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According to World Health Organization, every year in the European Union, 4 million patients acquire a
healthcare associated infection.

Even though some microorganisms represent no threat to healthy people, hospitals harbor different levels of
immunocompetent individuals, namely patients receiving immunosuppressors, with previous infections, or those
with extremes of age (young children and elderly), requiring the implementation of effective control measures.

Public spaces have also been found an important source of infectious disease outbreaks due to poor or none

infection control measures applied.

In both places, surfaces play a major role on microorganisms’ propagation, yet they are very often neglected,
with very few guidelines about efficient cleaning measures and microbiological assessment available.

To overcome surface contamination problems, new strategies are being designed to limit the microorganisms’
ability to survive over surfaces and materials.

Surface modification and/or functionalization to prevent contamination is a hot-topic of research and several
different approaches have been developed lately. Surfaces with anti-adhesive properties, with incorporated
antimicrobial substances or modified with biological active metals are some of the strategies recently proposed.

This review intends to summarize the problems associated with contaminated surfaces and their importance
on infection spreading, and to present some of the strategies developed to prevent this public health problem,
namely some already being commercialized.

1. Introduction

Microorganisms’ spreading, and consequent infection propagation is
a serious concern worldwide, yet there are still very few guidelines or
legislation for infection propagation control in public spaces. The ex-
ception is made for healthcare facilities with the existence of few
guidelines and orientations for infection prevention and control,
nevertheless hospital acquired infection (HAI) remains a tremendous
problem. One of the main causes for the high number of HAI reported
by the World Health Organization (WHO) is related to the ability of the
microorganisms to survive for long periods in hostile environments
such as dry surfaces [1,2].

Rooms occupied with infected patients often have their surfaces
contaminated with pathogens leading to the contamination of hands
and gloves of medical staff, and consequent transfer of these micro-
organisms to patients or onto other surfaces. This cross-contamination
mechanism has already been recognized and lead to the implementa-
tion of hygiene procedures for hands when contacting with patients.

Still, it is more likely for a patient to get an infection when staying in a
room previously occupied by an infected patient. Thus, infected pa-
tients are the primary source of surface and material contamination.
Visitors and/or asymptomatic carriers also contribute to the spread of
microorganisms, especially in situations where there is an apparent
sense of safety [3]. As said before, there are guidelines for surface
cleaning and disinfection in hospitals, however, those recommenda-
tions are not sufficient to solve such a problem and the incorrect fol-
lowing of the disinfection instructions can even cause greater con-
tamination problems [4].

This review considered English-language articles retrieved from
PubMed database literature searches, bibliographies from published
articles, and infection-control books and chapters, in a total of 205
references published between 2000 and 2018, considering the fol-
lowing criteria: the most recent studies performed on microbiological
analysis on different surfaces reporting samplings performed on food
contact surfaces, public spaces and hospital surfaces, where micro-
organisms occur naturally. For the antimicrobial and self-cleaning
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Table 1

Colloids and Surfaces B: Biointerfaces 178 (2019) 8-21

Examples of microorganisms isolated from different surfaces and some of their associated pathologies.

Microorganism

Surfaces where it was found

Associated pathologies

Acinetobacter spp.

Aspergillus spp.
Campylobacter spp.

Candida spp.
Clostridium difficile

Coronavirus

Enterococcus spp. (including
vancomycin-resistant enterococci)

Hospital surfaces (mattresses, medical charts ...)
[33,42,143,144]

Environmental surfaces (telephones) [17]

Food-contact surfaces [145,146]

Hospital surfaces (cleaning towels, nursing stations, sink waste
pipes, medical overalls...) [39,149,150]

Food-contact surfaces [155-158]

Hospital surfaces (sink, chairs...) [144,160]

Hospital surfaces (bed rails, tables, call buttons, toilets,
chairs...) [28,163,164]

Environmental surfaces (toilets, sinks, vacuum cleaners, hotel
room surfaces...) [165,166]

Environmental surfaces (daycare center surfaces, university
classroom surfaces) [16,168]

Hospital surfaces (bedrails, doorknobs, ventilator control panels,
TV remote controls...) [169,170]

Hospital surfaces (mattresses, medical charts...) [33,42,143]
Environmental surfaces (fitness centers...) [18]

Respiratory tract infection, pneumonia, wound infection, bacteremia
[147,148]

Pulmonary infection, skin infection, central nervous system infection,
endocarditis [151-154]

Gastroenteritis (diarrhea) [7,159]

Oral and vaginal Candidiasis [161,162]

Gastroenteritis (diarrhea), Pseudomembranous colitis [167]

SARS (severe acute respiratory syndrome) and MERS (middle east
respiratory syndrome) [171]

Endocarditis, meningitis, catheter-related infection [173-175]

Food-contact surfaces [172]
Escherichia coli
Food-contact surfaces [11,155,172]
Influenza virus
TV remote controls) [180-182]
Hospital Surfaces [181]
Klebsiella spp.
[32,33,143,144]

Environmental surfaces (fitness centers...) [18]

Food-contact surfaces [146]
Norovirus
telephones...) [184,185]

Hospital surfaces (medical charts...) [143,144,176]

Environmental surfaces (toilets, toys, faucets, floors, door knobs,

Hospital surfaces (mattresses, medical charts ...)

Hospital surfaces (door handles, taps, light switch,

Gastroenteritis (diarrhea), peritonitis, urinary tract infection
[177-179]
Influenza (flu) [183]

Urinary tract infection, pneumonia, respiratory tract infection
[148,177]

Gastroenteritis (diarrhea)[188]

Environmental surfaces (carpets, door handles, soft furnishing,

toilet seats, tables...) [186,187]
Pseudomonas spp.
[32,33,144]

Rotavirus

Hospital surfaces (mattresses, showers, taps, sinks, bed rails...)

