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Environmental significance

Gold nanoclusters embedded in antimicrobial
keyboard covers: life cycle assessment and
environmental sustainability

Martina Pucciarelli, © Fabio Grimaldi, Gaowei Wu and Paola Lettieri*

Gold nanoparticles and nanoclusters can be used in a variety of sectors in different applications. Research
on new synthesis methods and procedures for their integration into products is flourishing with positive
results. This study focuses on the environmental impacts of synthesising cysteine-capped gold
nanoclusters [Au,s(Cys)igl and their integration in silicone keyboard covers. The final product presents an
antibactericidal activity that could make it suitable for use in hospital wards to tackle the cross-
transmission of pathogens. Life cycle assessment (LCA) methodology is used here to analyse and compare
the environmental impacts of antimicrobial keyboard covers against current procedures for cleaning
keyboards in hospitals using gloves and alcohol wipes (70%). Furthermore, results have been compared
with the normalisation factors based on two reference systems: global emissions and carrying-capacity
values. Whilst the first reference system indicates the contribution of a production system relative to the
global emissions; the latter provides an indication of the absolute environmental sustainability of the system
evaluated. This study shows that adopting an antimicrobial keyboard cover results in lower environmental
impacts than using gloves and alcohol wipes, almost for all the impact categories considered.

Life cycle assessment (LCA) methodology has been used in numerous studies aiming to address the environmental impacts of the synthesis of

nanoparticles and their applications against conventional processes. Here we have conducted an LCA study on a new process for the production of gold

nanoclusters. We have performed a hot spot analysis and compared the environmental performance against a product presenting the same function.

Furthermore, we have undertaken a carrying capacity based normalisation to assess the environmental sustainability of the new product developed. This
work provides both a transparent LCA study and an attempt to defining whether antimicrobial keyboard covers are an environmentally sustainable

solution.

1 Introduction

In the past years, nanoparticles have attracted considerable

been published for several types of nanoparticles: silver
nanoparticles,'®"” carbon nanotubes,'®"’ gold

nanoparticles,>** and titanium dioxide nanoparticles;**>°

interest due to their potential in several hot-topic fields,"™
especially the healthcare sector, where they can be employed
for detection and diagnostic screening,™” drug delivery,®’
oncological treatments® ' and as antimicrobial agents.""?
As a result, research on their synthesis methods, applications
and integration in products has flourished, and the first
products embedding nanoparticles have been released on the
market.

Studies on the environmental impacts, specifically based
on the life cycle assessment (LCA) methodology,*™*® have
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as well as for products embedding nanoparticles, such as T-
shirts®® and socks.””

LCA is an essential tool to identify, analyse and
understand how to tackle a significant part of the
environmental issues linked to manufacturing, use and end-
of-life of products and services. It is widely used in the
decision-making process and even for policy and regulatory
purposes.”®*° Moreover, because of the comparative nature
of LCA, it is possible to determine the improvements
required in products or production systems to get better
environmental performances in relation with the state-of-art
or other market competitors.”*! Scientific literature about
the application of LCA in the nanotechnology sector shows
that the methodology has been employed to evaluate
different synthesis routes,'®'”*3233 the feasibility of scaling
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out/up®® laboratory set-ups, to identify and explore the
advantages of recycling specific chemicals,” along with
issues linked to utilisation of the products.***"?* 1t is
undeniable that all these studies provide insightful
information on the synthesis of nanoparticles and nano-
enabled products with regards to the environmental impacts.
However, to the authors' best knowledge, none of them was
aimed at assessing the environmental sustainability of such
like goods.

This can be done by implementing the concept of
planetary boundaries. This concept was proposed by
Rockstrom and co-authors in 2009,** and later updated by
Steffen and colleagues.®® It defines a “safe operating space
for humanity based on the intrinsic biophysical processes
that regulate the stability of the Earth system™.*® Rockstrém
and co-authors identified 9 system's boundaries, each one
representing the boundary between the safe operating space
(below the boundary) and a buffer-area of uncertainty. The
safe operating space is located downward the buffer area,
which is delimitated upwards by a threshold or tipping point
of a specific and essential Earth system process. In addition,
Steffen and collaborators estimated the current situation of
transgression (at 2015) of each of the identified system
boundaries.*®

Based on the planetary boundaries concept, in 2015 Bjgrn
and Hauschild®’ proposed new LCA normalisation
references, namely “carrying-capacity”  normalisation
references. These authors proposed normalising the LCA
results by taking the Earth's carrying capacity for different
environmental areas as a reference system. Estimation of
normalisation references was based on the carrying-capacity,
defined as the “maximum sustained environmental
intervention a natural system can withstand without
experiencing negative changes [...] that are difficult or
impossible to revert”.’” The proposed carrying-capacity
normalisation references were developed in compliance with
6 of the 15 ILCD (International Life Cycle Data systems
reference) midpoint impact categories,*®*° and specifically:
climate change, ozone depletion potential, photochemical
ozone formation, freshwater eutrophication, marine
eutrophication, and freshwater ecotoxicity. Their application
would allow a better interpretation of the LCA results, in
terms of identifying, in absolute terms, the most affected
impact categories. Furthermore, it would be possible to
define whether a system or product is environmentally
sustainable, or not.

