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Abstract: Infections and infectious diseases are considered a major challenge to human health in
healthcare units worldwide. This opinion paper was initiated by EU COST Action network AMiCI
(AntiMicrobial Coating Innovations) and focuses on scientific information essential for weighing the
risks and benefits of antimicrobial surfaces in healthcare settings. Particular attention is drawn on
nanomaterial-based antimicrobial surfaces in frequently-touched areas in healthcare settings and
the potential of these nano-enabled coatings to induce (eco)toxicological hazard and antimicrobial
resistance. Possibilities to minimize those risks e.g., at the level of safe-by-design are demonstrated.

Keywords: nanomaterials; silver; copper; safety; healthcare associated infections; ecotoxicity;
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1. Introduction

Infectious diseases are an increasing global concern to human health. European Centre for Disease
prevention and Control [1] has estimated that over 4 million people are acquiring a HealthCare
Associated Infection (HCAI) annually leading to 37,000 deaths as a direct consequence of these
infections. HCAIs are considered a major health challenge in healthcare units worldwide, whereas
conditions derived from HCAISs are considered the sixth leading cause of death in western countries
and even higher in developing countries [2].

The corner stones of maintaining healthy environment in hospitals include appropriate use of
disinfectants (cleaning, disinfecting, hand hygiene) and antibiotics. Despite the importance of cleaning
and disinfection of frequently-touched surfaces and monitoring the hygiene of these surfaces [3], it has
been shown that less than half of the near patient surfaces are regularly cleaned [4-6], thus paving
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the way to HCAIs [7]. Therefore, new approaches are required to reduce microbial activity, associated
infections and the development of antimicrobial resistance (AMR).

A potential and promising weapon against bacterial growth in healthcare sector has been found
in AntiMicrobial Coatings (AMCs) [8]. Many different chemical strategies and technologies for AMCs
have been described: (i) AMCs may contain active eluting agents (e.g., ions or nanoparticles of silver,
copper, zinc, or antibiotics, chloride, iodine); (ii) immobilized molecules that become active upon
contact (e.g., quaternary ammonium polymers or peptides, chitosan); or (iii) light-activated molecules
(e.g., TiO; or photosensitizers) [9-11]. Particularly, nanoparticles (NPs), e.g., silver, copper, and zinc
NPs, are being more and more often introduced to AMCs due to the growing recognition of their
superior biocidal efficacy [12]. As an example, silver [13] and CuO [14,15] have been used as additives
in hospital fabrics (face masks, privacy curtains, bedsheets, and other healthcare textiles). AMCs,
mostly nanosilver is widely used as an antimicrobial additive in bandages, wound dressing and in
urinary and intravenous catheters [16,17] but this usage area of AMCs is out of the scope of the current
paper that is focused on frequently-touched surfaces.

The search made in ISI Web of Science using the term ‘antimicrobial coating* yielded
3455 publications (Figure 1). Within this pool of papers, 1031 hits were obtained for "silver’, 463 for
"titan*’, 184 for ‘copper’, 133 for "zinc’ and 107 for ‘gold’. In a comparative performance assessment
of commercially available AMCs, it has been demonstrated that silver NPs are currently the most
applied and efficient nanomaterial (NM) in AMCs [18]. It is important to note that not only metallic,
but also other types of NPs (e.g., chitosan) can be incorporated to AMCs (594 papers; Figure 1).
As the application of those is mostly concerning food industry, these NPs are beyond the scope of the
current review that is focused mainly on metal-based antimicrobial compounds frequently applied in
healthcare settings.

other (943) silver (1031)
27% 30%

chitosan (594)
17%

titan* (463)

14% copper(184)

5%

gold (107) 3% zinc (133) 4%

Figure 1. The share of papers in ISI Web of Science (number and %) for different materials with
antimicrobial properties within the pool of papers (3455 in sum) described by truncated search term
“antimicrobial coating’. The materials are presented as data labels. The number of papers in the category
‘other” was calculated by subtracting papers for silver, copper, titanium, zinc, gold and chitosan from
the total nr of papers for antimicrobial coatings (3455). The search was performed on 14 March 2017.

The data on the efficiency of AMCs application in healthcare settings are relatively scarce. A recent
review paper published by Miiller et al. [19] showed that there was a limited number of high-quality
studies on this issue and the data that passed the evaluation criteria (altogether 11 cases) concerned
mostly copper (n =7), silver (n = 1), metal-alloy (n = 1) and organo-silane (n = 1). Other researchers,
showed that copper touch surfaces tested in hospital patient room and kindergarten had lower total
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bacteria and Staphylococcus aureus counts compared to non-copper touch surfaces [20]. The application
of copper (alloys) also reduced bacterial numbers on frequently-touched surfaces in the intensive care
units [21,22] and in hospital patients rooms [19]. Some studies also suggest that the application of
copper in patient rooms’ solid touch surfaces [23,24] or copper containing linens [25] may reduce the
HCAI compared with non-copper reference surfaces. However, as Boyce [26] has concluded, further
studies of the long-term antimicrobial potency, practicality and cost-effectiveness of copper-coated
surfaces are needed. Therefore, a differential approach for risks versus benefits analysis in healthcare
settings is needed.

Currently, the global market for AMCs is estimated worth of $1.5 billion, while the global AMC
demand is prognosed to reach $2.9 billion in 2018 [27]. In spite of all beneficial effects of AMCs, their
introduction in healthcare settings, together with different methods for cleaning, may cause significant
changes in the emission of toxic agents into the environment. Active ingredients released from coatings
are likely to slowly enter the ecosystem leading to exposure and possible adverse effects in human,
livestock and microbiota. In addition, the slow infusion of antimicrobial nano-ingredients may induce
AMR that differs from current antibiotic driven mechanisms [28]. The widespread introduction of
such coatings therefore needs to be subjected to risk-benefit analysis. Already in 2009, the Scientific
Committee on Emerging and Newly Identified Health Risks (SCENIHR) recommended in its opinion
on AMR “prudent use of antimicrobials”, “reduction of the overall use of antimicrobials in a balanced
way in all areas” highlighting an urgent need for assessment of major AMR contributors [29].

In contrast to the surveillance on the use and production volumes of antibiotics for human and
animal health care, biocides used in AMCs are not regularly monitored. Therefore, the assessment of
AMR generic risk of biocides used in AMCs requires following issues to be solved:

(i) Information on production and use volumes of particular biocides in current use;

(ii) Epidemiological data indicating public health relevance of AMR;

(iii) Data on the environmental stability and fate of individual products;

(iv) Dose-response relationship and of the threshold triggering the emergence of AMR;

(v) Generation of standards for the testing and surveillance of AMR at the international level.

Through its Cooperation in Science and Technology programme (COST), the European Commission
has recently funded a four-year initiative (2016-2020) to establish a network of stakeholders
involved in development, regulation, and use of novel AMCs for the prevention of HCAIL The
network AMiCI (AntiMicrobial Coating Innovations) currently comprises participants of more than
60 universities, knowledge institutes, and companies across 29 European countries representing the
most comprehensive cluster to target use of AMCs in healthcare settings on surfaces in the environment
of patients [30].

The current opinion paper aims to guide the reader through different aspects of quality and
safety aspects of AMCs use and application on frequently-touched surfaces in healthcare settings. We
particularly focus on potential adverse effects such as induction of AMR and/or ecotoxicological effects,
needed for the risk-benefit evaluation of application of these novel coatings. This paper was inspired
by facilitated discussions (flip-chart sessions) with experts from universities and research institutes
as well as from non-academic-scientific institutions (producers, suppliers, advisors, hospitals, etc.)
during kick-off meeting of COST Action CA15114 AMiCl in Heerlen Netherlands, 17 November 2016.

2. Materials and Methods

AMICI consortium members (1 = 85) were invited to facilitated discussions (flip-chart sessions)
during the kick-off meeting of COST Action CA15114 AMICI in Heerlen, The Netherlands and asked
to familiarize themselves with the questions shared with them two weeks before the forum discussions.
In total, 75 AMiCI members from 24 European countries shared their opinions in the forum discussions
that were held in Heerlen. Analysis of the professional affiliation of AMiCI participants who attended
the flip-chart discussions showed that ~90% of the participants were from universities and research
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institutes and ~10% were other stakeholders such as AMC producers, suppliers, advisors, hospital
microbiologists etc.

The questions for the flip-chart sessions were based on the topic of COST AMiCI working group 3
(WGS3) focusing on (eco)toxicological risks and the possible induction of AMR resulting from the use
of AMCs in the healthcare settings. Altogether, four main topics were addressed and formulated
as questions:

(i)  What are the possible (eco)toxicological risks related to application of antimicrobial materials in
healthcare settings?

(i) What are the possible risks related to potential development of antimicrobial resistance?

(iii) Could these risks be addressed at the level of ‘safe-by-design’ of antimicrobial coatings?

(iv) Adverse effects/risk-benefit analyses: who should be involved in the process?

The discussion was preceded by a plenary lecture on the theme given by Anne Kahru, leader of
the WG3 in AMiCI COST Action. For the flip-chart discussions, the participants were divided into four
subgroups and discussion of each question lasted for approximately thirty minutes facilitated by one
or two key members of AMiCI WGS3 (authors of this paper). First, a short introduction was provided by
the facilitator as well as the posing the additional questions. The answers and comments were written
on flip-chart(s). After thirty minutes, the group moved on to the next question. Thus, all participants
shared their opinions on all four questions. After the meeting, the facilitators summarized the results
of the discussion and this information was used to guide the writing of this paper. Structure-wise,
we follow the above described sub-topics (four questions) and back-up each of them with information
originating from the scientific literature and relevant reports.

3. Results

Herewith, each of the four individual questions posed is considered separately combining the
results of flip-chart discussions with analysis of the data from the relevant scientific literature. As the
work of AMIiCI network focuses on the use of antimicrobial materials on surfaces near patients
(especially on frequently-touched surfaces), the results and studies on AMC enabled medical devices
are not discussed and presented in this paper.

3.1. Question 1: What Are the Possible (Eco)toxicological Risks Related to Application of Antimicrobial
Materials in Healthcare Settings?

During the flip-chart sessions it was admitted that most of the participants had not the appropriate
background knowledge to address the topic of environmental issues connected with AMCs. Therefore,
the view on this topic described here is the summary of the literature data and experience of the
authors rather than general opinion of the AMICI consortium. We will address and comment here the
main topics that resulted from the discussions during the flip-chart discussions.

3.1.1. AMCs: Classification and Mechanism(s) of Action

In a broad view, AMCs may be classified (Figure 2) [2] as:

e  Coatings that release the active substance; these are the oldest and most commonly used coatings
prepared by simple impregnation, soaking or coating of a porous material with antibacterial
compound;

e  Coatings that have the active substance covalently anchored to the surface;

e Anti-adhesion surfaces which are specifically designed surface topographies that repel microbes
or decrease their surface attachment.
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Figure 2. Different types of AMCs: (a) antibacterial agent release-based coatings; (b) contact killing
based surfaces; and (c) anti-adhesion surface with specifically designed surface topography. NMs are
mostly applied in release-based or contact killing surfaces.

The majority of AMCs are based on the release of the active biocidal agent from the surface
(Figure 2a). For example, the active antimicrobial agent in nanosilver-based coatings is silver ion
released from nano-enabled surface [31]. In most of the current silver-based AMCs, silver NPs are either
deposited directly on the device or present inside polymeric surface coatings. For these applications
slower release of active agents has been even considered as a disadvantage due to the possibility of
developing resistant microbes. However, usually longer shelf life of the surfaces is desired.

