). One of the most common causes of
foodborne infections is Salmonella spp. (Popa and Papa, 2021), with one study assessing
gold nanoparticles supported on zeolites that were effective at reducing the bioburden of
both Escherichia coli and Salmonella typhi by 90-95 % (Lima et al., 2013). The prevention of
drinking water contamination is also of great concern, particularly to the developing world
(H. A. Hasan and Muhammad, 2020) where mortality rates due to contaminated water are
much higher (Gadgil, 1998), although this has been improving in recent years (Bijekar et al.,
2022). One study used a polypropylene pipe with Ag nanoparticles embedded in order to
achieve an antimicrobial effect to treat drinking water (Damian and Patachia, 2016). The
environmental conditions present in water treatment offer an advantage to Ag-based
(among others e.g., titanium dioxide) materials that can consistently leach into the water.
However, as in other applications, toxicity of the material being used is of the utmost

concern, particularly for nanoparticles that can move through filters in water systems. This
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application is both able to reduce the blockage of filters and pipes in developed countries
(Xiong et al., 2021; Zhenchao Zhou et al., 2021) and reduce the risk of infection through
contaminated water in countries without access to clean potable water (Li and Wu, 2019).
The use of AMMs in water treatment is particularly important when considering the
prevalence of cholera, which is estimated to cause 1.3-4 million cases and between 21,000-

143,000 deaths globally each year (W. h. organisation, 2022).

The construction industry can also benefit greatly from the use of AMMSs. Microbiologically-
induced concrete corrosion (MICC) is a serious issue that reduces the effective lifespan of
structures by more than half (M. Wu et al., 2020). There are several environmental factors
to consider concerning biofouling (the accumulation of microorganisms, plants, algae, and
small animals on structures with a mechanical function that results in damage and
degradation) in the construction industry, mainly relating to which type of organism will
grow. For example, phototrophic eukaryotes dominate building structure degradation
when given access to high light levels and a tropical environment (high temperature and
relative humidity) (Kirthika et al., 2022). On the other hand, sulphur-reducing bacteria will
prevail in sewage networks due to the high volume of sulphur in the environment, this
leads to the production of hydrogen sulphide which compromises the structural integrity
of the sewage pipes (Grengg et al., 2015). Promising candidates for reducing MICC in the
literature include Cu (Jedrzejczak et al., 2022), Ag (Mu et al., 2021) and zinc (Zn) (Aldosari
et al.,, 2019).
1.2.2.3. The built environment

The built environment considers mostly how the public interact with AMMSs, with public
transport (Danko et al.,, 2021) and restaurants (e.g., menus) (Patel, 2020) as common
examples. Public transport contains a variety of FTS that are considered for AMM use (Kalb
et al., 2022), such as call (stop) buttons, poles (on buses and trams where the call buttons
and hand rails / supports are placed), tables and armrests (on trains and aeroplanes) (B.
Zhao et al., 2019) and seating. As the environmental conditions in each of the public
transport systems is so varied, it is difficult to determine a set of environmental conditions
to encompass them all, but it should be noted that in all these cases it is likely that the
same microbial species will be present due to them all sharing frequent human interaction,

common examples include proteobacteria, Enterobacteriaceae and Salmonella (Guevarra
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et al., 2022). Also, the increased movement of people through these environments likely
increases the bioburden generated and the risk of transmission (Xia Yang et al., 2020).
Soiling is also a significant issue in this environment due to insufficient cleaning practices
and high frequency touching in many cases (Ren et al., 2020). Aircraft interiors are a well-
known area of surface contamination with equally high transmission rates and are
especially prominent perpetuators of intercountry transmission during pandemics (Murphy
et al., 2020). Commonly contaminated surfaces may include armrests, tray tables, all
relevant lavatory surfaces, window shades and seat covers / pockets (McManus and Kelley,
2005; McKernan et al., 2008; Vaglenov, 2014). Additionally, fungi and viruses are found in
aircraft interior-based textiles such as seating (Fu et al., 2013; Sze-To et al., 2014) as well
as in those areas previously mentioned (McKERNAN et al., 2007; Thornley et al., 2011; W.
Yang et al,, 2011; Lei et al., 2017).
1.2.2.4. Marine

The marine application of AMMs offers a unique set of challenges. These mainly relate to
the widely ranging contaminating species (where bacteria (Iswadi et al., 2022), fungi
(Dobretsov et al., 2021) and animals such as barnacles (Holm, 2012) all cause biofouling) as
well as the strategic placement of the materials, often requiring resistance to high-salt
conditions. Whilst ship hulls are a common target for AMMs, there are also underwater
pipelines, jetties, offshore oil rigs etc. As any AMMs in these applications are submerged in
water at almost all times, it is likely that they will remain active for the duration of their
lifespan. Therefore, it is more important to address their potency to microorganisms and
low toxicity because environmental impact mitigation is paramount at the present time
(Qiu et al., 2022), both in terms of bioaccumulation of biocides and metal nanoparticles in
the food chain (e.g. Ag nanoparticles (Kakakhel et al., 2021)) as well as the increased risk of
developing antimicrobial resistance through long-term low dose exposure conditions (Lu
et al., 2020; Ahmad et al., 2021). Sea-dwelling creatures such as barnacles cause a major
issue in that they create a barrier between the microorganisms and the AMM, therefore
materials often used in marine environments aim to be anti-adhesive to also prevent this
problem (Callow, 1986). Current shipping practices endorse the use of anti-adhesive
properties combined with those that release biocidal compounds (Bieser et al., 2011) which
mainly focus on the release of copper ions from the surface in combination with a highly

hydrophobic material (Terlizzi et al., 2000), and in some cases the use of additional biocides
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if deemed necessary. Biofouling is a great concern to the shipping industry as it creates
increased costs to the process of transportation with estimates of up to a 40 % increase in
fuel usage (Yebra et al., 2004). This also translates to the wider marine built environment
such as static structures, where antifouling paints have been utilised in many areas to
reduce the effects of microbially induced corrosion and therefore reduce potential damage
and repair costs, with an estimated $5.7 billion worldwide being saved annually (Yebra et

al., 2005; Hellio and Yebra, 2009; Dafforn et al., 2011).

1.2.3. Different microorganisms in standardised test methods
The choice of microorganisms for a given STM should depend entirely on the intended end-
use of the product. However, as this is in many cases too specific and varied, model
organisms are often specified in STMs. For example, many bacterial test methods use either
E. coli or S. aureus as a gram-negative and gram-positive organism respectively. Similarly,
C. albicans is often used for fungal test methods. While these species are highly clinically
relevant and cause many infections per year (Bonten et al., 2021; Talapko et al., 2021; Bai
et al., 2022), it does not represent the range of species that would be present in most end-
use scenarios. Furthermore, the use of a single species in many STMs (e.g. 1ISO2296) does
not adequately account for the complexity involved in the use of AMMs in end-use
scenarios. Testing against a consortium of relevant microorganisms would provide
increased confidence in the ability of the AMM to reduce the survival and / or growth of
microorganisms on the surface when in use. Ideally, the decision of microorganism choice
should be at the discretion of the AMM manufacturers and testers based on previous
research into the most relevant species for the intended use of the product, which could
then be verified, and approval granted by the regulators via a report of the AMM.
Nevertheless, basic minimum requirements for organism choice may still be beneficial. For
example, due to the physiological differences in gram-positive and gram-negative
organisms, testing against at least one organism from each would provide a more complete
assessment of AMM efficacy. Graphene oxide presents different mechanisms of action
depending on the gram status of the bacteria tested, whereby gram-positive organisms are
subjected to cell entrapment whereas gram-negative organisms experience more
traditional membrane disruption due to the contact with the material (Pulingam et al.,

2019). Additionally, when considering copper oxide nanoparticles, the increased sensitivity
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of gram-positive organisms (as opposed to gram-negative organisms) was associated a
greater proportion of amines and carboxyl groups on the cell surface (Beveridge and
Murray, 1980). Differences in organism characteristics and how it impacts on AMM efficacy
can also be extended to enveloped and non-enveloped viruses. One study found that
inactivation of both enveloped and non-enveloped viruses occurred due to surface spike
dispersal, irreversible RNA damage and structural damage when exposed to copper alloy
surfaces. However, due to additional envelope disintegration, enveloped viruses were
inactivated faster than non-enveloped viruses (Govind et al., 2021). The differences in
microbial physiology, inter-species interactions and the effects of environmental
conditions are all important factors even before applying an antimicrobial component to a
surface. Desiccation is the removal of moisture from an organism and will kill / inactivate
microorganisms even when no other antimicrobial effects are taking effect. The process
and speed of desiccation differs between organisms. Gram-positive bacteria are generally
capable of surviving for months at a time on inanimate surfaces, whereas gram-negative
bacteria are much more strain dependent on whether they can survive for a comparable
amount of time or for only a few hours (Kramer and Assadian, 2014). Interestingly, E. coli
has been shown to be particularly sensitive to desiccation (Hibner et al., 2011), and so care
must be taken when applying more realistic conditions to STMs to remove this factor where
possible to allow differentiation between candidate materials and negative controls. Fungi
present strong survival on inanimate surfaces (up to four months) but in a relative humidity
dependent manner (high relative humidity improves fungal persistence) (Baudisch et al.,
2009). The persistence of viruses are also dependent on the relative humidity depending
on whether they are enveloped, non-enveloped viruses survive longer in higher relative
humidity environments while the reverse is true for enveloped viruses (Julian W Tang,
2009). This phenomenon has been attributed to cross-linking of the surface proteins (Cox,
1989). The development of resistance to desiccation can occur via several methods, such
as via the presentation of intrinsically disordered proteins (Hincha and Thalhammer, 2012),
this is often naturally occurring in eukaryotic cells (fungi) but can also develop in bacterial
cells where these proteins inhibit the aggregation of surrounding denatured proteins,
limiting desiccation stress (Chakrabortee et al., 2007). An additional mechanism of
desiccation resistance that is particularly prevalent in E. coli is the use of trehalose, a non-

reducing disaccharide (Jiang et al., 2018) that stabilises and promotes the refolding of
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denatured proteins (Tapia and Koshland, 2014), as well as preventing carbon stress via

protein acetylation and aggregation induced carbon overflow (Moruno Algara et al., 2019).

1.3.  Antimicrobial materials

1.3.1. Current non-material practices for controlling microbial growth
There are various methods that can be utilised to control microorganisms on surfaces in

these settings. In clinical environments, methods to chemically disinfect surfaces are often
used, but may be performed inadequately (through poor adherence to cleaning protocols),
allowing pathogens to be spread more rapidly throughout wards, following
recontamination of disinfected surfaces via contact with fomites (Meinke et al., 2012).
Additionally, disinfectants may themselves drive the evolution of resistance. For example,
guaternary ammonium compounds (QAC) have long been considered an effective class of
disinfectants and were once thought to be impervious to bacterial resistance. However, an
approximate 30 % increase of QAC resistance genes has been observed in methicillin-
resistant Staphylococcus aureus (MRSA) isolates in the years 1990-2010 (Jennings et al.,
2015). To compound this issue further, QAC resistance can undergo horizontal gene
transfer to spread resistance and can also propagate the transfer of other antibiotic
resistance genes (Y. Han et al., 2019). Disinfecting rooms through exposure to high intensity
UV light can be effective at killing the majority of microorganisms it illuminates, but
requires all staff and patients to leave the room during the process as a safety requirement
(Hosein et al., 2016).
1.3.2. Classifications of antimicrobial materials

The mechanism of action of AMMSs can be divided into three major subgroups: biocide
release, contact active, and anti-adhesive properties (Adlhart et al., 2018). Each of these
approaches has their own advantages and limitations in situ (Sjollema et al., 2018). Contact
active-based claims are the most abundant in the literature, being delivered by both active
substance release systems and those with potentiated surfaces. Arguably, systems that
release less active substance may mitigate any increase in prevalence of antimicrobial

resistance associated with AMMs (Kaur and Liu, 2016).

Active substance release systems discharge a biocide or antimicrobial agent and this is
often triggered through hydration which is then intended to kill microorganisms on the

surface and can be highly effective (Shukla et al., 2010). They can be applied to and
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incorporated into a wide range of materials (e.g., synthetic polymers) and deployed in a
wide range of environments. This can range from FTS in hospital wards to internal devices
in patients such as orthopaedic and cardiovascular implants (P. Wu and Grainger, 2006), as
well as in non-clinical environments such as call buttons and in coatings on hand rails on

public transport (Buhat et al., 2020).

Potentiated surface-based AMMSs can be fabricated by the inclusion of a biocide, metal,
peptides, or amines on the surface of the material to add an antimicrobial function to that
surface (Tiller et al., 2001; Campoccia et al., 2013; Hans et al., 2013). Common materials
used include Ag nanoparticles (AgNPs) (Sondi and Salopek-Sondi, 2004; Khadka et al., 2018;
Yan et al., 2018), Cu (S. L. Warnes and Keevil, 2011; Chandraleka et al., 2014; Giannousi et
al., 2014; Vincent et al., 2018), tin disulphide (SnS;) (Fakhri and Behrouz, 2015), ruthenium
(Ru) (Bolhuis et al., 2011; Vaishampayan et al., 2018) and titanium dioxide (TiOz) (F. Chen
et al., 2009). Within this subcategory of AMMs are photocatalytic materials, that present
their antimicrobial effect when exposed to irradiation (e.g., TiO2). However, a longer
working time can be required for photocatalytic materials to significantly reduce the
microbial bioburden (Sichel et al., 2007). However, doping (e.g., nitrogen (Lee et al., 2013))

does add further potential for increased efficacy (Burda et al., 2003).

In addition to the mechanisms described above, which focus on a molecule entering or
interacting with a cell in some detrimental way, other mechanisms for modifying and
potentiating surfaces also exist. For example, carbon nanomaterials (e.g., graphene oxide)
have also been shown to be effective at reducing the microbial bioburden on a surface by
piercing / damaging cells using jagged, sharp, and sturdy surface features (Omid Akhavan
and Ghaderi, 2010). Graphene oxide can also ‘generate’ reactive oxygen species (ROS)
(Azizi-Lalabadi et al., 2020), and therefore uses multiple features to achieve the desired

antimicrobial effect (Zheng et al., 2019).

Non-adhesive AMMSs have been designed to combat the transfer of microorganisms, as
they prevent a microorganism from being able to adhere to the surface, which is therefore
also easily cleaned (e.g., by presenting hydrophilic properties (Holmes et al., 2009)).
However, it is important to note that an AMM only incorporating this method would likely

not reduce the rate of infection in patients, as studies have shown that, particularly
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bacteria, are able to overcome this ‘line of defence’ when no other antimicrobial properties

are being exhibited (Salwiczek et al., 2014).

There exists a range of applications for which an antimicrobial surface may be a desired
option in some settings, with numerous options for manufacturers including different
materials / additives and manufacturing processes. However, the variation in approach
means that not all AMMs are equal and are likely to all exhibit individual levels of efficacy
specific to their product design and intended end-use. As the market for these materials
increases, manufacturers of AMMSs are required to demonstrate their materials work as
intended—meaning efficacy testing is a critical component in AMM development, sale,

purchase, and end-use decision-making.

1.3.3. Examples of common antimicrobial materials
Antimicrobial materials can be separated into distinct categories based on the primary

mechanism of action. A popular approach to developing AMMs is incorporating a metal ion
or nanoparticle into the material to confer antimicrobial properties (Beyth et al., 2015),
whilst other methods utilise anti-adhesive (Teixeira-Santos et al., 2021) and photocatalytic
(Shenfu Chen et al., 2010) properties. Common AMMs include:
1.3.3.1. Silver

Silver has high effectiveness and low toxicity (Mei et al., 2017), making it an ideal candidate
in appropriate applications. For example, the agricultural sector (Sharma et al., 2012; Abd-
Elsalam, 2021), biomedical sector (Z. Huang et al., 2011) and water-treatment sector (S. A.
Khan et al., 2022) among others have all benefited from the implementation of Ag-based
nanomaterials. There are numerous mechanisms of action of Ag, which hinders the
development of antimicrobial-resistance that is becoming increasingly relevant to the
modern world. The exact mechanisms of the antimicrobial action of nanoparticles
incorporating Ag are not fully understood. However, it is likely a combination of cell wall
and membrane damage due to positive ion interaction with the negatively charged
bacterial cell wall (Hamouda et al., 2019) as well as deactivating respiratory enzymes and
producing reactive oxygen species (ROS) that disrupts adenosine triphosphate (ATP)
production (Arif and Uddin, 2021). Furthermore, the size of the nanoparticle influences the
antimicrobial efficacy, whereby smaller nanoparticles allow for greater antibacterial action

via increased penetration into the bacterial cell (Shaikh et al., 2019). On the other hand,
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several studies dispute the antimicrobial efficacy of Ag nanoparticles under low relative
humidity environments (Trond Mgretrg et al., 2012; Dominguez-Wong et al., 2014), likely
owing to the lack of mobilisation of Ag* ions without the presence of moisture. Therefore,
the applications of Ag are best restricted to those with high moisture levels, such as
indwelling devices (S. Zhang et al., 2019; Coman et al., 2021) and water treatment (Lalley
et al., 2014; Parandhaman et al., 2015). Leaching is also of significant concern with the use
of several antimicrobial materials such as Ag due to the release of a significant number of
ions into the environment, although leaching concerns have been mitigated with recent
advances (Lalley et al., 2014). Although this does allow for an antimicrobial effect, it is
important to consider the environmental impact of any material as well to create a more
rounded approach.
1.3.3.2. Copper
Copper (Cu) provides excellent antimicrobial properties and is used in many applications,
such as for antibiofouling in marine environments (Delauney et al., 2009), healthcare
applications (e.g., catheter and implant coatings (Burghardt et al., 2015; Gu et al., 2022)),
and the built environment (Khan and Horner, 2007; Schmidt et al., 2016), among others.
The antimicrobial properties of Cu (and Ag) have also been exploited across history to the
earliest civilisations and was prescribed for septic processes approximately 2,500 years ago
in ancient Rome (Lewis, 2009). Its mechanism of action is similar to that of Ag, with
membrane depolarisation and ROS generation (depending on the oxidation state of the Cu
ions) being responsible (Mitra et al., 2019). However Cu used in sheet form can cause
physical damage to bacterial cells due to its sharpness and rigidity at the microscale (when
used as CuO) (S. Das et al., 2014). Meanwhile ROS generation (Bezza et al., 2020) also
damages the cells through secondary effects such as DNA damage, preventing the cell from
replicating properly or producing proteins (Dryden et al., 2017). Cu does not appear to
exhibit the same issues presented with Ag regarding low relative humidity environments,
and still shows high efficacy in typical indoor environments (Michels et al., 2009), although
this is disputed (Mayr et al., 2023).
1.3.3.3. Titanium dioxide

Titanium dioxide (TiOz) is a commonly used additive in food packaging materials that
exhibits an antimicrobial effect when exposed to ultraviolet light. Additional uses of TiO>

include paints to retard spoilage and increase shelf life (Ganguli and Chaudhuri, 2021; M.
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C. Chen et al.,, 2022) and water treatment (C. Han et al., 2016; Kusiak-Nejman and
Morawski, 2019), among others. However, this is heavily influenced by the size, shape, and
structure of the TiO; nanoparticles because a greater surface area will allow for more light
activation. Titanium dioxide exhibits its antimicrobial effect through ROS generation in the
same manner as Ag and Cu (Venkatasubbu et al., 2016), and therefore requires moisture
to be able to move inside the cell. The combination of TiO, with other antimicrobial agents
(by chemical binding) has also been investigated. Combination with Ag nanoparticles, Cu,
and iron (Fe) all show enhanced antimicrobial efficacy (Werapun and Pechwang, 2019;
Alotaibi et al., 2020; Younis et al., 2022). However, the antimicrobial effects of TiO in low
relative humidity conditions have not been studied, limiting their known use cases to where
moisture is often present. Interestingly, TiO2 nanoparticles have shown high efficacy when
incorporated into face masks (O. B. Ahmed and Alamro, 2022) and in FTS in hospital wards
(Reid et al., 2018), highlighting use in high relative humidity.

1.3.3.4. Graphene
Graphene is a carbon-based material that is arranged as a layer of honeycomb like lattices
(Meyer et al., 2007). Its antimicrobial activity has been extensively studied and shows a
range of mechanisms of action (Gomes et al., 2018; Pandit et al., 2021), and has also been
shown to possess significant antiviral efficacy (O Akhavan et al., 2012; Ziem et al., 2017).
The antimicrobial activity of graphene can depend on several characteristics of the
specific product. For example, the number of sheet-layers present may alter the
antimicrobial efficacy although this is somewhat disputed in the literature (Yaragalla et
al., 2021). One study found that increasing the number of layers reduces the “nanoknife”
effect, whereby the material will physically pierce the membranes of microorganisms, and
that three sheets with corner sites to pierce cells is optimal (Jiuling Wang et al., 2013).
However, it is also noted that an increased sheet number has been reportedly linked to a
greater antimicrobial effect against microorganisms that come into direct contact with
the surface of the material (Romero-Vargas Castrillén et al., 2015), although it should be
noted that graphene oxide was used in this case. As the mechanism of action of graphene
does not require moisture to be active, very few studies focus on the effects that relative
humidity plays on the antimicrobial efficacy of graphene. However, one study found high
efficacy of a graphene / zinc oxide PVA hydrogel in low relative humidity conditions

(Shuang Chen et al., 2023).
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1.4. Global regulations to antimicrobial materials to address regulation issues
Regulation is a mechanism by which governments and decision-making bodies can control

the actions of a particular industry. For antimicrobial materials, this comes in the guise of
controlling the use of biocides and other antimicrobial additives. Approval of a biocidal
product incorporated in the treated article (the term used in many regulatory processes to
describe an antimicrobial surface) must occur before any product is commercialised in the

UK, or indeed many global markets including the EU, US and across Asia.

The European Union uses the same system as Great Britain (GB), whereby the competent
authorities of every member country are involved in regulation change and approval of
products. The agency responsible for biocide approval is known as the European Chemicals
Agency (ECHA). ECHA specifies all approved biocidal products in an article 95 list, which is
updated as biocides are approved or removed. Initially, the GB list was transferred directly
from ECHA as the UK separated from EU rule during Brexit, but each product was required

to be re-approved.

A key feature of regulation of antimicrobial surfaces is the antimicrobial ‘claim’ — the label
with which the manufacturer can publicly claim efficacy. These claims are regulated for
new products, and when combining an already approved treated article into a more
complex article (UK, 2022b). Labelling treated articles involves providing any instructions
and precautions (if required to prevent harm to humans, animals and / or the
environment). Additionally, labelling must identify and include all active substances (the

components that are involved directly in the antimicrobial effect) and nanomaterials.

When a new biocidal product is brought to market in the UK, it must be added to the GB
Article 95 list before use (UK, 2022a), which includes all available to sell and distribute
biocides in Great Britain. To add a biocidal product or active substance to the list, an
application to the Health Security Agency (HSA) should be completed that includes a variety
of information about the product, including data on efficacy and safety in all capacities that
is then thoroughly verified before approval. Technical equivalence also needs to be
evaluated, whereby if there is a change in the manufacturing process of the product or if
the source of the product has changed, then re-approval (although not as extensive a
process) is required to determine if there is a significant increase in the hazardous

properties of the product (Executive, 2022).
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The United States of America (USA) uses the Environmental Protection Agency (EPA) and
the Food and Drug Administration (FDA) to set and uphold the regulation of biocidal
products with the use of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) (U.
S. E. P. Agency, 2022). In this case, biocides that are used in non-medical devices are
incorporated as antimicrobial pesticides. As with many laws in the US, products generally
must be approved in each desired State (i.e., New York State) before having the ability to
market within that State. FIFRA does prevent states from requiring additional labelling and
packaging requirements but does allow states to require additional data. Many aspects of
United States regulation are like that in the UK and EU with regards to approval of products,

including testing for efficacy and safety of the product.

Japan has a much more general approach to the regulation of biocides, with the chemical
substances control law (CSCL) (ChemSafetyPro, 2015), which regulates the production and
import of any chemical that could pose a risk to human health or the environment. The
industrial safety and health law (ISHL) is also in place to protect the health of workers and
involves approval by the ministry of labour and welfare before production or import is
allowed, and whether a safety data sheet (SDS) is required. In a similar manner to other
governing bodies, Japan also has a list (such as article 95) of existing and new chemical
substances (ENCS) that are pre-approved to use and requires a similar application process
through the laws above to add an additional chemical / biocide. Additionally, the Society
of Industrial Technology for Antimicrobial Articles (SIAA) (Articles) provides a logo to any
product deemed to be antimicrobial via testing in a Japan National Laboratory

Accreditation (JNLA) approved laboratory (Evaluation).

1.5. Standardised methods as an answer for regulators
A significant part of applying for registration to a list of approved biocides is demonstrating

the efficacy of the biocide to the regulators. STMs allow users to follow a method that has
been designed and tested reproducibly, promoting a level of confidence that the material
will be antimicrobial when implemented. This also allows for a simple transition to other
markets if required as efficacy has already been demonstrated in a reproducible manner.
As STMs are often created and tested through international collaborations and committees
such as the International Biodeterioration Research Group (IBRG), the American Society of

Testing and Materials (ASTM), and the International Standards Organisation (ISO), they
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allow for additional assurance that the product has been approved in a manner that many
regulators can support. Additionally, STMs are designed in a way where they are relatively
easy to perform, understand and communicate, which can help when considering the
complicated process of biocide product approval in many countries. As the methods are
standardised, the results of similar products are often comparable; therefore, it is easier to
judge the relative efficacy improvement of one product over another and whether any

increase in human, animal, and environmental hazards is justified.

Standardised test methods are a necessary and important step in the development of a
novel AMM. To define a material as antimicrobial, efficacy should be assessed under
reproducible conditions that mimic later in-use environments. If the predetermined
threshold (usually a 2 or 3-log reduction in viable cells although often individually agreed
upon by all parties involved) is not met, then the surface cannot be considered as
antimicrobial. This process should enable those interested in AMM'’s to ascertain a level of
confidence in their material, providing some preliminary positive data that encourages
further exploration for testing the material either under conditions more appropriate to
the intended point of use or even in practice. For example, bacterial inocula used in
standardised testing (~10°-10% CFU / mL) are significantly higher than those found in most
potential end-use settings (e.g., ~10>=10%) (Sinclair and Gerba, 2011).

Additionally, in order to validate the reproducibility of an AMM, ideally several different
labs should perform the relevant STM and achieve results that are all within the natural
error range (Bloomfield and Looney, 1992). Whilst the validity of individual STM data
should be acknowledged, a growing need exists for precise and reproducible methods, as
many different AMM'’s fall short when being tested by independent reviewers (loannidis,
2005).

In several cases, the STM used to determine the efficacy of an AMM are inadequate due to
a variety of factors including the incubation time / environmental conditions. In some
cases, this can artificially favour the increased and / or prolonged efficacy of the material,
particularly by raising the relative humidity to >90 %, a condition which is almost never
seen in end-use environments (Noyce et al., 2006; Michels et al., 2009). Many of the
materials used in AMM’s require moisture to be antimicrobial, metallic Ag for example,

which is ionised in the presence of moisture to form Ag* ions which have numerous
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antimicrobial properties. Therefore, knowledge of the length of time a surface remains
moist for (the evaporation time of the deposit carrying the contaminating microorganism
on the surface) is vital for an accurate judgement on the efficacy of the surface (Rai et al.,
2009). This reliance on moisture must be considered when testing surfaces for
effectiveness at point of use. Indeed, knowing the time it takes for an inoculum (a
suspension of microbial cells of any manner) applied as a liquid to evaporate in each

environment is key to assessing the activity of many AMMs.

1.6. Review of current standardised test methods available for non-porous
antimicrobial materials
There are five general categories of test for an AMM in vitro (Sjollema et al., 2018):

(1) high surface area to volume ratio tests,

(2) agar zone of inhibition tests,

(3) suspension tests,

(4) adhesion tests,

(5) biofilm tests.
These tests differ depending on the method of action they are evaluating but also come
with unique advantages and disadvantages. Many STMs are constructed and defined by
several different method development organisations such as ISO (International Standards
Organisation), BS (British Standards), IBRG (International Biodeterioration Research
Group), and ASTM (American Society for Testing and Materials). There have been many
iterations and modifications of these methods described in the literature that deviate
based on the individual preferences or limitations of the testing laboratory, which then
makes a comparison of the data generated for similar materials in different laboratories
problematic. There has also been a significant shift to more realistic STMs in recent times
to focus on how the materials would be exhibiting their antimicrobial effects while in use.
However, the ease of use of the STM as well as the ability to perform any new methods

with as little additional expense as possible should also be considered.

1.6.1. High surface area to volume ratio
1.6.1.1. Bacteria
These methods focus on maximising the contact between the surface and the

microorganism, so the cells and the surface are essentially always touching and interacting.

This is usually done by placing the bacteria between the test sample and another sterilised
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non-antimicrobial material such as glass or plastic. However, this creates unrealistic
conditions as it prevents the inoculum from evaporating on the surface, promoting an
extended antimicrobial effect for the material that is to be tested. The most used STM for
AMMis in this category is 1ISO 22196:2011 (ISO, 2011) (and similar methods such as JIS Z
2801 (Standards, 2012)). Here, a surface is inoculated with a bacterial suspension of known
concentration and volume. A polyethylene film is placed on top of the inoculum, and the
material is incubated at 35 °C in upwards of 90 % relative humidity for 24 h. Bacteria are
removed from the surface by mechanical detachment and re-suspension in a neutralising
diluent, before the number of colony forming units (CFUs) is determined by plate count.
This method is relatively straight-forward and low-cost, and so has been widely adopted.
However, many of the experimental conditions do not relate to end-use environments.
Indeed, in most cases, the opposite is true, 1ISO 22196:2011 keeps a microbial inoculum wet
for the duration of the 24 h test, allowing the AMM to provide a sustained antimicrobial
action by dissolving into the water and this way ensuring contact between the cell wall of
a microorganism and the biocidal active substance—which will not mirror the conditions
when an AMM is implemented. To overcome such shortcomings, recent developments
include an STM where bacteria are aerosolised, so they are deposited onto a dry surface,
in an attempt to reduce artificial antimicrobial action resulting from the deposition of a wet
microbial inoculum (ISO, 2011). However, dry deposition is not without its own challenges,
for example ensuring reproducible inoculum quantity and ensuring a safe working
environment from the release of pathogens into the air. Thus far, the development of a
simulated splash test has been of increasing priority to address some of these shortcomings
from both methods. In this case, an inoculum of either 1ul or 25ul would be applied many
times to a test material and a covering film would not be applied, this is in line with allowing
the inoculum to evaporate when placed in more realistic conditions (ambient conditions of
24 °C and ~50 % relative humidity) and provides the method with a direct end-use condition
of either droplets from coughing etc. coming into contact with the material or larger

droplets from more substantial bodily secretions or spilt drinks etc.
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Inoculate 3 Test Pieces (50 x 50 mm) Cover with Sterile
with 400 ul of Cell Suspension Each Polyethylene Film (40 x 40 mm)

—
Transfer each
Film and Test Piece
to Neutraliser in

Stomacher Bag

Prepare
Cell suspension
(ca 105 cells mil'?)

Incubate for 24 Hours at 35°C
Under Humid Conditions

i)

Polyethylene Film -
Cell Suspension -7

Test Piece

Determine TVC

Figure 1 Diagram describing important steps in the ISO 22196 antimicrobial materials efficacy test (Cunliffe et al., 2021).

Other methods using a high surface area to volume ratio have been reported in the
literature. One method (a modification of ISO 22196:2011) involves inoculation of the AMM
with a bacterial suspension within a film of agar (commonly made into a slurry) to ensure
that contact is maintained between the AMM and the test organism. When recovering the
bacteria from the material, a neutraliser is used to resuspend the inoculum (neutralising
diluent is a key step in many antimicrobial STMs to prevent superfluous interactions
between the material and microorganism) and bacterial viability is determined. However,
it is possible that the slurry (when required) has a soiling effect on the material preventing
it from performing its antimicrobial effect as efficiently as possible due to different
diffusion rates and characteristics into an agar slurry (Elsmore, 2013; Sjollema et al., 2017).
Another modification of ISO 22196:2011 uses a filter that has been inoculated with bacteria
as the top layer rather than a polyethylene film to reduce loss of microorganisms through
fewer manipulations (omitting droplet inoculation) (van de Lagemaat et al., 2017).
Alternatively, a liquid bacterial suspension can be sprayed (to simulate the typical
deposition of airborne bacteria on to a surface by coughing, etc.) on to the AMM from
15cm, followed by live-dead staining after being air-dried for two minutes. Spraying of
microbes rather than deposition has the advantage of being more representative of a
patient in a hospital in most cases but is more complicated to run (and standardise) than

simply placing a droplet of inoculum on to the surface, as it requires specialist equipment.
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Another pitfall of this STM (and many others) is that a consortium of microorganisms is not
used, this therefore does not represent the end-use conditions that the material would
encounter, whereby a range of different species would be present that may even be a mix
of fungi, viruses, and bacteria. It is understandable to not further complicate the method
by adding in more variables that could be changed between laboratories, making any
comparison more difficult (the current ISO 22916 method allows for up to two different
bacterial strains to be used). However, this would allow a more representative example of
how an AMM would perform when implemented into an end-use scenario and provide
purchasers of the AMM additional confidence in the materials efficacy.

In conclusion, several authors have developed methods that are related to I1ISO 22196,
presumably due to their ease of use and relatively low cost. However, there are many
limitations in the translation of the results obtained, with most relating to the dissimilarity
of the conditions standardised in ISO 22196 compared to end-use environments (both
clinical and non-clinical) and others arising from difficulties in comparing results from
methods that slightly differ between laboratories.

1.6.1.2. Virus
Although there is an STM for demonstrating the antiviral activity of a non-porous material

(ASTM E2721-16 (ASTM, 2016)), there are few papers that employ it. Of those that do, only
specific areas of the STM are employed, such as for the production of artificial saliva
(Thomas Wu, 2022) and to inform on a soiling agent to use (J. Alt et al., 2022). The STM
assesses the virucidal properties of surfaces when inoculated with aerosolised droplets of
human respiratory viruses and is in some ways more realistic than its bacterial counterpart,
as the viral load is sprayed on to the surface that aims to represent the deposition of the
virus from human respiratory origin. Also, the STM uses a comprehensive soiling agent (as
opposed to often no soiling agent in other STMs) that aims to mimic human saliva, that

would be seen in end-use conditions.

The methods more often used in the literature are paper specific and have many
differences between them, making any comparison of the methods and materials that were
tested unreliable. The environmental conditions employed in these methods are often
highly different or not recorded. For example, one paper assessing a Cu surface used no

soiling but tested at 22 °C and between 50-60 % relative humidity, which could be
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considered realistic environmental conditions (Noyce et al., 2007). Whereas another paper
testing sol gel coatings did not use a soiling agent and also did not record either
temperature or relative humidity during the test, this does not allow a direct comparison
between the materials in any way (Hodek et al., 2016). One other consideration is the
contact time, which ranges from one minute (Campos et al.,, 2012) to 24 hours in the
literature but is most often around two hours (Park et al., 2014; Sarah L. Warnes et al.,
2015), this allows for an incredible range of results due to longer exposure to the material
and the fact that viruses do not often survive on inanimate objects for long periods of time
whether antimicrobial or not. It is important to note that even the standard E2721 does
not specify temperature and relative humidity requirements and therefore no guidance has
been provided on the topic despite the importance of environmental conditions on AMM
efficacy.
1.6.1.3. Fungi

The STM for the antifungal efficacy of a material is ASTM G21 (ASTM, 2021c), this method
is much more extensively used in the literature than the viral equivalent and allows for the
evaluation of resistance to fungal growth on plastics and synthetic polymeric materials. The
STM does still use some unrealistic environmental conditions, such as a temperature of 28-
30 °C and >85 % relative humidity but does show a long incubation period of 28 days
allowing for a more detailed analysis of the material’s fungal resistance. Also, this test does
use a consortium of five relevant fungal species (inoculated in spore form), which allows
for a more representative analysis of end-use conditions. Interestingly, staining is used in
this STM as opposed to bacterial viability assessment (likely due to the larger size of most
fungi making accurate counting difficult), with a general allowance of no more than 10 %

of the coupon covered by fungi post-incubation.

Despite a somewhat acceptable STM being present, some of the literature still deviates,
this may allow for better extrapolation to a specific end-use scenario but does hinder the
comparison of materials that are tested. For example, one paper describes using ASTM G21
in the expected manner but adds a submersion in water for the first four hours of the test
(H.-L. Huang et al., 2015). This would allow increased antifungal efficacy from the material
if an active material is present but may map well on to some cases such as intermittently

used water pipes.
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1.6.2. Agar zone of inhibition
Methods that utilise zones of inhibition, for which there are two existing STMs, are

relatively quick and simple but may provide only an indicator of whether any antimicrobial
effect might be present under permanently wet conditions. The first, ISO 20645:2004 (ISO,
2004a) is based on a disk diffusion method, where the AMM is placed on top of an
inoculated nutrient agar plate, incubated at the required temperature for a set time
depending on the requirements for the bacteria being tested (such as at 37 °C for 24 h for
E. coli) (ISO, 2004b). The second, AATCC 30 (which evaluates fungi rather than bacteria),
places a spore suspension on to a solid agar medium and covers that with the AMM.
Inoculation with spores also occurs on top of the AMM after placement, the petri dish is
then sealed to maintain the relative humidity and efficacy evaluation is based on
macroscopic or microscopic visibility of fungi (AATCC, 2017). These methods have
limitations such as (i) the incubation temperature is not relevant to end-use scenarios
(often it is the optimal growth temperature for the test organism), (ii) incubation time is
not reflective of expected cleaning protocols (FTS's are likely to be touched more than once
per day), and (iii) the nutrients present from the agar would likely not be present so
abundantly on surfaces, all of which reduce the similarity to end-use environments. In
addition, if the active substance is not emitted from the AMM, activity is unlikely to be
measured, limiting applicability to a subset of AMMs. Furthermore, the viability of the test
microorganisms may be compromised by the material being placed directly on top, even
when exhibiting no antimicrobial effect. Nonetheless, the results provided from these STMs
can allow a quick and simple approach to determining whether a material has at least some
antimicrobial activity, which may be all that is required at the first stages of product
development. Additionally, these methods can be used as a reliable quality control step
during the production of an AMM once approved (Ahman et al., 2019).

It should be noted that both STMs assess the efficacy of textiles as opposed to non-porous
surfaces, but both of which are used extensively in the literature. Methods conforming to
ISO 20645 often did so according to the STM, allowing for a more representative
comparison between materials (Dhanapriya and Ratna; Gaidau et al., 2019; Ozkan et al.,

2019; Habibi Mohraz et al., 2021; Akyildiz et al., 2022).
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1.6.3. Suspension
Suspension methods focus on inoculating and incubating bacteria in a liquid medium

containing an AMM, and then determining bacterial viability by taking an aliquot of this
liquid and performing a dilution plate count. This allows assessment of AMMs that exhibit
antimicrobial-release properties. However, due to the inoculum not being placed directly
on the material, only surfaces that release antimicrobials can be tested. There are two
current STMs. The first, ASTM E2149-13a (ASTM, 2013), requires that the material is
immersed in the medium (that is most appropriate for the bacteria used) following
bacterial inoculation, then after incubation while shaking to enable increased contact of
the AMM to the bacteria, then the bacterial viability is determined via CFU quantification.
This method was developed with the intention of determining the effectiveness of silane
QACs by agitating the suspension with sufficient vigour to cause cells to come into contact
with the QAC ‘tails’ (Caschera et al., 2019), although this method is somewhat disputed. A
modification to this method has also been developed whereby the entire suspension
container is treated with the antimicrobial to prevent biofilms forming and to avoid
complications arising from the extensive agitation that is required for the STM. The second,
JISL 1902 (and also the absorption method within ISO 20743), describes the incubation of
a porous material absorbing a specified volume of the appropriate medium, bacteria are
then detached from the porous material using a stomacher in 20 mL neutralising diluent,
and bacterial viability is determined in the resultant suspension (ISO, 2021). For methods
where an antimicrobial substance has leached into a liquid medium (which will then be
diluted and plated onto agar), in which both suspension methods utilise, a neutralising
solution is essential—to ensure continued antimicrobial action does not occur during the
dilution and bacterial viability determining incubation stages (24 h at the most appropriate
temperature for the bacterial strain used). As these methods do not assess contact-killing
materials, it is not possible to assess efficacy for using such materials in some end-use
conditions, for example, as a touch surface. These methods are actively used in the
literature with no major changes allowing for comparison of materials. Additionally due to
the requirements of the methods, relative humidity is not a factor, but temperature is kept
artificially high at 37 °C throughout the test which would likely not represent the end-use

conditions for the AMMs.
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1.6.4. Adhesion
These tests focus on quantifying the number of bacteria that can adhere to an AMM. There

are two approaches to this form of testing. The first requires that the test surface is
inoculated with the bacteria and incubated for 1 to 4 h. Non-adhering bacteria are removed
and either the surface with attached cells is added to a liquid medium or an agar slab is
placed on top of the surface and incubated (for determination of bacterial viability), or the
microorganisms can be stained (e.g., live-dead staining) to determine cells per unit area
(Héquet et al., 2011). The second method specifies a flow of bacterial suspension through
a chamber containing the AMM, then live-dead staining is performed on the cells attached
to the surface to determine the survival status of adhered cells. Alternatively, the cells are
detached from the surface of the AMM and re-suspended so that the bacterial viability of
the resultant suspension can be calculated (Albright et al., 2017). Finally, a proliferation
assay can be used, which involves inoculating an AMM for a given time, followed by rinsing
and placing in a soy medium. The efficacy of the AMM is determined by the number of
clonal counterparts produced by the surviving bacteria that are attached to the AMM,; real-
time spectrophotometer readings are essential to creating a growth curve to compare a
control to the AMM (V. Alt et al., 2004). In both methods, there are issues that arise from
how effectively the detachment of bacteria occurs, even by sonication (which can cause
the diluent to heat up), as this may also reduce the viability of the organisms and their
growth on media.

