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Foreword

Biocides (disinfectants, antiseptics, preservatives) usage has increased worldwide
notably for applications that do not necessarily require the application of biocides,
particularly in the home environment. The amount of biocides used in Europe is
difficult to quantify as the number of products containing a biocide and biocide
applications have increased dramatically in the last 10 years. It is thus logical to
assume that microbial exposure to biocides has also increased. Parallel, but not
separate, from the increase in biocidal products commercially available is the rise in
antimicrobial resistance (AMR) in bacteria, which results primarily from the
overuse and misuse of chemotherapeutic antibiotics for human and veterinary
medicine, but also for industrial processes such as fermentation. Recent calculations
from Lord O’Neil’s AMR report to the British government predict human deaths
caused by untreatable AMR to reach 10 million worldwide by 2050, well above
other diseases including cancer. Biocidal products have a role to play in reducing
AMR notably on hard and porous surfaces, with disinfection and antisepsis, and in
products through preservation. The increase in biocidal products is most likely due
to a better understanding by the public of hygiene concepts and AMR, and the
absolute need to control infection, creating opportunities for the industry to meet the
need for products that can inhibit or eliminate the risk of infection or spoilage.
Although biocidal products play an essential part in controlling micro-organisms on
surfaces and in products, the overuse of biocides and biocidal products has raised
concerns among regulators, about environmental toxicity following product appli-
cations, and on risks associated with emerging bacterial resistance to specific
biocidal agents, and cross-resistance to unrelated substances including
chemotherapeutic antibiotics. In Europe, the Biocidal Products Regulation now
mentioned the need for manufacturers to measure the impact of biocidal products
on emerging resistance and cross-resistance, while the US Food and Drug
Administration has recently published a rule to restrict the use of a number of
cationic and phenolic biocides in certain products, based on potential toxicity and
bacterial resistance issues.

Hence, if the use of biocides and biocidal products is necessary and beneficial on
the one hand, overuse and misuse of biocides may be detrimental on the other hand.
This book looks at the main biocides used in common formulations developed for
healthcare applications. It provides useful information on biocide activity against
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bacteria and fungi, and evidence of emerging resistance and cross-resistance
following biocide exposure. It also dedicates a number of chapters promoting
appropriate biocidal product usage and good stewardship of biocidal products
in healthcare settings. The subjects presented in this book are topical and of great
interests. Overall, the information provided in this book provides a better
understanding of the efficacy and limitations of commonly used biocides and their
applications.

Cardiff, UK Prof. Jean-Yves Maillard
School of Pharmacy and Pharmaceutical Sciences

Cardiff University
June 2018
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Preface

A chemical that constantly stresses bacteria to adapt, and
behaviour that promotes antibiotic resistance needs to be
stopped immediately when the benefits are null.

Patrick J. McNamara and Stuart B. Levy (2016)

The indicated use of antiseptics and disinfectants is regarded as a major contribution
to prevent the transmission of multidrug- or pan-resistant pathogens. Some
antiseptic products, however, contain additional non-volatile active ingredients with
a doubtful or sometimes even without a contribution to the overall antimicrobial
efficacy. But these agents can at the same time cause adaptation and resistance,
mainly among Gram-negative bacterial species. The resistance may even cover
other biocidal agents or selected antibiotics. Chlorhexidine digluconate is such a
biocidal agent used in different types of products such as alcohol-based hand rubs,
antimicrobial soaps, alcohol-based skin antiseptics and antiseptic mouth rinses. In
some of the applications, there is good evidence that it contributes to patient safety,
e.g. when used in combination with alcohol as a skin antiseptic for the insertion of a
central venous catheter or for puncture site care. Its effect in alcohol-based hand
rubs, however, is at least doubtful.

After my publication in the Journal of Hospital Infection in 2016 on acquired
resistance to chlorhexidine and the proposal to establish an antiseptic stewardship
initiative, I have received some very encouraging emails from clinical colleagues
who were grateful for the review and who supported the principal idea of an
antiseptic stewardship based on their own clinical experience. This type of feedback
was motivation enough to look at the entire topic in a broader perspective.

Although the evaluation of biocidal agents was done with a lot of care for
completeness and experimental details, I may still have missed some studies. But
the overall picture is probably quite complete and allows learning which of the
biocidal agents has a higher risk for promoting resistance in which types of
pathogens. Healthcare workers are invited to critically look at the product labels in
the section “composition” and to find out which of the active agents is in the
product even if not declared as an active agent. Regulative authorities are invited to
ask the manufacturers about the evidence-based antimicrobial effects of specific
substances which may even result in non-approval of specific products if the risks
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for selection pressure by a substance outweigh any possible benefits. And manu-
facturers are invited to take all the findings into account when formulating antiseptic
products. At the end, I hope that the book contributes to reducing unnecessary
selection pressure by the different types of antiseptic agents.

Greifswald, Germany Günter Kampf
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About this Book

For this book, typical antiseptic substances have been selected which are used in
various fields of applications (e.g. human medicine, veterinary medicine, food
production and handling) and are used in at least two types of antiseptic products
(e.g. hand disinfectants, surface disinfectants, skin antiseptics) by at least two
manufacturers. Another prerequisite was to have published evidence available for
each antiseptic agent allowing a best possible comprehensive review of its
antimicrobial efficacy and resistance. One aspect is very important in this context.
The summary on each biocidal agent aims to provide a neutral and complete picture
but does not intend to favour or disadvantage specific biocidal agents. It does also
not intend to favour or disadvantage specific manufacturers or companies.

In the first part of each chapter, the chemical is characterized followed by its
typical applications including the regulatory frame in the European Union and the
USA. A summary of the activity of each antiseptic agent against bacteria, fungi and
mycobacteria is the next part. It includes an overview on MIC values to determine a
microbiostatic activity and data from suspension tests to determine a microbiocidal
activity obtained with culture collection strains and all other types of clinical and
environmental isolates. It also includes a description of the efficacy against the
micro-organisms in biofilms. Viruses were not included because adaptation and
resistance were regarded as defence mechanisms of living cells. Bacterial spores
were also not included because they are considered the most resistant form of a
micro-organism anyway so that an adaptation or an acquired resistance is not
expectable and is unlikely to change the use of antiseptics.

It is followed by all data on any type of adaptive response by micro-organisms to
low-level exposure to the biocidal agent. This may be a change of susceptibility to
the biocide itself, to other biocidal agents or antibiotics (e.g. measured by a higher
MIC value), a change of biofilm formation, a change of efflux pump activity or a
change of horizontal gene transfer. Taking all the information together will hope-
fully allow to see that some antiseptic agents have a higher risk for microbial
adaptation and resistance, and other agents have a lower risk.

Finally, a description of the frequency of resistance can be found, e.g. isolates
with high MIC values, contaminated biocidal products or even outbreaks or
pseudo-outbreaks of infections caused by contaminated biocidal products. Possible
mechanisms of resistance are reviewed such as specific resistance genes, plasmids
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and efflux pumps that may extrude deleterious compounds, such as antibiotics,
drugs and solvents. Cross-resistance to other biocidal agents and antibiotics is also
summarized in this part. Some studies have reported that a species became resistant
to an antibiotic based on accepted break points and methods. In this case, an isolate
will be described as resistant to the antibiotic. Other authors described an MIC
change (e.g. by microdilution or Etest) or a change of the zone of inhibition (e.g. by
disc diffusion test) without an assignment to “resistant” or “susceptible”. This type
of finding will be described as cross-tolerance. In addition, data on biofilm devel-
opment, removal and fixation are summarized for each antiseptic agent. Based on
the agents’ summary, it should be possible to establish an antiseptic stewardship
initiative.

x About this Book
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P. anaerobius Peptostreptococcus anaerobius
P. ananatis Pantoea ananatis
P. anomala Pichia anomala
P. aurantiogriseum Penicillium aurantiogriseum
P. caseifulvum Penicillium caseifulvum
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P. crustosum Penicillium crustosum
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P. diminuta Pseudomonas diminuta
P. discolor Penicillium discolor
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P. fluorescens Pseudomonas fluorescens
P. fragi Pseudomonas fragi
P. gingivalis Porphyromonas gingivalis
P. intermedia Prevotella intermedia
P. lundensis Pseudomonas lundensis
P. marginalis Pseudomonas marginalis
P. melaninogenica Prevotella melaninogenica
P. mexicana Pseudoxanthomonas mexicana
P. micra Parvimonas micra
P. micros Peptostreptococcus micros
P. mirabilis Proteus mirabilis
P. morganii Proteus morganii
P. multocida Pasteurella multocida
P. nalgiovense Penicillium nalgiovense
P. nigrescens Prevotella nigrescens
P. nitroreducens Pseudomonas nitroreducens
P. nitroreductans Pseudomonas nitroreductans
P. norvegensis Pichia norvegensis
P. ohmeri Pichia ohmeri
P. paneum Penicillium paneum
P. putida Pseudomonas putida
P. pyocyanea Pseudomonas pyocyanea
P. rettgeri Proteus rettgeri
P. roqueforti Penicillium roqueforti
P. solitum Penicillium solitum
P. stutzeri Pseudomonas stutzeri
P. verrucosum Penicillium verrucosum
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P. vesicularis Pseudomonas vesicularis
P. vulgaris Proteus vulgaris
PRSP Penicillin-resistant Streptococcus pneumoniae
PTFE Polytetrafluoroethylene
PVC Polyvinyl chloride
QAC Quaternary ammonium compound
R. dentocariosa Rothia dentocariosa
R. erythropolis Rhodococcus erythropolis
R. microsporus Rhizopus microsporus
R. mucilaginosa Rhodotorula mucilaginosa
R. nigricans Rhizopus nigricans
R. pickettii Ralstonia pickettii
R. planticola Raoultella planticola
R. rubra Rhodotorula rubra
R. rubrum Rhodospirillum rubrum
S Solution of antiseptic agent
s Second(s)
S. Anatum Salmonella Anatum
S. anginosus Streptococcus anginosus
S. apiospermum Scedosporium apiospermum
S. arboriculus Saccharomyces arboriculus
S. aureus Staphylococcus aureus
S. bayanus Saccharomyces bayanus
S. brevicaulis Scopulariopsis brevicaulis
S. capitis Staphylococcus capitis
S. caprae Staphylococcus caprae
S. cariocanus Saccharomyces cariocanus
S. carlsbergensis Saccharomyces carlsbergensis
S. cerevisiae Saccharomyces cerevisiae
S. choleraesuis Salmonella choleraesuis
S. chromogenes Staphylococcus chromogenes
S. cohnii Staphylococcus cohnii
S. constellatus Streptococcus constellatus
S. delphini Staphylococcus delphini
S. enterica Salmonella enterica
S. Enteritidis Salmonella Enteritidis
S. epidermidis Staphylococcus epidermidis
S. equorum Staphylococcus equorum
S. fleurettii Staphylococcus fleurettii
S. flexneri Shigella flexneri
S. gordonii Streptococcus gordonii
S. Hadar Salmonella Hadar
S. haemolyticus Staphylococcus haemolyticus
S. hominis Staphylococcus hominis
S. hyicus Staphylococcus hyicus
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S. Infantis Salmonella Infantis
S. intermedius Streptococcus intermedius
S. Kentucky Salmonella Kentucky
S. kloosii Staphylococcus kloosii
S. kudriavzevii Saccharomyces kudriavzevii
S. lentus Staphylococcus lentus
S. liquefaciens Serratia liquefaciens
S. lugdunensis Staphylococcus lugdunensis
S. maltophilia Stenotrophomonas maltophilia
S. marcescens Serratia marcescens
S. mikatae Saccharomyces mikatae
S. mitis Streptococcus mitis
S. mizutae Sphingobacterium mizutae
S. multivorum Sphingobacterium multivorum
S. mutans Streptococcus mutans
S. oralis Streptococcus oralis
S. paradoxus Saccharomyces paradoxus
S. parasanguinis Streptococcus parasanguinis
S. pasteuri Staphylococcus pasteuri
S. paucimobilis Sphingomonas paucimobilis
S. pneumoniae Streptococcus pneumoniae
S. pombe Schizosaccharomyces pombe
S. proteamaculans Serratia proteamaculans
S. pseudintermedius Staphylococcus pseudintermedius
S. putrefaciens Shewanella putrefaciens
S. pyogenes Streptococcus pyogenes
S. salivarius Streptococcus salivarius
S. sanguinis Streptococcus sanguinis
S. sanguis Streptococcus sanguis
S. saprophyticus Staphylococcus saprophyticus
S. schleiferi Staphylococcus schleiferi
S. sciuri Staphylococcus sciuri
S. Senftenberg Salmonella Senftenberg
S. simulans Staphylococcus simulans
S. sobrinus Streptococcus sobrinus
S. soli Sphingomonas soli
S. sonnei Shigella sonnei
S. spiritivorum Sphingobacterium spiritivorum
S. thermophilus Streptococcus thermophilus
S. Thompson Salmonella Thompson
S. Typhimurium Salmonella Typhimurium
S. uvarum Saccharomyces uvarum
S. viridians Streptococcus viridians
S. warneri Staphylococcus warneri
S. wittichii Sphingomonas wittichii
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S. xiamenensis Shewanella xiamenensis
S. xylosus Staphylococcus xylosus
S. yanoikuyae Sphingobium yanoikuyae
SCCS Scientific Committee on Consumer Safety
SEM Scanning electron microscopy
t Ton(s)
T. asahii Trichosporon asahii
T. delbrueckii Torulaspora delbrueckii
T. forsythia Tannerella forsythia
T. harzianum Trichoderma harzianum
T. longibrachiatum Trichoderma longibrachiatum
T. mentagrophytes Trichophyton mentagrophytes
T. rubrum Trichophyton rubrum
T. viride Trichoderma viride
T. whipplei Tropheryma whipplei
V. alginolyticus Vibrio alginolyticus
V. atypica Veillonella atypica
V. cholerae Vibrio cholerae
V. dispar Veillonella dispar
V. indigofera Vogesella indigofera
V. parahaemolyticus Vibrio parahaemolyticus
V. parvula Veillonella parvula
V. vulnificus Vibrio vulnificus
v/v Volume by volume
VBNC Viable but non-culturable
VISA Vancomycin intermediate-resistant Staphylococcus

aureus
VISE Vancomycin intermediate-resistant Staphylococcus

epidermidis
VRE Vancomycin-resistant Enterococcus spp.
w/w Weight by weight
WD Washer disinfector
WHO World Health Organization
X. aerolatus Xenophilus aerolatus
X. citri Xanthomonas citri
X. maltophilia Xanthomonas maltophilia
Y. enterocolitica Yersinia enterocolitica
Y. pestis Yersinia pestis
Y. pseudotuberculosis Yersinia pseudotuberculosis
Y. ruckeri Yersinia ruckeri
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1Introduction

1.1 Background

Antibiotic resistance is increasing worldwide. Since 2015, various measures are
enforced by the WHO in a global action plan to at least slow down this develop-
ment, e.g. to reduce the incidence of infection through effective sanitation, hygiene
and infection prevention measures [28]. For this purpose, various antiseptic agents
are used for different types of applications such as hand disinfection, skin antisepsis
or surface disinfection. These antiseptic products usually comply with the necessary
respective efficacy standards and aim to reduce the microbial load on the target
organ or surface to a level that a transmission of the micro-organism to a patient or
to food is no longer possible. The excessive use of antiseptics and biocides in health
care, agriculture and the environment, however, can lead to resistance against these
compounds and potentially also to cross-resistance to antibiotics [21, 25]. Concerns
have been raised in recent years regarding co-selection for antibiotic resistance
among bacteria exposed to biocides used as disinfectants, antiseptics and preser-
vatives, and to heavy metals (particularly copper and zinc) used as growth pro-
moters and therapeutic agents for some livestock species [26]. It is therefore worth
to have a look at various antiseptic agents used for different types of application and
to assess their ability to develop resistance to the compound itself and cross-
resistance to other antiseptic compounds and antibiotics.

While biocides are generally not as well-studied as antibiotics, it is becoming
clear that bacteria employ the same major resistance strategies against antiseptic
agents such as inhibitor inactivation, target site alteration and target site exclusion
[2]. The main mechanisms of biocidal resistance such as cellular impermeability,
efflux pumps, plasmids and the presence of biofilms have been reviewed exten-
sively in 2001 [22]. Although reports of resistance have often paralleled issues
including inadequate cleaning, incorrect product use or ineffective infection control
practices [17], it seems relevant to address specifically the potential of biocidal
resistance for the most commonly used agents.
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Bacterial populations exploit a range of mechanisms to survive challenges [3].
Bacteria can seek protected environments passively by avoiding deadly environ-
ments or actively by manipulating their phenotypic expression and gathering in
structured biofilm communities [3]. In addition, an underappreciated
healthcare-associated ecosystem exists and strongly suggests that effective control
of the overall multidrug-resistant micro-organisms burden will require stewardship
interventions that take into account both primary and secondary impacts of
antibiotic treatments [27], which may also include antiseptic treatments. Water flow
paths also trigger the formation of antibiotic resistance, since they transport
antibiotics, multiresistant bacteria and free resistance genes through the soil, so that
they function as hot spots for the accumulation of antibiotics and trigger the for-
mation of resistance genes in soil [13].

Resistance or adaptation to biocidal agents has been described already 130 years
ago, e.g. in 1887 by Kossiakoff when bacteria acquired the faculty of developing
resistance to gradually increasing doses of some chemical agents such as boric acid
or mercury chloride. Later in 1912, Regenstein studied the adaptation of bacteria to
disinfectants including phenol [23]. The history of scientific evidence on bacterial
adaptation to biocidal agents was reviewed by Russell in 2004 and is a valuable
source of information for the interested reader [23].

Sudden awareness of the evaluation of risks and benefits was created in 2016
when the FDA banned 19 active ingredients including triclosan for antimicrobial
soaps used by the general population at home [4]. The reason for the ban is rather
simple but a milestone at the same time: “A risk must be balanced with the
demonstration of a direct clinical benefit (i.e. a reduction of infection)—that the
product is superior to washing with non-antibacterial soap and water in reducing
infection”. The decision has raised a lot of support in the scientific community: “We
applaud this rule specifically because of the associated risks that triclosan poses to the
spread of antibiotic resistance throughout the environment. This persistent chemical
constantly stresses bacteria to adapt, and behaviour that promotes antibiotic resis-
tance needs to be stopped immediately when the benefits are null” [18].

When we look at other antiseptic products containing two or more active
ingredients, we can find similar scenarios, for example an alcohol-based hand rub
containing chlorhexidine. Does a direct clinical benefit justify the supplementation
of chlorhexidine taking into account that “this persistent chemical may constantly
stress bacteria to adapt in the immediate patient surrounding”? The same questions
can be raised for alcohol-based skin antiseptics supplemented with “persistent
active ingredients”. It can also be raised for antiseptic soaps based on one active
ingredient typically used in food processing or veterinary medicine. And it can be
raised for surface disinfectants, e.g. containing a composition of quaternary
ammonium compounds. Is the risk for bacterial adaptation and resistance higher for
the quaternary ammonium compounds compared to other biocidal agents such as
hydrogen peroxide or sodium hypochlorite so that the promotion of resistance can
be reduced with a product based on antiseptic compounds with a lower adaptation
potential?
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Selection and enrichment for antibiotic resistant bacteria is often a consequence
of weak, non-lethal selective pressures—caused by low levels of antibiotics [1].
Adaptive tolerance is a specific class of non-mutational resistance that is charac-
terized by its transient nature, although some adaptive changes may be stable. It
occurs in response to certain environmental conditions or due to epigenetic phe-
nomena like persistence [7]. That is why the effects of low-level exposure to
antiseptics are addressed as well as any known resistance mechanisms, resistance
genes and cross-resistance to other biocidal agents and antibiotics as they may all
contribute to biocide tolerance [16]. For the final evaluation, the results on any
adaptive MIC change are summarized in three general categories: no MIC change,
weak MIC change (� 4-fold) and strong MIC change (>4-fold) which may be
unstable, stable or of unknown stability. The adaptive effect may be mediated by
efflux pumps [6, 9]. Antibacterial biocides at low concentrations can also contribute
to antibiotic resistance development by facilitating the spread of antibiotic resis-
tance between bacteria [10].

Another aspect is the role of biofilms [14]. They are the predominant mode of
microbial growth in drinking water systems. A dynamic exchange of individuals
occurs between the attached and planktonic populations, while lateral gene transfer
mediates genetic exchange in these bacterial communities [5]. In addition, the
deciphering and control of anti-biofilm properties represent future challenges in
human infection control [19] and in food processing [24]. Prevention of biofilm
formation on implant surfaces is considered to be a key element for the successful
prevention of implant infections caused by S. aureus and S. epidermidis [20].
Various types of infections associated with biofilms have been described [12]. Any
effect of biocidal agents on biofilm formation, removal and fixation are therefore
essential. Possible effects of low-level exposure also include inhibition or promo-
tion of biofilm formation.

1.2 Dimensions of Antiseptic Stewardship

In 2005, it was suggested that the scientific community must weigh the risks and
benefits of using biocides in clinical and community environments, to determine
whether additional precautions are needed to guide biocide development and use
[15]. In recent years, good stewardship programmes have been requested, not only
for clinically used antibiotics, but also for antimicrobials used in agriculture, and for
critically important antiseptics such as chlorhexidine [11, 25]. The Florence state-
ment from 2017 suggests two types of actions that are highly relevant in an
antiseptic stewardship programme.

1. Avoid chemicals except where they provide an evidence-based health benefit,
and there is adequate evidence demonstrating they are safe [8].
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Many antiseptic products contain two or more biocidal agents. For example,
quite a number of alcohol-based hand rubs are supplemented with non-volatile
biocidal agents such as chlorhexidine digluconate, mecetronium etilsulfate or
octenidine dihydrochloride. The aim is to achieve a “persistent activity”, e.g. during
surgical hand disinfection. Skin disinfectants may also contain such agents in order
to achieve a “persistent activity” with the aim to slow down bacterial regrowth and
finally reduce surgical site infections. But what should be done if these agents do
not contribute to the overall efficacy and do not provide an evidence-based health
benefit but are prone to enhance the development of resistance and cross-resistance,
e.g., by low-level exposure, or stimulate biofilm formation so that persistence of the
target micro-organism and its adaptation are more likely? Alternative antisep-
tic products with the same spectrum of antimicrobial activity are often available,
may be even with the same active agents except for the one claimed to have
“persistent activity”. In order to reduce unnecessary selection pressure in all fields
of application, it seems mandatory to select these alternative antiseptic products
provided that the overall efficacy, user acceptability, dermal tolerance or material
compatibility are non-inferior. The WHO goal to reduce the incidence of infection
through effective sanitation, hygiene and infection prevention measures can still be
assured. At the same time, the selection pressure on biocidal agents and possible
cross-resistance to other biocidal agents or antibiotics can be reduced.

2. Where antimicrobials are necessary, use safer alternatives that are not persistent
and pose no risk to humans or ecosystems [8].

Especially for the disinfection of inanimate surfaces in health care, animal
production, food processing or veterinary medicine, products often contain two or
more active ingredients. Some of them have a low potential to adapt, others may
lose some of their efficacy after a few applications so that the target
micro-organisms have become tolerant to the commonly used concentration. If this
happens, it has two relevant implications. First, the antiseptic is unlikely to exhibit
its anticipated effect in real life, e.g. in health care. Second, adapted or resistant
micro-organisms survive the antiseptic treatment and may persist on the surfaces. It
will be easier for them to resist the next antiseptic treatment with the same product.
If the adaptation or resistance is correlated with enhanced biofilm formation, then it
may be even more difficult if not impossible to eliminate the pathogens from the
surface. That is why it is relevant to know the potential of different antiseptic agents
to adapt, to develop resistance or to enhance biofilm formation. Alternative
antiseptic agents with the same spectrum of antimicrobial activity may be available,
probably with other active agents. In order to reduce unnecessary selection pressure
in all fields of application, it seems mandatory to select these alternative antiseptic
products provided that the overall efficacy and material compatibility are compa-
rable. The WHO goal to reduce the incidence of infection through effective sani-
tation, hygiene and infection prevention measures can still be assured. At the same
time, the selection pressure on biocidal agents and possible cross-resistance to other
biocidal agents or antibiotics can be reduced.
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1.3 Antiseptic Stewardship Per Type of Application

This book will hopefully help to make informed decisions on the selection of
biocidal products with the preference for those agents exhibiting a lower selection
pressure. Alcohol-based products for hand disinfection or skin antisepsis may not
need most of additional antiseptic agents unless there is an evidence-based health
benefit for this specific antiseptic agent. Nevertheless, products supplemented with
these antiseptic agents such as chlorhexidine digluconate, benzalkonium chloride or
octenidine dihydrochloride are also often very effective, comply with the efficacy
criteria and have good user acceptability. And yet they contain one of these sub-
stances that are likely to increase selection pressure without a direct clinical benefit.

In surface disinfection, some of the commonly used biocidal agents are com-
pared regarding their potential for selection pressure. For this type of application, it
may be an option to prefer those agents that are less prone for an adaptive response
and inhibit rather than increase biofilm formation. Having this awareness is already
the beginning of antiseptic stewardship in real life.

I am confident that opportunities to reduce selection pressure can be found in
various settings by a more careful and responsible product selection without losing
the required antimicrobial efficacy of the antiseptic. The magnitude of the contri-
bution of antiseptic stewardship to slow down the global development of antimi-
crobial resistance is almost impossible to predict but it is nevertheless one
component that will quite likely contribute.
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2Ethanol

2.1 Chemical Characterization

Ethanol is a simple alcohol. It is a volatile, flammable, colourless liquid with a
slight characteristic odour. Ethanol is naturally produced by the fermentation of
sugars by yeasts or via petrochemical processes. The basic chemical information on
ethanol is summarized in Table 2.1.

2.2 Types of Application

According to the information provided by the European Chemicals Agency
(ECHA), ethanol is used by consumers, in articles, by professional workers
(widespread uses), in formulation or repacking, at industrial sites and in manu-
facturing. The use by consumers includes fuels, inks and toners [33]. Use by
professional workers includes hand disinfection by healthcare workers and in
veterinary medicine, skin antisepsis prior to surgery, disinfection of inanimate
surfaces and rinsing of endoscope channels after manual processing. In 2009, the
World Health Organization (WHO) has recommended to use alcohol-based hand
rubs, e.g. based on ethanol, in specific situations during patient care for prevention
of healthcare-associated infections [113]. Alcohol-based hand rubs, e.g. based on
ethanol, are also recommended for the preoperative decontamination of hands for
the prevention of surgical site infections [115].

Since 2015, the WHO has classified denatured ethanol at 70% as an antiseptic
and at 80% (v/v) as a disinfectant for alcohol-based hand rubbing as an “essential
medicine” [114], both for adults and children up to 12 years of age [116]. Alcohols
including ethanol have been used effectively to disinfect oral and rectal ther-
mometers [36, 100], hospital pagers [99], scissors [29] and stethoscopes [119].
Alcohols have been used to disinfect fibre-optic endoscopes [7, 37]. Alcohol
towelettes are still used to disinfect small surfaces such as rubber stoppers of
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multiple-dose medication vials or vaccine bottles [17, 71]. Furthermore, alcohol
may be used to disinfect external surfaces of equipment (e.g. ventilators, manual
ventilation bags) [112], cardiopulmonary resuscitation manikins [20], and ultra-
sound instruments or medication preparation areas [81]. In China, ethanol is used
for hand hygiene, skin disinfection, surface disinfection and medical instrument
disinfection at 75% [63].

2.2.1 European Chemicals Agency (European Union)

Ethanol is under review (June 2018) as an active biocidal agent for product types 1
(human hygiene), 2 (disinfectants and algaecides not intended for direct application
to humans or animals), 4 (food and feed area) and 6 (preservatives for products
during storage) [34].

2.2.2 Environmental Protection Agency (USA)

Ethanol has last been reregistered by the EPA in 1995. It is used as a component in a
variety of commercial and household products including a sterilant, medical disin-
fectants, virucides, sanitizers, fungicides and plant regulators (ripener). Ethanol is
used with quaternary ammonium compounds for swimming poolwater systems [106].

2.2.3 Food and Drug Administration (USA)

In 1994, the tentative final monograph for healthcare antiseptic products classified
ethanol between 60 and 95% as “generally recognized as safe and effective” for
patient preoperative skin preparation, surgical hand scrubbing and for healthcare
personnel hand wash [27]. In 2015, the classification was changed. Ethanol at 60 to
95% was now eligible for three types of application: patient preoperative skin
preparation, healthcare personnel hand rub and surgical hand rub [28]. It is now
classified in category IIISE indicating that available data are insufficient to classify
ethanol as safe and effective, and further testing is required [28]. The main aspect is
the safety under maximal use conditions [28].

Table 2.1 Basic chemical information on ethanol [33, 76]

CAS number 64-17-5

IUPAC name Ethanol

Synonyms Alcohol, absolute alcohol, ethyl alcohol, grain alcohol

Molecular formula C2H6O

Molecular weight (g/mol) 46.042
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2.2.4 Overall Environmental Impact

Ethanol is manufactured and/or imported in the European Economic Area in 1 to 10
million t per year [33]. Other release to the environment of this substance is likely to
occur from outdoor use, indoor use (e.g. machine wash liquids/detergents, auto-
motive care products, paints and coating or adhesives, fragrances and air freshen-
ers), outdoor use in close systems with minimal release (e.g. hydraulic liquids in
automotive suspension, lubricants in motor oil and break fluids) and indoor use in
close systems with minimal release (e.g. cooling liquids in refrigerators, oil-based
electric heaters) [33].

2.3 Spectrum of Antimicrobial Activity

2.3.1 Bactericidal Activity

2.3.1.1 Bacteriostatic Activity (MIC Values)
The bacteriostatic activity of ethanol begins at 3.1% with Staphylococcus spp. and
has its highest MIC value against isolates of E. coli at 32% (Table 2.2). In addition,
some authors reported that 70% ethanol is ineffective using a disc diffusion test, e.g.
against 31 of 32 S. aureus isolates from insects [82], against 60% of 35 MRSA
isolates and 66.7% of 60 MSSA isolates [19]. Due to the volatility of ethanol,
however, the results of disc diffusion tests with ethanol should be evaluated with
caution as they are likely to be false negative.

2.3.1.2 Bactericidal Activity (Suspension Tests)
Ethanol at 78% or more has comprehensive bactericidal activity within 30 s, at 85%
even in 15 s (Table 2.3). It covers both culture collection strains and various
clinical isolates. Lower concentrations of ethanol may require longer exposure
times to reach an equivalent efficacy. These findings are supported by MBC values
reported for 64 MDR clinical A. baumannii isolates (30% in 10 min), 56
QAC-tolerant S. aureus isolates (40–60% in 5 min) and 42 clinical MRSA isolates
(30–60% in 5 min) [23, 63, 75].

2.3.1.3 Activity Against Bacteria in Biofilms
The efficacy of ethanol against bacteria in artificially grown biofilms is variable.
Most studies with ethanol at 70% indicate a rather poor bactericidal efficacy within
60 min against A. baumannii, P. aeruginosa, S. Typhimurium and S. aureus with
log reductions � 2.0. Against A. baumannii, however, ethanol at 70% revealed in
one study a very good bactericidal efficacy within 10 min. The efficacy of 35–70%
ethanol against E. coli in biofilm was mostly good (Table 2.4).

The overall low bactericidal efficacy of ethanol at around 70% is confirmed by
another study. Ethanol at 70% applied for up to 1 h to biofilm of S. Typhimurium,
E. coli, S. mutans or B. fragilis on glass or rubber carrier was not effective enough to
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Table 2.2 MIC values of various bacterial species to ethanol

Species Strains/isolates MIC value References

A. baumannii 47 clinical isolates 7.5–22.5% [61]

A. calcoaceticus ATCC 19606 4.4% [88]

B. stearothermophilus ATCC 7953 8.8% [88]

B. subtilis var. globigii ATCC 9372 8.8% [88]

E. cloacae Strain IAL 1976 8.8% [88]

E. faecalis ATCC 29212 25% [15]

E. hirae Strain CIP 5855 8.8% [70]

Enterocococcus spp. 6 glycopeptide-susceptible isolates 6.2–25% [15]

Enterocococcus spp. 8 glycopeptide-resistant isolates 12.5–25% [15]

E. coli ATCC 25922 6.6% [88]

E. coli Reference strain and clinical isolate 10–32% [59]

E. coli ATCC 25922 17.5% [70]

L. monocytogenes Strain Scott A 5% [80]

L. monocytogenes 10 isolates from food 6.3–12.5% [1]

Micrococcus spp. 1 isolates from a clean room 6.3% [22]

M. morganii ATCC 25830 17.5% [70]

P. aeruginosa ATCC 27853 17.5% [70]

S. marcescens Strain IAL 1478 4.4% [88]

S. aureus MTCC 737 6.3% [22]

S. aureus ATCC 25923 8.8% [88]

S. aureus Strain CIP 53154 8.8% [70]

Staphylococcus spp. 3 isolates from a clean room 3.1% [22]

Table 2.3 Bactericidal activity of ethanol in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii ATCC 19606 and 2
clinical isolates incl.
MDR

15 s 85% (P) � 5.3 [51]

A. baumannii 81 clinical and
environmental isolates

24 h 70% (S) >5.0 [58]

A. calcoaceticus–
baumannii

Clinical isolate 30 s 62% (P) 4.1 [45]

60 s 5.1

A. lwoffi ATCC 15309 and 1
clinical isolate

15 s 85% (P) � 5.3 [51]

B. fragilis ATCC 25285 and 1
clinical isolate

15 s 85% (P) � 6.6 [51]

B. cenocepacia Strains LMG 16656
and LMG 18828

2 min,
5 min,
10 min

70% (S) � 5.0 [87]

B. cepacia ATCC 25416 and 1
clinical isolate

15 s 85% (P) � 5.5 [51]

(continued)

12 2 Ethanol



Table 2.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

C. jejuni ATCC BAA-1062,
ATCC 33560 and 2
field strains

1 min 70% (S) >6.0 [44]

C. difficilea ATCC 9689 and 1
clinical isolate

15 s 85% (P) � 5.3 [51]

C. jeikeium ATCC 43216 5 s 75% (S) >5.0 [118]

E. aerogenes ATCC 13048 and 1
clinical isolate

15 s 85% (P) � 5.9 [51]

E. cloacae ATCC 13047 and 1
clinical isolate

15 s 85% (P) � 6.5 [51]

E. faecalis ATCC 29212 and 2
clinical isolates incl.
VRE

15 s 85% (P) � 7.1 [51]

E. faecium ATCC 19434 and 2
clinical isolates incl.
VRE

15 s 85% (P) � 6.7 [51]

E. faecium and E.
faecalis

NCTC 775 and 8
clinical isolates (4 of
them
vancomycin-resistant)

30 s 45% (S) 0.6–6.1 [16]

1 min 1.7–7.7

5 min 3.8–7.7

E. hirae ATCC 10541 30 s 85% (P) >5.1 [54]

E. hirae ATCC 10541 30 s 78.2% (P) � 4.9 [53]

E. coli ATCC 11229 and
25922 and 3 clinical
isolates incl. MDR

15 s 85% (P) � 6.5 [51]

E. coli NCTC 10538 30 s 85% (P) >5.3 [54]

E. coli NCTC 10538 30 s 78.2% (P) � 5.1 [53]

E. coli ATCC 25922 24 h 70% (S) >5.0 [58]

H. influenzae ATCC 19418 and 1
clinical isolate

15 s 85% (P) � 5.3 [51]

H. parasuis 2 strains (serovars 1
and 5)

1 min 70% (S) >6.0 [92]

4.4–4.6b

H. pylori NCTC 11637, NCTC
11916 and 7 clinical
isolates

15 s 80% (S) >5.0 [2]

15–30 s >5.0b

K. pneumoniae ATCC 11296 and 1
clinical isolate

15 s 85% (P) � 6.5 [51]

K. oxytoca ATCC 43165 and 1
clinical isolate

15 s 85% (P) � 6.6 [51]

L. innocua Strain LCDC 86-417 1 min 70% (P) >5.0 [11]

L. monocytogenes ATCC 7644 and 1
clinical isolate

15 s 85% (P) � 6.2 [51]

L. monocytogenes Strain LCDC 88-702 1 min 70% (P) >5.0 [11]

M. luteus ATCC 7468 and 1
clinical isolate

15 s 85% (P) � 5.4 [51]

(continued)
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Table 2.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. mirabilis ATCC 7002 and 1
clinical isolate

15 s 85% (P) � 6.7 [51]

P. aeruginosa ATCC 15442 and
27853 and 2 clinical
isolates incl. MDR

15 s 85% (P) � 6.6 [51]

P. aeruginosa ATCC 15442 30 s 85% (P) >5.3 [54]

P. aeruginosa ATCC 15442 30 s 78.2% (P) � 5.2 [53]

P. aeruginosa ATCC 15442 2 min 40% (S) >5.0 [107]

S. Enteritidis ATCC 13076 and 1
clinical isolate

15 s 85% (P) � 6.8 [51]

S. Typhimurium ATCC 13311 and 1
clinical isolate

15 s 85% (P) � 6.7 [51]

S. Typhimurium ATCC 14028 and 3
Salmonella
spp. isolates

5 min 70% (P) � 5.0 [73]

S. marcescens ATCC 14756 and 1
clinical isolate

15 s 85% (P) � 5.6 [51]

S. sonnei ATCC 11060 and 1
clinical isolate

15 s 85% (P) � 6.5 [51]

S. aureus ATCC 6538 and 29213
and 2 clinical isolates
incl. MRSA/VISA

15 s 85% (P) � 6.3 [51]

S. aureus ATCC 6538 30 s 85% (P) >5.3 [54]

S. aureus ATCC 6538 30 s 78.2% (P) � 4.9 [53]

S. aureus Clinical MRSA isolate 30 s 62% (P) 3.5 [45]

60 s 4.2

S. aureus ATCC 6538 2 min 40% (S) >5.0 [107]

S. epidermidis ATCC 12228 and 2
clinical isolates incl.
VISE

15 s 85% (P) � 5.6 [51]

S. epidermidis ATCC 14990 5 s 75% (S) >5.0 [118]

S. haemolyticus ATCC 29970 and 1
clinical isolate

15 s 85% (P) � 5.3 [51]

S. hominis ATCC 27844 and 1
clinical isolate

15 s 85% (P) � 5.4 [51]

S. saprophyticus ATCC 15305 and 1
clinical isolate

15 s 85% (P) � 5.4 [51]

S. pneumoniae ATCC 6304 and 2
clinical isolate incl.
PRSP

15 s 85% (P) � 5.3 [51]

S. pyogenes ATCC 19615 and 1
clinical isolate

15 s 85% (P) � 5.5 [51]

P commercial product; S solution; avegetative cell form; bwith organic load
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prevent survival of the S. Typhimurium on rubber and glass (10 min), E. coli on
rubber (30 min) and glass (15 min) and S. mutans on rubber (1 h) [109]. Never-
theless, a solution of 80% ethanol was applied to cells from a B. cepacia biofilm
grown with six isolates from disinfectants and aerosol solution for 5 d on silicone
discs. A > 5.0 log reduction was found after only 15 s exposure indicating a strong
bactericidal activity [72]. The efficacy in naturally grownmixed biofilm is likely to be
lower. Mixed biofilm (e.g. S. liquefaciens and S. putrefaciens) was found to be more
difficult to inactivate by ethanol at 75% compared to single-species biofilms [62].

B. subtilis biofilm colonies and pellicles are extremely liquid and gas repellent,
greatly surpassing the properties of known repellent surfaces such as Teflon and
lotus leaves. One study showed that the biofilm surface is persistently non-wetting
against up to 80% ethanol as well as other organic solvents and commercial bio-
cides. The biofilm non-wetting properties arose from both the polysaccharide and
protein components of the extracellular matrix and were a synergistic result of
surface chemistry, multiscale surface roughness and re-entrant topography. More-
over, gas impenetrability of the biofilm surface was reported, implying defence
capability against vapour-phase antimicrobials as well [30].

2.3.1.4 Bactericidal Activity for Hygienic Hand Disinfection
The efficacy of ethanol-based hand rubs has been mostly evaluated on hands arti-
ficially contaminated with E. coli according to EN 1500 with an application of 3 ml
for 30 s. A summary of published data has recently been published [50]. Prepa-
rations with up to 70% ethanol (w/w) mostly fail to meet the EN 1500 efficacy
requirements, whereas solutions or gels with 80% (w/w) or more are mostly
effective enough. The application of larger volumes (e.g. 6 ml) or smaller volumes
(e.g. 2 ml) will yield different results [40, 42, 52, 66]. Application volumes of 1.5–
2.0 ml are quite likely in clinical practice [52, 66].

According to ASTM E 2755, commercial preparations with volumes between
1.1 and 2 ml often reveal a log reduction between 2.0 and 3.3 on hands artificially
contaminated with S. marcescens [50].

2.3.1.5 Bactericidal Activity for Surgical Hand Disinfection
The efficacy for surgical hand disinfection is often determined against the resident
hand flora according to EN 12791, mostly with application times of 1.5 or 3 min.
Formulations with ethanol of less than 80% (w/w) typically fail to meet the efficacy
requirements even when applied for 5 min. Preparations with 80% or 85% (both
w/w) are usually effective enough [50].

According to ASTM E 1115, the efficacy of a preparation with 61% ethanol
against the resident hand flora is poor (immediate efficacy day 1: mean log
reduction of 1.1). It is better with formulations based on 70% or 80% ethanol (both
w/w) with 2.1 log and 3.1 log [50].

2.3.1.6 Bactericidal Activity in Carrier Tests
The bactericidal efficacy of ethanol in carrier tests depends on both the concentration
and the exposure time. In most studies, ethanol at 70% was used. Ethanol at 70% was
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able to kill 10 bacterial species (S. aureus, S. pyogenes, S. viridians, S. faecalis,
E. coli,K. pneumoniae, P. vulgaris, P. pyocyanea, C. diphteriae,M. phlei) in 30 s on
dried films. Against L. innocua and L. monocytogenes, ethanol at 70% was effective
within 1 min in a carrier test with 3.0–5.0 log; in the presence of serum, however, the
efficacy was substantially lower with 1.0–2.0 log [11]. When S. aureus is placed on
a glass cup carrier and exposed to 70% ethanol, a log reduction of 4.3 is found
after 1 min and >6 after 10 min [14]. When M. pneumoniae, M. gallisepticum and
A. laidlawii were exposed to 70% ethanol for 5 min on stainless steel, a sufficient
efficacy was found with a log reduction >4.5 for all tested species [32]. An early
study provides similar data with a strong effect of 70% ethanol against S. aureus and
P. aeruginosa in 5 min which was lower at an ethanol concentration of 50%,
especially against S. aureus [107]. In one study, ethanol (70%) with 0.3% of a
phenolic compound was not effective against S. aureus and P. aeruginosa with a
single application probably because of the fast drying within 1 min [83].

With ethanol at 90%, an exposure time of up to 5 min was necessary, similar to
the concentration of 50% requiring up to 2.5 min [46]. Ethanol at 50% has been
described to reduce E. faecium DSM 2146 on frosted glass strips by >6 log in
20 min [10].

2.3.2 Fungicidal Activity

2.3.2.1 Fungistatic Activity (MIC Values)
Ethanol between 4.6 and 18.4% inhibits the multiplication of different types of
fungi. Higher MIC values were described with fungal cells obtained from biofilms,
e.g. 24% for C. glabrata (Table 2.5).

2.3.2.2 Fungicidal Activity (Suspension Tests)
Ethanol is effective at 70% against healthcare-associated yeasts, at least within
5 min. At 85%, a sufficient activity was described in 30 s. Some food-associated
spore-forming fungi such as E. repens, M. ruber, P. caseifulvum, P. nalgiovense,
P. roqueforti, P. solitum and P. verrucosum are not sufficiently killed by 70%
ethanol within 10 min (Table 2.6). In mixed suspensions of environmental isolates
(R. rubra, C. albicans, C. uniguttulatus) and clinical isolates (R. rubra. C. albicans,
C. neoformans), 70% ethanol is still fungicidal (log reduction � 6.0) in 5 min
although the effect was somewhat smaller against the environmental mix [103].

2.3.2.3 Activity Against Fungi in Biofilms
Fungi in biofilms are more difficult to eradicate by ethanol. A C. albicans strain
ATCC MYA-273, grown for 24 h on polystyrene plates for 24 h, was reduced by
exposure to 70% ethanol by 1.5 log (5 min exposure), 2.8 log (7 min exposure)
and >3.0 log (10 min exposure) [68]. Seventy per cent ethanol was even ineffective
in 5 min to reduce R. rubra, C. albicans, C. uniguttulatus or C. neoformans in
24-h biofilms [103]. Four Candida strains grown in biofilm (2 C. albicans,
C. parapsilosis, C. glabrata) were described to be 2–6 times less susceptible to
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ethanol compared to planktonic cells of the same strain [77]. The susceptibility of T.
asahii collected from biofilm to ethanol is also lower. The median MIC value is
25% compared to planktonic cells with 8% [60].

2.3.2.4 Fungicidal Activity for Hygienic Hand Disinfection
Ethanol at 70% was found to be very effective to reduce an artificial C. albicans
contamination of fingertips within 20 s with a mean log reduction of 4.3. A hand gel
based on 60% ethanol reached a similar reduction with 4.5 log [105].

2.3.2.5 Fungicidal Activity in Carrier Tests
Against C. albicans, C. parapsilosis and C. tropicalis, a log reduction >4.0 was
found both on glass and steel carriers within 1 min exposure time for ethanol
at 70% [105]. Spore-forming fungi are, however, more resistant. When spores of
T. mentagrophytes are placed on a glass cup carrier and exposed to 70% ethanol, a
log reduction <1.0 is found after 1 min and >5.0 after 10 min [14]. On a glass strip
contaminated with spores of A. niger ATCC 16404, ethanol at 50% had basically no
fungicidal activity within 20 min (<1.0 log) [10].

Table 2.5 MIC values of various fungal species to ethanol

Species Strains/isolates MIC value References

C. albicans 1 strain 6–16%a [59]

C. glabrata 1 strain 6–24%a [59]

C. krusei 1 strain 4–20%a [59]

C. tropicalis 1 strain 5–15%a [59]

C. utilis Strain IFO 0396 6.3% [4]

H. anomala Strain IFO 0118 10.5% [4]

H. valbyensis Strain IFO 011S 12.6% [4]

S. arboriculus Strain CBS 10644 8.2% [6]

S. bayanus 4 strains from natural and fermentative habitats 7.7–8.5% [6]

S. bayanus Strain EC 1118 18.4% [4]

S. cariocanus Strain CBS 8841 7.1% [6]

S. cerevisiae 10 strains from natural and fermentative habitats 9.6–14.1% [6]

S. cerevisiae Strain IFO 2363 11.3% [4]

S. cerevisiae Strain 9302 12.1% [4]

S. cerevisiae Strain IFO 2347 13.3% [4]

S. cerevisiae Strain Hakken No. 1 13.6% [4]

S. kudriavzevii 5 strains from natural and fermentative habitats 4.6–7.2% [6]

S. mikatae Strain IFO 1815 8.1% [6]

S. paradoxus 4 strains from natural and fermentative habitats 8.3–9.3% [6]

S. pombe Unknown 12.2% [4]
ahighest value obtained with biofilm cells
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Table 2.6 Fungicidal activity of ethanol in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. flavus Bread isolate 10 min 70% (P) 4.0 [18]

A. niger ATCC 16404 30 s 85% (P) >4.4 [54]

A. niger Bread isolate 10 min 70% (P) >5.2 [18]

A. versicolor 2 cheese isolates 10 min 70% (P) 3.3–5.2 [18]

C. albicans ATCC 10231 30 s 85% (P) >4.4 [54]

C. albicans 1 human and 1
environmental isolate

5 min 70% (S) >7.0 [103]

Cladosporium spp. Bread isolate 10 min 70% (P) >4.1 [18]

C. neoformans 1 clinical isolate 5 min 70% (S) >7.0 [103]

C. uniguttulatus 1 clinical isolate 5 min 70% (S) >7.0 [103]

E. repens Bread factory isolate 10 min 70% (P) 3.0 [18]

D. hansenii Cheese isolate 10 min 70% (P) >4.5 [18]

H. burtonii Bread isolate 10 min 70% (P) >5.2 [18]

M. ruber Bread isolate 10 min 70% (P) 1.3 [18]

M. suaveolens Bread isolate 10 min 70% (P) >4.5 [18]

N. pseudofischeri Cherry filling isolate 10 min 70% (P) 4.0 [18]

P. anomala Bread isolate 10 min 70% (P) >5.9 [18]

P. caseifulvum Cheese isolate 10 min 70% (P) 2.7 [18]

P. chrysogenum Cheese isolate 10 min 70% (P) >5.2 [18]

P. commune 2 cheese and
1 bread isolates

10 min 70% (P) 2.9–4.0 [18]

P. corylophilum Bread isolate 10 min 70% (P) 4.6 [18]

P. crustosum Cheese isolate 10 min 70% (P) 4.0 [18]

P. discolor Cheese isolate 10 min 70% (P) 3.0 [18]

P. nalgiovense 2 cheese isolates 10 min 70% (P) 2.3–3.0 [18]

P. norvegensis Cheese isolate 10 min 70% (P) >5.2 [18]

P. roqueforti 2 bread isolates 10 min 70% (P) 3.4–3.6 [18]

P. solitum Cheese isolate 10 min 70% (P) 3.2 [18]

P. verrucosum Cheese isolate 10 min 70% (P) 3.1 [18]

R. rubra 1 clinical isolate 5 min 70% (S) >7.0 [103]

S. brevicaulis Cheese isolate 10 min 70% (P) >4.2 [18]

T. delbrueckii Cheese isolate 10 min 70% (P) >4.8 [18]

Yeasts 25 strains isolated
from food or food
processing

5 min 70% (P) � 4.0 [94]

S solution; P commercial product
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2.3.3 Mycobactericidal Activity

2.3.3.1 Mycobactericidal Activity (Suspension Tests)
Ethanol of 70% or more has sufficient efficacy against selected mycobacterial
species within 1–5 min (Table 2.7). M. bovis, however, may not be susceptible
enough to be completely killed by 70% ethanol in 20 min [93]. Few data were
found against aquatic non-tuberculous mycobacteria. M. marinum was effectively
reduced by ethanol at 50 and 70% in 1 min [67].

2.3.3.2 Activity Against Mycobacteria in Biofilms
One study from Japan indicates that ethanol at 80% has reduced activity against
non-tuberculous mycobacteria in biofilm. In the first step, it was described to be
effective against all 13 tested mycobacterial isolates. For the decontamination of
one drain, however, it was not effective enough. Brushing the drain with 80%
ethanol resulted in no further detection for 3 months indicating the presence of a
biofilm on the inner drain surface [79].

2.3.3.3 Mycobactericidal Activity in Carrier Tests
In carrier tests, the mycobactericidal activity of ethanol is lower compared to
suspension tests. The data summarized in Table 2.8 show that 70% ethanol has
poor activity in 1 min and sufficient activity in at least 10 min.

2.3.3.4 Mycobactericidal Activity in Flexible Endoscopes
Ethanol at 70% may be used for flushing channels of flexible bronchoscopes after
reprocessing with the aim of further reducing the final microbial burden [38]. One
report from Japan describes that the use of an ethanol-based rinse as an additional
procedure resulted in a significant reduction of isolating non-tuberculous
mycobacteria from the fluid phase of colonic contents [56].

Table 2.7 Mycobactericidal activity of ethanol in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. chelonae 2 clinical
isolates

30 s 75% (S) >5.0 [118]

M. nonchromogenicum 2 clinical
isolates

30 s 75% (S) >5.0 [118]

M. smegmatis ATCC 14469 5 s 75% (S) >5.0 [118]

M. smegmatis Strain TMC
1515

1 min 70% (S) >6.0 [12]

3.0–4.0a

M. terrae ATCC 15755 30 s 85% (P) >6.3 [54]

M. terrae Isolate 232 5 min 70% (S) >4.4 [108]

M. terrae Isolate 373 5 min 70% (S) >4.9 [108]

M. tuberculosis Strain H37Rv 1 min 70% (S) 3.5–3.6 [13]

M. tuberculosis ATCC 25618 5 min 70% (S) >3.8 [108]

S solution; P commercial product; awith sputum
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2.4 Effect of Low-Level Exposure

2.4.1 Bacteria

Ethanol at 1.25–2.5% has been shown to significantly enhance S. aureus biofilm
formation (Fig. 2.1) by up-regulation of some proteins with adhesive functions and
others with cell maintenance functions and virulence factor EsxA [24]. Ethanol at 1
and 2% was also able to increase biofilm formation in a non-adherent S. epidermidis
strain [21].

Table 2.8 Mycobactericidal efficacy of ethanol in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. avium DSM 44156 20 min 50% (S) >6.0 [10]

M. bovis ATCC 35743 1 min 70% (S) 2.7 [14]

10 min >5.0

M. smegmatis Strain TMC
1515

1 min 70% (S) <1.0 [12]

M. tuberculosis Strain H37Rv 1 min 70% (S) 1.9–2.0 [13]

S solution

Fig. 2.1 SEM images of 48-h biofilm formed by an S. aureus isolate in medium (control) or
1.25% ethanol. Arrows: extracellular matrix [24]. Reproduced in parts without change from
Cincarova L, Polansky O, Babak V, Kulich P, Kralik P. Changes in the Expression of
Biofilm-Associated Surface Proteins in Staphylococcus aureus Food-Environmental Isolates
Subjected to Sublethal Concentrations of Disinfectants. BioMed Research International
2016:4034517. https://doi.org/10.1155/2016/4034517. This is an open-access article distributed
under the Creative Commons Attribution License
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When a Pseudomonas spp. strain DJ-12 was exposed to 5% ethanol for 10 min,
the cells were significantly more difficult to kill by 20% ethanol [85]. Cells treated
with ethanol displayed irregular rod shapes with wrinkled surfaces [85]. Exposure of
a P. putida strain S 12 to toluene increased to cellular tolerance to ethanol which was
explained by an inhibitory effect of ethanol on the biosynthesis of saturated fatty
acids [48]. Similar findings were reported with L. monocytogenes. When cells were
exposed to 5% ethanol for 60 min, they were significantly more difficult to kill by
ethanol at 17.5% [64]. The adapted cells were in addition more difficult to kill by
0.1% hydrogen peroxide [64]. Attachment of cells can be significantly increased in
some L. monocytogenes strains when exposed to 2.5% ethanol, mostly at 10 °C [41].

The biofilm formation of 37 clinical, icaADBC-positive S. epidermidis isolates
was investigated after exposure to ethanol at 1, 2, 4 or 6%. In 18 of the 37 strains,
biofilm formation was inducible by ethanol exposure [55]. Ethanol at 0.2 and 0.5%
could increase attachment of marine P. aeruginosa to polystyrene dishes and tissue
culture dishes [35].

In B. subtilis cells, the transfer of the mobile genetic element Tn916, a con-
jugative transposon and the prototype of a large family of related elements, was
increased 5-fold by exposure to 4% ethanol for up to 2 h. This may also result in a
transfer of Tn916-like elements and any resistance genes they contain [97].

2.4.2 Yeasts

The maximum ethanol tolerance of S. cerevisiae has been described to be at 25%
[110]. Ethanol at 2.5% can already increase S. cerevisiae colony growth by 20%,
whereas ethanol at 5% or more inhibits yeast colony growth [98]. When S. cere-
visiae cells are exposed for 30 min to sublethal concentrations of ethanol (8%), they
become less susceptible to ethanol at a previously lethal concentration (14%) [26].
Specific activities of the glycolytic and alcohologenic enzymes within intact living
cells remain high by the presence of sublethal ethanol [110]. Trehalose plays a role
in ethanol tolerance at lethal ethanol concentrations but not at sublethal ethanol
concentrations [9]. Using atomic force microscopy, it was shown that challenge of
S. cerevisiae with 9% ethanol for 5 h reduces stiffness of glucose-grown yeast cells
suggesting that the cell membrane contributes to the biophysical properties of yeast
cells [96].

2.5 Resistance to Ethanol

No micro-organisms from bacteria, fungi and mycobacteria with a resistance to
ethanol have been reported so far. There are also currently no MIC values available
to describe an ethanol resistance.
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It should be kept in mind that for more than 100 years ethanol has basically no
effect on bacterial spores including spores of C. difficile indicating an intrinsic
resistance [31, 39, 47, 49, 78, 91]. Bacterial spores are, however, not addressed in
this book.

2.5.1 Resistance Mechanisms

No specific resistance mechanisms such as plasmids, efflux pumps or resistance
genes have ever been described to explain an acquired bacterial or fungal resistance
to ethanol. One study shows in 27 carbapenem-resistant K. pneumoniae isolates that
the presence of single of multiple disinfectant resistance genes (qacA, qacDE, qacE,
acrA) is correlated with a higher ethanol MIC value (no resistance genes: 4 mg/l; all
four resistance genes: 64 mg/l) [43]. The inducible Mar phenotype is associated
with increased tolerance to multiple hydrophobic antibiotics as well as some highly
hydrophobic organic solvents such as cyclohexane, mediated mainly through the
AcrAB/TolC efflux system. AcrAB was found not to contribute to an increased
ethanol tolerance [3]. In a preformed S. aureus biofilm, however, transcription of
selected antibiotic resistance genes can be increased after 24 h exposure to ethanol
at 100%, specifically some putative multidrug efflux pump genes [90].

2.6 Cross-Tolerance to Other Biocidal Agents

L. monocytogenes was more tolerant to hydrogen peroxide after low-level exposure
to 5% ethanol for 60 min [64]. No further cross-resistance to other biocidal agents
has so far been described.

2.7 Cross-Tolerance to Antibiotics

So far no cross-resistance between ethanol and antibiotics has been described.

2.8 Role of Biofilm

2.8.1 Effect on Biofilm Development

Most studies with Gram-positive bacteria show that ethanol can increase biofilm
formation. Treatment of a preformed S. aureus (2 MSSA, 2 MRSA) and a
S. epidermidis biofilm (1 of 2 strains) for 24 h with ethanol between 40 and 95%
increased biofilm formation significantly. A higher ethanol concentration resulted in

2.5 Resistance to Ethanol 25



a higher biofilm formation [65]. A preformed S. aureus biofilm exposed for 24 h to
ethanol at 20, 40, 60, 80 or 100% shows significantly higher biofilm levels com-
pared to the untreated control biofilms [90]. Ethanol treatment also resulted in
significantly greater transcript levels of both icaA and icaD. Both genes assist in the
production of the polysaccharide intercellular adhesin and are thus vitally important
for S. aureus biofilm formation [90].

At the same time, treatment of a preformed MRSA biofilm with 70% ethanol
for 30 min has been shown to reduce biofilm cell growth by 20% [5]. Exposure of
S. aureus, C. albicans or mixed biofilm to ethanol (range: 5–50%) for up to 24 h
showed that metabolic biofilm activity is largely suppressed in all three types of
biofilm by 30% ethanol or more [89]. S. aureus, however, may survive in low cell
numbers regrown to 106 CFU per ml. With 50% ethanol, however, no regrowth was
observed [89]. Only ethanol at 30% plus 4% trisodium citrate was capable to
prevent biofilm formation (E. coli, P. aeruginosa, MRSA, MSSA, MRSE) for at
least 72 h [102].

Ethanol at 11.6% in a solution based on 0.12% chlorhexidine used as a mouth
rinse for 4 days had no additional preventive effect on subgingival biofilm formation
[95]. Finally, biofilm formation was inhibited by 99% or more in T. asahii biofilm by
exposure to ethanol at 25% for at least 8 h or ethanol at 50% for at least 4 h [60].

2.8.2 Effect on Biofilm Removal

Ethanol has variable but overall poor biofilm removal capacity. The removal rates
are often <50% as shown with single-species biofilms obtained with B. cenocepacia,
P. aeruginosa, S. liquefaciens, S. putrefaciens and S. aureus. It is also marginal with
two types of triple species biofilms. Ethanol at 25–40% removed somewhat more
biofilm obtained with S. maltophilia or Y. enterocolitica with removal rates between
30% and 88%. Higher and lower ethanol concentrations appear less effective for
biofilm removal (Table 2.9). These findings are in line with other data showing that
ethanol at 70% removes only a small proportion (approximately 12%) of a MRSA
biofilm in 30 min grown on polystyrene microtiter plates [5].

2.8.3 Effect on Biofilm Fixation

No studies were found to evaluate the fixation potential of biofilms by exposure to
ethanol.
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2.9 Summary

The principal antimicrobial activity of ethanol is summarized in Table 2.10.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 2.11.

Table 2.9 Biofilm removal by exposure to ethanol measured quantitatively as change of biofilm
matrix

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

B. cenocepacia LMG 18828, 4-h adhesion
and 20-h incubation in polystyrene
microtitre plates

70% (S) 2–10 min 20–30% [87]

P. aeruginosa ATCC 700928, 24-h
incubation in microplates

70% (S) 60 min 0% [104]

S. liquefaciens raw-chicken plant isolate,
3-d incubation on stainless steel

75% (S) 6 min 27% [62]

S. putrefaciens raw-chicken plant isolate,
3-d incubation on stainless steel

75% (S) 6 min 43% [62]

S. aureus ATCC 6538, 72-h incubation in
microplates

70% (S) 60 min 0% [104]

S. maltophilia (14 clinical strains), 24-h
incubation in polystyrene microtiter plates

40% (S) 1 h 30–75% [86]

25% (S)

Y. enterocolitica ATCC 23715, 24-h
incubation in PVC microtiter plates

100% (S) 15 min 53% [84]

75% (S) 56%

50% (S) 78%

40% (S) 88%

25% (S) 39%

20% (S) 37%

10% (S) 12%

5% (S) 0%

Mixed-species biofilm (S. oralis ATCC
10557, S. gordonii ATCC 10558 and A.
naeslundii ATCC 19039), 20-h incubation
in a biofilm capillary reactor

40% (S) 1 h No removal [25]

Mixed-species biofilm (S. oralis ATCC
10557, S. gordonii ATCC 10558, A.
naeslundii ATCC 19039), 20-h incubation
in a biofilm capillary reactor

11.6% (S) 20 min No evidence for
removal or
detachment

[101]

S solution
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Table 2.10 Overview on the typical exposure times required for ethanol to achieve sufficient
biocidal activity in suspension tests against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Most clinically relevant species including
antibiotic-resistant isolates

� 78% 30 sa

85% 15 s

Fungi Healthcare-associated fungi such as C.
albicans and A. niger

85% 30 s

Various food-associated fungi 70% � 10 min

Mycobacteria M. smegmatis, M. chelonae, M.
nonchromogenicum, M. smegmatis

70–75% � 1 min

M. terrae, M. tuberculosis 70% 5 min

M. terrae 85% 30 s
aIn biofilm, the efficacy is substantially lower depending on the species and the type of biofilm

Table 2.11 Key findings on ethanol resistance, the effect of low-level exposure, cross-tolerance
to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

So far not reported.

MIC value to
determine
resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

L. monocytogenes Hydrogen peroxide after adaptation to
ethanol

Cross-tolerance
antibiotics

So far not reported

Effect of low-level
exposure

None No MIC increase

None Weak MIC increase (� 4-fold)

None Strong MIC increase (>4-fold)

L. monocytogenes,
Pseudomonas spp., S.
cerevisiae

Reduced susceptibility to lethal ethanol
concentrations

S. aureus, S. epidermidis Increase of biofilm formation

L. monocytogenes Increase of surface attachment

B. subtilis Five-fold increase of mobile genetic
element transfer (resistance genes)

Specific resistance
mechanism

So far not reported

Biofilm Development Enhancement in S. aureus and S.
epidermidis

Inhibition in T. asahii and MRSA

Removal Mostly moderate

Fixation Unknown
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3Propan-1-ol

3.1 Chemical Characterization

Propan-1-ol is a primary alcohol and a colourless liquid. It is an isomer of
propan-2-ol and formed naturally in small amounts during many fermentation
processes. It was discovered in 1853 by Chancel [43]. The basic chemical infor-
mation on propan-1-ol is summarized in Table 3.1.

3.2 Types of Application

The European Chemicals Agency (ECHA) describes that propan-1-ol is used by
consumers in articles and by professional workers (widespread uses), in formula-
tion or re-packing, at industrial sites and in manufacturing. Consumer use includes
lubricants and greases, coating products, anti-freeze products, perfumes and fra-
grances, finger paints, adhesives and sealants, non-metal-surface treatment prod-
ucts, leather treatment products, polishes and waxes, washing and cleaning
products, cosmetics and personal care products [9].

Use by professional workers includes laboratory chemicals, coating products,
lubricants and greases, washing and cleaning products, metal working fluids and
plant protection products [9] as well as hand disinfection by healthcare workers and
in veterinary medicine, disinfection of inanimate surfaces and skin antisepsis prior to
surgery [4]. In contrast to ethanol and propan-2-ol, the WHO does not specifically
recommend to use alcohol-based hand rubs based on propan-1-ol in selected situa-
tions during patient care for prevention of healthcare-associated infections [39] or for
the pre-operative decontamination of hands for the prevention of surgical site
infections [41]. In contrast to ethanol or propan-2-ol, propan-1-ol is also not
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mentioned in the list of “essential medicines” for adults or children up to 12 years of
age [40, 42]. In EN 12791, propan-1-ol at 60% (v/v) is described as the reference
alcohol for determination of the bactericidal efficacy of products for surgical hand
disinfection or surgical scrubbing [7].

3.2.1 European Chemicals Agency (European Union)

Propan-1-ol has been approved in 2017 as an active biocidal agent for product types
1 (human hygiene), 2 (disinfectants and algaecides not intended for direct appli-
cation to humans or animals) and 4 (food and feed area) [14].

3.2.2 Environmental Protection Agency (USA)

Propan-1-ol is not a registered active ingredient for pesticide products [38].

3.2.3 Food and Drug Administration (USA)

Propan-1-ol is not among those active ingredients currently evaluated for the
monograph for healthcare antiseptics [6].

3.2.4 Overall Environmental Impact

Propan-1-ol is manufactured and/or imported in the European Economic Area in
10.000–100.000 t per year [9]. Other release to the environment of this substance is
likely to occur from indoor use (e.g. machine wash liquids/detergents, automotive
care products, paints and coating or adhesives, fragrances and air fresheners),
outdoor use, indoor use in close systems with minimal release (e.g. cooling liquids
in refrigerators, oil-based electric heaters) and outdoor use in close systems with
minimal release (e.g. hydraulic liquids in automotive suspension, lubricants in
motor oil and break fluids) [9].

Table 3.1 Basic chemical
information on propan-1-ol
[9, 27]

CAS number 71-23-8

IUPAC name Propan-1-ol

Synonyms n-propylalcohol, 1-propanol

Molecular formula C3H8O

Molecular weight (g/mol) 60.096
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3.3 Spectrum of Antimicrobial Activity

3.3.1 Bactericidal Activity

3.3.1.1 Bacteriostatic Activity (MIC Values)
A disinfectant based on >30% propan-1-ol in combination with 15–30%
propan-2-ol has been described to have MIC values for 10 L. monocytogenes food
isolates between 3.1 and 6.25% [1]. No additional data were found to describe
concentrations of propan-1-ol with a bacteriostatic effect.

3.3.1.2 Bactericidal Activity (Suspension Tests)
Some data have been published on the efficacy of propan-1-ol against bacteria in
suspension tests. They indicate a strong bactericidal activity of a 60% solution
beginning after 15 s (Table 3.2). Additional data with mixed propanols (e.g. 30%
propan-1-ol plus 45% propan-2-ol) indicate comprehensive bactericidal activity
within 30 s [17, 19]. The bactericidal activity of 60% propan-1-ol is considered to
be equal to propan-2-ol at 70% whereas lower concentrations such as 50% or 40%
have a lower bactericidal activity [33]. For reducing the resident skin flora,
propan-1-ol has been described as the most effective mono-alcohol [31].

3.3.1.3 Activity Against Bacteria in Biofilms
Propan-1-ol at 60% was reported to be effective to kill bacterial cells in a S.
epidermidis biofilm by 5.0 log within 1 min [29].

3.3.1.4 Bactericidal Activity for Hygienic Hand Disinfection
Propan-1-ol at 40% was described to be effective in 1 min with a mean log
reduction of 4.3 which was equivalent to the reference procedure with 4.2 log [34].
At a concentration of 50%, propan-1-ol is very effective in 30 s (5.0 log) and 1 min

Table 3.2 Bactericidal activity of propan-1-ol solutions in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii 20 strains 15 s 60% (S) >5.0 [44]

Enterococcus spp. 11 strains
(8 E. faecium,
2 E. faecalis,
1 E. gallinarum)

15 s 60% (S) >7.0 [16]

S. aureus ATCC 6538,
ATCC 43300,
2 clinical MSSA
strains, 2 clinical
MRSA strains

15 s 60% (S) >5.0 [18]

30 s 40% (S) >5.0

60 s 30% (S) >5.0a

S Solution; aOnly MRSA (MSSA was reduced in 15 s)
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(4.9 log) [34, 36]. At 60%, it was reported to reach 5.5 log [34]. The efficacy
of propan-1-ol against E. coli on artificially contaminated hands is considered to be
at least as good as of propan-2-ol [36].

3.3.1.5 Bactericidal Activity for Surgical Hand Disinfection
In EN 12791 propan-1-ol at 60% (v/v) is described as the reference alcohol for
determination of the efficacy of products for surgical hand disinfection or surgical
scrubbing [7]. Numerous data sets according to EN 12791 have been published.
The EN 12791 reference alcohol has a rather weak bactericidal efficacy for surgical
hand disinfection when applied for only 1 min. Within the standard application
time of 3 min, however, a mean log reduction between 2.0 and 3.0 is typically
found immediately after application. The 3-h-value under the surgical glove is
somewhat lower with 0.7–2.5 log [15]. Additional data with mixed propanols (e.g.
30% propan-1-ol plus 45% propan-2-ol) indicate sufficient bactericidal efficacy for
surgical hand disinfection within 1.5 min [20–22, 35].

3.3.1.6 Bactericidal Activity in Carrier Tests
Propan-1-ol at 20% has been described to reduce E. faecium DSM 2146 on frosted
glass strips by >6.0 log in 20 min [3]. No other data were found to describe the
efficacy of propan-1-ol against bacteria in carrier tests.

3.3.2 Fungicidal Activity

At 14%, propan-1-ol has been described to inhibit multiplication of C. albicans
suggesting a levurostatic activity at this concentration [24]. At 89.5%, propan-1-ol
is effective against C. albicans [30]. A commercial product based on propan-1-ol
(>30%) and propan-2-ol (15–30%) has been investigated for yeasticidal activity
against 25 strains isolated from food or food processing. Within 5 min, the product
reduced the number of yeast cells by at least 4.0 log steps of 19 species, some
species were less susceptible [37]. On a glass strip contaminated with spores of
A. niger ATCC 16404, propan-1-ol at 20% had basically no fungicidal activity
within 20 min (<1.0 log) [3].

3.3.3 Mycobactericidal Activity

Propan-1-ol at 20% has been described to reduce M. avium DSM 44156 on frosted
glass strips by >6.0 log in 20 min [3]. No other data were found to describe the
efficacy of propan-1-ol against mycobacteria.
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3.4 Effect of Low-Level Exposure

Propan-1-ol at 0.2, 1.5 and 2% can increase the attachment of marine P. aeruginosa
to polystyrene dishes and tissue culture dishes [10]. The biofilm formation of 37
clinical, icaADBC-positive S. epidermidis isolates was investigated after exposure to
propan-1-ol at 0.5, 1, 2 and 4%. In 15 of the 37 strains, biofilm formation was
inducible by propan-1-ol exposure [23]. With C. albicans , it was described that
propan-1-ol at 2% inhibited to some extent biofilm development [5]. In 2 food strains
of L. monocytogenes, the propan-1-ol MIC values remained unchanged after expo-
sure to sublethal concentration of propan-1-ol with MICmax values of 6.25% [1].

3.5 Resistance to Propan-1-ol

No microorganisms with a resistance to propan-1-ol or propanol-based hand rubs
have been reported so far [2, 26, 44]. It should be kept in mind that for more than
100 years alcohols such as propan-1-ol have basically no effect on bacterial spores
including spores of C. difficile indicating an intrinsic resistance [8, 11–13, 28, 32].
Bacterial spores are, however, not addressed in this book.

3.5.1 Resistance Mechanisms

No specific resistance mechanism has ever been described to explain an acquired
bacterial or fungal resistance to propan-1-ol.

3.5.2 Resistance Genes

The inducible Mar phenotype is associated with increased tolerance to multiple
hydrophobic antibiotics as well as some highly hydrophobic organic solvents such
as cyclohexane, mediated mainly through the AcrAB/TolC efflux system. AcrAB,
however, was found not to contribute to an increased propan-1-ol tolerance [2].

3.6 Cross-Tolerance to Other Biocidal Agents

No cross-resistance to other biocidal agents has so far been described.
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3.7 Cross-Tolerance to Antibiotics

So far, no cross-resistance between propan-1-ol and antibiotics has been described.

3.8 Role of Biofilm

3.8.1 Effect on Biofilm Development

No studies were found to evaluate the effect of propan-1-ol on biofilm development.
Some biofilms may be able to produce propan-1-ol. An E. coli biofilm was able to
produce propan-1-ol under hypoxic conditions within 48 h in a concentration of
0.125%. When the growth medium was supplemented with 0.4% of the amino acid
threonine, the measured concentration of propan-1-ol was 0.45%. Other
enterobacteriaceae species, e.g. S. flexneri, S. enterica sv. Enteritidis and C.
rodentium, also produce propan-1-ol in anaerobic but not in aerobic planktonic
cultures [25]. It is, however, not clear if the produced propan-1-ol has any effect on
the biofilm itself.

3.8.2 Effect on Biofilm Removal

Based on the limited evidence obtained with S. epidermidis, the ability of 60%
propan-1-ol to remove biofilm is overall poor with 0–40% (Table 3.3).

3.8.3 Effect on Biofilm Fixation

No studies were found to evaluate the fixation potential of biofilms by exposure to
propan-1-ol.

Table 3.3 Biofilm removal by exposure to propan-1-ol solutions measured quantitatively as
change of biofilm matrix

Type of biofilm Concentration Exposure
time

Biofilm
removal
rate

References

S. epidermidis DSM 3269, 24-h incubation
in polystyrene microtiter plates

60% (S) 1–60 min 0–40% [29]

S. epidermidis (30 clinical isolates), 24-h
incubation in polystyrene microtiter plates

60% (S) 1–60 min 0% [29]
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3.9 Summary

The principal antimicrobial activity of propan-1-ol is summarized in Table 3.4.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 3.5.

Table 3.4 Overview on the typical exposure times required for propan-1-ol to achieve sufficient
biocidal activity in suspension tests against the different target microorganisms

Target
microorganisms

Species Concentration Exposure
time

Bacteria Some clinically relevant
species

� 60% 15 sa

Fungi C. albicans 85% 30 s

Food-associated yeasts >30%b � 5 min

Mycobacteria Unknown
aIn biofilm, it may require 1 min or more depending on the species; bIn combination with 15–30%
propan-2-ol

Table 3.5 Key findings on propan-1-ol resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC values So far not reported

MIC value to determine resistance Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance biocides So far not reported

Cross-tolerance antibiotics So far not reported

Effect of low-level exposure L. monocytogenes No MIC increase

None Weak MIC increase (� 4-fold)

None Strong MIC increase (>4-fold)

S. epidermidis Increase of biofilm formation

C. albicans Inhibition of biofilm development

P. aeruginosa Increase of surface attachment

Specific resistance mechanism So far not reported

Biofilm Development Unknown

Removal Poor

Fixation Unknown
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4Propan-2-ol

4.1 Chemical Characterization

Propan-2-ol is the simplest example of a secondary alcohol, where the alcohol
carbon atom is attached to two other carbon atoms. It is a structural isomer of
propan-1-ol and a colourless, flammable chemical compound with a strong odour.
The basic chemical information on propan-2-ol is summarized in Table 4.1.

4.2 Types of Application

According to the information provided by the European Chemicals Agency
(ECHA), propan-2-ol is used by consumers, in articles and by professional workers
(widespread uses), in formulation or repacking, at industrial sites and in manu-
facturing [14]. Consumer use includes lubricants and greases, antifreeze products,
coating products, adhesives and sealants, fillers, putties, plasters, modelling clay,
finger paints, biocides (e.g. disinfectants, pest control products), polishes, waxes,
fuels and toners [14].

Use by professional workers includes coating products, antifreeze products,
fuels, lubricants and greases, inks and toners, polymers, water treatment chemicals,
laboratory chemicals [14] as well as hand disinfection by healthcare workers and in
veterinary medicine, skin antisepsis prior to surgery and disinfection of inanimate
surfaces. In 2009, the World Health Organization (WHO) has recommended to use
alcohol-based hand rubs, e.g. based on propan-2-ol, in specific situations during
patient care for prevention of healthcare-associated infections [57]. Alcohol-based
hand rubs, e.g. based on propan-2-ol, are also recommended for the preoperative
decontamination of hands for the prevention of surgical site infections [59]. Since
2015, the WHO has classified propan-2-ol at 75% (v/v) as a disinfectant for
alcohol-based hand rubbing as an “essential medicine” [58], both for adults and
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children up to 12 years of age [60]. Propan-2-ol is also a widely used biocidal
ingredient in surface disinfectants [11, 44], e.g. for treatment of mobile phones or
small surfaces on intensive care units [2, 51].

4.2.1 European Chemicals Agency (European Union)

Propan-2-ol has been approved in 2015 as an active biocidal agent for product types
1 (human hygiene), 2 (disinfectants and algaecides not intended for direct appli-
cation to humans or animals) and 4 (food and feed area) [22].

4.2.2 Environmental Protection Agency (USA)

Propan-2-ol has last been reregistered by the EPA in 1995. It is used as a com-
ponent of a variety of commercial and household products including a sterilant,
medical disinfectants, virucides, sanitizers, fungicides and plant regulators (rip-
ener). Propan-2-ol is used in conjunction with quaternary ammonium compounds,
phenolic compounds, glycols, methyl salicylate and essential oils [54].

4.2.3 Food and Drug Administration (USA)

In 1994, the tentative final monograph for healthcare antiseptic products classified
propan-2-ol between 70 and 91.3% as “generally recognized as safe and effective”
for patient preoperative skin preparation, for surgical hand scrubbing and for
healthcare personnel hand wash [9]. In 2015, the classification was changed.
Propan-2-ol at 70–91.3% was now eligible for three types of application: patient
preoperative skin preparation, healthcare personnel hand rub and surgical hand rub.
It is now classified in category IIISE indicating that available data are insufficient to
classify propan-2-ol as safe and effective, and further testing is required. The main
aspect is the safety under maximal use conditions [10].

Table 4.1 Basic chemical information on propan-2-ol [14, 41]

CAS number 67-63-0

IUPAC name Propan-2-ol

Synonyms Iso-propylalcohol, iso-propanol, 2-propanol

Molecular formula C3H8O

Molecular weight (g/mol) 60.096
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4.2.4 Overall Environmental Impact

Propan-2-ol is manufactured and/or imported in the European Economic Area in
100,000–1 million t per year [14]. Other release to the environment of this sub-
stance is likely to occur from outdoor use, indoor use (e.g. machine wash
liquids/detergents, automotive care products, paints and coating or adhesives, fra-
grances and air fresheners), outdoor use in close systems with minimal release (e.g.
hydraulic liquids in automotive suspension, lubricants in motor oil and break fluids)
and indoor use in close systems with minimal release (e.g. cooling liquids in
refrigerators, oil-based electric heaters) [14].

4.3 Spectrum of Antimicrobial Activity

4.3.1 Bactericidal Activity

4.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values obtained with different bacterial species are summarized in
Table 4.2. Propan-2-ol has bacteriostatic activity between 3.1% in Staphylococcus
spp. and 10% in E. faecalis and S. aureus.

4.3.1.2 Bactericidal Activity (Suspension Tests)
Some data have been published on the efficacy of propan-2-ol against bacteria in
suspension tests. They indicate a strong bactericidal activity of a 70% solution
beginning after 15 s. A concentration of 10% has mostly insufficient bactericidal
activity within 5 min (Table 4.3). Additional data with mixed propanols (e.g. 45%
propan-2-ol plus 30% propan-1-ol) indicate a comprehensive bactericidal activity
within 30 s [25, 27].

Table 4.2 MIC values of various bacterial species to propan-2-ol

Species Strains/isolates MIC value References

E. faecalis 9 isolates from swine meat production 8–10% [46]

E. faecium 12 isolates from swine meat production 8% [46]

E. coli ATCC 8739 *5% [37]

Micrococcus spp. 1 isolate from a clean room 6.3% [5]

P. aeruginosa ATCC 9027 � 5% [37]

S. aureus ATCC 6538 10% [37]

S. aureus MTCC 737 6.3% [5]

Staphylococcus spp. 3 isolates from clean room 3.1–6.3% [5]
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4.3.1.3 Activity Against Bacteria in Biofilms
The efficacy of propan-2-ol against bacteria in artificially grown biofilms has been
addressed in some studies; the results are summarized in Table 4.4. Propan-2-ol
even at 70% has often poor bactericidal activity against bacterial cells grown in

Table 4.3 Bactericidal activity of propan-2-ol in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

C. jejuni ATCC
BAA-1062,
ATCC 33560
and 2 field
strains

1 min 70% (S) >6.0 [18]

E. faecalis Strain Q33 5 min 70% (S) 5.0 [39]

E. faecium VRE strain
Z31901

5 min 70% (S) 5.0 [39]

Enterococcus
spp.

11 strains (8 E.
faecium, 2 E.
faecalis, 1 E.
gallinarum)

15 s 70% (P)a >7.0 [24]

E. coli NCTC 10538 5 min 70% (S) 5.0 [39]

F. nucleatum NCTC 10562 5 min 10% (S) 0.7 [33]

H. parasuis 2 strains
(serovars 1
and 5)

1 min 70% (S) >6.0 [47]

5.3–5.5b

K.
pneumoniae

NCIMB
13291

5 min 80% (S) 4.4 [33]

50% (S) 4.4

10% (S) 1.3

P. gingivalis ATCC 53978 5 min 10% (S) 5.6 [33]

P. aeruginosa NCIMB
10421

5 min 70% (S) 5.1 [39]

S. aureus ATCC 6538,
ATCC 43300,
4 clinical
strains (2
MRSA, 2
MSSA)

15 s 70% (P)a >8.0 [26]

S. aureus NCTC 6571 5 min 70% (S) 4.8 [39]

S. aureus MRSA strain
9543

5 min 70% (S) 5.0 [39]

S. epidermidis Strain RP62A 30 s 70% (S) 6.5 [1]

S. epidermidis Strain P69 5 min 70% (S) 5.2 [39]

S. mutans NCTC 10449 5 min 80% (S) 5.4 [33]

50% (S) 5.4

10% (S) 1.0

S Solution; P Commercial product; aWith 0.5% chlorhexidine; bWith serum
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biofilms with log reductions <5.0 in up to 60 min which is described in the majority
of studies (Table 4.4). It was also shown with P. aeruginosa and P. fragi biofilms
that a substantial proportion of bacterial cells (5-15%) remains viable in the biofilm
after exposure to a propan-2-ol-based disinfectant, whereas conventional cultivation
yields negative results indicating that some bacterial cells remain viable but not
culturable after disinfectant exposure [61].

4.3.1.4 Bactericidal Activity for Hygienic Hand Disinfection
Propan-2-ol at 60% (v/v) was first proposed as a reference treatment for hygienic
hand disinfection in 1977 [56] and is since 1997 the reference alcohol to determine
the efficacy of alcohol-based hand rubs for hygienic hand disinfection in EN 1500
[12]. Numerous data exist for the reference treatment (2 � 3 ml for 2 � 30 s)
which usually achieves a mean log reduction on hands artificially contaminated
with E. coli of 4.6 [28, 29].

The efficacy of hand rubs based on propan-2-ol has been mostly evaluated on
hands artificially contaminated with E. coli according to EN 1500 with an appli-
cation of 3 ml for 30 s. A summary of published data has recently been published
[23]. Hand rubs with a propan-2-ol concentration <75% may fail to meet the EN
1500 efficacy requirements depending on the entire product composition. Longer
application times or larger volumes mostly yield better results.

4.3.1.5 Bactericidal Activity for Surgical Hand Disinfection
The efficacy for surgical hand disinfection is determined in many countries without
an artificial contamination of hands against the resident hand flora according to EN
12791, mostly with application times of 1.5 or 3 min. Formulations with
propan-2-ol of at least 70% (w/w) usually meet the efficacy requirements when
applied for 1.5 or 3 min [49]. Additional data with mixed propanols (e.g. 45%
propan-2-ol plus 30% propan-1-ol) indicate sufficient bactericidal efficacy for sur-
gical hand disinfection within 1.5 min [30–32, 48].

4.3.1.6 Bactericidal Activity in Carrier Tests
Propan-2-ol at 70% has been described to be effective with a 5.4 log reduction in
30 s against S. epidermidis in a carrier test even when the cells were grown in a
biofilm [1]. The effect is lower with 2.8 log when an organic load (10% serum) is
added [1]. Against strains from six bacterial species (E. faecalis, E. faecium VRE,
E. coli, P. aeruginosa, S. aureus, MRSA, S. epidermidis), the efficacy of 70%
propan-2-ol on glass carriers was good with log reductions between 3.8 and 5.0 in
1 min [39].
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4.3.2 Fungicidal Activity

4.3.2.1 Fungistatic Activity (MIC Values)
The MIC values obtained with different fungal species are summarized in
Table 4.5. Propan-2-ol has fungistatic activity at a concentration � 5%.

4.3.2.2 Fungicidal Activity (Suspension Tests)
Published data on the fungicidal activity obtained with propan-2-ol are summarized
in Table 4.6. Propan-2-ol at 60% or 70% was mostly effective against various types
of yeasts within 5–10 min. The efficacy of 70% propan-2-ol against food-associated
fungi such as E. repens, M. ruber, N. pseudofischeri, P. caseifulvum, P. discolor,
P. nalgiovense and P. verrucosum is low within 10 min (Table 4.6).

Table 4.5 MIC values of
various fungal species
to propan-2-ol

Species Strains/isolates MIC value References

C. albicans ATCC 10231 � 5% [37]

T. rubrum IP 1464.83 � 5% [37]

Table 4.6 Fungicidal activity of propan-2-ol in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. flavus Bread isolate 10 min 70% (P) 4.0 [3]

A. niger Bread isolate 10 min 70% (P) >5.2 [3]

A. versicolor 2 cheese isolates 10 min 70% (P) 3.3–5.2 [3]

C. albicans NCPF 3179 5 min 80% (S) 4.4 [33]

50% (S) 4.4

10% (S) 1.1

Cladosporium
spp.

Bread isolate 10 min 70% (P) >4.1 [3]

D. hansenii Cheese isolate 10 min 70% (P) >4.5 [3]

E. repens Bread factory isolate 10 min 70% (P) 2.3 [3]

H. burtonii Bread isolate 10 min 70% (P) >5.2 [3]

M. ruber Bread isolate 10 min 70% (P) 0.9 [3]

M. suaveolens Bread isolate 10 min 70% (P) >4.5 [3]

N. pseudofischeri Cherry filling isolate 10 min 70% (P) 3.3 [3]

P. anomala Bread isolate 10 min 70% (P) >5.9 [3]

P. caseifulvum Cheese isolate 10 min 70% (P) 2.7 [3]

P. chrysogenum Cheese isolate 10 min 70% (P) >5.2 [3]

P. commune 2 cheese and 1 bread isolates 10 min 70% (P) 2.7–4.0 [3]

P. corylophilum Bread isolate 10 min 70% (P) >4.8 [3]

P. crustosum Cheese isolate 10 min 70% (P) 4.0 [3]

P. discolor Cheese isolate 10 min 70% (P) 3.0 [3]
(continued)
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4.3.3 Mycobactericidal Activity

Early data from 1953 indicate a tuberculocidal activity of propan-2-ol at 50–70%
[15]. In suspension tests, only few data were published on the mycobactericidal
activity of propan-2-ol. At 60% it was mostly effective against both M. tuberculosis
and M. terrae within 5 min (Table 4.7). Whether the tuberculocidal efficacy covers
other mycobacterial species is not yet described in the literature.

4.4 Effect of Low-Level Exposure

Only very few data exist in the literature on the effect of low-level exposure of
micro-organisms against propan-2-ol. One study indicates that attachment of cells
can be significantly increased in some L. monocytogenes strains when exposed to
2.5% propan-2-ol, mostly at 10 °C [17]. The biofilm formation of 37 clinical,
icaADBC-positive S. epidermidis isolates was investigated after exposure to
propan-2-ol at 1, 2, 4 or 6%. In 14 of the 37 strains, biofilm formation was inducible
by propan-2-ol exposure [34]. Propan-2-ol at 1 and 2% was able to increase biofilm
formation in a non-adherent S. epidermidis strain [4]. With C. albicans, it was
described that propan-2-ol at 2% inhibited biofilm development to some extent [6].

Table 4.6 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. nalgiovense 2 cheese isolates 10 min 70% (P) 2.3–3.0 [3]

P. norvegensis Cheese isolate 10 min 70% (P) >5.2 [3]

P. roqueforti 2 bread isolates 10 min 70% (P) 3.5–5.2 [3]

P. solitum Cheese isolate 10 min 70% (P) 3.7 [3]

P. verrucosum Cheese isolate 10 min 70% (P) 3.1 [3]

S. brevicaulis Cheese isolate 10 min 70% (P) >4.2 [3]

T. delbrueckii Cheese isolate 10 min 70% (P) >4.8 [3]

Yeasts 25 strains isolated from food
or food processing

5 min 60% (P)a � 4.0 [50]

S Solution; P Commercial product; aWith additional QAC (<5%)

Table 4.7 Mycobactericidal activity of propan-2-ol in suspension tests

Species Strains/isolates Exposure time Concentration log10 reduction References

M. terrae Isolate 232 5 min 60% (S) >4.6 [55]

Isolate 373 >4.9

M. tuberculosis ATCC 25618 5 min 60% (S) 3.8 [55]

S Solution
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In E. coli, it was shown that low-level exposure to variable propan-2-ol con-
centrations up to 2.7% for up to 24 d reduced the susceptibility of the six tested
strains to propan-2-ol substantially. But no MICmax values were described after
adaptation, and the stability of the lower susceptibility is also unknown [20].

4.5 Resistance to Propan-2-ol

A propan-2-ol-tolerant S. mizutae has been recently isolated from an oil–soil
mixture. It was able to multiply in propan-2-ol solutions without further C sup-
plementation at concentrations between 0.2 and 3.8% indicating the potential for
tolerance to propan-2-ol to specific environmental bacterial species [40]. In 2018,
recent E. faecium isolates from Australia (2011–2015) were reported to be more
tolerant to 23% and 70% (v/v) propan-2-ol compared to previously isolated
E. faecium isolates (1997–2010) [43]. No other micro-organisms with a resistance
to propan-2-ol have been reported so far. It should be kept in mind that for more
than 100 years alcohols such as propan-2-ol have basically no effect on bacterial
spores including spores of C. difficile indicating an intrinsic resistance [13, 16, 19,
21, 42, 45]. Bacterial spores are, however, not addressed in this book.

4.5.1 Resistance Mechanisms

In E. faecium it was shown that propan-2-ol-tolerant isolates accumulated mutations
in genes involved in carbohydrate uptake and metabolism [43]. No other specific
resistance mechanism has so far been described to explain an acquired bacterial or
fungal resistance to propan-2-ol.

4.5.2 Resistance Genes

In E. coli strains, five mutations (relA, marC, proQ, yfgO and rraA) provided the
increase of tolerance to propan-2-ol. Expression levels of genes related to
biosynthetic pathways of amino acids, iron ion homoeostasis and energy metabo-
lisms were changed in the tolerant strains [20].

4.6 Cross-Tolerance to Other Biocidal Agents

No cross-tolerance to other biocidal agents has so far been described.

4.7 Cross-Tolerance to Antibiotics

So far no cross-tolerance between propan-2-ol and antibiotics has been described.
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4.8 Role of Biofilm

4.8.1 Effect on Biofilm Development

Treatment of a preformed S. aureus (2 MSSA, 2 MRSA) and a S. epidermidis
biofilm (2 strains) for 24 h with propan-2-ol between 40 and 95% increased biofilm
formation significantly. A higher propan-2-ol concentration resulted in a higher
biofilm formation [38].

4.8.2 Effect on Biofilm Removal

The ability of propan-2-ol to remove biofilm is overall very poor (Table 4.8). This
finding is supported by data showing that protein removal rates from different types
of surfaces by propan-2-ol are overall low [36].

4.8.3 Effect on Biofilm Fixation

No studies were found to evaluate the fixation potential of biofilms by exposure to
propan-2-ol. It is, however, likely that propan-2-ol induces fixation of an existing
biofilm to some extent because the substance is known for its fixative properties
(e.g. bacteria and blood) [8].

4.9 Summary

The principal antimicrobial activity of propan-2-ol is summarized in Table 4.9.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 4.10.

Table 4.8 Biofilm removal by exposure to propan-2-ol solutions measured quantitatively as
change of biofilm matrix

Type of biofilm Concentration Exposure
time

Biofilm
removal
rate

References

S. aureus ATCC 6538, 72-h
incubation in microplates

70% (S) 60 min 0% [53]

P. aeruginosa ATCC 700928,
24-h incubation in microplates

70% (S) 60 min 0% [53]

S Solution
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5Peracetic Acid

5.1 Chemical Characterization

Peracetic acid is an organic peroxide and a colourless liquid with a characteristic
acrid odour reminiscent of acetic acid. The basic chemical information on peracetic
acid is summarized in Table 5.1. The stability of peracetic acid depends on the
formulation. The concentration may go down from 250 mg/l to undetectable levels
within 4 days or may go down from 500 mg/l on day 1 to 400 mg/l on days 2–24
[24]. Lack of stability of a two-component peracetic acid-based surface disinfectant
has been associated with an increase of C. difficile infections. The label concen-
tration of 1,500 mg/l peracetic acid was neither achieved in newly activated product
(mean: 400 mg/l) nor in in-use product solutions (mean: 180 mg/l) [18].

It is in the meantime possible to deliver peracetic acid in combination with
hydrogen peroxide with localised potent, non-toxic bactericidal activity (1.5-h
exposure time against MRSA and carbapenem-resistant E. coli) using the pre-cursor
compounds tetraacetylethylenediamine and sodium percarbonate loaded into ther-
mally induced phase separation microparticles [109].

5.2 Types of Application

Peracetic acid is used in the European Union by consumers and professional
workers (widespread uses), in formulation or re-packing, at industrial sites and in
manufacturing. It is used in washing and cleaning products. Professional workers
use peracetic acid in washing and cleaning products, biocides (e.g. disinfectants,
pest control products) and laboratory chemicals. It is used in health services, sci-
entific research and development, and manufacturing of textile, leather or fur. It is
also used indoors (e.g. machine wash liquids or detergents, automotive care
products, paints and coating or adhesives, fragrances and air fresheners) and in
closed systems (e.g. cooling liquids in refrigerators, oil-based electric heaters) [41].
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Based on the evaluation of the EPA in 1993, it was and is used in the USA as a
disinfectant for dialyzers and dialysis equipment, anaesthesia equipment, aseptic
packaging and related surfaces in food processing plants, respiratory equipment,
endoscopes, endotracheal tubes, dental hand instruments and burs, and surgical
instruments. It is also used for disinfection of reverse osmosis membranes and their
associated distribution systems, and for disinfection of hospital non-critical items
made of plastic or stainless steel. It is used for disinfection of various types of hard
non-food contact surfaces, as a sanitizer of food contact and non-food contact
surfaces and equipment in food production, for disinfection of animal life science
laboratories, livestock premises, dairy cattle and goat premises, poultry premises,
transportation vehicle treatment, feeding and watering appliance treatment, and for
disinfection of farm buildings and premises [118].

5.2.1 European Chemicals Agency (European Union)

In 2016, the European Commission has approved peracetic acid as an active biocidal
agent for use in product type 1 (human hygiene), product type 2 (disinfectants and
algaecides not intended for direct application to humans or animals), product type 3
(veterinary hygiene), product type 4 (food and feed area), product type 5 (drinking
water) and product type 6 (preservatives for products during storage) [65]. Peracetic
acid has also been approved in 2016 for uses in product type 11 (preservatives for
liquid-cooling and processing systems) and product type 12 (slimicides) [66].

5.2.2 Environmental Protection Agency (USA)

The EPA has reregistered peracetic acid in the group of peroxy compounds 1993 as
an active ingredient in pesticides [118].

5.2.3 Overall Environmental Impact

In the European Union, peracetic acid is manufactured and/or imported in 1,000–
10,000 t per year [41]. The evaluation of peracetic acid by the ECHA revealed that
the substance is not persistent because of its high reactivity and rapid degradation.
Therefore, no residues appear either in food or in the environment [42]. Peracetic

Table 5.1 Basic chemical information on peracetic acid [5, 46]

CAS number 79-21-0

IUPAC name Ethaneperoxoic acid

Synonyms Acetyl hydroperoxide, ethaneperoxoic acid, peroxyacetic acid

Molecular formula C2H4O3

Molecular weight (g/mol) 76.05
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acid decomposes rapidly in all environmental compartments, i.e. in surface water,
soil, air and active sludge. The degradation products of peracetic acid are oxygen,
acetic acid and hydrogen peroxide (see also Chap. 6 on hydrogen peroxide). Acetic
acid and hydrogen peroxide are further degraded to water, carbon dioxide and
oxygen. In addition, peracetic acid decomposes already in sewage before reaching
the sewage treatment plants [42].

5.3 Spectrum of Antimicrobial Activity

5.3.1 Bactericidal Activity

5.3.1.1 Bacteriostatic Activity (MIC Values)
The reported MIC values for peracetic acid are variable (Table 5.2), even within the
same bacterial species such as E. coli (16–2,310 mg/l) or S. aureus (160–
4,620 mg/l). The highest MIC values were reported with B. subtilis (18,500 mg/l),
A. calcoaceticus, E. cloacae and S. marcescens (all 9,250 mg/l). When bacterial
cells from food contact surfaces were obtained from a single-species biofilm, the
MIC values were in a similar range to those obtained with planktonic cells as shown
with E. coli (625 mg/l), Klebsiella spp. (1,250 mg/l), S. aureus (625–1,250 mg/l)
and S. epidermidis (625–1,250 mg/l) [62].

5.3.1.2 Bactericidal Activity (Suspension Tests)
The bactericidal activity expressed as log reductions obtained with peracetic acid
against various bacterial species is summarized in Table 5.3. Formulations based on
peracetic acid at 0.03% are mostly bactericidal (� 5.0 log reduction) within 30 min
and at 0.32–0.5% within 5 min. One study, however, found a lower effect against
E. coli, Streptococcus spp. and S. aureus with 0.5% peracetic acid in 30 min. At
1.6%, peracetic acid was also bactericidal with 3 min (most tested species) or 5 min
(E. faecalis). Only T. whipplei was reduced by two products based on peracetic acid
after 5–60 min by <3.0 log [77]. The bactericidal effect includes antibiotic-resistant
isolates as shown with E. coli. The presence of organic load reduces the bactericidal
effect, as shown with 12.5% skimmed milk [68]. The bactericidal activity can be
enhanced by silver [79]. False-positive results due to insufficient neutralization are
unlikely because peracetic acid at 0.26% was easy to neutralize [39].

The minimum bactericidal concentrations of peracetic acid, expressed as MBC
values with a 5-min exposure time, were variable with 0.0005–0.45% which is
equivalent to 4.8–4,050 mg/l (Table 5.4). For E. coli and S. aureus, it is noteworthy
that the MBC values are in a similar range as the MIC values (see Table 5.2).

Peracetic acid at 0.0002% applied for 45 min in wastewater was equally effec-
tive against E. coli and coliforms and against antibiotic-resistant E. coli and
coliforms [132]. Peracetic acid between 0.00009 and 0.0002% used for wastewater
disinfection reduced uropathogenic E. coli on average by 52%. It also reduced the
proportion of antimicrobial resistance gene-carrying uropathogenic E. coli patho-
types in municipal wastewaters [10].
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Table 5.2 MIC values of various bacterial species to peracetic acid

Species Strains/isolates MIC value
(mg/l)

References

A. actinomycetemcomitans ATCC 29523 <1,000 [125]

A. calcoaceticus ATCC 19606 9,250 [98]

B. fragilis ATCC 25285 <1,000 [125]

B. stearothermophilus ATCC 7953 4,620 [98]

B. subtilis var. globigii ATCC 9372 18,500 [98]

E. cloacae Strain IAL 1976 9,250 [98]

E. hirae CIP 5855 160 [86]

E. coli ATCC 25922 16 [86]

E. coli ATCC 25922 312 [33]

E. coli 74 isolates from food contact surfaces 625–1,250 [62]

E. coli ATCC 25922 <1,000 [125]

E. coli ATCC 25922 2,310 [98]

F. psychrophilum 5 fresh trout isolates 31.2–125 [51]

Klebsiella spp. 30 isolates from food contact surfaces 625 [62]

L. monocytogenes 1 poultry isolate and 1 sheep spinal cord
isolate

100–110 [4]

L. monocytogenes 12 strains from animals, food or contact
surfaces

115–2,713 [101]

L. monocytogenes 10 isolates from food 125–250a [1]

L. monocytogenes ATCC 7644 156 [33]

L. monocytogenes 6 strains from a cheese processing facility 250 [103]

M. morganii ATCC 25830 16 [86]

P. aeruginosa NCTC 6749 and 3 extensively resistant
clinical isolates

12–23 [130]

P. aeruginosa ATCC 27853 16 [86]

P. aeruginosa ATCC 10145 <1,000 [125]

P. intermedia ATCC 25611 <1,000 [125]

S. enterica 2 poultry isolates 70–80 [4]

S. Typhimurium ATCC 14028 <1,000 [125]

S. marcescens Strain IAL 1478 9,250 [98]

S. aureus CIP 53154 160 [86]

S. aureus ATCC 25923 312 [33]

S. aureus 4 strains (CECT976, RN4220, SA1199b,
XU212)

600–750 [50]

S. aureus 22 isolates from food contact surfaces 625 [62]

S. aureus ATCC 33591 <1,000 [125]

S. aureus ATCC 25923 4,620 [98]

S. epidermidis 65 isolates from food contact surfaces 312.5–625 [62]

S. mutans ATCC 25175 <1,000 [125]
aIn combination with hydrogen peroxide and acetic acid
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Table 5.3 Bactericidal activity of peracetic acid in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. anitratus 3 clinical isolates 3 min 1.6% (P) >6.0 [126]

A. salmonicida ATCC 14174 30 min 0.005% (P) � 5.1 [123]

0.0025% (P) <4.3

B. abortus B19 vaccine strain 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

B. cereusa ATCC 14579 30 min 0.03% (S) >5.0 [105]

B. mallei ATCC 23344 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

B. melitensis Strain RKI 16M 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

B. pseudomallei Strain A101-10 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

B. pseudomallei 10 patient isolates 30 min 0.26% (S) >5.0 [131]

C. perfringensa No information 30 min 1% (P) � 4.0 [68]

0.5% (P) � 4.0

C. perfringensa Strain CDC 1861 30 min 0.03% (S) 4.1 [105]

C. piscicola ATCC 35586 30 min 0.01% (P) � 5.2 [123]

0.005% (P) 4.4–5.4

E. cloacae 3 clinical isolates 3 min 1.6% (P) >6.0 [126]

E. faecalis 3 clinical isolates 5 min 1.6% (P) >6.0 [126]

Enterococcus spp. 1 VRE blood culture
isolate

30 min 0.2% (P) 2.2–8.0b [89]

0.1% (P) 2.0–4.5b

0.01% (P) 1.8–2.9b

E. coli No information 30 min 1% (P) 3.7 [68]

0.5% (P) 3.7

E. coli Food isolate 0157:H7 30 min 0.03% (S) >6.9 [105]

E. coli ATCC 25922 30 min 0.01% (P) � 6.5 [89]

F. tularensis Strain SCHU S4 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

K. pneumoniae 3 clinical isolates 3 min 1.6% (P) >6.0 [126]

L. garvieae NCIMB 702927 30 min 0.01% (P) 4.0–5.8 [123]

0.005% (P) <3.8–5.7

L. monocytogenes Food isolate 30 min 0.03% (S) >6.1 [105]

L. monocytogenes 20 environmental and
food isolates

5 min 0.002–
0.008% (P)

� 5.0 [27]

L. monocytogenes Strain LO28 5 min 0.0005% (P) 4.7 [91]

P. aeruginosa 3 clinical isolates 3 min 1.6% (P) >6.0 [126]

P. aeruginosa NCTC 6749 30 s 0.2% (P) � 7.3 [12]

P. aeruginosa ATCC 27853 30 min 0.03% (S) 5.0 [105]
(continued)
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5.3.1.3 Activity Against Bacteria in Biofilms
Effectively killing the bacterial cells grown in biofilm is more difficult [37]. E. coli
cells in biofilms were largely killed within 10 min by products with a concentration
of at least 0.016% peracetic acid (Table 5.5). In 74 isolates from food contact
surfaces, however, a peracetic acid concentration >4% was necessary to achieve a
bactericidal effect in 5 min [62]. Other studies show that the susceptibility of E. coli
cells grown in biofilm for 48 h in microplates is 50 times or even 100 times lower
compared to planktonic cells [48, 114]. Some authors report a 25–33 times lower
susceptibility with E. coli in biofilm [28]. The reduction in sensitivity in E. coli CIP

Table 5.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. aeruginosa Clinical isolate 5 min 0.0045% (S) � 5.0 [127]

S. Typhimurium ATCC 14028 30 min 0.03% (S) � 6.4 [105]

S. enteritidis No information 30 min 1% (P) � 4.0 [68]

0.5% (P) � 4.0

S. marcescens 14 strains from
contaminated alkylamine
disinfectant footbaths
(dairy)

5 min 0.2% (P) >5.0 [80]

S. sonnei Food isolate 30 min 0.03% (S) >6.3 [105]

S. aureus ATCC 25923 and 2
clinical isolates

3 min 1.6% (P) >6.0 [126]

S. aureus No information 30 min 1% (P) <3.0 [68]

0.5% (P) <3.0

S. aureus NCTC 4163 1 min 0.2% (P) � 7.3 [12]

S. aureus ATCC 25923 and a
MRSA blood culture
isolate

30 min 0.1% (P) � 5.0 [89]

0.01% (P) 2.8–5.0b

S. aureus ATCC 25923 30 min 0.03% (S) 6.6 [105]

S. epidermidis ATCC 12228 30 min 0.03% (S) >6.3 [105]

Streptococcus spp. No information 30 min 1% (P) <3.0 [68]

0.5% (P) <3.0

V. cholerae Strain C6706 30 min 0.03% (S) >6.4 [105]

V. parahaemolyticus Strain NY477 30 min 0.03% (S) >6.2 [105]

V. vulnificus Strain LA M624 30 min 0.03% (S) >6.3 [105]

Y. enterocolitica Strain 8081 30 min 0.03% (S) >6.8 [105]

Y. pestis NCTC 2028 5 min 0.46% (P) >7.0 [19]

0.32% (P) >7.0

Y. ruckeri ATCC 29473 30 min 0.01% (P) � 5.0 [123]

0.005% (P) � 4.7

P commercial product; S solution; avegetative cell form; bdepending on the presence of organic load
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54127 was attributed to a reduced accessibility of the bacterial cells to the disin-
fectants, due to the fact that the former adhered to a support [97].