Hospital surfaces (bed rails, chairs, cardiac monitor keyboard,

Wound infection, urinary tract infection, respiratory tract infection,
pancreatitis, otitis, necrotizing pneumonia, bacteremia, sepsis
[189-192]

Rotavirosis (acute diarrhea) [159]

door handles, TV remote controls, telephones...) [193,194]

Salmonella spp. Food-contact surfaces [146,155,157,158]

Enteric fever, Gastroenteritis (diarrhea) [7,159,197]

Environmental surfaces (fitness centers, toilets...) [18,195]
Hospital Surfaces (curtains, stethoscope...) [42,196]

Staphylococcus spp. (including MRSA)
charts ...) [32,33,36,38,143,144]

Hospital surfaces (mattresses, curtains, ECG wires, medical

Gastroenteritis (diarrhea), skin infection, pneumonia, catheter
infection [7,199-201]

Environmental surfaces (public telephones, fitness centers,
elevator buttons, hotel room surfaces...) [17-19,166]

Food contact surfaces [155,172,198]

surfaces studies, the most recent and relevant works developed on
surface modification or functionalization were selected and two main
types of surfaces were considered for this review - anti-adhesive sur-
faces and antimicrobial surfaces, along with their subtypes. Finally,
products already commercially available with enough reliable manu-
facturers’ information about the product and its adequacy to the topics
discussed in this review were also included.

2. Role of surfaces in infection propagation: a public health
problem

Contamination spreading by contact can occur either by direct
contact with an infected patient, or indirectly through a contaminated
object or surface [5].

Surfaces represent an important way of transmission of diseases
since they can act as a reservoir of microorganisms that may spread to
whoever contacts with the surface. Especially in crowded spots as
public transports or public spaces and places susceptible of the presence
of microorganisms like healthcare facilities, surfaces may represent a
serious source of infection spreading [6]. Table 1 describes the micro-
organisms detected in hospital, food handling, and other environmental
surfaces.

2.1. Food contact surfaces

It is estimated that each year, in the United States alone, 9.4 million
episodes of foodborne illness occur resulting nearly 56,000 hospitali-
zations and over 1300 deaths. The microorganisms most commonly
associated with this phenomenon are norovirus, Salmonella spp.,
Clostridium perfringens and Campylobacter [7].

Food contamination can result from several factors and occur at
different points of the preparation process. From farming to the mo-
ment of consuming, food goes through several steps where con-
tamination by microorganisms can occur. Temperature and storage
conditions are important factors to prevent food spoilage however,
there are other factors that can cause microbiological contamination
[8].

Food-contact surfaces’ contamination can cause food contamination
with pathogens during processing or packaging. Bacteria are naturally
present in plants and animals and it is easy for them to attach to a food
contact surface during handling. Due to adhesion mechanisms bacteria
can remain on the surfaces and contaminate other foods [9]. Chopping
boards, knifes and preparation tables are just some of the food pre-
paration instruments found contaminated with bacteria [10].

Saad et al. [11] evaluated hygiene conditions on food preparation
facilities by analysing food-contact surfaces and the results were quite
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adverse, suggesting fecal contamination. Coliform bacteria were found
in dining tables (58%), food trays (33%), cooking pots (33%) and
kitchen faucets (8%). In addition, E. coli was identified in some cooking
pots.

In this study, surfaces with a count of total mesophilic aerobes
of > 10 CFU/cm? or > 1 CFU/cm? for E. coli and coliforms were con-
sidered to fail hygiene criteria, according to the Commission of the
European Communities guidelines [12] for hygiene conditions in fresh
meat processing facilities.

Although most countries have guidelines about hygiene measures
and good practice on food processing facilities not always the cleaning
procedures are sufficient to prevent microorganisms propagation [4].
Most of the times the cleaning cloths used in cleaning can become
contaminated if soaked with disinfectants in the wrong dilution
(common fault in food handling facilities), contributing to micro-
organisms’ spread to previously uncontaminated surfaces [13].

In the food industry, the occurrence of biofilm formation is also a
common event due to inefficient cleaning and disinfection. The re-
maining microorganisms can survive on the surfaces, especially if food
residues remain. This will promote the development and multiplication
of bacteria with consequent biofilm formation that is extremely hard to
eliminate, becoming even more difficult to disinfect the surface [14].

2.2. Schools and public spaces

Schools and day-care centers are hot spots of infection spreading.
Lack of hygiene habits, common among very young children, is one of
the main causes of contamination between kids, leading to the con-
tamination of other children, staff, parents or people in the community,
either by direct contact or by contaminating surfaces.[15].

Ibfelt et al. [16] evaluated the presence of bacteria and viruses in
day-care centers in Denmark and different surfaces from toilets,
kitchens and playrooms were analyzed. The results proved con-
tamination by several bacteria and virus. Despite the main bacteria
present were non-pathogenic, several surfaces revealed the presence of
coliform and nasopharyngeal bacteria. Respiratory viruses were mainly
present on toys but also on pillows and playroom tables. Gastro-
intestinal viruses although less prevalent were found in some surfaces,
mainly on playroom pillows and toilet surfaces.

A study by Jerkovié-Mujki¢ et al. [17] analyzed potential con-
tamination in 60 public telephones and the results showed high pre-
sence of microorganisms on the surfaces. Staphylococcus epidermidis
(73.3%) and Bacillus subtilis (40%) were the most common bacteria
identified, however more species were isolated.

Mukherjee et al. [18] evaluated the presence of microorganisms on
different surfaces of a fitness center. The samples were collected from
skin-contact surfaces as floor mats and exercise instruments, regularly
shared by many people. In total, 63 species were identified with the
presence of some pathogenic or potential pathogenic bacteria like Sal-
monella, Staphylococcus or Klebsiella. Staphylococci were present in the
majority of the surfaces being one the most prevalent species, namely S.
aureus, S. epidermidis and Staphyloccocus saprophyticus.

Kandel et al. [19] developed a study with stupefying results. They
compared microbiological contamination of toilet surfaces with buttons
on hospital elevators, and the buttons showed higher colonization
(61%) than the toilets (43%). The most common bacteria on both
surfaces were Staphylococcus and Streptococcus, however other bacterial
species were founded, as wells as fungi.

Otter and French [6] studied the presence of microorganisms in
hand-touch surface in public transport system. The samples were col-
lected from several surfaces in trains, stations and buses of London. The
presence of bacteria was confirmed, and most sites presented a median
bacterial concentration of 12 CFU cm™2 Even though there are no
guidelines for acceptable values for bacteria's presence on surfaces of
public spaces this value is higher than the recommended for food-
processing surfaces [12] and hospital hand-contact surfaces [20,21].
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2.3. Hospital surfaces

It has been recognized that hospitals’ contaminated surfaces and
medical equipment contribute to the contamination of patients and
medical staff [3,5]. Several factors contribute to this occurrence but the
mains reason is associated with the high prevalence of microorganisms
in healthcare facilities.

