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Asignificant number of hospital-acquired infections occur due toinefficient disinfection of hospital surfaces, instru-
ments and rooms. The emergence and wide spread of multiresistant forms of several microorganisms has led to a
situation where few compounds are able to inhibit or kill the infectious agents. Several strategies to disinfect both
clinical equipment and the environment are available, often involving the use of antimicrobial chemicals. More re-
cently, investigations into gas plasma, antimicrobial surfaces and vapour systems have gained interest as prom-
ising alternatives to conventional disinfectants. This review provides updated information on the current and
emergent disinfection strategies for clinical environments.
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Introduction

The number of hospital-acquired infections (HAIs) has been
growing exponentially worldwide since 1980, especially due to
the emergence and wide spread of multidrug-resistant (MDR) bac-
teria. Multidrug resistance is an intrinsic and inevitable aspect of
microbial survival and has been a major problem in the treatment
of bacterial infections.! ~“ The evolution of bacterial resistance is a
consequence of the indiscriminate use of antibiotics and of the
transmission of resistance within and between individuals.” 8
Also, the lack of new clinically relevant classes of antibiotics consti-
tutes a major threat to public health.

HAIs are among the major causes of death and increased mor-
bidity among hospitalized patients, with a minimum of 175000
deaths every year in industrialized countries.” =2 Several investiga-
tions showed that >60% of worldwide HAIs have been linked to the
attachment of different pathogens to medical implants and
devices, such as venous and urinary catheters, arthroprostheses,
fracture-fixation devices and heart valves.* 8 As a direct conse-
quence, the replacement of implants, which entails significant
costs and suffering for patients, often remains the only efficient
therapy.’® Additionally, it has been demonstrated that the
increased incidence of HAIs is related to cross-infections from
patient to patient or hospital staff to patient and to the presence
of pathogenic microorganisms that are selected and maintained
within the hospital environment (including equipment).>*%20-23
Poor infection control practices may facilitate patient-to-patient
transmission of pathogens; for instance, in the accommodation
of multiple patients in the same room. However, failure of the im-
mune system due to illness and/or the use of immunosupressors
and other therapeutic drugs canincrease the patient’s susceptibility

to infections. Moreover, the use of antibiotics can inadvertently
select antibiotic-resistant microorganisms.**

Since the environment serves as an important reservoir for in-
fectious organisms, the control of hospital infections is a matter
of great concern and a major challenge. The introduction of opti-
mized disinfection products and processes is critical to control
and prevent the spread of nosocomial infections, cross-resistance
and persister cells.”* Within recent decades, requirements regard-
ing the antimicrobial activity of disinfectants in the medical field
have been defined in various European standards.”® Also, guide-
lines have been developed by the CDC, which recommend hospitals
to thoroughly clean and disinfect environmental and medical
equipment surfaces on a regular basis.’® However, there is a
variety of products available on the market with moderate or
even insufficient antimicrobial action.?® New products and tech-
nologies with ‘permanent’ antimicrobial activity without the risk
of generating resistant microorganisms are needed.'? Hence, this
manuscript provides information on the main pathogens causing
HAI and the relevant in-use and emergent strategies for their
control.

Main hospital pathogens

The increase in HAI is associated with the higher capacity of bac-
teriatoresist and adapt to harsh environmental conditions, includ-
ing the presence of antimicrobial agents. Deadly pathogens can
survive for long periods of time on hospital surfaces, making the
environment a continuous reservoir of infectious agents. The
adhesion of pathogens to a surface followed by biofilm formation
in <24h is a critical microbiological problem for healthcare
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services.?In fact, the concentration of disinfectants required to kill
sessile bacteria may be 1000-fold higher than that required to kil
planktonic bacteria of the same strain. Thus, antimicrobial therap-
ies fail to kill biofilms most of the time.?” 39 Furthermore, there are
few prevention techniques to control biofilm formation without
causing side effects.®!

Some of the mostimportant pathogens involved in HAIs include
methicillin-resistant Staphylococcus aureus (MRSA), Clostridium
difficile, Pseudomonas aeruginosa, vancomycin-resistant Entero-
coccus spp. (VRE), Acinetobacter baumannii and some Enterobac-
teriaceae strains.»?3%33 To a lesser extent, pathogens such as
Candida species, viruses [adenoviruses, noroviruses, rotaviruses,
influenza, parainfluenza, hepatitis B viruses and severe acute re-
spiratory syndrome (SARS)-associated coronaviruses] can also
survive on surfaces and medical equipment, although there is
little evidence of possible survival.*?~3* Most of these pathogens
can survive for months on surfaces.>?2°> Some examples of the
most persistent hospital pathogens are summarized in Table 1
along with some of their characteristics. Some investigations
have proposed that Gram-negative bacteria persist longer than
Gram-positive bacteria and, although it has been suggested that
the type of surface does not influence the period of persistence,
it has also been shown that longer persistence may occur on
plastic or even on steel.>#3¢ In terms of environmental conditions,
lower temperatures (4-6°C) and high humidity (>70%) improved
the persistence of several bacteria, fungi and viruses.>? Moreover,
the frequency of contamination has been shown to vary depending
on the body sites at which patients are colonized or infected. It was
demonstrated that 36% of surfaces sampled in the rooms of
patients with MRSA in a wound or urine were contaminated, com-
pared with 6% of surfaces in the rooms of patients infected with
MRSA at other body sites.?’

Influence of clinical environment on HAI
propagation

Pathogens can spread from patient to patient through contact with
inanimate surfaces, including medical equipment and the immedi-
ate patient environment.*® There is clinical evidence suggesting an
association between poor environmental hygiene and the trans-
mission of microorganisms causing HAIs.?>° Cheng et al.*® found
a strong correlation between environmental contamination by
MRSA and hospital infection rates. Drees et al.** demonstrated
an increase in VRE infection risk for an occupant of a room where
a patient with this infection was previously treated. It was
also demonstrated that nosocomial transmission of norovirus,
C. difficile and Acinetobacter spp. was correlated with contami-
nated environmental surfaces.'® In another study, a positive and
measurable effect on the clinical environment was demonstrated
with the introduction of one extra cleaner, which apparently pro-
tected the patients against MRSA infection.“ The potential for con-
taminated environmental surfaces to contribute to pathogen
transmission depends on two important factors: the pathogens
must survive on dry surfaces and the contamination has to occur
on surfaces commonly touched by patients and healthcare staff
at a sufficiently high level to enable transmission to patients.’”
Moreover, pathogen transmission will also depend on the infec-
tious dose and route of transmission, along with host susceptibility.