In this study, we apply the LCA methodology and the
carrying-capacity normalisation references proposed by Bjorn
and Hauschild®” and later reviewed by Sala et al.,* to assess
the environmental impacts and sustainability of an
antimicrobial product. Antimicrobial keyboard covers
embedding gold nanoclusters*’** have been developed with
the purpose of avoiding cross infections in hospital wards.
Photobacterial agents as methylene blue and crystal violet are
promising candidates to be used in sterilising surfaces.***°
When used together with zinc oxide, silver and gold
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nanoparticles (NPs), they present a combined and synergistic
antibacterial effect. In the case of gold NPs, the size is a
pivotal feature, indeed the greatest enhancing effect was
given by gold NPs with a size ranging 2-20 nm.*> When gold
nanoclusters (<2 nm), which are made of a small number of
atoms are added to crystal violet impregnated polymer the
photobactericidal activity is improved even under low
intensity white light conditions (200-429 lux).** This is an
advantages compared with other type of nanoparticles (Ag,
ZnO, TiO,) requiring intense white light conditions (>1300
lux) which makes difficult their employment in almost all the
healthcare facilities, except for the operating table and other
specific room.** In addition, gold NPs are a good option
compared with other types like silver and copper NPs,
because gold is considered a safe material. Even though, we
must point out that it is not clear yet if gold nanoparticles
present toxicity effects.”” Therefore, the antimicrobial
keyboard covers integrating gold nanoclusters appear to be a
promising tool to be used to deal with the problem of cross-
infections in the healthcare sector. As highlighted from a
publication of FitzGerald and colleagues in 2013, when
caregivers are not compliant with hand-hygiene standards,
cross-transmissions of pathogens amongst patients can
happen. These authors observed the number of times the
hospital staff (nurses, doctors, pharmacists) were moving
from a location to another (from patient to patient, from
ward to ward, hospital bay to another one), how many times
the staff were compliant with the hand-hygiene procedures
and the number of times they touched the computer
keyboards and equipment trolleys. The conclusions drawn
from FitzGerald et al.*® were mainly two: firstly, the necessity
to educate hospital personnel on the causes and risks of
bacterial spread, and their awareness that it can happen even
during low risk perceived activities. Secondly, hospitals
should implement education and intervention programmes
to lower the risk of cross-infections from surfaces (door
handlers, ward computers, etc.). Some hospitals adopted
cleaning procedures, encouraging the personnel to clean the
surfaces and equipment keyboards with alcohol wipes (70%)
while wearing PPE (personal protective equipment),
specifically butyl or nitrile gloves.”" Others adopted
keyboard covers such as the Medigenic keyboard covers,>*>*
with an integrated alert system to communicate to the user
when the keyboard needs to be cleaned. Antimicrobial
keyboard covers may help in preventing cross-transmissions
of pathogens and bacteria in hospitals, and help in
preventing the frequent uses of disposable alcohol wipes and
PPE during the cleaning of the keyboards.

In this paper, we present an attributional LCA study to
evaluate, from an environmental perspective, the negative
and positive impacts that antimicrobial keyboard covers may
have. The study aims at assessing the system at a large scale;
therefore, 2 scenarios of usage have been selected: use in the
United Kingdom and at the European continent level. In
addition, a comparison with the environmental burdens of
employing alcohol wipes and nitrile gloves has been

This journal is © The Royal Society of Chemistry 2022
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performed. Together with these analyses, results are
compared with normalisation factors based on the annual
environmental emissions in UK and Europe, and with the
normalisation factors based on carrying-capacity (annual
emissions budget).

2 Methods

2.1 Description of the system: synthesis of gold nanoclusters
and preparation of antimicrobial keyboard cover

The system is comprised of 2 main foreground activities:
synthesis of nanoparticles and swell-encapsulation-shrink
process. During the swell-encapsulation-shrink process, the
silicone keyboard absorbs a solution of gold
nanoclusters and crystal violet.”' As explained in Huang and
Hwang's papers*"** gold nanoclusters enhance the
bactericidal activity of the crystal violet. Cysteine-capped gold
nanoclusters, formed by 25 atoms of gold and 18 cysteine
molecules [Au,s(Cys)is],”® are produced using a 2 meters
tube-in-tube membrane contactor in an oil bath at 80 °C. An
aqueous solution containing HAuCl, and cysteine with a
molar ratio 1:1.5 is prepared with the addition of NaOH (2
M).*' The mixture enters in contact with CO gas (500 kPa) by
means of the contactor tube, made of polytetrafluoroethylene
(PTFE) tubing (inner diameter: 3.2 mm) and Teflon AF-2400
tubing (inner diameter: 0.88 mm). After a residence time of
roughly 3 minutes only gold nanoclusters [Au,s(Cys);g] are
synthetised.”> Then the solution is diluted to get a final
concentration of 0.1 g per litre. To produce the antimicrobial
keyboard cover, roughly a 4 litre photo-bactericidal solution
acetone (50% v/v), DI water (40% v/v), aqueous [Au,s(Cys);s]
solution (10% v/v, 12 mM [Au,5(Cys);s]) and crystal violet (800
ppm) is prepared. Then, the keyboard cover is immersed in
the solution and left to soak in it for 24 hours, going through
a swell-encapsulation-shrink process.*” Results from the UV-
vis spectra of [Au,s5(Cys);g] and spectra from the X-ray
photoelectron spectroscopy of the [Au,s(Cys);s] encapsulated
silicone sample, performed by Hwang and colleagues,*
shows that the gold nanoclusters were present on the silicone
surface, as well as into the silicone matrix. Specifically, 33%
of the 7.2 x 10" [Au,s(Cys)is] per ml in solution penetrated
the polymer.

cover

2.2 Functional unit

Functional unit (FU) has been defined based on the main
assumption that antimicrobial keyboard covers (akes) have
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the same daily antimicrobial activity of using alcohol wipes
(70%) and a pair of nitrile rubber gloves every 6 hours. This
because the unavailability of comparable data on the
functions of both products.