Contact killing of microbes utilizes the interaction(s) of microbial cells with the surface and
subsequent inhibition (Figure 2b). The interaction between microbial cells and the surface may be
accidental or directed and the inhibition of microbes can be due to the release of an antimicrobial agent
in the close vicinity to the surface, or due to e.g., surface topography. In addition to bacterial killing,
reduction of bacterial number on certain surfaces is also possible to achieve by using anti-adhesive,
i.e., repelling surfaces (Figure 2c). In general, bacterial adhesion to a surface depends on surface
topography, hydrophilicity /hydrophobicity and surface molecules. For example, a perfectly smooth
surface will be less likely populated by bacteria than a rough surface, where more adhesive force can be
generated by a microorganism per surface area [32,33]. Also, hydrophilic surfaces will be less quickly
populated by bacterial cells than hydrophobic ones due to the presence of hydrophobic patches on the
outer surfaces of most microorganisms. In real conditions however, the adhesion of microorganisms
almost always depends on formation of a protein layer on AMC and the presence of adhesion sites on
that formed protein layer [32].

In order to achieve efficacy but also safety, the design of AMCs, that often incorporate a biocidal
chemical or material, is faced with several challenges. These challenges are discussed below.

3.1.2. Biocidal Chemicals Used in Antimicrobial Coatings Are Inherently Toxic

Biocidal products are necessary to avoid the proliferation of organisms that are harmful to human
and/or animal health or may damage the natural or man-made materials. As a rule, the biocidal
products are intrinsically toxic, i.e., show harmful effects towards different types of cells/organisms
due to the inhibition of the proliferation of target organisms (such as pathogenic bacteria or biofilms of
microorganisms or algae) [34]. In addition, these biocidal products can be harmful to humans, animals
and to the environment at large [35].

One group of biocidal materials that are inherently toxic to most biota, starting from microorganisms
and ending with vertebrates are metal-containing biocides, most notorious of them being Ag, Cu and
Zn. The soluble salts of these metals are very toxic to the most of aquatic organisms, while released
metal ions (Ag", Cu?, an*) are claimed to be one of the main reasons of the toxicity of metal-based
NPs that are prone to solubilization in the aquatic environment or moist conditions [36]. In addition to
being toxic to aquatic organisms, the extensive use of these metallic biocides may contribute to the
development of AMR (see below).
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The meta-analysis of the scientific literature on toxicity of NPs of Ag, CuO and ZnO—
(nano)materials often used as antimicrobials—showed that these compounds in the conditions
they were tested proved remarkably more toxic to ecotoxicological test organisms such as aquatic
crustaceans and phytoplankton (algae) than to bacteria (Table 1). This information shows that certain
antimicrobial compounds may be more harmful to aquatic organisms than to microbes, necessitating
the analysis of toxic impact of environmental waste flows of these compounds. It is important to
note that in Table 1 (i) the toxicity endpoint in the case of bacteria is minimal inhibitory concentration
(MIC) which means no bacterial growth at this concentration of chemical, and not the half-effective
concentration (EC50) that is used as a toxicity endpoint for ecotoxicological test organism, i.e., exposure
concentration at which 50% of organisms are alive and (ii) as the toxicity of the above mentioned
compounds is driven by shed metal ions, the speciation dictates the final toxicity and heavily depends
on metal and test media composition [37]. Speciation is also an important parameter in the analysis of
the environmental effects (product life cycle) of metallic pollutants, including metallic biocides used in
AMC:s as discussed below in this paper.

Table 1. Median LC50 or EC50 for selected aquatic organisms and median MIC for bacteria for Ag,
CuO and ZnO NPs summarised from the scientific literature. In the brackets next to the median value
the number of data used to derive the median value is presented. Table is modified from [35] with
permission of authors.

Group of Organisms/Toxicity Endpoint Median L(E)C50 ** or MIC *, on Compound Basis, mg/L

Ag NPs CuO NPs ZnO NPs
Crustaceans (LC50) ** 0.01 (17) 2.1(8) 2.3 (10)
Algae (EC50) ** 0.36 (17) 2.8 (5) 0.08 (5)
Fish (LC50) ** 1.36 (17) 100 (1) 3.0(4)
Bacteria (MIC) * 7.10 (46) 250 (13) 622 (15)
Lowest L(E)C50, MIC 0.01 2.1 0.08
Most sensitive organisms crustaceans crustaceans algae

* MIC—minimal inhibitory concentration; ** L(E)C50—half-lethal or half-effective concentration.

3.1.3. Relevant Regulations Involved in Europe

The compounds containing silver, copper and zinc are covered within EU by the Biocidal Product
Regulation (BPR, Regulation (EU) 528/2012) and by the Regulation (EC) No 1907 /2006 of the European
Parliament and of the Council on the Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH).

3.1.4. Risks Arising Due to the Use of Antimicrobial Coatings in Healthcare Settings: Silver
Nanoparticles as a Model Compound

According to meta-analysis of the scientific literature, silver is prevailing metal used in AMCs
(30% of papers; Figure 1). Similar tendency can be seen among nano-enabled consumer products:
Nanotechnology Consumer Products Inventory created by Woodrow Wilson International Center for
Scholars and the Project on Emerging Nanotechnologies (latest revision released in October 2013) [38]
shows that in 442 out of 1814 (24%) consumer and medical products silver is the most frequently used
NM. TiO;, is included in 92 products, SiO, in 43, gold in 25 and copper in 10 products [38].

Silver is also the most frequent NM in Danish Nanodatabase [39] (384 products or 15.9%) launched
in 2012 by the Danish Consumer Council and Ecological Council and the Technical University of
Denmark’s Department of Environmental Engineering. In addition, there is already considerable
amount of scientific information available on potential harmful effects of AgNPs to humans and
environment. We will briefly discuss the most relevant and recent reports here.

e  Nanosilver dossier by project ‘Nanotrust’ (2010)
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A dossier concerning AgNPs [40] was composed by scientists of Institute of Technology Assessment
of the Austrian Academy of Sciences as result of the project ‘'NanoTrust’. The dossier addressed
following concerns of adverse effects of use of AgNPs: (i) the development of silver-resistant
bacteria may be induced by release of subtoxic levels of silver ions; (ii) human skin microflora may
become compromised after use of AgNP-enabled cosmetics; (iii) if discharged into wastewater, silver
may accumulate and elevated silver concentrations may adversely affect aquatic environments and
microbial communities in wastewater treatment plants (WWTP) and soils.

e  SCENIRH Report on nanosilver (2014)

Chronologically the next comprehensive study on AgNPs was conducted by SCENIHR (Scientific
Committee on Emerging and Newly Identified Health Risks) on request of the EC and approved by
SCENIHR in June 2014 [41]. This study aimed to evaluate whether the use of AgNPs, in particular in
medical care or in consumer products, could result in harmful effects, e.g., the development of AMR.
The authors concluded that the hazard associated with the exposure to AgNPs can be also related
to increase of bacterial resistance to silver but also to other antimicrobial compounds, but there is
currently a serious gap of knowledge in this area [42]. The report is a document of 103 pages and one
of the conclusions was that ..."A detailed risk assessment of nanosilver has not been performed since too little
information is available...”.

e  OECD WPMN Report on exposure to nanosilver (2016)

The most recent extensive report was published by OECD Working Party on Manufactured
Nanomaterials (WPMN) that addressed exposure to AgNPs. It is important to note the exposure
is very important category in risk assessment: if there is no exposure to a toxicant, there is no risk.
As the report was published in 2016, it describes “state-of-the-art” with purpose to identify existing
data gaps regarding exposure assessment of AgNPs and to make recommendations on how to address
these data gaps. One of the recommendations reached by the experts was the need for (i) collection
of more detailed information on releases of AgNPs from products or applications over the entire
life cycle into the different environmental compartments (e.g.,, WWTP, surface water, sediments,
soils); (ii) development of appropriate methods and models to specifically estimate the environmental
exposure of AgNPs; and (iii) accounting for the sum of environmental exposure of AgNPs from
different sources [43].

e Additional pertinent information on silver nanoparticles from the literature

There is already considerable information accumulated concerning environmental hazard of
some types of nanosilver-enabled products. For example, up to 10% of the silver of the nano-enabled
textiles can be washed out and enter the environment via WWTPs [42]. In the WWTP up to 99% of the
AgNPs can be removed via sewage sludge via transformation into water-insoluble silver chloride and
-sulfide [44]. As sewage sludge is often used in agriculture, the soil may be the main deposition site
for AgNPs [45]. Fortunately, due to speciation the mobility of silver in the soils is very low [41]. The
other important route for deposition of nano-enabled compounds/products is landfilling: worldwide
60 to 86% of the most commonly used engineered NMs end up in landfills [44]. In simulated landfill
conditions, for example, the residual silver from (nano)silver-enabled textiles was still continuing to
leach [46]. Thus, due to the complex speciation, AgNPs in the environment will be transformed via
agglomeration, dissolution, speciation, sulfidation, sorption to sediment and soil particulate matter [42].
However, concerning the hazard evaluation of AgNPs, it is generally agreed that fate of AgNPs remains
largely unknown, even in the aquatic environment (that is a ‘simple” environmental compartment
compared with complex matrices such as sediments and soil—authors’s remark) [47].

During flip-chart discussion on this sub-topic, we agreed with the above described reports and
publications prepared by top-specialists in the field and cited here: too little information is currently
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available to conduct a detailed risk assessment even for AgNPs. The data gaps are even more severe for
other (nano)antimicrobials that have remarkably less available information needed for the procedure
of risk assessment over the entire life cycle into the different environmental compartments.

3.2. Question 2: What Are the Possible Risks of Antimicrobial Coatings Related to the Potential Development of
Antimicrobial Resistance?

The AMICI flip-chart discussions resulted in mutual agreement on possible AMR development
connected to AMCs. It was pointed out that horizontal gene transfer of AMR to pathogenic ones or to
environmental bacteria is a realistic scenario. As corresponding scientific data are insufficient, prudent
use of AMCs, i.e., only in limited areas was advised. The influence of contact time and concentration,
cleaning procedures and hospital wastewater management were the aspects pointed out as important
precautions to avoid resistance development and possible transfer to environmental microbes. Also,
the concern of laboratory scale test results to represent the complex real life environmental conditions
(e.g., hospital, sewage sludge, sediments, soils) was raised. The above-mentioned topics will be
discussed below in the context of pertinent scientific literature.

3.2.1. Antimicrobial Resistance as a Global Problem

Nowadays AMR among pathogenic and non-pathogenic microorganisms has become a serious
global threat. In fact, natural antibacterial agents have influenced microbial ecosystems during billions
of years and development of different resistance mechanisms was essential for microbial survival [48].
Although humans have empirically used different natural antimicrobial substances including silver
and copper from early history, the widespread use of antimicrobials has speeded up in parallel to
the start of commercial production of various antimicrobials such as arsphenamines at the beginning
of the 19th century [49,50]. Ever since antimicrobials have saved uncounted number of lives but as
negative side antimicrobial resistance has followed the introduction of every new compound [49].

3.2.2. Antimicrobial Coatings as Potential Inducers of Resistant Microbes

The growing use of AMCs in recent years has increased concerns about appearance of resistant
microbes. Active components of AMCs (e.g., silver, copper, zing, titanium dioxide, and their nanosize
forms as well as more traditional antiseptics like quaternary ammonium and chlorhexidine) possess
broad spectrum of antimicrobial activity as they target multiple sites on and within the microbial
cell. Therefore, their antimicrobial action is different from antibiotics that are usually directed against
specific bacterial structures [51,52]. There are three main proposed mechanisms of AMR against
antimicrobial compounds used in coatings: (i) active excretion; (ii) limited intake and (iii) enzymatic
transformation of the antimicrobial agent (Figure 3). These mechanisms may occur concurrently.
Among them the efflux pumps localized in the cytoplasmic membrane of the cells pumping out various
substances are the most commonly described [53,54]. This is non-specific resistance mechanism and
often occurs at the same time with the antibiotic efflux leading to multi-resistance [54]. Additionally,
described resistance mechanisms involve altered biocide permeability such as the lack of specific
porins in the outer membrane of bacteria necessary for passive diffusion of molecules or changes in
outer membrane ultrastructure and surface hydrophobicity [55,56]. Formation of bacterial biofilms,
i.e., bacterial aggregates instead of single planktonic bacteria can also limit the diffusion, interact or
neutralize the effectiveness of AMCs [57]. Also, enzymatic degradation of antimicrobial agents from
toxic to less toxic compounds has been detected [58].
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Figure 3. The main proposed mechanisms of AMR against antimicrobial compounds; a simplified scheme.