L. monocytogenes in biofilms were quite effectively reduced by products based
on peracetic acid, for example when used at 2% for at least 6 min (Table 5.5). One
study even showed that cells of L. monocytogenes grown in biofilm (4 or 11 d on
stainless steel or polypropylene) did not show a reduction of susceptibility to
peracetic acid (10-min exposure time) compared to planktonic cells [104]. Peracetic
acid was also able to inactivate L. monocytogenes biofilms on stainless steel but it
was not able to remove adherent cells of L. monocytogenes from polystyrene
microplates [81].

Exposure to peracetic acid may enhance persistence of micro-organisms in
biofilms. For example, a L. monocytogenes biofilm (static or continuous flow)

Table 5.4 MBC values of various bacterial species to peracetic acid (5-min exposure time)

Species Strains/isolates MBC value
(mg/l)

References

A. baumannii Clinical isolate 1,792 [37]

B. subtilis ATCC 6633 4.8 [13]

B. cepacia Clinical isolate 384 [37]

E. coli Strain PHL 628 7.4 [13]

E. coli ATCC 25922 256 [37]

E. coli 74 isolates from food contact surfaces 625–1,250 [62]

E. faecalis ATCC 19433 8.5 [13]

E. faecalis Clinical isolate 384 [37]

E. faecium Clinical isolate 384 [37]

Klebsiella spp. 30 isolates from food contact surfaces 625–1,250 [62]

L. monocytogenes Strain EGDe 9.1 [13]

P. aeruginosa ATCC 15442 10.3 [13]

P. aeruginosa Clinical isolate 384 [37]

S. enterica Strain S24 8.2 [13]

Salmonella spp. 11 strains (untreated wastewater) 11 [38]

10 strains (treated wastewater) 13

S. aureus ATCC 6538 10.8 [13]

S. aureus 54 MRSA strains isolated in Canary
black pigs

253–4,050 [40]

S. aureus ATCC 6538 and 12 isolates from
fishery products

300–450 [122]

S. aureus 22 isolates from food contact surfaces 625–1,250 [62]

S. aureus Clinical MRSA isolate 768 [37]

S. epidermidis 65 isolates from food contact surfaces 625–1,250 [62]

S. epidermidis Clinical isolate 2,048 [37]

S. maltophilia Clinical isolate 1,792 [37]
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showed increased resistance after exposure to 0.002% peracetic acid in a wild-type
strain both in static and continuous flow biofilm [119]. HrcA and DnaK play an
important role in the resistance of L. monocytogenes planktonic and biofilm cells
against disinfectants [119]. In single-species biofilms, L. monocytogenes developed
higher tolerance to cleaning and disinfection over time for the peracetic acid dis-
infectant, indicating that a broad-spectrum mechanism was involved [44].

P. aeruginosa cells in biofilms showed a variable susceptibility to peracetic acid.
The majority of studies indicate that biofilm treatment with 0.3% peracetic acid
for 60 min resulted in some bactericidal effect with 2.0–2.7 log while in one study a
6.9 log reduction was described in 10 min (Table 5.5). The susceptibility of
P. aeruginosa in biofilm is lower in older biofilms (192 h versus 48 h or 24 h) [2].
This correlation was also described with a P. marginalis biofilm grown for 24 h at
30 °C (1.2 times less susceptible to peracetic acid compared to planktonic cells) or
48 h (4.8 times less susceptible) [78]. In order to kill P. aeruginosa in a 96-h
biofilm within 5 min, peracetic acid of at least 2.5% was necessary, whereas
P. aeruginosa survives at 2.0% for 5 min [2]. Other authors have reported that
P. aeruginosa cells grown in biofilm for 24 h in microtiterplates were 15–20 times
less susceptible to peracetic acid (5-min exposure time) compared to planktonic
cells [14]. A biofilm of P. aeruginosa on stainless steel required 80� concentration
of a formulation with peracetic acid, hydrogen peroxide and silver to achieve a 5.0
log reduction [114]. Only one study describes that P. aeruginosa cells in a 24-h
biofilm can be reduced by exposure for 15 min at 37 °C to a formulation based on
only 0.0042% peracetic acid by 5.2 log steps [87]. The effect in biofilm cells in
endoscope channels has also been described. A formulation based on peracetic acid
at 0.15% was effective in original channels of an endoscope as part of manual
processing (10-min disinfection) to yield negative cultures after disinfection when
the channels were allowed to build P. aeruginosa (ATCC 27853) biofilm over 5 d.
However, 0.06% of cells in residual biofilm were still viable after disinfection [96].

Peracetic acid is able to diffuse inside the clusters of a P. aeruginosa biofilm; the
biocidal compounds may partly have been consumed through quenching reactions
with exopolymeric substances, leading to the greater biofilm resistance observed
(27). In line with this, it was observed that disruption of the biofilm and the washing
of cells enabled the recovery of the same susceptibility as that observed for
planktonic cells; this finding was consistent with the fact that biofilm resistance
appeared mainly to be due to the presence of the exopolymeric matrix. The efficacy
of oxidizing agents is indeed well known to be profoundly affected by the presence
of organic materials such as the constituents of the biofilm matrix (polysaccharides,
proteins and nucleic acids). In addition, the presence of protective enzymes such as
catalases in the extracellular matrix has also been reported to be involved in the
resistance of P. aeruginosa biofilms to oxidizing agents (27).
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S. aureus cells in biofilms grown for 24 h were mostly susceptible to � 0.3%
peracetic acid but the susceptibility was substantially lower when the biofilm was
grown for 72 h (Table 5.5). Similar results were described by other authors. For
example, peracetic acid at 0.5% removed all S. aureus cells within 15 s in biofilm
grown in polystyrene microtiter plates [81]. Peracetic acid was also able to inac-
tivate S. aureus biofilms on stainless steel and to remove adherent cells of S. aureus
from polystyrene microplates [81]. Lower concentrations of peracetic acid are less
effective. Data from Brazil indicate that 0.003% peracetic acid was not sufficient to
remove S. aureus from a 15-day biofilm from stainless steel and polypropylene
[29]. A formulation based on peracetic acid at 0.15%, however, was effective in
original channels of an endoscope as part of manual processing (10-min disinfec-
tion) to yield negative cultures after disinfection when the channels were allowed to
build S. aureus (ATCC 29213) biofilm over 5 d. However, 0.06% of cells in the
residual biofilm were still viable after disinfection [96]. Finally, a biofilm of S.
aureus on stainless steel required 100� concentration of a formulation with per-
acetic acid, hydrogen peroxide and silver to achieve a 5.0 log reduction [114]. In 22
S. aureus isolates from food contact surfaces, a peracetic acid concentration >4%
was necessary to achieve a bactericidal effect against biofilm cells within 5 min
[62].

For S. epidermidis, a 3.4� decrease of susceptibility was reported for
biofilm-grown cells (48-h incubation in microplates) compared to planktonic cells
[48]. Other authors report a two times lower susceptibility with S. epidermidis in
biofilm [28]. An E. faecalis biofilm attached to dentin (5 days incubation) and
irrigated for 3 min with 2% peracetic acid had an increase of dead cells in the biofilm
from 13.8% to 50.5% indicating a rather poor efficacy [6]. In 65 S. epidermidis
isolates from food contact surfaces, a peracetic acid concentration >4% was nec-
essary to achieve a bactericidal effect against biofilm cells within 5 min [62].
A biofilm of E. hirae on stainless steel required 10� concentration of a product with
peracetic acid, hydrogen peroxide and silver to achieve a 5.0 log reduction [114].
On various plastic materials, the effect of 0.016% peracetic acid was good within
10 min (>5.0 log; Table 5.5).

Other species such as C. jejuni (at least 0.02% peracetic acid in 3 min) or
M. morganii (at least 0.016% peracetic acid in 10 min) are rather easily inactivated
in biofilms. With 30 strains of C. jejuni in biofilm from chicken carcasses, it was
shown that exposure to 0.8% peracetic acid for 24 h resulted in survival of seven
strains (23.3%) in the presence of peracetic acid with 1.3–2.2 log; the persistence
was probably strain dependent [90]. The results with Salmonella spp. are conflicting
for 0.001% peracetic acid in 6 min (Table 5.5). In 30 Klebsiella spp. isolates from
food contact surfaces, a peracetic acid concentration >4% was necessary to achieve
a bactericidal effect against biofilm cells within 5 min [62]. Peracetic acid at 0.2%
may also prevent survival of S. typhimurium, E. coli, S. mutans or B. fragilis in
biofilm on glass or rubber carriers within 60 min [125].

5.3 Spectrum of Antimicrobial Activity 75



Some studies have looked at the efficacy of peracetic acid in mixed biofilms.
Micro-organisms in a waterborne mixed biofilm grown over 50 days on silicone
tubes were killed by peracetic acid at 0.5% in 30 min by >5.0 log [43]. Mixed
biofilm (L. monocytogenes and L. plantarum) had a similar susceptibility to the
bactericidal activity of 0.01% peracetic acid in 15 min compared to single-species
biofilm of L. monocytogenes and L. plantarum (all 3.5–5.0 log) [120].

5.3.1.4 Bactericidal Activity in Carrier Tests
Formulations based on 0.14–0.18% peracetic acid are mostly effective against
different bacterial species in carrier tests within 10 min. Only one study suggests
that a VRE isolate may not be reduced by 0.2% peracetic acid in 30 min
(Table 5.6).

Table 5.6 Bactericidal activity of commercial products (P) based on peracetic acid in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

E. cloacae 11 clinical isolates 10 min 0.18% (P) >4.0a [57]

E. cloacae 17 MDR clinical
isolates

10 min 0.18% (P) >4.0 [57]

Enterococcus
spp.

1 VRE blood culture
isolate

30 min 0.2% (P) None [89]

Enterococcus
spp.

3 VRE strains (2 vanA,
1 vanB)

3 min 0.14% (P) >5.4 [30]

E. coli ATCC 25922 30 min 0.2% (P) � 5.0 [89]

E. coli 6 clinical isolates 10 min 0.18% (P) >4.0 [57]

K. pneumoniae 3 clinical isolates 10 min 0.18% (P) >4.0 [57]

L. monocytogenes 5 food strains 10 min 0.1%b (P) >4.0 [1]

L. monocytogenes Strain LO28 5 min 0.0005% (P) 3.3 [91]

P. aeruginosa 8 clinical isolates 10 min 0.18% (P) >4.0 [57]

P. mirabilis 5 clinical isolates 10 min 0.18% (P) >4.0 [57]

S. marcescens 3 clinical isolates 10 min 0.18% (P) >4.0 [57]

S. aureus ATCC 25923 and a
MRSA blood culture
isolate

30 min 0.2% (P) 2.0–3.5c [89]

S. aureus 6 clinical isolates 10 min 0.18% (P) >4.0 [57]

S. aureus ATCC 43300 and 2
MRSA clinical isolates

3 min 0.14% (P) >4.8 [30]

aOne isolate with a log reduction <4.0; bcontains in addition hydrogen peroxide and acetic acid;
cdepending on the type of organic load
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5.3.1.5 Bactericidal Activity in Endoscopes or Test Tubes
Peracetic acid was described to be effective at a concentration of 0.05% applied for
45 min for manual disinfection of different types of flexible endoscopes. In 9 of 10
gastroscopes and colonoscopes, no bioburden was detected in the samplings of the
suction channel after peracetic acid treatment [124]. Various studies describe its
efficacy in automated processing. When endoscopes were artificially contaminated
with P. aeruginosa and treated with 0.2% peracetic acid for 12 min at 53 °C, the
bacterial counts were reduced by at least 6.0 log [12, 36]. Similar results were
found with the same type of treatment in test tubes artificially contaminated with
E. faecium [3]. An automatic processing without a specific description of peracetic
acid application parameter (Steris 20) was described to eliminate Enterococcus
spp. from artificially contaminated colonoscopes [26]. A similar result was
described with four common types of endoscopes contaminated with P. aeruginosa,
VRE and MRSA, also without a specific description of peracetic acid application
parameter [106]. Another automated process without a peracetic acid treatment
specification was effective to kill H. pylori on artificially contaminated endoscopes
[25]. In an experimental model, peracetic acid at 0.085% was effective in reducing
MRSA, VRE and C. difficile in a flexible gastrointestinal endoscope [22].

5.3.2 Fungicidal Activity

5.3.2.1 Fungicidal Activity (Suspension Tests)
Peracetic acid is effective against yeasts such as C. albicans at 0.25% within 1 min
or at 0.1% in 15–30 min. The efficacy of 0.3% peracetic acid is poor in 10 min
against selected fungi obtained from food. Many Aspergillus spp. are killed by
0.01% peracetic acid in 10 min but A. brasiliensis was somewhat more resistant
even to 0.225% peracetic acid (Table 5.7). Some authors describe that the effect
of peracetic acid at 0.1 and 0.3% is also rather weak against Aspergillus and
Penicillum spp. [74]. The environmental saprophytic fungi C. globosum and
C. funicola also showed a high resistance to peracetic acid [94]. In drinking water,
an effect of at least 5.0 log is achieved against C. albicans by 0.001% peracetic acid
within 24 h [108].

5.3.2.2 Activity Against Fungi in Biofilms
In one study, biofilms were grownwithC. albicans (strain SC 5314),C. orthopsilosis
(5 strains) and C. parapsilosis sensu strictu (5 strains). The Candida cells in the
biofilms were reduced to <10 CFU/ml in up to 48 h with a product based on 0.083%
peracetic acid and 0.26% hydrogen peroxide [100].
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5.3.2.3 Fungicidal Activity in Carrier Tests
A product based on 0.18% peracetic acid was very effective in carrier tests against
different types of yeasts (four clinical isolates of C. albicans, one clinical isolate
of C. krusei, one clinical isolate of C. parapsilosis and one clinical isolate of
C. tropicalis) with log reductions >4.0 in a 10-min exposure time [57]. Against four

Table 5.7 Fungicidal activity of peracetic acid in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. brasiliensis ATCC 16404 15 min 0.225% (P) 3.3 [60]

A. flavipes 3 clinical or
environmental isolates

10 min 0.01% (S) >4.0 [108]

30 min 0.002% (S) >4.0

A. flavus 4 clinical or
environmental isolates

5 min 0.01% (S) >4.0 [108]

30 min 0.002% (S) >4.0

A. fumigatus 4 clinical or
environmental isolates

10 min 0.01% (S) >4.0 [108]

4 h 0.005% (S) >4.0

A. nidulans 4 clinical or
environmental isolates

30 min 0.005% (S) >4.0 [108]

4 h 0.002% (S) >4.0

A. terreus 2 clinical or
environmental isolates

10 min 0.005% (S) >4.0 [108]

4 h 0.002% (S) >4.0

A. ustus 2 clinical or
environmental isolates

10 min 0.005% (S) >4.0 [108]

1 h 0.002% (S) >4.0

A. versicolor 2 clinical or
environmental isolates

10 min 0.005% (S) >4.0 [108]

1 h 0.002% (S) >4.0

C. albicans 3 clinical isolates 3 min 1.6% (P) >6.0 [126]

C. albicans ATCC 10231 1 min 0.25% (P) >4.0 [102]

3 min 0.025% (P) >4.0

C. albicans ATCC 10231 30 min 0.2% (P) � 7.0 [89]

0.1% (P) 4.0–8.0a

0.01% (P) 2.2–8.0a

C. albicans ATCC 10231 15 min 0.1% (P) >4.0 [60]

C. albicans ATCC 10231 10 min 0.025%b (P) >4.0 [71]

C. krusei ATCC 14243 30 min 0.01% (P) � 4.0 [89]

0.1% (P) � 5.0

E. repens Isolate from bread factory 10 min 0.3% (P) 0.0 [16]

P. anomala Isolate from bread 10 min 0.3% (P) 0.0 [16]

P. roqueforti Isolate from bread 10 min 0.3% (P) 0.3 [16]

S solution; P commercial product; adepending on the type of organic load; bcontains also
hydrogen peroxide (approximately 0.1%)
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clinical isolates of C. auris, C. albicans ATCC 10231 and C. glabrata ATCC 2001,
peracetic acid (0.2% for 5 min) led to a significant reduction on a contaminated
cellulose matrix (3.1–6.6 log), on stainless steel (2.2–3.0 log) and on polyester
coverslips (4.4–6.8 log) [72]. On stainless steel squares, peracetic acid at 0.2%
reduced C. albicans ATCC 10231 within 30 min by 1.5–2.1 log, C. krusei ATCC
14243 was more susceptible with a 3.2–5.4 log reduction [89].

5.3.2.4 Fungicidal Activity in Endoscopes or Test Tubes
One study described the effect of peracetic acid in endoscopes artificially con-
taminated with A. niger undergoing automated processing with 0.2% peracetic acid
for 12 min at 53 °C. The fungal cell load was reduced from at least 1.1 � 106 to 0
per endoscope [36].

5.3.3 Mycobactericidal Activity

5.3.3.1 Mycobactericidal Activity (Suspension Tests)
Products or solutions based on 0.35% peracetic acid were effective against
M. chelonae and M. tuberculosis in 1 min, M. avium, M. smegmatis and M. xenopi
in 2 min and M. bovis in 5 min. A lower concentration such as 0.2% required
between 5 and 15 min to be mycobactericidal. The minimum bactericidal con-
centration for a M. chelonae strain (647P-Mc) was with 0.294% in a similar range
[13]. Most studies with glutaraldehyde-resistant isolates of M. chelonae indicate
that 0.35% peracetic acid is effective against them in 1–4 min. Only one study with
0.035% peracetic acid described a poor activity in 60 min (up to 1.9 log), whereas
an ATCC strain of M. chelonae was effectively reduced by >5.6 log (Table 5.8).

In addition, three commercial solutions based on an unknown concentration of
peracetic acid were described to be effective in 15 min against
glutaraldehyde-resistant M. massiliense isolates [82]. One recent study described a
broad mycobactericidal efficacy (M. avium, M. abscessus, M. bovis, M. chelonae
and M. terrae) of commercial peracetic acid-based products (Reliance DG and S40)
with >5.0 log reduction in 5 min but did not mention the concentration of the active
agent so that it cannot be included in Table 5.8 [17, 67].

5.3.3.2 Activity Against Mycobacteria in Biofilms
A M. abscessus (INCQS 594) biofilm was produced in original channels of an
endoscope over 15 d. A product based on 0.15% peracetic acid applied for 10 min
as part of manual processing was effective into yield negative cultures after dis-
infection. However, 0.06% of cells in residual biofilm were still viable after dis-
infection [96].
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Table 5.8 Mycobactericidal activity of products or solutions based on peracetic acid in
suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. abscessus ATCC 19977 5 min 0.08%a (P) >6.2 [111]

M. abscessus ATCC 19977 5 min 0.07% (S) 5.3 [111]

M. avium NCTC 10437 2 min 0.35% (P) >6.0 [107]

M. avium-
intracellulare

Clinical isolate 4 min 0.35% (P) 5.2 [85]

M. avium-
intracellulare

Clinical isolate 4 min 0.35% (P) >5.2 [53]

M. avium NCTC 10437 5 min 0.35% (P) � 6.0 [59]

M. avium Clinical isolate (strain 3051) 5 min 0.35% (P) � 6.5 [59]

M. avium-
intracellulare

Clinical strain 104 5 min 0.26% (P) >5.0 [55]

20 minb >5.0

M. avium-
intracellulare

6 fresh clinical isolates 15 min 0.2% (P) >5.0 [58]

50 min >5.0

M. bovis NCTC 10772 5 min 0.35% (P) � 4.2 [59]

M. bovis ATCC 35743 10 min 0.08%a (P) 4.6 [111]

M. bovis ATCC 35743 10 min 0.07% (S) 4.9 [111]

M. chelonae NCTC 946 1 min 0.35% (P) >5.8 [85]

M. chelonae NCTC 946 1 min 0.35% (P) >5.5 [53]

M. chelonae Glutaraldehyde-resistant
isolate WD 1

1 min 0.35% (P) 4.1 [85]

M. chelonae Glutaraldehyde-resistant
isolate WD 2

1 min 0.35% (P) 4.0 [85]

M. chelonae NCTC 946 1 min 0.35% (P) >5.0 [52]

M. chelonae 2 glutaraldehyde-resistant
isolates from WD from
different hospitals

1 min 0.35% (P) >4.0 [52]

4 min >5.0

M. chelonae Clinical isolate 2 min 0.35% (P) >5.0 [107]

M. chelonae Strain Epping 4 min 0.35% (P) >6.1 [53]

M. chelonae ATCC 35752 5 min 0.26% (P) >5.0 [55]

M. chelonae
subsp. abscessus

CMCC 93326 5 min 0.2% (S) � 6.0 [128]

M. chelonae 5 glutaraldehyde-resistant
isolates

10 min 0.08%a (P) >6.2 [111]

M. chelonae 5 glutaraldehyde -resistant
isolates

60 min 0.07% (S) 0.6–6.3 [111]

M. chelonae 3 glutaraldehyde -resistant
strains from WD from
different hospitals

10, 30
and
60 min

0.035% (P) 0.1–1.9 [121]

M. chelonae ATCC 14998 10, 30
and
60 min

0.035% (P) >5.6 [121]

(continued)
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5.3.3.3 Mycobactericidal Activity in Carrier Tests
Commercial products were mostly effective in carrier tests against the different
mycobacterial species including M. avium, M. bovis, M. chelonae, M. fortuitum and
M. tuberculosis with peracetic acid at 0.26% in 30 min or 0.35% in 5 min
(Table 5.9).

5.3.3.4 Mycobactericidal Activity in Endoscopes or Test Tubes
Most data were published with bronchoscopes. In one study, bronchoscope
was artificially contaminated with M. tuberculosis, M. avium-intracellulare and
M. chelonae, followed by 10 automated processing with wash cycles per organism.
A commercial product based on 0.35% peracetic acid was used for disinfection
over 5 or 10 min. Without physical pre-cleaning, M. tuberculosis and M. chelonae
were not recovered after 5-min disinfection but M. avium-intracellulare was
recovered after 1 of 10 washes (5 min: 310 CFU/ml; 10 min: 2,800 CFU/ml). With
physical pre-cleaning, M. avium-intracellulare was never recovered after 5-min
disinfection [92]. In another study, a bronchoscope was artificially contaminated
with M. gordonae (105 or 108 CFU per ml). Processing consisted of manual
cleaning including use of a brush, followed by automated processing with a for-
mulation based on 0.2% peracetic acid for 10 or 20 min at 25 °C. M. gordonae
was not recovered after 10 min for any type of contamination [61]. In a third study,
a bronchoscope was artificially contaminated with M. tuberculosis (n = 5) and
M. avium-intracellulare (n = 5). Processing consisted of a cleaning step and

Table 5.8 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. fortuitum ATCC 609 10 min 1.6% (P) >6.0 [126]

M. fortuitum NCTC 10394 4 min 0.35% (P) >6.0 [53]

M. fortuitum Clinical strain 10 min 0.26% (P) >5.0 [55]

M. kansasii WD isolate 1 min 0.35% (P) >5.4 [85]

M. smegmatis NCTC 8159 2 min 0.35% (P) >9.0 [107]

M. tuberculosis NCTC 7416 1 min 0.35% (P) >5.1 [85]

M. tuberculosis Strain H37Rv 4 min 0.35% (P) >5.1 [53]

M. tuberculosis Strain H37Rv 5 min 0.35% (P) � 5.2 [59]

M. tuberculosis MDR clinical isolate (strain
98)

5 min 0.35% (P) � 5.5 [59]

M. tuberculosis Strain H37Rv 10 min 0.26% (P) >5.0 [55]

M. tuberculosis CMCC 93020 5 min 0.2% (S) 4.5 [128]

20 min � 6.0

M. tuberculosis 6 fresh clinical isolates 15 min 0.2% (P) >5.0 [58]

50 min >5.0

M. xenopi NCTC 10042 2 min 0.35% (P) >5.0 [107]

S solution; P commercial product; awith 1% hydrogen peroxide; bwith organic load
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manual disinfection by immersion in a formulation based on 0.26% peracetic acid
for 10 or 20 min. After disinfection for 10 min, M. avium-intracellulare was not
recovered in 4 of 5 samples (log > 5.0), and one sample reached a log 4.2. After
disinfection for 20 min, all 5 M. avium-intracellulare samples were without growth
(log > 5.0). M. tuberculosis was never recovered after processing, and all samples
were without growth (log > 5.0) [56]. Finally, five colonoscopes and five duo-
denoscopes were artificially contaminated with M. chelonae and processed auto-
matically with a formulation based on 0.2% peracetic acid for 12 min at 50–56 °C.
All scope cultures were negative after processing, and high-level disinfection was
achieved [47]. Similar results were described in test tubes artificially contaminated
with M. chelonae after automated processing with a product based on 0.2% per-
acetic acid (12 min at 53 °C). Colony counts were reduced from 6.9 � 105 to 0 per
lumen [3]. A sufficient efficacy result was described for automated peracetic acid
processing with four common types of endoscopes contaminated with a
glutaraldehyde-resistant M. chelonae but without a specific description of peracetic
acid application parameter [106]. Overall, the use of products based on 0.35 or
0.26% peracetic acid for 10 min was very effective against mycobacteria in chan-
nels of flexible endoscopes, similar to 0.2% peracetic acid for 12 min at 50–56 °C.

Table 5.9 Mycobactericidal activity of commercial products (P) based on peracetic acid in carrier
tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. avium NCTC 10437 5 min 0.35% (P) � 4.5 [59]

M. avium Clinical isolate (strain
3051)

5 min 0.35% (P) � 5.5 [59]

M. avium-
intracellulare

Clinical strain 104 5 min 0.26% (P) >5.0 [55]

10 min >5.0a

M. avium ATCC 25291 10 min 0.18% (P) >4.0 [57]

M. bovis NCTC 10772 5 min 0.35% (P) � 3.2 [59]

M. chelonae ATCC 35752 5 min 0.26% (P) >5.0 [55]

M. fortuitum Clinical strain 20 min 0.26% (P) >5.0 [55]

30 min 4.8a

M. fortuitum ATCC 609 10 min 0.18% (P) >4.0 [57]

M. tuberculosis Strain H37Rv 5 min 0.35% (P) � 4.2 [59]

M. tuberculosis MDR clinical isolate
(strain 98)

5 min 0.35% (P) � 5.0 [59]

M. tuberculosis Strain H37Rv 5 min 0.26% (P) >5.0 [55]

10 min >5.0a

aIn the presence of organic load
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5.4 Effect of Low-Level Exposure

Exposure of S. enterica and L. monocytogenes to sublethal concentrations of
peracetic acid changed the MIC values in comparison to unexposed cells only
marginally (� 1.1-fold increase) [4]. Similar findings were reported with
L. monocytogenes strain EGD and a commercial disinfectant based on peracetic acid
and hydrogen peroxide [69]. In E. coli O157:H7, however, cultures exhibited
increased tolerance to peroxidative stress when acutely exposed to a sublethal con-
centration of 0.1% peracetic acid (1.0 log reduction in <2 h compared to 3.0 log
reduction in 45 min) suggesting that acute sublethal contact with peracetic acid may
cause resistance to lethal peracetic acid treatments of unknown stability [134]. When
P. aeruginosa was exposed to sublethal concentrations of peracetic acid (0.0076%),
many genes associated with cellular protective processes were induced, the tran-
scription of genes involved in primary metabolic pathways was repressed, and the
transcription of genes encoding membrane proteins and small molecule transporters
was altered [20]. Water treatment with 0.0005% peracetic acid (corresponding to the
MIC value) for 1 h was able to reduce the viable cell number of S. Typhimurium
strain LT2 in sewage effluent by 5.0 log. The cells, however, retained their ability to
adhere and to invade HeLa cells indicating a potential risk of pathogenic bacteria
disseminating in natural and bathing water [63]. When S. Typhimurium in sterilized
sewage water was exposed to peracetic acid at 0.0001–0.0007%, a log reduc-
tion > 5.0 was found but 500 cells per ml were still viable but not culturable. With a
higher concentration of 0.0015%, a log reduction > 7.0 was found but 500 cells per
ml were still viable but not culturable. Only with a concentration of 0.002%, a log
reduction > 7.0 was found and no viable cells were found anymore [64].

Exposure of S. aureus to sublethal concentrations of peracetic acid (0.0076%)
significantly altered the regulation of membrane transport genes, selectively
induced DNA repair and replication genes, and differently repressed primary
metabolism-related genes between the two growth states. Most intriguingly, many
virulence factor genes were induced upon the exposure, which proposes a possi-
bility that the pathogenesis of S. aureus may be stimulated in response to peracetic
acid [21]. In L. monocytogenes, however, a disinfectant based on peracetic acid
reduced expression of virulence genes [70]. Low-level exposure of E. faecium to
peracetic acid (<0.001%) did not select for antibiotic resistance genes (ermB) [117].

5.5 Resistance to Peracetic Acid

The risk of the development of resistance is regarded to be very low due to the low
specificity of reactions of peracetic acid [42]. The primary mode of action of peracetic
acid is oxidation. It denatures proteins, disrupts cell wall permeability, and oxidizes
sulfhydral and sulphur bonds in proteins, enzymes and other metabolites [42]. The
bactericidal effect is explained by hydroxyl- and carbon-centred radicals which are
produced in the bacterial cell. Hydroxyl radicals are the lethal species [23].
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5.5.1 Insufficient Efficacy in Suspension Tests

A R. erythropolis isolate from a dairy production facility was described to resist the
efficacy of 0.2% peracetic acid in 5 min with only 0.5 log reduction [11]. The
susceptibility of micro-organisms to peracetic acid can be reduced, e.g. by exposure
of S. Typhimurium to sublethal concentrations of terpenes which reduces the effi-
cacy of 0.0003% peracetic acid (5 min) on average by 1.3 log [35]. After adaptation
to nalidixic acid, a lower susceptibility of E. coli 0157:H7 (1.6 versus 2.3 log
reduction), L. monocytogenes (0.1 versus 1.8) and Salmonella spp. (1.4 versus 2.1)
to 0.007% peracetic acid for 3 min was described on mung bean sprouts [95].

5.5.2 Persistence Despite Disinfection with Peracetic Acid
as Recommended

Use of peracetic acid as recommended does not always ensure sufficient antimi-
crobial activity so that some species may survive the treatment and may persist, e.g.
on flexible endoscopes. Persistence of various bacteria, mainly Gram-negative incl.
P. aeruginosa, has been reported after automated processing of flexible endoscopes
with 0.2% peracetic acid for 12 min at 50–56 °C indicating that the formulation
was not effective enough [31].

One pseudo-outbreak and one outbreak were suspected to be caused by technical
malfunction indicating that the results may have been the same when another
biocide would have been used for disinfection. One pseudo-outbreak was assumed
to be caused by biofilm formation enabling persistence despite best practice
decontamination processes (Table 5.10).

5.5.3 Resistance Mechanisms

So far there are no reports on the cellular mechanisms of reduced bacterial sus-
ceptibility to peracetic acid, probably because reports of resistance of the cell itself
to peracetic acid are so rare [129]. C. globosum and C. funicola showed high
resistance to peracetic acid which was probably not acquired. They had thick cell
walls as ascospores that can impede the action mechanism of peracetic acid [94].

5.5.4 Resistance Genes

5.5.4.1 Peracetic Acid Resistance Genes
No peracetic resistance genes have been identified so far.
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5.5.4.2 Effect of Peracetic Acid on Antibiotic Resistance Genes
The effect of peracetic acid on antibiotic resistance genes is poor. One study shows
that peracetic acid is effective to remove bacterial cells in a wastewater treatment
plant. However, the stress imposed by peracetic acid selected for bacterial aggre-
gates and stimulated the selection of antibiotic resistance genes during the incu-
bation experiment [32]. In addition, it was found that nine antibiotic resistance
genes (ampC, mecA, ermB, sul1, sul2, tetA, tetO, tetW, vanA) were not reduced by
peracetic acid disinfection in wastewater [84]. Other authors also postulated that the
effect of peracetic acid used in wastewater on the resistance genes from uro-
pathogenic E. coli is unclear [10].

5.6 Cross-Tolerance to Other Biocidal Agents

Vegetative cells of a rinse water isolate of B. subtilis with reduced susceptibility to
chlorine dioxide have shown cross-resistance to other oxidising agents such as
peracetic acid [88].

5.7 Cross-Tolerance to Antibiotics

Cross-resistance to antibiotics has not been reported yet. In wastewater, peracetic
acid at concentrations of 0.0005–0.002% was able to transform different
beta-lactam antibiotics which may be an advantage to reduce antibiotic selection
pressure in wastewater [133].

5.8 Role of Biofilm

Peracetic acid is able to diffuse inside biofilm clusters. The biocidal compound may
partly be consumed through quenching reactions with exopolymeric substances,
leading to the greater biofilm resistance [14]. Biofilm resistance appears mainly to
be due to the presence of the exopolymeric matrix. The efficacy of oxidizing agents
is indeed well known to be profoundly affected by the presence of organic materials
such as the constituents of the biofilm matrix (polysaccharides, proteins and nucleic
acids) [14]. In addition, the presence of protective enzymes such as catalases in the
extracellular matrix has also been reported to be involved in the resistance of
P. aeruginosa biofilms to oxidizing agents [14].
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5.8.1 Effect on Biofilm Development

Formation of a biofilm of C. sakazakii, an emerging opportunistic food-borne
pathogen, is impaired to some extent in the presence of peracetic acid (range: 6%
lower with 0.005% peracetic acid, 41% lower with 0.02% peracetic acid) [7]. Biofilm
formation in microtiter wells by C. albicans (strain SC 5314), C. orthopsilosis
(5 strains) and C. parapsilosis sensu strictu (5 strains) is inhibited by peracetic acid at
0.021% (C. albicans and C. orthopsilosis) or 0.041% (C. parapsilosis) [100]. Per-
acetic acid was also capable to significantly reduce biofilm formation of the S. aureus
strain 9213 [79]. Dental unit waterlines from five new units were exposed for
30 days to a product based on 0.26% peracetic acid for 5 cycles à 5 min per day. No
biofilm at all was found indicating an effective prevention of biofilm formation [93].

5.8.2 Effect on Biofilm Removal

As described in Table 5.11 biofilm of E. coli, P. aeruginosa and S. aureus are
partially removed by exposure to peracetic acid between 0 and 63% although most
data indicate a poor biofilm removal rate <33%. An E. faecalis biofilm attached to
dentin (5 days incubation) and irrigated for 3 min with 2% peracetic acid had a
reduction of biovolume from 63.5 to 14.9 mm3 indicating also only partial biofilm
removal [6]. Silicone tubes with mixed biofilm after 50-d perfusion with tap water
(water systems in hospitals) were exposed for 1 h to a 0.5% or 1% solution of a
product based on peracetic acid and tenside. No clear changes of biofilm thickness
were observed by SEM [43].

5.8.3 Effect on Biofilm Fixation

The biofilm fixation potential of peracetic acid clearly depends on the composition
of the product and may vary between 0 and 54% (Table 5.12). A possible fixation
of P. aeruginosa biofilm (relative residual protein quantity) was investigated in
PTFE tubes by a peracetic acid solution, a peracetic acid product (both 0.15%) and
sterile water. After nine treatment cycles, protein was lower with the peracetic acid
solution (24.9 µg/cm2) or the peracetic acid product (24.7 µg/cm2), compared to
distilled water (57.3 µg/cm2) also indicating a low fixation potential [99].

5.9 Summary

The principal antimicrobial activity of peracetic acid is summarized in Table 5.13.
The key findings on resistance and cross-resistance including the role of biofilm

for selecting resistant isolates are summarized in Table 5.14.
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Table 5.11 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
products or solutions based on peracetic acid

Type of biofilm Concentration Exposure
time

Biofilm
removal
rate

References

A. acidoterrestris biofilm on
stainless steel, nylon and PVC
surfaces

0.05% (S) 10 min “small
numbers of
cells left”

[34]

E. coli 54127 biofilm on
haemolysis glass tubes

0.35% (P) 5 min 0% [54]

0.09–0.15%
(P)

5 min 0%

0.1–0.25%a

(P)
5 min 8%

0.087%a (P) 15 min 14%

E. coli 54127 biofilm on
haemolysis glass tubes

0.11% (P) 15 min 0% [83]

0.11% (P)b 15 min 16%

0.11% (P)c 15 min 16%

P. aeruginosa biofilm on
96-well plates

0.3% (S) 1, 5, 15,
30 and
60 min

41–63% [75]

S. aureus biofilm on stainless
steel and polypropylene
coupons

3% (S) 30 s “partial
removal”

[29]

S. aureus biofilm on 96-well
plates

0.3% (S) 1, 5, 15,
30 and
60 min

14–32% [75]

P commercial product; S solution; aplus QAC; bplus surfactant; cplus surfactants

Table 5.12 Biofilm fixation rate (quantitative determination of biofilm matrix) by exposure to
peracetic acid commercial products (P)

Type of biofilm Concentration Exposure
time

Biofilm
fixation rate

References

E. coli 54127 biofilm on
haemolysis glass tubes

0.35% (P) 5 min 34% [54]

0.09–0.15%
(P)

5 min 54%

0.1–0.25%
(P)a

5 min 0%

0.087% (P)a 15 min 0%

E. coli 54127 biofilm on
haemolysis glass tubes

0.11% (P) 15 min 3% [83]

0.11% (P)b 15 min 0%

0.11% (P)c 15 min 0%
aPlus QAC; bplus surfactant; cplus surfactants
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Table 5.13 Overview on the typical exposure times required for peracetic acid to achieve
sufficient biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Most clinically relevant species except T.
whipplei, selected Streptococcus spp. and
S. aureus isolates

1.6% 3–5 mina

0.32% 5 mina

0.03% 30 mina

Fungi Candida spp. 0.25% 1 min

0.1% 15–
30 min

Many Aspergillus spp. except A.
brasiliensis

0.01% 10 min

No sufficient activity against various
fungi from food

0.3% 10 min

Mycobacteria M. chelonae, M. tuberculosis 0.35% 1 min

M. avium-intracellulare, M. smegmatis,
M. xenopi

0.35% 2 min

M. fortuitum 0.35% 4 min

M. bovis 0.35% 5 min
aIn biofilm, the efficacy will be lower

Table 5.14 Key findings on peracetic acid resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC values So far not reported.

Low efficacy in
suspension tests

R. erythropolis Possibly natural resistance (dairy farm
isolate)

MIC value to determine
the resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance biocides B. subtilis
(vegetative cells)

Other oxidising agents

Cross-tolerance
antibiotics

So far not reported

Peracetic acid (0.0005–0.002%) can transform different
beta-lactam antibiotics in wastewater (reduction of selection
pressure)

Resistance mechanisms Selected fungi Thick cell walls of ascospores

Selected bacterial
isolates

Unknown

(continued)
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6Hydrogen Peroxide

6.1 Chemical Characterization

Hydrogen peroxide is the simplest peroxide. Its chemistry is dominated by the
nature of its unstable peroxide bond. The basic chemical information on hydrogen
peroxide is summarized in Table 6.1.

Pure hydrogen peroxide does not exist commercially. Hydrogen peroxide is
always directly produced as an aqueous solution which contains 35–70% of
hydrogen peroxide (w/w). Aqueous solutions of hydrogen peroxide are used as
biocidal products. Commercial hydrogen peroxide grades are stabilized to prevent
or slow down its decomposition. The stabilizers are of several types. It may be
mineral acids to keep the solution acidic (stability is at a maximum at pH 3.5–4.5),
it may be complexing or chelating agents to inhibit metal-catalysed decomposition,
or it may be colloidal to neutralize small amounts of colloidal catalysts or absorb
impurities [33].

6.2 Types of Application

The use of hydrogen peroxide includes food production, processing and handling,
disinfection of hard surfaces in health care, veterinary medicine and institutions,
and use for critical, semicritical and non-critical hospital items including flexible
endoscopes [81, 120]. Based on the Finnish assessment report on hydrogen per-
oxide, uses include disinfection of human skin with 7.4 or 4.9% (w/w) hydrogen
peroxide by private and professional users (product type 1), surface disinfection in
private or public hygiene disinfection of rooms using the vaporized hydrogen
peroxide process (250–400 ppm in air, equivalent to 0.025–0.04%) (product type
2), disinfection of animal housing by spraying aqueous solutions of 7.4% (w/w) of
hydrogen peroxide (product type 3), disinfection of packaging for food products by
immersion into 35% (w/w) aqueous hydrogen peroxide solutions (product type 4),
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surface disinfection by vaporized hydrogen peroxide process in food processing
facilities (product type 4), disinfection of distribution systems for drinking water at
4% (w/w) (product type 4), disinfection of drinking water for humans and animals
(product type 5), and preservation of paper additives with up to 1.0% (w/w)
hydrogen peroxide (product type 6) [33].

6.2.1 European Chemicals Agency (European Union)

In 2015, it has been approved by the European Commission as an active substance
for use in biocidal products for product types 1 (human hygiene), 2 (disinfectants
and algaecides not intended for direct application to humans or animals), 3 (vet-
erinary hygiene), 4 (food and feed area), 5 (drinking water) and 6 (preservatives for
products during storage) [52].

6.2.2 Environmental Protection Agency (USA)

Hydrogen peroxide was first registered as a pesticide in the USA in 1977. The overall
assessment revealed that the use of products containing hydrogen peroxide will not
pose unreasonable risks or adverse effects to humans or the environment [120].

6.2.3 Overall Environmental Impact

Hydrogen peroxide is manufactured or imported in the European Economic Area in
1–10 million t per year [28]. It decomposes rapidly in different environmental
compartments. The following processes are involved in the decomposition or
degradation of hydrogen peroxide in the environment: biotic degradation catalysed
by microbial catalase and peroxidase enzymes, abiotic degradation by transition
metal (Fe, Mn, Cu) and heavy metal catalysed decomposition or oxidation or
reduction reactions with organic compounds or formation of addition compounds
with organic or inorganic substances. Hydrogen peroxide decomposes into water
and oxygen (2 H2O2 ! 2 H2O + O2). The rate of this reaction depends on the
contact with catalytic materials and other factors such as heat and sunlight.
Hydrogen peroxide shows a very rapid biodegradation in sewage sludge with a 50%
dissipation time (DT50) of 2 min at 20 °C. Ready biodegradability has not been

Table 6.1 Basic chemical information on hydrogen peroxide [33, 77]

CAS number 7722-84-1

IUPAC name Hydrogen peroxide

Synonyms Dihydrogen dioxide, hydrogen dioxide

Molecular formula H2O2

Molecular weight (g/mol) 34.01
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unequivocally demonstrated as the standard ready biodegradability tests are not
suitable for inorganic substances. Rapid degradation of hydrogen peroxide has also
been observed in surface water and soil compartments. This degradation has been
proposed to be mainly microbially derived based on the difference in degradation
rates between the natural and filtered or sterilized samples [33].

6.3 Spectrum of Antimicrobial Activity

6.3.1 Bactericidal Activity

6.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values obtained with different bacterial species are summarized in
Table 6.2; they were between 0.5 and 12,784 mg/l (equivalent to 0.00005 and
1.28%) indicating a broad range of susceptibility to hydrogen peroxide. Some
bacterial species such as S. sanguis have been described to be able to produce
hydrogen peroxide at bacteriostatic concentrations [44].

Table 6.2 MIC values of various bacterial species to hydrogen peroxide

Species Strains/isolates MIC value
(mg/l)

References

A. baumannii 47 clinical isolates 1,598–
12,784

[65]

A. calcoaceticus ATCC 19606 469 [85]

Acinetobacter spp. 5 clinical strains, NCTC 13424 and ATCC
17978

238–476 [86]

B. stearothermophilus ATCC 7953 1,875 [85]

B. subtilis var.
globigii

ATCC 9372 1,875 [85]

E. cloacae Strain IAL 1976 1,250 [85]

E. faecalis 52 isolates from livestock 80–160 [1]

E. faecalis 9 isolates from swine meat production 120 [95]

E. faecium 78 isolates from livestock 80–160 [1]

E. faecium 12 isolates from swine meat production 120–140 [95]

E. coli Reference strain and clinical isolate 0.5–1 [62]

E. coli Strain JM 101 3.4 [48]

E. coli 202 isolates from livestock 40–160 [1]

E. coli ATCC 11229 72 [49]

E. coli ATCC 25922 234 [22]
(continued)
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6.3.1.2 Bactericidal Activity (Suspension Tests)
Hydrogen peroxide between 0.5 and 10% was found to be mostly bactericidal
within 30 min, and lower concentrations such as 0.3% may require longer exposure
times or additional substances to enhance the bactericidal activity. E. faecium was
rather resistant to 3% hydrogen peroxide with � 2.1 log in 10 min (Table 6.3).
Other studies indicate that the bactericidal activity of hydrogen peroxide at 0.85–
3.4% against S. aureus exposed for 1 min can be significantly improved by pho-
tolysis at 365–400 nm [116]. In swimming pool water, hydrogen peroxide at
0.015% did not show any relevant efficacy within 30 min against P. aeruginosa
(0.2 log), E. coli (0.1 log), S. aureus (0.3 log) and L. pneumophila (0.4 log).
A formulation with the same concentration of hydrogen peroxide and additional
silver ions at 15 ppb did not improve the bactericidal activity [10].

In order to kill bacterial cells with hydrogen peroxide in 5 min, higher con-
centrations may be necessary depending on the species (Table 6.4). The MBC
values were between 0.173–12.5% (equivalent to 1,730 and 125.000 mg/l).
Enterococcus and Listeria seem to be the least susceptible genus.

The combination with formic acid can significantly increase the bactericidal
activity of 0.039–0.39% hydrogen peroxide against bacterial species (E. hirae,

Table 6.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. coli ATCC 25922 2,505 [85]

F. psychrophilum 5 fresh trout isolates 3.1–62.5 [39]

K. pneumoniae 2 clinical strains, NCTC 13439, NCTC
13443, NCTC 13368, MGH 78578, NCTC
9633

238–476 [86]

L. monocytogenes ATCC 19111 100 [49]

L. monocytogenes 6 strains from a cheese processing facility 125 [99]

L. monocytogenes ATCC 7644 469 [22]

P. aeruginosa ATCC 15442 100 [49]

P. aeruginosa 6 clinical strains and NCTC 13359 476 [86]

S. choleraesuis ATCC 10708 128 [49]

S. marcescens Strain IAL 1478 625 [85]

Salmonella spp. 156 isolates from livestock 20–80 [1]

S. aureus 43 isolates from livestock 20–40 [1]

S. aureus ATCC 6538 72 [49]

S. aureus ATCC 25923 100 [49]

S. aureus ATCC 25923 117 [22]

S. aureus ATCC 25923 938 [85]

S. hyicus 38 isolates from livestock 20 [1]
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Table 6.3 Bactericidal activity of hydrogen peroxide in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

B. cenocepacia LMG 16656, LMG 18828 30 min 3% (S) � 5.0 [84]

1% (S) � 5.0

0.5% (S) � 5.0

0.3% (S) 4.0

B. cereusa ATCC 14579 30 min 10% (S) >5.0 [101]

C. jejuni ATCC BAA-1062, ATCC
33560 and 2 field strains

1 min 3% (S) 4.4–6.0 [42]

C. perfringensa Strain CDC 1861 30 min 10% (S) >6.3 [101]

E. faecium ATCC 6057 30 s 3% (S) 0.2–0.5b [90]

1 min 0.3–0.9b

10 min 0.1–2.1b

E. coli Food isolate 0157:H7 30 min 10% (S) >6.9 [101]

E. coli NCTC 10536 30 s 3% (S) � 6.3 [90]

E. coli CCUG 44857, ATCC 10536 10 min 0.01375%c (P) >5.0 [11]

H. parasuis 2 strains (serovars 1 and 5) 1 min 3% (S) >6.0 [96]

5.6d

L. monocytogenes Food isolate 30 min 10% (S) >6.1 [101]

L. monocytogenes Strain Scott A 10 min 0.01375%c (P) >5.0 [11]

L. innocua ATCC 33090 10 min 0.01375%c (P) >5.0 [11]

P. aeruginosa ATCC 27853 30 min 10% (S) >6.1 [101]

P. aeruginosa ATCC 700928 1 min 5% (S) 3.7 [118]

5 min � 5.2

P. aeruginosa ATCC 15442 30 s 3% (S) 3.9–6.1b [90]

1 min 4.7–7.3b

10 min 4.8–7.1b

P. aeruginosa ATCC 9027 2–6 h 3% (P) 4.9 [98]

S. Typhimurium ATCC 14028 30 min 10% (S) >6.4 [101]

S. sonnei Food isolate 30 min 10% (S) >6.3 [101]

S. aureus ATCC 25923 30 min 10% (S) 5.6 [101]

S. aureus Newman laboratory strain 5 min 6% (S) � 5.0 [60]

S. aureus ATCC 6538 1 min 5% (S) 0.6 [118]

5 min 4.7

15 min � 5.4

S. aureus ATCC 6538 30 s 3% (S) 0.2–0.6b [90]

1 min 0.2–0.3b

10 min 1.3–4.7b

S. aureus IFO 13276 1 h 3% (S) � 5.0 [126]

S. aureus ATCC 6538 2–6 h 3% (P) 4.2–5.3 [98]

S. aureus ATCC 6538 10 min 0.0275%e (P) >5.0 [11]

S. epidermidis ATCC 12228 30 min 10% (S) >6.3 [101]

(continued)
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S. aureus, E. coli, P. aeruginosa, L. monocytogenes, S. Typhimurium). The com-
bination with acetic acid can also significantly increase the bactericidal activity
against most of the bacterial species except S. Typhimurium [72].

6.3.1.3 Activity Against Bacteria in Biofilms
The majority of studies show that hydrogen peroxide is less effective against
bacterial cells in biofilms. While a bactericidal activity against planktonic cells is
mostly achieved with 0.5% hydrogen peroxide in 30 min, a 4.0 log reduction in
biofilm is mostly not achieved using 2 or 3% hydrogen peroxide for up to 30 min or
5% hydrogen peroxide for up to 60 min (Table 6.5). This finding has been reported
also in other experimental settings [26, 86], also with F. noatunensis subsp.
orientalis, an emergent fish pathogen [107]. The duration of biofilm incubation

Table 6.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

S. epidermidis ATCC 17917 2–6 h 3% (P) 4.2–4.7 [98]

S. marcescens ATCC 13880 2–6 h 3% (P) 4.6–5.0 [98]

V. cholerae Strain C6706 30 min 10% (S) >6.4 [101]

V. parahaemolyticus Strain NY477 30 min 10% (S) >6.2 [101]

V. vulnificus Strain LA M624 30 min 10% (S) >6.3 [101]

Y. enterocolitica Strain 8081 30 min 10% (S) >6.8 [101]

S solution; P commercial product; avegetative cell form; bdepending on the type of organic load; cplus 0.0029%
peracetic acid; dplus organic load; eplus 0.0058% peracetic acid

Table 6.4 MBC values (5 min exposure) of various bacterial species to hydrogen peroxide

Species Strains/isolates MBC value (%) References

A. baumannii Clinical isolate 0.17 [26]

B. cepacia Clinical isolate 0.17 [26]

E. faecalis Clinical isolate 0.41 [26]

E. faecium Clinical isolate 0.41 [26]

E. hirae ATCC 10541 12.5 [72]

E. coli ATCC 25922 0.14 [26]

E. coli ATCC 11229 1.56 [72]

L. monocytogenes ATCC 19115 6.25 [72]

P. aeruginosa Clinical isolate 0.41 [26]

P. aeruginosa CIP A 22 1.56 [72]

Salmonella spp. Strain 276 3.12 [72]

S. aureus Clinical MRSA isolate 0.41 [26]

S. aureus ATCC 9144 3.12 [72]

S. epidermidis Clinical isolate 0.41 [26]

S. maltophilia Clinical isolate 0.41 [26]
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seems to have no relevance for the magnitude of bactericidal efficacy of hydrogen
peroxide on bacterial cells in biofilm. No correlation was described with a
P. marginalis biofilm grown for 24 at 30 °C (41 times less susceptible to hydrogen
peroxide compared to planktonic cells) or 48 h (33 times less susceptible) [59].

Various biofilm forms were found in P. aeruginosa biofilms. Susceptibility to
hydrogen peroxide was significantly lower when the wild-type form was found (5.0
log reduction in 4 h with 0.85% hydrogen peroxide) compared to wrinkly variant
biofilms (5.0 log reduction in 4 h with 6.8% hydrogen peroxide), also described as
hyperbiofilm formation with increased initial attachment, cell clusters formed ear-
lier and much bigger and a 9-fold lower detachment rate [9].

In waterborne biofilms, the efficacy of hydrogen peroxide has been described to
be strong. Micro-organisms in waterborne mixed biofilm (50 days) on silicone
tubes were killed by hydrogen peroxide at 1.5% in 30 min by >5.0 log, whereas 1%
hydrogen peroxide revealed <5.0 log in 60 min [29]. Treatment of drinking water
biofilm with 3% hydrogen peroxide resulted in an immense population shift. It
implies that half of biofilm members disappeared after treatment and were replaced
by other micro-organisms, which were better adapted to these conditions [97]. The
combination of hydrogen peroxide with other antimicrobial agents such as peracetic
acid, silver or formaldehyde may reveal different results suggesting that these
treatments have different effects on the biofilm community depending on the
composition and concentration of the disinfectants [97].

The biofilm can act as a catalyst in the oxidation–reduction process resulting in
degradation of peroxides without necessarily damaging the micro-organisms within
the biofilm [71]. Studies on the penetration of hydrogen peroxide into P. aerugi-
nosa biofilms suggest that hydrogen peroxide is neutralized in the surface layers of
the biofilm at a faster rate than it can diffuse into the biofilm interior [84]. This may
be an explanation for the lower bactericidal efficacy of hydrogen peroxide on
bacterial cells in biofilms. Surviving bacterial cells may regrow. Regrowth within
24 h has been described of a B. cenocepacia biofilm after treatments with 0.3–3%
for 30 min indicating that B. cenocepacia biofilms are highly resistant to hydrogen
peroxide [84].

6.3.1.4 Bactericidal Activity in Carrier Tests
The published data indicate an overall good and quick bactericidal activity of
hydrogen peroxide in carrier tests at concentrations between 0.5 and 7% within
short exposure time of 1–5 min (Table 6.6). According to ASTM E 2967, the
efficacy of disinfectant wipes soaked with 0.5% accelerated hydrogen peroxide was
determined on stainless steel carriers contaminated with S. aureus (ATCC 6538) or
A. baumannii (ATCC 19568). With a 10 s wipe, the bacterial load was reduced by
at least 7.0 log, and the control wipe without the disinfectant yielded a 3.0 log
reduction. From none of the disinfected surfaces, a transfer of the test organism to
another sterile surface was observed [103].
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6.3.1.5 Bacterial Activity of Fumigation
In recent years, some manufacturers have offered vaporized hydrogen peroxide for
disinfection of surfaces and rooms [100]. It has not replaced surface disinfection by
wiping but may be useful in specific clinical situations such as terminal disinfection
of a hospital room when the previous patient had been colonized or infected with
MRSA, VRE, Acinetobacter spp. or C. difficile [100]. Based on a review from
2013, the overall bactericidal efficacy is good with a reduction of surfaces con-
taminated with MRSA, Serratia spp., C. difficile or Gram-negative bacterial species
between 88 and 100% [100]. Some studies have in addition addressed the reduction
of viable bacterial cells on surfaces by hydrogen peroxide vapour. Although the
concentration of hydrogen peroxide and the exposure time are not described in all
studies, the overall bactericidal effect is good in open rooms without any barriers
(Table 6.7). One study described a bactericidal efficacy of commercially available
hydrogen peroxide fumigation systems (Bioquell Q10 and Deprox) against a
clinical ESBL K. pneumoniae isolate and a clinical EMRSA-15 isolate with 6.3 log
reduction but did not mention the aerial concentration of the active agent or the
exposure time so that it could not be included in Table 5.7 [2].

6.3.1.6 Bactericidal Activity in Other Applications
One study looked at the efficacy of a formulation based on 1% hydrogen peroxide
on seven different dental instruments. S. aureus, P. aeruginosa and S. marcescens
were reduced during immersion by 5.0 log within 1–60 min [3]. Hydrogen peroxide
was somewhat effective with 1.1 log (1%) and 1.5 log (2%) against E. coli 0157:H7
on baby spinach when used for 5 min [47]. When hydrogen peroxide at 0.35% was
applied with an atomizer to cement floor surfaces contaminated with isolates of
Salmonella spp. for an exposure up to 60 min, only 1.2% of all Salmonella strains
were eliminated [69]. Wipes based on 0.5% hydrogen peroxide (10 min application
time) were effective to reduce Y. pseudotuberculosis (ATCC 6902) and

Table 6.6 Bactericidal activity of hydrogen peroxide in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

Enterococcus
spp.

3 VRE strains (2 vanA, 1
vanB)

3 min 0.64%a (P) >5.4 [21]

P. aeruginosa ATCC 15442 5 min 7% (S) � 6.0 [102]

P. aeruginosa ATCC 15442 5 min 2% (P) 7.2 [81]

S. choleraesuis ATCC 10708 5 min 7% (S) � 6.0 [102]

S. choleraesuis ATCC 10708 5 min 2% (P) 6.9 [81]

S. aureus ATCC 6538 5 min 7% (S) � 6.0 [102]

S. aureus ATCC 6538 5 min 2% (P) 6.7 [81]

S. aureus ATCC 43300 and 2
clinical MRSA isolates

3 min 0.64%a (P) >4.8 [21]

S. aureus ATCC 6538 1 min 0.5% (P) � 6.0 [82]

P commercial product; S solution; aplus peracetic acid at 0.14%
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B. thailandensis (ATCC 700388) cells from a pulse oximeter sensor, and the effi-
cacy against S. aureus (ATCC 6538) was somewhat lower [76]. Hydrogen peroxide
at 3% was not effective enough within 1 min for disinfection of titanium implants
contaminated with S. sanguinis or S. epidermidis [14].

6.3.2 Fungicidal Activity

6.3.2.1 Fungistatic Activity (MIC Values)
MIC values for C. albicans, C. glabrata, C. krusei and C. tropicalis were found
between 0.1 and 4.5 mg/l (equivalent to 0.00001–0.00045%) [62]. With C. albicans,
a MIC value of 0.0234% was described [31]. The MIC value for P. expansum, an
apple isolate, was 0.05% [121].

6.3.2.2 Fungicidal Activity (Suspension Tests)
The fungicidal activity of 3% hydrogen peroxide is overall poor at exposure times
up to 10 min. Even within 2–6 h, a log reduction � 4.0 is not commonly found,
not even against C. albicans (Table 6.8).

6.3.2.3 Activity Against Fungi in Biofilms
The activity of hydrogen peroxide against fungi in biofilms is lower compared to
planktonic cells. One study shows that four Candida strains in biofilm (two

Table 6.7 Bactericidal activity of fumigated hydrogen peroxide on inanimate surfaces

Species Strains/isolates Exposure
time

Aerial
concentration

log10
reduction

References

A. baumannii Multidrug-resistant
clinical isolate

2.5 h 5% (P) 4.4–4.7 [89]

2.9–3.8a

A. baumannii Multidrug-resistant
clinical isolate

50–
52 min

0.05–0.06%
(P)

4.7–5.1 [61]

E. faecium DSM 17050 (VRE) 50–
52 min

0.05–0.06%
(P)

4.0–4.1 [61]

E. coli O157:H7 ATCC 35150, ATCC
43889, ATCC 43890

60 min 0.5% (P) � 2.0 [17]

30 min 0.25% (P) � 2.7

L. monocytogenes ATCC 7644, ATCC
19114, ATCC 19115

60 min 0.5% (P) � 3.0 [17]

30 min 0.25% (P) � 2.0

S. Typhimurium ATCC 19586, ATCC
43174, DT104
Killercow

60 min 0.5% (P) � 2.6 [17]

30 min 0.25% (P) � 2.8

S. aureus MRSA strain NCTC
8325

2.5 h 5% (P) 4.5–4.7 [89]

1.5–3.5a

S. aureus ATCC 43300 (MRSA) 50–
52 min

0.05–0.06%
(P)

4.4–4.7 [61]

P Commercial product; awith a barrier such as a drawer or a covered petri dish
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C. albicans, C. parapsilosis, C. glabrata) were 2–8 times less susceptible to
hydrogen peroxide compared to planktonic cells of the same strain [78]. Killing
C. albicans (strain SC 5314) and C. parapsilosis sensu strictu (5 strains) biofilm
cells to a level below 10 CFU/ml was possible with hydrogen peroxide at 1.87% in
up to 48 h. With five strains of C. orthopsilosis, it required a hydrogen peroxide
concentration of 3.75% [88].

6.3.2.4 Fungicidal Activity in Carrier Tests
The fungicidal activity of hydrogen peroxide in carrier tests depends on the con-
centration, the fungal species and exposure time. With 0.5% hydrogen peroxide, a
significant reduction was achieved in 5 min as shown with A. fumigatus and
T. mentagrophytes (Table 6.9). When spores of T. mentagrophytes, however, were
placed on a glass cup carrier and exposed to 3% hydrogen peroxide, a log reduc-
tion <1.0 is found after 1 and 10 min [8]. Against C. albicans, a log reduction >4.0
was found both on stainless steel carriers within a 1 min exposure time for
hydrogen peroxide at 7.5%. C. parapsilosis and C. tropicalis were more resistant to
hydrogen peroxide and required 10 min to yield a similar effect [119].

6.3.2.5 Bactericidal Activity in Other Applications
In swimming pool water, hydrogen peroxide at 0.015% did not show any efficacy
within 30 min against C. albicans (0.0 log). A formulation with the same con-
centration of hydrogen peroxide and additional silver ions at 15 ppb did not
improve the yeasticidal activity [10]. When C. albicans is allowed to adhere to soft

Table 6.8 Fungicidal activity of hydrogen peroxide in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. fumigatus ATCC 10894 2–6 h 3% (P) 0.3–2.1 [98]

C. albicans ATCC 10231 30 s 3% (S) 0.1–0.4a [90]

1 min 0.1–0.2a

10 min 0.1–0.3a

C. albicans 1 human and 1
environmental isolate

5 min 3% (S) 1.0 [115]

C. albicans IFO 1594 30 min 3% (S) � 4.0 [126]

C. albicans ATCC 10231 2–6 h 3% (P) 3.3–4.3 [98]

C. neoformans 1 clinical isolate 5 min 3% (S) 0.7 [115]

C. uniguttulatus 1 clinical isolate 5 min 3% (S) 0.3 [115]

E. repens Isolate from bread
factory

10 min 3% (P) 0.0 [13]

F. solani ATCC 36031 2–6 h 3% (P) 2.3–3.7 [98]

P. roqueforti Isolate from bread 10 min 3% (P) 0.3 [13]

P. anomala Isolate from bread 10 min 3% (P) 0.0 [13]

R. rubra 1 clinical isolate 5 min 3% (S) 0.6 [115]

P commercial product; S solution; adepending on the type of organic load
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denture lining material for 2.5 h, immersion of the contaminated and carefully
washed material in a solution of 3% hydrogen peroxide does not reduce the number
of adherent cells significantly [12]. On seven different dental instruments, a for-
mulation with 1% hydrogen peroxide reduced C. albicans during immersion by 5.0
log within 1–15 min after cleaning and within 1–40 min without cleaning [3].
Hydrogen peroxide at 3% was effective within 1 min for disinfection of titanium
implants contaminated with C. albicans [14].

6.3.3 Mycobactericidal Activity

6.3.3.1 Mycobactericidal Activity (Suspension Tests)
Hydrogen peroxide at 0.5% showed sufficient activity (� 4.0 log) within 5 min
against M. bovis and M. terrae. Against other mycobacteria, hydrogen peroxide
at 3% was not sufficiently active within 60 min such as M. avium-intracellulare,M.
fortuitum and M. tuberculosis. Even at 10%, the activity of hydrogen peroxide was
not sufficient against glutaraldehyde-resistant M. chelonae isolates within 60 min
(Table 6.10). One recent study described a broad mycobactericidal efficacy
(M. avium, M. abscessus, M. bovis, M. chelonae and M. terrae) of a commercial
hydrogen peroxide-based product (Resert XL HLD) with >5.0 log reduction in
5 min but did not mention the concentration of the active agent so that it cannot be
included in Table 6.10 [15, 53].

6.3.3.2 Activity Against Mycobacteria in Biofilms
One study with M. phlei indicates that the susceptibility of cells grown in biofilm is
lower to hydrogen peroxide (MBEC: > 0.25% in 30 min) compared to planktonic
cells (MBC: 0.2% in 30 min) [7].

6.3.3.3 Mycobactericidal Activity in Carrier Tests
M. terrae was found to be rather susceptible against hydrogen peroxide, whereas a
glutaraldehyde-resistant M. chelonae isolate required a concentration of 7%
hydrogen peroxide to achieve � 4.0 log in 4 min (Table 6.11).

Table 6.9 Fungicidal activity of hydrogen peroxide in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. fumigatus ATCC 16404 1–20 min 0.27%a (P) � 1.0 [25]

0.54%b (P) � 4.0c

T. mentagrophytes ATCC 9533 20 min 7% (S) � 5.9 [21]

T. mentagrophytes ATCC 9533 5 min 2% (P) 6.1 [81]

T. mentagrophytes ATCC 9533 5 min 0.5% (P) 5.5 [82]

P commercial product; S solution awith additional peracetic acid at 0.045%; bwith additional
peracetic acid at 0.09%; cafter 5 min

112 6 Hydrogen Peroxide



Table 6.10 Mycobactericidal activity of hydrogen peroxide in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. abscessus ATCC 19977 60 min 10% (P) 5.5 [109]

M. avium-
intracellulare

Clinical isolate 60 min 3% (P) 0.0–0.1 [41]

1% (P) 0.0

M. avium-
intracellulare

6 fresh clinical isolates 15 min 1% (P) 1.0–1.5 [45]

50 min 2.0

M. bovis ATCC 35743 60 min 10% (P) >6.2 [109]

M. bovis OT 451C150 5 min 0.5% (P) � 6.8 [82]

M. chelonae 5 glutaraldehyde-
resistant isolates

60 min 10% (P) 0.8–3.4 [109]

M. chelonae NCTC 946 60 min 3% (P) 3.0–3.2 [41]

20 min 1% (P) >4.8

M. chelonae Strain Epping 60 min 3% (P) 0.0–0.2 [41]

1% (P) 0.0–2.3

M. chelonae NCTC 946 1, 4, 10,
20 and
60 min

1% (P) >4 after
10 min

[40]

M. chelonae 2 isolates from WD from
different hospitals, UK

1, 4, 10,
20 and
60 min

1% (P) 0.0–0.2 [40]

M. fortuitum NCTC 10394 60 min 3% (P) 0.1–0.4 [41]

1% (P) 0.0–0.2

M. terrae ATCC 15755 5 min 0.5% (P) � 6.4 [82]

M. tuberculosis Strain H37Rv 60 min 3% (P) 0.6–1.7 [41]

1% (P) 0.4–0.5

M. tuberculosis 6 fresh clinical isolates 15 min 1% (P) 1.5–2.5 [45]

50 min 2.5

M. tuberculosis 15 isoniazid-sensitive
catalase-positive clinical
strains

90 min 0.02% (S) 0.0–3.0 [110]

24 isoniazid-negative
clinical strains

0.7–6.3a

P commercial product; S solution; adepending on the catalase activity

Table 6.11 Mycobactericidal activity of hydrogen peroxide in carrier tests

Species Strains/isolates Exposure
time (min)

Concentration log10
reduction

References

M. chelonae Glutaraldehyde-resistant
isolate

4 7% (P) � 4.0 [46]

M. terrae ATCC 15755 25 7% (S) � 6.4 [21]

M. terrae ATCC 15755 5 2% (P) 6.5 [81]

P commercial product; S solution
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6.3.3.4 Mycobactericidal Activity in Flexible Endoscopes
Only few data were found describing the mycobactericidal activity of hydrogen
peroxide for disinfection of flexible endoscopes. In one study, five colonoscopes
and five duodenoscopes were artificially contaminated with M. chelonae and
immersed after cleaning in a formulation based on 7.5% hydrogen peroxide for
30 min. On average, 40 CFU were found per scope after processing which was
described as sufficient to achieve high-level disinfection [34].

6.4 Effect of Low-Level Exposure

6.4.1 Bacteria

Some authors have looked at the effect of hydrogen peroxide low-level exposure on
various bacterial species (Table 6.12).

The data by Soumet et al. suggest that most species do not respond with a lower
susceptibility to hydrogen peroxide [108]. Most other authors described an induction
of resistance to hydrogen peroxide (E. coli, S. typhimurium) or stannous acid (E. coli),
and a reduction of virulence gene expression (L. monocytogenes). Another finding
was described in B. subtilis cells. The transfer of the mobile genetic element Tn916, a
conjugative transposon and the prototype of a large family of related elements,was not
increased by exposure to 0.002% hydrogen peroxide for up to 2 h [104].

6.4.2 Yeasts

The yeast S. cerevisiae (strain CY 4) has been described to react to a 1 h exposurewith
0.007% hydrogen peroxide with a reduced susceptibility against 0.07% hydrogen
peroxide (10 h exposure) [38]. A cross-resistance to 20% ethanol was found when
S. cerevisiaewas exposed to hydrogen peroxide at hormetic concentrations (0.00017–
0.0017%). The regulatory protein Yap1 played an important role in the hormetic
effects by low concentrations of hydrogen peroxide [105]. Pretreatment of
S. cerevisiae with 0.0007% hydrogen peroxide promoted an increase in catalase
activity [32].

6.4.3 Mycobacteria

M. smegmatis was used to look at changes on a cellular level caused to low-level
exposure to hydrogen peroxide. When exposed to 0.00068% hydrogen peroxide,
expression of approximately 10% of the genes in the M. smegmatis genome was
significantly changed. In contrast, 29.3% of M. smegmatis genes were significantly
changed in response to 0.0238% hydrogen peroxide. Transcriptional analysis
suggested that a metabolic switch in glycolysis/gluconeogenesis and fatty acid
metabolism was potentially involved in the response to the 0.00068% hydrogen
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peroxide treatment but not to the 0.0238% hydrogen peroxide treatment. It was also
observed that transcriptional levels of genes encoding ribosomes decreased when
bacterial cells were treated with 0.0238% hydrogen peroxide. This result suggests
that 0.0238% hydrogen peroxide treatment affected the protein synthesis apparatus
and thus reduced protein synthesis, resulting in reduced bacterial growth [63].

6.5 Resistance to Hydrogen Peroxide

6.5.1 Species with Resistance to Hydrogen Peroxide

Some strains of the oral cavity bacterial species A. actinomycetemcomitans were
described to have a low susceptibility to 0.0034% hydrogen peroxide (1 h exposure)
which was not explained by catalase activity [73]. An spacecraft-associated
Acinetobacter spp. named gyllenbergii 2P01AA was isolated with very high
catalase-specific activities resulting in no viable cell loss in 0.34% hydrogen peroxide
for 1 h [20].

6.5.2 Resistance Mechanisms

Hydrogen peroxide is degraded by peroxidases and catalases, the latter being able
both to reduce hydrogen peroxide to water and to oxidize it to molecular oxygen.
The catalase–peroxidase family of enzymes is involved in removing hydrogen
peroxide. They are bifunctional enzymes; capable of either reducing hydrogen
peroxide with an external reductant (peroxidase activity) or disproportionating it to
water and oxygen (catalase activity). Nature has evolved three protein families that
are able to catalyse this dismutation at reasonable rates. Two of the protein families
are heme enzymes: typical catalases and catalase–peroxidizes [127]. It has been
proposed that a catalase–peroxidase gene was originally transferred from an
archaeon to a pathogenic bacterium, either directly or through an intermediate with
more frequent physical contact with Archaea. The presence of two dissimilar
catalase–peroxidases in E. coli and L. pneumophila strongly suggest they were on
the receiving end of a lateral transfer [30]. Typical catalases comprise the most
abundant group found in Eubacteria, Archaebacteria, Protista, Fungi, Plantae, and
Animalia, whereas catalase–peroxidizes are not found in plants and animals and
exhibit both catalatic and peroxidatic activities. The third group is a minor bacterial
protein family with a dimanganese active site called manganese catalases. Although
catalysing the same reaction, the three groups differ significantly in their overall and
active-site architecture and the mechanism of reaction [127]. In S. aureus, hydrogen
peroxide resistance can be partly explained by the high catalase activity in the dead
cell fraction (at least 90%) of a decline phase cell suspension compared to rather
susceptible cells obtained in the stationary phase [68].

KatG has raised considerable interest, because it represents the only peroxidase
with a reasonably high catalatic activity around neutral pH, besides a usual per-
oxidase activity [127]. katG genes are distributed in approximately 40% of bacterial
genomes [127].
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6.5.3 Resistance Genes

The relevance of selected resistance genes for tolerance to hydrogen peroxide is
summarized in Table 6.13. Most of the resistance genes are directly involved in
hydrogen peroxide tolerance. Some are expressed 2-fold to 3.8-fold higher in
biofilm cells which is a possible explanation for the reduced bactericidal efficacy of
hydrogen peroxide against bacteria in biofilms.

Table 6.13 Examples of resistance genes and their impact on tolerance to hydrogen peroxide

Resistance
gene

Species Relevance References

katA Serratia sp. LCN16 Directly involved in the high tolerance to
hydrogen peroxide

[122]

B. subtilis Directly involved in the high tolerance to
hydrogen peroxide

[27]

P. aeruginosa Directly involved in the high tolerance to
hydrogen peroxide, both in planktonic and
biofilm cells; involved in UVA tolerance

[55, 87]

katE A. baumannii,
A. nosocomialis

Primary catalase responsible for hydrogen
peroxide degradation in stationary-phase
bacteria

[111]

B. longum Improvement of tolerance to hydrogen
peroxide

[43]

katG A. baumannii,
A. nosocomialis,
V. cholerae,
X. citri subsp. citri

Predominant role in the resistance to
hydrogen peroxide

[37, 111,
117, 124]

X. citri subsp. citri Impaired development of biofilm structures [117]

kat1 C. albicans Expression 3.8-fold higher in biofilm cells [62]

oxyR Serratia sp. LCN16 Directly involved in the high tolerance to
hydrogen peroxide

[122]

L. monocytogenes Directly involved in tolerance to hydrogen
peroxide

[18]

E. coli Protects cells against endogenous hydrogen
peroxide; but virtually all of the
oxidase-generated hydrogen peroxide will
diffuse across the outer membrane and be lost
to the external world, rather than enter the
cytoplasm where hydrogen peroxide
sensitive enzymes are located.

[93]

P. chlororaphis Regulates multiple pathways to enhance the
survival of P. chlororaphis GP72 exposed to
different oxidative stresses

[125]

sod1 C. albicans Expression 2-fold higher in biofilm cells [62]
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6.6 Cross-Tolerance to Other Biocidal Agents

In E. coli, a cross-tolerance to hypochlorous acid has been reported after low-level
exposure to hydrogen peroxide [24]. Hydrogen peroxide (2 mg/l for 30 min) has
also the capacity to induce a function which reduces the killing effects of aldehydes
(formaldehyde at 6 mM and glutaraldehyde at 0.1 mM) in E. coli WP2 cells
(cross-adaptive response). The function is controlled by the recA gene without
involvement of an SOS response [80]. And in S. Typhimurium, a cross-resistance to
other agents (N-ethylmaleimide, 1-chloro-2,4-dinitrobenzene and menadione) and
heat (50 °C) has been reported after low-level exposure to hydrogen peroxide [18].
No other cross-resistance to other biocidal agents has so far been described.

6.7 Cross-Resistances to Antibiotics

So far, no cross-tolerance between hydrogen peroxide and antibiotics has been
described.

6.8 Role of Biofilm

6.8.1 Effect on Biofilm Development

Some studies indicate that hydrogen peroxide inhibits biofilm formation. For
example, C. albicans (strain SC 5314) biofilm formation in microtiter wells was
inhibited by 470 mg/l hydrogen peroxide, C. orthopsilosis (five strains) biofilm
by 930 mg/l and C. parapsilosis sensu strictu (five strains) by 470 mg/l [88]. In
S. epidermidis, exposure to 0.034, 0.017, 0.125 and 0.25% hydrogen peroxide
reduced biofilm formation significantly [35], whereas exposure to 1% hydrogen
peroxide increased biofilm formation in a non-adherent S. epidermidis strain [16].

Other studies indicate that hydrogen peroxide promotes biofilm formation.
Exogenous addition of hydrogen peroxide promoted biofilm formation in
A. oleivorans wild-type cells, which suggested that biofilm development is linked to
defence against hydrogen peroxide [51]. In P. aeruginosa, sublethal concentrations
of hydrogen peroxide stimulated biofilm formation [91]. Hydrogen peroxide pro-
duced at low levels by the periodontal pathogen A. actinomycetemcomitans enhances
biofilm formation by S. parasanguinis [23]. When 35% hydrogen peroxide was
applied to enamel specimen (total exposure for 3 � 8 min), S. sanguinis biofilm
formation was promoted, but was reduced when 25% hydrogen peroxide was used
for bleaching. No difference in S. mutans biofilm formation was observed [50].
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Biofilm formation was not prevented in potable water distribution systems by
hydrogen peroxide at 16.5 mg/l. Biofilm formation was related to the depletion of
residual disinfectant concentration [74].

6.8.2 Effect on Biofilm Removal

Biofilm can partially be removed by hydrogen peroxide (Table 6.14). In order to
remove at least half of the biofilm mass, a concentration of 3% hydrogen peroxide
seems necessary. With S. aureus, it was shown that biofilm removal in 5 min is
higher with 5% hydrogen peroxide compared to 2.5 or 1.25% (all higher than
control) [118]. No biofilm disruption was found with X. citri subsp. citri, causing
citrus bacterial canker, on borosilicate plates or lemon leaves, by 30 min treatment
with products based on unknown concentrations of hydrogen peroxide plus silver
and hydrogen peroxide plus peracetic acid [94].

Table 6.14 Biofilm removal rate by exposure to hydrogen peroxide

Type of biofilm Concentration Exposure
time

Biofilm removal
rate

References

B. cenocepacia LMG 18828,
4 h adhesion and 20-h
incubation in polystyrene
microtitre plates

3% (S) 2–10 min 55% [84]

1% (S) 37%

0.5% (S) 45%

0.3% (S) <10%

P. aeruginosa ATCC 700928,
24-h incubation in microplates

5% (S) 1 min 68% [118]

5 min 75%

60 min 85%

P. aeruginosa strain PA01,
24-h incubation on 96 well
plates

5% (S) 1 min 51% [57]

5 min 33%

15 min 28%

30 min 35%

60 min 31%

P. aeruginosa ATCC 700928,
24-h incubation in microplates

5% (S) 1 min 68% [118]

60 min 85%

S. aureus (MRSA) isolate,
18-h incubation in
polystyrene plates

7%a (P) 30 min >95% [4]

S. aureus ATCC 6538, 72-h
incubation in microplates

5% (S) 1 min 89% [118]

5 min 85%

60 min 84%

S. aureus ATCC 6538, 24-h
incubation on 96 well plates

5% (S) 1 min 70% [57]

5 min 77%

15 min 79%

30 min 79%

60 min 80%
(continued)
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6.8.3 Effect on Biofilm Fixation

No studies were found to evaluate a fixation potential of hydrogen peroxide on
biofilms.

6.9 Summary

The principal antimicrobial activity of hydrogen peroxide is summarized in
Table 6.15.

The key findings on acquired resistance and cross-resistance including the role
of biofilm in selecting resistant isolates are summarized in Table 6.16.

Table 6.14 (continued)

Type of biofilm Concentration Exposure
time

Biofilm removal
rate

References

S. aureus ATCC 6538, 72-h
incubation in microplates

5% (S) 1 min 89% [118]

60 min 84%

S. epidermidis (30 clinical
isolates), 24-h incubation in
polystyrene microtiter plates

5% (S) 1 min 69% [92]

3% (S) 63%

0.5% (S) 22%

S. mutans C180-2, 24-h
incubation on titanium discs

10% (P) 5 min 38% [79]

Mixed biofilm with E. faecalis
ATCC 29212 and
P. aeruginosa ATCC 15442,
8-d incubation in polystyrene
pegs

2% (P) 5 min Protein removal:
48–69%b

[19]

Carbohydrate removal:
88–99%b

Various species in a natural
biofilm from dental unit
waterlines

35% (S) 2 d “no biofilm removal” [64]

Natural mature biofilm from
dental unit waterlines (10–
14 years old)

7% (S) 24 h “noticable biofilm
removal”

[66]

Natural mature biofilm from
dental unit waterlines (10–
14 years old)

3% (S) 24 h “noticable biofilm
removal”

[66]

Natural mature biofilm from
dental unit waterlines (10–
14 years old)

2% (S) 24 h “minimal biofilm
disruption”

[66]

S solution; P commercial product; aplus 0.2% peracetic acid; bdepending on the type of cleaner
used before hydrogen peroxide exposure
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Table 6.15 Overview on the typical exposure times required for hydrogen peroxide to achieve
sufficient biocidal activity in suspension tests against the different target micro-organisms

Target
micro-organisms

Species Concentration
(%)

Exposure
time

Bacteria Most clinically relevant species including
antibiotic-resistant isolates

0.5 30 mina

Fungi C. albicans 3 30 min

Other fungi >3 >6 h

Mycobacteria M. bovis, M. terrae 0.5 5 min

M. avium, M. fortuitum, M. tuberculosis >3 >60 min

M. chelonae (some glutaraldehyde-resistant isolates) >10 >60 min
aIn biofilm there may be no sufficient efficacy in 60 min depending on the species and the type of biofilm

Table 6.16 Key findings on hydrogen peroxide resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

So far not reported.

MIC value to
determine
resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

E. coli Hypochlorous acid and aldehydes (after
low-level exposure)

S. Typhimurium N-ethylmaleimide,
1-chloro-2,4-dinitrobenzene and menadione

Cross-tolerance
antibiotics

So far not reported.

Effect of low-level
exposure

C. coli, E. faecalis,
P. aeruginosa, S. enterica, S.
aureus

No MIC increase

E. coli, L. monocytogenes, S.
cerevisiae

Weak MIC increase (� 4-fold)

None Strong (>4-fold) MIC increase

S. Typhimuriun, S. cerevisiae Increase of catalase activity

E. coli Cross-tolerance to stannous chloride

S. cerevisiae Cross-tolerance to ethanol

L. monocytogenes Reduction of virulence gene expression

B. subtilis No increase of transposon transfer

Specific resistance
mechanism

Peroxidases and catalases encoded by various genes

Biofilm Development Enhancement in A. oleivorans, P. aeruginosa,
S. epidermidis and S. parasanguinis

No effect in S. mutans

Inhibition in Candida spp. and S. epidermidis

Removal Variable between 28 and 89%

Fixation Unknown
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7Glutaraldehyde

7.1 Chemical Characterization

Glutaraldehyde is a colourless liquid with a pungent odour. It is an oily liquid at
room temperature and miscible with water, alcohol and benzene. The basic
chemical information on glutaraldehyde is summarized in Table 7.1.

7.2 Types of Application

In the European Union, glutaraldehyde is mainly used in human medicine for
disinfection of inanimate surfaces (variable concentrations depending on the
composition of the formula, e.g. 1.4–3 g/l) [34], for reprocessing flexible endo-
scopes (usually at 20 g/l) [16, 45, 127] or for disinfection of medical instruments
(usually at 20 g/l with 30 min exposure time) [76, 83]. Glutaraldehyde at 2% can be
found as a disinfectant in the WHO model list of essential medicines [125]. In the
veterinary field, glutaraldehyde is used at 0.625–1.25 g/l (120–240 min exposure
time) for disinfection of the environment [25]. For poultry farm disinfection, the
typical concentration is 1 g/l by spraying [34]. For pig farm disinfection, the typical
concentration is 20 g/l by fogging [34]. For machinery and food processing surface
disinfection, the typical concentration of glutaraldehyde is 1 g/l [34]. When used as
a preservative, the concentrations are typically 1 g/l for detergents and 0.025–
0.2 g/l for most applications except oilfield applications [34].

In the USA, it is used in the agricultural setting for egg sanitation, in hatcheries,
setters and chick processing facilities; in animal housing buildings; on farm
equipment, trays, racks, carts, chick boxes, cages, trucks, vehicles and other hard
surfaces. In commercial, institutional and industrial settings, it is used in labora-
tories, biomedical research facilities, nursing homes, veterinary hospitals and
facilities, on cages, urinals and hard surfaces, and in the treatment of medical waste,
human waste and animal waste. It is also used to disinfect hospital, medical, and
dental office equipment/premises/surfaces and solid and liquid medical waste.
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Glutaraldehyde is used in oil storage tanks; water floods; drilling muds, drilling,
completion, and workover fluids; packer fluids; gas production and transmission
pipe systems; gas storage wells and systems; hydrotesting; pipeline pigging and
scraping operations; paper mills and paper mill process water systems; pigments,
filler slurries and water-based coatings for paper and paperboard; metalworking
fluids; water-based conveyor lubricants; air washer and industrial scrubbing;
systems/recirculating cooling and process water systems; service water and auxil-
iary systems; heat transfer systems; industrial wastewater systems; and sugar beet
mills and process water systems [112].

7.2.1 European Chemicals Agency (European Union)

The European Commission has approved glutaraldehyde in 2015 as an active bio-
cidal agent for various types of disinfectants [66]: hard surface disinfection in
hospitals and industrial areas (PT 2), poultry farm and pig farm disinfection (PT 3)
and food vessel disinfection, machinery disinfection and food processing surface
disinfection (PT 4). In addition, it has been assessed as a preservative for detergents
(e.g. laundry softeners, liquid detergent, wax emulsion or car polish) and paper
wet-end additives preservation and paper coatings preservation (PT 6), closed and
open recirculating cooling systems (PT 11) and slimicides for paper pulp (e.g.,
wet-end or paper de-inking slimicides) (PT 12). It meets the criteria for classification
as respiratory sensitizer and as skin sensitizer subcategory 1A. That is why it was
considered a candidate for substitution [66]. For product types 1 (human hygiene)
and 13 (working or cutting fluid preservatives), it has not been approved [11].

7.2.2 Environmental Protection Agency (USA)

The EPA has reregistered glutaraldehyde in 2007 as an active ingredient in pesti-
cides [112].

7.2.3 Overall Environmental Impact

In the European Union, glutaraldehyde is manufactured and/or imported in at least
1000 t per year [39]. Australia is one of very few countries that has published its
sources of emission. The primary sources of glutaraldehyde are the industries that

Table 7.1 Basic chemical information on glutaraldehyde [34]

CAS number 111-30-8

IUPAC name 1,5-pentanedial

Synonyms Glutaral, glutardialdehyde, glutaric dialdehyde

Molecular formula C5H8O2

Molecular weight (g/mol) 100.11
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use it. Some of them are crude oil and natural gas extraction, beverage manufac-
turers, hospitals and x-ray processing. These emissions are mainly to the air and
water. Other possible emitters of glutaraldehyde are medical offices, veterinary
clinics, water in cooling systems, food processing facilities, tanneries, household
disinfectants and agriculture sanitising. It may also be emitted from agricultural
chemicals, disinfecting, sterilizing, sanitizing, household disinfectants and furniture
polish. There is no known source of natural glutaraldehyde [6].

Aquatic exposure of microorganisms may enhance tolerance or resistance as an
adaptive response. Results from environmental partitioning studies indicate that
glutaraldehyde tends to remain in the aquatic compartment and has little tendency to
bioaccumulate [75]. Aqueous solutions of glutaraldehyde are stable at room tem-
perature under acidic to neutral conditions, and to sunlight, but unstable at elevated
temperatures and under alkaline conditions. Glutaraldehyde is readily biodegradable
in the freshwater environment and has the potential to biodegrade in the marine
environment [75]. Half-life catabolism based on the loss of glutaraldehyde from the
water phase of a river water–sediment system was described as 10.6 h aerobically
and 7.7 h anaerobically [74]. The extrapolated half-life of abiotic degradation was
508 days at pH 5, 102 days at pH 7 and 46 days at pH 9 [74].

7.3 Spectrum of Antimicrobial Activity

7.3.1 Bactericidal Activity

7.3.1.1 Bacteriostatic Activity (MIC Values)
TheMICvalues obtainedwith different bacterial species are summarized inTable 7.2.

MIC values for S. aureus are between 500 and 10.000 mg/l, for E. coli between
150 and 10,000 mg/l, and for other Gram-negative bacterial species between 0.66
and 15.000 mg/l (Table 7.2).

7.3.1.2 Bactericidal Activity (Suspension Tests)
Glutaraldehyde at 2% achieves a 5.0 log reduction against most bacterial
species within 3 min including A. anitratus, E. cloacae, E. faecalis, E. faecium,
K. pneumoniae, P. aeruginosa and S. aureus (Table 7.3). It should, however, be
considered that 2% glutaraldehyde is considered quite difficult to neutralize [37].

The findings are supported by a data showing that 131 clinical isolates of MDR
A. baumannii were killed by a formulation based on 2% glutaraldehyde in 5 or
10 min [69] and that 20 clinical strains from seven different bacterial species
(A. anitratus, A. xylosoxidans, E. coli, P. aeruginosa, P. cepacia, S. aureus,
S. maltophilia) are killed by 2% glutaraldehyde within 10 min [82]. Only
T. whipplei is not susceptible enough to 2% glutaraldehyde in 60 min [72].

In addition, the MBC values obtained with different bacterial species are sum-
marized in Table 7.4. They are between 313 and 2,018 mg/l glutaraldehyde within
5 min and are lower with a contact time of 30 min.
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Table 7.2 MIC values of various bacterial species to glutaraldehyde

Species Strains/isolates MIC value
(mg/l)

References

A. calcoaceticus ATCC 19606 3,250 [89]

A. actinomycetemcomitans ATCC 29523 <5,000 [116]

B. subtilis var. globigii ATCC 9372 3,250 [89]

B. stearothermophilus ATCC 7953 1,875 [89]

B. fragilis ATCC 25285 5,000 [116]

B. melitensis Epidemic bovine strain 1,250 [123]

E. cloacae Strain IAL 1976 3,250 [89]

E. coli 1 clinical strain (VU3695) 150 [7]

E. coli NCTC 10418 800 [107]

E. coli NCTC 8196 500 [61]

E. coli ATCC 25922 3,250 [89]

E. coli ATCC 25922 10,000 [116]

F. psychrophilum 5 fresh trout isolates 160–800 [47]

Halomonas spp. DSM 7328 (strain MAC) 100 [7]

H. pylori 4 strains 0.66–4.5 [22]

K. pneumoniae 27 carbapenem-resistant clinical
isolates

4–32 [52]

P. intermedia ATCC 25611 <5,000 [116]

P. aeruginosa ATCC 19582 1,000 [61]

P. aeruginosa NCTC6749 and 3 extensively resistant
clinical isolates

1,250–
2,500

[126]

P. aeruginosa 91 clinical isolates, 37 hospital
environmental isolates

� 5,000 [88]

P. aeruginosa ATCC 10145 15,000 [116]

P. mirabilis 11 clinical strains 1,600 [106]

P. vulgaris NCTC 4635 250 [61]

S. Typhimurium ATCC 14028 15,000 [116]

S. marcescens Strain IAL 1478 1,375 [89]

S. aureus NCTC 4613 500 [61]

S. aureus 4 strains (CECT976, RN4220,
SA1199b, XU212)

750–800 [45]

S. aureus ATCC 25923 1,875 [89]

S. aureus ATCC 33591 10,000 [116]

S. mutans ATCC 25175 10,000 [116]

5 Gram-negative species 35 isolates 1,400–
8,000

[107]
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Table 7.3 Bactericidal activity of glutaraldehyde in suspension tests

Species Strains/isolates Exposure
time

Concentration Log10
reduction

References

A. anitratus 3 clinical isolates 3 min 2% (P) >6.0 [119]

Acinetobacter spp. KN 93-25 30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

B. cereusa ATCC 14579 30 min 2% (S) >5.0 [94]

C. perfringensa Strain CDC 1861 30 min 2% (S) >6.3 [94]

E. cloacae 3 clinical isolates 3 min 2% (P) >6.0 [119]

E. faecalis KN 93-35 30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

E. faecalis 3 clinical isolates 3 min 2% (P) >6.0 [119]

E. faecalis and
E. faecium

NCTC 775 and 8 clinical
isolates (4 of them
vancomycin-resistant)

30 s 0.2% (S) 0.2–6.1 [17]

1 min 0.9–6.1

5 min 3.7–7.4

E. coli ATCC 25922 and KN
93-152

30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

E. coli Food isolate 0157:H7 30 min 2% (S) >6.9 [94]

H. pylori NCTC 11637, NCTC
11916 and 7 clinical
isolates

15 s 0.5% (P) >5.0 [2]

15–30 s >5.0b

K. pneumoniae 3 clinical isolates 3 min 2% (P) >6.0 [119]

L. monocytogenes Food isolate 30 min 2% (S) >6.1 [94]

P. aeruginosa ATCC 27853 30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

P. aeruginosa 3 clinical isolates 3 min 2% (P) >6.0 [119]

P. aeruginosa ATCC 27853 30 min 2% (S) 3.8 [94]

P. aeruginosa Clinical isolate 5 min 0.045% (S) � 5.0 [120]

S. Typhimurium ATCC 14028 30 min 2% (S) >6.4 [94]

S. sonnei Food isolate 30 min 2% (S) >6.3 [94]

S. aureus ATCC 25923 and KN
93-256

30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)
(continued)
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Table 7.3 (continued)

Species Strains/isolates Exposure
time

Concentration Log10
reduction

References

S. aureus ATCC 25923 and 2
clinical isolates

3 min 2% (P) >6.0 [119]

S. aureus ATCC 25923 30 min 2% (S) >6.5 [94]

S. epidermidis KN 93-188 30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

S. epidermidis ATCC 12228 30 min 2% (S) >6.3 [94]

T. whipplei Strain Twist-Marseille 60 min 2% (P) <3.0 [72]

V. cholerae Strain C6706 30 min 2% (S) >6.4 [94]

V. parahaemolyticus Strain NY477 30 min 2% (S) >6.2 [94]

V. vulnificus Strain LA M624 30 min 2% (S) >6.3 [94]

X. maltophilia KN 93-17 30 s 3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

Y. enterocolitica Strain 8081 30 min 2% (S) >6.8 [94]

P commercial product; S solution; avegetative cell form; bwith organic load

Table 7.4 MBC values (5 min) of various bacterial species to glutaraldehyde

Species Strains/isolates MBC value
(mg/l)

References

A. baumannii Clinical isolate 1,024 [35]

B. cepacia Clinical isolate 512 [35]

E. faecalis Clinical isolate 2,048 [35]

E. faecium Clinical isolate 2,048 [35]

E. coli ATCC 25922 512 [35]

P. aeruginosa Clinical isolate 512 [35]

Salmonella
spp.

11 strains (untreated wastewater) 665 ± 228b [36]

10 strains (treated wastewater) 619 ± 178b

S. aureus 54 MRSA strains isolated in Canary
black pigs

313–1,250 [38]

S. aureus Clinical MRSA isolate 512 [35]

S. aureus 42 MRSA clinical isolates 256–2,048 [83]

64–256a

S. aureus 56 isolates (QAC tolerant) 8–512a [76]

S. epidermidis Clinical isolate 1,792 [35]

S. maltophilia Clinical isolate 512 [35]
a30-min exposure time; bmean with stdev
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7.3.1.3 Activity Against Bacteria in Biofilms
The efficacy of glutaraldehyde is impaired when bacteria are present in biofilms.
Glutaraldehyde at 2% did not achieve a 5.0 log reduction in 3 min anymore. It
seems necessary to exposure a biofilm for more than 30 min to achieve at least 2.0
log by � 2% glutaraldehyde (Table 7.5).

These findings are supported by other reports. The eradication or reduction of
biofilm cells of various bacterial species by glutaraldehyde, for example, required
much longer time than that of planktonic cells in suspensions [35, 108]. Another
study described that glutaraldehyde at 0.0025% was 47 times less effective against
P. aeruginosa in biofilm compared to planktonic cells; the resistance factor was
lower at 0.005% (36 times less effective) and 0.01% (20 times less effective) [50].
For preventing survival of bacteria in biofilms, glutaraldehyde was not completely
effective. Glutaraldehyde at 2% applied for up to 1 h to biofilm of S. Typhimurium,
E. coli, S. mutans or B. fragilis on glass or rubber carrier was not effective enough
to prevent survival of the S. Typhimurium on rubber (45 min), S. mutans on glass
(1 h) and B. fragilis on glass (30 min) [116]. Similar findings were reported from
endoscope channels. A product based on 2% glutaraldehyde was effective in
20 min in original channels of an endoscope as part of manual processing and
yielded negative cultures after disinfection when the channels were allowed to build
S. aureus (ATCC 29213) or P. aeruginosa (ATCC 27853) biofilm over 5 d.
However, 0.68% of cells in residual biofilm were still viable after disinfection [84].
The reduced efficacy of glutaraldehyde against bacteria in biofilms is partly
explained by a transport limitation of the biocide into the biofilm as shown with
E. aerogenes [105].

Table 7.5 Efficacy of glutaraldehyde against bacteria in biofilms

Species Strains/isolates Type of biofilm Exposure
time
(min)

Concentration log10
reduction

References

E. faecalis ATCC 29212 8-d incubation
in polystyrene
pegs

20 2.6% (P) 3.9 [28]

P. aeruginosa ATCC 15442 24-h incubation
in microplates

30 5% (S) 6.6 [70]

1% (S) 3.5

0.5% (S) 2.9

0.1% (S) 1.3

0.1% (S) 6.0a

P. aeruginosa ATCC 15442 8-d incubation
in polystyrene
pegs

20 2.6% (P) 5.3 [28]

S. aureus 9 ST239
isolates
(MRSA)

18-h incubation
in polystyrene
microtiter plates

30 2% (P) 1.8 [5]

P commercial product; S solution; aplanktonic cells
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Biofilms can become acclimated to glutaraldehyde and eventually can degrade it.
Acclimation to the biocide took longer at the higher biocide concentrations. The
degree of biocide degradation and chemical oxygen demand (COD) removal
depended on acclimation period, the presence of other organic matters and the
amount of mineral salts available. Glutaraldehyde at up to 80 mg/l had no effect on
treatment efficiency and populations of biofilms and planktonic phase of the system,
whereas glutaraldehyde at 180 mg/l caused a progressive decline in all measured
values. The presence of biofilm provided additional resistance to glutaraldehyde to
bacteria because the biocide had to penetrate through biofilm to reach bacteria [73].

7.3.1.4 Bactericidal Activity in Carrier Tests
In carrier tests, 2% glutaraldehyde was able to reduce E. faecalis and P. aeruginosa
by >4.0 log on a PVC carrier surface in 1 min [60]. When S. aureus is placed on a
glass cup carrier and exposed to 2% glutaraldehyde, a log reduction >6.0 is found
after 1 min [15]. Against L. innocua and L. monocytogenes, 2% glutaraldehyde was
effective within 1 min in a carrier test with 3.0–6.0 log; in the presence of serum,
however, the effect was lower with 3.0–4.0 log [12].

7.3.1.5 Bactericidal Activity in Endoscopes or Test Tubes
Glutaraldehyde at 2% was described to be effective for disinfection in manual
processing in 20 min to eliminate Enterococcus spp. from artificially contaminated
colonoscopes [27]. The same concentration was effective in 10 min to kill H. pylori
on artificially contaminated endoscopes during manual disinfection [26]. When
used during automated processing for disinfection at 55 °C, the entire process was
effective to reduce E. faecium by at least 9.0 log in artificially contaminated test
tubes [128]. When used at 1.5% for 45 min for manual disinfection, glutaraldehyde
was still effective. When no bioburden after treatment was considered to be
effective and the suction channel was sampled, 1.5% glutaraldehyde was effective
only in 4 of 10 gastroscopes and colonoscopes [115].

In endoscope channels, treatment of a P. aeruginosa or E. faecalis or C. albicans
biofilm with a formulation containing 2.6% glutaraldehyde for 20 min showed the
micro-organisms can outgrow after 6–15 days after disinfection treatment indicat-
ing biofilm as a reservoir for microbial persistence despite negative cultures soon
after reprocessing endoscopes [3].

7.3.1.6 Bactericidal Activity in Other Applications
A product based on 2% glutaraldehyde reduced S. aureus, P. aeruginosa and
S. marcescens on seven different dental instruments by 5.0 log within 1 min during
immersion [4]. Impregnation of polyurethane with glutaraldehyde (i.e., incorpora-
tion into polyurethane) has some bactericidal effect as shown with E. coli and
S. aureus but is not maintained for more than 2 weeks. Coating of polyurethane
with glutaraldehyde (i.e., applied to the polymer surface) has no substantial bac-
tericidal efficacy [96]. When glutaraldehyde at 0.5% was applied with an atomizer
to cement floor surfaces contaminated with isolates of Salmonella spp. for an
exposure up to 60 min, 30% of all Salmonella strains were eliminated [80].
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7.3.2 Fungicidal Activity

7.3.2.1 Fungicidal Activity (Suspension Tests)
Glutaraldehyde at 2% has yeasticidal activity within 3 min (Table 7.6). Against
other types of fungi such as A. niger, A. terreus, M. racemosus or R. nigricans,
longer exposure times up to 30 min are necessary to achieve a 4.0 log reduction.

7.3.2.2 Fungicidal Activity in Carrier Tests
On a PVC carrier surface, 2% glutaraldehyde results in a >4.0 log reduction of
C. albicans in 1 min showing strong yeasticidal activity [60]. When C. albicans is
allowed to adhere to soft denture lining material for 2.5 h, immersion of the
contaminated and carefully washed material in a solution of 2% glutaraldehyde
did not reduce the number of adherent cells significantly [18]. When spores of

Table 7.6 Fungicidal activity of glutaraldehyde in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. fumigatus 15 clinical
isolates

5 min 1.6% (P) � 4.0 [110]

A. niger ATCC 6275 3 min 3.34% (P) >5.0 [1]

10–15 min 2.34% (P) >5.0

15–30 min 2% (P) >5.0

30–45 min 1.67% (P) >5.0

A. terreus KN 93-11 3 min 3.34% (P) >5.0 [1]

10–15 min 2.34% (P) >5.0

15–30 min 2% (P) >5.0

30–45 min 1.67% (P) >5.0

C. albicans 3 clinical
isolates

3 min 2% (P) >6.0 [119]

C. albicans ATCC 10231 30 s 3.34% (P) >5.0 [1]

2.34% (P) >5.0

2% (P) >5.0

1.67% (P) >5.0

M. racemosus KN 93-5 3 min 3.34% (P) >5.0 [1]

5 min 2.34% (P) >5.0

5–10 min 2% (P) >5.0

10-15 min 1.67% (P) >5.0

R. nigricans SN 32 3 min 3.34% (P) >5.0 [1]

10-15 min 2.34% (P) >5.0

15–30 min 2% (P) >5.0

15–30 min 1.67% (P) >5.0

T. mentagrophytes ATCC 26323 30 min 0.1% (S) � 4.0 [54]

P commercial product; S solution
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T. mentagrophytes are placed on a glass cup carrier and exposed to 2% glu-
taraldehyde, a log reduction >5.0 is found after 1 min [15].

A product based on 2% glutaraldehyde reduced C. albicans on seven different
dental instruments by 5.0 log within 1–3 min during immersion [4].

7.3.3 Mycobactericidal Activity

7.3.3.1 Mycobactericidal Activity (Suspension Tests)
Table 7.7 illustrates that 2% glutaraldehyde is effective with at least a 4.0 log
reduction against M. smegmatis (2 min), M. chelonae, M. fortuitum and M. terrae
(5 min), M. bovis and M. tuberculosis (30 min) including MDR M. tuberculosis
strains [91], M. avium-intracellulare and M. xenopi (60 min). M. smegmatis is
known to be rather susceptible to glutaraldehyde with a MIC value <0.5% [116].
The overall exposure times for M. tuberculosis, M. kansasii and M. avium are
supported by one more study using suspension tests but without a description of
specific log reductions [92]. An acidic solution of 2% glutaraldehyde may be
somewhat more effective against M. bovis compared to an alkaline solution [93].