Shared clinical equipment that comes into contact with in-
tact skin, despite being unlikely to introduce infection, can also
promote the transfer of microorganisms between patients.** The
most frequently contaminated surfaces are floors, doorknobs,
television remote control devices, bed-frame lockers, mattresses,
bedside tables and toilet seats in rooms previously occupied by
an infected patient.'23>% Wilcox et al.*> found that ~50% of
commodes, toilet floors and bed frames sampled at a hospital
were contaminated with C. difficile. Medical devices, including
stethoscopes and otoscopes, are highly prone to be contaminated
with bacteria and have been implicated as potential vectors of
cross-transmission.*® Moreover, bacteria were found on various
plastic items in the hospital, including pagers and cell phones.*’
Cotterill et al.*® provided suggestive evidence that contaminated
ventilation grills were sources of MRSA outbreaks in hospitals. Add-
itionally, an estimated 20%-40% of HAIs have been attributed to
cross-infection via the hands of healthcare personnel, who have
become contaminated from direct contact with the patient or in-
directly by touching contaminated environmental surfaces.'>®
In fact, hand hygiene is a major contributing factor to the current
infection threats to hospital inpatients.*® Barker et al.>® showed
that norovirus is consistently transferred via the fingers to mela-
mine surfaces and from there to other typical hand-contact sur-
faces, such as taps, door handles and telephone receivers.
Pessoa-Silva et al.”* demonstrated that hands become increasingly
contaminated with commensal flora and potential pathogens
during neonatal care and that gloves do not fully protect the
workers’ hands from contamination. Pittet et al.”? concluded
that bacterial contamination increased linearly with time on un-
gloved hands during patient care. This demonstrates the import-
ance of decontaminating hands before every patient contact.
Fendler et al.® concluded that the use of an alcohol gel hand sani-
tizer decreased infection rates during a 34 month period and can
provide an additional tool for an effective infection control pro-
gramme. The same conclusion was reached by Hilburn et al.>*
The gloves of medical staff are also easily infected from direct
contact with an infected patient or, indirectly, by touching con-
taminated surfaces, which serve as a carrier for pathogenic micro-
organisms.*! In a study focused on MRSA infection, 42% of
personnel gloves that contacted the furniture/surfaces of a
patient room but had no direct contact with infected patients
were contaminated.?”** More significantly, it was found that
65% of the nursing staff that had directly treated an infected indi-
vidual contaminated their gowns/uniforms with the organism.>®
The white coats, shirts and ties of doctors have also been found
to contain potentially pathogenic flora.®

Disinfectant selection

Maintenance of a good hospital environment requires the imple-
mentation of adequate strategies. Such strategies are described
in guidelines proposed by several committees, particularly the
Healthcare Infection Control Practice Advisory Committee.”’ For
instance, in the case of surfaces with blood contamination, a
disinfectant with activity against tuberculosis and hepatitis B
virus (HBV)/HIV or a 5.25% bleach solution, at a final dilution of
1:10, can be used.** These documents describe procedures to be
implemented in healthcare facilities in order to achieve efficient
cleaning and disinfection and also review the main uses of
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Table 1. Examples of clinically relevant nosocomial pathogens

Microorganisms

Mode of transmission

Length of survival

Disease/symptoms

Bacteria
Acinetobacter
baumannii
Bordetella pertussis

Clostridium difficile

Chlamydia
pneumoniae

Corynebacterium
diphtheriae

Escherichia coli
Enterococcus spp.,
including VRE
Haemophilus

influenzae
Klebsiella

pneumoniae

Mycobacterium
tuberculosis

Pseudomonas
aeruginosa

Serratia marcescens

Staphylococcus
aureus, including
MRSA

Streptococcus
pneumoniae

Streptococcus
pyogenes

extensive environmental
contamination?3

airborne droplet infection
(person-to-person transmission

extensive environmental
contamination®?

transmission from asymptomatic
carriers'!?

)109

mainly by infected droplet spread
through contact with an infected
person!!*

ingestion of contaminated food, water
or milk; person-to-person
transmission??

nosocomial and person-to-person
transmission; also by transmission
on food products*®

person-to-person transmission through
contact with discharges or droplets
from the nose or throat of an
infected person?!

contact with contaminated surfaces
and objects, medical equipment and
blood products**®

sputum droplets (exhaled through a
cough or sneeze) of a person with
active disease?!

contamination from tap water and
different medical devices'*®

direct hand-to-hand transmission; with
contaminated invasive medical
devices, work surfaces, intravenous
and topical solutions'?®

contact with the organismin a
purulent lesion or on the hands; burn
units extensively contaminated?!+>

person to person through close contact
via respiratory droplets; illness
among casual contacts and
attendants is infrequent®?3

respiratory droplets and skin contact
with impetigo lesions*?*

33 days on plastic laminate surface;*
3 days to 5 months on dry inanimate
surfaces>?

3-5days on dry inanimate surfaces®?

5 months on dry inanimate surfaces
and hospital floors>*>3
<30 h on dry inanimate surfaces®?

7 days to 6 months on dry inanimate
surfaces®?

1.5 h to 16 months on dry inanimate
surfaces®?

5 days to 4 months on dry inanimate
surfaces;*? <58 days on counter
tops*>

12 days on dry inanimate surfaces®?

2 hto >30 months on dry inanimate
surfaces®?

1 day to 4 months on dry inanimate
surfaces®

6 h to 16 months on dry inanimate
surface; 5 weeks on dry floor;*? 7 h
on glass slides®?

3 days—2 months on dry inanimate
surfaces; 5 weeks on dry floor®?

S. aureus can remain virulent for
10 days on dry surfaces;'?? MRSA
can survive for 7 days to 9 weeks on
dry inanimate surfaces and 2 days
on plastic laminate surfaces>>3
1-20 days on dry inanimate surfaces*?