These methods have many advantages in being able to test for non-adhering materials, but
also come with drawbacks. Firstly, the temperature used is again at 37 °C, an unlikely
scenario for any AMM. Secondly, if an agar slab is placed on top of the coupons with the
aim of growth for assessment of bacterial viability, this may reduce the available air to the

microorganisms and reduce their viability (assuming aerobic requirements).

1.6.5. Biofilm
A biofilm is an assemblage of microorganisms that are associated with a surface and often

become encased in a matrix of polysaccharide (Donlan, 2002; Schachter, 2003; Kim et al.,
2019). They are one of the most common forms that microorganisms take on Earth and can
cause significant problems when they form in certain artificial environments. Due to their
impact on health, industry and the environment, the ability to either destroy a biofilm or

to stop it from initially forming using AMMs is a focus of increasing importance. However,
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biofilm development and testing are complex, and whilst recent efforts to advance
standardised biofilm growth (e.g., ASTM E2647—20 (ASTM, 2020) and ASTM E3161—21
(ASTM, 2021a)) and efficacy testing of disinfectants against biofilm exist (Goeres et al.,
2019; ASTM, 2021b), methods for efficacy testing of anti-biofilm materials are limited and
suffer from problems regarding quantification of the bacteria, as staining will offer little
insight and sonication may cause a reduction in viability, although some use of bioreactors
for biofilm testing is taking place (Dumitrache et al., 2015). As biofilm STMs are outside the
scope of this work and would add significant complexity, further analysis of biofilm test

methods will not be focused upon.

1.6.6. Incubation / environmental factors affecting the efficacy of antimicrobial
materials in standardised test methods
If an STM should inform on the efficacy of an AMM under end-use conditions, the

environmental conditions of that STM need to be considered carefully. For example, if
moisture is essential for activity of an AMM, an STM that includes a high relative humidity,
no airflow and warm temperature will result in the bacterial inoculum remaining wet for
the duration of the test and will provide optimal results for that AMM. However, if that
putative AMM would be used in a more realistic setting (such as a hospital ward), relative
humidity is likely to be considerably lower (30 % to 65 %) as will the temperature (18 °C to
28 °C), and there will be air circulating (e.g., via movement of doors, people, and air
conditioning) (England and Improvement). Contaminating droplets of liquid are likely to
evaporate quickly, reducing the time for which the AMM is active and essentially allowing
efficacy to become a function of evaporation time. Most existing STMs for AMM testing
vary in their environmental condition stipulations, but only to a relatively small degree.
Environmental conditions such as these can alter the efficacy of an AMM, and therefore

careful consideration should be given when designing or interpreting data from an STM.
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Table 1 Examples of methodological test conditions used in several standardized efficacy test methods.

Name of Relative Criteria for Being Other
Material Type Organisms Used Time Temperature (°C)
Standard humidity AM Conditions
Aspergillus niger;
Penicillium
funiculosum;
Paecilomyces
EN ISO variotii; No visible growth to|
Plastics 4 weeks 97 % 29 None
846:1997 Gliocladium virens; the naked eye
Chaetomium
globosum;
Pseudomonas
aeruginosa
Staphylococcus
CFUs <1 x 1075
EN ISO aureus;
Textiles 18-24 h 70 % 37+2 reduction of life of None
20743:2013 Klebsiella
50 %
pneumoniae
EN ISO Plastics / non- S. aureus; Agreed upon by
24+1h >90 % 35+2 None
22196:2011 porous Escherichia coli case
S. aureus;
Ceramics /
I1SO 27447:2019 K. pneumoniae; E. 18-24 h No mention 371 Log reduction of 0.8 None
photocatalytic
coli
S. aureus;
Non-porous Enterococcus hirae;
EN 16615:2015 60 min No mention 4-30+2 5 log reduction None
surfaces P. aeruginosa;
Candida albicans
Influenza A; Feline Antiviral efficiency
1SO 18184:2019 Textiles 3-5days | No mention 34 5% CO:
Calcivirus of >2
Plastics / non- Influenza A; Feline Agreed upon by
1SO 21702:2019 2-3 days | No mention 34 5% CO:
porous Calcivirus case
Ceramics / Bacteriophage Q
1SO 18061:2014 24 h No mention 371 Log reduction of 0.8 None

photocatalytic

beta; E. coli

47



1.6.6.1. Relative humidity
Relative humidity is an important determinant for the evaporation time of liquid droplets

(James Redfern et al., 2018), and therefore is most likely linked to AMM efficacy. In most
cases, a reduction in the relative humidity of the environment results in a lower
antimicrobial efficacy of an AMM because of the reduction in moisture at the surface
through evaporation. For example, when assessing the activity of a Cu alloy surface (with
varying Cu quantities in the alloy), incubating at 37 °C and 100 % relative humidity can
provide a 4-log reduction in around 30 min for all alloys higher than 70 % Cu content
(Hassan et al., 2014). However, when the environmental conditions are more analogous to
that of an indoor room, at approximately 20 °C and 40-50 % relative humidity, the time
taken to achieve the same 4-log reduction of viable bacterial load is doubled to 60 min
(Ojeil et al., 2013). Despite this, Cu exhibits a greater affinity to retain its antimicrobial
activity under varying environmental conditions than most. For example, Ag* ions released
from zeolites have demonstrated significant antimicrobial effect at >90 % relative humidity,
but the same composition showed no significant antimicrobial effects at 24 % relative
humidity and a temperature of 20 °C. Although neither relative humidity used in this study
can be considered typical, it highlights the importance of the role that relative humidity
plays in either increasing or reducing the antimicrobial efficacy of an AMM (Michels et al.,
2009). Noyce, Michels and Keevil (Noyce et al., 2006) suggests that Ag* ions exhibit
significantly decreased antimicrobial efficacy when the relative humidity is reduced to
around 20 %, again emphasizing the requirement for relative humidity to be considered
when performing AMM STMs. Furthermore, Ronan et al. (Ronan et al., 2013) have shown
that desiccation resistance is also significantly affected by the relative humidity, and this
has downstream effects on the microbial survival on a surface, whereby survival of
microorganisms can be greater at lower (~25 %) relative humidity’s compared to higher
(~95 %), this work also highlights that interactions between bacterial species allow for
greater survival on materials compared to pure cultures. Finally, this work uses
aerosolisation to deposit bacteria on to the surfaces, alleviating the disadvantages that
droplets at high relative humidity possess on the antimicrobial efficacy of an AMM. It
should be noted that different mechanisms of action will affect whether relative humidity
plays a role in the antimicrobial efficacy of the material. For instance, AMMs that are

designed to puncture cells through nano-spike based methods will not be reliant on
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moisture in any way in order present high efficacy, but metal ion releasing materials, such
as those discussed above will have a low tolerance to reductions in the relative humidity in
the surrounding environment.

1.6.6.2. Temperature
Temperature has been shown to affect the survival of microorganisms on a surface (J.

Redfern and Verran, 2017), and has also been shown to significantly affect the release of
antimicrobial compounds from an AMM (Kashiri et al., 2016). Additionally, temperature
does significantly affect the evaporation time of water on non-porous surfaces (James
Redfern et al., 2018) and therefore potentially affects antimicrobial efficacy due to the
resulting change in relative humidity that occurs. For STMs to become more realistic,
changing temperature is required. Most STMs use ~37 °C as it is the optimal temperature
for growth in many human commensal and pathogenic organisms, but this is not what is
found in many end-use scenarios, and a reduction to between 18-24 °C would more closely
reflect the conditions seen in indoor acclimatised areas (Ormandy and Ezratty, 2012).
Although an artificially high temperature benefits the microorganism rather than the
material (assuming the microorganism favours the temperatures used currently), it still
disassociates any results gathered from end-use scenarios.

1.6.6.3.  Airflow
There is limited published research into the effect of airflow on the evaporation time and /

or antimicrobial efficacy of a material. However, the evaporation time of a liquid droplet
on a non-porous material has been shown to be slower in the absence of airflow (James
Redfern et al., 2018). In addition, the transfer of infectious aerosols in hospitals is well
understood and the ventilation system has been associated with much of this concern (J.
W. Tang et al., 2006). Thus, airflow is perhaps an important environmental factor that has
been significantly overlooked in the design of testing AMMs—even more so than relative
humidity and temperature as it has never been considered in a relevant STM. When
considering the inclusion of airflow, it is important to consider that a new STM with realistic
conditions will allow the evaporation of inocula on the test material and thus airflow will
promote a difference in the antimicrobial efficacy of the material by increasing the
evaporation rate. How the flow dynamics of the airflow will affect the evaporation time of
the droplet and how the microorganisms within the droplet will act is yet to be well

researched.
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1.6.6.4. Hydrophobicity, hydrophilicity, and surface topography
In addition to the environmental conditions described above, the surface features such as

hydrophobicity and surface roughness can have a significant impact on how long moisture
takes to evaporate on the surface (Richard et al., 2020). While a hydrophilic surface allows
water to spread out evenly over the whole surface and to evaporate more uniformly, a
hydrophobic surface results in the formation of droplets that cover the surface only in parts
and that will evaporate slower compared to the same volume when placed on a hydrophilic
material. Hydrophobicity and surface roughness will dictate the contact angle created with
a droplet; when the contact angle is larger from an increased hydrophobicity, the droplet
will possess a lower surface area to volume ratio, also therefore decreasing the evaporation
time (Kulinich and Farzaneh, 2009). The surface topography is the underlying mechanism
behind many anti-adhesive materials, but the evaporation mechanism of other materials
which is caused by the surface tension (which is in part due to the surface topography) also
plays a role in the efficacy of an AMM via the deposition of bacteria in the droplet as it
dries.

1.6.6.5. Spreading of the inoculum

Spreading plays an important part of some antimicrobial tests. Spreading generally occurs
by adding a sterile plastic (non-antimicrobial) film on to the inoculum immediately after
inoculation onto the material (e.g., 1S022196) but other methods such as manual spreading
via a pipette tip is also used (Gross et al., 2019). However, increased care should be taken
when considering the spreading of the inoculum, as inconsistencies in the spreading
process are almost inevitable between laboratories and even individual persons, leading to
differences in the evaporation time of the droplets / inoculums and the repeatability of the
results. Spreading must also be considered alongside hydrophobicity data of the AMM, as
hydrophobicity will partially dictate how easily, if at all, the inoculum spreads across the
surface, further increasing the possibility of unreliable results (Nakajima, 2011). If
hydrophobicity / hydrophilicity is part of the function of the AMM, comparing results from
materials on which the inoculum exhibits dissimilar spreading rates may be problematic
and will need to be taken into consideration. In some STMs (such as ISO 22196), particularly
hydrophilic surfaces may cause the inoculum to spill beyond the edge of the coupon, in the

case of this thickening agents such as agar may be added to encourage hydrophobicity, but
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this will likely have major consequences to the survival of the microorganisms on the
surface, although these are currently yet to be thoroughly researched.

1.6.6.6. Exposure time
A longer exposure time will allow more interactions between the microorganism and the

AMM, potentially causing an increase in observed antimicrobial effect. Current STMs take
this into account and specify an exact incubation period within which the STM should occur.
However, relating this period to the intended end-use is essential, particularly where an
AMM is anticipated to be touched with high frequency. For example, current hospital
cleaning requirements mandate that every material that is to come into contact with
patients should be thoroughly cleaned at least daily and in most cases after every
interaction (Healthcare, 2018).

1.6.6.7. Threshold to achieve antimicrobial claim
Often a 2-3 log reduction in microbial viability is required although it is at the discretion of

all involved parties to agree to a value that is appropriate to the end-use. The scale and
speed of an effect must be appropriate to the benefit that is intended / required. Absolute
numbers may also be a valid method of assessing antimicrobial activity, as a reduction of
1-log from a higher original inoculum concentration may be enough in some circumstances
to stop the risk of infection and / or damage to infrastructure caused by the growth of
microorganisms on the surface.

In addition to those described above, there are other factors that can influence efficacy in
end-use situations and are often not considered. For example, the aging of materials
through repeated contamination and cleaning procedures can reduce the efficacy of an

AMM but are rarely considered in STMs.

1.6.7. Overview of current standardised test methods
As described above, a variety of STMs exist that can determine the antimicrobial activity of

a material. With this comes variations and alterations to each method based on the specific
conditions of the testing laboratory at the time and date of testing, among other factors.
This will likely affect the accuracy and reproducibility of the resulting antimicrobial efficacy
of the material. It is worth noting that some modifications may allow the method to be
more appropriate to the question being asked. Whilst the methodological variation from a
STM is with good intention, for example, using a temperature the investigator considers

closer to room temperature, the effect on reproducibility can be profound. For example, if
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two different labs were to consider the antimicrobial efficacy of a given material, following
an STM, but one used a test chamber / container that was bigger than the other lab, there
would be an impact on the time it takes to reach the intended relative humidity. This would
affect the ability of the inoculum to remain wet on the surface, and therefore alter the time
the AMM is likely to be active for. The same can be true for other experimental factors such
as the method of achieving the desired relative humidity (using concentrations of saturated
salts), controlling temperature (placing a chamber in an incubator compared to using a heat
mat), the speed at which samples are removed from a chamber for different time points
and so on. Often, these seemingly small changes to methodology alter the reproducibility
between laboratories. For example, one study asked different labs to assess the
antimicrobial efficacy of the same materials (polyamide 6 and an antibacterial zinc additive
at multiple concentrations) using 1ISO 22196:2011. Following analysis of the data, several
factors were found to be inconsistent between labs, such as extraction medium and
method of cell enumeration, which led to a large disparity in the final results obtained,
where the microbial reduction ranged from 1.73-log to 6.30-log for the same antimicrobial
compound (Wiegand et al., 2018). Care should also be taken to ensure the method of cell
enumeration is not only consistent across all laboratories using an STM but also that it is
appropriate for the specific STM that is being used, live-dead staining for instance is not

always effective, particularly when assessing biofilms (Netuschil et al., 2014).

Whilst many STMs have been designed to be useable and achievable in a range of
laboratories, issues remain in terms of the validity of the methods. Most critically, how can
efficacy in realistic uses be inferred using the data that the STMs generate—because the
current STMs are not reflective of realistic in-use conditions. Additionally, the current
methods of microbial viability determination focus mainly upon assessing the colony
forming units before and after an incubation period in contact with the prospective AMM.
There are two main issues with this method, the first is that contact with an antimicrobial
material may induce stress on the microorganisms present so that they are viable but non-
culturable (and are still capable of causing infection (Ramamurthy et al., 2014)), reducing
the accuracy of the STM. Also, the limit of detection for colony forming unit counts is
generally very high, causing difficulties in assessing significance in the data between the

active materials and the negative controls. Despite this, it is an extremely common method
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of indicating viability of microorganisms on a surface due to simplicity, no requirement for
specialised equipment and speed. It is abundantly clear that a considerable improvement
is required in test methodology of AMMs if subsequent results are used to support efficacy
claims for different environmental conditions while in use. This clash of intention and
inference would be best addressed by an interdisciplinary approach to new antimicrobial
efficacy STM development. However, the process of making any changes to current STMs
should be taken with due diligence, as unexpected consequences are possible. For
example, temperature and evaporation time of a droplet have been found to affect the
rate of detachment of Bacillus spores from a surface once the droplet has dried, which will
be more likely to occur if relative humidity is lowered to 40-50 % to keep in-line with a

majority of indoor acclimatised settings (Faille et al., 2016).

Additionally, extensive work has been completed on the addition of microorganisms
(bacteria and viruses) on the evaporation of droplets on a surface which will be discussed
in detail in future chapters. In brief, the addition of microorganisms into a droplet promotes
that droplet to evaporate in a constant wetted area mode, whereby the contact line of the
droplet on the surface is pinned and the microorganisms congregate at the outer edges of
the droplet (Morawska, 2005). This in turn causes the droplet to evaporate at a faster rate
due to an increased surface area to volume ratio but also causes the microorganisms to
stack on top of each other in many cases, this can create a conditioning film on the material
that allows the microorganisms to survive simply by not touching the surface. These
concepts will be explored further in this thesis.

Finally, there have been improvements in recent years that show promise in creating more
realistic and higher reliability STMs. One potentially useful addition would be the
implementation of video protocols to work alongside traditional paper protocols, allowing
users to get an exact understanding of the nuances related to the STM. Another answer
may lie in the recent advances in both computer simulations of heat / mass transfer and in
the decreasing cost of improved microfluidic devices that provide the potential for both
cheap and reliable STMs (H. Sun et al., 2019), which when integrated into an environmental

control chamber could provide realistic and reliable antimicrobial efficacy assessment.
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1.7.  Project aims and objectives
Project aim

Develop a method to assess efficacy of non-porous antimicrobial materials using a purpose
built and reproducible novel test chamber able to simulate intended end-use

environmental conditions.

Project objectives

e Understand and critically appraise existing STMs that assess antimicrobial non-porous
surfaces (e.g. plastic or metal), identifying the need for a novel and improved set of test
methods.

e Assess the reproducibility of existing quantitative antimicrobial STMs.

e Measure the effect of different conditions (temperature, relative humidity, airflow,
optical density, droplet size, material used) on the survival and infectivity of bacteria
and viruses in inocula (liquid droplets) and the evaporation time of the droplet placed
on a non-porous material.

e Develop a prototype environmental control test chamber to match the intended end-
use of the test material, utilising key concepts in design engineering, heat transfer and

modelling.
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2. Building a reproducible novel test chamber to
perform realistic standardised test methods
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2.1. Introduction
One major issue with making significant changes to STMs is that some labs may not be

equipped to work with them, facing limitations such as space, equipment, and expertise.
Chambers with which existing STMs are undertaken are often boxes with water placed in
the bottom (to provide relative humidity) and a grid to hold the coupons above in petri
dishes. There is often no standard requirement for chamber size, permeability to the
outside environment etc, leading to variation between different laboratories due to
equipment choice. For example, when trying to raise the relative humidity to >90 % as per
1SO22196 and many other STMs, the size of the chamber can make a difference to how
quickly an equilibrium can be achieved, which may affect how the microorganisms in an
inoculant interact with an AMM (e.g. by altering drying mechanics / time). Therefore, a
chamber that can control temperature, relative humidity, and airflow while providing
minimal relative humidity changes when opening the chamber to add or retrieve coupons
(removing the need to re-equilibrate) is highly advantageous. This may also help with space
requirements as an incubator is no longer required, and the chamber would be able to be
placed almost anywhere with access to electricity. The comparability and stability of the
environmental conditions in the chamber should be verified and thoroughly tested before

the chamber can be considered for inclusion in STMs.

Designing and building such a chamber should use materials that are easily accessible, easy
to use and that can be reproduced (manufactured) anywhere in the world. 3D printing
provides one approach as 3D printers are now accessible consumer products around the
globe (Shahrubudin et al., 2019). Electronics required to control environmental conditions
would also need to be easy to use and understand, and accessible globally. There are many
printed circuit boards (PCBs) that allow for the appropriate level of control an

environmental chamber would require, for example, Arduino (Arduino, 2023a).
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2.1.1. What parameters should a chamber achieve?
There are a variety of parameters that are important when designing a chamber to be used

in AMM efficacy assessment that aim to utilise realistic environmental conditions,

including:

e A temperature range of room temperature (~20 °C) to the maximum currently
accepted temperature in a common STM (37 °C),

e A relative humidity range as wide as possible to simulate a variety of end-use
scenarios, with the ideal range between 15-90 %,

e Airflow as even as possible across the testing platform where surfaces would be
incubated,

e Maximise space to ensure as many materials as possible can fit in the chamber at
any given time,

e Reusability and robustness of the chamber for an extended period (preferably >1
year of continuous use),

e Sustainably built using as many biodegradable materials as possible,

e Built with parts that are as easy to assemble with limited experience,

e The ability to remove samples without impacting the environmental conditions
(within an acceptable range),

e Lightweight and easy to move (e.g., between laboratories)

The parameters described above were generated through meetings with industry partners
(IBRG) as well as through assessment of the shortcomings of current STMs. For example, a
cause for concern for industry partners was that the environmental conditions within a
chamber are impacted heavily when opening the chamber to retrieve samples. As the size
of the chamber, time of opening the chamber to retrieve samples and density of relative
humidity controlling agents lacks standardisation, variation of results from STMs can occur.
On the other hand, although not explicitly required by academia or industry to perform
STMs, environmental impact is an important consideration in any modern process,
therefore using biodegradable materials to construct the chamber reduces environmental

burden.
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2.1.2. 3D printing
3D printing has gained popularity in a variety of disciplines in recent years as a low-cost and

rapid alternative to classic manufacturing techniques by creating a structure from a digital
model. Fused filament fabrication is a technique used by many 3D printers involving the
addition of successive layers of material until the desired structure has been completed
(Singh et al., 2020). Polylactic acid (PLA) is a low cost, easy to print and biodegradable
material that is used in a wide variety of applications for 3D printing (Timer and Erbil,
2021). Polyethylene terephthalate glycol (PET-G) has a greater difficulty to print but an
increased thermal tolerance than PLA without the requirement of an extractor fan that is
required for other high-temperature tolerant materials (such as acrylonitrile butadiene

(ABS)) (Menderes and Ipekci, 2021).

2.1.3. Airflow simulations
To develop an environmental control chamber with the capability to regulate temperature,

relative humidity, and airflow, it is important to understand what key criteria need to be
met. Evenly distributed airflow is vital for the reproducibility of realistic STMs due to the
impact it can have on relative humidity and drying of liquids. Airflow simulations can be
used to understand airflow accurately and extensively in a space. Computational fluid
dynamics (CFD) involves modelling and simulating the flow of fluids (including gases)
through an environment via computer algorithms (Bhatti et al., 2020). These simulations
allow for the rapid testing of designs without the requirement for building each design
individually, reducing the cost and time used. The use of fans to control the airflow
throughout the chamber not only helps to simulate the use of air conditioning in many
indoor acclimatised end-use scenarios but also allows the specification of input airflow

speeds into the simulation software that is known to have low variability.

2.1.4. Temperature control
There are several methods capable of controlling temperature, including fan induced
convection heating (X.-J. Li et al., 2022), typically used in ovens. This system uses a heating
element and air currents to direct hot air throughout a chamber. However, the use of this
system for the purpose of AMM testing includes several disadvantages, such as the
temperature in a specified location being linked to the flow of air over said location, and

the safety concerns of high temperature elements, both in terms of risk to the user and risk
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of damage to the chamber. Silicone heat pads provide a similar process of heating (a
heating element placed between silicone pads to distribute the heat) but is not directly
linked to the airflow throughout the chamber and provides a better distribution of heating

across the testing platform.

2.1.5. Arduino
The circuitry required for the chamber to operate electronics such as heat pads, fans and

sensors are operated with an Arduino. Arduino is a widely recognised open-source platform
that consists of a microcontroller (a small computer on a single PCB) to relay instructions
(inputs and outputs) from accompanying software (Arduino, 2023b). The Arduino also
offers a wide selection of widely available and cheap modules that would allow easy
implementation of further capabilities of the chamber and its own integrated development
environment (IDE) that allow changes to the code if a setup requires updating. Although
other PCBs are available, the Arduino provides an accessible, usable, and simple solution
that allows users to correct an issue without having to resort to specialist equipment or

personnel.

2.1.6. Chapter specific aims and objectives
Design and build a prototype chamber capable of regulating temperature, relative

humidity, and airflow using:

e Computational fluid dynamics to assess airflow and inform on airflow orientation,
e Computer aided design and 3D printing to build the chamber,

e Post-printing construction and testing to ensure the chamber is sealed,

e Arduino-based circuitry to control the various functions of the chamber,

e Programming of the Arduino to control the chamber’s functions and log any data.

2.2.  Methods

2.2.1. Airflow simulations
Before printing or construction, airflow simulations were carried out to understand the

most efficient placement of inlet (fans) and outlet features. Seven air inlet / outlet designs
were assessed to understand overall airflow. In each case the design was generated in
AutoCAD to a standard size of 274x174x70mm, with input / output holes of size either
25mm or 50mm diameter and an assumption that either one or two fans would be used to

generate airflow. The designs were then imported into SimScale (SimScale, 2023) for
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simulation, which was used due to the availability and speed of running the simulations. An
incompressible fluid simulation (a simulation of a fluid such as air at speeds of less than 0.3
Mach / ~100 m/s, where the density variation is assumed to be negligible) using air was
used with input velocity of 3 m/s for all inlets (fans), and a mesh generated (breaking down
the 3D model in to many sub-models) with a standard algorithm and fineness of 4
(equivalent to the amount of detail the simulation produces). Once the simulation had
concluded, a cutting plane (a visual cross section through the modelled chamber) was
generated on the Z-axis, placed at the centre of the inlet / outlet holes. And colouring
(visualisation of the airflow) set to velocity magnitude. Also, a particle trace (simulation of
an individual air molecule moving through the system) was added with 10 seeds (particles)
horizontally and vertically with a spacing of 1.8mm and size 4.4e’?, placed directly next to
the inlet in each case (Figure 2). If more than one inlet was present, multiple particle traces

were implemented.

In order build a prototype chamber capable of regulating temperature, relative humidity,
and airflow, three prototypes were created, with learnings from each one informing the
following version. Each prototype version below describes the methods used to design,

print, construct and evaluate the corresponding chamber.
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Velocity of the airflow
(blue to red increasing)

Particle trace

Figure 2 An example of a post processing SimScale simulation, presenting the velocity magnitude of the airflow by the
varying colours (darker blue colours represent low airflow, red represents high airflow) and a tracer of individual air
particles (particle trace).

2.2.2. Prototype version 1
2.2.2.1. Construction
2.2.2.1.1. AutoCAD designs
Using the preferential airflow intake / outtake placements (Figure 5, page 70), the initial

chamber included two compartments, one that would be used to alter relative humidity
(HC (humidity control) compartment) using saturated salts and airflow using fans, and the
other to regulate temperature and for the test coupons to be placed (MT (material testing)
compartment). AutoCAD was used to design each of the individual pieces required to build
the chamber and each piece was then exported to .stl file type for compatibility with the
printer-specific software(BCN3D Cura).
2.2.2.1.2.  BCN3D Cura software, slicing and printing

Once imported into BCN3D Cura, each piece was loaded separately, sliced (process of
converting a file from a 3D drawing to 3D printer instructions) and a .gcode file generated

for each piece. All the files were loaded on to the SD (memory) card and transferred to the

61



3D printer and printed using PLA filament according to the standard operating procedure
(SOP — Appendix B).
2.2.2.1.3. Post printing construction

To air seal the chamber for relative humidity retention, silicone (RS components) was
applied to each of the pieces where they contact the adjacent piece (except for parts G, H
and J —see Figure 4, page 69). Finally, the gap (which would subsequently be filled in future
versions) at the end of the MT compartment was duct taped during testing to ensure no air
(and therefore relative humidity) could leak into the outer environment. Once sealed, a
heat pad (or two heat pads) of size 150x100mm and electrical allowance of 12 volts and 15
watts (RS components) was duct taped to the centre of the roof of the MT compartment
(Figure 8, page 73 / Figure 9, page 73). A fan (RS components) of size 50x50x10mm was
duct taped to the opening in the HC compartment to blow air directly into the MT
compartment (fan B, Figure 7, page 72), described as the inlet in the airflow simulations.
The wires for the fan were moved through the hole in the roof of the HC compartment and
into an Arduino Uno R3’s (RS components) 5V and ground inputs. The heat pad was wired
out of the gap between parts B and C (Figure 6, page 71) and directly connected to a power
pack set to 12 volts and one Ampere, once wired, silicone was applied to the holes thus

that they were completely sealed.
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2.2.2.2.

Testing

Table 2 An overview of each test performed using prototype version one of the environmental control chamber and the

parameters used in each.

Test Figure ID Target Target Location of Fans Heat
ID temperature | relative | sensors operating | pads
humidity

1 Figure 10— | Maximum N/A MT No fan One
A possible compartment

2 Figure 10— | Maximum N/A MT One fan Two
B possible compartment

3 Figure 10— | Maximum 75 % MT One fan Two
C/D possible compartment

4 Figure 10— | Maximum 100 % MT One fan Two
E/F possible compartment

5 Figure 10— | Maximum 100 % MT Two fans | Two
G/H possible compartment

2.2.2.2.1. Temperature

To also test the effects of airflow on the temperature in the MT compartment, two
scenarios were investigated, one without the fan operating (Test ID — 1) and the other with
the fan operating (Test ID — 2). In both cases the power supply was set to 12 volts at one
Ampere with an RHT10 temperature and relative humidity datalogger (Amazon) placed
directly in the centre of the MT compartment. The sensor was set to read data values every
30 seconds for 2,500 time points (~20 hours). In the case of the test involving the fan, the
Arduino was powered by an external 9V power supply (RS components) and the fan taped
in fan position B (Figure 7).
2.2.2.2.2. Relative humidity

Two heat pads (both as described in 2.2.2.1.3) were implemented into the MT
compartment of the chamber (to provide more distributed heating capacity) as shown in
Figure 9 and were supplied power in series (power supply and heat pads were connected
one after the other in a loop, as shown in Appendix B), but the voltage and current settings
on the power supply remained the same. Also, the fan was set up in the same manner as
previously described in 2.2.2.1.3. The relative humidity control in the chamber was
provided by either saturated salt solutions or distilled water added to the pot in the HC
compartment of the chamber. Additionally, in each relative humidity test, a second RHT10

sensor was placed directly on to the pot in the HC compartment. In the first relative
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humidity test (Test ID — 3), 160g of potassium chloride salt (Fischer Scientific) was added to
80mL distilled water in the pot (split evenly between the four quadrants) to achieve a RH
of 75 %. In the second (Test ID — 4) and third (Test ID — 5) tests, 80mL of distilled water (no
salts) was added to the pot (washed thoroughly with water between tests and dried) to
achieve a RH of 100 %, with a second fan added to the chamber in the third test. The fan

was attached in the same manner as the first but in fan position A (Figure 7).
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2.2.3. Prototype version two
Table 3 An overview of each test performed using prototype version two of the environmental control chamber and the

parameters used in each.

Test ID Figure ID Target Target Location of Fans
temperature | relative sensors operating
humidity
6 Figure 13— | Maximum N/A MT / HC Two fans
A possible compartment
7 Figure 13— | Maximum N/A MT Two fans
B possible compartment
X6
8 Figure 13— | Maximum 100 % MT / HC Two fans
C/D possible compartment
9 Figure 13— | Maximum <15% MT / HC Two fans
E/F possible compartment
10 Figure 13— | Maximum <15% MT / HC Two fans
G/H possible compartment
11 Figure 13 —1 | Maximum ~40 % MT / HC Two fans
/) possible compartment
2.2.3.1. Construction (developed from version one)

There were several changes made to this version of the chamber to improve temperature
and relative humidity control features. The first was an increase in power supply so that
each heat pad was supplied with 12 volts at one Ampere, as well as slots for the heat pads
to be placed into the roof of the MT compartment. The walls and roof of the MT
compartment were separated to allow ease of access to the chamber (two walls were
connected to the roof in the previous prototype). A seal was designed and printed to reduce
the leaking of air to the outer environment from the opening where the tray (that would
contain samples) slides into the MT compartment of the chamber, Vaseline was used when
gaps were still present to reduce leaking.
2.2.3.2. Testing

To assess the ability of the second version of the chamber to control temperature, two tests
were performed. The first (Test ID — 6) involved powering the heat pads to the operational
maximum (12 volts at one Ampere). The airflow was still supplied by two fans at the same
placements in the chamber during these tests and no relative humidity control was
employed (equal to ambient conditions). In the second test (Test ID — 7), a map of the

temperature across the MT compartment was generated by placing sensors in the areas
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shown in Figure 3. To assess the impact of the slots for the heat pads and the effect on
temperature, the first test adhered the pads to the roof of the chamber without placing

them in the slots.

Air intake

Air outlet

Figure 3 A representation of the RHT10 sensor placement within the MT compartment of

the chamber to create a map of temperature and relative humidity.

The relative humidity of the chamber was assessed using water (Test ID — 8), lithium
chloride (Test ID — 9 / 10), and potassium carbonate (Test ID — 11). The volume of water
and weight of salt added to the pot in the HC compartment was equally divided between
the four quadrants and is shown in Table 4. Expected values of relative humidity for
potassium carbonate was 43 % (Eggert, 2022) and lithium chloride was 12 % (Wexler and
Hasegawa, 1954). These targets were chosen to have a low range value (0-20 % RH) and a
mid-range value (40-60 % RH). In each case, the temperature and airflow control were the
same as the tests described above (2.2.3.2) and the sensors were placed in the same
positions as in 2.2.2.2.2. Between each test (set of variables), the pot was thoroughly

washed with water before salt was re-added.
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Table 4 Quantities of salts and distilled water added during each of the relative humidity

tests for the second version of the environmental control chamber.

Solution Water volume (mL) Salt amount (g)
Water 160 0

LiCl 40 80

LiCl 60 160

K2CO3 60 120

2.2.4. Prototype version three
Table 5 An overview of each test performed using prototype version three of the

environmental control chamber and the parameters used in each.

Test ID Figure ID Target Target Location of Fans
temperature | relative sensors operating
humidity
12 Figure 16 Maximum N/A MT / HC Two fans
possible compartment
and lab
bench
13 Figure 17— | Room 100 % MT / HC Two fans
A/B temperature compartment
(ambient and lab
conditions) bench
14 Figure 17— | 26°C 100 % MT / HC Two fans
C/D compartment
and lab
bench
15 Figure 17— | 28°C 100 % MT / HC Two fans
E/F compartment
and lab
bench
16 Figure 17— | 30°C 100 % MT / HC Two fans
G/H compartment
and lab
bench
17 Figure 17 -1 | 30°C <15% MT / HC Two fans
/) compartment
and lab
bench
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2.2.4.1. Construction (developed from version two)
The MT compartment of the chamber was altered so that the floor and walls were printed

as a single piece to reduce air leakage. A protruding section was added next to the floor of
the MT compartment at the opposite side to the HC compartment to allow easy access to
the coupon tray and a more easily designed seal to reduce air leakage. The pot to hold
water and salts was also double stacked with a gap of 15mm to allow double the quantity
of relative humidity controlling agents. Additionally, a new power supply measuring a
maximum of 12 volts at three Amperes was implemented and the heat pads were
connected in series. The heat pads were replaced with 200x50mm counterparts with 12
volts at 80 watts power allowance. Additionally, as the new heat pads were of a different
size, the shape of the holders was changed to accommodate.
2.2.4.2. Testing

Each test relating to the third prototype of the chamber was repeated in duplicate. One
temperature-only test (Test ID — 12) was performed, where the voltage and current were
set to 12 volts and ~3 amps. The test ran for 2.5 hours, instead of 24 hours as expected,
due to the high temperatures generated. No relative humidity control or airflow was
employed during this test. Several tests were performed to assess the temperature and
relative humidity within the chamber when distilled water was added to the chamber
(20mL per quadrant, 160mL total between two pots). Four different temperatures were
assessed for this relative humidity set-up (room temperature (Test ID — 13), 26 °C (Test ID
—14), 28 °C (Test ID — 15), and 30 °C (Test ID — 16)) with all other variables as previously
described for the second version of the chamber (2.2.3.2). An additional test (Test ID—17)
was performed whereby the distilled water was switched for lithium chloride (OXOID, UK)
at 15g salt and 10mL water per quadrant (120g salt and 80mL water total) to determine
low relative humidity capabilities. The final version of the code used to control the Arduino
is shown in Appendix E. Throughout tests 14 — 17, the target temperature was above
ambient but below the maximum achievable for this version of the chamber, therefore a
relay module was added into the system whereby the heat pads would be switched off
when the temperature sensor read above the target temperature and would be switched

on when below the target temperature.
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2.3.  Results

2.3.1. Airflow simulations
The designs generated by the airflow simulations are shown in Figure 4, with varying inlet

/ outlet valve locations in each. The results of the Z-cutting plane are shown in Figure 5,
with velocity magnitude scales represented by the colours. From these simulations, design
F was chosen due to having the greatest overall consistent airflow across the MT (volume
of green colouration). Designs B, E, and G were discarded for low airflow overall, while the
other designs were discarded due to presenting a higher level of uneven airflow across the

platform.
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Figure 4 Potential AutoCAD designs for the environmental control chamber. In each case,
the chamber was set to a standard size of 274x170x70 mm and protrusions of diameter 50

mm (or 25 mm in design G) for air inflow and outflow.
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Figure 5 Airflow simulations of the designs for the environmental control chamber in
SimScale. In each case the inflow of air originates from the left of each design at a speed

of 3 m/s. A Z-cutting plane was used to observe the airflow for each design.
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2.3.2. Prototype version one
2.3.2.1. Construction

Figure 6 AutoCAD files of each of the pieces used to build the first version of the
environmental control chamber. Files are labelled as follows: (A) MT compartment wall
one (174x74x2 mm), (B) MT compartment walls two / three and roof (276x172x74 mm),
(C) MT compartment base (278x174x10 mm), (D) MT compartment wall four (276x72x2),
© Piping to connect compartments (300x81x70 mm), air movement in the direction of MIT
to HC compartment, (F) Piping to connect compartments (75x50x70 mm), air movement in
the direction of HC to MT compartment, (G) HC compartment roof (170x140x4 mm), (H)
HC compartment base (170x140x4 mm), (1) HC compartment walls (166x136x72 mm), (J)
coupon placement tray (272x170x5), (K) HC compartment salt / water pot (121x109x17

mm).
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Figure 7 A representation of how prototype version one of the environmental control
chamber was constructed. With fans represented in orange and direction of airflow
represented by the arrows, when one fan is specified only fan B was operating. The grey
represents the salt / water pot used to contain the relative humidity controlling agents
and the green colour represents the heat pad locations (this placement was not used for

Test ID — 1, where the configuration seen in Figure 8 was used).
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Figure 8 A representation of the MT compartment of the chamber prototype 1 (grey) and
where the heat pad was duct taped to the roof of the compartment (red) in AutoCAD. This

configuration was initially assessed but found unsuitable.

Figure 9 A representation of the MT compartment of the chamber prototype 1 (grey) and

where the heat pads were duct taped to the roof of the compartment (red) in AutoCAD.
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2.3.2.2. Testing
The first temperature-only test (Test ID-1 - Table 2) generated a consistent temperature

across the duration of the experiment, with a variation of 1.7 °C post stabilisation (the point
at which a peak in temperature is achieved for the first time). It took 130 minutes for the
temperature to reach the first peak and a maximum and minimum temperature of 24.7 °C

and 23.0 °C was achieved respectively.

The second temperature-only test (Test ID-2 - Table 2) also generated a consistent
temperature across the duration of the experiment, with a variation of 1.5 °C post
stabilisation. It took 190 minutes for the temperature to reach the first peak and a

maximum and minimum temperature of 26.9 °C and 25.4 °C was achieved respectively.

The first relative humidity test (Test ID-3 - Table 2) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 2.1 °C (MT) and 2.2 °C (HC) and a relative humidity variation of 6 % (MT) and
2.4 % (HC) post stabilisation (relative humidity variation determined between temperature
stabilisation and the first temperature trough henceforth). It took 160 (MT) and 260 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 27.6 °C (MT) / 24.6 °C (HC) and 25.5 °C (MT) / 22.4 °C (HC) as well as a
maximum and minimum relative humidity of 46.0 % (MT) / 50.2 % (HC) and 40.0 % (MT) /
47.8 % (HC) achieved respectively.

The second relative humidity test (Test ID—4 - Table 2) generated consistent temperature
and relative humidity values in both the MT and HC compartments, with a temperature
variation of 1.6 °C (MT) and 2.1 °C (HC) and a relative humidity variation of 2.3 % (MT) and
5.4 % (HC) post stabilisation. It took 160 (MT) and 130 (HC) minutes for the temperature to
reach the first peak and a maximum and minimum temperature of 28.9 °C (MT) / 24.5 °C
(HC) and 27.1 °C (MT) / 22.4 °C (HC) as well as a maximum and minimum relative humidity
of 56.7 % (MT) / 81.0 % (HC) and 54.4 % (MT) / 75.6 % (HC) achieved respectively.