Pathogens with the ability to cause high rates of infection come
from different sources such as patients’ endogenous flora (40-60%),
hands of medical staff and assistants (20-40%), antibiotic-driven
changes in patients’ flora (20-25%) and other, including contamination
of the environment (20%) [22].

Carling et al. [23,24] have shown that in some cases less than 50%
of hospital surfaces can be considered clean after terminal disinfection
procedures. However, for specific surfaces the rate can be even more
alarming with less than 30% of bedpan cleaners, bathroom hand-holds,
light switches, and doorknobs being cleaned [25]. Contact between
hands and gloves of medical staff with contaminated surfaces leads to
pathogens’ spreading to other surfaces and people [5]. Particularly if
they are immunocompromised patients, the risk of developing an in-
fection is very high [26].

Stiefel et al. [27] found out that the level of contamination of gloves
on medical staff after contact with patients’ skin sites was actually quite
similar (40% vs 45%) to the level of contamination after contacting
with surfaces on methicillin- resistant Staphylocococcus aureus (MRSA)
carriers’ rooms, suggesting that environmental surfaces may pose ser-
ious risks.

An identical study from Guerrero et al. [28] found similar results for
C. difficile contamination, proving that the risk of hand contamination
after contact with patients’ skin was the same than when contacting
with rooms’ highly-touched surfaces (50% vs 50%).

This issue is also related to the compliance of hospital workers on
performing disinfection protocols. A recent study from Stahmeyer et al.
[29] showed that only 42% of healthcare workers washed their hands
before contact with a patient, and 50% washed their hands after contact
with the patient. Also, this study found out that 94.3% of healthcare
workers’ hand hygiene procedure lasted less than 15s (average 7.65s),
when the recommendations is that it should last around 30s.

Another study evaluating disinfection compliance by healthcare
workers showed that only 26% of the enquired radiologists affirmed to
disinfect their workstation daily, 24% admitted never to have disin-
fected their workstation, and 100% said to have never received any
recommendation on how to perform the disinfection [30].

Several studies have proved that surfaces in rooms of patients in-
fected with important pathogens are frequently contaminated, and that
a person admitted to a room previously occupied by an infected patient
has an increased likelihood of developing colonization or infection with
that pathogen [25,31].

A study performed in Portugal by Geadas Farias et al. [32] revealed
hospital surfaces’ contamination with different microorganisms, mostly
Pseudomonas and Staphylococcus. Several surfaces were contaminated
but some of those with higher microbiological presence were surfaces
associated with water distribution system as sinks, taps, showers and
drains.

Viana et al. [33] performed an analysis on hospital mattresses, and
resistant bacteria were found on about 50% of the evaluated mattresses.
A. baumannii was the main species found, being present in 73.1% of the
mattresses, but also other pathogens were collected as K. pneumoniae
and P. aeruginosa. This study also identified the microorganisms found
on mattresses and showed that in 54% of the cases the microorganisms
were not related to the current patient admitted in the room but to the
previous one, concluding that even after cleaning microorganisms still
remain on the mattresses being a possible source of contamination to
other patients.

Despite most studies evaluating the effectiveness of room disinfec-
tion have focused on some specific surfaces considered dirty (sink,
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toilets, etc.), all spots must be considered since contamination can be
present on unsuspected surfaces [34]. Actually, White et al. [35] found
out in an hospital that microbiologically the sinks and floors were
cleaner than hand touch sites as chairs, beds and cardiac monitors
buttons.

Shek et al. [36] developed a study where hospital curtains of burn
and plastic surgery units were microbiologically tested. The results
proved a considerable presence of bacteria on the curtains, even multi
resistant bacteria as MRSA.

Levin et al. [37] found that in situations of poor infection control
practices it is possible for patients to become a source for unresolved
contamination of portable radiographic equipment with pathogenic
bacteria, namely resistant bacteria.

Lestari et al. [38] performed a similar study but evaluating ECG lead
wires, and among the 451 lead wires analyzed only 2 were non-con-
taminated with some type of microorganism. Coagulase negative sta-
phylococci and aerobic spore forming bacteria, two important types of
pathogens, were present in 96% and 71% of the wires respectively. The
ineffective cleaning associated with the ability of microorganisms to
survive on surfaces under hostile conditions, for long periods of time, is
a serious cause of pathogens spreading to people and to other surfaces
[31].

The presence of biofilms, the substances used in the cleaning pro-
cess, and the method and frequency of cleaning, all interfere in the
grade to which microorganisms resist to the cleaning and disinfection
procedures. Badly executed cleaning procedures may bring bigger
problems than not cleaning at all. The transmission of microorganisms
from a contaminated surface to a clean one can occur if the cleaning
method is not correct. Also, most detergents do not have antimicrobial
activity they only act in the microorganisms’ removal, leading to the
contamination of the cleaning cloths with viable microorganisms, and
its consequent spread to non-contaminated surfaces [39].

The frequency of cleaning is also an important factor, since surfaces
such as toilets, sinks, and other known as dirty surfaces tend be cleaned
frequently [40]. However, other surfaces thought safe but still highly
touched are often neglected, being poorly cleaned. For example, ac-
cording to the Practical Guidelines for Infection Control in Health Care
Facilities [41], mattresses without plastic covers must be steam cleaned
if contaminated with body fluids. However, if body fluid contamination
does not occur the mattresses are not so often cleaned, allowing mi-
croorganisms to accumulate with time and use, as proved by Viana
et al. [33]. Also Geadas Farias et al. [32] have found that surfaces
usually not considered dirty but highly touched as light switches or
nursing trays were contaminated with several microorganisms.

A very recent study by Johani et al. [42] revealed the presence of
biofilms in many surfaces of intensive care units despite regular disin-
fection procedures. Several highly touched surfaces were analyzed and
in 70%, the presence of biofilm was proved by scanning electron mi-
Croscopy.