Several resistance genes encoding enzyme synthesis responsible for resistance towards metallic
as well as non-metallic compounds used in AMCs have been described [59,60]. The resistance genes
may occur in bacterial chromosome or in plasmids and can be transmitted to other microbes via
horizontal gene transfer similarly with antibiotic resistance genes [60]. For example, resistance genes
for silver that have already been found in hospital environment [61,62] are located in mobile genetic
elements easily transferable to other bacteria e.g., in (hospital) sewage systems [63]. Expression of
biocide resistance genes has been associated with concurrent AMR [60,64]. Regrettably, common
knowledge on the appearance of resistance towards AMCs is still very limited with only a few reports
being published.

3.2.3. Contribution of Antimicrobial Coatings to the Development of Antimicrobial Resistance:
Data-Gaps

One of the main reasons behind the wide use of biocidal NMs in antimicrobial applications is
their potency in replacing conventional antibiotics, which is impeded by frequently occurring AMR.
As recently stated by the World Health Organization [65] “AMR is a complex problem driven by many
interconnected factors so single, isolated interventions have little impact and coordinated actions are required.”
Long duration exposure to antibiotics in sub-inhibitory concentrations has shown to lead to AMR [66].
However, knowledge on the influence of low dosages of active components used in AMCs to the
development of AMR is lacking. The issue is especially intriguing in case of AMCs containing NPs
where the concentrations of nano-antimicrobial agents are several times lower than in conventionally
used ionic compounds.

Also, no reliable information is available on the continuous influence of ultra-low concentrations
of antimicrobial agents as NPs are reaching human tissues and microbes of normal microbiome. Most
of our scientific knowledge on the influence of AMCs to microbial resistance is laboratory-based with
limited variables while in the real life, especially in hospitals, more complex conditions occur: due to
widespread use of antibiotics and disinfectants the selection of the multidrug resistant bacteria emerges.
In hospital wastewaters, pathogenic and non-pathogenic bacteria with different resistance genes
and gene complexes, residues of antibiotics, disinfectants, cleaning agents and different nutritional
components meet and uncontrolled biological processes take place. The influence of antimicrobial
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NPs in these processes is suspected, but not scientifically proven [67]. Hospital wastewater has been
shown to contain different multidrug resistant bacteria and untreated effluents play important role in
the spread of the resistance among the bacteria to the environment outside the hospitals [68].

The cleaning of AMCs in hospitals is also an important factor to consider. Continuous mechanical
and chemical influence of cleaning agents may reduce the activity of AMCs to sub-inhibitory
concentrations and lead to generation of resistance. Antagonistic interaction between some liquid
disinfectants has been described [69]. Chen et al. [70] have described antagonism between nano-TiO,
and copper ions. Still, not enough information is available about interactions between cleaning agents
and AMC s for everyday practice. Therefore, the generation of science based guidelines for proper
cleaning practices are needed.

The potential development of AMR due to biocidal formulations in AMCs may cause hazard to
different groups of organisms and humans as well as the environment at large. In order to understand
and minimize the risks of developing AMR to antimicrobials or AMCs, it is vital to consider all
biological and environmental routes (Figure 4) which enable these bacteria and their genes spreading
between different organisms as reviewed by da Costa et al. [71].

Healthcare e
sector Human Animal
pathogens pathogens
Human Animal
commensals ﬁ commensals
Antibiotics, \ ’ Antibiotics,
antimicrobial antimicrobial
compounds, AMR compounds,
AMC, cleaning AMC, cleaning
agents / \ agents
Human ¢l | Environmental
pathogens -
Human
Gen.eral commensals Nature
society

Figure 4. Conceptual model for the development of antimicrobial resistance (AMR) in response to
antibiotics, antimicrobial compounds, antimicrobial coatings (AMC) and cleaning agents, and transfer
of AMR between different microbial populations: human, animal and environmental.

3.2.4. Development of Antimicrobial Resistance Due to Antimicrobial Coatings: Potential Risks at
Different Levels and over the Coatings’ Life Cycle

On one hand, AMR bacteria developed in hospitals may spread to environment through sewage
water or sludge. On the other hand, AMR bacteria developed due to veterinary medicine practices
create a selective pressure for the emergence of resistance among bacteria present in animals; animal
pathogens, human pathogens that have animal reservoirs, and commensal bacteria. Examples of
environmental hot spots for possibly high-level of horizontal gene transfer and antibiotic resistance
include aquatic environments that are affected by pharmaceutical industry effluents, aquaculture,
or sewage discharges, and terrestrial environments that are affected by the deposition of biosolids or
animal manures. The described ecological framework provides an essential perspective to evaluate
antimicrobial use risks and policies, because it contains the root causes of these problems rather than
merely their consequences [71].
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3.3. Question 3: Could the Ecotoxicological Risks and Risks Related to Potential Development of Antimicrobial
Resistance Arising from the Application of Antimicrobial Materials in Healthcare Settings Be Addressed at the
Level of “Safe-By-Design’?

This question aimed to gather AMIiCI experience with current methodology, guidelines and
regulatory requirements to manage AMCs development at the Safe-by-Design (SbD) level. During the
flip-chart session, participants recognized difficulties related to experience and knowledge concerning
safety assessment of AMCs. The consensus of AMiCI workshop participants was that Quality, Efficacy
and Safety (QES) management of AMCs could best be achieved by applying SbD approach at points
of antibiotic manufacturing and use. Although battle for successful SbD implementation is ongoing,
greater support from funding and regulatory agencies is needed due to major uncertainty problems
that NMs pose.

As already stated earlier, AMR and (eco)toxicology were not the areas of core expertise of the
majority of participants. Hence, authors of the paper piloted whole discussion toward final response
and opinion on this issue.

3.3.1. Safe-By-Design Approach in Antimicrobial Coatings Use and Development

SbD is a well-accepted approach, developed within the European research projects NANoREG,
ProSafe and NanoReg?2, for timely identification of risks related to the industrial innovation processes
and value chain of nanomaterials and nanoproducts. It is designed to ensure safety for three different,
but interrelated communities—the workplace, consumers and the environment. The basis of SbD
approach is summarized in Table 2.

Table 2. A set of key issues relevant for SbD approach.

Issue Description Need
Identification/ Knowledge on the key characteristics that Reasonably priced, accessible, standardized and
characterisation of influence the release, exposure, behaviour, validated methods and procedures to
NM-based biocidal  effects and subsequent environmental and characterize NM in different media according to
agent human risks of NMs. the EC definition.

Transformation of
NM-based biocidal
agent

Knowledge on the circumstances, extent and
rate of dissolution; change of the structure of
NM throughout the different stages of their
life cycle.

Life Cycle Assessment in different biological and
environmental matrices; standardized and
validated methods to test or predict the extent
and rates of the transformation of NMs.

Dose metrics

Dose that determines a particular response in
a test system; production volume of the
substance; dose levels at which toxicity effects
are observed in experimental tests and which
can be compared to the estimated exposure
levels to estimate the risk.

Development and use of standardized protocols
for sample preparation and characterization of
NM within exposure and toxicity studies;
identification of the most appropriate metrics for
each type of NM within each specific route of
exposure and toxicological endpoint.

Extrapolation

Information (on physico-chemical
characteristics, exposure and/or hazard) of
different forms, types and sizes of NMs (or
the bulk material) for extrapolation, read
across or grouping within the risk assessment
of NMs.

Development of nano-specific approaches for
extrapolation, interpolation, read across and
grouping based on the key

characteristics /properties that influence the
release, exposure, behaviour (fate and kinetics),
effects (hazards) and subsequent risks of NMs.

Fate and kinetics

Interaction of NMs with their environment
that change their physico-chemical
characteristics, including their surface
composition, ability to aggregate,
agglomerate and/or dissolve.

Knowledge on the key characteristics that
influence the fate, behaviour and kinetics of NM
with respect to the life cycle assessment of
nanoproducts (including the release of NMs
from products).

The SbD concept becomes central to numerous nanotechnological and nanosafety projects that

are finished, ongoing or planned in the EU. A common SbD approach, as presented in Figure 5,
is characterised by,

e Convenience of integration into existing industrial innovation processes;
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e  Early and easier identification of uncertainties and risks;

e  Reduction of uncertainties and risk;

e  Timely recycling or termination of projects with unacceptable risks;

e Decrease of a number of unforeseen events during the development process and market
introduction;

e  Preparedness for current and future regulatory requirements;

e  Balanced safety, functionality and costs of final product;

e Improved design of products and better business models.

Safe production

Provides the knowledge and tools on risk assessment and
industrial safety enhancement; enables control on the
industrial processes along the production chain including
storage and trannsport of AMC

( h ( Safeuse )
Safe products Evaluation of
Design and finding exposure risks on
of less hazardous Safe-b consumer and
biocidal agents by are-by- environment;
combining non- Design identification of
testing prediction actions that reduce or
and testing high mitigate risks by
throughput combining life cycle
screening tools assessment and
\ Y, costlbenefit analysis >

REDUCED TIME FOR RESEARCH AND DEVELOPMENT
BETTER COST-EFFECTIVE INNOVATION
FASTER TO MARKET
SAFER PRODUCTS
BETTER CONSUMER ACCEPTANCE

Figure 5. SbD approach in safe production and use of AMCs.

3.3.2. Quality, Efficacy and Safety Assessments of Antimicrobial Coatings

In spite of the considerable amount of published data on AMCs development and use, comprehensive
knowledge on the interactions of AMCs with biological and environmental systems is still lacking.
Main reason for uncertainties on safe and efficient AMCs application may be attributed to challenges
of experimentation with nanomaterials [72]. During manufacturing, application and final disposal,
nanoparticles may undergo different bio-physico-chemical changes. The nano-specific behaviour
is especially relevant for exposure, absorption, distribution, accumulation, and toxicity effects [73].
Most of the methods used for QES assessment have been designed and standardized for traditional
chemicals. However, these methods can not necessarily be used for NMs. Unique physicochemical
properties of NPs, like high adsorption capacities, optical properties, increased catalytic activities,
often interfere with the readouts of many in vitro toxicity assays, leading to the false interpretation
of results [74]. Examples of such interferences include: increased adsorption capacity due to the
high surface area; effects on fluorescence or visible light absorption detection due to different optical
properties; increased catalytic activity due to enhanced surface energy [75]. In addition, careful
characterisation of NMs applying a multi-method approach should be performed to determine quality,
efficacy and safety of a substance produced by nanotechnology. An exhaustive characterization of NPs
is often time consuming, expensive and complex. Such approach requires well-equipped laboratories
with all the necessary facilities and competences. Thus, current industrial innovation processes and risk
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management for nanomaterials have to be enhanced by the SbD concept which is designed towards
early and easier identification of uncertainties and risks related to the production and use of NPs.

QES assessments of AMCs would be able to provide reliable measures for reduction, or even
elimination of these uncertainties and risks during an innovation project. This assessment should be
amended by discussion with all relevant stakeholders, which requires extensive risk communication
and could form part of the multicriteria decision analysis. During this process, there are several
research gaps that need to be addressed. In particular, specific attention should be paid to hot spots
where prevalence of biocides, co-selecting agents, bacteria carrying resistance determinants on mobile
genetic elements, and favourable conditions for bacterial growth and activity develops at the same time.

From the perspective of SbD concept, QES assessment of AMCs should encompass: (i) assays for
determination of minimum selective concentrations [76] that are validated in different environmental
matrices with isogenic pairs of the model organism inoculated into the matrix of choice applying
sub-inhibitory concentrations; (ii) assays for identification of environmental hot spots where a
high-level of horizontal gene transfer and antibiotic resistance develop like aquatic environments
affected by effluents from pharmaceutical industry, aquaculture, or sewage, and also terrestrial
environments affected by the deposition of biosolids or animal manure; (iii) screening procedures
for novel resistance determinants to ensure that existing resistance determinants are not prevalent
in environmental compartments; (iv) dose-response data that address people of various life-stages;
(v) strategy risks ranking based on exposure assessment modelling [77].