3 days to 6.5 months on dry inanimate
surfaces>?

pneumonia and bloodstream infection*>

mild whooping cough syndrome*®

diarrhoea and colitis***

acute respiratory disease, bronchitis,
sinusitis, pneumonia, otitis media and
chronic obstructive pulmonary
disease, asthma, reactive airway
disease, Reiter’s syndrome and
sarcoidosis'!?

diphtheria'*®

blood and urinary tract infection®°

blood, skin and respiratory tract
infection®

acute and chronic respiratory tract
infections, meningitis**’

urinary tract infections, pneumonia,
septicaemias and soft tissue
infections''®

lung infection®°

lung and urinary tract infection®°

urinary tract infections and
pneumonia’?!

blood, skin and respiratory tract
infection, septicaemia and death??

blood, lung and ear infections°

rheumatic fever, sepsis, severe
soft-tissue invasion and

toxic-shock-like syndrome (TSLS)'2°

Continued
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Table 1. Continued

Microorganisms

Mode of transmission

Length of survival

Disease/symptoms

1-120 days on dry inanimate
surfaces®?

infections of the gastrointestinal tract,
vagina and oral cavity®!

Fungi
Candida spp. via contaminated medical devices;"?°
contact with secretions or excretions
from infected persons?!
Viruses
HBV percutaneous or permucosal exposure

to blood or secretions via abrasions,
sharing needles/syringes, sexual
contact®?’

respiratory droplet or direct contac
aerosolization after sweeping;
survival on fomites®?

spread person to person via infected
droplets?’

influenza virus £:127

SARS-associated
coronavirus

> 1 week on dry inanimate surfaces®?

24-48 h on non-porous surfaces®>

24-72 h on fomites and in stool
samples;** 72-96 h on dry

nausea, vomiting, jaundice; chronic
infection leads to hepatocellular
carcinoma and cirrhosis??

influenza?*

respiratory infection and pneumonia®?

inanimate surfaces®?

norovirus faecal contaminated vehicle (food or
water); person-to-person
transmission'%®

rotavirus primarily faecal-oral transmission;

faecal-respiratory transmission can
also occur??

8 hto 7 days on dry inanimate
surfaces®?

6-60 weeks on dry inanimate
surfaces®?

abdominal pain, nausea, vomiting,
headache and chills*?®

enteritis: diarrhoea, vomiting,
dehydration and low-grade fever?!

Table 2. Characterization of disinfectants according to their class

11,59,65,68,83

Disinfectant Spectrum of action

Required for Examples

implants, needles and other surgical

Sterilants all microorganisms, including
bacterial spores®®
instruments)
High-level almost all microorganisms, but

disinfectants not spores

critical instruments that penetrate tissue or
present a high risk if non-sterile (e.g.

semi-critical items that do not penetrate
tissues or contact mucous membranes
(except dental) (such as endoscopes,

heat, steam, higher concentrations of
hydrogen peroxide and peracetic acid,
glutaraldehyde (in 6-10 h)

hydrogen peroxide, glutaraldehyde,
formaldehyde, ortho-phthalaldehyde,
peracetic acid

respiratory therapy equipment and

diaphragms)

Intermediate-level
disinfectants

almost all vegetative bacteria,
fungi, tubercle bacilli and
enveloped and lipid viruses

Low-level
disinfectants

not efficient for most bacteria,
tubercle bacilli, spores, fungi

and viruses tables

non-critical items that touch intact skin (e.g.
thermometers and hydrotherapy tanks)

non-critical items: items such as stethoscopes
bedpans, blood pressure cuffs and bedside

alcohols, hypochlorites, iodine and
iodophor disinfectants

phenolics, quaternary ammonium
compounds

disinfectants as well as their mechanism of action and activity.
Rutala and Weber>® developed a set of guidelines for hospital en-
vironment cleaning.

Cleaning is related to the clearance of foreign material from a
surface or equipment, allowing the removal of some organic ma-
terial and microorganisms by detergents.'>** However, this
process does not kill bacteria, which, under favourable conditions,
can redeposit elsewhere and form biofilms.>! Consequently,

cleaning must always precede disinfection and sterilization in
order to eliminate infectious microorganisms.”® A significant
amount of microorganisms is destroyed by the disinfection
process, which involves the use of chemical agents such as quater-
nary ammonium compounds, aldehydes, alcohols and halogens,
or radiation and heat.?*33€% The control of hospital infection
must involve both disinfection and sterilization processes and
sometimes the use of aerosols to clean the air.’*
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Abiocide can target different locations on a cell as it may inter-
act with the surface, the bacterial cell wall and the outer mem-
brane, or it may penetrate the cell, where it can cause reversible
or irreversible changes by interacting with nucleic acids, inhibiting
enzymes and cell growth.?*®® When choosing a disinfectant,
several factors must be taken into account, such as its efficiency,
compliance with regulations, user acceptability, instrument com-
patibility, the types of surfaces and medical equipment, and the
pathogenicity, infection rates and persistence of the microorgan-
isms.®! A disinfectant must be safe, easy to use and effective
against a wide range of pathogenic microorganisms and should
not leave toxic residues.**®* The efficiency of the disinfectant
depends on several factors, mainly surface characteristics (hydro-
phobicity, charge and roughness), the amount of organic and inor-
ganic matter, temperature, pH, the chemical structure of the
biocidal agent and the type of infection and pathogen.'?*3*
The mode of action of the disinfectant and the route of entry into
the cell (porin channels in the case of hydrophilic disinfectants
and the hydrophobic path for hydrophobic disinfectants) also
play significant roles.?* The risk of infection of the room/surface/
equipment must also be considered in the choice of the disinfect-
ant, as well as its concentration and exposure time.?*%? Hospital
areas should be defined according to the risk of infection in order
to establish and promote proper cleaning/disinfection. Areas
where contamination is expected, e.g. laboratories, operating
theatres, ambulatory surgical units, labour and delivery rooms,
areas with blood or body fluid spills, and neonatal and burn units,
must be cleaned and disinfected frequently (often several times
per day).* Areas of low risk, such as administration and waiting
rooms, only require a daily cleaning.