In many situations the lack of adequate training of the environ-
mental cleaning services or of the medical staff ultimately promotes the
use of inappropriate detergents or germicides promoting the survival of
microorganisms on the surfaces, even after cleaning [43].

Among the most used disinfectants are substances based on
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hypochlorite, alcohols, aldehydes, phenols and quaternary ammonium
compounds [44]. However, not all of these substances are efficient
against some specific types of microorganisms, namely spore forming
pathogens like C. difficile [45]. Some disinfectants may cause resistance
on the microorganisms if not used within specific parameters [46].

There are several guidelines [41,47,48] for infection control that
suggest cleaning and disinfection methodologies to be applied in
healthcare facilities. These guidelines not only suggest how to disinfect
medical equipment but also how to clean environmental surfaces as
floors, furniture or toilet seats. However, different guidelines present
different opinions on the frequency of cleaning or advisable disin-
fectants/detergents for each situation since there is no standardization
for the methods and cleaning agents to be used.

In addition, there is a lack of guidelines suggesting effective stan-
dardized methods to assess environmental cleaning. Visual evaluation is
still the most used method to determine a surface cleanness, however
even if a surface is apparently clean it can contain a high microbial load
[49].

3. Guidelines for microbiologic limit values on surfaces

According to the Commission of the European Communities [12]
guidelines for hygiene conditions in fresh meat processing facilities,
food-contact surfaces with > 10 CFU/cm? for total viable count
and > 1 CFU/cm? for Enterobacteriaceae are considered unacceptable.

There are no established limit values for microorganisms on surfaces
for Public spaces, and there is poor control on cleaning performance. As
depicted in Section 2.2 surfaces in these places are often contaminated
showing values higher than those allowed on healthcare facilities
(2.5-5 CFUs/cm?). More regulation should be made to assess the
cleaning and disinfection efficacy and compliance on such places,
namely on spaces with more susceptible people as schools, day-care
centers or elderly homes. More guidelines about how to clean and how
often would be a good option, as well as a higher microbiological as-
sessment on surfaces, that is rarely or never done in public spaces.

For healthcare facilities, there is some controversy about the ac-
ceptable number of microorganisms on surfaces since there are no es-
tablished thresholds, only tentative suggestions from researchers.

For some authors, clean hand-contact surfaces in hospitals must
have less than 5 CFUs/cm?, with an increased risk of infection for values
above that [20]. Other researchers have proposed the maximum value
of 2.5CFUs/cm? as the limit level of contamination in clean hospital
surfaces [21,50].

For some specific microorganisms, considered indicator organisms,
the limit value must be even lower. The presence of such microorgan-
isms (for example S. aureus, C. difficile, vancomycin-resistant Enterococci
or Acinetobacter spp.) is considered indicative of the need for cleaning
even at levels of 1 CFUs/cm? [20]. Some reference limit-values either
from governmental entities or from research studies are listed in
Table 2.

The limit of < 1 CFUs/cm? for indicator microorganisms makes
sense since it has been shown that an infectious dose of 1 CFUs/cm? was
sufficient to cause C. difficile infection on mice [45]. Also, it was ob-
served that very low doses of norovirus have the capacity to cause

Table 2
Limit values suggested for aerobic colony count of microorganisms in different types of surfaces.
Local Aerobic colony count Indicator microorganisms Entity/Researcher
(limit value)
Food-contact surfaces 10 CFU/cm? 1 CFU/cm? for Enterobacteriaceae [12]
Public spaces’ surfaces - - -
Hospital surfaces 5CFU/cm? 1 CFU/cm? for S. aureus (including methicillin resistant), C. difficile, multiply resistant Gram-negative [20]
bacilli, vancomycin-resistant Enterococci, Salmonella spp, Acinetobacter spp
2.5 CFU/cm® - [50]
2.5 CFU/cm? 1 CFU/cm? for Enterobacteriaceae and S. aureus [21]
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Anti-Adhesive Surfaces
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Fig. 1. Anti-adhesive surfaces produced by: (a) chemical and (b) physical modification.

infection [51]. These results show that microbiological contamination
on surfaces poses a real risk of infection, since the environmental in-
fectious dose can be very low for some microorganisms.

There is still the need for reaching a consensus and creating general
guidelines for healthcare facilities. Establishing clear limit values and
implementing frequent microbiological assessment protocols are some
of the steps that should be in the horizon.

4. Antimicrobial and self-cleaning surfaces

To avoid contamination and consequent infection propagation on
surfaces, several alternative strategies have been developed recently.
Application of aerosols or UV light on contaminated surfaces are good
examples of no-touch strategies, and they seem to be a good option to
be applied in hospital environment [52]. However, these approaches
still present some limitations.

UV light, in hospital facilities, can only be applied in empty rooms,
therefore it cannot be used for a daily cleaning routine. Also, it only
disinfects areas directly reached by the UV light, so many objects and
surfaces remain contaminated after this disinfection approach. Aerosols
are efficient but take a long time to decontaminate the surfaces com-
pared to conventional cleaning or UV light. Besides that, these strate-
gies are also exclusively used in empty rooms. This factor increases the
necessary time to do the final disinfection of the room and perform the
beds turnover in hospitals [53].

Cold plasma technology is another disinfection strategy that has
recently been applied on surfaces. Plasma is the fourth state of mater
and it can be generated from gases that became ionized with lots of
ions, electrons and free radicals that will provide good electric con-
ductivity. Plasma is known to have high levels of energy and it can
change molecules composition making them highly ionized and with
many free radicals moving randomly in all directions. For example,
when a molecule of hydrogen peroxide is exposed to this technology the
double bond on the molecule is broken, creating reactive oxygen spe-
cies like hydroxyl radicals that in need to seek equilibrium will bind to
surrounding microorganisms destroying them by oxidation [54,55]

This technology has already been tested in food industry to decon-
taminate vegetables [56] and meat [57] with good results obtained and
also to decontaminate surfaces as packaging materials. Puligundla et al.
[58] have tested the elimination of different bacteria such as E. coli,
Salmonella typhimurium and S. aureus, from several materials often used
on food packages such as glass, polypropylene, polyethylene, nylon and
paper foil. The results were quite promising with several log reductions
after 5 to 10 minutes of treatment. Even though the results of this
emerging technology are quite encouraging as a possible strategy to
disinfect surfaces, more studies are needed to assure its safety and
profitability to disinfect larger surfaces.