The third relative humidity test (Test ID 5 - Table 2) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 3.3 °C (MT) and 2.4 °C (HC) and a relative humidity variation of 5.2 % (MT) and

1.8 % (HC) post stabilisation. It took 90 (MT) and 130 (HC) minutes for the temperature to

75



reach the first peak and a maximum and minimum temperature of 29.1 °C (MT) / 25.0 °C
(HC) and 25.8 °C (MT) / 22.6 °C (HC) as well as a maximum and minimum relative humidity
of 62.2 % (MT) / 82.0 % (HC) and 57.0 % (MT) / 80.2 % (HC) was achieved respectively.
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Figure 10 Temperature and / or relative humidity values in the chamber under various conditions of heater-based power,
airflow and relative humidity controlling solutions. (A) and (B) represent no relative humidity control, one heat pad
present and either (A) one fan operating or (B) two fans operating. (C) and (D) show temperature and relative humidity
values respectively across the chamber with two heat pads at half power, two fans operating, and saturated potassium
chloride added to the HC compartment. (E-H) show temperature and relative humidity values as described for (C/ D)
with water replacing potassium chloride and either (E / F) one fan operating or (G / H) two fans operating.
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2.3.3. Prototype version two

2.3.3.1. Construction (developed from version one)
The design of the 3D-printed sections that constitute version two of the chamber was

shown in Figure 11. Each section was printed separately, and support material (additional
material added to allow higher layers with otherwise no material directly underneath to be
printed without collapsing) removed where necessary (sections B and E, Figure 11). This

prototype of the chamber had changed from prototype version one in the following ways:

— The walls of the MT compartment of the chamber were combined and the roof
separated,

— Built in holders for the heat pads were added to the roof of the MT compartment,

— The tray seal for the MT compartment was added,

— The salt / water pots were double stacked,

— Dedicated fan holders were added.
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Figure 11 AutoCAD files of each of the pieces used to build the second version of the
environmental control chamber. Files are labelled as follows: (A) MT compartment walls
(276x174x72 mm, changed from previous prototype), (B) MT compartment roof
(280x178x10 mm, changed from previous prototype), (C) MT compartment base
(unchanged), (D) MT compartment tray seal (180x19x24 mm), (E) Piping to connect
compartments, air movement in the direction of MT to HC compartment (unchanged), (F)
Piping to connect compartments, air movement in the direction of HC to MT compartment
(unchanged), (G) HC compartment roof (unchanged), (H) HC compartment walls and base
(166x136x74 mm, changed from previous prototype), (1) HC compartment fan holder
(57x17x50 mm), (J) Coupon placement tray (unchanged), (K) HC compartment salt / water
pot layer 1 (121x109x27 mm), (L) HC compartment salt / water pot layer 2 (121x109x17

mm).
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Tray seal

Figure 12 A representation of how prototype version two of the environmental control chamber was constructed. With
fans represented in orange and direction of airflow represented by the arrows. The grey represents the salt / water pot
used to contain the relative humidity controlling agents. The green colour represents the heat pad locations and black

represents the tray seal used to reduce air leakage to the outer environment.
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2.3.3.2. Testing
The first temperature-only test (Test ID 6 - Table 3) generated a consistent temperature

across the duration of the experiment, with a variation of 1.6 °C post stabilisation in both
compartments. It took 100 (MT) / 90 (HC) minutes for the temperature to reach the first
peak and a maximum and minimum temperature of 38.0 °C (MT) / 29.8 °C (HC) and 36.4 °C
(MT) / 28.2 °C (HC) achieved respectively.

The second temperature-only test (Test ID 7 - Table 3) generated a consistent temperature
across the duration of the experiment in all locations, with temperature variations in each
position as follows: (1) 3.4 °C, (2) 3.4 °C, (3) 3.7 °C, (4) 3.0 °C, (5) 3.2 °C, and (6) 3.2 °C. It
took (1) 110, (2) 90, (3) 120, (4) 120, (5) 120, and (6) 100 minutes for the temperature to
reach the first peak and a maximum and minimum temperature of (1) 31.0 °C, (2) 31.8 °C,
(3) 30.2 °C, (4) 30.4 °C, (5) 31.1 °C, and (6) 29.5 °C and (1) 27.6 °C, (2) 28.4 °C, (3) 26.5 °C,
(4) 27.4 °C, (5) 27.9 °C, and (6) 26.3 °C achieved respectively.

The first relative humidity test (Test ID 8 - Table 3) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 3.2 °C (MT) and 2.9 °C (HC) and a relative humidity variation of 3.1 % (MT) and
2.5 % (HC) post stabilisation. It took 140 (MT) and 130 (HC) minutes for the temperature to
reach the first peak and a maximum and minimum temperature of 32.7 °C (MT) / 28.4 °C
(HC) and 29.5 °C (MT) / 25.5 °C (HC) as well as a maximum and minimum relative humidity
of 73.4 % (MT) / 88.2 % (HC) and 70.3 % (MT) / 85.7 % (HC) achieved respectively.

The second relative humidity test (Test ID 9 - Table 3) generated consistent temperature
and relative humidity values in both the MT and HC compartments, with a temperature
variation of 2.7 °C (MT) and 3.1 °C (HC) and a relative humidity variation of 4.4 % (MT) and
1.7 % (HC) post stabilisation. It took 120 (MT) and 90 (HC) minutes for the temperature to
reach the first peak and a maximum and minimum temperature of 33.3 °C (MT) / 30.5 °C
(HC) and 30.6 °C (MT) / 27.4 °C (HC) as well as a maximum and minimum relative humidity
of 17.3 % (MT) / 22.4 % (HC) and 12.9 % (MT) / 20.7 % (HC) achieved respectively.

The third relative humidity test (Test ID 10 - Table 3) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature

variation of 3.0 °C (MT) and 2.9 °C (HC) and a relative humidity variation of 1.1 % (MT) and
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0.6 % (HC) post stabilisation. It took 200 (MT) and 190 (HC) minutes for the temperature to
reach the first peak and a maximum and minimum temperature of 33.3 °C (MT) / 30.2 °C
(HC) and 30.3 °C (MT) / 27.3 °C (HC) as well as a maximum and minimum relative humidity
of 12.1 % (MT) / 19.9 % (HC) and 11.0 % (MT) / 19.3 % (HC) achieved respectively.

The fourth relative humidity test (Test ID 11 - Table 3) generated consistent temperature
and relative humidity values in both the MT and HC compartments, with a temperature
variation of 2.7 °C (MT) and 2.4 °C (HC) and a relative humidity variation of 17.0 % (MT) and
21.7 % (HC) post stabilisation. It took 130 (MT) and 200 (HC) minutes for the temperature
to reach the first peak and a maximum and minimum temperature of 33.4 °C (MT) / 30.1
°C (HC) and 30.7 °C (MT) / 27.7 °C (HC) as well as a maximum and minimum relative

humidity of 32.2 % (MT) / 15.2 % (HC) and 41.5 % (MT) / 19.8 % (HC) achieved respectively.
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Figure 13 Temperature and / or relative humidity values in the second version of the chamber under various
environmental conditions of heater-based power, airflow and relative humidity controlling solutions. (A) the maximum
achievable temperature of the chamber when two fans are operating, and (B) shows the temperature values across
varying points in the MT compartment of the chamber with two fans. (C / D) shows the temperature and relative
humidity values when water was added to the HC compartment of the chamber, two fans were operating, and the heat
pads were set to maximum placed in built in holders. (E-J) show the temperature and relative humidity values in the
chamber in the same regard as (C/ D) but with lithium chloride (E-H) and potassium carbonate (I /J) placed in the HC

compartment.
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2.3.4. Prototype version three

2.3.4.1. Construction (developed from version two)
The design of the 3D-printed sections that constitute prototype version three of the

chamber is shown in Figure 14. Each section was printed separately, and support material
was removed if necessary (sections A and G) due to overhanging designs. This prototype of

the chamber had changed from prototype version two in the following ways:

— The floor and walls of the MT compartment were combined,
— The fan holders were built into the HC compartment,

— The HC compartment size was increased,

— The pots for the HC compartment were increased in size,

— Avredesigned tray seal was added,

— The MT compartment roof was redesigned,

— A 2x2cm coupon tray was designed.
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Figure 14 AutoCAD files of each of the pieces used to build the third version of the environmental control chamber. Files
are labelled as follows: (A) MT compartment walls and base (298x174x74 mm, changed from previous prototype), (B) HC
compartment walls and base (190x160x4 mm, changed from previous prototype), (C) HC compartment salt / water pot
layer 1 (141x129x27 mm, changed from previous prototype), (D) HC compartment salt / water pot layer 2 (141x129x17
mm, changed from previous prototype), (E) HC compartment roof (unchanged), (F) MT compartment tray seal
(180x19x24 mm, changed from previous prototype) (G) Piping to connect compartments, air movement in the direction
of MT to HC compartment (unchanged), (H) Piping to connect compartments, air movement in the direction of HC to MIT
compartment (unchanged), (1) MT compartment coupon tray (282x170x5 mm, changed from previous prototype), (/) MT

compartment roof (280x178x10 mmchanged from previous prototype).
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Tray seal

Figure 15 A representation of how prototype version three of the environmental control chamber was constructed. With
fans represented in orange and direction of airflow represented by the arrows. The grey represents the salt/water pot
used to contain the relative humidity controlling agents (double-layered in the prototype version). The green colour
represents the heat pad locations and black represents the tray seal used to reduce air leakage to the outer

environment.
2.3.4.2. Testing

The temperature-only test (Test ID 12 - Table 5) generated a consistent and high
temperature across the duration of the experiment, with a variation of 1.9 °C (MT) / 0.7 °C
(HC) / 1.5 °C (ambient) post stabilisation in both compartments. It took 80 (MT) / 80 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 53.3 °C (MT) / 27.2 °C (HC) / 27.8 °C (ambient) and 51.4 °C (MT) / 26.5 °C
(HC) / 26.3 °C (ambient) achieved respectively. Statistical significance was observed

between the temperature values at the MT and HC locations (t-test, p < 0.0001).

The first relative humidity test (Test ID 13 - Table 5) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 1.4 °C (MT) / 1.2 °C (HC) / 1.5 °C (ambient) and a relative humidity variation of
4.7 % (MT) / 3.0 % (HC) / 6.0 % (ambient) post stabilisation. A maximum and minimum
temperature of 23.2 °C (MT) / 23.2 °C (HC) / 23 °C (ambient) and 21.8 °C (MT) / 22.0 °C (HC)
/ 21.5 °C (ambient) as well as a maximum and minimum relative humidity of 95.2 % (MT) /
96.8 % (HC) / 39.0 % (ambient) and 90.5 % (MT) / 93.8 % (HC) / 33.0 % (ambient) achieved
respectively. No statistical significance was observed for temperature and relative humidity

between the MT and HC compartments.

The second relative humidity test (Test ID 14 - Table 5) generated consistent temperature

and relative humidity values in both the MT and HC compartments, with a temperature
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variation of 0.4 °C (MT) / 0.5 °C (HC) / 2.4 °C (ambient) and a relative humidity variation of
5.1 % (MT) / 2.8 % (HC) / 4.8 % (ambient) post stabilisation. It took 80 (MT) and 140 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 25.7 °C (MT) / 25.0 °C (HC) / 24.6 °C (ambient) and 25.3 °C (MT) / 24.5 °C
(HC) / 22.2 °C (ambient) as well as a maximum and minimum relative humidity of 92.3 %
(MT) / 95.9 % (HC) / 39.8 % (ambient) and 87.2 % (MT) / 93.1 % (HC) / 35.0 % (ambient)
achieved respectively. Statistical significance was observed between each of the sensor
locations for temperature (one-way ANOVA, p < 0.0001) and relative humidity (one-way

ANOVA, p < 0.0001).

The third relative humidity test (Test ID 15 - Table 5) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 0.2 °C (MT) / 0.4 °C (HC) / 1.5 °C (ambient) and a relative humidity variation of
1.9 % (MT) / 0.9 % (HC) / 6.0 % (ambient) post stabilisation. It took 80 (MT) and 80 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 27.6 °C (MT) / 26.5 °C (HC) / 24.2 °C (ambient) and 27.4 °C (MT) / 26.1 °C
(HC) / 22.7 °C (ambient) as well as a maximum and minimum relative humidity of 90.5 %
(MT) / 97.7 % (HC) / 42.3 % (ambient) and 88.6 % (MT) / 96.8 % (HC) / 36.3 % (ambient)
achieved respectively. Statistical significance was observed between each of the sensor
locations for temperature (one-way ANOVA, p < 0.0001) and relative humidity (one-way

ANOVA, p < 0.0001).

The fourth relative humidity test (Test ID 16 - Table 5) generated consistent temperature
and relative humidity values in both the MT and HC compartments, with a temperature
variation of 0.6 °C (MT) / 0.6 °C (HC) / 1.0 °C (ambient) and a relative humidity variation of
3.6 % (MT) /3.2 % (HC) / 5.4 % (ambient) post stabilisation. It took 120 (MT) and 90 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 29.8 °C (MT) / 27.3 °C (HC) / 23.8 °C (ambient) and 29.2 °C (MT) / 26.7 °C
(HC) / 22.8 °C (ambient) as well as a maximum and minimum relative humidity of 86.9 %
(MT) / 98.0 % (HC) / 28.0 % (ambient) and 83.3 % (MT) / 94.8 % (HC) / 22.6 % (ambient)
achieved respectively. Statistical significance was observed between each of the sensor
locations for temperature (one-way ANOVA, p < 0.0001) and relative humidity (one-way

ANOVA, p < 0.0001).
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The fifth relative humidity test (Test ID 17 - Table 5) generated consistent temperature and
relative humidity values in both the MT and HC compartments, with a temperature
variation of 0.9 °C (MT) / 4.4 °C (HC) / 3.7 °C (ambient) and a relative humidity variation of
5.9 % (MT) / 5.6 % (HC) / 9.2 % (ambient) post stabilisation. It took 20 (MT) and 20 (HC)
minutes for the temperature to reach the first peak and a maximum and minimum
temperature of 29.9 °C (MT) / 32.8 °C (HC) / 27.3 °C (ambient) and 29.0 °C (MT) / 28.4 °C
(HC) / 23.6 °C (ambient) as well as a maximum and minimum relative humidity of 18.2 %
(MT) / 19.6 % (HC) / 42.0 % (ambient) and 12.3 % (MT) / 14.0 % (HC) / 32.8 % (ambient)
achieved respectively. Statistical significance was observed between each of the sensor
locations for temperature (one-way ANOVA, p < 0.0001) and relative humidity (one-way

ANOVA, p < 0.0001).
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Figure 16 Temperature values in the third version of the chamber when applying

maximum power to the heat pads (12 volts at ~3 amperes) with no relative humidity

control.
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Figure 17 Temperature and / or relative humidity values in the third version of the chamber under various environmental
conditions of heater-based power, airflow and relative humidity controlling solutions. (A) shows the maximum
achievable temperature when no airflow or relative humidity control was present, and the power supply was set to nine
volts and approximately 2.2 amps. (B) the temperature achieved in the chamber when heat pads are set to switch off
above 37 °C. (C/ D) shows the relative humidity achieved when there was no temperature control in the chamber. (E-J)
shows the temperature and relative humidity values in the chamber when the heat pads are switched off at (E / F) 26 °C,
(G/H)28°Cand (1/1) 32 °C and water is added to the HC compartment. (K / L) temperature and relative humidity
values when the temperature is set to maximum in the chamber and lithium chloride is added to the HC compartment.
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2.4, Discussion

2.4.1. Prototype version one
As this was the first prototype, only general trends were sought and so no experimental

repeats were carried out, with more statistically rigorous data generated in future versions
of the chamber. Additionally, any variable value choice regarding the airflow simulations in
SimScale (e.g., a fineness of 4) was either the default value or was set as a balance between

processing speed / computer processing limitations and high detail.

The temperature during the first test (Test ID - 1) highlighted a requirement for a greater
heat source to be fitted into the chamber, as the maximum operatable temperature during
this test was only 24.7 °C. This was achieved by increasing both the number of heat pads
and the amount of power across the prototype changes. Adding a second heat pad and
then undertaking the relative humidity tests improved the maximum achievable
temperature of the chamber despite the same output from the power supply. The rise and
fall cycles during the tests were also most likely caused by the natural deviation in ambient
temperature via by the day-night cycle (ambient temperature dropping during hours with
no sunlight), even when in an indoor acclimatised environment. This must be considered
when performing any microbiological tests within the chamber in case of reductions to the

ambient temperature affecting the internal temperature of the chamber.

The temperature during the potassium chloride test (Test ID - 3) and the two-fan water test
(Test ID - 5) did not follow this typical rise and fall pattern but as the variation remained
low (less than +2 °C) it is likely not of concern. However, temperature variations within the
chamber due to changes in ambient temperature became a challenge when designing
further prototypes. The temperature during the potassium chloride test (Test ID - 3) was
also very similar to that of the second temperature test (Test ID - 2). The relative humidity
within the chamber was lower than the expected value despite using saturated potassium
chloride (with an expected relative humidity of 75 %). There are two possible explanations
for this occurrence, there was not enough saturated salt to modify the relative humidity
throughout the entire chamber or air was leaking to the outside environment. This is
further evidenced as the saturated salts were visibly dry after the test concluded — but
should have remained saturated. As the relative humidity was around 10 % higher in the

HC compartment than the MT compartment, it is also likely that the airflow within the
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chamber was not sufficient to push the humidified air throughout the entire chamber.
Adding a second fan (as shown in Test ID - 5) only marginally lowered the disparity between

the compartments.

The water-based relative humidity tests (Test ID —4 / 5) showed an increase in the relative
humidity achieved in both compartments of the chamber but was still greatly below the
target relative humidity of 100 %, and below the 90 % target required for performing
current STMs. There was general stability of the relative humidity in both tests despite
changes in temperature with a gradual increase in relative humidity observed in both
compartments (although greater in the MT compartment) as the temperature gradually
decreased. This shows this system may be suitable if the target relative humidity can be
achieved, and so future versions of the chamber should aim to maximise the surface area
of relative humidity controlling agents, reduce air leakage from the chamber and increase

airflow.

This first prototype version of the chamber requires improvement in temperature and
relative humidity control to achieve the aim of performing AMM efficacy evaluation in a
robust and reproducible way. Temperature control could be improved through an increase
in the power supply to the heat pads, although this would require changing the heat pads
to those with a higher power tolerance. Relative humidity control could be improved both
by reducing the amount of air leaking from the chamber (e.g. by fusing as many parts
together as possible) and increasing the volume of water and / or saturated salts that the
chamber can hold. Additionally, increased airflow may be able to assist in transferring the

humidified air to the MT compartment.

2.4.2. Prototype version two
The high temperature and lower variation achieved and maintained during the first

temperature test (Test ID - 6) indicates that STMs to assess AMMs could be performed
within this chamber and shows improvement in reproducible methodology. However, the
map (Test ID - 7) of the chamber highlights how variable the temperature can be across the
MT compartment, which may not necessarily pose a problem if it is well mapped and
understood but should still be a potential point of improvement in further prototypes.
Sample positions two and five within the MT compartment had the highest temperature,

which was expected, as these positions were between the two heat pads and so were
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receiving heating more efficiently. The lower temperatures in the MT compartment overall
were to be somewhat expected as the heat pads were partially covered by the holders, the
placement of which should be reconsidered in future prototypes of the chamber.
Interestingly, the maximum temperature values in the relative humidity tests (Test ID—8 /
9 /10 / 11) were higher than that of the map (Test ID — 7), likely due to the sensor being
placed directly in the centre of the MT compartment between the heat pads and so was

receiving a combined heating effect.

The temperature during the water-based relative humidity test (Test ID - 8) was as expected
and like that of similar tests (Test ID—7 /9 / 10/ 11) but had a sharper increase at the end
of the test (at ~1,000 minutes). This is most likely the result of the outer environment
warming more quickly as opposed to any change in the chambers functionality. The relative
humidity control was more reliable in this version of the chamber, despite not achieving
the target of >90 % relative humidity. This increase in relative humidity was also combined
with a higher temperature alluding to the issue of air-leaking from prototype version 1
being resolved, but also suggests that high temperature and high relative humidity may be
difficult to achieve, and lowering the temperature may allow the relative humidity to reach

>90 % (Wexler and Hasegawa, 1954).

The temperature variation during the lithium chloride tests (Test ID — 9 / 10) was in line
with all other tests for prototype version two. Interestingly, the relative humidity in the MT
compartment was lower than that in the HC compartment (consistent with previous tests),
despite the relative humidity-controlling saturated salts being placed in the HC
compartment. Also, the target relative humidity of ~15 % for lithium chloride was
surpassed in both tests (80g and 160g), demonstrating that using less salts can still achieve
the desired relative humidity. However, the time taken to achieve equilibrium decreased
by around four times when doubling the salt. This is a decision for the user to make on
whether the volume of salt or time to stable relative humidity is the most important factor

to consider.

Overall, the temperature and relative humidity throughout the chamber in the potassium
carbonate relative humidity test (Test ID — 11) was as expected (except a slight difference
between the target and achieved relative humidity, possibly due to the higher

temperature) until the sharp drop in both. This could have been caused by numerous issues
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but was most likely a combination of the air leaking due to user error (not sealing the
chamber properly) and / or one of the heat pads not functioning properly, although the
temperature does not equalise with the external environment, so some heat was being

produced.

The modifications made to the chamber improved the capabilities to control both
temperature and relative humidity, and further improvements should aim to allow control
within the box to perform current AMM STMs by achieving 35 °C and >90 % relative
humidity.
2.4.3. Prototype version three

As described in the results above 2.3.4.2, there was a clear improvement to the
functionality of this version of the chamber. The temperature tests (Test ID — 12 / 13)
highlighted that performing antimicrobial efficacy STMs within the chamber may be
possible as the desired environmental conditions (37 °C, 100 % relative humidity) were
achievable individually. Additionally, as the chamber was now capable of achieving higher
temperatures, a system was added to the Arduino whereby the relay module would allow
the heat pads to be switched on when under a specified temperature and would switch off
when above the specified temperature to act as a temperature regulator in the chamber.
One issue that was discovered while operating at these higher temperatures repeatedly is
that the roof of the MT compartment (where the heat pads are fitted) began to warp due
to the relatively low thermal tolerance of PLA. As a result, the material used to print the
MT compartment roof was switched to PET-G, which provides an extra 20 °C of
temperature allowance yet remains mostly simple to print and is widely available (Basurto-
Vazquez et al., 2021). Following this switch, no further warping was observed. Also, when
increasing the power supply, the wires connecting it to the heat pads were no longer
suitable as they only had a maximum current allowance of one Ampere and were changed

to allow supply of up to five Amperes of current.

The relative humidity tests (Test ID — 14 / 15 / 16 / 17) also highlighted the ability of the
chamber to stay within +1 °C of the target temperature for most of the tests and within £2
°C for all tests. However, tests of temperature 30 °C and higher demonstrated the largest
variation. Interestingly, the temperature generally stayed around 0.5 °C lower than the

target, this is likely due to the chamber taking a longer period to heat compared to cooling
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and should be accounted for when writing the code to control the temperature regulation
system (switch heat pads off 0.5 °C higher or delay switching on or off the heat pads). The
relative humidity tests (Test ID — 13 /14 / 15 / 16 / 17) also showed improvement in the
capabilities of the chamber, with the maximum relative humidity heavily depending on the
temperature, with >90 % being achievable at temperatures of 24 °C and lower. This shows
the chamber has fulfilled the initial aims in terms of temperature and relative humidity
individually.
2.4.4. Overall

The initial aims of the chamber with regards to temperature (room temperature to 37 °C),
relative humidity (15 % to >90 %) and airflow (even airflow as possible) have been fulfilled,
with this chamber, following three iterative prototype designs and testing, capable of
achieving a temperature range from room temperature to 37 °C, a relative humidity range
of 15- 100 % depending on the temperature (maximum 75 % at 37 °C) and modelled airflow
throughout the testing area of the chamber. This provides a large range of possible end-
use scenarios to simulate with the chamber and allows for increased reproducibility
between laboratories by providing a methodology that is capable of utilising 3D printing
anywhere with access to a 3D printer, and with easy-to-access electronics. Additionally, as
the chamber can be placed in various locations it omits the requirement for large
incubation cabinets or rooms and would also be transferrable to other laboratories if
required. The chamber could be further adapted to be able to accommodate different
sample types and sizes, as the removable sample tray is purpose-designed and printed. It
may also be possible to adapt the sample tray to allow for submerging samples in media,

enabling submerged biofilm tests within the chamber.

It is important to note that other improvements and modifications could still be made that
would allow additional uses of the chamber and further improve the control of the
environmental conditions within. However, as the initial aims have been fulfilled it is now
beyond the scope of this thesis. Nevertheless, the following changes would allow the
chamber to be further improved to control environmental conditions and perform STMs.
Firstly, although the airflow within the chamber is sufficient throughout the chamber to
drive the humidified air to the MT compartment of the chamber, generating a more even

airflow over the testing area would be beneficial, which could include adding additional
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piping to enter the MT compartment at other areas, or being able to control the speed of
the airflow with an Arduino module controlling the exact power to and therefore speed of
the fans. Additional relative humidity control could also enhance the chamber to allow both
an increased range of relative humidity values at higher temperatures as well as a faster
transition period to the required relative humidity at the start of use. Finally, there are
several printed pieces for the chamber that require additional attention once printed
before they are ready to use due to added support material such as the main chamber walls
(specifically where they meet the tray seal). Small increases in usability could also be
achieved by reducing the size (but not diameter) of the piping for airflow by moving it closer
to the chamber or reducing the length of the piping, enabling laboratories to use the

chamber in smaller workspaces.

2.5.  Conclusion
The chamber can maintain a variety of temperature (room temperature, 26 °C, 28 °C, 30

°C, 37 °C), relative humidity (15 % to >90 % at 24 °C), and airflow values to test AMMSs in a
wide variety of end-use environmental conditions. Additionally, this novel chamber design
offers an easy-to-use and affordable method of developing reproducible methodologies
that use realistic environmental conditions in efficacy testing of antimicrobial activity which
could be used to inform new STMs. Before developing novel methods for antimicrobial
STMs, it is important now to determine whether existing STMs can be performed in the
chamber and to assess the effects. Additionally, as more realistic environmental conditions
become implemented into antimicrobial efficacy testing of AMMs, the likelihood of the
inoculum evaporating on the surface during the incubation period is high (due to airflow
and non-saturated relative humidity) and thus knowledge of evaporation time and the

mechanics are crucial to understanding how to interpret data generated by such methods.
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3. Proof of concept: Using the novel chamber to
undertake an existing standardised test method
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3.1. Introduction
The importance of realistic environmental conditions in STMs which aim to generate data

on antimicrobial surface efficacy is evident as discussed previously. However, many
laboratories do not readily have the capability of reproducibly performing these STMs with
conditions more analogous to many end-use scenarios. While the novel environmental
control chamber described in the subsequent chapters could provide a platform to enable
this, thorough testing must occur to ensure reproducibility (different chambers produce
comparable data), repeatability (a single chamber produces comparable data on multiple
uses) and robustness (data is comparable to those generated using other methods e.g. the
CDC biofilm reactor method ASTM E2562 (ASTM, 2022b)). Additionally, understanding how
realistic environmental conditions are implemented into a pre-existing STM and what
considerations and impacts changing these conditions may have on usability and potential

uptake of a method are important for considering future development of other STMs.

For example, in ISO 22196, airflow is absent. However, in the chamber described
previously, airflow has been included as an important environmental variable that would
almost certainly be present in any real-world setting that an antimicrobial coating may be
installed within. Whilst the airflow is generally consistent across the MT compartment, if
coupons were placed in all possible locations, some variation in airflow would be expected.
This can be ultimately justified when considering that real-world scenarios, such as hospital
wards or other indoor settings will have a similar level of variability in airflow between
locations, even within the same room, for example by movement of people and air
conditioning (Wong et al., 2019). As each location within the MT compartment of the
chamber will have a unique set of environmental conditions present, within a defined
range, it is unknown what impact these small variations in airflow would have on the final

data providing efficacy of an antimicrobial material (CFU data).

If a transition to realistic STMs for antimicrobial efficacy assessment is to move forward,
other considerations such as choice of organism, and how this may impact on the results
of any STM must be considered. The frequently used 15022196 states that either S. aureus
ATCC 6538P or E. coli ATCC 8739 should be used. However, the inclusion of airflow is likely
to decrease the evaporation time of droplets (explored in chapter 5), and so differences

between a microorganism’s likelihood of survival in desiccated conditions is important, as
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not to draw conclusions that an antimicrobial effect of a surface has killed an organism,
when in reality it may have died due to it drying onto the surface. With reference to ISO
22196, this consideration is important as S. aureus is more capable of surviving desiccation
than E. coli (Garcia de Castro et al., 2000). As such, it's important to understand the
relationship between organism choice, use of environmental conditions such as

temperature and airflow, and its relation to existing standards such as 1ISO 22196.

3.1.1. Chapter specific aims and objectives
e Assess the survival of bacteria on inert and antimicrobial surfaces using 1ISO 22196

when placed in the novel chamber (self-sustained environmental controls) or using
standard 1SO22196 approach (in a sealed plastic container within an incubator).
o Determine the effects of temperature, relative humidity, and airflow on the survival

rates of bacteria placed on inert surfaces within the novel chamber.

3.2. Methods
To compare the ability for bacteria to survive and be recovered from surfaces following

incubation described in ISO 22196 (temperature of 35 + 2°C and relative humidity above
90 %), stainless steel 316L coupons were inoculated with either S. aureus ATCC 6538 or E.
coli NCIMB 8545 as described in 3.2.1 and 3.2.2. Initial experiments described below used
the desiccant-resistant S. aureus ATCC 6538, which allowed for minimal impact of the
environmental conditions on the survival of the bacteria and allowed for a greater focus on

whether the chamber is suitable to perform such a method.

3.2.1. Comparison using 1SO22196: Staphylococcus aureus

3.2.1.1. Coupons placed in petri dishes with lids on
A modified version of 15022196 was performed to assess the survival of S. aureus on

stainless steel coupons. In brief, a culture of S. aureus ATCC 6538 was formed by adding
one colony of bacteria from a TSA agar (Fischer Scientific, UK) streak plate to 10mL sterile
TSB (Fischer Scientific, UK) and incubating at 37 °C for 24 + 1 hours shaking at 150 rpm
(Sciquip, UK). The culture was then centrifuged (Sigma, UK) at 3500 rpm for 10 minutes,
the supernatant discarded and 10mL sterile saline (Fischer Scientific, UK, 0.85 % NaCl
solution) added, repeated once, followed by adjusting the suspension to 0.5 OD at 600nm
(Jenway 6305, UK). Twelve coupons of 2x2cm stainless steel were sterilised by autoclaving

at 121 °C for 20 minutes and left to evaporate overnight in sterile conditions. Six coupons
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were inoculated with 100ul sterile saline (negative control) and the other six with 100pl
bacterial suspension, and each covered with a polypropylene film (Fischer Scientific, UK)
which had previously been prepared by cutting to 18x18 mm and sterilised by submerging
in 70 % ethanol for 30 + 2 seconds and left to evaporate overnight. The six saline coupons
were split into pairs and placed in separate petri dishes (three total) and covered with the

lid. The same process was used to split the coupons inoculated with S. aureus ATCC 6538.

The novel 3D printed chamber was set to 37 °C, and water added to the HC compartment
to achieve >90 % relative humidity with both fans switched on. The plastic box
(296x200x200 mm) used to follow the standard ISO 22196 was filled with water to a depth
of 20 mm and a porous tray placed so it sat above the water line. One petri dish with saline
coupons and one with suspension was placed in each chamber by opening the top / lid,
with the Petri dish lid remaining in place. For the 3D printed chamber, the dishes were
placed in the centre of the MT compartment. Temperature / relative humidity sensors
(RHT10, RS components, UK) were placed in the plastic box (on the porous tray), as well as
in both the HC and MT compartments of the 3D printed chamber and a final one on the lab
bench to measure ambient conditions. The plastic box was then placed ina 37 °Cincubator.
To quantify the number of bacteria recoverable at time zero, the remaining coupons (two
saline, two suspension) were placed into 50mL falcon tubes (Fischer Scientific, UK) with
10mL sterile saline and vortexed for 60 *+ 2 seconds, then serially diluted 1:10 in saline to
104, and the suspension serially diluted to 10°®, followed by using a standard spread plate
technique in duplicate on to TSA. This was followed by incubation at 37 °C for 24 hours and
bacterial viability determined. To ensure any reduction in cell numbers after 24 hours was
not due to the death of the cell suspension, an inoculum control consisting of the
standardised overnight culture was also placed in the plastic box (that was incubated
alongside the coupons) for the duration of the experiment. After 24 hours, the inoculum
control and all coupons across both the plastic box and the novel chamber were recovered
into 10 mL saline, vortexed 60 + 2 seconds and serially diluted, spread plated and counted
as described above. The experiment was repeated once. All statistical analysis and graphing
for all tests were performed using GraphPad Prism 9.5.1. In each case of assessing bacterial
viability, a one-way ANOVA test was performed alongside a multiple comparisons test of

the mean of each column (inoculum at time 0, coupon placement B10 etc) against the mean
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of every other column. Temperature and relative humidity values were compared using an
ANOVA test in the same manner for each sensor location.

3.2.1.2. Coupons placed in petri dishes with the lids off
The method performed is the exact same as what is described above but the lids of the
petri dishes were removed. Experiment was repeated once.

3.2.1.3. Coupons placed in a custom 3D printed tray
To assess whether the survival of microorganisms was impacted by placing stainless steel
coupons in the purpose-designed 3D printed tray (that was to be placed in the MT
compartment of the chamber), the following method was used. Instead of the lid of the MT
compartment being removed for the petri dishes to be placed inside, the tray seal was
removed, the tray slid in, and seal replaced to minimize equilibration to the ambient
conditions. Additionally, the tray was sterilised by being submerged in 70 % ethanol for two
minutes before excess was drained and the tray then dried in a laminar flow cabinet until
visibly dry (minimum one hour). The coupons were placed in coupon holders B1, B4, B7,
B10, E1, E4, E7, E10, as demonstrated in Figure 18 to spread coupons across the MT
compartment. As there had been no contamination of the saline coupons in 4.2.1.1 and
4.2.1.2, the saline coupons were removed, leaving only coupons with bacterial inoculum.
All statistical analysis and graphing for all tests were performed using GraphPad Prism

9.5.1. Experiment was repeated once.

Figure 18 A layout of how the coupon tray is labelled when placed in the MT compartment of the chamber. Fan
placements are shown in orange with the arrows representing the flow of air.
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3.2.2. Further trial use of the novel chamber to undertake 1ISO22196: Escherichia coli
A modified version of ISO 22196 was performed to assess the survival of E. coli NCIMB 8545

on stainless steel 316L. Survival was assessed at 24 °C and 30 °C with both fans (RS
components, UK) switched on, as well as 30 °C with fan B (Figure 18) switched off. In each
case, a streak plate on tryptone soya agar was performed directly from bacterial stocks
kept at -80 °C in glycerol, and incubated at 37 °C for 18-24 hours, followed by a second
passage streak plate incubated under the same conditions and stored at 4 °C until required.
One colony from the streak plate was then inoculated into 10mL sterile tryptone soya broth
and incubated at 37 °C for 18-24 hours shaking at 150 rpm to create an overnight culture.
This culture was then centrifuged at 3500rpm for 10 minutes, the supernatant removed
and replaced with 10mL 1/500 nutrient broth (Fischer Scientific, UK), followed by vortex
mixing (Clifton, UK) for 30 £ 2 seconds. Centrifugation to vortex was then repeated once
more to ensure minimal nutrient carryover. The suspension was then adjusted to 0.5 *
0.005 OD at 600nm using a spectrophotometer and adding 1/500 nutrient broth as
required. The suspension was then diluted 1:10 in 1/500 nutrient broth to achieve a
working suspension of 2-7x10° CFU/mL (three dilutions required). Stainless steel 316L
coupons (n=12) cut to 20x20x1mm were sterilised by autoclaving at 121 °C and inoculated
with 100ul of the working suspension per coupon. A polypropylene cover slip measuring a
maximum of 18x18 mm was then placed on to each coupon which had been previously
sterilised by submerging in 70 % ethanol for 30 + 2 seconds and drying in a laminar flow
cabinet for one hour, followed by leaving to dry overnight in a sterile petri dish. Eight
coupons were then placed on to the tray in positions B1, B4, B7, B10, E1, E4, E7, E10 (Figure
18) to ensure wide distribution across the MT compartment. The tray had been sterilised
by submerging in 70 % ethanol for 30 + 2 seconds and drying in a laminar flow cabinet for
one hour. The tray containing inoculated coupons was placed into the MT compartment of
the novel chamber and distilled water added to both layers of the pot in the HC chamber,
and the heat pads set to the appropriate temperature. A separate plastic box (as described
above in 4.2.1) was also used as a comparison between the new 3D printed chamber and
the standard approach to ISO 22196, with 2cm of water covering the base, and a porous
polypropylene tray placed within to provide a platform to place samples above the
waterline. Two inoculated coupons were placed in the plastic box in a petri dish but with

lid removed once in the box and incubated in an incubator at the same temperature as the
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novel chamber. A further two coupons were immediately recovered to determine the zero-
hour recovery rate. The coupons were recovered into a stomacher bag with 10mL sterile
saline and manually agitated for 30 + 2 seconds, followed by serially diluting to 10 and
spread plating in duplicate on to tryptone soya agar. The inoculum was also serially diluted
to 103 and spread plated in the same manner, followed by incubation of all agar plates at
37 °C for 18-24 hours and counting colonies to determine CFU/mL. After 24 hours, the
remaining 10 coupons (eight in the novel chamber and two in the plastic box) were
recovered and bacterial viability was determined in the same manner as described in

3.2.1.1.

Additionally, the 30 °C experiment (with both fans on) was performed again but the
coupons were replaced with Cu (CuSn5, eight coupons at one time in the 3D printed
chamber, two coupons placed in the plastic box, two coupons recovered immediately),
alongside two stainless steel 316L coupons remaining in the plastic box as a control and

recovered after 24 hours for comparison.

Finally, a further test was performed whereby potassium carbonate was added to the HC
compartment instead of water (target relative humidity was ~40 %) in a ratio of 20g salt to
10mL distilled water in each quadrant and both layers of the pot (160g salt, 80mL water
total). The temperature was set to 24 °C within the MT compartment with an incubation
period of four hours. At hourly intervals (time points: 0, 1, 2, 3, 4 hours), coupons were
recovered from the MT compartment (except time 0 where coupons were immediately
recovered before going into the chamber) and bacterial viability was determined as
described above. Cover slips were not used during this test and the inocula was deposited
on to the surface so that the droplets on the surface were as spherical as possible. The
positions of, and the order with which coupons were removed at the different time points
were randomised using a random number generator (A-F and 1-11). All statistical analysis
and graphing were performed using GraphPad Prism 9.5.1. All experiments were repeated
once. In each case of assessing bacterial viability, a one-way ANOVA test was performed
alongside a multiple comparisons test of the mean of each column (inoculum at time 0O,
coupon placement B10 etc) against the mean of every other column. Temperature and
relative humidity values were compared using an ANOVA test in the same manner for each

sensor location.
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3.3.  Results

3.3.1. Comparison using 1ISO22196: Staphylococcus aureus
3.3.1.1. Coupons placed in petri dishes with lids on
The bacterial viability results (Figure 19) demonstrate the inoculum control had no

significant reduction after 24 hours (log reduction = 0.02, p value = 0.6302). Neither the
new chamber nor the plastic box CFU/mL data were significantly different from the
inoculum at 24 hours (new chamber — p = 0.7457, traditional chamber — p = 0.3253).
However, both were significantly different than the CFU/mL count when comparing
recovery from coupons at 0 hours and 24 hours (new chamber — log reduction =0.613 / p
= 0.0128, plastic box — log reduction = 1.885 / p = 0.0014). The temperature (Figure 20)
remained predominantly stable throughout the test for all locations, with the novel
chamber achieving 34.6 + 1.0 °C and 31.2 + 1.2 °C in the MT and HC compartments
respectively whilst the ambient temperature was 22.6 £ 0.9 °C. The traditional plastic box
was approximately 35.4 + 3.4 °C with a slight deviation in the first few hours. The average
temperature across the duration of the experiment of the MT compartment of the novel
chamber and the plastic box was not significantly different (p-value < 0.1122). The relative
humidity (Figure 21) was maintained at ~97.3 + 1.8 % in the plastic box, as well as ~87.0 +
0.7 % and ~74.5 £ 1.6 % in the HC and MT compartments of the novel chamber respectively,
against an ambient outside relative humidity of 50.0-71.6 % (mean value = 64.2 %). The
average relative humidity values across the duration of the experiment in the novel

chamber compared to the plastic box are significantly different (p-values < 0.0001).
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Figure 19 The CFU/mL counts from a liquid inoculum of S. aureus ATCC6538 and from stainless steel 316L coupons (coupon)
inoculated with S. aureus ATCC6538 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber and plastic box refers to the coupons
placed in the novel environmental control chamber and the traditional method of performing 1S022196 respectively.
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Figure 20 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a petri dish with the lids on inside the novel
environmental control chamber (MT and HC referring to the material placement and humidity control compartments
respectively) or a plastic box appropriate for the current method of 1SO22196. N= 2.
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Figure 21 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a petri dish with the lids on inside the novel
environmental control chamber (MT and HC referring to the material placement and humidity control compartments
respectively) or a plastic box appropriate for the current method of 1ISO22196. N= 2.

3.3.1.2. Coupons placed in a petri dish with the lids off
The bacterial viability data (Figure 22) show a 0.544-log reduction from the inoculum control

compared to the CFU/mL recovered from stainless steel coupons at time 0, followed by a
further drop in the CFU/mL recovered from stainless steel coupons from both the novel
chamber and the plastic box at 24 hours (plastic box — further log reduction = 1.382, novel
chamber — further log reduction = 1.28). The inoculum control at time zero (2.87x10%) was
significantly different from the inoculum control at 24 hours (4.62x10’, log difference =
0.825, p <0.0001). However, the CFU/mL recovered from stainless steel coupons from both
the novel chamber (4.63x10°) and the plastic box (3.61x10°) at 24 hours were not
significantly different from the inoculum control at 24 hours (p-values - new chamber =
0.5595, traditional chamber 0.5366). The temperature values (Figure 23) maintained
minimal variability in all cases and were 35.9 £ 1.5 °C in the plastic box, 33.7 £ 0.4 °C and
29.1 £ 0.3 °Cin the MT and HC compartments of the novel chamber and 22.3 +0.5°Cin the
surrounding environment. The temperature between all locations is significantly different
(p-values < 0.0001). The relative humidity values (Figure 24) achieved 99.3 + 2.2 % in the
plastic box, as well as 89.7 + 1.0 % and 71.6 £ 1.3 % in the HC and MT compartments of the
novel chamber respectively, and between 38.5-56.6 % in the ambient conditions. The
relative humidity values were significantly different between all locations when considering

the entire test period (p < 0.0001).
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Figure 22 The CFU/mL counts from a liquid inoculum of S. aureus ATCC6538 and from stainless steel 316L coupons (coupon)
inoculated with S. aureus ATCC6538 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber and plastic box refers to the coupons
placed in the novel environmental control chamber and the traditional method of performing 1SO22196 respectively.
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Figure 23 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a petri dish with the lids off inside the novel
environmental control chamber (MT and HC referring to the material placement and humidity control compartments
respectively) or a plastic box appropriate for the current method of 1ISO22196. N= 2.
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Figure 24 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box (traditional) over a 24 hour period. Data collected during
experiment to assess the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a petri dish with the
lids off inside the novel environmental control chamber (MT and HC referring to the material placement and humidity
control compartments respectively) or a plastic box appropriate for the current method of 1SO22196. N= 2.