Table 7.7 Mycobactericidal activity of glutaraldehyde in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. abscessus ATCC 19977 5 min 2.4% (P) >6.2 [104]

M. abscessus Strain CRM-0270 5 min 1.8% (P) >5.0 [19]

1.5% (P)

M. abscessus Strain CIP 108297 5 min 1.8% (P) >5.0 [19]

10 min 1.5% (P)

M. abscessus NCTC 10882 30 min 0.5% (S) 5.1 [44]

M. avium KN 93-13 10–15 mina

10–30 minb
3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

M. avium-
intracellulare

Clinical strain 104 5 mina 2% (P) >5.0 [56]

30 minb

M. avium NCTC 10437 10 minb 2% (S) >5.0 [99]

M. avium Clinical isolate (strain
3051)

10 min 2% (P) 4.4 [59]

30 min � 6.5

M. avium NCTC 10437 30 min 2% (P) � 6.0 [59]

M. avium-
intracellulare

Clinical isolate 60 min 2% (P) >6.0 [78]

M. avium-
intracellulare

Clinical isolate 60 min 2% (P) >6.9 [49]

(continued)
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Table 7.7 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. avium-
intracellulare

1 fresh clinical isolate 60 min 2% (P) >5.0 [58]

M. avium Strain 104 5 min 1.8% (P) >5.0 [19]

30 min 1.5% (P)

M. avium TMC 724 2 min 1% (P) � 4.0 [24]

M. intracellulare Strain 637 5 min 1% (P) 3.2 [24]

M. bovis ATCC 35743 10 min 2.4% (P) 4.1 [104]

M. bovis ATCC 35743 10 min 2% (P) � 3.0 [62]

M. bovis NCTC 10772 30 min 2% (P) � 4.2 [59]

M. bovis Pasteur strain 1173 P2 5 min 1.8% (P) >5.0 [19]

15 min 1.5% (P)

M. bovis TMC 412 5 min 1% (P) 3.7 [24]

TMC 1012 5 min 1% (P) � 4.0

M. chelonae NCTC 946 1 min 2% (P) >5.6 [49]

M. chelonae NCTC 946 1 min 2% (P) >5.6 [78]

M. chelonae ATCC 35752 5 mina 2% (P) >5.0 [56]

30 minb

M. chelonae Clinical isolate 10 minb 2% (S) >5.0 [99]

M. chelonae ATCC 35752 5 min 1.8% (P) >5.0 [19]

1.5% (P)

M. chelonae
subsp. abscessus

CMCC 93326 5 min 1% (P) 4.5 [121]

10 min � 6.0

M. chelonae NCTC 946 5 min 0.5% (S) >5.0 [44]

M. fortuitum NCTC 10394 1 min 2% (P) >6.1 [49]

M. fortuitum ATCC 609 3 min 2% (P) >6.0 [119]

M. fortuitum Clinical strain 5 min 2% (P) >5.0 [56]

M. kansasii KN 93-21 10–30 mina

10–45 minb
3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

M. kansasii WD isolate 10 min 2% (P) >5.6 [78]

M. kansasii TMC 1201 3 min 1% (P) � 4.0 [24]

M. marinum TMC 1219 1 min 1% (P) � 4.0 [24]

M. scrofulaceum TMC 1316 3 min 1% (P) � 4.0 [24]

M. smegmatis Strain TMC 1515 1 min 2% (S) >6.0 [13]

M. smegmatis TMC 1515 1 min 2% (P)c � 6.2 [14]

M. smegmatis NCTC 8159 2 min 2% (S) >9.0 [99]

M. smegmatis TMC 1515 1 min 1% (P) � 4.0 [24]

M. terrae Strain JCM12143 1 min 3.5% (P) >5.0 [63]

5 min 2.25% (P) >5.0

5 min 2% (S) >5.0
(continued)

7.3 Spectrum of Antimicrobial Activity 141



The mycobactericidal efficacy of glutaraldehyde can be explained by significant
protein coagulation as demonstrated in M. chelonae spheroplasts although con-
centrations <0.5% caused no protein coagulation. Glutaraldehyde is an effective
cross-linking agent, and its own uptake may be decreased by virtue of its extensive
cross-linking at the bacterial cell surface [43].

Table 7.7 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. terrae ATCC 15755 5 min 1.8% (P) >5.0 [19]

15 min 1.5% (P) >4.0

M. terrae NCTC 10856 10 min 0.5% (S) >5.0 [44]

M. tuberculosis KN 93-7 1–5 mina

3–15 minb
3.34% (P) >5.0 [1]

2.34% (P)

2% (P)

1.67% (P)

M. tuberculosis Strain H37Rv 1–3 min 2% (P) � 4.0 [24]

M. tuberculosis Strain H37Rv 1 min 2% (P)c � 5.2 [14]

30 min 2% (P) � 5.3

M. tuberculosis 4 strains of H37Rv, 8
MDR clinical isolates,
7 drug-resistant
isolates

10 min 2% (S) >4.0 [91]

M. tuberculosis NCTC 7416 10 min 2% (P) 4.6 [78]

M. tuberculosis Strain H37Rv 10 min 2% (P) >4.6 [49]

M. tuberculosis MDR clinical isolate
(strain 98)

10 min 2% (P) 4.3 [59]

30 min � 5.5

M. tuberculosis Strain H37Rv 10 mina 2% (P) >5.0 [56]

30 minb

M. tuberculosis 1 fresh clinical isolate 15 min 2% (P) 4.0 [58]

M. tuberculosis Strain H37Rv 30 min 2% (P) � 5.2 [59]

M. tuberculosis Strain H37Rv (TMC
102)

5 min 1% (P) 3.8 [24]

M. tuberculosis CMCC 93020 5 min 1% (P) 4.3 [121]

10 min 5.2

M. xenopi NCTC 10042 10 minb 2% (S) >5.0 [99]

M. xenopi Strain CIP 104035T 15 min 2% (P) >5.0 [29]

M. xenopi One environmental
isolate from soil and
one clinical isolate

60 min 2% (P) 2.5 [29]

M. xenopi 2 clinical isolates 60 min 2% (P) >5.0 [29]

P commercial product; S solution; awithout organic load; bwith organic load;
cglutaraldehyde-phenate
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7.3.3.2 Activity Against Mycobacteria in Biofilms
A product based on 2% glutaraldehyde was effective in original channels of an
endoscope as part of manual processing to yield negative cultures after 20 min
disinfection when the channels were allowed to build M. abscessus (INCQS 594)
biofilm over 15 d. However, 0.75% of cells in residual biofilm were still viable after
disinfection [84]. One study with M. phlei indicates that the susceptibility of
biofilm-grown cells to glutaraldehyde is lower (MBEC: 0.125% in 30 min) com-
pared to planktonic cells (MBC: 0.0156% in 30 min) [10].

7.3.3.3 Mycobactericidal Activity in Carrier Tests
In carrier tests, 2% glutaraldehyde was mostly effective against different
mycobacterial species including M. bovis, M. chelonae, M. fortuitum, M. terrae,
M. smegmatis and M. tuberculosis with at least a 4.0 log reduction in 10 min
(Table 7.8). Only M. avium was somewhat more resistant requiring mostly a
30 min exposure to achieve the same effect.

Table 7.8 Mycobactericidal activity of glutaraldehyde in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. avium-
intracellulare

Clinical strain 104 5 mina 2% (P) >5.0 [56]

10 minb

M. avium NCTC 10437 30 min 2% (P) � 4.5 [59]

M. avium Clinical isolate (strain
3051)

30 min 2% (P) � 5.5 [59]

M. bovis ATCC 35743 1 min 2% (S) 1.6 [15]

10 min >5.0

M. bovis NCTC 10772 10 min 2% (P) � 3.2 [59]

M. chelonae NCTC 946 1 min 2% (S) � 4.0 [120]

M. chelonae var.
abscessus

NCTC 10882 5 min 2% (S) � 4.0 [120]

M. chelonae ATCC 35752 5 mina 2% (P) >5.0 [56]

10 minb

M. fortuitum Clinical strain 5 min 2% (P) >5.0 [56]

M. terrae NCTC 10856 1 min 2% (S) � 4.0 [120]

M. smegmatis Strain TMC 1515 1 min 2% (S) >6.0 [13]

M. smegmatis TMC 1515 10 min 2% (P) � 4.0 [14]

M. tuberculosis Strain H37Rv 5 min 2% (P) >5.0 [56]

M. tuberculosis Strain H37Rv 10 min 2% (P) � 4.0 [14]

M. tuberculosis Strain H37Rv 30 min 2% (P) � 4.2 [59]

M. tuberculosis MDR clinical isolate
(strain 98)

30 min 2% (P) � 5.0 [59]

P commercial product; S solution; awithout organic load; bwith organic load
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7.3.3.4 Mycobactericidal Activity in Flexible Endoscopes
Various studies have been published on the efficacy of glutaraldehyde against
mycobacteria used for contamination of bronchoscopes, colonoscopes and duo-
denoscopes. When bronchoscopes were contaminated with M. tuberculosis, disin-
fection with 2% glutaraldehyde for 10 or 15 min was usually sufficient to achieve
negative samplings [9, 30, 53, 57] or log reductions � 4.0 [81]. Similar results
were obtained when bronchoscopes were contaminated with M. gordonae [30, 64]
or M. avium-intracellulare [57], or when colonoscopes and duodenoscopes were
artificially contaminated with M. chelonae (20 min immersion time) [41]. Only a
high inoculum of 108 CFU per ml M. gordonae required either a 20 min immersion
time with 2% glutaraldehyde or a concentration of 3.2% for the 10 min immersion
time [64].

One study with bronchoscopes artificially contaminated at the suction and
biopsy channel with M. tuberculosis, however, indicates that even ten automatic
processings using 2% activated glutaraldehyde for 15 min results in detection of M.
tuberculosis after processing [85]. After prolongation of the processing to
60 min, M. tuberculosis was still detected after five processings [85]. The log
reduction observed after artificial contamination with M. avium-intracellulare was
even lower with 2.2 after 15 min and 2.4 after 60 min [85]. These results support
the lower susceptibility of M. avium-intracellulare to glutaraldehyde compared to
other mycobacterial species (see also Tables 7.7 and 7.8).

7.4 Effect of Low-Level Exposure

Adaptation experiments with dilutions of a product based on 23% glutaraldehyde
and 5% BAC revealed that exposure to Salmonella spp. isolates obtained mainly
from broiler farms did not change the MIC to the product in a relevant proportion
(� 2-fold) [46]. No studies were found that have systematically addressed possible
cellular changes or changes of susceptibility to biocidal agents due to low-level
exposure to glutaraldehyde.

7.5 Resistance to Glutaraldehyde

Commonly accepted break points to determine resistance to glutaraldehyde do not
exist yet. So far, MIC values for S. aureus have been reported to be between 500
and 10,000 mg/l, for E. coli between 150 and 10,000 mg/l, and for the
Gram-negative bacterial species between 4 and 15,000 mg/l (see also Table 7.2).
For Bacillus strains, a MIC value >4,000 mg/l (0.4%) has been proposed to
describe resistance [97]. It may also be suitable for other bacterial species when
looking at the published MIC values.

144 7 Glutaraldehyde



7.5.1 Bacteria

7.5.1.1 Persistence Despite Disinfection with Glutaraldehyde
as Recommended

One pseudo-outbreak involving six patients with two P. aeruginosa strains was
reported after use of flexible endoscopes. The various types of endoscopes were
processed automatically with a product based on 20% glutaraldehyde used at 1%
for disinfection. The strains were isolated in the rinsing water and the drain.
Insufficient killing by the bactericidal concentration of the disinfectant was
described and assessed as resistance to glutaraldehyde [111]. Another report
describes persistence of various mainly Gram-negative bacteria incl. P. aeruginosa
after automated or manual processing of flexible endoscopes with 2% glutaralde-
hyde for 20 min. The persistence was mainly explained by insufficient cleaning
prior to disinfection [32].

7.5.1.2 Insufficient Efficacy in Suspension Tests
The two P. aeruginosa strains described in Sect. 7.5.1.1 were evaluated in sus-
pension tests with the aim to verify if they have a reduced susceptibility to glu-
taraldehyde [68]. The manufacturer of the product claimed a bactericidal activity at
50–55 °C within 5 min [111]. The two P. aeruginosa strains were reduced by the
product (0.2% glutaraldehyde final concentration) within 5 min by 3.9 log at 50 °C
and by 4.7 log at 55 °C. At 20 °C, the log reduction was only 0.9. It is noteworthy
that a solution of 0.2% glutaraldehyde was somewhat more effective with 5.1 log at
50 °C and 6.3 log at 55 °C. The reason for the reduced susceptibility of the
P. aeruginosa strains to a formulation based on glutaraldehyde is unknown.
Another Pseudomonas spp. (P. fluorescens ATCC 13525) was also found to be less
susceptible to glutaraldehyde. Exposure to 1.43% glutaraldehyde for 30 min did not
completely inactivate P. fluorescens [101]. In 2014, surfaces and air were sampled
in a hospital for bacterial contamination. A total of 104 bacterial isolates were
obtained. The efficacy of a disinfectant based on 2% glutaraldehyde was tested as
recommended by the manufacturer claiming a bactericidal activity. In 7.7% of the
samples, bacterial growth was observed in the presence of the biocidal agent with
the highest detection rates among enterobacteriaceae (22.2%) [65].

B. megaterium is another species with a report on a reduced susceptibility to
glutaraldehyde. It was isolated from a washer disinfector despite the use of glu-
taraldehyde for disinfection. In suspension tests, it was reduced only by 2.3 log by a
20 min exposure to 2.5% glutaraldehyde. The reason for the reduced susceptibility
to glutaraldehyde is unknown [40].

7.5.2 Mycobacteria

7.5.2.1 Persistence Despite Disinfection with Glutaraldehyde
as Recommended

Use of glutaraldehyde as recommended does not always ensure sufficient antimi-
crobial activity so that specific species may survive the treatment and may persist
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on flexible endoscopes or instruments. Some pseudo-outbreaks have been reported
after bronchoscopy caused by M. chelonae, M. abscessus or M. fortuitum. An
epidemic with surgical site infections caused by M. massiliense has also been
published (Table 7.9).

Most pseudo-outbreaks were described with M. chelonae after bronchoscopy
(Table 7.9). The presumed reasons were suspected presence of biofilm inside the
machine or suspected contamination of tap water. These findings are supported by
other authors. In one study, five gastrointestinal endoscopes were contaminated
with M. chelonae, followed by cleaning and disinfection with 2% alkaline glu-
taraldehyde. One out of five scopes showed consistent growth in channels after
10 min disinfection. With membrane filtration, one colony was still detected in one
scope after 45 min disinfection [113]. M. chelonae could be eliminated by
increasing glutaraldehyde to 3%, changing the glutaraldehyde solution once per
week, recirculating used disinfectant and an additional disinfection procedure
before automatic bronchoscope processing using 70% alcohol [109].

Selection pressure of 2% glutaraldehyde use and inadequate mechanical cleaning
of surgical instruments has been suspected to have facilitated the occurrence of the
outbreak of 172 confirmed cases of postsurgery infections in Brazil (Table 7.9).

7.5.2.2 Insufficient Efficacy in Suspension Tests
A few studies describe environmental or clinical isolates with a reduced suscepti-
bility to glutaraldehyde compared to culture collection strains typically used for
biocidal efficacy testing (Table 7.10).

Some strains and isolates of M. chelonae from washer disinfectors were resistant
to 2% glutaraldehyde; the measured log reduction was mostly <1.0 in 60 min
which is insufficient to be considered as mycobactericidal. Similar results were
observed in a glass carrier test with two isolates of M. chelonae suspected to be
resistant to glutaraldehyde. A 30 min, exposure to 2% glutaraldehyde reduced the
cell count by 0.3 and 0.5 log, whereas NCTC strains were killed in 1 or 5 min
[120]. On a PVC carrier surface, a M. chelonae strain suspected to be resistant to
glutaraldehyde was reduced by 2% glutaraldehyde by 2.0 log in 20 min, whereas a
strain susceptible to glutaraldehyde (ATCC 19977) was reduced by >4.0 log in
1 min [60]. The lower susceptibility of M. chelonae isolates was explained by a
possible biofilm formation [48], a possible selection of glutaraldehyde resistance
due to reduction of glutaraldehyde level by 50% in one week [114] or by a con-
taminated water tank [86].

The two clinical isolates of M. massiliense associated with an epidemic of
surgical site infections also revealed a lower susceptibility to glutaraldehyde; they
were able to survive in 1.5–7% glutaraldehyde showing growth after exposure for
30 min. The reason for the reduced susceptibility was unknown [77].

The frequency of mycobacterial isolates with a reduced susceptibility to glu-
taraldehyde is difficult to determine. An analysis of 117 clinical isolates of rapid
growing non-tuberculous mycobacteria showed a reduced susceptibility to 0.5%
glutaraldehyde in six clinical isolates of M. abscessus compared to ATCC control
strains [31].
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7.5.3 Resistance Mechanisms

The mechanisms of resistance to glutaraldehyde have mainly been studied in
Pseudomonas. In P. aeruginosa and P. fluorescens biofilms, it can be explained by
efflux pumps. Induction of known modulators of biofilm formation, including
phosphonate degradation, lipid biosynthesis, and polyamine biosynthesis, may in
addition contribute to biofilm resistance and resilience [117]. Produced water
induced genes in P. fluorescens involved in osmotic stress, energy production and
conversion, membrane integrity and protein transport following produced water
exposure, which facilitates bacterial survival and alters biocide tolerance [118]. And
a class I integron was detected in 22 of 36 MDR P. aeruginosa isolates. Integron

Table 7.10 Results obtained from suspension tests with isolates of mycobacteria suspected to be
resistant to glutaraldehyde

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. chelonae Strain Epping 60 min 0.5% (S) 0.2 [44]

Strain Harefield 60 min 0.2

NCTC 946a 5 min >5.0

M. chelonae Strain Epping 60 min 2% (P) 0.3 [49]

NCTC 946a 1 min >5.6

M. chelonae Strain WD 1 60 min 2% (P) 0.6 [78]

Strain WD 2 60 min 0.3

NCTC 946a 1 min >5.6

M. chelonae 2 isolates from WD � 60 min 2% (P) 0.0–0.6 [48]

NCTC 946a 1 min >5.8

M. chelonae 3 strains from WD � 60 min 2% (P) 0.0–0.6 [114]

ATCC 14998a 10 min >5.3

M. chelonae 5 isolates � 60 min 2.4% (P) 1.3–2.1 [104]

M. chelonae 1 isolate from WD 60 min 2% (S) 3.5 [86]

M. chelonae Strain Epping 30 min 1.5% (P) 0.0 [19]

Strain Harefield 30 min 0.1

Strain 9917 30 min 0.0

ATCC 35752a 5 min >5.0

M. chelonae Strain Epping 30 min 1.8% (P) 1.0 [19]

Strain Harefield 30 min 0.4

Strain 9917 30 min 0.9

ATCC 35752a 5 min >5.0

M. gordonae 1 isolate from WD 10 min 2.5% (P) 3.3 [40]

ATCC 14470a 10 min 6.2

P commercial product; S solution; acomparison to standard culture collection strains
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I-positive isolates showed reduced susceptibility to tested biocides including glu-
taraldehyde. Class I integron may also be responsible for generating MDR
P. aeruginosa isolates with reduced susceptibility to biocides [67].

In E. coli and Halomonas spp., resistance to glutaraldehyde depends on the
composition and structure of the outer membrane [7]. In H. pylori, an Imp/OstA
protein was identified that was associated with glutaraldehyde resistance in a
clinical strain. Disruption of this protein results in altering membrane permeability,
sensitivity to organic solvent and susceptibility to antibiotics [22]. The resistance
mechanism in H. pylori is described in more detail by Chiu et al. [23].

A plasmid pTZ22 was detected in S. aureus exhibiting resistance to glu-
taraldehyde resulting in MIC values of up to 1,600 mg/l [95].

The mechanism of glutaraldehyde resistance in M. chelonae is not yet under-
stood. No changes were identified in the extractable fatty acids or the mycolic acid
components of the cell wall, but a reduction in each of the resistant strains in the
arabinogalactan/arabinomannan portion of the cell wall was detected [79]. Resis-
tance is not explained by efflux pumps [86].

7.5.4 Resistance Genes

No specific genes have been identified to explain resistance to glutaraldehyde.
However, a correlation was described in 27 carbapenem-resistant clinical K. pneu-
moniae isolates between the presence of drug resistance genes (qacA, qacDE, qacE
and acrA) and a higher tolerance to killing or growth inhibition by disinfectants
including glutaraldehyde [52].

7.6 Cross-Tolerance to Other Biocidal Agents

A cross-adaptive response was demonstrated when E. coli WP2 cells were pre-
treated with hydrogen peroxide (60 µM for 30 min) followed by challenging
treatment with aldehyde compounds including glutaraldehyde. These results sug-
gest that hydrogen peroxide has the capacity to induce a function which reduces the
killing effects of aldehydes, and the function is controlled by the recA gene without
involvement of SOS response [87].

Cross-resistance may be found to other aldehydes. For example,
formaldehyde-tolerant E. coli and Halomonas spp. strains were also tolerant to high
concentrations of glutaraldehyde (1,000 mg/l) and acetaldehyde (500 mg/l) [7].
A B. cepacia isolate that was originally isolated from a contaminated matrix (used
as a preservative) was selected with glutaraldehyde as glutaraldehyde-resistant and
exhibited cross-resistance to formaldehyde [21].
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7.7 Cross-Tolerance to Antibiotics

Increased tolerance to glutaraldehyde of the glutaraldehyde-resistant mutants of
M. chelonae was matched by increased tolerance to rifampicin and ethambutol but
not isoniazid [79]. Another study shows that all of nine glutaraldehyde-tolerant
M. chelonae isolates were either resistant or intermediately resistant to two or three
classes of antibiotics (mostly rifampicin and isoniazid) but only one of nine
glutaraldehyde-susceptible M. chelonae isolates [86].

7.8 Role of Biofilm

7.8.1 Effect on Biofilm Development

Data on biofilm development were not found.

7.8.2 Effect on Biofilm Removal

Removal of biofilm by glutaraldehyde is mostly poor with � 10% as shown with
B. cereus, P. fluorescens and dual species biofilms (Table 7.11). In addition,
removal of a mixed biofilm or Acinetobacter biofilm from brass coupons by glu-
taraldehyde solutions was also described to be low [98].

Table 7.11 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
products or solutions based on glutaraldehyde

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

B. cereus biofilm on stainless steel Aldehyde-based
product
(“GLUT”) at
200 mg/l

No data
in abstract

<10% [100]

P. fluorescens ATCC 13525
biofilm on stainless steel

200 mg/l (S) 1–2 h 2–18% [102]

P. fluorescens biofilm on stainless
steel

Aldehyde-based
product
(“GLUT”) at
200 mg/l

No data
in abstract

<10% [100]

S. aureus biofilm (9 MRSA
isolates of strain ST239 and
isolate MBM 9393) on
polystyrene

2% (S) 30 min Approximately
72%

[5]

Dual species biofilm
(P. fluorescens, B. cereus) on
stainless steel

Aldehyde-based
product
(“GLUT”) at
200 mg/l

No data
in abstract

<10% [100]

P commercial product; S solution
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Data from a study on protein removal from an E. faecalis ATCC 29212 and
P. aeruginosa ATCC 15442 biofilm (8-d incubation in polystyrene pegs)
with exposure to a formulation based on 2.6% glutaraldehyde for 20 min revealed
protein removal rates between 20.8 and 56.0% depending on the type of cleaner
used before. The removal rates of carbohydrate were higher with 91.5–98.9% [28].

7.8.3 Effect on Biofilm Fixation

Glutaraldehyde is described as a protective agent against cell lysis [8].AP. aeruginosa
biofilm on PTFE tubes showed that proteinwas higher after nine treatment cycles with
2% glutaraldehyde solution (89.0 µg/cm2) compared to distiled water (57.3 µg/cm2)
indicating a substantial fixation of the biofilm [90]. Glutaraldehyde at concentrations
between 100, 200, 500 and 1000 mg/l showed variable fixation of a P. fluorescens
biofilmwith biofilmmass reduction rates from77% (no exposure to glutaraldehyde) to
64% (100 mg/l) and 38% (1000 mg/l) indicating an increasingly difficult removal of
biofilm after exposure to a higher concentration of glutaraldehyde [103]. Twoproducts
based on 2% glutaraldehyde revealed fixation rates of an E. coli 54127 biofilm on
haemolysis glass tubes between 62 and 97% [55].

7.9 Summary

The principal antimicrobial activity of 2% glutaraldehyde is summarized in
Table 7.12.

The key findings on acquired resistance and cross-resistance including the role
of biofilm in selecting resistant isolates are summarized in Table 7.13.

Table 7.12 Overview on the typical exposure times required for 2% glutaraldehyde to achieve
sufficient biocidal activity against the different target microorganisms

Target
microorganisms

Species Exposure
time

Bacteria Most clinically relevant species except T. whipplei 3 mina

Fungi Candida spp. 3 min

Other types of fungi � 30 min

Mycobacteria M. smegmatis 2 min

M. chelonae, M. fortuitum, M. terrae 5 min

M. bovis, M. tuberculosis 30 min

M. avium-intracellulare, M. xenopi 60 min
aIn biofilm often no sufficient efficacy in 30 min
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Table 7.13 Key findings on acquired glutaraldehyde resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

S. Typhimurium � 15,000 mg/l

P. aeruginosa � 15,000 mg/l

S. aureus � 10,000 mg/l

S. mutans � 10,000 mg/l

E. coli � 10,000 mg/l

B. fragilis � 5,000 mg/l

Infections
suggestive of
tolerance

M. chelonae,
M. abscessus,
M. fortuitum

Few pseudo-outbreaks associated with
bronchoscopies; mycobacteria persisted despite
processing with glutaraldehyde correlating with
insufficient efficacy in suspension tests

M. massiliense Epidemic with 172 confirmed cases of
postsurgery infections; inadequate mechanical
cleaning of surgical instruments and possibly
selection pressure by glutaraldehyde

P. aeruginosa One pseudo-outbreak with contaminated
washer-disinfector correlating with lower
susceptibility of strain to glutaraldehyde in
suspension tests

M. chelonae,
M. gordonae

Various isolates with little or no
mycobactericidal efficacy of 2% glutaraldehyde
in suspension tests (60 min)

B. megaterium WD isolate with reduced susceptibility to 2.6%
glutaraldehyde in suspension tests (20 min)

MIC value to
determine
resistance

Most species Not available

Bacillus species >4,000 mg/l (proposal in the literature)

Cross-tolerance
biocides

E. coli Hydrogen peroxide has the capacity to induce a
function which reduces the killing effects of
aldehydes

E. coli, Halomonas
spp., B. cepacia

Other aldehydes

Cross-tolerance
antibiotics

M. chelonae Often rifampicin, sometimes isoniazid

Specific
resistance
mechanism

M. chelonae Unknown but not by efflux pumps.

Pseudomonas spp. Efflux pumps, class I integron

E. coli, Halomonas
spp.

Composition and structure of the outer
membrane

S. aureus Plasmid

Effect of
low-level
exposure

None No MIC increase

Salmonella spp. Weak MIC increase (� 4-fold)

None Strong MIC increase (>4-fold)

Biofilm Development Unknown

Removal Poor; mostly <10%

Fixation Strong: mostly >60%
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8Sodium Hypochlorite

8.1 Chemical Characterization

The active substance released from sodium hypochlorite in aqueous solutions is
active chlorine. The hypochlorite ion is in equilibrium with hypochlorous acid and
chlorine. The equilibrium depends on the pH value: chlorine is available only below
pH 4; in the neutral pH range, hypochlorous acid is the predominant species, and at
pH values higher than 10, the only species present is the hypochlorite ion. The
disinfecting efficiency of hypochlorite aqueous solution is dependent on the active
chlorine concentration and decreases with an increase in pH and vice versa, which
is parallel to the concentration of un-dissociated hypochlorous acid. The activity is
strongly reduced by the presence of organic load and in general by the presence of
particles. The chlorination and the oxidation reaction of hypochlorite are unspecific
[75]. Hypochlorous acid is naturally generated in neutrophils leading to
non-specific oxidation in phagocytized bacteria [45]. The basic chemical infor-
mation on sodium hypochlorite is summarized in Table 8.1.

The stability of sodium hypochlorite solution used as disinfectants can be main-
tained at 4 °C for 2 years, but after 2 years at 24 °C the concentration of available
chlorine was less than 50% of the original. A more rapid deterioration occurred in
solutions containing approximately 10% chlorine than in those containing 5% or 1%
chlorine. At pH 5–6, decomposition was rapid, whereas increasing the pH increased
the stability. In general, hypochlorites are stable if kept in a cool place, out of direct
sunlight and in purpose made containers [73], but are dependent on the formulation
and may be less than 200 days [138] or only some weeks [36].

8.2 Types of Application

Sodium hypochlorite is used by consumers and by professional workers (wide-
spread uses), in formulation or re-packing, at industrial sites and in manufacturing.
Consumer use includes washing and cleaning products, textile treatment products
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and dyes, water treatment chemicals, perfumes, fragrances, cosmetics and personal
care products. Professional use includes washing and cleaning products, formula-
tion of mixtures and/or re-packaging, manufacturing of food products, chemicals,
textile, leather or fur and wood and wood products. It is also used in laundries,
swimming pools, ponds, drinking water, and other water and wastewater systems;
on food and non-food contact surfaces; and as a postharvest, seed or soil treatment
on various fruit and vegetable crops [164].

Sodium hypochlorite is used in biocides (e.g. wiping disinfectants for surfaces
with 0.05–0.5%, spraying disinfectants with up to 3%, or skin disinfection with
0.1%), pH regulators and water treatment products, paper chemicals and dyes [55,
136]. In health care in Japan, for example, the substance has been used as a hand
scrub (0.01–0.05%), surgical site antiseptic (0.01–0.05%), mucosa and wound
antiseptic (0.005–0.01%), surface disinfectant (0.0125–0.05%) and instrument
disinfectant (0.0125–0.05%) [123]. In China, sodium hypochlorite is used for
disinfection of surfaces and medical instruments at 0.05% available chlorine, typ-
ically at 10–30 min exposure times [103]. Hypochlorite is used for wound
antisepsis and is superior to povidone iodine for the treatment of contaminated
acute and chronic wounds [93]. It is also used for antiseptic treatment of burns
[126].

8.2.1 European Chemicals Agency (European Union)

“Active chlorine released from sodium hypochlorite” has been approved in 2017 as
an active biocidal agent for product types 1 (human hygiene), 2 (disinfectants and
algaecides not intended for direct application to humans or animals), 3 (veterinary
hygiene), 4 (food and feed area) and 5 (drinking water) [81]. The substance is still
under review (June 2018) for product types 11 (preservatives for liquid-cooling and
processing systems) and 12 (slimicides). Ready-to-use products typically contain
0.05% or 5% sodium hypochlorite [75].

8.2.2 Environmental Protection Agency (USA)

Sodium hypochlorite was first registered for use as pesticide in 1957. It was
re-registered in 1991 based on the 1986 registration standard [164].

Table 8.1 Basic chemical information on sodium hypochlorite [55, 124]

CAS-number 7681-52-9

IUPAC name Sodium hypochlorite

Synonyms Bleach, sodium salt from hypochlorous acid

Molecular formula NaClO

Molecular weight (g/mol) 74.439
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8.2.3 Overall Environmental Impact

Sodium hypochlorite is manufactured and/or imported in the European Economic
Area in 1–10 million t per year [55]. Active chlorine reacts rapidly with organic
matter in the sewer, sewage treatment plant, surface water and soil. Where organic
and nitrogenous materials are present, it acts as a highly reactive oxidizing agent. It
reacts rapidly with organic matter, and most of the active chlorine (�99%) is
converted to inorganic chloride [75]. In seawater, chlorine levels decline rapidly
[164]. Contamination of soils due to direct application of chlorinated water will not
be of permanent origin. The high content of organic matter in a soil will allow a
quick (order of seconds) reduction of HClO, too. Hypochlorite reacts rapidly in soil
with soil organics. The ultimate fate of hypochlorite in soil is a reduction in
chloride [75].

At environmental pH values (6.5–8.5), half of the active chlorine is present in the
un-dissociated form of hypochlorous acid and half is dissociated to the hypochlorite
anion. Only the hypochlorous acid fraction is volatile, but the amount of
hypochlorous acid that could volatilize from water into air is expected to be very
low. Active chlorine does not bioaccumulate or bioconcentrate due to its high water
solubility and high reactivity [75].

8.3 Spectrum of Antimicrobial Activity

8.3.1 Bactericidal Activity

8.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values for sodium hypochlorite obtained with different bacterial species
are summarized in Table 8.2.

The range of MIC values to sodium hypochlorite is broad. In E. faecalis, it varies
between 125 and 32,000 mg/l, in E. coli between 0.05 and 12,000 mg/l, in
Lactobacillus spp. between 64 and 4,096 mg/l, in L. monocytogenes between 512
and 7,800 mg/, in P. aeruginosa between 1 and 8,192 mg/l, and in S. aureus
between 10 and 16,384 mg/l (Table 8.2).

8.3.1.2 Bactericidal Activity (Suspension Tests)
The spectrum of bactericidal activity expressed as log reductions obtained with
sodium hypochlorite against various bacterial species is summarized in Table 8.3.

Sodium hypochlorite at 100 mg/l does not have sufficient bactericidal activity
within 15 min as demonstrated with A. baumannii, A. lwoffii, E. cloacae, E. coli, K.
oxytoca, K. pneumoniae, P. aeruginosa and S. maltophilia. At 500 mg/l, it reduces
bacterial counts by at least 5.0 log within 30 min against the majority of bacterial
species except C. perfringens, P. aeruginosa, S. Typhimurium and S. aureus. At
1,000 mg/l, it is bactericidal within 5 or 10 min against most bacterial species with
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Table 8.2 MIC values of various bacterial species to sodium hypochlorite

Species Strains/isolates MIC value
(mg/l)

References

A. actinomycetemcomitans ATCC 29523 <1,250 [169]

A. actinomycetemcomitans ATCC 33384 5,000 [82]

A. baumannii 47 clinical isolates 160–640 [100]

A. calcoaceticus Drinking water isolate 125 [67]

A. naeslundii ATCC 12104 1,250 [82]

Acinetobacter spp. Strain SH-94B from fairy shrimps 20 [147]

Aeromonas spp. 4 isolates from fairy shrimps 5–20 [147]

Arcobacter spp. 32 isolates from chicken slaughterhouse 200–500a [140]

B. fragilis ATCC 25285 <1,250 [169]

B. adolescentis 4 isolates from faeces of healthy humans 64–2,048 [52]

B. animalis subsp. lactis 8 isolates from faeces of healthy humans 512–2,048 [52]

B. bifidum 31 isolates from faeces of healthy humans 64–2,048 [52]

B. breve 5 isolates from faeces of healthy humans 1,024–2,048 [52]

B. catenulatum 1 isolate from faeces of a healthy human 1,024 [52]

B. infantis 2 isolates from faeces of healthy humans 1,024–2,048 [52]

B. longum 25 isolates from faeces of healthy humans 16–2,048 [52]

B. pseudocatenulatum 15 isolates from faeces of healthy humans 128–1,024 [52]

B. pseudolongum 1 isolate from faeces of a healthy human 1,024 [52]

B. thermoacidophilum 6 isolates from faeces of healthy humans 512–2,048 [52]

B. suis 1 isolate from faeces of a healthy human 1,024 [52]

C. gingivalis ATCC 33624 2,500 [82]

C. rectus ATCC 33238 2,500 [82]

E. corrodens ATCC 23834 5,000 [82]

Enterobacter spp. 54 worldwide strains from hospital- and
community-acquired infections

2,000–16,000a [121]

E. faecalis 1 clinical isolate 125 [104]

E. faecalis ATCC 29212 390 [163]

E. faecalis ATCC 29212 781 [80]

E. faecalis ATCC 29212 1,000 [54]

E. faecalis ATCC 29212 1,250 [20]

E. faecalis ATCC 29212 1,400 [176]

E. faecalis 56 worldwide strains from hospital- and
community-acquired infections

2,000–32,000a [121]

E. faecalis 9 isolates from swine meat production 2,200–5,200 [142]

E. faecalis ATCC 29212 6,250 [11]

E. faecium 53 worldwide strains from hospital- and
community-acquired infections

2,000–16,000a [121]

E. faecium 12 isolates from swine meat production 2,200–5,200 [142]

E. hirae CIP 5855 1 [109]

Enterocococcus spp. 6 glycopeptide-susceptible isolates and 8
glycopeptide-resistant isolates

1,250–2,500 [20]

E. rhusiopathiae 60 isolates from various sources 160–300 [60]
(continued)
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Table 8.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. coli Reference strain and clinical isolate 0.05–0.12 [98]

E. coli ATCC 25922 1 [109]

E. coli NCTC 10418 125 [104]

E. coli ATCC 12806 239 [32]

E. coli 306 worldwide strains from hospital- and
community-acquired infections

500–16,000a [121]

E. coli 74 isolates from food contact surfaces 2,031–4,063 [77]

E. coli ATCC 25922 2,500 [47]

E. coli ATCC 25922 5,000 [169]

E. coli ATCC 11229 12,000 [74]

E. nodatum ATCC 33270 5,000 [82]

F. alocis ATCC 33099 2,500 [82]

F. nucleatum ATCC 25586 5,000 [82]

K. pneumoniae 60 worldwide strains from hospital- and
community-acquired infections

2,000–16,000a [121]

Klebsiella spp. 30 isolates from food contact surfaces 1,016–2,031 [77]

L. acidophilus 4 strains from different origins 512–1,024 [9]

L. amylovorus 7 strains from different origins 128–512 [9]

L. brevis 13 strains from different origins 256–4,096 [9]

L. bulgaricus 6 strains from different origins 512–1,024 [9]

L. coryniformis 3 strains from different origins 2,048–4,096 [9]

L. fermentum 4 strains from different origins 512–1,024 [9]

L. helveticus 39 strains from different origins 256–2,048 [9]

L. paracasei 75 strains from different origins 256–4,096 [9]

L. plantarum 43 strains from different origins 256–4,096 [9]

L. reuteri 42 strains from different origins 64–512 [9]

L. rhamnosus 9 strains from different origins 512–4,096 [9]

L. garvieae 42 isolates from different origins 200–3,200 [9]

L. monocytogenes ATCC 19112, ATCC 19113, ATCC
19114, ATCC 19115, ATCC 19116,
ATCC 19117, ATCC 19118, ATCC 7644,
ATCC 13992

512 [63]

L. monocytogenes ATCC 7644 1,250 [47]

L. monocytogenes 10 isolates from food 1,560–7,800 [1]

L. monocytogenes 4 isolates from food (ice cream, poultry) 2,500–5,000 [105]

L. monocytogenes ATCC 19111 16,384 [74]

M. morganii ATCC 25830 10 [109]

P. gingivalis ATCC 33277 and 3 clinical isolates 390–6,250 [82]

P. micra ATCC 33270 2,500 [82]

P. intermedia ATCC 25611 5,000 [82]

P. aeruginosa ATCC 27853 1 [109]

P. aeruginosa NCIMB 12469 250 [104]
(continued)
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Table 8.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

P. aeruginosa ATCC 27853 1,000 [54]

P. aeruginosa ATCC 10145 5,000 [169]

P. aeruginosa ATCC 15442 8,192 [74]

P. intermedia ATCC 25611 <1,250 [169]

S. choleraesuis ATCC 10708 8,192 [74]

S. enterica 10 multidrug-resistant strains isolated from
poultry

390–440 [119]

S. Typhimurium ATCC 14028 2,500 [169]

S. Typhimurium 1 poultry isolate 6,000 [31]

Salmonella spp. 901 worldwide strains from hospital- and
community-acquired infections

500–4,000a [121]

S. aureus CIP 53154 10 [109]

S. aureus NCTC 6571 250 [104]

S. aureus 1,635 worldwide strains from hospital- and
community-acquired infections

250–4,000a [121]

S. aureus ATCC 25923 312 [47]

S. aureus ATCC 25923 1,000 [4]

S. aureus ATCC 6538 1,000 [54]

S. aureus 22 isolates from food contact surfaces 2,031–4,063 [77]

S. aureus ATCC 25923 9,000 [74]

S. aureus ATCC 33591 10,000 [169]

S. aureus ATCC 6538 16,384 [74]

S. epidermidis 65 isolates from food contact surfaces 2,031–4,063 [77]

S. maltophilia Drinking water isolate 175 [67]

S. gordonii ATCC 10558 5,000 [82]

S. mutans ATCC 25175 5,000 [169]

S. salivarus 44 strains from different origins 400–1,600 [9]

S. thermophilus 135 strains from different origins 50–400 [9]

T. forsythia ATCC 43037 and 3 clinical isolates 390–3,130 [82]
aActive chlorine

the exception of A. baumannii, K. pneumoniae and S. maltophilia. At 5,000 mg/l or
more, sodium hypochlorite was found to be bactericidal within 30 min (Table 8.3).

The minimum bactericidal concentration depends on the species and begins at
4 mg/l sodium hypochlorite in S. aureus but can also be as high as 25,000 mg/l
sodium hypochlorite in E. faecalis (Table 8.4). It is noteworthy that the bactericidal
concentration is for some species at the same level as the bacteriostatic concen-
tration of sodium hypochlorite (see also Table 8.2).

The bactericidal activity can be impaired. In the presence of 20% serum or more,
2,500 mg/l sodium hypochlorite was basically not bactericidal anymore in 5 or
10 min. The negative effect of 10% serum on the bactericidal activity was much
lower [21].
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Table 8.3 Bactericidal activity of sodium hypochlorite in suspension tests

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

A. baumannii 13 clinical strains 5 min 1,000 (P) 4.0 [50]

15 min 100 (P) 0.4

A. lwoffii 2 clinical strains 5 min 1,000 (P) 5.6 [50]

15 min 100 (P) 0.2

B. cereusa ATCC 14579 30 min 500 (S) >5.0 [148]

B. cenocepacia LMG 16656, LMG 18828 5 min 3,000 (S) � 5.0 [135]

1,000 (S)

500 (S)

B. pseudomallei 10 clinical isolates 30 min 5,000 (P) � 5.0 [175]

C. jejuni ATCC BAA-1062, ATCC
33560 and 2 field strains

1 min 5,000 (S) 2.7–6.1 [71]

Campylobacter spp. 46 strains from broilers and
pigs

5 min 6,300 (S) � 5.0 [13]

C. perfringensa Strain CDC 1861 30 min 500 (S) 0.1 [148]

E. cloacae 3 clinical strains 5 min 1,000 (P) 5.9 [50]

15 min 100 (P) 0.2

E. faecalis ATCC 29212 20 min 25,000 (S) � 5.0 [160]

E. faecalis ATCC 35550 10 min 25,000 (S) � 5.0 [78]

1 min 52,500 (S)

E. coli NCTC 8196 5 min 2,500 (S) � 5.0 [21]

10 min 1,000 (S)

E. coli 17 clinical strains 5 min 1,000 (P) 5.9 [50]

15 min 100 (P) 3.2

E. coli ATCC 43895 (0157:H7) 5 min 512 (S)a � 8.0 [141]

256 (S)a

128 (S)a

E. coli Food isolate strain 0157:
H7

30 min 500 (S) 6.2 [148]

E. coli K12 strain 10 min 16 (S)b >5.0 [33]

2 h 4 (S)b

E. coli 6 Shiga toxigenic strains 2.5 min 10 (S)b � 5.0 [3]

5 min 1 (S)b

F. nucleatum NCTC 10562 5 min 6,000 (S) 5.4 [88]

H. parasuis 2 strains (serovars 1 and 5) 1 min 500 (S) 4.3–5.4 [143]

1.8–2.5b

H. pylori NCTC 11637, NCTC
11916 and 7 clinical
isolates

30 s 150 (P) >5.0 [2]

1–
30 minc

K. oxytoca 5 clinical strains 5 min 1,000 (P) 6.1 [50]

15 min 100 (P) 1.6
(continued)

8.3 Spectrum of Antimicrobial Activity 167



Table 8.3 (continued)

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

K. pneumoniae NCIMB
13291

5 min 48,000 (S) 4.4 [88]

30,000 (S)

6,000 (S)

K. pneumoniae 15 clinical strains 5 min 1,000 (P) 4.7 [50]

15 min 100 (P) 0.6

L. monocytogenes Strain Scott A 5 min 512 (S)a � 8.0 [141]

256 (S)a

128 (S)a

L. monocytogenes Food isolate 30 min 500 (S) >6.1 [148]

L. monocytogenes 20 environmental and food
isolates

5 min 30–60 (P) � 5.0 [40]

L. monocytogenes LO28 5 min 0.6b (S) � 5.0 [116]

P. gingivalis ATCC 53978 5 min 6,000 (S) 8.6 [88]

P. aeruginosa ATCC 15442 5 min 6,300 (S) � 5.0 [13]

P. aeruginosa NCTC 6570 5 min 2,500 (S) � 5.0 [21]

10 min 1,000 (S) � 5.0

P. aeruginosa 20 clinical strains 5 min 1,000 (P) 6.2 [50]

15 min 100 (P) 0.4

P. aeruginosa ATCC 15442 5 min 512 (S)a � 8.0 [141]

256 (S)a

128 (S)a

P. aeruginosa ATCC 27853 30 min 500 (S) 1.3 [148]

P. aeruginosa NCTC 6749 2 min 5 (P)b � 5.0 [36]

10 min 5 (P)b

S. Typhimurium ATCC 14028 30 min 500 (S) 4.1 [148]

S. enteritidis Chicken isolate 10, 30
and
60 min

400 (P) 4.0–5.0 [95]

300 (P) 2.9–5.0

200 (P) 2.2–4.0

S. enteritidis ATCC 13076 5 min 512 (S)a � 8.0 [141]

256 (S)a

128 (S)a

S. sonnei Food isolate 30 min 500 (S) >6.3 [148]

S. aureus ATCC 29213 30 min 25,000 (S) � 5.0 [160]

S. aureus ATCC 6538 5 min 6,300 (S) � 5.0 [13]

S. aureus NCTC 4163 5 min 2,500 (S) � 5.0 [21]

10 min 1,000 (S)

S. aureus ATCC 6538 5 min 512 (S)a � 8.0 [141]

256 (S)a

128 (S)a

S. aureus ATCC 25923 30 min 500 (S) 4.8 [148]
(continued)
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8.3.1.3 Activity Against Bacteria in Biofilms
The bactericidal activity of sodium hypochlorite against bacteria in biofilms is
summarized in Table 8.5.

At 10 mg/l, sodium hypochlorite has only poor activity against bacterial cells in
biofilms. At 100 mg/l, it reduces bacterial cells against the majority of selected
species by 4.0 log within 30 min (B. cepacia, E. hirae, E. coli, M. morganii,
P. aeruginosa, S. aureus), whereas the effect is low within a 30 s exposure time
(E. coli, L. monocytogenes, S. Typhimurium) or a 5 min exposure time (S. Enteritidis,
S. aureus) or against MRSA in biofilm [131]. At 10,000 mg/l, a good bactericidal
activity was found within 30 min against E. coli and E. faecalis but not against

Table 8.3 (continued)

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

S. aureus Strain DFSN_B26 (cheese
derived)

6 min 450 (S) 3.5 [168]

350 (S) 2.8

250 (S) 1.7

S. aureus Human isolate 10, 30
and
60 min

400 (P) 1.8–5.0 [95]

300 (P) 2.1–3.2

200 (P) 0.7–2.3

S. aureus NCTC 4163 2 min 12.5 (P)b � 5.0 [36]

10 min 10 (P)b

S. epidermidis ATCC 12228 30 min 500 (S) 6.3 [148]

S. maltophilia 2 clinical strains 5 min 1,000 (P) 0.0 [50]

15 min 100 (P) 0.2

S. mutans NCTC 10449 5 min 48,000 (S) 5.4 [88]

30,000 (S)

6,000 (S)

V. cholerae Strain C6706 30 min 500 (S) >6.4 [148]

V. parahaemolyticus Strain NY477 30 min 500 (S) >6.2 [148]

V. parahaemolyticus ATCC 2210001 30 s 35b (S) � 5.0 [139]

V. vulnificus Strain LA M624 30 min 500 (S) >6.3 [148]

V. vulnificus Strain KCTC 2962 30 s 35c (S) � 5.0 [139]

Y. enterocolitica Strain 8081 30 min 500 (S) >6.8 [148]

Mixed anaerobic
species

A. actinomycetemcomitans
ATCC 43718, A. viscosus
DSMZ 43798, F.
nucleatum ATCC 10953,
P. gingivalis ATCC 33277,
V. atypica ATCC 17744
and S. gordonii ATCC
33399

30 s 500 (S) 7.5 [44]

P commercial product; S solution; avegetative cell form; bfree chlorine; cwith organic load
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P. aeruginosa and S. aureus. Sodium hypochlorite at 52,500 mg/l was bactericidal
against E. faecalis biofilm bacteria within 30 min unless the biofilm was mature (3 w)
and prepared in dental root canals, or it was used from in dental unit waterlines
(mixed biofilm) (Table 8.5).

Overall, the susceptibility of bacteria in biofilms to sodium hypochlorite seems
to be variable, especially when compared to the data obtained with planktonic cells
(Table 8.3). Some studies suggest a higher resistance of biofilm cells. P. marginalis
cells grown for 24 at 30 °C in a biofilm were described to be 9.2 times less
susceptible to sodium hypochlorite compared to planktonic cells. When the cells
were grown in biofilm for 48 h, they were even 13.5 times less susceptible [96].
These findings are supported by data showing that the eradication of biofilm cells of
P. aeruginosa by sodium hypochlorite required much longer time than that of
planktonic cells in suspensions [157]. A 24 h biofilm on polystyrene microtiter
plates grown by eight strains of P. aeruginosa was quite susceptible to sodium

Table 8.4 MBC values of various bacterial species to sodium hypochlorite (5 min exposure
time)

Species Strains/isolates MBC
value
(mg/l)

References

E. faecalis ATCC 29212 1,562–
25,000

[163]

E. coli 74 isolates from food contact surfaces 2,031–
4,063

[77]

Klebsiella spp. 30 isolates from food contact surfaces 1,016–
2,031

[77]

L. monocytogenes ATCC 19112, ATCC 19113, ATCC 19114,
ATCC 19115, ATCC 19116, ATCC 19117,
ATCC 19118, ATCC 7644, ATCC 13992

512 [63]

P. aeruginosa 31 isolates from burns 15–30 [37]

Salmonella spp. 11 strains (untreated wastewater)
10 strains (treated wastewater)

34 ± 9a

41 ± 14a
[53]

S. aureus 56 isolates (QAC tolerant) 4–32b [103]

S. aureus 12 isolates from burns 15–60 [37]

S. aureus 42 clinical MRSA isolates 16–128 [123]

S. aureus ATCC 6538 and 12 isolates from fishery products 600–
900c

[166]

S. aureus 22 isolates from food contact surfaces 2,031–
4,063

[77]

S. epidermidis 65 isolates from food contact surfaces 2,031–
4,063

[77]

S. pseudintermedius 12 methicillin-resistant isolates from canine skin 1,922c [134]

S. pyogenes 5 isolates from burns 4–15 [37]
aMean with stdev; bavailable chlorine; c30-min exposure time
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hypochlorite requiring concentrations between 350 and 500 mg/l to achieve a
bactericidal effect in 60 min [133].

The reduced efficacy of hypochlorite against bacteria in biofilms is partly
explained by a transport limitation of the biocide into the biofilm as shown with E.
aerogenes [155]. In a non-typable H. influenzae biofilm, it was shown that resis-
tance to sodium hypochlorite is mediated to a large part by the cohesive and
protective properties of the biofilm matrix [76]. Tests with E. coli CIP 54127
obtained from culture on tryptic soy agar or in the form of biofilms showed a great
impairment of bactericidal activity of sodium hypochlorite against biofilm cells.
The reduction in sensitivity was attributed to a reduced accessibility of the bacterial
cells to the disinfectants, due to the fact that the former adhered to a support [128].
Finally, biofilm treated with sodium hypochlorite may still serve as a bacterial
reservoir. Sodium hypochlorite at 10,000 mg/l applied for up to 1 h to biofilm of S.
Typhimurium, E. coli, S. mutans or B. fragilis on glass or rubber carrier was not
effective enough to prevent survival of the S. Typhimurium on rubber (1 h) and S.
mutans on glass (30 min) [169].

Compared to MBC values obtained with planktonic cells (Table 8.4), the min-
imum bactericidal concentration of sodium hypochlorite against selected biofilm
cells was much higher with >65,000 mg/l (Table 8.6).

Microbial persistence has been described for various species despite treatment of
biofilms with sodium hypochlorite. S. aureus, for example, was reduced by sodium
hypochlorite in biofilm by 7.0 log. Staining of residual biofilm showed that live S.
aureus cells remained with approximately 0.8% of the initial biofilm bacteria [4].
A polymicrobial biofilm from infected root canals (3 w incubation on teeth) was
treated with a solution of 25,000 mg/l sodium hypochlorite for 3 min. A proportion
of 4.3% viable cells remained in the biofilm [145]. A low number of survivors (1.3
log) was also described with C. jejuni in biofilm for 6 of 30 strains from chicken
carcasses after exposure to 10,000 mg/l sodium hypochlorite for 24 h [114]. L.
pneumophila may also survive in low numbers for 28 d in the presence of chlorine
at up to 0.4 mg/l. Immediately after exposure to 50 mg/l chlorine for 1 h, the
biofilms yielded no recoverable colonies, but colonies did reappear in low numbers
over the following days. Despite chlorination at 50 mg/l for 1 h, both one- and
two-month-old L. pneumophila biofilms were able to survive this treatment and to
continue to grow, ultimately exceeding 106 cfu per disc [38].

Bacterial persistence after sodium hypochlorite exposure followed by outgrowth
of the survivors from the biofilm may increase the level of antibiotic resistance

Table 8.6 MBC values for sodium hypochlorite solutions (5 min exposure time) obtained with
bacterial cells from biofilms

Species Strains/isolates MBC value (mg/l) References

E. coli 74 isolates from food contact surfaces >65,000a [77]

Klebsiella spp. 30 isolates from food contact surfaces >65,000a [77]

S. aureus 22 isolates from food contact surfaces >65,000a [77]

S. epidermidis 65 isolates from food contact surfaces >65,000a [77]
aFree chlorine
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genes in water. When ciprofloxacin was exposed to 1 mg/l sodium hypochlorite in
drinking water distribution systems, the piperazine ring was destroyed by chlori-
nation. Correspondingly, specific antibiotic resistance genes such as mexA and
qnrS increased in effluents, while qnrA and qnrB increased in biofilms indicating
growth of these bacterial genera by transformation of ciprofloxacin chlorination
products in drinking water distribution systems [171].

8.3.1.4 Bactericidal Activity in Carrier Tests
A low concentration of sodium hypochlorite (0.6 mg/l free chlorine) was able to
reduce L. monocytogenes (strain LO28) within 5 min by 3.5–4.0 log, depending on
the type of carrier [116]. When S. aureus was placed on a glass cup carrier and
exposed to 5,500 mg/l sodium hypochlorite, a log reduction of >6.0 was found
after 1 min [19]. In a quantitative carrier test, sodium hypochlorite (500 mg/l) was
effective against S. aureus and P. aeruginosa with a single application and within
the drying time of 3 min [132]. On surfaces, it was found with five bacterial species
that a concentration of 512 mg/l is necessary to achieve a log reduction between 2.0
(P. aeruginosa) or 5.0 (L. monocytogenes) within 5 min [141].

Wipes based on 0.55% sodium hypochlorite and 0.94% sodium hypochlorite
(both 10 min application time) were effective to reduce Y. pseudotuberculosis
(ATCC 6902), S. aureus (ATCC 6538) and B. thailandensis (ATCC 700388) cells
from a pulse oximeter sensor [122]. According to ASTM E 2967, the efficacy of
disinfectant wipes soaked with sodium hypochlorite (1000 mg/l active chlorine) was
determined on stainless steel carriers contaminated with S. aureus (ATCC 6538) or
A. baumannii (ATCC 19568). With a 10 s wipe the bacterial load was reduced by at
least 7.0 log, the control wipe without the disinfectant yielded a 3.0 log reduction.
From none of the disinfected surfaces, a transfer of the test organism to another
sterile surface was observed [149]. Against L. innocua and L. monocytogenes,
sodium hypochlorite at 60 mg/l was very effective within 1 min in a carrier test
with >5.0 log; in the presence of serum, however, the effect was marginal with
2.0 log [16].

8.3.1.5 Bactericidal Activity in Other Applications
Sodium hypochlorite at 10,000 mg/l was quite effective within 1 min for disinfec-
tion of titanium implants contaminated with S. sanguinis or S. epidermidis [28]. The
substance was also very effective at 52,500 mg/l against S. aureus, P. aeruginosa,
group D Streptococcus and B. subtilis within 5 min for disinfection of dentures
[144]. Infected root canals from teeth with apical periodontitis were irrigated with
25,000 mg/l sodium hypochlorite. The mean bacterial cells count was reduced by
2.5 log with 6 of 16 canals yielding negative cultures [152]. The efficacy of
42,000 mg/l sodium hypochlorite against E. faecalis in root canals (5 min exposure
time) was best at a pH value of 6.5 compared to equivalent solutions at pH values of
7.5 and 12 [115]. In swimming pool water, sodium hypochlorite with 1 mg/l active
chlorine showed good bactericidal activity within 10 min against P. aeruginosa
(� 3.9 log), E. coli (� 4.2 log), S. aureus (� 3.9 log) and L. pneumophila (� 3.9
log) [23].
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8.3.2 Fungicidal Activity

8.3.2.1 Fungistatic Activity (MIC Values)
The majority of MIC values for Candida spp. Aspergillus spp., Penicillum spp.,
Mucor spp., Rhizopus spp. and Trichoderma spp. is 2,048 mg/l sodium
hypochlorite or lower (Table 8.7). For C. albicans, an epidemiologic cut-off value
of 8,200 mg/l active chlorine has been proposed to determine resistance to sodium
hypochlorite [121]. Most C. albicans isolates described in Table 8.7 would have to
be regarded as susceptible to sodium hypochlorite. For other fungal species, no
such cut-off value is currently available.

Table 8.7 MIC values for different fungal species obtained with sodium hypochlorite

Species Strains/isolates MIC value
(mg/l)

References

A. flavus 7 isolates from surfaces in a
veterinary hospital

40–160 [110]

A. flavus 3 clinical, 3 airborne and 2 food
isolates

512–2,048 [83]

A. fumigatus 9 isolates from surfaces in a
veterinary hospital

40–160 [110]

A. fumigatus 6 clinical and 14 airborne isolates 128–2,048 [83]

A. niger 2 isolates from surfaces in a
veterinary hospital

40–160 [110]

A. niger 2 airborne and 2 food isolates 256–512 [83]

A. ochraceus 2 food isolates 1,024–2,048 [83]

C. albicans Not described 0.025–0.05 [98]

C. albicans Not described <10 [57]

C. albicans Strain USP 562 1,000 [54]

C. albicans Not described 1,620 [176]

C. albicans 200 worldwide strains from hospital-
and community-acquired infections

2,000–16,000a [121]

C. albicans ATCC 90028 3,125 [11]

C. glabrata Not described 0.0125–0.05 [98]

C. krusei Not described 0.0125–0.025 [98]

C. tropicalis Not described 0.025–0.05 [98]

Candida spp. 9 strains 312–1,250 [58]

Mucor spp. 2 clinical and 1 food isolates 512–2,048 [83]

P. aurantiogriseum Food isolate 256 [83]

P. citrinum 15 airborne isolates 128–2,048 [83]

P. crysogenum 14 airborne isolates 128–2,048 [83]

P. expansum Apple isolate 1,000a [167]

P. paneum 2 food isolates 512 [83]

P. roquefortii 4 food isolates 256 [83]

Rhizopus spp. 2 clinical and 1 food isolate 512–2,048 [83]

Trichoderma spp. Food isolate 1,024 [83]
aActive chlorine
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8.3.2.2 Fungicidal Activity (Suspension Tests)
C. albicans was reduced by at least 4.0 log with sodium hypochlorite at 1,000 mg/l
in 5 min. A higher concentration was necessary against Cryptococcus
spp. (3,800 mg/l), conidia, food-related yeasts or ascospores (30,000 mg/l)
although few species of the latter group were not killed in a sufficient level such as
M. ruber and P. commune (Table 8.8). Against food-associated fungi, the efficacy
is variable. Some authors confirm that the effect of sodium hypochlorite is
increasing with higher concentrations (5,000–20,000 mg/l) and that it has a quite
strong activity against moulds in up to 36 min [90].

Table 8.8 Fungicidal activity of sodium hypochlorite in suspension tests

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

A. flavus Bread isolate 10 min 30,000 (P) 4.3 [27]

A. niger Bread isolate 10 min 30,000 (P) >5.2 [27]

A. ochraceus 2 clinical isolates 15 min 10,000 (S)a � 4.0 [70]

A. versicolor 2 cheese isolates 10 min 30,000 (P) >4.5 [27]

C. albicans NCPF 3179 5 min 48,000 (S) 4.4 [88]

30,000 (S)

6,000 (S)

C. albicans ATCC 10231 5 min 25,000 (S) � 5.0 [160]

C. albicans 1 human and 1
environmental isolate

5 min 3,800 (S) >7.0 [158]

C. albicans ATCC 10231 and one
clinical isolate

5 min 1,000 (P) � 4.6 [120]

C. auris NCPF 8971, NCPF
8977, NCPF 8984,
NCPF 8985

5 min 1,000 (P) � 4.7 [120]

Candida spp. 3 clinical isolates (C.
albicans, C. krusei, C.
parapsilosis)

15 min 10,000 (S)a � 4.0 [70]

C. neoformans 1 clinical isolate 5 min 3,800 (S) >7.0 [158]

C. uniguttulatus 1 clinical isolate 5 min 3,800 (S) >7.0 [158]

Cladosporium
spp.

Bread isolate 10 min 30,000 (P) >4.1 [27]

D. hansenii Cheese isolate 10 min 30,000 (P) >4.5 [27]

E. repens Bread factory isolate 10 min 30,000 (P) >4.5 [27]

H. burtonii Bread isolate 10 min 30,000 (P) >5.2 [27]

M. ruber Bread isolate 10 min 30,000 (P) 2.9 [27]

M. suaveolens Bread isolate 10 min 30,000 (P) >4.5 [27]

N. pseudofischeri Cherry filling isolate 10 min 30,000 (P) 4.0 [27]

P. anomala Bread isolate 10 min 30,000 (P) >5.2 [27]

P. caseifulvum Cheese isolate 10 min 30,000 (P) >4.9 [27]

P. chrysogenum Cheese isolate 10 min 30,000 (P) >5.2 [27]
(continued)
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8.3.2.3 Activity Against Fungi in Biofilms
The overall fungicidal activity of sodium hypochlorite at 8 to 3,800 mg/l against
fungal cells in biofilms is poor (<1.0 log) as shown with C. albicans and other
yeasts. On selected dental materials, the efficacy of 5,000 or 20,000 mg/l sodium
hypochlorite is better with log reductions between 1.5 and 3.3. Some studies
suggest a good effect at 52,500 mg/l against C. albicans in biofilms (Table 8.9).

The biofilm may also serve as a viral reservoir despite treatment with sodium
hypochlorite. In a C. albicans biofilm, it was shown that viruses such as the herpes
simplex virus type 1 and the coxsackievirus B5 can be embedded in biofilm, and
infectious virus can be released again from biofilm without damaging it. In addition,
the fungal biofilm reduces virus sensitivity to sodium hypochlorite (1:400 for
30 min) [112].

8.3.2.4 Fungicidal Activity in Carrier Tests
When spores of T. mentagrophytes are placed on a glass cup carrier and exposed to
5,500 mg/l sodium hypochlorite, a log reduction of at least 5.0 is found after 1 min
[19]. Against 4 clinical isolates of C. auris, C. albicans ATCC 10231 and

Table 8.8 (continued)

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

P. commune 2 cheese and 1 bread
isolates

10 min 30,000 (P) 1.7–5.2 [27]

P. corylophilum Bread isolate 10 min 30,000 (P) >4.8 [27]

P. crustosum Cheese isolate 10 min 30,000 (P) >5.2 [27]

P. discolor Cheese isolate 10 min 30,000 (P) >5.2 [27]

P. nalgiovense 2 cheese isolates 10 min 30,000 (P) >4.2 [27]

P. norvegensis Cheese isolate 10 min 30,000 (P) >5.9 [27]

P. roqueforti 2 bread isolates 10 min 30,000 (P) >5.2 [27]

P. solitum Cheese isolate 10 min 30,000 (P) >4.8 [27]

P. verrucosum Cheese isolate 10 min 30,000 (P) >4.2 [27]

R. rubra 1 clinical isolate 5 min 3,800 (S) >7.0 [158]

S. brevicaulis Cheese isolate 10 min 30,000 (P) >4.2 [27]

T. delbrueckii Cheese isolate 10 min 30,000 (P) >4.8 [27]

Mixed species Environmental isolates
(R. rubra, C. albicans,
C. uniguttulatus)

5 min 3,800 (S) � 6.0 [158]

Mixed species Clinical isolates
(R. rubra, C. albicans,
C. neoformans)

5 min 3,800 (S) � 6.0 [158]

P commercial product; S solution; afree chlorine
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C. glabrata ATCC 2001, sodium hypochlorite (1,000 mg/l for 5 min) lead to a
significant reduction on contaminated cellulose matrix (3.2–6.0 log), stainless steel
(1.9–2.7 log) and polyester coverslips (1.0–2.0 log). The yeasticidal activity was
only better on polyester coverslips (3.2–4.1 log) either when it was applied for
10 min or when the concentration was increased to 10,000 mg/l [86].

8.3.2.5 Fungicidal Activity in Other Applications
Sodium hypochlorite at 10,000 mg/l was quite effective within 1 min for disin-
fection of titanium implants contaminated with C. albicans [28]. When C. albicans
is allowed to adhere to soft denture lining material for 2.5 h, immersion of the
contaminated and carefully washed material in a solution of 10,000 mg/l sodium
hypochlorite reduces the number of adherent cells significantly [25]. In swimming
pool water, sodium hypochlorite with 1 mg/l active chlorine showed good efficacy
within 10 min against C. albicans (� 3.0 log) [23].

8.3.3 Mycobactericidal Activity

8.3.3.1 Mycobactericidal Activity (Suspension Tests)
Sodium hypochlorite is effective against M. smegmatis at 6 mg/l in 1 min. M.
tuberculosis and M. bovis, however, are less susceptible to sodium hypochlorite so
that a concentration of 1,000 mg/l is needed against the two species with a 20 min
exposure time. But even higher concentrations such as 6,000 or 10,000 mg/l are not
sufficiently effective within 1 min against M. tuberculosis (Table 8.10). In the
presence of organic load such as sputum, sodium hypochlorite at 50,000 and
30,000 mg/l was able to completely inactivate M. tuberculosis within 5 min,
10,000 mg/l sodium hypochlorite required longer exposure times [6].

8.3.3.2 Activity Against Mycobacteria in Biofilms
One study with M. phlei indicates that the susceptibility of biofilm-grown cells to
sodium hypochlorite is lower (MBEC: 125 mg/l in 30 min) compared to planktonic
cells (MBC: 63 mg/l in 30 min) [15]. When M. avium biofilm is allowed to form on
copper or iron water pipes, exposure to 0.3 or 0.6 mg/l free chlorine from sodium
hypochlorite lowered M. avium levels on copper pipes to 0.2–0.4 CFU per cm2 but
not on iron pipes (5.5–5.9 CFU per cm2) [127]. The presence of biofilms in
heater-cooler units was associated with persistence of M. chimaera leading to
invasive infections after open cardiac surgery [170]. Biofilms appear to support
mycobacterial growth and protect the organism, which makes reliable disinfection
of colonized water systems difficult to achieve. Sodium hypochlorite was only able
to eliminate M. chimaera during full system decontamination when used weekly in
addition to other measures [64].
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8.3.3.3 Mycobactericidal Activity in Carrier Tests
M. smegmatis is susceptible to 100 mg/l sodium hypochlorite in carrier tests within
1 min. M. bovis requires a higher concentration (5,000 mg/l) for a 5.0 log reduc-
tion. Sodium hypochlorite at >10,000 mg/l was not sufficiently effective against M.
tuberculosis within 1 min (Table 8.11).

Table 8.10 Mycobactericidal activity of products or solutions based on sodium hypochlorite in
suspension tests

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

M. bovis ATCC 35743 20 min 1,000a (P) � 6.0b [146]

100a (P) <6.0

M. smegmatis Strain TMC 1515 1 min 100a (S) >6.0 [17]

60a (S) >6.0

6a (S) >5.0

M. tuberculosis Strain H37Rv 1 min 10,000a (S) 3.0–3.1 [18]

M. tuberculosis Strain H37Rv 1 min 6,000a (S) 2.4–2.7 [18]

M. tuberculosis
complex

10 multidrug-resistant
and 10 sensitive strains

10 min 5,000a (S) >7.9 [113]

1,000a (S) 4.4

M. tuberculosis 1 clinical isolate 20 min 1,000a (P) � 5.0 [146]

100a (P) <5.0

S solution; P commercial product; aavailable chlorine; b1 of 10 experiments <6.0

Table 8.11 Mycobactericidal activity of solutions (S) based on sodium hypochlorite in carrier
tests

Species Strain/isolate Exposure
time

Concentration
(mg/l)

log10
reduction

References

M. bovis ATCC
35743

1 min 5,000a (S) >5.0 [19]

M. smegmatis Strain TMC
1515

1 min 100a (S) 5.0–6.0 [17]

60a (S) 4.0–6.0

6a (S) 2.0–3.0

M. tuberculosis Strain
H37Rv

1 min 10,000a (S) 3.2 [18]

M. tuberculosis Strain
H37Rv

1 min 6,000a (S) 2.1 [18]

aavailable chlorine per ml
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8.4 Effect of Low-Level Exposure

The effect of exposing micro-organisms to low levels of sodium hypochlorite has
been studied extensively. The results are summarized in Table 8.12.

In C. coli and some strains of E. coli, L. monocytogenes and S. enterica, no
change of susceptibility was found. But other strains of the same species showed
changes.

When E. coli is exposed to sublethal concentrations of sodium hypochlorite,
various effects can be observed. The susceptibility to sodium hypochlorite may be
weakly reduced (1.7-fold stable increase in MIC), the VBNC cellular state may be
strongly induced including an enhanced persistence of the VBNC cells in the
presence of nine typical antibiotics at 16 to 256 x MIC, and a cross-tolerance to
sodium nitrite and hydrogen peroxide may be found. At 0.3–0.5 mg/l, a decrease in
conjugative plasmid transfer has been described (Table 8.12). Adapted E. coli cells
change shape from rod-shaped to coccoid-shaped; outer cell layer changed from
undulating and rough to smooth similar to viable but not culturable cells [32].

In some L. monocytogenes strains, the tolerance to sodium hypochlorite
can weakly increase (2-fold stable increase in MIC) after low-level exposure. In
adapted strains, a cross-tolerance to benzalkonium chloride, another quaternary
ammonium compound and alkylamine can be detected. Virulence gene expression
has been reduced by low-level exposure (Table 8.12). The changes of adapted
L. monocytogenes cell are illustrated in Fig. 8.1.

The results described with different Salmonella spp. are conflicting. Two studies
indicated an increase in the MIC up to 3.5-fold with an associated strain-dependant
increase in antibiotic resistance or an increase in biofilm formation. Another study
found that previous exposure to sodium hypochlorite makes the surviving cells
more susceptible to the biocidal agents explained by an increase in cell permeability
(Table 8.12).

Biofilm production was enhanced in strains of E. coli, S. Typhimurium and
MRSA and impaired in E. faecalis (Table 8.12). In addition, the transfer of the
mobile genetic element Tn916, a conjugative transposon and the prototype of a
large family of related elements, was not increased in B. subtilis cells by exposure
to 1,250 mg/l sodium hypochlorite for up to 2 h [150]. Finally, the catheter exit
sites of patients with continuous ambulatory peritoneal dialysis were sampled over
at least 6 months. Thirteen CNS isolates were sampled from patients using sodium
hypochlorite as disinfectant. No development of tolerance was found [97].
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8.5 Resistance to Sodium Hypochlorite

Resistance to sodium hypochlorite is very uncommon. A comparison with the
proposed epidemiologic cut-off values based on an analysis of MIC values from
3,319 clinical isolates indicates that isolates from clinical specimen and from
food processing and animals are usually susceptible to sodium hypochlorite with
MIC values below 4,100 mg/l active chlorine (Enterobacter spp., Salmonella
spp., S. aureus) or 8,200 mg/l active chlorine (E. faecium, E. faecalis, E. coli,
K. pneumoniae) [121]. The majority of MIC values summarized in Table 8.2
indicate susceptibility of the bacterial species to sodium hypochlorite based on the
proposed break points.

AMethylobacterium spp. isolate was described to resist exposure to 10,000 mg/l
sodium hypochlorite (5 min) with a log reduction of 0.0 [22]. And a R. erythropolis
isolate was insufficiently reduced by the same type of exposure with 4.5 log [22].

Fig. 8.1 Scanning electron micrographs (a) and transmission electron micrographs (b) of L.
monocytogenes strains (ATCC 19112). O-strain represents original strains grown in TSB without
disinfectant. T-strain represents strains adapted to chloramines-T. Na-strain represents strains
adapted to sodium hypochlorite [63]; Reprinted from Food Control, Volume number 46, Authors
Gao H and Liu C, Biochemical and morphological alteration of Listeria monocytogenes under
environmental stress caused by chloramine-T and sodium hypochlorite, pp. 455–461, Copyright
2014, with permission from Elsevier
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From Turkey, a VRE strain and an ESBL K. pneumoniae strain were found to be
“resistant” to 5,500 mg/l sodium hypochlorite [59]. The proposed epidemiological
break point, however, is for both species 8,200 mg/l active chlorine suggesting that
a bactericidal effect should still be expected [121].

Some species may survive treatment with a rather low concentration of sodium
hypochlorite. In 2014, surfaces and air were sampled in a hospital in Beirut for
bacterial contamination. A total of 104 bacterial isolates were obtained. The efficacy
of a disinfectant based on sodium hypochlorite was tested in a concentration as
recommended by the manufacturer claiming a bactericidal activity (500 mg/l active
chlorine). In 5.8% of the samples, bacterial growth was observed in the presence of
the biocidal agent with the highest rates among bacilli (25.0%) and S. aureus
(20.1%) [79].

8.5.1 Resistance Mechanisms

It is assumed that resistance to hypochlorite, as shown in E. coli, is largely mediated
by genes involved in resistance to hydrogen peroxide or is induced by hydrogen
peroxide stress, supporting the idea that similar reactive oxygen species are gen-
erated in vivo by both reactants [49].

8.5.2 Resistance Genes

8.5.2.1 Sodium Hypochlorite Resistance Genes
No specific sodium hypochlorite resistance genes have been identified so far.

8.5.2.2 Effect of Sodium Hypochlorite on Antibiotic Resistance
Genes

A weak reduction of antibiotic resistance genes or plasmids (mostly � 1.0 log) by
exposure of various species to sodium hypochlorite has been described. When
wastewater was treated with 10 mg/l free chlorine, E. coli could be reduced by 4.9
log in 3 min. Three antibiotic resistance genes (sul1, blaTEM, blaCTX-M) were
reduced significantly but only by 0.8–0.9 log. The antibiotic resistance plasmid
pB10 from an E. coli strain was also reduced by 1.0 log in artificial wastewater by
exposure to 10 mg/l free chlorine for 15 min [130]. The effect of the same treatment
on a somatic coliphage in wastewater showed a reduction by at least 1.0 log in
30 min. The antibiotic resistance genes were not significantly reduced (0.2–0.6 log)
indicating that the prevalence of antibiotic resistance genes, particularly in the
bacteriophage fraction, poses the threat of the spread of antibiotic resistance
genes and their incorporation into a new bacterial background that could lead to
the emergence of new resistant clones [30]. Similar findings were reported
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with tetracycline-resistant bacterial species such as Acinetobacter, Aeromonas,
Chryseobacterium, E. coli, Pseudomonas and Serratia. The bacterial cells were
reduced by at least 5.0 log when exposed for 10 min to 0.5 mg/l. The tet(W) gene,
however, was mostly reduced by 0.0–0.9 log immediately after exposure to the
disinfectant except for Acinetobacter (1.8 log) and Chryseobacterium (4.0 log). In
Chryseobacterium, the tet(W) concentration increased again after 24 h [156]. In
wastewater treatment, a higher concentration of active chlorine (range: 2–32 mg/l)
decreases the abundance of antibiotic resistance genes linearly [178].

8.6 Cross-Tolerance to Other Biocidal Agents

A cross-adaptation to benzalkonium chloride, another quaternary ammonium
compound and alkylamine has been described in two L. monocytogenes isolates
from a freezer at a meat plant exposed to sodium hypochlorite for 2 h followed by
another 24 h resulting in a lower susceptibility to sodium hypochlorite (up to 2-fold
increase in MIC) [105]. E. coli ATCC 12806 showed cross-adaptation with sodium
nitrite in addition to a reduced susceptibility to sodium hypochlorite (1.7-fold
increase in MIC) after several passages with gradually higher concentrations of
sodium hypochlorite [5]. And induction of protection against hydrogen peroxide
was described in E. coli K12 after low-level sodium hypochlorite exposure. An
increased tolerance to sodium hypochlorite, however, was not described [49].

8.7 Cross-Tolerance to Antibiotics

In 1,632 clinical S. aureus isolates, no correlation of susceptibility profiles was
found to sodium hypochlorite and any clinically relevant antibiotic [129]. Some
adapted Gram-negative bacterial species, however, have occasionally developed an
associated resistance to specific antibiotics. It is particularly interesting that E. coli
was found to be viable but non-culturable after low-level exposure to sodium
hypochlorite and that the same adapted cells were able to better persist in the
presence of various antibiotics (Table 8.13).

When surviving bacteria after drinking water chlorination with sodium
hypochlorite were evaluated, 22 genera including members of Paenibacillus,
Burkholderia, Escherichia, Sphingomonas and Dermacoccus species were isolated
with weak but significant cross-tolerance between chlorine and tetracycline, sul-
phamethoxazole and amoxicillin but not ciprofloxacin suggesting that
chlorine-tolerant bacteria are more likely to also be antibiotic resistant [87].
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8.8 Role of Biofilm

8.8.1 Effect on Biofilm Development

In the majority of species, sodium hypochlorite is capable to stimulate biofilm
production. In MRSA, it was found that sublethal concentrations of sodium
hypochlorite can markedly enhance biofilm formation [29]. In E. coli ATCC 12806,
exposure to gradually higher concentrations of sodium hypochlorite increased the
ability to form biofilm [32]. And in a S. Typhimurium poultry isolate, previous
adaptation to sodium hypochlorite enhanced biofilm formation 2.6-fold [31].

In five human isolates of E. faecalis, however, biofilm production was reduced
by low-level sodium hypochlorite exposure in four isolates and enhanced in one
isolate [173]. Against various yeasts, sodium hypochlorite inhibited biofilm for-
mation at 1,250 mg/l (5 strains of C. orthopsilosis) or 2,500 mg/l (C. albicans,
strain SC 5314; 5 strains of C. parapsilosis sensu strictu) [137].

Table 8.13 Associated tolerance or resistance to antibiotics in bacterial species with a reduced
susceptibility to sodium hypochlorite

Species Strains/isolates Associated tolerance or resistance References

E. coli VBNC cell state after
low-level exposure to
sodium hypochlorite

Improved persistencea to ampicillin,
gentamicin, polymyxin,
ciprofloxacin, terramycin,
tetracycline, rifampicin,
clarithromycin and chloromycetin

[101]

S. Anatum Adapted poultry isolate Resistanceb to gentamicin [119]

S. Enteritidis Adapted poultry isolate Resistanceb to ceftazidime [119]

S. Hadar Adapted poultry isolate Resistanceb to amikacin, ampicillin,
chloramphenicol and nitrofurantoin

[119]

S. Infantis Adapted poultry isolate Resistanceb to gentamicin,
ceftazidime, amikacin, tobramycin,
cefoxitin and tetracycline

[119]

S. Kentucky Adapted poultry isolate Resistanceb to amikacin and
ampicillin/sulbactam

[119]

S. Thompson Adapted poultry isolate Resistanceb to gentamicin,
ceftazidime, tobramycin, cefoxitin,
cefazolin and nalidixic acid

[119]

S.
Thyphimurium

Adapted poultry isolate Resistanceb to amikacin, tobramycin,
cefazolin, cefotaxime

[119]

S. Virchow Adapted poultry isolate Resistanceb to teicoplanin [119]

Salmonella
spp.

Adapted poultry
isolate (strain 1,4,
[5],12:i-)

Resistanceb to gentamicin,
nitrofurantoin, cephalothin, cefepime
and enrofloxacin

[119]

aVBNC cells remained viable at antibiotic concentrations of 16 to 256 x MIC; bdisk diffusion test

8.8 Role of Biofilm 195



8.8.2 Effect on Biofilm Removal

Sodium hypochlorite has some biofilm removal capacity in single-species biofilms
(Table 8.14). The removal rate is higher in young biofilms (e.g. 57–62%) and lower
in mature biofilms (e.g. � 30%) as shown with C. krusei and P. aeruginosa.
A stronger biofilm removal is seen with longer exposure times as demonstrated with
S. aureus or P. aeruginosa (Table 8.14).

Table 8.14 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
solutions based on sodium hypochlorite

Type of biofilm Concentration
(mg/l)

Exposure
time

Biofilm removal rate References

A. acidoterrestris DSMZ 3922
biofilm on stainless steel, nylon and
PVC surfaces

1,000 (S) 10 min Partial removal [48]

B. cenocepacia LMG 18828, 4-h
adhesion and 20-h incubation in
polystyrene microtitre plates

3,000 (S) 5 min 82% [135]

1,000 (S) 65%

500 (S) 58%

C. albicans ATCC 90028, 24-h
incubation on acrylic resin
specimens

20,000 (P) 5 min Significant reduction
(removal of the
majority of biofilm
cells)

[41]

10,000 (P) 10 min

C. krusei (apple juice processing
isolate), incubation for 1–4 d

500a (S) 5 min 57–62% (1 d) [24]

57–62% (2 d)

39–46% (3 d)

� 30% (4 d)

E. faecalis ATCC 19433 biofilm,
10-d incubation of apical canal
models

25,000 (S) 30 sb 44% [118]

P. aeruginosa ATCC 19142
biofilm, 6-d incubation on stainless
steel or aluminium

25,000c (S) 5 min “complete removal” [46]

P. aeruginosa ATCC 19142
biofilm, 12-d incubation on
stainless steel or aluminium

25,000c (S) 5 min “complete removal” [46]

P. aeruginosa ATCC 19142
biofilm, 18-d incubation on
stainless steel or aluminium

25,000c (S) 5 min “traces of
carbohydrates
remained on steel”

[46]

P. aeruginosa ATCC 700928, 24-h
incubation in microplates

10,000 (S) 1 min 66% [161]

5 min 76%

15 min 91%

30 min 85%

60 min 92%

P. aeruginosa biofilm strain PA01,
24-h on 96-well plates

10,000 (S) 1 min 9% [91]

5 min 38%

15 min 61%

30 min 84%

60 min 83%
(continued)
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Multispecies natural biofilms with multiple species seem to be almost impossible
to remove by exposure to sodium hypochlorite, even at 52,500 mg/l (Table 8.14).
When, however, dentures were repeatedly treated with 1,000 or 2,000 mg/l sodium
hypochlorite for 20 min per day for 14 days, significantly lower biofilm coverage
was found compared to saline treatment indicating partial biofilm removal [10].
Based on the data of Table 8.14, it seems impossible to define a minimum sodium
hypochlorite concentration and exposure time resulting in a consistent biofilm
removal rate >90%.

Table 8.14 (continued)

Type of biofilm Concentration
(mg/l)

Exposure
time

Biofilm removal rate References

P. aeruginosa (8 dairy isolates
exhibiting high biofilm formation,
24-h incubation in microtiter plates)

650–800 (S) 5 min “eradication” [133]

500–750 (S) 15 min

450–600 (S) 30 min

350–500 (S) 60 min

S. aureus ATCC 6538, 72-h
incubation in microplates

10,000 (S) 1 min 0% [161]

5 min 21%

15 min 45%

30 min 54%

60 min 55%

S. aureus biofilm ATCC 6538, 24-h
incubation on 96-well plates

10,000 (S) 1 min 0% [91]

5 min 14%

15 min 51%

30 min 76%

60 min 50%

S. aureus (MRSA) strain ST 239,
18-h incubation in polystyrene
microtiter plates

10,000a (S) 30 min “complete removal” [7]

S. aureus ATCC 25923 dry surface
biofilm, 12-d incubation on
polycarbonate coupons

1,000–20,000
(S)

10 min � 90% [4]

Mixed species in a natural biofilm
from dental unit waterlines

52,500 (S) 2 d “no effective biofilm
removal”

[99]

Mixed species in root canals from
human mandibular premolars

25,500 (P) 1 minb No biofilm removal [35]

Mixed species (S. gordonii ATCC
10558, P. gingivalis ATCC 33277,
T. forsythia ATCC 43037, F.
nucleatum ATCC 25586,
A. naeslundii ATCC 12104, and
P. micra ATCC 33270), 4-d
incubation in 96-well plates

9,500 (S) 1 h No biofilm removal [82]

aActive chlorine; birrigation; cplus 0.25% hydrogen peroxide
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8.8.3 Effect on Biofilm Fixation

No studies were found describing a fixation potential by sodium hypochlorite. On the
contrary, sodium hypochlorite weakened the biofilm mechanical stability to some
extent in P. fluorescens ATCC 13525 grown for 7 d on stainless steel, e.g. by 35% at
50 mg/l, by 55% at 200 mg/l, by 63% at 300 mg/l and by 65% at 500 mg/l [151].

8.9 Summary

The principal antimicrobial activity of sodium hypochlorite is summarized in
Table 8.15.

The key findings on acquired resistance and cross-resistance including the role
of biofilm in selecting resistant isolates are summarized in Table 8.16.

Table 8.15 Overview on the typical exposure times required for sodium hypochlorite to achieve
sufficient biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration
(mg/l)

Exposure
time (min)

Bacteria Most clinically relevant species 5,000 30a

Fungi C. albicans 1,000 5a

Other mainly food-associated fungi
(except M. ruber and P. commune)

30,000 10

Mycobacteria M. smegmatis 6 1

M. tuberculosis 1,000 10

M. bovis 1,000 20
aIn biofilm the efficacy will be lower

Table 8.16 Key findings on acquired sodium hypochlorite resistance, the effect of low-level
exposure, cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC values None

Insufficient efficacy in
suspension tests

Methylobacterium spp. Possibly intrinsic resistance

R. erythropolis Possibly intrinsic resistance

Proposed MIC value
to determine
resistance

C. albicans 8,200 mg/la

Enterobacter spp. 4,100 mg/la

E. faecium 8,200 mg/la

E. faecalis 8,200 mg/la

E. coli 8,200 mg/la

K. pneumoniae 8,200 mg/la

Salmonella spp. 4,100 mg/la

S. aureus 4,100 mg/la

(continued)
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Table 8.16 (continued)

Parameter Species Findings

Cross-tolerance
biocides

E. coli Sodium nitrite, hydrogen peroxide

L. monocytogenes Benzalkonium chloride, another quaternary
ammonium compound, alkylamine

Cross-tolerance
antibiotics

S. aureus No correlation

Salmonella
spp. (9 species)

Resistance in some adapted isolates to various
antibiotics incl. gentamicin, ceftazidime and
tobramycin

Resistance
mechanisms

E. coli Genes involved in resistance to hydrogen
peroxide

Effect of low-level
exposure

C. coli, E. coli, L.
monocytogenes, S.
enterica

No MIC increase

E. coli, L.
monocytogenes, S.
enterica

Weak MIC increase (� 4-fold)

None Strong MIC increase (>4-fold)

E. coli, S.
Typhimurium, MRSA

Increase in biofilm formation

E. faecalis Decrease in biofilm formation

E. coli VBNC state with enhanced antibiotic
tolerance

L. monocytogenes Reduced virulence gene expression

E. coli Reduced plasmid transfer

B. subtilis No increase in transposon Tn916 transfer

E. coli Cross-tolerance to sodium nitrite and
hydrogen peroxide

L. monocytogenes Cross-tolerance to benzalkonium chloride,
another quaternary ammonium compound and
alkylamine

Biofilm Development Increase in E. coli, MRSA, S. Typhimurium

Inhibition in E. faecalis, Candida spp.

Removal Variable (0–100% removal)

No removal in mixed natural biofilms

Fixation Unknown
aActive chlorine

8.9 Summary 199



References

1. Aarnisalo K, Lundén J, Korkeala H, Wirtanen G (2007) Susceptibility of Listeria
monocytogenes strains to disinfectants and chlorinated alkaline cleaners at cold tempera-
tures. LWT Food Sci Technol 40(6):1041–1048

2. Akamatsu T, Tabata K, Hironga M, Kawakami H, Uyeda M (1996) Transmission of
Helicobacter pylori infection via flexible fiberoptic endoscopy. Am J Infect Control 24
(5):396–401

3. Akhtar M, Maserati A, Diez-Gonzalez F, Sampedro F (2016) Does antibiotic resistance
influence shiga-toxigenic Escherichia coli O26 and O103 survival to stress environments?
Food Control 68:330–336. https://doi.org/10.1016/j.foodcont.2016.04.011

4. Almatroudi A, Gosbell IB, Hu H, Jensen SO, Espedido BA, Tahir S, Glasbey TO, Legge P,
Whiteley G, Deva A, Vickery K (2016) Staphylococcus aureus dry-surface biofilms are not
killed by sodium hypochlorite: implications for infection control. J Hosp Infect 93(3):263–
270. https://doi.org/10.1016/j.jhin.2016.03.020

5. Alonso-Calleja C, Guerrero-Ramos E, Alonso-Hernando A, Capita R (2015) Adaptation and
cross-adaptation of Escherichia coli ATCC 12806 to several food-grade biocides. Food
Control 56(Supplement C):86–94. https://doi.org/10.1016/j.foodcont.2015.03.012

6. Antony T, Srikanth P, Edwin B (2014) Mycobactericidal activity of various concentrations
of bleach. Indian J Tuberc 61(3):257–260

7. Aparecida Guimaraes M, Rocchetto Coelho L, Rodrigues Souza R, Ferreira-Carvalho BT,
Marie Sa Figueiredo A (2012) Impact of biocides on biofilm formation by
methicillin-resistant Staphylococcus aureus (ST239-SCCmecIII) isolates. Microbiol Immu-
nol 56(3):203–207. https://doi.org/10.1111/j.1348-0421.2011.00423.x

8. Arias-Moliz MT, Ordinola-Zapata R, Baca P, Ruiz-Linares M, Garcia Garcia E, Hungaro
Duarte MA, Monteiro Bramante C, Ferrer-Luque CM (2015) Antimicrobial activity of
Chlorhexidine, Peracetic acid and Sodium hypochlorite/etidronate irrigant solutions against
Enterococcus faecalis biofilms. Int Endod J 48(12):1188–1193. https://doi.org/10.1111/iej.
12424

9. Arioli S, Elli M, Ricci G, Mora D (2013) Assessment of the susceptibility of lactic acid
bacteria to biocides. Int J Food Microbiol 163(1):1–5. https://doi.org/10.1016/j.ijfoodmicro.
2013.02.002

10. Arruda CNF, Salles MM, Badaro MM, de Cassia Oliveira V, Macedo AP, Silva-Lovato CH,
de Freitas Oliveira Paranhos H (2017) Effect of sodium hypochlorite and Ricinus communis
solutions on control of denture biofilm: a randomized crossover clinical trial. J Prosthet Dent
117(6):729–734. https://doi.org/10.1016/j.prosdent.2016.08.035

11. Arslan S, Ozbilge H, Kaya EG, Er O (2011) In vitro antimicrobial activity of propolis,
BioPure MTAD, sodium hypochlorite, and chlorhexidine on Enterococcus faecalis and
Candida albicans. Saudi Med J 32(5):479–483

12. Ashok R, Ganesh A, Deivanayagam K (2017) Bactericidal effect of different anti-microbial
agents on Fusobacterium nucleatum biofilm. Cureus 9(6):e1335. https://doi.org/10.7759/
cureus.1335

13. Avrain L, Allain L, Vernozy-Rozand C, Kempf I (2003) Disinfectant susceptibility testing of
avian and swine Campylobacter isolates by a filtration method. Vet Microbiol 96(1):35–40

14. Ban GH, Kang DH (2016) Effect of sanitizer combined with steam heating on the
inactivation of foodborne pathogens in a biofilm on stainless steel. Food Microbiol 55:47–
54. https://doi.org/10.1016/j.fm.2015.11.003

15. Bardouniotis E, Huddleston W, Ceri H, Olson ME (2001) Characterization of biofilm growth
and biocide susceptibility testing of Mycobacterium phlei using the MBEC assay system.
FEMS Microbiol Lett 203(2):263–267

16. Best M, Kennedy ME, Coates F (1990) Efficacy of a variety of disinfectants against Listeria
spp. Appl Environ Microbiol 56(2):377–380

200 8 Sodium Hypochlorite

http://dx.doi.org/10.1016/j.foodcont.2016.04.011
http://dx.doi.org/10.1016/j.jhin.2016.03.020
http://dx.doi.org/10.1016/j.foodcont.2015.03.012
http://dx.doi.org/10.1111/j.1348-0421.2011.00423.x
http://dx.doi.org/10.1111/iej.12424
http://dx.doi.org/10.1111/iej.12424
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.02.002
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.02.002
http://dx.doi.org/10.1016/j.prosdent.2016.08.035
http://dx.doi.org/10.7759/cureus.1335
http://dx.doi.org/10.7759/cureus.1335
http://dx.doi.org/10.1016/j.fm.2015.11.003


17. Best M, Sattar SA, Springthorpe VS, Kennedy ME (1988) Comparative mycobactericidal
efficacy of chemical disinfectants in suspension and carrier tests. Appl Environ Microbiol
54:2856–2858

18. Best M, Sattar SA, Springthorpe VS, Kennedy ME (1990) Efficacies of selected disinfectants
against Mycobacterium tuberculosis. J Clin Microbiol 28(10):2234–2239

19. Best M, Springthorpe VS, Sattar SA (1994) Feasibility of a combined carrier test for
disinfectants: studies with a mixture of five types of microorganisms. Am J Infect Control 22
(3):152–162

20. Bhatia M, Mishra B, Thakur A, Dogra V, Loomba PS (2017) Evaluation of susceptibility of
glycopeptide-resistant and glycopeptide-sensitive enterococci to commonly used biocides in
a super-speciality hospital: a pilot study. J Nat Sci, Biol, Med 8(2):199–202. https://doi.org/
10.4103/0976-9668.210010

21. Bloomfield SF, Miller EA (1989) A comparison of hypochlorite and phenolic disinfectants
for disinfection of clean and soiled surfaces and blood spillages. J Hosp Infect 13(3):231–
239

22. Bore E, Langsrud S (2005) Characterization of micro-organisms isolated from dairy industry
after cleaning and fogging disinfection with alkyl amine and peracetic acid. J Appl Microbiol
98(1):96–105. https://doi.org/10.1111/j.1365-2672.2004.02436.x

23. Borgmann-Strahsen R (2003) Comparative assessment of deferent biocides in swimming
pool water. Int Biodeter Biodegr 51(4):291–297

24. Brugnoni LI, Cubitto MA, Lozano JE (2012) Candida krusei development on turbulent flow
regimes: Biofilm formation and efficiency of cleaning and disinfection program. J Food Eng
111(4):546–552. https://doi.org/10.1016/j.jfoodeng.2012.03.023

25. Buergers R, Rosentritt M, Schneider-Brachert W, Behr M, Handel G, Hahnel S (2008)
Efficacy of denture disinfection methods in controlling Candida albicans colonization
in vitro. Acta Odontol Scand 66(3):174–180. https://doi.org/10.1080/00016350802165614

26. Bukhary S, Balto H (2017) Antibacterial efficacy of Octenisept, Alexidine, Chlorhexidine,
and Sodium Hypochlorite against Enterococcus faecalis Biofilms. J Endod 43(4):643–647.
https://doi.org/10.1016/j.joen.2016.09.013

27. Bundgaard-Nielsen K, Nielsen PV (1996) Fungicidal effect of 15 disinfectants against 25
fungal contaminants commonly found in bread and cheese manufacturing. J Food Prot 59
(3):268–275

28. Burgers R, Witecy C, Hahnel S, Gosau M (2012) The effect of various topical
peri-implantitis antiseptics on Staphylococcus epidermidis, Candida albicans, and Strepto-
coccus sanguinis. Arch Oral Biol 57(7):940–947. https://doi.org/10.1016/j.archoralbio.2012.
01.015

29. Buzón-Durán L, Alonso-Calleja C, Riesco-Peláez F, Capita R (2017) Effect of
sub-inhibitory concentrations of biocides on the architecture and viability of MRSA
biofilms. Food Microbiol 65(Supplement C):294–301. https://doi.org/10.1016/j.fm.2017.01.
003

30. Calero-Caceres W, Muniesa M (2016) Persistence of naturally occurring antibiotic resistance
genes in the bacteria and bacteriophage fractions of wastewater. Water Res 95:11–18. https://
doi.org/10.1016/j.watres.2016.03.006

31. Capita R, Buzon-Duran L, Riesco-Pelaez F, Alonso-Calleja C (2017) Effect of Sub-lethal
concentrations of biocides on the structural parameters and viability of the biofilms formed
by Salmonella Typhimurium. Foodborne Pathog Dis 14(6):350–356. https://doi.org/10.
1089/fpd.2016.2241

32. Capita R, Riesco-Pelaez F, Alonso-Hernando A, Alonso-Calleja C (2014) Exposure of
Escherichia coli ATCC 12806 to sublethal concentrations of food-grade biocides influences
its ability to form biofilm, resistance to antimicrobials, and ultrastructure. Appl Environ
Microbiol 80(4):1268–1280. https://doi.org/10.1128/aem.02283-13

References 201

http://dx.doi.org/10.4103/0976-9668.210010
http://dx.doi.org/10.4103/0976-9668.210010
http://dx.doi.org/10.1111/j.1365-2672.2004.02436.x
http://dx.doi.org/10.1016/j.jfoodeng.2012.03.023
http://dx.doi.org/10.1080/00016350802165614
http://dx.doi.org/10.1016/j.joen.2016.09.013
http://dx.doi.org/10.1016/j.archoralbio.2012.01.015
http://dx.doi.org/10.1016/j.archoralbio.2012.01.015
http://dx.doi.org/10.1016/j.fm.2017.01.003
http://dx.doi.org/10.1016/j.fm.2017.01.003
http://dx.doi.org/10.1016/j.watres.2016.03.006
http://dx.doi.org/10.1016/j.watres.2016.03.006
http://dx.doi.org/10.1089/fpd.2016.2241
http://dx.doi.org/10.1089/fpd.2016.2241
http://dx.doi.org/10.1128/aem.02283-13


33. Chamakura K, Perez-Ballestero R, Luo Z, Bashir S, Liu J (2011) Comparison of bactericidal
activities of silver nanoparticles with common chemical disinfectants. Colloids Surf B 84
(1):88–96. https://doi.org/10.1016/j.colsurfb.2010.12.020

34. Christo JE, Zilm PS, Sullivan T, Cathro PR (2016) Efficacy of low concentrations of sodium
hypochlorite and low-powered Er, Cr:YSGG laser activated irrigation against an Entero-
coccus faecalis biofilm. Int Endod J 49(3):279–286. https://doi.org/10.1111/iej.12447

35. Coaguila-Llerena H, Stefanini da Silva V, Tanomaru-Filho M, Guerreiro Tanomaru JM,
Faria G (2018) Cleaning capacity of octenidine as root canal irrigant: a scanning electron
microscopy study. Microsc Res Tech. https://doi.org/10.1002/jemt.23007

36. Coates D (1985) A comparison of sodium hypochlorite and sodium dichloroisocyanurate
products. J Hosp Infect 6(1):31–40

37. Coetzee E, Whitelaw A, Kahn D, Rode H (2012) The use of topical, un-buffered sodium
hypochlorite in the management of burn wound infection. Burns: J Int Soc Burn Injuries 38
(4):529–533. https://doi.org/10.1016/j.burns.2011.10.008

38. Cooper IR, Hanlon GW (2010) Resistance of Legionella pneumophila serotype 1 biofilms to
chlorine-based disinfection. J Hosp Infect 74(2):152–159. https://doi.org/10.1016/j.jhin.
2009.07.005

39. Corcoran M, Morris D, De Lappe N, O’Connor J, Lalor P, Dockery P, Cormican M (2014)
Commonly used disinfectants fail to eradicate Salmonella enterica biofilms from food
contact surface materials. Appl Environ Microbiol 80(4):1507–1514. https://doi.org/10.
1128/aem.03109-13

40. Cruz CD, Fletcher GC (2012) Assessing manufacturers’ recommended concentrations of
commercial sanitizers on inactivation of Listeria monocytogenes. Food Control 26(1):194–
199. https://doi.org/10.1016/j.foodcont.2012.01.041

41. da Silva PM, Acosta EJ, Pinto Lde R, Graeff M, Spolidorio DM, Almeida RS, Porto VC
(2011) Microscopical analysis of Candida albicans biofilms on heat-polymerised acrylic
resin after chlorhexidine gluconate and sodium hypochlorite treatments. Mycoses 54(6):
e712–e717. https://doi.org/10.1111/j.1439-0507.2010.02005.x [doi]

42. de Freitas Fernandes FS, Pereira-Cenci T, da Silva WJ, Filho AP, Straioto FG, Del Bel
Cury AA (2011) Efficacy of denture cleansers on Candida spp. biofilm formed on polyamide
and polymethyl methacrylate resins. J Prosthet Dent 105(1):51–58

43. de Souza EL, Meira QG, de Medeiros Barbosa I, Athayde AJ, da Conceicao ML, de Siqueira
Junior JP (2014) Biofilm formation by Staphylococcus aureus from food contact surfaces in
a meat-based broth and sensitivity to sanitizers. Braz J Microbiol: [Publication of the
Brazilian Society for Microbiology] 45(1):67–75

44. Decker EM, Bartha V, Kopunic A, von Ohle C (2017) Antimicrobial efficiency of
mouthrinses versus and in combination with different photodynamic therapies on periodontal
pathogens in an experimental study. J Periodontal Res 52(2):162–175. https://doi.org/10.
1111/jre.12379

45. Degrossoli A, Muller A, Xie K, Schneider JF, Bader V, Winklhofer KF, Meyer AJ,
Leichert LI (2018) Neutrophil-generated HOCl leads to non-specific thiol oxidation in
phagocytized bacteria. eLife 7. https://doi.org/10.7554/elife.32288

46. DeQueiroz GA, Day DF (2007) Antimicrobial activity and effectiveness of a combination of
sodium hypochlorite and hydrogen peroxide in killing and removing Pseudomonas
aeruginosa biofilms from surfaces. J Appl Microbiol 103(4):794–802. https://doi.org/10.
1111/j.1365-2672.2007.03299.x

47. Dominciano LCC, Oliveira CAF, Lee SH, Corassin CH (2016) Individual and combined
antimicrobial activity of Oleuropein and chemical sanitizers. J Food Chem Nanotechnol 2
(3):124–127

48. dos Anjos MM, Ruiz SP, Nakamura CV, de Abreu Filho BA (2013) Resistance of
Alicyclobacillus acidoterrestris spores and biofilm to industrial sanitizers. J Food Prot 76
(8):1408–1413. https://doi.org/10.4315/0362-028x.jfp-13-020

202 8 Sodium Hypochlorite

http://dx.doi.org/10.1016/j.colsurfb.2010.12.020
http://dx.doi.org/10.1111/iej.12447
http://dx.doi.org/10.1002/jemt.23007
http://dx.doi.org/10.1016/j.burns.2011.10.008
http://dx.doi.org/10.1016/j.jhin.2009.07.005
http://dx.doi.org/10.1016/j.jhin.2009.07.005
http://dx.doi.org/10.1128/aem.03109-13
http://dx.doi.org/10.1128/aem.03109-13
http://dx.doi.org/10.1016/j.foodcont.2012.01.041
http://dx.doi.org/10.1111/j.1439-0507.2010.02005.x
http://dx.doi.org/10.1111/jre.12379
http://dx.doi.org/10.1111/jre.12379
http://dx.doi.org/10.7554/elife.32288
http://dx.doi.org/10.1111/j.1365-2672.2007.03299.x
http://dx.doi.org/10.1111/j.1365-2672.2007.03299.x
http://dx.doi.org/10.4315/0362-028x.jfp-13-020


49. Dukan S, Touati D (1996) Hypochlorous acid stress in Escherichia coli: resistance, DNA
damage, and comparison with hydrogen peroxide stress. J Bacteriol 178(21):6145–6150

50. Ekizoglu MT, Özalp M, Sultan N, Gür D (2003) An investigation of the bactericidal effect of
certain antiseptics and disinfectants on some hospital isolates of gram-negative bacteria.
Infect Control Hosp Epidemiol 24(3):225–227

51. Eldeniz AU, Guneser MB, Akbulut MB (2015) Comparative antifungal efficacy of
light-activated disinfection and octenidine hydrochloride with contemporary endodontic
irrigants. Lasers Med Sci 30(2):669–675. https://doi.org/10.1007/s10103-013-1387-1

52. Elli M, Arioli S, Guglielmetti S, Mora D (2013) Biocide susceptibility in bifidobacteria of
human origin. J Glob Antimicrob Res 1(2):97–101. https://doi.org/10.1016/j.jgar.2013.03.
007

53. Espigares E, Bueno A, Espigares M, Galvez R (2006) Isolation of Salmonella serotypes in
wastewater and effluent: effect of treatment and potential risk. Int J Hyg Environ Health 209
(1):103–107. https://doi.org/10.1016/j.ijheh.2005.08.006

54. Estrela CR, Estrela C, Reis C, Bammann LL, Pecora JD (2003) Control of microorganisms
in vitro by endodontic irrigants. Braz Dent J 14(3):187–192

55. European Chemicals Agency (ECHA) Sodium hypochlorite. Substance information. https://
echa.europa.eu/substance-information/-/substanceinfo/100.028.790. Accessed 27 Oct 2017

56. Fatemi P, Frank JF (1999) Inactivation of Listeria monocytogenes/Pseudomonas biofilms by
peracid sanitizers. J Food Prot 62(7):761–765

57. Ferguson JW, Hatton JF, Gillespie MJ (2002) Effectiveness of intracanal irrigants and
medications against the yeast Candida albicans. J Endod 28(2):68–71. https://doi.org/10.
1097/00004770-200202000-00004

58. Ferreira GLS, Rosalen PL, Peixoto LR, Perez A, Carlo FGC, Castellano LRC, Lima JM,
Freires IA, Lima EO, Castro RD (2017) Antibiofilm activity and mechanism of action of the
disinfectant chloramine T on Candida spp., and Its toxicity against human cells. Molecules
(Basel, Switzerland) 22(9). https://doi.org/10.3390/molecules22091527