Surface modification/functionalization another

is common
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procedure to obtain anti-adhesive or antimicrobial properties on dif-
ferent materials. This approach has several advantages over conven-
tional disinfection techniques. For example, antimicrobial surfaces are
in constant process of activity oppositely to no-touch technologies or
conventional cleaning. This way the antimicrobial charge on the sur-
faces is reduced immediately after contact preventing its propagation
and consequent contamination of surrounding surfaces or people
[59,60].

Other advantage is the possibility of these surfaces to be present in
populated environments since they cause no harm to people with no
need to remove people from the rooms to perform the disinfection. In
addition, modified surfaces are not restricted to external surfaces.
Medical devices such as urinary catheters, central venous catheters,
prosthesis or contact lenses are some of the surfaces that have been
functionalized to obtain better compatibility properties and lower in-
fection risk when inserted on the human body [61-64].

Self-disinfecting surfaces are an emerging topic with more and more
products coming up. Some of the most recent strategies developed to
obtain surfaces with anti-adhesive and antimicrobial properties are
discussed below.

4.1. Anti-adhesive surfaces

Several natural surfaces have suffered diverse evolutionary pro-
cesses that turned them resistant to microorganisms’ colonization.
Natural and bio-mimicked surfaces of insects’ wings, sharks’ skin, and
lotus’ leaves exhibit antibiofouling properties by preventing different
cells, particles or microorganisms from attaching to their surface [65].
Considering this, some of these natural anti-adhesive or self-cleaning
surfaces have been investigated for their potential application on
micro/nanostructured surfaces development. However it is also pos-
sible to give anti-adhesive properties to a surface by modifying the
material's chemistry, namely using self-assembled monolayers or
polymer brushes immobilized on the surface (Fig. 1) ([66]; [67,68]).

4.1.1. Chemical modification

There are several ways to produce materials with anti-fouling
properties acting at the level of surface modification with chemical
structures. Functional groups exhibited by the material's surface in-
teract with those in the microorganism’ cells determining the kinetics of
microbial adhesion.

For instance, surfaces highly negatively charged, i.e. polyanionic
surfaces have the ability to repulse the bacteria with polyanionic gly-
cocalice (most of gram-positive bacteria) through electrostatic inter-
actions. However, gram-negative bacteria have policationic glycoca-
lices, so this surface modification mechanism is only effective against
some bacterial species and sometimes only against specific strain types
[69].
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Fig. 2. Types of antimicrobial surfaces: (a) photo-activated, (b) with intrinsic antimicrobial properties, loaded with some antimicrobial, either by (c) incorporation or
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Zwitterionic materials, such as carboxybetaine, sulfobetaine, and
phosphobetaine also have anti-fouling properties. Zwitterionic poly-
mers have an equal number of anionic and cationic groups present in
their repeating unit. This fact gives these polymers ultra-hydrophilicity
and consequently great hydration ability [70,71]. Studies concerning
surface modification with zwitterionic polymers have proved to be a
promising strategy to reduce microorganisms’ adhesion [72,73]. Very
recently, a study using a tyramine-conjugated sulfobetaine polymer,
grafted on polyurethane showed a great reduction in S. aureus adhesion
to the surface [74].

Coating with polymeric brushes can also prevent microorganisms’
adhesion. Apart from avoiding direct contact between microorganisms
and the surfaces, the polymers used for brushes are usually hydrophilic,
so water will be attracted into the brush forming a repellent layer in
aqueous environment. Proteins and microorganisms encountering the
brush surface will be repelled by steric hindrance due to the water
bound in the brush and the elasticity of the polymer chains [75].
Polyethylene oxide (PEO) and polyethylene glycol (PEG) are two ex-
amples of polymers used to produce hydrophilic brush coatings on
biomaterials. In a recent study by. Hadjesfandiari et al. [76] it was
proved that PEO brushes covalently immobilized reduced 98% the
adhesion of Staphylococci and E. coli to a surface.

4.1.2. Physical modification

Apart from the chemistry, also topography of a surface can be
structured to increase anti-adhesive properties. As an attempt to find
efficient alternatives over more classic antimicrobials, micro/nanos-
tructured materials present themselves as possible solutions. Recently,
have been done an attempt to elucidate if alterations on micro or na-
notopography of a surface could influence colonization and consequent
contamination. An example of structure modification is the application
of superficial nanostructures (nanoparticles, nanofibers or nanotubes)
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reducing the area available for microorganisms to attach [77-79].

As said previously, mimicking the topography of anti-adhesive
surfaces innately present in nature is an innovative way to obtain new
self-disinfecting surfaces.

Many plants have special surface properties namely wettability. For
instance, lotus leaves have micropapillae structures covered by nanos-
tructures with fine branch-like shape. These structures along with epi-
cuticular needle-shaped wax tubes that cover them give the lotus leaf a
superhydrophobic surface and consequently antifouling properties.
Water droplets roll down the lotus leaf due to its great hydrophobicity
dragging out any possible particles present, and maintaining its surface
clean [80].

Other example of nature that inspired anti-adhesive surfaces’
coating is sharkskin. Sharks have a special scale micropattern, which
consist of a rectangular base embedded in the skin with tiny spines on
the surface. The ribbed texture of these scales is responsible for the self-
cleaning, anti-biofouling, hydrophobic and drag reducing properties of
shark skin [81,82]. Such properties have made of sharkskin one of the
most mimicked surfaces, not only in research environment but in in-
dustrial area too.

Sharklet AF (Sharklet Technologies, Alachua, FL, USA) is a company
that uses shark skin topography in different surfaces in order to avoid
bacterial adhesion and biofilm formation [83,84]. A study comparing
Sharklet micropattern surfaces with regular surfaces in a clinical si-
mulated scenario proved that shark skin microtopography reduced the
number of attached bacteria by about 5 fold [85].

