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Summary The rates of nosocomial infections, especially by those caused by antibiotic resistant bacteria, are
increasing alarmingly over the globe. Although more rigorous infection control measures are being implemented, it is
clear that the current modalities to reduce nosocomial infections are not sufficient.

Textiles are an excellent substrate for bacterial growth under appropriate moisture and temperature conditions.
Patients shed bacteria and contaminate their pyjamas and sheets. The temperature and humidity between the patients
and the bed are appropriate conditions allowing for effective bacterial proliferation. Several studies have found that
personnel in contact with contaminated textiles were the source of transmission of the micro-organisms to susceptible
patients. Furthermore, it has been reported that bed making in hospitals releases large quantities of micro-organisms
into the air, which contaminate the immediate and non-immediate surroundings. Contaminated textiles in hospitals
can thus be an important source of microbes contributing to endogenous, indirect-contact, and aerosol transmission of
nosocomial related pathogens.

We hypothesize that the use of antimicrobial textiles, especially in those textiles that are in close contact with the
patients, may significantly reduce bioburden in clinical settings and consequently reduce the risk of nosocomial
infections. These textiles should possess broad spectrum biocidal properties. They should be safe for use and highly
effective against antibiotic resistant micro-organisms, including those that are commonly involved in hospital-acquired
infections, and they should not permit the development of resistant micro-organisms to the active compound.

�c 2007 Elsevier Ltd. All rights reserved.

Background

A nosocomial, or hospital-acquired, infection is a
new infection that develops in a patient during hos-
pitalization. Nosocomial infections can be bacte-
rial, viral, fungal, or even parasitic. The most
common pathogens include staphylococci (espe-

cially Staphylococcus aureus), Pseudomonas, and
Escherichia coli. Nosocomial infections are esti-
mated to occur in at least 5% of all patients hospi-
talized [1]. For example, in the United States
alone, nearly two million patients annually con-
tract an infection while being treated for another
illness or injury. Nosocomial infections rank fourth
among causes of death in the United States only be-
hind heart disease, cancer and stroke [2]. In Italy,
about 6.7% of hospitalized patients in the year
2000 contracted an infection while hospitalized
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[3]; and in England, the percentage of infections
that occurred at the site of operation during sev-
eral surgical procedures conducted between Octo-
ber 1997 and June 2001 in 140 hospitals reached up
to 14.3% [4]. The rates of nosocomial infections in
developing countries are even higher [5,6].

Many of the pathogens that cause nosocomial
infections have a high level of resistance to antibi-
otic treatments. These emerging pathogens are the
most serious concerns, because they are more diffi-
cult to treat. The emergence of antibiotic resistance
micro-organisms (e.g. of S. aureus [7]) are increasing
extremely rapidly around the globe, creating a seri-
ous threat to the spread and treatment of infectious
diseases. For example, the prevalence of methicil-
lin-resistant S. aureus (MRSA) was less than 5% in
most hospitals worldwide in the early 1970s but a
decade later had increased to asmuch as 40% inmany
hospitals in the United States and Europe [8,9]. The
more common resistance micro-organisms in health
care facilities include, in addition to MRSA, vanco-
mycin-resistant enterococci (VRE) and enteric
gram-negative bacilli (Klebsiella and Enterobacter
species) resistant to an extended-spectrum of b-lac-
tams [10]. Nosocomial infections together with the
alarming increase in antibiotic resistant micro-
organisms may thus be considered a worldwide crisis
and an evolving pandemic.

The airborne transmission of infection in
hospital buildings

It is recognized that the most important and
frequent mode of transmission of nosocomial infec-
tions is through direct-contact between a suscepti-
ble host and an infected or colonized person.
Direct-contact transmission may occur between
two patients, with one serving as the source of
the infectious micro-organisms and the other as a
susceptible host. However, direct-contact is mainly
attributed to healthcare workers that do not wash
their hands effectively before attending patients
[11,12]. Additionally, susceptible hosts may be
infected indirectly via contaminated intermediate
objects, usually inanimate, such as contaminated
instruments, needles, dressings, or contaminated
gloves [13]. Importantly, most common nosocomial
pathogens may persist on surfaces for months
and can thereby be a continuous source of trans-
mission [14]. Finally, another form of contact-
spread is via endogenous transmission of the pa-
tient’s own flora from one part of the host’s body
to another [15].

Although many nosocomial infections are associ-
ated with person-to-person contact, much data is

accumulating in support of the notion that airborne
transmission of bacteria contributes significantly to
hospital-acquired infections [16]. Airborne trans-
mission refers to infections which are contracted
from micro-organisms which have become air-
borne, usually from coughing, sneezing or some
other form of aerosolization. However, it can
equally apply to dust particles and skin squamae
carrying pathogenic micro-organisms. Contami-
nated objects include the floor, bed linens, the pa-
tient’s gown, over-bed tables, and blood pressure
cuffs [16].