59. Ficici SE, Durmaz G, Ilhan S, Akgun Y, Kosgeroglu N (2002) Bactericidal effects of
commonly used antiseptics/disinfectants on nosocomial bacterial pathogens and the
relationship between antibacterial and biocide resistance. Mikrobiyoloji Bul 36(3–4):
259–269

60. Fidalgo SG, Longbottom CJ, Rjley TV (2002) Susceptibility of Erysipelothrix rhusiopathiae
to antimicrobial agents and home disinfectants. Pathology 34(5):462–465

61. Frough-Reyhani M, Ghasemi N, Soroush-Barhaghi M, Amini M, Gholizadeh Y (2016)
Antimicrobial efficacy of different concentration of sodium hypochlorite on the biofilm of
Enterococcus faecalis at different stages of development. J Clin Exp Dent 8(5):e480–e484.
https://doi.org/10.4317/jced.53158

62. Fu Y, Deering AJ, Bhunia AK, Yao Y (2017) Biofilm of Escherichia coli O157:H7 on
cantaloupe surface is resistant to lauroyl arginate ethyl and sodium hypochlorite. Int J Food
Microbiol 260:11–16. https://doi.org/10.1016/j.ijfoodmicro.2017.08.008

63. Gao H, Liu C (2014) Biochemical and morphological alteration of Listeria monocytogenes
under environmental stress caused by chloramine-T and sodium hypochlorite. Food Control
46(Supplement C):455–461. https://doi.org/10.1016/j.foodcont.2014.05.016

64. Garvey MI, Ashford R, Bradley CW, Bradley CR, Martin TA, Walker J, Jumaa P (2016)
Decontamination of heater-cooler units associated with contamination by atypical
mycobacteria. J Hosp Infect 93(3):229–234. https://doi.org/10.1016/j.jhin.2016.02.007

65. Ghivari SB, Bhattacharya H, Bhat KG, Pujar MA (2017) Antimicrobial activity of root canal
irrigants against biofilm forming pathogens- An in vitro study. J Conservative Dent: JCD 20
(3):147–151. https://doi.org/10.4103/jcd.jcd_38_16

66. Gkana EN, Giaouris ED, Doulgeraki AI, Kathariou S, Nychas GJE (2017) Biofilm formation
by Salmonella Typhimurium and Staphylococcus aureus on stainless steel under either
mono- or dual-species multi-strain conditions and resistance of sessile communities to

References 203

http://dx.doi.org/10.1007/s10103-013-1387-1
http://dx.doi.org/10.1016/j.jgar.2013.03.007
http://dx.doi.org/10.1016/j.jgar.2013.03.007
http://dx.doi.org/10.1016/j.ijheh.2005.08.006
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.790
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.790
http://dx.doi.org/10.1097/00004770-200202000-00004
http://dx.doi.org/10.1097/00004770-200202000-00004
http://dx.doi.org/10.3390/molecules22091527
http://dx.doi.org/10.4317/jced.53158
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.08.008
http://dx.doi.org/10.1016/j.foodcont.2014.05.016
http://dx.doi.org/10.1016/j.jhin.2016.02.007
http://dx.doi.org/10.4103/jcd.jcd_38_16


sub-lethal chemical disinfection. Food Control 73(Part B):838–846. https://doi.org/10.1016/
j.foodcont.2016.09.038

67. Gomes IB, Simoes M, Simoes LC (2016) The effects of sodium hypochlorite against
selected drinking water-isolated bacteria in planktonic and sessile states. Sci Total Environ
565:40–48. https://doi.org/10.1016/j.scitotenv.2016.04.136

68. Gosau M, Hahnel S, Schwarz F, Gerlach T, Reichert TE, Burgers R (2010) Effect of six
different peri-implantitis disinfection methods on in vivo human oral biofilm. Clin Oral
Implant Res 21(8):866–872. https://doi.org/10.1111/j.1600-0501.2009.01908.x

69. Guneser MB, Akbulut MB, Eldeniz AU (2016) Antibacterial effect of
chlorhexidine-cetrimide combination, Salvia officinalis plant extract and octenidine in
comparison with conventional endodontic irrigants. Dent Mater J 35(5):736–741. https://doi.
org/10.4012/dmj.2015-159

70. Gupta AK, Ahmad I, Summerbell RC (2002) Fungicidal activities of commonly used
disinfectants and antifungal pharmaceutical spray preparations against clinical strains of
Aspergillus and Candida species. Med Mycol 40(2):201–208

71. Gutierrez-Martin CB, Yubero S, Martinez S, Frandoloso R, Rodriguez-Ferri EF (2011)
Evaluation of efficacy of several disinfectants against Campylobacter jejuni strains by a
suspension test. Res Vet Sci 91(3):e44–e47. https://doi.org/10.1016/j.rvsc.2011.01.020

72. Hahnel S, Rosentritt M, Burgers R, Handel G, Lang R (2012) Candida albicans biofilm
formation on soft denture liners and efficacy of cleaning protocols. Gerodontology 29(2):
e383–e391. https://doi.org/10.1111/j.1741-2358.2011.00485.x

73. Hoffman PN, Death JE, DC (1981) The stability of sodium hypochlorite solutions. In:
Collins CH, Allwood MC, Bloomfield SF, Fox A (eds) Disinfectants: their use and
evaluation of effectiveness. Academic Press, London, pp 77–83

74. Iniguez-Moreno M, Avila-Novoa MG, Iniguez-Moreno E, Guerrero-Medina PJ,
Gutierrez-Lomeli M (2017) Antimicrobial activity of disinfectants commonly used in the
food industry in Mexico. J Glob Antimicrob Res 10:143–147. https://doi.org/10.1016/j.jgar.
2017.05.013

75. Italy (2017) Assessment report. Active chlorine released from sodium hypochlorite.
Product-type 2.

76. Izano EA, Shah SM, Kaplan JB (2009) Intercellular adhesion and biocide resistance in
nontypeable Haemophilus influenzae biofilms. Microb Pathog 46(4):207–213. https://doi.
org/10.1016/j.micpath.2009.01.004

77. Jaglic Z, Červinková D, Vlková H, Michu E, Kunová G, Babák V (2012) Bacterial biofilms
resist oxidising agents due to the presence of organic matter. Czech J Food Sci 30(2):
178–187

78. Jayahari NK, Niranjan NT, Kanaparthy A (2014) The efficacy of passion fruit juice as an
endodontic irrigant compared with sodium hypochlorite solution: an in vitro study. J Invest
Clin Dent 5(2):154–160. https://doi.org/10.1111/jicd.12023

79. Jomha MY, Yusef H, Holail H (2014) Antimicrobial and biocide resistance of bacteria in a
Lebanese tertiary care hospital. J Glob Ant Res 2(4):299–305. https://doi.org/10.1016/j.jgar.
2014.09.001

80. Joy Sinha D, K DSN, Jaiswal N, Vasudeva A, Prabha Tyagi S, Pratap Singh U (2017)
Antibacterial effect of Azadirachta indica (Neem) or Curcuma longa (Turmeric) against
Enterococcus faecalis compared with that of 5% sodium hypochlorite or 2% chlorhexidine
in vitro. Bull Tokyo Dent Coll 58(2):103–109

81. Juncker JC (2017) COMMISSION IMPLEMENTING REGULATION (EU) 2017/1273 of
14 July 2017 approving active chlorine released from sodium hypochlorite as an existing
active substance for use in biocidal products of product-types 1, 2, 3, 4 and 5. Off J Eur
Union 60(L 184):13–16

82. Jurczyk K, Nietzsche S, Ender C, Sculean A, Eick S (2016) In-vitro activity of
sodium-hypochlorite gel on bacteria associated with periodontitis. Clin Oral Invest 20
(8):2165–2173. https://doi.org/10.1007/s00784-016-1711-9

204 8 Sodium Hypochlorite

http://dx.doi.org/10.1016/j.foodcont.2016.09.038
http://dx.doi.org/10.1016/j.foodcont.2016.09.038
http://dx.doi.org/10.1016/j.scitotenv.2016.04.136
http://dx.doi.org/10.1111/j.1600-0501.2009.01908.x
http://dx.doi.org/10.4012/dmj.2015-159
http://dx.doi.org/10.4012/dmj.2015-159
http://dx.doi.org/10.1016/j.rvsc.2011.01.020
http://dx.doi.org/10.1111/j.1741-2358.2011.00485.x
http://dx.doi.org/10.1016/j.jgar.2017.05.013
http://dx.doi.org/10.1016/j.jgar.2017.05.013
http://dx.doi.org/10.1016/j.micpath.2009.01.004
http://dx.doi.org/10.1016/j.micpath.2009.01.004
http://dx.doi.org/10.1111/jicd.12023
http://dx.doi.org/10.1016/j.jgar.2014.09.001
http://dx.doi.org/10.1016/j.jgar.2014.09.001
http://dx.doi.org/10.1007/s00784-016-1711-9


83. Kalkanci A, Elli M, Adil Fouad A, Yesilyurt E, Jabban Khalil I (2015) Assessment of
susceptibility of mould isolates towards biocides. Journal de mycologie medicale 25(4):280–
286. https://doi.org/10.1016/j.mycmed.2015.08.001

84. Kastbjerg VG, Gram L (2012) Industrial disinfectants do not select for resistance in Listeria
monocytogenes following long term exposure. Int J Food Microbiol 160(1):11–15. https://
doi.org/10.1016/j.ijfoodmicro.2012.09.009

85. Kastbjerg VG, Larsen MH, Gram L, Ingmer H (2010) Influence of sublethal concentrations
of common disinfectants on expression of virulence genes in Listeria monocytogenes. Appl
Environ Microbiol 76(1):303–309. https://doi.org/10.1128/aem.00925-09

86. Kean R, Sherry L, Townsend E, McKloud E, Short B, Akinbobola A, Mackay WG,
Williams C, Jones BL, Ramage G (2018) Surface disinfection challenges for Candida auris:
an in-vitro study. J Hosp Infect 98(4):433–436. https://doi.org/10.1016/j.jhin.2017.11.015

87. Khan S, Beattie TK, Knapp CW (2016) Relationship between antibiotic- and
disinfectant-resistance profiles in bacteria harvested from tap water. Chemosphere
152:132–141. https://doi.org/10.1016/j.chemosphere.2016.02.086

88. Kiesow A, Sarembe S, Pizzey RL, Axe AS, Bradshaw DJ (2016) Material compatibility and
antimicrobial activity of consumer products commonly used to clean dentures. J Prosthet
Dent 115 (2):189–198.e188. https://doi.org/10.1016/j.prosdent.2015.08.010

89. Koban I, Geisel MH, Holtfreter B, Jablonowski L, Hubner NO, Matthes R, Masur K,
Weltmann KD, Kramer A, Kocher T (2013) Synergistic effects of nonthermal plasma and
disinfecting agents against dental biofilms in vitro. ISRN Dent 2013:573262. https://doi.org/
10.1155/2013/573262

90. Korukluoglu M, Sahan Y, Yigit A (2006) The fungicidal efficacy of various commercial
disinfectants used in the food industry. Ann Microbiol 56(4):325–330

91. Köse H, Yapar N (2017) The comparison of various disinfectants’ efficacy on Staphylococcus
aureus and Pseudomonas aeruginosa biofilm layers. Turkish J Med Sci 47(4):1287–1294

92. Kostaki M, Chorianopoulos N, Braxou E, Nychas GJ, Giaouris E (2012) Differential biofilm
formation and chemical disinfection resistance of sessile cells of Listeria monocytogenes
strains under monospecies and dual-species (with Salmonella enterica) conditions. Appl
Environ Microbiol 78(8):2586–2595. https://doi.org/10.1128/aem.07099-11

93. Kramer A, Dissemond J, Kim S, Willy C, Mayer D, Papke R, Tuchmann F, Assadian O
(2017) Consensus on wound antisepsis: update 2018. Skin Pharmacol Physiol 31(1):28–58.
https://doi.org/10.1159/000481545

94. Kubota H, Senda S, Tokuda H, Uchiyama H, Nomura N (2009) Stress resistance of biofilm
and planktonic Lactobacillus plantarum subsp. plantarum JCM 1149. Food Microbiol 26
(6):592–597. https://doi.org/10.1016/j.fm.2009.04.001

95. Kusumaningrum HD, Paltinaite R, Koomen AJ, Hazeleger WC, Rombouts FM, Beumer RR
(2003) Tolerance of Salmonella Enteritidis and Staphylococcus aureus to surface cleaning
and household bleach. J Food Prot 66(12):2289–2295

96. Lagace L, Jacques M, Mafu AA, Roy D (2006) Biofilm formation and biocides sensitivity of
Pseudomonas marginalis isolated from a maple sap collection system. J Food Prot 69
(10):2411–2416

97. Lanker Klossner B, Widmer HR, Frey F (1997) Nondevelopment of resistance by bacteria
during hospital use of povidone-iodine. Dermatology (Basel, Switzerland) 195(Suppl 2):10–
13. https://doi.org/10.1159/000246024

98. Leung CY, Chan YC, Samaranayake LP, Seneviratne CJ (2012) Biocide resistance of
Candida and Escherichia coli biofilms is associated with higher antioxidative capacities.
J Hosp Infect 81(2):79–86. https://doi.org/10.1016/j.jhin.2011.09.014

99. Liaqat I, Sabri AN (2008) Effect of biocides on biofilm bacteria from dental unit water lines.
Curr Microbiol 56(6):619–624. https://doi.org/10.1007/s00284-008-9136-6

100. Lin F, Xu Y, Chang Y, Liu C, Jia X, Ling B (2017) Molecular characterization of reduced
susceptibility to biocides in clinical isolates of Acinetobacter baumannii. Front Microbiol
8:1836. https://doi.org/10.3389/fmicb.2017.01836

References 205

http://dx.doi.org/10.1016/j.mycmed.2015.08.001
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.09.009
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.09.009
http://dx.doi.org/10.1128/aem.00925-09
http://dx.doi.org/10.1016/j.jhin.2017.11.015
http://dx.doi.org/10.1016/j.chemosphere.2016.02.086
http://dx.doi.org/10.1016/j.prosdent.2015.08.010
http://dx.doi.org/10.1155/2013/573262
http://dx.doi.org/10.1155/2013/573262
http://dx.doi.org/10.1128/aem.07099-11
http://dx.doi.org/10.1159/000481545
http://dx.doi.org/10.1016/j.fm.2009.04.001
http://dx.doi.org/10.1159/000246024
http://dx.doi.org/10.1016/j.jhin.2011.09.014
http://dx.doi.org/10.1007/s00284-008-9136-6
http://dx.doi.org/10.3389/fmicb.2017.01836


101. Lin H, Ye C, Chen S, Zhang S, Yu X (2017) Viable but non-culturable E. coli induced by
low level chlorination have higher persistence to antibiotics than their culturable
counterparts. Environ Poll (Barking, Essex: 1987) 230:242–249. https://doi.org/10.1016/j.
envpol.2017.06.047

102. Lin W, Li S, Zhang S, Yu X (2016) Reduction in horizontal transfer of conjugative plasmid
by UV irradiation and low-level chlorination. Water Res 91(Supplement C):331–338. https://
doi.org/10.1016/j.watres.2016.01.020

103. Liu Q, Liu M, Wu Q, Li C, Zhou T, Ni Y (2009) Sensitivities to biocides and distribution of
biocide resistance genes in quaternary ammonium compound tolerant Staphylococcus aureus
isolated in a teaching hospital. Scand J Infect Dis 41(6–7):403–409. https://doi.org/10.1080/
00365540902856545

104. Locker J, Fitzgerald P, Sharp D (2014) Antibacterial validation of electrogenerated
hypochlorite using carbon-based electrodes. Lett Appl Microbiol 59(6):636–641. https://doi.
org/10.1111/lam.12324

105. Lunden J, Autio T, Markkula A, Hellstrom S, Korkeala H (2003) Adaptive and
cross-adaptive responses of persistent and non-persistent Listeria monocytogenes strains
to disinfectants. Int J Food Microbiol 82(3):265–272

106. Luppens SB, Reij MW, van der Heijden RW, Rombouts FM, Abee T (2002) Development
of a standard test to assess the resistance of Staphylococcus aureus biofilm cells to
disinfectants. Appl Environ Microbiol 68(9):4194–4200

107. Ma J, Tong Z, Ling J, Liu H, Wei X (2015) The effects of sodium hypochlorite and
chlorhexidine irrigants on the antibacterial activities of alkaline media against Enterococcus
faecalis. Arch Oral Biol 60(7):1075–1081. https://doi.org/10.1016/j.archoralbio.2015.04.008

108. Mariscal A, Carnero-Varo M, Gutierrez-Bedmar M, Garcia-Rodriguez A,
Fernandez-Crehuet J (2007) A fluorescent method for assessing the antimicrobial efficacy
of disinfectant against Escherichia coli ATCC 35218 biofilm. Appl Microbiol Biotechnol 77
(1):233–240. https://doi.org/10.1007/s00253-007-1137-z

109. Mariscal A, Lopez-Gigosos RM, Carnero-Varo M, Fernandez-Crehuet J (2009) Fluorescent
assay based on resazurin for detection of activity of disinfectants against bacterial biofilm.
Appl Microbiol Biotechnol 82(4):773–783. https://doi.org/10.1007/s00253-009-1879-x

110. Mattei AS, Madrid IM, Santin R, Schuch LF, Meireles MC (2013) In vitro activity of
disinfectants against Aspergillus spp. Braz J Microbiol: [Publication of the Brazilian Society
for Microbiology] 44(2):481–484. https://doi.org/10.1590/s1517-83822013000200024

111. Matthes R, Jablonowski L, Koban I, Quade A, Hubner NO, Schlueter R, Weltmann KD, von
Woedtke T, Kramer A, Kocher T (2015) In vitro treatment of Candida albicans biofilms on
denture base material with volume dielectric barrier discharge plasma (VDBD) compared
with common chemical antiseptics. Clin Oral Invest 19(9):2319–2326. https://doi.org/10.
1007/s00784-015-1463-y

112. Mazaheritehrani E, Sala A, Orsi CF, Neglia RG, Morace G, Blasi E, Cermelli C (2014)
Human pathogenic viruses are retained in and released by Candida albicans biofilm in vitro.
Virus Res 179:153–160. https://doi.org/10.1016/j.virusres.2013.10.018

113. Mekonnen D, Admassu A, Wassie B, Biadglegne F (2015) Evaluation of the efficacy of
bleach routinely used in health facilities against Mycobacterium tuberculosis isolates in
Ethiopia. Pan Afr Med J 21:317. https://doi.org/10.11604/pamj.2015.21.317.5456

114. Melo RT, Mendonca EP, Monteiro GP, Siqueira MC, Pereira CB, Peres P, Fernandez H,
Rossi DA (2017) Intrinsic and extrinsic aspects on Campylobacter jejuni Biofilms. Front
Microbiol 8:1332. https://doi.org/10.3389/fmicb.2017.01332

115. Mercade M, Duran-Sindreu F, Kuttler S, Roig M, Durany N (2009) Antimicrobial efficacy of
4.2% sodium hypochlorite adjusted to pH 12, 7.5, and 6.5 in infected human root canals.
Oral Surg Oral Med Oral Pathol Oral Radiol Endod 107(2):295–298. https://doi.org/10.
1016/j.tripleo.2008.05.006

206 8 Sodium Hypochlorite

http://dx.doi.org/10.1016/j.envpol.2017.06.047
http://dx.doi.org/10.1016/j.envpol.2017.06.047
http://dx.doi.org/10.1016/j.watres.2016.01.020
http://dx.doi.org/10.1016/j.watres.2016.01.020
http://dx.doi.org/10.1080/00365540902856545
http://dx.doi.org/10.1080/00365540902856545
http://dx.doi.org/10.1111/lam.12324
http://dx.doi.org/10.1111/lam.12324
http://dx.doi.org/10.1016/j.archoralbio.2015.04.008
http://dx.doi.org/10.1007/s00253-007-1137-z
http://dx.doi.org/10.1007/s00253-009-1879-x
http://dx.doi.org/10.1590/s1517-83822013000200024
http://dx.doi.org/10.1007/s00784-015-1463-y
http://dx.doi.org/10.1007/s00784-015-1463-y
http://dx.doi.org/10.1016/j.virusres.2013.10.018
http://dx.doi.org/10.11604/pamj.2015.21.317.5456
http://dx.doi.org/10.3389/fmicb.2017.01332
http://dx.doi.org/10.1016/j.tripleo.2008.05.006
http://dx.doi.org/10.1016/j.tripleo.2008.05.006


116. Meylheuc T, Renault M, Bellon-Fontaine MN (2006) Adsorption of a biosurfactant on
surfaces to enhance the disinfection of surfaces contaminated with Listeria monocytogenes.
Int J Food Microbiol 109(1–2):71–78. https://doi.org/10.1016/j.ijfoodmicro.2006.01.013

117. Miyano N, Oie S, Kamiya A (2003) Efficacy of disinfectants and hot water against biofilm
cells of Burkholderia cepacia. Biol Pharm Bull 26(5):671–674

118. Mohmmed SA, Vianna ME, Penny MR, Hilton ST, Mordan N, Knowles JC (2016) A novel
experimental approach to investigate the effect of different agitation methods using sodium
hypochlorite as an irrigant on the rate of bacterial biofilm removal from the wall of a
simulated root canal model. Dent Mater: Off Publ Acad Den Mater 32(10):1289–1300.
https://doi.org/10.1016/j.dental.2016.07.013

119. Molina-González D, Alonso-Calleja C, Alonso-Hernando A, Capita R (2014) Effect of
sub-lethal concentrations of biocides on the susceptibility to antibiotics of multi-drug
resistant Salmonella enterica strains. Food Control 40(Supplement C):329–334. https://doi.
org/10.1016/j.foodcont.2013.11.046

120. Moore G, Schelenz S, Borman AM, Johnson EM, Brown CS (2017) Yeasticidal activity of
chemical disinfectants and antiseptics against Candida auris. J Hosp Infect 97(4):371–375.
https://doi.org/10.1016/j.jhin.2017.08.019

121. Morrissey I, Oggioni MR, Knight D, Curiao T, Coque T, Kalkanci A, Martinez JL (2014)
Evaluation of epidemiological cut-off values indicates that biocide resistant subpopulations
are uncommon in natural isolates of clinically-relevant microorganisms. PLoS ONE 9(1):
e86669. https://doi.org/10.1371/journal.pone.0086669

122. Nandy P, Lucas AD, Gonzalez EA, Hitchins VM (2016) Efficacy of commercially available
wipes for disinfection of pulse oximeter sensors. Am J Infect Control 44(3):304–310. https://
doi.org/10.1016/j.ajic.2015.09.028

123. Narui K, Takano M, Noguchi N, Sasatsu M (2007) Susceptibilities of methicillin-resistant
Staphylococcus aureus isolates to seven biocides. Biol Pharma Bull 30(3):585–587

124. National Center for Biotechnology Information Sodium hypochlorite. PubChem Compound
Database; CID=23665760. https://pubchem.ncbi.nlm.nih.gov/compound/23665760. Accessed
27 Oct 2017

125. Nguyen HDN, Yuk HG (2013) Changes in resistance of Salmonella Typhimurium biofilms
formed under various conditions to industrial sanitizers. Food Control 29(1):236–240.
https://doi.org/10.1016/j.foodcont.2012.06.006

126. Norman G, Christie J, Liu Z, Westby MJ, Jefferies JM, Hudson T, Edwards J, Mohapatra DP,
Hassan IA, Dumville JC (2017) Antiseptics for burns. Cochrane database Syst Rev 7:
Cd011821. https://doi.org/10.1002/14651858.cd011821.pub2

127. Norton CD, LeChevallier MW, Falkinham JO 3rd (2004) Survival of Mycobacterium avium
in a model distribution system. Water Res 38(6):1457–1466. https://doi.org/10.1016/j.
watres.2003.07.008

128. Ntsama-Essomba C, Bouttier S, Ramaldes M, Dubois-Brissonnet F, Fourniat J (1997)
Resistance of Escherichia coli growing as biofilms to disinfectants. Vet Res 28(4):353–363

129. Oggioni MR, Coelho JR, Furi L, Knight DR, Viti C, Orefici G, Martinez JL, Freitas AT,
Coque TM, Morrissey I (2015) Significant differences characterise the correlation
coefficients between biocide and antibiotic susceptibility profiles in Staphylococcus aureus.
Curr Pharm Des 21(16):2054–2057

130. Oh J, Salcedo DE, Medriano CA, Kim S (2014) Comparison of different disinfection
processes in the effective removal of antibiotic-resistant bacteria and genes. J Environ Sci
(China) 26(6):1238–1242. https://doi.org/10.1016/s1001-0742(13)60594-x

131. Oie S, Huang Y, Kamiya A, Konishi H, Nakazawa T (1996) Efficacy of disinfectants against
biofilm cells of methicillin-resistant Staphylococcus aureus. Microbios 85:223–230

132. Omidbakhsh N (2010) Theoretical and experimental aspects of microbicidal activities of
hard surface disinfectants: are their label claims based on testing under field conditions? J
AOAC Int 93(6):1944–1951

References 207

http://dx.doi.org/10.1016/j.ijfoodmicro.2006.01.013
http://dx.doi.org/10.1016/j.dental.2016.07.013
http://dx.doi.org/10.1016/j.foodcont.2013.11.046
http://dx.doi.org/10.1016/j.foodcont.2013.11.046
http://dx.doi.org/10.1016/j.jhin.2017.08.019
http://dx.doi.org/10.1371/journal.pone.0086669
http://dx.doi.org/10.1016/j.ajic.2015.09.028
http://dx.doi.org/10.1016/j.ajic.2015.09.028
https://pubchem.ncbi.nlm.nih.gov/compound/23665760
http://dx.doi.org/10.1016/j.foodcont.2012.06.006
http://dx.doi.org/10.1002/14651858.cd011821.pub2
http://dx.doi.org/10.1016/j.watres.2003.07.008
http://dx.doi.org/10.1016/j.watres.2003.07.008
http://dx.doi.org/10.1016/s1001-0742(13)60594-x


133. Pagedar A, Singh J (2015) Evaluation of antibiofilm effect of benzalkonium chloride,
iodophore and sodium hypochlorite against biofilm of Pseudomonas aeruginosa of dairy
origin. J Food Sci Technol 52(8):5317–5322. https://doi.org/10.1007/s13197-014-1575-4

134. Pariser M, Gard S, Gram D, Schmeitzel L (2013) An in vitro study to determine the minimal
bactericidal concentration of sodium hypochlorite (bleach) required to inhibit
meticillin-resistant Staphylococcus pseudintermedius strains isolated from canine skin. Vet
Dermatol 24(6):632–634, e156–e637. https://doi.org/10.1111/vde.12079

135. Peeters E, Nelis HJ, Coenye T (2008) Evaluation of the efficacy of disinfection procedures
against Burkholderia cenocepacia biofilms. J Hosp Infect 70(4):361–368. https://doi.org/10.
1016/j.jhin.2008.08.015

136. Petti S, Polimeni A, Dancer SJ (2013) Effect of disposable barriers, disinfection, and
cleaning on controlling methicillin-resistant Staphylococcus aureus environmental contam-
ination. Am J Infect Control 41(9):836–840. https://doi.org/10.1016/j.ajic.2012.09.021

137. Pires RH, da Silva Jde F, Gomes Martins CH, Fusco Almeida AM, Pienna Soares C, Soares
Mendes-Giannini MJ (2013) Effectiveness of disinfectants used in hemodialysis against both
Candida orthopsilosis and C. parapsilosis sensu stricto biofilms. Antimicrob Agents
Chemother 57(5):2417–2421. https://doi.org/10.1128/aac.01308-12

138. Piskin B, Turkun M (1995) Stability of various sodium hypochlorite solutions. J Endod 21
(5):253–255

139. Quan Y, Choi KD, Chung D, Shin IS (2010) Evaluation of bactericidal activity of weakly
acidic electrolyzed water (WAEW) against Vibrio vulnificus and Vibrio parahaemolyticus.
Int J Food Microbiol 136(3):255–260. https://doi.org/10.1016/j.ijfoodmicro.2009.11.005

140. Rasmussen LH, Kjeldgaard J, Christensen JP, Ingmer H (2013) Multilocus sequence typing
and biocide tolerance of Arcobacter butzleri from Danish broiler carcasses. BMC Res Notes
6:322. https://doi.org/10.1186/1756-0500-6-322

141. Riazi S, Matthews KR (2011) Failure of foodborne pathogens to develop resistance to
sanitizers following repeated exposure to common sanitizers. Int Biodeter Biodegr 65
(2):374–378. https://doi.org/10.1016/j.ibiod.2010.12.001

142. Rizzotti L, Rossi F, Torriani S (2016) Biocide and antibiotic resistance of Enterococcus
faecalis and Enterococcus faecium isolated from the swine meat chain. Food Microbiol
60:160–164. https://doi.org/10.1016/j.fm.2016.07.009

143. Rodriguez Ferri EF, Martinez S, Frandoloso R, Yubero S, Gutierrez Martin CB (2010)
Comparative efficacy of several disinfectants in suspension and carrier tests against
Haemophilus parasuis serovars 1 and 5. Res Vet Sci 88(3):385–389. https://doi.org/10.1016/
j.rvsc.2009.12.001

144. Rudd RW, Senia ES, McCleskey FK, Adams ED (1984) Sterilization of complete dentures
with sodium hypochlorite. J Prosth Dent 51(3):318–321. https://doi.org/10.1016/0022-3913
(84)90212-9

145. Ruiz-Linares M, Aguado-Perez B, Baca P, Arias-Moliz MT, Ferrer-Luque CM (2017)
Efficacy of antimicrobial solutions against polymicrobial root canal biofilm. Int Endod J 50
(1):77–83. https://doi.org/10.1111/iej.12598

146. Rutala WA, Cole EC, Wannamaker NS, Weber DJ (1991) Inactivation of Mycobacterium
tuberculosis and Mycobacterium bovis by 14 hospital disinfectants. Am J Med 91(3b):267s–
271s

147. Saejung C, Hatai K, Sanoamuang L (2014) The in-vitro antibacterial effects of organic salts,
chemical disinfectants and antibiotics against pathogens of black disease in fairy shrimp of
Thailand. J Fish Dis 37(1):33–41. https://doi.org/10.1111/j.1365-2761.2012.01452.x

148. Sagripanti J-L, Eklund CA, Trost PA, Jinneman KC, Abeyta C, Kaysner CA, Hill WE
(1997) Comparative sensitivity of 13 species of pathogenic bacteria to seven chemical
germicides. Am J Infect Control 25(4):335–339

149. Sattar SA, Bradley C, Kibbee R, Wesgate R, Wilkinson MA, Sharpe T, Maillard JY (2015)
Disinfectant wipes are appropriate to control microbial bioburden from surfaces: use of a

208 8 Sodium Hypochlorite

http://dx.doi.org/10.1007/s13197-014-1575-4
http://dx.doi.org/10.1111/vde.12079
http://dx.doi.org/10.1016/j.jhin.2008.08.015
http://dx.doi.org/10.1016/j.jhin.2008.08.015
http://dx.doi.org/10.1016/j.ajic.2012.09.021
http://dx.doi.org/10.1128/aac.01308-12
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.11.005
http://dx.doi.org/10.1186/1756-0500-6-322
http://dx.doi.org/10.1016/j.ibiod.2010.12.001
http://dx.doi.org/10.1016/j.fm.2016.07.009
http://dx.doi.org/10.1016/j.rvsc.2009.12.001
http://dx.doi.org/10.1016/j.rvsc.2009.12.001
http://dx.doi.org/10.1016/0022-3913(84)90212-9
http://dx.doi.org/10.1016/0022-3913(84)90212-9
http://dx.doi.org/10.1111/iej.12598
http://dx.doi.org/10.1111/j.1365-2761.2012.01452.x


new ASTM standard test protocol to demonstrate efficacy. J Hosp Infect 91(4):319–325.
https://doi.org/10.1016/j.jhin.2015.08.026

150. Seier-Petersen MA, Jasni A, Aarestrup FM, Vigre H, Mullany P, Roberts AP, Agerso Y
(2014) Effect of subinhibitory concentrations of four commonly used biocides on the
conjugative transfer of Tn916 in Bacillus subtilis. J Antimicrob Chemother 69(2):343–348.
https://doi.org/10.1093/jac/dkt370

151. Simoes M, Pereira MO, Vieira MJ (2005) Effect of mechanical stress on biofilms challenged
by different chemicals. Water Res 39(20):5142–5152. https://doi.org/10.1016/j.watres.2005.
09.028

152. Siqueira JF Jr, Rocas IN, Paiva SS, Guimaraes-Pinto T, Magalhaes KM, Lima KC (2007)
Bacteriologic investigation of the effects of sodium hypochlorite and chlorhexidine during
the endodontic treatment of teeth with apical periodontitis. Oral Surg Oral Med Oral Pathol
Oral Radiol Endod 104(1):122–130. https://doi.org/10.1016/j.tripleo.2007.01.027

153. Song L, Wu J, Xi C (2012) Biofilms on environmental surfaces: evaluation of the
disinfection efficacy of a novel steam vapor system. Am J Infect Control 40(10):926–930.
https://doi.org/10.1016/j.ajic.2011.11.013

154. Soumet C, Meheust D, Pissavin C, Le Grandois P, Fremaux B, Feurer C, Le Roux A,
Denis M, Maris P (2016) Reduced susceptibilities to biocides and resistance to antibiotics in
food-associated bacteria following exposure to quaternary ammonium compounds. J Appl
Microbiol 121(5):1275–1281. https://doi.org/10.1111/jam.13247

155. Stewart PS, Grab L, Diemer JA (1998) Analysis of biocide transport limitation in an artificial
biofilm system. J Appl Microbiol 85(3):495–500

156. Sullivan BA, Vance CC, Gentry TJ, Karthikeyan R (2017) Effects of chlorination and
ultraviolet light on environmental tetracycline-resistant bacteria and tet(W) in water.
J Environ Chem Eng 5(1):777–784. https://doi.org/10.1016/j.jece.2016.12.052

157. Takeo Y, Oie S, Kamiya A, Konishi H, Nakazawa T (1994) Efficacy of disinfectants against
biofilm cells of Pseudomonas aeruginosa. Microbios 79(318):19–26

158. Theraud M, Bedouin Y, Guiguen C, Gangneux JP (2004) Efficacy of antiseptics and
disinfectants on clinical and environmental yeast isolates in planktonic and biofilm
conditions. J Med Microbiol 53(Pt 10):1013–1018. https://doi.org/10.1099/jmm.0.05474-0

159. Tirali RE, Bodur H, Ece G (2012) In vitro antimicrobial activity of sodium hypochlorite,
chlorhexidine gluconate and octenidine dihydrochloride in elimination of microorganisms
within dentinal tubules of primary and permanent teeth. Medicina oral, patologia oral y
cirugia bucal 17(3):e517–e522

160. Tirali RE, Turan Y, Akal N, Karahan ZC (2009) In vitro antimicrobial activity of several
concentrations of NaOCl and Octenisept in elimination of endodontic pathogens. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 108(5):e117–e120. https://doi.org/10.1016/j.
tripleo.2009.07.012

161. Tote K, Horemans T, Vanden Berghe D, Maes L, Cos P (2010) Inhibitory effect of biocides
on the viable masses and matrices of Staphylococcus aureus and Pseudomonas aeruginosa
biofilms. Appl Environ Microbiol 76(10):3135–3142. https://doi.org/10.1128/aem.02095-09

162. Ueda S, Kuwabara Y (2007) Susceptibility of biofilm Escherichia coli, Salmonella
Enteritidis and Staphylococcus aureus to detergents and sanitizers. Biocontrol Sci 12
(4):149–153

163. Ulusoy AT, Kalyoncuoglu E, Reis A, Cehreli ZC (2016) Antibacterial effect of
N-acetylcysteine and taurolidine on planktonic and biofilm forms of Enterococcus faecalis.
Dent Traumatol: Off Publ Int Assoc Dent Traumatol 32(3):212–218. https://doi.org/10.1111/
edt.12237

164. United States Environmental Protection Agency (1991) EPA R.E.D. Facts. Sodium and
calcium hypochlorite salts. https://www3.epa.gov/pesticides/chem_search/reg_actions/
reregistration/fs_G-77_1-Sep-91.pdf

165. Vaziri S, Kangarlou A, Shahbazi R, Nazari Nasab A, Naseri M (2012) Comparison of the
bactericidal efficacy of photodynamic therapy, 2.5% sodium hypochlorite, and 2%

References 209

http://dx.doi.org/10.1016/j.jhin.2015.08.026
http://dx.doi.org/10.1093/jac/dkt370
http://dx.doi.org/10.1016/j.watres.2005.09.028
http://dx.doi.org/10.1016/j.watres.2005.09.028
http://dx.doi.org/10.1016/j.tripleo.2007.01.027
http://dx.doi.org/10.1016/j.ajic.2011.11.013
http://dx.doi.org/10.1111/jam.13247
http://dx.doi.org/10.1016/j.jece.2016.12.052
http://dx.doi.org/10.1099/jmm.0.05474-0
http://dx.doi.org/10.1016/j.tripleo.2009.07.012
http://dx.doi.org/10.1016/j.tripleo.2009.07.012
http://dx.doi.org/10.1128/aem.02095-09
http://dx.doi.org/10.1111/edt.12237
http://dx.doi.org/10.1111/edt.12237
https://www3.epa.gov/pesticides/chem_search/reg_actions/reregistration/fs_G-77_1-Sep-91.pdf
https://www3.epa.gov/pesticides/chem_search/reg_actions/reregistration/fs_G-77_1-Sep-91.pdf


chlorhexidine against Enterococcous faecalis in root canals; an in vitro study. Dent Res J 9
(5):613–618

166. Vázquez-Sánchez D, Cabo ML, Ibusquiza PS, Rodríguez-Herrera JJ (2014) Biofilm-forming
ability and resistance to industrial disinfectants of Staphylococcus aureus isolated from
fishery products. Food Control 39(Supplement C):8–16. https://doi.org/10.1016/j.foodcont.
2013.09.029

167. Venturini ME, Blanco D, Oria R (2002) In vitro antifungal activity of several antimicrobial
compounds against Penicillium expansum. J Food Prot 65(5):834–839

168. Vetas D, Dimitropoulou E, Mitropoulou G, Kourkoutas Y, Giaouris E (2017) Disinfection
efficiencies of sage and spearmint essential oils against planktonic and biofilm Staphylo-
coccus aureus cells in comparison with sodium hypochlorite. Int J Food Microbiol 257:19–
25. https://doi.org/10.1016/j.ijfoodmicro.2017.06.003

169. Vieira CD, Farias Lde M, Diniz CG, Alvarez-Leite ME, Camargo ER, Carvalho MA (2005)
New methods in the evaluation of chemical disinfectants used in health care services. Am J
Infect Control 33(3):162–169. https://doi.org/10.1016/j.ajic.2004.10.007

170. Walker J, Moore G, Collins S, Parks S, Garvey MI, Lamagni T, Smith G, Dawkin L,
Goldenberg S, Chand M (2017) Microbiological problems and biofilms associated with
Mycobacterium chimaera in heater-cooler units used for cardiopulmonary bypass. J Hosp
Infect 96(3):209–220. https://doi.org/10.1016/j.jhin.2017.04.014

171. Wang H, Hu C, Liu L, Xing X (2017) Interaction of ciprofloxacin chlorination products with
bacteria in drinking water distribution systems. J Hazard Mater 339:174–181. https://doi.org/
10.1016/j.jhazmat.2017.06.033

172. Wang H, Tay M, Palmer J, Flint S (2017) Biofilm formation of Yersinia enterocolitica and
its persistence following treatment with different sanitation agents. Food Control 73(Part
B):433–437. https://doi.org/10.1016/j.foodcont.2016.08.033

173. Wilson CE, Cathro PC, Rogers AH, Briggs N, Zilm PS (2015) Clonal diversity in biofilm
formation by Enterococcus faecalis in response to environmental stress associated with
endodontic irrigants and medicaments. Int Endod J 48(3):210–219. https://doi.org/10.1111/
iej.12301

174. Wong HS, Townsend KM, Fenwick SG, Trengove RD, O’Handley RM (2010) Comparative
susceptibility of planktonic and 3-day-old Salmonella Typhimurium biofilms to disinfectants.
J Appl Microbiol 108(6):2222–2228. https://doi.org/10.1111/j.1365-2672.2009.04630.x

175. Wuthiekanun V, Wongsuwan G, Pangmee S, Teerawattanasook N, Day NP, Peacock SJ
(2011) Perasafe, Virkon and bleach are bactericidal for Burkholderia pseudomallei, a select
agent and the cause of melioidosis. J Hosp Infect 77(2):183–184. https://doi.org/10.1016/j.
jhin.2010.06.026

176. Yadav P, Chaudhary S, Saxena RK, Talwar S, Yadav S (2017) Evaluation of Antimicrobial
and Antifungal efficacy of Chitosan as endodontic irrigant against Enterococcus Faecalis and
Candida Albicans Biofilm formed on tooth substrate. J Clin Exp Dent 9(3):e361–e367.
https://doi.org/10.4317/jced.53210

177. Zand V, Lotfi M, Soroush MH, Abdollahi AA, Sadeghi M, Mojadadi A (2016) Antibacterial
efficacy of different concentrations of sodium hypochlorite gel and solution on Enterococcus
faecalis biofilm. Iran Endod J 11(4):315–319. https://doi.org/10.22037/iej.2016.11

178. Zheng J, Su C, Zhou J, Xu L, Qian Y, Chen H (2017) Effects and mechanisms of ultraviolet,
chlorination, and ozone disinfection on antibiotic resistance genes in secondary effluents of
municipal wastewater treatment plants. Chem Eng J 317(Supplement C):309–316. https://
doi.org/10.1016/j.cej.2017.02.076

210 8 Sodium Hypochlorite

http://dx.doi.org/10.1016/j.foodcont.2013.09.029
http://dx.doi.org/10.1016/j.foodcont.2013.09.029
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.06.003
http://dx.doi.org/10.1016/j.ajic.2004.10.007
http://dx.doi.org/10.1016/j.jhin.2017.04.014
http://dx.doi.org/10.1016/j.jhazmat.2017.06.033
http://dx.doi.org/10.1016/j.jhazmat.2017.06.033
http://dx.doi.org/10.1016/j.foodcont.2016.08.033
http://dx.doi.org/10.1111/iej.12301
http://dx.doi.org/10.1111/iej.12301
http://dx.doi.org/10.1111/j.1365-2672.2009.04630.x
http://dx.doi.org/10.1016/j.jhin.2010.06.026
http://dx.doi.org/10.1016/j.jhin.2010.06.026
http://dx.doi.org/10.4317/jced.53210
http://dx.doi.org/10.22037/iej.2016.11
http://dx.doi.org/10.1016/j.cej.2017.02.076
http://dx.doi.org/10.1016/j.cej.2017.02.076


9Triclosan

9.1 Chemical Characterization

Triclosan was developed in the 1960s and patented in 1964 [62]. It is a white
powdered solid with a slight aromatic phenolic odour. Categorized as a polychloro
phenoxy phenol, triclosan is a chlorinated aromatic compound that has functional
groups representative of both ethers and phenols. It is poorly soluble in water but
dissolves well in alcohols [142]. The basic chemical information on triclosan is
summarized in Table 9.1.

9.2 Types of Application

Triclosan is typically used in cosmetic and personal care consumer products,
and for preservation [41, 145]. It is also used by professionals, e.g. in detergents
(0.4–1%) and in alcohols (0.2–0.5%) used for hygienic and surgical hand antisepsis
or preoperative skin disinfection [116]. It has also been used for antiseptic body
baths to control MRSA [147]. This agent is incorporated into some soaps at 1%
(w/v) as well as being integrated into various dressings and bandages for release
over time onto the skin [142] or on self-disinfecting surfaces [140].

9.2.1 European Chemicals Agency (European Union)

In 2010, the Scientific Committee on Consumer Safety has evaluated the risk of
antimicrobial resistance and recommended only the prudent use of triclosan, for
example in applications where a health benefit can be demonstrated [120]. Triclosan
has also been evaluated as an active biocidal substance. In 2014, it was not
approved for product types 2 (disinfectants and algaecides not intended for direct
application to humans or animals), 7 (film preservatives) and 9 (fibre, leather,
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rubber and polymerised materials preservatives), followed by non-approval in 2016
for product type 1 (human hygiene) [5, 69].

9.2.2 Environmental Protection Agency (USA)

Triclosan was first registered by the EPA in 1969. The Agency has found in 2008
that currently registered uses of triclosan are eligible for reregistration provided the
conditions and requirements for reregistration identified in the reregistration eligi-
bility decision are implemented [136]. Use as a materials preservative in paint has
been excluded but has also been requested to be voluntarily cancelled by the
registrants. Appendix A contains a list of uses such as material preservatives in
personal care products, textiles and fibres, home furnishing, carpets and rugs, PVC,
plastics, sponges, polymer compounds, construction and building materials, adhe-
sives, ice making equipment and sporting goods [136].

9.2.3 Food and Drug Administration (USA)

One group of antiseptic products is intended for use by healthcare professionals in a
hospital setting or other healthcare situations outside the hospital. Based on the
proposed amendment of the tentative final monograph for healthcare antiseptic
products in 2015, triclosan is eligible as an active ingredient in patient preoperative
skin preparations, healthcare personnel hand wash products and surgical hand scrub
products [37]. In the 1994 tentative final monograph for healthcare antiseptic
products, triclosan was classified IIIE indicating that additional effectiveness data
are needed [36]. The proposed rule from 2015 classifies triclosan as IIISE indicating
that additional safety and effectiveness data are needed [37]. The main aspects of
safety are human pharmacokinetics, animal pharmacokinetics, potential hormonal
effects and resistance potential [37].

Another group of antiseptic products is intended for use by consumers and
classified as over-the-counter antiseptic products. In 2016, the FDA misbranded
triclosan and 18 other active ingredients used in consumer antiseptic wash products
intended for use with water and are rinsed off after use, including hand washes and
body washes [38]. The submitted data were not sufficient to classify triclosan as
generally safe and effective. A key aspect was that the risk from the use of a
consumer antiseptic wash drug product must be balanced by a demonstration—

Table 9.1 Basic chemical information on triclosan [102]

CAS-number 3380-34-5

IUPAC-name 5-chloro-2-(2,4-dichlorophenoxy)phenol

Synonyms Irgasan DP-300

Molecular formula C12H7Cl3O2

Molecular weight (g/mol) 289.536
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through studies that demonstrate a direct clinical benefit (i.e. a reduction of
infection)—that the product is superior to washing with non-antibacterial soap and
water in reducing infection. If the active ingredient in a drug product (in this case:
triclosan) carries the potential risk associated with the drug (e.g. reproductive
toxicity or carcinogenicity or resistance), but does not provide a clinical benefit,
then the benefit-to-risk calculation shifts towards a not generally safe and effective
status for that drug. The decision by the FDA was welcomed by the scientific
community [63, 95].

9.2.4 Overall Environmental Impact

Triclosan is manufactured and/or imported in the European Economic Area in 10–
100 t per year [41], globally more than 1,500 t are produced per year [54]. Triclosan
is often detected in water samples in effluent-dominated urban streams [133]
leading to exposure of aquatic micro-organisms [34]. It has been estimated that in
France alone a total of 11.2–23.5 t per year are added to the wastewater, mainly by
personal care products [53]. An environmental risk has mainly been found for
aquatic and sediment-dwelling organisms exposed to triclosan in the surface water
and sediment compartments, indicating the environmental risk to be concerned due
to the high levels of triclosan [61]. The potential environmental risk of triclosan is
considered to be high especially in rivers where water scarcity results in low
dilution capacity [113]. Triclosan-resistant faecal coliforms were isolated in 79–
94% from surfaces waters located near wastewater treatment plants. Environmental
faecal coliforms isolates resistant to high-level triclosan included species of
Escherichia, Enterobacter, Serratia and Citrobacter. A significant relationship
between triclosan resistance and multiple antibiotic resistances was described [99].

9.3 Spectrum of Antimicrobial Activity

9.3.1 Bactericidal Activity

9.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values for triclosan obtained with different bacterial species are summa-
rized in Table 9.2. The highest MIC value (2,500 mg/l) was described in an
extensively resistant clinical P. aeruginosa isolate. Resistant isolates were also
found among Gram-negative species such as P. aeruginosa (up to 2,500 mg/l),
followed by E. coli (up to 1,000 mg/l), B. cepacia (up to 500 mg/l), A. baumannii
and selected Lactobacillus spp. and Salmonella spp. (up to 256 mg/l), S. marcescens
and B. cepacia (up to 232 mg/l) and C. freundii (>100 mg/l). Taking into account
the proposed epidemiological cut-off value for E. coli with 2 mg/l some isolates can
be classified as resistant [100]. Most Enterobacter spp. isolates were below the
proposed epidemiological cut-off value of 1 mg/l similar to Klebsiella spp. with
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2 mg/l and Salmonella spp. with 8 mg/l [100]. Gram-positive bacterial species tend
to be more susceptible to triclosan. The highest MIC values were described in
Bifidobacterium spp. (up to 512 mg/l), C. perfringens and selected Lactobacillus
spp. (256 mg/l) and Enterococcus spp. (128 mg/l). The majority of MIC values of
the tested isolates of E. faecalis (ECOFF: 16 mg/l), E. faecium (ECOFF: 32 mg/l)
and S. aureus (ECOFF: 0.5 mg/l) can be classified as susceptible to triclosan [100].
It is noteworthy that in 34 S. epidermidis isolates from the 1960s, the MIC values
were lower (range: 0.0156–0.125 mg/l) compared to 64 isolates from 2010 to 2011
(0.0156–4.0 mg/l) [126].

Table 9.2 MIC values of various bacterial species to triclosan

Species Number of strains/isolates MIC value
(mg/l)

References

A. baumannii 3 isolates from domestic surfaces 2 [22]

A. baumannii 47 clinical isolates 2–256 [84]

A. johnsonii NCIMB 12460 0.094 [28]

“triclosan-tolerant strain” 21.9

A. johnsonii NCIMB 12460 4–5 [82]

triclosan-tolerant industrial strain >100

A. proteolyticus Environmental strain M9.12 19.5 [83]

A. xylosoxidans Environmental strain M4.31 1 [83]

B. cereus Environmental strain M7.15 1 [83]

B. cereus MRBG 4.21 (kitchen drain biofilm isolate) 7.3 [46]

B. adolescentis 4 isolates from faeces of healthy humans 8–64 [39]

B. animalis
subsp. lactis

8 isolates from faeces of healthy humans 64–512 [39]

B. bifidum 31 isolates from faeces of healthy humans 4–512 [39]

B. breve 5 isolates from faeces of healthy humans 8–128 [39]

B. catenulatum 1 isolate from faeces of a healthy human 256 [39]

B. infantis 2 isolates from faeces of healthy humans 32–256 [39]

B. longum 25 isolates from faeces of healthy humans 8–256 [39]

B. pseudocatenulatum 15 isolates from faeces of healthy humans 32–256 [39]

B. pseudolongum 1 isolate from faeces of a healthy human 256 [39]

B. thermoacidophilum 6 isolates from faeces of healthy humans 16–512 [39]

B. suis 1 isolate from faeces of a healthy human 64 [39]

B. cepacia complex 38 clinical, non-clinical and environmental
strains

50–500 [117]

B. cepacia ATCC BAA-245 232 [46]

C. coli 8 strains from poultry 16–64 [89]

6 strains from humans 32–64

4 strains from pigs 32

1 strain from water 64
(continued)
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Table 9.2 (continued)

Species Number of strains/isolates MIC value
(mg/l)

References

C. jejuni 5 strains from humans 8–32 [89]

5 strains from water 8–32

3 strains from poultry 16–32

C. indologenes Environmental strain M9.15 1 [83]

Chryseobacterium
spp.

Environmental strain FR2 9.17 15.6 [83]

C. freundii 3 isolates from domestic surfaces 2 [22]

C. freundii NCIMB 11490 >100 [82]

triclosan-tolerant industrial strain

C. perfringens ATCC 13124 256 [77]

C. indologenes MRBG 4.29 (kitchen drain biofilm isolate) 0.9 [46]

C. xerosis WIBG 1.2 (wound isolate) 7.3 [46]

E. asburiae Enteric strain M21.2 1 [83]

E. cloacae 5 isolates from domestic surfaces 0.5–1 [22]

Enterobacter spp. 54 worldwide strains from hospital- and
community-acquired infections

0.03–8 [100]

E. faecalis 56 worldwide strains from hospital- and
community-acquired infections

0.5–16 [100]

E. faecalis 9 isolates from swine meat production 2–30 [114]

E. faecalis WIBG 1.1 (wound isolate) 3.3 [46]

E. faecium 12 isolates from swine meat production 2–16 [114]

E. faecium 53 worldwide strains from hospital- and
community-acquired infections

2–64 [100]

E. faecalis ATCC 29212 16 [77]

Enterococcus spp. 122 strains (E. faecalis, E. faecium) from
different traditional fermented foods

0.1–0.25 [81]

Enterococcus spp. 3 isolates from domestic surfaces >2 [22]

Enterococcus spp. 4 VRE strains 3–4 [129]

Enterococcus spp. Clinical VRE isolate 128 [77]

E. coli 306 worldwide strains from hospital- and
community-acquired infections

0.015–2 [100]

E. coli Strain HEC30 0.06 [32]

E. coli 3 strains 0.06–0.25 [139]

E. coli ATCC 8739 0.2 [28]

“triclosan-tolerant strain” 20–1,000

E. coli 5 isolates from domestic surfaces 0.3–0.5 [22]

E. coli ATCC 25922 0.5 [46]

E. coli ATCC 25922 0.5 [40]

E. coli ATCC 25922 and 4 clinical isolates 0.5–64 [4]

E. coli ATCC 25922 and enteric strain M20.1 1.3–2 [83]

E. coli ATCC 35218 2–4 [77]
(continued)
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Table 9.2 (continued)

Species Number of strains/isolates MIC value
(mg/l)

References

E. coli 13 bovine and 7 equine strains 3.1–12.5 [123]

E. coli 27 isolates from hen eggshells 5 [59]

Eubacterium spp. Environmental strain M4.14 15.6 [83]

F. nucleatum Dental strains M20.2 and M20.3 1–3.3 [83]

H. gallinarum Environmental strain M4.27 31.3 [83]

H. influenzae ATCC 49247 0.125–32 [77]

K. oxytoca Enteric strain M21.3 1 [83]

K. oxytoca 2 isolates from domestic surfaces � 2 [22]

K. planticola Enteric strain M21.1 1 [83]

K. pneumoniae 60 worldwide strains from hospital- and
community-acquired infections

0.015–4 [100]

K. pneumoniae Strain 39.11 0.5 [32]

K. pneumoniae ATCC 13883 0.9 [46]

Klebsiella spp. 37 isolates predominately from a variety of
human infections pre-1949 (“Murray
isolates”) and 39 “modern strains” (2007–
2012)

0.007–0.5
(old isolates)

[138]

0.125–2
(modern
isolates)

L. acidophilus 4 strains from different origins 16 [3]

L. amylovorus 7 strains from different origins 64–256 [3]

L. brevis 13 strains from different origins 16–64 [3]

L. bulgaricus 6 strains from different origins 8–16 [3]

L. coryniformis 3 strains from different origins 64 [3]

L. fermentum 4 strains from different origins 16–64 [3]

L. garvieae 42 isolates from different origins 1–4 [3]

L. helveticus 39 strains from different origins 2–8 [3]

L. paracasei 75 strains from different origins 2–256 [3]

L. pentosus 60 strains from naturally fermented
Aloreña green table olives

0.01–5.0 [15]

L. plantarum 43 strains from different origins 16–256 [3]

L. reuteri 42 strains from different origins 8–256 [3]

L. rhamnosus Dental strain M6.1 2 [83]

L. rhamnosus 9 strains from different origins 8–64 [3]

L. lactis Dental strain M6.3 2 [83]

L.
pseudomesenteroides

13 strains from naturally fermented
Aloreña green table olives

0.1–5.0 [15]

Megasphaera spp. Dental strain M20.9 2 [83]

M. luteus Environmental strain M9.25 1 [83]

M. luteus MRBG 9.25 (skin isolate) 7.3 [46]

M. phyllosphaeriae Environmental strain M4.30 2 [83]

P. multocida ATCC 11039 and 2 strains 0.06–0.25 [40]
(continued)
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Table 9.2 (continued)

Species Number of strains/isolates MIC value
(mg/l)

References

P. aeruginosa 111 clinical isolates 1–500 [78]

P. aeruginosa 8 isolates from domestic surfaces � 2 [22]

P. aeruginosa PA01 >32 [40]

P. aeruginosa ATCC 15442 >512 [77]

P. aeruginosa ATCC 9027 >1,000 [46]

P. aeruginosa NCTC6749 and 3 extensively resistant
clinical isolates

2,500 [144]

P. alkylphenolia 2 isolates from meat chain production >10 [80]

P. fluorescens 3 isolates from meat chain production 0.0025–>10 [80]

P. fragi 4 isolates from meat chain production 0.0025–10 [80]

P. lundensis 34 isolates from meat chain production 0.0025–>10 [80]

P. putida 9 isolates from meat chain production 0.0025–>10 [80]

S. enterica 368 animal isolates and 60 human isolates 0.25–4 [25]

S. Enteritidis NCTC 8513 2.6 [83]

S. Infantis NCIMB 13036 1.6 [83]

S. Typhimurium 3 strains 0.06–0.25 [139]

S. Typhimurium ATCC 23564 and NCTC 74 2 [83]

Salmonella spp. 901 worldwide strains from hospital- and
community-acquired infections

0.03–8 [100]

Salmonella spp. 375 avian isolates 0.0625–0.5 [111]

Salmonella spp. 465 isolates from 6 different
slaughterhouses

0.25–8 [51]

Salmonella spp. 112 isolates from meat 2.5–250 [52]

S. marcescens ATCC 13880 232 [46]

S. aureus 7 isolates from domestic surfaces, 3
isolates from household individuals

<0.004–
0.128

[22]

S. aureus 256 clinical isolates (87 MRSA, 169
MSSA)

0.005–0.32 [78]

S. aureus 1,388 clinical isolates � 0.015–32 [20]

S. aureus 1,635 worldwide strains from hospital- and
community-acquired infections

0.015–0.5 [100]

S. aureus NCTC 6571, NCTC 83254 and 17 clinical
MRSA isolates

0.025–1 [129]

S. aureus NCTC 6571, 17 clinical isolates and 15
MRSA strains

0.025–1 [130]

S. aureus NCIMB 9518 0.053 [28]

“triclosan-tolerant strain” 3.2

S. aureus 198 clinical isolates (161 MRSA, 37
MSSA)

<0.06–16 [68]

S. aureus ATCC 6538 0.125 [77]

S. aureus ATCC 29213 0.125 [4]

1 clinical MRSA strain 64
(continued)
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Table 9.2 (continued)

Species Number of strains/isolates MIC value
(mg/l)

References

S. aureus ATCC 6538 0.2 [46]

S. aureus Clinical MRSA isolate 64 [77]

S. capitis MRBG 9.34 (skin isolate) 24.2 [46]

S. caprae MRBG 9.3 (skin isolate) 12.3 [46]

S. epidermidis 34 blood culture isolates from the 1960s
and 64 blood culture isolates from 2010 to
2011

0.0156–
0.125 (“old
isolates”)

[126]

0.0156–4.0
(“current
isolates”)

S. epidermidis MRBG 9.33 (skin isolate) 13.3 [46]

S. haemolyticus 21 clinical isolates 0.008–0.25 [27]

S. haemolyticus MRBG 9.35 (skin isolate) 0.4 [46]

S. lugdunensis MRBG 9.36 (skin isolate) 0.9 [46]

S. pseudointermedius 20 MRSP and 20 MSSP from dogs
(35) and cats (5)

<0.003–4 [29]

S. pseudointermedius 25 MSSP and 25 MRSP from dogs with
skin and soft tissue infections

� 0.5 [137]

S. warneri MRBG 9.27 (skin isolate) 0.9 [46]

Staphylococcus spp. 14 methicillin-resistant isolates from horses
(S. cohnii, S. lentus, S. fleurettii, S. sciuri,
S. haemolyticus, S. aureus)

0.003–4 [30]

Staphylococcus spp. 11 species (skin isolates) 0.5–1 [83]

S. maltophilia Environmental strain M9.13 9.8 [83]

S. maltophilia MRBG 4.17 (kitchen drain biofilm isolate) 14.5 [46]

S. anginosus Dental strain M5.2 3.9 [83]

S. multivorum Environmental strain M9.19 7.8 [83]

S. pneumoniae ATCC 49619 8 [77]

S. proteomaculans Environmental strain M4.8 31.3 [83]

S. salivarus 44 strains from different origins 2–4 [3]

S. thermophilus 135 strains from different origins 1–8 [3]

V. dispar Dental strain M20.6 2 [83]

Veillonella spp. Dental strains M20.4 and M20.7 2–3.9 [83]

Various speciesa 40 Gram-negative isolates from cow milk
and goat cheese production

2.5–25 [44]

Various speciesa 80 Gram-positive isolates from cow milk
and goat cheese production

2.5–250 [44]

Various speciesa 378 isolates from organic food 10–2,000 [43]
aNo MIC values per species
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9.3.1.2 Bactericidal Activity (Suspension Tests)
The spectrum of bactericidal activity expressed as log reductions obtained with
triclosan against various bacterial species is summarized in Table 9.3. Triclosan at
1% has bactericidal activity within 3 min. At 0.6%, an exposure time of 5 min is
not consistently sufficient to reach a 5.0 log reduction, and MRSA may be less
susceptible. Lower triclosan concentrations yield an inconsistent picture of the
bactericidal activity.

9.3.1.3 Activity Against Bacteria in Biofilms
The bactericidal activity of triclosan against bacteria in biofilms is summarized in
Table 9.4. The available data indicate that triclosan at 1% has only poor bactericidal
activity within 24 h with a log reduction mostly <1.0 against species grown in
biofilms except for L. monocytogenes in a 24-h biofilm.

Triclosan may accumulate in biofilms as shown in river water downstream of a
wastewater treatment plant. Biofilm was able to uptake triclosan present at very low
concentrations in water below the detection limit and bioaccumulate them [67].

9.3.1.4 Bactericidal Activity in Other Applications
In surgical scrubbing, liquid soaps based on triclosan may be used [42]. In one
study, 3 ml of a soap based on 1% triclosan had basically no bactericidal effect
when applied for 3 min for surgical hand disinfection [86]. When used at 1% in
combination with 70% iso-propanol, it has only poor persistent bactericidal efficacy
on the resident skin flora measured for up to 24 h [85]. In antibacterial soaps,
triclosan at 0.3% was found to have no superior efficacy to plain soap on hands
artificially contaminated with S. marcescens [76]. Similar data obtained with E. coli
indicate that soaps based on 0.3%, 0.5% or 2% triclosan have only limited bacte-
ricidal efficacy on artificially contaminated hands [7]. In sutures, triclosan has
some bactericidal activity, especially against S. aureus [55, 88]. The use of tri-
closan sutures has been shown to prevent on average one surgical site infection in
36 children undergoing elective or daytime emergency surgery [110].

Against 7 strains from 6 bacterial species (E. faecalis, VRE,E. coli, P. aeruginosa,
S. aureus, MRSA, S. epidermidis), the efficacy of 0.5% triclosan on glass carriers was
good with log reduction between 4.0 and 5.2 in 1 min [98].

9.3.2 Fungicidal Activity

9.3.2.1 Fungistatic Activity (MIC Values)
An overview on published MIC values obtained with different fungal species can be
found in Table 9.5. For C. albicans, MIC values between 0.06 and 32 mg/l were
described. Considering the proposed epidemiological cut-off value of 16 mg/l, most
C. albicans isolates can be considered to be susceptible to triclosan [100]. The MIC
values for various fungal strains from hospital air, clinical specimen or food were
all 8 mg/l or less.
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Table 9.3 Bactericidal activity of triclosan in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii 20 clinical strains 15 s 1% (P) >5.0 [143]

E. faecalis Strain Q33 5 min 0.5% (S) 5.2 [98]

E. faecium VRE strain Z31901 5 min 0.5% (S) 4.5 [98]

E. hirae ATCC 10541 3 min 1%a (P) � 5.0 [86]

Enterococcus
spp.

ATCC 13820 plus a
gentamicin- and a
vancomycin-resistant
strain

30 s 0.001% (S) 0.1–0.2 [129]

0.0015% (S) 3.3–6.0

E. coli NCTC 10536 3 min 1%a (P) � 5.0 [86]

E. coli ATCC 25922 and 1
clinical isolate

5 min 0.6% (S) >5.0 [4]

0.2% (S) 1.9–2.1

0.02% (S) 0.3–2.1

E. coli NCTC 10538 5 min 0.5% (S) 4.7 [98]

E. coli ATCC 11229 30 min 0.05% (S) � 3.0 [101]

P. aeruginosa ATCC 15442 1 min 2% (S) 5.2 [77]

60 min 1% (S) 5.2

6 h 0.25% (S) 5.1

P. aeruginosa ATCC 15442 3 min 1%a (P) � 5.0 [86]

P. aeruginosa NCIMB 10421 5 min 0.5% (S) 4.5 [98]

S. aureus ATCC 6538 3 min 1%a (P) � 5.0 [86]

S. aureus ATCC 29213 and 2
clinical MRSA strains

5 min 0.6% (S) 2.7–5.0 [4]

0.2% (S) 0.1–1.2

0.02% (S) 0.0–0.7

S. aureus NCTC 6571 5 min 0.5% (S) 4.8 [98]

S. aureus MRSA strain 9543 5 min 0.5% (S) 5.0 [98]

S. aureus ATCC 6538 1 min 0.25% (S) 5.2 [77]

5 min 0.1% (S) 5.2

6 h 0.025% 5.0

S. aureus ATCC 6538 5 min 0.06% (S) 5.5 [20]

0.01% (S) 0.3

S. aureus ATCC 6538 30 min 0.025% (S) � 3.0 [101]

S. aureus NCTC 6571 plus 2
MRSA strains

30 s 0.001% (S) 0.5–0.8 [129]

0.0005% (S) 0.0–0.2

20 min 0.001% (S) 3.0–6.0

0.0005% (S) 0.3–0.4

60 min 0.001% (S) >6.0

0.0005% (S) 0.4–0.7

S. epidermidis Strain P69 5 min 0.5% (S) 5.0 [98]

S. haemolyticus Triclosan-tolerant strain
(fabI)

5 min 0.06% (S) 4.7 [20]

0.01% (S) 0.4

P product; S solution; adiluted to 0.55%
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9.3.2.2 Fungicidal Activity (Suspension Tests)
Data from suspension tests to describe the fungicidal activity of products based on
triclosan are summarized in Table 9.6. Triclosan at 1% has yeasticidal activity
within 1 min, at 0.1% it requires 60 min, and at 0.005% even 6 h.

9.3.2.3 Activity Against Fungi in Biofilms
No studies were found to evaluate the fungicidal activity of triclosan against fungal
cells in mature biofilms. Only an early stage biofilm has been evaluated. When

Table 9.5 MIC values of various fungal species to triclosan

Species Strains/isolates MIC
value
(mg/l)

References

A. flavus 3 clinical, 3 airborne and 2 food isolates 0.12–8 [73]

A. fumigatus 6 clinical and 14 airborne isolates 0.12–2 [73]

A. niger 2 airborne and 2 food isolates 0.12–2 [73]

A. ochraceus 2 food isolates 8 [73]

C. albicans 20 clinical isolates from oropharyngeal
candidiasis cases

6.3–25 [109]

C. albicans ATCC 10231 8–32 [77]

C. albicans 10 strains 16 [66]

C. dubliniensis 20 fluconazole-susceptible clinical isolates
from oropharyngeal candidiasis cases

0.8–25 [109]

20 fluconazole-resistant clinical isolates
from oropharyngeal candidiasis cases

6.3–25

Mucor spp. 2 clinical and 1 food isolates 0.5–4 [73]

P. aurantiogriseum Food isolate 2 [73]

P. citrinum 15 airborne isolates 0.12–1 [73]

P. crysogenum 14 airborne isolates 0.12–1 [73]

P. paneum 2 food isolates 4 [73]

P. roquefortii 4 food isolates 2 [73]

Rhizopus spp. 2 clinical and 1 food isolates 2–4 [73]

Trichoderma spp. Food isolate 8 [73]

Table 9.6 Fungicidal activity of solutions (S) of triclosan in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

C. albicans ATCC 10231 1 min 1% (S) 4.0 [77]

60 min 0.1% (S) 4.2

6 h 0.005% (S) 4.2

C. dubliniesensis 1 strain 24 h 0.0004% (S) � 5.0 [66]

C. glabrata 1 strain 24 h 0.0016% (S) � 5.0 [66]

C. parapsilosis 1 strain 24 h 0.0008% (S) � 5.0 [66]

C. tropicalis 1 strain 24 h 0.0008% (S) � 5.0 [66]
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C. albicans is allowed to adhere to soft denture lining material for 2.5 h, immersion
of the contaminated and carefully washed material in a commercial product based
on 0.3% triclosan does not reduce the number of adherent cells significantly [12].

9.3.3 Mycobactericidal Activity

Shortly after describing that triclosan inhibits lipid synthesis in E. coli via the target
enoyl reductase (FabI) [94], it was found that a similar triclosan target also exists in
M. smegmatis [92] indicating that triclosan is likely to have mycobactericidal
activity [87]. The M. tuberculosis H37Rv strain was described with MIC values
between 21.7 and 40 mg/l triclosan [48, 56], and four M. abscessus isolates were
more susceptible with a common MIC value of 8 mg/l [74]. Data obtained with
suspension tests were not found.

Two outbreak descriptions indicate that triclosan is effective against waterborne
mycobacteria which transiently colonize human skin. One outbreak involved 11
proven and 4 presumptive cases of surgical site infection after breast implants
caused by M. jacuzzii. The source was a surgeon who carried the strain on his
eyebrows, scalp, face, nose, ears and groin. In addition, the strain was detected in
the surgeon’s outdoor whirlpool. Stopping the use of the whirlpool bath and using a
triclosan soap and shampoo for daily body washing controlled the outbreak [107].
A similar outbreak involving 10 patients with surgical site infections after breast
implant surgery caused by M. jacuzzii was also traced to a hot tub of a surgeon.
Various measures were implemented including using a triclosan shampoo by the
surgeon for five years. The outbreak was finally controlled [118].

9.4 Effect of Low-Level Exposure

The effects of low-level triclosan exposure have been studied extensively. The
results are summarized in Table 9.7.

No change of susceptibility was described in A. baumannii, A. naeslundii, A.
xylosoxidans, B. cereus, B. cepacia, C. coli, C. indologenes, Chryseobacterium
spp., E. faecalis, E. faecium, E. coli, Eubacterium spp., F. nucleatum, H. galli-
narum, K. oxytoca, K. planticola, L. rhamnosus, L. lactis, M. luteus, Megasphaera
spp., N. subflava, P. gingivalis, P. aeruginosa, S. Enteritidis, S. Infantis, S.
Typhimurium, S. marcescens, S. capitis, Staphylococcus spp., S. anginosus, S.
multivorum, S. sanguis, S. mutans and V. dispar.

A weak MIC change (� 4-fold) was found B. cereus, B. licheniformis, Bacillus
spp., C. jejuni, C. indologenes, Chryseobacterium spp., E. casseliflavus, E. faecium,
Enterococcus spp., K. oxytoca,M. luteus,M. phyllosphaeriae, P. ananatis, Pantoea
spp., P. nigrescens, P. putida, Salmonella spp., S. aureus, S. caprae, S. epidermidis,
S. saprophyticus, S. maltophilia, S. proteomaculans, S. oralis and Veillonella spp..
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A strong (>4-fold) and unstable MIC change was observed with C. xerosis,
Enterobacter spp., E. faecalis, P. agglomerans, P. ananatis, Salmonella spp., S.
aureus, S. haemolyticus, S. lugdunensis, S. saprophyticus, S. warneri, S. xylosus,
Staphylococcus spp. and S. maltophilia. In other species, a strong and stable MIC
change was described such as A. baumannii, C. sakazakii, E. coli, K. pneumoniae,
M. osloensis, P. ananatis, S. Enteritidis, S. Typhimurium, S. Virchow, Salmonella
spp., S. aureus, S. epidermidis and S. saprophyticus. In isolates or strains of A.
proteolyticus, E. gergoviae, E. coli and S. aureus, a strong adaptive response was
described but its stability not investigated.

The strongest MIC increase was found in Salmonella spp. (up to 10,000-fold),
E. coli (up to 8,192-fold), S. aureus (up to 313-fold), P. ananatis (up to 200-fold)
and P. agglomerans and Staphylococcus spp. (up to 150-fold). The highest MIC
values after low-level triclosan exposure were described in E. coli (>8,000 mg/l),
Salmonella spp. (3,000 mg/l), P. aeruginosa (>1,000 mg/l), S. aureus (625 mg/l)
and C. sakazakii (500 mg/l).

Cross-adaptation to chlorhexidine was described in various species such as
B. cereus, B. licheniformis, Enterobacter spp., E. casseliflavus, E. faecium,
Enterococcus spp., E. coli, K. oxytoca, P. agglomerans, P. ananatis, Pantoea spp.,
P. nigrescens, Salmonella spp., S. saprophyticus, S. oralis, S. sanguis and S. mutans.
A cross-adaptive response to benzalkonium chloride was found in B. cereus, B.
licheniformis, Enterobacter spp., E. casseliflavus, E. faecium, Enterococcus spp.,
E. coli, K. oxytoca, P. agglomerans, P. ananatis, Pantoea spp., Salmonella
spp. and S. saprophyticus. MIC values to hexachlorophene increased after triclosan
exposure in B. cereus, B. licheniformis, Chrysobacterium spp., Enterobacter spp.,
E. casseliflavus, E. faecium, Enterococcus spp., P. agglomerans, P. ananatis,
Salmonella spp., S. saprophyticus and Staphylococcus spp.. Similar cross-reactive
MIC changes to DDAB were noticed in Enterobacter spp., K. oxytoca,
P. agglomerans, P. ananatis, Pantoea spp., Salmonella spp., S. saprophyticus,
S. xylosus and Staphylococcus spp. Finally, B. cereus and P. ananatis were less
susceptible to sodium nitrate after low-level triclosan exposure.

In various bacterial species, it was found that triclosan-adapted strains show
increased tolerance or even resistance to selected antibiotics. A detailed description
per species can be found in Table 9.7. Additional studies show that in R. rubrum, the
degree of triclosan resistance depends on the initial exposure concentration and that
similar resistance degrees can be the result of different defence mechanisms, which
all have distinct antibiotic cross-resistance profiles [106]. In addition, exposure of
seven species (A. baumannii, C. sakazakii, E. faecalis, E. coli, P. aeruginosa,
P. putida, S. aureus) over 14 passages of 4 d each to increasing triclosan concen-
trations on agar was associated with both increases and decreases in antibiotic sus-
ceptibility but its effect was typically small relative to the differences observed among
microbicides. Susceptibility changes resulting in resistance were not observed [47].

Biofilm formation was enhanced in E. coli and S. epidermidis but reduced in S.
aureus and S. lugdunensis (Table 9.7). In E. coli, low-level triclosan exposure
induced horizontal gene transfer (sulfonamide resistance by conjugation). In A.
baumannii, several general protective mechanisms were enhanced. And in EMRSA
strains, a change to the small colony variant was observed. In addition, sub-lethal
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concentrations of triclosan also induced discernible changes in the proteome of
exposed Salmonella providing insights into mechanisms of response and
tolerance [24].

9.5 Resistance to Triclosan

9.5.1 Resistance Mechanisms

Triclosan resistance mechanisms include target mutations, increased target
expression, active efflux from the cell, and enzymatic inactivation and degradation
[108, 119]. Efflux pumps were mostly described to explain triclosan resistance [18].
In P. aeruginosa, intrinsic resistance (MIC � 1,000 mg/l) to triclosan was solely
attributable to the expression of efflux pumps [19]. In E. coli, overexpression of the
multidrug efflux pump locus acrAB, or of marA or soxS, both encoding positive
regulators of acrAB, decreased susceptibility to triclosan 2-fold [93]. In
S. Typhimurium, the multidrug efflux systems, EmrAB and AcrEF, play a role in the
phenotypic susceptibility to triclosan, and overexpression of the genes emrAB or
acrEF can partially compensate for a functional inactivity of the primary transporter
AcrAB. As a consequence, the contribution of these efflux pumps should be a
consideration when designing studies investigating cross-resistance between tri-
closan and antibiotic agents [112]. In addition, multidrug-resistant and
triclosan-resistant strains of S. enterica showed increased efflux activity compared
with strains with reduced susceptibility to triclosan alone [25]. In K. pneumoniae,
the kpnGH efflux pump was described with a wide substrate specificity of the
transporter including 14 antibiotics and triclosan. kpnGH mediates antimicrobial
resistance by active extrusion in K. pneumoniae [128].

Gene expression is also involved. A. baumannii responds to triclosan by altering
the expression of genes involved in fatty acid metabolism, antibiotic resistance and
amino acid metabolism as shown with a triclosan-resistant mutant strain of A.
baumannii ATCC 17978 [45]. In addition, the outer membrane exclusionary
properties of P. aeruginosa for non-polar molecules confer intrinsic resistance to
low concentrations of triclosan such as might be expected to occur in environmental
residues. Moreover, a role for outer cell envelope impermeability is suggested for
resistance to high triclosan concentrations in vitro [16]. In S. aureus, gene
expression profiling demonstrated that an alteration in cell membrane structural and
functional gene expression is likely responsible for triclosan and ciprofloxacin
resistance [135]. In an E. coli strain, 47 genes were confirmed to enhance the
resistance to triclosan. These genes, including the FabI target, were involved in
inner or outer membrane synthesis, cell surface material synthesis, transcriptional
activation, sugar phosphotransferase (PTS) systems, various transporter systems,
cell division, and ATPase and reductase/dehydrogenase reactions. In particular,
overexpression of pgsA, rcsA, or gapC conferred to E. coli cells a similar level of
triclosan resistance induced by fabI overexpression. These results indicate that
triclosan may have multiple targets other than well-known FabI and that there are
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several undefined novel mechanisms for the resistance development to triclosan,
thus probably inducing cross-antibiotic resistance [146]. In R. rubrum, triclosan
resistance was a result of a FabI1 (G98 V) mutation. This point mutation led to an
even higher level of triclosan resistance (MIC > 16 mg/l) in combination with
constitutive up-regulation of mexB and mexF efflux pump homologues [106].

The structural basis of triclosan resistance has been explored in E. coli. It was
found that overall structural change of protein is minimal in triclosan resistance
except that a flexible a-helical turn around triclosan is slightly pushed away due to
the presence of the bulky valine group. However, triclosan shows substantial
edge-to-face aromatic (p) interactions with both the flexible R192-F203 region and
the residues in the close vicinity of G93. The weakening of some edge-to-face
aromatic interactions around triclosan in the G93 V mutant results in serious
resistance to triclosan [125].

In S. aureus, an additional sh-fabI allele derived from S. haemolyticus was
detected. Detection of sh-fabI as a novel resistance mechanism with high potential
for horizontal gene transfer demonstrates for the first time that a biocide could exert
a selective pressure able to drive the spread of a resistance determinant in a human
pathogen [20]. In addition, both the introduction of a plasmid expressing the saFabI
gene or a missense mutation in the chromosomal saFabI gene led to triclosan
resistance in S. aureus [65]. S. aureus is also able to form small colony variants
which are characterized by impaired growth, down-regulation of genes for meta-
bolism and virulence while sigB and genes important for persistence and biofilm
formation are up-regulated. Small colony variants are resistant to various antibiotics
and triclosan [72].

Some species such as A. xylosoxidans or P. putida are typically found in soil but
can also cause infections in humans. These species are able to use triclosan as the sole
carbon source resulting in an almost complete removal of triclosan within 2–8 d [97].

9.5.2 Resistance Genes

So far, no specific triclosan resistance gene has been identified. The antiseptic
resistance genes cepA, qacDE and qacE had no impact on the MICs of a soap based
on 1% triclosan [1]. Among 120 isolates from cow milk and goat cheese production
a correlation between biocide tolerance and the presence of beta-lactamase genes
was observed [44]. In dust, a significant positive association between the ubiquitous
antimicrobial triclosan and the relative abundance of the antibiotic resistance gene
erm(X) was observed, a 23S rRNA methyltransferase implicated in resistance to
several antibiotics [64].

9.5.3 Infections Associated with Resistance to Triclosan

Some reports of infections caused by contaminated triclosan soaps have been
described (Table 9.8). The suspected mode of transmission was via the transiently
contaminated hands of healthcare workers.
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9.6 Cross-Tolerance to Other Biocidal Agents

Cross-adaptation to chlorhexidine, benzalkonium chloride, hexachlorophene,
DDAB and sodium nitrate has been for numerous bacterial species after low-level
triclosan exposure. They are described in Table 9.7.

9.7 Cross-Tolerance to Antibiotics

The triclosan resistance mechanisms are the same types of mechanisms involved in
antibiotic resistance and some of them account for the observed cross-tolerance
with antibiotics in laboratory isolates. Therefore, there is a link between triclosan
and antibiotics, and the widespread use of triclosan-containing antiseptics and
disinfectants may indeed aid in the development of microbial resistance, in par-
ticular cross-resistance to antibiotics [119].

Low-level triclosan exposure can cause antibiotic resistance in various bacterial
species (see Table 9.7). Other studies indicate a variable cross-tolerance
(Table 9.9).

Cross-tolerance seems quite common in Salmonella. Repeated in vitro exposure
of S. Typhimurium cells to triclosan selects for reduced susceptibility to several
antibiotics (chloramphenicol, tetracycline, ampicillin, acriflavine). Resistance to
disinfectants was observed only after exposure to gradually increasing concentra-
tions of triclosan, accompanied by a 2,000-fold increase in its MIC. This is asso-
ciated with overexpression of AcrAB efflux pump [75]. Another study shows that
among 4% of 428, S. enterica isolates with a decreased triclosan susceptibility 56%
were multidrug-resistant compared with 12% of triclosan-sensitive isolates [25].
Antibiotic-resistant E. coli and Salmonella spp. with efflux pumps isolated from

Table 9.8 Infections associated with resistance to triclosan

Bacterial
species

Type and number of
infections

Patient
population

Source of infection and role
of triclosan resistance

References

P. aeruginosa 5 cases; pneumonia
(2) septicaemia
(1) and
asymptomatic
patients (2)

Haematology
unit

Contaminated triclosan
(0.5%) soap dispenser acted
as a continuous source of
infections; MIC value of
2,125 mg/l

[33, 79]

S. marcescens Sporadic cases with
no identifiable
source

Surgical
intensive care
unit

Contaminated triclosan
(1%) soap but no infections
could be attributed to the
contaminated soap

[6]

S. marcescens 3 cases of
conjunctivitis

Newborn
nursery

Contaminated triclosan
(0.5%) soap bottles, one in
use and one unopened

[96]
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Table 9.9 Triclosan and associated antibiotic tolerance

Species Strains/isolates Associated tolerance or resistance References

A. johnsonii Triclosan-tolerant
strain

Nonea (33 different antibiotics) [28]

A. johnsonii Triclosan-tolerant
strain

Chloramphenicola [82]

E. coli Triclosan-tolerant
strain

Nonea (33 different antibiotics)b [28]

Pseudomonas
spp.

52 isolates from meat
chain production

Ampicillin, amoxicillin, erythromycin,
imipenem and trimethoprimc

[80]

S. aureus Triclosan-tolerant
strain

Nonea (33 different antibiotics) [28]

S. aureus 1,632 clinical isolates No cross-resistancec to any clinically
relevant antibiotic

[103]

aDisc diffusion test; bsignificantly higher susceptibility to aminoglycoside antibiotics; cbroth
microdilution method

poultry and clinical samples have also been reported to be less susceptible to
triclosan [134].

Use of a toothpaste twice daily with triclosan resulted in 3.6 mg/l triclosan in
saliva immediately after tooth brushing. The concentration decreased gradually to
0.6 mg/l after 15 min. There were no differences of susceptibility between strep-
tococcal strains collected at days 0 and 14 to triclosan or five specific antibiotics
(benzylpenicillin, gentamicin, erythromycin, tetracycline, fusidic acid) [131]. In the
domestic setting no cross-resistance to antibiotics and antibacterial agents was
found in target bacteria from antibacterial product users and non-users [22].

9.8 Role of Biofilm

9.8.1 Effect on Biofilm Development

Some studies indicate that triclosan does not inhibit biofilm formation. Attachment
of S. mutans and P. gingivalis to polymethylmethacrylate (PMMA) or titanium was
not impaired by an 18 h exposure to triclosan between 0.01% [115]. When a plastic
based on acrylonitrile–butadiene–styrene with and without 5% triclosan was
exposed for 1–3 weeks to drinking water, no significant differences were observed
between the biofilm populations attached to triclosan plate and control plate sur-
faces. These results call into question the long-term utility of triclosan incorporation
into this type of plastic [70].

Other studies indicate that triclosan can inhibit biofilm formation. For example,
triclosan was described to inhibit biofilm formation to some extent on coated
polyglactin sutures 3–0 coating compared to non-coated sutures [121]. And a
commercially available mouth rinse containing triclosan resulted in a significantly
higher percentage of plaque-free surfaces compared to another triclosan-free mouth
rinse, both at 24 h and at 72 h but not at 48 h and 96 h indicating some retardation
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of bacterial biofilm down growth from the supra- to the subgingival environment
[2]. The inhibition of biofilm formation of triclosan on vascular catheters can be
significantly increased by DispersinB as shown with S. aureus, S. epidermidis and
E. coli [35]. When a P. acnes biofilm was cultured on 96-well plates for 24 h and
then exposed for another 24 h to 0.1% triclosan, the biofilm mass was approxi-
mately 90% lower compared to the negative control without triclosan [21]. And
triclosan at 2.5 mg/l inhibited biofilm formation in two outbreak S. Enteritidis
strains [60].

In combination with xylitol and polyhexamethylene biguanide, it was used for
coating central venous catheters. A biofilm disaggregation with significant reduc-
tion of micro-organism’s adherence was observed in coated fragments. In vivo
anti-adherence results demonstrated a reduction of early biofilm formation of S.
aureus ATCC 25923, mainly in an external surface of the coated central venous
catheter [124].

9.8.2 Effect on Biofilm Removal

S. oralis (ATCC 10557), S. gordonii (ATCC 10558) and A. naeslundii (ATCC
19039) were incubated for 20 h in a biofilm capillary reactor and exposed for 1 h
with a solution of 0.03% triclosan. No removal of biofilm was observed [26].

9.8.3 Effect on Biofilm Fixation

No data were found to evaluate the potential biofilm fixation properties of triclosan.

9.9 Summary

The principal antimicrobial activity of triclosan is summarized in Table 9.10.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 9.11.

Table 9.10 Overview on the typical exposure times required for triclosan to achieve sufficient
biocidal activity against the different target micro-organisms

Target micro-organisms Species Concentration Exposure time (min)

Bacteria Most bacterial species 1% 3a

0.6% 5a

Fungi C. albicans 1% 1

0.1% 60

Mycobacteria Unknown
aIn biofilm, the efficacy will be lower
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Table 9.11 Key findings on acquired triclosan resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

P. aeruginosa � 2,500 mg/l

E. coli � 1,000 mg/l

Bifidobacterium spp. � 512 mg/l

A. johnsonii, C. perfringens,
Lactobacillus spp.

� 256 mg/l

Salmonella spp. � 250 mg/l

S. marcescens � 232 mg/l

Enterococcus spp. � 128 mg/l

C. freundii � 100 mg/l

S. aureus � 64 mg/l

Proposed MIC
values to
determine
resistance

C. albicans 16 mg/l

Enterobacter spp. 1 mg/l

E. faecium 32 mg/l

E. faecalis 16 mg/l

E. coli 2 mg/l

K. pneumoniae 2 mg/l

Salmonella spp. 8 mg/l

S. aureus 0.5 mg/l

Cross-tolerance
biocides

B. cereus, B. licheniformis,
Enterobacter spp., E. casseliflavus, E.
faecium, Enterococcus spp., E. coli, K.
oxytoca, P. agglomerans, P. ananatis,
Pantoea spp., P. nigrescens,
Salmonella spp., S. saprophyticus, S.
oralis, S. sanguis and S. mutans

Chlorhexidine

B. cereus, B. licheniformis,
Enterobacter spp., E. casseliflavus, E.
faecium, Enterococcus spp., E. coli, K.
oxytoca, P. agglomerans, P. ananatis,
Pantoea spp., Salmonella spp. and S.
saprophyticus

Benzalkonium chloride

B. cereus, B. licheniformis,
Chrysobacterium spp., Enterobacter
spp., E. casseliflavus, E. faecium,
Enterococcus spp., P. agglomerans,
P. ananatis, Salmonella spp., S.
saprophyticus and Staphylococcus spp.

Hexachlorophen

Enterobacter spp., K. oxytoca,
P. agglomerans, P. ananatis, Pantoea
spp., Salmonella spp., S.
saprophyticus, S. xylosus and
Staphylococcus spp.

DDAB

B. cereus and P. ananatis Sodium nitrate
(continued)
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Table 9.11 (continued)

Parameter Species Findings

Cross-tolerance
antibiotics

B. cereus, B. licheniformis, Bacillus
spp., Enterobacter spp., E.
casseliflavus, E. faecium, Enterococcus
spp., E. coli, L. pentosus, L.
pseudomesenteroides, L.
monocytogenes, P. agglomerans,
P. ananatis, Pantoea spp., Salmonella
spp., S. saprophyticus, S. xylosus and
Staphylococcus spp.

Possible in selected strains to
various types of antibiotics

Resistance
mechanisms

P. aeruginosa, E. coli, S.
Typhimurium, S. enterica, K.
pneumoniae

Efflux pumps

P. aeruginosa Outer membrane changes

A. baumannii, S. aureus Gene expression changes

A. xylosoxidans and P. putida Use of triclosan as sole carbon
source

R. rubrum FabI point mutation

Effect of
low-level
exposure

A. baumannii, A. naeslundii, A.
xylosoxidans, B. cereus, B. cepacia, C.
coli, C. indologenes,
Chryseobacterium spp., E. faecalis, E.
faecium, E. coli, Eubacterium spp., F.
nucleatum, H. gallinarum, K. oxytoca,
K. planticola, L. rhamnosus, L. lactis,
M. luteus, Megasphaera spp., N.
subflava, P. gingivalis, P. aeruginosa,
S. Enteritidis, S. Infantis, S.
Typhimurium, S. marcescens, S.
capitis, Staphylococcus spp., S.
anginosus, S. multivorum, S. sanguis,
S. mutans and V. dispar

No MIC increase

B. cereus, B. licheniformis, Bacillus
spp., C. jejuni, C. indologenes,
Chryseobacterium spp., E.
casseliflavus, E. faecium, Enterococcus
spp., K. oxytoca, M. luteus, M.
phyllosphaeriae, P. ananatis, Pantoea
spp., P. nigrescens, P. putida,
Salmonella spp., S. aureus, S. caprae,
S. epidermidis, S. saprophyticus, S.
maltophilia, S. proteomaculans, S.
oralis and Veillonella spp.

Weak MIC increase (� 4-fold)

C. xerosis, Enterobacter spp., E.
faecalis, P. agglomerans, P. ananatis,
Salmonella spp., S. aureus, S.
haemolyticus, S. lugdunensis, S.
saprophyticus, S. warneri, S. xylosus,
Staphylococcus spp. and S. maltophilia

Strong (>4-fold) but unstable MIC
increase

(continued)
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10Benzalkonium Chloride

10.1 Chemical Characterization

Benzalkonium chloride (BAC) is a type of cationic surfactant [101]. It is a mixture
of alkyl benzyl dimethyl ammonium chlorides, in which the alkyl group has various
even-numbered alkyl chain lengths. BAC comprises of 24 compounds that are
structurally similar quaternary ammonium compounds (“quats”). They are charac-
terized by having a positively charged nitrogen covalently bonded to three alkyl
group substituents and a benzyl substituent [388]. In finished form, these quats are
salts with the positively charged nitrogen (cation) balanced by a negatively charged
molecule (anion). The most common anion for the quats in this cluster is chloride.

The basic chemical information of three typical mixtures described as benz-
alkonium chloride is summarized in Table 10.1.

In themajority of studies, the CAS number is not mentionedwhen BACwas used as
a biocidal agent. That is why the specific chemical identity of the substance under
investigation is not always clear. Nevertheless, data on BAC were reviewed and
summarized because it was considered unlikely that a specific mixture of alkyl benzyl
dimethyl ammonium chlorides would yield results that are not typical for the entire
group ofmixtures. This possible limitation should be kept inmind for the entire chapter.

10.2 Types of Application

BAC is used for a variety of different applications. In China, BAC is used for hand
scrubs, skin disinfection and mucosa and wound disinfection (500–1,000 mg/l;
3–5 min) and surface disinfection (1,000–2,000 mg/l; 30 min) [220]. In Japan, it is
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used for hand scrubbing (500–1,000 mg/l), as a surgical site antiseptic (100–
500 mg/l), as a mucosa and wound antiseptic (100–500 mg/l), as a surface disin-
fectant (500–2,000 mg/l) and as an instrument disinfectant (500–1,000 mg/l) [286].
In Europe, it can be found in many surface disinfectants and instrument disinfec-
tants or disinfectant cleaners. It is occasionally used in alcohol-based skin or hand
disinfectants. Its use in the veterinary field includes environmental treatment at 60–
120 mg/l (120 min), treatment of surgical sites at 100–500 mg/l, hand scrubbing at
500–1,000 mg/l (1–3 min) and skin and wound treatment at 1,000–2,000 mg/l (5–
10 min) [74]. As a wood preservative, it is used at a final concentration between
4,000 and 20,000 mg/l [153].

The use of BAC in the USA is broad. It is used in agricultural, food handling and
medical settings. Examples of registered uses for BAC in these settings include
application to indoor and outdoor hard surfaces (e.g. walls, floors, tables, toilets and
fixtures), eating utensils, laundry, carpets, agricultural tools and vehicles, egg shells,
hands and gloves, shoes, milking equipment, and udders, humidifiers, recreational
vehicle tanks, medical instruments, human remains, ultrasonic tanks, reverse
osmosis units and water storage tanks. There are also BAC end-user products that
are used in residential and commercial swimming pools, in aquatic areas such as
decorative ponds, decorative fountains, and agricultural watering lines, and in
industrial process and water systems such as once-through and re-circulating
cooling water systems, cooling towers, evaporative condensers, pasteurizers, dril-
ling mud, packer fluids, oil well injection and wastewater systems, and in pulp and
paper products, water and chemicals. Additionally, BAC end-user products are used
for wood preservation [388].

Table 10.1 Basic chemical information on typical mixtures described as benzalkonium chloride
(BAC) [153]

Type of BAC C12–18
mixture

C12–16 mixture C12–14 mixture

Components
of mixture
with
examples of
composition

C12 (61%)
C14 (23%)
C16 (11%)
C18 (5%)

C12 (39–76%)
C14 (20–52%)
C16 (<12%)

C12 (70%)
C14 (30%)

CAS number 68391-01-5 68424-85-1 85409-22-9

Synonyms N-Alkyl
dimethyl
benzyl
ammonium
chloride
(C12-C18)

Benzyl-C12-16-alkyldimethyl
chlorides, alkyl (C12-16)
dimethyl benzyl ammonium
chloride

Benzyl-C12-14-alkyldimethyl
ammonium chlorides, C12-14
ADBAC
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10.2.1 European Chemicals Agency (European Union)

The C12-C18 BAC, the C12-C16 BAC and the C12-C14 BAC are still under
review as active biocidal substances (June 2018) for product types 1 (human
hygiene), 2 (disinfectants and algaecides not intended for direct application to
humans or animals), 3 (veterinary hygiene), 4 (food and feed area), 10 (construction
material preservatives), 11 (preservatives for liquid-cooling and processing sys-
tems), 12 (slimicides) and 22 (embalming and taxidermist fluids). So far, only the
C12-C16 BAC has been approved for product type 8 (wood preservatives) [20].

10.2.2 Environmental Protection Agency (USA)

In the USA, the first product containing BAC was registered in 1947. The oldest
active product containing BAC was registered in 1956 [388]. In 2006, the active
agent was last reviewed. As a result of this review, EPA has determined that
BAC-containing products are eligible for re-registration, provided that risk miti-
gation measures are adopted and labels are amended accordingly [388].

10.2.3 Food and Drug Administration (USA)

In 2015, BAC was eligible for five types of application in health care: patient
preoperative skin preparation, healthcare personnel hand wash, healthcare person-
nel hand rub, surgical hand scrub and surgical hand rub [82]. It is classified in
category IIISE indicating that available data are insufficient to classify BAC as safe
and effective, and further testing is required [82]. The main aspects on safety are
oral carcinogenicity and resistance potential [82].

10.2.4 Overall Environmental Impact

In 1997, it was described that hospitals alone emit between 4.5 and 362 g BAC per
bed and year [195]. Recent data from Germany indicate that on average 0.042 g
BAC per bed and day are emitted from hospitals (equivalent to 15.33 g per bed and
year) [379]. In 2006, the EPA concluded that BAC is hydrolytically stable under
abiotic and buffered conditions over the pH 5–9 range. The calculated half-lives for
BAC were 379 days at pH 9 and 150–183 days at pH 5 and pH 7. BAC is also
stable to photodegradation in pH 7 buffered aqueous solutions [388]. Based on a
biodegradation study, BAC readily degrades into 60% carbon dioxide in 13 days.
BAC is immobile in soil. The available soil mobility study shows that BAC has a
strong tendency to bind to sediment and soil. Due to its strong adsorption to soils
[176], BAC was not expected to contaminate surface and groundwaters [388].
Nevertheless, cationic surfactants are widely detected in the environment, and an
antagonistic effect of interactions on biodegradation of two widely used types of
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benzalkonium chlorides has been described suggesting further investigation on the
degradation of mixture of QACs in wastewater effluents and biosolids [177].
Samples from 11 Swedish sewage treatment plants revealed that quaternary
ammonium compounds were the most abundant substances in the particulate phases
with levels up to 370 µg per g. The majority of the QACs were mostly found in the
particle phase of the incoming water, but all could be detected in the water phase as
well [305]. Overall, wastewater, wastewater treatment plants, wastewater sludge,
sludge-applied soil, surface waters and aquatic sediments are environments where
BAC resistance evolves and proliferates. BAC-resistant bacteria may be transferred
from outdoor environments to indoors such as homes and healthcare facilities [376].

10.3 Spectrum of Antimicrobial Activity

10.3.1 Bactericidal Activity

10.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values for benzalkonium chloride obtained with different bacterial species
are summarized in Table 10.2. The most susceptible bacterial species were
Lactobacillus spp. (MICs up to 5 mg/l), Campylobacter spp. (up to 32 mg/l) and
coagulase-negative Staphylococcus spp. (up to 64 mg/l). S. aureus was mostly
below the recommended epidemiological cut-off value (16 mg/l) [271] although
few MIC values up to 1,250 mg/l have been reported. Enterococcus spp. were also
often below the recommended epidemiological cut-off value of 8 mg/l [271] but
were also described with MIC values up to 250 mg/l. K. pneumoniae was among
the most susceptible Gram-negative species with MIC values up to 64 mg/l which
is just above the recommended epidemiological cut-off value (32 mg/l). E. coli (up
to 156 mg/l), C. freundii (up to 190 mg/l), Acinetobacter spp. (up to 200 mg/l),
Salmonella spp. (up to 256 mg/l), A. xylosoxidans and B. cepacia (up to 500 mg/l),
Pseudomonas spp. (up to 5,000 mg/l), B. cereus and E. meningoseptica (up to
7,800 mg/l) and A. hydrophila (up to 31,300 mg/l) were often susceptible although
some isolates were above the recommended epidemiological cut-off value (64 mg/l
for E. coli, 128 mg/l for Salmonella spp.). The highest MIC values were described
with A. hydrophila (up to 31,300 mg/l), B. cereus and E. meningoseptica (up to
7,800 mg/l) P. aeruginosa (up to 5,000 mg/l), L. monocytogenes (up to 625 mg/l;
proposed breakpoint: >7.5 mg/l) [361], E. cloacae (up to 512 mg/l but mostly
below the recommended epidemiological cut-off value of 32 mg/l), A. xylosoxidans
and B. cepacia (up to 500 mg/l) and P. mirabilis (up to 400 mg/l). Overall, it is
important to know that with BAC the result of MIC testing depends to some extent
on the media composition and plate material showing the need to standardize
biocide susceptibility testing [31].