According to its efficiency and ability to kill bacterial spores,
an antimicrobial product can belong to one of four distinct
groups: sterilants or high-, intermediate- and low-level disinfec-
tants (Table 2). Given the increased resistance to antimicrobial
agents displayed by bacteria upon biofilm formation, this hierarchy
is only arough guide.®®%*** A disinfectant is almost never 100% ef-
fective due to the resistance of some bacteria to specific com-
pounds and due to inefficient cleaning protocols. Once a
disinfectant is removed, the surviving bacterial population can po-
tentially regrow. Moreover, viable spores still attached to various
materials can remain undetected by current sporicidal tests,
resulting in overestimation of the sporicidal activity of sterilizing
agents.®”

The efficacy of diverse chemical disinfectants in inhibiting and
killing some of the most clinically relevant bacteria, pathogenic
fungi and yeasts has been evaluated by several authors. The activ-
ity of a disinfectant is generally analysed in terms of its MIC and
MBC. However, the most suitable measure is the log;o reduction
of the number of cfu. The time taken to obtain a 5 log; reduction
is also a reference to assess disinfection efficacy.®*

Traditional disinfection strategies

The use of biocides has evolved over time. Alcohols such as ethanol
have along history of antiseptic use; around the 19th and 20th cen-
turies phenolics and hypochlorites started to be employed and,
later, quaternary ammonium compounds.®® More recently, the
most common products have been chlorhexidine and silver salts,
peroxygens, glutaraldehyde and ortho-phthalaldehyde.®*¢’

Alcohol disinfectants cause protein denaturation and are ef-
fective against vegetative bacteria, fungi and viruses, but have no
effect on spores.®!®® Chlorine-releasing agents can oxidize mem-
brane proteins and are very effective in removing biofilms from sur-
faces, requiring short exposure times for growth inhibition.>”6168
However, these chemical agents are corrosive to metals and can
be inactivated by the presence of organic matter.””1? Moreover,
in the last few years the use of chlorine has been associated with
the formation of carcinogenic compounds and some pathogens
have been shown to be resistant to chlorine.”® The aldehyde-based
disinfectants disrupt proteins and nucleic acids by alkylation and
have antimicrobial activity against spores, bacteria, viruses and
fungi.®>** Quaternary ammonium compounds and phenols solu-
bilize the membrane and the cell wall.°® Hydrogen peroxide and
peracetic acid promote protein denaturation, and are active
against several groups of microorganisms and pathogens impli-
cated in nosocomial infections.?®>”6%* The mechanism of
action of different disinfectant categories has been presented else-
where in greater detail **7*7?

Countless studies have been performed regarding the anti-
microbial action and efficacy of different disinfectants. Rutala
and Weber® reviewed the use of inorganic hypochlorite (bleach)
in healthcare facilities for disinfection of medical devices and envir-
onmental surfaces, and concluded that the many advantages of
chlorine (e.g. fast microbiocidal activity, cost-effectiveness and
good track record) are likely to support its continued use in health-
care settings. Griffiths et al.”* evaluated the efficacy of several dis-
infectants (sodium dichloroisocyanurate, chlorine dioxide, 70%
industrial methylated spirits, 2% alkaline glutaraldehyde, 10% suc-
cinedialdehyde and formaldehyde mixture, 0.35% peracetic acid
and a peroxygen compound at 1% and 3%) against different
strains of mycobacteria and showed that disinfectants based on
sodium dichloroisocyanurate were more effective. Moreover, they
concluded that clinical strains were more resistant to biocides
than laboratory type strains.”® Other studies have shown that
chlorhexidine at 0.5% concentration is the best choice, among
several antiseptics and surface disinfectants (including betadine,
hydrogen peroxide, sodium hypochlorite, alcohol and ultraviolet
radiation), to kill clinical yeast isolates, either in planktonic cultures
or in biofilm.”* Oie et al.”> analysed the effects of four different
chemical treatments (0.2% alkyldiaminoethyl glycine, 0.01% or
0.1% sodium hypochlorite and 80% ethyl alcohol) on the disinfec-
tion of porous and smooth surfaces contaminated by S. aureusina
university hospital. The results demonstrated that the disinfection
of porous surfaces was more difficult and none of the disinfectants
was effective, highlighting the need for more frequent disinfection
and the use of high-level disinfectants on these surfaces.”® More
recently, Speight et al.”® evaluated the effect of 32 disinfectants
on spores of C. difficile by a suspension test and only eight products
gave >3 logy reduction in viability within 1 min (to have a more
realistic simulation of probable real-life exposures) under dirty con-
ditions (3% BSA). These results underscore the importance of care-
fully selecting the disinfectant to eliminate spores of this particular
microorganism.’® Kim et al.”” analysed the effectiveness of 13 dis-
infectants used in hospitals, day-care centres and food service
kitchens (ZEP FS Amine Z, ZEP DZ-7, Lemonex, ZEP Micronex,
T.B.Q., ZEP FS Formula 386 L, Perosan Liquid Sanitizer, LpH se, Ves-
pheneIlse, Coverage Spray HB Plus, Coverage Spray TB, ZEP Kitchen
Surface Sanitizer and ZEP FS RTU-D2) against Enterobacter sakaza-
kii in suspension, dried on stainless steel and in biofilm, and
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concluded that not all biocides used in hospitals can kill this micro-
organism. Also, the efficacy of disinfectants was higher for plank-
tonic cells (reduction to undetectable levels).”” Bridier et al.”®
studied the effects of three common disinfectants (peracetic
acid, benzalkonium chloride and ortho-phthalaldehyde) on 77 bac-
terial strains and found that mycobacteria demonstrated a marked
resistanceto all the biocides. Benzalkonium chloride was inefficient
even at very high concentrations. Also, resistance was dependent
on the strain within the same species.”® Gutiérrez-Martin et al.”®
analysed the activity of 16 active compounds and 11 commercial
disinfectants against Campylobacter jejuni by performing a sus-
pension test in the presence and absence of serum. High levels of
reduction (>6 log;o) for some disinfectants [chloramine-T, povi-
done iodine (1% available iodine), cetylpiridinium chloride,
ethanol, isopropanol, chlorhexidine digluconate, formaldehyde,
phenol and 10 of the 11 commercial formulations, especially
those based on quaternary ammonium compounds] were
obtained, regardless of the presence or absence of organic mater-
ial.”® Table 3 compiles some of the available information regarding
hospital disinfectants.