3.3.3. The Use of Safe-by-Design Principle in the Development of Antimicrobial Coatings

As described in previous chapters, SbD concept encourages elimination of health and safety risks
already during product construction and development. By considering the functionality and toxicity of
AMCs in an integrated way as suggested in SbD approach, further development process can offer smart
innovation in making AMCs fit for succesful economy. During design stage in AMCs development,
several different strategies can be considered.

Currently, the majority of AMCs are based on the release of the active chemical from the surface
(Figure 2a) as discussed above. The typical profiles of release of active agents from nano-enabled
coatings follow first- or second-order kinetics, i.e., exhibit an initial burst release which is followed by
a decreasing tail usually ranging from hours to some days [2]. This usually results from weak bonding
of the active agents, e.g., NPs to the surface, but could be overcome by using various methods to
incorporate the NPs to the coatings more tightly. Such an attachment has been reported for AgNPs to
-SH groups on glass surfaces [78]. The authors claimed no release of NPs from surface, while ca. 15% of
soluble silver was released over 19 days [78]. Other means to decrease the release of active substances
from antibacterial surfaces include a wide variety of encapsulation materials and deposition strategies.
The most often used carriers include poly(methacrylic acid), polyacrylic acid, poly(lactic-co-glycolic
acid), polyurethane, hyaluronic acid, chitosan and hydroxyapatite [79,80]. Another popular strategy
to control the release of antibacterial agents from coatings is the use of polyelectrolyte multilayers
that are nanostructured polymeric systems trapping antibacterial agents [81]. A recent study showed
that using a polyacid core in polyelectrolyte multilayers could lead to significant sustained release of
the antimicrobial agents: while releasing physiologically-relevant drug concentrations, the coating
remained stable and functional over 14 months [82].

In general, the strategies to reduce and control the release of active agents from AMCs can be divided
into four main categories: (i) passive strategies that control the antimicrobial release by tuning the
carrier matrix to a suitable size (e.g., controlling the size of pores into which the antibacterial is
loaded [83,84]); (ii) passive strategies to control antimicrobial release by adding a thin polymer
layer, where the thickness, hydrophobicity and the degree of crosslinking of the polymer layer
have been shown to be the main factors affecting the release kinetics [85,86]; (iii) stimuli-responsive
antimicrobials that contain polymers which shrink, swell or bend [87,88]; (iv) active control over the
release of antimicrobial agent by the microorganism itself, e.g., pH responsive polymers that change
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their conformation under acidic conditions, after the release of various metabolic intermediates by
bacteria [89] or agents immobilised onto the NPs surface using pH sensitive amide bonds [90].

In addition to controlling the release of biocidal agents from AMCs, contact killing strategies
can be applied to increase the safety by design of AMCs (Figure 2b). Perhaps one of the best known
examples of contact killing of bacteria on surfaces is a ‘sharkskin’ [91]. This is a micropatterned
surface which is made of polydimethylsiloxane elastomer and that initially proved antifouling towards
green algae and later also for bacteria [92]. Release of biocidal agents can be also combined with
contact killing. For example, Li et al. [93] combined bilayers of AgNPs with immobilized quaternary
ammonium compounds and polymers using layer-by-layer deposition. The results showed that during
first few days, the antimicrobial effect of such coatings was driven by release of silver while the
quaternary ammonium compounds retained significant contact-killing activity at later timepoints [93].
The 3rd appoach in creating AMCs is design of special surface topography that also can be used as a
SbD strategy for AMCs (Figure 2c). Differently from contact killing where low quantitites of biocidal
material can be released, no biocide is released from surface topography controlled AMCs. As an
example, Kim et al. [94] prepared porous alumina surfaces with different pore sizes that depending on
the pore size exhibited different killing efficacy for bacterial cells. In addition to specially designed
surface topography, bacteria-repelling surfaces have been shown as an efficient biocide-free SbD
strategy to design AMCs. Such repelling surfaces may be remarkably smooth or functionalized e.g.,
with PEG chains [95].

An ideal SbD strategy for AMCs design could be specific targeting of certain microbes with
negligible effect to other microbes and environmental organisms. It must be, however, noted that due
to the broad range of effects of AMCs and their similar toxicity pathways in different organisms, such a
selectivity is difficult to obtain. Therefore, such organism-specific AMCs can only be achieved through
the immobilization and microbe-specific release of the antimicrobial agent/NM. Most of succesful
strategies for the discrimination between different microbes are based on bonding of the antibacterial
compound to the substrate by an enzymatically cleavable bond [96-98].

As discussed above, various ways could be used to implement SbD concept into current
industrial innovation processes in order to address the safety in the workplace, for the consumers and
the environment.

3.4. Question 4: Adverse Effects/Risk-Benefit Analyses of AMCs: Who Should Be Involved in the Process?

Beyond the level of risk-benefit evaluation along the production-usage-disposal chain, the final
analysis concerning all the advantages and disadvantages is a very challenging task. It has been shown
that the risk-benefit analysis of nanobiocides (e.g., AgNPs) can lead to the negotiated risk [99] and
therefore all the concerned stakeholders should be involved already at the beginning of the risk-benefit
analysis of AMCs.

During flip-chart sessions of the AMiCI meeting (see above) the following list of the institutions
and organizations who should be involved in the AMCs risk-benefit analysis was drafted:

(i) Producers, distributors and suppliers;

(if) End-users (hospitals, medical advisors, patients” associations);

(iii) Research institutions (research and development, know-how and expertise);

(iv) Regulatory and standardization agencies (standards, reference materials, threshold values);

(v) Environmental and health agencies (monitoring and safety assessment along the life cycle,
exposure at the workplace, epidemiological data);

(vi) Media, mass and social communication (dissemination of knowledge on AMCs innovation
and potential risks to a wider audience avoiding negative public perception caused by the lack
of information).
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Participants of the flip-chart sessions stressed that a multi-disciplinary approach involving
scientists, medical doctors, producers and regulatory organizations is required in the decision-making
process to put new AMCs on the market and to adopt them in the healthcare settings.

Although a huge amount of lab work, involving chemists, physicists, material scientists and
biologists, has been made to identify new efficient AMCs, this is only the first step towards a realistic
beneficial application of AMCs in the healthcare settings. The following critical step is the technology
scale-up where scientific, technological and economic costs and benefits should be carefully weighed.
Focusing on the risks, this represents the moment when the impacts toward the environment and
human health must be evaluated considering the whole material’s life cycle. All these pre-commercial
studies are needed to guarantee the safety in parallel with the increased antibacterial efficacy of
the new AMCs. The environment and humans in fact may be exposed to AMCs during production,
transportation, usage and disposal phases, and especially when the materials used fall into the category
of the emerging contaminants—as the NMs are—special attention should be paid. Environmental
scientists, physicists, chemists, toxicologists and occupational medical doctors are expected to fulfill
the knowledge gaps still existing on the possibility that some adverse health effects might be really
associated to relevant exposure to the new AMCs or their by-products. Searching of ISI Web of Science
database (22 January 2017) using separately the keyword antimicrobial coating* or combining that with
‘risk” or ‘benefit’ or ‘risk and benefit’ resulted in 3377, 173, 72 and 14 articles, respectively, and most
of the risk-benefit articles concerned AgNPs-coated catheters, showing that there are still extensive
data gaps for evaluating the risk and benefit aspects of AMCs and referring to the need of more
comprehensive studies.

In order to obtain reliable information on the AMCs efficacy and to provide assurance for the end
users, standardised protocols are needed [100] as was also pointed out during COST AMiCI meeting
discussions emphasizing that the lack of standardized tests and threshold values for AMCs (e.g.,
release concentrations of biocidal compounds etc.) complicates the risk-benefit analysis. Therefore, it
is important to involve also regulatory and policy-making organizations in the analysis/discussion.
Although the European Committee for Standardisation aims to produce current and future European
disinfectant testing standards (CEN/TC216) and the OECD Working Party on Nanomaterials published
in 2012 a ‘Guidance on sample preparation and dosimetry for the safety testing of manufactured
nanomaterials’ [101], there are still no harmonized standard protocols for NM and biocides testing [65,77].
Testing methodology usually ranges from basic preliminary suspension tests to more complex protocols
that simulate conditions in practice. The design of robust and reproducible test protocols for efficacy
and safety evaluation of AMCs is quite complex due to the number of factors that need to be controlled,
such as microbial test strains, preparation of inoculum, detection and count of survivors, quenching
antimicrobial activity, physical parameters. In addition, there is no standardised testing strategy for
assessing both biocide and AMR in bacteria. Instead, environmental and clinical isolates are usually
tested for their susceptibility to biocides and antibiotics using separate protocols.

One aspect stressed by the participants of flip-chart sessions was the involvement of media to
disseminate the knowledge on AMCs innovation and potential risks to a wider audience. Media
involvement is very useful especially if the risk-benefit analysis showed that the risk should be
considered as negotiated risk to avoid the negative public perception. Scientists as the highest trusted
group in the society should be involved in the risk and benefit communication [102].

In conclusion, the participants of the discussions proposed that the AMCs risk-benefit analysis
should involve scientists (chemists, physicists, material scientists, microbiologist, toxicologists, etc.),
producers, end-users (hospitals, healthcare institutions), governmental and non-governmental
organizations (e.g., patient’s organizations, environmental and chemical agencies) and also media.
Involvement of various stakeholders is useful for the meaningful risk-benefit analysis and for the
better regulation (e.g., standards, guidelines) [103]. Although most of the participants of the flip-chart
sessions were from the research institutions (~90%), quite a lot of the suggestions were made by the
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representative of producers, pointing that the producers need professional support and information
for the AMCs development, risk assessment and authorization.

4. Different Aspects of Risk-Benefit Analysis of Application of AMC in Healthcare Setting

Critical questions have been asked whether it is wise to dispatch this powerful antibacterial
weapon (i.e., AMCs) for regular use or rather hold back until well-designed clinical trials show the real
benefits of such coatings. Indeed, in 2010 there was even a lawsuit concerning nanosilver-based textiles
against Swiss company HeiQ to which US EPA granted registration in 2011 after having made incorrect
assumptions [104]. On the other hand, although in vitro adverse effects have been seen, systemic
acute in vivo toxicity of AgNPs is relatively low. For example, in a study of patient(s) with severe
organ argyrosis [105] demonstrated numerous diffuse areas of silver deposits but no nephrotoxicity.
Similarly to AgNPs, no clear in vivo toxicity has been related to any other NM. Although current
reports indicate relatively low nanotoxicity in vivo, it remains to be determined if NPs used in AMCs
are safe for patients in the long run.

As discussed above, currently there is not enough information for conducting environmental risk
assessment for application of AMCs in healthcare setting. Concerning the potential development of
AMR, most of the active compounds in AMCs have been used in antimicrobial purposes through long
time period both in agriculture and in healthcare but no widespread resistance has emerged (although
resistance genes to some of the active compounds in AMCs already exist). The potential development
of AMR in response to the widespread use of AMCs may lead to risks in healthcare as well as in
agriculture and environment in general. Still, as not enough scientific data about AMR connected to
AMC:s, especially nanocoatings is available by now, lessons learned from antibiotic resistance must
not be forgotten. Our task should be the reasonable and controlled use of AMCs not only in the
hospitals but also in the community. However, in order to minimize the risks, AMCs should be used in
restricted circumstances. In hospitals, the use of AMCs should be considered in hot spots with frequent
hand contact (e.g., knobs, switches, rails) but only in high risk areas with immune-compromised
patients/hosts. Using AMCs in the community ought to be limited to selected areas with possible high
infection transmission risk such as schools, prisons, athletic and military settings but merely in case of
proven infectious hazard.

Disinfection of hospital wastewater consisting of different multidrug resistant bacteria could be
one of the means to reduce the spread of the resistance among the bacteria outside the hospitals. Still,
not enough information is available about interaction between cleaning agents and AMCs for everyday
practice. Therefore, the generation of science based guidelines for proper cleaning practices of AMCs
is one of the important tasks for COST AMIiCI group as well as the whole scientific audience.