Only few data are available to describe the MIC values for bacterial species that
were obtained from biofilms. They are summarized in Table 10.3. Overall, the MIC
values were higher compared those obtained with planktonic cells (Table 10.2).
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Table 10.2 MIC values of various bacterial species to benzalkonium chloride

Species Strains/isolates MIC value
(mg/l)

References

A. baumannii 3 isolates from domestic surfaces 1.7–3.4 [65]

A. baumannii 47 clinical isolates 4–32 [215]

A. baumannii 51 carbapenem-resistant clinical isolates 4–64 [222]

A. baumannii JCM 6841 21 [417]

A. baumannii 2 blood culture isolates from oncology
patients

50–100 [145]

A. johnsonii NCIMB 12460 30–40 [206]

Triclosan-tolerant industrial strain 120–130

Acinetobacter spp.a 283 clinical isolates (273 A. calcoaceticus-A.
baumannii complex, 7 A. lwoffii, 3 A. junii)

5–50 [171]

Acinetobacter spp.a 283 clinical isolates (273 A. calcoaceticus-A.
baumannii complex, 7 A. lwoffii, 3 A. junii)

10–200 [172]

A. xylosoxidans Domestic drain biofilm isolate MBRG 4.31 31.2 [266]

A. xylosoxidans 2 clinical isolates 63–500 [279]

A. hydrophila Domestic drain biofilm isolate MBRG 4.3 31.2 [266]

A. hydrophilia Blood culture isolate from an oncology
patient

100 [145]

A. hydrophila Domestic drain biofilm isolate 31,300 [108]

A. jandaei Domestic drain biofilm isolate MBRG 9.11 31.2 [266]

A. proteolyticus Domestic drain biofilm isolate MBRG 9.12 3.9 [266]

Alcaligenes spp. 2 blood culture isolates from oncology
patients

25–75 [145]

B. cereus Domestic drain biofilm isolate MBRG 4.21 6.5 [266]

B. cereus Domestic drain biofilm isolate 7,800 [108]

B. adolescentis 4 isolates from faeces of healthy humans 4–16 [95]

B. animalis
subsp. lactis

8 isolates from faeces of healthy humans 4–64 [95]

B. bifidum 31 isolates from faeces of healthy humans 2–128 [95]

B. breve 5 isolates from faeces of healthy humans 4–16 [95]

B. catenulatum 1 isolate from faeces of a healthy human 4 [95]

B. infantis 2 isolates from faeces of healthy humans 4–64 [95]

B. longum 25 isolates from faeces of healthy humans 4–128 [95]

B. pseudocatenulatum 15 isolates from faeces of healthy humans 16–64 [95]

B. pseudolongum 1 isolate from faeces of a healthy human 128 [95]

B. thermoacidophilum 6 isolates from faeces of healthy humans 4–64 [95]

B. suis 1 isolate from faeces of a healthy human 8 [95]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

B. cepacia complex 38 clinical, non-clinical and environmental
strains

50–400 [330]

B. cepacia JCM 5964 213 [417]

B. cepacia complex B. lata strain 383 500 [181]

B. cepacia 1 wash basin isolate 63–500 [279]

C. coli 8 strains from poultry 0.06–1 [245]

6 strains from humans 0.25–1

4 strains from pigs 0.25–0.5

1 strain from water 0.5

C. jejuni 5 strains from water 0.06–2 [245]

3 strains from poultry 0.5–1

5 strains from humans 1–4

C. jejuni 81 isolates from poultry slaughterhouses <32 [312]

C. acidivorans Blood culture isolate from an oncology
patient

100 [145]

C. pseudogenitalum Human skin isolate MBRG 9.24 15.6 [266]

C. renale group Human skin isolate MBRG 9.13 7.8 [266]

C. indologenes Domestic drain biofilm isolate MBRG 9.15 31.2 [266]

C. indologenes Blood culture isolate from an oncology
patient

100 [145]

C. meningosepticum Blood culture isolate from an oncology
patient

75 [145]

Chrysobacterium spp. Domestic drain biofilm isolate MBRG 9.17 31.2 [266]

C. luteola Blood culture isolate from an oncology
patient

100 [145]

C. freundii 3 isolates from domestic surfaces 13.6 [65]

C. freundii NCIMB 11490 120–130 [206]

Triclosan-tolerant industrial strain 180–190

Citrobacter spp. Domestic drain biofilm isolate MBRG 9.18 26 [266]

E. cloacae Strain 17/97 (clinical isolate) 0.012–
0.024

[238]

E. cloacae 5 isolates from domestic surfaces 6.8–13.6 [65]

E. cloacae 43 ESBL patient isolates (haematology
ward)

64–512 [57]

Enterobacter spp.a 54 worldwide strains from hospital- and
community-acquired infections

4–64 [271]

E. meningoseptica Domestic drain biofilm isolate 7,800 [108]

E. casseliflavus 5 isolates from dust samples collected in
breeding pig facilities

2–4 [35]

(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. casseliflavus 1 dairy isolate 4 [34]

E. durans 5 isolates from clinical, veterinary and dairy
sources

4 [34]

E. faecalis 56 worldwide strains from hospital- and
community-acquired infections

0.5–16 [271]

E. faecalis 53 isolates from dust samples collected in
breeding pig facilities

2–4 [35]

E. faecalis 46 isolates from clinical, veterinary and dairy
sources

2–4 [34]

E. faecalis 9 isolates from swine meat production 2–4 [325]

E. faecalis 52 isolates from livestock 2–8 [1]

E. faecalis ATCC 29212 8 [417]

E. faecalis 1 cariogenic strain isolated from children >256 [188]

E. faecium 53 worldwide strains from hospital- and
community-acquired infections

0.5–16 [271]

E. faecium 22 isolates from dust samples collected in
breeding pig facilities

2–4 [35]

E. faecium 12 isolates from swine meat production 2–4 [325]

E. faecium 78 isolates from livestock 2–16 [1]

E. faecium 17 isolates from clinical, veterinary and dairy
sources

4–8 [34]

E. gallinarum 2 isolates from dust samples collected in
breeding pig facilities

2–4 [35]

E. hirae 39 isolates from dust samples collected in
breeding pig facilities

1–4 [35]

E. hirae 3 isolates from dairy and clinical sources 2–4 [34]

E. hirae ATCC 10541 8 [417]

E. raffinosus 2 isolates from dust samples collected in
breeding pig facilities

1–2 [35]

E. saccharolyticus Domestic drain biofilm isolate MBRG 9.16 31.2 [266]

E. solitarius 1 veterinary isolate 2 [34]

Enterococcus spp.a 122 strains (E. faecalis, E. faecium) from
different traditional fermented foods

<0.1 [204]

Enterococcus spp.a 25 isolates from dust samples collected in
breeding pig facilities

<0.25–4 [35]

Enterococcus spp.a 7 isolates from domestic surfaces, 3 isolates
from household individuals

0.4–0.9 [65]

Enterococcus spp.a 4 VRE strains 5–6 [366]

Enterococcus spp.a 69 clinical isolates 8–16 [151]

Enterococcus spp.a 272 strains from various sources 25–250 [391]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. rhusiopathiae 60 isolates from various sources 0.15 [105]

E. coli 306 worldwide strains from hospital- and
community-acquired infections

2–128 [271]

E. coli 12 strains 2.5–150 [333]

E. coli 5 isolates from domestic surfaces 3.4–6.8 [65]

E. coli NCTC 10418 4–16b [31]

E. coli 140 human isolates, 34 isolates from healthy
chicken (all ESBL)

4–32 [84]

E. coli 153 blood culture isolates 4–64 [41]

E. coli 179 isolates from retail meats 4–64 [157]

E. coli 13 bovine and 7 equine strains 10 [348]

E. coli ATCC 25922 11 [417]

E. coli Strain HEC30 16 [77]

E. coli ATCC 25922 and 9 avian and porcine strains 16–32 [360]

E. coli 202 isolates from livestock 16–128 [1]

E. coli 74 isolates from food contact surfaces 19.5–39.1 [154]

E. coli IFO 14237 30 [421]

E. coli 27 isolates from hen egg shells 50–75 [124]

E. coli ATCC 25922 156 [85]

Eubacterium spp. Domestic drain biofilm isolate MBRG 4.14 31.2 [266]

F. oryzihabitans Blood culture isolate from an oncology
patient

75 [145]

G. haemolysans 1 cariogenic strain isolated from children 8 [188]

H. gallinarum Domestic drain biofilm isolate MBRG 4.27 31.2 [266]

K. oxytoca 2 isolates from domestic surfaces 6.8 [65]

K. pneumoniae 37 isolates predominately from a variety of
human infections pre-1949 (“Murray
isolates”) and 39 “modern strains” (2007–
2012)

1–16 (old
isolates)

[401]

8–32
(modern
isolates)

K. pneumoniae 60 worldwide strains from hospital- and
community-acquired infections

4–64 [271]

K. pneumoniae 27 carbapenem-resistant clinical isolates 4–64 [131]

K. pneumoniae Strain 39.11 16 [77]

Klebsiella spp.a 30 isolates from food contact surfaces (16 K.
pneumoniae, 14 K. oxytoca)

19.5–78.1 [154]

L. acidophilus 4 strains from different origins 1–2 [15]

L. amylovorus 7 strains from different origins 0.5–1 [15]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

L. brevis 13 strains from different origins 0.5–2 [15]

L. bulgaricus 6 strains from different origins 1–4 [15]

L. coryniformis 3 strains from different origins 1–2 [15]

L. fermentum 4 strains from different origins 0.25–2 [15]

L. garvieae 42 isolates from different origins 1–4 [15]

L. helveticus 39 strains from different origins 0.25–2 [15]

L. paracasei 75 strains from different origins 0.5–4 [15]

L. pentosus 60 strains from naturally fermented
Aloreña green table olives

0.01–5.0 [50]

L. plantarum 43 strains from different origins 0.5–4 [15]

L. reuteri 42 strains from different origins 0.06–2 [15]

L. rhamnosus 9 strains from different origins 1–4 [15]

L. lactis 3 strains 1 [386]

L. pseudomesenteroides 13 strains from naturally fermented
Aloreña green table olives

0.01–5.0 [50]

Leuconostoc spp.a 3 strains 0.5–2 [386]

L. monocytogenes 96 strains from frozen food 1.25–5 [315]

L. monocytogenes 14 strains (3 from blood, 6 from food, 5 from
water)

1.25–10 [313]

L. monocytogenes 254 isolates from seafood products 1.9–15 [361]

L. monocytogenes 15 strains from pork processing plant 2.5–20 [304]

L. monocytogenes LMG 16779 4 [297]

L. monocytogenes 114 isolates from food products 4–32 [2]

L. monocytogenes 142 strains from food processing 5–30 [91]

L. monocytogenes 71 isolates from commonly consumed food
items

6–20 [414]

L. monocytogenes 9 strains from a cheese processing facility 7.8–31.3 [331]

L. monocytogenes ATCC 7644 625 [85]

Listeria spp.a 127 isolates from food and food processing
environments (75 L. innocua, 49 L.
welshimeri, 2 L. seeligeri and 1 L. grayi)

2.5–40 [184]

M. phyllosphaerae Domestic drain biofilm isolate MBRG 4.30 15.6 [266]

M. luteus Human skin isolate MBRG 9.25 0.45 [266]

O. anthropi Blood culture isolate from an oncology
patient

10 [145]

P. aeruginosa 8 isolates from domestic surfaces 3.4–27.3 [65]

P. aeruginosa ATCC 15442 12–60 [129]

P. aeruginosa 28 multidrug-resistant isolates from burn
patients

30–1,000 [119]

(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

P. aeruginosa NCTC 13359 32–128b [31]

P. aeruginosa 175 isolates from veterinary sources 32–256 [22]

P. aeruginosa 91 clinical isolates, 37 hospital
environmental isolates

� 38.4 [301]

P. aeruginosa ATCC 15442 60 [201]

P. aeruginosa 55 strains from various sources (20 clinical
isolates, 19 industrial environmental isolates,
16 culture collection strains)

78–625 [198]

P. aeruginosa ATCC 27853 128 [417]

P. aeruginosa 178 clinical isolates 312–5,000 [197]

P. alkylphenolia 2 isolates from meat chain production 0.25–2.5 [203]

P. fluorescens 3 isolates from meat chain production 0.025–2.5 [203]

P. fluorescens 5 isolates from chicken carcasses 70–200 [201]

P. fluorescens 9 of 14 strains from chill stored poultry
carcasses

� 200 [368]

P. fragi 4 isolates from meat chain production 0.0025–
0.25

[203]

P. fragi 3 isolates from chicken carcasses 50–200 [201]

P. fragi 2 of 14 strains from chill stored poultry
carcasses

� 200 [368]

P. lundensis 34 isolates from meat chain production 0.0025–2.5 [203]

P. lundensis 4 isolates from chicken carcasses 50–200 [201]

P. lundensis 2 of 14 strains from chill stored poultry
carcasses

� 200 [368]

P. nitroreductans Domestic drain biofilm isolate MBRG 4.6 31.2 [266]

Pseudomonas spp. Domestic drain biofilm isolate MBRG 9.14 31.2 [266]

Pseudoxanthomonas
spp.

Domestic drain biofilm isolate MBRG 9.20 31.2 [266]

P. mirabilis 52 isolates from cooked meat products 4–32 [159]

P. mirabilis 11 clinical strains 50–400 [364]

P. putida 9 isolates from meat chain production 0.0025–2.5 [203]

Ralstonia spp. Domestic drain biofilm isolate MBRG 4.13 7.8 [266]

S. enterica 122 poultry isolates, 135 swine isolates 4–256 [63]

S. enterica 122 isolates from poultry and swine 8–256 [62]

S. Typhimurium 1 poultry isolate 8 [48]

Salmonella spp.a 112 isolates from meat 2.5–50 [115]

Salmonella spp.a 12 strains from various sources 4–32 [259]

Salmonella spp.a 375 avian isolates 8–128 [321]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

Salmonella spp.a 901 worldwide strains from hospital- and
community-acquired infections

16–128 [271]

Salmonella spp.a 195 isolates from chicken and egg
production

32–256 [223]

Salmonella spp.a 156 isolates from livestock 64–256 [1]

S. marcescens 18 clinical strains 87–139 [116]

S. multivorum Domestic drain biofilm isolate MBRG 9.19 31.2 [266]

S. spiritivorum Blood culture isolate from an oncology
patient

10 [145]

S. aureus 7 isolates from domestic surfaces, 3 isolates
from household individuals

<0.004–
0.128

[65]

S. aureus 169 clinical MRSA isolates from
community-acquired infections

0.1–5 [228]

S. aureus ATCC 6538 0.25–2b [31]

S. aureus 436 isolates without increased expression 0.3–2.5 [186]

253 isolates with increased expression
of � 1 multidrug resistance efflux pump
gene

1.25–5

S. aureus 1,635 worldwide strains from hospital- and
community-acquired infections

0.5–16 [271]

S. aureus 1,602 isolates from hospital- and
community-acquired infections

0.5–16 [113]

S. aureus 54 clinical isolates 0.5–64 [370]

S. aureus 114 effluxing bloodstream isolates 0.6–5.0 [80]

S. aureus 65 clinical MRSA isolates 0.8–12.5 [343]

S. aureus 43 isolates from livestock 1–8 [1]

S. aureus 11 isolates from community environmental
samples

1–32 [139]

S. aureus 60 clinical MRSA isolates 1–64 [370]

S. aureus 4 strains (CECT976, RN4220, SA1199b,
XU212)

1.5–4 [123]

S. aureus NCTC 6571, NCTC 83254 and 17 clinical
MRSA isolates

1.5–4 [366]

S. aureus 11 strains with various resistance genes <2–6 [217]

S. aureus ATCC 6538 2 [417]

S. aureus 40 MRSA isolates from nursery pigs 2–5 [356]

S. aureus 28 isolates from automated teller machines 2–8 [425]

S. aureus 46 isolates from auricular infections 2–32 [428]

S. aureus 9 isolates from the oral cavity of children 2–128 [427]

S. aureus 22 isolates from food contact surfaces 2.44–9.77 [154]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

S. aureus 1 QAC-resistant isolate 2.5 [28]

S. aureus ATCC 25923 4 [297]

S. aureus 100 ST9 MRSA strains from porcine
carcasses

4–5 [412]

S. aureus 24 strains with various resistance genes
(qacA, qacB, qacC, qacG or norA)

4–16 [242]

S. aureus 25 MSSA and 16 MRSA isolates from faecal
samples

4–32 [8]

S. aureus 8 cariogenic strains isolated from children 8–128 [188]

S. aureus ATCC 25923 16 [427]

S. aureus ATCC 700698 (MRSA) 16 [417]

S. aureus ATCC 25923 1,250 [85]

S. capitis Human skin isolate MBRG 9.34 0.45 [266]

S. capitis 4 isolates from auricular infections 8–32 [428]

S. caprae Human skin isolate MBRG 9.30 0.45 [266]

S. caprae 1 QAC-resistant isolate 3.5 [28]

S. caprae 1 isolate from community environmental
samples

8 [139]

S. chromogene 3 isolates from auricular infections 2–16 [428]

S. cohnii Human skin isolate MBRG 9.31 0.45 [266]

S. cohnii subsp. cohnii 1 methicillin-resistant isolate from a horse 2 [74]

S. cohnii 1 QAC-resistant isolate 5 [28]

S. delphini 1 QAC-resistant isolate 3.5 [28]

S. epidermidis Human skin isolate M 9.33 0.45 [266]

S. epidermidis 65 isolates from food contact surfaces 1.22–9.77 [154]

S. epidermidis 32 isolates from auricular infections 2–32 [428]

S. epidermidis 2 QAC-resistant isolates 2.5–3.5 [28]

S. epidermidis ATCC 12228 4 [417]

S. epidermidis 28 isolates from community environmental
samples

4–32 [139]

S. equorum 2 isolates from auricular infections 8–16 [428]

S. fleurettii 1 methicillin-resistant isolate from a horse 0.5 [74]

S. haemolyticus Human skin isolate MBRG 9.35 0.45 [266]

S. haemolyticus 14 QAC-resistant isolates 1–3.5 [28]

S. haemolyticus 1 methicillin-resistant isolate from a horse 2 [74]

S. haemolyticus 21 clinical isolates 4–8 [69]

S. haemolyticus 9 isolates from auricular infections 4–16 [428]

S. haemolyticus 9 isolates from community environmental
samples

4–32 [139]

S. hominis Human skin isolate MBRG 9.37 0.45 [266]
(continued)
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Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

S. hominis 2 QAC-resistant isolates 2–3 [28]

S. hominis 10 isolates from auricular infections 2–16 [428]

S. hominis 6 isolates from community environmental
samples

4–32 [139]

S. hyicus 38 isolates from livestock 0.5–2 [1]

S. kloosii Human skin isolate MBRG 9.28 1.3 [266]

S. lentus 1 methicillin-resistant isolate from a horse 0.5 [74]

S. lugdunensis Human skin isolate MBRG 9.36 1.3 [266]

S. lugdunensis 11 clinical strains 7.8–62.5 [107]

S. pasteuri 1 QAC-resistant isolate 3 [28]

S. pseudointermedius 20 MRSP and 20 MSSP from dogs (35) and
cats (5)

0.5–4 [72]

S. pseudointermedius 43 MSSP and 57 MRSP isolates from canine
pyoderma

1–4 [278]

S. pseudointermedius 25 MSSP and 25 MRSP from dogs with skin
and soft tissue infections

2–16 [390]

S. saprophyticus Human skin isolate MBRG 9.29 0.45 [266]

S. saprophyticus 2 QAC-resistant isolates 2.5–4.5 [28]

S. saprophyticus 2 isolates from community environmental
samples

4–16 [139]

S. schleiferi 12 clinical strains 15.6–31.2 [107]

S. sciuri 8 methicillin-resistant isolates from horses 0.5–2 [74]

S. simulans 6 isolates from auricular infections 4–32 [428]

S. simulans 1 isolate from community environmental
samples

32 [139]

S. warneri Human skin isolate MBRG 9.27 0.45 [266]

S. warneri 5 isolates from auricular infections 2–8 [428]

S. warneri 13 QAC-resistant isolates 2.5–3.5 [28]

S. warneri 5 isolates from community environmental
samples

4–32 [139]

Staphyloccocus spp.a 78 coagulase-negative isolates from
automated teller machines

0.25–16 [425]

Staphyloccocus spp.a 51 coagulase-negative clinical isolates 0.5–64 [370]

Staphyloccocus spp.a 181 isolates from meat and poultry plants 1–9 [367]

Staphyloccocus spp.a 69 clinical isolates (27 MRCNS, 19 MSSA,
13 MSCNS, 10 MRSA)

1–16 [151]

Staphyloccocus spp.a 4 QAC-resistant isolates 1.5–2.5 [28]

S. maltophilia Domestic drain biofilm isolate MBRG 9.13 31.2 [266]

S. maltophilia 2 blood culture isolates from oncology
patients

100 [145]

(continued)
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10.3.1.2 Bactericidal Activity (Suspension Tests)
The spectrum of the bactericidal activity of BAC is summarized in Table 10.4.
Against Gram-positive bacterial species BAC is usually effective within 5 min at
0.02%, whereas some Gram-negative species may be more resistant to BAC, e.g. S.
marcescens from an antiseptic footbath. BAC at 1% was found to be bactericidal in
5 min against various species. A product based on 0.00995% BAC with additional
0.00249% an N-(3-aminopropyl)-N-dodecylpropane-1,3-diamine was also effective
against various multiresistant Gram-negative isolates within 1 h. A low concen-
tration of 0.0014% BAC was effective against 9 biofilm-forming toilet bowl iso-
lates within 5 h but it not sufficiently effective against 16 other species including
Pseudomonas spp. and S. maltophilia.

Table 10.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

S. agalactiae 52 strains from vaginal swabs of pregnant
women

0.4–6.3 [272]

S. anginosus 1 cariogenic strain isolated from children 16 [188]

S. constellatus 1 cariogenic strain isolated from children 16 [188]

S. mitis 1 cariogenic strain isolated from children 8 [188]

S. mutans 1 cariogenic strain isolated from children 8 [188]

S. oralis 1 cariogenic strain isolated from children >256 [188]

S. salivarus 44 strains from different origins 1–4 [15]

S. salivarius 1 cariogenic strain isolated from children 16 [188]

S. thermophilus 135 strains from different origins 0.125–4 [15]

Various speciesa 80 Gram-positive isolates from cow milk and
goat cheese production

2.5–50 [104]

Various speciesa 378 isolates from organic food 10–100 [102]

Various speciesa 40 Gram-negative isolates from cow milk
and goat cheese production

25–250 [104]

aNo number of isolates per species; bDepending on the media composition and plate material

Table 10.3 MIC values obtained with biofilm grown cells of various bacterial species to
benzalkonium chloride

Species Number of strains/isolates MIC value (mg/l) References

E. coli 74 isolates from food contact surfaces 39.1–156.3 [154]

Klebsiella spp. 30 isolates from food contact surfaces 39.1–156.3 [154]

S. aureus 22 isolates from food contact surfaces 39.1–78.1 [154]

S. epidermidis 65 isolates from food contact surfaces 19.5–156.3 [154]
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Table 10.4 Bactericidal activity of benzalkonium chloride in suspension tests

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

A. delafieldii 2 toilet bowl biofilm
isolates

1 h 0.0014% (S) 0.9–1.5 [270]

5 h 5.2–6.3

A. baumannii ATCC 19606 and 2
clinical isolates:
antibiotic-susceptible
and 4MRGN OXA-23

1 h 0.00995%a

(P)
� 5.1 [320]

A. xylosoxidans ATCC 27061 1 h 0.00995%a

(P)
� 5.1 [320]

Blastomonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 2.1 [270]

5 h 5.2

B. sanguinis Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.2 [270]

5 h 1.2

C. jejuni ATCC BAA-1062,
ATCC 33560 and 2
field strains

1 min 0.02% (S) 4.9–>6.0 [133]

Campylobacter
spp.

46 strains from
broilers and pigs

5 min 1% (S) � 5.0 [16]

E. avium Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.6 [270]

5 h 2.0

E. coli NCTC 86 30 s 1% (S) � 5.0 [237]

E. coli ATCC 11229 30 min 0.01% (S) � 3.0 [276]

H. parasuis 2 strains (serovars 1
and 5)

1 min 0.02% (S) >6.0
4.5–4.9b

[326]

H. pylori NCTC 11637, NCTC
11916 and 7 clinical
isolates

30 s 0.1% (S) >5.0 [7]

0.025% (S)

H. flavidus Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.3 [270]

5 h 5.0

K. pneumoniae ATCC 10031 and 4
clinical isolates:
antibiotic-susceptible,
3MRGN, 4MRGN
OXA-48 and 4MRGN
KPC-2

1 h 0.00995%a

(P)
� 5.1 [320]

K. oxytoca ATCC 700324 and 4
clinical isolates:
antibiotic-susceptible,
3MRGN, MRGN
OXA-48 and 4MRGN
KPC-2

1 h 0.00995%a

(P)
� 5.1 [320]

L. monocytogenes 20 environmental and
food isolates

5 min 0.0035–
0.013% (P)

� 5.0 [76]

L. monocytogenes 10 clinical and 10
food strains

5 min 0.001% (S) 0.0–6.5a [374]

L. brunescens Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.7 [270]

5 h 6.8
(continued)
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Table 10.4 (continued)

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

Luteimonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [270]

5 h 0.2

M. adhaesivum Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.3 [270]

5 h 1.8

M. aquaticum Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [270]

5 h 0.2

Methylobacterium
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.2 [270]

5 h 0.9

Microbacterium
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [270]

5 h 2.6

Paracoccus spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.3 [270]

5 h 1.3

P. aeruginosa NCTC 9027 30 s 1% (S) � 5.0 [237]

P. aeruginosa ATCC 15442 5 min 1% (S) � 5.0 [16]

P. aeruginosa ATCC 15442 5 min 0.02% (S) >4.0 [397]

0.01% (S) 3.6

P. aeruginosa NCIMB 10421 and 6
adapted strains

5 min 0.006% (S) 4.0–5.0 [377]

P. aeruginosa ATCC 15442 and 3
clinical isolates:
antibiotic-susceptible,
3MRGN and 4MRGN
VIM-1

1 h 0.00995%a

(P)
� 5.1 [320]

P. nitroreducens Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [270]

5 h 0.0

Pseudomonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.1 [270]

5 h 0.3

Pseudonocardia
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.8 [270]

5 h 5.2

P. mexicana Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.5 [270]

5 h 4.6

S. marcescens ATCC 13880 5 min 0.02% (S) >5.0 [200]

S. marcescens Isolates from
contaminated
alkylamine
disinfectant foot baths
(dairy)

5 min 0.02% (S) 0.5–3.0 [200]

S. marcescens ATCC 14756 and 4
clinical isolates:
antibiotic-susceptible,
3MRGN, 4MRGN
OXA-48 and 4MRGN
KPC-2

1 h 0.00995%a

(P)
� 5.1 [320]

(continued)
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The bactericidal activity of 0.2% BAC is largely neutralized in the presence of
egg compounds, milk, beef gravy or tuna gravy [193, 194, 213], whereas the
presence of serum albumin, starch or salad oil did not substantially reduce the
bactericidal efficacy of BAC at 0.2%, only at 0.1% or 0.05% [213]. The bactericidal
efficacy of BAC at 0.009% and 0.035% may be significantly lower when the
bacterial cells of S. aureus or P. aeruginosa used for the suspension test are grown
on agar instead of broth, a difference that cannot be found at higher BAC con-
centrations [40].

The MBC values obtained with different bacterial species are summarized in
Table 10.5. The minimum bactericidal concentration depends on the species and
begins at 0.0005% BAC (S. aureus and S. epidermidis) but can also be as high as

Table 10.4 (continued)

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

S. yanoikuyae Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.2 [270]

5 h 4.7

Sphingobium spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.0 [270]

5 h 2.4

S. soli Toilet bowl biofilm
isolate

1 h 0.0014% (S) 3.2 [270]

5 h 6.6

S. wittichii Toilet bowl biofilm
isolate

1 h 0.0014% (S) 2.2 [270]

5 h 5.6

Sphingomonas
spp.

3 toilet bowl biofilm
isolates

1 h 0.0014% (S) 1.5–2.5 [270]

5 h 4.4–6.6

Sphingopyxis spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.7 [270]

5 h 2.6

S. aureus Strain RF3 30 s 1% (S) 4.8 [237]

1 min

10 min

S. aureus ATCC 6538 5 min 1% (S) � 5.0 [16]

S. aureus Newman laboratory
strain

5 min 1% (S) � 5.0 [211]

S. aureus IFO 13276 30 s 0.2% (S) � 5.0 [418]

S. aureus ATCC 6538 30 min 0.008% (S) � 3.0 [276]

S. aureus ATCC 6538 5 min 0.004% (S) 4.0 [397]

S. epidermidis Toilet bowl biofilm
isolate

1 h 0.0014% (S) 2.8 [270]

5 h 5.3

S. maltophilia Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [270]

5 h 0.1

X. aerolatus Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.1 [270]

5 h 1.4

P Commercial product; S Solution; aIn combination with 0.00249% an N-(3-aminopropyl)-
N-dodecylpropane-1,3-diamine; bwith organic load
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0.4% (S. aureus). It is noteworthy that the bactericidal concentration is for some
species at the same level as the bacteriostatic concentration of benzalkonium
chloride (see also Table 10.2).

10.3.1.3 Activity Against Bacteria in Biofilms
The activity of BAC against bacteria in biofilms has been investigated in numerous
studies. The results are summarized in Table 10.6. At 1%, BAC was in some
studies bactericidal within 30 min or 1 h (S. aureus and mixed biofilm) but much

Table 10.5 MBC values of various bacterial species to benzalkonium chloride (5 min exposure
time)

Species Strains/isolates MBC value References

B. subtilis ATCC 6633 0.0009% [38]

E. faecalis ATCC 19433 0.0052% [38]

E. coli 74 isolates from food contact surfaces 0.00195–
0.0156%

[154]

E. coli Strain PHL 628 0.0024% [38]

E. coli ATCC 25922 0.0025%a [417]

Klebsiella spp. 30 isolates from food contact surfaces 0.00195–
0.0156%

[154]

L. monocytogenes Strain EGDe 0.0028% [38]

P. aeruginosa ATCC 15442 0.0016% [38]

P. aeruginosa ATCC 15442 0.002–
0.0075%

[129]

P. aeruginosa ATCC 27853 0.0025%a [417]

P. aeruginosa ATCC 15442 0.008% [201]

P. fluorescens 5 isolates from chicken carcasses 0.003–0.014% [201]

P. fragi 3 isolates from chicken carcasses 0.002–0.006% [201]

P. lundensis 4 isolates from chicken carcasses 0.004–0.009% [201]

S. enterica Strain S24 0.0042% [38]

S. aureus 22 isolates from food contact surfaces 0.0005–
0.00195%

[154]

S. aureus 56 isolates (QAC tolerant) 0.0008%–

0.0064%b
[220]

S. aureus ATCC 6538 0.0013%a [417]

S. aureus 42 clinical MRSA isolates 0.0016–
0.0128%

[286]

S. aureus 54 MRSA strains isolated in Canary
black pigs

0.0039–
0.0156%

[97]

S. aureus ATCC 6538 0.007% [38]

S. aureus ATCC 6538 and 12 isolates from
fishery products

0.1–0.4%b [398]

S. epidermidis 65 isolates from food contact surfaces 0.00049–
0.00195%

[154]

a10 min exposure time; b30 min exposure time
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less effective with 0.5–2.0 log within 24 h against S. aureus and P. aeruginosa. At
0.1%, BAC was able to reduce bacterial counts of E. coli, S. Enteritidis and S.
aureus within 5 min by � 5.0 log but not P. aeruginosa (0.9 log in 60 min) or
species in mixed biofilm (1.1 log in 60 min). At 0.01%, it usually required an
exposure time of 4 h (A. xylosoxidans, E. coli, P. aeruginosa) whereas shorter times
such as 30 s or 6 min did not achieve a sufficient bactericidal effect.

Some data are available to describe the MBC values for bacterial species that
were obtained from biofilms. They are summarized in Table 10.7. Overall, the
MBC values were higher compared those obtained with planktonic cells
(Table 10.5).

The lower susceptibility of bacterial cells in biofilms or obtained from biofilms
has been described in a few other studies. Tests with E. coli CIP 54127 obtained
from culture on tryptic soy agar or in the form of biofilms showed a strong
impairment of the bactericidal activity of BAC for biofilm cells. The reduction in
sensitivity was attributed to a reduced accessibility of the bacterial cells to the
disinfectants, due to the fact that the former adhered to a support [293]. The absence
of oxygen increased the antimicrobial effect of BAC towards E. coli with both
planktonic and sessile cells [26]. Eradication of biofilm cells of P. aeruginosa by
BAC required much longer time than that of planktonic cells in suspensions [373].
A 24 h biofilm on polystyrene microtiter plates grown by 8 strains of P. aeruginosa
was quite resistant to BAC requiring concentrations between 0.045 and 0.07% to
achieve a bactericidal effect in 60 min [306]. Biofilm-grown P. aeruginosa cells
(24 h in microtiterplates) were 100 times less susceptible to BAC (5 min exposure
time) compared to planktonic cells [39]. These findings are supported by other
authors. An alkyldimethyl BAC at 0.005% was 2,160 times less effective against
P. aeruginosa in biofilm compared to planktonic cells; the resistance factor was
only marginally lower at 0.01% (2,000 times less effective) and substantially lower
at 0.025% (1,500 times less effective) [127]. For P. aeruginosa CIP A 22, the level
of resistance of the bacteria in the biofilm relative to that of planktonic bacteria
increased with the BAC C-chain length. For cells within the biofilm, the
exopolysaccharide induced a characteristic increase in surface hydrophilicity.
Three-dimensional structures (water channels) were also involved [47].

Similar results were found with L. monocytogenes. The susceptibility of biofilm
grown cells (4 d on stainless steel) was 3.7 times lower to BAC (10 min exposure
time) compared to planktonic cells. When the cells were grown for 11 d on stainless
steel, the susceptibility was 6 times lower. And when the cells were grown for 11 d

Table 10.7 MBC values (5 min) obtained with biofilm grown cells of various bacterial species to
benzalkonium chloride

Species Strains/isolates MBC value References

E. coli 74 isolates from food contact surfaces 0.00781–0.0625% [154]

Klebsiella spp. 30 isolates from food contact surfaces 0.01563–0.0625% [154]

S. aureus 22 isolates from food contact surfaces 0.01563–0.0625% [154]

S. epidermidis 65 isolates from food contact surfaces 0.00781–0.0625% [154]
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on polypropylene, the susceptibility was 36 times lower [335]. In single-species
biofilms, L. monocytogenes developed higher tolerance to cleaning and disinfection
over time for the quaternary ammonium compound disinfectant, indicating that a
broad-spectrum mechanism was involved [100]. On a mature 6 d L. monocytogenes
biofilm, BAC of at least 80 mg/l was necessary to reduce � 80% of the metabolic
activity [313]. Increased BAC tolerance was observed in L. monocytogenes biofilm
(static or continous flow) after exposure to 20 mg/l peracetic acid in a wild-type
strain only in static biofilm [394]. HrcA and DnaK play an important role in the
resistance of L. monocytogenes planktonic and biofilm cells against disinfectants
[394].

Studies with S. aureus show that BAC at 0.1% was ineffective for eradication of
MRSA cells in biofilm even after 1 h but was effective for eradication of planktonic
cells within 20 s [296]. Another study with 11 food-associated Staphylococcus
spp. strains demonstrated that a similar bactericidal efficacy (0.3–3.5 log in 5 min)
was achieved against planktonic cells with 0.001% BAC but against biofilm cells
with 0.02% BAC [99]. In addition, it was observed that L. monocytogenes strain
C719 in biofilms is at least 1,000 times more resistant to BAC than in planktonic
form [327]. In contrast to these findings, it was reported that S. aureus cells taken
from a 14 h biofilm are more susceptible to BAC at 10 and 20 mg/l compared to
planktonic cells [46].

The efficacy of BAC against bacteria in biofilms depends on various parameters,
e.g. the maturity of the biofilm. The resistance of 4 L. monocytogenes strains to
0.005% and 0.015% BAC was dependent on biofilm maturity (72 h vs. 24 h and
48 h) [289]. BAC is less effective against mixed biofilms. Mixed biofilm (L.
monocytogenes and L. plantarum) was found to be less susceptible to the bacte-
ricidal activity of 0.01% BAC in 15 min (<2.0 log) compared to single-species
biofilm of L. monocytogenes (4.5 log) and L. plantarum (3.3 log) [396]. Mixed
biofilm (S. liquefaciens and S. putrefaciens) was also more difficult to inactivate by
BAC at 0.01% compared to single-species biofilms [218]. The presence of L.
monocytogenes in a P. putida biofilm strongly increases the resistance of the bio-
film cells to BAC [120]. Biofilm formation with P. putida and L. monocytogenes
depends on the bacterial species involved and the interactions between them and the
environmental conditions. The resistance of mixed-species biofilms of L. mono-
cytogenes and P. putida to BAC seems to be related to their microscopic structure
and to the association between the involved species [337]. The formulation
itself also seems to matter. Bacteria with lower antimicrobial susceptibility whose
populations were enriched after low-level biocide exposure were more effectively
suppressed by BAC at in-use concentrations (1%) in a formulation than in a simple
aqueous solution [108].

BAC seems to encounter obstacles to penetration within the cluster. BAC
treatment caused a non-uniform loss of fluorescence in P. aeruginosa ATCC 15442
biofilms. Cells in peripheral layers were inactivated first, and then the action of the
biocide spread steadily into the cluster structure. This gradual inactivation of the
structure together with the fact that disruption of the three-dimensional biofilm
structure and elimination of the matrix led to a recovery of biocide efficiency,
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suggests that BAC encountered obstacles to penetration within the cluster, probably
caused by interactions with biofilm components [39].

The reduced efficacy of an alkyldimethyl BAC against bacteria in biofilms
(shown with E. aerogenes) is partly explained by a transport limitation of the
biocide into the biofilm [363]. The ability of BAC to penetrate a biofilm, however,
is not correlated with its killing or removal efficiency as shown with biofilms of B.
cereus and P. fluorescens [11]. The addition of at least 0.5 mM copper to BAC was
able to synergistically be effective against P. aeruginosa cells in biofilms [136].

Biofilm also enables microbial persistence. In a cold-smoked fish processing
plant, a few clones of L. monocytgenes persisted. One persistent strain produced
more biofilm than the transient strain in 48 h. In addition, the resistance to BAC
was about 150-fold higher in the persistent strain than in the transient strain. The
total amount of extracellular polymeric substances in the persistent strain biofilm
was higher than that in the transient strain biofilm. These findings suggest that the
persistent strain produces greater amounts of biofilm and extracellular polymeric
substances than the transient strain, which results in greater resistance of the per-
sistent strain to disinfectants [283].

Restricted penetration of BAC into biofilms might be one of the key processes
explaining the resistance of P. aeruginosa biofilms to this biocide [39]. Repro-
cessed dispensers for surface disinfectants were refilled with use solutions of
products based on BAC. Bacterial regrowth in the surface disinfectant solution was
observed for some manual reprocessing protocols after 3 w at room temperature
suggesting a niche for Achromobacter spp., e.g. in residual biofilm [165, 166].
Another explanation for the resistance of a P. aeruginosa ATCC 15442 biofilm to
BAC is that few cells remained alive at different areas in the cluster, despite the
apparent penetration of the biocide after 25 min of treatment. These cells may have
been located in areas difficult for the biocides to attain; for example, the cells may
have been located in areas protected by a large quantity of matrix and other cells. In
addition, it cannot be excluded that these few cells expressed highly resistant
phenotypes throughout physiological adaptations, e.g. persisters (20), or throughout
genetic mutations [39].

In E. coli MG 1655 and a L. innocua field strain, it was shown that resistance to
BAC is associated significantly increased stickiness in biofilm formation [372]. L.
monocytogenes cells present in biofilms were shown to recover and grow after a
30 min BAC treatment with concentrations up to 10 mg/l thus providing a source
of recontamination [327]. BAC-adapted S. Enteritidis biofilms acquired the ability
to survive a normally lethal exposure to BAC (0.05%) and then regrew [240].

10.3.1.4 Carrier Test
Only few data were found on the efficacy of BAC on contaminated inanimate
surfaces. P. aeruginosa NCIMB 10421, and 6 BAC-adapted strains were reduced
by 0.006% BAC exposed for 5 min by 1.8–3.3 log [377]. Insufficient bactericidal
activity with mostly between 1.0 and 2.0 log was described against S. aureus and
P. aeruginosa in concentrations up to 0.3% BAC with an exposure time of 5 min
[397]. Against 3 bacterial species (S. aureus strain RF3, E. coli NCTC 86 and
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P. aeruginosa NCTC 9027), 1% BAC revealed a good bactericidal activity within
30 s on glass carriers with at least 4.2 log [237].

According to ASTM E 2967, the efficacy of disinfectant wipes soaked with
0.45% BAC plus 0.4% DDAC and 0.1% PHMB was determined on stainless steel
carriers contaminated with S. aureus (ATCC 6538) or A. baumannii (ATCC
19568). With a 10 s wipe, the bacterial load was reduced by at least 5.0 log, the
control wipe without the disinfectant yielded 3.0 log. A transfer of the test organism
to another sterile surface was observed from all surfaces originally contaminated
with S. aureus and from none of the surfaces originally contaminated with A.
baumannii [339].

BAC is also strongly adsorbed to various types of tissue used in surface disin-
fection such as white pulp (up to 61% adsorption), viscose rayon (up to 70%
adsorption) and mixed tissues (up to 54% adsorption) [30]. Cotton towels have also
been described to bind between 82% and 85% of BAC after only 30 s of exposure
[96]. Use of these tissues with surface disinfectants based on BAC will result in an
insufficient bactericidal effect and in low-level exposure to the target
micro-organisms [30, 96].

10.3.2 Fungicidal Activity

10.3.2.1 Fungistatic Activity (MIC Values)
An overview on published MIC values obtained with different fungal species can be
found in Table 10.8. Most yeast isolates had MIC values below the proposed
epidemiological cut-off value for C. albicans of 16 mg/l [271]. Fusarium spp. may
have MIC values up to 64 mg/l, Aspergillus and Alternaria spp. up to 32 mg/l.

10.3.2.2 Fungicidal Activity (Suspension Tests)
Data from suspension tests to describe the fungicidal activity of products based on
benzalkonium chloride are summarized in Table 10.9. The yeasticidal activity
begins at 0.2% BAC within 5 min. Aspergillus spp. are overall sufficiently reduced
by 0.5% BAC within 60 min. Food-borne fungi seem to be more resistant to
benzalkonium chloride compared to the typical healthcare-associated fungi such as
Candida spp. or Aspergillus spp. Some species are killed with 1.5% within 10 min
by � 4.0 log except A. flavus, A. versicolor and many Penicillium spp. Neverthe-
less, some authors describe that the fungicidal activity of 1% BAC is strong in 1–
3 min against eight different fungal species including five strains of A. niger and
five strains of P. roquefortii [185].

The yeasticidal activity of 0.2% BAC is largely neutralized in the presence of
egg compounds and milk as shown in carrier tests [351]. In S. cerevisiae, it was
shown that the mechanism of action of BAC is primarily metabolic inhibition rather
than membrane damage [182].
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Table 10.8 MIC values of various fungal species to benzalkonium chloride

Species Strains/isolates MIC value
(mg/l)

References

A. alternata 10 fungal keratitis isolates 2–16 [416]

Alternaria spp.a 11 clean room isolates 8–32 [338]

A. flavipes Isolate from the biodeteriorated mural paintings
of an old church

0.6 [389]

A. flavus 3 clinical, 3 airborne and 2 food isolates 0.25–8 [163]

A. flavus Isolate from the biodeteriorated mural paintings
of an old church

>0.6 [389]

A. flavus 7 isolates from surfaces in a veterinary hospital 1.25–20 [244]

A. flavus 14 clean room isolates 2–8 [338]

A. flavus 61 fungal keratitis isolates 4–32 [416]

A. flavus 10 isolates from fungal keratitis cases 16 [78]

A. fumigatus 6 clinical and 14 airborne isolates 0.25–2 [163]

A. fumigatus Isolate from the biodeteriorated mural paintings
of an old church

0.6 [389]

A. fumigatus 9 isolates from surfaces in a veterinary hospital 1.25–5 [244]

A. fumigatus 11 clean room isolates 4–8 [338]

A. fumigatus 11 fungal keratitis isolates 4–16 [416]

A. nidulans Isolate from the biodeteriorated mural paintings
of an old church

>0.6 [389]

A. niger 2 airborne and 2 food isolates 0.5–2 [163]

A. niger Isolate from the biodeteriorated mural paintings
of an old church

>0.6 [389]

A. niger Strain from cultural heritage objects in Serbia 1.25 [365]

A. niger 10 fungal keratitis isolates 2–8 [416]

A. niger 2 isolates from surfaces in a veterinary hospital 2.5 [244]

A. niger 11 clean room isolates 4–8 [338]

A. ochraceus Isolate from the biodeteriorated mural paintings
of an old church

>0.6 [389]

A. ochraceus Strain from cultural heritage objects in Serbia 1 [365]

A. ochraceus 2 food isolates 4–8 [163]

A. parasiticus Isolate from the biodeteriorated mural paintings
of an old church

>0.6 [389]

A. terreus Isolate from the biodeteriorated mural paintings
of an old church

0.6 [389]

A. terreus 4 clean room isolates 4–8 [338]

A. versicolor 12 fungal keratitis isolates 4–32 [416]

B. spicifera Strain from cultural heritage objects in Serbia 0.25 [365]

C. albicans 200 worldwide strains from hospital- and
community-acquired infections

0.5–32 [271]

C. albicans 15 clinical isolates from patients with
septicaemia

3.12 [152]

(continued)
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10.3.3 Mycobactericidal Activity

Since 1961, BAC is known to have no tuberculocidal activity [231, 413]. More recent
data show that BAC at 0.1% has no activity in 120 min against M. tuberculosis,
M. kansasii and M. avium [324]. Combinations of various QACs also revealed an
insufficient activity against M. tuberculosis and M. bovis in 20 min [334]. At a low
concentration of 0.0014%, the mycobactericidal activity of BAC was also poor
within 5 h against toilet bowl biofilm isolates of M. frederiksbergense and another
Mycobacterium spp. (1.3–1.9 log) [270].

Table 10.8 (continued)

Species Strains/isolates MIC value
(mg/l)

References

C. albicans ATCC 10231 27 [417]

Cladosporium
spp.a

16 clean room isolates 4–16 [338]

Curvularia spp.a 16 clean room isolates 4–8 [338]

E. nigrum Strain from cultural heritage objects in Serbia 0.2 [365]

Exserohilum spp.a 4 clean room isolates 8–16 [338]

F. oxysporum 10 fungal keratitis isolates 8–16 [416]

F. solani 82 fungal keratitis isolates 8–32 [416]

F. verticillioides 20 fungal keratitis isolates 8–32 [416]

Fusarium spp.a 10 clean room isolates 4–8 [338]

Fusarium spp.a 10 isolates from fungal keratitis cases 32–64 [78]

Mucor spp.a 2 clinical and 1 food isolates 1–8 [163]

P. aurantiogriseum Food isolate 1 [163]

P. citrinum 15 airborne isolates 0.25–0.5 [163]

P. crysogenum 14 airborne isolates 0.25–1 [163]

P. paneum 2 food isolates 2–4 [163]

P. roquefortii 4 food isolates 2 [163]

Penicillium spp.a Strain from cultural heritage objects in Serbia 0.25 [365]

Penicillium spp.a 15 clean room isolates 2–4 [338]

Rhizopus spp.a 2 clinical and 1 food isolates 0.5–16 [163]

T. viride Strain from cultural heritage objects in Serbia 1.25 [365]

Trichoderma spp.a Food isolate 4 [163]

Various speciesa 8 cleanroom fungal isolates incl. Aspergillus
spp., Penicillum spp., Curvularia spp.,
Cladosporium spp. and Alternaria spp.

4–16 [399]

aNo number of isolates per species

286 10 Benzalkonium Chloride



Table 10.9 Fungicidal activity of benzalkonium chloride in suspension tests

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

A. flavus Bread isolate 10 min 1.5% (P) 2.0 [43]

A. fumigatus 15 clinical isolates 5 min 0.25% (P) � 4.0 [382]

A. niger Bread isolate 10 min 1.5% (P) >5.2 [43]

A. niger 1 clinical isolate 1 h 0.2% (S) � 4.0 [295]

A. ochraceus 2 clinical isolates 30 min 0.5% (S) <4.0 [132]

60 min � 4.0

A. terreus 2 clinical isolates 1 h 0.2% (S) � 4.0 [295]

A. versicolor 2 cheese isolates 10 min 1.5% (P) 1.2–4.0 [43]

C. albicans 1 clinical isolate 15 min 0.5% (S) � 4.0 [132]

C. albicans IFO 1594 5 min 0.2% (S) � 5.0 [418]

C. albicans 3 clinical isolates 15 min 0.2% (S) � 4.0 [295]

C. krusei 1 clinical isolate 15 min 0.5% (S) � 4.0 [132]

C. tropicalis 2 clinical isolates 15 min 0.2% (S) � 4.0 [295]

C. parapsilosis 1 clinical isolate 15 min 0.5% (S) � 4.0 [132]

C. parapsilosis 1 clinical isolate 15 min 0.2% (S) � 4.0 [295]

Cladosporium
spp.

Bread isolate 10 min 1.5% (P) >4.1 [43]

D. hansenii Cheese isolate 10 min 1.5% (P) >4.5 [43]

E. repens Bread factory isolate 10 min 1.5% (P) >4.5 [43]

H. burtonii Bread isolate 10 min 1.5% (P) >5.2 [43]

M. ruber Bread isolate 10 min 1.5% (P) >4.1 [43]

M. suaveolens Bread isolate 10 min 1.5% (P) >4.5 [43]

N. pseudofischeri Cherry filling isolate 10 min 1.5% (P) >4.5 [43]

P. anomala Bread isolate 10 min 1.5% (P) >5.9 [43]

P. caseifulvum Cheese isolate 10 min 1.5% (P) 2.7 [43]

P. chrysogenum Cheese isolate 10 min 1.5% (P) >5.2 [43]

P. commune 2 cheese and 1 bread
isolates

10 min 1.5% (P) 2.7–4.0 [43]

P. corylophilum Bread isolate 10 min 1.5% (P) >4.8 [43]

P. crustosum Cheese isolate 10 min 1.5% (P) 4.3 [43]

P. discolor Cheese isolate 10 min 1.5% (P) 3.0 [43]

P. nalgiovense 2 cheese isolates 10 min 1.5% (P) 2.3–4.2 [43]

P. norvegensis Cheese isolate 10 min 1.5% (P) 3.0 [43]

P. roqueforti 2 bread isolates 10 min 1.5% (P) 1.0–1.2 [43]

P. solitum Cheese isolate 10 min 1.5% (P) >4.8 [43]

P. verrucosum Cheese isolate 10 min 1.5% (P) 3.1 [43]

S. brevicaulis Cheese isolate 10 min 1.5% (P) >4.2 [43]

T. delbrueckii Cheese isolate 10 min 1.5% (P) >4.8 [43]

T. rubrum 1 clinical isolate 30 min 0.4% (S) � 4.0 [295]

S Solution; P Commercial product
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10.4 Effect of Low-Level Exposure

Numerous studies show that low-level exposure to BAC has different effects on
bacteria (Table 10.10). No adaptive response was found in isolates or strains from
12 Gram-negative species (A. xylosoxidans, C. jejuni, C. indologenes,
Chrysobacterium spp., C. sakazakii, H. gallinarum, M. osloensis, P. nitroreduc-
tans, S. enteritidis, Salmonella spp., S. multivorum, S. maltophilia) and 7
Gram-positive species (B. cereus, C. pseudogenitalum, E. saccharolyticus, S.
cohnii, S. epidermidis, S. kloosii and S. lugdenensis).

Some isolates or strains of 12 Gram-negative species were able to express a weak
adaptive response (MIC increase � 4-fold) such as A. hydrophila, A. jandaei,
C. coli, Citrobacter spp., E. coli, K. oxytoca, P. aeruginosa, P. putida, Pseudomonas
spp., Pseudoxanthomonas spp., S. Typhimurium and Salmonella spp. The same type
of change was found in isolates or strains of 13 Gram-positive species such as
E. durans, E. faecalis, Eubacterium spp., L. monocytogenes, M. phyllosphaerae,
M. luteus, S. aureus, S. capitis, S. caprae, S. hominis, S. saprophyticus, S. warneii
and Staphylococcus spp.

A strong but unstable MIC change (>4-fold) was found in isolates or strains of
seven Gram-negative species (E. cloacae, Enterobacter spp., Klebsiella spp.,
P. agglomerans, P. ananatis, Pantoea spp. and Salmonella spp.) and 10
Gram-positive species (B. cereus, B. licheniformis, Bacillus spp., E. casseliflavus,
E. faecalis, E. faecium, Enterococcus spp., S. haemolyticus, S. saprophyticus and
Staphylococcus spp.).

A strong and stable MIC change (>4-fold) was described for isolates or strains of
12 Gram-negative species (A. baumannii, Chryseobacterium spp., E. ludwigii,
Enterobacter spp., E. coli, Pantoea spp., P. aeruginosa, S. enterica serovar
Typhimurium, S. Enteritidis, S. Typhimurium, S. Virchow and Salmonella spp.) and
2 Gram-positive species (L. monocytogenes and S. aureus).

In isolates or strains of 2 Gram-negative species (A. proteolyticus and Ralstonia
spp.) and 1 Gram-positive species (C. renale group) the adaptive response was
strong but its stability was not described.

Selected strains or isolates revealed substantial MIC changes: Pantoea spp. (up
to 500-fold), Enterobacter spp. (up to 300-fold), Salmonella spp., S. saprophyticus
and B. cereus (all up to 200-fold), Staphylococcus spp. (up to 150-fold), or E. coli
(up to 100-fold). Other species still showed a strong but somewhat lower adaptive
MIC increase such Corynebacterium renale group (up to 62.5-fold), B. cereus, E.
faecalis and E. faecium (all up to 50-fold), Klebsiella spp. (up to 36-fold),
P. aeruginosa (up to 33-fold) and A. baumannii (up to 31-fold).

In Gram-negative species, the highest MIC values after adaptation were
3,000 mg/l (S. Typhimurium), 2,500 mg/l (P. aeruginosa and Pantoea spp.),
1,500 mg/l (Enterobacter spp.), 1,000 mg/l (E. coli) and 500 mg/l (B. cepacia
complex). Epidemiological cut-off values to determine resistance to BAC was
proposed in 2014 for Salmonella spp. (128 mg/l), E. coli (64 mg/l), K. pneumoniae
(32 mg/l) and Enterobacter spp. (32 mg/l) [271]. Based on this proposal, the
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majority of Salmonella spp., E. coli and Enterobacter spp. isolates would be
classified as resistant to BAC after low-level exposure. In Gram-positive species,
the highest MIC values after adaptation were 1,000 mg/l in S. saprophyticus,
400 mg/l in B. cereus, 100 mg/l in Staphylococcus spp. and 15.6 mg/l in S.
haemolyticus. Epidemiological cut-off values to determine resistance to BAC was
proposed in 2014 for S. aureus (16 mg/l), E. faecalis and E. faecium (both 8 mg/l)
[271]. Based on this proposal, the majority of S. aureus and Enterococcus
spp. isolates would still have to be classified as susceptible to BAC after low-level
exposure.

Cross-resistance to various antibiotics such as ampicillin, cefotaxime or cef-
tazidime was found in isolates of B. cepacia complex, Chryseobacterium spp.,
Enterobacter spp., E. coli, Klebsiella spp., Pantoea spp. and Salmonella
spp. Cross-resistance to selected antibiotics was also detected in B. cereus, B.
licheniformis, Bacillus spp., E. casseliflavus, E. durans, E. faecalis, E. faecium,
Enterococcus spp., S. saprophyticus and Staphylococcus spp.

In addition, a lower susceptibility to other biocidal agents was described for
some species to didecyldimethylammonium chloride or didecyldimethylammonium
bromide, chlorhexidine, triclosan, other QACs, alkylamine and sodium
hypochlorite.

Other adaptive changes include a significant up-regulation of transporter and
efflux pump genes in B. cepacia complex, E. coli and L. monocytogenes. Enhanced
biofilm formation was described for E. coli and S. epidermidis. In S. epidermidis,
the effect depends on the BAC concentration. At 0.0001% BAC was also able to
increase biofilm formation in three S. epidermidis strains but at 0.0002, 0.0003,
0.0004 and 0.0005% BAC biofilm formation was reduced [54].

A general adaptation to BAC by bacteria cannot be seen. Exposure of 7 species
(A. baumannii, C. sakazakii, E. faecalis, E. coli, P. aeruginosa, P. putida, S.
aureus) over 14 passages of 4 d each to increasing BAC concentrations on agar was
associated with both increases and decreases in antibiotic susceptibility, but its
effect was typically small relative to the differences observed among microbicides.
Susceptibility changes resulting in resistance were not observed in this study [109].

Nevertheless, the data in Table 10.10 are in line with findings showing that BAC
has a significant ermetic effect with P. aeruginosa and a less significant effect with
S. aureus resulting in greater bacterial growth [267]. P. fluorescens in biofilm also
exhibited adaptation to benzalkonium chloride at 0.001% [89]. When benzalkonium
chloride deposits remain on polystyrene such in surface disinfection, P. aeruginosa
readily acquired the ability to grow in BAC and also exhibited phyhysical–chemical
surface changes. The existence of residues on polystyrene surfaces altered their
hydrophobicity and favoured adhesion. Adapted bacteria revealed a higher ability to
adhere to surfaces and to develop biofilms, especially on BAC-conditioned sur-
faces, which thereby could enhance resistance to sanitation attempts [234]. Adap-
tive resistance to BAC promoted some changes in P. aeruginosa in proteins
previously described as involved in antibiotic resistance. These results contribute to
the assumption that there are common resistance mechanisms, between adaptive
and acquired resistance of P. aeruginosa [232].
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Adaptation to BAC in S. Enteritidis ATCC 4931 occurred concurrently with the
up-regulation of key proteins involved in the cold shock response, stress response,
and detoxification and an overall increase in protein biosynthesis. Thus, the
up-regulation of these important proteins explains the mechanisms responsible for
adaptive resistance to BAC in S. Enteritidis biofilms [240].

Low-level exposure to BAC has also been described in food processing to
enhance persistence of specific L. monocytogenes strains associated with a
low-level resistance to BAC [303]. In five pork meat processing plants, the use of
cleaning and disinfectant agents containing various agents such as 0.1–1% sodium
hypochlorite (2 plants), 0.5–2% peracetic acid with hydrogen peroxide (2 plants) or
4% DDAC (1 plant) has been proposed to select for L. monocytogenes persisters by
activating non-specific efflux pumps [67].

10.5 Resistance to BAC

BAC resistance among 1,325 food-associated Gram-negative bacteria and 500
Enterococcus spp. is not frequent, only 16 strains, mainly from meat retail shops,
showed low-level resistance to BAC. No systematic cross-resistance between BAC
and any of the other antimicrobial agents tested was detected. But resistance may
develop to user concentrations after exposure to sublethal concentrations of BAC
[353].

A study on 390 pigs from 26 farms revealed that frequent disinfection of nursery
pens is significantly associated with MRSA shedding in nursery pigs. All MRSA
isolates carried at least 1 QAC resistance gene. QAC-based disinfectants were
described as important drivers in the selection and persistence of MRSA in com-
mercial swine herds, and these agents may be co-selecting for other antimicrobial
resistance genes [356].

Resistance to BAC was in one study determined by visible grow on agar with
3 mg/l BAC. In 653 Staphylococcus spp. strains from community environmental
samples, a total of 63 (9.6%) were classified as BAC resistant based on this method
[139]. Resistance was also determined by visible grow on agar with 10 mg/l BAC
in three studies. Among 116 L. monocytogenes strains, a total of 71 (61.2%) were
regarded as BAC resistant based on this method [88]. Among 123 L. monocyto-
genes isolates from turkey processing plants, a total of 57 (46.3%) were regarded as
BAC resistant [273]. And in 138 L. monocytogenes isolates from processed foods
and processing plants environments a total of 19 (13.8%) were regarded as BAC
resistant [318]. Visible growth at 20 mg/l BAC was also used to determine BAC
resistance. In 392 L. monocytogenes strains from various sources in Finland and
Switzerland, a total of 45 (11.5%) were classified as BAC resistant mostly
explained by the qacH efflux pump [255].
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In order to facilitate the determination of MIC values, a disc diffusion test for
BAC has been tested and validated to determine resistance to BAC using S. aureus
and E. coli [140]. New QACs have been described to have a lower risk to trigger
bacterial resistance as shown with MRSA [260].

10.5.1 High MIC Values

BAC is quite specific in its antimicrobial mechanism. Even very low concentrations
cause damage to the cytoplasmic membrane due to perturbation of the bilayers by
the molecules’ alkyl chains [410]. Development of microbial resistance to BAC is
therefore possible or even likely.

Mainly isolates of Gram-negative species have been described to be resistant to
BAC as shown by high MIC values (see also Table 10.2). The highest MIC values
were described with A. hydrophila (up to 31,300 mg/l), B. cereus and E.
meningoseptica (up to 7,800 mg/l) P. aeruginosa (up to 5,000 mg/l), L. monocyto-
genes (up to 625 mg/l; proposed breakpoint: >7.5 mg/l) [361], E. cloacae (up to
512 mg/l but mostly below the recommended epidemiological cut-off value of
32 mg/l), A. xylosoxidans and B. cepacia (up to 500 mg/l) and P. mirabilis (up to
400 mg/l). K. pneumoniae was among the most susceptible Gram-negative species
withMIC values up to 64 mg/l which is just above the recommended epidemiological
cut-off value (32 mg/l). E. coli (up to 156 mg/l), C. freundii (up to 190 mg/l),
Acinetobacter spp. (up to 200 mg/l), Salmonella spp. (up to 256 mg/l), A. xylosoxi-
dans andB. cepacia (up to 500 mg/l),Pseudomonas spp. (up to 5,000 mg/l),B. cereus
andE.meningoseptica (up to 7,800 mg/l) andA. hydrophila (up to 31,300 mg/l) were
often susceptible although some isolates were above the recommended epidemio-
logical cut-off value (64 mg/l for E. coli, 128 mg/l for Salmonella spp.).

10.5.2 Reduced Efficacy in Suspension Tests

Some data are available indicating BAC resistance by insufficient killing in sus-
pension tests (� 5.0 log within the bactericidal exposure time), e.g. in Achro-
mobacter spp. 3, Methylobacterium spp. and S. marcescens (Table 10.11). It is not
surprising that an insufficient bactericidal activity of BAC was so far only described
with Gram-negative bacterial species. In France, a clinical isolates of P. cepacia
was identified with a MBC of >20% BAC whereas most other P. cepacia isolates
from hospitals or veterinary care had MBC values between 0.05 and 0.1%. Five
other Pseudomonas spp. were more susceptible than P. cepacia (MBC between
0.001 and 0.1%) [56].

Various Methylobacterium spp. strains isolated from pink biofilm in bathrooms
were not reduced at all when exposed to 5% BAC for 5 min. Exposure for 24 h
resulted in a 5.0 log reduction with BAC at 1%. Eleven other bacterial species
isolated from the same biofilm were mostly killed by 0.1% BAC in 5 min, only a
Rhodococcus spp. required either 1% BAC for 5 min or 0.1% BAC for 2 h [419].
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10.5.3 Resistance Mechanisms

Various pathways and mechanisms of resistance to QACs have been described
(Fig. 10.1). They are described below in more detail.

Table 10.11 Bactericidal activity of BAC solutions (S) or commercial products (P)

Species Strains/isolates BAC
concentration

Exposure
time

Log10
reduction

References

Achromobacter
spp. 3

1 isolate from
contaminated surface
disinfectant solution
based on BAC

99.5 mg/la

(P)
49.8 mg/la

(P)

1 h
4 h

4.6/ � 6.8b

2.4/4.4b
[165]

M. rhodesianum 1 isolate from a dairy
production facility

200 mg/l (S) 5 min 0.6 [33]

S. marcescens 1 isolate from
contaminated surface
disinfectant solution
based on BAC

99.5 mg/la

(P)
49.8 mg/la

(P)

1 h
4 h

0.1/2.4b

0.0/ <1.7b
[165]

aPlus an additional amine; bAfter 5 passages without selection pressure by BAC

Fig. 10.1 Pathways and mechanisms of QAC resistance [376]. Reprinted from Current Opinion
in Biotechnology, Volume number 33, Authors Tezel U and Pavlostathis SG, Quaternary
ammonium disinfectants: microbial adaptation, degradation and ecology, pp. 296–304, Copyright
2015, with permission from Elsevier
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10.5.4 Resistance Genes

Multidrug efflux pumps can be divided into five protein families depending on their
energy requirements and structure [406]. Two of them are the “Major Facilitator
Superfamily” (MFS) and the “Small Multidrug Resistance” (SMR) family [406].
MFS represents the largest known family of secondary transporter systems with at
least 74 protein families including qacA and qacB [406]. Qac genes (“quaternary
ammonium compound”), also described as biocide or antiseptic resistance genes
[357, 424], are often found in isolates suspected to be BAC or CHG resistant.

10.5.4.1 qacA/B
The qacA/B gene is found in S. aureus and coagulase-negative staphylococci [71,
300, 375] in the chromosome and on plasmids including the pSK1-plasmid family
[300]. Thirty three historical isolates of S. epidermidis from blood cultures did not
carry qacA/B indicating that long-term use of specific biocides may select for the
presence of qacA/B genes [355]. qacB transfers in S. aureus a resistance to
monovalent organic cations and in addition on a low level to some bivalent sub-
stances [282, 300]. It can be found on various plasmids such as b-lactamase and on
heavy metal resistance plasmids (pSK23) [300]. qacA and qacB are very similar
and difficult to distinguish by PCR [300]. Many isolates are present with highly
polymorphic forms of these genes. The functional differences between qacA and
qacB originally reported by Paulsen et al. [310] are now less clear. qacA/B is
considered to be the most frequent resistance gene for biocidal agents in disin-
fectants [220]. It has been claimed that the chronological emergence of qacA and
qacB determinants in clinical isolates of S. aureus mirrors the introduction and
usage of cationic biocides [332]. In S. aureus, it was shown that overexpression of
qacA is only found when the culture exposed in the exponential phase of growth
resulting in a 8-fold MIC increase [52]. In 2 S. epidermidis isolates from unpas-
teurized milk, the presence of qacA/B was associated with resistance to BAC
allowing bacterial growth at 0.0002% BAC [250]. The presence of disinfectant
resistance genes such as qacA/B significantly adversely affected disinfecting
capacity of rigid gas permeable solutions for contact lenses against Staphylococcus
spp. [350]. Twelve CNS isolates from invasive infections in very preterm infants
were found with a reduced susceptibility to BAC, all of them carried qacA/B [212].

The qacA/B gene can be found in up to 100% of clinical MRSA isolates
(Table 10.12). The trend in MRSA is increasing. In a pediatric oncology unit in the
USA, the qacA/B rate among MRSA increased year by year [251].

The qacA/B gene can, however, also be found in MSSA and other bacterial
species (Table 10.13). In carbapenem-resistant K. pneumoniae, it was 40.7%, in S.
aureus between 0 and 65.4%, and in CNS between 8.6 and 92.3%. Detection of the
qac gene correlated with a reduced susceptibility to biocidal agents such as BAC
[131]. In addition, resistance to ampicillin, penicillin G and dyes was prevalent in
staphylococcus strains from the food industry harbouring the qacA or qacB genes
[143].
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Table 10.12 Detection rates of qacA/B in MRSA isolates

Country Number of isolates and source qacA/B
detection rate
(%)

References

China 85 isolates from burn patients 100 [58]

Malaysia 60 clinical isolates 83.3 [346]

China 53 clinical isolates 83.0 [221]

Brazil 74 clinical isolates 81.1 [262]

Australia 151 clinical isolates from nosocomial infections 78.6 [148]

Mexico 21 strains from patients with catheter-related
infections

76.2 [309]

Malaysia 95 clinical isolates 70.5 [118]

South Korea 62 clinical isolates with low level mupirocin
resistance

64.5 [208]

Turkey 28 isolates from surgical site infections 64.3 [87]

Various
European
countries

297 isolates from blood cultures, skin or soft tissue
infections

62.6 [247]

Iran 60 clinical isolates 61.7 [370]

China 131 clinical isolates 61.1 [402]

Japan 65 clinical isolates 52.3a [343]

1.5b

Republic of
Korea

174 isolates from surveillance and clinical cultures 46.6 [179]

Taiwan 96 isolates from chlorhexidine-impregnated
catheter-related bloodstream infections

43.8 [147]

Various Asian
countries

894 clinical isolates 41.6 [292]

Republic of
Korea

169 isolates from patients on surgical intensive
care units

37.7 [59]

Taiwan 206 clinical isolates 35.4 [347]

Japan 283 isolates from patients with impetigo and
staphylococcal scalded skin syndrome

33.9 [291]

Republic of
Korea

119 isolates from surveillance cultures and clinical
samples on surgical intensive care units

32.8 [60]

Japan 334 clinical isolates 32.6 [9]

Serbia 50 clinical isolates 32.0 [300]

USA 98 isolates from pediatric patients with a
nosocomial infection

26.5 [253]

Scotland 38 hospital-acquired and community-acquired
isolates

26.3 [357]

Taiwan 240 clinical isolates 23.8 [403]

China 80 clinical isolates 23.8 [426]

Spain 182 clinical isolates 19.8a [256]

USA 66 clinical isolates from pediatric oncology
patients

18.0 [251]

(continued)
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Table 10.12 (continued)

Country Number of isolates and source qacA/B
detection rate
(%)

References

China 414 hospital-acquired clinical isolates 15.7 [214]

Various
European
countries

223 isolates from patients on intensive care units 13.5 [83]

Turkey 69 clinical isolates 11.6 [17]

Kuwait 121 clinical isolates 10.7a [392]

0.8b

Japan 98 clinical isolates 10.2a [290]

Iran 100 clinical isolates 9.0 [137]

Scotland 120 clinical isolates 8.3 [393]

China 321 isolates from patients and the hospital
environment

7.8 [227]

France 39 isolates from blood cultures and nasal swabs 7.7 [329]

Saudi Arabia 117 isolates from nosocomial infections 7.7a [345]

USA 504 isolates from anterior nares among patients on
a surgical intensive care unit

7.1 [404]

USA 281 clinical pediatric isolates 4.6 [160]

USA 28 clinical isolates, 17 of them from colonized
patients

3.6 [226]

USA 250 isolates from surveillance cultures on a NICU 3.5 [319]

Iran 60 clinical isolates 3.3 [138]

Scotland 40 isolates from blood stream infections 2.5 [146]

Canada 40 nasal isolates in commercial swine herds 2.5 [356]

Spain 134 isolates from blood and nasal samples 2.2 [277]

Canada 334 clinical isolates from ICUs 2.1 [224]

USA 341 isolates from skin and soft tissue infections
among infantry trainees

1.5 [341]

Various
European
countries

456 livestock-associated isolates 1.3 [12]

USA 458 clinical isolates 0.7 [269]

USA 1,968 clinical isolates 0.9 [249]

Egypt 40 isolates from milk and meat products 0 [10]

Turkey 10 clinical isolates 0 [151]
aqacA; bqacB
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Table 10.13 Detection rates of qacA/B in other bacterial species

Species Country Number of isolates and source qacA/B
detection
rate (%)

References

A. baumannii Malaysia 122 multidrug-resistant clinical
isolates

0a [18]

E. faecalis Germany 585 isolates from various sources 0.7 [25]

K. pneumoniae China 27 carbapenem-resistant clinical
isolates

40.7a [131]

L. monocytogenes China 71 isolates from retail food 1.4a [414]

S. aureus Norway 26 clinical isolates 65.4 [352]

S. aureus China 152 isolates from male patients
with urogenital tract infection

47.4 [420]

S. aureus USA 11 community environmental
isolates

45.5 [139]

S. aureus USA 149 MSSA isolates from pediatric
patients with a nosocomial
infection

38.3 [253]

S. aureus Iran 54 MSSA isolates from swabs 33.3 [370]

S. aureus Hong
Kong

28 isolates from automated teller
machines

25.0 [425]

S. aureus USA 183 isolates from infections of
children with congenital heart
disease

16.9 [254]

S. aureus USA 506 clinical isolates, 377 of them
community-acquired

15.6 [252]

S. aureus Tunisia 46 clinical isolates 13.0a [428]

8.7b

S. aureus Various
European
countries

297 MSSA isolates from blood
cultures, skin or soft tissue
infections

12.0 [247]

S. aureus Hong
Kong

116 isolates from orthokeratology
lens wearers

7.8 [128]

S. aureus Japan 188 clinical MSSA isolates 7.5 [9]

S. aureus Spain 111 isolates from young healthy
carriers

2.7 [13]

S. aureus Serbia 50 MSSA isolates from swabs 2.0 [300]

S. aureus Iran 100 clinical MSSA isolates 0 [137]

S. aureus Turkey 19 clinical MSSA isolates 0 [151]

S. epidermidis Slovenia 57 clean room isolates 98.2 [323]

S. epidermidis Sweden 143 clinical isolates mainly from
prosthetic joint infections (61) and
post-operative infections after
cardiac surgery (31)

43.3 [316]

S. epidermidis Denmark 75 isolates from the hands of
nurses using chlorhexidine for
surgical scrubbing (23) and patients
(52)

22.7 [355]

(continued)
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In Australia, the qacA/B gene was detected in 52 of 78 skin site samples (66.7%)
among 43 patients at catheter insertion sites in the arm that were covered with CHG
dressings. A statistically greater proportion of specimens with greater than 72 h
exposure to CHG dressings was qac-positive, suggesting that the patients were
contaminated with bacteria or DNA containing qacA/B during their hospital stay.
The presence of qac genes was not positively associated with the presence of DNA
specific for S. epidermidis and S. aureus in these specimens suggesting that qacA/B
genes are highly prevalent on hospital patients’ skin, even in the absence of viable
bacteria [61].

qacA/B-positive S. aureus isolates are common in children and are indepen-
dently associated with nosocomial acquisition and underlying medical conditions as
shown in an analysis of 506 S. aureus isolates obtained from paediatric patients
with community- or hospital-acquired infections. These findings imply a role for the

Table 10.13 (continued)

Species Country Number of isolates and source qacA/B
detection
rate (%)

References

S. haemolyticus Argentina 21 clinical isolates 23.8 [69]

S. pseudointermedius Japan 100 isolates from cases of canine
superficial pyoderma

0 [278]

S. pseudointermedius USA 115 isolates from human and
animal origin

0 [150]

Staphylococcus spp. Norway 52 CNS clinical isolates 92.3 [352]

Staphylococcus spp. USA 52 community environmental CNS
isolates

69.2 [139]

Staphylococcus spp. Thailand 41 MRCNS isolates from hospital
environmental samples

63.4 [344]

Staphylococcus spp. France 51 CNS isolates from invasive
infections in very preterm neonates
on a NICU

62.7 [212]

Staphylococcus spp. Turkey 27 clinical MRCNS isolates 59.3 [151]

Staphylococcus spp. Iran 51 CNS isolates from swabs 54.9 [370]

Staphylococcus spp. Hong
Kong

78 CNS isolates from automated
teller machines

48.7 [425]

Staphylococcus spp. Turkey 13 MSCNS clinical isolates 46.2 [151]

Staphylococcus spp. Tunisia 71 clinical CNS isolates 32.4a [428]

18.3b

Staphylococcus spp. Norway 42 QAC-resistant isolates (35
bovine and 7 caprine)

28.6 [28]

Staphylococcus spp. Hong
Kong

67 CNS isolates from
orthokeratology lens wearers

17.9 [128]

Staphylococcus spp. Belgium 58 MRCNS isolates from veal
calves

8.6a [14]

aqacA; bqacB
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health care environment in acquisition of these organisms. However, genotypic
antiseptic tolerance was seen in >25% of healthy children with an S. aureus
infection, indicating that these organisms are prevalent in the community as well
[252].

The presence of QAC resistance genes (mainly qacA/B) among clinical S.
epidermidis isolates was found to be associated with deep surgical site infections
[316]. In children with congenital heart disease and infections caused by S. aureus,
the qacA/B gene was associated with bacteremia and prolonged hospitalization
indicating adverse clinical outcomes [254].

10.5.4.2 smr (qacC)
The smr gene was first detected on a S. aureus plasmid and describes “staphylo-
coccal multidrug resistance” [406]. It turned out to be identical with the qacC gene
[406]. Irrespective of its description, it belongs to the smr protein family [406] and
is also regarded as a biocide or antiseptic resistance gene [221, 349]. Today, both
descriptions (smr gene and qacC gene) are used synonymously [406]. Table 10.14
summarizes the frequency of detection in various bacterial species. In S. aureus, it
can be detected in up to 64.7%, in MRSA and in CNS in up to 100% (Table 10.14).

Table 10.14 Detection rates of smr or qacC in isolates from various bacterial species

Species Country Number of isolates and source smr
detection
rate (%)

References

S. aureus Mexico 21 MRSA strains from patients
with catheter-related infections

100 [309]

S. aureus China 53 clinical MRSA isolates 77.4 [221]

S. aureus South
Korea

62 clinical MRSA isolates with
low level mupirocin resistance

71.0 [208]

S. aureus Switzerland 34 isolates from chicken
carcasses (neck samples)

64.7 [90]

S. aureus USA 11 community environmental
isolates

63.6 [139]

S. aureus Canada 40 nasal MRSA isolates in
commercial swine herds

62.5 [356]

S. aureus USA 98 MRSA isolates from pediatric
patients with a nosocomial
infection

44.9 [253]

S. aureus Scotland 120 clinical MRSA isolates 44.2 [393]

S. aureus USA 149 MSSA isolates from pediatric
patients with a nosocomial
infection

43.6 [253]

S. aureus Japan 98 clinical MRSA isolates 20.4 [290]

S. aureus USA 506 clinical isolates, 377 of them
community-acquired

19.8 [252]

S. aureus Sweden 98 clinical isolates 19.4 [216]
(continued)
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Table 10.14 (continued)

Species Country Number of isolates and source smr
detection
rate (%)

References

S. aureus Germany 68 MRSA isolates from broiler
production chain

19.1 [190]

S. aureus Portugal 74 isolates from pets, livestock,
the environment and humans in
contact with animals

18.9 [73]

S. aureus Germany 88 MRSA isolates from turkey
production chain

17.0 [190]

S. aureus Turkey 19 clinical MSSA isolates 15.8 [151]

S. aureus USA 281 clinical pediatric MRSA
isolates

14.2 [160]

S. aureus Germany 109 MSSA isolates from diseased
turkeys and chicken

13.8 [265]

S. aureus Tunisia 46 clinical isolates 10.9 [428]

S. aureus Japan 65 clinical MRSA isolates 10.8 [343]

S. aureus Iran 60 clinical MRSA isolates 10.0 [370]

S. aureus Turkey 10 clinical MRSA isolates 10.0 [151]

S. aureus Netherlands 37 MRSA isolates from 4 broiler
farms

8.1 [409]

S. aureus Hong Kong 100 MRSA isolates from pig
carcasses

8.0 [412]

S. aureus Canada 334 clinical MRSA isolates from
ICUs

6.9 [224]

S. aureus Japan 188 clinical MSSA isolates 5.9 [9]

S. aureus Iran 54 clinical MSSA isolates 3.7 [370]

S. aureus Hong Kong 28 isolates from automated teller
machines

3.6 [425]

S. aureus Hong Kong 116 isolates from orthokeratology
lens wearers

3.4 [128]

S. aureus Japan 334 clinical MRSA isolates 3.3 [9]

S. aureus Various
Asian
countries

894 clinical MRSA isolates 3.1 [292]

S. aureus Denmark 45 MRSA isolates from pig farms 2.2 [342]

S. aureus Spain 182 clinical MRSA isolates 1.6 [256]

S. aureus Japan 283 MRSA isolates from patients
with impetigo and staphylococcal
scalded skin syndrome

1.4 [291]

S. aureus Australia 76 clinical MRSA isolates 1.3 [264]

S. aureus Kuwait 121 clinical MRSA isolates 0.8 [392]

S. aureus Norway 26 clinical isolates 0 [352]

S. aureus Iran 100 clinical MSSA isolates 0 [137]

S. aureus Iran 100 clinical MRSA isolates 0 [137]

S. aureus Egypt 40 MRSA isolates from milk and
meat products

0 [10]

(continued)
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Evidence exists indicative of recent mobilization so that the genes have spread
between different plasmid backgrounds. The lack of mutations in qacC suggests
that the spread occurred relatively recently [405]. qacC is mobilized and transferred
to acceptor RC plasmids without assistance of other genes, by means of its location
in between the double-strand replication Origin (DSO) and the single-strand
replication Origin (SSO) [407].

One of four QAC-resistant Staphylococcus strain harbouring the smr gene
showed resistance to ampicillin, penicillin, tetracycline, erythromycin and
trimethoprim [143]. In S. epidermidis, E. coli and S. Typhimurium, the qacC gene
conferred to resistance to b-lactam antibiotics [112].

Table 10.14 (continued)

Species Country Number of isolates and source smr
detection
rate (%)

References

S. aureus Saudi
Arabia

117 MRSA isolates from
nosocomial infections

0 [345]

S. epidermidis Slovenia 57 clean room isolates 98.2 [323]

S. epidermidis Sweden 143 clinical isolates mainly from
prosthetic joint infections
(61) and post-operative infections
after cardiac surgery (31)

5.6 [316]

S. haemolyticus Argentina 21 clinical isolates 100 [69]

S. pseudointermedius Japan 100 isolates from canine
pyoderma

0 [278]

S. sciuri Belgium 87 methicillin-resistant isolates
from healthy chicken

12.6 [287]

Staphylococcus spp. Norway 42 QAC-resistant isolates (35
bovine and 7 caprine)

64.3 [28]

Staphylococcus spp. Tunisia 71 clinical CNS isolates 50.7 [428]

Staphylococcus spp. Hong Kong 78 CNS isolates from automated
teller machines

48.7 [425]

Staphylococcus spp. USA 52 community environmental
CNS isolates

44.2 [139]

Staphylococcus spp. Turkey 13 clinical MSCNS isolates 23.1 [151]

Staphylococcus spp. Turkey 27 clinical MRCNS isolates 14.8 [151]

Staphylococcus spp. Hong Kong 67 CNS isolates from
orthokeratology lens wearers

11.9 [128]

Staphylococcus spp. Turkey 61 CNS isolates from surgical site
infections

9.8 [87]

Staphylococcus spp. Iran 51 clinical CNS isolates 5.9 [370]

Staphylococcus spp. Belgium 58 MRCNS isolates from veal
calves

5.2 [14]

Staphylococcus spp. Norway 52 clinical CNS isolates 3.8 [352]
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10.5.4.3 qacE and qacED
The qacE gene was first detected in E. coli [406]. As shown in Table 10.15, it can
be found quite commonly in Gram-negative species such as A. baumannii (31.4–
93.8%), E. coli (up to 28.5%), K. pneumoniae (15.0–53.1%), P. mirabilis (53.8%)
and P. aeruginosa (2.7–67.2%).

Table 10.15 Detection rates of qacE in isolates from various bacterial species

Species Country Number of isolates and source qacE
detection
rate (%)

References

A. baumannii USA 97 clinical multidrug-resistant
isolates

93.8 [371]

A. baumannii Malaysia 122 multidrug-resistant clinical
isolates

73.0 [18]

A. baumannii China 47 clinical isolates 70.2 [215]

A. baumannii Egypt 22 metallo-b-lactamase positive
clinical isolates

45.5 [122]

A. baumannii Iran 5 clinical isolates from burn patients 40.0 [236]

A. baumannii China 51 carbapenem-resistant clinical
isolates

31.4 [222]

Chryseobacterium
spp.

Spain 2 isolates from organic foods 0 [103]

C. freundii Germany 32 clinical isolates 0 [192]

E. cloacae Spain 2 isolates from organic foods 0 [103]

E. cloacae Germany 21 clinical isolates 0 [192]

E. ludwigii Spain 2 isolates from organic foods 0 [103]

Enterobacter spp. Spain 7 isolates from organic foods 14.3 [103]

E. faecalis Japan 45 clinical isolates 0 [173]

E. coli China 179 isolates from retail meats 28.5 [157]

E. coli USA 570 strains from retail meats 0 [429]

K. pneumoniae Scotland 64 isolates from different infection
sites

53.1 [4]

K. pneumoniae China 27 carbapenem-resistant clinical
isolates

15.0 [131]

K. oxytoca Spain 2 isolates from organic foods 0 [103]

K. terrigena Spain 1 isolate from organic foods 0 [103]

P. agglomerans Spain 7 isolates from organic foods 0 [103]

P. ananatis Spain 2 isolates from organic foods 0 [103]

P. mirabilis China 52 isolates from cooked meat
products

53.8 [159]

P. aeruginosa Spain 61 carbapenem-resistant clinical
isolates

67.2 [98]

P. aeruginosa Egypt 36 multidrug-resistant clinical
isolates

61.1 [218]

(continued)
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A functional deletion variant exists (“qacED”) which can also mainly be found
in different Gram-negative species such as A. baumannii (45.4–96.1%), E. coli
(2.8–40.2%), K. pneumoniae (1.6–59.0%), P. aeruginosa (13.5–91.6%) and 66.7–
100% in Vibrio spp. In addition, it has been detected in 5.9–39.6% of S. aureus
isolates and 20% of E. faecalis isolates (Table 10.16).

Table 10.15 (continued)

Species Country Number of isolates and source qacE
detection
rate (%)

References

P. aeruginosa Iran 83 clinical isolates from burn patients 59.0 [236]

P. aeruginosa Japan 63 clinical and 5 environmental
isolates

22.1 [174]

P. aeruginosa Germany 37 clinical isolates 2.7 [192]

P. putida Japan 4 environmental isolates 0 [174]

Salmonella spp. Spain 3 isolates from organic foods 0 [103]

S. aureus Japan 91 clinical isolates 0 [173]

S. maltophilia Germany 13 clinical isolates 0 [192]

V. alginolyticus Japan 3 environmental isolates 0 [174]

V. cholerae Japan 7 clinical and 1 environmental
isolates

0 [174]

V. parahaemolyticus Japan 10 environmental and 5 clinical
isolates

0 [174]

Various
Gram-negative
species

Japan 5 environmental isolates
(P. vesicularis, P. diminuta, B.
cepacia, F. indologenes, E. coli)

0 [174]

Table 10.16 Detection rates of qacED in isolates from various bacterial species

Species Country Number of isolates and source qacED
detection
rate (%)

References

A. baumannii China 51 carbapenem-resistant clinical
isolates

96.1 [222]

A. baumannii Iran 5 clinical isolates from burn patients 80 [236]

A. baumannii Egypt 22 metallo-b-lactamase positive
clinical isolates

68.2 [122]

A. baumannii China 47 clinical isolates 68.1 [215]

A. baumannii USA 97 clinical multidrug-resistant
isolates

45.4 [371]

C. freundii Germany 32 clinical isolates 9.4 [192]

E. cloacae Germany 21 clinical isolates 4.8 [192]

E. faecalis Japan 45 clinical isolates 20.0 [173]

E. coli China 179 isolates from retail meats 40.2 [157]

E. coli Tunisia 13 ESBL-positive strains from food 38.5 [23]
(continued)
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The presence of the qacE genes has an impact on the susceptibility to biocidal
agents. In carbapenem-resistant K. pneumoniae, for example, detection of qacE or
qacED correlated with a reduced susceptibility to biocidal agents [131]. Another
study describes that in 64 K. pneumoniae isolates a close link exists between carriage
of efflux pump genes, cepA, qacDE and qacE genes and a reduced benzalkonium
chloride susceptibility [4]. In other species, no correlation was found. For example, in
122 Salmonella spp. from poultry and swine, an increased MIC value to BAC was
independent of the presence of qacED1 [62]. And in E. coli the presence of qacED did

Table 10.16 (continued)

Species Country Number of isolates and source qacED
detection
rate (%)

References

E. coli Nigeria 11 isolates from animal and human
origin

36.4 [53]

E. coli Portugal 144 faecal isolates from pets 2.8 [70]

K. pneumoniae China 27 carbapenem-resistant clinical
isolates

59.0 [131]

K. pneumoniae Scotland 64 isolates from different infection
sites

1.6 [4]

P. mirabilis China 52 isolates from cooked meat
products

53.8 [159]

P. aeruginosa Iran 83 clinical isolates from burn patients 91.6 [236]

P. aeruginosa Thailand 50 multidrug-resistant clinical
isolates

82.0 [178]

P. aeruginosa Costa
Rica

198 clinical isolates, 125 of them
carbapenem-resistant

68.7 [384]

P. aeruginosa Japan 63 clinical and 5 environmental
isolates

63.2 [174]

P. aeruginosa Germany 37 clinical isolates 13.5 [192]

P. putida Japan 4 environmental isolates 50.0 [174]

Salmonella spp. China 152 isolates from retail foods of
animal origins

8.6 [81]

S. aureus Japan 91 clinical MRSA isolates 39.6 [173]

S. aureus China 152 isolates from male patients with
urogenital tract infection

5.9 [420]

S. maltophilia Germany 13 clinical isolates 0 [192]

V. alginolyticus Japan 3 environmental isolates 100 [174]

V. cholerae Japan 7 clinical and 1 environmental
isolates

87.5 [174]

V. parahaemolyticus Japan 10 environmental and 5 clinical
isolates

66.7 [174]

Various
Gram-negative
species

Japan 5 environmental isolates
(P. vesicularis, P. diminuta, B.
cepacia, F. indologenes, E. coli)

0 [174]
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not change the susceptibility to BAC significantly (range: 0.8–3.1 mg/l) or to
chlorhexidine (range: 0.2–0.8 mg/l) [175].

Environmental presence of the qacE genes is an increasing concern. qacED1
genes were detected in quite high levels in manure-treated and untreated soils,
lettuce and potato rhizosphere, digestates and on-farm biopurification systems. The
observed high prevalence of qacED1 genes in the environment and their potential
localization on broad host range plasmids may represent a constant reservoir for the
spread of these genes into hospitals, food industry or other man-made environments
where QACs are used for biocidal purposes, which may lead to a co-selection of
class 1 integrons and associated antibiotic resistance genes [155]. An environmental
Aeromonas spp. containing the plasmid pP2GI encoding resistance also to QAC via
qacEDI may potentially act as reservoirs of antibiotic resistance genes [243].

Preexposure of environmental bacteria to QAC has also an impact. Samples of
effluent and soil were collected from a reed bed system used to remediate liquid
waste from a wool finishing mill with a high use of quaternary ammonium com-
pounds (QACs) and were compared with samples of agricultural soils. QAC
resistance was higher in isolates from reed bed samples, and class 1 integron
incidence was significantly higher for populations that were preexposed to QACs.
This is the first study to demonstrate that QAC selection in the natural environment
has the potential to co-select for antibiotic resistance, as class 1 integrons are
well-established vectors for cassette genes encoding antibiotic resistance [117].

10.5.4.4 qacF
qacF has been detected in 1.8% in E. coli and in 18.4% among Salmonella
spp. (Table 10.17).

10.5.4.5 qacG
The qacG gene has been detected in S. aureus in 0 to 90% of the isolates and in
CNS in 7.4 to 52.4% of the isolates. Detection rate in Gram-negative species was
lower with up to 0.4% in E. coli, 17.1% in carbapenemase-positive enterobacteri-
aceae and 23.5% in carbapenem-resistant A. baumannii (Table 10.18).

10.5.4.6 qacH
The qacH gene was detected in S. aureus with the highest rate in commercial swine
heards (57.5%); it is also detected quite frequently in L. monocytogenes with 14.1 to
48.9% with a higher rate of 80.0% among BAC-tolerant isolates. In CNS isolates,
the detection rate varies between 0% and 25.0% (Table 10.19). The presence of

Table 10.17 Detection rates of qacF in isolates from various bacterial species

Species Country Number of isolates qacF detection
rate (%)

References

E. coli USA 570 strains from retail meats 1.8 [429]

Salmonella
spp.

China 152 isolates from retail foods of
animal origins

18.4 [81]
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qacH was shown to reduce to susceptibility of S. saprophyticus to BAC (MIC
values: 10 vs. 4 mg/l) and S. aureus (MIC values: 10 vs. 2 mg/l) [142].

qacH and bcrABC confer resistance to BAC in L. monocytogenes. Six hundred
and eighty isolates from nine Norwegian meat and salmon processing plants were
investigated. QacH and bcrABC were detected in 101 isolates. Isolates with qacH
and bcrABC showed increased tolerance to BAC with minimal inhibitory con-
centrations of 5–12, 10–13 and <5 mg/l for strains with qacH, bcrABC, and neither
gene, respectively. Residuals of BAC may be present in concentrations after san-
itation in the industry that results in a growth advantage for bacteria with such
resistance genes [268].

Table 10.18 Detection rates of qacG in isolates from various bacterial species

Species Country Number of isolates qacG
detection
rate (%)

References

A. baumannii China 51 carbapenem-resistant clinical
isolates

23.5 [222]

Enterobacteriaceae 9
countries

35 carbapenemase-positive clinical
strains

17.1 [311]

E. coli USA 570 strains from retail meats 0.4 [429]

E. coli China 179 isolates from retail meats 0 [157]

P. mirabilis China 52 isolates from cooked meat products 0 [159]

S. aureus Canada 40 nasal MRSA isolates in
commercial swine herds

90.0 [356]

S. aureus Turkey 10 clinical MRSA isolates 70.0 [151]

S. aureus USA 11 community environmental isolates 45.5 [139]

S. aureus Hong
Kong

100 MRSA isolates from pig carcasses 45.0 [412]

S. aureus Turkey 19 clinical MSSA isolates 21.1 [151]

S. aureus Portugal 74 isolates from pets, livestock, the
environment and humans in contact
with animals

18.9 [73]

S. aureus Denmark 45 MRSA isolates from pig farms 6.7 [342]

S. aureus China 152 isolates from male patients with
urogenital tract infection

0 [420]

S. haemolyticus Argentina 21 clinical isolates 52.4 [69]

Staphylococcus
spp.

USA 52 community environmental CNS
isolates

38.5 [139]

Staphylococcus
spp.

Turkey 13 clinical MSCNS isolates 23.1 [151]

Staphylococcus
spp.

Turkey 27 clinical MRCNS isolates 7.4 [151]

Staphylococcus
spp.

Norway 42 QAC-resistant isolates (35 bovine
and 7 caprine)

4.8 [28]
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10.5.4.7 qacJ
QacJ has been mainly found in staphylococci, both in S. aureus (0 to 40.0%) and
CNS (9.6 to 46.2%). Among Gram-negative species from organic food, qacJ was
only detected in one E. cloacae isolate (Table 10.20).

10.5.4.8 emrC
The BAC tolerance gene emrC can be found on the plasmid pLMST6 which is
associated with unfavourable outcome in patients with meningitis caused by L.
monocytogenes. Isolates harbouring emrC were growth inhibited at higher levels of
benzalkonium chloride (median 60 mg/L vs. 15 mg/L; p < 0.001) and had higher
MICs for amoxicillin and gentamicin compared with isolates without emrC (both
p < 0.001). These findings warrant consideration of disinfectants used in the food

Table 10.19 Detection rates of qacH in isolates from various bacterial species

Species Country Number of isolates and source qacH
detection
rate (%)

References

E. coli China 179 isolates from retail meats 2.2 [157]

L. monoctogenes Switzerland
and Finland

45 isolates from food, food
production environment and humans

48.9 [255]

L. monocytogenes Switzerland 142 isolates from food processing 14.1 [91]

25 isolates with BAC
MIC � 10 mg/l

80.0

P. mirabilis China 52 isolates from cooked meat
products

3.8 [159]

S. aureus Canada 40 nasal MRSA isolates in
commercial swine herds

57.5 [356]

S. aureus USA 11 community environmental
isolates

27.3 [139]

S. aureus China 152 isolates from male patients with
urogenital tract infection

1.3 [420]

S. aureus Turkey 19 clinical MSSA isolates 0 [151]

S. aureus Turkey 10 clinical MRSA isolates 0 [151]

S. epidermidis Sweden 143 clinical isolates mainly from
prosthetic joint infections (61) and
post-operative infections after
cardiac surgery (31)

0.7 [316]

Staphylococcus
spp.

USA 52 community environmental CNS
isolates

25.0 [139]

Staphylococcus
spp.

Hong Kong 67 CNS isolates from
orthokeratology lens wearers

7.5 [128]

Staphylococcus
spp.

Turkey 13 clinical MSCNS isolates 0 [151]

Staphylococcus
spp.

Turkey 27 clinical MRCNS isolates 0 [151]
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processing industry that selects for resistance mechanisms and may, inadvertently,
lead to increased risk of poor disease outcome [191].

10.5.4.9 emrE
emrE has mainly been detected in E. coli (77.2%) and P. mirabilis (44.2%)
(Table 10.21).

10.5.4.10 SigB
SigB encodes a major transcriptional regulator of stress response genes and is
activated in static and continuous-flow biofilms. Disinfection treatments of plank-
tonically grown cells and cells dispersed from static and continuous-flow L.
monocytogenes biofilms showed that SigB is involved in the resistance of both
planktonic cells and biofilms to the disinfectants benzalkonium chloride and per-
acetic acid [395].

Table 10.20 Detection rates of qacJ in isolates from various bacterial species

Species Country Number of isolates and source qacJ
detection
rate (%)

References

Chryseobacterium
spp.

Spain 2 isolates from organic foods 0 [103]

E. cloacae Spain 2 isolates from organic foods 50.0 [103]

E. ludwigii Spain 2 isolates from organic foods 0 [103]

Enterobacter spp. Spain 7 isolates from organic foods 0 [103]

K. oxytoca Spain 2 isolates from organic foods 0 [103]

K. terrigena Spain 1 isolate from organic foods 0 [103]

P. agglomerans Spain 7 isolates from organic foods 0 [103]

P. ananatis Spain 2 isolates from organic foods 0 [103]

Salmonella spp. Spain 3 isolates from organic foods 0 [103]

S. aureus Turkey 10 clinical MRSA isolates 40.0 [151]

S. aureus USA 11 community environmental
isolates

27.3 [139]

S. aureus Turkey 19 clinical MSSA isolates 21.1 [151]

S. aureus China 152 isolates from male patients with
urogenital tract infection

0 [420]

Staphylococcus
spp.

Turkey 13 clinical MSCNS isolates 46.2 [151]

Staphylococcus
spp.

Turkey 27 clinical MRCNS isolates 14.8 [151]

Staphylococcus
spp.

USA 52 community environmental CNS
isolates

9.6 [139]

Staphylococcus
spp.

Norway 42 QAC-resistant isolates (35
bovine and 7 caprine)

4.8 [28]
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10.5.5 Cell Membrane Changes

The outer membrane of P. aeruginosa can act as a barrier to prevent C16 benza-
lkonium but not C12 or C14 benzalkonium from entering the cell [129]. In L.
monocytogenes, the adaptive response to BAC includes an increase in the cell
membrane lipids in saturated-chain fatty acids (mainly C16:0 and C18:0) and
unsaturated fatty acids (mainly C16:1 and C18:1) at the expense of branched-chain
fatty acids (mainly Ca-15:0 and Ca-17:0) mainly because of neutral fatty acids, a
decrease in lipid phosphorus, an obvious increase in the anionic phospholipids and
a decrease in the amphiphilic phosphoaminolipid. These lipid changes could lead to
decreased membrane fluidity and also to modifications of physicochemical prop-
erties of cell surface and thus changes in bacterial adhesion to abiotic surfaces [24].

Adaptive resistance to benzalkonium chloride was observed in P. aeruginosa.
Analysis of the outer membrane protein of the resistant strain showed a significant
increase in the level of expression of a protein (named OprR) which was expected
to be an outer membrane-associated protein with homology to lipoproteins of other
bacterial species. A correlation between the level of expression of OprR and the
level of resistance of P. aeruginosa to BAC was observed [369].

High-level resistance to BAC in P. fluorescens was partly explained by reduced
adsorption of BAC to the cell surface due to the decreased negative cell surface
charge of the strain [280].

10.5.6 Efflux Pumps

Efflux pumps are one mechanism of resistance to BAC in E. coli [202]. They can
induce changes in a small fraction of E. coli [288]. A multidrug efflux protein
MdtM was detected in E. coli that belongs to the large and ubiquitous major
facilitator superfamily (MFS). BAC, DDAC and some antibiotics are among the
substrates transported by MdtM [205]. It was also shown with E. coli that many
redundant multidrug resistance transporters enhance biofilm formation and drug
tolerance including to BAC [21].

Table 10.21 Detection rates of emrE in isolates from various bacterial species

Species Country Number of isolates emrE
detection
rate (%)

References

E. coli USA 570 strains from retail meats 77.2 [429]

L. monoctogenes Switzerland
and Finland

45 isolates from food, food
production environment and
humans

2.2 [255]

P. mirabilis China 52 isolates from cooked meat
products

44.2 [159]
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In K. pneumoniae the kpnGH efflux pump was described with a wide substrate
specificity of the transporter including 14 antibiotics and BAC. kpnGH mediates
antimicrobial resistance by active extrusion in K. pneumoniae [362].

Efflux pumps are a common mechanism for BAC resistance in L. monocyto-
genes [3]. Plasmid- and chromosome-encoded efflux pumps can mediate the BAC
resistance of L. monocytogenes isolated from food [158]. The efflux pump Mdrl is
at least partly responsible for the adaptation to BAC in L. monocytogenes [328].
bcrABC was detected in 17.8% of 45 strains of L. monocytogenes from Switzerland
and Finland [255]. It was also detected in 70 of 71 BAC-resistant L. monocytogenes
strains but in none of the BAC-susceptible ones [88]. The bcrABC cassette can lead
to acquired BAC tolerance in E. coli by horizontal transfer [415]. BAC-resistant L.
welshimeri and L. innocua harbouring bcrABC, along with the cadmium resistance
determinant cadA2, were able to transfer resistance to other nonpathogenic listeriae
as well as to L. monocytogenes of diverse serotypes [170]. It was also shown that
efflux pumps play a role in plasmid-mediated tolerance to BAC in bcrABC positive
L. monocytogenes [415]. bcrABC was detected in 3 of 142 L. monocytogenes
isolates from food processing [91].

Efflux pumps explain resistance to BAC also in P. aeruginosa isolated from
biofilm in dairy facilities [307]. High-level resistance to BAC in P. fluorescens was
partly explained by putative efflux system which seemed to be unique in that it
excretes only a certain range of cationic membrane-acting disinfectants belonging
to QACs [280].

Overexpression of efflux pumps AcrAB or AcrEF was detected in BAC-resistant
mutants of S. Typhimurium [130].

10.5.7 Plasmids for Resistance Transfer

Transposable elements can be thought of as keys that provide access to an accu-
mulated stockpile of potentially advantageous functions, such as, but not restricted
to, antimicrobial-resistance determinants. This stockpile is dynamic, responding not
only to selective forces but also undergoing continuous competition-driven
refinement by trial and error. The rapid emergence of multiple drug-resistant
staphylococci represents a striking illustration of the evolutionary potential availed
by the exploitation of such a resource [106]. Plasmid curing resulted in a reduction
of MIC in all four BAC naturally resistant strains of L. monocytogenes [328]. A.
xylosoxidans has been described as an emerging pathogen carrying different ele-
ments involved in horizontal gene transfer [385].

10.5.7.1 pSK1
Transcriptional profiling has revealed that plasmid carriage most likely has a
minimal impact on the host, a factor that may contribute to the ability of pSK1
family plasmids to carry multiple resistance determinants [156]. Specific plasmids
in S. aureus and E. coli (pSK1 and R471-1) influenced the bacteriostatic efficacy of
BAC at 10 mg/l to some extent so that a concentration of 30 mg/l is necessary to
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comply with the criteria of the British Pharmacopeia for ophthalmic and parenteral
products [79].

10.5.7.2 pSK41
pSK41 is a large, low-copy number, conjugative plasmid from S. aureus that is
representative of a family of staphylococcal plasmids that confer multiple resis-
tances to a wide range of antimicrobial agents. It carries the smr resistance deter-
minant [219].

10.5.7.3 pSK108
The S. epidermidis plasmid pSK108 encodes a qacC multidrug resistance deter-
minant. Sequence analysis suggests that the DNA segment containing qacC rep-
resents a resistance gene cassette that has undergone horizontal genetic exchange
[210].

10.5.7.4 pLM80
pLM80 was associated with BAC resistance in a L. monocytogenes strain H7550
involved in a multistate outbreak involving contaminated hot dogs [94]. A putative
BAC resistance cassette, known as bcrABC, was previously identified on pLM80 of
L. monocytogenes H7550 strain involved in the 1998–1999 USA listeriosis out-
break, as well as in other Listeria sequenced genomes. BAC-associated resistance
cassette is composed of TetR family transcriptional regulator (bcrA) and two SMR
(small multidrug resistance) genes (bcrB and bcrC), all essential for imparting BAC
resistance [374].

10.5.7.5 pSP187
pSP187 carrying smr encoding resistance to QACs was detected in S. pasteuri
recovered from bulk milk in a dairy cattle herd [27].

10.5.7.6 pNVH01
pNVH01 harbouring qacJ was first described in three staphylococcal species (S.
aureus, S. intermedius, S. simulans) associated with chronic infections in horses.
Clonal spread of a qacJ-harbouring S. aureus strain and the horizontal transfer of
pNVH01 were suggested. A recent gene transfer has probably occurred. In three of
the horses, a skin preparation containing cetyltrimethylammonium bromide had
been used extensively for several years. This might explain the selection of
staphylococci harbouring the novel QAC resistance gene within and between dif-
ferent equine staphylococcal species [29].

10.5.7.7 pST94
The resistance plasmid pST94 was detected in staphylococci carrying qacG
encoding resistance to BAC [144].
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10.5.7.8 pST827
Plasmid pST827 is involved in resistance to benzalkonium chloride in
meat-associated staphylococci as shown in 191 isolates from food processing plants
[141].

10.5.7.9 pSx1
An extensively drug-resistant S. xiamenensis T17 isolated from hospital effluents in
Algeria revealed the presence of a novel 268.4 kb plasmid designated pSx1 car-
rying also a class 1 integron with the qacG gene cassette [422].

10.5.8 Transposons for Resistance Transfer

Tn6188, an integrated chromosomally transposon, has been described to provide an
increased tolerance of L. monocytogenes strains to BAC [274, 275, 374] thereby
improving persistence despite use of disinfectants [302]. The tolerance is mediated
via qacH, a small multidrug resistance protein family (SMR) transporter. Tn6188
confers tolerance of L. monocytogenes to ionic liquids based on imidazolium and
ammonium cations [257].

Tn1546 was detected in a clinical isolate of S. aureus with high-level resistance
to vancomycin (minimal inhibitory concentration = 1024 mg/l) in June 2002. This
isolate harboured a 57.9-kilobase multiresistance conjugative plasmid within which
Tn1546 (vanA) was integrated. Additional elements on the plasmid encoded
resistance to trimethoprim (dfrA), beta-lactams (blaZ), aminoglycosides (aacA-
aphD) and disinfectants (qacC). Genetic analyses suggest that the long anticipated
transfer of vancomycin resistance to a methicillin-resistant S. aureus occurred
in vivo by interspecies transfer of Tn1546 from a co-isolate of E. faecalis [408].

10.5.9 Class I Integrons

A class I integron was detected in 22 of 36 MDR P. aeruginosa isolates. Integron
I-positive isolates showed reduced susceptibility to tested biocides including
benzalkonium chloride. Class I integron may be responsible for generating MDR
P. aeruginosa isolates with reduced susceptibility to biocides [162].

10.5.10 Infections Associated with Contaminated BAC
Solutions or Products

Contaminated aqueous disinfectants or solutions based on BAC have resulted
occasionally in outbreaks of healthcare-associated infections (Table 10.22). Almost
all of them were caused by Gram-negative bacterial species. The most common
types of infection were blood stream infections followed by septic arthritis or joint
infections.
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Another interesting observation was made in the Netherlands regarding the
epidemiology of L. monocytogenes meningitis over 25 years. Peak incidence rates
were observed in neonates (0.61 per 100,000 live births) and older adults (peak at
87 year; 0.53 cases per 100,000 population of the same age). Most clonal com-
plexes (CC) decreased over time. Only CC 6 increased significantly from 2 to 26%.
The emrC efflux transporter has been shown to be associated with the emergence of
CC 6 in the Netherlands. The emrC gene encodes an efflux protein that pumps
quaternary ammonium compounds out of the cell and increases the capacity to form
a biofilm, resulting in benzalkonium chloride tolerance. Benzalkonium chloride is
extensively used in the food processing industry as a disinfectant agent. Reduced
susceptibility to benzalkonium chloride may explain the increasing incidence of CC
6 isolates in the Netherlands between 1985 and 2014 [183].

10.5.11 Contaminated BAC Solutions Without Evidence
for Infections

P. fluorescens was isolated from a 10% aqueous BAC solution stored in a loosely
capped bottle in the department of pharmacy of a university hospital. It was pos-
sible to show growth of the BAC-resistant P. fluorescens in 5% BAC, but other
strains were not able to grow in 0.1% BAC. The strain was unable to decompose
BAC [281]. A strain of P. aeruginosa and a waterborne strain of Pseudomonas
spp. were also able to resist BAC at 0.36% or 0.4% [5]. The investigation of 20
samples of 0.02% BAC solutions used for intermittent self-catheterization revealed
that 60% of them were contaminated, sometimes with 3 � 106 cells per ml, mainly
with B. cepacia (9), P. fluorescens (4) and Aeromonas spp. (1) [134]. B. cepacia is
known to be more resistant to BAC compared to other bacterial species [199].

10.6 Cross-Tolerance to Other Biocidal Agents

The spectrum of cross-resistance to other biocidal compounds depends mostly on
the mode of resistance. Most efflux pumps are not substrate specific (see also
Sect. 10.5.6) so that biocidal agents with a similar structure (e.g. cationic
surface-active ingredients and other quaternary ammonium compounds) are also
likely to be less effective. This effect has been shown in a study with 76
biocide-sensitive bacterial strains previously isolated from organic foods. They
were exposed to BAC during several passages with gradually higher concentra-
tions. Tolerance to BAC increased in 67 strains, and 97% of the adapted strains
were more tolerant to DDAB, 95.5% increased their tolerance to triclosan and 94%
to chlorhexidine [114]. A lower susceptibility to other biocidal agents was also
described for some species to didecyldimethylammonium chloride other QACs,
alkylamine and sodium hypochlorite (see also Table 10.10).
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Cross-resistance has also been described with cadmium in L. monocytogenes. In
21 L. monocytogenes isolates, a correlation between resistance to BAC and cad-
mium was described [423]. Among 123 L. monocytogenes isolates from turkey
processing plants, a total of 57 (46.3%) were regarded as BAC resistant, all of them
were also resistant to cadmium [273].

10.7 Cross-Tolerance to Antibiotics

Some studies indicate a cross-tolerance between BAC and selected antibiotics. In 153
E. coli blood culture isolates, for example, a higher MIC of BAC was associated with
a decreased susceptibility to cotrimoxazole [41]. In 52 Pseudomonas spp. from meat
chain production, a correlation between resistance to BAC and ampicillin, amoxi-
cillin, erythromycin and trimethoprimwas found [203]. Repeated in vitro exposure of
S. Typhimurium cells to QAC selects for reduced susceptibility to several antibiotics
(chloramphenicol, tetracycline, ampicillin, acriflavine). This is associated with
overexpression of AcrAB efflux pump [167]. In 1,632 clinical S. aureus isolates, a
correlation of susceptibility profiles of at least 0.4 was found to BAC and the qui-
nolones, beta-lactams and macrolides [294]. And a MIC value >2 mg/l for BAC was
associated with multidrug antibiotic resistance in S. aureus as demonstrated in 1,632
human clinical S. aureus isolates from different geographical regions [64].