Therefore, the adopted FU is defined as the number of
akes to satisfy the annual demand of the hospitals located in
the United Kingdom and the European continent,
respectively (see ESLf Annex I). Therefore, the two reference
flows are equal to 223000 and 1.70 million antimicrobial
keyboard covers.

The total number of keyboards in hospitals has been
estimated on the basis on the number of doctors and
healthcare employees (such as nurses) in the UK’*>°® and
Europe®” in 2018, assuming a ratio of 2:1 between doctors
and number of keyboards (computers and equipment
requiring keyboards), as reported in Table 1, and explained
in detail in the ESI;f Annex I.

2.3 System boundaries and scope: synthesis of gold
nanoclusters and preparation of antimicrobial keyboard
covers

The system boundary defines the activities and unit
processes included within the study, and therefore identifies
the environmental impacts that are accounted for. This study
applies a “cradle-to-grave” approach assuming that in the use
phase, antimicrobial keyboard covers do not release
substances into the environment. All the life cycle phases
from the extraction of raw materials through to product's
manufacturing and end-of-life management are considered,
as shown in Fig. 1.

2.4 Data collection, inventory and assumptions

The data used for compiling the life cycle inventory (LCI) are
collected from the MAFuMa®® project collaborators, and the
scientific literature and reports when necessary.

Milli-flow reactors are a fast and scalable synthesis
methods, that would allow a transition from a lab-scale to a
pilot scale, by numbering up the reactors.” Therefore, in this
case a numbering-up approach has been employed to
estimate the quantities of chemicals, electricity, thermal
energy and equipment required in all the total modules
comprised of several milli-flow reactors, considered in the
foreground system.

As introduced in section 2.1, integration of the
[Au,s(Cys);s] nanoclusters into silicone keyboard covers is

Table 1 Estimated number of physicians and nurses in both the United Kingdom and in Europe. Quantities of gold incorporated in each antimicrobial

keyboard cover and amount of product per year

United Kingdom Europe
Number of physicians (doctors) in hospitals 1.44 x 10° 1.26 x 10°
Number of nurses in hospitals 3.12 x 10° 2.35 x 10°
Grams of Au/a.k.c. 8.6 x 1072 gr
90% production yield from synthesis [Au,s(Cys)ig] 9.5x 1072 gr
Number of a.k.c. required in 1 year 2.23 x 10° 1.70 x 10°
Kilogrammes of Au required to satisfy the annual demand 2.1 x 10 kg 1.62 x 10* kg

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 System boundary showing all the phases that have been considered in the LCA study of the antimicrobial keyboard covers, except for the

use phase (box in grey).

executed through a swell-encapsulation-shrink process.
Experts in the sectors agree that by the quantities of
nanoclusters embedded in the silicone matrix during this
process,*"*? it can be assumed that is likely to use 4 litre of
photo-bactericidal solution to prepare 3 antimicrobial
keyboard covers. In this case, the process was not scaled-up,
thus the modelling of this process does not consider any
automatization and optimisation, but only the required
quantities of chemicals. Information on the inventory can be
found in ESI{ Annex II.

The antimicrobial keyboard covers production system
assessed in this work is compared with the production of
alcohol wipes and gloves,””®° representing the traditional
method wused for cleaning computers and equipment.
Estimation of the number of alcohol wipes and gloves
assumes that each keyboard is cleaned every 6 hours, by
using 1 alcohol wipe and 2 nitrile rubber gloves. By following
the indications given by Gama Healthcare (one of the many
NHS suppliers), the wipes are made of non-woven spun-bond
impregnated in alcohol (70%).®" Modelling of nitrile rubber
gloves is based on an LCA case study published in 2019.°*
Table 2 reported the quantities of wipes and gloves used in
the UK and Europe.

For the modelling of both systems, the GaBi software by
Sphera (previously Thinkstep, service package 40) is used,
along with Sphera Professional database and Ecoinvent
databases (versions 3.3 and 3.6).

Limitations of available data and information have
required to make assumptions during both the compilation
of the inventory and the modelling phase, such as:

e a faulty rate of 5% in the production of the
antimicrobial keyboard covers is assumed, as well as for
alcohol wipes and nitrile rubber silicone gloves production.

e The life-time of the antimicrobial keyboard covers was
assumed to be equal to 1 year.

Table 2 Estimated number of alcohol wipes and gloves necessary in the
British and European hospitals per year

United Kingdom Europe

2.61 x 10°
5.22 x 10°

Annual number of alcohol wipes used  3.41 x 10°
Annual number of gloves used 6.82 x 10°

1834 | Environ. Sci.: Nano, 2022, 9, 1831-1844

e By consulting experts in nanoparticles' synthesis, a 90%
yield of the synthesis of gold nanoclusters has been assumed,
along with the lifetimes of the equipment (ESL} Annex II).

e Geographical reference for the nanoclusters and the
final product production is assumed to be the United
Kingdom. Concerning chemicals used in the system, it is
assumed they are all produced in Europe and imported to
the UK. Therefore, the electricity mixes used in this study
refer to both the United Kingdom (in 2019) and the European
region (EU-28, in 2019).

e Transport from Europe to the UK is modelled by
assuming road transportation by means of Euro 3 truck (up
to 7.5 tonnes gross weight/2.7 tonnes play-load at a capacity
of 80%, and a distance of 1600 km per trip).

e Transport to the waste treatment facilities is supposed
to occur in the United Kingdom, by means of Euro 3 truck,
with a 2.7 tonnes play-load. Distances to the waste treatment
facilities are set equal to 100 km per trip.

e Primary packaging of each finished chemical used in
the system has been modelled and included within the
system boundaries. When either data or datasets on the
manufacturing of packaging were missing, the environmental
impacts from the packaging production were calculated only
on the basis of the estimated amount of material required,
without considering energy inputs and emissions.

e It is assumed that all the glass packaging would be
recycled. Whilst the management of the plastic packaging is
modelled following the percentage of plastic going into
landfill in the UK (around 30%).%*

e No data on the production of r-cysteine has been found,
thus p-lysine is used as a proxy of r-cysteine and modelled by
using secondary data.®*

e Because China is considered the principal exporter of
plastic articles, it was assumed that the silicone rubber
keyboard covers are manufactured there and shipped to the
UK via a trans-oceanic ship.