A balanced risk-benefit analysis of AMCs applications should be assessed to guide SbD
development addressing (i) mechanisms of action of (nano)-coatings during life-cycle; (ii) quality,
efficacy and resistance issues; (iii) safety requirements during use in different applications, procedures
and product. There is urgent need for creation of a set of guidelines for all relevant stakeholders
(e.g., standards, regulations, recommendations).

Current challenges of SbD approach in the development of innovative AMCs include:
(i) establishment of a representative field or field simulation test to describe the actual performance of
coatings; (ii) standardized method and/or approaches for a risk-benefit assessment of different AMC
in different healthcare environments; (iii) identification of the release of (active) ingredients from the
coatings into the environment; (iv) prediction of resistance or cross-resistance invoked by AMCs.

For successful SbD design of novel AMCs, there is an urgent need for predictive models to assess
the development of AMR, appropriate (end use dependent) test methods that are standardized and
validated methods for QES assessment of AMCs together with appropriate certified reference materials,
clear recommendations from regulatory authorities.

Business and industry have a central role in furnishing new affordable materials onto the market
with the involvement of all methodologies and professional people shown above, but the final step to
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be sure that really effective and safe AMCs are adopted is of course the task of the hospitals and other
end-users of these AMCs as well as regulatory organizations. Involvement of medical doctors and
microbiologist is important especially at the pilot-scale level for the discussion about the effectiveness
of AMCs and possible adverse-effects in the clinical environment.

Although there have been studies examining AMCs in healthcare settings, most of them are of
insufficient quality and no conclusive findings on beneficial effects on use of AMCs on decrease of
HCAI can be retrieved. Dancer [106] clearly suggested that more work is required on the AMCs as
futuristic antiseptic surfaces.

To weigh risks versus benefits for NMs over the nanoproducts life cycle is especially difficult
task for small and medium sized enterprises (SMEs) that lack the knowledge and resources to
conduct this assessment properly. These challenges have been addressed by introducing LICARA
nanoSCAN—a modular web based tool for assessing benefits and risks associated with new or existing
nanoproducts [107]. This tool is comparing both the benefits and risks over the nanoproducts life
cycle. Importantly, the comparison is made with a reference product with a similar functionality.
The risks are assessed for public, workers and consumers whereas the benefits with the use of the
product are assessed for economy, environment and society. The LICARA nanoSCAN was tested by
SMEs and one of the case studies was an antibacterial nanosilver coating for door handles in hospitals.
The in-depth assessment concluded that "The socio-economic benefits of infection prevention are very high
compared to the risks of the NM, although LICARA nanoSCAN somewhat underestimated the respective
socio-economic benefits’ [107]. By applying this tool, the risks can be assessed for public, workers and
consumers whereas the benefits with the use of the product are assessed for economy, society and the
environment [107]. Thus, the risks-benefit analysis should be conducted pro-actively.

5. Conclusions

This paper intended to provide a comprehensive view on different aspects of (eco)toxicological
risks and potency to induce AMR resulting from the use of AMCs in healthcare sector. These issues
are discussed in light of recently published scientific literature and expert views of the members of
COST Action AMICL

Weighing the beneficial and adverse effects of AMC in healthcare settings requires the thorough
assessment on the following topics using multidisciplinary and multilevel approaches:

e  Ecotoxicological hazard needs to be evaluated proactively, before the use of AMCs in healthcare
settings’ surfaces in the environment of patients

e  The lessons learnt in AMR should be taken on board when assessing the risks of AMCs

e  The quality, efficacy and safety evaluation of antimicrobial materials in healthcare settings should
be addressed at the level of safe-by-design approach

e Involvement of concerned stakeholders in the risk-benefit analysis is important for the responsible
development of AMCs.
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Abbreviations

AMC antimicrobial coating

AMR antimicrobial resistance

HCAI HealthCare Associated Infection

NM nanomaterials

NP nanoparticle

SbD Safe-by-Design

References

1. Suetens, C.; Hopkins, S.; Kolman, J.; Hogberg, D. Point Prevalence Survey of Healthcare Associated Infections and

10.

11.

12.

13.

14.

15.

16.

17.

Antimicrobial Use in European Acute Care Hospitals 2011-2012; European Centre for Disease Prevention and
Control (ECDC): Stockholm, Sweden, 2013.

Cloutier, M.; Mantovani, D.; Rosei, F. Antibacterial Coatings: Challenges, Perspectives, and Opportunities.
Trends Biotechnol. 2015, 33, 637-652. [CrossRef] [PubMed]

Siegel, ].D.; Rhinehart, E.; Jackson, M.; Chiarello, L. Guideline for Isolation Precautions: Preventing Transmission
of Infectious Agents in Health Care Settings. Am. J. Infect. Control 2007, 35, S65-S164. [CrossRef] [PubMed]
White, L.E; Dancer, S.J.; Robertson, C.; McDonald, J. Are Hygiene Standards Useful in Assessing Infection
Risk? Am. ]. Infect. Control 2008, 36, 381-384. [CrossRef] [PubMed]

Carling, P.C.; Parry, M.M.; Rupp, M.E,; Po, J.L.; Dick, B.; Von Beheren, S. Improving Cleaning of the
Environment Surrounding Patients in 36 Acute Care Hospitals. Infect. Control Hosp. Epidemiol. 2008, 29,
1035-1041. [CrossRef] [PubMed]

Hayden, M.K.; Bonten, M.].M.; Blom, D.W.; Lyle, E.A_; van de Vijver, D.A.M.C.; Weinstein, R.A. Reduction in
Acquisition of Vancomycin-Resistant Enterococcus after Enforcement of Routine Environmental Cleaning
Measures. Clin. Infect. Dis. 2006, 42, 1552-1560. [CrossRef] [PubMed]

McBryde, E.S.; Bradley, L.C.; Whitby, M.; McElwain, D.L.S. An Investigation of Contact Transmission of
Methicillin-Resistant Staphylococcus aureus. ]. Hosp. Infect. 2004, 58, 104-108. [CrossRef] [PubMed]

Page, K.; Wilson, M.; Parkin, I.P. Antimicrobial Surfaces and Their Potential in Reducing the Role of the
Inanimate Environment in the Incidence of Hospital-Acquired Infections. J. Mater. Chem. 2009, 19, 3819-3831.
[CrossRef]

Grass, G.; Rensing, C.; Solioz, M. Metallic Copper as an Antimicrobial Surface. Appl. Environ. Microbiol. 2011,
77,1541-1547. [CrossRef] [PubMed]

Chen, X,; Hirt, H,; Li, Y,; Gorr, S.-U.; Aparicio, C. Antimicrobial GL13K Peptide Coatings Killed and
Ruptured the Wall of Streptococcus gordonii and Prevented Formation and Growth of Biofilms. PLoS ONE
2014, 9, €111579. [CrossRef] [PubMed]

Dizaj, S.M.; Lotfipour, F,; Barzegar-Jalali, M.; Zarrintan, M.H.; Adibkia, K. Antimicrobial Activity of the
Metals and Metal Oxide Nanoparticles. Mater. Sci. Eng. C 2014, 44, 278-284. [CrossRef] [PubMed]
Antimicrobial Nanocoatings Market—Global Industry Analysis, Size, Share, Growth, Trends and Forecast
2015-2023. Available online: http://www.transparencymarketresearch.com/antimicrobial-nanocoatings-
market.html (accessed on 21 February 2017).

Gerba, C.P; Sifuentes, L.Y.; Lopez, G.U.; Abd-Elmaksoud, S.; Calabrese, J.; Tanner, B. Wide-Spectrum Activity
of a Silver-Impregnated Fabric. Am. J. Infect. Control 2016, 44, 689—-690. [CrossRef] [PubMed]

Borkow, G.; Zhou, S.S.; Page, T.; Gabbay, J. A Novel Anti-Influenza Copper Oxide Containing Respiratory
Face Mask. PLoS ONE 2010, 5, e11295. [CrossRef] [PubMed]

Perelshtein, I.; Ruderman, Y.; Perkas, N.; Beddow, J.; Singh, G.; Vinatoru, M.; Joyce, E.; Mason, T.].; Blanes, M.;
Moll4, K;; et al. The Sonochemical Coating of Cotton Withstands 65 Washing Cycles at Hospital Washing
Standards and Retains Its Antibacterial Properties. Cellulose 2013, 20, 1215-1221. [CrossRef]

Furno, F; Morley, K.S.; Wong, B.; Sharp, B.L.; Arnold, PL.; Howdle, S.M.; Bayston, R.; Brown, P.D.;
Winship, P.D.; Reid, H.J. Silver nanoparticles and polymeric medical devices: A new approach to prevention
of infection? J. Antimicrob. Chemother. 2004, 54, 1019-1024. [CrossRef] [PubMed]

Elliott, C. The effects of silver dressings on chronic and burns wound healing. Br. J. Nurs. 2010, 19, S32-536.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.tibtech.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26463723
http://dx.doi.org/10.1016/j.ajic.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18068815
http://dx.doi.org/10.1016/j.ajic.2007.10.015
http://www.ncbi.nlm.nih.gov/pubmed/18538706
http://dx.doi.org/10.1086/591940
http://www.ncbi.nlm.nih.gov/pubmed/18851687
http://dx.doi.org/10.1086/503845
http://www.ncbi.nlm.nih.gov/pubmed/16652312
http://dx.doi.org/10.1016/j.jhin.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15474180
http://dx.doi.org/10.1039/b818698g
http://dx.doi.org/10.1128/AEM.02766-10
http://www.ncbi.nlm.nih.gov/pubmed/21193661
http://dx.doi.org/10.1371/journal.pone.0111579
http://www.ncbi.nlm.nih.gov/pubmed/25372402
http://dx.doi.org/10.1016/j.msec.2014.08.031
http://www.ncbi.nlm.nih.gov/pubmed/25280707
http://www.transparencymarketresearch.com/antimicrobial-nanocoatings-market.html
http://www.transparencymarketresearch.com/antimicrobial-nanocoatings-market.html
http://dx.doi.org/10.1016/j.ajic.2015.11.033
http://www.ncbi.nlm.nih.gov/pubmed/26827093
http://dx.doi.org/10.1371/journal.pone.0011295
http://www.ncbi.nlm.nih.gov/pubmed/20592763
http://dx.doi.org/10.1007/s10570-013-9929-z
http://dx.doi.org/10.1093/jac/dkh478
http://www.ncbi.nlm.nih.gov/pubmed/15537697
http://dx.doi.org/10.12968/bjon.2010.19.Sup5.77707
http://www.ncbi.nlm.nih.gov/pubmed/20852480

Int. J. Environ. Res. Public Health 2017, 14, 366 19 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Molling, ].W.; Seezink, ].W.; Teunissen, B.E.].; Muijrers-Chen, I.; Borm, P.J.A. Comparative Performance of a
Panel of Commercially Available Antimicrobial Nanocoatings in Europe. Nanotechnol. Sci. Appl. 2014, 7,
97-104. [CrossRef] [PubMed]

Muller, M.P.; MacDougall, C.; Lim, M.; Armstrong, I.; Bialachowski, A.; Callery, S.; Ciccotelli, W.; Cividino, M.;
Dennis, J.; Hota, S.; et al. Antimicrobial Surfaces to Prevent Healthcare-Associated Infections: A Systematic
Review. J. Hosp. Infect. 2016, 92, 7-13. [CrossRef] [PubMed]

Inkinen, J.; Médkinen, R.; Keindnen-Toivola, M.M.; Nordstrom, K.; Ahonen, M. Copper as an Antibacterial
Material in Different Facilities. Lett. Appl. Microbiol. 2017, 64, 19-26. [CrossRef] [PubMed]

Schmidt, M.G.; Attaway, H.H.; Sharpe, P.A.; John, J.; Sepkowitz, K.A.; Morgan, A.; Fairey, S.E.; Singh, S.;
Steed, L.L.; Cantey, ].R.; et al. Sustained Reduction of Microbial Burden on Common Hospital Surfaces
through Introduction of Copper. J. Clin. Microbiol. 2012, 50, 2217-2223. [CrossRef] [PubMed]