Disinfection methods employed in many intensive therapy units
and other healthcare facilities include the use of antimicrobial
wipes. Such products might be efficient in removing a microbial bio-
burden from a surface.®° The use of alcohol wipes was also demon-
strated to generally decrease the mean daily bacterial load on
toilets where wipes were made available.® However, in most
cases, antibacterial wipes used in hospitals were found to spread
germs rather than eradicate them. Wipes can act as sources of
cross-contamination when they are used on surfaces next to
patients or on those commonly touched by staff and patients
(e.g. tables, keypads).®? Moreover, many hospital personnel use a
single wipe several times to clean and disinfect multiple surfaces
before discardingit. Instead, they should use a wipe on a single dis-
crete surface that requires only low-level disinfection.

A description of methods for hospital equipment disinfection
with an analysis of the exposure time and the type of disinfectant
and a summary of advantages and disadvantages of some chem-
ical sterilants can be found elsewhere.'>>” Nevertheless, it has to
be taken into account that some of these studies were performed
with culture collection strains, whose responses to the presence of
these disinfectants may differ from those of clinical isolates.®® Fur-
thermore, some studies evaluated only a single strain of the
species. Therefore, the results obtained may not always be repre-
sentative of what occurs in clinical practice. Most of the presented
investigations were performed on a laboratory scale, which may
not truly reflect the complexity of a hospital scenario.

Alternatives to traditional disinfection

The need for appropriate disinfection procedures is enhanced by the
multitude of outbreaks that have resulted fromimproperly deconta-
minated patient-care items.®* The disinfection processes previously
described are executed by the application of chemical agents in so-
lution. However, this kind of disinfection has some disadvantages:
the application of disinfectants requires an exposure time of at
least 5-10 min; the chemicals might react with acids; they might
lose their activity in contact with organic substances; and some of
them can cause skin, eye and respiratory tract irritation.”

In this context, new disinfection strategies must be developed
and their efficiencies must be evaluated in terms of their potential
applications in hospital settings. This need for novel control
methods has been emphasized by the increased resistance of bac-
terial species to some disinfectants, mainly as a consequence of
biofilm formation.**

One of these alternative strategies is steam vapour disinfection,
which has been evaluated by different groups. Tanner®* demon-
strated areduction of 7 logoin MRSA, VRE and P. aeruginosa (to un-
detectable values) within 5s of application of a steam vapour
system. Sexton et al.”® applied a steam vapour system to
combat MRSA, total coliform bacteria and C. difficile cells, attaining
a 90% reduction in bacterial levels. Hydrogen peroxide vapour
(HPV) is also used for decontamination of clinical surfaces and
equipment. Otter and French®® found that vegetative bacteria
and spores (6-7 logyo cfu) survived on surfaces for >5 weeks,
but were inactivated within 90 min of exposure to HPV in a
100 m? test room. Initial inocula of M. tuberculosis (~3 l0g10)
and Geobacillus stearothermophilus (6 log;g) were exposed to
HPV at 10 locations during room experiments and both microor-
ganisms were inactivated in all locations within 90 min of HPV ex-
posure.®® Falagas et al.*® reviewed other studies of disinfection
with HPV against MRSA, C. difficile and other pathogens in several
sampled hospital locations (including surgical wards, ward side
rooms, single isolation rooms, multiple-bed ward bays and bath-
rooms); complete or almost complete disinfection of the
sampled hospital sites was achieved with airborne hydrogen per-
oxide. HPV appears to have low toxicity and has good compatibility
with most inanimate materials.®’

UV light exposure has also been applied for room decontamin-
ation. It has been used in air-handling systems and upper-room
air-purifying systems to destroy microorganisms and can also in-
activate microorganisms on surfaces.®® UV-C was demonstrated
to be effective in eliminating vegetative bacteria on contaminated
surfaces (bothinthe line of sight and behind objects) within 15 min
and in eliminating C. difficile spores within 50 min.® In other study,
amobile UV-Clight unit significantly reduced aerobic colony counts
and spores of C. difficile on contaminated surfaces in patient
rooms.®® It was also demonstrated that ceiling-mounted UV ger-
micidal irradiation lamps were effective in reducing the viability
of both Bacillus cereus and Bacillus anthracis vegetative cells and
spores after a minimum exposure time of 1 h at an intensity as
low as 8 pW/cm?.2°

Both the HPV and UV light methods have demonstrated good
results. However, they require the removal of patients and health-
care personnel from the room, have a high acquisition cost and in-
crease room turnover time.’ Moreover, they do not replace
standard cleaning and disinfection.’?

Bacterial adhesion to stainless steel surfaces (the most com-
monly used material in industry and hospitals) is one of the
major reasons for cross-contamination in many scenarios.’?
Thus, more recently, different strategies for the production of anti-
microbial surfaces with the purpose of reducing HAI have been ex-
tensively investigated and developed. Researchers have focused
on the development of surfaces with antimicrobial coatings in
order to inhibit biofilm formation by either killing the bacteria or
preventing their adhesion. Bacterial growth control can then
occur by three different modes of action: biocide leaching, which
involves the release of a cytotoxic compound to kill attached micro-
organisms; adhesion prevention, which uses a super-hydrophobic
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Table 3. Efficacy of several chemical agents in hospital disinfection

Disinfectant

Microorganism

Method/test

Efficiency

Nu-Cidex® (0.35% peracetic acid)
Nu-Cidex® (0.35% peracetic acid)

Cidex Long-Life® (2%
glutaraldehyde)

Titan Sanitizer® (sodium
dichloroisocyanurate with Cl
content of 2.2%)

Presept® disinfectant granules
(sodium dichloroisocyanurate
with Cl content of around 30%)

Haz-Tab® disinfectant granules
(sodium dichloroisocyanurate
with Cl content of around 60%)

Virkon® (peroxygen)