Concerning the alcohol wipes and glove system, air
emissions of propylene alcohol during the use phase of the
alcohol wipes were not considered. This because the
uncertainty on the quantity of the propylene employed in the
using phase and the quantity retained in the wipe. In
addition, the release of propylene is associated only to the

This journal is © The Royal Society of Chemistry 2022
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impact category EF2.0 “photochemical ozone formation -
human health”, which models the effect of “summer smog”
due to non-methane volatile organic compounds (NMVOC)
emissions (ESIt - Annex III). In this case, the propylene
would be released in a confined environment where there
wouldn't be the condition of producing ozone/“summer
smog”, with negative effects on the human health, thus this
emissions could be neglected.

2.5 Life cycle impact assessment (LCIA): impact categories
and calculation methods

Life cycle impact assessment results are calculated at
midpoint level by employing the Environmental Footprint
method (version 2.0, EF 2.0).°>°® In addition, an endpoint
impact category, “Metal depletion”, is calculated by
employing the ReCiPe method 2016 (hierarchical).®”"®® The
hierarchical perspective was selected as it is based on
“scientific consensus with regard to the time frame and
plausibility of impact mechanisms”.®”"°® Table 3 reports the
impact categories considered in this study. The “metal
depletion [$]” impact category is considered only for
assessing the antimicrobial keyboard covers to better
understand the impact of mining gold. Indeed, this impact
category could be defined as a more understandable
indicator concerning the resource depletion issue. It refers
to cost due to the “average extra amount of ore produced
in the future caused by the extraction of mineral resources
considering all future production of that mineral
resource”.®” Further referencing of each impact category
models included in the EF 2.0 are reported in the Annex
III of the ESLt

Table 3 List of impact categories used in this study for assessing the life
cycle impacts of both antimicrobial keyboard covers and alcohol wipes
and gloves. To be noted, the metal depletion [$] impact category has
been used only for the antimicrobial keyboard covers and not for the
other system under study - alcohol wipes and gloves

Environmental footprint method (EF 2.0) Unit

Acidification terrestrial and freshwater Mole of H+ eq.

Cancer human health effects CTUh
Climate change kg CO, eq.
Climate change (fossil) kg CO, eq.
Climate change (biogenic) kg CO, eq.
Ecotoxicity freshwater CTUe
Eutrophication freshwater kg P eq.
Eutrophication marine kg N eq.
Eutrophication terrestrial Mole of N eq.
Non-cancer human health effects CTUh

Ozone depletion kg CFC-11 eq.
Photochemical ozone formation - human health kg NMVOC eq.

Resource use, energy carriers MJ
Resource use, mineral and metals kg Sb eq.
Water scarcity m?® world equiv.

ReCiPe method (2016) - hierarchical Unit

Metal depletion $

This journal is © The Royal Society of Chemistry 2022
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2.6 Interpretation: environmental sustainability based
carrying-capacity normalisation references

The results and discussion section presents the LCIA results
and their discussions, together with further analysis on the
environmental sustainability of both systems: antimicrobial
keyboard cover and alcohol wipes and gloves. To achieve this
objective, we apply the reviewed version of the carrying-
capacity normalisation factors proposed by Bjern and
Hauschild,®”*® for 6 of the 15 ILCD impact categories.
Carrying-capacity factors (CcFs) give information on the
global and per capita impacts that the whole biosphere can
tolerate to stay within the “safe operating space” defined
within the planetary boundaries.*® As one of the purposes of
this study is to assess the environmental sustainability of the
two systems, as a function of the UK and continental
Europe's possible demand, the CcFs are estimated by
applying the egalitarian principle,”
leqn (1))

as shown in equation

CcFpc = CcFg/Global population (1)

where CcFpc is the carrying-capacity factor per capita and
CcFg represents the carrying-capacity factor at the global
level. Bjorn et al. calculated the CcFs per capita based on the
global population in 2010 (6.91 + 09 people). In the case of
this study, the CcFs per capita were estimated based on the
global population in 2018, equal to 7.59 x 10°.”" Afterwards,
the CcFs for both the UK and Europe are evaluated by
multiplying each CcF,. by their respective population.
Table 4 shows only the CcFs considered in our study; the
third column reports the carrying-capacity factors at the
global level “CcF Global” presented by Sala et al.*® The fourth
column presents the carrying-capacity factors specifically
calculated for the European continent “CcF Europe” by Bjern
et al. The last two columns show the annual CcFs that we
have estimated and used in this study.