Other studies showed no cross-resistance to antibiotics. In 200 L. monocytogenes
isolates, no association between resistance to BAC and antibiotics was found [3]. In
122 isolates of Salmonella spp. from poultry and swine, multiple antibiotic-resistant
bacteria were no more tolerant to BAC than the non-multidrug-resistant strains [62].
In 103 Gram-negative clinical isolates, no association between resistance to mul-
tiple antibiotic and quaternary ammonium compounds was found [192].

Cross-resistance to various antibiotics such as ampicillin, cefotaxime or cef-
tazidime was found after low-level exposure in isolates of B. cepacia complex,
Chryseobacterium spp., Enterobacter spp., E. coli, Klebsiella spp., Pantoea spp. and
Salmonella spp.Cross-resistance to selected antibioticswas also detected inB. cereus,
B. licheniformis, Bacillus spp., E. casseliflavus, E. durans, E. faecalis, E. faecium,
Enterococcus spp., S. saprophyticus and Staphylococcus spp. (see also Table 10.10).

The unmet needs for adequate detection of reduced susceptibility to QACs and
antibiotics include a consensus definition for resistance, epidemiological cut-off
values and clinical resistance breakpoints [42].

10.8 Role of Biofilm

10.8.1 Effect on Biofilm Development

Biofilm development is inhibited by BAC in a few species. L. monocytogenes biofilm
formation was inhibited by BAC at 1.25–10 mg/l when exposed for 48 h, and by
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BAC at 5–10 mg/l when exposed for 6 d [313]. L. monocytogenes biofilm formation
measured with 4 strains was consistently lower during exposure to 5 mg/l BAC for 7
d. But with 2.5 mg/l BAC the biofilm formation was lower in 2 strains, and with
1.25 mg/l it was higher in 1 strain and lower in 2 strains [304]. BAC at 125 mg/l
inhibited biofilm formation in two outbreak S. Enteritidis strains [125]. Biofilm
formation by BAC was also inhibited at concentrations of the MIC or higher for
E. coli, S. epidermidis and P. aeruginosa [149]. BAC was able to inhibit biofilm

Table 10.23 Biofilm removal rates after exposure to BAC

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

A. acidoterrestris biofilm on stainless steel,
nylon and PVC surfaces

0.001562% (S) 10 min Partial
removal

[86]

E. coli MG 1655, 24-h incubation in microtiter
plates followed by 6 d with and without
0.9 mM BAC

1 mMa (S) 30 min No
significant
reduction

[235]

L. monocytogenes food processing plant
isolate, 6-d incubation in polystyrene
containers

0.04% (S) 1 min 0% [381]

5 min 16%

15 min 26%

0.01% (S) 1 min 1%

5 min 11%

15 min 20%

P. aeruginosa ATCC 700928, 24-h incubation
in microplates

0.1% (S) 60 min 0% [383]

P. aeruginosa (8 dairy isolates exhibiting high
biofilm formation, 24-h incubation in
microtiter plates)

>0.09% (S) 5 min “eradication” [306]

0.07–0.1% (S) 15 min

0.055–0.09% (S) 30 min

0.04–0.07% (S) 60 min

P. aeruginosa ATCC 10145 and a GI
endoscope biofilm isolate, 4-d incubation on
polystyrene

0.036% (S) 30 min 22–38% [233]

P. aeruginosa ATCC 10154, 24-h incubation
in microtiter plates followed by 6-d
incubation with and without 0.9 mM BAC

1 mMa (S) 30 min No
significant
reduction

[235]

P. fluorescens ATCC 13525, grown for 7 d on
stainless steel

0.9a mM 30 min 25% [354]

0.5a mM 14%

0.25a mM 9%

0.125a mM 0%

S. Enteritidis ATCC 4931, 6-d incubation on
polycarbonate

0.001% (S) 2 d 50% [240]

S. liquefaciens raw-chicken plant isolate, 3-d
incubation on stainless steel

0.01% (S) 6 min 21% [218]

S. putrefaciens raw-chicken plant isolate, 3-d
incubation on stainless steel

0.01% (S) 6 min 7% [218]

S. aureus ATCC 6538, 72-h incubation in
microplates

0.1% (S) 60 min 0% [383]

aMolecular weight not described
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formation in 9 S. aureus isolates by 90% during 24-h incubation at concentrations
between 16 and 200 mg/l, the ATCC strain 25923 required 1,015 mg/l [427].

Enhanced biofilm formation after low-level exposure, however, was described
for E. coli and S. epidermidis (see also Table 10.10). In S. epidermidis, the effect
depends on the BAC concentration. At 0.0001% was also able to increase biofilm
formation in three S. epidermidis strains, but at 0.0002, 0.0003, 0.0004 and
0.0005%, biofilm formation was reduced [54]. Another study shows that biofilm
formation was significantly enhanced by BAC at concentration below the MIC
value of S. aureus, S. agalactiae (both isolates from mastitis cow milk) and E. coli
(dead poultry isolate). There was a clear association higher biofilm formation and
lower BAC concentrations [92].

10.8.2 Effect on Biofilm Removal

Biofilm removal by BAC is mostly poor with removal rates between 0 and 20% as
shown with various species such as E. coli, L. monocytogenes, P. aeruginosa,
P. fluorescens, S. liquefaciens, S. putrefaciens and S. aureus. Only with a
Salmonella spp., the biofilm removal rate was higher with 50% but required a 2 d
exposure. Biofilm eradication was described in one study for a P. aeruginosa
biofilm (Table 10.23).

10.8.3 Effect on Biofilm Fixation

The biofilm mechanical stability (P. fluorescens ATCC 13525, grown for 7 d on
stainless steel) is increased by BAC at 0.25 mM (+32%), 0.5 mM (+57%) and at
0.9 mM (+93%) [354].

10.9 Summary

The principal antimicrobial activity of BAC is summarized in Table 10.24.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 10.25.

Table 10.24 Overview on the typical exposure times required for BAC to achieve sufficient
biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration
(%)

Exposure time (min)

Bacteria Most species 1 5a

Fungi Yeasts
Aspergillus spp.
Some food-associated fungi

0.2
0.5
>1.5

5
60
>10

Mycobacteria Insufficient mycobactericidal activity (0.1% for 2 h)
aIn biofilm the efficacy will be lower
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11Didecyldimethylammonium Chloride

11.1 Chemical Characterization

Didecyldimethylammonium chloride (DDAC) belongs to the group of aliphatic
alkyl quaternary chemicals that are structurally similar quaternary ammonium
compounds characterized by having a positively charged nitrogen covalently
bonded to two alkyl group substituents (at least one C8 or longer) and two methyl
substituents. In finished form, these quats are salts with positively charged nitrogen
(cation) balanced by a negatively charged molecule (anion) [43]. The basic
chemical information on DDAC is summarized in Table 11.1.

11.2 Types of Application

DDAC is used as an antimicrobial in several types of applications, such as indoor
and outdoor hard surfaces (e.g. walls, floors, tables, toilets and fixtures), eating
utensils, laundry, carpets, agricultural tools and vehicles, egg shells, shoes, milking
equipment and udders, humidifiers, medical instruments, human remains, ultrasonic
tanks, reverse osmosis units and water storage tanks. There are also
DDAC-containing products that are used in residential and commercial swimming
pools, in aquatic areas such as decorative ponds and decorative fountains, and in
industrial process and water systems such re-circulating cooling water systems,
drilling muds and packer fluids, oil well injection and wastewater systems. Addi-
tionally, DDAC-containing products are used for wood preservation [43]. In
healthcare products, it can be found in surface disinfectants, instrument disinfec-
tants, antimicrobial soaps and alcohol-based hand rubs as a non-volatile active
agent. As a wood preservative, it is usually applied at concentrations between 0.3
and 1.8% with the aim to act as a fungicidal or fungistatic agent [23].
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11.2.1 European Chemicals Agency (European Union)

DDAC has been approved for product type 8 (wood preservatives) [2]. It is still
under review as active biocidal substances (June 2018) for product types 1 (human
hygiene), 2 (disinfectants and algaecides not intended for direct application to
humans or animals), 3 (veterinary hygiene), 4 (food and feed area), 6 (preservatives
for products during storage), 10 (construction material preservatives), 11 (preser-
vatives for liquid-cooling and processing systems) and 12 (slimicides).

11.2.2 Environmental Protection Agency (USA)

DDAC was the first active ingredient registered with the EPA in the group of
aliphatic alkyl quaternary chemicals in 1962. The re-registration of DDAC was last
approved in 2006 [43].

11.2.3 Overall Environmental Impact

DDAC is manufactured and/or imported in the European Economic Area in 100–
1,000 t per year [12]. DDAC is hydrolytically and photolytically stable. Its half-life
was determined to be 227 days with 7% degradation after 30 days. DDAC is stable
and not subject to photodegradation on soil. It is well known that, because of their
positive charge, the cationic surfactants adsorb strongly to the negatively charged
surfaces of sludge, soil and sediments [22].

11.3 Spectrum of Antimicrobial Activity

DDAC is a membrane-active agent that interacted with the cytoplasmic membrane
in S. aureus, inducing the immediate leakage of intracellular constituents [21, 24].

Table 11.1 Basic chemical information on didecyldimethylammonium chloride [23, 32]

CAS number 7173-51-5

IUPAC name N,N-Didecyl-N,N-dimethylammonium chloride

Synonyms Bardac 22, deciquam 222

Molecular formula C22H48ClN

Molecular weight (g/mol) 362.1
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11.3.1 Bactericidal Activity

11.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values for DDAC obtained with different bacterial species are summa-
rized in Table 11.2. Enterococcus spp. had MIC values between 0.1 and 3.5 mg/l
similar to Staphylococcus spp. with 0.1–4.5 mg/l. Gram-negative species were less
susceptible such as E. cloacae (0.01–512 mg/l), P. aeruginosa (4–128 mg/l) or
E. coli (0.4–50 mg/l). For L. monocytogenes, it was proposed to classify isolates
with an MIC >3 mg/l as resistant [41]. Based on this proposal most isolates
detected in food (MIC range: 0.5–6.0) would have to be classified as susceptible to
DDAC (Table 11.2).

Table 11.2 MIC values of various bacterial species to DDAC

Species Strains/isolates MIC value
(mg/l)

References

A. xylosoxidans Domestic drain biofilm isolate
MBRG 4.31

3.9 [30]

A. hydrophila Domestic drain biofilm isolate
MBRG 4.3

15.6 [30]

A. jandaei Domestic drain biofilm isolate
MBRG 9.11

15.6 [30]

A. proteolyticus Domestic drain biofilm isolate
MBRG 9.12

3.9 [30]

B. cereus Domestic drain biofilm isolate
MBRG 4.21

3.9 [30]

C. coli 16 strains from pig faeces or pork
meat

0.37–0.75 [40]

Citrobacter spp. Domestic drain biofilm isolate
MBRG 9.18

7.8 [30]

C. indologenes Domestic drain biofilm isolate
MBRG 9.15

15.6 [30]

Chrysobacterium spp. Domestic drain biofilm isolate
MBRG 9.17

3.9 [30]

C. pseudogenitalum Human skin isolate MBRG 9.24 7.8 [30]

C. renale group Human skin isolate MBRG 9.13 3.9 [30]

E. cloacae Strain 17/97 (clinical isolate) 0.012–0.024 [29]

E. cloacae 43 ESBL patient isolates
(haematology ward)

64–512 [8]

E. faecalis 68 isolates from different poultry
sources

0.14–1.44 [45]

E. faecalis 824 isolates from various sources � 3.5 [37]
(continued)
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Table 11.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. faecium 81 isolates from different poultry
sources

0.14–1.44 [45]

E. faecium 130 isolates from various sources � 3.5 [37]

E. coli 150 isolates from different poultry
sources

<0.4–3.6 [45]

E. coli 54 strains from pig faeces or pork
meat

1.5–4 [40]

E. coli 153 blood culture isolates 2–16 [4]

E. coli IFO 14237 10 [46]

E. coli ATCC 8739 10–50 [44]

4 triclosan-resistant mutants 10–50

E. saccharolyticus Domestic drain biofilm isolate
MBRG 9.16

31.2 [30]

Eubacterium spp. Domestic drain biofilm isolate
MBRG 4.14

15.6 [30]

H. gallinarum Domestic drain biofilm isolate
MBRG 4.27

15.6 [30]

L. pentosus 60 strains from naturally
fermented Aloreña green table
olives

0.001–5 [6]

L. lactis 3 strains 0.5–1 [42]

L. pseudomesenteroides 13 strains from naturally
fermented Aloreña green table
olives

0.01–5 [6]

Leuconostoc spp. 3 strains 1 [42]

L. monocytogenes 31 strains from pig faeces or pork
meat

0.5–1.5 [40]

L. monocytogenes 254 isolates from seafood products 1–6 [41]

M. phyllosphaerae Domestic drain biofilm isolate
MBRG 4.30

3.9 [30]

M. luteus Human skin isolate MBRG 9.25 0.45 [30]

P. aeruginosa 175 isolates from veterinary
sources

4–128 [3]

P. aeruginosa ATCC 15442 11 [17]

P. aeruginosa ATCC 15442 20 [26]

P. aeruginosa ATCC 15442, ATCC 47085 45–60 [9]

P. fluorescens 5 isolates from chicken carcasses 5–40 [26]

P. fragi 3 isolates from chicken carcasses 10–40 [26]

P. lundensis 4 isolates from chicken carcasses 5–40 [26]

P. nitroreductans Domestic drain biofilm isolate
MBRG 4.6

15.6 [30]

(continued)
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11.3.1.2 Bactericidal Activity (Suspension Tests)
At exposure times of 1–5 h DDAC at 0.0014% may achieve a � 5.0 log reduction
in suspension tests but does not demonstrate this effect consistently against all
selected bacterial species such as E. avium, M. aquaticum, Methylobacterium spp.,
Microbacterium spp. or Pseudomonas spp. At 1%, it was bactericidal within 1 min
(P. aeruginosa and S. aureus; Table 11.3).

The MBC values obtained with different Pseudomonas spp. are summarized in
Table 11.4. They were usually between 0.001 and 0.006% within a 5 min exposure
time.

Cotton towels have been described to bind between 82.0 and 85.3% of DDAC in
aqueous solution after only 30 s of exposure [11]. Use of these tissues soaked with
a DDAC-based surface disinfectants will result in an insufficient bactericidal effect
and in low-level exposure to the target micro-organisms [11]. This important
finding should be taken into account when using DDAC for antiseptic purposes in
combination with a towel or wipe.

Table 11.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

Pseudomonas spp. Domestic drain biofilm isolate
MBRG 9.14

15.6 [30]

Pseudoxanthomonas
spp.

Domestic drain biofilm isolate
MBRG 9.20

7.8 [30]

Ralstonia spp. Domestic drain biofilm isolate
MBRG 4.13

7.8 [30]

S. enterica 35 strains from pig faeces or pork
meat

4–8 [40]

S. multivorum Domestic drain biofilm isolate
MBRG 9.19

3.9 [30]

S. aureus ATCC 6538 0.4–1.6 [21]

S. capitis Human skin isolate MBRG 9.34 1.3 [30]

S. caprae Human skin isolate MBRG 9.30 0.8 [30]

S. cohnii Human skin isolate MBRG 9.31 0.45 [30]

S. epidermidis 57 clean room isolates 0.14–4.5 [36]

S. epidermidis Human skin isolate M 9.33 0.48 [30]

S. haemolyticus Human skin isolate MBRG 9.35 1.6 [30]

S. hominis Human skin isolate MBRG 9.37 0.48 [30]

S. kloosii Human skin isolate MBRG 9.28 0.65 [30]

S. lugdunensis Human skin isolate MBRG 9.36 0.81 [30]

S. saprophyticus Human skin isolate MBRG 9.29 0.45 [30]

S. warneri Human skin isolate MBRG 9.27 1.3 [30]

S. maltophilia Domestic drain biofilm isolate
MBRG 9.13

7.8 [30]
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Table 11.3 Bactericidal activity of DDAC in suspension tests

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

A. delafieldii 2 toilet bowl biofilm
isolates

1 h 0.0014% (S) 4.9–5.7 [31]

5 h 6.3–6.7

B. sanguinis Toilet bowl biofilm
isolate

1 h 0.0014% (S) 5.4 [31]

5 h 6.7

Blastomonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.9 [31]

5 h

C. jejuni ATCC BAA-1062,
ATCC 33560 and 2
field strains

1 min 0.01125% (P) 4.9–6.0 [18]

E. avium Toilet bowl biofilm
isolate

1 h 0.0014% (S) 3.0 [31]

5 h 3.3

H. flavidus Toilet bowl biofilm
isolate

1 h 0.0014% (S) 4.8 [31]

5 h 6.3

Luteimonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 4.1 [31]

5 h 6.8

L. brunescens Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.9 [31]

5 h 6.8

M. adhaesivum Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.9 [31]

5 h 4.9

M. aquaticum Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [31]

5 h 0.9

Methylobacterium
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.4 [31]

5 h 3.0

Microbacterium
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 2.5 [31]

5 h 4.2

Paracoccus spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 3.6 [31]

5 h 5.3

P. aeruginosa 179 clinical isolates 2 min 1% (S) >5.0 [14]

5 min 0.1% (S)

P. nitroreducens Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.2 [31]

5 h 4.8

P. mexicana Toilet bowl biofilm
isolate

1 h 0.0014% (S) 7.0 [31]

5 h 6.9

Pseudomonas spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 0.0 [31]

5 h 0.7

Pseudonocardia
spp.

Toilet bowl biofilm
isolate

1 h 0.0014% (S) 5.1 [31]

5 h 5.2

S. yanoikuyae Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.5 [31]

5 h 6.9
(continued)
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11.3.1.3 Activity Against Bacteria in Biofilms
The efficacy of DDAC against bacteria biofilms has been described with L.
monocytogenes. Even with 1 h exposure time, a concentration of 0.0025% was not
sufficiently effective. Only 0.025% was able to reduce bacterial cells by at least 5.0
log within 1 h (Table 11.5).

Table 11.3 (continued)

Species Strain/isolate Exposure
time

Concentration log10
reduction

References

Sphingobium spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.4 [31]

5 h 6.6

S. soli Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.6 [31]

5 h

S. wittichii Toilet bowl biofilm
isolate

1 h 0.0014% (S) 6.7 [31]

5 h 6.6

Sphingomonas
spp.

2 toilet bowl biofilm
isolates

1 h 0.0014% (S) 3.2–6.0 [31]

5 h 6.4–6.6

Sphingopyxis spp. Toilet bowl biofilm
isolate

1 h 0.0014% (S) 3.9 [31]

5 h 5.3

S. aureus NBRC 12732 3 h 0.0003% (S) 5.6 [15]

0.0001% (S) 3.4

0.00007% (S) 0.4

0.00005% (S) 0.0

S. aureus 91 clinical MSSA
isolates

1 min 1% (S) >5.0 [14]

2 min 0.1% (S)

S. aureus 109 clinical MRSA
isolates

1 min 1% (S) >5.0 [14]

2 min 0.1% (S)

S. epidermidis Toilet bowl biofilm
isolate

1 h 0.0014% (S) 4.8 [31]

5 h 5.3

S. maltophilia Toilet bowl biofilm
isolate

1 h 0.0014% (S) 4.0 [31]

5 h 6.3

X. aerolatus Toilet bowl biofilm
isolate

1 h 0.0014% (S) 1.9 [31]

5 h 6.1

S Solution; P Commercial product

Table 11.4 MBC values of various bacterial species to DDAC (5 min exposure)

Species Strains/isolates MBC value References

P. aeruginosa ATCC 15442 0.006% [26]

P. aeruginosa ATCC 15442 0.0015% [17]

P. fluorescens 5 isolates from chicken carcasses 0.003–0.006% [26]

P. lundensis 4 isolates from chicken carcasses 0.003–0.006% [26]

P. fragi 3 isolates from chicken carcasses 0.001–0.003% [26]
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11.3.2 Fungicidal Activity

A fungistatic effect was described for some crop fungi. For P. chlamydospora and
P. aleophilum, DDAC was described to have a fungistatic effect between 0.00006
and 0.00015% (mycelial growth) or at <0.00001% (conidial germination) [16]. For
other crop fungi C. liriodendri and C. macrodidymum, DDAC was described to
have a fungistatic effect between 0.00019 and 0.01% (mycelial growth) or between
0.00004 and 0.0001% (conidial germination) [1].

A yeasticidal activity of 0.0076% DDAC was described with C. albicans ATCC
10231 within 15 min [35]. At 0.000105%, DDAC reduced C. albicans on textiles
by 4.5 log within 18 h [19]. DDAC at 0.000105% on textile was able to prevent
growth of T. rubrum DSM 21146 but not of T. mentagrophytes ATCC 9533 [19].
Some authors showed that the effect of a product based on DDAC and diluted to
0.5% is rather weak against eight food-associated fungal species (S. cerevisiae, S.
uvarum, K. apiculata, C. oleophila, M. fructicola, S. pombe, A. niger and
P. roqueforti) in 8–60 min [25].

11.3.3 Mycobactericidal Activity

The mycobactericidal activity of 0.0014% DDAC is rather weak with log reduc-
tions <1.0 in 1 h and between 3.5 and 4.0 in 5 h as shown with two toilet bowl
biofilm isolates (M. frederiksbergense and Mycobacterium spp.) [31].

11.4 Effect of Low-Level Exposure

Numerous studies show that low-level exposure to DACC has different effects on
bacteria (Table 11.6). No adaptive response was found in isolates or strains from 23
species (A. xylosoxidans, A. hydrophila, B. cereus, E. coli, L. monocytogenes, S.
enterica,C. indologenes,Chrysobacterium spp.,Citrobacter spp.,E. saccharolyticus,
H. gallinarum, M. phyllosphaerae, M. osloensis, P. nitroreductans, P. putida,
Pseudoxanthomonas spp., S. cohnii, S. epidermidis, S. haemolyticus, S. kloosii, S.
saprophyticus, S. warneii, S. maltophilia).

Some isolates or strains of 18 species ware able to express a weak adaptive
response (MIC increase � 4-fold) such as A. baumannii, C. coli, E. coli, L.
monocytogenes, S. enterica, C. renale group, C. sakazakii, E. faecalis, Eubacterium
spp., M. luteus, P. aeruginosa, Pseudomonas spp., S. multivorum, S. aureus,
S. capitis, S. caprae, S. hominis and S. lugdenensis.
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A strong but unstable MIC change (>4-fold) was found in isolates or strains of
P. aeruginosa. A strong and stable MIC change (>4-fold) was also described for
isolates or strains of P. aeruginosa. In isolates or strains of A. proteolyticus, C.
pseudogenitalum, E. faecalis, P. fluorescens and Ralstonia spp., the adaptive
response was strong but its stability was not described.

Selected strains or isolates revealed strong MIC changes such as A. proteolyticus
(32-fold), P. aeruginosa (� 18-fold), Ralstonia spp. (16-fold), C. pseudogenitalum
(8-fold) and E. faecalis (6-fold). The highest MIC values after adaptation
were >1,000 mg/l (P. aeruginosa), 125 mg/l (A. proteolyticus), 62.5 mg/l (C.
pseudogenitalum), >50 mg/l (P. fluorescens) and 31.3 mg/l (A. baumannii,
Eubacterium spp., P. putida).

Increased tolerance to other biocidal agents was described for E. coli to dioctyl
dimethyl ammonium chloride and benzalkonium chloride and for P. fluorescens to
cocoamine acetate, BAC, amphoteric tenside and N,N-bis (3-aminopropyl)
dodecylamin.

Resistance to antibiotics was also observed in few isolates. In C. coli, resistance to
tetracycline and streptomycin was found in 2 of 16 strains after low-level exposure.
In E. coli, multiresistance occurred in 32 of 54 strains. In L. monocytogenes,
resistance to tetracycline and streptomycin was described in 1 of 31 strains, and in
S. enterica, a new resistance to at least one antibiotic was detected in 7 of 35 strains,
mainly to chloramphenicol.

11.5 Resistance to DDAC

11.5.1 Species with Resistance to DDAC

Four strains were isolated from activated sludge of a municipal sewage treatment
plant with a resistance to DDAC defined as the ability to grow in the presence of
50 mg/l DDAC. Three strains were P. fluorescens, one was A. xylosoxidans subsp.
xylosoxidans. One of the P. fluorescens strains was even able to multiply at
250 mg/l DDAC.

In France, a clinical isolate of P. cepacia was identified with a MBC of 20%
DDAC whereas most other P. cepacia isolates from hospitals or veterinary care had
MBC values between 0.05% and 0.5%. Five other Pseudomonas spp. were more
susceptible (MBC between 0.001 and 0.05%) [7].

11.5.2 Resistance Mechanisms

A P. fluorescens strain was described to be able to metabolize DDAC and other
quaternary ammonium compounds within 7 d [33].
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11.5.3 Resistance Genes

So far, no specific DDAC resistance genes have been detected. But many resistance
genes have been described for quaternary ammonium compounds, especially for
benzalkonium chloride. They are summarized in Sect. 10.5.4. As DDAC is also a
cationic detergent, the BAC resistance genes may also be relevant for DDAC.

11.5.4 Infections and Pseudo-Outbreaks Associated
with Tolerance to DDAC

A few outbreaks or pseudo-outbreaks have been described caused by contaminated
DDAC solutions (Table 11.7). Only Gram-negative bacteria such as A. xylosoxidans,
P. fluorescens, B. cepacia complex and ESBL E. cloacae have been isolated. It is of
particular interest that one outbreak was presumably caused by low-level exposure of
sink biofilm bacteria to DDAC finally resulting DDAC-adapted isolates causing
infections in haematology patients.

11.6 Cross-Tolerance to Other Biocidal Agents

Cross-tolerance has been shown between DDAC and dioctyl dimethyl ammonium
chloride and BAC (E. coli) and cocoamine acetate, BAC, amphoteric tenside and N,
N-bis (3-aminopropyl) dodecylamin (P. fluorescens; see also Table 11.6).

11.7 Cross-Tolerance to Antibiotics

Some studies describe a cross-tolerance between DDAC and antibiotics. For
example, in 153 E. coli blood culture isolates, a higher MIC of DDAC was asso-
ciated with a decreased susceptibility to cotrimoxazole [4]. Another study showed
that DDAC-MICs were positively correlated with several other antibiotic MICs
(e.g. piperacillin and sulphamethoxazole/trimethoprim in E. coli, chloramphenicol
in E. faecalis) and increased DDAC-MICs were statistically linked to high-level
resistance to streptomycin in enterococci [45].

Low-level exposure resulted occasionally in cross-resistance to antibiotics
(Table 11.6). In C. coli, resistance to tetracycline and streptomycin was found in 2 of
16 strains. InE. coli,multiresistance occurred in 32 of 54 strains. InL.monocytogenes,
resistance to tetracycline and streptomycin was described in 1 of 31 strains, and in
S. enterica, a new resistance to at least one antibiotic was detected in 7 of 35 strains,
mainly to chloramphenicol.
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Overall, however, exposure of 7 species (A. baumannii, C. sakazakii, E. faecalis,
E. coli, P. aeruginosa, P. putida, S. aureus) over 14 passages of 4 d each to
increasing DDAC concentrations on agar was associated with both increases and
decreases in antibiotic susceptibility but its effect was typically small relative to the
differences observed among microbicides. Susceptibility changes resulting in
resistance were not observed [13].

11.8 Role of Biofilm

11.8.1 Effect on Biofilm Development

No studies were found on the effect of DDAC on biofilm development.

11.8.2 Effect on Biofilm Removal

No studies were found on the effect of DDAC on biofilm removal.

11.8.3 Effect on Biofilm Fixation

No studies were found on the effect of DDAC on biofilm fixation.

11.9 Summary

The principal antimicrobial activity of DDAC is summarized in Table 11.8.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 11.9.

Table 11.8 Overview on the typical exposure times required for DDAC to achieve sufficient
biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration
(%)

Exposure
time

Bacteria S. aureus, P. aeruginosa 1 1 mina

20 of 25 toilet bowel biofilm
isolates

0.0014 5 h

Fungi C. albicans 0.0076 15 min

Mycobacteria M. frederiksbergense,
Mycobacterium spp.

� 0.0014 � 5 h

aIn biofilm the efficacy will be lower
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Table 11.9 Key findings on acquired DDAC resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

P. aeruginosa >1,000 mg/l

P. fluorescens >250 mg/l

A. xylosoxidans >50 mg/l

P. cepacia MBC of 20%

MIC value to
determine
resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

E. coli Increased tolerance to dioctyl
dimethyl ammonium chloride and
benzalkonium chloride

P. fluorescens Increased tolerance to cocoamine
acetate, BAC, amphoteric tenside
and N,N-bis (3-aminopropyl)
dodecylamin

Cross-resistance
antibiotics

C. coli (2 of 16 strains) Resistance to tetracycline and
streptomycin

E. coli (32 of 54 strains) Multiresistance

L. monocytogenes (1 of 31 strains) Resistance to tetracycline and
streptomycin

S. enterica (7 of 35 strains) New resistance to at least one
antibiotic, mainly to
chloramphenicol

Resistance
mechanisms

P. fluorescens Metabolization of DDAC

Effect of
low-level
exposure

A. xylosoxidans, A. hydrophila, B.
cereus, E. coli, L. monocytogenes,
S. enterica, C. indologenes,
Chrysobacterium spp., Citrobacter
spp., E. saccharolyticus, H.
gallinarum, M. phyllosphaerae, M.
osloensis, P. nitroreductans,
P. putida, Pseudoxanthomonas
spp., S. cohnii, S. epidermidis, S.
haemolyticus, S. kloosii, S.
saprophyticus, S. warneii, S.
maltophilia

No MIC increase

A. baumannii, C. coli, E. coli, L.
monocytogenes, S. enterica, C.
renale group, C. sakazakii, E.
faecalis, Eubacterium spp., M.
luteus, P. aeruginosa,
Pseudomonas spp., S. multivorum,
S. aureus, S. capitis, S. caprae, S.
hominis, S. lugdenensis

Weak MIC increase (� 4-fold)

(continued)
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12Polihexanide

12.1 Chemical Characterization

Polihexanide (PHMB) was firstly synthesized by Rose and Swain in 1954 [55] and
introduced in the 1980s in Switzerland [75]. It is a cationic biguanide polymer.
Preparations of PHMB are polydisperse mixtures of polymeric biguanides, with a
weighted average number of 12 repeating hexamethylene biguanide units. The
heterogeneity of the molecule is increased further by the presence of either amine,
or cyanoguanidine or guanidine end-groups in any combination at the terminal
positions of each chain [55]. It is freely water soluble. The basic chemical infor-
mation on the most common PHMBs is summarized in Table 12.1.

12.2 Types of Application

As a preservative, PHMB is used in cosmetics, personal care products, fabric
softeners, contact lens solutions, hand washes and more [73]. PHMB is also used to
preserve wet wipes, to control odour in textiles; to prevent microbial contamination
in wound irrigation (e.g. at 0.02–0.1%) and sterile dressings (e.g. at 0.2–0.5%) [15];
to disinfect medical or dental utensil and trays, farm equipment, animal drinking
water, and hard surfaces for food handling institutions and hospitals; and to
deodorize vacuums and toilets. PHMB is used in antimicrobial hand washes and
rubs [28] and air filter treatments as an alternative to ozone. It is also used as an
active ingredient for recreational water treatment, as a chlorine-free polymeric
sanitizer. Further reported uses of PHMB are purification of swimming pool water,
beer glass sanitisation, solid surface disinfection in breweries and short-term
preservation of hides and skins [78].

PHMB is used for wound antisepsis and classified as the active agent of choice
for critically colonized and infected chronic wounds as well as for burns [37, 51,
64]. In addition, PHMB may be used for coating of nitril examination gloves [44].
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12.2.1 European Chemicals Agency (European Union)

PHMB with the CAS numbers 27083-27-8 and 32289-58-0 has been approved as
an active biocidal substance for product types 2 (disinfectants and algaecides not
intended for direct application to humans or animals), 3 (veterinary hygiene), 4
(food and feed area) and 11 (preservatives for liquid-cooling and processing sys-
tems) [41, 42]. It has not been approved for product types 1 (human hygiene), 5
(drinking water), 6 (preservatives for products during storage) and 9 (fibre, leather,
rubber and polymerised materials preservatives) [40, 43].

In 2015, the Scientific Committee on Consumer Safety (SCCS) declared that
PHMB up to 0.3% with the CAS numbers 27083-27-8 and 32289-58-0 were not
considered safe in cosmetic spray formulations and all cosmetic products because of
concerns regarding the acute toxicity by inhalation and insufficient data on dermal
absorption [7].

12.2.2 Environmental Protection Agency (USA)

PHMB with the CAS number 32289-58-0 was first registered in the USA in 1982
and has last been approved in 2004. A risk was only seen for occupational handlers,
especially pour liquid for drilling muds and workover fluids. The greatest risk for
exposure was seen by inhalation and on the skin so that mitigation measures were
enforced [82].

12.2.3 Overall Environmental Impact

The ECHA classified PHMB to be “very toxic to aquatic life” and “very toxic to
aquatic life with long lasting effects” [20]. Nevertheless, the overall environmental
impact of PHMB is considered to be low [82]. PHMB is stable in water. Soil with
any humic matter binds approximately 80% of PHMB. The probability of PHMB
leaching into ground water where any soil is present with any significant amount of
humic matter is considered to be negligible [54]. Whilst amine and guanidine
end-groups in PHMB are likely to be susceptible to biodegradation, cyanoguanidine
end-groups are likely to be recalcitrant. In particular, a strain of P. putida was
capable of extensive growth with 1,6-diguanidinohexane as a sole nitrogen source,

Table 12.1 Basic chemical information on polihexanide [63]

CAS number 27083-27-8 32289-58-0 28757-47-3 133029-32-0

IUPAC name Homopolymer of N-(3-Aminopropyl)-Imidodicarbonimidic
Diamide

Synonyms Lavasept, Baquacil, polyhexamethylen-biguanide hydrochloride

Molecular formula C10H19ClN8 C10H23N5 C8H19N5 (C5H14N6)x

Molecular weight (g/mol) 286.76446 213.32312 185.275 Variable
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with complete removal of guanidine groups from culture medium within 2 days,
and with concomitant formation of unsubstituted urea, which in turn was also
utilised by the organism [65].

12.3 Spectrum of Antimicrobial Activity

12.3.1 Bactericidal Activity

The mechanisms of antimicrobial activity have been described in various studies.
PHMB disturbs the cell membrane’s bilayer by interacting with it along the surface
of the membrane [86]. PHMB molecules perturb L. innocua cytoplasmic membrane
by interacting with the first layer of the membrane lipid bilayer [8]. Other authors
reported that the electrostatic interaction with the cell membrane is a dominant
factor in the antimicrobial activity of PHMB [92]. Hydrophobic interactions and
dehydration have been described as relevant as electrostatic interactions to explain
changes in membrane fluidity and permeability, believed to be responsible for the
biocide action of PHMB [79].

12.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values for PHMB obtained with different bacterial species are summa-
rized in Table 12.2. Staphyloccocus spp. (S. aureus and CNS) had MIC values
between 0.25 and 8 mg/l, Enterococcus spp. between 1.8 and 31.2 mg/l. B.
cepacia (58–256 mg/l), K. pneumoniae (1–25 mg/l), H. influenzae (2–32 mg/l),
P. aeruginosa (2–32 mg/l) and E. coli (0.5–30 mg/l) were somewhat less suscep-
tible to PHMB. The highest MIC values were found in B. cepacia (256 mg/l), A.
viscosus (120 mg/l) and N. asteroides (100 mg/l). The bacteriostatic activity of
PHMB at 1,000 mg/l is reduced in the presence of 0.25% mucin resulting in a
bacteriostatic concentration of 4,000 mg/l PHMB [4].

Table 12.2 MIC values of various bacterial species to PHMB

Species Strains/isolates MIC
value
(mg/l)

References

A. baumannii JCM 6841 43 [91]

A. hydrophila Domestic drain biofilm isolate MBRG 4.3 31.2 [59]

A. jandaei Domestic drain biofilm isolate MBRG 9.11 31.2 [59]

A. proteolyticus Domestic drain biofilm isolate MBRG 9.12 7.8 [59]

A. viscosus ATCC 15987 120 [83]

A. xylosoxidans Domestic drain biofilm isolate MBRG 4.31 15.6 [59]

B. cereus Domestic drain biofilm isolate MBRG 4.21 20.8 [59]

B. cereus MRBG 4.21 (kitchen drain biofilm isolate) 58 [25]
(continued)
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Table 12.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

B. cepacia ATCC BAA-245 58 [25]

B. cepacia JCM 5964 256 [91]

Citrobacter spp. Domestic drain biofilm isolate MBRG 9.18 31.2 [59]

C. pseudogenitalum Human skin isolate MBRG 9.24 1.9 [59]

C. renale group Human skin isolate MBRG 9.13 3.9 [59]

C. perfringens ATCC 13124 2 [49]

C. indologenes MRBG 4.29 (kitchen drain biofilm isolate) 0.9 [25]

C. indologenes Domestic drain biofilm isolate MBRG 9.15 3.9 [59]

Chrysobacterium
spp.

Domestic drain biofilm isolate MBRG 9.17 15.6 [59]

C. xerosis WIBG 1.2 (wound isolate) 2.7 [25]

E. faecalis WIBG 1.1 (wound isolate) 1.8 [25]

E. faecalis ATCC 29212 2–16 [49]

E. faecalis ATCC 29212 8 [91]

E. hirae ATCC 10541 21 [91]

E. saccharolyticus Domestic drain biofilm isolate MBRG 9.16 31.2 [59]

Enterococcus spp. Clinical VRE isolate 4–8 [49]

E. coli ATCC 35218 0.5–1 [49]

E. coli 50 clinical isolates 1–4 [24]

E. coli ATCC 25922 and 4 clinical isolates 2 [5]

E. coli ATCC 25922 3.3 [91]

E. coli 6 clinical ESBL isolates 4–8 [30]

E. coli ATCC 25922 13.3 [25]

E. coli IFO 14237 >30 [94]

Eubacterium spp. Domestic drain biofilm isolate MBRG 4.14 7.8 [59]

H. gallinarum Domestic drain biofilm isolate MBRG 4.27 7.8 [59]

H. influenzae ATCC 49247 2 [49]

H. influenzae 50 clinical isolates 4–32 [24]

K. pneumoniae 50 clinical isolates 1–4 [24]

K. pneumoniae DSM16609 and 3 clinical ESBL isolates 3.1–25 [30]

K. pneumoniae ATCC 13883 7.3 [25]

L. acidophilus ATCC 4356 30 [83]

L. rhamnosus ATCC 7469 10 [83]

M. phyllosphaerae Domestic drain biofilm isolate MBRG 4.30 7.8 [59]

M. luteus Human skin isolate MBRG 9.25 1 [59]

M. luteus MRBG 9.25 (skin isolate) 1.8 [25]

M. catarrhalis 50 clinical isolates 1–4 [24]

N. asteroides Clinical isolates from a patient with keratitis 100 [53]

P. aeruginosa ATCC 15442 2 [49]
(continued)
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Table 12.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

P. aeruginosa 50 clinical isolates 4–32 [24]

P. aeruginosa ATCC 27853 21 [91]

P. aeruginosa ATCC 9027 31.3 [25]

P. nitroreductans Domestic drain biofilm isolate MBRG 4.6 15.6 [59]

Pseudomonas spp. Domestic drain biofilm isolate MBRG 9.14 7.8 [59]

Pseudoxanthomonas
spp.

Domestic drain biofilm isolate MBRG 9.20 15.6 [59]

Ralstonia spp. Domestic drain biofilm isolate MBRG 4.13 7.8 [59]

S. marcescens ATCC 13880 38.7 [25]

S. aureus 27 clinical MRSA isolates before decolonization
with PHMB

0.25–1 [69]

27 clinical isolates after decolonization with
PHMB

0.25–1

S. aureus Clinical MRSA isolate 0.5 [49]

S. aureus ATCC 6538 0.5–1 [49]

S. aureus 50 clinical isolates (MSSA) 0.5–2 [21]

50 clinical isolates (MRSA)

S. aureus 80 clinical strains (sporadic MSSA) 0.5–2 [22]

80 clinical strains (sporadic MRSA)

6 clinical strains (epidemic MRSA)

S. aureus 27 clinical MRSA isolates from patients with
failed MRSA decolonization using PHMB

� 1 [52]

S. aureus Strain RN4420, strain EMRSA 15, strain USA
300

1 [45]

S. aureus ATCC 29213, 6 clinical MRSA strains and 6
clinical VISA strains

1–2 [5]

S. aureus ATCC 6538 5.3 [91]

S. aureus ATCC 6538 7.3 [25]

S. aureus ATCC 700698 (MRSA) 8 [91]

S. capitis MRBG 9.34 (skin isolate) 1.1 [25]

S. capitis Human skin isolate MBRG 9.34 3.9 [59]

S. caprae MRBG 9.3 (skin isolate) 6.7 [25]

S. caprae Human skin isolate MBRG 9.30 7.8 [59]

S. cohnii Human skin isolate MBRG 9.31 1.9 [59]

S. epidermidis Human skin isolate M 9.33 1.9 [59]

S. epidermidis MRBG 9.33 (skin isolate) 3 [25]

S. epidermidis ATCC 12228 4 [91]

S. haemolyticus MRBG 9.35 (skin isolate) 1.8 [25]

S. haemolyticus Human skin isolate MBRG 9.35 7.8 [59]

S. hominis Human skin isolate MBRG 9.37 7.8 [59]

S. kloosii Human skin isolate MBRG 9.28 3.9 [59]
(continued)
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12.3.1.2 Bactericidal Activity (Suspension Tests)
PHMB at 0.0014% had only limited bactericidal activity within 5 h against 20 of 25
toilet bowl biofilm isolates. At 0.016 or 0.02%, PHMB showed a mostly good
bactericidal activity within 1 h, whereas at 5 min some studies indicate a lower
efficacy (<5.0 log), e.g. against E. faecium, E. coli, P. aeruginosa or S. aureus. At
0.032 or 0.04%, PHMB was mostly bactericidal with 30 min against various
bacterial species. At 5 min, the efficacy is less pronounced. When used at 0.1% for
7 d, a sufficient bactericidal efficacy was consistently observed (Table 12.3).

The MBC values for PHMB obtained with different bacterial species are sum-
marized in Table 12.4. They were in the same range as the MIC values obtained
with PHMB (see Table 12.2.). For E. coli, it was noteworthy that a shorter exposure
time requires a higher PHMB concentration in order to reveal a bactericidal
efficacy.

The bactericidal efficacy of PHMB is significantly reduced in the presence of
albumin so that it is not possible to titrate PHMB to a concentration that fulfils
effective requirements in the presence of albumin [46]. Thereby, the loss of
antimicrobial effect in S. aureus was presented as a linear correlation to the rising
concentration of albumin [47]. Wound fluid also reduced the efficacy, e.g. against
P. aeruginosa (bactericidal concentration of 0.001% instead of 0.0001%) [85]. The
bactericidal activity is abolished in the presence of chondroitin sulphate [61].

In contact lens solutions, the bactericidal efficacy of PHMB against P. aerugi-
nosa was also largely impaired in the presence of organic soil allowing surviving
bacteria even to multiply [10]. Wound dressings can also reduce the efficacy of
PHMB against S. aureus as shown in 67.2% of 42 types of wound dressings [35].
The bactericidal activity of PHMB has been described to be higher at elevated pH
values [87].

Table 12.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. lugdunensis MRBG 9.36 (skin isolate) 3.6 [25]

S. lugdunensis Human skin isolate MBRG 9.36 3.9 [59]

S. saprophyticus Human skin isolate MBRG 9.29 3.9 [59]

S. warneri MRBG 9.27 (skin isolate) 3.6 [25]

S. warneri Human skin isolate MBRG 9.27 7.8 [59]

S. maltophilia MRBG 4.17 (kitchen drain biofilm isolate) 3 [25]

S. maltophilia Domestic drain biofilm isolate MBRG 9.13 3.9 [59]

S. mutans ATCC 25175 60 [83]

S. pneumoniae ATCC 49619 1–2 [49]

S. multivorum Domestic drain biofilm isolate MBRG 9.19 20.8 [59]
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Table 12.3 Bactericidal activity of PHMB in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii ATCC 15149 7 d 0.1% (S) 5.5 [58]

A. delafieldii 2 toilet bowl biofilm isolates 1 h 0.0014% (S) 0.1–0.2 [60]

5 h 0.6–0.9

Blastomonas spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 2.9 [60]

5 h 5.7

B. sanguinis Toilet bowl biofilm isolate 1 h 0.0014% (S) 4.1 [60]

5 h 5.2

E. cloacae ATCC 13047 7 d 0.1% (S) 5.5 [58]

E. avium Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.4 [60]

5 h 3.3

E. faecalis ATCC 14508 and ATCC
51575 (VRE)

7 d 0.1% (S) 5.3–5.6 [58]

E. faecium ATCC 6057 5 min 0.02% (P) 4.0–5.0 [61]

60 min � 6.0

E. faecium Not described 5 min 0.02% (P) 4.0–5.0a [50]

60 min � 6.0

E. hirae Not described 1 min 0.05% (P) 3.4–3.6a [50]

5 min � 6.0

E. coli ATCC 25922 and 1 clinical
isolate

5 min 0.6% (P) >5.0 [5]

0.2% (P) 0.4–5.0

0.02% (P) 0.1–5.0

E. coli ATCC 25922 1 h 0.04% (S) � 5.0 [24]

30 min 0.02% (S)

E. coli Clinical ESBL isolate 1 min 0.035% (S) 1.1 [30]

5 min 2.5

1 min 0.032% (S) 1.4

5 min 3.5

1 min 0.016% (S) 1.3

5 min � 5.4

E. coli ATCC 11229 5 min 0.02% (P) 2.0–3.0 [61]

60 min � 6.0

E. coli ATCC 8739 7 d 0.1% (S) 5.4 [58]

E. coli Not described 30 s 0.05% (P) 4.9–5.9a [50]

10 min � 6.0

1 min 0.02% (P) 2.0–8.0a

5 min � 6.0

E. coli ATCC 11229 30 min 0.009% (P) � 3.0 [62]

H. influenzae ATCC 49247 30 min 0.04% (S) � 5.0 [24]

0.02% (S)
(continued)

12.3 Spectrum of Antimicrobial Activity 401



Table 12.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

H. flavidus Toilet bowl biofilm isolate 1 h 0.0014% (S) 3.2 [60]

5 h 6.3

K. pneumoniae ATCC 4382 30 min 0.04% (S) � 5.0 [24]

0.02% (S)

K. pneumoniae DSM 16609 1 min 0.035% (S) 3.3 [30]

5 min 5.3

1 min 0.032% (S) 3.8

5 min 6.1

1 min 0.016% (S) 3.8

5 min 6.2

K. pneumoniae Clinical ESBL isolate 1 min 0.035% (S) 2.0 [30]

5 min 4.2

1 min 0.032% (S) 3.5

5 min 6.3

1 min 0.016% (S) 3.0

5 min � 6.5

Luteimonas spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 2.5 [60]

5 h 5.2

L. brunescens Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.2 [60]

5 h 1.9

M. adhaesivum Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h 0.2

M. aquaticum Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h

Methylobacterium
spp.

Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h

Microbacterium
spp.

Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h 0.8

M. catarrhalis ATCC 43617 15 min 0.04% (S) � 5.0 [24]

0.02% (S)

Paracoccus spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.7 [60]

5 h 1.2

P. mirabilis ATCC 12453 7 d 0.1% (S) 5.6 [58]

P. aeruginosa ATCC 9027 7 d 0.1% (S) 5.7 [58]

P. aeruginosa ATCC 15442 1 min 0.05% (S) 5.3 [49]

5 min 0.0125% (S)

10 min 0.005% (S)

P. aeruginosa ATCC 15442 1 h 0.04% (S) � 5.0 [24]

30 min 0.02% (S)
(continued)
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Table 12.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. aeruginosa ATCC 15442 5 min 0.02% (P) 3.0–4.0 [61]

60 min � 5.0

P. aeruginosa Not described 5 min 0.02% (P) � 6.0 [50]

1 min 0.05% (P)

P. aeruginosa ATCC 9027 2–6 h 0.0002% (P) 3.8 [71]

0.0001% (P) 4.2–4.3

0.00005% (P) 4.0

P. nitroreducens Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.0 [60]

5 h 2.0

Pseudomonas spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h 0.1

Pseudonocardia
spp.

Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.0 [60]

5 h 1.8

P. mexicana Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.7 [60]

5 h 4.1

S. marcescens ATCC 13880 7 d 0.1% (S) 5.6 [58]

S. marcescens ATCC 13880 2–6 h 0.0002% (P) 3.6 [71]

0.0001% (P) 3.3

0.00005% (P) 3.4

S. soli Toilet bowl biofilm isolate 1 h 0.0014% (S) 3.1 [60]

5 h 4.7

S. wittichii Toilet bowl biofilm isolate 1 h 0.0014% (S) 2.9 [60]

5 h 5.3

Sphingomonas
spp.

3 toilet bowl biofilm isolates 1 h 0.0014% (S) 0.1–0.6 [60]

5 h 1.9–3.9

S. yanoikuyae Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.2 [60]

5 h 1.2

Sphingobium spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 1.3 [60]

5 h 2.1

Sphingopyxis spp. Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.7 [60]

5 h 2.6

S. aureus IFO 13276 30 min 0.1% (S) � 5.0 [93]

S. aureus ATCC 6538 and ATCC
33591 (MRSA)

7 d 0.1% (S) 5.5 [58]

S. aureus ATCC 29213 and 2 clinical
MRSA strains

5 min 0.6% (P) >5.0 [5]

0.2% (P) 0.4–5.0

0.02% (P) 0.4–4.5
(continued)
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Table 12.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

S. aureus Not described 30 s 0.05% (P) 3.2–6.0a [50]

5 min 4.5–6.0a

10 min � 6.0

1 min 0.02% (P) 3.6–5.0a

5 min 4.1–6.0a

10 min � 7.0

S. aureus ATCC 29213 5 min 0.04% (S) 4.0 [22]

10 min 4.5

30 min 4.8

60 min >5.0

5 min 0.02% (S) 3.0

10 min 3.5

30 min 4.0

60 min 4.5

S. aureus ATCC 6538 1 min 0.025% (S) 5.3 [49]

10 min 0.005% (S) 5.3

60 min 0.0005% (S) 5.2

S. aureus ATCC 6538 5 min 0.02% (P) � 6.0 [61]

S. aureus ATCC 6538 30 min 0.01% (P) � 3.0 [62]

S. aureus ATCC 6538 2–6 h 0.0002% (P) 4.2 [71]

0.0001% (P) 3.4–3.5

0.00005% (P) 3.4

S. epidermidis ATCC 12228 7 d 0.1% (S) 5.8 [58]

S. epidermidis Toilet bowl biofilm isolate 1 h 0.0014% (S) 2.5 [60]

5 h 1.3

S. epidermidis ATCC 17917 2–6 h 0.0002% (P) 2.8 [71]

0.0001% (P) 3.0–4.7

0.00005% (P) 3.4

S. maltophilia Toilet bowl biofilm isolate 1 h 0.0014% (S) 2.5 [60]

5 h 3.0

X. aerolatus Toilet bowl biofilm isolate 1 h 0.0014% (S) 0.0 [60]

5 h 1.1

Mixed anaerobic
species

A. actinomycetemcomitans
ATCC 43718, A. viscosus
DSMZ 43798, F. nucleatum
ATCC 10953, P. gingivalis
ATCC 33277, V. atypica
ATCC 17744 and S.
gordonii ATCC 33399

30 s 0.1% (P) 6.3 [14]

0.04% (P) 2.3

S Solution; P Commercial product; adepending on the type of organic load
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12.3.1.3 Activity Against Bacteria in Biofilms
Bacteria in biofilms required PHMB at 2% to achieve a strong bactericidal activity
within 5 min as shown with E. coli, S. Enteritidis and S. aureus. The commonly
used concentration of PHMB (0.04%) had only poor bactericidal activity against
biofilm-grown bacterial species with log reductions � 2.2. At 0.1%, the bacteri-
cidal activity against some single species biofilms was strong (P. aeruginosa) but
not against other single species biofilms (S. aureus and S. mutans) and natural
mixed biofilms (Table 12.5).

Similar results were described in other experimental settings. PHMB at 0.02 and
0.04% showed a low inhibition effect (65%) on the metabolic activity in a MRSA
biofilm. The efficacy was strongly dependent on the applied exposure time [31]. In
S. epidermidis, a 33� decrease of susceptibility of biofilm grown cells (48 h in
microplates) was described compared to planktonic cells; in E. coli, it was only
2.4-fold [29]. In the presence of PHMB, the susceptibility of biofilm grown cells to
the target microorganism was 3-fold lower (E. coli; exposed to 1.3 µmol/l) or
10-fold lower (S. epidermidis; exposed to 0.7 µmol/l) [12].

12.3.1.4 Bactericidal Activity on Skin
Some effect of PHMB at 0.02 and 0.04% was found within 30 min on the resident
skin flora with 1.2 and 1.9 log [16]. For the decontamination of MRSA colonized
skin, daily use of PHMB solution for at least 3 min over 10 days and treatment of
the anterior nares with PHMB thrice daily did not result in a significant reduction of
MRSA carriers compared to placebo [52].

Table 12.4 MBC values of various bacterial species to PHMB at variable exposure times

Species Strains/isolates Exposure
time

MBC value References

E. coli ATCC 25922 10 min 0.01% [91]

E. coli DSM 11250 6 h <0.005% [68]

E. coli 50 clinical isolates 24 h 0.0001–0.0008% [24]

H. influenzae 50 clinical isolates 24 h 0.0004–0.0032% [24]

K. pneumoniae 50 clinical isolates 24 h 0.0001–0.0004% [24]

M. catarrhalis 50 clinical isolates 24 h 0.0001–0.0004% [24]

P. aeruginosa ATCC 27853 10 min 0.0042% [91]

P. aeruginosa DSM 939 6 h <0.005% [68]

P. aeruginosa 50 clinical isolates 24 h 0.0004–0.0032% [24]

S. aureus DSM 799 6 h <0.005% [68]

S. aureus 50 clinical isolates
(MSSA)

24 h 0.00005–0.0002% [21]

50 clinical isolates
(MRSA)

0.00005–0.0002%
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12.3.1.5 Bactericidal Activity on Mucosa
At 0.2%, PHMB showed a similar efficacy in reducing bacterial counts on the oral
mucosa as 0.12% chlorhexidine or 0.3% triclosan (approx. 1.5 log) [84]. The
application of 3 drops of 0.2% PHMB showed also a good bactericidal efficacy
when applied preoperatively in ophthalmic surgery [33]. A fair bactericidal efficacy
was in addition described for 0.04% PHMB as a mouth rinse similar to 0.12%
chlorhexidine when sampled on the mucosa [74]. In the oral cavity, an antiseptic
mouth rinse based on PHMB at an unknown concentration was equally effective
against three oral pathogens (S. mutans, F. nucleatum, C. albicans) compared to the
positive control based on 0.2% chlorhexidine [70]. On porcine vaginal mucosa,
0.1% PHMB was able to reduce an artificial contamination of MRSA by 1.2 log
(15 min) to 4.0 log (24 h) [3].

12.3.1.6 Bactericidal Activity on Wounds
In surgical wounds, application of 0.04% PHMB led to a significantly higher
reduction of bacterial counts compared to the application of Ringer solution [23]. In
acute traumatic wounds, the effect of 0.04% PHMB was only marginal [67]. In a
proposed test to determine the efficacy of wound antiseptics (which is similar to a
carrier test), 0.02% PHMB, however, did not show sufficient bactericidal activity
within 24 h. At 0.04 and 0.1%, however, the efficacy was sufficient within 3 h with
and without organic load [77]. When tie-over dressings were soaked with 0.1%
PHMB in full thickness skin grafts, it had no effect on reducing bacterial loads in
wounds and resulted in more surgical site infections compared to sterile water [76].

12.3.1.7 Bactericidal Activity of Impregnated Gloves
PHMB has some effect to reduce a contamination on gloves (S. pyogenes,
carbapenem-resistant E. coli, MRSA, ESBL K. pneumoniae) within 10 min, but it
is impaired in the presence of organic load. A lower bacterial transfer to other
surfaces was found with a dry inoculums of all three species but not with a wet
inoculum [1].

12.3.2 Fungicidal Activity

12.3.2.1 Fungistatic Activity (MIC Values)
The growth of various fungal species was inhibited by PHMB at up to 16 mg/l
indicating an overall good susceptibility (Table 12.6). PHMB at 4,000 mg/l on
textile, however, was not able to prevent growth of T. rubrum DSM 21146 or T.
mentagrophytes ATCC 9533 [32].

12.3.2.2 Fungicidal Activity (Suspension Tests)
A yeasticidal activity was found for PHMB at 0.1% (5 min) and 0.02% (30 s).
A general fungicidal activity of 0.1% PHMB does not exist, not even within 24 h.
Some species can be reduced by � 4.0 log in 24 h by 0.1% PHMB such as A.
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elegans, A. fumigatus, Exophiala spp., F. oxysporum or M. circinelloides, other
species are resistant to 0.1% PHMB such as Apophysomyces spp., A. brasiliensis, A.
flavus, A. terreus or Lichtheimia spp. (Table 12.7).

At 0.4%, PHMB reduced C. albicans on textiles by 3.1 log within 18 h [32]. The
type of contact lens material may have an impact on the fungicidal activity. Some
materials can bind between 30 and 60% of the PHMB within 6 h resulting in a
lower efficacy against F. solani [72].

Table 12.6 MIC values for different fungal species obtained with PHMB

Species Strains/isolates MIC
value
(mg/l)

References

A. flavus 16 clinical isolates 8–16 [89]

A. fumigatus 1 isolate from an ocular infection 3.1 [6]

A. niger 1 clinical isolate 6.1 [56]

C. albicans ATCC 10231 1 [49]

C. albicans ATCC 10231 8 [91]

Candida spp.a 25 C. albicans clinical isolates and ATCC 24433, C.
parapsilosis ATCC 22019, C. krusei ATCC 6258

0.8–1.6 [56]

F. lichenicola 1 isolate from an ocular infection 1.6 [6]

F. oxysporum 2 isolates from ocular infections 1.6 [6]

F. proliferatum 1 isolate from an ocular infection 1.6 [6]

F. solani 5 isolates from ocular infections 1.6 [6]

F. solani ATCC 44366 2.4 [56]

F. solani 24 clinical isolates 8–16 [89]

R. microsporus 1 isolate from an ocular infection 3.1 [6]

S. apiospermum 1 isolate from an ocular infection 1.6 [6]
ano data per species available

Table 12.7 Fungicidal activity of PHMB in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. elegans 2 clinical
isolates

12 h 0.1% (S) � 4.0 [90]

0.04% (S)

0.01% (S)

Apophysomyces
spp.

1 clinical
isolate

24 h 0.1% (S) <2.0 [90]

0.04% (S)

0.01% (S)

A. brasiliensis ATCC 16404 7 d 0.1% (S) 2.2 [58]

A. flavus 3 clinical
isolates

24 h 0.1% (S) <1.0 [90]

0.04% (S)

0.01% (S)
(continued)
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Table 12.7 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. fumigatus ATCC 10894 2–6 h 0.0002% (P) 0.1 [71]

0.0001% (P) 0.1–0.3

0.00005% (P) 0.1

A. fumigatus 1 clinical
isolate

24 h 0.1% (S) � 4.0 [90]

0.04% (S) <1.0

0.01% (S) <1.0

A. terreus 1 clinical
isolate

24 h 0.1% (S) <1.0 [90]

0.04% (S)

0.01% (S)

C. albicans ATCC 10231 1 min 0.5% (S) 4.1 [49]

5 min 0.05% (S)

60 min 0.01% (S)

C. albicans IFO 1594 1 h 0.1% (S) � 5.0 [93]

C. albicans ATCC 10231 7 d 0.1% (S) 5.7 [58]

C. albicans Not described 30 s 0.02% (P) 4.0–5.0a [50]

10 min � 6.0

C. albicans ATCC 10231 5 min 0.02% (P) � 4.0 [61]

C. albicans ATCC 10231 2–6 h 0.0002% (P) 0.3 [71]

0.0001% (P) 0.3

0.00005% (P) 1.6

Exophiala spp. 1 clinical
isolate

5 min 0.1% (S) � 5.0 [90]

0.04% (S)

0.01% (S)

F. oxysporum 1 clinical
isolate

5 min 0.1% (S) � 5.0 [90]

0.04% (S)

0.01% (S)

F. solani ATCC 36031 2–6 h 0.0002% (P) 0.3 [71]

0.0001% (P) 1.2–1.3

0.00005% (P) 0.3

Lichtheimia spp. 1 clinical
isolate

24 h 0.1% (S) <1.0 [90]

0.04% (S)

0.01% (S)

M. circinelloides 2 clinical
isolates

24 h 0.1% (S) � 5.0 [90]

0.04% (S)

0.01% (S)

P Commercial product; S Solution
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The PHMB treatment of the yeast cells S. cerevisiae activates the PKC1/Slt2 cell
wall integrity pathway. In addition, it is suggested that HOG1 and YAP1 can play a
role in the regulation of cell wall integrity genes [18].

12.3.3 Mycobactericidal Activity

PHMB was described with an MIC value of 5 mg/l for M. smegmatis [27]. The
mycobactericidal activity of 0.0014% DDAC is rather weak with log reductions
between 0.0 (Mycobacterium spp.) and 2.8 (M. frederiksbergense) in 1 h and
between 2.8 (Mycobacterium spp.) and 5.3 (M. frederiksbergense) in 5 h as shown
with two toilet bowl biofilm isolates [60].

12.4 Effect of Low-Level Exposure

Many studies show that low-level exposure to PHMB has different effects on bacteria
(Table 12.8). No adaptive response was found in isolates or strains from 31 species
(A. xylosoxidans, A. hydrophila, A. jandaei, B. cereus, B. cepacia,C. indologenes,C.
pseudogenitalum, Chrysobacterium spp., Citrobacter spp., E. saccharolyticus,
Eubacterium spp., H. gallinarum, M. luteus, P. nitroreductans, P. putida, Pseu-
domonas spp., Pseudoxanthomonas spp., Ralstonia spp., S. marcescens, S. multi-
vorum, S. aureus, S. capitis, S. caprae, S. epidermidis, S. haemolyticus, S. hominis, S.
kloosii, S. lugdunensis, S. saprophyticus, S. warneri, S. maltophilia).

Some isolates or strains of 18 species ware able to express a weak adaptive
response (MIC increase � 4-fold) such as A. baumannii, C. indologenes, C. renale
group, C. sakazakii, C. xerosis, E. faecalis, E. coli, K. pneumoniae, M. phyl-
losphaerae, M. luteus, M. osloensis, P. aeruginosa, S. cohnii, S. epidermidis, S.
haemolyticus, S. lugdunensis, S. warneri and S. maltophilia.

A strong but unstable MIC change (>4-fold) was found in isolates or strains of S.
capitis and S. epidermidis. A strong and stable MIC change (>4-fold) was described
for isolates or strains of E. faecalis and S. aureus. In isolates or strains of A.
proteolyticus and S. aureus, the adaptive response was strong but its stability was
not described.

Selected strains or isolates revealed strong MIC changes such as A. proteolyticus
(16-fold), E. faecalis and S. aureus (8-fold), S. capitis (5.5-fold) and S. epidermidis
(4.8-fold). The highest MIC values after adaptation were 125 mg/l (A. proteolyti-
cus), 58 mg/l (P. aeruginosa), 31.3 mg/l (A. baumannii, E. coli, E. faecalis, M.
osloensis), 29 mg/l (K. pneumoniae) and 23.5 mg/l (S. aureus).

No change of chlorhexidine susceptibility was described in MRSA after
low-level PHMB exposure (Table 12.8). Exposure of 7 species (A. baumannii, C.
sakazakii, E. faecalis, E. coli, P. aeruginosa, P. putida, S. aureus) over 14 passages
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of 4 d each to increasing PHMB concentrations on agar was associated with both
increases and decreases in antibiotic susceptibility but its effect was typically small
relative to the differences observed among microbiocides. Susceptibility changes
resulting in resistance were not observed [26].

12.5 Resistance to PHMB

Resistance to PHMB appears not to develop despite many years of use in many
fields [86]. Selective chromosome condensation provides an unanticipated para-
digm for antimicrobial action that may not succumb to resistance [9].

12.5.1 Species with Resistance to PHMB

An isolate of A. westerdijkiae was detected in house dust and indoor air fallouts
where the occupants suffered from building related ill health. The isolates showed
the same growth in presence and absence of 100 or 1,000 mg/l PHMB [57]. In
addition, Shingomonas spp. and Azospirillum spp. can be successfully enriched at
the expense of PMHB (originally at 1,000 mg/l) leading finally to its biodegrada-
tion [66].

12.5.2 Resistance Mechanisms

Biodegradation of PHMB is one mechanism of resistance as shown with A.
westerdijkiae, Shingomonas spp. and Azospirillum spp. [57, 66]. In addition, the rhs
genes which are a widely distributed, enigmatic family of horizontally acquired
genes [34] can be induced and enzymes can be involved in the repair or binding of
nucleic acids in the generation of PHMB tolerance in E. coli, suggesting a novel
dimension in the mechanism of action of PHMB based on its interaction with
nucleic acids [2].

12.5.3 Resistance Genes

The NCW2 gene has been detected in S. cerevisiae enhancing tolerance to PHMB.
It codes for a protein which participates in the cell wall biogenesis in yeasts [17].

12.5.4 Infections Associated with Resistance to PHMB

One outbreak of Fusarium keratitis with more than 250 cases worldwide was
reported primarily associated with specific contact lens disinfecting solutions. The
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outbreak was explained by the contact lens material which was able to bind up to
60% of the PHMB within 6 h resulting in a diminished antimicrobial activity [19].

12.6 Cross-Tolerance to Other Biocidal Agents

So far no cross-resistance to other biocidal agents has been described. One study
even shows in three clinical MRSA strains that low-level exposure to various
PHMB concentrations for six passages increases the MIC value to PHMB up to
8-fold but does not change the susceptibility to chlorhexidine [69].

12.7 Cross-Tolerance to Antibiotics

So far, no cross-tolerance to antibiotics has been described.

12.8 Role of Biofilm

12.8.1 Effect on Biofilm Development

No studies were found on the effect of PHMB on biofilm development.

12.8.2 Effect on Biofilm Removal

One study was found on the effect of PHMB on biofilm removal. With commonly
used PHMB concentrations (0.02 and 0.04%), no significant biofilm removal was
found (Table 12.9).

Table 12.9 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
PHMB solutions (S)

Type of biofilm Concentration Exposure
time
(min)

Biofilm
removal
rate

References

P. aeruginosa environmental
strain SG81, 44-h incubation in
polystyrene microtitre plates

0.02% (S) 30 No
significant
reduction

[38]

0.04% (S)

P. aeruginosa environmental
strain SG81, 44-h incubation
on silicone swatches

0.02% (S) 30 No
significant
reduction

[38]

0.04% (S)
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12.8.3 Effect on Biofilm Fixation

No studies were found on the effect of PHMB on biofilm fixation.

12.9 Summary

The principal antimicrobial activity of PHMB is summarized in Table 12.10.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 12.11.

Table 12.10 Overview on the typical exposure times required for PHMB to achieve sufficient
biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Most species 0.016%/0.02% 1 ha

0.032%/0.04% 30 min

Fungi C. albicans 0.1% 5 min

Exophiala spp., F. oxysporum 0.1% 5 min

A. fumigatus, M. circinelloides 0.1% 24 h

Apophysomyces spp., A. brasiliensis,
A. flavus, A. terreus, Lichtheimia spp.

0.1% >24 hb

Mycobacteria M. frederiksbergense but not
Mycobacterium spp.

0.0014% 5 h

ain biofilm the bactericidal activity will be lower; binsufficient fungicidal activity within 24 h

Table 12.11 Key findings on acquired PHMB resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

A. westerdijkiae, Shingomonas spp. and Azospirillum
spp.

>1,000 mg/l

MIC value to
determine
resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

None described

Cross-tolerance
antibiotics

None described

Resistance
mechanisms

A. westerdijkiae, Shingomonas spp. and Azospirillum
spp.

Biodegradation of
PHMB

S. cerevisiae NCW2 gene

E. coli rhs genes
(continued)

420 12 Polihexanide



Table 12.11 (continued)

Parameter Species Findings

Effect of
low-level
exposure

A. xylosoxidans, A. hydrophila, A. jandaei, B. cereus,
B. cepacia, C. indologenes, C. pseudogenitalum,
Chrysobacterium spp., Citrobacter spp., E.
saccharolyticus, Eubacterium spp., H. gallinarum, M.
luteus, P. nitroreductans, P. putida, Pseudomonas spp.,
Pseudoxanthomonas spp., Ralstonia spp., S.
marcescens, S. multivorum, S. aureus, S. capitis, S.
caprae, S. epidermidis, S. haemolyticus, S. hominis, S.
kloosii, S. lugdunensis, S. saprophyticus, S. warneri, S.
maltophilia

No MIC increase

A. baumannii, C. indologenes, C. renale group, C.
sakazakii, C. xerosis, E. faecalis, E. coli, K.
pneumoniae, M. phyllosphaerae, M. luteus, M.
osloensis, P. aeruginosa, S. cohnii, S. epidermidis, S.
haemolyticus, S. lugdunensis, S. warneri, S. maltophilia

Weak MIC increase
(� 4-fold)

S. capitis, S. epidermidis Strong (>4-fold) but
unstable MIC increase

E. faecalis, S. aureus Strong and stable MIC
increase

A. proteolyticus, S. aureus Strong MIC increase
(unknown stability)

A. proteolyticus (16-fold) Strongest MIC change
after low level exposureE. faecalis and S. aureus (8-fold)

S. capitis (5.5-fold)

S. epidermidis (4.8-fold)

A. proteolyticus (125 mg/l) Highest MIC values
after low level exposureP. aeruginosa (58 mg/l)

A. baumannii, E. coli, E. faecalis, M. osloensis
(31.3 mg/l)

K. pneumoniae (29 mg/l)

S. aureus (23.5 mg/l)

MRSA No change of
chlorhexidine
susceptibility

Biofilm Development Unknown

Removal No significant effect

Fixation Unknown
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13Chlorhexidine Digluconate

13.1 Chemical Characterization

Chlorhexidine is a cationic biguanide and was first described in 1954 as a promising
new antibacterial agent, at that time as a diacetate and dihydrochloride [79]. It is
still used primarily as its salts, today mostly as the digluconate (CHG) or the
diacetate (CHA). The solubility of CHG in water is good with up to 50% (w/v), but
high viscosity makes such concentrated solutions inconvenient to use. CHG is
typically available at 20% (w/v). The water solubility of CHA is lower with up to
2% [422]. CHG at 2 and 5% but not at 0.2% has a detrimental effect on free
available chlorine, e.g. from sodium hypochlorite. Their combined use should
therefore be avoided [192]. The basic chemical information on CHG is summarized
in Table 13.1.

13.2 Types of Application

CHG is used by consumers in washing and cleaning products, biocides (e.g. dis-
infectants, pest control products), perfumes and fragrances, cosmetics and personal
care products, polishes, waxes and pharmaceuticals. It is in addition used in articles,
e.g. in long-life materials with high release rate (e.g. release from fabrics, textiles
during washing, removal of indoor paints). It can be found in products with material
based on paper (e.g. tissues, feminine hygiene products, nappies, books, magazines,
wallpaper). It is also used by professional workers in health care and in manu-
facturing food products. Examples for use in health care are use as hand scrub (0.1–
4%), surgical site antiseptic (0.1–2%), mucosa and wound antiseptic (0.05%),
surface disinfectant (0.05%) and instrument disinfectant (0.1–0.5%) [169, 198,
275]. It is also used for antiseptic treatment of burns [279] and as a non-volatile
active ingredient in alcohol-based hand rubs (0.5–1%) [169]. Finally, it is used in
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formulation or repacking at industrial sites (e.g. for manufacturing pulp, paper and
paper products) and in manufacturing [101].

13.2.1 European Chemicals Agency (European Union)

CHG is still under review as an active substance (June 2018) for product types 1
(human hygiene), 2 (disinfectants and algaecides not intended for direct application
to humans or animals) and 3 (veterinary hygiene).

13.2.2 Food and Drug Administration (USA)

In 2015, CHG was described as ineligible for five types of application in health
care: patient preoperative skin preparation, healthcare personnel hand wash,
healthcare personnel hand rub, surgical hand scrub and surgical hand rub [86], in
analogy to the classification as a new drug in the 1994 tentative final monograph for
healthcare antiseptic products [85].

13.2.3 Overall Environmental Impact

CHG is manufactured and/or imported in the European Economic Area in 10–100 t
per year [101]. It is described as “very toxic to aquatic life” and “very toxic to
aquatic life with long-lasting effects” [101]. In Canada, it was found that CHG
bioaccumulated extensively in lipid-rich regions of diatoms and bacteria of natural
river biofilms [94]. First results indicate that a photocatalytic degradation process
for 3 h is sufficient in reducing CHG concentration up to 90.7% from a reaction
matrix. The products obtained after photomineralization of CHG upon releasing in
environment are most unlikely to impose a relevant toxicity to the aquatic envi-
ronment [78].

Table 13.1 Basic chemical information on CHG [276]

CAS number 18472-51-0

IUPAC name (1E)-2-[6-[[amino-[(E)-[amino-(4-chloroanilino)methylidene]amino]
methylidene]amino]hexyl]-1-[amino-(4-chloroanilino)methylidene]
guanidine; (2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanoic acid

Synonyms Chlorhexidine

Molecular formula C34H54Cl2N10O14

Molecular weight
(g/mol)

897.762

430 13 Chlorhexidine Digluconate



13.3 Spectrum of Antimicrobial Activity

13.3.1 Bactericidal Activity

13.3.1.1 Bacteriostatic Activity (MIC Values)
The highest MIC values were described for E. faecalis and K. pneumoniae (0.5–
10,000 mg/l), Proteus spp. (2–10,000 mg/l) and B. subtilis (10,000 mg/l), followed
by P. aeruginosa (� 5,000 mg/l), L. monocytogenes, E. faecium and S. aureus
(� 2,500 mg/l), Streptococcus spp. (� 2,000 mg/l), S. marcescens (� 1,024 mg/l),
Acinetobacter spp., Citrobacter spp. and Enterobacter spp. (� 1,000 mg/l), B.
cepacia (� 700 mg/l), Achromobacter spp. (� 500 mg/l), E. coli (� 312 mg/l), A.
baumannii (� 256 mg/l), E. cloacae (� 150 mg/l), Salmonella spp. (� 100 mg/l)
and coagulase-negative Staphylococcus spp. (� 62.5 mg/l; Table 13.2). Taking into
account the proposed epidemiological cut-off values such as 64 mg/l for E. faecalis,

Table 13.2 MIC values of various bacterial species to CHG

Species Strains/isolates MIC
value
(mg/l)

References

A. xylosoxidans 10 clinical isolates 4–128 [293]

A. xylosoxidans Domestic drain biofilm isolate MBRG
4.31

15.6 [257]

A. xylosoxidans 2 clinical isolates >125–500 [269]

A. baumannii ATCC 19606 and 2 multidrug-resistant
clinical isolates

4–16 [127]

A. baumannii 51 carbapenem-resistant clinical isolates 4–64 [218]

A. baumannii 98 carbapenem-resistant clinical isolates 8–64 [62]

A. baumannii 6 clinical isolates (colonization or
infection) from hematopoietic stem cell
transplantation patients during a study
with CHG bathing

8–64 [246]

A. baumannii 149 clinical isolates during intervention
with CHG whole-body washing in ICU
patients

8–256 [247]

A. baumannii 236 non-repetitive clinical isolates <10–150 [139]

A. baumannii 16 clinical isolates 16–128 [38]

A. baumannii JCM 6841 53 [418]

A. baumannii 2 clinical strains 125–175 [144]

A. baumannii 2 blood culture isolates from oncology
patients

125–175 [144]

A. calcoaceticus 10 clinical isolates 4–16 [293]

A. calcoaceticus ATCC 19606 63 [290]

A. johnsonii NCIMB 12460 2–2.2 [209]

Triclosan-tolerant industrial strain 2.4–2.6

A. viscosus ATCC 15987 70 [392]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

Acinetobacter spp.a 21 clinical isolates 1–1,000 [248]

Acinetobacter spp.a 283 clinical isolates (273 A.
calcoaceticus-A. baumannii complex, 7 A.
lwoffii, 3 A. junii)

5–100 [177]

Acinetobacter spp.a 2 pan-susceptible clinical isolates 8 [229]

Acinetobacter spp.a 19 multidrug-resistant clinical isolates 8–256 [95]

Acinetobacter spp.a 283 clinical isolates (273 A.
calcoaceticus-A. baumannii complex, 7 A.
lwoffii, 3 A. junii)

10–400 [178]

Acinetobacter spp.a 69 non-repetitive, non-baumannii clinical
isolates

>10–100 [139]

Acinetobacter spp.a 28 clinical MDR isolates 16–256 [229]

Acinetobacter spp.a 3 clinical XDR isolates 256 [229]

A. actinomycetemcomitans 71 clinical isolates, 9 control strains
including ATCC 29524, NCTC 9710, Y4,
SU-NyaB 75

2–32 [250]

A. actinomycetemcomitans ATCC 29212 8 [9]

A. actinomycetemcomitans ATCC 29523 16 [9]

A. actinomycetemcomitans NCTC 10981, NCTC 10980, NCTC
10979, 1 dental school isolate

31–125 [356]

A. aphrophilus NCTC 11098 8 [356]

A. israelii ATCC 12102 8 [9]

A. odontolyticus NCTC 9335 62 [356]

A. viscosus NCTC 10951 125 [356]

A. hydrophila 10 clinical isolates 8–64 [293]

A. hydrophila Domestic drain biofilm isolate MBRG 4.3 31.2 [257]

A. hydrophila Water isolate >200 [333]

A. hydrophilia Blood culture isolate from an oncology
patient

250 [144]

A. jandaei Domestic drain biofilm isolate MBRG
9.11

7.8 [257]

Alcaligenes spp. 2 blood culture isolates from oncology
patients

10–175 [144]

A. proteolyticus Domestic drain biofilm isolate MBRG
9.12

7.8 [257]

B. cereus VT 289 1 [375]

B. cereus Domestic drain biofilm isolate MBRG
4.21

1.9 [257]

B. cereus MRBG 4.21 (kitchen drain biofilm
isolate)

14.5 [108]

B. subtilis var. globigii ATCC 9372 10,000 [290]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

B. fragilis NCTC 9343 250 [356]

B. gingivalis 11 dental school isolates 8–62 [356]

B. intermedius 11 clinical isolates and ATCC 33563 4–8 [250]

B. intermedius NCTC 9336, 2 dental school isolates 15–62 [356]

B. melaninogenicus NCTC 11321 62 [356]

B. adolescentis 4 isolates from faeces of healthy humans 16–64 [98]

B. animalis subsp. lactis 8 isolates from faeces of healthy humans 2–128 [98]

B. bifidum 31 isolates from faeces of healthy humans 2–32 [98]

B. breve 5 isolates from faeces of healthy humans 2–16 [98]

B. catenulatum 1 isolate from faeces of a healthy human 16 [98]

B. infantis 2 isolates from faeces of healthy humans 16 [98]

B. longum 25 isolates from faeces of healthy humans 2–128 [98]

B. pseudocatenulatum 15 isolates from faeces of healthy humans 2–128 [98]

B. pseudolongum 1 isolate from faeces of a healthy human 16 [98]

B. thermoacidophilum 6 isolates from faeces of healthy humans 16–128 [98]

B. suis 1 isolate from faeces of a healthy human 8 [98]

B. cepacia 1 clinical isolate <1 [127]

B. cepacia ATCC BAA-245 3.6 [108]

B. cepacia 10 clinical isolates 8–256 [293]

B. cepacia complex 38 clinical, non-clinical and
environmental strains

10–100 [314]

B. cepacia JCM 5964 149 [418]

B. cepacia 1 washbasin isolate 500 [269]

B. cepacia complex B. lata strain 383 700 [183]

C. coli 8 strains from poultry 0.125–0.5 [237]

6 strains from humans 0.125–0.5

4 strains from pigs 0.06–0.25

1 strain from water 0.5

C. concisus NCTC 11485 31 [356]

C. jejuni 5 strains from humans 0.125–0.5 [237]

5 strains from water 0.25–0.5

3 strains from poultry 0.125–
0.25

C. ochracea NCTC 11654, NCTC 11655 8–250 [356]

Capnocytophaga spp. 10 dental school isolates 250–500 [356]

C. trachomatis ATCC VR-885 8 [286]

C. freundii 10 clinical isolates 1–32 [293]

C. freundii NCIMB 11490 4–5 [209]

Triclosan-tolerant industrial strain 8–11
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

C. koseri 10 clinical isolates 1–16 [293]

C. koseri 1 multidrug-resistant clinical isolate <1 [127]

Citrobacter spp. 27 clinical isolates 1–1,000 [248]

C. acidivorans Blood culture isolate from an oncology
patient

50 [144]

C. perfringens ATCC 13124 2.4 [313]

C. matruchotti NCTC 10206, NCTC 10254 62–125 [356]

C. pseudogenitalum Human skin isolate MBRG 9.24 0.9 [257]

C. renale group Human skin isolate MBRG 9.13 7.8 [257]

C. indologenes MRBG 4.29 (kitchen drain biofilm
isolate)

7.3 [108]

C. indologenes Domestic drain biofilm isolate MBRG
9.15

26 [257]

C. indologenes Blood culture isolate from an oncology
patient

175 [144]

C. meningosepticum Blood culture isolate from an oncology
patient

80 [144]

C. luteola Blood culture isolate from an oncology
patient

80 [144]

C. xerosis WIBG 1.2 (wound isolate) 3.3 [108]

Chrysobacterium spp. Domestic drain biofilm isolate MBRG
9.17

3.9 [257]

Citrobacter spp. Domestic drain biofilm isolate MBRG
9.18

3.9 [257]

E. corrodens NCTC 10596, NCTC 10647 62 [356]

E. aerogenes 10 clinical isolates 8–32 [293]

E. cloacae 3 multidrug-resistant clinical isolates 4–8 [127]

E. cloacae 10 clinical isolates 4–16 [293]

E. cloacae Strain IAL 1976 71 [290]

E. cloacae ATCC 13047 � 75 [50]

E. cloacae 4 isolates from the oral cavity of bone
marrow transplant recipients

� 75–
150

[50]

Enterobacter spp.a 54 worldwide strains from hospital- and
community-acquired infections

1–64 [261]

Enterobacter spp.a 21 clinical isolates 1–1,000 [248]

Enterobacter spp.a 15 multidrug-resistant clinical isolates 8–128 [95]

Enterobacter spp.a 10 burn unit isolates 63–1,000 [142]

E. avium 1 vanB clinical isolate 1 [127]

E. casseliflavus 7 isolates from dust samples collected in
breeding pig facilities

1–4 [45]

E. casseliflavus 1 vanC2/3 isolate 2 [127]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

E. casseliflavus 1 veterinary isolate 4 [44]

E. durans 5 dairy isolates 4–8 [44]

E. faecalis 52 isolates from livestock 0.5–8 [1]

E. faecalis ATCC 29212 and 3 clinical isolates (2 of
them vanA)

<1–2 [127]

E. faecalis NCTC 775 2 [384]

E. faecalis 10 clinical isolates 2–8 [187]

E. faecalis 53 isolates from dust samples collected in
breeding pig facilities

2–8 [45]

E. faecalis 18 clinical isolates, 11 veterinary isolates,
17 dairy isolates

2–8 [44]

E. faecalis 11 isolates from the urogenital tract of
parturients

2–32 [60]

E. faecalis ATCC 29212 2.5 [11]

E. faecalis 107 isolates from the environment and
patients

2.5–2,500 [394]

E. faecalis WIBG 1.1 (wound isolate) 3.6 [108]

E. faecalis 56 worldwide strains from hospital- and
community-acquired infections

4–64 [261]

E. faecalis 9 isolates from swine meat production 8–12 [308]

E. faecalis ATCC 29212 16 [186]

E. faecalis ATCC 29212 27 [418]

E. faecalis ATCC 29212 32 [16]

E. faecalis ATCC 29212 156 [161]

E. faecalis ATCC 29212 3,300 [417]

E. faecalis ATCC 29212 � 10,000 [390]

E. faecium 22 isolates from dust samples collected in
breeding pig facilities

0.5–4 [45]

E. faecium 78 isolates from livestock 0.5–8 [1]

E. faecium 6 vanA clinical isolates <1–2 [127]

2 vanB clinical isolates 8–16

E. faecium 53 worldwide strains from hospital- and
community-acquired infections

1–64 [261]

E. faecium 48 clinical VRE isolates (colonization or
infection) from hematopoietic stem cell
transplantation patients during a study
with CHG bathing

1–32 [246]

E. faecium 10 clinical isolates, 4 veterinary isolates, 3
dairy isolates

2–8 [44]

E. faecium 165 isolates from the environment and
patients

2.5–2,500 [394]

E. faecium 12 isolates from swine meat production 4–14 [308]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

E. gallinarum 2 isolates from dust samples collected in
breeding pig facilities

1–2 [45]

E. gallinarum 1 vanC1 isolate 2 [127]

E. hirae 39 isolates from dust samples collected in
breeding pig facilities

0.5–4 [45]

E. hirae CIP 5855 2 [233]

E. hirae 2 clinical isolates, 1 dairy isolate 2–4 [44]

E. hirae ATCC 10541 16 [418]

E. raffinosus 2 isolates from dust samples collected in
breeding pig facilities

0.5 [45]

E. saccharolyticus Domestic drain biofilm isolate MBRG
9.16

7.8 [257]

E. solitarius 1 veterinary isolate 4 [44]

Enterococcus spp.a 25 isolates from dust samples collected in
breeding pig facilities

<0.25–4 [45]

Enterococcus spp.a 122 strains (E. faecalis, E. faecium) from
different traditional fermented foods

0.25–2.5 [208]

Enterococcus spp.a 18 vancomycin-susceptible clinical
isolates

1–8 [229]

Enterococcus spp.a 272 strains from various sources (165 E.
faecium, 107 E. faecalis)

2.5–2,500 [394]

Enterococcus spp.a 5 clinical VRE isolates 4–6 [365]

Enterococcus spp.a 69 clinical isolates 6–12 [153]

Enterococcus spp.a 18 clinical VRE isolates 8–32 [229]

Enterococcus spp. Clinical VRE isolate 16–32 [186]

E. coli NCTC 10418 0.125–8b [41]

E. coli ATCC 25922 0.5–2 [229]

E. coli 140 human ESBL isolates, 34 isolates
from healthy chicken

0.5–4 [87]

E. coli 39 clinical isolates 0.5–8 [293]

E. coli 306 worldwide strains from hospital- and
community-acquired infections

0.5–32 [261]

E. coli 37 pan-sensitive clinical isolates 0.5–64 [229]

E. coli 13 bovine and 7 equine strains 0.78–12.5 [339]

E. coli ATCC 25922 and 6 multidrug-resistant
clinical isolates

<1–2 [127]

E. coli 202 isolates from livestock 1–2 [1]

E. coli 140 clinical isolates 1–100 [248]

E. coli ATCC 25922 2 [233]

E. coli 10 clinical isolates 2–16 [187]

E. coli 10 burn unit isolates 2–16 [142]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

E. coli ATCC 25922 2.5 [11]

E. coli ATCC 25922 4 [418]

E. coli 25 NDM-positive clinical isolates 4–128 [229]

E. coli ATCC 25922 � 4.7 [50]

E. coli ATCC 25922 6.7 [108]

E. coli Strain HEC30 8 [74]

E. coli ATCC 35218 8–16 [186]

E. coli 369 clinical isolates from patients with
urinary tract infection

<10–200 [360]

E. coli 6 clinical ESBL isolates 10–20 [124]

E. coli ATCC 25922 71 [290]

E. coli ATCC 25922 312 [90]

Eubacterium spp. Domestic drain biofilm isolate MBRG
4.14

31.2 [257]

F. nucleatum ATCC 25586 0.15 [313]

F. nucleatum NCTC 10562 125 [356]

F. oryzihabitans Blood culture isolate from an oncology
patient

30 [144]

H. parainfluenzae NCTC 7857 8 [356]

H. gallinarum Domestic drain biofilm isolate MBRG
4.27

15.6 [257]

H. alvei 10 clinical isolates 2–8 [293]

K. oxytoca ATCC 700324 4 [127]

K. oxytoca 9 clinical isolates 8–16 [293]

K. pneumoniae 37 isolates predominately from a variety
of human infections pre-1949 (“Murray
isolates”) and 39 “modern strains” (2007–
2012)

0.25–16
(old
isolates)

[404]

8–32
(modern
isolates)

K. pneumoniae ATCC 13883 0.5–2 [229]

K. pneumoniae 26 pan-sensitive clinical isolates 0.5–64 [229]

K. pneumoniae 60 worldwide strains from hospital- and
community-acquired infections

1–64 [261]

K. pneumoniae 102 clinical isolates 1–10,000 [248]

K. pneumoniae 3 clinical isolates (2 of them ESBL
producer)

2–4 [127]

K. pneumoniae 25 clinical isolates 2–32 [293]

K. pneumoniae 32 clinical isolates 2–128 [38]

K. pneumoniae ATCC 13883 2.1 [108]

K. pneumoniae 10 burn unit isolates 3–1,000 [142]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

K. pneumoniae 64 clinical isolates 4–128 [3]

K. pneumoniae 37 NDM1 positive clinical isolates 8–128 [229]

K. pneumoniae 126 XDR clinical isolates 8–256 [274]

K. pneumoniae 36 clinical isolates (ertapenem-resistant) 10–32 [262]

K. pneumoniae 5 clinical isolates 10–200 [363]

K. pneumoniae 6 isolates of strain ST395, 5 isolates of
strain ST147, all non-susceptible to
ertapenem

10.8–15.3 [262]

K. pneumoniae 10 clinical isolates 16–32 [187]

K. pneumoniae NCTC 13368 16–32 [384]

K. pneumoniae 35 clinical ESBL isolates 16–64 [287]

K. pneumoniae 27 clinical isolates (colonization or
infection) from hematopoietic stem cell
transplantation patients during a study
with CHG bathing

16–128 [246]

K. pneumoniae DSM16609 and 3 clinical ESBL isolates 20–80 [124]

K. pneumoniae Strain 39.11 32 [74]

K. pneumoniae 4 isolates from the oral cavity of bone
marrow transplant recipients

� 75–
300

[50]

K. pneumoniae ATCC 10031 � 150 [50]

Klebsiella spp.a 14 multidrug-resistant clinical isolates 8–128 [95]

Klebsiella spp.a 167 clinical isolates from patients with
urinary tract infection

<10–800 [360]

L. acidophilus 4 strains from different origins 0.5–2 [15]

L. acidophilus ATCC 4356 4 [9]

L. acidophilus ATCC 4356 70 [392]

L. amylovorus 7 strains from different origins 0.25–2 [15]

L. brevis 13 strains from different origins 0.5–2 [15]

L. bulgaricus 6 strains from different origins 1–2 [15]

L. coryniformis 3 strains from different origins 1 [15]

L. fermentum 4 strains from different origins 0.25–1 [15]

L. garvieae 42 isolates from different origins 2–4 [15]

L. helveticus 39 strains from different origins 0.5–8 [15]

L. odontolyticus NCTC 1406 125 [356]

L. paracasei 75 strains from different origins 0.5–16 [15]

L. pentosus 60 strains from naturally
fermented Aloreña green table olives

0.001–5 [55]

L. plantarum 43 strains from different origins 0.5–16 [15]

L. reuteri 42 strains from different origins 0.125–4 [15]

L. rhamnosus 9 strains from different origins 1–4 [15]

L. rhamnosus ATCC 7469 150 [392]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

L. salivarius ATCC 11741 2 [9]

L. lactis 1 strain 6 [89]

L. pseudomesenteroides 13 strains from naturally
fermented Aloreña green table olives

0.01–5 [55]

L. monocytogenes 96 strains from frozen food 1.25–5 [295]

L. monocytogenes ATCC 7644 2,500 [90]

M. phyllosphaerae Domestic drain biofilm isolate MBRG
4.30

15.6 [257]

M. luteus MRBG 9.25 (skin isolate) 3.6 [108]

M. luteus Human skin isolate MBRG 9.25 3.9 [257]

M. morganii ATCC 25830 2 [233]

M. morganii 2 clinical isolates (1 of them
multidrug-resistant)

8–32 [127]

M. morganii 10 clinical isolates 16–64 [293]

N. subflava VT 455 8 [375]

O. anthropi Blood culture isolate from an oncology
patient

30 [144]

P. anaerobius NCTC 11460 8 [356]

P. micros ATCC 33270 62 [356]

P. gingivalis ATCC 33277 3.4 [88]

P. gingivalis ATCC 33277 16 [9]

P. endodontalis ATCC 35406 3.4 [88]

P. denticola ATCC 35308 2.7 [88]

P. intermedia ATCC 33563 3.4 [88]

P. intermedia ATCC 25611 16 [9]

P. melaninogenica ATCC 33563 3.4 [88]

P. nigrescens ATCC 33563 0.15 [313]

P. acnes NCTC 737 8 [356]

P. mirabilis ATCC 43071 and 1
penicillinase-producing clinical isolate

2–16 [127]

P. mirabilis 31 clinical isolates 2–128 [293]

P. mirabilis 104 clinical isolates 10–800 [359]

P. mirabilis 11 clinical strains 20–800 [359]

P. mirabilis Isolate from urine after repetitive bladder
washouts with 100 ml of 0.02%
chlorhexidine in patients with
transurethral catheter

1,280 [361]

P. rettgeri 11 clinical isolates 8–32 [293]

P. vulgaris 1 clinical isolate 8 [127]

Proteus spp.a 181 clinical isolates from patients with
urinary tract infection

<10–800 [360]
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

Proteus spp.a 59 clinical isolates 10–
10,000

[248]

Proteus spp.a 181 clinical isolates (139 P. mirabilis, 31
P. morganii, 10 P. vulgaris, 1 P. rettgeri)

10–1,600 [362]

Proteus spp.a 14 clinical isolates 10–1,600 [363]

Proteus spp.a 10 burn unit isolates 16–1,000 [142]

P. alcalifaciens 10 clinical isolates 4–64 [293]

P. stuartii ATCC 33672 and 1 multidrug-resistant
clinical isolate

<1–4 [127]

P. stuartii 10 clinical isolates 4–32 [293]

P. stuartii 24 clinical isolates from patients with
urinary tract infection

<10–800 [360]

P. aeruginosa ATCC 27853 0.2 [233]

P. aeruginosa 175 isolates from veterinary sources 1–16 [29]

P. aeruginosa 111 clinical isolates 1.6–25 [199]

P. aeruginosa 55 strains from various sources (20
clinical isolates, 19 industrial
environmental isolates, 16 culture
collection strains)

<2–39 [200]

P. aeruginosa 54 clinical isolates 2–32 [293]

P. aeruginosa 60 clinical isolates 2–128 [38]

P. aeruginosa 317 clinical isolates 3–400 [271]

P. aeruginosa ATCC 27853 and 5 multidrug-resistant
clinical isolates

4–16 [127]

P. aeruginosa 46 clinical isolates (colonization or
infection) from hematopoietic stem cell
transplantation patients during a study
with chlorhexidine bathing

4–64 [246]

P. aeruginosa NCTC 13359 4–64b [41]

P. aeruginosa ATCC 9027 7.3 [108]

P. aeruginosa Strain PA01 8 [384]

P. aeruginosa ATCC 27853 9 [418]

P. aeruginosa 35 clinical isolates from patients with
urinary tract infection

<10–800 [360]

P. aeruginosa 35 clinical isolates 10–800 [362]

P. aeruginosa 21 multidrug-resistant clinical isolates 16–512 [95]

P. aeruginosa ATCC 15442 32 [186]

P. aeruginosa 178 clinical strains 78–625 [194]

P. aeruginosa 91 clinical isolates, 37 hospital
environmental isolates

125–156 [285]

(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

P. aeruginosa 20 burn unit isolates 125–
1,000

[142]

P. aeruginosa ATCC 14502 � 150 [50]

P. aeruginosa NCTC6749 and 3 extensively resistant
clinical isolates

5,000 [412]

P. alkylphenolia 2 isolates from meat chain production 0.0025–
0.025

[207]

P. fluorescens 3 isolates from meat chain production 0.0025–
0.025

[207]

P. fragi 4 isolates from meat chain production 0.0025–
0.025

[207]

P. lundensis 34 isolates from meat chain production 0.0025–
0.25

[207]

P. nitroreductans Domestic drain biofilm isolate MBRG 4.6 15.6 [257]

P. putida 9 isolates from meat chain production 0.0025–
0.025

[207]

P. stutzeri 11 clinical strains <10–50 [323]

Pseudomonas spp. Domestic drain biofilm isolate MBRG
9.14

1.9 [257]

Pseudomonas spp.a 41 clinical isolates 10–1,000 [248]

Pseudoxanthomonas spp. Domestic drain biofilm isolate MBRG
9.20

62.5 [257]

Ralstonia spp. Domestic drain biofilm isolate MBRG
4.13

7.8 [257]

R. dentocariosa NCTC 10918, NCTC 10917 8 [356]

S. enterica 122 poultry isolates, 135 swine isolates 2–64 [61]

Salmonella spp.a 375 avian isolates 0.5–32 [304]

Salmonella spp.a 901 worldwide strains from hospital- and
community-acquired infections

1–64 [261]

Salmonella spp.a 156 isolates from livestock 2–64 [1]

Salmonella spp.a 195 isolates from chicken and egg
production

<4–64 [219]

Salmonella spp.a 12 clinical isolates 10–100 [248]

S. marcescens 54 clinical isolates 2–128 [293]

S. marcescens 131 clinical strains <3.1–400 [284]

S. marcescens ATCC 13880 12.1 [108]

S. marcescens 1 clinical isolate 32 [127]

S. marcescens 18 clinical strains 32–64 [120]

S. marcescens 10 burn unit isolates 125–
1,000

[142]

S. marcescens Strain IAL 1478 141 [290]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. marcescens 25 isolates from 5 of 6 bottles of a 2%
CHG stock solution

512–
1,024

[234]

S. multivorum Domestic drain biofilm isolate MBRG
9.19

20.8 [257]

S. spiritivorum Blood culture isolate from an oncology
patient

10 [144]

S. aureus 134 clinical MRSA isolates <0.125–4 [267]

S. aureus ATCC 6538 0.125–1 [41]

S. aureus 156 clinical isolates 0.125–4 [146]

S. aureus 206 clinical MRSA isolates 0.125–16 [338]

S. aureus 114 effluxing bloodstream isolates 0.16–1.25 [84]

S. aureus 54 clinical isolates 0.25–4 [367]

S. aureus 152 clinical isolates 0.25–16 [420]

S. aureus 256 clinical isolates (87 MRSA, 169
MSSA)

0.4–6.3 [199]

S. aureus ATCC 9144 � 0.5 [384]

S. aureus 27 clinical MRSA isolates before
decolonization with PHMB

<0.5–4 [305]

27 clinical MRSA isolates after
decolonization with PHMB

<0.5–4

S. aureus 10 clinical isolates 0.5–1 [187]

S. aureus 121 clinical MRSA isolates 0.5–2 [396]

S. aureus 43 isolates from livestock 0.5–2 [1]

S. aureus 30 isolates from eyelids, eyelashes, and
conjunctival sacs of lens wearers and
spectacle wearers

0.5–2 [340]

S. aureus 829 clinical MRSA isolates 0.5–4 [241]

S. aureus 50 canine isolates (MSSA) 0.5–4 [63]

S. aureus 48 clinical isolates 0.5–4 [293]

S. aureus 1,635 worldwide strains from hospital-
and community-acquired infections

0.5–8 [261]

S. aureus 1,602 isolates from hospital- and
community-acquired infections

0.5–8 [114]

S. aureus 198 clinical isolates (161 MRSA, 37
MSSA)

0.5–8 [152]

S. aureus 60 clinical MRSA isolates 0.5–8 [367]

S. aureus 45 clinical isolates (MSSA) 0.5–8 [229]

S. aureus 24 clinical MRSA isolates 0.5–8 [38]

S. aureus 240 clinical MRSA isolates 0.5–16 [406]

S. aureus 56 clinical isolates (MSSA) 0.5–60 [396]

S. aureus 20 burn unit isolates 0.8–4 [142]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. aureus ATCC 25923, ATCC 29213, 3 MSSA, 10
MRSA, 2 VISA

<1–2 [127]

S. aureus 10 isolates from the urogenital tract of
parturients

1 [60]

S. aureus 21 multidrug-resistant clinical isolates 1–4 [95]

S. aureus 82 isolates from nurses 1–8 [423]

S. aureus 24 strains with various resistance genes
(qacA, qacB, qacC, qacG or norA)

1–8 [231]

S. aureus 45 clinical MRSA isolates 1–16 [229]

S. aureus 36 clinical isolates (MSSA) 1–64 [38]

S. aureus 29 clinical strains 1.5–3 [140]

S. aureus CIP 53154 2 [233]

S. aureus Clinical MRSA isolate 2 [186]

S. aureus 174 MRSA isolates from surveillance and
clinical cultures

2–4 [180]

S. aureus 100 ST9 MRSA strains from porcine
carcasses

2–4 [414]

S. aureus 28 isolates from automated teller
machines

2–4 [424]

S. aureus ATCC 25923 2.5 [11]

S. aureus 27 clinical MRSA isolates from patients
with failed MRSA decolonization using
PHMB

� 4 [202]

S. aureus ATCC 6538 4 [418]

S. aureus 50 canine MRSA isolates 4–8 [63]

S. aureus 41 isolates from faecal samples (25
MSSA, 16 MRSA)

4–32 [10]

S. aureus ATCC 27212 <4.7 [50]

S. aureus 30 isolates during daily CHG bathing (28
MRSA, 2 MSSA)

� 8 [223]

S. aureus ATCC 6538 8 [186]

S. aureus ATCC 6538 8.5 [108]

S. aureus 259 clinical isolates (95 MRSA, 164
MSSA)

10.3–20.7 [121]

S. aureus ATCC 700698 (MRSA) 12 [418]

S. aureus ATCC 25923 16 [9]

S. aureus ATCC 25923 32 [425]

S. aureus 9 isolates from the oral cavity of children 64–256 [425]

S. aureus ATCC 25923 71 [290]

S. aureus ATCC 25923 2,500 [90]

S. capitis MRBG 9.34 (skin isolate) 3.6 [108]
(continued)
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. capitis Human skin isolate MBRG 9.34 7.8 [257]

S. caprae MRBG 9.3 (skin isolate) 3.6 [108]

S. caprae Human skin isolate MBRG 9.30 7.8 [257]

S. cohnii Human skin isolate MBRG 9.31 10 [257]

S. epidermidis 30 isolates; 10 antibiotic-resistant skin
isolates, 10 repeatedly found skin isolates
during CHG washing, 10 skin isolates
from healthy volunteers

0.5–2 [141]

S. epidermidis 10 isolates from the urogenital tract of
parturients

0.5–2 [60]

S. epidermidis 10 clinical isolates 0.5–2 [293]

S. epidermidis 85 isolates; 23 isolates from scrub nurses,
52 isolates from patients (26 before and
26 after hospitalization), 4 isolates from
joint replacement infections, 6 isolates
from endoscopes

0.9–3.8 [346]

S. epidermidis ATCC 12228 <1 [127]

S. epidermidis Strain RP62A and 1 clinical isolate 2 [176]

S. epidermidis 25 strains from blood cultures 2–4 [145]

S. epidermidis 10 burn unit isolates 2–8 [142]

S. epidermidis Human skin isolate M 9.33 7.8 [257]

S. epidermidis ATCC 12228 11 [418]

S. epidermidis MRBG 9.33 (skin isolate) 13.3 [108]

S. haemolyticus MRBG 9.35 (skin isolate) 1.4 [108]

S. haemolyticus Human skin isolate MBRG 9.35 13 [257]

S. hominis Human skin isolate MBRG 9.37 13 [257]

S. hyicus 38 isolates from livestock 0.5 [1]

S. kloosii Human skin isolate MBRG 9.28 7.8 [257]

S. lugdunensis MRBG 9.36 (skin isolate) 0.9 [108]

S. lugdunensis Human skin isolate MBRG 9.36 13 [257]

S. lugdunensis 11 clinical strains 31.2–62.5 [107]

S. pseudointermedius 98 canine isolates (49 MRSP, 49 MSSP) 0.5–4 [63]

S. pseudointermedius 43 MSSP and 57 MRSP isolates from
canine pyoderma

0.5–4 [268]

S. pseudointermedius 25 MSSP and 25 MRSP from dogs with
skin and soft tissue infections

4–16 [393]

S. saprophyticus Human skin isolate MBRG 9.29 13 [257]

S. schleiferi 12 clinical strains 15.6–62.5 [107]

S. warneri Human skin isolate MBRG 9.27 7.8 [257]

S. warneri MRBG 9.27 (skin isolate) 29 [108]
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Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

Staphyloccocus spp.a 51 clinical CNS isolates 0.25–2 [367]

Staphyloccocus spp.a 78 CNS isolates from automated teller
machines

0.25–4 [424]

Staphyloccocus spp.a 28 CNS isolates from eyelids, eyelashes,
and conjunctival sacs of lens wearers and
spectacle wearers

0.5–2 [340]

Staphyloccocus spp.a 51 clinical CNS isolates (25 S.
epidermidis, 18 S. capitis, 2 S.
haemolyticus, 6 other CNS species)

0.5–8 [213]

Staphyloccocus spp.a 146 CNS isolates from nurses and the
general population

0.5–32 [423]

Staphyloccocus spp.a 48 clinical CNS isolates 0.5–32 [38]

Staphylococcus spp.a 69 clinical isolates (10 MRSA, 19 MSSA,
27 MRCNS, 13 MSCNS)

0.75–12 [153]

Staphylococcus spp.a 2 methicillin-susceptible and 10
methicillin-resistant CNS isolates

<1 [127]

S. maltophilia 2 multidrug-resistant clinical isolates <1–32 [127]

S. maltophilia 12 clinical isolates 2–32 [293]

S. maltophilia MRBG 4.17 (kitchen drain biofilm
isolate)

4.8 [108]

S. maltophilia Domestic drain biofilm isolate MBRG
9.13

15.6 [257]

S. maltophilia 13 multidrug-resistant clinical isolates 16–512 [95]

S. maltophilia 2 blood culture isolates from oncology
patients

30–175 [144]

S. agalactiae ATCC 13813 0.5 [118]

S. intermedius NCTC 11324 125 [356]

S. mitis VT 842 4 [375]

S. mutans 424 isolates from saliva samples 0.25–1 [159]

S. mutans ATCC 25175 0.3 [368]

S. mutans 28 clinical isolates, ATCC 25175, NCTC
10449

0.5–8 [250]

S. mutans 863 clinical isolates from 58 subjects
during short term oral CHG treatment

� 1 [158]

S. mutans Strain UA159 1 [381]

S. mutans Strain UA159 2.5 [91]

S. mutans MTCC 890 5 [11]

S. mutans NCTC 10449 8 [356]

S. mutans ATCC 25175 16 [9]

S. mutans ATCC 25175 70 [392]

S. mutans ATCC 27351 500 [89]
(continued)

13.3 Spectrum of Antimicrobial Activity 445



E. coli and K. pneumoniae, 32 mg/l for E. faecium and Salmonella spp., 16 mg/l for
Enterobacter spp. and 8 mg/l for S. aureus to determine CHG resistance [261], it
becomes obvious that among all these species resistant or even highly resistant
isolates have been detected already. Some MIC values appear very high. Variations
of MIC values may be explained by the inoculum size (a lower inoculum results in
lower MIC values), the media composition and plate material showing the need to
standardize biocide susceptibility testing [41, 403]. In S. epidermidis, the MIC of
biofilm cells is 4-fold higher [176].