Sporicidin® (2% glutaraldehyde,
7.05% phenol, 1.2% sodium
phenate)

Sterilox® (9:1 v/v) (hypochlorous
acid at a concentration of
144 mg/L and free chlorine
radicals)

10% Povidone iodine

Perasafe® (peroxygen system
equivalent to peracetic acid at
0.26%)

Perasafe®

2% Glutaraldehyde

Mycobacterium (5 strains)
Bacillus subtilis spores
B. subtilis spores

B. subtilis spores

B. subtilis spores

B. subtilis spores

B. subtilis spores

B. subtilis spores

C. difficile spores, Helicobacter pylori,
VRE, C. albicans and 4 Mycobacterium
species

10 MRSA, 10 methicillin-susceptible
S. aureus (MSSA), 9 VRE and 10
vancomycin-susceptible Enterococcus
faecalis

C. difficile and Bacillus atrophaeus spores

S. aureus ATCC 25923, MRSA, MSSA,
E. faecalis, Enterobacter cloacae,
K. pneumoniae, P. aeruginosa,
Acinetobacter anitratus, C. albicans,
Mycobacterium fortuitum ATCC 609
and B. subtilis (spore strips).

S. aureus ATCC 25923, MRSA, MSSA,
E. faecalis, E. cloacae, K. pneumoniae,
P. aeruginosa, A. anitratus, C. albicans,
M. fortuitum ATCC 609 and B. subtilis
(spore strips)

suspension and surface test
suspension test
suspension test

suspension test

suspension test

suspension test

suspension test

suspension test

suspension test

European surface test
method*??

surface test on stainless steel
and polyviny! chloride floor
covering

suspension, surface, sporicidal,
endoscope model test,
capacity and corrosion tests

suspension, surface, sporicidal,
endoscope model test,
capacity and corrosion tests

complete inactivation after 5 min
of exposure!?®

>5log;p reduction in 5 min with
10% serum*3°

>5 logqp reduction in 2 h with 4%
blood*3°

>5 logy reduction (disinfectant at
5% in 3 h); no reduction in the
presence of 2% blood"*°

>5 logp reduction (disinfectant at
1% in 1 hin the absence of
blood and in 2 hin the presence
of 2% blood)**°

>5 logy reduction (disinfectant at
1% in 5 and 30 minin the
presence of 2% blood)"*°

5 logqo reduction (disinfectant at
1% in 2-3 hin the absence of
blood, but little kill in 3 hiin the
presence of 2% blood)**°

4 logq reduction in 10 h and
2 logyp reductionin 10 hin the
presence of 2% blood**°

>5 logyp reduction in 2 min with
5% horse serum (except for
C. difficile spores since the
disinfectant activity diminished
in the presence of organic
load)*3?

3.14,3.49,3.47 and 3.78 logyo
reduction, after 1.5 min for VRE,
VSE, MRSA and MSSA,
respectively’*>

5.5-6 logso reduction in 10 min*3*

complete inactivation except for
Mycobacterium and spores;
resistance to inactivation after
repeated inoculation; did not
corrode clean instruments;
when organic matter was
added, it cleaned without
corrosion*3®

complete inactivation except for
Mycobacterium and spores;
resistance to inactivation after
repeated inoculation; did not
corrode clean instruments;
when organic matter was
added it fixed the matter to the
scalpel, causing corrosion
within 2 h13°

Continued
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Table 3. Continued

Disinfectant

Microorganism

Method/test

Efficiency

Sodium dichloroisocyanurate

Monopercitric acid
(peroxy-acid-based disinfectant)
0.2% Alkyl-diaminoethylglycine
and 80% (v/v) ethyl alcohol
0.01% Sodium hypochlorite and
0.1% sodium hypochlorite
Ortho-phthalaldehyde

Ortho-phthalaldehyde

Ortho-phthalaldehyde
Ortho-phthalaldehyde

Glutaraldehyde

Cetyltrimethyl ammonium
bromide

Polyhexamethylene guanidine
hydrochloride

Allrent® (2-propanol: 1%-5%
weight; tensides 1%-5%
weight; 60%-100% weight
water)

Appeartex® (active polymer A-200,
polyhexamethylene biguanide
and a surfactant solution)

C. difficile and B. atrophaeus spores

Clostridium spores
S. aureus, MRSA and MSSA

S. aureus, MRSA and MSSA

Pseudomonas fluorescens (planktonic)

P. fluorescens (planktonic)

S. aureus, E. coli, P. aeruginosa
bacteria found in 100 endoscopes

P. fluorescens (planktonic)

P. fluorescens (planktonic)

S. aureus, P. aeruginosa, Salmonella
choleraesuis, MRSA and E. coli

B. subtilis, S. aureus, C. albicans

S. aureus, Enterococcus hirae

surface test on stainless steel
and polyviny! chloride floor
covering

suspension test

wiping and membrane filtration
technique

wiping and membrane filtration
technique

respirometry; adenosine
triphosphate release; outer
membrane protein
expression and bacterial
colour changes

respiratory activity, membrane
permeabilization and
integrity, and
physico-chemical
characterization

suspension and carrier tests

surface test

respirometry; adenosine
triphosphate release; outer
membrane protein
expression and bacterial
colour changes

respirometry; adenosine
triphosphate release; outer
membrane protein
expression and colony colour
changes

phenol coefficient (PC)® value
(for S. aureus, P. aeruginosa
and S. choleraesuis); MIC and
MBC (for MRSA and E. coli)

colony counting in agar plates
and bioluminescence
detection of adenosine
triphosphate

contact agar plates; direct agar
inoculation using swabs;
swab rinse technique (on a
laboratory scale and ina
hospital ward)

0.7-1.5 logyp reduction in
10 min*3*

0.5% disinfectant is sporicidal
within 5 min*3¢

reduction of bacteria to an
undetectable level”®

reduction of bacteria to a minimal
detectable level”®

complete inactivation (MBC
0.5 mm)*37

MIC 1500 mg/L*

>5 log reduction in viability within
1 min of exposure’>®

5 logs o reduction of bacteria with
an exposure time of 5 min*3°

no bacterial inactivation was
detected’®’

complete inactivation (MBC
5 mM)]37

PC values for S. aureus,
S. choleraesuis and P.
aeruginosa were 7.5, 6.1 and 5,
respectively; the MIC value for
MRSA and E. coli was 0.04% and
0.005% (w/v), respectively, in
1.5 min**®

final residual cfu percentage of
35.7%

reduction in magnitude of
10_]03 142

Continued
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Table 3. Continued