3.3.1.3. Coupons placed a custom 3D printed tray
The bacterial viability data (Figure 25) show very little difference between the inoculum

(7.75x10’) and the material (8.69x107) at time O (p = 0.9971), but a significant drop of 2.39-
log in the inoculum is observed after 24 hours (3.65x10°, p < 0.0001). The location of the
coupon in the MT compartment affected the survival of bacteria on the coupon, with
positions B10 (1.30x107) and E10 (1.60x107) showing the highest survival, whereas the
positions E1 (9.40x10°), E4 (1.07x10°) and E7 (7.73x10°) showed lower survival. Additionally
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positions B1 (1.76x10°) and B4 (2.76x10°) were like that of the inoculum at 24 hours (p >
0.9999) and position B7 (8.84x103) showed the greatest reduction from the inoculum at
time O (log difference = 3.891). The Inoculum and material at time 0 were not significantly
different from each other but were from all other inoculum and material points. No coupon
position in the novel chamber at 24 hours was significantly different to the inoculum at 24
hours (p > 0.9). The temperature (Figure 26) in the plastic box was 35.0 + 1.9 °C throughout
the experiment, whereas the MT and HC compartments of the novel chamber had a less
variable temperature of 32.0 + 1.4 °C and 28.4 £ 0.9 °C respectively. The ambient
environment maintained a temperature of 22.7 £ 0.3 °C for the duration of the experiment.
The temperatures in the plastic box, novel chamber and ambient external temperatures
were statistically different from each other (p-values < 0.0001). The relative humidity
(Figure 27) in the traditional chamber achieved 99.0 £ 3.2 %, whereas a relative humidity of
90.0 £ 1.3 % and 71.6 + 1.9 % was achieved in the HC and MT compartments of the novel
chamber respectively and an ambient relative humidity range of 49.1-58.2 %. The relative
humidity values at each location were also statistically different from all other locations (p-

values <0.0001).
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Figure 25 The CFU/mL counts from a liquid inoculum of S. aureus ATCC6538 and from stainless steel 316L coupons (coupon)
inoculated with S. aureus ATCC6538 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber (positions B1, B4, B7, B10, E1, E4, E7,
E10: Figure 18) and plastic box refers to the coupons placed in the novel environmental control chamber and the traditional
method of performing 1ISO22196 respectively.
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Figure 26 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or in a petri dish (lid removed) placed in a plastic box appropriate for the current method of
1S022196. N= 2.
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Figure 27 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of S. aureus ATCC6538 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or in a petri dish (lid removed) placed in a plastic box appropriate for the current method of
15022196. N= 2.

3.3.2. Further trial use of the novel chamber to undertake ISO22196: Escherichia coli

3.3.2.1. Survival on steel — 24 °C / >90 % relative humidity
The temperature during this experiment displayed large variation in the MT (22.7 £ 0.8 °C)

and HC (22.7 + 0.6 °C) compartment that follows the trend of the ambient temperature
closely (22.0 £ 0.6 °C). The plastic box maintained 23.9 + 0.4 °C throughout the test. The
relative humidity of the plastic box and in both compartments of the novel chamber
demonstrate a sharp increase up to >80 %, with a relative humidity of 96.2 + 5.2 % (MT),
97.3 £+ 4.4 % (HC), and 98.0 + 4.7 % (plastic box) achieved overall. The ambient relative
humidity had a range of 34.8-41.7 %. The bacterial viability data show an initial inoculum
of 4.41x10° CFU/mL, with lower (log reduction —0.107, p > 0.9999) counts recovered from
the coupons at the Oh time point (3.34x10°). After 24 hours, the inoculum (1.09x10°) was
higher (but not statistically significantly) than the Oh recovery from stainless steel coupons
(p > 0.9999). The coupons recovered from the plastic box at 24 hours (1.11x107) was
significantly different to both the inoculum control at 24 hours (1.09x10°, p = 0.0433) and
the coupons recovered at Oh (3.34x10°, p = 0.0018). All coupons in the novel chamber
(5.32x10°-2.38x10°8) were approximately equal to that in the inoculum after 24 hours
(1.09x10%) and there was no statistically significant difference between the coupon
placements in the novel chamber (p values > 0.9999). The bacterial viability data from the
coupons in the plastic box was significantly higher than those in the novel chamber except

for position E1 (p <0.05, E1 =0.1271).
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Figure 28 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or a plastic box appropriate for the current method of 1IS022196. N= 2.
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Figure 29 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or a plastic box appropriate for the current method of 1SO22196. N= 2.
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Figure 30 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 316L coupons (coupon)
inoculated with E. coli NCIMB 8545 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber (positions B1, B4, B7, B10, E1, E4, E7,
E10: Figure 18) and plastic box refers to the coupons placed in the novel environmental control chamber and the traditional
method of performing 1ISO22196 respectively.

3.3.2.2. Survival on copper — 24 °C / >90 % relative humidity
The temperature during this experiment in the plastic box achieved 23.2 £ 0.6 °C. The novel

chamber maintained 23.4 + 0.2 °C and 22.9 £ 0.1 °C for the duration of the test in the MT
and HC compartments respectively, while the ambient temperature had a range of 21.0-
23.2 °C. The relative humidity in the chambers is like that of the previous experiment
(3.3.2.1) with a sharp incline to >80 % within the first hour. The plastic box achieved 97.0 +
8.3 %, while the MT and HC compartments of the novel chamber achieved 93.6 + 2.4 % and
96.1 + 3.1 %. The ambient relative humidity ranged between 39.4-50.7 %. The CFU
recovered shows an initial inoculum of 4.78x10° CFU/mL as expected with slightly, but not
statistically significantly lower counts recovered from the Cu coupons at the Oh time point

(2.29x10°). The inoculum concentration increased slightly after 24 hours (1.16x10°) as well
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as in the steel coupons in the plastic box (5.13x108). All Cu coupons in both the plastic box

and novel chamber recovered no CFU after 24 hours.
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Figure 31 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L and copper (CuSn5) when placed in a custom designed and
3D printed tray inside the novel environmental control chamber (MT and HC referring to the material placement and
humidity control compartments respectively) or a plastic box appropriate for the current method of 1ISO22196. N= 2.
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Figure 32 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L and copper (CuSn5) when placed in a custom designed and
3D printed tray inside the novel environmental control chamber (MT and HC referring to the material placement and
humidity control compartments respectively) or a plastic box appropriate for the current method of 1ISO22196. N= 2.
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Figure 33 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 316L and copper
(CuSn5) coupons (coupon) inoculated with E. coli NCIMB 8545 and recovered after 0 and 24 hours. The inoculum control
in each case refers to the remaining bacterial culture that was not applied to the coupons. Novel chamber (positions B1,
B4, B7, B10, E1, E4, E7, E10: Figure 18) and plastic box refers to the coupons placed in the novel environmental control
chamber and the traditional method of performing 1SO22196 respectively.

3.3.2.3. Survival on steel —30°C / ~75 % relative humidity
The temperature (Figure 34) maintained 29.0 + 1.1 °C and 28.5 + 1.9 °C in the MT

compartment of the novel chamber and plastic box respectively, and 26.8 + 0.4 °C in the
HC compartment of the novel chamber, with an ambient temperature of 23.9 £ 0.6 °C. The
relative humidity (Figure 35) maintained the same trends as the previous tests (e.g. 3.3.2.2)
for the HC compartment of the novel chamber (97.7 + 2.3 %) and the plastic box (97.1 + 3.8
%). The relative humidity of the MT compartment of the novel chamber was 82.4 + 2.8 %
with an ambient relative humidity range of 25.0-34.7 %. The bacterial viability data (Figure
36) demonstrated an initial inoculum concentration of 3.26x10° CFU/mL, with a slightly but
not statistically significantly higher recovery from the steel coupons at the Oh time point
(8.71x10°, p = 0.9836). The CFU/mL recovered from the inoculum control (1.39x108) and

coupons in the plastic box (9.20x10°) after 24 hours were not statistically different (p =
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0.9850). Recovery of E. coli on stainless steel that had been incubated after 24 hours in the
novel chamber were variable based on coupon placement. Coupons in position Bl
recovered no CFU, whilst coupons placed in B10 (4.80x10°) and E10 (8.99x10°) had the
highest CFU/mL recovery, with no significant difference from time zero (p values > 0.99).
Coupons in positions B4 (1.89x10°), E4 (1.74x10°) and E7 (1.01x10°) decreased slightly
(around 1-log from initial coupon recovery). Coupons in placement E1 (3.79x10%) showed
slightly reduced recovery again and finally placement B7 (5.05x103) showed an even
greater reduction. Due to variation between the repeats of the experiments, there were
no significant differences between each different time point and location but there was a

significant difference between the overall means (p-value = 0.0258).
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Figure 34 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or a plastic box appropriate for the current method of 1IS022196. N= 2.
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Figure 35 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or a plastic box appropriate for the current method of 1IS022196. N= 2.

116



107 -
106
105
104
103
102
101
100-

CFU/ml

Figure 36 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 316L coupons (coupon)
inoculated with E. coli NCIMB 8545 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber (positions B1, B4, B7, B10, E1, E4, E7,
E10: Figure 18) and plastic box refers to the coupons placed in the novel environmental control chamber and the traditional
method of performing 1ISO22196 respectively.

3.3.2.4. Survival on steel — 30 °C / ~65 % relative humidity / one fan operating
The temperature (Figure 37) during this test in both chambers was stable, with 29.8 + 0.5 °C

and 29.6 + 1.0 °C being maintained in the MT compartment of the novel chamber and
plastic box respectively, as well as 26.2 + 0.3 °C in the HC compartment while the ambient
air temperature was 23.3 + 0.5 °C. The relative humidity (Figure 38) in the plastic box (95.3
+ 4.9 %) followed the trends of previous tests but was lower in the novel chamber at 86.8
+ 2.5 % in the HC compartment and 65.0 + 2.7 % in the MT compartment. The ambient
relative humidity ranged between 24.0-28.9 % during this test. The CFU (Figure 39)
recovered initially from the inoculum was 2.38x10° CFU/mL, with no statistical difference
from the steel coupons when recovered immediately (p = 0.9998). There was no significant

difference (p > 0.9999) in the inoculum after 24 hours (2.89x10°) and a slight (0.878-log)
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increase in the recovery from the coupons recovered from the plastic box (1.67x10°). There

was no recovery from any coupons within the novel chamber.
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Figure 37 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to
assess the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed
tray inside the novel environmental control chamber (MT and HC referring to the material placement and humidity
control compartments respectively) or a plastic box appropriate for the current method of 1ISO22196. N= 2.
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Figure 38 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient), as well as inside the plastic box over a 24 hour period. Data collected during experiment to assess
the recovery of E. coli NCIMB 8545 from stainless steel 316L when placed in a custom designed and 3D printed tray inside
the novel environmental control chamber (MT and HC referring to the material placement and humidity control
compartments respectively) or a plastic box appropriate for the current method of 1SO22196. N= 2.
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Figure 39 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 316L coupons (coupon)
inoculated with E. coli NCIMB 8545 and recovered after 0 and 24 hours. The inoculum control in each case refers to the
remaining bacterial culture that was not applied to the coupons. Novel chamber (positions B1, B4, B7, B10, E1, E4, E7,
E10: Figure 18) and plastic box refers to the coupons placed in the novel environmental control chamber and the traditional
method of performing 1ISO22196 respectively.

3.3.2.5. Survival on steel — 24 °C / ~40 % relative humidity / four hours
A temperature (Figure 40) of 25.3 £ 0.4 °C and 25.6 + 0.3 °C was seen across the test period

within the MT and HC compartments of the novel chamber respectively with a slightly
lower ambient temperature range of around 24.6 + 0.4 °C. The relative humidity (Figure 41)
was 46.0 + 0.1 % and 45 + 0.2 % in the MT and HC compartments of the novel chamber
respectively and a range of 27.1-29.1 % ambient relative humidity. The CFU/mL counts
(Figure 42) show the inoculum concentration only minimally reducing across the four hours
(2.73x10°-2.38x10°), and a linear reduction in CFU/mL for the first three hours on the
material (2.30x10°-2.63x10%) with high variability at two hours and beyond, followed by a
steep reduction to zero CFU/mL at four hours. The inoculum and material were statistically

significant at 1-hour (p-value < 0.001) and beyond (p-values < 0.0001).
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Figure 40 The temperature in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient). Data collected during experiment to assess the recovery of E. coli NCIMB 8545 from stainless steel
316L when placed in a custom designed and 3D printed tray inside the novel environmental control chamber (MT and HC
referring to the material placement and humidity control compartments respectively). N= 2.
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Figure 41 The relative humidity in each of the compartments of the novel chamber (MT and HC) and the surrounding
environment (ambient). Data collected during experiment to assess the recovery of E. coli NCIMB 8545 from stainless steel
316L when placed in a custom designed and 3D printed tray inside the novel environmental control chamber (MT and HC
referring to the material placement and humidity control compartments respectively). N= 2.
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Figure 42 The CFU/mL counts from a liquid inoculum of E. coli NCIMB 8545 and from stainless steel 316L coupons (coupon)
inoculated with E. coli NCIMB 8545 and recovered after 0, 1, 2, 3, and 4 hours. The inoculum control in each case refers to
the remaining bacterial culture that was not applied to the coupons.

3.4. Discussion

3.4.1. Comparison using ISO22196: Staphylococcus aureus
The impact of coupon position on the survival of bacteria on a surface within the chamber

highlights the natural variability that will occur even when considering small differences in
environmental conditions and using a desiccant-resistant organism (Chaibenjawong and
Foster, 2011) (among many other gram-positive organisms (Janning and In't Veld, 1994)).
However, it is also important to understand how other factors affect this process. For
example, although the addition of the petri dish lid does not change the environmental
conditions in a large way (e.g. by creating a microenvironment that can raise the relative
humidity slightly further (Oswin et al., 2022)), other factors such as the low nutrient
conditions present in the inoculum may affect bacterial survival and viability (Winfield and
Groisman, 2003). Furthermore, the process of removing the supernatant (which is used in
many STMs such as 1S022196) and replacing it with a low nutrient medium often results in
some media remaining in the inoculum. Although this is then diluted, variation is still

introduced that should be factored in and considered when assessing the results of an STM.

When specifically considering the test where the petri dish lids were removed (3.3.1.2), the
possibility of even intra-laboratory error is potentially observed by the statistically

significant difference between the inoculum and material at time 0. This would likely be
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further exacerbated when testing materials in multiple different laboratories when

considering differences in available equipment and personnel.

The test conducted using the custom 3D printed coupon tray (3.3.1.3) highlighted not only
that methodological variation is produced (e.g. a reduction of the bacterial inoculum after
24 hours compared to other tests) but also that the environmental conditions play a large
role in the survival and / or viability of bacteria on a surface (Zoz et al., 2016). This is
demonstrated by the enhanced survival of S. aureus in the coupon locations closer to the
HC compartment, as these positions will have a greater supply of humidified air. This
phenomenon provides insights into how AMMs may react in an end-use scenario, as these
small variations in the environmental conditions (depending on distance from the HC
compartment and airflow more generally) would likely be mimicked on a larger scale by air
conditioning and movement of people etc in an indoor acclimatised setting (M. F. Hasan et
al.,, 2017). Nevertheless, the differences generated by the different coupon placements
throughout the novel chamber were not statistically significant, highlighting both the
variability and complexity of incorporating additional variables into STMs. It is also
important to consider that these trends would likely be reversed if the relative humidity
was targeted to be lower than the ambient conditions. The importance of random
placements of the coupons would also be vital in this chamber to ensure the validity of the
results. It may also be possible to be able to create zones of placements within the tray that
would allow fewer samples to be tested while ensuring each variation of environmental

conditions within the chamber is tested.

3.4.2. Further modifications to 1ISO22196: Escherichia coli
Survival on steel — 24 °C / >90 % relative humidity
The larger temperature variations during this test (whereby the MT and HC compartments

followed the same pattern as the ambient conditions) highlights the difficulty of
maintaining lower temperatures accurately within the chamber, particularly if the
surrounding environment maintains a high temperature, and provides potential for further
upgrades to the chamber to allow cooling as well as heating. Cooling systems such as a
liquid-cooling piping system (often used to cool computer components (Khalaj and
Halgamuge, 2017)) would allow a greater range of end-use scenarios to be simulated by

the novel chamber. However, it should be noted that the temperature variability in this
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test is still within the recommended 12 °C specified in many current STMs and so is likely

not a source of error when regarding the bacterial viability data.

The relative humidity values achieved in the novel chamber highlight a large improvement,
by achieving >90 % RH in less than two hours. Such a high relative humidity was also able
to allow all coupons to retain their inoculum for the duration of the test, allowing for a
somewhat realistic version of 1S022196 to be performed. The CFU recovered from the
coupons and inoculum shows that recovering bacteria from steel coupons using this
method (stomacher bags) yields an almost exact recovery rate and should be considered
when creating more realistic STMs in the future, although there has already been use of
this method with current STMs as well (El Jaouhari et al., 2017). Additionally, the increase
in CFU in the inoculum and coupons after 24 hours is likely attributed to the nutrients
present in the 1/500 nutrient broth or error incurred from suboptimal removal of the
nutrient medium when removing the supernatant after centrifugation. The difference
between the traditional and novel chamber coupons could possibly be explained by the
slightly higher relative humidity resulting in less evaporation of the inoculum of the droplet
on the surface but given that both chambers are above 90 % relative humidity, it is unlikely
that this is the cause. It could also be that the process of recovery to remove the coupons
from the novel chamber is more prone to error and / or less efficient than that in the
traditional chamber.

Survival on copper — 24 °C / >90 % relative humidity

The recovery from the inoculum at zero hours and 24 hours as well as the steel coupons in
the traditional chamber show a similarity to the other tests with a slightly increased
recovery, but interestingly despite the antimicrobial effect of Cu it has caused no significant
changes in the recovery rate of bacteria when immediately recovering, this can be expected
due to the low contact time (several minutes) which is supported by the literature (lowest
time to kill observed at 30 minutes (Chyderiotis et al., 2018)) but highlights the
effectiveness of the neutraliser and recovery method. As expected, all Cu coupons
recovered zero CFU after 24 hours due to the antimicrobial nature of the material.

Survival on steel — 30 °C / ~75 % relative humidity

The temperature during this test shows that the novel chamber can effectively replicate a

standard incubator at 30 °C. Additionally, the relative humidity data demonstrates the large
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effect that temperature has on the relative humidity, a six-degree increase causing an
approximate 15 % drop in the maximum achievable relative humidity in the chamber. This
may not be an issue however as very few end-use scenarios will maintain at or above this
temperature and relative humidity simultaneously but could be a potential improvement
for the chamber (e.g. by adding more efficient methods of humidifying the air (Byber et al.,
2021)). Interestingly, the CFU recovered from the coupons in the novel chamber vary
greatly, with a general trend towards higher numbered coupons (closer to the HC
compartment) recovering a higher CFU, although this trend does not match exactly as B7
recovered significantly lower CFU than almost all other coupons. In general, this could be
expected as coupons in the path of the airflow are receiving a constant supply of humidified
air, rendering the inoculum effectively unable to evaporate on the surface and promoting
survival. However, other factors such as the desiccation resistance of the bacteria still
needs to be considered. Interestingly, none of the CFU values in any case were statistically
significant from one another, showing the large variation in these STMs even when simply
repeating work when other factors are considered. Even small variations in relative
humidity, brought on by differences in equilibration time or otherwise, will impact on how
quickly the inoculum will evaporate on the surface and therefore impact the survival of the
bacteria.

Survival on steel — 30 °C / ~65 % relative humidity / one fan operating

This test not only highlights the importance of airflow on the evaporation of water (Carrier
et al.,, 2016), which has implications for further developing the novel chamber with
enhanced relative humidity control, but also the impact of seemingly minor changes in
relative humidity and how it may impact on bacterial survival (Grinberg et al., 2019).
Nevertheless, the temperature was not affected by the reduced airflow within the chamber
and so the current system often heating can be assumed to have a greater reproducibility.
The reduction in relative humidity under lower airflow conditions raises the possibility that
adding more fans in to the HC compartment may provide a more efficient humidifying

effect to the chamber.

The CFU recovery from the inoculum and coupons that were not in the novel chamber show
the same pattern as the previous test (3.3.2.3) but with slightly higher survival in the

coupons recovered from the plastic box, showing once again that there is some variability
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to the results. Interestingly however, all coupons recovered no CFU whatsoever in the novel
chamber, this is likely attributed to the evaporation of the inoculum on the surface but
implies that this strain of E. coli at the very least cannot survive for 24 hours on an inert
material even under what can be reasonably believed to be a high relative humidity for an
indoor environment (Asif et al., 2018). This indicates that future STMs that use more
realistic environmental conditions will have to consider the incubation time carefully to
ensure bacterial survival on an inert surface is guaranteed thus that the AMM can be
compared for efficacy, while also considering the speed of antimicrobial action of the AMM
being tested, as some AMMs exhibit their antimicrobial effect much faster than others
(Bogdanovic et al., 2015).

Survival on steel — 24 °C / ~40 % relative humidity / four hours

The temperature of the chamber during this test was higher than that of the ambient
conditions, likely due to the exothermic nature of adding water to potassium carbonate
(Gaeini et al., 2019). To alleviate this issue in the future, it should be recommended to
prepare the salts several hours and possibly overnight in advance. The stability of the
relative humidity during this test shows the advantage of using saturated salts as a method
of controlling relative humidity despite the drawbacks (Bui et al., 2017). The CFU recovery
from this test shows how the evaporation of the inoculum on the surface is pivotal for the
survival of some strains, particularly the desiccant-sensitive E. coli NCIMB 8545 that was
used during this test. Although this result can be expected based on the characteristics of
the strain used, it is vital to consider how these factors may affect novel future STMs with
more realistic test conditions, and how current STMs can be adapted to accommodate
realistic conditions. Furthermore, while there was no discernible drop in the CFU counts of
the inoculum, there is still a decline on the materials during the first three hours of the test
before the sharp decline which becomes statistically significant after just one hour of
evaporation. This highlights the speed of viability decline of desiccant-sensitive bacteria in
droplets. Further tests assessing how non-desiccating bacteria that are common
environmental pathogens (e.g., Acinetobacter baumanii) would provide useful information
on the direction of development for current STMs when implementing more realistic

conditions.
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3.4.3. Overall discussion
When testing efficacy of an AMM, the impact of inoculum evaporation and environmental

conditions can be a significant factor in determining the data that are produced.
Considerations such as temperature, relative humidity, airflow, organism choice and
inoculum density, and even placement of a coupon within a chamber can all impact the
results of efficacy testing, and how an antimicrobial claim may be interpreted. Each of these
factors cannot be thought of as individual parameters that can be changed without further
and interconnected change, but a web of impacts on the antimicrobial efficacy of the AMM.
These may be related to the evaporation of the inoculum on the surface, the biological
mechanisms of survival during desiccation or how the active ingredient of the material
works. Changing just one of these factors (all of which are required in current STMs, with
the exception of airflow) will impact on the evaporation of the inoculum on the surface,
this often reduces the antimicrobial ability of the active substance (Wei et al., 2019) but
will also cause the death of the organism as well (Esbelin et al., 2018). The mechanism of
this death not only potentially lies in the desiccation of organisms in an evaporating droplet
but the droplet contents. For example, a droplet of saline will have increasing
concentrations of sodium chloride as the water in the droplet evaporates, the osmotic
pressure may then be sufficient to kill many organisms even before desiccation (K. Lin and
Marr, 2019). This may explain the enhanced survival of S. aureus (high-salinity resistant
organism (Feng et al., 2022)) compared to E. coli (high-salinity sensitive organism (Hrenovic
and lvankovic, 2009)) in this work and provides an even greater complexity to modifying

the environmental conditions of an STM.

Therefore, a higher inoculum concentration could be warranted. However, increasing this
may impact on the mode of evaporation of the droplet and promote contact line pinning,
increasing the rate of evaporation of the droplet again which will cause the increased
desiccation of the organisms on the surface. Any novel STM should consider all these
factors during initial development and testing, and how it may impact on the testing
laboratory’s ability to perform these novel STMs. The novel chamber can alleviate some of
these concerns by allowing reproducible environmental control. However, it is important
to consider the limitations of the novel chamber with regards to performing STMs, whereby
the chamber cannot maintain both a high temperature (30 °C) and a high relative humidity

(>90 %) simultaneously. This is likely not of major concern as future STMs that employ more
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realistic environmental conditions (the fundamental purpose for the chamber) will likely
not require these conditions. Having a standardised chamber to perform these STMs within
will allow a greater reproducibility between laboratories as well as provide a cheap and
effective way to test materials in precise, reproducible, and realistic conditions, a common
problem with some laboratories, as many do not have the equipment available to reliably
alter these conditions to match the method. It is also of the utmost importance that any
laboratory can manufacture the novel environmental control chamber with minimal
difficulty and cost, as well as with parts that are easily replaceable to ease the transition to

realistic conditions as best as possible.

Although the original purpose of the chamber was to perform non-porous antimicrobial
material STMs, such as 1SO022196 and 1S020743, very little adaptation would be required
to modify either the testing platform or the chamber more generally to perform a wider
variety of STMs including for measuring droplet evaporation rates at controlled
temperature, relative humidity and airflow values as well as other microbiological tests,
such as adapting the coupon tray to be able to perform static biofilm growth (e.g. ASTM
E2799-22 (ASTM, 2022a)). Furthermore, photocatalytic materials are of increasing interest
for the reduction of bioburden on surfaces and therefore the transmission of infection,
particularly on FTS due to their efficiency, low-cost and non-toxic nature (B. Li et al., 2022).
With relatively minimal modifications to the novel chamber, a typical “day-night” cycle
could be implemented with light controllers to test these materials accurately and reliably
in realistic conditions without the need for large and specialised equipment like that used

in current STMs such as 1ISO22551 (I. S. Organisation, 2020).

3.5.  Conclusion
The initial aims of the chamber with regards to performing current STM variations utilising

realistic conditions and assessing the impact of these conditions on the survival and viability
of bacteria has been fulfilled. Further work to greater understand the impact of these
factors would allow for an enhanced set of STMs that can more accurately and reproducibly
assess the antimicrobial efficacy of an AMM by using the chamber as a method of reducing
inter-laboratory variability. Additionally, a deeper understanding of the effects of

evaporation on the survival of microorganisms and the antimicrobial efficacy of an AMM
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would allow provide assurances that the decisions made to ensure a realistic manner of

performing STMs will not have unintended consequences.
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4. Investigating the impact of environmental
conditions and experimental decisions on
antimicrobial material efficacy assessment
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4.1. Introduction
The environmental conditions (e.g., temperature, relative humidity, airflow) as well as

other experimental choices (incubation period, inoculum concentration and volume etc) all
impact on the results generated using an STM. For the data generated in an STM to be
reflective of end-use conditions, each should be carefully considered and assessed for their
individual impact on AMM efficacy and overall reproducibility of the STM. Some of the work
presented in this chapter has been published previously (Cunliffe et al., 2023), which
focused mainly on the mathematical and physical factors of droplet evaporation. This thesis
has incorporated the work into the wider field of STM development to allow for better
informed decisions and to understand the role of droplets and microorganisms in AMM
efficacy. The full journal article is shown in Appendix C. This author was the individual
primarily responsible for the laboratory work relating to the sections utilised in this thesis,
as well as primarily co-writing and editing the manuscript alongside the supervisory team
(when specifically relating to the sections used in this thesis). Co-writing and editing the
manuscript occurred between all authors in the wider context of the entire published work

(when also including work not used in the thesis).

4.1.1. Recovery methods
The survival of microorganisms on a surface may be affected by the environmental

conditions (e.g., via desiccation) just as much as how it affects the material itself. When
developing such methods, these conditions and choices should allow for the generation of
data that mirrors efficacy in the intended end-use application. The determination of the
effects of environmental conditions on the evaporation of a droplet and the mechanics of
microorganisms within the droplet during evaporation provides vital information on how
to inform on novel STMs that incorporate realistic environmental conditions. Each aspect
of the STM should be assessed to determine the interactions between each and
demonstrate how a novel STM would incorporate all the parameters at once while
remaining as realistic to end-use conditions as possible. Parameters such as relative
humidity, inoculum size, and inoculum concentration can be easily altered and may be
influential on the recovery of microorganisms from a surface or the overall reproducibility

of an STM and so are assessed below.
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4.1.2. Droplet evaporation
There are several factors that affect the evaporation of a droplet on a surface, which in turn

influences the antimicrobial efficacy of the material if it requires moisture to be active. The
major factors include: the environmental conditions, the contact angle of the droplet on
the surface and the mode of evaporation of the droplet (Nguyen et al., 2012; Zang et al.,
2019).
4.1.2.1. Environmental conditions
The environmental conditions have a clear relationship with the evaporation rate of a
droplet, particularly when assessing the effects of temperature, relative humidity, droplet
size, material composition and droplet composition. The effects of each individual
environmental condition and method decision have been explored thoroughly below.
4.1.2.2. Contact angle
The contact angle of a droplet can be measured using several mathematical formulae, the
most common of which is the tangent method (T. Zhao and Jiang, 2018), that simply uses
the material as a base line and draws a tangent in the direction the droplet first appears,

as shown in Figure 44.

A goniometer is a device used to accurately measure the contact angles of a droplet by
using a high-resolution camera and backlight to observe the precise shape of the droplet.
Software often accompanying the device is then able to determine the contact angle
generated using the provided method (e.g., tangent) and given the densities of the liquid
and the material, is able to perform surface tension measurements (Kwok et al., 1997;
Dionisio and Sotomayor, 2000). The exact setup of a goniometer is shown in Figure 43

below.
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Figure 43 (a) schematic of experimental setup. (b) Image of a Milli-Q water drop dispensed in
air using a blunt needle of OD 1.6mm.

The contact angle is to a large degree responsible for the evaporation time of a droplet, as
a larger contact angle, shown in the left picture of Figure 44, will also have a lower surface
area to volume (SA:V) ratio as it is more spherical and so will evaporate at a slower rate. In
contrast, a low contact angle will spread more over the surface, presenting a higher surface
area to volume ratio and so will evaporate at a faster rate (W. Zhang et al., 1989). The
contact angle is affected by many different factors, most notably the hydrophobicity of the
material, but other variables could also be contributing (Mozes and Rouxhet, 1987; Zhu et

al., 2016).

solid solid solid

Figure 44 An example of how the tangent method is performed and approximately how a
droplet would look in each case. Figure obtained from (Instruments, 2023).

4.1.2.3. Mode of evaporation
There are two potential modes of evaporation of a droplet, being constant wetted area
(CWA) (Soboleva and Summ, 2003) and constant contact angle (CCA) (Erbil et al., 2002), or

evaporating downwards and evaporating inwards respectively, shown in Figure 45. Which
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mode of evaporation is employed is based on the surface tension and vapour pressure

within the droplet (Munekata et al., 2013).

\

> -

Figure 45 The potential modes of evaporation of a droplet on a material, shown as (A) —
Constant wetted area (CWA- evaporating downwards) and (B) — Constant contact angle

(CCA- evaporating inwards)

4.1.2.3.1. The consequences of the evaporation method
The evaporation method will influence the evaporation rate and therefore antimicrobial

activity of the material. If a droplet evaporated using the constant wetted area mode, it will
be at an increased rate compared to constant contact angle due to an average higher
surface area to volume ratio, and so the material will be wet for less time. The reasons why
a droplet on a material dries in one mode or the other are key to understanding how to
improve AMMs because of the reliance on moisture in many cases.
4.1.2.3.2. The coffee ring effect

The coffee ring effect is a phenomenon that underpins advancing and retreating contact
angles. Contact line pinning occurs in part due to the addition of suspensions to a droplet
that enables the coffee ring effect to occur (Deegan et al., 2000). The coffee ring is a visible
ring of solution and suspension that generates at the edge of evaporating droplets. This
phenomenon has been well studied as it relates heavily to inkjet printers whereby ink

particles would deposit at the initial contact line (Larson, 2014; Soulié et al., 2015; Eales
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and Routh, 2016). This process also translates to microorganism-laden (bacterial and viral)
suspensions (albeit more dilute), and thus had the same effect on the evaporation of a
droplet. The effect of hydrophobic and hydrophilic bacterial spores on the generation of
coffee rings on non-porous surfaces has been observed and its implications for current
cleaning procedures and possible pitfalls discussed (Deleplace et al., 2022). Briefly, the
spores present in the coffee ring itself were easier to remove with cleaning procedures than
those dispersed throughout the rest of the evaporated droplet, but general resistance to
cleaning procedures was observed for all areas. The effect of bacterial and viral presence

in a droplet on evaporation was investigated below (Cunliffe et al., 2023).

4.1.3. Chapter specific aims and objectives
This chapter aims to assess the survival, deposition, and recoverability of bacteria on

coupons (stainless steel, Cu, PVC, nitrile, and polypropylene) in a variety of environmental
conditions and method parameter choices, by modifying relative humidity, droplet size,
and optical density of the inoculum. Additionally, assessing the impact of contact angles as
well as environmental and physical conditions on the evaporation time of a droplet on a

variety of surfaces.

4.2. Methods
4.2.1. Recovery methods

4.2.1.1. Relative humidity
A working culture of E. coli NCIMB 8545 was created by adding one colony from a tryptone

soya agar (TSA, Fisher Scientific, UK) plate to 10 mL tryptone soya broth (TSB, Fisher
Scientific), incubated at 37 °C for 24 hours shaking at 150 rpm in an orbital incubator
(Sciquip, UK). This was then centrifuged (Sigma, UK) at 3500rpm for 10 minutes, the
supernatant removed and 10 mL sterile saline (Fischer Scientific, UK) added and vortexed
(Clifton, UK) until mixed well. This process was repeated once. The inoculum was adjusted
to 0.5 £ 0.005 OD at 600 nm (a bacterial inoculum of E. coli or S. aureus at this OD value
equates to 1-4x108 CFU/mL) using a spectrophotometer (Jenway 6305, UK). Stainless steel
316L coupons of 20x20x1 mm were sterilised by autoclaving (VITTA, UK) at 121 °C for 20
minutes. Then the coupons were inoculated in triplicate with 5 pL droplets of inoculum or
sterile saline as a control in triplicate and placed in a chamber of size 296x171x51cm with
relative humidity controlled by saturated salts. In each case, four petri dishes were filled

with 20 g salt and 15 mL distilled water each to achieve the desired relative humidity and
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three relative humidity values were tested, 15 % (with lithium chloride (Fisher Scientific)),
40 % (with potassium carbonate (Fisher Scientific)) and 75 % (with potassium chloride (

Fisher Scientific)).

The coupons were placed in 90 mm petri dishes (Sarstedt, UK) with the lids removed, placed
in the chamber, and left for 60 minutes. Then the coupons were dropped into a 50 mL
falcon tube (Sarstedt, UK) with 10 mL sterile saline and vortexed for 60 seconds, followed
by 1:10 serial dilution to 1077 in sterile saline and 0.1 mL spread plated on to TSA plates.
Plates were then incubated at 37 °C for 24 hours and colonies counted. The coupons were
assessed in triplicate and three technical repeats of the experiment were performed. All
statistical analysis and graphing were performed in GraphPad Prism 9.5.1.
4.2.1.2. Inoculum volume and concentration

To assess the impact of inoculum volume and concentration on the ability to recover
microorganisms from an inert surface, an inoculum of E. coli NCIMB 8545 was prepared in
the same manner as 4.2.1.1 but adjusted to the optical densities of 0.5 + 0.005 and 1.0 +
0.005 OD at 600nm. The coupons were then inoculated in triplicate with either 5 uL, 10 pL
or 20 plL of suspension before being incubated at 75 % relative humidity for 60 minutes
before being 1:10 serially diluted, spread plated and counted. The coupons were assessed
in triplicate and three technical repeats of the experiment were performed. All statistical
analysis and graphing were performed in GraphPad Prism 9.5.1. Statistical significance
values between droplet sizes and the inoculum within inoculum concentrations (optical

density) were generated via a two-way ANOVA.

4.2.2. Droplet evaporation

4.2.2.1. The impact of environmental conditions on droplet evaporation, contact angles and
deposition of microorganisms

4.2.2.1.1. Preparation of materials and a chamber for environmental control
Square coupons measuring 10 mm x 10 mm were cut from copper (CuSn5 (Amazon, UK)),

polyvinyl chloride (PVC (Cardiff University, UK)), polypropylene (Fisher Scientific) and nitrile
sheet (Fisher Scientific). Prior to use, all coupons were wiped thoroughly with cloth soaked
in 70 % ethanol and left to evaporate in aseptic conditions (parafilm-wrapped sterile petri
dish) for 60 minutes. Coupons were secured to a polystyrene base plate (127.7 x 85.4 mm,
Sarstedt, UK) using double-sided tape and placed inside an environmental control chamber.

The environmental control chamber (internal dimensions 296 mm x 171 mm x 51 mm)
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allowed temperature and relative humidity to be controlled independently. To maintain
the desired relative humidity, saturated solutions of lithium chloride (180 g and 60 mL of
water, producing a relative humidity of 15 %) or potassium carbonate (200 g and 60 mL of
water, producing a relative humidity of 40 %) were distributed evenly across four Petri
dishes inside the chamber and relative humidity monitored using a HD500 sensor and
datalogger (Extech Instruments). Temperature was adjusted and maintained with a
propagation heat mat (PVC, 18W, 220V) and monitored with a thermostat (Vivosun,
Shanghai, China).

4.2.2.1.2. Preparation of solutions and microbial suspensions
Deionised water was sterilised by autoclaving at 121 °C for 15 minutes. Saline solutions
were prepared as 0.85 wt% NaCl (ThermoFisher Scientific) in deionised water and sterilised
by autoclaving. SM buffer was prepared by adding 5.8 g of NaCl, 2 g of MgS04.6H,0 and 50
mL 1M Tris-Cl pH 7.5 to 800 mL distilled water and mixed until dissolved, adjusted to 1 L
with distilled water and sterilised by autoclaving at 121 °C for 15 minutes. Tris-Cl was
prepared by adding 12.11 g of 1 M tris base to 80 mL distilled water and mixed until
dissolved with the pH adjusted to 7.5 by adding 30 wt% HCI.

Bacteria were maintained as streak (purity) plates on tryptone soya agar (TSA) at 4 °C until
required. Escherichia coli (ATCC 13706) and Pseudomonas syringae (ATCC 21781) cultures
were prepared for the experiments by inoculating one colony of bacteria from the
respective streak plates, transferring to 10 mL TSB, and incubating at 37 °C and 28 °C,
respectively, for 24 hours. Bacterial cultures were then centrifuged at 3500 rpm for 10
minutes. The supernatant was removed, and 10 mL sterile saline added, with the resultant
suspension mixed by vortex (this process was repeated once). Suspensions were then
adjusted to 0.5 OD at 600 nm (determined by spectrophotometer (Jenway)) using sterile
saline (~2x108 CFU/ml).

Bacteriophage Phi6 (ATCC 21781-B1) and Phi X174 (ATCC 13706-B1) suspensions were
prepared following a standard phage assay protocol (Adams, 1959). In brief, a 10-fold serial
dilution of stock phage was performed up to 10 in SM buffer. Subsequently, for each
dilution, 100 plL of bacteriophage was mixed with 100 uL of corresponding bacterial
overnight culture (Pseudomonas syringae (ATCC 21781) for Phi6 and Escherichia coli (ATCC
13706) for Phi X174) and 3 mL of soft (0.7 % w/v) molten (45-55°C) TSA and poured onto a
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regular strength TSA agar plate. Following an 18-hour incubation (30°C), any plaques
present on each dilution were counted and used to calculate the number of plaque forming
units (PFU), which allowed the original phage stock to be adjusted a concentration of 5x107
PFU/mL.
4.2.2.1.3. Evaluation of solutions and suspensions
To assess the impact of the presence of microorganisms on the time it takes droplets to
evaporate, droplets of saline containing either E. coli (ATCC 13706) or P. syringae (ATCC
21781) were compared with droplets of saline without bacteria. Additionally, droplets of
SM buffer containing either Phi6 (ATCC 21781-B1) or Phi X174 (ATCC 13706-B1)
bacteriophage were compared with droplets of SM buffer without bacteriophage. Droplets
of either 1 £ 0.1 uL or 5 £ 0.2 pL volume were deposited on a test coupon by pipette. The
time taken for each droplet to evaporate as observed visually was recorded. To ensure
measurement of the evaporation time was consistent, data were collected by one
researcher who used a digital stopwatch to record the time each droplet took to evaporate.
Droplets were observed by eye continuously and the time by which the droplet had
evaporated was taken as when no moisture was apparent.
4.2.2.1.4. Measurement of contact angles

Images of droplets on each material were captured by pipetting droplets of 1 pl or 5 pl on
to the surface, followed by measuring the contact angle (average of left and right tangent
contact angles) using a goniometer (Kriiss mobile drop GH11). Droplets were assessed in
triplicate and each measurement was performed on a different coupon of material. To
ascertain if contact angles for each liquid type on each material can be considered the same
or statistically significantly different (p < 0.05), a t test was performed comparing contact

angles at 1 pland 5 pl.
4.2.2.1.5. Preparation of scanning electron microscope images

To assess deposition of bacteria on surfaces, 5 uL droplets of either E. coli (ATCC 13706) or
P. syringae (ATCC 21781) were placed on a test coupon and left to evaporate in an
environment with RH = 60 % and 22°C. Once dried, the surfaces were immersed in a Petri
dish containing 2.5 % glutaraldehyde for 18 hours, then washed with sterile phosphate
buffered saline (PBS, 0.85 wt% NaCl), placed in increasing concentrations (20 %, 40 %, 60

%, 80 %) of ethanol for 30 minutes each, and then submerged in 100 % ethanol for 30
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minutes, twice. The surfaces were then left to evaporate in a vacuum sealed desiccator for
a minimum of 18 hours. Samples were then mounted onto aluminium pin stubs using
adhesive carbon tabs and coated with a thin layer (25nm) of Au metal using a sputter coater
(Polaron, 30 s, 800V, 5 mA). The stubs were then loaded into the FE-SEM (Carl Zeiss Ltd,
Supra 40VP, SmartSEM) for imaging and analysis. The secondary electron detector was
used to obtain images of the samples, using an acceleration voltage of 2 kV and a working

distance of approximately 5 mm.