Indeed, it has been estimated that the airborne
route of transmission accounts for between 10 and
20% of endemic nosocomial infections [17]. Air-
borne transmission is known to be the route of
infection for diseases such as tuberculosis and
aspergillosis [16]. Recently it has been implicated
in nosocomial outbreaks of S. aureus and MRSA in
operating theatres, intensive care, burns and
orthopaedic units [18–20]. For example, Rutala
et al. [20] investigating an MRSA outbreak, found
that MRSA comprised 16% of all bacterial isolates
sampled from the air and 31% of the isolates from
elevated surfaces. Since it is unlikely that health-
care personnel or patients ever touch elevated sur-
faces, the presence of MRSA isolates on these
surfaces suggested that staphylococci may be
transported through the air.

A study by Noble et al. [21] found that the size
distribution of particles in air containing S. aureus
was approximately 4–25 mm, which is roughly the
size of skin squamae and well in excess of the size
of single S. aureus cells (i.e. about 1 mm diame-
ter). Noble et al. therefore surmised that most of
the airborne S. aureus organisms were carried on
skin squamae. Humans liberate approximately
3 · 108 squamae per day. Noble et al. [21] con-
cluded that in many people a closed loop exists;
contaminated skin squamae are released into the
air; they become impacted on the nasal turbinates;
S. aureus grows on the nasal mucosa; hands then
touch the nose and S. aureus bacteria are trans-
ferred to the skin; they colonize the skin and are
ultimately disseminated back into the air on skin
squamae.

Aerosol transmission of other bacteria, such as
Acinetobacter baumannii [22–24], Pseudomonas
aeruginosa [25], and other Staphylococci spp. [26]
in hospital settings has also been reported. Fur-
thermore, Kelsen and McGuckin [27] found a signif-
icant correlation between the monthly rate of
nosocomial respiratory tract infection and the
average bacterial count in the ward air. Fungal
spores are also widely disseminated via the air-
borne route. Aspergillus fumigatus spores, for
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example, often enter hospital buildings through
open windows or through mechanical ventilation
ducts. Immune-compromised patients are particu-
larly vulnerable to infection from A. fumigatus. In-
deed, case fatality rates of 85% are typical amongst
bone marrow transplant recipients [28]. Similarly,
airborne Scedosporium prolificans nosocomial
infection was reported in Spain [28].

Textiles as a source of bacteria in clinical
settings

Textiles are an excellent substrate for bacterial
and fungal growth under appropriate moisture
and temperature conditions. Microbial growth in
textiles can cause foul odours and damage to the
textiles, such as discoloration. In a clinical setting,
they can be an important source of bacteria that
may contaminate the patients and personnel and
the direct and indirect environment (as discussed
below). Bacteria are normally found on human
skin, nasal cavities, and other areas, such as in
the genitalia area. At any one time, for example,
approximately 30% of healthy people are carriers
of S. aureus [16]. Microbial shedding from our body
occurs all the time [21]. When a bacterium is shed
into a textile fabric between the patient and the
bed, either in his pyjama or directly on the sheet,
the moisture and temperature in the textile micro-
environment promotes its proliferation. Bacterial
shedding is greater in patients. For example, Coro-
nel et al. [29] found that bacteria recovered from
the sheets were significantly higher in patients car-
rying infection than in non-infected patients. The
infected patients had 711 ± 465 colony forming
units (CFU)/25 cm2 sheets versus 438 ± 496 CFU/
25 cm2 (p < 0.01). The back and the feet were
showing the largest differences between infected
and non-infected patients: 578 ± 397 CFU/25 cm2

versus 368 ± 500 CFU/25 cm2 and 872 ± 479 versus
347 ± 429 CFU/25 cm2, respectively. Similarly, in a
study at the Barzilai Hospital in Israel, bacterial
colonization of sheets, including MRSA, has been
found in 22 out of the 30 sheets examined, with
an average of 21,909 ± 3134 CFU/100 cm2 [30]. In-
creased bacterial shedding from nasal cavities has
been reported for patients with upper respiratory
infections [16].

Importantly, it was found that bed making re-
leases large quantities of micro-organisms into
the atmosphere. Greene et al. [31] found that
the total viable count (TVC) in a patient room ex-
ceeded 6000 CFU/m3 of air during vigorous bed
making, which was more than 10-fold higher than
the background levels of bacteria found in the air

prior to the bed making. Interestingly, they also
found approximately two fold increase in the TVC
in the hallways following bed making. The bacterial
count in the air fell back to background levels only
30 min after bed making. The data for the hallway
also reveals that the bed making process dispersed
micro-organisms around the building.

In a similar study, Shiomori et al. [32] measured
the number of MRSA in the air and in various sur-
faces before, during and after bed making. They
found a 25–26-fold increase (p < 0.01) in the num-
ber of MRSA in the air immediately following bed
making. The bacteria levels in the air fell back to
background levels within 30 min. MRSA was de-
tected following the bed making also on many sur-
faces, such as bed sheets, over-bed tables, and
patients’ clothing.