Disinfectant Microorganism

Method/test Efficiency

Aqueous chlorine dioxide solution  B. anthracis spores

Dismozon® pur; Kohrsolin® extra;
Kohrsolin® FF

C. difficile ribotype 027

quantitative bacteriological
culture methods

8 logyp reduction in 3 minin
sealed microfuge tubes and
1 logso reduction for spraying or
spreading the disinfectant onto
surfaces (when using the
solution in 5% bleach—0.3%
sodium hypochlorite—its full
activity is restored)*3

>4 logy (Dismozon pur at 1.5%
and 2 h exposure time;
Kohrsolin extra at 2% and 4 h
exposure time; and Kohrsolin FF
at 2% and 6 h exposure
time) '

suspension test in different
concentrations at various
exposure times

°A measure of the bactericidal activity of a chemical compound in relation to phenol.

coveringinorder to prevent microbial adhesion; and contact killing,
which consists of disruption of cell membranes in contact with the
surface.’® Many of these techniques consist of surface modifica-
tion by introduction of antimicrobial substances such as antibiotics,
metals (such as copper and silver) and antiseptics.”> %% These sur-
faces can be obtained by different methods, including adsorption,
ligand -receptor pairing and covalent binding.’* Surfaces that
release antimicrobial products can work quite efficiently, although
they eventually become exhausted and the diffusible antimicro-
bials pose the potential problem of inducing microbial resistance,
since the surfaces are continually releasing active compounds to
the environment for a long period of time.>°? Alternatively, the
design of surfaces that kill microbes on contact and do not
release biocides may solve this problem. The covering of surfaces
with transient metals, such as copper and silver as mentioned
above, is a well-established strategy. Moreover, surfaces that cata-
lytically produce biocides using externally applied chemical, electric-
al or optical energy are an interesting alternative.”®

An example of biocide leaching is the use of Surfacine, which
incorporates an antimicrobial compound (silver iodide) in a
surface-immobilized coating (a modified polyhexamethylenebi-
guanide).®® This compound interacts with the microorganism by
electrostatic attraction, penetrates the cell and finally kills it.®* Sur-
faces treated with silver iodide resulted in excellent elimination of
VRE at challenge levels of 100 cfu/in® for at least 13 days.** Fur-
thermore, these surfaces retained the antimicrobial effect even
after cleaning.'’ Photocatalytic oxidation on surfaces coated
with titanium dioxide (TiO,) is also a possible alternative. In the
presence of water and oxygen, highly reactive OH™ radicals gener-
ated by TiO, and mild UV-A are able to destroy bacteria, thus redu-
cing bacterial contamination.’® Another example of a product
that releases an organic antimicrobial is Microban®, which con-
tains triclosan [5-chloro-2-(2,4-dichlorophenoxy)-phenol] as the
antimicrobial agent, making the surface resistant to the growth
of microorganisms.>® This antimicrobial technology can be found
in hundreds of consumer, industrial and medical products
around the world.

Covalent immobilization of bioactive compounds onto functio-
nalized polymer surfaces has also seen rapid growth in the past
decade in such industries as biomedical, textiles, microelectronics,
bioprocessing and food packaging.’®! Table 4 presents some
examples of the application of these surfaces.

Furthermore, other kinds of surface are stimulating intensive re-
search and some of them are already used, while others are prom-
ising candidates for practical application.??~ 1% Examples include
materials for medical implants (such as catheters), devices and
instruments that are in contact with patients, surgical gowns and
other protective clothing (such as surgical masks, caps) and poly-
meric coatings on surfaces such as shower walls.*®>'%* Antimicro-
bial polymers provide a very suitable strategy for achieving this
objective since they can be applied to diverse objects. Polyelectro-
lyte multilayers (PEMs) have also been investigated extensively as
biomaterials and biomaterial interfaces and also for bacterial con-
tamination prevention.'

Gas plasmais another promising alternative to sterilization that
canbe appliedin healthcare services, althoughitis mainly targeted
to equipment rather than to surfaces. Plasma consists of a mixture
of photons, electrons, ions, atoms and radicals (such as atomic
oxygen, ozone, nitrogen oxides, hydroxyl and superoxide). As a
result of air plasma discharges, the gas enters an ionized state
(by energetic transfer) and exhibits antimicrobial proper-
ties.?219>106 Tywo types of plasma can be defined according to
the conditions under which the plasma is formed: thermal and
non-thermal plasmas. Compared with non-thermal plasmas,
thermal plasmas require higher pressure and are characterized
by higher temperatures and a local thermodynamic equilib-
rium. 919 These systems have many advantages over more con-
ventional disinfection techniques as they enable the disinfection of
the interior of some types of equipment and materials, such as
needles, at low cost and with easy handling.*®”'°® Furthermore,
gas plasma does not require chemical products and it is not toxic
to the skin.’® Shimizu et al.'°® performed treatments with
plasma using a surface micro-discharge device, under different
temperature and humidity conditions. The antimicrobial effect
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Table 4. Examples of several coatings for the development of antimicrobial surfaces

Surface coating

Method

Bacteria tested

Results

Nanoparticulate silver-coated titania thin films

Copolymer poly(butylmethacrylate)-co-poly(Boc-aminoethyl
methacrylate) on silicon wafers and glass surfaces
TiO; film on medical grade AISI 304 stainless steel

Perfluorooctylated quaternary ammonium silane coupling agent in
cotton fabrics
Ag and CuO layers on glass

Magainin I and nisin peptides on stainless steel

Pseudo-polyelectrolytes (pPE) and poly(4-vinylphenol) (PVPh) into
multilayer systems with poly(allylamine hydrochloride) (PAH) and
poly(diallyldimethylammonium chloride) (PDADMAC)