4.3. Results

4.3.1. Recovery methods

4.3.1.1. Relative humidity
The CFU recovered from the coupons at the different relative humidity values shows an

increase in survival as the relative humidity increases. Although there was a maximum
difference of 0.71-log between the 15 % and 75 % coupons, no statistical significance was
observed between any relative humidity values. Additionally, all coupon recovery was
significantly lower than that of the inoculum at between 1.26-1.97 log (p < 0.0001). All
significance values were generated with a one-way ANOVA and the p-values are shown in
Figure 46. No CFU counts were recovered from the coupons inoculated with sterile saline

and have thus not been included.
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Figure 46 The colony forming units of E. coli recovered from stainless steel 316L coupons
after exposure for one hour to different relative humidity (RH) settings. Each relative
humidity was assessed in triplicate and three technical repeats of the experiment were
performed. Statistical significance values are represented as follows: ns — not significant, *

-p<0.05 **-p<0.01, ***-p <0.001 and **** - p <0.0001.
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4.3.1.2. Inoculum volume and concentration
The CFU/mL recovered from the coupons shows an increase in recovery as the droplet size

of the inoculum increases, except for 10 microlitres at 1.0 OD (Figure 47). Although
differences are a maximum of one-log, some statistical significance was observed in the 1.0
OD data with recovery from coupons inoculated with 20ul droplets recovering significantly
higher CFU than the other droplet sizes (p < 0.0001) and being higher than the inoculum
(although not significantly). No statistical significance was observed between the droplet
sizes at 0.5 OD. However, the recovery from 5ul droplets was significantly lower than the
inoculum. There was also no significant difference between the OD values across all droplet

sizes and the inoculum (p-value = 0.7395).
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Figure 47 The CFU recovered from stainless steel coupons when inoculated with droplets at
various sizes and varying initial inoculum concentrations. Statistical significance values are
represented as follows: ns — not significant, * - p < 0.05, ** - p <0.01, *** - p <0.001 and

*%%% _ < 0.0001.
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4.3.2. Droplet evaporation

4.3.2.1. The impact of environmental conditions on droplet evaporation, contact angles and
deposition of microorganisms

4.3.2.1.1. Evaporation of solutions and suspensions
The effects of droplet size, relative humidity, material, and droplet composition on the

evaporation time is observed in Figure 48. At low relative humidity (Figure 48(a) - faster
evaporation rates), the use of saline tends to increase the evaporation times compared to
water, whereas the SM buffer evaporation times are like those for water. This effect is more
noticeable with the mid-relative humidity data (Figure 48(b)), in which case both saline and
SM buffer exhibit longer evaporation times than water. This trend is noted in Figure 48,
alongside Appendix D, where the evaporation times were compared to that of a predicted
evaporation time from a mathematical model produced by the University of Cambridge for
each case (relative humidity, droplet size, material, and inoculum composition) assuming
either CWA or CCA mode of evaporation. Agreement between the measured evaporation
time and the model indicates the droplet is more closely aligning with that specific mode

of evaporation.

The presence of organisms tends to reduce the evaporation time for both saline and SM
buffer droplets. This suggests that the species are promoting CWA behaviour, which would
be consistent with organisms collecting at the evaporation front, promoting pinning
behaviour (but not necessarily fixing the contact line). The trends are recorded in Table 6
and are compared with the observed deposition patterns below. Evaporation times were

faster in the low relative humidity scenarios for both 1 ul and 5 ul droplet sizes.

Further analysis comparing evaporation times of droplets containing microorganisms with
either saline or SM buffer alone revealed that in all cases of statistically significant
differences (p <0.05, n =11/ 32 for bacteria and n = 6 / 32 for bacteriophages), the addition
of microorganisms resulted in more rapid evaporation. When comparing the total number
of significantly different evaporation times with respect to relative humidity, medium
relative humidity (~40 %) conditions provided a larger number of droplets that evaporated
more quickly due to the presence of a microorganism, in both 1 uL and 5 pL scenarios.
When comparing evaporation times with respect to droplet size, 1 uL droplets containing
microorganisms evaporated significantly more rapidly than ones without more often (than

5 uL droplets) in both low (15 %) and medium (40 %) RH scenarios.
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Figure 48 Effect of material on droplet evaporation times. (a,i) 1uL droplets in low RH, (a,ii)

1 pl droplets in medium RH, (b,i) 5 uL droplets in low relative humidity and (b,ii) 5 L

droplets in medium relative humidity. All measurements were at room temperature (18 °C).

Statistical significance is shown for comparisons of bacteria vs. saline and bacteriophage

vs. SM buffer and are represented as follows:

*%%% < 0.0001.

*-p<0.05 **-p<0.01, ***-p <0.001 and
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Table 6 Effect of droplet composition on evaporation times, with reference to CCA model (Appendix D). Anova and Tukey
HSD tests determined pairwise statistical significance (p <0.05), with ~ denoting no significant difference but observed
increase in evaporation time, and > denoting a statistically significant difference supporting the observed increase in

evaporation time. SMB — SM buffer.

Surface Relative  Droplet Trend in evaporation times

humidity volume

range
Liquids Suspensions
Polypropene Low 1uL SMB ~ saline > Saline > E. coli ~ P. syringae
SMB ~ Phi X174 ~ Phi6
water
5uL SMB ~ saline > Saline ~ E. coli ~ P. syringae
SMB ~ Phi X174 ~ Phi6
water
Mid 1puL SMB > Saline > Saline > P. syringae ~ E. coli
water SMB > Phi6 ~ Phi X174
5uL SMB ~ Saline ~ Saline ™~ E. coli~ P. syringae
water SMB >Phi6 > PhiX174
Nitrile Low 1ul Water ~ saline ~ Saline > E. coli > P. syringae
SMB SMB > Phi X174 > Phi6
5uL Water ~ Saline ~ Saline ~ P. syringae ~ E. coli
SMB SMB ~ Phi X174 ~ Phi6
Mid 1uL SMB ~ saline ~ water Saline ~ P. syringae ~ E. coli
SMB ~ Phi6 ~ Phi X174
5ulL SMB ~ water ~ saline Saline > E. coli > P. syringae
SMB > Phi6 > Phi X174
Copper Low 1uL SMB ~ Saline ~ Saline>E. coli~ P. syringae
water SMB > Phi X174 > Phi6
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5uL Saline ~ SMB ~ Saline~ P. syringae > E. coli

water SMB ~ Phi X174 ~ Phi6

Mid 1ul Saline ~ SMB > Saline ™ E. coli > P. syringae
water SMB > Phi6 ~ Phi X174

5uL Water ~ Saline ~ Saline > P. syringae ~ E. coli
SMB SMB > Phi X174 > Phi6

PVC Low 1ul Saline ~ SMB ~ Saline ™ E. coli > P. syringae
water SMB > Phi6 ~ Phi X174

5uL SMB ~ saline >water Saline ~ P. syringae > E. coli
SMB ~ Phi X174 ~ Phi6

Mid 1ul Saline ~ SMB > Saline~ P. syringae > E. coli
water SMB > Phi X174 > Phi6

5uL SMB ~ saline ~ water Saline > P. syringae ~ E. coli
SMB ~ Phi X174 ~ Phi6

4.3.2.1.2. Contact angles
The rate of evaporation of droplets containing microorganisms was studied using 1uL and

5 pL droplets on four surfaces under conditions of mid (40 — 47 % RH) and low relative
humidity (14 — 16 % RH). Macroscopic advancing contact angles on each surface were
determined for 1uL and 5 plL droplets of water, saline and SM buffer as well as the
suspensions. The goniometer system used was not a precision device and the results,
summarised in Table 6 and Figure 48, are used to identify trends. Most of the contact angle
values lie in the range 45-90°. With 1uL droplets (Table 7), the presence of E. coli gave
different contact angles to the neat saline on nitrile and copper; by comparison, P. syringae
gave values closer to the saline. The Phi6 and PhiX174 suspensions gave similar (within
~10°) values on nitrile, PVC, and copper: on nitrile, these were different to the neat SM
buffer. With the 5 pL drops (Table 8), the contact angles for neat saline, SM buffer and
water were similar for all materials except copper, where SM buffer was lower. The contact
angles for E. coli and P. syringae on polypropylene and copper were like those with saline,

while those on nitrile were noticeably lower. The contact angles for SM buffer and Phi6 and
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PhiX174 suspensions were similar except for copper and PVC, where PhiX174 was higher

and lower respectively.
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Table 7 Apparent contact angles (+ standard deviation) measured for 1 uL droplets. All

values are rounded to the nearest whole number. Asterisk denotes where contact angle is

significantly different (p <0.05) between 1 ulL (below) and 5 uL (Table 8) measurements.

Liquid Organism Polypropylene Nitrile PVC Copper

Water - 82° (£3°) 97° (+4°) 60° (+2°) 74° (£3°)
Saline - 84° (+1°)* 104° (+2°) 65° (17°) 68° (+4°)
Saline E. coli 86° (14°) 93° (+2°) 64° (16°) 51° (£6°)
Saline P. syringae 79° (+£2°) 95° (+4°) 71° (x6°) 65° (£9°)
SM buffer - 85° (14°) 100° (+6°) 59° (+8°) 58° (+6°)
SM buffer Phi6 82° (+2°) 88° (£5°) 64° (+3°)* 63° (£3°)
SM buffer PhiX174 83° (+2°) 78° (£2°) 65° (+3°) 71° (£2°)

Table 8 Apparent contact angles (+ standard deviation) measured for 5 ulL droplets. All

values are rounded to the nearest whole number. Asterisk denotes where contact angle is

significantly different (p <0.05) between 1 uL (Table 7) and 5 uL (below) measurements.

Liquid Organism Polypropylene Nitrile PVC Copper

Water - 79° (£0°) 101° (£7°) 57° (£9°) 68° (+4°)
Saline - 81° (£1°)* 104° (+2°) 70° (£9°) 64° (£2°)
Saline E. coli 80° (+1°) 96° (+2°) 62° (£2°) 49° (£3°)
Saline P. syringae 78° (£1°) 95° (+2°) 67° (£5°) 66° (£5°)
SM buffer - 82° (£1°) 100° (+6°) 73° (+4°) 54° (£6°)
SM buffer Phi6é 88° (+5°) 96° (+3°) 75° (x1°)* 59° (£6°)
SM buffer PhiX174 84° (+1°) 90° (+5°) 60° (+6°) 68° (+2°)
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4.3.2.1.3. Scanning electron microscope images of bacterial deposition
The deposition patterns created by evaporation of 5 pL droplets containing E. coli or P.

syringae differed depending on the substrate material. Whilst a ring marking the initial
boundary of the droplet (i.e. the initial contact line) was visible on all images (see E. coli
examples in Figure 49 and P. syringae in Figure 51), deposition of bacteria within the
droplet footprint was more evident on polypropylene and copper (E. coli - Figure 50, P.
syringae - Figure 52) unlike on nitrile and PVC where deposition within the footprint was
less obvious. On polypropylene, the bacteria were deposited with an obvious outer ring,
i.e., bacteria deposited in a circular ring at the outer edge followed by an annulus where
no bacteria were deposited (although more evident with E. coli), followed by an inner
region where most bacteria were deposited. In contrast, no annular region is apparent in

the copper case.

Comparing the evaporation plots (Appendix D) on copper, the values consistently lay below
the CCA line, suggesting mixed mode evaporation, while on polypropylene the data showed
a strong correlation with CCA behaviour. Further work is needed to link deposition
behaviour and evaporation kinetics. In both instances in Figure 50, bacteria are highly
concentrated in different areas, resulting in deposition of bacterial cells on top of one

another.
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Figure 49 SEM images of (A) polypropylene, (B) nitrile, (C) PVC and (D) copper surfaces

following evaporation of a 5 ul droplet containing E. coli at RH = 60 % and 22 <C.

Figure 50 Higher resolution SEM images of (a) polypropylene and (b) copper surfaces (see

Figure 49 (a),(d)) following evaporation of a 5 ul droplet containing E. coli at RH = 60 % and
22 <.
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Figure 51 SEM images of (A) polypropylene, (B) nitrile, (C) PVC and (D) copper surfaces

following evaporation of a 5 ul droplet containing P. syringae at RH = 60 % and 22 C.
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Figure 52 Higher resolution SEM images of (a) copper and (b) polypropylene surfaces
(see Figure 51 (a),(d)) following evaporation of a 5 ul droplet containing P. syringae
at RH =60 % and 22 <C.
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4.4, Discussion

4.4.1. Recovery methods
4.4.1.1. Relative humidity
Although it could be expected that a lower relative humidity environment would cause

lower organism viability due to desiccation, this trend is not observed here, with no effects
of relative humidity observed. As E. coli is a desiccation-sensitive bacterial species
(depending on the strain (T Mgretrg et al., 2010)) it is expected that the evaporation
process would cause decreased survival rates on the surface (Bale et al., 1993), although
the low incubation time may not allow this to happen completely and could explain why
desiccation or other stress factors have not been observed here. Nevertheless, differences
were observed between the inoculum and materials, which may be because of
methodological issues or biological phenomenon such as bacterial attachment to the
surface (Goulter et al., 2009). In this case, E. coli was used due to its importance to many
STMs, and is prominently used in 1ISO22196, among many others. While 75 % RH did not
produce a statistically significant increase over the other values, it did provide the highest
overall mean recovery and thus should be used in future experiments to minimise the
effects of relative humidity when it is not being directly tested.
4.4.1.2. Inoculum volume and concentration

From the bacterial viability assessment, it is shown that the variability is generally low when
recovering inocula from a surface. It is observed that a higher droplet size does equate to
greater recovery overall in higher inoculum concentrations with some statistical
significance observed at 1.0 OD, this may be due to the limited but still present evaporation
of the inoculum on the surface causing slightly decreased survival at lower droplet sizes or
the low inoculum volume deposited from the pipette increasingly becoming less accurate
as the inoculum volume is decreased. This limited evaporation can cause cell death in small
droplets of salinated droplets due to the increasing concentration of salts causing a higher
osmotic pressure as the water in the droplet evaporates (Basu and Mukherjee, 2020).
Interestingly, a higher incidence of statistically significant difference is observed at 1.0 OD
compared to 0.5 OD, however, the overall effects on recovery and CFU/mL is minimal, with
only a 0.183-log and 0.887-log difference between the 5ul and 20l droplets at 0.5 OD and

1.0 OD respectively. Based on these results subsequent experiments should use a
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maximum inoculum concentration of 0.5 OD at 600nm, with any inoculum volume being

adequate for future work.

4.4.2. Droplet evaporation
The addition of bacteria reduced the evaporation time significantly for all surface types in
at least one of each droplet size / RH scenarios, whereas the addition of bacteriophage did
not decrease the evaporation time significantly on PVC or copper in any droplet size / RH
scenario. It is possible that the shape and concentration of the particles could have also
affected the formation of a coffee ring and the evaporation within the droplet (Yunker et
al., 2011; Xin Yang et al., 2014). It should be noted that the E. coli strain used in the droplet
evaporation work differs from that in other areas of this thesis (ATCC 13706 and NCIMB
8545 respectively) as the strain used here is the host for the PhiX174 phage, whereas the
other strain is specified in many current STMs (such as 1SO022196). Overall, the 1 uL droplets
tend to exhibit less variation in the evaporation time and dried more quickly than the 5 pL
droplets, as expected from the model, in some cases the droplet size can affect the
evaporation of the droplet (Fukai et al., 2006). A more in-depth analysis of the models and
how they relate to evaporation has been performed (Cunliffe et al., 2023) but is not
explored here as the primary focus is STMs overall and the implications for AMMSs and so
is out of the scope of this thesis. The models did not capture the effect of adding bacteria
or bacteriophage on the evaporation times, but the experimental values were,
nevertheless, consistently closer to the constant contact angle scenario predictions rather
than constant wetted area, indicating that the deposition of these microorganisms does
not give rise to the contact line pinning effects reported with colloidal suspensions. The
bacteria, with sizes greater than 1 um, are not expected to give rise to colloidal behaviour,
whereas the bacteriophage, with lengths 20-30 nm, might if they did not aggregate when
suspended, this effect of particle size on the flow inside an evaporating droplet and the
impact on the coffee ring effect has been observed (Weon and Je, 2010). Electron
microscopy of images of the phages on the surface indicated that agglomerate and network
formation did occur, but it was not possible to determine if this happened before they

deposited on the surface.

Given that moisture is required for many antimicrobial materials to exhibit antimicrobial

activity, understanding that the presence of microorganisms can increase the rate at which
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evaporation occurs is important, as a shorter evaporation time will also result in reduced
antimicrobial activity. Therefore, for those interested in the development, manufacture,
and installation of antimicrobial materials, it is essential to consider what type of microbial
contamination the user is trying to control and use this knowledge in the development of

their initial antimicrobial efficacy assessment methods.

Other disciplines also benefit from the advances in understanding the evaporation of
microorganism-laden droplets. For example, the evaporation of droplets impacts the
survival and movement of bacteria in to leaves (Ranjbaran and Datta, 2019). Additionally,
the capillary movement toward the contact line can further compound the deposition of
bacteria at critical adhesion points of the leaf (such as the trichomes) (Ranjbaran and Datta,
2020). This is a particularly important issue when considering food safety as leafy greens

are considered a highly-contaminated product (Olaimat and Holley, 2012).

This cross-disciplinary work revealed that the application of quantitative models for the
kinetics of moisture evaporation on surfaces can help to explain and interpret findings
when testing for the efficacy of antimicrobial surfaces. The speed of droplet evaporation
is affected by a range of factors: temperature, relative humidity, airflow, the nature of the
surface and the presence (and nature) of microorganisms (Zang et al., 2019). The kinetics
of droplet evaporation affects the presence of moisture on a surface, and hence the
survival of microorganisms and, potentially, the mode of action of antimicrobial agents in
/ on the surface — particularly if the agents require moisture for activity (Maneerung et al.,
2008). STMs provide detailed accounts of procedures, but do not always specify with any
precision, the ambient conditions where testing takes place. If these factors are not
adequately recognised or controlled, results from STMs performed under different (or
unspecified) environmental conditions in different laboratories are liable to vary and give

rise to confusion, misinterpretation, and potentially misleading claims of effectiveness.

Variability of STMs has been demonstrated widely throughout all aspects of the method,
from the recovery method to the environmental conditions that will have a larger impact
once STMs transition to more realistic conditions. The development of any novel STMs
should consider these variables, and data on each should be included in any report to allow
a more thorough assessment on whether the AMM should be accepted for use. When

considering this report and the development of future more realistic STMs, factors such as
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the environmental conditions should have a greater level of emphasis than material
properties as environmental conditions are more variable (depending on location) and
have a greater impact on the evaporation of a droplet on the materials. However, all factors
that may influence the evaporation should be included in an efficacy report to allow for a

greater understanding into how the AMM will perform when in an end-use scenario.

4.5. Conclusion
It is clear from the data that the environmental and physical conditions as well as other

experimental decisions influence the evaporation time of a droplet on a surface, which may
translate to the antimicrobial efficacy of an AMM if it requires moisture to be active.
Therefore, moving forward, these factors should be considered when developing variations
of current STMs or novel STMs (such as a simulated splash test (Waltimo et al., 2007)) to
properly represent the conditions the material will be subjected to once in use. This will
reduce the total number of available products in any given scenario but will provide a
greater assurance that the AMMs that are implemented are providing adequate efficacy

and reducing the transmission of microorganisms.
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5. Droplet evaporation and the reproducibility of the
novel chamber
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5.1. Introduction
The established impact of evaporation on both the survival of microorganisms on a surface

and the efficacy of an AMM is an important consideration in developing a STM that uses
realistic conditions. Utilising the novel chamber to perform evaporation rate experiments
can demonstrate how evaporation of the droplet may impact on the data generated,
particularly those associated with dry deposition or small volume droplets (McDonald et
al., 2020), and what considerations might be required when interpreting that with respect
to antimicrobial efficacy of a material. For example, if it is known that in a real-world setting
it takes <20 minutes for a 4 ulL droplet to evaporate (depending on the environmental
conditions) (Armstrong et al., 2019), and therefore an antimicrobial coating would only be
active for that time, testing microorganisms in suspension over a 24-hour period, which
remains active the whole time, is not useful. As such, developing a chamber that can deliver

a method where a specified evaporation time can be facilitated should be a consideration.

Additionally, it is also important to verify the reproducibility of such a chamber when
performing such experiments. By comparing data generated by the novel chamber
described in this thesis to those established in the literature and generated by previous
experiments in this thesis, it can be determined whether the chamber can accurately assess

the evaporation time for droplets on a surface.

Whilst these data generated through both sets of evaporation and reproducibility
experiments with the novel chamber are useful in their own right, the data can also aid in
understanding the impacts of airflow on evaporation time by keeping other environmental

conditions (e.g. temperature and relative humidity) the same and only varying airflow.

To facilitate the further modification of the novel chamber and to determine how the
airflow (among other environmental conditions) impacts the evaporation rate within the
chamber, it is important to understand how these environmental conditions behave across
the chamber. This would ensure that the user can understand, and use to their advantage,
any variation in environmental conditions that their samples may experience.

5.1.1. Chapter specific aims and objectives
The aim of this chapter is to determine how environmental and physical conditions affect

droplet evaporation rate in the novel chamber. The objectives include:
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e Measuring the evaporation time of droplets of distilled water placed on steel
coupons under the following variables:
o One fan (A) or both fans operating (A and B),
o 15 % or 40 % relative humidity,
o 24°Cor30°C,
o 1ul or 5ul droplet size.
e Determine the variance of the environmental conditions within the chamber by
providing a map of the:
o Temperature,
o Relative humidity,

o Airflow.

5.2. Methods

5.2.1. Modifying the novel environmental control chamber to perform droplet
evaporation tests
A modified version of the novel chamber was printed to facilitate the following

experiments, where the only change from the design used in Chapter 4 was a 190x47mm
hole in the wall of the MT compartment, as shown in Figure 53. This allowed the droplets,
placed on coupons of stainless steel to be visible during the experiments. To ensure the
box was sealed, a transparent polymer (polymethyl methacrylate) sheet of the appropriate
size was fixed to the chamber with silicone sealant. Additionally, a second Arduino

microprocessor was added.

5.2.2. Mapping the environmental conditions in the novel environmental control
chamber
Data was gathered relating to the temperature and relative humidity across each location

a coupon could be placed in the MT compartment. In this experiment, the first Arduino
utilised one DHT11 temperature and humidity sensor placed between positions C6 and D6
(as close to the centre of the tray as possible) and adhered to the tray using double-sided
tape and gathered data to switch the heat pads on and off depending on the difference
between the current and target temperature. The first Arduino was also connected to the
two fans present in the HC compartment. The second Arduino was connected to six DHT11
sensors that were placed in the MT compartment of the chamber at each row for the

respective column (i.e. columns 1-11 as shown in Figure 18). The code used to control the
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second Arduino is shown in Appendix F. Each DHT11 was adhered to the tray using double
sided tape and the wiring was taped together as closely as possible to each other to
minimise the effects of the wiring on the airflow within the chamber. Potassium carbonate
(120g) and water (80 mL) was added to the HC compartment and the heat pads set to 30
°C. The potassium chloride was replaced and reset each day before testing (six tests were
performed each day, spanning 36 potential coupon placements). Before each experiment
began, the chamber was left sealed and undisturbed for a minimum of one hour to allow
an equilibrium to develop before testing. Temperature and humidity testing for each
coupon placement (one column at a time) was performed in duplicate up to 90 minutes.
The data generated by the sensors was saved to a microSD card reader connected to the
second Arduino. The data was transferred to a computer before resetting for the
subsequent experiments (i.e. the next column of coupon placements) . During the
experiment containing column six, the DHT11 connected to the first Arduino (to control
temperature) was moved to column five so as not to block the sensors connected to the
second Arduino. The airflow within the chamber (based on the simulations of previous
chambers) was determined by measuring the simulated airflow at each point where the
coupons would be placed. All statistical analysis and visualisation of data was performed
using GraphPad Prism 9.5.1.
5.2.3. Assessing the droplet evaporation rate in the novel environmental control

chamber
The modified novel chamber was set up in the same manner as previously described (5.2.2)

with only one DHT11 sensor within placed on the tray between positions C6 and D6, the
temperature was set to either 24 °C or 30 °C and the relative humidity was controlled to
either 15 % or 40 % via saturated lithium chloride or potassium carbonate respectively
(both 120g salt and 80mL distilled water), allowing a minimum of one hour for relative
humidity stabilisation before placing the coupons on the tray. The tray was removed via
the sliding entrance to avoid disturbances to the internal environment of the chamber.
Stainless steel 316L or Cu coupons of size 20x20 mm were sterilised by autoclaving at 121
°C for 20 minutes and inoculated with either 1pl or 5ul of distilled water, saline (0.85 %
w/v), or E. coli ATCC 13706 (adjusted to 0.5 OD at 600nm as described in 3.2.2) before the
tray was inserted into the chamber. A timer was started and stopped once the droplets

were visibly dry. Each combination of temperature, relative humidity and droplet size was
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tested in quadruplicate in the chamber and twice on separate occasions to ensure
reproducibility (i.e. eight droplets were observed for droplet evaporation time in each
variation, with four droplets placed in the chamber at one time and repeated once). All

statistical analysis and visualisation of data was performed using GraphPad Prism 9.5.1.

5.3.  Results

5.3.1. Modifying the novel environmental control chamber to perform droplet
evaporation tests
The modifications to the chamber are shown in Figure 53 and Figure 54, whereby the plexiglass was

fused to the chamber using silicone sealant, allowing the tray to be visible when in the chamber.

Figure 53 The window added to the novel environmental control chamber to allow for visibility into the MT compartment
of the chamber.

159



Figure 54 A DHT11 sensor placed in the MT compartment of the environmental control chamber, secured to a coupon
location with adhesive tape.

5.3.2. Mapping the environmental conditions in the novel environmental control
chamber
The temperature in each of the coupon locations is shown in Table 9, whereby an average

maximum temperature of 30.8 + 0.4 °C occurred at the location C6 and minimum of 26.6 +
0.5 °C at position F1. When considering the overall distribution of temperature within the
box, an area of higher temperature at position D6 is evident, which dissipates towards the
outer edges of the chamber. Additionally, the relative humidity distribution (Table 10)
demonstrates more variable spread of relative humidity values across the MT
compartment. A maximum relative humidity of 54.6 + 0.7 % is observed at position E10 and
a minimum relative humidity of 33.3 + 3.9 % is observed at position C1. Rows A, B, and F
are relatively uniform in in relative humidity values, with an individual range (minimum to
maximum mean) of less than or equal to #3 % for each row (when discounting B10,

including this position would increase the range of row B to +3.6 %). However, rows C, D,
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and E provided variation, particularly column E, that ranged from 35.42 % at position E1 to

54.42 % at position E8. Table 11 provides the simulated airflow measurements ranging

between 0.44m/s and 5.60m/s. A multivariable correlation analysis showed that

temperature was not correlated with relative humidity in the chamber (p = 0.085).

However, airflow had a significant effect on the difference between the target relative

humidity and the measured relative humidity within the chamber (p < 0.05).

Table 9 The temperature present within the MT compartment of the novel chamber. Each value is measured in °C and +
represents standard deviation. A-F and 1-11 represents the different coupon locations consistent with that in Figure 18

1 2 3 4 5 6 7 8 9 10 11
A 2740 27.1+0.4 | 28#0.1 28.1+0.3 | 28.5+0.5 28.8+0.4 | 27.940.2 | 27.5¢0.5 | 27.2+0.4 | 27.7+0.4 | 290
B 27.1+0.4 | 280 28.4+0.5 | 29.1+0.2 | 29.9+0.3 29.9+0.3 | 28.7+0.4 | 28+0.1 27.5+0.5 | 2740 28.9+0.3
C 27.5+0.5 | 28+0.2 28.9+0.3 | 29.6+0.5 | 30.4+0.5 30.8+0.4 | 29.6%0.5 | 28.3+0.5 | 27.7¢0.5 | 27+0 28+0.2
D 27.1+0.3 | 28.2+0.4 | 29+0.1 29.7+0.4 | 30.1+0.3 30.6+0.5 | 30+0.2 28.5+0.5 | 27.6+0.6 | 26.7+0.5 | 27.5+0.5
E 27+0 28+0 29+0.2 29.7+0.4 | 29.7+0.4 | 30.3%0.5 | 30.5+0.5 | 2940.1 27.9+0.5 | 27.3%0.5 | 28.1+0.3
F 26.6+0.5 | 270 27.7+0.5 | 28+0.2 28.9+0.3 29.6+0.5 | 29.5+0.5 | 28.8+0.4 | 28.740.7 | 27+0 27.4+0.5

Table 10 The relative humidity present within the MT compartment of the novel environmental control chamber. Each
value is measured in % and + represents standard deviation. A-F and 1-11 represents the different coupon locations
consistent with that in Figure 18

1 2 3 4 5 6 7 8 9 10 11
A | 35.7#4.3 | 400 38.9+1.4 | 37.5+0.5 | 37.8+0.8 | 40.4+0.9 | 38%0.2 39+0.1 40.4+0.6 | 40.7+0.9 | 38.7+0.8
B | 39.2+4 43.1+0.3 | 42.1+1.4 | 40.5+0.5 | 40.3+0.5 | 42.8+0.8 | 41.1+0.4 | 42.9+0.4 | 44.4+0.6 | 46.4+0.9 | 43.5+0.9
C | 33.3%3.9 | 37+0.2 36.241.4. | 34.3+0.4 | 33.6+0.5 | 35.6%0.9 | 34.2#0.5 | 36.6+0.5 | 38.3+0.8 | 40.8+0.9 | 38.7+0.8
D | 46.845.3 | 51.840.9 | 50.2+4.4 | 45.9+0.4 | 45.9+0.8 | 50.9+0.8 | 42.840.5 | 46.6+0.5 | 46.8+1.1 | 49.6+0.9 | 46.5+0.6
E | 35.444.2 | 3940 37.4+1.5 | 35.6+0.5 | 36.4+0.6 | 38.1+0.8 | 48.240.7 | 54.6+0.7 | 50.6+2.2 | 51.9+2 36.5+0.8
F | 39.944.1 | 43.840.4 | 42.7+1.4 | 41+0.1 41.1+0.7 | 42.3+0.8 | 39+0.5 40.5+0.5 | 41.2+0.8 | 44.9+0.9 | 43.8+0.9

Table 11 The airflow present within the MT compartment of the novel environmental control chamber. Each value is
measured in m/s total airflow as measured for each coupon location as part of the airflow simulation in Figure 18

1 2 3 4 5 6 7 8 9 10 11
A 090 (201 |2.70 |3.26 [3.39 |3.14 | 259 |2.01 |154 |0.98 |0.44
B 1.81 |2.14 | 269 |3.24 |337 |3.13 |252 |189 |155 |1.13 |0.59
C 237 | 258 |266 (240 |2.15 |236 |236 |238 |2.06 |1.37 |1.10
D 212 | 280 |287 (144 |1.09 |151 |2.08 (240 |242 |2.75 |2.46
E 148 |2.71 |3.59 |3.87 |3.67 |3.69 |3.71 |3.30 |3.17 |3.84 | 2.07
F 0.60 |147 |335 (477 |547 |560 (489 |3.61 |2.57 |292 |1.72
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5.3.3. Assessing the droplet evaporation rate in the novel environmental control
chamber
The evaporation rate of 1ul and 5ul droplets of distilled water in ~10 % and ~40 % relative

humidity at 24 °C, observed in Figure 55 and Figure 56, was significantly faster (p < 0.01)
than saline on both materials. In eight of the sixteen combinations of material, droplet size,
and relative humidity, significantly faster droplet evaporation (p < 0.05) of E. coli
suspension over sterile saline was observed, whereby 24 °C (6 / 8) observed statistical
significance more often than 30 °C (2 / 8). There were no overall differences observed
between the two materials used. A lower rate of statistical significance was observed at 30
°C (12 / 24 comparisons were statistically significant) compared to 24 °C (17 / 24),
particularly in the 1ul droplets at ~40 % relative humidity at 30 °C, where no differences
were observed. The same patterns of evaporation time among the droplets occurred at 30
°C except for 5ul droplets at ~40 % relative humidity, whereby distilled water evaporated
at either the same time or slower (p < 0.01) than saline. Significantly lower (p < 0.01)
evaporation times of E. coli suspension compared to sterile saline were only observed in
two of the eight possible combinations. There were also no differences between the two

materials at each droplet size and relative humidity combination.
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Figure 55 The evaporation time of (a) 1ul and (b) 5ul droplets in (i) ~10 % and (ii) ~40 % relative humidity at 24 °C.
Distilled water, saline (0.85 % w/v) and E. coli NCIMB 8545 (0.5 OD at 600nm) was assessed on stainless steel 316L and
copper coupons. Significance values are represented as follows: * - p < 0.05, ** - p <0.01, *** - p <0.001, **** -p <

0.0001.
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Figure 56 The evaporation time of (a) 1ul and (b) 5ul droplets in (i) ~10 % and (ii) ~40 % relative humidity at 30 °C.
Distilled water, saline (0.85 % w/v) and E. coli NCIMB 8545 (0.5 OD at 600nm) was assessed on stainless steel 316L and
copper coupons. Significance values are represented as follows: * - p < 0.05, **-p <0.01, *** - p <0.001, ****-p <
0.0001.

5.4. Discussion
The modifications made to the chamber demonstrate it is possible to carry out experiments

with different rationale (testing antimicrobial activity of surfaces, measuring droplet
evaporation time) without the requirement for rigorous retesting of the environmental
conditions within (as no fundamental changes have occurred to the temperature, relative
humidity, or airflow control). To the understanding of the author, this is the first time such
achamber has been designed for this purpose. The detailed knowledge of temperature and
relative humidity and the effects of airflow inside this system, at coupon-to-coupon
resolution demonstrate that while the chamber can give users the confidence to test
antimicrobial coatings in a variety of realistic environmental conditions, further changes
could seek to provide less variation in temperature and relative humidity across the entire
platform. However, this current chamber does provide temperature variation within +2 °C
of the target temperature across all coupon placement locations, which is often described
as acceptable in numerous STMs for antimicrobial efficacy testing (e.g. 1SO 22196).

Furthermore, the data demonstrates that the position of the sensor that determines
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whether the heat pad is switched on or off is important. In the experiments described in
this chapter; the sensor was placed on the tray directly in the centre. However, in future
experiments it should be moved so it doesn’t block the coupons. This has implications for
control of the heat pad as moving the sensor higher will raise the temperature it
experiences as it is closer to the heat pad (although the degree of this change is yet
untested). It is vital to calibrate the system with the final sensor location to ensure the
accuracy of the environmental conditions when performing future tests within the

chamber.

The relative humidity data presents a greater variation across the testing platform
compared to the variation in temperature, likely because of its relationship with airflow. As
lower relative humidity values are rarely required in existing STMs, it is unknown whether
this degree of variability is acceptable. One approach may be to suggest testing an
antimicrobial surface within a range of relative humidity values (e.g., low —0-35 %, medium
— 35-65 %, high — 65-100 %) to allow for naturally occurring variations that would almost
certainly occur in end-use scenarios (Quraishi et al., 2020). Nevertheless, these differences
in the environmental conditions across the testing platform should be considered when
interpreting results from antimicrobial efficacy testing that has taken place in this chamber,
to ensure reproducibility of the data and confidence in antimicrobial efficacy claims.
Additionally, further refinement of the chamber to attempt to reduce variation in relative
humidity (by the use of less variable airflow) across the testing platform could be achieved
by greater numbers (and additional computing power) of airflow simulations (Jasak and
Uroi¢, 2020). It is important to note that the use of saturated salts as a means of controlling
relative humidity has been used in this work due to the simplicity and has been extensively
used in the past (Gonthier et al., 2019; D’Amato et al., 2021; J. Jung and Schaffner, 2021)
but other more accurate and reproducible methods of relative humidity control are
available (although they are much more difficult and expensive to implement) (S. X. Q. Lin
and Chen, 2005; Togrul and Arslan, 2006; Xiaogang Liu and Meehan, 2014; Paolucci et al.,
2022).

Whilst it is common that a STM prescribes environmental parameters with little room for
variation, variations in temperature, relative humidity and airflow may allow for a more

analogous testing environment to an end-use scenario. For example, an AMM that will be
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implemented into a hospital ward bedside rail will encounter relatively stable
environmental conditions as many indoor acclimatised locations have consistent (and in
the case of hospitals required (Yuan et al., 2022)) environmental condition control (Wolkoff
et al., 2021). However, this will vary with use / occupation due to factors such as proximity
to air-conditioning vents, radiators and windows, movement of staff and patients, and the
specific orientation of the equipment in the room. These variations, implicit in end-use
conditions, are impossible to predict in such a way that they can be modelled within a
chamber, and thus being able to ensure an AMMs efficacy across a known range of
conditions (within prescribed parameters) can provide confidence in the ability of the AMM
to kill microorganisms on its surface. Within this novel chamber, efficacy testing could be
performed across all 66 positions (repeating the experiment multiple times) to have the
widest degree of confidence of efficacy in an end-use environment, or if a very specific
environmental condition is required, targeted placement of the coupons using the data

described in this chapter could be used.

A consistent and low variability range of environmental conditions is important when
assessing droplet evaporation experiments, and so the natural variability of the chamber is
more problematic for this application. However, by separating the chamber into zones of
similar environmental conditions it is possible to assess evaporation time of multiple
droplets at the same time whilst being confident that the droplets are experiencing similar
environmental conditions. Additionally, incorporating airflow in combination with lower
relative humidity can result in droplets evaporating quickly. This knowledge that a droplet
will dry in a defined time can help elucidate the potential antimicrobial activity of a surface
in dry (or at least non-continuously submerged) conditions. The general observations of
evaporation time at both temperatures described in the results section of this chapter
display a trend of distilled water evaporating faster than that of saline and like that of the
E. coli suspension, which was also observed in the original evaporation work among almost
all materials, droplet sizes, and relative humidity combinations. These trends of salinity are
also observed in the literature (Obianyo, 2019) and allows for a better understanding of
how the inoculum composition of droplets may affect the antimicrobial efficacy of an
AMM, although there is limited work outside of this thesis that observes the direct effects

of bacterial contamination on the evaporation rate of droplets.
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It is also important to consider the effect of adding airflow into this system. When
comparing the results in Figure 55 and Figure 56 to those in Figure 48, it is clear that
comparable conditions (with or without airflow present) can lead to differences in
evaporation time. This may be because the airflow may be continuously replacing the air
at the droplet-air interface, preventing the formation of a more humid microenvironment
around the droplet that could slow the evaporation process (L. Liu et al., 2021).
Interestingly, the addition of airflow can reduce the evaporation of the droplet by more
than half, highlighting once more the complexity of implementing more realistic
environmental conditions into STMs. The ability of the chamber to be able to offer more
reproducible conditions under these complex end-use case simulations can enable users to
test AMMs more rigorously and reduce the variability between laboratories / users,
therefore providing a more robust system for testing AMMs. This facilitates the
cooperation and unification of international regulation that would allow for one system of
testing non-porous AMMs under varying conditions (dependent on the conditions present

in the end-use case).

The adaptation of the novel chamber to assess evaporation times is also a proof of concept
for further modifications for a variety of purposes. For example, adding a method to
provide UV light to the internal chamber structure while preventing this light from escaping
the chamber would allow a safe method of evaluating the efficacy of photocatalytic
materials (e.g. titanium dioxide) without the requirement for large and specialised
equipment, such as a solar chamber (Lépez et al., 2021). Additionally, UV lamps are often
currently used to test photocatalytic materials, which require safety equipment for users
and can require entire rooms to be sealed off during the experiment. This process can be
eliminated provided the chamber is thoroughly tested for safety and allows for a proof of
principle that minimal work would be required to modify the chamber to perform a variety

of tasks regarding AMM:s.