4.2. Antimicrobial surfaces

There are several materials with intrinsic antimicrobial properties,
as silver, zinc, cooper, or chitosan. Nevertheless, materials can also be
modified to acquire bactericidal activity [86]. Chemical or physical
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changes in the surface can produce antimicrobial effect. Chemical
substances such as antibiotics or biocides can be incorporated in the
materials to give it antimicrobial properties. However, a balance be-
tween these properties and biocompatibility must be observed since the
materials will be in direct contact with users’ organism raising toxicity
concerns. Photo-activated surfaces are also an example of self-disin-
fecting materials recently developed. Fig. 2 presents some examples of
different types of antimicrobial surfaces.

4.2.1. Intrinsically active antimicrobial materials

Some materials have intrinsic antimicrobial properties. They do not
need antimicrobial loading to exert its activity since the material by
itself has the natural ability to eliminate microorganisms. Among the
most known natural materials with antimicrobial properties are metals
as silver, copper, or zinc and polymers like chitosan [68].

For many metals with antimicrobial properties, it is the ionic form
that presents higher bactericidal activity and not the elemental metal.
Silver and copper are good examples of that.

Silver has been used in medical field for many centuries due to its
antimicrobial properties. Its bactericidal mechanism is based on the
binding of silver atoms with thiol (SH) and disulfide (S-S) groups
present in the proteins of bacterial cell membranes, leading to its dis-
ruption and eventual cell death [87]. Silver has been used for many
applications on medical field especially when added in the form of
silver sulfadiazine to creams or wound dressings [88]. Several wound
dressing containing silver are available on market, however, not always
they comply the expectations. Cavanagh et al. [89] analyzed 6 different
silver dressings on market and only two of them showed bactericidal
activity against S. aureus. Apart from that, silver dressing may be re-
lated with increased serum silver levels with an associated decrease on
white blood cells [90]. This leads us to conclude that the delivery
system of the antimicrobial is very important. A delivery mechanism
that acts by contact without leaching silver ions to the surrounding
areas or tissues would be good strategy to achieve antimicrobial action
without compromise the safety of the product.

More recently, silver nanoparticles have been greatly studied and
used to produce potential antimicrobial materials such as catheters and
surgery sutures [91,92]. However, for biomaterials implanted inside the
organism there are some possible risks associated with releasing of
silver ions causing local toxicity and possible accumulation in organs
[93]. Silver may also have different ranges of efficacy according to the
class of bacteria. Gram-positive bacteria's cell walls do not have an
outer membrane as Gram-negative bacteria do, but they have several
layers of peptidoglycans, making their cell wall thicker [94]; this, along
with their negative charge results in the trapping of silver ions (posi-
tively charged) preventing their entrance into the bacteria [95].

AGC Glass (AGS Glass UK Ltd., Rugby, Great Britain) developed an
antibacterial glass by incorporating Silver ions inside the glass. The
company claims that this glass eliminates 99% of bacteria and prevents
fungi proliferation which they demonstrated in the three bacterial and
two fungi strains evaluated [96].

Surfacine Development Company (Tyngsborough, MA, USA) is an-
other company that developed a silver coating (Surfacine”) that can be
applied in several materials, from medical devices to food preparations
and packaging industry or water distribution systems. This coating
showed good antimicrobial activity against several bacteria, fungi and
yeast [97].

Other company, PureThread Technologies Inc. (Cary, NC, USA) has
developed PureThread’, a system that embeds silver salts into textile
fibers, obtaining antimicrobial textiles. According to the company this
system does not weaken or disappears during washing and kills 99.9%
of microorganisms after four hours of contact with the fabric [98]. A
scientific paper about a study involving hospital curtains incorporating
the antimicrobial textile developed by this company proved that those
curtains take more time to be contaminated for the first time when
compared to regular curtains [99].
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Similarly, to silver, copper has been used for many centuries as an
antimicrobial agent especially for water treatment and transportation.
Copper was also very used in the nautical field, to prevent adhesion and
growth of organisms in hulls of ships [100]. The bactericide mechanism
of copper is related to the release of copper ions that cause damage in
the bacterial envelop and consequent leakage of the cell content and
influx of copper ions into the bacteria. This will generate toxic radicals
causing oxidative damage to cellular components and DNA degradation
[101].

More recently copper came up as an alternative for preventing
hospital acquired infections through its application in hospital surfaces
and medical equipment [102]. A study by Souli et al. [103] performed
on a hospital intensive care unit, compared two rooms, one with copper
coated equipment (beds, side table, intravenous pole stands, etc.) and
the other with regular equipment. The copper coated equipment room
presented a reduced percentage of colonized surfaces (55.6%) com-
pared to the regular compartment (72.5%). This study showed both
reductions in colonization by gram-negative and gram-positive bacteria
and in total bioburden (2.9 vs 7.6 CFU/100 cm?).

Sifri et al. [60] also developed a study where a section of an acute
care unit was equipped with copper impregnated materials, hard sur-
faces and textiles-patients’ gowns, sinks, bed rails, tray tables, sheets
and blankets. The results were quite promising with copper equipped
section presenting patients’ infection reductions of 83% when caused by
C. difficile and 68% when caused by multi drug resistant organisms,
comparing to a non-modified section in the same hospital unit. Two
companies that collaborate with each other, Cupron Medical Textiles
(Cupron Inc., Richmond, VA, USA) and Cupron Enhanced EOS Surfaces
(EOS Surfaces, Norfolk, VA, USA) provided the copper impregnated
materials used for this study. The product developed is a hard-anti-
microbial surface impregnated with copper that continuously kills
99.9% of harmful bacteria in two hours, according to its specifications.
According to the company this surface is effective against S. aureus,
Enterobacter aerogenes, MRSA, E. coli and P. aeruginosa [104].

4.2.2. Loading antimicrobial compounds into materials

There are several substances with antimicrobial activity that can be
added to a surface to obtain an antimicrobial surface.

Antibiotics were one of the first substances to be applied to surfaces
such as prosthesis or textiles for wound dressing production, to obtain
antimicrobial action. Despite the promising results, it is well known
that the major disadvantage of antibiotics use is the microorganisms’
ability to develop resistance. This drawback has led to an increasing
search for alternatives to be used as antimicrobials. Quaternary am-
monium compounds, chlorhexidine, benzalkonium chloride or nitric
oxide are some examples of substances that were already tested as an
alternative [105-107]. Quaternary ammonium compounds are disin-
fectants used in hospitals and healthcare facilities for several clinical
purposes as disinfection of surfaces and medical material. However,
more recently the quaternary ammonium compounds have been tested
as antimicrobial loading agents to different surfaces and materials,
namely polymers [108,109].