13.3.1.2 Bactericidal Activity (Suspension Tests)
Four per cent CHG has sufficient bactericidal activity (� 5.0 log) against almost all
bacterial species within 3–5 min except Enterococcus spp. with a � 2.4 log
(Table 13.3). Two per cent CHG is bactericidal within 5 min against most bacterial
species apart E. faecium, MRSA and S. epidermidis. At lower concentrations (0.5%
or 0.02%), the spectrum of bactericidal activity is not comprehensive in 5 min.
Insufficient bactericidal activity can be found against Enterococcus spp.,
P. aeruginosa and S. aureus with 0.5% CHG and against Acinetobacter spp. and
P. aeruginosa with 0.02% CHG.

Table 13.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. pneumoniae ATCC 49619 <1 [127]

S. pneumoniae ATCC 49619 4 [186]

S. salivarius 44 strains from different origins 0.5–16 [15]

S. salivarius ATCC 25975 2,000 [89]

S. sanguis ATCC 10556 and strain 804 16–32 [205]

S. sanguis NCTC 10904 125 [356]

S. sobrinus 53 clinical isolates from 58 subjects
during short term oral CHG treatment

� 2.0 [158]

S. sobrinus ATCC 33478 8 [9]

S. thermophilus 135 strains from different origins 0.125–2 [15]

Streptococcus spp.a 43 Group B isolates from the urogenital
tract of parturients

0.5–1 [60]

V. parvula NCTC 11463 62 [356]

Y. enterocolitica ATCC 9610 and 1 clinical isolate 4–8 [127]

Various speciesa 378 isolates from organic food 10–5,000 [106]
aNo data per species; bdepending on the media composition and plate material
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Table 13.3 Bactericidal activity of CHG in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii 20 clinical strains 15 s 4% (P) >5.0 [411]

A. baumannii 13 clinical strains 5 min 4% (P) 6.2 [96]

A. baumannii 9 clinical strains 1 min 2.2% (P) >3.1 [235]

A. baumannii 81 clinical and
environmental isolates

24 h 0.5% (P) >5.0 [203]

A. baumannii 1 MDR clinical isolate 2 h 0.006% (S) � 5.0 [12]

A. lwoffii 2 clinical strains 5 min 4% (P) 5.6 [96]

Acinetobacter
spp.a

43 non-repetitive clinical
isolates

10 s 0.1% (S) 3.2–4.6 [139]

30 s 4.6–5.1

60 s � 5.0

Acinetobacter
spp.a

19 multidrug-resistant
clinical isolates

5 min 0.5% (S) 6.6 [95]

0.1% (S) 3.3

B. cenocepacia LMG 16656 15 min 0.05% (S) 1.9 [289]

B. cenocepacia LMG 18828 15 min 0.05% (S) � 5.0 [289]

0.015% (S)

C. jejuni ATCC BAA-1062, ATCC
33560 and 2 field strains

1 min 2% (S) >6.0 [133]

E. cloacae 3 clinical strains 5 min 4% (P) 6.2 [96]

E. cloacae 1 clinical strain 2 min 0.01% (S) 2.6 [115]

Enterobacter
spp.a

15 multidrug-resistant
clinical isolates

5 min 0.05% (S) 6.8 [95]

0.02% (S) 4.2

E. faecalis Strain Q33 5 min 2% (S) 5.0 [249]

E. faecalis ATCC 29212 2 min 0.01% (S) 1.6 [115]

E. faecium VRE strain Z31901 5 min 2% (S) 4.7 [249]

E. faecium ATCC 6057 5 min 0.5% (P) 1.0–2.0 [264]

60 min � 6.0

E. faecium ATCC 6057 30 s 0.2% (P) � 5.9 [294]

E. hirae ATCC 10541 3 min 4%b (P) � 5.0 [230]

Enterococcus
spp.

11 clinical and surveillance
isolates; 8 E. faecium,
2 E. faecalis,
1 E. gallinarum;
4 vanA-positive,
3 vanB-positive,
4 vancomycin-susceptible

30 s 4% (S) 0.1–0.2 [170]

0.5% (S) 0.0–0.2

60 s 4% (S) 0.2–0.3

0.5% (S) 0.0–0.2

5 min 4% (S) 1.7–2.4

0.5% (S) 0.7–1.3

Enterococcus
spp.a

17 multidrug-resistant
clinical isolates

5 min 0.05% (S) 6.8 [95]

0.02% (S)
(continued)
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Table 13.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

Enterococcus
spp.a

ATCC 13820 plus a
gentamicin- and a
vancomycin-resistant strain

30 s 0.01% (S) 0.0–0.4 [365]

0.001% (S) 0.0–0.3

20 min 0.01% (S) 2.5–2.9

0.001% (S) 1.0–1.2

60 min 0.01% (S) >6.0

0.001% (S) 3.1–3.3

E. coli NCTC 10536 3 min 4%b (P) � 5.0 [230]

E. coli 17 clinical strains 5 min 4% (P) 6.3 [96]

E. coli NCTC 10538 5 min 2% (S) 5.0 [249]

E. coli ATCC 11229 5 min 0.5% (P) � 6.0 [264]

E. coli Clinical ESBL isolate 1 min 0.45% (S) 3.9 [124]

15 min � 5.9

1 min 0.25% (S) 2.1

15 min � 5.9

1 min 0.05% (S) 0.9

15 min 2.8

E. coli NCTC 10536 30 s 0.2% (P) � 5.9 [294]

E. coli 3 clinical isolates from urine
with MIC values < 10 mg/l

10 min 0.05% (S) 4.4–5.9 [377]

E. coli ATCC 25922 2 min 0.01% (S) 2.5 [115]

E. coli ATCC 11229 30 min 0.01% (S) � 3.0 [265]

E. coli 1 cefotaxime-resistant
clinical isolate

2 h 0.006% (S) � 5.0 [12]

E. coli ATCC 25922 24 h 0.005% (P) >5.0 [203]

F. nucleatum NCTC 10562 5 min 0.02% (P) 5.5 [179]

H. pylori NCTC 11637, NCTC 11916
and 7 clinical isolates

30 s 0.1% (P) >5.0 [8]

0.05% (P)

0.5–
5 min

0.1% (P) >5.0c

H. parasuis 2 strains (serovars 1 and 5) 1 min 2% (S) >6.0 [311]

5.6c

K. eflonia Clinical ESBL isolate 1 min 0.45% (S) � 5.8 [124]

15 min � 6.5

1 min 0.25% (S) 3.8

15 min � 6.5

1 min 0.05% (S) 3.2

15 min � 6.5

K. eflonia NCIMB 13291 5 min 0.02% (P) 4.4 [179]

K. oxytoca 5 clinical strains 5 min 4% (P) 6.1 [96]
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Table 13.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

K. pneumoniae 15 clinical strains 5 min 4% (P) 6.1 [96]

K. pneumoniae DSM 16609 1 min 0.45% (S) � 6.0 [124]

15 min � 6.2

1 min 0.25% (S) 4.8

15 min � 6.2

1 min 0.05% (S) 3.1

15 min � 6.2

K. pneumoniae 3 clinical isolates from urine
with MIC values between 10
and 200 mg/l

10 min 0.05% (S) 4.2–5.8 [377]

K. pneumoniae 1 clinical strain 2 min 0.01% (S) 2.4 [115]

Klebsiella
spp.a

14 multidrug-resistant
clinical isolates

5 min 0.1% (S) 7.1 [95]

0.05% (S)

P. gingivalis ATCC 53978 5 min 0.02% (P) 4.2 [179]

P. stuartii 5 clinical isolates from urine
with MIC values between
800 and 1,600 mg/l

10 min 2% (S) >6.0 [377]

9 clinical isolates from urine
with MIC values between
200 and 1,600 mg/l

60 min 0.05% (S) 0.1–0.9

1 clinical isolate from urine
with a MIC value of
1,600 mg/l

10 min 0.05% (S) 0.2

P. mirabilis 2 clinical isolates from urine
with MIC values of
800 mg/l

10 min 0.05% (S) 2.1–2.5 [377]

1 clinical isolate from urine
with a MIC value of 20 mg/l

10 min 0.05% (S) 5.3

1 clinical isolate from urine
with a MIC values of
800 mg/l

60 min 0.05% (S) >6.0

P. mirabilis Isolate with a MIC value of
1,280 mg/l

30 min 0.02% (S) 7.8 [361]

P. mirabilis 1 clinical strain 2 min 0.01% (S) 1.6 [115]

P. aeruginosa ATCC 15442 3 min 4%b (P) � 5.0 [230]

P. aeruginosa 20 clinical strains 5 min 4% (P) 6.2 [96]

P. aeruginosa 21 multidrug-resistant
clinical isolates

5 min 4% (S) 6.2 [95]

0.5% (S) 4.3

0.1% (S) 1.1
(continued)
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Table 13.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. aeruginosa NCIMB 10421 5 min 2% (S) 5.0 [249]

P. aeruginosa ATCC 15442 1 min 0.5% (S) 4.9 [186]

5 min 0.05% (S) 5.1

60 min 0.01% (S) 5.3

P. aeruginosa ATCC 15442 5 min 0.5% (P) 3.0–4.0 [264]

60 min 4.0–5.0

P. aeruginosa ATCC 15442 30 s 0.2% (P) 1.2–7.1d [294]

1 min 3.0–7.1d

10 min � 6.5

P. aeruginosa 3 clinical isolates from urine
with MIC values between
200 and 800 mg/l

10 min 0.05% (S) 2.7–4.9 [377]

1 clinical isolate from urine
with a MIC value of
800 mg/l

60 min 0.05% (S) 3.1

P. aeruginosa ATCC 15442 5 min 0.02% (S) 6.3 [95]

P. aeruginosa ATCC 27853 2 min 0.01% (S) 2.5 [115]

P. aeruginosa 1 clinical isolate 2 h 0.006% (S) � 5.0 [12]

S. marcescens 1 clinical strain 2 min 0.01% (S) 1.6 [115]

S. aureus ATCC 6538 3 min 4%b (P) � 5.0 [230]

S. aureus 15 clinical MRSA isolates 5 min 4% (S) 7.0 [95]

2% (S) 4.1

0.5% (S) 3.4

S. aureus ATCC 6538 and 2 clonally
distinct MSSA clinical
isolates

30 s 2% (P) 4.0 [171]

2% (S) 6.9

0.5% (S) 1.5

1 min 2% (P) 5.9

2% (S) 6.9

0.5% (S) 2.7

5 min 2% (S) 6.9

0.5% (S) 5.2

S. aureus ATCC 43300 and 2 clonally
distinct clinical MRSA
isolates

30 s 2% (P) 1.9 [171]

2% (S) 4.5

0.5% (S) 0.4

1 min 2% (P) 2.7

2% (S) 6.2

0.5% (S) 1.0

5 min 2% (S) 7.2

0.5% (S) 4.2

S. aureus NCTC 6571 5 min 2% (S) 5.0 [249]
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Table 13.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

S. aureus MRSA strain 9543 5 min 2% (S) 5.0 [249]

S. aureus 6 clinical MSSA isolates 5 min 2% (S) 6.8 [95]

0.5% (S) 3.9

S. aureus ATCC 6538 5 min 0.5% (P) 1.0–2.0 [264]

60 min � 6.0

S. aureus ATCC 6538 30 s 0.2% (P) 3.3–6.4d [294]

1 min 4.1–6.3d

10 min � 6.2

S. aureus ATCC 6538 1 min 0.2% (S) 5.3 [186]

5 min 0.1% (S) 5.1

10 min 0.05% (S) 5.1

60 min 0.01% (S) 4.9

S. aureus ATCC 6538 5 min 0.02% (S) 6.5 [95]

S. aureus 2 clinical isolates (MSSA
and MRSA)

2 h 0.012% (S) � 5.0 [12]

S. aureus ATCC 25913 2 min 0.01% (S) 2.7 [115]

S. aureus NCTC 6571 plus 2 MRSA
strains

30 s 0.01% (S) 1.3–6.0 [365]

0.001% (S) 0.0–0.3

20 min 0.01% (S) 3.8–6.0

0.001% (S) 1.7–3.4

60 min 0.01% (S) >6.0

0.001% (S) 2.8–6.0

S. aureus ATCC 6538 30 min 0.0085% (S) � 3.0 [265]

S. aureus Strain MN8 (clinical MRSA
isolate)

2 h 0.0058% (S) 5.2 [13]

0.0029% (S) 2.7

S.
chromogenes

4 bovine mastitis isolates 30 s 0.52% (P) � 5.0 [387]

S. epidermidis Strain P69 5 min 2% (S) 4.5 [249]

S. epidermidis Bovine mastitis isolate 30 s 0.52% (P) � 5.0 [387]

S. epidermidis 1 clinical strain 2 min 0.01% (S) 3.7 [115]

S. epidermidis 1 MRSE clinical isolate 2 h 0.004% (S) � 5.0 [12]

S.
haemolyticus

Bovine mastitis isolate 30 s 0.52% (P) � 5.0 [387]

S. simulans 3 bovine mastitis isolates 30 s 0.52% (P) � 5.0 [387]

S. xylosus Bovine mastitis isolate 30 s 0.52% (P) � 5.0 [387]

S. maltophilia 2 clinical strains 5 min 4% (P) 6.4 [96]

S. maltophilia 13 multidrug-resistant
clinical isolates

5 min 0.05% (S) 7.9 [95]

0.02% (S) 6.5

S. mutans NCTC 10449 5 min 0.02% (P) 5.4 [179]
(continued)
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The highest MBC values were described in clinical isolates of Acinetobacter
spp. (up to 0.15%, 30 s), in pig isolates of S. aureus (up to 0.125%, 5 min) and in
recent time isolates of K. pneumoniae (up to 0.05%, 5 min; Table 13.4).

The overall results are supported by data showing that between 7 and 20 of 20
clinical strains from 7 bacterial species are not sufficiently killed by 0.2% CHG
within 10 min [273]. The bactericidal activity of 0.2% CHG has been described to
be independent of the pH values between 5 and 9 [409]. CHG is less effective in the
presence of saliva [353]. The bactericidal efficacy of CHG at 0.09 and 0.36% may
be significantly lower when the bacterial cells of S. aureus or P. aeruginosa used
for the suspension test are grown on agar instead of broth, a difference that cannot
be found at higher CHG concentrations [47]. It is also impaired in the presence of
chondroitin sulphate [264].

13.3.1.3 Activity Against Bacteria in Biofilm
The bactericidal activity of CHG against bacteria in biofilms is variable
(Table 13.5). Four per cent CHG did not reach 4.0 log within 24 h against three

Table 13.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

Mixed
anaerobic
species

A.actinomycetemcomitans
ATCC 43718, A. viscosus
DSMZ 43798, F. nucleatum
ATCC 10953, P. gingivalis
ATCC 33277, V. atypica
ATCC 17744 and S.
gordonii ATCC 33399

30 s 0.2% (P) >8.0 [83]

0.06% (S) 3.8

S solution; P commercial product; ano data per species; bdiluted to 55%; cwith organic load;
ddepending on the type of organic load

Table 13.4 MBC values of various bacterial species to CHG (5 min exposure)

Species Strains/isolates MBC value References

Acinetobacter
spp.

43 non-repetitive clinical isolates 0.05%–0.15%a [139]

E. coli ATCC 25922 0.0025%b [418]

K. pneumoniae 7 « Murray isolates » from the
pre-chlorhexidine era, 7 modern
isolates/strains

0.0002%–0.0512% [42]

P. aeruginosa ATCC 15442 0.003% [128]

S. aureus 54 MRSA strains isolated in Canary
black pigs

0.0078%–0.125% [99]

S. aureus 42 clinical MRSA isolates 0.0032%–0.0512% [275]
a30 s exposure time; b10 min exposure time
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bacterial species (K. pneumoniae, P. aeruginosa, S. aureus). Two per cent CHG was
mostly partially effective (<4.0 log) between exposure times of 0.5 min to 24 h (E.
faecalis, E. coli, F. nucleatum, K. pneumoniae, L. monocytogenes, P. aeruginosa, S.
aureus, S. capitis, S. epidermidis and mixed species) although a � 4.0 log reduction
was found within 24 h against E. faecalis. One per cent CHG was mostly partially
effective within 24 h against some strains of isolates of E. faecalis,K. pneumoniae, L.
monocytogenes, P. aeruginosa, S. aureus although a better bactericidal activity was
found against strains or isolates of C. jejuni, E. coli, S. Enteritidis and S. aureus
(� 4.0 log in 5 min–24 h). 0.5% or 0.52% CHG was mostly not effective enough
although a � 4.0 log was found against some strains or isolates of S. aureus, S.
chromogenes, S. epidermidis, S. haemolyticus, S. simulans and S. xylosus.

Other studies support the findings of a reduced susceptibility of bacterial cells in
biofilm towards CHG [43]. Bacteria from a polymicrobial mixed subgingival bio-
film samples revealed MIC values between 0.06 and 0.3% [222]. The MIC values
of ten bacterial species of oral pathogens were between 2-fold and 128-fold higher
in biofilm-grown cells compared to planktonic cells [9]. In suspensions,
P. aeruginosa and S. sanguis biofilm cells required much longer exposure times
than planktonic cells [252, 370]. One per cent CHG showed only a moderate
inhibition effect (91%) on the metabolic activity in a MRSA biofilm within 3 min
[131]. When an E. faecalis biofilm attached to dentin (5-day incubation) was irrigated
for 3 min with 2% CHG, the dead cells in biofilm increased from 13.8 to 26.4% [14].
The rather small effect was explained by a retarded penetration of CHG into the
biofilm. In a S. mutans biofilm, it was shown that CHG from a product containing
0.12% CHG has an average penetration velocity of 6 µm per min [402]. In a
non-typable H. influenzae biofilm, it was shown that resistance to CHG is mediated to
a large part by the cohesive and protective properties of the biofilm matrix [157].

The maturity of the biofilm has also an impact on the bactericidal effect of
CHG. In a multispecies biofilm grown from plaque bacteria on collagen-coated
hydroxyapatite discs for time periods ranging from 2 days to several months, it was
shown that bacteria in mature biofilms and nutrient-limited biofilms are more
resistant to CHG killing than in young biofilms [337]. In a biofilm maturated for
6 h, the efficacy of 0.2% CHG (1 min exposure time) on plaque vitality was sig-
nificant but in the 48 h biofilm only found in the outer layer [421].

Regrowth within 24 h has been described in a B. cenocepacia biofilm after
treatments with 0.015–0.05% CHG for 15 min indicating that B. cenocepacia
biofilms are highly resistant to CHG [289]. The expression of many genes is
affected when biofilm-grown B. cenocepacia J2315 cells are treated with
chlorhexidine. Several genes encoding membrane-related and regulatory proteins,
as well as several genes coding for drug resistance determinants (including RND
and MFS efflux systems), were up-regulated. The down-regulation of a gene
encoding an adhesin and the up-regulation of many genes encoding chemotaxis and
motility-related proteins indicate that sessile cells try to escape from the biofilm
[66]. In a polymicrobial biofilm incubated for 3 w on teeth obtained from samples
from infected root canals 2% CHG applied for 3 min left 62.9% viable cells in the
biofilm indicating the potential for regrowth [320].
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It has been suggested that the active subpopulation in P. aeruginosa biofilms is
able to adapt to exposure to membrane-targeting agents through the use of different
genetic determinants, dependent on the specific membrane-targeting compound.
Development of CHG-tolerant subpopulations was found to depend on the
mexCD-oprJ genes, but does not depend on the pmr, mexAB-oprM, mexPQ-opmE
or muxABC-opmB genes [58].

13.3.1.4 Bactericidal Activity in Alcohol-Based Hand Rubs
CHG can be found at 0.5% in alcohol-based hand rubs based on 70% iso-propanol
or at 1% in hand rubs based on 61% ethanol. When applied for 3–5 min for surgical
hand disinfection, no superior bactericidal efficacy was found after 3 h under a
surgical glove (EN 12791) when compared to the reference procedure [173, 318,
319]. Its overall contribution to the bactericidal efficacy of alcohol-based hand rubs
is therefore very questionable [172].

13.3.1.5 Bactericidal Activity in Antiseptic Soaps
When applied for hygienic hand wash and tested in analogy to EN 1499, soaps
based on 4% CHG and applied with 2 or 5 ml for 30 s reduced S. marcescens by
2.3–2.8 log, an effect which was not superior to non-medicated soap with 2.3 log
[277]. Against M. luteus the effect was lower with 1.9–2.3 log but superior to
simple soap with 1.5 log [277]. Against E. coli the efficacy was between 2.9 and 3.0
(2 � 3 ml for 1 min) which was not superior compared to plain soap with 3.0 log
[26, 315, 317].

When applied for an antiseptic hand wash and tested according to ASTM E 1174
with S. marcescens, 3 ml soap based on 0.75–4% CHG revealed an effect between
1.9 and 2.0 log with a 10 s application. Larger volumes of 4% CHG soap such as
5 ml or 2 � 3 ml were slightly more effective in 30 or 60 s with 2.4–2.6 log [25,
167, 343].

When used for surgical scrubbing and tested according to EN 12791, soaps
based on 4% CHG mostly showed a poor bactericidal immediate effect on the
resident hand flora with 0.8–1.1 log (application times between 1 and 3 min). The
3 h efficacy was also low with 0.5–0.8 log [22, 174, 230, 316].

And when used for surgical scrubbing and tested according to ASTM E 1115,
soaps based on 4% CHG applied for 6 min (2 � 5 ml à 3 min) or for 10 min
(unknown volume for 2 � 5 min) showed an immediate efficacy against the resi-
dent hand flora between 1.4 and 1.9 log [147, 175, 226, 263, 352]. A higher
reduction with 2.6 log was only found when neutralization was omitted during
sampling resulting in false positive efficacy data [168, 175].

13.3.1.6 Bactericidal Activity in Carrier Tests
In carrier tests, CHG at 0.02% or 0.5% was not able to kill all ten bacterial species
(S. aureus, S. pyogenes, S. viridians, S. faecalis, E. coli, K. pneumoniae, P. vulgaris,
P. pyocyanea, C. diphteriae and M. phlei) in 15 min on dried films. S. aureus
resisted most from all species [135]. When S. aureus is placed on a glass cup carrier
and exposed to 0.0075% chlorhexidine, a 3.7 log is found after 1 min and >5.0 log
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after 10 min [35]. In a proposed test to determine the efficacy of wound antiseptics
(which is similar to a carrier test), 0.05% CHG showed sufficient bactericidal
activity within 10 h (no organic load) and within >24 h in the presence of organic
load [329]. Against L. innocua and L. monocytogenes, 4% CHG was very effective
within 1 min in a carrier test with >6.0 log [32]. Against seven strains from six

Table 13.6 Efficacy of CHG in against bacteria on skin

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

E. coli Strain Vogel 15 min 0.0036% (S) 6.1 [331]

0.00045% (S) 1.3

K. pneumoniae Strain SWRI
no. 87

15 min 0.0036% (S) 5.0 [331]

0.00045% (S) 2.6

0.00009% (S) 0.4

P. mirabilis Strain MGH-1 15 min 0.0036% (S) 4.3 [331]

0.00045% (S) 0.3

P. aeruginosa ATCC 15442 2 h 0.144% (S) 0.0 [266]

4 h 0.8

24 h 1.6

P. aeruginosa ATCC 9027 15 min 0.0036% (S) 5.9 [331]

0.00045% (S) 4.0

0.00009% (S) 1.6

S. marcescens ATCC 8195 15 min 0.0036% (S) 5.9 [331]

0.00045% (S) 3.9

0.00009% (S) 0.2

S. aureus ATCC 6538 15 min 1% (S) 0.0–0.1a [325]

1 min 2.1b

5 min 3.0b

15 min 3.0b

15 min 1.9c

S. aureus ATCC 6538 2 h 0.144% (S) 1.2 [266]

4 h 3.3

24 h � 5.6

S. aureus ATCC 6538 15 min 0.0036% (S) 2.1 [331]

0.00045% (S) 0.7

0.00009% (S) 0.0

S. epidermidis ATCC 17917 15 min 0.0036% (S) 5.2 [331]

0.00045% (S) 5.2

0.00009% (S) 1.8

S. pyogenes ATCC 12384 15 min 0.0036% (S) 3.4 [331]

0.00045% (S) 2.7

0.00009% (S) 0.7

P commercial product; S solution; adry contamination; bbroth contamination; cdry contamination
wetted with 5 µl water
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bacterial species (E. faecalis, E. faecium VRE, E. coli, P. aeruginosa, S. aureus,
MRSA, S. epidermidis) the efficacy of 2% CHG on glass carriers was rather poor
with 1.0–4.0 log in 1 min [249]. 0.5% CHG revealed a good bactericidal activity on
stainless steel discs against ten strains of MSSA (3.8 log in 10 min), ten strains of
MRSA (3.1 log in 10 min), ten strains of VSE (3.6 log in 7 min) and nine strains of
VRE (3.4 log in 7 min) [39].

13.3.1.7 Bactericidal Activity on Skin
The efficacy against bacteria on skin is quite good even at low CHG concentrations,
especially against selected Gram-negative species (Table 13.6).

Some studies suggest that CHG at 0.5 and 2% adds to the overall bactericidal
activity of alcohols on the skin, but doubts have been raised especially since the
identity of one formulation has been revised postpublication [4, 5, 166, 225].
Clinical data suggest that 2% CHG significantly contributes to the prevention of
surgical site infections and catheter-associated bloodstream infection when used in
alcohol-based skin antiseptics [77, 253, 388]. The overall evidence for surgical site
infections, however, is questioned by some authors due to the limitations of study
selection criteria and concerns regarding the applied controls in the studies [227,
228].

13.3.1.8 Activity Against Bacteria on Mucosa
Some studies addressed the efficacy of CHG in the oral cavity. An antiseptic mouth
rinse based on 0.2% CHG was effective against two oral pathogens (S. mutans and
F. nucleatum) [312]. 0.2% CHG was also quite effective within 1 min for disin-
fection of titanium implants contaminated with S. sanguinis but not against S.
epidermidis [52]. Infected root canals from teeth with apical periodontitis were
irrigated with 0.12% CHG. The mean bacterial cells’ count was reduced by 3.6 log,
with 8 of 16 canals yielding negative cultures [345].

On porcine vaginal mucosa, 3% CHG was able to reduce an artificial contam-
ination of MRSA by approximately 2.0 log (15 min) to 5.0 log (24 h) [13].

13.3.2 Fungicidal Activity

13.3.2.1 Fungistatic Activity (MIC Values)
The CHG MIC values for C. albicans vary between 0.003 and 4,140 mg/l with the
majority of them being below the proposed epidemiological cut-off value of
16 mg/l [261]. Similar results were found with the variety of other Candida
spp. with most MIC values � 8 mg/l with the exception of selected isolates of C.
krusei (� 400 mg/l), C. tropicalis (� 75 mg/l) and C. dubliniensis (� 15.6 mg/l).
All other fungal species were described with MIC values between 0.1 and 32 mg/l
(Table 13.7).
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Table 13.7 MIC values of various fungal species to CHG

Species Strains/isolates MIC
value
(mg/l)

References

Alternaria spp. 11 clean room isolates 2–8 [327]

A. flavus 3 clinical, 3 airborne and 2 food isolates 0.25–16 [165]

A. flavus 14 clean room isolates 2–4 [327]

A. flavus 16 clinical isolates 2–32 [416]

A. fumigatus 6 clinical and 14 airborne isolates 0.25–4 [165]

A. fumigatus 11 clean room isolates 4–16 [327]

A. niger 2 airborne and 2 food isolates 1–8 [165]

A. niger 11 clean room isolates 4–16 [327]

A. ochraceus 2 food isolates 4–16 [165]

A. terreus 4 clean room isolates 16 [327]

C. albicans 11 isolates from periodontal pockets of
patients with chronic periodontitis

0.003–
1.9

[344]

C. albicans ATCC 18804 0.5–16 [330]

C. albicans 83 oral cavity isolates from HIV patients 0.5–16 [385]

C. albicans 200 worldwide strains from hospital- and
community-acquired infections

0.5–64 [261]

C. albicans Not described <0.63 [104]

C. albicans ATCC 90028 and 10 clinical isolates 0.8–1.6 [112]

C. albicans 4 isolates from local culture collection 1–4 [123]

C. albicans NYCY 1363, strain 135BM2/94 2–5 [335]

C. albicans 20 clinical isolates from oropharyngeal
candidiasis cases

2–7.8 [300]

C. albicans 28 isolates from the oral cavity of bone
marrow transplant recipients

� 2.5–
20

[379]

C. albicans ATCC 90028 and 31 clinical isolates 3.1–6.3 [326]

C. albicans ATCC 10231 4 [186]

C. albicans 1 clinical isolate 4 [88]

C. albicans 4 clinical isolates 4.4b [244]

C. albicans ATCC 90028 5 [11]

C. albicans 15 clinical isolates from patients with
septicemia

6.25–
12.5

[154]

C. albicans 2 clinical isolates 8 [193]

C. albicans ATCC 10231 16 [9]

C. albicans 35 clinical isolates 16–128 [38]

C. albicans ATCC 10231 107 [418]

C. albicans 2 clinical strains from oral candidiasis 250 [23]

C. albicans 1 clinical isolate 400 [201]

C. albicans ATCC 29212 512 [16]

C. albicans Not described 4,140 [417]
(continued)
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Table 13.7 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

C. dubliniensis 20 fluconazole-susceptible clinical isolates
from oropharyngeal candidiasis cases

1–7.8 [300]

20 fluconazole-resistant clinical isolates
from oropharyngeal candidiasis cases

2–15.6

C. dubliniensis 1 oral cavity isolate from a HIV patient 2 [385]

C. dubliniensis 4 clinical isolates 2.4b [244]

C. dubliniensis 10 clinical isolates 3.1 [326]

C. glabrata 3 isolates from local culture collection 1–2 [123]

C. glabrata 1 isolate from periodontal pockets of
patients with chronic periodontitis

1.9 [344]

C. glabrata 2 oral cavity isolates from HIV patients 2–4 [385]

C. glabrata 13 clinical isolates 3.1–6.3 [326]

C. glabrata 4 clinical isolates 3.7b [244]

C. guilliermondii 6 clinical isolates 0.8–1.6 [326]

C. kefyr Clinical isolate 0.8 [326]

C. krusei ATCC 6258 0.8 [112]

C. krusei 4 isolates from local culture collection 1–2 [123]

C. krusei 4 clinical isolates 2.9b [244]

C. krusei ATCC 6258 and 4 clinical isolates 3.1 [326]

C. krusei 1 NCAC strain 150 [103]

C. krusei ATCC 14243 400 [17]

C. lusitaniae 4 clinical isolates 2.0b [244]

C. parapsilosis 4 oral cavity isolates from HIV patients 1–2 [385]

C. parapsilosis 3 isolates from local culture collection 1–2 [123]

C. parapsilosis 4 clinical isolates 2.2b [244]

C. parapsilosis 6 clinical isolates 3.1 [326]

C. parapsilosis 2 clinical isolates 8 [193]

C. tropicalis 4 isolates from periodontal pockets of
patients with chronic periodontitis

0.003–
1.9

[344]

C. tropicalis 3 isolates from local culture collection 0.75–
1.5

[123]

C. tropicalis ATCC 750 and 5 clinical isolates 0.8–3.1 [326]

C. tropicalis 4 clinical isolates 1.7b [244]

C. tropicalis 1 oral cavity isolate from a HIV patient 4 [385]

C. tropicalis 1 NCAC strain 75 [103]

Cladosporium
spp.a

16 clean room isolates 2–8 [327]

Curvularia spp.a 16 clean room isolates 2–4 [327]

Exserohilum spp.a 4 clean room isolates 8–16 [327]

F. solani 24 clinical isolates 8–32 [416]
(continued)
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13.3.2.2 Fungicidal Activity (Suspension Tests)
Two per cent CHG is effective against C. albicans and C. auris but requires >2 min
exposure time. Against other fungi, 2% CHG is mostly effective in 30 min except
for A. fumigatus. 0.5% CHG was found to be effective in 5 min against various
fungi including Candida spp., Crytococcus spp. and R. rubra (Table 13.8).

Overall, the activity of CHG has been described to be somewhat lower against C.
albicans (effective at 12.7 mg/l) compared to other Candida species such as C.
parapsilosis (effective at 7.2 mg/l), C. glabrata (effective at 5.2 mg/l), C. krusei
(effective at 3.4 mg/l) or C. tropicalis (effective at 1.8 mg/l) [123]. 0.5% CHG is
still fungicidal in 5 min (log � 6.0) in mixed suspensions of environmental iso-
lates (R. rubra, C. albicans, C. uniguttulatus) and clinical isolates (R. rubra. C.
albicans, C. neoformans) although the effect was smaller against the clinical mix
[376]. The activity of CHG against C. albicans is explained by a loss of cyto-
plasmic components and a coagulation of nucleoproteins [40].

Table 13.7 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

Fusarium spp.a 10 clean room isolates 2–8 [327]

M. canis 10 isolates from dogs, cats and humans 12.5–25 [292]

Mucor spp.a 2 clinical and 1 food isolates 1–16 [165]

P. aurantiogriseum Food isolate 2 [165]

P. chrysogenum 14 airborne isolates 0.12–1 [165]

P. citrinum 15 airborne isolates 0.12–1 [165]

P. paneum 2 food isolates 4–8 [165]

P. roquefortii 4 food isolates 8 [165]

Penicillium spp.a 15 clean room isolates 4–8 [327]

Rhizopus spp.a 2 clinical and 1 food isolate 0.5–4 [165]

S. cerevisiae Clinical isolate 2 [244]

T. harzianum 1 clinical isolate 8 [190]

T. longibrachiatum ATCC 201044, ATCC 208859, 12 clinical
and 3 environmental isolates

1–8 [190]

Trichoderma spp.a Food isolate 8 [165]

Various speciesa 8 clean room fungal isolates incl.
Aspergillus spp., Penicillum spp.,
Curvularia spp., Cladosporium spp. and
Alternaria spp.

4–16 [401]

aNo number of isolates per species; bmean
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Table 13.8 Fungicidal activity of CHG in suspension test

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. brasiliensis ATCC 16404 30 min 2% (P) � 4.0 [221]

A. flavus Animal unit isolate 30 min 2% (P) � 4.0 [221]

A. fumigatus Animal unit isolate 30 min 5% (P) 5.3 [221]

2% (P) 3.6

A. fumigatus 15 clinical isolates 30–
60 min

0.06% (P) � 4.0 [382]

A. niger Clinical isolate 30 min 0.4% (S) � 4.0 [283]

A. terreus 2 clinical isolates 30 min 0.4% (S) � 4.0 [283]

C. albicans ATCC 10231 1 min 2% (P) 2.8 [256]

1.5 min 3.3–3.4

2 min 3.4–3.6

C. albicans ATCC 10231 30 min 2% (P) � 4.0 [221]

C. albicans ATCC 10231 5 min 0.5% (P) 5.0 [264]

C. albicans 1 human and 1
environmental isolate

5 min 0.5% (S) >7.0 [376]

C. albicans ATCC 10231 1 min 0.5% (S) 3.8 [186]

5 min 0.05% (S) 4.1

60 min 0.01% (S) 4.1

C. albicans ATCC 10231 30 min 0.275% (S) 2.9–6.4a [189]

24 h 5.9–6.4a

10 min 0.275% (P) 2.7–6.3a

30 min 3.3–6.3a

60 min 4.4–6.3a

C. albicans 3 clinical strains 15 s 0.2% 2.0–2.5 [244]

30 s 1.9–2.4

1 min 2.3–2.4

2 min 2.7–3.1

C. albicans ATCC 10231 30 s 0.2% (P) 1.1–5.5a [294]

1 min 2.0–5.6a

10 min � 5.3

C. albicans NCPF 3179 5 min 0.02% (P) 4.0 [179]

C. auris 3 clinical strains 1 min 2% (P) 1.1–2.3 [256]

1.5 min 1.2–2.5

2 min 1.2–2.6

C. auris 12 clinical isolates 3 min 0.125%–

1.25% (P)
>5.0 [2]

C. dubliniensis 3 clinical strains 15 s 0.2% 2.7–3.1 [244]

30 s 2.7–3.4

1 min 3.0–3.6

2 min 3.4–4.4
(continued)
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13.3.2.3 Activity Against Fungi in Biofilms
Some studies indicate that the yeasticidal activity of 0.019–4% CHG is poor within
15 min against C. albicans in biofilms except on cellulose nitrate membranes
(Table 13.9). The resistance of C. albicans cells in a biofilm can be explained by
subpopulations that exhibit relative levels of phenotypic resistance to CHG [364].

0.5% CHG also reduced in a variable but sufficient degree (� 4.0 log) R. rubra,
C. albicans, C. uniguttulatus or C. neoformans in 5 min in 24 h biofilms [376]. In a
48 h or 72 h biofilm, the susceptibility of C. albicans and C. parapsilosis may
increase up to 8-fold depending on the strain [193, 201].

It has been shown that C. albicans biofilms may harbour subpopulations with
phenotypic resistance to CHG suggesting that biofilms incorporate protective
niches [364]. In a mature C. albicans biofilm, surviving persisters form a
multidrug-tolerant subpopulation. Interestingly, surviving C. albicans persisters
were detected only in biofilms and not in exponentially growing or stationary-phase
planktonic populations. Attachment rather than formation of a complex biofilm
architecture initiates persister formation [196]. An analysis of 150 Candida isolates
from cancer patients suggests that antimicrobial therapy (e.g. with amphotericin B)
selects for high-persister strains in vivo and that biofilms of the majority of
high-persister strains showed an increased tolerance to chlorhexidine [197].

13.3.2.4 Fungicidal Activity in Carrier Tests
When spores of T. mentagrophytes are placed on a glass cup carrier and exposed to
0.0075% chlorhexidine, a < 1.0 log is found after 1 and 10 min indicating a limited
fungicidal activity [35].

Table 13.8 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

Candida spp. 6 clinical isolates (3 C.
albicans, 2 C. tropicalis, 1
C. parapsilosis)

1 h 0.1% (S) � 4.0 [283]

C. neoformans 1 clinical isolate 5 min 0.5% (S) >7.0 [376]

C.
uniguttulatus

1 clinical isolate 5 min 0.5% (S) >7.0 [376]

M.
pachydermatis

1 veterinary clinical
isolate

3 min 0.00146% (P) >4.0 [391]

0.01172% (P)

10 min 0.00073% (P) >4.0

0.00586% (P)

R. rubra 1 clinical isolate 5 min 0.5% (S) >7.0 [376]

T. rubrum 1 clinical isolate 30 min 0.2% (S) � 4.0 [283]

S solution; P commercial product; adepending on the type of organic load
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13.3.2.5 Fungicidal Activity for Other Applications
Two per cent CHG was found to have little efficacy to reduce an artificial C.
albicans contamination on fingertips within 20 s with a mean of 2.0 log; simple
non-medicated soap reached the same reduction [386]. Two per cent CHG has some
effect (1.4 log) within 1 min for disinfection of titanium implants contaminated
with C. albicans [52]. On skin CHG at 0.00045% or 0.0036% showed only poor
efficacy against C. albicans in 15 min with 1.2 and 2.7 log, respectively [331].

13.3.3 Mycobactericidal Activity

13.3.3.1 Mycobactericidal Activity (Suspension Tests)
In suspension tests, the mycobactericidal activity of 0.5–4% CHG is overall poor
within 2 h with the exception of M. smegmatis (Table 13.10). The poor
mycobactericidal activity may be explained by an intracellular sealing by CHG at
concentrations from 25 to 500 mg/l [111].

13.3.3.2 Mycobactericidal Activity in Carrier Tests
The mycobactericidal activity of 0.5–4% CHG in carrier tests is rather poor, with
the exception of M. smegmatis (Table 13.11).

Table 13.10 Mycobactericidal activity of CHG in suspension tests

Species Strains/isolates Exposure time Concentration log10
reduction

References

M. avium ATCC 15769 10, 60 and
120 min

0.5% (P) No effect [307]

M. kansasii ATCC 12478 10, 60 and
120 min

0.5% (P) No effect [307]

M. smegmatis Strain TMC
1515

1 min 4% (S) >6.0 [33]

M. tuberculosis Strain H37Rv 1 min 4% (S) 2.8–2.9 [34]

M. tuberculosis Strain H37Rv 10, 60 and
120 min

0.5% (P) No effect [307]

P commercial product; S solution

Table 13.11 Mycobactericidal activity of CHG in carrier tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M. bovis ATCC 35743 1 and
10 min

0.0075% (S) <1.0 [35]

M. smegmatis Strain TMC
1515

1 min 4% (S) >6.0 [33]

M. tuberculosis Strain H37Rv 1 min 4% (S) 2.0 [34]

Mycobacterium
spp.

6 strains 20 min 0.5% (S) <3.0 [143]

S solution
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13.4 Effect of Low-Level Exposure

Many studies show that low-level exposure to CHG has different effects on bacteria
(Table 13.12). No adaptive response was found in isolates or strains from 33
species (A. baumannii, A. hydrophila, B. cereus, C. coli, C. jejuni, C. indologenes,
Citrobacter spp., C. xerosis, C. sakazakii, E. saccharolyticus, E. coli, Eubacterium
spp., K. pneumoniae, M. phyllosphaerae, M. luteus, M. osloensis, P. aeruginosa,
P. nitroreductans, P. putida, Pseudoxanthomonas spp., S. multivorum, S. aureus, S.
capitis, S. caprae, S. cohnii, S. epidermidis, S. haemolyticus, S. hominis, S. kloosii,
S. lugdenensis, S. saprophyticus, S. warneri and S. mutans).

Some isolates or strains of 25 species were able to express a weak adaptive
response (MIC increase � 4-fold) such as A. xylosoxidans, A. jandaei, B. cereus,
C. albicans, Chrysobacterium spp., C. pseudogenitalum, C. renale group, E.
cloacae, Enterobacter spp., E. casseliflavus, E. faecalis, E. faecium, E. coli, H.
gallinarum, K. pneumoniae, M. luteus, P. aeruginosa, S. Typhimurium, Serratia
spp., S. aureus, S. capitis, S. haemolyticus, S. lugdenensis, S. warneri and S.
maltophilia.

A strong but unstable MIC change (>4-fold) was found in isolates or strains of
five species (B. cepacia, E. faecalis, E. coli, S. enteritidis and S. Typhimurium).
A strong and stable MIC change (>4-fold) was described for isolates or strains of
eight species (E. coli, K. pneumoniae, P. aeruginosa, S. Virchow, Salmonella spp.,
S. marcescens, S. aureus and S. maltophilia). In isolates or strains of seven species
(A. baylyi, A. proteolyticus, E. coli, Pseudomonas spp., Ralstonia spp., S. mar-
cescens and S. aureus), the adaptive response was strong, but its stability was not
described (Table 13.12).

Selected strains or isolates revealed substantial MIC changes: E. coli (up to
500-fold), Salmonella spp. (up to 200-fold), S. marcescens (up to 128-fold),
P. aeruginosa (up to 32-fold), or A. proteolyticus, K. pneumoniae, Pseudomonas
spp. and S. aureus (all up to 16-fold).

The highest MIC values after adaptation were all found in Gram-negative spe-
cies such as 2,048 mg/l (S. marcescens), 1,024 mg/l (P. aeruginosa), >1,000 mg/l
(Salmonella spp.), 700 mg/l (B. cepacia complex), >512 mg/l (K. pneumoniae) and
500 mg/l (E. coli). This is in line with findings showing that CHG has a significant
hormetic effect with P. aeruginosa and a less significant effect with S. aureus
resulting in greater bacterial growth [258]. Epidemiological cut-off values to
determine resistance to CHG were proposed in 2014 for some Gram-negative
species such as E. coli and K. pneumoniae (64 mg/l), Salmonella spp. (32 mg/l) and
Enterobacter spp. (16 mg/l) [261]. Based on this proposal, the majority of Sal-
monella spp., E. coli and K. pneumoniae isolates would be classified as resistant to
CHG after low-level exposure.

Cross-resistance to various antibiotics such as tetracycline, gentamicin or mer-
openem was found in some isolates of B. fragilis, B. cepacia complex, Salmonella
spp. and S. aureus. In addition, a lower susceptibility to other biocidal agents was
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described for E. coli and S. Virchow to triclosan, for A. baylyi to hydrogen peroxide
and for S. Typhimurium to benzalkonium chloride.

Other adaptive changes include a significant up-regulation of efflux pump genes
in B. fragilis and B. cepacia complex. Enhanced biofilm formation was described
for K. pneumoniae, S. marcescens, S. epidermidis, and adherence to polyethylene
was increased in S. marcescens. Biofilm formation was decreased in B. cepacia.
VanA-type vancomycin resistance gene expression was increased vanA E. faecium
(� 10-fold increase of vanHAX encoding). Horizontal gene transfer (sulphonamide
resistance by conjugation) was induced in E. coli. No significant reduction of
plasmid transfer frequency was detected in S. aureus.

Exposure of seven species (A. baumannii, C. sakazakii, E. faecalis, E. coli,
P. aeruginosa, P. putida, S. aureus) over 14 passages of 4 d each to increasing
CHG concentrations on agar was associated with both increases and decreases in
antibiotic susceptibility, but its effect was typically small relative to the differences
observed among microbicides. Susceptibility changes resulting in resistance were
not observed [109].

In the UK, the MIC values of 251 clinical isolates to CHG were opposed to the
magnitude of CHG exposure from different types of antiseptics (CHG in water,
soap or alcohol solutions). A clear correlation between the exposure and the mean
MIC was found. In isolates obtained from patients with low exposure, the mean
MIC was 10 mg/l; in moderate exposure, it was 15 mg/l; and in high exposure, it
was 25 mg/l [38].

13.5 Resistance to Chlorhexidine

13.5.1 High MIC Values

As summarized in Table 13.2, the highest MIC values were described for
E. faecalis, K. pneumoniae, Proteus spp. and B. subtilis (� 10,000 mg/l), followed
by P. aeruginosa (� 5,000 mg/l), L. monocytogenes, E. faecium and S. aureus
(� 2,500 mg/l), Streptococcus spp. (� 2,000 mg/l), S. marcescens (� 1,024 mg/l),
Acinetobacter spp., Citrobacter spp. and Enterobacter spp. (� 1,000 mg/l),
B. cepacia (� 700 mg/l), Achromobacter spp. (� 500 mg/l), E. coli (� 312 mg/l),
A. baumannii (� 256 mg/l), E. cloacae (� 150 mg/l), Salmonella
spp. (� 100 mg/l), and coagulase-negative Staphylococcus spp. (� 62.5 mg/l).
Taking into account the proposed epidemiological cut-off values such as 64 mg/l
for E. faecalis, E. coli and K. pneumoniae, 32 mg/l for E. faecium and Salmonella
spp., 16 mg/l for Enterobacter spp. and 8 mg/l for S. aureus to determine CHG
resistance [261], it becomes obvious that among all these species resistant or even
highly resistant isolates have been detected already.

Some studies provide evidence that MRSA is less susceptible to CHG compared
to MSSA. In 1996, it was described that the mean MIC value for MRSA is 5-fold to
10-fold higher compared to MSSA [155]. This difference was confirmed in other
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studies. In Nigeria, 41 isolates were found with an MIC50 of 2 mg/l (25 MSSA
isolates) and 32 mg/l (16 MRSA isolates) [10]. From four hospitals in Iran, it was
reported that 30% of 100 MSSA isolates have an MIC between 8 and 16 mg,
whereas the rate was 70% in 100 MRSA isolates [136]. A higher MIC value to
CHG in S. aureus, however, does not necessarily mean an impaired efficacy in
clinical applications against these isolates or strains [71, 301]. Nevertheless, after
20 years of using a 4% CHG liquid soap in Taiwan, it was observed that the
proportion of MRSA isolates with an MIC value � 4 mg/l increased from 1.7% in
1990 to 50% in 1995, 40% in 2000 and 46.7% in 2005 [406].

13.5.2 Reduced Efficacy in Suspension Tests

A reduced bactericidal activity (<5.0 log) for 4% CHG was described for some
isolates of strains of Enterococcus spp. with � 2.4 log in 5 min (Table 13.4). Two
per cent CHG has also a reduced bactericidal activity in 5 min against some isolates
or strains of MRSA. At 0.5%, a reduced efficacy in 5 min was partially observed
with some isolates or strains of Enterococcus spp., P. aeruginosa and S. aureus.
These data indicate that the minimum requirement for a bactericidal activity (� 5.0
log) is not achieved with some isolates or strains indicating CHG tolerance or even
resistance.

13.5.3 Resistance Mechanisms

In S. Typhimurium, it was shown that CHG elicits a broad range of effects on
Salmonella, with an impact on central cellular processes including aerobic energy
production and protein synthesis [69]. In a CHG-resistant S. marcescens strain, an
additional protein was detected in the outer membrane with an unknown function
[282]. Some specific mechanisms for different bacterial species are described
below.

13.5.4 Resistance Genes

13.5.4.1 qacA/B
The qacA/B gene confers to CHG resistance [301]. The detection rates of qacA/B
are described in Table 10.14 (Chap. 10 on benzalkonium chloride). MRSA strains
carrying the qacA/B gene have been described to have a CHG MIC value of
256 mg/l in the presence of 3% bovine serum albumin [217]. In combination with
low-level resistance to mupirocin, the presence of qacA/B in MRSA significantly
increases the risk of persistent MRSA carriage after decolonization therapy [210].
qacA/B- and smr-positive S. aureus isolates were more often associated with
invasive bloodstream infections [243]. The authors thought it may be reflective of
the use of CHG in the cleansing and maintenance of central venous catheters and
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the subsequent selection of antiseptic-tolerant organisms [243]. Detection of the qac
gene is associated with a significantly higher MBC for 4% CHG which was
determined in 94 S. aureus isolates with 38 of them being healthcare-associated
MRSA, 25 community-acquired MRSA, 6 VISA and 25 MSSA [348].

13.5.4.2 qacE
The detection rates of qacE are described in Table 10.16 (Chap. 10 on benzalko-
nium chloride). Detection of qacE or qacED correlated with a reduced susceptibility
to biocidal agents including chlorhexidine acetate [132]. In 122 multiresistant A.
baumannii isolates in Malaysia, qacE was detected in 73%. The MIC values for
CHG, however, were all between 0.2 and 0.6 mg/l indicating phenotypical sus-
ceptibility to CHG [20]. The presence of qacE in a K. oxytoca isolate from a
diabetic foot ulcer correlated with a reduced susceptibility to CHG (MIC of
30 mg/l) [395]. In 64 K. pneumoniae, a close link between carriage of efflux pump
genes, cepA, qacDE and qacE genes and reduced chlorhexidine susceptibility was
also described [3].

13.5.4.3 smr (QacC)
The detection rates of smr are summarized in Table 10.15 (Chap. 10 on benza-
lkonium chloride). In MRSA, presence of the smr gene is associated with a phe-
notypically reduced susceptibility to CHG. In one study, the MBC to CHG was
determined in 88 MRSA isolates. Whenever the MBC was 5 mg/l smr was present
in 15% of the isolates. In isolates with a MBC of 10 mg/l, the proportion was 28%,
and in isolates with a MBC of 20 mg/l, the proportion was even 50% [220]. In
another study with 400 isolates of S. aureus, a similar finding was reported.
Whenever the smr gene was present, the mean MBC was 16 mg/l. In isolates
without the smr gene, the mean MBC was 2 mg/l [242]. And in 69 S. aureus
isolates collected in 14 months from wound swabs, the qacC gene was detected in
18.8% with eleven of them having a MIC value � 1 mg/l [93]. Most of the
smr-positive MRSA isolates detected in China were not susceptible to CHG when
exposed under high organic load (3% bovine serum albumin), and a mean MBC of
256 mg/l was described [217].

13.5.4.4 Other Resistance Genes
In E. faecium, a putative two-component system was identified, composed of a
putative sensor histidine kinase (ChtS) and a cognate DNA-binding response reg-
ulator (ChtR), which contributed to CHG tolerance in E. faecium. The tolerance to
both chlorhexidine and bacitracin provided by ChtRS in E. faecium highlights the
overlap between responses to disinfectants and antibiotics and the potential for the
development of cross-tolerance for these classes of antimicrobials [134].
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13.5.5 Cell Membrane Changes

The outer membrane can act as a barrier in P. aeruginosa to prevent chlorhexidine
from entering the cell [128]. In P. stutzeri, alterations in the cell envelope were
suspected to be responsible for resistance to chlorhexidine diacetate including
changes in the outer membrane proteins and the expression of two additional
protein bands [371–373]. Resistance to CHG in P. stuartii and S. marcescens is
probably mediated by the inner membrane [156, 204]. In E. coli distribution studies
for the absorbed CHG indicated that it must saturate a number of envelope targets
before penetration to the cytosol is possible [56].

Biofilm-forming antimicrobial-resistant D. acidovorans strains have been iso-
lated, including ones displaying resistance to CHG. Multiple mechanisms involving
both the cell envelope (and likely TolQ, a disrupted gene and a component of the
tolQRAB gene cluster known to be involved in outer membrane stability) and
panmetabolic regulation play roles in chlorhexidine tolerance in D. acidovorans
[303]. It has been suggested that a subpopulation of cells that do not accumulate
CHG appears to be responsible for greater CHG resistance in D. acidovoransWT15
biofilm in conjunction with the possible involvement of bacterial membrane sta-
bility [302].

13.5.6 Efflux Pumps

In K. pneumoniae, the kpnGH efflux pump was described with a wide substrate
specificity of the transporter including 14 antibiotics and CHG. kpnGH mediates
antimicrobial resistance by active extrusion in K. pneumoniae. smvA is an efflux
pump gene in K. pneumoniae which is up-regulated 10- to 27-fold in the presence
of CHG. In five of six strains, adaptation to CHG also led to resistance to the
last-resort antibiotic colistin. The potential risk of colistin resistance emerging in K.
pneumoniae as a consequence of exposure to chlorhexidine has important clinical
implications for infection prevention procedures [405]. cepA is associated with
CHG resistance in K. pneumoniae and may act as a cation efflux pump [102]. The
KpnEF efflux pump might help transport polysaccharides to the outer layer of
bacterial cell to form the slimy layer and is possibly under additional regulation by
other transcriptional factors involved in modulating capsular polysaccharide syn-
thesis and biofilm formation in K. pneumoniae [354].

In P. aeruginosa, the activity of the MexCD-OprJ multidrug efflux pump is
induced upon subinhibitory CHG exposure [260] and is considered a determinant
for CHG resistance [110]. It is also induced by BAC but not by norfloxacin,
tetracycline, chloramphenicol, streptomycin, erythromycin or carbenicillin,
although they are substrates for the pump [259]. In S. marcescens, SdeAB was
detected as an efflux pump [236].

In Acinetobacter spp., the AceI efflux pump is associated with CHG resistance
[138]. AceR, a putative transcriptional regulator of the chlorhexidine efflux pump
gene aceI in A. baumannii, is an activator of aceI gene expression when challenged
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with chlorhexidine [216]. CHG adversely modified the expression and function of
the RND-type efflux pump AdeABC in biofilm-associated A. baumannii cells.
Furthermore, CHG decreased the negative charges on A. baumannii cell mem-
branes, causing dysregulation of the efflux pump and leading to cell death [191].

Multidrug efflux pumps, such as CmeABC and CmeDEF, are involved in the
resistance of Campylobacter to a broad spectrum of antimicrobials including CHG
[239]. A 19-fold up-regulation of the gene CIN01S_RS05745 encoding the
HlyD-like periplasmic adaptor protein of a tripartite efflux pump of C. indologenes
was observed upon exposure to 16 mg/l CHG [105]. In E. faecalis and E. faecium,
the EfrAB efflux pump was detected conferring to resistance to CHG and triclosan
[208].

The proteobacterial antimicrobial compound efflux (PACE) family of transport
proteins was only recently described. PACE family transport proteins can confer
resistance to a range of biocides used as disinfectants and antiseptics and are
encoded by many important Gram-negative human pathogens [137].

13.5.7 Plasmids

Studies of resistance to antimicrobials have revealed that resistance genes are
probably moving to plasmids from chromosomes more rapidly than in the past and
resistance genes are aggregating upon plasmids [24]. Some resistance genes may be
transferred between bacterial species. The qacA gene, for example, is often carried
on a plasmid from the pSK1 family of vector [195, 211], but other plasmids may
also carry the resistance gene and can be transferred [160]. Another example is the
plasmid pTZ2162qacB which was able to transfer the qacB gene horizontally to
MRSA by transduction [272].

Plasmid pC3, a non-essential megaplasmid which confers virulence and both
antifungal and proteolytic activity on several strains, increases the resistance of B.
cenocepacia H111 to various stresses (oxidative, osmotic, high-temperature and
chlorhexidine-induced stresses) [6]. Plasmid pSAJ1 from a methicillin- and
gentamicin-resistant strain of S. aureus conferred resistance to CHG and in addition
to kanamycin, gentamicin, tobramycin, amikacin, benzalkonium chloride, acri-
flavine and ethidium bromide [419].

13.5.8 Class I Integrons

A class I integron was detected in 22 of 36 MDR P. aeruginosa isolates. Integron
I-positive isolates showed reduced susceptibility to tested biocides including
chlorhexidine gluconate. Class I integron may be responsible for generating MDR
P. aeruginosa isolates with reduced susceptibility to biocides [164].
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13.5.9 Infections Associated with Tolerance to Chlorhexidine

Various outbreaks of various types of infection have been described caused by
contaminated CHG solutions or products or by frequent use of CHG products
(Table 13.13). Most of them were caused by Gram-negative bacterial species.

A statistically significant negative association between the intensity of
chlorhexidine use in clinical services in a large acute-care hospital and the
chlorhexidine susceptibility of selected micro-organisms isolated from patients
hospitalized in those areas has been demonstrated in 2002 [38].

13.5.10 Bacterial Contamination of CHG Products
or Solutions

Some reports indicated that liquid soaps or aqueous solutions based on CHG at up
to 2% may be contaminated indicating an adaptive response or even resistance but
without any associated infections. This type of contamination was so far only found
with various types of Gram-negative bacterial species (Table 13.14). When a 2%
CHG stock solution in plastic bottles was contaminated with S. marcescens at 108

CFU per ml, the species was able to survive for up to 27 months probably due to
biofilm formation inside the bottles [234].

Table 13.14 Bacterial contamination of CHG products or solutions

Bacterial
species

Type of
product

CHG
concentration

Use of
product

Frequency/bacterial
load

References

A. baumannii
(pan-resistant)

Dispensers
containing
liquid soap

2% Hand
washing

3 of 28 samplesa [49]

Flavimonas
spp.

Dispensers
containing
liquid soap

2% Hand
washing

5 of 28 samples [49]

P. aeruginosa CHG
solution

No data Use in
paediatrics,
neonatology
and surgery

11 of 120 samples [117]

P. aeruginosa
(multiresistant)

Dispensers
containing
liquid soap

2% Hand
washing

5 of 28 samplesa [49]

P. fluorescens Dispensers
containing
liquid soap

2% Hand
washing

5 of 28 samples [49]

S. marcescens
(ESBL)

CHG
disinfectant
solutions

No data Various
applications

3 samples [100]

S. marcescens CHG stock
solution

2% Skin
antisepsis

25 samples; 108

CFU per ml
[234]

aOne isolate was able to multiply in 1% CHG
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13.6 Cross-Tolerance to Other Biocidal Agents

The overview in Table 13.12 on the adaptive response of various bacterial species
shows that a cross-tolerance has been described to triclosan (E. coli and
S. Virchow), BAC (S. Tyhimurium) and to hydrogen peroxide (A. baylyi). No
cross-tolerance was found to BAC (P. aeruginosa) and PHMB (S. aureus).

13.7 Cross-Tolerance to Antibiotics

A possible cross-resistance between CHG and antibiotics is discussed controver-
sially [321, 324]. The widespread use of CHG has not yet resulted in a clinically
relevant resistance to antibiotics [199, 281] even though the development of
resistance to these agents is regarded as realistic [322]. Such a development is more
likely to occur in clinical medicine but not in industry because the selection pres-
sure by these substances is much higher in patient care [200].

Some studies have described that there is no cross-resistance between CHG and
antibiotics. Among 101 genetically distinct isolates of the B. cepacia complex, no
correlation was found between the susceptibility to CHG and 10 different antibi-
otics [314]. In 130 Salmonella spp. from two turkey farms no cross-resistance
between CHG and five antibiotics was found [28]. In 52 Pseudomonas spp. from
meat chain production, no correlation between resistance to chlorhexidine and 16
different antibiotics was found [207].

Other studies indicate that cross-resistance between CHG and antibiotics does
occur. An analysis of 701 Gram-negative strains in 1991, representing 16 species or
bacterial genera, showed that there is a positive correlation between resistance to
antiseptics (cetrimide, chlorhexidine, hexachlorophene) and to antibiotics for S.
marcescens and Alcaligenes spp. [232]. In 49 A. baumannii strains with a reduced
susceptibility to CHG, a co-resistance to carbapenem, aminoglycoside, tetracycline
and ciprofloxacin was found [105]. In B. fragilis, multiple antibiotic resistance was
induced by a 2.7-fold–6-fold increase of six efflux pumps [299]. In an E. coli strain,
an unstable resistance to tobramycin was detected after low-level exposure to CHG
for up to 24 h [408]. In a food isolate of S. Virchow, an increased resistance to
tetracycline was described after exposure to CHG for six passages at variable
concentrations [46]. In Trinidad, 11 of 120 CHG solutions were found to be con-
taminated with Pseudomonas spp., with resistance rates to ciprofloxacin of 58.3%,
to norfloxacin of 50.0%, to tobramycin of 45.8% and to gentamicin with 41.7%
[117]. In a CHG-resistant P. stutzeri isolate, a cross-resistance to polymyxin and
gentamicin was found [373]. And in 6 P. stutzeri strains, cross-resistance to
ampicillin (5 strains), polymyxin (4 strains), erythromycin (3 strains), nalidixic acid
and gentamicin (2 strains) was found after low-level exposure to CHG for 6 w but
no transfer of resistance [372].
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And it is also remarkable that the highest median MIC values for CHG were
reported in XDR K. pneumoniae, especially since in 2014 a multidrug efflux pump
was detected in K. pneumoniae which can eliminate a variety of antibiotics and
biocidal agents out of the bacterial cell [355]. kpnEF is one SMR-type efflux pump
in K. pneumoniae which is directly involved in capsule formation causing hyper-
mucoviscosity [354]. In addition, it may cause resistance to some antibiotics such as
cefepime, ceftriaxone, colistin, erythromycin, rifampin, tetracycline and strepto-
mycin, and some biocidal agents such as benzalkonium chloride, chlorhexidine and
triclosan [354]. A correlation was described in 27 carbapenem-resistant clinical K.
pneumoniae isolates between the presence of drug resistance genes (qacA, qacDE,
qacE and acrA) and a higher tolerance to killing or growth inhibition by disin-
fectants including chlorhexidine acetate [132]. In Japan, an outbreak of seven cases
of catheter-associated urinary tract infection caused by multiresistant P. aeruginosa
was analysed. The outbreak strain was resistant to CHG and at the same time
resistant to 25 of 27 tested antibiotics, whereas a CHG-resistant ATCC strain did
not show a resistance to the antibiotics [334]. An analysis of 148 E. coli isolates
from clinical lesions showed that 12.8% were classified as resistant to CHG
(MIC � 5 mg/l), and they were also multiple drug-resistant and multiple
metal-resistant [270]. Exposure of Burkholderia spp. to 0.005% CHG for 5 min
resulted in a significant reduction of susceptibility to ceftazidime, ciprofloxacin and
imipenem in two of four experiments although a clinical interpretation was not
possible for the authors [183].

Cross-resistance has also been described in Gram-positive species. When
healthcare workers used a soap based on 2% CHG they had a relative risk of 1.9 to
be colonized on their hand with a S. epidermidis resistant to oxacillin and 1.5 for
resistance to gentamicin. In S. warneri, the relative risk for rifampicin resistance
was even 7.2 [70]. An analysis of 301 S. aureus isolates from three African
countries showed a significant association between specific resistance genes for
biocidal agents (sepA, mepA, norA, lmrS, qacAB, smr) and resistance to antibiotics
[67]. Recent data show that exposure of vancomycin-resistant E. faecium to CHG
for only 15 min up-regulates the vanA-type vancomycin resistance gene (vanHAX)
and genes associated with reduced daptomycin susceptibility (liaXYZ) [37]. In
another VRE strain, a subpopulation with reduced daptomycin susceptibility
including significant alterations in membrane phospholipids was detected after 21 d
of CHG exposure at various concentrations [36]. In another study, 120 clinical
MRSA isolates were exposed to various concentrations of CHG (range: 2.5–
40 mg/ml) which was allowed to dry in a glass bottle. Possible changes in the
susceptibility to eight antibiotics (ampicillin, tetracycline, vancomycin, gentamicin,
oxacillin, cefotaxime, cefuroxime and ciprofloxacin) were determined. MICs of
cefotaxime, vancomycin, gentamicin, cefuroxime and oxacillin increased in
EMRSA-16 following 48 h of residue drying. There were also increases in the
MICs of all tested antibiotics for the NCTC 6571, a S. aureus susceptible strain,
following exposure to chlorhexidine residues that had been drying for 48 h
(compared with the MICs for the strain before exposure). The increases in the MICs
of all tested antibiotics for the susceptible control S. aureus strain following
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exposure to surface dried chlorhexidine residues are of interest as it suggests that
the use of chlorhexidine in the hospital environment may be linked to increased
resistance to antibiotics in previously susceptible strains [397]. An analysis of 247
nosocomial S. aureus isolates revealed that smr-positive S. aureus isolates (44.0%)
were more often resistant to methicillin, ciprofloxacin and/or clindamycin [243].
The isolates positive for qacA/B (33.6%) had more often a vancomycin MIC of
� 2 mg/l [243]. An analysis of multiresistance plasmids found in 280 staphylo-
coccal isolates from diverse geographical regions from the 1940s to the 2000 s
suggested that enormous selective pressure has optimized the content of certain
plasmids despite their large size and complex organization [404]. In 1,632 clinical
S. aureus isolates, a correlation of susceptibility profiles of at least 0.4 was found to
CHG and ciprofloxacin [281]. An analysis of 1,632 human clinical S. aureus iso-
lates from different geographical regions shows that a MIC value > 2 for CHG is
associated with multidrug antibiotic resistance in S. aureus [65]. Finally, various
changes of antibiotic susceptibility were described in 14 clinical isolates of S.
aureus after CHG exposure over 14 d at various sublethal concentrations: a 4-fold
to 512-fold increase of tetracycline MIC in all isolates, a 16-fold to 512-fold
increase of amikacin MIC in 11 isolates, a 8-fold to 64-fold increase of cefepime
MIC in 11 isolates, a 4-fold to 64-fold increase of ciprofloxacin MIC in 10 isolates,
a 8-fold to 64-fold increase of meropenem MIC in nine isolates and a 4-fold to
512-fold increase of gentamicin MIC in eight isolates [415].

In B. subtilis, CHG did not increase the transfer of the mobile genetic element
Tn916, a conjugative transposon [332]. But in E. coli, horizontal gene transfer
(sulphonamide resistance by conjugation) was induced by low-level exposure to
24.4 mg/l CHG for only 3 h [163].

13.8 Role of Biofilm

13.8.1 Effect on Biofilm Development

The majority of studies indicate that 0.0002–0.2% CHG can significantly inhibit
biofilm formation of C. albicans, E. faecalis, E. coli, S. aureus, S. mutans and
mixed-species biofilms. Few studies with S. enteritidis and S. mutans, however,
suggest no significant biofilm formation inhibition by CHG (Table 13.15). One
other study shows that chlorhexidine at 0.12% in a solution with or without 11.6%
ethanol used as a mouth rinse for 4 days had also some preventive effect on sub-
gingival biofilm formation [328]. Medically relevant concentrations of CHG were
tested on single cells in an E. coli biofilm, and adhesion to the biofilm increased
with exposure to 1% CHG, but not for the lower concentrations tested [310].

Low-level CHG exposure enhanced biofilm formation in K. pneumoniae, S.
marcescens and S. epidermidis, and adherence to polyethylene was increased in S.
marcescens. Biofilm formation was decreased in B. cepacia (Table 13.12).
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13.8.2 Effect on Biofilm Removal

Overall, 0.015–4% CHG has mostly poor biofilm removal activity as shown with B.
cenocepacia, C. albicans, P. aeruginosa, S. aureus, S. epidermidis and
mixed-species biofilms. Only single-species S. mutans biofilm was removed by 80–
97% by a 5-min treatment with a 0.12% CHG product (Table 13.16). In addition,
when an E. faecalis biofilm attached to dentin (5-day incubation) was irrigated for
3 min with 2% CHG, the biovolume was only marginally removed from 63.5 to
61.6 mm3 [14].

Table 13.16 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
products or solutions based on CHG

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

B. cenocepacia LMG 18828, 4 h
adhesion and 20-h incubation in
polystyrene microtitre plates

0.05% (S) 15 min 25% [289]

0.015% (S) 5%

C. albicans ATCC 90028, 24-h
incubation on acrylic resin
specimens

4% (P) 10 min No significant
reduction

[75]

P. aeruginosa ATCC 700928,
24-h incubation in microplates

1% (S) 60 min 0% [383]

P. aeruginosa environmental
strain SG81, 44-h incubation in
polystyrene microtitre plates

0.1% (S) 30 min No significant
reduction

[151]

P. aeruginosa environmental
strain SG81, 44-h incubation on
silicone swatches

0.1% (S) 30 min No significant
reduction

[151]

S. aureus ATCC 6538, 72-h
incubation in microplates

1% (S) 60 min 0% [383]

S. epidermidis ATCC 35984,
24-h incubation in a glass
capillary reactor

0.1% (S) 15 min 21% [48]

S. mutans (ATCC 35688 and 7
oral cavity strains), 48-h
incubation on sterile discs in
microtitre plates

0.12% (P) 5 min 80%–97% [291]

Mixed species: root canals from
human mandibular premolars

2% (S) 1 min No biofilm
removal

[64]

Mixed species (A. naeslundii, L.
salivarius, S. mutans and E.
faecalis), 3-w incubation on
sterile dentin blocks

2% (S) 7 d “partial
disruption”

[59]

Mixed species from dental
plaques, 21-d incubation on
large-grit, acid-etched
(SLA) titanium implants

1% (P) 2 min No superior
effect to rinsing

[92]

(continued)
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Table 13.16 (continued)

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

Mixed-species biofilm (A.
naeslundii and S. oralis),
incubated for 2 h on titanium

0.2% (P) 10 min 40% [399]

Mixed-species biofilm from fresh
human saliva incubated for 16 h
on titanium

0.2% (P) 10 min 40% [399]

Mixed-species biofilm (A.
naeslundii and S. oralis),
incubated for 16 h on titanium

0.2% (P) 10 min 65% [399]

Mixed species in a natural
biofilm from dental unit
waterlines

0.2% (S) 2 d “no effective
biofilm
removal”

[215]

Mixed-species biofilm (S. oralis
ATCC 10557, S. gordonii ATCC
10558, A. naeslundii ATCC
19039), 20-h incubation in a
biofilm capillary reactor

0.12% (P) 20 min No evidence for
removal or
detachment

[369]

Mixed-species biofilm: S. oralis
(ATCC 10557), S. gordonii
(ATCC 10558) and A. naeslundii
(ATCC 19039), 20-h incubation
in a biofilm capillary reactor

0.12% (S) 1 h No removal [72]

Mixed species in a natural
biofilm on dentures worn for 5–
10 y

0.12% (S) 20 min over
21 d in
addition to
brushing

Significantly
less denture
coverage with
biofilm

[80]

Mixed species (S. gordonii
ATCC 10558, P. gingivalis
ATCC 33277, T. forsythia
ATCC 43037, F. nucleatum
ATCC 25586, A. naeslundii
ATCC 12104, and P. micra
ATCC 33270), 4-d incubation in
96-well plates

0.1% 1 h No biofilm
removal

[162]

P commercial product; S solution

13.8.3 Effect on Biofilm Fixation

No studies were found on the effect of CHG on biofilm fixation. But 0.2% CHG
leads to a contraction of a mixed mature oral biofilm of 1.176 µm per min along the
z axis and affects viability profiles through the biofilm after a delay of 3–5 min.
0.05% CHG exhibited barely detectable changes after 5 min in total fluorescence
measurements indicating little change of viability [149]. Medically relevant con-
centrations of CHG were tested on single cells in an E. coli biofilm, and cells
exposed to 1 and 0.1% CHG more than doubled in stiffness, while those exposed to
0.01% showed no change in elasticity [310].
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13.9 Summary

The principal antimicrobial activity of CHG is summarized in Table 13.17.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 13.18.

Table 13.17 Overview on the typical exposure times required for CHG to achieve sufficient
biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Most species except Enterococcus spp. 4% 3–5 mina

Most species except E. faecium, MRSA and S.
epidermidis

2% 5 mina

Fungi C. albicans 2% 30 min

Most other fungi except A. fumigates 2% 30 min

Mycobacteria Poor against most mycobacteria except M.
smegmatis (4%, 1 min)

4% >2 h

ain biofilm the bactericidal activity will be lower

Table 13.18 Key findings on acquired CHG resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

B. subtilis, E. faecalis, K. pneumoniae,
Proteus spp.

� 10,000 mg/l

P. aeruginosa � 5,000 mg/l

L. monocytogenes, E. faecium, S. aureus � 2,500 mg/l

Streptococcus spp. � 2,000 mg/l

S. marcescens � 1,024 mg/l

Acinetobacter spp., Citrobacter spp.,
Enterobacter spp.

� 1,000 mg/l

B. cepacia � 700 mg/l

Achromobacter spp. � 500 mg/l

E. coli � 312 mg/l

A. baumannii � 256 mg/l

E. cloacae � 150 mg/l

Salmonella spp. � 100 mg/l

Coagulase-negative Staphylococcus spp. � 62 mg/l

Proposed MIC
value to determine
resistance

C. albicans 16 mg/l

Enterobacter spp. 16 mg/l

E. faecium 32 mg/l

E. faecalis 64 mg/l

E. coli 64 mg/l

K. pneumoniae 64 mg/l

Salmonella spp. 32 mg/l

S. aureus 8 mg/l
(continued)
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Table 13.18 (continued)

Parameter Species Findings

Cross-tolerance
biocides

E. coli, S. Virchow Cross-tolerance to triclosan

S. Tyhimurium Cross-tolerance to BAC

A. baylyi Cross-tolerance to hydrogen peroxide

P. aeruginosa No cross-tolerance to BAC

S. aureus No cross-tolerance to PHMB

Cross-tolerance
antibiotics

B. cepacia, Salmonella spp. and
Pseudomonas spp.

No general correlation between CHG
and antibiotic resistance

Alcaligenes spp., E. coli, S. marcescens, S.
aureus

General correlation between CHG and
antibiotic resistance

A. baumannii Some strains with cross-tolerance to
carbapenem, aminoglycoside,
tetracycline and ciprofloxacin

S. Virchow Some strains with cross-tolerance to
tetracycline

P. stutzeri Some strains with cross-tolerance to
ampicillin, polymyxin, erythromycin,
nalidixic acid and gentamicin.

Burkholderia spp. Some strains with cross-tolerance to
ceftazidime, ciprofloxacin and
imipenem

K. pneumoniae Some strains with cross-tolerance to
carbapenem or pan-resistance

S. aureus (MRSA) Some strains with cross-tolerance to
cefotaxime, vancomycin, gentamicin,
cefuroxime and oxacillin.

S. aureus (smr positive) Some strains with cross-tolerance to
methicillin, ciprofloxacin, and/or
clindamycin

S. aureus Some strains with cross-tolerance to
ciprofloxacin, tetracycline, gentamicin,
amikacin, cefepime or meropenem
after low-level exposure

Resistance
mechanisms

S. aureus, MRSA qacA/B and smr (qacC) resistance
gene

A. baumannii, K. oxytoca, K. pneumoniae qacE resistance gene

P. stutzeri, D. acidovorans Cell membrane changes

A. baumannii, Campylobacter spp., C.
indologenes, E. faecalis, E. faecium, K.
pneumoniae, P. aeruginosa, S. marcescens

Efflux pumps

B. cenocepacia, S. aureus Plasmids

A. xylosoxidans, B. cepacia, P. mirabilis,
P. pickettii, S. marscescens, S. aureus
(MRSA), S. epidermidis and S. haemolyticus
(MRSH)

Contaminated CHG solutions or
products (up to 2.5% CHG) resulting
in clinical infections such as
ventriculitis, cerebrospinal infections,
pseudobacteremia, blood stream
infections, fulminant sepsis,
ventilator-associated respiratory tract
infection, urinary tract infections,
recurrent cutaneous abscess and joint
or wound infections

(continued)
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Table 13.18 (continued)

Parameter Species Findings

Effect of
low-level
exposure

A. baumannii, A. hydrophila, B. cereus, C.
coli, C. jejuni, C. indologenes, Citrobacter
spp., C. xerosis, C. sakazakii, E.
saccharolyticus, E. coli, Eubacterium spp.,
K. pneumoniae, M. phyllosphaerae, M.
luteus, M. osloensis, P. aeruginosa,
P. nitroreductans, P. putida,
Pseudoxanthomonas spp., S. multivorum, S.
aureus, S. capitis, S. caprae, S. cohnii, S.
epidermidis, S. haemolyticus, S. hominis, S.
kloosii, S. lugdenensis, S. saprophyticus, S.
warneri, S. mutans

No MIC increase

A. xylosoxidans, A. jandaei, B. cereus, C.
albicans, Chrysobacterium spp., C.
pseudogenitalum, C. renale group, E.
cloacae, Enterobacter spp., E. casseliflavus,
E. faecalis, E. faecium, E. coli, H.
gallinarum, K. pneumoniae, M. luteus,
P. aeruginosa, S. Typhimurium, Serratia
spp., S. aureus, S. capitis, S. haemolyticus, S.
lugdenensis, S. warneri, S. maltophilia

Weak MIC increase (� 4-fold)

B. cepacia, E. faecalis, E. coli, S. enteritidis,
S. Typhimurium

Strong (>4-fold) but unstable MIC
increase

E. coli, K. pneumoniae, P. aeruginosa, S.
Virchow, Salmonella spp., S. marcescens, S.
aureus, S. maltophilia

Strong and stable MIC increase

A. baylyi, A. proteolyticus, E. coli,
Pseudomonas spp., Ralstonia spp., S.
marcescens, S. aureus

Strong MIC increase (unknown
stability)

E. coli (� 500-fold) Strongest MIC change after low-level
exposureSalmonella spp. (� 200-fold)

S. marcescens (� 128-fold)

P. aeruginosa (� 32-fold)

A. proteolyticus, K. pneumoniae,
Pseudomonas spp., S. aureus (� 16-fold)

S. marcescens (2,048 mg/l) Highest MIC values after low-level
exposureP. aeruginosa (1,024 mg/l)

Salmonella spp. (>1,000 mg/l)

B. cepacia complex (700 mg/l)

K. pneumoniae (>512 mg/l)

E. coli (500 mg/l)

A. proteolyticus (125 mg/l)

S. maltophilia (62.5 mg/l)

A. xylosoxidans, C. indologenes, C. renale
group, Eubacterium spp (31.2 mg/l)

(continued)
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Table 13.18 (continued)

Parameter Species Findings

B. fragilis, B. cepacia complex Up-regulation of efflux pump genes

K. pneumoniae, S. marcescens, S.
epidermidis

Enhanced biofilm formation

B. cepacia Decrease of biofilm formation

E. faecium (vanA) � 10-fold increase of vanHAX
encoding VanA-type vancomycin
resistance

E. coli Induction of horizontal gene transfer
(sulphonamide resistance by
conjugation)

B. subtilis No increase of transfer of the mobile
genetic element Tn916, a conjugative
transposon

Biofilm Development Inhibition of biofilm formation of C.
albicans, E. faecalis, E. coli, S.
aureus, S. mutans and mixed-species
biofilms

No significant biofilm formation
inhibition by CHG in S. enteritidis and
S. mutans

Removal Mostly poor

Fixation Unknown; CHG can contract biofilm.
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14Octenidine Dihydrochloride

14.1 Chemical Characterization

Octenidine dihydrochloride (OCT) is a non-volatile, cationic surfactant which is
able to lower the surface tension of the water. This is achieved by the fact that a
hydrophilic end and a hydrophobic end are present in the molecule. In a pH range
of 1.6–12.2, OCT is stable [42]. In the molecule, OCT has two cationic centres that
do not interact with each other [42]. The basic chemical information on OCT is
summarized in Table 14.1.

OCT has little effect on free available chlorine, e.g. from sodium hypochlorite,
and can be used concurrently with sodium hypochlorite solutions for irrigation [51].
It can react with povidone iodine which releases iodine radicals resulting in a tissue
irritation and a brown-to-violet discoloration [42, 83, 84]. OCT may also precipitate
in the presence of sorbic acid, benzoic acid or parabens, all used as preservatives in
cremes [55].

A related compound is octenidine (CAS number: 71251-02-0) with a molecular
weight of 550.92 and the following molecular formula: C36H62N4 [59].

14.2 Types of Application

OCT is found at 1% in antimicrobial washing lotions [76] and at 0.1% in
alcohol-based hand rubs [20, 42, 66], mouth rinses [9] and skin disinfectants [14, 39,
54], and in an unknown concentration in a nasal ointment [65]. It is also used for the
antisepsis of wounds (e.g. at 0.05%) or mucous membranes [6, 23, 37]. Specifically,
the combination of 0.1% OCT with 2% phenoxyethanol has been found to be suit-
able for acute, contaminated, traumatic wounds, including MRSA-colonized wounds.
For chronic wounds, preparations with 0.05% OCT are preferable [50]. For the
decolonization of wounds colonized or infected with multidrug-resistant
micro-organisms, the combination of 0.1% OCT with 2% phenoxyethanol is
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preferred [50]. The same combination has also been used for decolonization of
MRSA from human skin [73]. OCT at 11 µg/cm has also been evaluated and pro-
posed for antimicrobial coating of sutures [62]. Antimicrobial coating of tracheotomy
tubes with OCT, however, is currently limited due to poor adhesive properties
resulting in quick vanishing of OCT after reprocessing the tubes [89].

14.2.1 European Medicines Agency (European Union)

A total of 86 medicinal products with a national authorization containing OCT were
listed in 2017 by the European Medicines Agency [28]. It was also included in 2011
as a pharmacologically active substance for skin and mucosal disinfection and
short-term supportive antiseptic wound treatment in all mammalian food producing
species [26]. In the paediatric population from 2 months to less than 18 years of
age, the efficacy of OCT will be studied for skin antisepsis (cutaneous application)
[27]. And in 2010, orphan designation was granted by the European Commission
for OCT for the prevention of late-onset sepsis in premature infants of less than or
equal to 32 weeks of gestational age [25].

14.2.2 Environmental Protection Agency (USA)

No public information was found on an evaluation of OCT by the EPA.

14.2.3 Food and Drug Administration (USA)

No public information was found on an evaluation of OCT by the FDA.

14.2.4 Overall Environmental Impact

No public information was found that may allow assessing the overall environ-
mental of OCT.

Table 14.1 Basic chemical information on OCT [60]

CAS number 70775-75-6

IUPAC name N-octyl-1-[10-(4-octyliminopyridin-1-yl)decyl]pyridin-4-imine
dihydrochloride

Synonyms Octenidine hydrochloride; N,N’-[Decane-1,10-diyldi-1(4H)-
pyridyl-4-ylidene]bis(octylammonium) dichloride

Molecular formula C36H64Cl2N4

Molecular weight
(g/mol)

623.83
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14.3 Spectrum of Antimicrobial Activity

14.3.1 Bactericidal Activity

14.3.1.1 Bacteriostatic Activity (MIC Values)
The majority of bacterial species such as E. faecalis (4–16 mg/l), E. coli (0.25–
8 mg/l), P. aeruginosa (1–8 mg/l), S. aureus (0.25–9.3 mg/l) and S. pneumoniae
(8–32 mg/l) have low MIC value for OCT (� 20 mg/l) indicating susceptible
isolates or strains. Only few oral cavity species were less susceptible such as S.
mutans (� 120 mg/l) and S. salivarius (� 800 mg/l; Table 14.2). Overall, it is
important to know that with OCT the result of MIC testing depends to some extent
on the media composition and plate material showing the need to standardize
biocide susceptibility testing [10].

14.3.1.2 Bactericidal Activity (Suspension Tests)
OCT (0.1%), often in combination with 2% phenoxyethanol, has a broad bacteri-
cidal activity within 1 min. At 0.01%, an exposure time of 5 min still reveals
sufficient bactericidal activity against A. baumannii, B. afzelii, B. burgdorferi, B.
garinii, E. cloacae, E. coli, K. pneumoniae, P. aeruginosa and S. aureus
(Table 14.3).

Few studies indicate a bactericidal activity of OCT (MBC values) within 10 min
at concentrations between 5 (E. coli) and 27 mg/l (P. aeruginosa; Table 14.4).

The bactericidal efficacy of OCT is significantly reduced in the presence of
0.75% albumin [45] or by selected wound dressings as shown with S. aureus [40].
It has been described to be independent of the pH values between 5 and 9 [86]. The
efficacy of OCT at 0.004% and 0.008% may be significantly affected when the
bacterial cells of S. aureus or P. aeruginosa used for the suspension test are grown
on agar instead of broth, a difference that cannot be found at higher OCT con-
centrations [11].

In a proposed test to determine the efficacy of wound antiseptics (which is
similar to a carrier test), 0.05% and 0.1% OCT showed sufficient bactericidal
activity within 10 h with and without organic load [69]. On cattle hides, OCT at
0.05, 0.15 and 0.25%, each in 95% ethanol, was able to reduce five isolates of
E. coli O157:H7, Salmonella spp. and L. monocytogenes by at least 5.0 log within
2 min, whereas 95% ethanol alone revealed only 1.5 log [8].

14.3.1.3 Activity Against Bacteria in Biofilm
OCT (0.1%) has good bactericidal activity in 30 min (� 4.0 log) against A.
viscosus, P. aeruginosa and S. aureus, but other species are less susceptible in
biofilms (E. faecalis, S. mutans), especially mixed-species biofilms. Higher concen-
trations reveal a stronger bactericidal effect against selected bacterial species such as
A. baumannii (e.g. 0.3% in 60 min) or S. aureus (e.g. 3.1% in 5 min; Table 14.5).

The findings in Table 14.5 are supported by other studies. MIC values of S.
aureus, S. epidermidis and E. coli were 8-fold to 16-fold higher in biofilm-grown
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Table 14.2 MIC values of various bacterial species to OCT

Species Strains/isolates MIC value
(mg/l)

References

A. baumannii JCM 6841 13 [88]

A. viscosus ATCC 15987 20 [82]

B. cepacia JCM 5964 16 [88]

C. perfringens ATCC 13124 1 [47]

Enterobacter
spp.

1 strain from intraoperative metal orthopaedic
components and a bone sequester

0.5 [7]

E. faecalis ATCC 29212 4 [47]

E. faecalis ATCC 29212 16 [88]

E. hirae ATCC 10541 11 [88]

Enterococcus
spp.

Clinical VRE isolate 4 [47]

E. coli NCTC 10418 0.25–4a [10]

E. coli 1 strain from intraoperative metal orthopaedic
components and a bone sequester

1 [7]

E. coli ATCC 35218 2 [47]

E. coli ATCC 25922 4 [88]

E. coli 6 clinical ESBL isolates 4–8 [33]

H. influenzae ATCC 49247 1 [47]

K. pneumoniae DSM 16609 and 3 clinical ESBL isolates 4–8 [33]

L. acidophilus ATCC 4356 10 [82]

L. lactis 1 strain 3 [21]

L. rhamnosus ATCC 7469 10 [82]

P. aeruginosa NCTC 13359 1–8a [10]

P. aeruginosa ATCC 15442 2–8 [47]

P. aeruginosa ATCC 27853 8 [88]

S. aureus ATCC 6538 0.25–2a [10]

S. aureus 3 strains from intraoperative metal orthopaedic
components and a bone sequester

0.5 [7]

S. aureus Clinical MRSA isolate 1 [47]

S. aureus ATCC 6538 2 [47]

S. aureus ATCC 6538 2 [88]

S. aureus 100 clinical isolates (76 MRSA, 24 MSSA) 2–4 [1]

S. aureus ATCC 700698 9.3 [88]

S. epidermidis 1 strain from intraoperative metal orthopaedic
components and a bone sequester

1 [7]

S. epidermidis ATCC 12228 8 [88]

S. mutans ATCC 27351 100 [21]

S. mutans ATCC 25175 120 [82]

S. pneumoniae ATCC 49619 8–32 [47]

S. salivarius ATCC 25975 800 [21]
aDepending on the media composition and plate material
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Table 14.3 Bactericidal activity of OCT in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. baumannii 5 clinical 3MRGN or
4MRGN strains

1 min 0.01% (S) >5.0 [2]

B. afzelii ATCC 51567 1 min 0.1% (S) >7.0 [80]

5 min 0.01% (S)

10 min 0.005% (S)

B. burgdorferi ATCC 35210 1 min 0.1% (S) >7.0 [80]

5 min 0.01% (S)

60 min 0.005% (S)

B. garinii ATCC 51383 1 min 0.1% (S) >7.0 [80]

5 min 0.01% (S)

5 min 0.005% (S)

E. cloacae 5 clinical 3MRGN or
4MRGN strains

1 min 0.01% (S) >5.0 [2]

E. faecalis ATCC 29212 15 s 0.1%a (P) � 5.0 [79]

E. faecium ATCC 6057 30 s 0.1%a (P) � 6.5 [64]

E. coli NCTC 10536 30 s 0.1%a (P) 4.0–6.3b [64]

1 min � 5.6

E. coli Clinical ESBL isolate 1 min 0.08% (S) � 5.6 [33]

0.05% (S) � 5.6

0.025% (S) 5.0

E. coli 5 clinical 3MRGN or
4MRGN strains

1 min 0.01% (S) >5.0 [2]

E. coli ATCC 11229 30 min 0.00225% (P) � 3.0 [56]

K. pneumoniae DSM 16609 1 min 0.08% (S) � 6.3 [33]

0.05% (S) � 6.3

0.025% (S) 4.9

K. pneumoniae Clinical ESBL isolate 1 min 0.08% (S) � 6.5 [33]

0.05% (S) � 6.5

0.025% (S) 3.5

K. pneumoniae 5 clinical 3MRGN or
4MRGN strains

1 min 0.01% (S) >5.0 [2]

L.
monocytogenes

ATCC 19115 1 min 0.3125% (S) 6.8 [3]

1 min 0.0625% (S) 4.3

2 min 5.8

6.85 min

P. aeruginosa ATCC 15442 30 s 0.1%a (P) 4.2–7.1b [64]

1 min

P. aeruginosa 5 clinical 3MRGN or
4MRGN strains

1 min 0.01% (S) >5.0 [2]

(continued)
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cells compared to planktonic cells, but not cells of Enterobacter spp. [7]. In
addition, 0.05–0.1% OCT showed a moderate inhibition effect (94%) on the
metabolic activity in a MRSA biofilm. The efficacy began after 15 s and did not
depend on the applied exposure time (15 s–20 min) or the concentration [35].

14.3.1.4 Bactericidal Activity of Mouth Rinse Solution
In the oral cavity, an antiseptic mouth rinse based on OCT was equally effective
against three oral pathogens (S. mutans, F. nucleatum, C. albicans) compared to the
positive control based on 0.2% CHG [67]. In another study, the salivary bacterial
count was reduced by a 1-min mouth rinse with OCT at 0.1, 0.15 and 0.2% by 3.7,
3.7 and 4.2 log, respectively. A similar effect was seen on day 4 after the same type

Table 14.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. aeruginosa ATCC 15442 1 min 0.005% (S) 5.0 [47]

5 min 0.0025% (S) 5.2

10 min 0.001% (S) 5.2

S. aureus ATCC 29213 15 s 0.1%a (P) � 5.0 [79]

S. aureus ATCC 6538 30 s 0.1%a (P) � 6.1 [64]

S. aureus 8 strains from clinical
materials (6 MRSA, 2
MSSA)

30 s 0.1%a (P) >6.0 [16]

0.01% (S)

S. aureus ATCC 6538 30 min 0.00175% (P) � 3.0 [56]

S. aureus ATCC 6538 1 min 0.001% (S) 5.4 [47]

10 min 0.0005% (S) 5.2

6 h 0.0001% (S) 5.8

Mixed
anaerobic
species

A.
actinomycetemcomitans
ATCC 43718, A. viscosus
DSMZ 43798, F.
nucleatum ATCC 10953,
P. gingivalis ATCC
33277, V. atypica ATCC
17744 and S. gordonii
ATCC 33399

30 s 0.1%a (P) >8.0 [19]

S solution; P commercial product; aplus 2% phenoxyethanol; bdepending on the type of organic
load

Table 14.4 MBC values of various bacterial species to OCT (10-min exposure)

Species Strains/isolates MBC value (mg/l) References

E. coli ATCC 25922 5 [88]

P. aeruginosa ATCC 27853 27 [88]

S. aureus ATCC 6538 12 [88]
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of treatment [53]. A 30-s application of a mouth rinse based on 0.1% OCT plus 2%
phenoxyethanol revealed a reduction of bacterial load in saliva of 2.8 log (imme-
diate effect). After 60 min, the mean CFU was still 1.8 log below baseline [63].
A strong bactericidal efficacy was also found in other studies with a 30-s or 2-min
rinse using the same commercial solution [22, 48] or a solution based on 0.1% OCT
alone [36, 85].

14.3.1.5 Bactericidal Activity on Skin
The data on the efficacy of OCT against bacteria on skin are variable. One study
suggests a quite good bactericidal activity in 15 min even at 0.00012% OCT
especially against various Gram-negative species. But all other studies show that
0.1% OCT has moderate bactericidal activity within 2 h (0.2–3.6 log; Table 14.6).
For skin antisepsis during dressing changes around central venous catheter insertion
sites among bone marrow transplant patients OCT (0.1%) in combination with 2%
phenoxyethanol resulted in a continuous and substantial decline of bacterial density,
most cultures were negative 2 weeks after insertion [77].

14.3.1.6 Bactericidal Activity in Other Applications
Against four strains of L. monocytogenes, S. enterica and E. coli, OCT (0.05% and
0.1%) washes on contaminated cantaloupe rinds reduced the bacterial load by >5.0
log within 3 min and below the level of detection within 5 min [81]. On porcine
vaginal mucosa, OCT at 0.1% was able to reduce an artificial contamination of
MRSA by approximately 1.8 log (15 min) to 5.2 log (24 h) [5].

14.3.2 Fungicidal Activity

14.3.2.1 Fungistatic Activity (MIC Values)
Table 14.7 shows that various fungal species were described with low OCTMIC values
(0.4–6.7 mg/l) indicating susceptibility to the biocidal agent to the different yeasts.

14.3.2.2 Fungicidal Activity (Suspension Tests)
OCT (0.1%) in combination with 2% phenoxyethanol was mostly effective against
C. albicans within 30 s although different types of organic load may substantially
reduce the yeasticidal activity (Table 14.8). In S. cerevisiae, it was shown that OCT
adheres fast and strongly to the cell surfaces [49]. At a concentration of 0.0002%,
OCT permeabilizes the cells of S. cerevisiae in 3 min, longer exposure times
resulted in full permeabilization [49].

14.3.2.3 Activity Against Yeasts in Biofilm
The yeasticidal activity of 0.1% OCT is variable depending on the type of biofilm.
It may be effective and may completely eliminate C. albicans cells in 10 s on
cellulose nitrate membranes, and it may also show only a 1.4 log reduction after
5 min in single-rooted teeth canals (Table 14.9).
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Table 14.6 Efficacy of OCT against bacteria on skin

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

E. coli Strain Vogel 15 min 0.00012% (S) 6.1 [70]

0.00009% (S) 2.1

0.00003% (S) 1.1

K.
pneumoniae

Strain SWRI no. 87 15 min 0.00012% (S) 5.0 [70]

0.00009% (S) 4.8

0.00003% (S) 1.3

P. mirabilis Strain MGH-1 15 min 0.00012% (S) 6.2 [70]

0.00009% (S) 2.9

0.00003% (S) 1.2

P. aeruginosa ATCC 15442 2 h 0.1%a (S) 0.3 [57]

4 h 1.3

24 h 2.6

P. aeruginosa ATCC 9027 15 min 0.00012% (S) 5.8 [70]

0.00009% (S) 3.4

0.00003% (S) 2.3

S. marcescens ATCC 8195 15 min 0.00012% (S) 5.8 [70]

0.00009% (S) 4.6

0.00003% (S) 2.3

S. aureus ATCC 6538 2 h 0.1%a (S) 3.6 [57]

4 h 4.2

24 h � 5.6

S. aureus ATCC 6538 15 min 0.00012% (S) 5.0 [70]

0.00009% (S) 3.8

0.00003% (S) 1.6

S. epidermidis ATCC 14990 (1,000 cells per cm2; 1 min
application)

1 min 0.1% (P) 0.1 [14]

10 min 0.6

2 h 0.9

TCC 14990 (1,000,000 cells per cm2; 1 min
application)

1 min 0.1

10 min 0.3

2 h 0.2

ATCC 14990 (1,000,000 cells per cm2;
10 min application)

1 min 0.7

10 min 1.5

2 h 1.1

S. epidermidis ATCC 17917 15 min 0.00012% (S) 5.0 [70]

0.00009% (S) 5.2

0.00003% (S) 3.2

S. pyogenes ATCC 12384 15 min 0.00012% (S) 5.1 [70]

0.00009% (S) 5.6

0.00003% (S) 2.2

Mixed
species

Resident skin flora 3 min 1.6% (S) 1.6 [70]

0.8% (S) 1.5

0.4% (S) 1.3

0.2% (S) 1.0

P commercial product; S solution; aexposed for 15 min to reconstructed human epidermis
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Table 14.7 MIC values of various fungal species to OCT

Species Strains/isolates MIC value (mg/l) References

C. albicans ATCC 10231 0.8 [61]

C. albicans ATCC 10231 1 [47]

C. albicans KCCC 14172 1.5 [31]

C. albicans ATCC 10231 3 [31]

C. albicans ATCC 10231 6.7 [88]

C. pseudotropicalis KCCC 13709 1.5 [31]

C. tropicalis KCCC 13622 3 [31]

C. neoformans ATCC 90112 0.4 [61]

S. cerevisae NCYC 975 1.5–3 [30]

Table 14.8 Fungicidal activity of OCT in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

C.
albicans

ATCC 10231 15 s 0.1%a (P) � 5.0 [79]

C.
albicans

ATCC 10231 30 s 0.1%a (P) 1.8–6.2b [64]

1 min 2.8–6.3b

10 min 3.6–6.3b

C.
albicans

ATCC 10231 1 min 0.0025% (S) 4.0 [47]

6 h 0.001% (S) 4.8

S solution; P commercial product; aplus 2% phenoxyethanol; bdepending on the type of organic
load

Table 14.9 Efficacy of OCT in against yeasts in biofilms

Species Strains/isolates Type of
biofilm

Exposure
time

Concentration log10
reduction

References

C.
albicans

ATCC
10231D-5

3-w
incubation on
pieces of
cellulose
nitrate
membranes

10 s 0.1% (P) “complete
elimination”

[32]

C.
albicans

ATCC 10231 3-w
incubation in
single-rooted
teeth canals

30 s 0.1%a (P) 1.0–1.2 [78]

1 min 1.3

5 min 1.4

C.
albicans

ATCC 90028 14-d
incubation in
canals of
single-rooted
human teeth

3 min 0.1%a (P) 4.0 [24]

P commercial product; aplus 2% phenoxyethanol
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14.3.2.4 Fungicidal Activity on Skin
On skin, OCT at 0.00012% was able to reduce C. albicans by >4.0 log within
15 min, whereas lower concentrations (0.00003% and 0.00009%) were less effec-
tive with 0.9 and 2.1 log, respectively [70].

14.3.3 Mycobactericidal Activity

A MIC value has only been described for M. smegmatis with 1 mg/l [29]. No
further public information was found.

14.4 Effect of Low-Level Exposure

Low-level exposure experiments were so far only published with S. aureus and
P. aeruginosa (Table 14.10). A weak adaptive response (� 4-fold MIC increase)
was observed in S. aureus, and a strong (>4-fold) and stable MIC increase was
found in P. aeruginosa.

The strongest MIC change was found in isolates of P. aeruginosa (� 32-fold)
resulting in a MICmax value of 128 mg/l. Cross-tolerance was described with CHG
and some antibiotics (gentamicin, colistin, amikacin, tobramycin) but not benza-
lkonium chloride.

14.5 Resistance to OCT

14.5.1 High MIC Values

High MIC values have so far only been reported for S. salivarius (� 800 mg/l),
P. aeruginosa (128 mg/l after low-level exposure) and S. mutans (� 120 mg/l).
The frequent use of OCT for decolonization has significantly increased S. aureus
MIC values from 0.49–0.56 to 0.86 (all mean) suggesting a correlation between its
use and an increased tolerance [38]. No other bacterial or fungal isolates have been
described with elevated MIC values suggesting tolerance to OCT.

14.5.2 Reduced Efficacy in Suspension Tests

So far no bacterial or fungal isolates have been described with reduced log
reductions in suspension tests suggesting resistance to OCT.
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14.5.3 Resistance Mechanisms

No specific resistance mechanisms explaining a reduced susceptibility to OCT have
been described so far.

14.5.4 Resistance Genes

No OCT resistance genes have been described so far.

14.6 Cross-Tolerance to Other Biocidal Agents

Cross-tolerance between OCT and chlorhexidine has been described in
P. aeruginosa after low-level exposure.

14.7 Cross-Tolerance to Antibiotics

Cross-tolerance between OCT and gentamicin, colistin, amikacin and tobramycin
has been described in a P. aeruginosa isolate. No other species with a
cross-tolerance have so far been described

14.8 Role of Biofilm

14.8.1 Effect on Biofilm Development

Biofilm formation of S. aureus strains can be suppressed by OCT at 0.31–0.62%
with an exposure time of 10 min resulting 0–25% biofilm formation compared to
no treatment. On materials used in the oral cavity, it requires at least 3% OCT to
partially inhibit biofilm formation over 7 d (Table 14.11). No data were found for
OCT in concentrations typically used in clinical medicine (e.g. 0.1%).

14.8.2 Effect on Biofilm Removal

Biofilm removal seems to be effective in 1 min by 0.1% OCT in combination with
2% phenoxyethanol using a 24 h S. aureus biofilm, whereas it requires 30 min to
be equally effective against a P. aeruginosa biofilm. A root canal biofilm was not
removed by 0.1% OCT in combination with 2% phenoxyethanol within 1 min.
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Table 14.11 Effect of OCT on biofilm development

Bacterial
species

Strains/isolates Type of
biofilm

Exposure
time

Type
of
product

Inhibition of
biofilm
formation

References

S. aureus ATCC 35556 24-h
incubation in
polystyrene
96-well
plates

2 min 1.25%
(S)

100% [4]

0.62%
(S)

85%

0.31%
(S)

25%

5 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

50%

10 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

75%

S. aureus VRSA, strain
VRS 8

24-h
incubation in
polystyrene
96-well
plates

2 min 1.25%
(S)

100% [4]

0.62%
(S)

85%

0.31%
(S)

25%

5 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

50%

10 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

80%

(continued)
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A vaginal biofilm was partially removed by a spray based on 0.1% OCT in com-
bination with 2% phenoxyethanol (Table 14.12.).

A high non-response rate on biofilm removal by daily spray application for bacterial
vaginosis and Gardnerella biofilm was accompanied by the persistence of the struc-
tured Gardnerella biofilm despite continuation of the antiseptic treatment [74].

Table 14.11 (continued)

Bacterial
species

Strains/isolates Type of
biofilm

Exposure
time

Type
of
product

Inhibition of
biofilm
formation

References

S. aureus MRSA, strain
NRS 123

24-h
incubation in
polystyrene
96-well
plates

2 min 1.25%
(S)

100% [4]

0.62%
(S)

85%

0.31%
(S)

25%

5 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

50%

10 min 1.25%
(S)

100%

0.62%
(S)

100%

0.31%
(S)

75%

Mixed
species

Mixed oral
flora

Oral cavity
exposure in
healthy
volunteers:
one control
resin without
OCT, one
with 3%
OCT and one
with 6%
OCT

3 d 6% Very few distinct
pellicle layer

[68]

3% Few small
microbial
aggregations

0% Established
biofilm
covering < 50%
of the surface

7 d 6% Distinct pellicle
layer

3% Few small
microbial
aggregations

0% Established
multilayer
biofilm
covering > 50%
of the surface
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14.8.3 Effect on Biofilm Fixation

No data were found to evaluate the potential of OCT on biofilm fixation.