2.7 Interpretation: uncertainty of the results

The case study presented in the article does not show any
uncertainty analysis aiming at evaluating the numerical
uncertainty of the results. The model of the antimicrobial
keyboard covers is based on data from laboratory scale,
which were used to scale the system to satisfy the FU. Whilst
the process of preparing antimicrobial keyboard covers is not
optimised, leading to conservative results. As it commonly
happens when applying the LCA methodology, we
encountered difficulties in retrieving information on the
uncertainty of primary data and datasets from LCA
databases. This made the evaluation of the uncertainty of the
model not possible. Uncertainty of the results is also
influenced by the LCIA methods employed in calculating the
impacts, the modelling of the system and the scenario
evaluated.”> The last two sources of uncertainty can be
assessed by performing local uncertainty analysis, also
known as sensitivity analysis. The article shows a sensitivity

Environ. Sci.; Nano, 2022, 9, 1831-1844 | 1835
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Table 4 Carrying capacity factors (CcF) at global level and European level from scientific literature. CcF estimated using the CcF from scientific

literature for both the United Kingdom and European continent

CcF global/year from

CcF Europe/year from Estimated CcF Estimated CcF

Sala®®“ Bjorn®” ¢ UK/year” Europe/year”

Acidification terrestrial and freshwater [mole H+ eq.] 1.00 x 10*? — 8.78 x 10° 8.27 x 10"°
Climate change [kg CO, eq.] 6.18 x 10" — 3.17 x 10"° 5.63 x 10"
Ecotoxicity freshwater [CTUe] 1.31 x 10** 7.62 x 10" 8.09 x 10" 7.62 x 10"
Eutrophication freshwater [kg P eq.] 5.81 x 10° 3.41 x 10° 3.62 x 107 3.41 x 10°

Eutrophication marine [kg N eq.] 2.01 x 10" 2.27 x 10" 2.41 x 10° 2.27 x 10"°
Eutrophication terrestrial [mole N eq.] 6.13 x 10" — 1.14 x 10"° 1.07 x 10"
Ozone depletion [kg CFC-11 eq.] 5.39 x 10° — 4.74 x 10° 4.46 x 107

Photochemical ozone formation [kg NMVOC eq_.] 4.07 x 10" — 3.57 x 10° 3.36 x 10"°
Water scarcity [m*® world equiv.] 1.82 x 10" 3.63 x 10" 3.85 x 10" 3.63 x 10"

“ Reference year: 2010. Considering the population in 2010. ” Reference year: 2018. Considering the population in 2018.

analysis on the length of the life-time of the antimicrobial
keyboard covers, in section 3.2. Another sensitivity analysis
on the production efficiency (faulty rate) of the antimicrobial
keyboard covers system and the alcohol wipes and gloves in
the Supplementary Information is reported in Annex V of the
ESLt Generally, the model employs conservative values, like
the yield of the gold nanoclusters synthesis (section 2.4),
lower than the values reported in the scientific literature
(~95%),*"”® for which no sensitivity was performed.

3 Results and discussions

This section reports the LCIA results, mainly focusing on the
environmental impacts related to the antimicrobial keyboard
covers (akes). Section 3.1 presents a hot-spot analysis of
antimicrobial keyboard covers; whilst section 3.2 a
comparative analysis between the antimicrobial keyboard
covers and the alcohol wipes and gloves is presented. Next,
the outcomes on the environmental sustainability of both

Synthesis

of the

solution

for the
swell-encapsulation-shrink
process

Endpoint (H) - Metal depletion
Water scarcity

Resource use, mineral and metals
Resource use, energy carriers
Photochemical ozone formation
Ozone depletion

Non-cancer Human Health effects Manufacturing
Eutrophication terrestrial of
Eutrophication marine clean-silicone
Eutrophication freshw. keyboard
Ecotoxicity freshw.
Climate Change (fossil)
Climate Change (biogenic) Entotie

Climate Change
Cancer Human Health effects

a Acidification

Endpoint (H) - Metal depletion
Water scarcity
Resource use, mineral and metals Ligand

Gold precursor

Reducing agent
Carbon monoxide
Water-deionised
Equipment

Heating system
Electricity (Pumping)

Electricity (Heating)

Fig. 2 Hot-spots analysis for both the whole system for producing
antimicrobial keyboard covers (figure a) and the synthesis of
[Auzs(Cys)1g] nanoclusters (figure b).
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systems are shown in section 3.3, and finally, section 3.4
reports a short analysis of the carbon footprint due to the
whole healthcare sector.

3.1 LCIA: antimicrobial keyboard covers

Fig. 2(a) displays the hot spot analysis for the production of
the antimicrobial keyboard covers and shows contributions
(in%) of the 3 main life cycle phases of the system:
preparation of the solution for the swell-encapsulation-
process including the synthesis of gold nanoclusters,
manufacturing of clean-silicone keyboard covers and the end-
of-life. As illustrated in Fig. 2(a), preparation of the solution
used to prepare the akes has the highest environmental
burden in all the impact categories, followed by the
manufacturing of the clean-silicone keyboard covers. Impacts
from the preparation of the antimicrobial keyboard covers
are mainly due to the gold precursor used in the synthesis of
[Au,5(Cys);5] nanoclusters, as shown in the hotspot analysis
presented in Fig. 2(b). The hotspot analysis highlights that
the synthesis of gold precursors, and specifically the mining
of gold (see ESL} Annex VI), is the activity contributing the
most to almost all the impact categories (>70%). Exceptions
are: ozone depletion, which is mainly affected by equipment
manufacturing, and climate change and resource use-energy
carriers impact categories. The impacts of these latter
categories are mainly linked to gold mining, with a
contribution of ~76%, and the electricity required in the
heating system (~20%). Silicone keyboard covers show
relatively high contribution to the water scarcity impact
category (more than 20%), to the climate change category
(more than 10%) and the ozone depletion (almost 10%)
(ESL} Annex VI). The analysis clearly shows that the silicone
covers' overall production has a significant contribution,
much higher than the transport process (from China to
Europe by a container ship). As expected from the analysis of
the results concerning the endpoint impact category “metal
depletion”, the mining of gold is the activity with the highest
forecasted rise in cost of extraction. The ReCiPe method
(2016)°”7%° estimates an average increase of the extraction
cost of gold equal to $863.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Absolute values concerning the British scenario. Graphs report
values concerning the adjusted EF2.0 normalisation factors (2018),
adjusted carrying-capacity factors (2018), impacts for producing
alcohol wipes and gloves, impacts for producing antimicrobial
keyboard covers. In addition, for the climate change impact category
the healthcare annual environmental impact is presented. To be noted:
some impact categories do not present values for the carrying-
capacity.
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3.2 Comparative analysis: antimicrobial keyboard covers vs.
alcohol wipes and gloves