5.5.  Conclusion
The modification of the novel environmental control chamber to perform droplet
evaporation assessments has been demonstrated, with the variability of the environmental
conditions highlighting the complexity of adding realistic conditions in to STMs. Further

work to lower this variability could be advantageous by utilising a greater number of
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smaller heat pads and by generating more airflow simulations. Nevertheless, the chamber
was able to perform droplet evaporation tests with results aligning with that of previous
work described in chapter 4. The impact of temperature, relative humidity, airflow, and
chemistry / biology of the inoculum on the evaporation rate of a droplet is important in
understanding how more realistic conditions can be implemented in to STMs and the

implications for the results generated.
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6. Project summary and future work
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6.1. The factors to consider for novel more realistic standardised test
methods
The implementation of realistic environmental conditions and experimental parameters

into STMs with the aim to assess efficacy of AMMs is complex and requires extensive
research to understand the interactions between environment, microorganism, and

surface. More specifically, there are two key considerations for future work:

e how these changes will affect the survival and viability of microorganisms on the
surface,
e the impact of different environmental conditions on antimicrobial efficacy of an

AMM.

The development of the chamber to overcome these challenges is an important step in
improving the standardisation and reproducibility of STMs. However, it is also important to

acknowledge the potential areas for improvement regarding the chamber.
This chapter outlines these considerations and recommends future work.
6.1.1. Environmental control chamber advantages and limitations

There are several advantages to the chamber over traditional incubator systems. A

complete list is provided below:

e The novel chamber is portable, as opposed to more traditional environmental
control chambers that are often very large and difficult to move,

e The novel chamber has precisely controlled airflow to include as a factor in future
STMs,

e Laboratories using this chamber will generate reproducible results as they will all
be using the same equipment, current chambers are often chosen based on price
and availability,

e The novel chamber is relatively inexpensive compared to a traditional chamber,

e Coupons can be removed from the chamber without affecting the internal
environmental conditions, which is difficult with other chambers,

e The novel chamber is made mostly from biodegradable materials and requires a
low electrical power, and so is less harmful to the environment than other

chambers,
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e Asthe novel chamber is 3D printable, it can be created anywhere in the world
with access to a 3D printer,

e The design of the novel chamber is modular, and so the chamber can be easily
adapted to perform other tests, such as adding a light in to test photocatalytic

materials.

On the other hand, the following list includes limitations and improvements that still need

to be made to maximise the reproducibility and performance of the chamber:

e Currently, the airflow, temperature, and relative humidity throughout the MT
compartment of the novel chamber present heterogeneity, minimising this would
allow greater reproducibility between tests.

e The wiring for the novel chamber spans over a large area of the design to reach
the different areas, design of a central area for the Arduino to be placed to allow
for better cable management to prevent obstructions would be beneficial.

e The novel chamber is optimised for printing with a larger 3D printer than is
necessary, smaller / more inexpensive 3D printers may have difficulty printing the
larger and more complex components of the novel chamber without acquiring
issues such as warping.

e The top of the MT compartment of the novel chamber can be very hot to the
touch if working at higher temperatures, a warning for additional care or
designing the heat pads to be physically further away from the MT compartment
roof may be beneficial.

e Although the objectives of the project have been met, using more accurate
sensors would allow for a greater understanding and control of the

environmental conditions within the chamber.

Further development of the chamber with these points in consideration would allow for a

greater ability to perform STMs and develop methods to assess the efficacy of AMMs.
6.1.2. The effects of standardised test method conditions on the organism

As demonstrated in both section 4.3 and 5.3, the environmental conditions (among other

factors) required in an antimicrobial STM will affect the survival of a microorganism on a

surface regardless of whether the material is actually antimicrobial or not. Particularly
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when considering desiccant-sensitive organisms (e.g., many gram-negative bacteria
(Janning and In't Veld, 1994)), and care must be taken to consider how to use these in

methods that are focused on dry deposition or fast evaporation time.

For example, if an end-use scenario is likely to be burdened with gram-negative bacteria, is
infrequently touched, and in environmental conditions that favour the increased
evaporation rate of a droplet (high temperature and airflow, low relative humidity), then it
may be that the addition of antimicrobial action into the material will not provide
significant benefit to bioburden or transmission of microorganisms. This is because a lower
population size of microorganisms is already likely to be present (although some
microorganisms may remain). Understanding this limit, and particularly the environments
for which the addition of a biocide provides a tangible benefit is important when
considering the cost of adding a biocide into a material (although this is reducing over time
(Petousis et al., 2022)) as well as the potential environmental impacts it may have (Thakur

and Ganguly, 2022).

Other factors also affect the survival of microorganisms on the surface, both in terms of
how it affects the droplet evaporation rate as well as biological mechanisms of survival. For
example, it was demonstrated that the addition of bacteria into the inoculum provides a
larger effect on evaporation rate than viruses (bacteriophage), with bacteria changing the
contact angles of the droplets and contact line pinning affecting the mode of evaporation
(Rasheed et al., 2023). However, whilst the data in this thesis demonstrates this clearly, it
is unclear if this change in droplet evaporation is observed with the inclusion of any
bacteria, or if it is species specific. Additionally, it is not clear if the same effect would be
observed with a mixed species or mixed microbial kingdom (prokaryotic, eukaryotic (fungi),
and viruses) inoculum, and / or with different concentrations of microorganisms. It is also
unclear how a mixed-species model would provide beneficial or antagonistic effects to the
individual species present. For example, the addition of multiple species of microorganisms
may provide protective elements (Yao et al, 2022) such as the secretion of
exopolysaccharides that would partially prevent the desiccation of gram-negative
organisms on the surface post-evaporation. This complexity becomes more relevant when
considering that a consortium of organisms would provide a more realistic approach to

STMs, as single species end-use cases are unlikely.
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The choice of inoculum media is also important to the survival of microorganisms on a
surface, with the inoculation media used in current STMs not of relevance to end-use
scenarios. For example, 15022196 specifies the bacteria is in 1/500 nutrient broth for the
duration of the test (ISO, 2011). While this choice provides the advantage of being able to
maintain the bacterial population without promoting active growth of the organism, it is
likely that this would not occur in many end-use scenarios. However, there are other media
choices that are already established in the literature that may be able to provide a more-
realistic inoculation to a surface, e.g. blood (Y. Wang et al., 2022) or sputum (Decraene et
al., 2008; Biryukov et al., 2020). This can exemplify contamination from hospital patients,
offering nutrients and proteins to microorganisms and may facilitate their increased
survival or even growth on a surface (da Silva et al., 2022). Whilst there has been some
research into the use of artificial saliva for AMM testing, it is of limited use until novel STMs
with more realistic conditions can be developed (Taylor, 2022). It is also important to
consider that even using very nutrient limiting factors such as saline may not prevent
growth in all cases. Pseudomonas aeruginosa has been known to have the ability to grow

multiple log factors in saline alone and even grow in distilled water (Favero et al., 1971).

Furthermore, the use of more complex inoculum media in STMs, particularly those that
contain proteins, could impact the survival or growth of microorganisms on a surface by
forming a conditioning film that allows the further attachment of microorganisms,
developing the beginning stages of a biofilm (Monteiro et al., 2009). In addition to this, the
movement of particles (microorganisms or other inocula contents) that occurs to form the

coffee ring effect would exacerbate this conditioning film effect further.

The quantification of multi-species and especially multi-kingdom inocula also presents
significant issues. Many species cannot be cultured on the same media and therefore the
current method of a dilution plate count that is used in many STMs will not provide accurate
results without burdening laboratories with highly increased workloads to plate on multiple
culture media. Methods such as live-dead staining would provide a potential answer to this
issue but once again raises the difficulty and expense of performing an STM that should

fundamentally be able to be performed in a wide range of microbiology laboratories.
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6.1.3. The effects of standardised test method conditions on the material
As identified throughout this thesis, the effects of environmental conditions on the ability

of an AMM to express its antimicrobial efficacy is profound, mainly relating to the
requirement of many AMMs to utilise moisture in the environment to exhibit their
antimicrobial effects (e.g., Ag* ions (Q. Sun et al., 2014)). This relates closely to the
considerations of how adapting the environmental conditions affect microbial survival. For
example, when the relative humidity is reduced to ~50 % to simulate a hospital ward, the
inoculum will evaporate on the surface, this will negatively influence the microbial viability

but also negatively impact the antimicrobial efficacy of the AMM.

The material to be tested will also affect the evaporation rate of the inoculum as different
materials often present different surface tension values with the same inoculum, as
described in 4.3.2. The movement of particles and microorganisms in a droplet on the
surface will also impact the antimicrobial efficacy via the stacking of bacteria caused by the
coffee-ring effect that will prevent microorganisms from directly contacting the material,
which can be a serious problem if the material requires contact for its mechanism of action.
For example, nanoknife type materials such as graphene physically pierce microorganisms
to exhibit their antimicrobial effect, which becomes less effective if a conditioning film has
already been established (J. Liu et al., 2021). Furthermore, the addition of more realistic
inoculum media (e.g., artificial blood) may be problematic to the antimicrobial activity of
some materials via their neutralisation. This is highly dependent on the contents of the
media and the active ingredient of the AMM but should be considered when assessing the

impact of realistic conditions on STMs.

6.1.4. Informing on a more balanced and realistic approach to non-porous
antimicrobial material efficacy testing
As discussed above, there are a wide variety of factors that impact on the results generated

in an STM. For revisions to occur to these STMs, it is important to consider how each factor
should be implemented and the level of specificity required, and how this may be
interpreted in different laboratories with varying governmental regulation. The
implementation of each of these factors should be considered individually as well as how
it may impact on other aspects of a STM and the implications of it. The following factors
have been concluded as important to consider altering to improve how realistic an STM is

to an end-use scenario:
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6.1.4.1. Temperature
Current STMs often state temperature values of 25-35 °C, while this is closer to the optimal

temperature for many microorganismes, this is not commonly found in many end-use cases
where fomite transmission or bioburden on surfaces may occur (Juan Wang and Norback,
2022). Therefore, adapting the temperature closer to that of end-use scenarios would be
beneficial. However, the range of potential temperature values is vast, and can change
based on geographical location, weather, time of day etc. There are two possible solutions
to this issue, provide a generalised set of temperature values that would likely occur in a
wide range of end-use scenarios or allow testing facilities and / or manufacturers to state
the likely temperature that would be experienced by the AMM based on either the
available literature or prior testing. There are clear advantages and drawbacks to each
approach, such as the added difficulty of performing the STM whether it be to initially
define a range of end-use scenarios and the accompanying conditions or to require
individual laboratories to test or research the conditions present before performing the
STM. This also has implications for providing approval to an AMM, as these conditions must
also be verified as well as the efficacy of the AMM within those conditions, which presents
a higher workload and a greater opportunity for variability to occur between laboratories.
The advantages of providing more realistic testing negate some of these concerns, as it
could be argued that regardless of the outcome of the current STMs, the efficacy of the
AMM has not been verified in realistic conditions, and therefore may be completely
ineffective at point of use. Furthermore, the development of equipment to perform STMs
at reproducibly lower temperatures (the chamber from this project) will reduce the

difficulty and potential for variability to arise.

Temperature is inherently linked to relative humidity and so in the context of performing
STMs it is an important consideration. This is both in terms of how for example different
seasons and the accompanying temperature changes will affect the relative humidity the
material is presented with (which also affects microorganism transmission (Robey and
Fierce, 2022)) and thus causing the results of even new more realistic STMs to be
misaligned with true end-use scenarios at that time. Also, temperature changes can
influence the relative humidity under saturated salts and thus the ability to maintain the
desired relative humidity under a variety of temperatures becomes difficult even in a

laboratory setting (Hong et al., 2002). However, the changes are relatively minor compared
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to the vast differences between current STMs and end-use scenarios and so an
improvement can still be made and therefore changes to STMs justified.
6.1.4.2. Relative humidity
Relative humidity is the most critical factor affecting current STMs, as it prevents the
inoculum from evaporating on the surface altogether, so modifying this to be more in line
with end-use cases is of the utmost importance. The relative humidity in end-use scenarios
can range dramatically depending on many factors (Van Wijngaarden and Vincent, 2004)
(a number of which overlap with temperature). Therefore, it may be beneficial to allow a
wider range of relative humidity values to be used for novel STMs to allow for these
changes or perform multiple tests at a range of relative humidity values to accommodate
for these differences, although this does once again increase workload. It is also important
to note that very high relative humidity regions and scenarios are possible (A. R. Khan et
al., 2022), and so current STMs can be assumed to be more accurate in these cases. The
approach to relative humidity selection should be in a similar manner to that of
temperature, whereby ranges are either predetermined or measured and then the
candidate AMM tested under those conditions. The use of the chamber to accommodate
these changes can help to alleviate some of the logistical issues with modifying STMs.
6.1.4.3.  Airflow

Airflow is a factor that is entirely omitted from most STMs, and is not relevant to others
(when testing AMMs that will not experience airflow when in use (ASTM, 2013) e.g. water
piping). The choice to omit airflow does provide many advantages, mainly relating to the
increased variability of performing an STM with airflow. Even with a dedicated
environmental control chamber such as the one described in this thesis; it is difficult to
ensure the airflow is consistent across all regions of the chamber to increase
reproducibility. Implementing airflow into new STMs however is vital to providing realistic
simulated end-use cases and the factor has a large impact on the evaporation rate of an
inoculum on a surface (Y. Zhao et al.,, 2022) and so affects AMM efficacy in the same
manner as relative humidity. As the airflow in many indoor end-use scenarios is not likely
to differ to a large degree, particularly when considering indoor environments, the
presence of airflow alone can be considered adequate to better include realistic conditions

in STMs.
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6.1.4.4. Choice and concentration of microorganisms
Both the choice and concentration of organism used in STMs may not be realistic to end-

use scenarios. In general, the microorganisms are much more diverse, and the
concentration is much lower in end-use scenarios compared to those described in STMs. It
is unlikely that single species contamination events would be seen in end-use scenarios
outside of very specific cases such as coughing during a respiratory infection (N. Zhang et
al., 2020) or blood splatter during a systemic infection etc. Therefore, it would be beneficial
to include a consortium of microorganisms that simulate the end-use scenario that the
AMM would likely be targeted towards. However, the choice of microorganisms for this
consortium provides some difficulties relating to the large variety of potential species that
could be encountered. It is likely best to form groups of organisms that would likely be co-
contaminating surfaces in each area. For example, a hospital will likely encounter many
human commensal and pathogenic microorganisms and so the STM should relate to that
fact (Sarica et al., 2002). On the other hand, a ship’s hull would be more likely to be
contaminated with aquatic microorganisms (Qian et al., 2022). It is also recommended to
use a consortium of microorganisms that can be cultured in similar (or ideally the same)
nutrient media to avoid added workload in the STM. Additionally, reducing the
concentration of the microorganisms, while addressing the issue of realistic conditions,
may not be possible with many common and simple microbiological techniques, especially
those that use agar plates, as the limit of detection is relatively high, and thus there is a
requirement to be able to measure a difference in microbial population pre and post
treatment.
6.1.4.5. Inoculum media

The inoculum media relates to AMM activity in a very similar manner to the species choice
since it will also be determined by the contamination event in the end-use scenario.
However, the inoculum media has a much wider range of possible combinations, as spill
events from other sources (e.g., bodily fluids) can add a large amount of nutrients into the
system (Fulford and Stankiewicz). Cleaning procedures can also impact the nutrients
available to the microorganisms on the surface as well as presenting antagonistic effects to
microorganisms (Gilsoy and Karagozoglu, 2022). All of which contributes to a complex
system that is difficult to simulate meaningfully. One solution is to simulate conditions that

would be present during an end-use case, for example using simulated sweat (Argel et al.,
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2022). It is possible to mimic a hand-touch contamination event, or sea water could be used
for marine end-use cases etc. It is likely that this should be treated in the same way as the
inoculum media.
6.1.4.6. Incubation time
The incubation time of the AMMs in current STMs is likely not analogous to end-use
scenarios, as it should be informed based on the time between interactions in the case of
fomite transmission (very frequent) or over a long period (e.g., 28 days) in cases where
preventing bioburden is important. Therefore, like the other factors, it is important to
consider the use-case of the AMM in question to determine how long the test should be.
This process will also eliminate some candidate AMMs from specific use cases pre-testing,
allowing the elimination of some workload to testing laboratories. For example, AMMs that
utilise photocatalytic properties generally require a longer period under indoor lighting
conditions than the frequency of hand-contact with FTS would allow for (Xiao et al., 2019;
Ziling Zhou et al., 2021), making them an inferior option compared to faster acting AMMs
such as those that include Cu (Razavipour et al., 2022).
6.1.4.7. Method of applying the microorganisms to the surface

The process of applying the microorganisms to the surface is an important factor in the
results generated from an STM. Many common STMs apply an inoculum droplet to the
surface and incubate. While this method is simple to perform and increases reproducibility,
it does not provide a realistic approach to how many contamination events would occur.
For the purposes of this thesis, ISO 22196 has been used to reproducibly validate the
environmental control chamber and assess the impact of certain variables (e.g. relative
humidity, droplet size, inoculum concentration). However, recently newer methods of
antimicrobial assessment of surfaces are being developed that could allow testing of AMMs
in conditions more analogous to an end-use scenario. In many cases, if a droplet were to
be applied to a surface in an end-use scenario, it would likely either be via microscopic
droplets from coughing (could be simulated through a cascade impactor (McDonald et al.,
2020)) or through larger spillage-based events, although this would likely invoke a cleaning
process to occur in many cases (Aligina et al., 2022). This assumes that a droplet is present
on the surface, but when assessing hand-contact contamination events, dry deposition
occurs (Aranega-Bou et al., 2023). When translating this to informing on more realistic

STMs, it is likely that very limited droplets would be available to the AMM and thus
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minimising the droplet size would benefit how realistic the STM would be and offer an

improvement over the current system.

6.2. Conclusion
The chamber designed, produced, and tested in this thesis will provide a foundation for the
development of novel STMs that can simulate a wide variety of end-use conditions and
work towards a system of unification towards the regulation of AMMs as well as provide
confidence in their ability to express antimicrobial efficacy in end-use scenarios. This would
ultimately allow for the approval of AMMs that can reduce both the bioburden of

microorganisms on relevant surfaces and the transmission of microorganisms via fomites.

6.3. Future work
This project has provided extensive background work for the implementation of realistic
conditions into STMs and explain some of the complexity involved in this process. Moving
forward, it would be advantageous to continue developing an understanding of realistic
conditions in STMs and the novel chamber that can facilitate this. There are several areas

that would provide a great benefit to this field of work:

6.3.1. Would surfactants affect STMs?
Surfactants are chemicals that can decrease the surface tension of a droplet on a surface
and are often used in household cleaning items such as detergent (Farias et al., 2021). The
use of surfactants in a range of end-use scenarios has major implications for STMs and
AMM efficacy. This is based on the lowering of the surface tension which leads to the
droplet not using the constant wetted area mode of drying, preventing the coffee ring from
occurring and allowing generally increased efficacy of a material. It would be insightful to
guantify this process to determine the impact of a range of surfactant concentrations on

the efficacy of various AMMs.

6.3.2. Scaling up the novel chamber
The chamber is currently capable of holding 66 20x20 mm coupons in the MT compartment
at a time. Although this number is relatively large for research purposes, industry labs that
are verifying AMM efficacy would benefit from as many coupons as possible being able to
be tested at once. Scaling up the size of the chamber would be a complex task that would

involve retesting the airflow, temperature, and relative humidity capabilities of the
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chamber. Particularly when assessing relative humidity, a greater volume of saturated salts
would be required to control an increased volume of air. Despite this being possible, it
would be prudent to limit modifying the base version of the chamber as much as possible
to allow reproducibility across laboratories, focusing on modifying the chamber to perform
different types of material testing that would have limited effects on the environmental

conditions within (e.g., photocatalytic and biofilm testing).

6.3.3. Testing photocatalytic materials in the novel chamber
Modifying the novel chamber to perform STMs involving photocatalytic materials would be
a useful extension of the chamber’s capabilities. With the addition of a UV light to the
chamber (preferably with variable power output), photocatalytic AMMSs could be tested in
a range of realistic environments. This would remove the need for large solar chambers
while maintaining safety. This process would require minimal testing and modifications to
the chamber but ensuring that the environmental conditions have not significantly changed

(especially temperature) would be an important step.

6.3.4. Testing biofilm growth in the novel chamber
Like that of photocatalytic materials, it would be interesting to develop the chamber to be
able to perform static biofilm tests in realistic environmental conditions. Modifications to
the novel chamber for this purpose would likely result from changing the tray to have
deeper sections that are locked off from one another so that the appropriate nutrient
medium could be added with the intention of the media evaporating over time to
determine realistic biofilm growth. This would require very little modification to the
chamber, but the extension of the wells could create microenvironments with high relative

humidity and so testing for any changes and overall reproducibility would be advised.
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Abstract: Materials that confer antimicrobial activity, be that by innate property, leaching of biocides
or design features {e.g., non-sdhesive materials) continue to gain popularity to combat the increasing
and varied threats from microorganisms, eg., replacing inert surfaces in hospitals with copper.
Tor understand how efficacious these materials are at controlling microorganisms, data is usually
collected via a standardised test method. However, standardised test methods vary, and often the
characteristics and methodological choices can make it difficult to infer that any perceived antimicro-
bial activity demaonstrated in the laboratory can be confidently assumed to an end-use setting. This
review provides a critical analysis of standardised methedology used in scademia and industry, and
demonstrates how many key methodological choices {e.g., temperature, humidity /moisture, aicflow,
surface topography) may impact efficacy assessment, highlighting the need to carefully consider
intended antimicrobial end-use of any product.

Keywords: antimicrobial materials: antimicrobial testing: 22196; antimicrobial surfaces; antibacte-
rial coatings

1. Introduction

In order for a microorganism to cause disease, it must first reach the potential host.
Microorganisms can move around an environment in various but typically passive ways,
including via aerosols (inside droplets of water) [1], direct contact between two animated
objects [2], and fomites {a contaminated inanimate object) [3]. Some micreorganisms can
retain their pathogenic potential whilst outside their host for extended periods of time [4],
with studies suggesting survival for days and even weeks on inanimate surfaces such
as plastics and metals which are often considered to be *hygienic surfaces” [5,6]. Many
of these materials are used to construct frequently touched surfaces (FTS) such as door
handles, lift buttons, light switches and digital locks [7,8]. Viability of microorganisms
on FT5 has been demonstrated, and more critically, the evidence of transfer of potentially
harmful microorganisms from the FTS to a biological surface (eg., human skin) via touch
has also been reported numerous times in the literature, e g., [%-11]. In the clinical setting,
studies highlight bedsteads, supply carts, over-bed tables, lockers, patient bodies, bed-
linen, curtains and intravenous pumps as frequently touched when specifically considering
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interactions between hospital staff and patients [12,13]. These patient-care itermns can serve
as a potential reservoir for pathogenic microorganisms and may be the cause of infection
of, and cross-infection between, hospital patients. Non-clinical environmental reservoirs of
pathogens can cause further problems where compounding factors also oocur, such as on
cruise ships where advanced medical treatments are not available [14].

There are various methods that can be utilised to control microorganisms on surfaces in
these settings. In clinical environments, methods to chemically disinfect surfaces are often
used, but may be performed inadequately, (through poor adherence to cleaning protocols),
allowing pathogens to be spread more rapidly throughout wards, following recontami-
nation of disinfected surfaces via contact with fomites [15]. Additionally, disinfectants
may themselves drive the evolution of resistance. For example, quaternary ammonium
compounds (QAC) have long been considered an effective class of disinfectants and were
once thought to be impervious to bacterial resistance. However, an approximate 30%
increase of QAC resistance genes has been observed in methicillin-resistant Staphylococcis
atrens (MBSA) isolates in the vears 1990-2010 [16]. To compound this issue further, QAC
resistance can undergo horizontal gene transfer to spread resistance and can also propagate
the transfer of other antibiofic resistance genes [17]. Disinfecting rooms through exposure
to high intensity UV light can be effective at killing the majority of microorganisms it
illuminates, but requires all staff and patients to leave the room during the process as a
safety requirement [18].

Therefore, methods that reduce human error and do not impact on the availability of
facilities would be beneficial, such as materials that exhibit antimicrobial activity. Such
materials may be innately antimicrobial, produced with a biocide embedded within, or
there may be some coating or treatment that confers antimicrobial properties onto the
surface—many of which have gained popularity over recent years [19]. For example,
in some hospitals and other end-use environments, copper has been exploited as an
antimicrobial material (AMM) [20], whilst brass has also been used extensively for FTS,
demonstrating an oligodynamic effect [21]. Other materials and additives are now gaining
focus in the literature, for example, materials with photocatalytic properties such as certain
forms of titanium dioxide, various metal salts and oxides as well as certain dyes [22], other
metal ions [23] and some organic agents [24] and materials used in their nano form, such
as silver, copper and zinc [25]. Due to the variety and scope of these materials, we will use
the term AMM to describe such materials.

The mechanism of action of AMMs can be divided into three major subgroups: active
substance release, potentiated surfaces and non-adhesive properties. Each of these ap-
proaches has their own advantages and limitations in situ [26]. Contact killing-based claims
are the most abundant in the literature, being delivered by both active substance release
systems and those with potentiated surfaces. Arguably systems that release less active
substance may mitigate any increase in prevalence of antimicrobial resistance associated
with AMM's [27].

Active substance release systems discharge a biocide or antimicrobial agent and this is
often triggered through hyvdration which is then intended to kill microorganisms on the
surface and can be highly effective [28]. They can be applied to and incorporated into a
wide range of materials (e.g., synthetic polymers) and deploved in a wide range of environ-
ments, from FTS in hospital wards to internal devices in patients such as orthopaedic and
cardiovascular implants [29], as well as in non-clinical environments such as call buttons
and in coatings on hand rails on public transport [30].

Potentiated surface-based AMM’s can be fabricated by the inclusion of a biocide,
metal, peptides or amines on the surface of the material in order to add an antimicrobial
function to that surface [31-33]. Common materials used include silver nanoparticles
[AgNPs) [25,34,35], copper (Cu) [36-39], tin disulphide (SnS,) [40], ruthenium (Ru) [41,42]
and titanium dioxide (Ti0:) [43]. Within this subcategory of AMMs are photocatalytic
materials, that present their antimicrobial effect when exposed to light (e.g., Ti(k); however,
a longer time period is often required to significantly reduce the microbial bioburden, with
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hours upon exposure bo typical solar light [44]. However, doping (e.g., nitrogen [45]) does
add further potential for increased efficacy [46].

In addition to the mechanisms described above, which focus on a molecule entering
or interacting with a cell in some detrimental way, other mechanisms for modifying and
potentiating surfaces also exdst. For example, carbon nanomaterials (e.g., graphene oxide)
have also been shown to be effective at reducing the microbial bioburden on a surface by
piercing /damaging cells using jagged, sharp and sturdy surface features [47]. Graphene
oxide can also ‘generate’ reactive axygen species (ROS) [45], and thevefore uses multiple
features o achieve the desired antimicrobial effect [49).

Non-adhesive AMMs have been designed to combat the transfer of microonganisms,
as they prevent a microorganism from being able to adhere bo the surface, which is therefore
also easily cleaned {eg., by presenting hydrophilic properties [S0]). However, it i important
to note that an AMM only incorporating this method would likely not reduce the rate of
infection in patients, as studses have shown that, particularly bacteria, are able to overcome
this ‘line of defence’ when no other antimicrobial properties are being exhibited [51].

As described above, there exists a range of applications for which an antimicrobial
surface may be a desired option in some settings, with numerous options for manufac-
turers including different materials fadditives and manufacturing processes. However,
the variation in approach means that not all AMMs are equal and are likely to all exhibit
individual levels of efficacy specific to their product design and intended end-use. As the
market for these materials increases, manufacturers of AMMs are required to demonstrate
their materials work as intended—meaning efficacy testing is a eritical component in AMM
development, sale, purchase and end-use decision-making.

2. Testing the Efficacy of an AMM

Standardised test methods are a necessary and important step in the development
of a novel antimicrobial material. To define a material as antimicrobial, efficacy should
be assessed under reproducible conditions that mimic later in-use environments. 1f the
predetermined threshold (usually a 2 or 3og reduction in viable cells although often
individually agreed upon by all parties involved) is not met, then the surface cannot be
considered as antimicrobial. This process should enable those interested in AMM's to
ascertain a level of confidence in their material, providing some preliminary positive data
that encourages further exploration for testing the material elther under conditions more
appropriate to the intended point of use ar even in practice. For example, bacterial inocula
used in standardized testing (-10°-10° CFU/mL) are significantly higher than those found
in most potential end-use settings (eg., —10°-104) [52].

Additionally, in order to validate the reproducibility of an antimicrobdal material,
ideally several different labs should perform the relevant standardised test method and
achieve results that are all within the natural error range for such test [53]. Whilst the
validity of individual test method data should be acknowledged, a growing need exists for
precise and reproducible methods, as many different AMM °s fall short when being tested
by independent reviewers [54].

In several cases, the test methods used to determine the efficacy of an AMM are
inadequate due to a variety of factors including the incubation time /environmental condi-
tona. In some cases this can aftificially favour the increased and for prolonged efficacy
of the material, particularly by raising the humidity to =90%, a condition which is almost
never seen in end-use environments [55,56]. Many of the materials used in AMM's require
mipdsture bo be antimicrobial, metallic silver for example, which 15 ionised in the presemce
of molsture to form silver lons which have numerous antimicrobial properties. Therefore,
knowledge of the length of ime a surface remains moist for (the drying time of the deposit
careying the contaminating microorganisim on the surface) is vital for an accurate judge-
ment on the efficacy of the surface [57]. This reliance on modsture must be considered when
testing surfaces for effectiveness al point of use. Indeed, knowing the time it takes for an
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inoculum (a suspension of microbial cells of any manner) applied as a liquid to dry in each
environment i key to assessing the activity of many AMMSs.

3. Standardised Tests for AMMs In Vitro

There are five general categories of best for an antmicrobial material in viteo: (1) high
surface area to volume ratio tests, (2) agar zone of inhibiton tests, (3) suspension tests,
{4) adhesion tests, (5) biofilm tests [26]. These tests differ based on the mechanism of
action they are intended to evaluate (among other factors) and are explored below. Many
test methods are constructed and defined by several different test method development
organisations such as SO (International Standards Organisation), BS (British Standards),
IBRG (International Blodeterioration Research Group), and ASTM (American Soclety
for Testing and Materials). There have been many iterations and modifications of these
miethods deseribed in the literature that deviate based o the individual preferences of the
testing laboratory, which then makes comparison of data generated for similar materials in
different laboratories problematic.

3.1. Methds Constituting High Surface Area to Velume Ratio

These methods focus on maximising the contact between the surface and the mi-
croorganiam, 50 the cells and the surface are essentially always touching and interacting,.
This is usually done by placing the bacteria between the test sample and another ster-
ilised non-antimicrobial material such as glass or plastic. The most used test method for
antimicrobial materials in this category is 150 221962011 (and similar methods such as
IS5 Z 2801). Here, a surface is inoculated with a bacterial suspension of known concentra-
tion and volume (Figure 1). A polyethylene film is placed on top of the inooulum, and the
material 15 incubated at 35 “C in upwards of 90% humidity for 24 . Bacteria are removed
from the surface by mechanical detachment and re-suspension in a neutralising diluent,
before the number of colony forming units (CFLUs) is determined by plate count [58]. This
method is relatively straight-forward and cheap to run, and so has been widely adopted.
However, nome of the experimental conditions selate to end-use environments. Indeed, in
the majority of cases, the opposite is true, IS0 22196:2011 keeps a microbial inoculum wet
for the duration of a 24-h test, allowing the antimicrobial material to provide a sustained
antimicrobial action by dissolving into the water and this way ensuring contact between
the cell wall of a microorganism and the biocidal active substance—which will not mirror
the conditions when an AMM s implemented. To overcome such shorlcomings, recent
developments include a test method where bacteria are asrosolised, so they are deposited
onto a dry surface, in an attempt to reduce artificial antimicrobial acon resulting from the
deposition of a wet microbial inoculum [59]. However, dry deposition is not without its
own challenges, for example ensuring reproducible inoculum quantity and ensuring a safe
working environment from the release pathogens into the air.

Other methods using a high surface area to volume ratio have been reported in the
literature. One method (a modification of IS0 221%96:2011) involves inoculation of the
antimicrobial material with a bacterial suspension within a film of agar [commaonly made
into a slurry) o ensure that contact is maintained between the AMM and the test organism.
When recovering the bacteria from the material, a neutraliser is wsed to resuspend the
inseulum (neutealising diluent is a key step in a majority of antimicroblal test methods
to prevent superfluous interactions between the material and microorganism) and CFU
counts are determined. However, it is possible that the slurry (when required) has a soiling
effect on the material preventing it from performing its antimicrobial effect as efficiently as
possible as different antimicroblal materials will present largely different diffusion rates
and characteristics into an agar slurry [60,61].
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Figure 1. Diagram describing important steps in the 150 2219 antimicrobial materials efficacy test.

Another modification of IS0 2219622011 uses a filter, inoculated with bacteria, as the
top laver rather than a polyethylene flm perhaps to reduce loss of microorganisms through
fewer manipulations (omitting drop inoculation) [62]. Alernatively, a liquid bacterial
suspension can be sprayed (to simulate the typical deposition of airborne bacteria on o
a surface by coughing, etc.} on to the antimicrobial material from a distance of 15 em,
followed by live-dead staining after being air-dried for bwo minutes. Spraying of microbes
rather than deposition has the advantage of being more representative of a patient in a
hospital in most cases but is more complicated to run (and standardise) than simply placing
a droplet of water on o the surface, as it requires specialist equipment.

In conclusion, several authors have developed methods that are related to 150 22196,
presumably dwe to their ease of use and relatively low cost. However, there are many
limitations in the translation of resulis obtained to the point of use of the materials, with
most relating to the dissimilarity of the conditions standardised in 150 221% compared to
end-use environments, both clinical and ron-clinical, and others arising from difficulties in
comparing results from methods that slightly differ from laboratory to laboratory.

3.2 Agar Zone of Inhibition Methods

Methods that utilise zones of inhibition, for which there are two existing standardised
methods, are relatively quick and simple but may provide only an indicator of whether
any antimicrobial effect might be present under permanently wet conditions. The first,
IS0 20645:2004 is based on a disk diffusion method, where the AMM is placed on top of
an inoculated nutrient agar plate, incubated at the required temperature for a set time
depending on the requirements for the bacteria being tested (such as at 37 “C for 24 h for
E. endil) [£3]. The second, AATCC 30 (which evaluates fungi rather than bacteria), places a
spore suspension on b a solid agar medium and covers that with the AMM, inoculation
with spores also accurs on top of the AMM after placement, the Petri dish is then sealed to
maintain humidity and efficacy evaluation is based on macroscopic or microscopic visibility
of fungi [#]. These methods have limitations such as (i) the incubation tem perature is not
relevant to the end use (often it is the optimal growth temperature for the test organismy,
(ii} incubation time is not reflective of expected cleaning protocols (FT5's are likely to be
touched mose than once per day), and (i) the nutrients present from the agar would likely
nusk be present 5o abundantly on surfaces, all of which reduce the similarity o end-use
environments. In addition, if the active substance is not emitted from the AMM, activity
is unlikely to be measured, limiting applicability to a subset of AMMs. Furthermore, the
viability of the test microorganisms may be compromised by the material being placed
directly on top, even when exhibiting no antimicrobial effect. Nonetheless, the results
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provided from these test methods can allow a quick and simple approach to determining
whether a material has at least some antimicrobial activity, which may be all that is required
at the first stages of product development. Additionally, these methods can be used as a
reliable quality control step during the production of an AMM once approved [85].

3.3 Suesperision Melfuods

Suspension methods focus on inoculating and incubating bacteria in a lguid medium
containing the antmicrobial surface, and then determining the remalning viable CFUs
by taking an aliquot of this liquid and performing a dilution plate count using it. This
allows assessment of materials that exhibit antimicrobial-release properties. However,
due to the inoculum not being placed directly on the material, only surfaces that release
antimicrobials can be tested. There are two current standardised methods. The frst, ASTM
E2149-13a, requires that the material is immersed in the medium (that is most appropriate
for the bacteria used) following bacterial inoculation, then after incubation while shaking
to enable increased contact of AMM to the bacteria, the CFU count is determined [66]. This
method was developed with the intention of determining the effectiveness of silane QACs
by agitating the suspension with sufficient vigour to cause cells to come in bo contact with
the QAC “tails” [67], although this method is sormewhat disputed. A modification to this
method has also been developed whereby the entire suspension container is treated with
the antimicrobial to prevent biofilms forming and to avold complications arising from the
extensive agitation that is required for the standard [67]. The second, JIS L 1902 (and also
the absorption method within 150 20743), describes the incubation of a porous material
absorbing a specified volume of the appropriate medium, bacteria are then detached
from the porows material using a stomacher in 20 mL newtralising diluent, and CFUs are
determined in the resultant suspension [63]. For methods where an antimicrobial active
substance has likely leached into liquid media (which will then be diluted and plated
onto agar), which both of these suspension methods utilise, a neuwtralising solution is
essential—to ensure continued antimicrobial action does not occwr during the dilution
and CFU determining incubation stages (24 h at the most appropriate temperature for the
bacterial strain used). As these methods do not assess contact-killing materials, it is not
possible to assess efficacy for using such material in some end-use conditions, for example,
as a touch surface.

3.4, Aulleesion Methods

These tests focus on quantifying the number of bacteria that can adhere to an antimi-
crobial material. There are two approaches to this form of testing. The first requires that
the test surface is inoculated with the bacterla and incubated for 1 to 4 h. Non-adhering
bacteria are removed and either the surface with attached cells is added to a liquid medium
ar an agar slab is placed on top of the surface and incubated (for counting CFLUs), ar
the microorganisms can be stained (e.g., live-dead staining) to determine cells per unit
area [69]. The second method specifies a Aow of bacterial suspension through a chamber
containing the antimicrobial material, then live-dead staining is performed on the cells
attached to the surface to determine survival status of adhered cells. Alternatively, the
cells are detached from the surface of the material and re-suspended so that the number of
CFUs of the resultant suspension can be calculated [70]. Finally, a proliferation assay can
be used, which involves inoculating an AMM for a given time, followed by rinsing and
placing in a sov medium. The efficacy of the AMM is determined by the number of clonal
counterparts produced by the surviving bacteria that are attached to the AMM, real-time
spectrophotometer readings are essential to creating a growth curve bo compare a control
to the AMM [71]. In both methods, theee are lssues that arise from how effectively the
detachment of bacteria oecurs, even by sonication (which can cause the diluent to heat up),
as this may also reduce the viability of the organisms and their growth on media.
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3.5. Biafilm Methods

A biofilm is an assemblage of microorganisms that are associated with a surface and
often become encased in a matrix of polysaccharide material [72-74]. They are ane of the
most common forms that microorganisms take on Earth and can cause significant problems
when they form in certain astificial environments. Due to their impact on health, industrey
and the environment, the ability to either destroy a biofilm or to stop it from forming
in the first instance using AMMS s a focus of increasing importance. However, biofilm
development and testing are complex, and whilst recent efforts to advance standardised
biofilm growth (e.g.. ASTM E2647—20 and ASTM E3161—18) and efficacy lesting of
disinfectants against biofilm exist [75,76], methods for efficacy testing of ant-biofilm
materials are limited and suffer from problems regarding quantification of the bacteria, as
staining will offer little insight and sonication may cause a reduction in viability, although
some use of bioreactors for blofilm testing is taking place e.g. [77].

4. Incubation/Environmental Factors Affecting the Efficacy of Antimicrobial
Test Methods

If a test method should inform on the efficacy of a surface under end-use conditions,
the environmental conditions of that test need o be considered carefully. For example, if
mpisture is essential for activity of an antimicrobial material, a test method that includes
a high humidity, no airflow and warm temperature will result in the bacterial inoculum
remaining wet for the duration of the test and will provide optinal results for that AMM.
However, if that putative AMM would be used in a more realistic setting (such as a hospital
ward], humidity is likely to be considerably lower (30% to 65%) as will the temperature
(18 °C bo 26 “C), and there will be air circulating (g, via movernent of doors, people and air
conditioning) [75]. Contaminating droplets of liquid are likely to dry quickly, reducing the
time for which the AMM is active. Most existing standard methods for antimicrobial testing
vary in thelr environmental condition stipulations, but only to a relatively small degree (as
seen in Table 1). Environmental conditions such as these can alter the efficacy of an AMM,
and therefore careful consideration should be given when designing or interpreting data
from an antimicrobial test method.

Table 1. Examples of methodological test conditions used in several standardized efficacy test methods.