Schmidt, M.G.; von Dessauer, B.; Benavente, C.; Benadof, D.; Cifuentes, P.; Elgueta, A.; Duran, C,;
Navarrete, M.S. Copper Surfaces Are Associated with Significantly Lower Concentrations of Bacteria on
Selected Surfaces within a Pediatric Intensive Care Unit. Am. . Infect. Control 2016, 44, 203-209. [CrossRef]
[PubMed]

Salgado, C.D.; Sepkowitz, K.A.; John, J.E; Cantey, ]J.R.,; Attaway, H.H.; Freeman, K.D.; Sharpe, PA.;
Michels, H.T.; Schmidt, M.G. Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections in the
Intensive Care Unit. Infect. Control Hosp. Epidemiol. 2013, 34, 479-486. [CrossRef] [PubMed]

Von Dessauer, B.; Navarrete, M.S.; Benadof, D.; Benavente, C.; Schmidt, M.G. Potential Effectiveness
of Copper Surfaces in Reducing Health Care-Associated Infection Rates in a Pediatric Intensive and
Intermediate Care Unit: A Nonrandomized Controlled Trial. Am. ]. Infect. Control 2016, 44, e133-e139.
[CrossRef] [PubMed]

Lazary, A.; Weinberg, I.; Vatine, J.J.; Jefidoff, A.; Bardenstein, R.; Borkow, G.; Ohana, N. Reduction of
Healthcare-Associated Infections in a Long-Term Care Brain Injury Ward by Replacing Regular Linens with
Biocidal Copper Oxide Impregnated Linens. Int. J. Infect. Dis. 2014, 24, 23-29. [CrossRef] [PubMed]

Boyce, ].M. Modern Technologies for Improving Cleaning and Disinfection of Environmental Surfaces in
Hospitals. Antimicrob. Resist. Infect. Control 2016, 5, 10. [CrossRef] [PubMed]

Antimicrobial Coatings Market by Type, Application—Global Forecast to 2021. Available online: http:
/ /www.marketsandmarkets.com/PressReleases /antimicrobial-coatings.asp (accessed on 21 February 2017).
Gonzdlez-Zorn, B.; Escudero, J.A. Ecology of Antimicrobial Resistance: Humans, Animals, Food and
Environment. Int. Microbiol. 2012, 15, 101-109. [PubMed]

European Commission. Scientific Committee on Emerging and Newly Identified Health Risks. Assessment of the
Antibiotic Resistance Effects of Biocides; European Commission: Brussels, Belgium, 2009.

Crijns, ER.L.; Keindnen-Toivola, M.M.; Dunne, C.P. Antimicrobial Coating Innovations to Prevent
Healthcare-Associated Infection. J. Hosp. Infect. 2017, 96, 243-244. [CrossRef] [PubMed]

Liu, J.; Sonshine, D.A.; Shervani, S.; Hurt, R.H. Controlled Release of Biologically Active Silver from
Nanosilver Surfaces. ACS Nano 2010, 4, 6903-6913. [CrossRef] [PubMed]

Pavithra, D.; Doble, M. Biofilm Formation, Bacterial Adhesion and Host Response on Polymeric
Implants—Issues and Prevention. Biomed. Mater. 2008, 3, 034003. [CrossRef] [PubMed]

Sousa, C.; Teixeira, P.; Oliveira, R. Influence of Surface Properties on the Adhesion of Staphylococcus epidermidis
to Acrylic and Silicone. Int. |. Biomater. 2009, 2009, 718017. [PubMed]

Suppi, S.; Kasemets, K.; Ivask, A.; Kiinnis-Beres, K.; Sihtmée, M.; Kurvet, I.; Aruoja, V.; Kahru, A. A Novel
Method for Comparison of Biocidal Properties of Nanomaterials to Bacteria, Yeasts and Algae. J. Hazard.
Mater. 2015, 286, 75-84. [CrossRef] [PubMed]

Bondarenko, O.; Juganson, K,; Ivask, A.; Kasemets, K.; Mortimer, M.; Kahru, A. Toxicity of Ag, CuO and
ZnO Nanoparticles to Selected Environmentally Relevant Test Organisms and Mammalian Cells in vitro:
A Critical Review. Arch. Toxicol. 2013, 87, 1181-1200. [CrossRef] [PubMed]

Ivask, A.; Juganson, K.; Bondarenko, O.; Mortimer, M.; Aruoja, V.; Kasemets, K.; Blinova, I.; Heinlaan, M.;
Slaveykova, V.; Kahru, A. Mechanisms of Toxic Action of Ag, ZnO and CuO Nanoparticles to Selected
Ecotoxicological Test Organisms and Mammalian Cells in Vitro: A Comparative Review. Nanotoxicology
2014, 8, 57-71. [CrossRef] [PubMed]


http://dx.doi.org/10.2147/NSA.S70782
http://www.ncbi.nlm.nih.gov/pubmed/25404853
http://dx.doi.org/10.1016/j.jhin.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26601608
http://dx.doi.org/10.1111/lam.12680
http://www.ncbi.nlm.nih.gov/pubmed/27718259
http://dx.doi.org/10.1128/JCM.01032-12
http://www.ncbi.nlm.nih.gov/pubmed/22553242
http://dx.doi.org/10.1016/j.ajic.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26553403
http://dx.doi.org/10.1086/670207
http://www.ncbi.nlm.nih.gov/pubmed/23571364
http://dx.doi.org/10.1016/j.ajic.2016.03.053
http://www.ncbi.nlm.nih.gov/pubmed/27318524
http://dx.doi.org/10.1016/j.ijid.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24614137
http://dx.doi.org/10.1186/s13756-016-0111-x
http://www.ncbi.nlm.nih.gov/pubmed/27069623
http://www.marketsandmarkets.com/PressReleases/antimicrobial-coatings.asp
http://www.marketsandmarkets.com/PressReleases/antimicrobial-coatings.asp
http://www.ncbi.nlm.nih.gov/pubmed/23847814
http://dx.doi.org/10.1016/j.jhin.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28081911
http://dx.doi.org/10.1021/nn102272n
http://www.ncbi.nlm.nih.gov/pubmed/20968290
http://dx.doi.org/10.1088/1748-6041/3/3/034003
http://www.ncbi.nlm.nih.gov/pubmed/18689922
http://www.ncbi.nlm.nih.gov/pubmed/20126579
http://dx.doi.org/10.1016/j.jhazmat.2014.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25559861
http://dx.doi.org/10.1007/s00204-013-1079-4
http://www.ncbi.nlm.nih.gov/pubmed/23728526
http://dx.doi.org/10.3109/17435390.2013.855831
http://www.ncbi.nlm.nih.gov/pubmed/24256211

Int. J. Environ. Res. Public Health 2017, 14, 366 20 of 23

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kékinen, A.; Bondarenko, O.; Ivask, A.; Kahru, A. The Effect of Composition of Different Ecotoxicological
Test Media on Free and Bioavailable Copper from CuSO4 and CuO Nanoparticles: Comparative Evidence
from a Cu-Selective Electrode and a Cu-Biosensor. Sensors 2011, 11, 10502-10521. [CrossRef] [PubMed]
Project on Emerging Nanotechnologies. Available online: http:/ /www.nanotechproject.org/ (accessed on 21
February 2017).

The Nanodatabase. Available online: http://nanodb.dk/ (accessed on 21 February 2017).

Fries, R.; Gressler, S.; Simko, M.; Gazsoé, A.; Fiedeler, U.; Michael, N. Nanosilver (Nanotrust Dossier No. 010en);
Institut fiir Technikfolgen-Abschatzung (ITA): Wien, Austria, 2010.

European Commission. Scientific Committee on Emerging and Newly Identified Health Risks. In Final
Opinion on Nanosilver: Safety, Health and Environmental Effects and Role in Antimicrobial Resistance; European
Union: Luxembourg, 2013.

Hartemann, P; Hoet, P; Proykova, A.; Fernandes, T.; Baun, A.; De Jong, W,; Filser, J.; Hensten, A.; Kneuer, C.;
Maillard, ].Y.; et al. Nanosilver: Safety, Health and Environmental Effects and Role in Antimicrobial
Resistance. Mater. Today 2015, 18, 122-123. [CrossRef]

Organisation for Economic Co-Operation and Development. Exposure Assessment of Nano-Silver (AgNP):
Case Study. Series on the Safety of Manufactured Nanomaterials No. 74. ENV/[M/MONO(2016)55; OECD: Paris,
France, 2016.

Part, E; Grefller, S.; Huber-Humer, M.; Gazso6, A. Environmentally Relevant Aspects of Nanomaterials at the
End-of-Life Phase—Part II: Waste Recycling and Disposal (Nanotrust Dossier No. 044en—April 2015); Institut fiir
Technikfolgen-Abschédtzung (ITA): Wien, Austria, 2015.

Schlich, K.; Klawonn, T.; Terytze, K.; Hund-Rinke, K. Hazard Assessment of a Silver Nanoparticle in Soil
Applied Via Sewage Sludge. Enviorn. Sci. Eur. 2013, 25, 17. [CrossRef]

Reed, R.B.; Zaikova, T.; Barber, A.; Simonich, M.; Lankone, R.; Marco, M.; Hristovski, K.; Herckes, P.,;
Passantino, L.; Fairbrother, D.H.; et al. Potential Environmental Impacts and Antimicrobial Efficacy of Silver-
and Nanosilver-Containing Textiles. Environ. Sci. Technol. 2016, 50, 4018-4026. [CrossRef] [PubMed]
Massarsky, A.; Trudeau, V.L.; Moon, T.W. Predicting the Environmental Impact of Nanosilver. Environ.
Toxicol. Pharmacol. 2014, 38, 861-873. [CrossRef] [PubMed]

D’Costa, VM.; King, C.E.; Kalan, L.; Morar, M.; Sung, W.W.L.; Schwarz, C.; Froese, D.; Zazula, G.; Calmels, F.;
Debruyne, R.; et al. Antibiotic Resistance Is Ancient. Nature 2011, 477, 457-461. [CrossRef] [PubMed]
Aminov, R. History of Antimicrobial Drug Discovery—Major Classes and Health Impact. Biochem. Pharmacol.
2016. [CrossRef] [PubMed]

Barillo, D.J.; Marx, D.E. Silver in Medicine: A Brief History BC 335 to Present. Burns 2014, 4 (Suppl. 1), S3-S8.
[CrossRef] [PubMed]

Percival, S.L.; Bowler, P.G.; Russell, D. Bacterial Resistance to Silver in Wound Care. J. Hosp. Infect. 2005, 60,
1-7. [CrossRef] [PubMed]

Graves, J.L.; Tajkarimi, M.; Cunningham, Q.; Campbell, A.; Nonga, H.; Harrison, S.H.; Barrick, J.E. Rapid
Evolution of Silver Nanoparticle Resistance in Escherichia coli. Front. Genet. 2015, 6, 42. [CrossRef] [PubMed]
Chacén, K.N.; Mealman, T.D.; McEvoy, M.M.; Blackburn, N.J. Tracking Metal Ions through a Cu/Ag Efflux
Pump Assigns the Functional Roles of the Periplasmic Proteins. Proc. Natl. Acad. Sci. USA 2014, 111,
15373-15378. [CrossRef] [PubMed]

Delmar, J.A.; Su, C.-C.; Yu, E.W. Bacterial Multidrug Efflux Transporters. Annu. Rev. Biophys. 2014, 43, 93-117.
[CrossRef] [PubMed]

Ortega Morente, E.; Fernandez-Fuentes, M.A.; Grande Burgos, M.].; Abriouel, H.; Pérez Pulido, R.; Galvez, A.
Biocide Tolerance in Bacteria. Int. |. Food Microbiol. 2013, 162, 13-25. [CrossRef] [PubMed]

Radzig, M.A.; Nadtochenko, V.A.; Koksharova, O.A.; Kiwi, J.; Lipasova, V.A.; Khmel, . A. Antibacterial
Effects of Silver Nanoparticles on Gram-Negative Bacteria: Influence on the Growth and Biofilms Formation,
Mechanisms of Action. Colloids Surf. B Biointerfaces 2013, 102, 300-306. [CrossRef] [PubMed]