A comparison between the antimicrobial keyboard covers'
environmental impacts and the alcohol wipes and gloves has
been carried out. The total absolute values for the impact of
antimicrobial keyboard covers is shown for all impact
categories - for the British and European scenarios, in Fig. 3
and respectively (see yellow bar). Impacts range between
orders of magnitude of 1.0 x 107> for the impact category
“cancer human health effects” to 1.0 x 10° (British scenario)
and 1.0 x 10® (European scenario) for the impact category
“resource use, energy carrier”.

Fig. 3 and 4 report the absolute results for both cleaning
methods to satisfy British and European demands,
respectively. Table 5 reports the relative changes (in%)
between the two systems, taking the alcohol wipes and gloves
system as baseline.

The results, displayed in Table 5, highlight the substantial
advantage in terms of environmental impacts associated to
the antimicrobial keyboard covers compared to alcohol wipes
and gloves. Because of the mining of gold, there are only two
impact categories that do not benefit from a possible
substitution: “eutrophication freshwater” - affected by the
chemicals used in the mining process, and the beneficiation
process, and “resource use, minerals and metals”.

When the parameter life-time of the antimicrobial
keyboard covers varies (ESLi Annex VII), the annual
production of akes to satisfy the FU changes, as well as the
environmental impacts. A 6 month life-time of akes still
shows advantages in all the impact categories, expect for
“eutrophication freshwater” and “resource use, minerals and
metals”. In addition, the “ozone depletion”, mostly linked to
the equipment used in the synthesis of gold nanoclusters,
and “ecotoxicity freshwater” associated with the gold mining,
overtake the respective impacts associated with the alcohol
wipes and gloves system. On the other hand, when the life-
time parameter is doubled, from 1 year to 2 years, the
environmental impacts of the akes halves. Nevertheless,
when compared with the alcohol wipes and gloves, the
impact categories “eutrophication freshwater” and “resource
use, minerals and metals” still exceed the environmental
impacts of the compared system.

3.3 Environmental sustainability based on carrying-capacity
normalisation references

In this section, the attributional LCA study results are
analysed to determine whether introducing antimicrobial
keyboard covers in British and European hospitals could
carry advantages from an environmental point of view.
Moreover, the comparison helps to understand the
magnitude of the depletion of the annual carrying-capacities
that the antimicrobial keyboard covers would cause. As
previously introduced, in this work, the carrying-capacity
normalisation references estimated by Bjern et al®’ and
reviewed in Sala et al.*® are applied. Since those values were
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Fig. 4 Absolute values concerning the European scenario. Graphs
report values concerning the adjusted EF2.0 normalisation factors
(2018), adjusted carrying-capacity factors (2018), impacts for
producing alcohol wipes and gloves, impacts for producing
antimicrobial keyboard covers. In addition, for the climate change
impact category the healthcare annual environmental impact is
presented. To be noted: some impact categories do not present values
for the carrying-capacity.
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calculated on the basis of the population in 2010, we adapted
them to the population in the United Kingdom and Europe
in 2018. For simplicity, we assumed that the EF2.0
normalisation factors per capita,*® based on the emissions
that occurred in 2010, would represent the burden that each
person had on the environment in 2018. Based on these
assumptions, we have calculated the annual environmental
impacts that would be attributed to the population in the UK
and Europe. Charts in Fig. 3 and 4 report values of the
recalculated EF2.0 normalisation factors, the carrying-
capacity factors and results from the LCA study. From the
figures, it is possible to compare the 2 types of normalisation
references and define the impact categories contributing the
most to the depletion of the carrying-capacities allowance. In
the case of antimicrobial keyboard covers, eutrophication
freshwater, climate change and ecotoxicity freshwater are the
impact categories with higher burdens on the carrying-
capacities, respectively for 0.03%, 0.001% and 0.001% for
both the European and the British scenarios.

Instead, when looking at the wipes and gloves, the impact
categories presenting higher contributions to the carrying-
capacities are: climate change (0.06-0.07%), water scarcity
(0.01%), photochemical ozone formation (0.002%), and
eutrophication freshwater (0.002%) for both the European
and the British scenarios.

Table 6 reports the differences between 2 scenarios, one
in which alcohol wipes and gloves are used in UK and
Europe, (EF2.0 normalisation references in 2018), and a new
scenario. This envisages a situation in which alcohol wipes
and gloves are substituted by antimicrobial keyboard covers
(namely new scenario). Results associated to the new scenario
are calculated by subtracting from the impacts in 2018,
represented by the EF2.0 normalisation factors, the
environmental impacts of the akes. Moreover, these
differences have been normalised against the carrying-
capacity references (in 2018) to visualise the reduction or
increase of environmental impacts. The outcomes show that
employing akes over alcohol wipes and gloves would benefit
almost all the impact categories. Climate change and water
scarcity would be the 2 impact categories with the highest
benefits. Instead, employing of akes will have drawbacks for
the eutrophication of freshwaters.