MName of Mlaterial Dl's,ltl'lilml - Temperature Criteria for Dther
Standard Type Used Time Humidity [§=] Being AM Conditions
A rll'gﬂ:
F‘.ﬁml’ndmm; R
EN 150 } P orritii: Mo vigille
R 1997 Plastics G. sirens: 4 weeks 9% Fu ) growth to the Bone
E.gfnb.xlml: riadoedd o
F. weruginosn
CFls<1 = 15
20?33!?13 Textiles . & . 18-2h % 372 reduction of life Nane
i af 507
EMN 150 Plastics / non- 5. murens; _ . - Agrmd upan
271962011 F coli 24+/-1h =% 542 by case Mone
Ceramics 5. aurens; .
EJ"MISJ'-%{}‘I.I? phnlu:at— K. pnewmuoniiae; 1824 h Mo menbon 3741 Lns::l]:hnn Mone
’ alytic E. coli
5. murens;
EM Mon: E_ hirae; . . .
- m'l"'m""' " u_ﬂl:;?- . 0 min Mo mention 402 5 log reduction Mone
C. alticans
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Table 1. Cont.
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ZIM?MQ mﬂ Inﬂ;: Az 2-3 days Mo mention M ﬁﬁ;ﬁ';]’““ 5% O,
Calcivirus
Jmﬁ:u :%T: B;:;“"E"x 4k Mo mention 71 Lag :I']:"'“" o

Humidity- Humidity is an important determinant for the drying time of Hquid
droplets [79], and therefore 13 most likely linked to AMM efficacy. In mwost cases, a reduc-
thom in the humidity of the AMM resulls in a lower antimicrobial efficacy because of the
reduction in moisture at the surface through evaporation. For example, when assessing the
activity of a copper alloy surface (with varving copper quantities in the alloy), incubating at
37°C and 1007% relative humidity (RH) provides a 4-log reduction in around 30 min for all
allows higher than 7% copper content. However, when the environmental conditions are
more analogous to that of an indeor room, at approximately 20 °C and 40-500% RH, the time
taken o achieve the same 4-log reduction of viable bacterial load is doubled o 60 min [30].
In addition, silver lons released from zeolite have demonstrated significant antimiceobial
effect at >90% RH, but the same composition showed no significant antimicrobilal effects
at 24% RH and a temperature of 20 °C. Although neither RH used in this study can be
considered typical, it highlights the importance of the role that humidity plays in either
Increasing or reducing the anlimicrobial efficacy of an AMM [55]. Novee, Michels and
Keevil [56] suggests that silver lons exhibit significantly decreased antimicrobial efficacy
when the humidity is reduced to around 20%, again emphasizing the requirement for
humidity to be considered when performing antimicrobial test methods. Furthermore,
Roman et al. [21] have shown that desiccation resistance is also significantly affected by the
relative humidity, and this has downstream effects on the microbial survival on a surface,
whereby survival of microorganisms can be greater at lower (251+%) relative humidity s
compared ko higher (95+%), this work also highlights that interactons between bacterial
species also allow for greater survival on materials compared to pure cultures. Finally, this
work uses aerosolisation to deposit bacteria on to the surfaces, alleviating the disadvantages
that droplets at high humidity possess on the antimicrobial efficacy of a material.

Temperature- Temperature has been shown to affect the survival of microorganisms
on a surface, eg., [32], and has also been shown to significantly affect the release of
antimicrobials from a material [53] and probably the method (or at least the speed) with
which they interact with the target species. Additionally, temperature does significantly
affect the dryimg time of water on non-porous surfaces [79]—and therefore potentially
affects antimicrobial efficacy due to the resulting change in humidity that occurs.

Adrflow- There is limited research into the effect of aieflow on drying time and for
antimicrobial efficacy of a material. However, drying time of a liquid droplet on a non-
porous material has been shown o be slower in the absence of aieflow [79]. In addition, the
transfer of infectious aerosols in hospitals is well understood and the ventilation systeny
has been associated with much of this concern [34]. Thus, aieflow is perhaps an important
environmental factor that has been significantly overlooked in the design of testing AMM—
even more 50 than humidity and temmperature as it has never been considered in a relevant
standardised test method.

Surface topography- In addition to the environmental conditions described above,
the surface features such as hydrophobicity and surface roughness can have a significant
Impact on how long modsture stays on its surface [55]. While a hydrophilic surface allows

221



Artibistics 3021, 10, 1069

Sof 14

water to spread out evenly over the whole surface and to dry evenly, a hydrophobic
sueface results in the formation of droplets that cover the surface only in parts and that
will dry out slower compared to the same volume when place on a hydrophilic material.
Hydrophobicity and surface roughness will dictate the contact angle created with a droplet;
when the contact angle s larger from an increased hydrophobicity, the droplet will possess
a lower surface area to volume ratio, also therefore decreasing drying time [56].

Spreading of the inoculum- Spreading plays an important part of some antimicro-
bial tests. However, increased care should be taken when considering the spreading of
the inoculurn, as inconsistencies in the spreading process are almost inevitable between
laboratories and even individual persons, leading to differences in the drying tme of the
droplets/inoculums and the repeatability of the results. Spreading must also be considered
alongside hydrophobicity data of the AMM, as hydrophobicity will partially dictate how
easily, if at all, the inoculum spreads across the surface, further increasing the possibility of
unreliable results [57]. If hydrophobicity /hyd rophilicity is part of the function of the coat-
ing comparing results from materials on which the inoculum exhibits dissimilar spreading
rates may be problematic and will need to be taken into consideration.

Inoeulum density- Litte work has been done linking the addition of an inoculum
to the drying Hme of a droplet. However, it is likely to cause a difference to drying time
either by interaction of the bacteria with the inoculum (o perform metabolic processes) and
sueface, or simply by taking up a certain volume of the inoculum. The impact of solling
agents in the inoculum may have effects not only on the drying rate, but also by having an
impact on the susceptibility of the target species to the effects of desiccation.

Exposure time- A longer exposure Hime will allow more interactions between the
microorganizm and the surface, potentially causing an increase in antimicrobial effect
{or, under extended conditions its recovery). All current test methods take this Factor
into account and specify an exact incubation period for the antimicrobial test to occur—
however, relating this period of time to the end-use is essential, particularly where an
AMM is anticipated to be touched with high frequency.

Threshold to achieve antimicrobial claim- Often a 2-3 log reduction in microbial
viability is required although it is at the discretion of all involved parties to agree to a value
that Is considered to be appropriate to the end-use. The scale and speed of an effect must
be appropriate to the benefit that is intended /required.

In addition to those described above, other influences that can have an effect on
efficacy in real-life situations and are often not considered. For example, when testing
include the use of cleaning agents on the AMM, the cleanliness of a surface over time and
the aging of the AMM, especially when using structured surfaces, where topography can
chamge over time.

5. Discussion

As described above, a varlety of test methods exist that are capable of determining
the antimicrobdal activity of a material. With this comes variations and alterations to each
method based on the specific conditions of the testing laboratory at the time and date
of testing, among other factors, that will likely affect the accuracy and reliability of the
resulting antimicrobial efficacy of the material. It is worth noting that some modifications
may allow the method to be more appropriate to the question being asked. Whilst the
methodological varlation from a standard method is with good intention, for example,
using a temperature the investigator considers closer to room temperature, the effect on
reproducibility can be prodound. For example, if two different labs were to consider the
antimicrobilal efficacy of a given material, following a standardised test method, but one
used a test chamber / container that was bigger than the other Lab, there would be an impact
on the ime it takes to reach the intended REH. This would affect the ability of the inoculum
to remain wet on the surface, and therefore alter the tirne the antimicrobial material is likely
to be active. The same can be true for other experimental factors such as the method of
achieving the desired RH {using concentrations of saturated salts), controlling temperature
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{placing a chamber in an incubator compared bo using a heat mat}, the speed at which
samples are removed from a chamber for different ime points and so on. Often, these
seemingly small changes to methodology alter the reproducibility between laboratories.
For example, one study asked different labs to assess the antimicrobial efficacy of the
same materials (polyamide 6 and an anbibacterial zine additive at multiple concentrations)
using [50 2196:2011. Following analysis of the data, several factors were found to be
inconsistent between labs, such as extraction medium and method of cell enumeration,
which led to a large disparity in the final results obtained, where the microbial reduction
ranged from 1.73-log to 6.3-log for the same antimicroblal compound [B2]. Care should
also be taken to ensure the method of cell enumeration is not only consistent across all
laboratories using a test method but also that it is appropriate for the specific test method
that is being used, live-dead staining for instance is not always effective, particularly when
assessing biofilms [59].

Whilst many of the test methods have been designed to be useable and achbevable
in a range of laboratories, isswes remain in terms of the validity of the methods. Most
critically, how can efficacy in realistic uses be inferred using the data that the test methods
generate—because the current methods are not reflective of realistic in-use conditions.
It is abundanily clear that a considerable improvement is required in test methodology
of antimicroblal materials if subsequent results are used to support efficacy clalms for
different environmental conditions while in use. This clash of intention and inference
wolld be best addressed by an interdisciplinary approach to new antimicrobial efficacy
test method development. However, the process of making any changes o current test
methods should be taken with due diligence, as unexpected consequences are possible.
For example, temyperature and drving time of a droplet have been found to affect the rate
of detachment of Bacillus spores from a surface once the droplet has dred, which will be
msre likely to occur If humidity i lowered to 40-50% to keep in-line with a majority of
indoor acclimatised settings [20].

Fimally, there have been improvements in recent vears that show promise in creating
more realistic and higher reliability test methods. One potentially useful addition would
be the addition of vides protocols o work alongside traditional paper protocols, allowing
users bo get an exact understanding of the nuances related to the test method. Another
answer may lie in the recent advances in both computer simulations of heat /mass transfer
and in the decreasing cost of improved microfluidic devices that provide the potential for
both cheap and reliable test methods [91], which when integrated in to an environmental
control chamber could provide realistic and reliable antimicroblal efficacy assessment.

6. Conclusions

The utilisation and effectiveness of antimicroblal materials in an end-use scenario
iz likely considerably different from results achieved feom the testing methods currently
in use and standardised. Using test methods that better reflect end-user environments
would enable more realistic efficacy assessment. An approach to efficacy assessment of
antimicrobial materials should build on current standard methods but seek to understand
and design methods that model the behaviour of the antimicrobial material as if it were
placed in it intended end-use sething, such as by adding additional eswironmental con-
ditions. However, the increased difficulty and cost, and lack of models that explain the
impact of drying time of liquids deposited on a surface will require significant work to
fully understand and develop into new AMM efficacy test methods.
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STANDARD OPERATING PROCEDURE Manchester Metropolitan University

Department of Natural Sciences
S0P No: 001

S0P Title: 3D printing and
construction of an environmental
control chamber capable of
performing efficacy test methods
for antimicrobial hard materials

&
=
in
5

PURPOSE

The purpose of this SOP is to guide the user to building and using a novel
envircnmental control chamber fo perform a range of antimicrobial material
[ &MM) related Standardised test methods (STMs) within.

f

INTRODUCTION

Current STMs are not designed to assess how an antimicrobial matenal would
behave in the infended end-use environment. For example, in 150 22198, the
most widely wsed STM for antimicrobial non-porous materials, relative
humidity is required to be above 90% which prevents the bacterial inoculum
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from evaporating. As moisture is often essential for antimicrobial activity of an
antimicrobial matenal, resulis from these STMs may favour an antimicrobial
claim when compared to end-use conditions, which are likely less wethumid.
Howewver, methods to control relative humidity, temperature, and airflow
simultaneously to perform more realistic methods are lacking. This document
outlines the use of a purpose designed chamber capable of performing STMs
for antimicrobial hard materialz within a range of experimental variables
(relative humidity — 15-80%, temperature — room-37°C) to allow users fo
perform STMs with environmental parameters closer to the intended end-use
of the AMM.

The chamber (Figure 1) is prinfed out of polylactic acid (PLA) and Poly ethyl
phthalate (PET-G). It is approximately 560=250x75 mm in size and features
two compartments connected by two tubes. The smaller compartment (HE
compartment} allows for the control of relative humidity using water and
saturated zalts and contains three fans to help circulate the air through the
remainder of the chamber. The larger compartment (MT compartment) holds
test pieces on a custom-printed coupon tray (default print can hold up to 68
2020 mm coupons at once), with two heat pads insered in the underside of
the roof used fo supply heat, regulating temperature/humidity using sensors
that are in the testing chamber.

ion 2.1
yright: The University of Oedord 2008

Page @ of 20

230



STANDARD OPERATING PROCEDURE

Manchester Metropolitan University
Department of Natural Sciences

SOF No: D01

S0P Title: 3D printing and
construction of an environmental
control chamber capable of
performing efficacy test methods
for antimicrobial hard materials

Figura 1. 3D rendering of the environmental control chamber as an AufoCad file.

SCOPE
This S0P zpecifies a method of 3D printing and assembling a chamber
capable of controlling temperature, humidity, and airflow. It is not to be used

for generalised 30 printing or electronics guidelines.

DEFINITIONS
FDM — fused deposificn modelling, a technigue for 3D printing

goode — a file type generated in slicing software that can be read by 3D
printers to allow printing

VW — voltage
OC — direct current
A — current (measured in Amperes)

IDE — integrated development environment, used to develop software

Fage 8 of 20
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/O — on-off switch used in elecirical equipment

RESPONSIBILITIES
30 printing — roles include cleaning and operation of the 3D printer and

replacing filament where necessary

Assembling the chamber — Use of silicone to attach the appropriate paris of
the chamber together

Electronics — Wiring the microconiroller to the various components wused fo

control and monitor the chamber

SPECIFIC PROCEDURE

3D printing of the chamber

Am FDM 3D printer with minimum wsable dimensions (of the print bed) of
300cmz175cm capable of heating the print bed to 60°C is reguired. All .gcode
files should be loaded on to the printer. A filament diameter of 2.85 mm is
recommended, (whilst other filament sizes can be used, these have not been
tested with this print).

This S0P will illustrate the operation and maintenance of the 3D printer
BCH3D Sigma D25 as an example. Please operate under the guidance of the
user manual for the specific 3D printer being used for the prind.

Loading filament info the 3D printer

Remowve the filament from the box and plastic packaging and cut the end of
the filament with scissers diagonally thus that the end of the filament is not
sguare. Do nof let go of the end of the filament until loading is complete. Place
the filament reel on to the spool holders. If the print bed is blocking the spool
holders, it is possible to move it using the internal command Hilities =
Maintenance = Move platformn on the confrol panel. Once the reel is in place,

load the end of the filament into the filament entry (usually next to the reel

Adapted from CTRG Template S0P Version 2.1

yright: The University of Oodord 2008
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cnce in place) undil it cannot be loaded further. Then use the load filament
command on the control panel WHilities = Filament = Load filament and follow

the om-screen instructions.

Mote: if a reel of filament iz already present, the unlead function will need to be
used via the contrel panel with the command Utilities = Filament = Unload
filament and fellowing the on-screen instructicns.

8.1.2 Cleaning the glass

The print bed must be thoroughly cleaned before every print takes place.
Firstly, carefully remove the glass from the print bed by unlocking the two
metal clamps that hold it in place, then wash the print bed thoroughly with
water and dry. Finally, replace the glass on to the print bed and clamp back
into place.

§.1.3 Lewvelling the print bed

To ensure an even print, the print bed must be levelled before each print. This
iz performed under Wtilities = Calibraficn = Build plate levelling, then follow the
on-screen instructions. I the print is sfill uneven despite levelling, it is
recommended to perform a mesh map and axis calibratiom using Ulilities =
Calibration = Mesh mapping and follow the on-screen instructicns. To
complefe an axis calibration, use UHilities = calibration = Axis calibration, then
complete a calibration of the £ axis for the printer head being used for the
print, all other calibrations can be skipped.

Mote: in some cases, the printer may need to be swilched off and on befween
prints or the levelling will generate faulty resuliz and show the print bed is

heavily misaligned when it is not.

ipted from CTRG Template S0P Wersion 2.1
wright: The University of Ocdford 2008
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G.1.4 Prinfing each section of the chamber

6.2

Before printing, apply 30 print adhesive (e.9., Magigoo) to the entirety of the
print bed, then begin the applicable print via Print = 'name’. The files pertaining
to this SOP contain ten print sections for the chamber that should be printed in
numerical order to avoid waste. Note, if starding with a new 1kg reel of
filament, this will require changing after prinfing piece 7. If using other reel
volumes, the reguirement to change the reel may vary.

1. A1_trayseal — 28g

2. A2 roofl —108g

3. A3_humidity2 — 102g
4. A4 chamberl - 232g
5. AS_chamber2 — 337g
6. A6 _smallpipe — 59g
7. AT_humidity1 — 99g
&. AS_largepipe — 187g
9. A9 roof2 — 244g
10,410 _tray — 210g

Once a print has been completed, remove the print from the print bed using a
removal spatula. In some cases, support structures will have been printed
within the main print. In this case, it should be removed before use. This can
be best done with pliers and filed to create a smooth finish.

Assembling the chamber
To complete this task, a sealant is required. Silicone is recommended as it is

easy to use, widely available and creates an aifight seal. There are four joins

Jd from CTRG Template S0OF Version 2.1
pyright: The University of Coford 2008
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that require sealing. Each joint is marked in red in the following figures. The

seal should be completely aifight in each case.

1. A5 _chamber? — A8 _smallpipe

Figure 2. Fuse point 1, silicone placement is marked in red.

right: The University of Oedord 2008
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Figure 3. Fuse point 2, silicone placement is marked in red.

3. Ad_chember! — A3_largepipe

Figure 4. Fuse point 3, silicone placement is marked in red.

Adapted from CTRG Template S0P Version 2.1

& Copyright: The University of Oxdford 2008
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4. A4 chamber! — A8_smallpipe

Figure 5. Fuse point 4, silicone placement is marked in red

The zilicone should be applied to the outside of the chamber in each case so0
that it is airtight with no apparent gaps, each application should be done
separately and several hours should be given between each to allow to dry

(following manufacturer's insfructions).

To complete the chamber, the A1_frayseal should be placed on to the end of
the main compartment (but nof sealed with silicong) thus that no air can
ESCAPE.
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6.3

Electronics

The following equipment will be required to be purchased:

0 Name Manufacturer and example link Indicative price
[each)
B1 Arduino RS components - hittpsoVmy.rs- | £22.08/524.860
Uno R3 online.comfweb/p'arduing'7 154081

€25.33

Bz 2% Silicone | RS
heat pad | online.comiweb/p'heater-pads/18120G3

components - httpsiiuk.rs-

E53.75/880.50/
€51.63

boards-kits/2183753

~200x50mm
B2 DHT11 RS  components - hitpsiukors- | £5.85/56. 38/
SENS0T online.comfweb/p'arduino-compatible- =F.43

UsSB-A

online.comfweb/p/usb-cables/ 7587404

B4 3x 5 DC|RS  components - hitpsiukors- | 2323032615
axial fan online.comiweb/pl'axial-fans/1442027 =28.64

BS Micro-50 Amazon - | E5.4ovsE. 18/
card reader | hitps:fweew.amazon.co.ukkemobile- =620
Arduing Reader-Adapter-Arduino- ’
module Microcontrollers/dp/BO8XHITGGC

BE Male-Male | RS  components - hitpsifuk.rs- | £1.20081.35%/
breadboard | online.comfweb/p/breadboard-jumper- =133
wires wires/2048230 ’

BY Wale- RS components - htpsiiukors- | E3.0853.44/
Femala online.comfweb/p/breadboard-jumper- =351
breadboard | wires/2048243 :
wires

B3 12w 34 | Farnell - | E85.73/306. 49/
power https:/'cpe.famell.comitenmalT2- =08.30
supply 2535/power-supply-1ch-30w-3a- )

prog/dp/INOT283

BS A 1- | Amazon - | E5.450E5E.18/
channel https:/f'www.amazon.co.ukizhet- =620
relay Channel-Relay-Control-Optocoupler- ’
module Raspberry/dp/BO7TGHCAFGEP THh=1

B @ Arduing | Farnell https:flepe.famell comipro- | £5.35/56.02/
power elec/pelll02E/ Bv-18-uk-plug-2- £5.13
supphy Amm/dpd FAW04G03 ’

B11 USBE-B to |RS components - hipsiiukors- | E2.0853.447

ed from CTRG Template

SOP Versi

right: The University of Onford 2008
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cable £2.51

B12 400-hole RS components - hipsdiukors- | £4.32/54.03%
bresdboard | online.comiweb/pibreadboards/ 1882277 £5.0%

B12 2% power | Amazon - | £5. 74456 46/
supply wires | hitps:/'www.amazon co.uk/fkozon- £5.58
with Banana-Cutput-Adjustable- '
crocodile Regulated/dp/BOTHZ14C8K
dips

B14 Elactrical RS components - hitpsdiukors- | E2.1559.17
tapea online.comfweb/plelectrical- =034

tapes/40236502 ’

B15 Micro-SD RS components - hittpstUmy.rs- | E10.647311.88/
card online.comfweab/p/sd-cards/1805793 £12.20

Big Micro-50 to | RS components - hitpsoUmy.rs- | E10.84/311.88
5D card | online.comfweb/p/sd-cards/ 1805783 1220
adaptor )

Total | 20 items E£343.22/5386.18/

£303.54
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Step 1, connect the (B6) male-male wires from the (B1) Arduino fo the (B12)
breadboard in the following configuration:

AmEmE BEGEm GEEGE BEEAW NG EE EENG0 NEGEE EGBEE AEGWE EOEA@w
AEEEE EEAEEE I EEEE A EEG A EAEE EEEEG AESEE H4EEE sEAEs saEaE

Figure 4. Wiring design comnecting wires from the (B1) Arduino to the ([B12)
bresdboard using (B8) male-male wires. Red wires indicate connection to a power
source, black wires indicate connection to ground.

Then, connect the wires from the (E4) fans fo the (BE12) breadboard in the
following configuraticn. Mote: the wires from the (B4) fans can be connected
directly to the (B12) breadbeard, but if more length is required, use (BE7) male-
female wires with the fan wires being attached to the female end.

Adapted from CTRG Template S0P Version 2.1
& Copyright: The University of Osdord 2008
Page i3 of 20
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Figure 7. Wiring design connecting (B4) fans to the (B12) breadboard, the (B4) fans
will hawve red and black wires indicating where on the breadboard they should be
inserted. Red wires indicate connection to a power source, black wires indicate
connection to ground.

With the (B4) fans now connected, connect the (E9) relay module to the {B12)
breadboard and (B1) Arduine using (B7) male-female wires in the following
configuration:

Adapted from CTRG Template S0P Version 2.1
& Copyright: The University of Oodord 2008
Page 14 of 20
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Figrue &. Wiring design connecting the (B9} relay module to the (B1) Arduino and
(B12) breadboard usimg (BT} male-female wires. Red wires indicate connection to a
power source, black wires indicate connection to ground. Blue wires indicate data
connection.

Mext, connect the (BE3) DHT11 =sensor to the (B12) breadboard and (B1)
arduino via the following configuration:

Adapted from CTRG Template S0P Version 2.1
& Copyright: The University of Osford 2008
Page 158 of 20
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Figrue 8. Wiring design connecting the (B3) DHT11 sensor to the (B1) Arduing and
(B12) breadboard using (BT} male-female wires. Red wires indicate connection to &
power source, black wires indicate connection fo ground. Blue wires indicate dats
connection.

The final piece of electronics equipment connected to the (B1) Arduino is the
(BS) 5D card reader, the (BT) female-male wires are connected via the
following:
VCC- 5V power supply on breadooard
GHD- ground on breadboard
MIZO- digital 12 on Arduino
MOSI- digital 11 on Arduine
SCK- digital 13 on Arduino
CS- digital 4 on Arduino
Adapted from CTRG Template S0P Wersion 2.1

& Copyright: The University of Codford 2008
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Figrua 10. Wiring design connecting the {BS) 50 card module to the (B81) Arduinge and
({B12) bresdboard using (BT} male-female wires. Red wires indicate connection to a
power source, black wires indicate connection to ground. Blue wires indicate data
connection.

The final step is to connect the (B3) power supply to the (B9) relay module.
Firstly, connect the (B13) power supply wires to the (B3] power supply with
red-red and black-black. Mext, use the crocodile clips to connect the red (B13)
power supply wire to a (B6) male-male wire and the other end of the (BS) wire
in to the (B9) relay module in the COM1 =lot, use a small screwdriver
(approximately 3-5mm phillips head) fo secure the wire in to place. Then
secure the red wire from the first (B2) heat pad in to the ‘Normally open’ slot
(this may be represented as NO1/MO2) next to COM1 and the black wire of
the first (B2) heat pad should be taped to the red wire of the second (B2) heat
pad with (B14) electrical tape. Finally, the black wire of the second (B2) heat

pad should be connected to the crocodile clip for the (B13) black wire of the
Adapted from CTRG Template S0P Version 2.1
& Copyright: The University of Ocford 2008
Page §¥ of 20
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power supply. {Mote: if the heat pads do not have colours for the wires, any

wire choice is acceptable).

With all the electronics connected, the heat pads should be placed in fo their
respective slots within the (A9_roof2) MT compartment roof section of the
build, and the wires led back to the hole located in the centre of the piece and
passed through it. Also, the (B3) DHT11 should be placed on the holder for it
on the MT compartment roof (49 _roof2) and taped in place. Use silicone to
seal the hole, ensuring no air can escape. The same can be repeated for the
three (B4) fans in the (A4_chamber1) humidity compriment using the hole in
the roof of the A2_roofl.

Arduino IDE
The Arduing IDE should be downleaded from the official page at Soffware

Arduing in order fo connect to the (B1) Arduino. Once downloaded and
cpened, the Arduine file attached fo this SOP should be either manually
copied or opened in to the Arduino IDE. Load the code from the IDE on fo the
(B1) Arduino by first plugging the (B1) Arduine in to the (B10) 9V power supply
via the black plug on the Arduino and the 5V supply using the (B11) USB
cable and plugging it in to the computer running the Arduine IDE, then using
the arrow button in the top left corner of the program and wait for the upload to

complete.

Once complete, turn on the (BS) power supply using the /O switch then set
the voltage to 12V and the current to 34, then switch the (BS) power supply to
be constant voltage (CV) using the Voltage/Current button. Press the On/Off
switch to tum the power supply on. If working, it should display 12V and
between 2.5-3A.

ipted from CTRG Template S0P Yersion 2.1

wright: The University of Osdford 2008
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In arder to switch the temperature that the chamber is attempling to achieve,
the code reading:

if (DHT temperature == 37){
AND
else if (DHT temperature == 37) {

should be altered thus that the number represents the target temperature.
After a test has been completed, the {B15) micro S0 card should be inserted
in fo the (B16) SD card adapter and plugged in fo the computer, the fext file
containg a list of the temperature and humidity values over fime (shown as
temperature “o0x”, relative humidity “yy.yy™) , and should be saved to the
computer then the values deleted and the file resaved within the SD card for
the next test. Ensuring the (B15) micro S0 card is plugged back in to the (BS)
SD module. The SD card currently saves 12 hours of data at 30 second

intervals, however this can be changed at the code
if (time = 21600) {

by changing the number to the desired time in seconds.

To begin a test, reclick the arrow button in the Arduino IDE to ensure a fresh
start, and cpen the serial window with the button in the fop right of the window.

Mete: When performing a test, the order required afier the test has stared is to
close down the senal window first, then plug out the (B11) USE to ensure the
data is confinuing to save to the S0 card properly.

Fage 18 of 20
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82 External References
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ARTICLE INFO ABETRACT

Fegrwarrd The efficacy of antimicrbial surfaces at so lid-air interfices can be assessed using sEndardised esting methods,
typically by placing a droplet inoculated with micmorganisms onto the surface and monito ring cha pges in mi-
crobial counts over time (hours), However, the oode of action of the pultive antimicrobial may rely on the
presence of mo isture o nthe surface, thus it is impa ot to koow the time taken forthe inocolum o dey, since this
will affect resulta ot counts and the reby deduction as to the efficacy of the antimicrobial,

Droplet (+/= microoganisms] evapo mtion time was measured on four different surfaces (copper, PYG,
polypropylene and nitrile rubber) where e mpeature; relative homidity and aicflow in the est chamber were
contralled, The data were compared with simple models based on external mass tmnsfer for predicting the
evaporation time: (il one assuming co nstant wetted area (CWA], where the dinmeter of the drop is unehanged

Bex terid contamination
Vird ¢ ontamination
Maoisture eviporation
Antimicra bial e Fieacy
Bow ferid e vpporation

but the wolume/height decreases; (i consm ot contactangle (COA), where the diameter of the droplet decreases
but the droplet profile/econtact angle remains unchanged; and (il a mixed mode model,

The mixed mode mode | gave the best fit to the data, in which evaporation initially followed WA kinetics,
thenshifted to CCA when a critical co nmcet angle was reached. The presence of microo rganis o co nsiste ntly and
ofte n significantly reduced the evapomtion time, Deposited bacteria wane visible aver the whole weatted area,

with a noticeable ring at the original edge of the droplet (the location of the initial s olid-liquid-air contact line),
consistent with the mixed mode model,

fecumulation of microorganisms and the decrease in evapormation time may affect the effectiveness of anti-
micrabial materials. The speed of droplet evaporation is affected by a wide mnge of faco s tempemtuce, hu-
midity, airflow, the nature of the surface and the presence (and nature) of microorganisms, If these factom are
not adequately reoognised or contoalled, then resulls from testing methods carcied out under different (un-
specified] envimnmenml conditions indifferent labo mtories, are liable w vary and give rise to conofusion and
misinterpretatio n

1. lmtroduction approaches to controlling microorganisms in indoorsettings is likely to

remain a priority, As such, many novel methods for gene mting antimi-

There 5 widespread interest in the development of active, non-
porous surfces as part of a micmobial control steategy, Muoch of the
work in this arca has focused on combatting bacterial (and spare]
infection but recent events have seen a concerted efort on deve laping
surfaces which are effective at deactivating viruses (Kumart and Chat
2021), Due to the increasing threat of antimic mbial resistanee
and inereasing awareness and ongoing impact of wirml pande mics and
understanding that pathoge ns such as SARS-CoV-2 can remain viable on
surfaces for extended periods of time [Chat tal, 2021), nowvel

* Corres ponding authar,

H-mail address: 1 Redfernid moacuk (1, Redfern).
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crobial surfaces are being reported in the literature, e.g. metallic metals
such as copper and o pographical changes, coatings, and inclusion of
=tal, 2011; Hansan et al,,

nana-and for photocataly ic mate rials, (G

2020; Tmani et al, 2020; Ratowvaet al,,

18], Testing of such surfaces is
often based on standardised methods (Cunliffe et al, 2027]), designed to
cnhance lab-to-lab eproducibility (although this & oot always ach-
iewed], Howewer, the conditions that the methods stipulate are not al-
wiys applicable to the conditions likely found in the intended e nd-use
environment, such as hospitals, An example of this s relative homidity
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A, Cunliffe et al

(a)

(b)

(c)

Fig. 1. Schemmtics of small sessile drop undergoing evapo mtion. The Bond
number is small so surface tension dominates gravity and the drop shape is a
truncated sphere. o] Geometry, showing drop v lume ¥y, liquid-aic interface
area Ag, dro p madivs &, wetted mdius £ and co atact ang le &, Droplet e vapo mti g
under (b constant contact angle (CCA) mode, L decreases over time, and &)
constant wetted area mode ICWA: L constant, # decreases aver time],

(RH], which determines whether a water film will be present on a sur-
face and how long it would take to dry. A second is the presence of
convective air curre nts ge ne rated by ventilation, drog hts and motion of
persannel, which enhance the transport of heat and mass invalved in
evaporation. In many standardised antimic robial test methods, such as
the commanly used BS 150 22196 (BE 1t o6, 2071], relative hu-
midity is ke pt artificially high (>90%) and aiflow is absent. Since the
efficacy of many antimicrobial coatings and surfaces may rely on the

presence of moisture, e g metallic silver (Raictal, 2009], the ability to
predict moisture evapo mtion imes is needed in order to be able to relate
laboratory tests to application, This study focuses on humidity and
te m pe rature: the effect of convection s demonstrated in benchmarking
studies with water and i not conside red further here,

Fedfern et al, (20712] developed a surface testing chamber which
allowed the temperature and relative humidity of the atmos phere, as
well as local air flow velocity, to be controlled inde pendently of one
another, They showed that the size of water droplets as well as these
environme ntal paramete rs dete rmined the time take n fo ra drop of water
to evaporate, They fitted their data to a genermlised quadmtic madel
whic b fitted the data reasanably well (R ?=0.872) and de monstrated the
impartance of the fourfacto . O ne of the challenges with such e mpirical
madels is that they are not suited for extrapolation, that is, to predict the
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result whenanother parameter is altered: further testing (fortraining the
madel) i requined,

In this paper we demonstrate that Redfern et al® results are
consiste nt with the predictions of a fimt arde r quantitative mode | based
on exteroal mass transfer contral. Seweral workers hawve presented
moadels fordropletevapomtion unde r we llcontralled quasi-stagnantair
conditions (eg. Huand Laman, =

, and used these to de monsteate the

effect of tailored surfaces (eg. cltal, 2071) an evaporation. The
interest in the ‘coffee ring effect” observed when dmoplets of collaidal
suspensions evaporate (eg Deegon ob al, 1997, 2000) has prompted
extensive work in this area, including phenomena such as Marangoni
flows arising from variationin surface te nsion ge ne rated by non-uniform
tem pe rature and conce ntration profiles, These effects are noteonside red
L e

The nature of the surface influences the mmte of e vaporation through
the behaviour of the three-phase contact line (where the air, solid and
liguid interfaces coexist]: on a homogeneous solid with no prefere otial
concentration of sus pe nded or dissolved s pecies at the contact line, one
would expect the droplet o exhibit a constant contact angle (CCA), 8
(Pig. 1(al) and retain its shape (but not diameter] as it dried, labelled
CCA behaviour (g, 1(b), With heterogeneous surfaces, effects such as
contact line pinning can give rise to aconstant wetted solid surface area
(xt? = A'[Ruium_:, Pig. 1(el), altering the surface arcato volume ratio for
the droplet. This is labelled eonstant wetted area (CWAJ be haviour,
Other factom determine the transition between CCA and CWA be hav-
iour: for instance, Soulid etal, (2015) observed CCA be haviour in water
and saline solutions with Nacl concentmtions <107° M, and Cwa
be haviour at higher concentrations, This study employs droplets with

saline or buffer conce ntrations above this threshold,

Wie s how that the variation in Redfern etal.s data for evaporation of
water drops can be related o mixed contact line be haviour, invo lving
CWaA behaviour initially while the shape of the drop changes from
alvancing contact angle, &, to receding contact angle, &, mode
(appropriate for a shrinking droplet] followed by shrinkage subject to
CCA behaviour (Le pinned butthenshrinks). This demonstrates that the
mode of evaporation eannot be assumed to be simply CWA or CCA, and
should be taken into account by those interested in the rate at which
evaporation oceum from an antimicrobial material, due to the length of
time evaporation takes to occur being likely o dete rmine the length of
time an antimicrobial material remaing active,

The phenome nology underpinning advanc ing and retreating co ntact
angles is deseribed by Dormashe nlo (2017): note that @, - 6 >0 even for
uniform homoge neous surfaces, Contact line pinning is known to arise
s et al, 2000), The
evaporation of concentrated colloidal suspensions and polymer solu-
tions hes been studied at leogth (eg Lamon, 20147 Soulic et al, 20715;

with the evaporation of suspensions (g g Do

Fales et al, 2016) owing to interest in inkjet applications and to the
‘eaffee ring effect’ whe re alayer ar layers of particles i de posited at the
initial contaet line, Aerosols contaminated by bacteria and other mi-
coorganisms represent examples of dilute suspensions, and thus the
effect of the presence of microorganis ms in the droplets on the rate of
draplet evaparation and the pattern of deposition on non-porous sur-
faces are also investigated in this study, Deleplace etal, (2022] recently
presented studies of ‘eoffee rings" and other deposition patte ros ge ne -
ated by evaporation of dro plets containing hydropho bic and hyd mophilic
Bacillus spores on stainless steels, polypropylene and glass, They out
lined the importance of these factoms to process and product hygie e,
and the consequences of the de pasit patte ros on the ease of remowval of
the organisms using a rinsing or cleaning procedure. They observed
noticeable differences arising from surface and organism prope rties.
Deposits that had notdried complete ly we re significantly more resis tant
to cleaning, Their analysis did not, however, link the observations to
evaporation rates,

Pew workem have comsidered the effect of forced convection oo
droplet evaparation, Investigations of mass transfer from droplets in
duet flows (2g. Coutant and Penski, 1982 tend to feature we ll-defined
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Fig. 2. Approach of chamber relative humidity, RH, to equilibrivm value, RHy,
following closure of the chamber lid, The initial valee (relative humidity inthe
raom) was 23% and RHy (saturated K200 5 s0 lution) 43%. Data are plotted in
the form of Hywtion [A3].

ductgeometries, where the enhance ment of drying by convection can be
discussed interms of a Reynolds number far the bullk flow based on the
hydraulic diameter as well as a Reynolds number bised on the initial
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2. Modelling
2], Transient chamber conditions

A detailed description of the chamber is given by Redfiern ef al,
(2012] and a summary is provided in the Supplementary Information,
The temperature was controlled by a heating pad and the relative buo-
micity inside the chamber was set by Petri dishes containing saturated
salt solutions, The chamber’s use of side compartments to introduce test
surfaces on which droplets had been depos ited minimised the im pact of
this operation on the humidity (and relative humidity, RH) within the
chamber, Pig. 2 shows that it took around 4 min to re-establish equi-
librium in the chamber when the lid had been opened, which would

Table 1
Summary of water droplet evapomtion tests by Hedfern et al, (2078) on

palypro pylene,
Volume (PL) Ry (mm) Fo (=) Teoperature (*C) Belative humidity (%) 1, (s)

2 105 015 21.5-31.2 TFA-68T 32-99
142 0.7 226-2.2 A5 4-686 BI-169
10 179 0.43 21.5-31.3 25.8-6 27 92-37
226 0.69 21.7-31.2 255618 146455
Tahle 2

Advancing contact angles (< standard deviation) measured for 1 jL doo plets,
All values are rounded to the nearest whole number. Asterisk denotes where
contact angle is significantly different (p < 0.05) between 1 pL (below)and 5 jL
[Table 2] measurements.

droplet dimensions, Well defined flow conditions are ram ly observed in Liquid Organian  Polypropylens  Niteile pc Coppsr
practice and we briefly establish the significance of the convective
L s | A Water - B2f (2% 97 (£4%) G0 (£F) T4
contribution in Redfern et al's tests for aqueous solutions: the impact of (£3%)
an external shear foree on the droplet shape and Marngo i effects is Saline _ B4* (=1 104* 65 (7] eE
beyond the scope of the simple mass transfer models prese ated he re and (£2) (£4°)
a study of convective effects on evaparation of droplets containing or- Saline E ool B6* (+4°) 9 (=) 64 (6% 517
i bject for further work (2a%)
ganiims represents agubject for further work. Saline Poayringpe 790 (27) 05 (24)  TI(£6°) 65
The finclings of this wo rk can be stre ngthe ned by more in-de pth and [£a%)
detailed experime ntation and analysis, including direct monitoring of M - a5" {=4") 100" 5ot jxe') s
the shape of the droplets to confirm the be haviour pastulated here, The buffer (=6") (6]
. . 5M Fhis B2t (2] B (x5 4t (23%) el
current study e mploys a first ocder mode | deseribing e vaporation, and bt N P
uffer
there is conside mble scope far ineluding the contributions included in amM Phix R4 aae (27 TE (=T BE (3] T
more detailed madelling approaches. buffer (£2°)
(a) (h)
0.5
~—CCA -
0.4 JCWA it
= 03
—
Lz,
0.2
0.1 4
0 = + m— + +
0 15 15 30 45 60 75 90

6()

L &)

Fig, 2, Hfectofcontetangle ongeometric functions (o) Fg (COA mode] and B (CWA mode), By wtions | 5] and [8], respectively. (0] Scaled products, }ﬁF,,’" 1-':% and
Rng,-"ll':"l'a, for initial droplet volume Vg = 2 gL, For CWA, 9 is the initialcontact angle as & «0as the drop evapo mtes. Mote the log seale on the o rdimte axis in (8],

250



Al Califir et al

Table 2

Advancing contact angles [ = st ndard dewviatio n) measured for 5§ pL droplets,
All values are rounded to the nearest whole oumber. Asterisk denotes where
contact angle is significantly different (p < 0.05) between 1 gL (Table 2] and 5 iL
(below]) measurements.

Liquid Orgmim Polypropylens  Hitrile Py Capper

Water - o (0] 101° S7(£0%)  GE°
(£7) [£4)

Sal ine - IS Y 104" o (£0%) 64°
{£2) (£33

Sal ine E cal B (=11 96° (+2'] 62 (=] 400
(+3°)

Sal ine Poayringoe  TEC (217) 95 (2] 67 (5] 66°
(=51

SM - a8z (£1') 100" TA(=4") 54"
bouffer (£67) [£67)

5M Fhis B (25 96° (+3') T (£1']  59°
buffer + (£6°)

5M PhiXi74 B (10 90% (£54) G0 (£6%)  BEF
bouffer (=)

introduce wodesirable transicnts into any droplet evaporation study,
where the evaporation times ranged from 30 o 450 g, The data are
plotted in the form in(RH-RH ) va. time fas this is the trend predic ted
by mass transfer control models (see Appendix), When the side com-
partments we re used the RH did notchange by more than a few percent.

22 Prop eveporaiion

This work conside s droplets with Bond noumbers {],I a0 the droplet
shape con be approximated @ aspherical cap (a truncated sphe e, see
Pig. 1] and the surfare area and valume estimated uging geometric re-
lationships, The droplet is assumed to be at constant tem pe rature, e
heat transfer limitatio ns do not arise nor Mamngoni effects arising from
te mpe rature differences over the drop, The mte of droplet evaparation
will be proportional to the area of the liquid/air iote face, A4 =
QKH;I:'I — cosfl), while itz wolume s given by Vg = _—I‘xﬂ:‘(Q -+
cos &)1 —cosﬂ]j.llorudropof licuid with molar density g, the rate of
mass transfer in the absence of thermal effects can be written as

d . .
5 VePn) = = Ackn Crly" = 3] [

where ¥y s the mol fraction of the evaporating species in the chamber
wapour space (re lated to the humidity, 51, ¥* is that in equilibriom with
the drop, ©p the mo lar concentration in the vapour phase and &y, s an
average mass transfer coe (ficient, Redferm et al, studicd water droplets
g0 changes in concentration and vapour pressure over time did not arise,
Experiments conducted in the current worle also conside red aqueous salt
and buffe rsolutions, where the coneentration is expected to change awver
time: the impact of the presence of salts is discussed.