Antimicrobial peptides (AMPs) are a class of peptides, components
of innate immune system, with a broad activity against bacteria, virus,
fungus and more, providing a non-specific defense against a broad
spectrum of invaders [110]. Recently, numerous studies [111,112]
refer its use as antimicrobial loading agents for their excellent char-
acteristics, presenting several advantages over classic antibiotics,
namely fast and broad spectrum of action with low susceptibility to
induce bacterial resistance [113]. In contrast with the mechanisms of
action of antibiotics, which are based in slow processes of enzymatic
inhibition and target specific cellular activities as DNA or protein, the
AMPs are effective against different species of microorganisms and also
reduce the risk of resistance development [113-115].

For all these reasons, AMPs are being applied in the production of
antimicrobial surfaces, either by simple adsorption on the surface or
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covalent immobilization [116]. Nevertheless, studies suggest that
covalent immobilization offers many advantages toward physical ad-
sorption, including higher local and long-term stability, and lowering
toxicity [116,117].

All those antimicrobial substances are loaded to the surface either
by immobilization or by incorporation on the bulk material; recent
studies on the application of each type of loading strategy are sum-
marized next.

4.2.2.1. By incorporation. In materials’ incorporation process, the
antimicrobial substances are added to the ingredients during the
phase of production, to obtain a homogeneous mixture of the bulk
material with the antimicrobial. This system allows antimicrobial
activity throughout the bulk material, even in deeper layers and not
only on the surface. This allows the material to retain its antimicrobial
activity even when worn out [118,119].

In a very recent study, Ferreira et al. [120] used Levofloxacin to
load a bone cement, achieving good results against S. aureus not only on
its planktonic form but also on biofilm. That was quite positive since
this bacterial strain is greatly associated with biofilm formation on bone
implants.

Ciprofloxacin incorporation on textile fibers by electrospinning was
tested by Li et al. [79] This strategy aimed to produce a bandage to
prevent wound infection and the results in vivo (rats animal model)
were quite positive for E. coli and S. aureus.

In Han et al. [121] study they incorporated quaternary ammonium
methacrylates in dental adhesives to prevent caries by avoiding the
accumulation of bacteria and biofilm formation on teeth, testing the
presence of three Staphyloccocal species (Staphylococcus mutans, Sta-
phylococcus gordonii, and Staphylococcus sanguinis) and the results
showed a decreased biofilm formation for the adhesives containing the
quaternary ammonium methacrylates.

Nanoparticles containing quaternary ammonium polyethylenimine
were tested in a study about endodontic sealers by Barros et al. [118].
The results were quite positive for Enterococcus faecalis, with the en-
dodontic sealers showing good antimicrobial activity.

The AMP, LL-37, was incorporated by Cassin et al. [122] in a
membrane of collagen and hyaluronic acid for the production of anti-
infective films to cover injured tissues.

4.2.2.2. By coating. Antimicrobial coatings can be obtained either by
adsorption of the antimicrobial substance, by covalently binding it to
the material or by immobilizing it using self-assembled monolayers.
This strategy can be an advantage for some substances that are too toxic
to be used as bulk material but that immobilized in small amounts as
surface coatings can exert their antimicrobial activity without the
toxicity drawback [116,123].

The coatings can also be divided according to their mechanism of
action. They can deliver the antimicrobial substance by leaching, re-
leasing it to the surrounding area or direct contact with the surface
where the coating is immobilized.

Some coatings release substances with antibacterial properties that
will interact with microorganisms acting away from the bulk. This
leaching mechanism has the advantage of a larger perimeter of action
around the surface where it is immobilized. It is important, though, that
this release into the surrounding area is controlled to avoid toxic effects
by excess of substance [124].

Coatings can also attach certain antimicrobial molecules to the
materials’ surface. Several coatings can be classified as “contact bio-
cides” since they use non-leachable substances that kill by contact with
the bacteria and with no need to be released from the surface. This
strategy is very interesting for both the self-sterilizing effect and the
long-lasting activity, acting just through a direct contact with bacteria
without consuming itself releasing from the surface without need
[117,125].

Alt et al. [126] realized a study where coating of Rifampicin and
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Fosfomycin was applied to prosthesis showing good efficacy against S.
aureus, even the methicillin resistant strain, on a rabbit animal model.
Neut et al. [127] performed a similar study using a gentamicin-re-
leasing coating that was able to prevent Staphylococci growth on a
prosthetic hip surface for at least 60 hours, showing promising results.

In a work by Iyamba et al. [106], quaternary ammonium com-
pounds (hexadecyltrimethyl ammonium bromide and hex-
adecylbetainate chloride) were immobilized on medical catheters re-
ducing S. aureus adhesion to its surface. Zanini et al. [128] also
developed a work in which quaternary ammonium silanes were used to
coat polyurethane catheters. The results were promising with this
coating proving its antimicrobial activity against E. coli bacteria.

In a recent study, Casciaro et al. [111] successfully covalently im-
mobilized frog skin derived AMP on contact lenses. This strategy not
only reduced the adhesion of P. aeruginosa, a species highly associated
with contact lenses associated keratitis, but it also proved to be non-
toxic to mammalian cells and it did not compromise the lenses physical
properties.

AMPs have also been immobilized on nanoparticles as loading
strategy. Ma et al. [112] immobilized the AMP HHC-36 on titanium
oxide (TiO,) nanotubes by physical adsorption with the nanotubes
acting as nanocarriers for peptides delivery. They obtained an anti-
microbial and anti-fouling surface showing a reduction in S. aureus
adhesion and great antimicrobial activity (> 99% activity). Braun et al.
[129] immobilized the human peptide LL-37 on porous silica nano-
particles, achieving an antimicrobial delivery system.

All the studies presented above prove the good potential of modified
surfaces to be applied on infection control in different scenarios; still
some aspects must be taken into account and more studies are still
needed. Most studies evaluating the antimicrobial/anti-adhesive ac-
tivity potential of engineered surfaces do not take into account realistic
physiological environments. This can affect the results, since the host's
conditioning film may affect the surface in many different ways, for
example, covering the surface creating a deterrent layer preventing the
antimicrobial substance to leach or to contact directly with the micro-
organisms, reducing its antimicrobial efficacy [130].