3.4 Carbon footprint of the healthcare sector

Finally, an analysis focusing on the carbon footprint, climate
change impact category, is presented in this section. This
analysis, which is a normalisation based on the NHS carbon
footprint, should support the interpretation of the results. In
addition to that, an estimation of the depletion of the climate
change to the carrying-capacity by the NHS carbon footprint
is presented. In 2019, Pichler et al”* assessed the climate
change of different healthcare systems in Europe and other
nations. We used those values to estimate the impacts of
both the British and the European healthcare systems and
compared them with EF2.0 NFs and carrying-capacity (Cc)

This journal is © The Royal Society of Chemistry 2022
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Table 5 Relative change (in%) between the production of alcohol wipes and gloves and antimicrobial keyboard covers'system in both the United
Kingdom and Europe. Figures in table represent the percentage of decrease from alcohol wipes and gloves to antimicrobial keyboard covers

Environmental footprint method (EF 2.0) Unit

UK relative change (%) European relative change (%)

Acidification terrestrial and freshwater

Cancer human health effects CTUh
Climate change kg CO, eq.
Climate change (fossil) kg CO, eq.
Climate change (biogenic) kg CO, eq.
Ecotoxicity freshwater CTUe
Eutrophication freshwater kg P eq.
Eutrophication marine kg N eq.
Eutrophication terrestrial Mole of N eq.
Non-cancer human health effects CTUh

Ozone depletion

Photochemical ozone formation - human health
Resource use, energy carriers M]
Resource use, mineral and metals kg Sb eq.
Water scarcity

kg CFC-11 eq.

values. It must be noted that the data reported by Pichler
and co-authors refer to 2014. We assume that the per capita
impact has not changed since then and estimated the climate
change impact based on population in the UK and in the
continent Europe in 2018, the reference year of this paper.

As presented in Fig. 3, the British healthcare sector
presents the emissions of CO, eq. equal to 2.92 x 10" kg
CO, eq., with 66% of these emissions associated with the
supply chain of equipment, medicines and PPE.”> The total
healthcare sector carbon footprint represents 5.4% of the
EF2.0 normalisation factor (in 2018) for the “climate
change” associated with the UK. The life cycle of alcohol
wipes and gloves contributes to the NHS supply chain's

Mole of H+ eq.

kg NMVOC eq.

m?® world equiv.

-92.3% -90.9%
-96.3% -96.2%
-98.9% -97.9%
-98.9% -97.9%
-97.6% -91.1%
-22.6% -22.4%
1301.4% 1300.8%
-89.7% -88.3%
-90.8% —89.4%
-71.1% -70.3%
-10.8% -11.5%
-95.3% -94.4%
—99.2% —98.2%
22 088% 22 099%
-93.5% -92.6%

impact for 0.22%; whilst antimicrobial keyboard covers
0.002%. Furthermore, 32.2% of the UK annual carrying-
capacity allowance of CO, eq. emissions are depleted only
by the supply chain of the NHS, whilst the entire
healthcare sector depletes around 49% of the national
carrying-capacity.

Regarding the European healthcare sector, the estimated
amount of 3.50 x 10'" kg CO, eq. makes up 7% of the CO,
eq. emissions estimated for the European continent (EF2.0
NFs values, in 2018). Furthermore, the life cycle of alcohol
wipes and gloves contributes to the carbon footprint of the
healthcare system in Europe equal to 0.1% against the
0.002% of the antimicrobial keyboard covers. Ultimately, the

Table 6 Table reports the differences between the British/European overall annual impacts in a scenario in which the alcohol wipes and gloves
procedure is applied (represented by the values EF2.0 NFs in 2018) and a scenario in which they are substituted by the antimicrobial keyboard covers.
In addition, such difference values have been normalised based on the carrying-capacity values adjusted to the year 2018. The normalised values are
expressed as person eq. and help in the identification of the highest-burden reduction (savings) on the environment

United Kingdom

European continent

Savings between the 2

Normalisation based on

Difference between the 2 Normalisation based on

EF 2.0 scenarios cc” scenarios cc

Acidification terrestrial and freshwater 5.38 x 10* 4.09 x 10” person eq. 4.05 x 10° 3.11 x 10° person eq.
Mole of H+ eq. Mole of H+ eq.

Climate change 4.09 x 107 4.57 x 10 person eq. 3.10 x 10° 3.50 x 10° person eq.
kg CO, eq. kg CO, eq.
Ecotoxicity freshwater 1.26 x 10° CTUe 1.34 x 10> person eq. 1.23 x 107 CTUe 9.01 x 10” person eq.
Eutrophication freshwater -8.73 x 10° -1.61 x 10" person eq. -6.69 x 10" -1.09 x 10> person eq.
kg P eq. kg P eq.
Eutrophication marine 1.54 x 10* 4.27 x 10 person eq. 1.17 x 10° 2.86 x 10° person eq.
kg N eq. kg N eq.
Eutrophication terrestrial 1.70 x 10° 9.92 x 10 person eq. 1.28 x 106 7.54 x 10° person eq.
Mole of N eq. Mole of N eq.

Ozone depletion 1.55 x 102 2.18 x 10" person eq. 1.26 x 107" 1.79 x 10 person eq.
kg CFC-11 eq. kg CFC-11 eq.

Photochemical ozone formation 7.79 x 10* 1.45 x 10° person eq. 5.90 x 10° 1.11 x 10* person eq.
kg NMVOC eq. kg NMVOC eq.

Water scarcity 2.27 x 10° 3.93 x 10° person eq. 1.72 x 107 2.65 x 10" person eq.

m? world equiv.

m? world equiv.

¢ Calculated based on the NFs global per person (in 2010) and the British/European population in 2018. It was assumed no variations in terms

of impact per person have occurred in the last 8 years.

This journal is © The Royal Society of Chemistry 2022
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European healthcare sector uses up to 62% of the annual
European climate change carrying-capacity.

In both cases, the adoption of antimicrobial keyboard
covers would help decrease the carbon footprint associated
with cleaning and disinfecting the keyboards of the hospital
equipment.