In estimating an evaporation time, we assume quesi-iteady state,
which is expected to apply as the contact angles considered ame not
small, WriLiugEm interms of the dime nsionless mass transfer coefficient
for a sphere, the Sherwood number, 5h= 2Rkm/B (where £ i the
diffus ivity of evapomting species in airl, gives

d A, DCSh
V= —
drt Y b1:3

—

' =) [2]
m

We consider three scenarios: (1) constant contact angle, where the
droplet radius B decremes from its initial value, Ro, to zero (Mg, 1(b1);
(1] constant wetied area, where dime nsion & = Rosinfy is constant due

1T he Bond number Bo = gApR?/y compares gravitational fo rees to eapillary
anes, Here yis the liguickair surface tension, gis the gravitational constant, & is
the dro plet mdius and Ag is the differenoce indensity between the liguid and air.
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Table 4

Hffect ofdrm plet co mpositiono neva po mtio n times, with refz reoce to CCA model
{ 607, Anova and Tukey HED tests determined pairwise statistical signifi-
mnee (p < 005), with ~ denoting oo significant difference but observed in-
crease inevapormtion time, and > denoting a statis tically sig nificant di ffiere nce
supporting the observed increase inevaporatio n time, SME — 5B buffier,

Surface Humidity Draplet Trend i evaporation times
[ wolume — -
Liquils Sugpens ions
Polypropene  Low 1 hL SME — Sdine = B coli
mline = P syringne
waler SME — Phi X174~
Fhia
5 pL SMB ~ Sdine ~ E ool -
mline = P ayringao
waler SMEB -~ Phi X174~
Fhia
il 1hL SME > Sdine = P gyringos
Sine = E coli
waler BMB = Phis — Phi
X174
5 pL SMB ~ Sdine ~ E ool -
el ine P ayringoa SME = Phis
wiler = PhiX774
Witrile Low 1L Wter — Siline = E ooli >
mline P syringoe
sMB SME = Phi X174 =
Fhia
5L Waker Sudine — P gyringoe —
Suline — E coli
SME SMB -~ Phi X774~
Fhia
il 1hL SMBE Sedine — P gyringoe
mline ~ E coli
waler BMB — PhiG — Fhi
X174
5 pL SMB ~ Sdine = B eoli>
water - P apringne
mline SME > Phin > Phi
XNir4
Copper Low 1L SME -~ Seline = £ coli
Sed ine P syringae
waler SME = Phi X174 =
Fhia
5L Sadine — Sdine — P gyringoa =
SME -~ £ cali
waler SME — Phi X174~
Fhia
il 1 pL Suline ~ Sdine ~ B coli >
SME > P ayringne
water SMB > phis ~ Phi
X174
5L Whter — Seline = P syringog -~
Suline ~ E coli
smMB BMB = Phi X174 >
Fhia
P Low 1 pL Suline — Sdine ~ B ool >
SMBE P apringne
wiler BME = Phin — Phi
XNir4
5L SME Siline — P syringoa >
wline > E coli
waler SME — Phi X774~
Fhia
il 1 hL Sidine — Sdine — P gyringoa >
SME = £ cali
waler SME = Phi X174 =
Fhia
5L SMB Sdine = P syringos
waline E coli
waler SME — Phi X774~
Fhia

to contact line pinning orothe reffects and &dec reases over time (Pig. 1
(2]); and (1) mixed mode, whe re CWA be haviour is observed initially as
the droplet, with shape initially set by the adwancing contact angle &,

changes to thatgiven by the receding contactangle as liquid e vapo rates,
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Fig, 4. Comparison of evaporation times of water droplets (He dfern etal

Loxp | MiN
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Fig. 5. Hffect of convection, ex pressed as dmplet Reynolds number, on evapomtion time for water dro plets . Por the purposes of illustratio n, 8 mean welocity of 1 mm
57V isused in the calculationof the Reynolds mumber for the quasi-static cases (Rey ~ O for these cases 1, The evaporation time is scaled by the predicted evapo mtion
time in stagnant air for (o) CCA mode, and (B) CWA mode. Symbols: hollow, quiesce ot ; so lid, fan oo,

followed by CCA behaviour with & = &.

(i) Constant contact angle, CCA

Wiriting Ay = (y' =¥u) and introducing the above expressions for Va
and Ay for fixed & gives:

dR_1 dR?

1
dt "2 dt . (2+cosé)(l-cosl) p

DCpdy.__
Ly [3)

Integrating from initial radiug Ko at time zero gives
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Fig. 6. Comparison of liquid dro p evaporation times instagnant aico o po lypro pylene with CCAand CWA model predictions. Liquid dro ps with initial vo lumeof (i) 1
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conmet ang le indicated in the legend is the measured static contact angle of the liquid drop an the polypropylens surface (see Tal

2 DCrdy
-R= - 4
& (2+cos@)(1 —cosé) g, ! 14
and a time for droplet e vaporation, ty, of
2 6)(1 —cos 6] [ oK
=[O0 0] [P ] = 151
15h || PCrdy

where Fg is a geometric function and t; s a characteristic timescale for
droplet evaporation, For the case of a hemispherical drop (8 = #/ 2,
symmetrical), Sh= 2 and Fy = 1/2. Por other values of & the local fux
waries over the inte rfce: Hu and Lamon (2002] reported the following
result for 0 <8< x/2 for evaporation controlled by exteroal moss
trans fier:

d \
4y PaVe)= — TRDCray(0 276" —1.30) [6]

which, when substituted into [2], gives the de pe nde ney of £ on @ shown
in Pig, 3, Contributions from natuml convection are neglected, Smaller
contact angles increase the inte facial arca per unit drople t volume and,
for the constant & case, s horte n the evaporation time foragiven value of
Fo

Paragiven dm plet volume, as used in these experime nts , Kg depends
on @ Equation [5] indicates that the value o f@ affects the drying time for
a droplet of initial volome V4 wia the product Rﬁ!"j, where Koo

{Va/(2 +cosd)(1 —cos 3]2 } U3 and subseript { denotes the drying mode,

and J).

The othe r parame ters in the characte ristic drying time do not dependon
the drop size in this model. Mg, 3(h) shows how the product B,/ Vj"
varies with @ for 1 < 8 < 907 (the product i sealed by the characte ristic

arca associated with the droplet volume, Vj""q, to make itdimensionless],
The plot s hows IJ.mLRﬁ!"a (and thus the drying time) is ve ry seasitive tod
for & < 457 aver the range of @ values of inte rest in this worl (Tables 2
andd A, 45=90°] the CCA result incresses modestly with 6

The abowe resultindicates that selecting asurfoce so that a liquid will
spreadon it (small & the refore has the counte r-productive property for
antimicrobial mate rials which rely on the surface being wet, as this can
enhance the rate at which the liquid evaparates, limiting the amount of
time the surface will remain antimic robial, It should be noted that the
CCA model is not valid far & ~0 (when the dropis effectively a puddle ).

(i) Constant wetted arca, CWA
When the contact line is pinned, the radivs of the wetted area, &,

re maing constant, and the contac tangle e hanges ower time as the volume
of the drop decreases. Using the Hu and Larson result, Equation [2]

becomes:
1 (1 - costi)’ DCrdy

ot L S (7]
3 s5in'8(0.276" +1.30) PonRisin’ 6y

Integrating from @ to wem gives

253



Aok, Caunliff et al

{ai) 15
LN el
5 . .
3
o1 voE
CP ] . , 1
E L 3 [
E ] L
akal E
g b ol
i .l . :.
5 P M
[E— [l . i
W oA
I Baline - 84° - P.syringae - #3° - E.coli - 73°
b SM - 1007 = Phj174 - 787 « Phié - B8*
o L Water - 87¢
o 5 10 15
(adi) 25
£
0 s
: e
o
15 i 'r"
E oo
E 1
210 ) )
T
< orh
5
0
o 5 10 15 i) 25

tyap [mawdel )/ min

donmal af Food Engineering 336 (2023) 117195

(i) 45
0 : :
35 b -
o5 s A
30 5. -2
TN
gt .
a5 . IH &
b ¥
0 4 i ! *
&2 A
15 5L £,
¥ K ] T
P L . |
o e ora
b Saline - 104" « Payringae - 85° - Eeoli - 86°
5 paM- L0 ~PRlT4-50° .« Fhi6-9°
water - 101°
0 A . . .
] 10 20 30 40
il gp
60 . ‘
5 ; .
L : :
21 fo0
40 E’: zé - I
H -
! P
20 L ' T ' |. r J
oW oCA
9 , , ;
0 20 £l &0 ]

r‘,ap(mnd: 1) { min

Fig. 7. Compariso n of liquiddro p evapomation times in stagnant airon aitrile with CCA and CWA model predictio ns, Liguid doops with initial wlume of (i1 1 gLorc
(i) 5 pL,and at {a) low humidity and (8] mid humidity at tempemtures of 22, 26 and 30 °C, Dashed locus shows the line of equality, Le. ¥ = x P. syringue and B coli
prepared insaline, PRi X174 and PRi6 in S8 buffer, The oomct aogle indicated in the legend is the measured smatic conm@et angle of the liquid doop oo the nitrile

surface (see Tabl 147,

P .
(1 —cosd) ["’=Rﬁ =Fut, 8]

sin’#iy %
b= .
P 3 [ sin'6(0.276 +1.30) DCray)|

with the same chamete ristic Hmeseale, Py, 9 shows that asmaller con-

tact angle again results in ashorter evaporation time, Comparing Fg and
Fi, there is a teansition at 287 indicating that for strongly wetting liquids
(small &) a droplet fallowing CCA be haviaur fara given @ will evapormate
completely in ashorter ime,

Pig, 3(b) shows the effect of initial contact angle on evaporation of
draplets of equal initial volume. The drying time increases with &, as in
the CCA case, butthe mange is noticeably s maller, varying by 1% decades
compared to 44 decades for CCAL The two values are similar for & — 287,
with CWA times significantly larger for the CWA mode on surfaces that
encourage we thing (low &),

(i) Mixed model

In the mixed model, the droplet evaporates initially with constant
wetted arcaas the contact angle decreases from 8y = &, until it reaches
&, Thereafter, the decrease in wolume of the drop is modelled as the
wetted area decressing following CCA behawviour, with & = 8
Combining the CWA and CCA models, the evaparation time is given by

(2 +cos 6)(1 —cos 6)]

&
Frip sint 6y (1= cosdl)?
= o = [91
sin"d 25k

1, 3 (0276 +1.30)

[

Por agiven liquid, t, s set by the size of the droplet and the atmo-
spheric conditions, The contact angles and the kinetic factors, e g, # and
By, are determined by the surface and it interaction with the droplet,
Comparison of the evaporation times with the model predictions will
indieate how long the surfce remaing wetted and thus the like lihood of

antimicrobial activity,
3. Materials and methods
a1, Preparation of meterials and chamber

Mon-parous test sections measuring 10 mm * 10 mm we re cut from
copper (CusnS), polyvinyl chloride (PYC), palypropylene and nitrile
sheet. Prior touse, all sections we re wiped tho roughly with cloth soaked
in 70% ethanoland left to dey in me ptie conditions for 60 min. Sections
were secured to a polystyrene bame plate (1277 % 85.4 mm] using
double-sided tape and placed inside the e nvionmentaleontrol chamber,
The environmental control chamber (interoal dimensions 296 mm x
171 mm % 51 mm) allawed te mperature and e lative humidity (RH) to
be controlled independently, To maintain the desired RH, saturated
solutions of lithivm e hloride (180 g and 60 mL of water, prodocing a RH
af 15%) ar patassium carbonate (200 g and 60 mL of water, produeing a
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prepared in s
surface (sea Tt 2 and 3).

RH of 40%)] were distributed evenly across four Petri dishes insice the
chamber and RH monitored using a HDS0O sensor and datalo gger
[Extech Instruments ). Te mperature was adjusted and maintained witha
propagation heat mat (PVC, 18 W, 220 V] and monitored with a ther-
mostat (Wivosun, Shanghai, Chinal.

3.2 Preparation of solutions and microbial suspensions

Deionised water was sterilised by autoe laving at 121 °C for 15 min.
Saline solutions were preparcd as 0.85 wi%h NaCl (ThermoVPis her Sci-
entific] in deionised water and sterilised by autoc laving. SM buffe r was
prepared by adding 5.8 g of NacCl, 2 g of Mg 80 46H 20 and 50 mL 1 M
Tris-Cl pH 7.5-800 mL distilled water and mized until dissalved,
adjusted to 1 L with distilled water and sterilised by antoclaving at
121 "Cfor 15 min. Tris-Cl was prepared by adding 12.11 g of 1 M tris
biaie to 20 ml distilled water and mixed until dissolved with the pH
adjusted to 7.5 by adding 30 wi% HCL Both the saline and buffer so-
lution conee ntrations are large com pared to the conce ntration at which
Soulic etal (2075] eported the onset of CWA be haviour.

Bac terin were maintained as streak (purity] plates on tryptone soya
agar [(T8A) at 4 *C until required, Escherichiz coli (ATCC 13706) and
Preudomonas syringee (ATCC 2178 1) cultures were prepared for the ex-
periments by inoculating one colony of bacteria from the respective
streal plates, transferring to 10 mL TSB and incubating at 37 °C and
28 °C, res pectively, for 24 b, Bacte rial cultures were then centrifuged at
3500 rpm for 10 min, The supernatant wes removed, and 10 ml sterile

ine, PRi X174 and PRiG in SM buffer. The conmct angle indicated in the legend is the measured static contact angle of the Lguid drop on the co pper

saline added, with the resultant suspension mixed by vo rtex (this process
win mepeated onee ], Sus pensions were the n adjusted to 0.50D at600 om
[dete rmined by s peetrophotometer (Je nway]) using sterile saline,

Bacte riophage Phie (ATCC 21781-B1]) and PhiX174 (ATCC 13706-
B1) suspensions were prepared following a standard phage assay pro-
tocol (Adams, 19597, o briel, a 10-fold serial dilution of stock phage was
pe eformed upto 107 in EM buffer, Subseque ntly, for each dilution, 100
Bl of bacte riophage was mixed with 100 pl of cormes ponding bacte rial
overnight culture (Pseudomonas syringee (ATCC 21721) for Phi6 and
Bacherichia coll (ATCC 13706 ) for Phi % 174) and 3 mL of saft (0,7% w/'v)
molten (45=55 “C] TSA and poured ooto a regular strength TSA agar
plate. Following an 18-h incubation (30 °C), any plagues present on each
dilution were counted and uwsed to calculate the number of plague
forming units (PPU), which allowed the ariginal phage stock to be
adjusted to the desired concentmtion of 5 % 107 PFU/ mL.,

3.3, Preparation of sanning electron microscope (SEM) inages

To assess deposition of bacte riaon sucfaces, 5 pL deoplets of either
E coll (ATCC 13706) or P syringae (ATCC21781] were placed on a test
section and left to dry in an environme ot with RH = 60% and 22 °C
Onee dried, the surfaces were immemed in a Petreidish contmining 2.5%
glutaraldehyde for 18 h, then washed with sterile phos phate buffe red
saline (PBS, 0.85 wit® NaCl), placed in inc reasing concentmtions (20%,
1%, 6G0%, B0%) of ethanol for 30 min each, and then submerged in
100% ethanal far 30 min, twice, The surfoces were then left to dry ina
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prepared insalioe, PRi X174 and PRt in § M boffe e, The oo nict aogle iodicated in the legend is the measured static contact angle ofthe liquid dropon the PYC surface

(gee Tahles 2 and 3],

wacuum sealed desiceator for a minimom of 18 h. Samples wene then
mounted onto aluminivm pin stubs using adhesive carbon tabs and
coated with a thin layer (25 om] of Au metal using a sputter coater
[Palaron, 30 &, 800 W, 5 mA). The stubs were then loaded into the PE-
SEM [ Carl Zeiss Lid, Supra 40P, SmartSEM) for imaging and analysis.
The secondary electron detector was used to obtain images of the sam-
ples, using an acceleration voltage of 2 kv and a working distance of
approximately 5 mm.

A4 Mearsurement of confact angles

Images of droplets on each material were captured by pipetting
doplets of 1 plor § pl on to the surface, @llowed by memuring the
contact angle (ave rmge of left and right tange nt eo otact angles ) using a
gouiometer (Kriss mobile drop GH11) Dro plets were assessed o trip-
licate and each measure ment was performed on a diffe et coupon of
material, To ascertain if contact angles for each liquid type on each
material can be considercd the same or statistically significantly
different (p < 0.05), a t-test was performed co mparing co ntact angles at
1 pl and 5 pl.

3.5, Bwporation of solutions and suspensions

To assess the impactol the presence of microorganisms on the time it
takes droplets to dry, deoplets of saline containing either £ coli (ATCC
13706] or P gyringae (ATCC 21781) were compared with droplets of

saline without bacteria, Additionally, droplets of 5M bufler containing
cither Phis (ATCC 21721-B11 or PLIX174 (ATCC 13706-B1] bacterio-
phege we re com pared with droplets of 8M buffer without baeteriophage .
Droplets of either 1 £0.1 ploor 5 = 0.2 pl volume were depogited ona
test section by pipette. The time taken for each droplet to dry as
observed visually was reeorded, To ensure measure ment of drying time
wam consistent, data were collected by o ne researcher who used a digital
stopwatch to record the time each droplet took to evaporate, Droplets
were obse rved by eye continuously and the time by which the droplet
had evaparated was taken as when no moisture was appare ot,

4. Results and discussion
4 1. Beaporetion af water droplets

Rediern et al, studied the effect of te mpe mture and humidity on the
evaparation of water droplets from a palypropyle ne surface, The mange
of conditions investigated & summarised in Table 1, along with the
range of msociated characte ristic evaporation times 1§, (sce Equation
[51). The humid air (an air-water mixture] was treated as an ideal gas
with thermophysical properties taken from standard texts, The mol
fraction of water vapour in equilibriom with the liquid ower the tem-
permture range of interest followed ¥ = 000005479 = 0,03 1T+ 4.31,
wihere Tis in Kelvin, The contaetangle for static draple ts was reported as
83.4%, which is s maller than those reported in the literature (96,77 - Rios
ebal, 2007; 1049% - Choi et al, 2079, The (advancing) contact angle
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for water measured on polypropyle ne for the experiments conduc ted in
this worl, 1037 (Tuble 4], s consistent with the lite ature values,
Three convection conditions we re considered:
(] Quesistagnant conditio ns, whe re the re was oo forced conveetion
50 mess tranafe rwas determined by diffus ion: es imates of natural
convec tion indicated that this had little effect in this case;
Pan, half power.
Pan, full power.

(b]
(]

The local bullk air welocity in the wicinity of the dropletin (h) and (c)
wis estimated using a computational fluid dypamics paclage (see
Redfernet al): these varied fram 0.5 m s e 1.9 ms
to droplet Reynolds number, Rey = I'?'_i", walues of 140-550,

_1, earrespond ing

4. 1.1, Stagnent air

Pig, 4 companes the observed evaporation tmes for each doplet
wo lume with the walues predicted for water by the two contact moces
[(CCA, CWA) The evaporation time increases with doplet wolume, as

expected (since fcﬁRa ~ V:"‘a). The data points lie close o the CCA
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preciction, s hown by the line of equality, whereas the CWA mode pre-
dicts consistently shorter evaporation Himes, Given the wariation in
tempe ratures, humidity and deoplet volume, this level of agreement is
considered good,

Also shown on the figure are the predictions of the mixed model,
where the initial s tage of evaporation follows CWA behaviour until the
receding contact angle, &, is reached, The latter parame ter was set at &,
= f,/1.2 as this gave reasonably good agreement. This is an iote resting
result which does not appear to be considered in studies on droplet
evaporation, even though it could be expected: a droplet striking a
surface would be expected to spread on contaet, when it is subject to the
advancing contaet angle, but on evaporation it will switch to receding
angle behaviour,

4 1.2 Forced convection

Activating the fan increased the rate of evaporation, but not in a
systematic mannper, unlike studies of droplet mass transfer in well-
defined duct flows (e g Coutant and Pens i, 198
1998]), Pig, 5 shows the effect of convection, e xpressed as Reg,
on observed evaporation times, The fan speeds were not sufficiently

e vles and wan

der Geld,
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Fig, 11, SEM images of (A) polypropylene, (B] nitrile, (G PVC and () copper surfaces following evaparation of a § yl doplet containiog £ coli at RH = 60%

and 22 °C.

500x%

2ispan
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Fig, 12, Higher resolution §EM ioages of (a) polypropylene and (b] co pper surfaces (see Hig, 11 (a),(d]] fo llo wing evaporation of a 5 pldroplet containing & coliat

RH = o0% and 22 °C.

large to cause the droplets © mowe acmss the surface, The times ane
divided by the value predicted for CCA (Pig. 5(a)) and CwaA (I'ig. 5(b1)
behawviour, Effects such as shear-induced change in droplet s hape we e
not considered, The values for quesistagnant air are plotted for com-
parison; for these Reg was caleu lated with avelocity of 1T mm il The re
is a generml decreme in evaporation time with Rey, with noticeahle
scatter as other testconditions are manipulated, The effectof convection
is also expected to depend on the Schmidt number, Sc ij{‘ﬁ (where g i
the mass density, see Coutant and Penski, and Ganzelves and wan der
Geld )i this parameter did not wary strongly over the conditions consid-
ered here. g, 5(a) shows that the e xperime ntal values obtained voder

quiesee nt oo nditio ns lie consistently eloser to the CCA predictions.

The effect of draughty conditions can be estimated for these droplets
by exploiting the fact that the contact angle is close to 907, so that they
can be approximated @& hemisphe res, The She rwood number can then be
citimated from the Rane and Marshall correlation (19521 for mass
trans port from s pheres, vz

h=2+06Re" 5 [10]

which, for the Reynolds and Schmidt numbe s considered here, would
give values of 87 rmoging fmom (initially) 6.1 to 14,2, decreasiog to 2 as
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the droplet evaporated, Taking a geometric mean of these values as a
rough estimate of the Sherwood number over a draplet’s evaporation
time would give fop/gp(CWA] ~ 0.37-0.56 for the cases with forced
convection, which is eonsistent with the observed range of values. The
need to congider convection when conducting tests and applying the
results to practice is evident

4.2 Fwrporetion of solufions and suspensions

The rate of evaporation of droplets containing organisms was studied
using 1 pL and 5 pL droplets oo four surfaces vode e conditions of mild
(40-47% RH) and low humidity (14=16% RH]. Macroscopic advane ing
contact angles on each surface were determined for 1 pl and 5 pl
droplets of water, saline and SM buffer o well s the sus pensions. The
goniometer system used was not a precision device and the results,
summarised in 1o A, are nsed to ide otify trends, Mostof the &,
values lie in the range 45-90%, With 1 pLdmoplets (Table 2), the presence
of £ coll gave different contact angles to the neat saline on nitrile and

copper; by comparison, P. gyringee gave values closer to the saline, The
Phif and PLiX174 suspensions gave similar (within ~107) walues on
nitrile, PVC and copper: on nitrile, these were different to the neat SM
buffer, With the § pL drops (Table 3), the contoet angles for neat saline,
M bulfer and wate r were similar for all mate rials e xce pt capper, whe re
SM buffer was lower, The contact angles for £ coll and P osyringee on
polypmpylene and copper were similar to those with saline, while those

on nitrile were noticeably lower, The contact angles for SM buffer and
Phif and PhiX174 sus pens ions we re s imilar with the exce ption of copper
and PV, where PLhiX174 was higher and lower respectively,

4,21, Bwrporation times

The salts present in the saline solution (085 wi% Nacl) and M
buffer (fee method section for composition) reduce the vapour pressuoee
exerted by the water and the initial driving force for mass transfer, Ay,
but this proved to be asmall effect for the low and mid-humidity cases
considered here. Por the saline solution, the initial reduction in AY is of
the orde rof0.26% at mom te mpercature. If the solutes remain in so lution
and are not adsarbed on to the suface, one could then expect either (i)
evaporation to stop as Ay approached zem, or (i) the salts to undergo
crystallisation, producing precipitates which would be visible under the
microseope, Crystals were not evident in SEM images of the dried sur-
Taces (with the exception of P gyringae on nitrile, see Supple menkary
Pigure 51) and experiments with neat saline and buffer solutions all
evaporated completely, indicating that salts were adsorbed on to the
we tted surfoce,

Pig. 6 shows the effect of droplet compos ition on drying times, pre-
sented in the same format as the Redfernetal, results forwater droplets

in g 4, A different polypropylene surface was used in these experi-
ments, The abserved evaporation times are in broad agreeme ot with the
CCA model predictions, as seen in Pig. 4, At low humidity (g 6 (a) -
Taster evaparation rates], the use of saline tends to increme the evapo-
ration times compared to water, whe reas the SM buffer times are similar
to those for water. This effectis more noticeable with the mid-humidity
data (Fig. 6 (b)), in which case both saline and M buffer exhibit longer
evaporation times than water, This trend is noted in Table 4, alongside
a7,

The presence of organisms tends to reduce the evaporation time for
both saline and SM buffer droplets, This suggests that the species are
promotiog CWaA behaviour, which would be consistent with o rganisms
collecting at the evaporation front, promoting pinning behaviour (but
not necessarily fixing the contact line], The trends are recorded in
Table 4 and are compared with the observed depos ition patterns in the
next section, Evaporation times were faster in the low humidity sce-
narios for both 1 pl and & pl droplet sizes, which i consistent with
Equations [5] and [8], whe e [cdlﬂy_l.

Purthe r analysis eomparing e vaporation times of droplets eontaining
mic moorganis ms with either saline or SM buffer alone revealed that in all

the tre nds observed for the othe r surfaces (I'
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cases of statistically sigonificant differences (p < 005, n= 11732 for
bacteria and n = 6732 for bacteriophages), the addition of microor-
gamis ms resulted in more rapid evaporation (g, 100, When co mparing
the total number of significantly different evaporation times with
respect to RH, medium RH (40%] conditions provided a larger nnmber
of droplets that evaporated more quickly due to the presence of a
microorganism, in hoth 1 pl oand 5 pl scenarios. When compariog
evaporation times with respect to droplet size, 1 pL droplets containing
microorganisms evaporated significantly more rapidly than ones
without mare aften (than 5 pl droplets ] in both low (15%) and mediom
(40%]) RH scenarios,

42,2 SEM images of becterial depo sition

The deposition patterns created by evaporation of 5 pl doplets
containing E coll or P, syringee differed depending on the substrate
mate rial, Whilst a ring marking the initial boundary of the droplet (ie
the initial contact line) was wisible on all images (see £ coli examples in
Pig. 11), deposition of bacte ria within the dmoplet footpriot was more
evident on polypro pylene and copper (Pig. 12) uolike o n nitrile and PYC
where deposition within the footprint was less obvious (Digure 52]. On
palypropylene the bacte ria were de posited with an obwious outer ring, 1
e bacteriadeposited in a circular ring at the outer edge followed by an
annulus where no bacteria were depos ited, followed by an inner region
where the majority of bacteria were deposited. In contrast, no annular

region is apparent in the copper case, Decgan eb al (2000] discussed
howe differences in evapomtion flux and ehange of height profile can
promote coffee ring or uniform de position behaviour: furthe r work
would be required to see if this is the reason for these observations.

Comparing the evaporation time plots (g, 6 (b, i) = polypopyle ne
and i, (b, ii] = Cul, on copper the values comsistently lay below the
CCA line, suggesting mixed mode deying, while on polypropylene the
data showed a strong corre lation with CCA be haviour, Purther worl is
needed o linkde position be haviour and drying kinetics: Deleplace of al,
(2022] reparted wery pronounced deposition of Becillus spores at the
initial contact line on the four surfaces they studied, followed by
different patterns in the footprint depending oo the
nature s pecies combination, In both instances in Pig, 12, bacteria are
highly concentrated in different arcas, resulting in deposition of bacte-
rial cells on top of one another,

surface

5. Discussion

A& combination of mode lling and experimental methods have been
used to investigate the impact of mic oo rganis ms on the evaporation of
liquic droplets on solid sucfaces, The four surfaces studied are e pre-
se ntative of many materials that are found in hospitality, healthe are and
food processing facilitics, They were notstrongly we thng towards wate r
{eo ntact angles ranging from ap proximately 40°=100°1, so that droplets
fo rmed or landing on the surface would feod to remain s phe rical rathe r
than spread oot to form a thin film.

The first onder (exte rnal mass transfer contol)] model for the time
taken for a doplet to evaporate provides useful insights into how the
drying dynamics are determined by the contact angle and whether the
droplet exhibits contact line pinning, which would be expected o pra-
mote constant we tted area behaviour, The evaporation times obse rved
with water alone (1
dicted for constant contact angle be haviour, and bette r agreeme ot with
the mixed model which incorporates a reasonable switeh between the
advancing contact angle, msociabed with the initial contact of the
droplet on the surfoce, and the receding value, The predictions for
constant we tled area behavio ur, which might be associated with contact
line pinning, give consistently poor agreement with the experimental

. 4] show good agreement with the values pre-

measure ments,

The addition of bacteria reduced the evaporation time significantly
forall surface types inat least one of each droplet size /RH seenarios,
whe reas the addition of bacte rio phage did not decresse the evapo mtion
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time significantly on PYC or copper in any doplet size/BH scenario.
Cverall, the 1 pL droplets tend to exhibit less variation in drying time
and dricd more quickly than the 5 pl droplets, as expected from the
model. The models did not capture the effect of adding bacteria or
bacteriophage on the drying times, but the experime ntal values were,
neverthe less, consistently closer to the constant contact angle scenario
predictio ng rather than the constant wetted area ones, indicating that
the de position of these microorganisms docs not give rise to the contact
line pinning efects e ported with colloidal sus pensions. The bacte ria,
with sizes greater than 1 pm, are oot expected to give rise to co lloidal
behaviour, whereas the bacte riophage, with lengths 20-30 nm, might if
they did not agglomerate whe n sus pe nded. Electron microscopy of im-
ages of the phages on the surface indicated that agglomerate and
netwo rle formatio n did oceur, but it was not possible to dete rmine if this
happened before they deposited on the surface,

65 indicate that further work is required o capture the impact
of these species on the dreying kinetics, give n that the constant contact
angle model gives a reasonable working estimate of the evaparation
time. Conside ring the input paramete s to the model, the factor subject
to most uncertainty is the efective co ntact angle, The values used in the
caleulations were talen from static observations of the solutions or
suspensions on dry solid surfces, whereas the images of the droplet
footprints after drying indicated that these were no longer even and
uniform, but rough and beteogeneous @ a result of o rganis m de pos i-
tion, Por wetting liquids, the Wenzel model predicts that a rougher
surface will result in a smaller effective contact angle (the surface be-
comes more we ting) and Vi, 3 8 hows that reducing @will reduce Fgand
the evaporation time, This enhanced roughness hypothesis could explain
the observed reduction in evaporation times for the suspensions: pre-

dicting the magnitude of the effect would require knowledge of the
deposition pattern and structure and is beyond the scope of the current
wiorl,

Given that moisture is required for many antimicrobial materials to
exhibit antimicrobial activity, unde mtanding that the presence of mi-
croorganisms can increase the mte at with ewaporation oceurs is
important, as a shorter evaporation time will also result in reduced
antimic mbial activity, Therefore, for those interested in the develop-
ment, manufacture and installation of antimicrobial materials, it is
esicntial to consider what type of microbial contamination the vser i
trying to control and use this knowledge in the dewelopment of their
initial antimicrobial efficac y assess ment methods,

6. Conclusions
This cross-disciplinary study revealed that the application of quan-
titative models for the kineties of moisture evaporation on surfaces can

help o explain and interpret findings when testing for the efficacy of
antimic rmbial surfaces, The speed o fdrapletevapo mtion i affected by a

Appendix A. Supplementary data

Supple mentary data to this article can be found online at http:
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range of fetoms: tompeatune, humidity, aicflow, the natuee of the sur-
face and the presence (and nature] of mic roo rganisms. The kine ties of
droplet evaporation affccts the presence of molsture on a surface, and
thence the survival of micmoorganisms and, poteotially, the mode of
action of putative antimic rob ial agents indon the surface = particularly if
the agents require moisture for activity, Standardised testing methods
provide detailed aceounts of procedures, but do not always speeily with
any precision, the ambic nteonditions where testing takes place, If these
factom are not adequately recognised or controlled, results from testing
methods pedarmed voder different (or wospecified) eovimome ntal
conditions in different laboratories are liable 1o vary and give rise to
eonfusion, misinterpretation, and potentially misleading claims of
elffective ness,
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. 2shows that it takes approximately 4 min for the salt solutions to re-establish the desired relative humidity within the ¢ hamber after the lid

wis replaced. The dynamics are consiste ot with mass transfer control: let the mte of evaporation from the surface of the saltsolution ean be expressed

as a molar flux, M, whe e

N=ECrly' =),

[41]

where ky s a mass trans fer coefficient, ¥ s the mo |fraction of wate r in the air, and Gy the molar de nsity of the air (given by PARGT, where P is the total
pressure, Ry the gas constant and T the absolute tem perature], At the surface of the salt solution the water in the vapour will be in equilibriuvm with
that in the salt salution, with mol fraction ¥%, Por the elosed syste m when the lid i elosed, a mass balanees gives

260



A Canliffes et al

% (VCrye) = Ak Cr(y' = )
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[42]

where Vis the volume of the vapour in the chamber, ¢ is time, and A, is the area of solution suface available for mass transfer, This assumes pecfect
mixing in the vapour phase, Assuming isothe rmal operation so that the parametems are constant gives

" { " = Yuo)

o =) } _ i“{(J‘i-ﬁf' - RH[G)}} Ak

(RH' = RH(1)} v

[A3]

with ¥y, the mol fraetion of water in the air at the start of the experiment. Por dilute conce nirations, RHegy (Me Cabe etal., 1999) and Equation [43]
indicates thata plotof —In(RH' — RH (1)} against tshould be linear with gradient proportional to the ratio of the surface areaof the salt rese rvoirs o the

wolome of the chamber,
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Nemenclature

Boman symbols
Ag Arenof Liquid-ar nterface m®
Ay Aren ol solution-air nterfce m®
For Bond number
Cyt Total molar coneen trtion, vapaur phase mol m™>
1 iffusivity m® 5™
Fyt Faetar, constant we tied oren
Fix Faetar, constant contoet angle
& Oravintional ace eleration m ™
Ft Humidity 7
Kt Averiigge mim rans fer coe (e entm s
I Resliug of wetted arenm
1t Hurnber of sl
M Mdar Quz ool m
f pvalue from osttistienl st Pa
P Totd pressure Pa
Reg: Droplet Reynolds number
e yphere rading m
Rt G constant J mol 'K
Initid draple t rmding m

: Carrelation ¢ aefficient
&t Sehmidt number
S Mean Sherwaod numbe
& Time s
i Cheracteristic tne o
Lo Droplet evaporation time {experimental wilues) s
Lyt Droplet e wiporatian time {cale ulite d from models ) s
1! Temperature 1
¥ Valume of vopour m®
¥ Volune ofdrop m®
¥ ¥y ¥ Mol fraction in vipour phise, bull phos value, situeated value

2

Greel symbols

# Vapour-liquid surbie tension §m™
4 Liguid dyncemic wisosity Pas

1 Wine oetic vis osity m¥s ™!

Ap: Differenee i mass densitien by m™
¢ Liquid malar density mal m™

# Contact angle

6 5 B ¢ Advancing, receding contoe tangle *

3

A oy

04 Constant contxe { ongle

O Constant we tled area

PRCE Plaque forming units

Py Palyrindehloride

REE Belative bumidity

EMB: S Hu er

SEM Seanning electron microm opy

¥5A: Tryptone saya g
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Appendix D
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Figure 57 Comparison of liquid drop evaporation times in stagnant air on polypropylene

with CCA and CWA model predictions. Liquid drops with initial volume of (i) 1 uL or (ii) 5 ulL,

and at (a) low relative humidity and (b) mid relative humidity. The three groups in each plot

correspond to temperatures of 22, 26 and 30 C (with higher temperature giving shorter

evaporation time). Dashed locus shows the line of equality, i.e. y = x. P. syringae and E. coli

prepared in saline, Phi X174 and Phi6 in SM buffer. The contact angle indicated in the legend

is the measured static contact angle of the liquid drop on the polypropylene surface.
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Figure 58 Comparison of liquid drop evaporation times in stagnant air on nitrile with CCA

and CWA model predictions. Liquid drops with initial volume of (i) 1 uL or (ii) 5 uL, and at

(a) low relative humidity and (b) mid relative humidity at temperatures of 22, 26 and 30 <C.

Dashed locus shows the line of equality, i.e., y = x. P. syringae and E. coli prepared in saline,

Phi X174 and Phi6 in SM buffer.
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Figure 59 Comparison of liquid drop evaporation times in stagnant air on copper with CCA
and CWA model predictions. Liquid drops with initial volume of (i) 1 uL or (ii) 5 uL, and at
(a) low relative humidity and (b) mid relative humidity at temperatures of 22, 26 and 30 C.
Dashed locus shows the line of equality, i.e. y = x. P. syringae and E. coli prepared in saline,

Phi X174 and Phi6 in SM buffer.
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Figure 60 Comparison of liquid drop evaporation times in stagnant air on PVC with CCA and

CWA model predictions. Liquid drops with initial volume of (i) 1 uL or (ii) 5 uL, and at (a) low

relative humidity and (b) mid relative humidity at temperatures of 22, 26 and 30 C. Dashed

locus shows the line of equality, i.e. y = x. P. syringae and E. coli prepared in saline, Phi X174

and Phi6 in SM buffer.
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Appendix E

#include <dht.h>
#include <SPI.h>
#include <SD.h>

#tdefine dht_pin A

#define RELAY_PIN A4
#define RELAY_PIN2 A5
const int heaterone
const int heatertwo

in
N o0
e e

dht DHT;

File myFile;

int time = 9;

int temp = 24;

// close down program, then pull out cord
void setup() {

// put your setup code here, to run once:
Serial.begin(9600);
Serial.print("Initializing SD card...");
if (!SD.begin(10)) {
Serial.println("initialization failed!");
while (1);

}

Serial.println("initialization done.");

## microSD card needs a file called "text.txt" to function
myFile = SD.open("test.txt", FILE_WRITE);

if (myFile) {

Serial.print("Writing to test.txt...");

// close the file:

} else {

// if the file didn't open, print an error:
Serial.println("error opening test.txt");

}

pinMode (heaterone, OUTPUT);
digitalWrite(heaterone, LOW);

pinMode (RELAY_PIN, OUTPUT);

pinMode (heatertwo, OUTPUT);
digitalWrite(heatertwo, LOW);

}

void loop() {
DHT.read11(dht_pin);
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Serial.print("Humidity = ");
Serial.print(DHT.humidity);
Serial.print("% ")
Serial.print("Temperature = ");
Serial.print(DHT.temperature);
Serial.println(" C");
myFile.print(DHT.humidity);
myFile.print(", ");
myFile.println(DHT.temperature);
## if you change the delay number at the end, match this add number to
it, note this number is in seconds, delay number is milliseconds
time = time + 30;
## Change the time number below for test duration in seconds
if (time > 21600) {
myFile.close();
Serial.print("Closed");

}

## change both if/else if statement numbers for temperature required, actual
temperature will be around 0.5 degrees lower than set to, only use whole
numbers
if (DHT.temperature <= 24) {
digitalWrite(RELAY_PIN, HIGH);
digitalWrite(RELAY_PIN2, HIGH);
digitalWrite(heaterone, HIGH);
digitalWrite(heatertwo, HIGH);
}
else if (DHT.temperature > 24) {
digitalWrite(RELAY_PIN, LOW);
digitalWrite(RELAY_PIN2, LOW);
digitalWrite(heaterone, LOW);
digitalWrite(heatertwo, LOW);
}
## below delay number specifies time between reads
delay(30000);
Serial.flush();
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Appendix F

#include
#include
#include

#tdefine
#define
#tdefine
#tdefine
#tdefine
#tdefine

dht DHT;
File myF

int time

void set

// put your setup code here, to run once:

<dht.h>
<SPI.h>
<SD.h>

dht_pinl
dht_pin2
dht_pin3
dht_pin4d
dht_pin5
dht_pin6

ile;
=@;

up() {

Ao
Al
A2
A3
A4
A5

Serial.begin(9600);

Serial.print("Initializing SD card...");
if (!SD.begin(10)) {
Serial.println("initialization failed!");

while (1
}

Serial.println("initialization done.");
## microSD card needs a file called
SD.open("test.txt", FILE_WRITE);

myFile =
if (myFi

Serial.print("Writing to test.txt...");

)5

le) {

// close the file:

} else {

// if the file didn't open, print an error:
Serial.println("error opening test.txt");

}
}

void loo

DHT.read11l(dht_pinl);

pP() {

myFile.print(time);
myFile.print(", ");

myFile.print(DHT.humidity);
myFile.print(", ");
myFile.print(DHT.temperature);

"text.txt" to function
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DHT.read11(dht_pin2);
myFile.print(DHT.humidity);
myFile.print(", ");
myFile.print(DHT.temperature);

DHT.read11(dht _pin3);
myFile.print(DHT.humidity);
myFile.print(", ");
myFile.print(DHT.temperature);

DHT.read11(dht_pin4);
myFile.print(DHT.humidity);
myFile.print(", ");
myFile.print(DHT.temperature);

DHT.read11(dht_pin5);
myFile.print(DHT.humidity);
myFile.print(", ");
myFile.print(DHT.temperature);

DHT.read11(dht_pin6);
myFile.print(DHT.humidity);
myFile.print(", ");

myFile.println(DHT.temperature);

delay(30000);
Serial.flush();

269