In addition, the composition of the surface may determine which
components of the conditioning film will adhere and that on its turn
will influence other cells adhesion, as bacteria. Felgueiras et al. [123]
showed that different concentrations of Octadecyl acrylate (C18) im-
mobilized on polyurethane surfaces will affect the deposition of al-
bumin and fibrinogen when the surface is in contact with human
plasma, that on its turn will affect microorganisms’ adhesion to the
surface since albumin avoids bacteria adhesion and fibrinogen pro-
motes it. Besides, coatings with antimicrobial peptides can be degraded
by some components of conditioning films such as proteases [131].

Despite the pointed weaknesses there are already on the market
some successful cases of such as Biocote Limited (Coventry, United
Kingdom) that developed an antimicrobial additive technology,
Biocote®, that can be incorporated on textiles, polymers, ceramics and
more. These additives are based on different antimicrobial substances
such as silver, zinc or phenolic compounds, chosen according to their
application and support material [132].

Sanitized AG (Burgdorf, Switzerland) is another company that de-
veloped an antimicrobial additive that can be incorporated in polymers
and textiles for different areas of application such as healthcare, public
transportation and food industry. This additive technology, Sanitized®,
uses different active ingredients as silver, zinc pirithione, silane quat or
isothiazolinone that can be added on liquid form, powder or paste ac-
cording to specific production requirements of the final product [133].

4.2.3. Photo-activated surfaces (TiO2)

Photo-activated materials have been used in different technological
fields namely in antimicrobial surfaces development. The most studied
material used in photo-activated surfaces production is TiO,. TiO, has
high photocatalytic properties and is highly used in cosmetics and skin
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care products since it is not absorbed by human skin [134] becoming a
very interesting material for development of antimicrobial surfaces.

In fact, its antimicrobial efficacy has already been proved against
bacteria, fungi, protozoa and virus. The main advantage of this strategy
is that TiO, is not degraded so its activity can be maintained for long
periods. TiO, surfaces are only activated when irradiated by specific
photon energy. When this irradiation occurs, reactions of photo-oxi-
dation involving O, and H,O take place on the surface with consequent
formation of oxygen free radicals. These free radicals will attack the cell
wall and cytoplasmic membrane of the microorganism by peroxidizing
its lipids, leading to leakage of cellular components and lately cell lysis
[135,136].

Recently, Adan et al. [137] published a study where a water mi-
crofiltration system using photocatalytic membranes produced with
TiO, and porous steel showed good inactivation for the retained bac-
teria.

In another study by Joost et al. [138] thin films with TiO, nano-
particles were illuminated with UV light and after 20 min of exposure
no bacteria (E. coli) had survived. The analysis of bacterial cell mem-
brane showed modifications in the chemical structure of unsaturated
fatty acids and decomposition of saturated fatty acids faster than
normal, confirming the peroxidation of membrane lipids.

In the market, there are already some products for microorganism
elimination based on TiO, photocatalytic action. PureHealth™ (ORION,
Florence, Italy) is a system developed by ORION that coats walls and
floors and is activated by special lamps of solar spectrum. This system
promises to eliminate virus and bacteria [139].

5. Conclusion

This review points out the great contribution of surfaces for infec-
tion spreading, not only in healthcare facilities but also in other public
spaces and food processing facilities.

There is an urgent need to pay more attention to surface con-
tamination in different spaces since there is still a lack of guidelines for
microbiologic assessment and established safe thresholds for health
care facilities. In addition, it is important to establish infection control
procedures for public spaces, namely schools since they often present
high microbiological charges on surfaces, posing a real risk for children
whose immunological system is still developing.

Both on public spaces and on healthcare facilities, it should be de-
termined how to assess microbiologic presence on surfaces as well as
how frequently this assessment should be made, and which methods
should be used to obtain a realistic analysis rather than performing
visual assessments. The implementation of standard acceptable limits of
microorganisms on surfaces is also a key point for a better control of
infection spreading. Standardized definition of which microorganisms
can be considered indicator microorganisms should also be achieved.

The existing guidelines for cleaning and disinfection methodologies
in healthcare facilities should come to a consensus about the disin-
fectants to be used in each setting, the frequency of cleaning and the
methods to apply.

The implementation of self-disinfecting surfaces is a good strategy
for infection control, and this review presents some successful research
already developed in this area. These surfaces show clear advantages
over the regular surfaces with traditional cleaning: the state of con-
tinuous disinfection and the antimicrobial activity that permanently
eliminates the microorganisms.

There are still some issues to improve, like the long-term efficacy of
the antimicrobial/anti-adhesive action, or the high cost of im-
plementation of these surfaces in large areas.

Biomaterials, modified surfaces, or new scientific products in gen-
eral, have to face some big challenges before they reach the market.
Problems such as costs of manufacturability, scalability on production,
intellectual property issues or regulatory aspects are just some of the
main obstacles those products will have to overcome in order to be
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commercialized [140]. Some products even with great results on la-
boratory will fail when brought to larger scale due to their high cost of
production, making them commercially unattractive. But, looking at
the numbers nosocomial bacteremia alone can cost a hospital over
1 million euros per year [141], and antibiotic resistance-associated in-
fections may cost more than 900 million euros per year in European
Union.

In fact the societal cost of infections due to the selected antibiotic-
resistant bacteria were estimated at about EUR 1.5 billion each year,
between hospital related costs and losses in productivity due to pa-
tients’ absence from work [142]. Therefore, maybe it is worthy to invest
on new technologies, betting on infection prevention and control not
only to avoid higher costs but also to avoid the harm and loss of human
lives.

Self-disinfecting surfaces are a step forward to the future of infection
control policies. More studies involving self-disinfecting surfaces should
be performed in order to realize its full potential to improve infection
control and safety strategies. The reports on the application of these
materials in healthcare facilities show promising results and there are
already few companies supplying products with self-disinfecting prop-
erties showing that investment on prevention may be the best way to
reduce the tremendous problem of infection spreading.
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