Hoiby, N.; Ciofu, O.; Johansen, HK.; Song, Z.-].; Moser, C.; Jensen, PO.; Molin, S.; Givskov, M.;
Tolker-Nielsen, T.; Bjarnsholt, T. The Clinical Impact of Bacterial Biofilms. Int. J. Oral Sci. 2011, 3, 55-65.
[CrossRef] [PubMed]

Bondarczuk, K.; Piotrowska-Seget, Z. Molecular Basis of Active Copper Resistance Mechanisms in
Gram-Negative Bacteria. Cell Biol. Toxicol. 2013, 29, 397-405. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/s111110502
http://www.ncbi.nlm.nih.gov/pubmed/22346655
http://www.nanotechproject.org/
http://nanodb.dk/
http://dx.doi.org/10.1016/j.mattod.2015.02.014
http://dx.doi.org/10.1186/2190-4715-25-17
http://dx.doi.org/10.1021/acs.est.5b06043
http://www.ncbi.nlm.nih.gov/pubmed/26927927
http://dx.doi.org/10.1016/j.etap.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25461546
http://dx.doi.org/10.1038/nature10388
http://www.ncbi.nlm.nih.gov/pubmed/21881561
http://dx.doi.org/10.1016/j.bcp.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27720719
http://dx.doi.org/10.1016/j.burns.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25418435
http://dx.doi.org/10.1016/j.jhin.2004.11.014
http://www.ncbi.nlm.nih.gov/pubmed/15823649
http://dx.doi.org/10.3389/fgene.2015.00042
http://www.ncbi.nlm.nih.gov/pubmed/25741363
http://dx.doi.org/10.1073/pnas.1411475111
http://www.ncbi.nlm.nih.gov/pubmed/25313055
http://dx.doi.org/10.1146/annurev-biophys-051013-022855
http://www.ncbi.nlm.nih.gov/pubmed/24702006
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.12.028
http://www.ncbi.nlm.nih.gov/pubmed/23340387
http://dx.doi.org/10.1016/j.colsurfb.2012.07.039
http://www.ncbi.nlm.nih.gov/pubmed/23006569
http://dx.doi.org/10.4248/IJOS11026
http://www.ncbi.nlm.nih.gov/pubmed/21485309
http://dx.doi.org/10.1007/s10565-013-9262-1
http://www.ncbi.nlm.nih.gov/pubmed/24072389

Int. J. Environ. Res. Public Health 2017, 14, 366 21 of 23

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Argudin, M.A,; Lauzat, B.; Kraushaar, B.; Alba, P.; Agerso, Y.; Cavaco, L.; Butaye, P.; Porrero, M.C.; Battisti, A.;
Tenhagen, B.-A.; et al. Heavy Metal and Disinfectant Resistance Genes among Livestock-Associated
Methicillin-Resistant Staphylococcus aureus Isolates. Vet. Microbiol. 2016, 191, 88-95. [CrossRef] [PubMed]
Hobman, J.L.; Crossman, L.C. Bacterial Antimicrobial Metal Ion Resistance. J. Med. Microbiol. 2015, 64,
471-497. [CrossRef] [PubMed]

Larkin Mchugh, G.; Moellering, R.; Hopkins, C.; Swartz, M. Salmonella typhimurium Resistant to Silver Nitrate,
Chloramphenicol, and Ampicillin: A New Threat in Burn Units ? Lancet 1975, 305, 235-240. [CrossRef]
Bridges, K.; Kidson, A.; Lowbury, E.J.; Wilkins, M.D. Gentamicin- and Silver-Resistant Pseudomonas in a
Burns Unit. BMJ 1979, 1, 446—449. [CrossRef] [PubMed]

Lima de Silva, A.A.; de Carvalho, M.A.R.; de Souza, S.A.L.; Dias, PM.T.; da Silva Filho, R.G.; de Meirelles
Saramago, C.S.; de Melo Bento, C.A.; Hofer, E. Heavy Metal Tolerance (Cr, Ag and Hg) in Bacteria Isolated
from Sewage. Braz. ]. Microbiol. 2012, 43, 1620-1631. [CrossRef] [PubMed]

Sutterlin, S.; Edquist, P; Sandegren, L.; Adler, M.; Tangdén, T.; Drobni, M.; Olsen, B.; Melhus, A.
Silver Resistance Genes Are Overrepresented among Escherichia Coli Isolates with Ctx-M Production.
Appl. Environ. Microbiol. 2014, 80, 6863-6869. [CrossRef] [PubMed]

World Health Organization. Antimicrobial Resistance. Fact Sheet No. 194; WHO: Geneva, Switzerland, 2016.
Andersson, D.I.; Hughes, D. Microbiological Effects of Sublethal Levels of Antibiotics. Nat. Rev. Microbiol.
2014, 12, 465-478. [CrossRef] [PubMed]

Faunce, T.; Watal, A. Nanosilver and Global Public Health: International Regulatory Issues. Nanomedicine
2010, 5, 617-632. [CrossRef] [PubMed]

Hocquet, D.; Muller, A.; Bertrand, X. What Happens in Hospitals Does Not Stay in Hospitals:
Antibiotic-Resistant Bacteria in Hospital Wastewater Systems. J. Hosp. Infect. 2016, 93, 395-402. [CrossRef]
[PubMed]

Rossi-Fedele, G.; Dogramaci, E.J.; Guastalli, A.R.; Steier, L.; Poli de Figueiredo, ].A. Antagonistic Interactions
between Sodium Hypochlorite, Chlorhexidine, EDTA, and Citric Acid. Int. Endod. 2012, 38, 426—431.
[CrossRef] [PubMed]

Chen, J.; Qian, Y; Li, H.; Cheng, Y.; Zhao, M. The Reduced Bioavailability of Copper by Nano-TiO, Attenuates
the Toxicity to Microcystis aeruginosa. Environ. Sci. Pollut. Res. 2015, 22, 12407-12414. [CrossRef] [PubMed]
da Costa, PM.; Loureiro, L.; Matos, A.J.E. Transfer of Multidrug-Resistant Bacteria between Intermingled
Ecological Niches: The Interface between Humans, Animals and the Environment. Int. . Environ. Res.
Public Health 2013, 10, 278-294. [CrossRef] [PubMed]

Dhawan, A.; Sharma, V. Toxicity Assessment of Nanomaterials: Methods and Challenges. Anal. Bioanal.
Chem. 2010, 398, 589-605. [CrossRef] [PubMed]

Dekkers, S.; Oomen, A.G.; Bleeker, E.A.].; Vandebriel, R.J.; Micheletti, C.; Cabellos, J.; Janer, G.; Fuentes, N.;
Vazquez-Campos, S.; Borges, T.; et al. Towards a Nanospecific Approach for Risk Assessment. Regul. Toxicol.
Pharmacol. 2016, 80, 46-59. [CrossRef] [PubMed]

Vinkovic Vrcek, I.; Pavicic, I.; Crnkovic, T.; Jurasin, D.; Babic, M.; Horak, D.; Lovric, M.; Ferhatovic, L.;
Curlin, M.; Gajovic, S. Does Surface Coating of Metallic Nanoparticles Modulate Their Interference with in
Vitro Assays? RSC Adv. 2015, 5, 70787-70807. [CrossRef]

Guadagnini, R.; Halamoda Kenzaoui, B.; Walker, L.; Pojana, G.; Magdolenova, Z.; Bilanicova, D.;
Saunders, M.; Juillerat-Jeanneret, L.; Marcomini, A.; Huk, A.; et al. Toxicity Screenings of Nanomaterials:
Challenges Due to Interference with Assay Processes and Components of Classic in Vitro Tests. Nanotoxicology
2015, 9, 13-24. [CrossRef] [PubMed]

Gullberg, E.; Cao, S.; Berg, O.G.; Ilback, C.; Sandegren, L.; Hughes, D.; Andersson, D.I. Selection of Resistant
Bacteria at Very Low Antibiotic Concentrations. PLoS Pathog. 2011, 7, e1002158. [CrossRef] [PubMed]
Ashbolt, N.; Amézquita, A.; Backhaus, T.; Borriello, P.; Brandt, K.; Collignon, P.; Coors, A.; Finley, R.;
Gaze, W.; Heberer, T.; et al. Human Health Risk Assessment (HHRA) for Environmental Development and
Transfer of Antibiotic Resistance. Environ. Health Perspect. 2013, 121, 993-1001. [CrossRef] [PubMed]
Pallavicini, P.; Taglietti, A.; Dacarro, G.; Antonio Diaz-Fernandez, Y.; Galli, M.; Grisoli, P.; Patrini, M.; Santucci
De Magistris, G.; Zanoni, R. Self-Assembled Monolayers of Silver Nanoparticles Firmly Grafted on Glass
Surfaces: Low Ag+ Release for an Efficient Antibacterial Activity. J. Colloid Interface Sci. 2010, 350, 110-116.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.vetmic.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27374912
http://dx.doi.org/10.1099/jmm.0.023036-0
http://www.ncbi.nlm.nih.gov/pubmed/25418738
http://dx.doi.org/10.1016/S0140-6736(75)91138-1
http://dx.doi.org/10.1136/bmj.1.6161.446
http://www.ncbi.nlm.nih.gov/pubmed/106914
http://dx.doi.org/10.1590/S1517-83822012000400047
http://www.ncbi.nlm.nih.gov/pubmed/24031994
http://dx.doi.org/10.1128/AEM.01803-14
http://www.ncbi.nlm.nih.gov/pubmed/25128339
http://dx.doi.org/10.1038/nrmicro3270
http://www.ncbi.nlm.nih.gov/pubmed/24861036
http://dx.doi.org/10.2217/nnm.10.33
http://www.ncbi.nlm.nih.gov/pubmed/20528456
http://dx.doi.org/10.1016/j.jhin.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26944903
http://dx.doi.org/10.1016/j.joen.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22414823
http://dx.doi.org/10.1007/s11356-015-4492-9
http://www.ncbi.nlm.nih.gov/pubmed/25903177
http://dx.doi.org/10.3390/ijerph10010278
http://www.ncbi.nlm.nih.gov/pubmed/23343983
http://dx.doi.org/10.1007/s00216-010-3996-x
http://www.ncbi.nlm.nih.gov/pubmed/20652549
http://dx.doi.org/10.1016/j.yrtph.2016.05.037
http://www.ncbi.nlm.nih.gov/pubmed/27255696
http://dx.doi.org/10.1039/C5RA14100A
http://dx.doi.org/10.3109/17435390.2013.829590
http://www.ncbi.nlm.nih.gov/pubmed/23889211
http://dx.doi.org/10.1371/journal.ppat.1002158
http://www.ncbi.nlm.nih.gov/pubmed/21811410
http://dx.doi.org/10.1289/ehp.1206316
http://www.ncbi.nlm.nih.gov/pubmed/23838256
http://dx.doi.org/10.1016/j.jcis.2010.06.019
http://www.ncbi.nlm.nih.gov/pubmed/20621306

Int. J. Environ. Res. Public Health 2017, 14, 366 22 of 23

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Campoccia, D.; Montanaro, L.; Arciola, C.R. A Review of the Biomaterials Technologies for Infection-Resistant
Surfaces. Biomaterials 2013, 34, 8533-8554. [CrossRef] [PubMed]

Hetrick, E.M.; Schoenfisch, M.H. Reducing Implant-Related Infections: Active Release Strategies. Chem. Soc.
Rev. 2006, 35, 780-789. [CrossRef] [PubMed]

Lichter, J.A.; Van Vliet, K.J.; Rubner, M.F. Design of Antibacterial Surfaces and Interfaces: Polyelectrolyte
Multilayers as a Multifunctional Platform. Macromolecules 2009, 42, 8573-8586. [CrossRef]