As we have already crossed 4 of the 9 safe-planetary
boundaries,*® climate change, biosphere integrity, land-
system change and biochemical flows (phosphorus and
nitrogen), it is pivotal to address these issues and try to find
new solutions with lower environmental burden. From the
results of the comparative LCA study, it can be deduced that
the adoption of antimicrobial keyboard covers would have
some benefits, in terms of climate change, acidification
terrestrial and freshwater and eutrophication marine and
terrestrial. Moreover, it would assist in reducing the impact
on photochemical ozone formation, ecotoxicity and human
health-cancer and non-cancer effects. On the contrary, when
primary gold is used, as it was assumed in this case study,
impacts linked to freshwater ecosystems, such as
eutrophication of freshwater would increase. Carrying-
capacity values at both national and European, as expected,
were not exceeded by the two systems. Although both alcohol
wipes and gloves, and antimicrobial keyboard covers per se
are environmentally sustainable, they should be considered
within the healthcare sector, which covers circa 49-60% of
the allowed annual climate change carrying-capacity.
Employing the carrying-capacity normalisation values allowed
identifying those impact categories that should get special
attention over the others, such as “climate change”,
“eutrophication freshwater” and “photochemical ozone
formation”.

4 Conclusions

In this paper we employ an attributional life cycle assessment
to evaluate the environmental impacts of a new product,
namely antimicrobial keyboard cover, and compare these
impacts with those arising from the usage of alcohol wipe
and gloves. This latter option is currently employed in
hospitals for cleaning keyboards of computers and other
equipment. The case study presents an analysis at national
level, taking the United Kingdom as a reference, and at
European level (considering the whole continent).

Starting with the creation of an inventory for both options,
life cycle impacts are calculated; in addition, by using data
from recent publications, an attempt at evaluating the
absolute environmental impacts of both systems is done. In
order to do so, carrying-capacity factors from scientific
literature®”*® are used and adapted to reflect the carrying-
capacity associated to the population of the United Kingdom
and the European continent. Then outcomes of the LCIA
phase are compared with the new carrying-capacity values to
understand whether the adoption of antimicrobial keyboard
covers could bring significant benefits, or not. In addition, by
using normalisation factors as reference for the annual

1840 | Environ. Sci.: Nano, 2022, 9, 1831-1844
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environmental impacts due to the British and European
population, a comparison between how the impact would
change if antimicrobial keyboard covers replaced the
currently used alcohol wipes and gloves is performed.

Results of the LCA study show that almost all the
environmental impacts linked to the antimicrobial keyboard
covers are caused by the extraction of primary gold for the
synthesis of gold nanoclusters. Therefore it should be
recommended to take particular care in the selection of
suppliers providing secondary gold, ie recovered and
recycled gold, as this would significantly help to reduce the
environmental impacts of the system.”® Specifically, it would
help in decreasing the resource consumption and all the
impacts linked to the mining of primary gold, as investigated
by B. Fritz and colleagues.”® To this end, if gold nanoclusters
and nanoparticles were widely employed, it would be
advisable to explore new techniques and methodologies for
recovering nanomaterials from wastewater effluents and
different solid matrices.>*

Comparison between the LCIA results of the antimicrobial
keyboard covers with the ones from the production of alcohol
wipes and gloves highlights the overall environmental
benefits of antimicrobial keyboard covers being adopted in
hospitals. Except for the eutrophication freshwater and the
water scarcity impact categories.

The interpretation phase emphasises the substantial
difference between the environmental impacts when
normalisation factors (NFs) and the annual carrying-capacity
factors are used, as already highlighted in Bjern and
Hauschild.”” The EF 2.0 NFs exceed the carrying-capacity
factors for some impact categories, such comparison can
support the identification of which impact categories should
be prioritized when drawing conclusions based on LCA
studies.

It must be noted that normalisation based on carrying-
capacity factors may lead to misleading labelling of many
products and services to be environmentally sustainable in
absolute terms. Indeed, each product contributes to climate
change and environmental impacts, but it is the total sum of
all the human activities to exceed the carrying-capacity
allowance. If we consider the environmental impacts
associated with all the objects, food, and services a person
uses during a year, we can easily understand that maybe each
of those objects would deplete a small portion of the
carrying-capacity. But when considering what a person
consumes in a year - as a whole - that can exceed the
carrying-capacities. Therefore, it is crucial to understand the
big picture and analyse the product environmental impacts
within the sector. In this case, both antimicrobial keyboard
covers, and alcohol wipes and gloves do not significantly
contribute to both the NFs and carrying-capacities at national
and European levels. On the other hand, the carbon footprint
associated to the whole healthcare sector exceeds the climate
change carrying-capacity estimated for both the UK and
European continent. In case of adopting antimicrobial
keyboard covers in hospitals, the healthcare sector would still

This journal is © The Royal Society of Chemistry 2022
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present a carbon footprint exceeding the carrying capacity.
However, the contribution associated with the activity of
cleaning the keyboards in hospitals to reduce trans-
transmissions of pathogens in patients would contribute only
a 0.001% to it.

With this end, LCA could help to specifically create a
high-level and more specific hotspot analysis and compare
the state-of-the-art with other possible solutions. For
instance, as pinpointed by “Delivering a ‘Net Zero’ National
Health Service””® report presented by NHS in 2020, 66% of
the total GHGs impacts are due to the supply-chain
providing PPE, medicines, equipment, etc. Therefore, it
would be of utmost importance to try to reduce these
impacts. This would mean exploring alternative and
engaging with all the supply-chain stakeholders to
determine where is possible to intervene to reduce the
carbon footprint.
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