Similarly, Solberg [33] found strong positive cor-
relation between the air counts of staphylococci
and the making of the beds of his patients. He re-
ported that bed making of at least 20% of the 2014
patients surveyed dispersed more than 10,000
staphylococcus-carrying particles into the air. Sim-
ilar results were reported by Noble and Davies [34]
in patients following undressing and redressing.

These studies strongly support the notion that
disturbance of textiles in clinical settings may
contribute to the dispersal of pathogens to the
air, which then settle down and contaminate the
immediate and non-immediate environment.
Healthcare workers that touch pathogens in aero-
sol contaminated surfaces can then transport these
pathogens to patients by the contact route. In-
deed, the source of contamination in 21.1% of
1561 nosocomial outbreaks studied has been attrib-
uted to contaminated surfaces [13].

Contaminated textiles, such as contaminated
sheets and pyjamas, in addition to be a source of
aerosol transmission of micro-organisms, can also
directly contaminate the hospital personnel. For
example, the CDC reported that MRSA spread also
occurred though indirect-contact by touching ob-
jects such as towels, sheets, wound dressings and
clothes contaminated by the infected skin of a per-
son with MRSA [35]. Similarly, it has been shown
that 42% of personnel who had no direct-contact
with patients, but had touched different surfaces
including bed linens, contaminated their gloves
with MRSA [36]. An investigation of a nosocomial
infection in Japan revealed that transmission of
S. pyogenes occurred via contact with the contam-
inated surface of a vinyl sheet that covered the bed
on which the patients were treated [37]. Similarly,
an investigation regarding a nosocomial outbreak
of Norwalk gastroenteritis revealed that bedding
was a significant risk factor [38,39].
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Hospital staff, even by using protective equip-
ment such as gloves, can contaminate them by
touching the contaminated textiles and then trans-
fer the micro-organisms to other patients directly
or indirectly by contaminating other surfaces, such
as door knobs. For example, it was found that 65%
of the nurses who performed activities on patients
with MRSA in wounds or urine, contaminated their
nursing uniforms or gowns with MRSA. This in turn,
will readily contaminate the clothing and hands of
healthcare workers [16,36].

Prevention of nosocomial infections

Nosocomial infections can significantly be reduced
and guidelines for preventing healthcare-associ-
ated infections are being established (e.g. [40]). It
is estimated that by using several strategies simul-
taneously about one third of these infections may
be eliminated [10,41]. These strategies include
improvement of national surveillance of nosocomial
infections, using valid surveillance parameters;
improving the design of invasive devices that may
avoid the high risk associated with bypassing normal
host defence barriers (e.g., the skin and mucous
membranes); use of aggressive antibiotic control
programs to reduce the spread of antibiotic resis-
tant strains; increase hospital hygiene; hand
hygiene; use of personal protective equipment
and successful collaboration of the infection con-
trol community, CDC, and regulatory agencies.
The goals are to avoid pathogen transmission by
hand, by air and by blood. It is widely agreed that
hand washing is the most important method to de-
crease nosocomial infection in the hospital setting
[42,43], but, sadly, this hygiene action is often lack-
ing [10,12,11]. Other measures include avoiding
hand contact, especially to the conjunctiva or nasal
areas. Various sterilization measures are helpful
ranging from simple acts like sterilizing ventilators
to full scale air filtering systems in the hospital.

However, in spite of all the above mentioned
measures, the control of nosocomial infections still
remains a challenge to the infectious control com-
munity and novel and additional measures to fight
nosocomial infectious have to be considered. It is
clear that the current modalities to reduce nosoco-
mial infections are not sufficient.

Our hypothesis

We hypothesize that the fabrics that are in contact
with patients are an important source of micro-
organisms that may infect susceptible patients
either by endogenous transmission, indirect-contact

or through airborne transmission when these fabrics
are handled by the hospital staff. We submit that by
making the hospital textiles, especially those that
come in contact with the patients, such as patient’s
sheets, pillowcases, robes, and pyjamas,withmate-
rials that have potent biocidal properties, would
help reduce an important source ofmicro-organisms
involved in nosocomial infections. Indeed, a pilot
study with 30 patients, who slept overnight on regu-
lar-sheets and then overnight on sheets containing
copper-oxide, a potent biocide, demonstrated a sta-
tistically significant lower bacterial colonization on
the copper-oxide containing sheets than on regu-
lar-sheets [30], strongly supporting our hypothesis.

The biocidal materials introduced into the hospi-
tal textiles should have the following key
characteristics:

� Have wide spectrum antimicrobial, antifungal
and antiviral properties.
� Be effective against the already existent antibi-
otic resistant micro-organisms involved in noso-
comial infections.
� Not permit the development of micro-organisms
which are resistant to the active component.
� Do not cause skin irritation or sensitization.
� Be safe to humans.

As nosocomial infections are now also spreading
out from the hospital environment into the commu-
nity (e.g. [44]), the use of textiles, such as those
impregnated with copper-oxide, which possess
the above mentioned properties, may not only sig-
nificantly contribute to the reduction of hospital-
acquired infections, but may also confer protection
when used in homes for the elderly and in other
environments where immune-compromised individ-
uals are at high risk of contracting infections.
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