Hsu, B.B,; Park, M.-H.; Hagerman, S.R.; Hammond, P.T. Multimonth Controlled Small Molecule Release
from Biodegradable Thin Films. Proc. Natl. Acad. Sci. USA 2014, 111, 12175-12180. [CrossRef] [PubMed]
Cheng, H.; Li, Y.; Huo, K.; Gao, B.; Xiong, W. Long-Lasting In Vivo and In Vitro Antibacterial Ability of
Nanostructured Titania Coating Incorporated with Silver Nanoparticles. |. Biomed. Mater. Res. A 2014, 102,
3488-3499. [CrossRef] [PubMed]

Zarie, E.S.; Kaidas, V.; Gedamu, D.; Mishra, YK.; Adelung, R.; Furkert, FH.; Scherlief3, R.; Steckel, H.;
Groessner-Schreiber, B. Solvent Free Fabrication of Micro and Nanostructured Drug Coatings by Thermal
Evaporation for Controlled Release and Increased Effects. PLoS ONE 2012, 7, e40746. [CrossRef] [PubMed]
Kwok, C.S.; Horbett, T.A.; Ratner, B.D. Design of Infection-Resistant Antibiotic-Releasing Polymers: II.
Controlled Release of Antibiotics through a Plasma-Deposited Thin Film Barrier. J. Control. Release 1999, 62,
301-311. [CrossRef]

Yin, B,; Liu, T,; Yin, Y. Prolonging the Duration of Preventing Bacterial Adhesion of Nanosilver-Containing
Polymer Films through Hydrophobicity. Langmuir 2012, 28, 17019-17025. [CrossRef] [PubMed]

De Las Heras Alarcon, C.; Pennadam, S.; Alexander, C. Stimuli Responsive Polymers for Biomedical
Applications. Chem. Soc. Rev. 2005, 34, 276-285. [CrossRef] [PubMed]

Roy, D.; Cambre, J.N.; Sumerlin, B.S. Future Perspectives and Recent Advances in Stimuli-Responsive
Materials. Prog. Polym. Sci. 2010, 35, 278-301. [CrossRef]

Zhuk, I; Jariwala, E; Attygalle, A.B.; Wu, Y,; Libera, M.R.; Sukhishvili, S.A. Self-Defensive Layer-by-Layer
Films with Bacteria-Triggered Antibiotic Release. ACS Nano 2014, 8, 7733-7745. [CrossRef] [PubMed]
Pichavant, L.; Amador, G.; Jacqueline, C.; Brouillaud, B.; Héroguez, V.; Durrieu, M.-C. PH-Controlled
Delivery of Gentamicin Sulfate from Orthopedic Devices Preventing Nosocomial Infections. ]. Control.
Release 2012, 162, 373-381. [CrossRef] [PubMed]

Mann, E.E.; Manna, D.; Mettetal, M.R.; May, R.M.; Dannemiller, E.M.; Chung, K.K.; Brennan, A.B.; Reddy, S.T.
Surface Micropattern Limits Bacterial Contamination. Antimicrob. Resist. Infect. Control 2014, 3, 28. [CrossRef]
[PubMed]

Schumacher, J.E; Carman, M.L.; Estes, T.G.; Feinberg, A.W.; Wilson, L.H.; Callow, M.E.; Callow, J.A,;
Finlay, J.A.; Brennan, A.B. Engineered Antifouling Microtopographies—Effect of Feature Size, Geometry,
and Roughness on Settlement of Zoospores of the Green Alga Ulva. Biofouling 2007, 23, 55-62. [CrossRef]
[PubMed]

Li, Z.; Lee, D.; Sheng, X.; Cohen, R.E.; Rubner, M.F. Two-Level Antibacterial Coating with both Release-Killing
and Contact-Killing Capabilities. Langmuir 2006, 22, 9820-9823. [CrossRef] [PubMed]

Kim, S.; Zhou, Y,; Cirillo, ].D.; Polycarpou, A.A.; Liang, H. Bacteria Repelling on Highly-Ordered
Alumina-Nanopore Structures. J. Appl. Phys. 2015, 117, 155302. [CrossRef] [PubMed]

Gour, N.; Ngo, K.X,; Vebert-Nardin, C. Anti-Infectious Surfaces Achieved by Polymer Modification. Macromol.
Mater. Eng. 2014, 299, 648—668. [CrossRef]

Tanihara, M.; Suzuki, Y.; Nishimura, Y.; Suzuki, K.; Kakimaru, Y.; Fukunishi, Y. A Novel Microbial
Infection-Responsive Drug Release System. |. Pharm. Sci. 1999, 88, 510-514. [CrossRef] [PubMed]
Komnatnyy, V.V.; Chiang, W.-C.; Tolker-Nielsen, T.; Givskov, M.; Nielsen, T.E. Bacteria-Triggered Release of
Antimicrobial Agents. Angew. Chem. Int. Ed. 2014, 53, 439-441. [CrossRef] [PubMed]

Cado, G.; Aslam, R.; Séon, L.; Garnier, T.; Fabre, R.; Parat, A.; Chassepot, A.; Voegel, J.C.; Senger, B.;
Schneider, F; et al. Self-Defensive Biomaterial Coating against Bacteria and Yeasts: Polysaccharide Multilayer
Film with Embedded Antimicrobial Peptide. Adv. Funct. Mater. 2013, 23, 4801-4809. [CrossRef]

Boholm, M.; Arvidsson, R.; Boholm, A.; Corvellec, H.; Molander, S. Dis-Ag-Reement: The Construction
and Negotiation of Risk in the Swedish Controversy over Antibacterial Silver. J. Risk Res. 2015, 18, 93-110.
[CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2013.07.089
http://www.ncbi.nlm.nih.gov/pubmed/23953781
http://dx.doi.org/10.1039/b515219b
http://www.ncbi.nlm.nih.gov/pubmed/16936926
http://dx.doi.org/10.1021/ma901356s
http://dx.doi.org/10.1073/pnas.1323829111
http://www.ncbi.nlm.nih.gov/pubmed/25092310
http://dx.doi.org/10.1002/jbm.a.35019
http://www.ncbi.nlm.nih.gov/pubmed/24178451
http://dx.doi.org/10.1371/journal.pone.0040746
http://www.ncbi.nlm.nih.gov/pubmed/22870203
http://dx.doi.org/10.1016/S0168-3659(99)00105-4
http://dx.doi.org/10.1021/la303264k
http://www.ncbi.nlm.nih.gov/pubmed/23137302
http://dx.doi.org/10.1039/B406727D
http://www.ncbi.nlm.nih.gov/pubmed/15726163
http://dx.doi.org/10.1016/j.progpolymsci.2009.10.008
http://dx.doi.org/10.1021/nn500674g
http://www.ncbi.nlm.nih.gov/pubmed/25093948
http://dx.doi.org/10.1016/j.jconrel.2012.06.033
http://www.ncbi.nlm.nih.gov/pubmed/22771533
http://dx.doi.org/10.1186/2047-2994-3-28
http://www.ncbi.nlm.nih.gov/pubmed/25232470
http://dx.doi.org/10.1080/08927010601136957
http://www.ncbi.nlm.nih.gov/pubmed/17453729
http://dx.doi.org/10.1021/la0622166
http://www.ncbi.nlm.nih.gov/pubmed/17106967
http://dx.doi.org/10.1063/1.4918305
http://www.ncbi.nlm.nih.gov/pubmed/25944966
http://dx.doi.org/10.1002/mame.201300285
http://dx.doi.org/10.1021/js980418j
http://www.ncbi.nlm.nih.gov/pubmed/10229641
http://dx.doi.org/10.1002/anie.201307975
http://www.ncbi.nlm.nih.gov/pubmed/24288347
http://dx.doi.org/10.1002/adfm.201300416
http://dx.doi.org/10.1080/13669877.2013.879492

Int. J. Environ. Res. Public Health 2017, 14, 366 23 of 23

100.

101.

102.

103.

104.

105.

106.

107.

Garduiio-Balderas, L.G.; Urrutia-Ortega, L. M.; Medina-Reyes, E.I; Chirino, Y.I. Difficulties in Establishing
Regulations for Engineered Nanomaterials and Considerations for Policy Makers: Avoiding an Unbalance
between Benefits and Risks. J. Appl. Toxicol. 2015, 35, 1073-1085. [CrossRef] [PubMed]

Organisation for Economic Co-Operation and Development. Guidance on Sample Preparation and Dosimetry
for the Safety Testing of Manufactured Nanomaterials. Series on the Safety of Manufactured Nanomaterials No. 36.
ENV/IM/MONO(2012)40; OECD: Paris, France, 2012.

Capon, A; Gillespie, J.; Rolfe, M.; Smith, W. Comparative Analysis of the Labelling of Nanotechnologies
across Four Stakeholder Groups. . Nanopart. Res 2015, 17, 327. [CrossRef] [PubMed]

Organisation for Economic Co-Operation and Development. Citizens as Partners. OECD Handbook on
Information, Consultation and Public Participation in Policy-Making; OECD: Paris, France, 2001.

U.S. Environmental Protection Agency Office of Pesticide Program Antimicrobials Division. Decision
Document: Conditional Registration of HEIQ AGS-20 as a Materials Preservative in Textiles; EPA: Washington, DC,
USA, 2011.

Ho, C.-M,; Yau, S.K.-W.; Lok, C.-N.; So, M.-H.; Che, C.-M. Oxidative Dissolution of Silver Nanoparticles by
Biologically Relevant Oxidants: A Kinetic and Mechanistic Study. Chem. Asian J. 2010, 5, 285-293. [CrossRef]
[PubMed]

Dancer, S.J. Dos and Don’ts for Hospital Cleaning. Curr. Opin. Infect. Dis. 2016, 29, 415-423. [CrossRef]
[PubMed]

Van Harmelen, T.; Zondervan-van den Beuken, E.K.; Brouwer, D.H.; Kuijpers, E.; Fransman, W.; Buist, H.B.;
Ligthart, T.N.; Hincapié, I.; Hischier, R.; Linkov, L; et al. LICARA Nanoscan—A Tool for the Self-Assessment
of Benefits and Risks of Nanoproducts. Environ. Int. 2016, 91, 150-160. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1002/jat.3180
http://www.ncbi.nlm.nih.gov/pubmed/26046543
http://dx.doi.org/10.1007/s11051-015-3129-8
http://www.ncbi.nlm.nih.gov/pubmed/26246798
http://dx.doi.org/10.1002/asia.200900387
http://www.ncbi.nlm.nih.gov/pubmed/20063340
http://dx.doi.org/10.1097/QCO.0000000000000289
http://www.ncbi.nlm.nih.gov/pubmed/27272734
http://dx.doi.org/10.1016/j.envint.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/26949868
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Question 1: What Are the Possible (Eco)toxicological Risks Related to Application of Antimicrobial Materials in Healthcare Settings? 
	AMCs: Classification and Mechanism(s) of Action 
	Biocidal Chemicals Used in Antimicrobial Coatings Are Inherently Toxic 
	Relevant Regulations Involved in Europe 
	Risks Arising Due to the Use of Antimicrobial Coatings in Healthcare Settings: Silver Nanoparticles as a Model Compound 

	Question 2: What Are the Possible Risks of Antimicrobial Coatings Related to the Potential Development of Antimicrobial Resistance? 
	Antimicrobial Resistance as a Global Problem 
	Antimicrobial Coatings as Potential Inducers of Resistant Microbes 
	Contribution of Antimicrobial Coatings to the Development of Antimicrobial Resistance: Data-Gaps 
	Development of Antimicrobial Resistance Due to Antimicrobial Coatings: Potential Risks at Different Levels and over the Coatings’ Life Cycle 

	Question 3: Could the Ecotoxicological Risks and Risks Related to Potential Development of Antimicrobial Resistance Arising from the Application of Antimicrobial Materials in Healthcare Settings Be Addressed at the Level of ‘Safe-By-Design’? 
	Safe-By-Design Approach in Antimicrobial Coatings Use and Development 
	Quality, Efficacy and Safety Assessments of Antimicrobial Coatings 
	The Use of Safe-by-Design Principle in the Development of Antimicrobial Coatings 

	Question 4: Adverse Effects/Risk-Benefit Analyses of AMCs: Who Should Be Involved in the Process? 

	Different Aspects of Risk-Benefit Analysis of Application of AMC in Healthcare Setting 
	Conclusions 