Molybdic acid (H,Mo0,) and molybdenum trioxide (MoOs3)

Stainless steel surfaces with different copper content (with a maximum
of 7.1 wt % for a gas pressure of 60 Pa)
Copper-containing titanium nitride films on commercial stainless steel

Duplex-treated plasma alloyed AISI 304 stainless steel with Ni with
plasma alloying with Cu
Surfaces of titanium, Ti6Al4 V alloy or TiN, modified with SiO,-TiO, layer

Medical grade poly(vinyl chloride) (PVC) chemically modified with the
incorporation of monovalent silver

Copolymer soft block containing trifluorethoxy (89 mol %) and C-12
alkylammonium (11 mol %) side chains

Silicon wafers and glass surfaces functionalized with
poly(butylmethacrylate)-co-poly(Boc-aminoethyl methacrylate)
Polyelectrolyte multilayers of poly(allylamine hydrochloride) (PAH) and

poly(sodium 4-styrene sulfonate) (SPS)

sol-gel preparation

atom transfer radical polymerization

arcion plating

pad-dry-cure

flame-assisted chemical vapour
deposition (FACVD) and overlaid with
TiO, using thermal CVD

covalent binding via an intermediate
chitosan layer

layer by layer

sol-gel

plasma surface alloying technique at
various gas pressures

hybrid processes combining dual
magnetron sputtering

double-glow plasma surface alloying
technique

glow-discharge nitriding, sol-gel and
electrophoresis

radio frequency oxygen (RF-O,) glow
discharge pre-functionalization and
two-step wet treatment in sodium
hydroxide and silver nitrate solutions

cationic ring opening polymerization;
nucleophilic substitution

surface-initiated atom transfer radical
polymerization

SPS/PAH PEMs assembled on plain glass
slides with poly(sodium 4-styrene
sulfonate)

MRSA and E. coli

E. coli and
S. aureus

E. coli and
S. aureus

S. aureus

E. coli, S. aureus
and
P. aeruginosa
Listeria ivanovii

S. epidermidis

S. aureus and
P. aeruginosa
E. coli

E. coli

E. coli and
S. aureus
S. epidermidis

P. aeruginosa

P. aeruginosa,
E. coli and
S. aureus

S. aureus and
E. coli

S. epidermidis,
E. coli

99.9% reduction due to the presence of
the silver ion for E. coli and due to
enhanced photocatalysis for MRSA®’

100% reduction in <5 min??

logso reductions of 3.0 and 2.5 for
S. aureus and E. coli, respectively, due
to photocatalysis action'*?

97.3% reduction and 95.6% reduction
after 10 laundering cycles'*®

95%-99.9% reduction for hospital-
related pathogens®*’

reduction of bacteria adhesion by a
factor of 2-3%

60% and 70% growth inhibition for PAH/
PVPh and PDADMAC/PVPh,
respectively’?

surfaces almost without
microorganisms after 6 h'2

reduction of 98% of cells within 1 h**

very effective in killing the bacteric;
longer TiN deposition time may lead
to superior antibacterial capability,
corrosion and wear resistance”®

reduction of 99.9% and 100% for E. coli
and S. aureus, respectively'“®

formation of biofilms on polished and
ground titanium and titanium alloy
surfaces covered with TiN, but not on
those modified with SiO, -TiO,
nanofilm**°

100% reduction in initial bacterial
adhesion®®

100% kill and 3.6-4.4 log reduction in
30 min'*°

100% kil in <5 min*?

viability of bacteria was effectively
reduced on SPS/PAH multilayers
displaying accessible cationic
charge!®*
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was tested on Escherichia coli and Enterococcus mundtii with a re-
duction of 5 logy after 15 and 30s of plasma treatment for
E.mundtiiand E. coli, respectively.'°® Other researchers have devel-
oped a large-scale plasma dispenser and evaluated its effect on
E. coli and Candida albicans in agar plates in the presence and
absence of textiles.'®” Their results demonstrated that the
system was not affected by the presence of the textile, and in
both cases a 15s treatment caused a 5log; reduction and,
after treatment for 5 s, the fungi were reduced by 4 logo. Joshi
et al.'® studied the biocidal efficacy of non-thermal dielectric-
barrier discharge plasma against E. coli, S. aureus and MRSA in bio-
films and planktonic cells. The planktonic cells were completely
eliminated after 120 s of treatment, whereas the MRSA growing
in biofilms were killed by >60% within 15 s, suggesting that the
effectiveness of a plasma system is highly dependent on exposure
time and cell density.'® Recent investigations evaluated the effect
of non-thermal gas plasma on biofilms of Staphylococcus epider-
midis and MRSA on glass surfaces; a log;o reduction of 4 and 4.5
was observed after 1 h of exposure, respectively, and greater
reductions could be attained with more prolonged exposure
times.? Burts et al.?° tested an atmospheric non-thermal plasma
as a disinfectant for hospital pagers by analysis of MRSA reduction,
and found complete disinfection within 30 s. Different cell densities
and exposure times were also evaluated and a 4 -5 logy o reduction
was obtained within 10 min. More information regarding this disin-
fection strategy has been reviewed by Moisan et al.'°>%® These
novel disinfection techniques are important means of reducing
the high numbers of nosocomial infections and are more efficient
than conventional disinfection methods.

Conclusions

There s great concern about the growth and prevalence of HAI due
to the increased incidence of resistant bacteria. Furthermore, the
development of new antibiotics is a difficult task because of high
research costs and regulatory issues. Conventional cleaning
methods for the eradication of hospital environmental contamin-
ation seem to be inefficient. This manuscript reviews several new
disinfection alternatives as attempts to overcome these problems.
Most of the data currently available have been generated by the
manufacturers and need to be validated by independent investiga-
tions. Moreover, studies concerning bacterial biology and physi-
ology allied to genomics and computer analysis should be
applied to identify and understand the pathogenesis associated
with resistant bacteria and crucial targets for novel biocides.
Thus, further evaluation and implementation of new measures
and new disinfection methods are necessary, not forgetting their
validation in terms of effectiveness, safety and disposal. Addition-
ally, it is important always to evaluate the risk of emerging pheno-
typic resistance when developing new disinfection strategies.
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