14.9 Summary

The principal antimicrobial activity of OCT, often in combination with 2% phe-
noxyethanol, is summarized in Table 14.13.

The key findings on acquired resistance and cross-resistance including the role
of biofilm for selecting resistant isolates are summarized in Table 14.14.

Table 14.12 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
commercial products (P) based on OCT

Type of biofilm Concentration Exposure time Biofilm
removal rate

References

P. aeruginosa (14
clinical isolates and
ATCC 15445), 24-h
incubation in
polystyrene
microtitre plates

0.1%a (P) 1 min 0 of 15b [43]

15 min 7 of 15b

30 min 15 of 15b

S. aureus (14
clinical isolates and
ATCC 5638), 24-h
incubation in
polystyrene
microtitre plates

0.1%a (P) 1 min 15 of 15b [43]

15 min

30 min

Mixed species: root
canals from human
mandibular
premolars

0.1%a (P) 1 min None [15]

Mixed-species
biofilm: patients
with symptomatic
bacterial vaginosis
and Gardnerella
biofilm

0.1%a (P) Daily spray
application for 7 d

Biofilm
undetectable
in 21 of 24
patients
(87.5%)

[74]

Daily spray
application for 28
d in 14 patients
with relapse and 3
non-responsive
patients

Biofilm
undetectable
in 11 of 17
patients
(64.7%)

aPlus 2% phenoxyethanol; bbiofilm eradication rate
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Table 14.13 Overview on the typical exposure times required for OCT (often in combination
with 2% phenoxyethanol) to achieve sufficient biocidal activity against the different target
micro-organisms

Target micro-organisms Species Concentration Exposure time

Bacteria Most bacterial species 0.1%a 1 min

0.01%a 5 min

Yeasts Most yeasts 0.1%a,b 30 s

Mycobacteria Unknown
aIn biofilm, the efficacy will be lower; bhigh organic load impairs the yeasticidal activity

Table 14.14 Key findings on acquired OCT resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC values S. salivarius � 800 mg/l

P. aeruginosa � 128 mg/l

S. mutans � 120 mg/l

Proposed MIC value
to determine
resistance

Not proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

P. aeruginosa Chlorhexidine

Cross-tolerance
antibiotics

P. aeruginosa Gentamicin, colistin, amikacin and tobramycin

Resistance
mechanisms

Not described.

Effect of low-level
exposure

S. aureus No MIC increase

S. aureus Weak MIC increase (� 4-fold)

P. aeruginosa Strong and stable MIC increase (>4-fold)

P. aeruginosa
(� 32-fold)

Strongest MIC change after low-level exposure

P. aeruginosa
(128 mg/l)

Highest MIC values after low-level exposure

Biofilm Development Inhibition of biofilm formation of S. aureus
(� 0.31% OCT) and mixed biofilm (� 3% OCT)

Removal Strong removal (S. aureus, P. aeruginosa) in
30 min (0.1% OCT plus 2% phenoxyethanol)

Poor removal in mixed-species biofilms in 1 min
(0.1% OCT plus 2% phenoxyethanol)

Fixation Unknown
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15Silver

15.1 Chemical Characterization

Silver is a naturally occurring element and can be found in four oxidative states:
Ag0, Ag+, Ag++ and Ag+++. The two latter states produce complexes that are
insoluble or less antimicrobial than the former. The antimicrobial action of silver is
dependent upon the bioavailability of the silver ion (Ag+). Silver compounds ionize
in the presence of water, bodily fluids and other exudates [36]. Silver oxynitrate
(Ag7NO11) is another potential antimicrobial substance [74] but is not reviewed
here in detail.

The basic chemical information on silver and silver nitrate is summarized in
Table 15.1.

15.2 Types of Application

Silver is used as an antiseptic agent in various forms. Probably the earliest medical use
of silver was for water disinfection and storage [7]. The Romans included silver in their
official book of medicines and were known to have used silver nitrate [7]. In the 1880s,
the German obstetrician Carl Credé found that dilute solutions of silver nitrate reduced
the incidence of neonatal eye infections from 10.8% to less than 2% [7].

Silver is used today in a wide range of medical applications. Examples are the
use of silver preparations as topical cream in the treatment of burn wounds, in
dental amalgams, in preventative eye care and the use of silver-impregnated
polymers to prevent bacterial (biofilm) growth on medical devices such as catheters
and heart valves [139]. It is also used for antiseptic treatment of burns [109] and as
a (co-)disinfectant of water systems such as swimming pool water, hospital hot
water systems and potable water systems [93]. It is also considered for use in health

© Springer Nature Switzerland AG 2018
G. Kampf, Antiseptic Stewardship, https://doi.org/10.1007/978-3-319-98785-9_15

563

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98785-9_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98785-9_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98785-9_15&amp;domain=pdf


care for self-disinfecting surfaces although its impact on healthcare-associated
infections is unknown [165]. This substance is also used in articles, by professional
workers (widespread uses), in formulation or repacking, at industrial sites and in
manufacturing [40].

15.2.1 European Chemicals Agency (European Union)

Silver is currently under review (June 2018) as a biocidal agent for product types 2
(disinfectants and algaecides not intended for direct application to humans or ani-
mals), 4 (food and feed area), 5 (drinking water) and 11 (preservatives for
liquid-cooling and processing systems). Silver nitrate is under review (June 2018) as
a biocidal agent for product types 1 (human hygiene), 2 (disinfectants and algaecides
not intended for direct application to humans or animals), 3 (veterinary hygiene), 4
(food and feed area), 5 (drinking water), 7 (film preservatives), 9 (fibre, leather,
rubber and polymerized materials preservatives) and 11 (preservatives for
liquid-cooling and processing systems). Silver chloride was not approved in 2014 for
product types 3 (veterinary hygiene), 4 (food and feed area), 5 (drinking water) and
13 (working or cutting fluid preservatives) [8] but is still under review (June 2018)
for product types 6 (preservatives for products during storage), 7 (film preservatives)
and 9 (fibre, leather, rubber and polymerized materials preservatives).

15.2.2 Environmental Protection Agency (USA)

Silver was first registered as a pesticide in the USA in 1954 for use in disinfectants,
sanitizers and fungicides [161]. In 1993, silver was registered for use in water filters
to inhibit the growth of bacteria within the filter unit of water filter systems
designed to remove objectionable taste, odours and colour from municipally treated
tap water accounting for over 90% of its pesticidal use. Only about 3% was used to
control several types of algae in swimming pool water systems [161]. In 2009, a
registration review was announced for silver [38].

15.2.3 Overall Environmental Impact

Silver is manufactured and/or imported in the European Economic Area in
100,000–1,000,000 t per year [40]. Samples from 11 Swedish sewage treatment

Table 15.1 Basic chemical
information on silver and
silver nitrate [104, 105]

CAS number 7440-22-4 7761-88-8

IUPAC name Silver Silver nitrate

Molecular formula Ag AgNO3

Molecular weight (g/mol) 107.868 169.872
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plants revealed that silver is detected in 67% of the samples with levels between
10.9 and 560 µg per g [111].

Silver nanoparticles (Ag-NP) discharged to the wastewater stream will become
sulphidized to various degrees in the sewer system and are efficiently transported to
the wastewater treatment plants. The sulphidation of the Ag-NP will continue in the
wastewater treatment plants but may not be complete, primarily depending on the
size the Ag-NP. Very high removal efficiencies in the wastewater treatment plants
will divert most of the Ag-NP mass flow to the digester, and only a small fraction of
the silver will be released to surface waters [73]. Ag NPs caused the shifts in
microbial community structures and changed the relative abundances of key
functional bacteria, which finally resulted in a lower efficiency of biological
nitrogen and phosphorus removal [19].

15.3 Spectrum of Antimicrobial Activity

The mode of action has been described for silver in various studies. Silver reacts
with the cell membrane resulting in uncoupling of the respiratory electron transport
system from oxidative phosphorylation, also interfering with membrane perme-
ability and the proton motive force [34, 132], inhibiting respiratory chain enzymes
[23, 134], inhibiting intracellular enzymes reacting with electron donor groups,
especially sulphydral groups and interchelation with DNA (Fig. 15.1) [42, 95, 127].
In addition, a silver ion solution exerts its antibacterial effect as shown with E. coli
and S. aureus by inducing bacteria into a state of VBNC, in which the mechanisms
required for the uptake and utilization of substrates leading to cell division were
disrupted at the initial stage and caused the cells to undergo morphological changes
and die at the later stage [72].

15.3.1 Bactericidal Activity

15.3.1.1 Bacteriostatic Activity (MIC Values)
The MIC values depend mainly on the presence of absence of sil genes in the
bacterial species. Various isolates of species without sil genes revealed MIC values
of 1–52 mg/l (Citrobacter spp.), 1–170 mg/l (E. cloacae), 2–16 mg/l (Enterococ-
cus spp.), 0.004–512 mg/l (E. coli), 1–64 mg/l (Klebsiella spp.), 1–39 mg/l (Pro-
teus spp.) and 0.016–100 mg/l (P. aeruginosa). Isolates of the same species
harbouring sil genes were less susceptible with MIC values � 250 mg/l
(Citrobacter spp.), � 512,000 mg/l (E. cloacae), � 300 mg/l (Enterococcus
spp.), � 512,000 mg/l (E. coli), � 5,500 mg/l (Klebsiella spp.), 250 mg/l (Proteus
spp.) and � 128,000 mg/l (P. aeruginosa) (Table 15.2). A total of 77 Halococcus
spp. isolates were all described to be susceptible against silver [108]. Both the type
of broth and the light may have an impact on the MIC value obtained with silver
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nitrate so that a standardization of broth and light was suggested for the determi-
nation of MIC values [175].

Various silver nanoparticles showed mostly low MIC values in A. baumannii
(0.4–15.6 mg/l for ATCC 19606 and 17 clinical isolates), A. nosocomialis (0.4–
0.8 mg/l in ten clinical isolates), E. coli (3.8–140 mg/l in ATCC 10536, MTCC
443, MTCC 739, MTCC 1302, MTCC 1687 and one clinical isolate), M. morganii
(10 mg/l in one clinical isolate), P. aeruginosa (1.0–15.6 mg/l in ATCC 27853 and
two clinical isolates), B. subtilis (10 mg/l in one clinical isolate), C. striatum
(10 mg/l in one clinical isolate), E. faecalis (5 mg/l in one clinical isolate), S.
aureus (0.9–125 mg/l in ATCC 25923, ATCC 33591, NCIM 2079, NCIM 5021,
NCIM 5022 and 33 isolates), S. epidermidis (62.5 mg/l in ATCC 14990), S.
salivarius (12–25 mg/l in four clinical isolates), S. sanguinis (25 mg/l in four
clinical isolates), S. mitis (50 mg/l in four clinical isolates), S. agalactiae (10 mg/l
in one clinical isolate) and S. mutans (4–50 mg/l in PTCC 1683 and five clinical
isolates) [1, 69, 87, 92, 96, 106, 118, 120, 128, 135, 154, 155].

15.3.1.2 Bactericidal Activity (Suspension Tests)
Silver nitrate at 0.032 mg/l revealed a � 3.0 log reduction within 24 h against
various bacterial species. At shorter application times such as 3 h (0.009 mg/l) or
30 min (10,000 mg/l), silver nitrate showed only a partial bactericidal activity
(Table 15.3). The bactericidal activity of silver NPs seems to be size dependent

Fig. 15.1 Antimicrobial effects of Ag+. Interaction with membrane proteins and blocking
respiration and electron transfer; inside the cell, Ag+ ions interact with DNA, proteins and induce
reactive oxygen species production [93]. Reprinted by permission from Springer Nature,
Biometals (Mijnendonckx K, Leys N, Mahillon J, Silver S, Van Houdt R. Antimicrobial silver:
uses, toxicity and potential for resistance. Biometals. 2013; 26: 609–21)
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Table 15.2 MIC values of various bacterial species to silver nitrate or bsilver

Species Strains/isolates MIC
value
(mg/l)

References

Acinetobacter spp.a 27 clinical isolates 1–8 [37]

B. pumulis One isolate of unknown source 2.1 [88]

B. diminuta Strain from a biofilm model 0.064 [160]

C. meningosepticum Strain from a biofilm model 0.064 [160]

C. freundii 1 strain from a UTI patient with a silver-coated
catheter

� 16 [129]

C. freundii 1 clinical isolate with various sil genes 250 [43]

C. intermedius Environmental isolate 52b [48]

Citrobacter spp.a 5 clinical isolates 1–8 [37]

Coliform bacteria 33 isolates from burn patients [20]

- 29 of the isolates 10–39

- 4 of the isolates >5,000

C. metallidurans 4 isolates from the space industry and the
International Space Station (ISS)

0.05–
0.4

[94]

E. aerogenes 1 clinical isolate with various sil genes 300 [43]

E. aerogenes 29 blood culture isolates; 2 of them with elevated
MIC of � 64

16–64 [149]

E. cloacae 2 resistant strains >0.064 [160]

E. cloacae 4 sil-negative strains from human and equine
wounds

1–2.5 [168]

6 sil-positive strains from human and equine
wounds

� 5

E. cloacae 99 blood culture isolates; 15 of them with
elevated MIC of � 64

16–64 [149]

E. cloacae complex 3 strains without sil genes � 100 [79]

2 strains with silS, silR, silC and silP genes 800–
1,000

E. cloacae 2 strains from extracted teeth 170b [29]

E. cloacae 7 clinical isolates with various sil genes 300–
5,500

[43]

E. cloacae Clinical isolate from burns unit >1,000 [2]

E. cloacae Silver-resistant control strain 512,000 [70]

Enterobacter spp.a 75 clinical isolates 1–8 [37]

E. faecalis One isolate of unknown source 2.4 [88]

E. faecalis 13 isolates from wounds 6–16b [70]

Enterococcus spp.a 8 strains from UTI patients with silver-coated
catheters

� 16 [129]

Enterococcus spp.a 3 clinical isolates with various sil genes 250–
300

[43]

E. amylovora Strain Ea1189 6.2 [119]

Strain Ea1189 with MdtABC efflux pump 25

E. coli ATCC 11775 0.004 [160]
(continued)
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Table 15.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

E. coli Strain MG1655 0.1 [148]

E. coli ATCC 25922 and 1 dental isolate 0.5–1b [10]

E. coli 135 clinical isolates 1–8 [37]

E. coli 140 human ESBL isolates, 34 ESBL isolates
from healthy chicken

2–4 [33]

E. coli Multidrug-resistant clinical isolate MC-2 4 [28]

E. coli ATCC 23848 5.4 [176]

E. coli 244 isolates (6 from wounds, 34 from
bacteremia, 34 from healthy volunteers, 34 from
broiler chicken meat, 34 from boiler chicken
faecal, 34 from pork, 34 from pigs faecal)

6–16b [70]

E. coli 3 clinical strains 8 [84]

E. coli 186 urine isolates 8–512 [152]

E. coli ATCC 35218, ATCC 25922, 18 strains from UTI
patients with silver-coated catheters

� 16 [129]

E. coli ATCC 10536 18.4 [96]

E. coli 154 strains 26–204b [91]

E. coli 1 isolate from burn patient >170 [144]

E. coli 1 clinical isolate with various sil genes 300 [43]

E. coli Silver-resistant control strain 512,000 [70]

K. oxytoca 59 blood culture isolates; 2 of them with elevated
MIC of � 64

16–64 [149]

K. oxytoca 2 clinical isolates with various sil genes 300 [43]

K. pneumoniae 95 blood culture isolates; 2 of them with elevated
MIC of � 64

16–64 [149]

K. pneumoniae 10 clinical isolates with various sil genes 250–
5,500

[43]

K. pneumoniae 10 isolates from the alimentary canal and gills of
shrimps

� 1,080 [26]

Klebsiella spp.a 105 clinical isolates 1–8 [37]

Klebsiella spp.a 8 strains from UTI patients with silver-coated
catheters

� 16 [129]

L. pneumophila Strain Corby 0.064 [160]

M. testaceum Strain PCSB7 1 [148]

Morganella spp. Insect gut isolate >85 [114]

P. mirabilis 1 clinical isolate 0.1b [10]

P. mirabilis 1 strain from a UTI patient with silver-coated
catheters

� 16 [129]

P. mirabilis 1 clinical isolate with a sil gene 250 [43]

P. vulgaris One isolate of unknown source 2.5 [88]

Proteus spp.a 46 isolates from burn patients 10–39 [20]

Proteus spp.a 6 clinical isolates 1–8 [37]
(continued)
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Table 15.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

P. rettgeri 1 clinical isolate with a sil gene 250 [43]

P. stuartii Strain A 21471 0.1b [10]

P. stuartii 2 strains from UTI patients with silver-coated
catheters

� 16 [129]

P. aeruginosa ATCC 27857 0.016 [160]

P. aeruginosa Strain DS10-129 0.1 [148]

P. aeruginosa ATCC 27853 0.3b [10]

P. aeruginosa 91 clinical isolates 1–8 [37]

P. aeruginosa 100 clinical isolates 5–100 [164]

P. aeruginosa 24 isolates from wounds 6–16b [70]

P. aeruginosa Approximately 100 strains 8–70 [25]

P. aeruginosa 92 isolates from burn patients 10–39 [20]

P. aeruginosa ATCC 27853 � 16 [129]

P. aeruginosa Clinical isolate 18.4 [96]

P. aeruginosa Strain PA14 20 [103]

P. aeruginosa 1 clinical isolate with various sil genes 250 [43]

P. aeruginosa “several strains” >5,000 [18]

P. aeruginosa Silver-resistant control strain 128,000 [70]

P. fluorescens Strains OS8 and KC1 1 [148]

P. stutzeri Isolate from soil of silver mine >4,250 [60]

Pseudomonas spp.a 7 strains from UTI patients with silver-coated
catheters

� 16 [129]

R. pickettii 8 isolates from the space industry and the
International Space Station (ISS)

0.1–0.2 [94]

S. Enteritidis Strain 3546/6 2012 10 [86]

S. Hadar Strain 2507/5 2009 20 [86]

S. Senftenberg Strain 3014/3 2012 >20 [86]

S. Typhimurium ATCC 14028 25 [138]

S. Typhimurium 10 from an outbreak in Tehran 102 [91]

3 isolates from burn patients treated with topical
silver

1,700

S. paucimobilis Strain from a biofilm model 0.064 [160]

S. aureus ATCC 25923 and 1 dental isolate 0.03–
0.3b

[10]

S. aureus ATCC 29213 0.064 [160]

S. aureus Strain RN4220 0.1–1 [148]

S. aureus 238 MSSA isolates (38 from wounds, 200 from
unknown origin)

6–16b [70]

S. aureus Multidrug-resistant clinical isolate MMC-20 8 [28]

S. aureus 846 clinical isolates 8–16 [124]
(continued)
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suggesting that NPs with a diameter of 1–10 nm can have a direct interaction with
the bacteria [100].

15.3.1.3 Activity Against Bacteria in Biofilm
The efficacy of silver nitrate or silver NPs at common concentrations against
bacteria in biofilms is overall poor (Table 15.4). In addition, the effect of the silver
in silver-containing wound dressings against bacteria in biofilms depends on the

Table 15.2 (continued)

Species Strains/isolates MIC
value
(mg/l)

References

S. aureus Approximately 100 strains 8–80 [25]

S. aureus ATCC 25923 � 16 [129]

S. aureus 6 isolates from leg ulcers 16–32 [151]

S. aureus 52 isolates from burn patients 20–39 [20]

S. aureus ATCC 25923 25 [138]

S. aureus 5 clinical isolates 54 [159]

S. aureus 1 clinical isolate with various sil genes 300 [43]

S. capitis Clinical isolate 54 [159]

S. chromogenes Clinical isolate 54 [159]

S. epidermidis Clinical isolate 54 [159]

S. lentus Clinical isolate 54 [159]

S. sciuri Clinical isolate 54 [159]

S. xylosus 8 clinical isolates 54 [159]

Staphylococcus spp.a

(coagulase-negative)
160 clinical isolates 4–16 [124]

Staphylococcus spp.a

(coagulase-negative)
2 strains from UTI patients with silver-coated
catheters

� 16 [129]

Staphylococcus spp.a MSSE 1457, MRSE ATCC 35984,
MSSA ATCC 13420, MRSA ATCC 43300,
copper-resistant S. aureus ATCC 12600, and
MRSA USA300 and its putative DsilE mutant

15.6–
31.2

[80]

Staphylococcus spp. 4 non-identifiable clinical isolates 54 [159]

S. maltophilia 1 clinical isolate with various sil genes 300 [43]

S. mitis 1 dental isolate 0.3b [10]

S. mutans Strains GS-5 and GS-7 0.6b [10]

S. pyogenes ATCC 19615 0.2b [10]

S. salivarius 1 dental isolate 1b [10]

Streptococcus spp. Group B strain 296 0.6b [10]

Streptococcus spp. Group B strain from a UTI patient with a
silver-coated catheter

� 16 [129]

V. parahaemolyticus One isolate of unknown source 3.7 [88]
aNo MIC values per species
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type of dressing material and structure [115]. The combination of ionic silver with a
metal chelating agent and a surfactant can substantially improve the antimicrobial
efficacy of ionic silver against biofilm pathogens (MRSA and P. aeruginosa) in a
simulated wound biofilm model [13]. Similar favourable results were found with S.
aureus and the combination of silver, EDTA and benzethonium chloride [131].

Data obtained with � 1000 mg/l silver NPs suggest an effect (� 3.0 log) against
bacterial biofilm cells within 24 h (Table 15.4). These findings are supported by
data obtained with original wastewater biofilms. They were highly tolerant to silver
NPs. However, accumulated silver NPs in wastewater biofilms may impact their
microbial activity [136]. Susceptibility to silver NPs is different for each
micro-organism in the biofilm microbial community. Thiotrichales, in one study, is
more sensitive than other biofilm bacteria [136].

Some factors with an impact of the bactericidal effect in biofilm have been
evaluated. The effect of silver NPs (total Ag concentration: 27.3 mg/l; released
Ag+: 1.5 mg/l) on P. putida biofilms was low (1.0 log) when the biofilms had high
biomass amount, high thickness, high biomass volume, low surface-to-volume ratio
and low roughness coefficient [156]. Mature biofilms have greatly reduced

Table 15.3 Bactericidal activity of silver nitrate or asilver in suspension tests

Species Strains/isolates Exposure
time

Concentration
(mg/l)

log10
reduction

References

B. diminuta Isolate from biofilm 24 h 0.016 (S) � 3.0 [160]

C.
meningosepticum

Isolate from biofilm 24 h 0.016 (S) � 3.0 [160]

E. cloacae 2 resistant strains 24 h 0.032 (S) � 3.0 [160]

E. coli ATCC 11229 30 min 10,000 (S) < 3.0 [102]

E. coli ATCC 23848 35 min 482 (S)a 5.0 [176]

50 min 120.5 (S)a 5.0

E. coli IFO 3301 8 h 0.1 (S)a >7.2 [66]

E. coli Strain WR1 and
strain K12

3 h 0.009 (S) 1.6 [162]

0.002 (S) 1.0

E. coli ATCC 11775 24 h 0.004 (S) � 3.0 [160]

L. pneumophila ATCC 33152 8 h 0.1 (S)a >7.2 [66]

L. pneumophila Strain Corby 24 h 0.064 (S) � 3.0 [160]

0.032 (S)

P. aeruginosa ATCC 10145 8 h 0.1 (S)a >7.2 [66]

P. aeruginosa ATCC 27857 24 h 0.016 (S) � 3.0 [160]

S. paucimobilis Isolate from biofilm 24 h 0.016 (S) � 3.0 [160]

S. aureus ATCC 6538 30 min 10,000 (S) < 3.0 [102]

S. aureus 54 MRSA strains 5 min 6,250 (P) � 5.0 [39]

S. aureus ATCC 29213 24 h 0.016 (S) � 3.0 [160]

S Solution; P commercial product
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susceptibility to silver NPs compared to immature biofilms. Silver NPs were less
toxic in steady-state systems with mature biofilms, but systems during start-up,
when biofilms are becoming established, will be vulnerable to silver NPs [157].
Short-term studies also showed sequential dose-dependent toxic effects of silver
NPs on P. putida biofilm morphology (with impacts characterized from 0.01 mg/l),
then activity (from 1 to 10 mg/l) and viability (from 10 mg/l) via a single pulse of
24 h in artificial wastewater [89].

Biofilm can provide physical protections for bacteria under silver NP treatment,
and extracellular polymeric substances may play an important role in this protec-
tion. Biofilm bacteria with loosely bound extracellular polymeric substances
removed are more sensitive to silver NP [136].

15.3.1.4 Bactericidal Activity in Wound Dressings
A study with 130 wound isolates from 12 bacterial species revealed an overall good
phenotypic susceptibility to a silver dressing [44]. Dressing containing silver has
been described to have a significant effect on the cells’ density of A. baumannii, A.
calcoaceticus, E. coli, K. pneumoniae, P. acnes, P. aeruginosa, S. aureus, MRSA
and S. epidermidis within 24 h although the concentrations of the applied silver
remain usually unknown [14, 32, 76]. Only E. faecalis was resistant with basically
0 log reduction in 24 h [76]. There is, however, some variation of the bactericidal
activity between different types of commercially available silver wound dressings
[3, 21, 22, 67].

Preclinical and clinical study data suggest that silver dissociation is affected by
the test medium used. The bactericidal activity differences may be a function of the
bacterial strain used for testing. Higher rather than lower levels of silver may be
needed because Ag+ binds to proteins and nucleic acids, and rapid delivery of silver
(i.e. rate of kill) may be a positive factor when considering prevention of silver
resistance and biofilm formation [17].

15.3.1.5 Bactericidal Activity in Other Applications
Silver on door handles across a college campus resulted in lower bacterial popu-
lations compared to control handles after 3 years. However, bacteria were consis-
tently isolated from silver-coated door handles suggesting that the silver zeolite was
only effective against a portion of the bacterial populations [121]. Silver at 50 mg/l
was able to reduce P. aeruginosa on ceramic tiles by 2.2 (30 min) to 4.4 log (4 h)
and S. aureus by 3.3 (30 min) to 4.1 log (2 h) [16]. On collagen-coated polyester
vascular grafts, silver coating was able to reduce MRSA ATCC 33591 by 4.2 log
within 24 h [125].

15.3.2 Fungicidal Activity

15.3.2.1 Fungistatic Activity (MIC Values)
Most yeasts are quite susceptible to silver or silver nitrate with MIC values between
0.5 and 75 mg/l, and only some isolates of the yeasts S. carlsbergensis and
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S. cerevisiae had higher MIC values (� 972 mg/l) as well as A. fumigatus
(648 mg/l; Table 15.5).

Silver NPs showed rather high MIC values against some fungi, e.g. against
M. canis (200 mg/l in PTCC 5069), M. gypseum (170 mg/l in PTCC 5070) and
T. mentagrophytes (180 mg/l in PTCC 5054) [5]. With other fungi, quite low
MIC50 values were described, e.g. with Fusarium spp. (1 mg/l in 112 clinical
isolates), Aspergillus spp. (0.5 mg/l in 94 clinical isolates) and A. alternata (0.5 in
10 clinical isolates) [172].

15.3.2.2 Fungicidal Activity (Suspension Tests)
No published data were found to evaluate the fungicidal activity of silver or silver
nitrate in suspension tests

15.3.2.3 Activity Against Yeasts in Biofilm
No data were found to describe the fungicidal activity of silver or silver nitrate
against biofilm-grown cells of fungi. The activity of silver NPs, however, was
evaluated in one study. The yeasticidal activity as demonstrated with C. albicans
and C. glabrata was overall poor (Table 15.6). The susceptibility to silver is
already reduced to some degree within the first 2 h of attachment to silicone as
shown with C. albicans, C. glabrata and C. krusei [174].

Table 15.5 MIC values of various fungal species to silver nitrate or asilver

Species Strains/isolates MIC value
(mg/l)

References

A. fumigatus 1 wastewater isolate deriving from
jewellery industry

648a [130]

C. albicans 2 clinical isolates 0.5–3.5a [9]

C. albicans 2 clinical urine strains 100 [62]

C. argentea 5 environmental isolates � 42.5 [65]

C. glabrata 1 clinical isolate 1.6a [9]

C. parapsilosis 2 clinical urine strains 50–75 [62]

C. parapsilosis 1 clinical isolate 4.7a [9]

C.
pseudotropicalis

1 clinical isolate 1.6a [9]

C. tropicalis 1 clinical isolate 1a [9]

C. tropicalis 2 clinical urine strains 50–75 [62]

Candida spp.b 4 strains from UTI patients with
silver-coated catheters

� 16 [129]

S. carlsbergensis 2 isolates from oranges and pineapples 216–756 [110]

S. cerevisiae Strain BY4741 1 [148]

S. cerevisiae 7 isolates from oranges, palm wine and
pineapples

108–972 [110]

bNo MIC values per species
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15.3.3 Mycobactericidal Activity

The mycobactericidal activity of silver NPs within 48 h has been evaluated with a
strain of M. smegmatis, M. avium and M. marinum. A 1.9 log was found against
M. smegmatis at 100 µM silver NPs. The effect was lower against M. avium with
1.3 log using silver NPs at 270 µM. The most resistant species was M. marinum
with 0.8 log using 860 µM [68]. One study with M. phlei indicates that the sus-
ceptibility of biofilm-grown cells to silver nitrate is lower (MBEC: 313 mg/l in
30 min) compared to planktonic cells (MBC: 26 mg/l in 30 min) [6]. A sil-
ver-containing wound dressing was able to reduce the cell number of M. fortuitum
within 7 d by 4.0 log [15].

15.4 Effect of Low-Level Exposure

The effect of exposure to sublethal silver concentrations depends mainly on the
presence or absence of sil genes. In most bacterial isolates from nine species
without sil genes no adaptive response was found (Acinetobacter spp., Citrobacter
spp., E. cloacae, E. coli, K. pneumoniae, K. oxytoca, Proteus spp., P. aeruginosa,
S. aureus). Some isolates or strains of three species were able to express a weak
adaptive response (MIC increase � 4-fold) such as E. coli, M. smegmatis and
S. aureus.

A strong MIC change (>4-fold) was found in isolates or strains of 6 species. It
was unstable in isolates or strains of E. coli, it was stable in isolates or strains of
E. cloacae, E. coli, K. pneumoniae and K. oxytoca, and the stability was sometimes
unknown, e.g. in isolates or strains of A. ferrooxidans, Enterobacter spp. and E. coli
(Table 15.7).

Table 15.6 Efficacy of silver NPs solutions (S) against fungi in biofilms

Species Strains/isolates Type of biofilm Exposure
time

Concentration log10
reduction

References

C.
albicans

ATCC 10231
and 1 oral
clinical isolate

24-h incubation
on acryl resin
specimens

5 h 54 mg/l (S) 0.3–1.0 [99]

48-h incubation
on acryl resin
specimens

0.6–1.4

C.
glabrata

ATCC 90030
and 1 oral
clinical isolate

24-h incubation
on acryl resin
specimens

5 h 54 mg/l (S) 1.0–1.6 [99]

48-h incubation
on acryl resin
specimens

1.3
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Selected strains or isolates revealed substantial MIC increases such as E. coli
(� 128-fold), E. cloacae and K. pneumoniae (� 32-fold) and K. oxytoca
(� 16-fold). The highest MIC values after adaptation were all found in
Gram-negative species such as 1,024 mg/l (E. coli), 1,000 mg/l (E. cloacae),
512 mg/l (K. pneumoniae and K. oxytoca) and 240 mg/l (A. ferrooxidans).
A cut-off value to determine resistance to silver was proposed for Gram-negative
species with >8 mg/l [37]. Based on this proposal, all adapted isolates would be
classified as resistant to silver after low-level exposure.

Cross-tolerance to various antibiotics such as imipenem, meropenem, ceftibuten,
piperacillin–tazobactam, cotrimoxazole, ciprofloxacin and gentamicin was found in
some isolates of E. cloacae and E. coli. Increase of silver efflux after low-level
exposure was detected in E. coli (Table 15.7).

One more study describes that a silver-resistant mutant of K. pneumoniae B-5
was produced by passaging in nutrient broth containing graded concentrations of
silver nitrate up to 150 mg/l. The development of silver resistance in the strain
resulted in rough colonies, decrease in cell size, carbohydrate content and a change
in the klebocin pattern [58].

15.5 Resistance to Silver

The cut-off value to determine silver resistance is variable in the literature. In one
hospital laboratory, 85 mg/l silver nitrate was included in the agar [63]. Other
authors used MHA containing silver nitrate at 128 mg/l [37], isolates with visible
growth were regarded as silver resistant. Another hospital laboratory used lysogeny
broth agar supplemented with 27 mg/l Ag+ [43].

15.5.1 High MIC Values

Isolates of various species harbouring sil genes were tolerant to silver with MIC
values of 250 mg/l (Citrobacter spp.), 5–512,000 mg/l (E. cloacae), 250–300 mg/l
(Enterococcus spp.), 300–512,000 mg/l (E. coli), 250–5,500 mg/l (Klebsiella spp.),
250 mg/l (Proteus spp.) and 250–128,000 mg/l (P. aeruginosa; see also
Table 15.2). Even if some bacterial species with various sil genes are initially silver
susceptible, exposure to silver increased the MIC value in A. ferrooxidans (12-fold–
48-fold), E. cloacae (16-fold–32-fold), K. pneumoniae (16-fold–32-fold) and
E. coli (16-fold–128-fold). The MIC value may be as high as >1,024 mg/l in these
isolates after silver exposure (see also Table 15.8). The findings are not surprising.
A study published in 1983 has suggested already that silver resistance may occur
among Gram-negative bacterial species [75].
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15.5.2 Reduced Efficacy in Suspension Tests

No studies were found to describe a reduced efficacy of silver in suspension tests to
indicate phenotypic resistance

15.5.3 Resistance Mechanisms

Silver resistance was studied in a silver-resistant P. stutzeri AG259 strain and
compared to a silver-sensitive P. stutzeri JM303 strain. Silver resistance was not
due to silver complexation to intracellular polyphosphate or the presence of low
molecular weight metal-binding protein(s). Both the silver-resistant and
silver-sensitive P. stutzeri strains produced hydrogen sulphide, with the
silver-resistant AG259 strain producing lower amounts of hydrogen sulphide than
the silver-sensitive JM303 strain. However, intracellular acid-labile sulphide levels
were generally higher in the silver-resistant P. stutzeri AG259 strain. Silver resis-
tance may be due to formation of silver–sulphide complexes in the silver-resistant
P. stutzeri AG259 strain [141]. Pyocyanin confers resistance by P. aeruginosa to
Ag+. The conversion of toxic Ag+ to insoluble non-toxic Ag0 by pyocyanin
effectively reduces the bioavailable concentration of Ag+ [103]. In E. coli, a

Table 15.8 Detection rates of silE in isolates of various bacterial species

Species Country Number
of
isolates

silE
detection
rate

References

E. aerogenes Sweden 32 12.5% [149]

E. cloacae Sweden 131 54.2% [149]

Enterobacter spp. USA 44 4.5% [43]

Enterococcus spp. USA 64 1.6% [43]

E. coli Sweden 223 4.5% [149]

E. coli Sweden 216 6.0%a [150]

Escherichia spp. USA 256 0.4% [43]

K. oxytoca Sweden 79 49.4% [149]

K. pneumoniae Sweden 129 36.4% [149]

Klebsiella spp. USA 69 5.8% [43]

Pseudomonas spp. USA 54 0% [43]

S. aureus (MRSA) UK 33 6.1% [85]

Staphylococcus
spp. (coagulase-negative and
methicillin-resistant)

UK 8 12.5% [85]

Staphylococcus spp. USA 148 0% [43]
aAll 13 were among the 105 human faecal isolates
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silver-binding peptide was identified. Cells secreting the peptide into the periplasm
exhibited silver tolerance in a batch culture, while those expressing a cytoplasmic
version of the fusion protein or maltose-binding protein alone did not [133].

15.5.4 Resistance Genes

Contrary to current dogma, the original E. coli strain NCTC 86 described by
Theodor Escherich in 1885 includes a nine gene sil locus that encodes a
silver-resistant efflux pump acquired before the current widespread use of silver
nanoparticles as an antibacterial agent, possibly resulting from the widespread use
of silver utensils and currency in Germany in the 1800s [35]. Silver resistance genes
are part of a plasmid-associated gene cluster (Fig. 15.2) that encodes a
silver-binding protein (silE), efflux pump (silA and silP) and a membrane sensor
kinase (silS) [139].

Fig. 15.2 Genetic architecture of the sil operon [123]; reproduced in parts without change from
Randall CP, Gupta A, Jackson N, Busse D, O’Neill AJ. Silver resistance in Gram-negative
bacteria: a dissection of endogenous and exogenous mechanisms. J Antimicrob Chemother. 2015;
70: 1037–46; the article is distributed under the terms of the Creative Commons CC BY licence
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15.5.4.1 silE
The silE gene is mostly found in E. cloacae (54.2%), K. oxytoca (49.4%) and K.
pneumoniae (36.4%). In other bacterial species, the silE gene is less common
(Table 15.8). It was also detected in a clinical isolate of C. tropicalis [43].

15.5.4.2 silA
The silA gene is less common and was so far mainly found in Enterobacter
spp. (18.2%) and Klebsiella spp. (15.9%; Table 15.9).

15.5.4.3 silP
silP was mainly found in K. oxytoca (35.4%), E. cloacae (31.3%), K. pneumoniae
(23.7%) and Enterobacter spp. (18.2%). It is less common among other species
(Table 15.10). silP was also detected in a clinical isolate of C. tropicalis [43].

Table 15.9 Detection rates of silA in isolates of various bacterial species

Species Country Number of isolates silA detection rate References

Enterobacter spp. USA 44 18.2% [43]

Enterococcus spp. USA 64 3.1% [43]

Escherichia spp. USA 256 0.4% [43]

Klebsiella spp. USA 69 15.9% [43]

Pseudomonas spp. USA 54 1.9% [43]

Staphylococcus spp. USA 148 0.7% [43]

Table 15.10 Detection rates of silP in isolates of various bacterial species

Species Country Number
of
isolates

silP
detection
rate

References

E. aerogenes Sweden 32 3.1% [149]

E. cloacae Sweden 131 31.3% [149]

Enterobacter spp. USA 44 18.2% [43]

Enterococcus spp. USA 64 1.6% [43]

E. coli Sweden 223 0.9% [149]

E. coli Sweden 216 0% [150]

Escherichia spp. USA 256 0.4% [43]

K. oxytoca Sweden 79 35.4% [149]

K. pneumoniae Sweden 129 23.7% [149]

Klebsiella spp. USA 69 15.9% [43]

Pseudomonas spp. USA 54 0% [43]

S. aureus (MRSA) UK 33 0% [85]

Staphylococcus
spp. (coagulase-negative and
methicillin-resistant)

UK 8 0% [85]

Staphylococcus spp. USA 148 0.7% [43]
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15.5.4.4 silS
The silS gene was most frequently found in E. cloacae (47.3%), K. oxytoca (44.3%)
and K. pneumoniae (29.5%) whereas it is less common in other bacterial species
(Table 15.11). In 119 Gram-negative clinical bacterial isolates with cryptic silver
resistance (initially susceptible but upon silver exposure resistant), all of them were
carriers of silS whereas all 30 isolates obtained from a cross section without
silver-resistant mutants were silS negative [37].

15.5.4.5 Various Sil Genes
One hundred sixty-four clinical isolates of all genotypes of the E. cloacae complex
were screened for silS, silR, silC and silP. Of these isolates, 63% were positive in
all sil PCRs, suggesting that about two-thirds of clinical isolates of the E. cloacae
complex harbour the complete silver-resistant determinant [79]. An analysis of 172
bacterial isolates from human and equine wounds revealed that six of them con-
tained the silver resistance genes silE, silRS, silCBA, silF, silB, silA and silP, all of
which were strains of E. cloacae [168]. In 131 isolates from various sources and
European countries, the silA-silE genes were detected in 79.4% [101]. It was
concluded that metal toxic concentrations in food–animal environments can con-
tribute to persistence of genetic platforms carrying metal/antibiotic resistance genes
in this foodborne zoonotic pathogen [101]. Among 112 bacterial isolates from
diabetic foot ulcers silS, silE and silP genes were detected in 1.8%, both were
E. cloacae [116].

Despite being ubiquitous in domestic wastewater treatment plants in the USA, sil
silver resistance genes do not appear to correlate with total silver concentrations in
activated sludge. This lack of association may be due to the low concentrations of
the most toxic form of silver (Ag+). The maintenance of silver resistance genes in
the absence of a strong selective pressure may be a result of their known co-location
with antibiotic resistance genes [59].

Table 15.11 Detection rates of silS in isolates of various bacterial species

Species Country Number
of
isolates

silS
detection
rate

References

E. aerogenes Sweden 32 9.4% [149]

E. cloacae Sweden 131 47.3% [149]

E. coli Sweden 223 1.8% [149]

E. coli Sweden 216 0% [150]

K. oxytoca Sweden 79 44.3% [149]

K. pneumoniae Sweden 129 29.5% [149]

S. aureus (MRSA) UK 33 0% [85]

Staphylococcus
spp. (coagulase-negative and
methicillin-resistant)

UK 8 0% [85]
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15.5.5 Efflux Pumps

Experimental results with E. coli showed that the genetic mechanism for silver
resistance includes up-regulation of efflux pumps as well as up-regulation of metal
oxidoreductases. The gene, copA, a P-type ATPase efflux flux, was up-regulated in
response to silver exposure, and the gene of CusCFBA, a Cu(I) efflux pump, was
also up-regulated. The gene of CueO, a robust cuprous oxidase, was also
up-regulated and may have reduced silver toxicity through oxidation of silver ions
[169]. In E. coli strain BW25113 exogenous resistance involved derepression of the
SilCFBA efflux transporter as a consequence of mutation in silS, but was addi-
tionally contingent on expression of the periplasmic silver-sequestration protein
SilE [123]. In E. hirae, CopB ATPase is a pump for the extrusion of monovalent
copper and silver ions [143]. In A. baumannii, harbouring plasmid pUPI199 acti-
vation of an endogenous silver efflux system together with porin mutations provides
the basis for silver resistance [25]. And in C. albicans, an eukaryotic copper pump
was detected which provides the primary source of cellular copper resistance, and it
was able to confer silver resistance [126].

15.5.6 Plasmids

Mijnendonckx et al. summarized in 2013 that the sil gene cluster is highly con-
served in several other plasmids of the IncHI-2 incompatibility group such as
plasmids MIP233, MIP235 and WR23 of various Salmonella serovars and plasmids
pR47b and pR478 of S. marcescens [57, 93]. In E. cloacae, the major difference
between virulent and avirulent genotypes appears to be the presence of a large
plasmid that also belongs to the IncHI-2 incompatibility group, which contains,
besides several antibiotic-resistant determinants, a functional sil gene cluster [79].
In P. stutzeri AG259, isolated from the soil of a silver mine, silver resistance was
also mediated by one of its plasmids [60]. This strain was able to grow on rich
medium with 8,750 mg/l silver nitrate by accumulation of Ag and Ag2S crystals in
its periplasm [77]. Isolation of plasmids from all six sil-positive and silver-resistant
E. cloacae strains from human and equine wounds provided evidence that these
genes were present extrachromosomally [168]. Transferable plasmids have also
been described in P. stutzeri to harbour silver resistance [60].

In D. acidovorans and B. petrii, silCBA is located on an integrative conjugative
element (ICE) belonging to the Tn4371 family. This family refers to a group of
mobile genetic elements that carry functional modules involved in conjugative
transfer, integration, maintenance/stability and accessory genes conferring a special
phenotype to the host bacteria [93]. All together, in many strains, the silver-resistant
determinants are located on mobile genetic elements, facilitating the spread of these
traits to other members of the population [93].
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15.5.6.1 pMG101
Ag+ resistance was initially found on the S. Typhimurium multiresistance plasmid
pMG101 isolated from patients with burns in 1975 [4]. The silver-resistant deter-
minant from plasmid pMG101 contains nine genes, and the functions for eight
named genes and their corresponding protein products were reviewed by Silver
et al. [140]. It mediates silver resistance, e.g. in E. coli J 53 and S. Typhimurium
[55, 56]. pMG101 belongs to the IncHI2 incompatibility group of plasmids which
are large multi-antibiotic resistance plasmids found widely in the enterobacteriaceae
and that are transferred by conjugation only at lower temperatures. The identifi-
cation of new sil genes on five additional plasmids, all of which are IncHI2 or
IncHI3, and homologous genes on the chromosomes of E. coli K-12 and O157:H7
and other bacteria raises important concerns about the development of Ag+-resistant
bacteria [57].

15.5.6.2 pJT1 and pJT2
Plasmids pJT1 (83 kb) and pJT2 (77 kb) were found in E. coli and are transferable
yielding silver-resistant transconjugants [145]. E. coli C600 containing PJT1 and
PJT2 displayed decreased accumulation of Ag+ similar to E. coli R1. E. coli C600
could not tolerate 11 and 54 mg/l Ag+, rapidly accumulated Ag+ and became
non-viable [145]. The plasmid pJT1 of E. coli R1, isolated from patients with burn
wounds, conferred resistance up to 170 mg/l silver nitrate [144].

15.5.6.3 pSTM6-275
pSTM6-275 is a IncHI2 plasmid from S. enterica. The plasmid was thermosensitive
for transfer to E. coli and conferred reduced susceptibility to antibiotics, copper
sulphate and silver nitrate. Metal ion susceptibility was dependent on physiological
conditions, giving an insight into the environments where this trait might confer a
fitness advantage [12]. IncHI2 plasmids from E. coli isolates of food-producing
animals carried pco and sil which contributed to increasing in the MICs of copper
sulphate and silver nitrate. Co-existence of the pco and sil operons, and
oqxAB/blaCTX-M as well as other antibiotic resistance genes on IncHI2 plasmids
may promote the development of multidrug-resistant bacteria [41].

15.5.6.4 pUPI199
Deshpande and Chopade discovered a 54-kb plasmid (pUPI199) encoding resis-
tance to silver nitrate in an environmental isolate of A. baumannii that was trans-
ferable to E. coli by conjugation [31]. The isolate tolerated up to 128 mg/l silver
nitrate and contains, in addition, resistance determinants for 13 different metals and
10 antibiotics [31]. A. baumannii was found to accumulate and retain silver,
whereas E. coli (pUPI199) effluxed 63% of the accumulated silver ions [31].

15.5.6.5 pKQPS142
A carbapenem-resistant virulent K. quasipneumoniae subsp. similipneumoniae
isolate from Brazil harboured two plasmids (pKQPS142a and pKQPS142b) and an
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integrative conjugative element ICEPm1 which is a chromosomal mobile
pathogenicity island common to P. mirabilis, P. stuartii and M. morganii [45, 46,
107]. It could be involved in the mobilization of pKQPS142b and determinants of
resistance to other classes of antimicrobials, including aminoglycoside and silver
[107].

15.5.6.6 pLVPK
In K. pneumoniae CG43, a large virulence plasmid pLVPK was described
with several gene clusters homologous with copper, silver, lead and tellurite resistance
genes of other bacteria [24]. The plasmid was recently detected during an outbreak
caused by a hypervirulent carbapenem-resistant K. pneumoniae causing fatal pneu-
monia in five ventilated patients [51].

15.5.6.7 pUUH239.2
This is a 20-kbp multidrug resistance plasmid, first isolated in K. pneumoniae and
E. coli in 2005 from a large nosocomial outbreak. Besides the genes that confer
resistance to antibiotics (b-lactams, tetracyclines, aminoglycosides, macrolides,
sulphonamides, trimethoprim and ciprofloxacin) and biocides, the plasmid also
carries genes conferring resistance to silver, copper and arsenic [53].

15.5.6.8 Megaplasmids
Type strain C. metallidurans CH34 harbours resistance determinants for at least 20
different metal ions [71], mainly located on its two megaplasmids [97], although
chromosomally encoded metal responsive clusters have also been identified [98]. C.
metallidurans is specialized in metal resistance and is often associated with
industrial sites linked to mining, metallurgical and chemical industries [49] but is
also isolated from different spacecraft-related environments [81, 112], from patients
with cystic fibrosis [27] or as the causative agent of an invasive human infection
[82]. Recent analysis of C. metallidurans isolates from different potable water
management systems of the International Space Station and from the air of the
Kennedy Space Center Payload Hazardous Servicing Facility during assembly of
the Mars Exploration Rover indicated that each isolate harbours at least one
megaplasmid. Moreover, PCR analysis of the plasmid extracts showed that the
silCBA operon is located on one of the megaplasmids [94]. Among others, the
presence of the sil gene cluster in the potable water isolates gives them the ability to
withstand the sanitation procedure in which silver is used [94].

15.5.7 Silver Uptake and Accumulation

In C. intermedius and P. stutzeri, but not in E. coli, it was found that a
silver-resistant strain was capable to accumulate silver resulting in removal from the
solution [47, 48, 142, 146]. A nucleation core initiates Ag+-mediated folding of
SilE which is a “molecular sponge” for absorbing metal ions [4]. Incubation of a
silver-resistant K. pneumoniae on a silver-containing agar resulted in dark metallic
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colonies [43]. Silver uptake in a strain of A. fumigatus isolated from wastewater
deriving from the jewellery industry and rich of various metal ions explains tol-
erance to a high silver concentration of 648 mg/l [130].

15.6 Cross-Tolerance to Other Biocidal Agents

Some efflux pumps have been described in E. faecium, E. hirae, E. coli, P. putida
and S. enteritidis mediating resistance to silver and copper ions [30, 52, 143, 147,
158]. A cross-resistance between silver and copper was also described in five
environmental isolates of C. argentea [65].

15.7 Cross-Tolerance to Antibiotics

Silver may also contribute to the promotion of antibiotic resistance through
co-selection. This may occur when resistance genes to both antibiotics and silver
are co-located together in the same cell (co-resistance), or a single resistance
mechanism (e.g. an efflux pump) confers resistance to both antibiotics and silver
(cross-resistance), leading to co-selection of bacterial strains, or mobile genetic
elements that they carry [113].

15.7.1 Clinical Isolates

Cross-resistance has been described in various clinical isolates. Two silver-resistant
strains of E. cloacae isolated from extracted teeth were also resistant to ampicillin,
erythromycin and clindamycin [29]. Five clinical wound isolates were exposed to
various concentrations of silver nitrate. Two of them became resistant to silver, and
one of them to imipenem and meropenem [151]. Three S. Typhimurium strains from
burn patients treated topically with 0.5% silver nitrate solution were silver resistant
and had cross-resistance to ampicillin, chloramphenicol, tetracycline, streptomycin
and sulphonamides [91]. And in 13 human faecal silE-positive E. coli isolates,
low-level silver exposure resulted in phenotypic silver resistance including
cross-resistance to ceftibuten (three isolates), piperacillin-tazobactam (three iso-
lates), cotrimoxazole (two isolates), ciprofloxacin (two isolates) and gentamicin
(one isolate) [150].

15.7.2 Environmental Isolates

Cross-resistance has also been described in environmental isolates. A surface water
isolate of R. planticola was isolated having both multidrug- and
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multimetal-resistant ability. It displayed resistance to 15 antibiotics like ampicillin,
amoxicillin/clavulanic acid, aztreonam, erythromycin, imipenem, oxacillin,
pefloxacin, penicillin, piperacillin, piperacillin/tazobactam, rifampin,
sulbactam/cefoperazone, ticarcillin, ticarcillin/clavulanic acid, vancomycin, and to
11 heavy metals like aluminium, barium, copper, iron, lead, lithium, manganese,
nickel, silver, strontium and tin. The multidrug and multimetal-resistant R. planti-
cola may remain present in the environment for a long time [78]. Ten strains of K.
pneumoniae were isolated from the alimentary canal and gills of shrimps. They
were resistant to erythromycin, ampicillin, furazolidone and penicillin and were
able to grow in the presence of 1,080 mg/l silver (Ag+) [26]. In the environmental
M. smegmatis strain mc2155, a 4-fold MIC increase to isoniazid was detected after
exposure to silver NPs which has resulted in silver resistance [83].

15.7.3 Plasmids

Some plasmids have been described conferring resistance to silver and various
antibiotics. pMG101 belongs to the IncHI2 incompatibility group of plasmids which
are large multi-antibiotic resistance plasmids found widely in the enterobacteriaceae
[57]. pSTM6-275 is a IncHI2 plasmid from S. enterica confers reduced susceptibility
to antibiotics, copper sulphate and silver nitrate [12]. pUPI199 encodes resistance to
silver nitrate in A. baumannii and contains resistance determinants for 13 different
metals and 10 antibiotics [31]. pKQPS142a and pKQPS142b were described in a
carbapenem-resistant virulent K. quasipneumoniae subsp. similipneumoniae isolate
[31]. pLVPK was described in K. pneumoniae CG43 with copper, silver, lead and
tellurite resistance genes of other bacteria [24]. The plasmid was recently detected in
a hypervirulent carbapenem-resistant K. pneumoniae [51]. And another multidrug
resistance plasmid in K. pneumoniae and E. coli confers resistance to antibiotics
(b-lactams, tetracyclines, aminoglycosides, macrolides, sulphonamides, trimetho-
prim and ciprofloxacin), silver, copper and arsenic [53].

15.8 Role of Biofilm

15.8.1 Effect on Biofilm Development

Silver as NPs or on impregnated surfaces mostly inhibits single-species biofilm
formation by 57–97%, although few studies indicate no such effect, e.g. with
P. aeruginosa or S. aureus on fluoroplastic tympanostomy tubes. Silver alone
requires a concentration of at least 0.1 mg/l to inhibit biofilm formation at >50%
within 24 h (Table 15.12). A comparison of seven different types of silver-coated
dressings showed that there is a large variation in their ability to prevent biofilm
formation of P. aeruginosa and A. baumannii over 72 h, with a number of them not
being able to prevent biofilm formation so that they are considered not to be better
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than non-antimicrobial dressings [61]. In E. coli MG 1655 and a L. innocua field
strain, it was shown that resistance to silver nanoparticle is associated significantly
increased stickiness in biofilm formation [153].

15.8.2 Effect on Biofilm Removal

Silver alone does not remove mixed-species biofilm when used at 0.01 mg/l for
24 h. Silver NPs at concentrations between 25 and 100 mg/l have some
single-species biofilm removal activity (23–93%) beginning after 15-min exposure
time (Table 15.13). The single-species biofilm removal effect of silver NPs can be
enhanced by 17% EDTA as shown with S. aureus and S. Typhimurium [90]. In
silver-containing wound dressings, there seems to be some biofilm removal effect of

Table 15.13 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
products or solutions based on silver

Type of biofilm Concentration Exposure
time

Biofilm
removal
rate

References

C. albicans (ATCC 10231), 24-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 23% [99]

C. albicans (ATCC 10231), 48-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 47% [99]

C. albicans (1 oral clinical isolate), 24-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 23% [99]

C. albicans (1 oral clinical isolate), 48-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 36% [99]

C. glabrata (ATCC 90030), 24-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 43% [99]

C. glabrata (ATCC 90030), 48-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 52% [99]

C. glabrata (1 oral clinical isolate), 24-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 28% [99]

C. glabrata (1 oral clinical isolate), 48-h
incubation on acryl resin specimens

54 mg/la (S) 5 h 37% [99]

S. Typhimurium (ATCC 14028), 24-h
incubation in polystyrene microtiter plates

100 mg/la (P) 15 min 58% [138]

50 mg/la (P) 79%

25 mg/la (P) 82%

S. aureus (ATCC 25923), 24-h incubation
in polystyrene microtiter plates

100 mg/la (P) 15 min 71% [138]

50 mg/la (P) 87%

25 mg/la (P) 93%

Mixed species (activated sludge from a
wastewater treatment plant), 24-h
incubation in polystyrene microtiter plates

0.01 mg/l (S) 24 h 0% [171]

S Solution; P Commercial product; aSilver NPs
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silver, but it depends on the type of dressing material and its structure [115].
A functionalized silver nanocomposite with a biocompatible carbohydrate polymer
(PAGA) and a membrane-disrupting cationic polymer (PDMAEMA-C4) was
described as a potent antibiofilm agent (P. aeruginosa, E. coli, S. aureus and B.
amyloliquefaciens) [54].

15.8.3 Effect on Biofilm Fixation

No studies were found to assess a potential biofilm fixation by exposure to silver,
silver nitrate or silver NPs.

15.9 Summary

The principal antimicrobial activity of silver is summarized in Table 15.14.
The key findings on acquired resistance and cross-resistance including the role

of biofilm for selecting resistant isolates are summarized in Table 15.15.

Table 15.14 Overview on the typical exposure times required for silver to achieve sufficient
biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Moderate bactericidal activity (3.0 log)
against selected bacterial species

0.032 mg/la 24 h

Insufficient bactericidal activity 10,000 mg/l 30 min

Fungi Insufficient data

Mycobacteria Insufficient data
ain biofilm the bactericidal activity will be lower

Table 15.15 Key findings on acquired silver resistance, the effect of low-level exposure,
cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

E. coli, E. cloacae � 512,000 mg/l

P. aeruginosa � 128,000 mg/l

Klebsiella spp. � 5,500 mg/l

Enterococcus spp. � 300 mg/l

Citrobacter spp. � 250 mg/l

Proteus spp. � 250 mg/l
(continued)
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Table 15.15 (continued)

Parameter Species Findings

Proposed MIC
value to
determine
resistance

Gram-negative species >8 mg/l

27 mg/l silver and 85 or 128 mg/l
silver nitrate was also used for silver
resistance screening

Cross-tolerance
biocides

E. faecium, E. hirae, E. coli, P. putida, S.
enteritidis, C. argentea

Cross-tolerance to copper via specific
efflux pumps

Cross-tolerance
antibiotics

E. cloacae Some clinical strains with
cross-resistance to ampicillin,
erythromycin and clindamycin or
imipenem and meropenem

E. coli Some clinical strains with
cross-resistance to ceftibuten,
piperacillin-tazobactam,
cotrimoxazole, ciprofloxacin and
gentamicin

K. pneumoniae Some shrimp isolates with
cross-resistance to erythromycin,
ampicillin, furazolidone, and
penicillin

R. planticola Environmental isolate with
multidrug- and multimetal-resistance

S. Typhimurium Some clinical strains with
cross-resistance to cross-resistance to
ampicillin, chloramphenicol,
tetracycline, streptomycin and
sulphonamides

Resistance
mechanisms

E. cloacae, K. oxytoca, K. pneumoniae, E.
aerogenes, Enterobacter spp.,
Enterococcus spp., E. coli, Escherichia
spp., Klebsiella spp., S. aureus, CNS

SilE gene

Klebsiella spp., Enterobacter spp.,
Enterococcus spp., Escherichia spp.,
Pseudomonas spp., Staphylococcus spp.

SilA gene

E. aerogenes, E. cloacae, Enterobacter
spp., Enterococcus spp., E. coli,
Escherichia spp., K. oxytoca, K.
pneumoniae, Klebsiella spp.,
Staphylococcus spp.

SilP gene

E. aerogenes, E. cloacae, E. coli, K.
oxytoca, K. pneumoniae

SilS

A. baumannii, C. metallidurans, E.
cloacae, Klebsiella spp., P. stutzeri,
Salmonella spp., S. marcescens

Plasmids

A. baumannii, E. coli, E. hirae, C.
albicans

Efflux pumps

A. fumigatus, C. intermedius, K.
pneumoniae, P. stutzeri

Silver uptake and accumulation

(continued)
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16Povidone Iodine

16.1 Chemical Characterization

Povidone iodine is a stable chemical complex of polyvinylpyrrolidone (povidone,
PVP) and elemental iodine. It contains from 9.0 to 12.0% available iodine, cal-
culated on a dry basis [82]. When iodine is complexed with surfactants, the com-
plexed iodine is used for the manufacturing of the biocidal product (the premix may
be either prepared on site or bought from suppliers) [98].

In principle, iodine should be regarded as the active substance as long as an
iodophor is not considered as discrete active substances. Iodophors are substances
which are capable of taking up iodine and transport it. The carrier does not react
with the substance taken up via a stable chemical bond but rather takes it up due to
its electrochemical configuration in its scaffold. The chemical properties of the
individual substances are essentially maintained, the physical properties, i.e. solu-
bility, can in contrast change. In addition, the iodophor affects the content of
reactive iodine in the formulation, thereby preventing negative effects such as
irritation, but keeping sufficient free iodine in the formulation to ensure its efficacy.
Povidone and surfactants are used in the first place to bring iodine into the for-
mulation in a soluble form [98].

The basic chemical information on iodine and povidone iodine is summarized in
Table 16.1.

16.2 Types of Application

Iodine, typically as povidone iodine, is used in biocidal products for hand hygiene
(e.g., surgical scrubbing) and in embalming fluids for the short-term preservation
and hygienisation of cadavers until burial or cremation. Iodine, typically complexed
with a surfactant, is also used in biocidal products for disinfection of milking
equipment and bulk milk tanks. Iodine, typically complexed with surfactant or
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povidone, is also used in biocidal products for the disinfection of animals’ teats or
udder and animal houses [98]. Other types of application are its use as an antiseptic
agent for bite, stab, puncture or gunshot wounds where povidone iodine is the first
choice [16, 17, 62]. It is also used for mucosal antisepsis, e.g., for oral hygiene, and
drinking water disinfection [65, 104].

16.2.1 European Chemicals Agency (European Union)

In 2014, iodine including polyvinylpyrrolidone iodine was approved as an existing
active substance for use in biocidal products for product types 1 (human hygiene), 3
(veterinary hygiene), 4 (food and feed area) and 22 (embalming and taxidermist
fluids) [9].

16.2.2 Environmental Protection Agency (USA)

Products containing iodine as the active ingredient were initially registered in the
USA by the US Department of Agriculture beginning in 1948. Iodine and iodophor
complexes were last reregistered in 2006, e.g., for emergency drinking water
purification, fresh food sanitization, food contact surface sanitization, hospital
surface disinfection, materials preservation, and commercial and industrial water
cooling tower systems [104].

16.2.3 Food and Drug Administration (USA)

In 2015, povidone iodine between 5 and 10% was eligible for three types of
application in health care: patient preoperative skin preparation, healthcare per-
sonnel hand wash and surgical hand scrub [27]. It is classified in category IIISE
indicating that available data are insufficient to classify povidone iodine as safe and
effective, and further testing is required [27]. The main aspect on safety is human
pharmacokinetics [27].

Table 16.1 Basic chemical information on iodine and povidone iodine [82, 98]

Iodine Povidone iodine

CAS number 7553-56-2 25655-41-8

IUPAC name Iodine Polyvinylpyrrolidone iodine

Synonyms None None

Molecular formula I2 C6H9I2NO

Molecular weight (g/mol) 253.81 364.953
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16.2.4 Overall Environmental Impact

The oceans are the most important source of natural iodine in the air, water and soil.
Iodine in the oceans enters the air from sea spray or as iodine gases. Once in the air,
iodine can combine with water or with particles in the air and can enter the soil and
surface water, or land on vegetation when these particles fall to the ground or when
it rains. Iodine can remain in soil for a long time because it combines with organic
material in the soil. It can also be taken up by plants that grow in the soil. Cows or
other animals that eat these plants will take up the iodine in the plants. Iodine that
enters surface water can re-enter the air as iodine gases. Iodine can enter the air
when coal or fuel oil is burned for energy; however, the amount of iodine that enters
the air from these activities is very small compared to the amount that comes from
the oceans [103]. The EPA summarized in 2006 that the use of iodine and iodophor
complexes makes it unlikely that any appreciable exposure to terrestrial or aquatic
organisms would occur [104].

16.3 Spectrum of Antimicrobial Activity

The mode of action of iodine is non-selective and is based on the following
mechanisms. Iodine rapidly penetrates into micro-organisms showing a high affinity
pattern of adsorption. It combines with protein substances in the bacterial cell; these
could be peptidoglycans in the cell walls or enzymes in the cytoplasm. This results
in irreversible coagulation of the protein and consequent loss of function. It is also
known to act on thiol groups in the cell. If a thiol enzyme is part of a metabolic
chain, then metabolic inhibition will result. Iodine reacts with key groups of pro-
teins, in particular the free-sulphur amino acids cysteine and methionine, nucleo-
tides and fatty acids. And it interferes at the level of the respiratory chain of the
aerobic micro-organisms by blocking the transport of electrons through elec-
trophilic reactions with the enzymes of the respiratory chain [98].

Especially C. albicans exhibited a rapid, dose-dependent “loosening” of the cell
wall. Cells remained intact without lysis, rupture or wall breakage. Changes in
beta-galactosidase and nucleotide concentrations were measured in E. coli. A rapid
and dose-dependent loss of cellular beta-galactosidase activity was found, with no
increase in the supernatant. Loss of cellular nucleotides corresponded with an
increase in the supernatant. Electron microscopy and biochemical observations
support the conclusion that povidone iodine interacts with cell walls of
micro-organisms causing pore formation or generating solid–liquid interfaces at the
lipid membrane level which lead to loss of cytosol material, in addition to enzyme
denaturation. The chemical mechanism of action is assumed to explain the fact that
povidone iodine has so far not generated resistance in micro-organisms [91].
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16.3.1 Bactericidal Activity

16.3.1.1 Bacteriostatic Activity (MIC Values)
Gram-positive species seem to be more susceptible to povidone iodine with MIC
values of 80–2,344 mg/l in Enterococcus spp., 80–4,688 mg/l in Streptococcus
spp., 400–5,000 mg/l in S. epidermidis and 8–10,000 mg/l in S. aureus. Among
Gram-negative species, the range of MIC values begins at 8 mg/l in K. pneumoniae,
40 mg/l in E. coli, 250 mg/l in S. marcescens, 400 mg/l in P. aeruginosa and
2,344 mg/l in Enterobacter spp. and can be as high as 10,000 mg/l in all of them
(Table 16.2).

16.3.1.2 Bactericidal Activity (Suspension Tests)
The bactericidal activity of povidone iodine is comprehensive at 7.5–10% within
30 s although strains of E. faecium and S. epidermidis have been described to
require � 30 s. At 2%, the bactericidal effect is largely achieved within 5 min
although some isolates of E. faecium, E. coli, S. aureus and S. epidermidis have
been described with <5.0 log in 5 min, indicating that a longer exposure time is
necessary. Data obtained with povidone iodine at 0.6% indicate that an exposure
time of 2 h should be adequate to achieve a sufficient bactericidal activity
(Table 16.3).

Table 16.2 MIC values of various bacterial species to povidone iodine

Species Strains/isolates MIC value
(mg/l)

References

A. xylosoxidans 2 clinical isolates 190–1,560 [80]

A. anitratus ATCC 49137 2,344 [54]

B. fragilis ATCC 25285 4,688 [54]

B. subtilis ATCC 9372 100a [21]

Bacillus spp.b 15 hospital strains 75–250a [21]

C. trachomatis ATCC VR-885 1,562 [86]

>800a

C. perfringens ATCC 13124 1,024 [60]

E. cloacae ATCC 13047 2,344 [54]

Enterobacter
spp.b

10 burn unit isolates 10,000 [46]

E. faecalis ATCC 29212 80 [3]

E. faecalis ATCC 29212 1,024 [60]

E. faecalis ATCC 29212, ATCC 51575 2,344 [54]

E. faecium ATCC 49224 2,344 [54]

Enterococcus
spp.

Clinical VRE isolate 1,024 [60]

E. coli ATCC 25922 40 [3]

E. coli ATCC 25922 75a [21]

E. coli ATCC 35218 1,024 [60]
(continued)
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Table 16.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

E. coli ATCC 11229, ATCC 25922 2,344 [54]

E. coli 10 burn unit isolates 10,000 [46]

Escherichia spp. Hospital strain 150a [21]

H. influenzae ATCC 49247 512 [60]

H. influenzae ATCC 19418 2,344 [54]

K. oxytoca ATCC 15764 2,344 [54]

K. pneumoniae 35 carbapenem-resistant clinical isolates 8–32a [42]

K. pneumoniae ATCC 27736 2,344 [54]

K. pneumoniae 10 burn unit isolates 10,000 [46]

L. lactis 1 strain 30,000 [28]

M. luteus ATCC 7468 2,344 [54]

Micrococcus
spp.b

6 hospital strains 75–200a [21]

P. mirabilis ATCC 4630 2,344 [54]

Proteus spp.b 10 burn unit isolates 5,000 [46]

P. aeruginosa ATCC 27853 400–3,200 [95]

P. aeruginosa ATCC 15442 1,024 [60]

P. aeruginosa 175 isolates from veterinary sources 2,048–
8,192

[10]

P. aeruginosa ATCC 15442 2,344 [54]

P. aeruginosa ATCC 27853 4,688 [54]

P. aeruginosa NCTC6749 and 3 extensively resistant clinical
isolates

6,250 [112]

P. aeruginosa 20 burn unit isolates 10,000 [46]

P. cepacia 1 wash basin isolate 3,130 [80]

S. marcescens 18 clinical strains 250a [38]

S. marcescens ATCC 14756 2,344 [54]

S. marcescens 10 burn unit isolates 10,000 [46]

S. aureus 8 clinical MSSA isolates 7.8 [114]

12 clinical MRSA isolates 31.3

S. aureus ATCC 6538 8–512 [60]

S. aureus ATCC 25923 40 [3]

S. aureus EMRSA-15 64a [20]

S. aureus ATCC 6538 100a [21]

S. aureus Clinical MRSA isolate 256 [60]

S. aureus ATCC 25923 800–1,600 [95]

S. aureus ATCC 6538, ATCC 29213, ATCC 33591, ATCC
33592, ATCC 33594, ATCC 43300

1,172–
2,344

[54]

S. aureus 20 burn unit isolates 5,000–
10,000

[46]

S. epidermidis TISTR17 400–3,200 [95]

S. epidermidis 5 clinical isolates 781–1,562 [92]
(continued)
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Table 16.2 (continued)

Species Strains/isolates MIC value
(mg/l)

References

S. epidermidis ATCC 12288, ATCC 51624, ATCC 51625 1,172–
2,344

[54]

S. epidermidis 10 burn unit isolates 5,000 [46]

S. haemolyticus ATCC 29970 1,172 [54]

S. hominis ATCC 25615 2,344 [54]

S. lugdunensis 11 clinical strains 250–1,000 [34]

S. saprophyticus ATCC 15305 2,344 [54]

S. schleiferi 12 clinical strains 500–1,000 [34]

Staphylococcus
spp.b

3 hospital strains 75–100a [21]

S. mitis 4 clinical isolates 3,124 [92]

S. mutans MTCC 890 80 [3]

S. mutans ATCC 27351 150 [28]

S. mutans 1 clinical isolate 3,124 [92]

S. pneumoniae ATCC 35088 586 [54]

S. pneumoniae ATCC 49619 >1,024 [60]

S. pyogenes ATCC 12351 4,688 [54]

S. salivarius ATCC 25975 150 [28]
aAvailable iodine; bno MIC values per species

Table 16.3 Bactericidal activity of povidone iodine in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. anitratus ATCC 49137 15 s 7.5% (P) >5.4 [54]

A. baumannii 20 clinical strains 15 s 10%a (P) >5.0 [111]

A. baumannii 1 multiresistant clinical
strain

1 min 8% (P) >6.2 [88]

A. baumannii 81 clinical and
environmental isolates

24 h 4% (P) >5.0 [66]

A. baumannii 9 ICU outbreak strains 5 min 2.2% (P) >3.1 [72]

A. baumannii 1 MDR clinical isolate 2 h 0.6% (S) � 5.0 [4]

0.3% (S) <3.0

A. salmonicida ATCC 14174 30 min 0.0078%b (P) � 5.0 [105]

0.0056%b (P) <3.8

B. fragilis ATCC 25285 15 s 7.5% (P) 4.8 [54]

30 s >5.5

B. cepacia 1 multiresistant clinical
isolate

1 min 1% (P) >5.0 [101]

C. jejuni ATCC 33560, ATCC
BAA-1062, 2 field strains
from broiler flocks

1 min 1%b (S) >6.0 [44]

0.1%b (S) 1.2–4.4

(continued)
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Table 16.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

C. piscicola ATCC 35586 30 min 0.011%b (P) � 5.0 [105]

0.0078%b (P) <4.5

C. diversus Clinical multiresistant
isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

E. cloacae Clinical multiresistant
isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

E. cloacae ATCC 13047 15 s 7.5% (P) >6.0 [54]

E. cloacae 1 clinical strain 2 min 0.5% (S) 1.8 [37]

Enterobacter
spp.

Clinical strain 1 min 8% (P) >6.4 [88]

E. faecalis 13 clinical isolates 3 min 10% (P) >5.0 [31]

7.5% (P)

E. faecalis 1 VRE strain 1 min 8% (P) 1.0 [88]

5 min � 5.3

E. faecalis ATCC 29212 15 s 7.5% (P) >6.0 [54]

E. faecalis ATCC 51575 15 s 7.5% (P) 4.6 [54]

30 s >6.0

E. faecalis Strain Q33 5 min 2% (S) 2.8 [74]

E. faecalis ATCC 29212 2 min 0.5% (S) 0.8 [37]

E. faecium 5 strains 30 s 10% (P) � 5.0 [108]

E. faecium ATCC 6057 30 s 10% (P) 1.3–5.8c [89]

1 min 1.4–5.8c

10 min � 5.5

E. faecium 7 clinical isolates 3 min 10% (P) >5.0 [31]

7.5% (P)

E. faecium ATCC 49224 15 s 7.5% (P) 3.8 [54]

30 s 5.0

E. faecium VRE strain Z31901 5 min 2% (S) 1.0 [74]

E. faecium ATCC 6057 5 min 0.5% (P) � 6.0 [78]

E. hirae ATCC 10541 3 min 4.1% (P) >5.0 [71]

Enterococcus
spp.

Non-typable clinical strain 3 min 10% (P) >5.0 [31]

7.5% (P)

Enterococcus
spp.d

6 multiresistant clinical
isolates

1 min 1% (P) >5.0 [101]

E. coli NCTC 10536 30 s 10% (P) � 6.4 [89]

E. coli ATCC 25922 and clinical
multiresistant isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)
(continued)
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Table 16.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

E. coli 1 multiresistant clinical
strain

1 min 8% (P) >6.3 [88]

E. coli ATCC 11229 15 s 7.5% (P) >7.7 [54]

E. coli ATCC 25922 15 s 7.5% (P) >5.8 [54]

E. coli NCTC 86 30 s 2% (S) � 5.0 [70]

E. coli NCTC 10538 5 min 2% (S) 4.3 [74]

E. coli ATCC 25922 24 h 1.3% (P) >5.0 [66]

E. coli ATCC 11229 30 min 0.7% (P) � 3.0 [79]

E. coli 1 cefotaxime-resistant
clinical isolate

2 h 0.6% (S) � 5.0 [4]

0.3% (S) <3.0

E. coli ATCC 25922 2 min 0.5% (S) 2.3 [37]

E. coli ATCC 11229 5 min 0.5% (P) � 6.0 [78]

G. vaginalis 1 clinical strain 1 min 8% (P) >3.9 [88]

H. influenzae ATCC 33533 15 s 7.5% (P) >5.7 [54]

H. parasuis 2 strains (serovars 1 and
5)

1 min 1%b (S) 4.4–6.0 [94]

0.1%b (S) 0.1–0.7

K. oxytoca ATCC 15764 15 s 7.5% (P) >5.7 [54]

K. pneumoniae Clinical multiresistant
isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

K. pneumoniae 1 multiresistant clinical
strain

1 min 8% (P) >6.3 [88]

K. pneumoniae ATCC 27736 15 s 7.5% (P) 4.0 [54]

30 s >5.6

K. pneumoniae DSM 16609 15 s 0.7% (P) >5.5 [30]

0.23% (P) >5.4

0.07% (P) >2.8

K. pneumoniae 1 clinical strain 2 min 0.5% (S) 3.4 [37]

L. garvieae NCIMB 702927 30 min 0.011%b (P) � 5.0 [105]

0.0078%b (P) < 4.1

L. innocua LCDC 86-417 1 min 0.008%b (P) <1.0 [13]

L.
monocytogenes

LCDC 88-702 1 min 0.008%b (P) � 2.0 [13]

M. luteus ATCC 7468 15 s 7.5% (P) >4.6 [54]

P. acnes 1 clinical strain 1 min 8% (P) >4.0 [88]

P. mirabilis 1 clinical strain 1 min 8% (P) � 6.3 [88]

P. mirabilis ATCC 4630 15 s 7.5% (P) >6.1 [54]

P. mirabilis 1 clinical strain 2 min 0.5% (S) 3.4 [37]

P. aeruginosa ATCC 15442 30 s 10% (P) � 7.0 [89]
(continued)
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Table 16.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

P. aeruginosa ATCC 27853 and clinical
multiresistant isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

P. aeruginosa ATCC 15442 and 1
gentamicin-resistant strain

1 min 8% (P) 3.7–6.4 [88]

5 min 4.0–6.4

P. aeruginosa ATCC 15442 15 s 7.5% (P) >6.0 [54]

P. aeruginosa ATCC 27853 15 s 7.5% (P) >5.8 [54]

P. aeruginosa ATCC 15442 3 min 4.1% (P) >5.0 [71]

P. aeruginosa NCTC 9027 30 s 2% (S) � 5.0 [70]

P. aeruginosa NCIMB 10421 5 min 2% (S) 4.3 [74]

P. aeruginosa 179 clinical isolates 10 min 1% (P) >5.0 [39]

20 min 0.1% (P)

P. aeruginosa 1 clinical isolate 2 h 0.6% (S) � 5.0 [4]

0.3% (S) <3.0

P. aeruginosa ATCC 27853 2 min 0.5% (S) 2.2 [37]

P. aeruginosa ATCC 15442 5 min 0.5% (P) 7.0 [78]

P. aeruginosa ATCC 15442 1 min 0.025% (S) 5.2 [60]

6 h 0.0125% (S)

P. putida Surface water isolate 3 min 0.002% (P) >7.0 [107]

Salmonella
spp.

Clinical strain 1 min 8% (P) >6.4 [88]

S. marcescens Clinical multiresistant
isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

S. marcescens 1 clinical strain 1 min 8% (P) >6.3 [88]

S. marcescens ATCC 14756 15 s 7.5% (P) >6.0 [54]

S. marcescens 1 clinical strain 2 min 0.5% (S) 2.5 [37]

S. aureus ATCC 6538 30 s 10% (P) 1.1–6.2c [89]

1 min 1.2–6.2c

10 min � 5.9

S. aureus 10 MRSA strains 30 s 10% (P) � 5.0 [108]

S. aureus 30 clinical isolates (16
MRSA, 14 MSSA)

3 min 10% (P) >5.0 [31]

7.5% (P)

S. aureus ATCC 25923 and clinical
MRSA isolate

5 min 10% (P) >5.0 [84]

5% (P)

2.5% (P)

S. aureus ATCC 6538 and EMRSA
15

1 min 8% (P) 1.5–2.1 [88]

5 min 3.9–4.7

S. aureus ATCC 6538 15 s 7.5% (P) 7.3 [54]
(continued)
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Table 16.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

S. aureus ATCC 33594 15 s 7.5% (P) >6.0 [54]

S. aureus ATCC 29213 15 s 7.5% (P) >5.9 [54]

S. aureus ATCC 33593 15 s 7.5% (P) >5.7 [54]

S. aureus ATCC 33592 15 s 7.5% (P) 2.2 [54]

30 s >6.2

S. aureus ATCC 43300 15 s 7.5% (P) 2.9 [54]

30 s >5.8

S. aureus ATCC 33591 15 s 7.5% (P) 2.1 [54]

30 s 4.3

S. aureus ATCC 6538 3 min 4.1% (P) >5.0 [71]

S. aureus Strain RF3 30 s 2% (S) 4.6 [70]

1 min 4.3

10 min 4.7

S. aureus NCTC 6571 5 min 2% (S) 4.1 [74]

S. aureus MRSA strain 9543 5 min 2% (S) 4.8 [74]

S. aureus 3 multiresistant clinical
isolates

1 min 1% (P) >5.0 [101]

S. aureus 91 clinical MSSA isolates 5 min 1% (P) >5.0 [39]

10 min 0.1% (P)

S. aureus 109 clinical MRSA
isolates

5 min 1% (P) >5.0 [39]

15 min 0.1% (P)

S. aureus ATCC 6538 30 min 0.7% (P) � 3.0 [79]

S. aureus 54 MRSA strains 5 min 0.625% (P) � 5.0 [32]

S. aureus Strain MN8 (clinical
MRSA isolate)

2 h 0.625% (S) 6.9 [5]

0.31% (S) 0.9

S. aureus 2 clinical isolates (MSSA
and MRSA)

2 h 0.6% (S) � 5.0 [4]

0.3% (S) <3.0

S. aureus ATCC 25913 2 min 0.5% (S) 2.8 [37]

S. aureus ATCC 6538 5 min 0.5% (P) � 6.0 [78]

S. aureus 33 clinical isolates 30 s 0.4% (P) � 5.4 [73]

S. aureus 42 clinical MRSA isolates 5 min 0.1% (S) � 5.0 [81]

S. aureus ATCC 25923 5 min 0.0256% (S) � 5.0 [69]

S. aureus ATCC 6538 1 min 0.025% (S) 5.1 [60]

10 min 0.0125% (S)

S. aureus IFO 13276 30 s 0.005% (S) � 5.0 [113]

S.
chromogenes

4 bovine mastitis isolates 30 s 1% (P) � 5.0 [102]

0.4% (P)

S. epidermidis Strain RP62A 30 s 10% (P) 6.3–6.5 [2]

S. epidermidis ATCC 12228 15 s 7.5% (P) >5.4 [54]

S. epidermidis ATCC 51625 15 s 7.5% (P) >5.3 [54]

S. epidermidis ATCC 51624 15 s 7.5% (P) 2.9 [54]

30 s
(continued)
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Table 16.3 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

S. epidermidis Strain P69 5 min 2% (S) 2.7 [74]

S. epidermidis Bovine mastitis isolate 30 s 1% (P) � 5.0 [102]

0.4% (P)

S. epidermidis 1 MRSE clinical isolate 2 h 0.6% (S) � 5.0 [4]

0.3% (S) <3.0

S. epidermidis 1 clinical strain 2 min 0.5% (S) 3.9 [37]

S.
haemolyticus

ATCC 29970 15 s 7.5% (P) 2.2 [54]

30 s >5.1

S.
haemolyticus

Bovine mastitis isolate 30 s 1% (P) � 5.0 [102]

0.4% (P)

S. hominis ATCC 25615 15 s 7.5% (P) 1.8 [54]

30 s >5.2

S.
saprophyticus

ATCC 15305 15 s 7.5% (P) 2.3 [54]

30 s >5.6

S. simulans 3 bovine mastitis isolates 30 s 1% (P) � 5.0 [102]

0.4% (P)

S. xylosus Bovine mastitis isolate 30 s 1% (P) � 5.0 [102]

0.4% (P)

S. agalactiae 5 isolates from fish
aquaculture outbreaks

1 min 1% (P) 0.0–2.8c [75]

10 min � 5.0

S. pyogenes 1 group A clinical strain 1 min 8% (P) >6.2 [88]

S. pyogenes ATCC 12351 15 s 7.5% (P) >4.5 [54]

S. pneumoniae ATCC 35088 15 s 7.5% (P) 3.1 [54]

30 s >4.4

S. pneumoniae ATCC 49619 15 s 0.7% (P) >5.2 [30]

0.23% (P) >5.2

0.07% (P) 4.9

V. cholerae NCTC 10225 1 min 8% (P) >6.3 [88]

V. indigofera Surface water isolate 3 min 0.002% (P) >6.0 [107]

Y. ruckeri ATCC 29473 30 min 0.0078%b (P) � 5.0 [105]

0.0056%b (P) < 4.6

Mixed
anaerobic
species

A.
actinomycetemcomitans
ATCC 43718, A. viscosus
DSMZ 43798, F.
nucleatum ATCC 10953,
P. gingivalis ATCC
33277, V. atypica ATCC
17744 and S. gordonii
ATCC 33399

30 s 10% (P) >8.0 [26]

S solution; P commercial product; a1.1% iodine; biodine; cdepending on the type of organic load;
dno MIC values per species
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The bactericidal activity of povidone iodine has been described to be distinctly
lower at elevated pH values [109]. It is significantly reduced in the presence of
0.019% albumin [59]. Wound dressings can also reduce the efficacy of povidone
iodine against S. aureus as shown in 33.3% of 42 types of wound dressings [49]. It
is not impaired in the presence of chondroitin sulphate [78].

16.3.1.3 Activity Against Bacteria in Biofilm
Povidone iodine at 7.5–10% has overall a good bactericidal activity against bacteria
in biofilms, e.g., within 1 min (S. aureus), 15 min (P. aeruginosa) or 4 h (mixed
species biofilm). Data on the efficacy of lower povidone iodine concentrations are
rather incomplete so that general statements are not justified (Table 16.4). In a
non-typable H. influenzae biofilm, it was shown that resistance to povidone iodine
is mediated to a large part by the cohesive and protective properties of the biofilm
matrix [53].

16.3.1.4 Bactericidal Activity in Surgical Scrubbing
Povidone iodine, e.g., at 7.5%, has traditionally been used in surgical hand scrubs
[33]. Its bactericidal efficacy on the resident hand flora has often been described to
be inferior to the use of alcohol-based hand rubs both in clinical practice and
according to international test methods such as EN 12791 [7, 8, 19, 35, 43, 48, 58,
64, 71]. On hands artificially contaminated with MRSA use of a soap based on 10%
povidone iodine resulted in a 3.8 log reduction, similar to the effect of 70% ethanol
[41].

16.3.1.5 Bactericidal Activity in Carrier Tests
In a proposed test to determine the efficacy of wound antiseptics (which is similar to
a carrier test), 10% povidone iodine showed sufficient bactericidal activity within
30 min with or without organic load [96]. Another study revealed that 10% povi-
done iodine has a good bactericidal activity within 1.5 min on stainless steel discs
against 10 MSSA strains (3.8 log), 10 MRSA strains (3.5 log), 10 VSE strains (3.5
log) and 9 VRE strains (3.1 log) [18].

Povidone iodine with 1% available iodine reduced L. innocua and L. monocy-
togenes in 1 min by at least 6.0 log, whereas a formulation with 0.008% available
iodine had only little effect (<1.0 log) [13]. Another povidone iodine solution with
1% available iodine was also very effective without organic load (>5.0 log). The
presence of serum, however, impaired its efficacy (2.1–2.3 log) [94].

Against three bacterial species (S. aureus strain RF3, E. coli NCTC 86 and
P. aeruginosa NCTC 9027), 2% povidone iodine revealed a good bactericidal
activity within 30 s on glass carriers with log reductions of at least 5.0 [70]. Two
per cent povidone iodine was only partially effective against seven strains from six
bacterial species (E. faecalis, E. faecium VRE, E. coli, P. aeruginosa, S. aureus,
MRSA, S. epidermidis) on glass carriers with 1.0 to 1.8 log in 1 min [74].

Against H. parasuis serovar 1 and 5 a 1% iodophor solution with 0.1% available
iodine reduced the bacterial cell number by 2.7–2.9 log without organic load and by
1.0–6.9 with serum as organic load [94].
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16.3.1.6 Bactericidal Activity in Other Applications
Povidone iodine is also used for mucosal antisepsis, e.g., at 10% prior to vaginal
surgery. Its bactericidal efficacy was described to be lower compared to 4% CHG
[25]. On porcine vaginal mucosa, povidone iodine at 7.5% was able to reduce an
artificial contamination of MRSA by approximately 4.0 log (15 min), but the effect
diminished with time resulting in no MRSA reduction after 24 h [5]. The appli-
cation of three drops of 1.25% povidone iodine showed a moderate bactericidal
efficacy when applied preoperatively in ophthalmic surgery [45].

16.3.2 Fungicidal Activity

16.3.2.1 Fungistatic Activity (MIC-Values)
The susceptibility of most yeasts to povidone iodine is variable but in a similar
range for different species, e.g., for C. albicans (12.5–5,000 mg/l), C. glabrata (10–
5,000 mg/l), C. parapsilosis (300–5,000 mg/l) and C. tropicalis (312–5,000 mg/l).
The MIC values of other fungal species are within the same range (Table 16.5).

16.3.2.2 Fungicidal Activity (Suspension Tests)
Povidone iodine at 7.5–10% has yeasticidal activity, mostly within 2 min.
Malassezia spp. and Rhodotorula spp. are sufficiently killed by 0.5% povidone
iodine in 1 min. A. fumigatus required 1% available iodine in 5 min to achieve
sufficient fungicidal activity (Table 16.6).

16.3.3 Mycobactericidal Activity

16.3.3.1 Mycobactericidal Activity (Suspension Tests)
Povidone iodine at 1% has mostly shown sufficient mycobactericidal activity within
1 min (Table 16.7).

16.3.3.2 Mycobactericidal Activity (Carrier Tests)
On carriers povidone iodine with 1% available iodine reduced M. tuberculosis
strain H37Rv in 1 min by at least 2.9 log, whereas a formulation with 0.008%
available iodine had only little effect (0.5 log) [15]. Similar results were described
for the same two formulations with M. smegmatis strain TMC 1515 [14]. Against
M. abscessus ATCC 19977 and M. bolletii BCRC 16915, a similar and strong
mycobactericidal activity was found with 10% povidone iodine within 2 min (2.0–
5.5 log) but not against an outbreak strain of M. massiliense (0.9–1.2 log) [22].
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Table 16.5 MIC values of various fungal species to povidone iodine

Species Strains/isolates MIC value
(mg/l)

References

C. albicans ATCC 90028 and 10 clinical isolates 12.5–25 [36]

C. albicans ATCC 90028 40 [3]

C. albicans ATCC 10231 256 [60]

C. albicans ATCC A 18804 312 [29]

C. albicans 33 clinical isolates 600–5,000 [61]

C. albicans 83 oral cavity isolates from HIV
patients

700–2,500 [100]

C. albicans ATCC 24433 1,200–2,500 [61]

C. albicans ATCC 10231 2,344 [54]

C. ciferrii Clinical isolate 1,200–5,000 [61]

C. dubliniensis 1 oral cavity isolate from a HIV
patient

1,200 [100]

C. famata Clinical isolate 5,000 [61]

C. glabrata 2 oral cavity isolates from HIV
patients

10–100 [100]

C. glabrata ATCC G 2001 625 [29]

C. glabrata 11 clinical isolates 1,200–5,000 [61]

C. guilliermondii 2 clinical isolates 5,000 [61]

C. intermedia Clinical isolate 5,000 [61]

C. krusei ATCC 6258 25 [36]

C. krusei ATCC 6258 and 1 clinical isolate 1,200–5,000 [61]

C. lusitaniae 3 clinical isolates 1,200–2,500 [61]

C. melibiosica Clinical isolate 5,000 [61]

C. norvegensis Clinical isolate 5,000 [61]

C. parapsilosis 4 oral cavity isolates from HIV
patients

300–1,200 [100]

C. parapsilosis ATCC 20019 and ATCC 90018 600–2,500 [61]

C. parapsilosis 30 clinical isolates 600–5,000 [61]

C. pelliculosa Clinical isolate 2,500 [61]

C. sake Clinical isolate 5,000 [61]

C. tropicalis ATCC T 750 312 [29]

C. tropicalis 1 oral cavity isolate from a HIV
patient

1,200 [100]

C. tropicalis ATCC 750 2,344 [54]

C. tropicalis 7 clinical isolates 5,000 [61]

C. utilis Clinical isolate 5,000 [61]

Candida spp.a 11 cattle otitis strains 156–625 [29]

Cryptococcus
spp.

Clinical isolate 2,500 [61]

M. furfur 15 cattle otitis strains 78–1,250 [29]
(continued)
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Table 16.5 (continued)

Species Strains/isolates MIC value
(mg/l)

References

M. furfur CBS 1878 312 [29]

M.
pachydermatis

CBS 1879 625 [29]

M. slooffiae 12 cattle otitis strains 39–1,250 [29]

M. sympodialis 12 cattle otitis strains 39–625 [29]

P. ohmeri Clinical isolate 5,000 [61]

R. mucilaginosa 12 cattle otitis strains 39 [29]

Rhodotorula
spp.

Clinical isolate 2,500 [61]

S. cerevisiae Clinical isolate 1,200 [61]

Trichosporon
spp.

3 clinical isolates 5,000 [61]

aNo MIC values per species

Table 16.6 Fungicidal activity of povidone iodine in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

A. fumigatus 15 clinical isolates 5 min 1%a (P) >4.0 [99]

C. albicans ATCC 10231 30 s 10% (P) 3.8–6.2b [89]

1 min 4.2–6.2b

10 min � 5.8

C. albicans ATCC 10231 2 min 10% (P) 2.6–3.2 [76]

C. albicans Clinical isolate 2 min 10% (P) >4.5 [76]

C. albicans 1 clinical strain 1 min 8% (P) >6.1 [88]

C. albicans ATCC 10231 15 s 7.5% (P) 2.0 [54]

30 s 5.0

C. albicans ATCC A 18804 1 min 0.5% (S) 8.6 [29]

C. albicans ATCC 10231 5 min 0.5% (P) 5.0 [78]

C. albicans IFO 1594 30 s 0.05% (S) � 5.0 [113]

C. albicans ATCC 10231 1 min 0.05% (S) 4.2 [60]

5 min 0.025% (S)

C. auris 4 clinical strains 2 min 10% (P) >4.7 [76]

C. auris 12 clinical isolates 3 min 0.07–1.25%
(P)

>5.0 [1]

C. glabrata ATCC G 2001 1 min 0.5% (S) 8.5 [29]

C. tropicalis ATCC 750 15 s 7.5% (P) 1.4 [54]

30 s 3.4

C. tropicalis ATCC T 750 1 min 0.5% (S) 8.2 [29]
(continued)
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16.4 Effect of Low-Level Exposure

Low-level povidone iodine exposure did not increase the MIC values in four
species (E. coli, K. aerogenes, S. marcescens and S. aureus). Only in an isolate of
P. aeruginosa a weak adaptive change was observed (� 4-fold MIC increase).
One study suggests that biofilm formation can be reduced in S. aureus and
S. epidermidis during low-level exposure. The growth rate of P. aeruginosa could
be enhanced but not of S. aureus. No cross-tolerance to other biocidal agents or
antibiotics has so far been described after low-level exposure (Table 16.8).

Already in 1978, it was shown that resistance to povidone iodine was not
encountered in species of Proteus, Serratia and Pseudomonas after up to eight
transfers [90]. This is in line with another finding. The catheter exit sites of patients
with continuous ambulatory peritoneal dialysis were sampled over at least

Table 16.6 (continued)

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

Candida spp. 11 cattle otitis strains 1 min 0.5% (S) 7.8–8.7 [29]

M. furfur CBS 1878 and 15 cattle
otitis strains

1 min 0.5% (S) 6.9–7.7 [29]

M. pachydermatis CBS 1879 1 min 0.5% (S) 7.1 [29]

M. slooffiae 12 cattle otitis strains 1 min 0.5% (S) 6.8–7.6 [29]

M. sympodialis 12 cattle otitis strains 1 min 0.5% (S) 6.9–7.5 [29]

R. mucilaginosa 12 cattle otitis strains 1 min 0.5% (S) 6.9–7.7 [29]

S solution; P commercial product; aavailable iodine; bdepending on the type of organic load

Table 16.7 Mycobactericidal activity of povidone iodine in suspension tests

Species Strains/isolates Exposure
time

Concentration log10
reduction

References

M.
abscessus

ATCC 19977, BCRC 16915,
outbreak strain TPE 101

30 s 0.4% (P) 4.1–5.4 [22]

0.2% (P) 3.6–5.4

0.1% (P) 3.4–5.4

0.05% (P) 3.6–5.4

M.
smegmatis

TMC 1515 1 min 1%a (P) >6.0 [14]

0.008%a (P) � 2.0

M.
tuberculosis

17 drug-resistant clinical
isolates

30 s
1 min

0.2% (S) >3.0 [93]

>4.0

M.
tuberculosis

Strain H37Rv 1 min 1%a (P) >5.0 [15]

0.008%a (P) � 1.8

S solution; P commercial product; aavailable iodine
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6 months. Twenty-three CNS isolates were sampled from patients using povidone
iodine as a disinfectant. No development of resistance was found [67].

P. cepacia cells taken directly from contaminated povidone iodine, however,
survived for significantly longer periods of time. Large numbers of P. cepacia were
found embedded in extracellular material and among strands of glycocalyx between
cells as shown by scanning electron microscopy [6].

16.5 Resistance to Povidone Iodine

One clinical report claims povidone iodine resistance. From a pediatric burn unit, a
total of 34 wound infections caused by P. aeruginosa were described. Fifty-three
isolates were assessed for susceptibility to povidone iodine with 49 of them
described as resistant (92.5%) [23]. Without a cut-off value, however, it is
impossible to assess if the susceptibility was indeed significantly lower compared to
other P. aeruginosa strains. During another outbreak of infections caused by
P. aeruginosa, resistance to povidone iodine was suspected. Fifteen episodes of
infection due to P. aeruginosa, including peritonitis and catheter site infections,
occurred in nine patients receiving continuous ambulatory peritoneal dialysis over a
27-month period. Eight episodes were associated with catheter loss. Occurrence of
P. aeruginosa infection was significantly associated with use of povidone iodine
solution to cleanse the catheter site. There was no association with use of povidone
iodine solution to disinfect tubing connections, use of other skin care products or
exposure to other environmental sources of P. aeruginosa. Cultures of available
povidone iodine products were negative. Local irritation and alteration in skin flora
caused by antiseptic solution or low-level contamination of povidone iodine solu-
tion were considered to be potential mechanisms of infection [40].

16.5.1 High MIC Values

The highest MIC values were found in L. lactis (30,000 mg/l), in S. aureus and
S. epidermidis (14,000 mg/l), as well as in Enterobacter spp., E. coli, K. pneumoniae,
P. aeruginosa and S. marcescens (all 10,000 mg/l; Tables 16.2 and 16.8). Without
epidemiological cut-off values it is currently not possible to further classify the high
MIC values.

16.5.2 Reduced Efficacy in Suspension Tests

Few studies indicate a tolerance to 2, 7.5 or 10% povidone iodine by an insufficient
bactericidal activity in suspension tests, especially in E. faecium, E. coli, S. aureus
or S. epidermidis (Table 16.3). It is more likely to be an intrinsic tolerance because
the lower efficacy against E. faecium and S. epidermidis was found at different
concentrations of povidone iodine.
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16.5.3 Infections Associated with Contaminated Povidone
Iodine Solutions or Products

Four cases of peritonitis have been reported in chronic peritoneal dialysis patients
caused by P. aeruginosa which was detected in one open and two closed bottles of
povidone iodine solution of unknown strength [87].P. cepacia has also been described
to be a possible contaminant of a 10% povidone iodine solutionwhich has resulted in at
least 52 cases of pseudobacteraemiawhen applied before taking blood cultures [12, 24].

16.5.4 Contaminated Povidone Iodine Solutions Without
Evidence for Infections

At very low levels of povidone iodine Pseudomonas spp. may indeed persist.
P. cepacia survived in a iodophor antiseptic up to 68 weeks from the date of
manufacture. A uniform concentration of 1% available iodine was found in all lots
of povidone iodine tested as specified on the product label, but free iodine values
varied greatly. Low free iodine levels of 0.23–0.46 mg/l were associated with the
contaminated lot of povidone iodine [6].

16.5.5 Resistance Mechanisms

Taking into account the mode of action of iodine which is non-selective, devel-
opment of resistance against iodine is unlikely. Iodine and iodophors have been
used for over 170 years as disinfectants for a variety of applications. Such appli-
cations include disinfection of skin in the human hygiene and medical area but also
skin of animals using teat dips as well as surfaces such as milk tanks [98]. So far no
resistance genes, efflux pumps or plasmids were described explaining a reduced
susceptibility to povidone iodine.

16.6 Cross-Tolerance to Other Biocidal Agents

Cross-tolerance of povidone iodine to other biocidal agents such as chlorhexidine or
alkyldiaminoethylglycine hydrochloride has so far not been described [63, 67].

16.7 Cross-Tolerance to Antibiotics

One study addressed the antibiotic susceptibility of bacterial isolates of conjunc-
tival cultures. Ocular surface preparation for intravitreal injection using povi-
done iodine 5% alone in the absence of postinjection topical antibiotics did not
appear to promote bacterial resistance [52]. No other studies on cross-tolerance to
antibiotics have so far been published.
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16.8 Role of Biofilm

16.8.1 Effect on Biofilm Development

Only few data are available suggesting that povidone iodine has mostly a poor
inhibitory effect on biofilm formation (1–38%) which is dependent on the species
(Table 16.9).

16.8.2 Effect on Biofilm Removal

Only few studies are available suggesting that biofilm removal by povidone iodine
is overall good and depends on the exposure time and its concentrations
(Table 16.10).

16.8.3 Effect on Biofilm Fixation

No studies were found to describe a possible biofilm fixation by povidone iodine.

Table 16.9 Effect of povidone iodine on biofilm development

Species Strains/isolates Type of biofilm Exposure
time

Type
of
product

Inhibition of
biofilm
formation

References

C. albicans ATCC 90028 24-h
incubation in
microtiter
plates

4 h 0.2%
(P)

38% [3]

E. faecalis ATCC 29212 24-h
incubation in
microtiter
plates

4 h 0.2%
(P)

22% [3]

E. coli ATCC 25922 24-h
incubation in
microtiter
plates

4 h 0.2%
(P)

1% [3]

S. aureus ATCC 25923 24-h
incubation in
microtiter
plates

4 h 0.2%
(P)

29% [3]

S. mutans MTCC 890 24-h
incubation in
microtiter
plates

4 h 0.2%
(P)

6% [3]

P commercial product
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16.9 Summary

The principal antimicrobial activity of povidone iodine is summarized in
Table 16.11.

The key findings on acquired resistance and cross-resistance including the role
of biofilm for selecting resistant isolates are summarized in Table 16.12.

Table 16.10 Biofilm removal rate (quantitative determination of biofilm matrix) by exposure to
products or solutions based on povidone iodine

Type of biofilm Concentration Exposure
time

Biofilm
removal rate

References

P. aeruginosa (14 clinical
isolates and ATCC 15445),
24-h incubation in
polystyrene microtitre plates

7.5% (P) 1 min 0 of 15a [56]

15 min 5 of 15a

30 min 10 of 15a

P. aeruginosa (8 dairy
isolates exhibiting high
biofilm formation, 24-h
incubation in microtiter
plates)

0.015–
0.0375% (S)

5 min “eradication” [85]

0.01–
0.0325% (S)

15 min

0.0075–
0.0175% (S)

30 min

0.0025–
0.01% (S)

60 min

S. aureus (14 clinical isolates
and ATCC 5638), 24-h
incubation in polystyrene
microtitre plates

7.5% (P) 1 min 15 of 15a [56]

15 min 15 of 15a

30 min 15 of 15a

S solution; P commercial product; abiofilm eradication rate

Table 16.11 Overview on the typical exposure times required for povidone iodine to achieve
sufficient biocidal activity against the different target micro-organisms

Target
micro-organisms

Species Concentration Exposure
time

Bacteria Most bacterial species except selected
isolates of E. faecium and E. epidermidis
(7.5–10%) and E. faecium, E. coli, S.
aureus and S. epidermidis (2%)

7.5–10%a 30 s

2%a 5 min

0.6%a 2 h

Fungi Malassezia spp. and Rhodotorula spp. 0.5% 1 min

Candida spp. 7.5–10% 2 min

A. fumigatus 1%b 5 min

Mycobacteria M. tuberculosis, M. smegmatis 1%b 1 min
aIn biofilm, the efficacy will be lower; bavailable iodine
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Table 16.12 Key findings on acquired povidone iodine resistance, the effect of low-level
exposure, cross-tolerance to other biocides and antibiotics, and its effect on biofilm

Parameter Species Findings

Elevated MIC
values

L. lactis � 30,000 mg/l

S. aureus, S. epidermidis � 14,000 mg/l

Enterobacter spp., E. coli, K.
pneumoniae, P. aeruginosa, S.
marcescens

� 10,000 mg/l

Proposed MIC
value to
determine
resistance

None proposed yet for bacteria, fungi or mycobacteria

Cross-tolerance
biocides

None

Cross-tolerance
antibiotics

None

Resistance
mechanisms

Unknown

P. aeruginosa, P. cepacia Contaminated solutions or products
based on povidone iodine partly
associated with infections (e.g.,
peritonitis) or pseudo-outbreaks

Effect of
low-level
exposure

E. coli, K. aerogenes, S.
marcescens, S. aureus

No MIC increase

P. aeruginosa Weak MIC increase (� 4-fold)

None Strong MIC increase (>4-fold)

P. aeruginosa (2-fold) Strongest MIC change after low-level
exposure

S. aureus, S. epidermidis
(14,000 mg/l)

Highest MIC values after low-level
exposure

S. aureus, S. epidermidis Inhibition of biofilm formation

P. aeruginosa Increase of growth rate

S. aureus No increase of growth rate

Biofilm Development Inhibition of biofilm formation in C.
albicans, E. faecalis and S. aureus

Removal Mostly good removal of S. aureus or
P. aeruginosa biofilm

Fixation Unknown
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17Antiseptic Stewardship
for Alcohol-Based Hand Rubs

17.1 Composition and Intended Use

Alcohol-based hand rubs are usually based in ethanol, propan-2-ol, propan-1-ol or a
combination of the three alcohols. Typical alcohol concentrations are 70–95%.
Some commercially available hand rubs contain additional non-volatile biocidal
agents, e.g. 0.1% benzalkonium chloride [13], 0.1–1% chlorhexidine digluconate
[12, 13], 0.3–0.5% triclosan [12], 0.1% octenidine dihydrochloride [12], hydrogen
peroxide, DDAC, polihexanide or peracetic acid. Most of them also contain
emollients as auxiliary agents to reduce skin dryness especially under frequent use
conditions [6, 8, 14]. Non-volatile antiseptic agents will remain for some time on
the skin when applied with an alcohol-based hand rub although the duration of
persistence and the concentrations on the skin are unknown and will largely depend
on the frequency of use and other hand hygiene activities such as hand washing.

These products are used in health care, nursing homes, veterinary medicine, food
processing and manufacturing and occasionally also in the domestic setting. There
are two typical applications: hygienic hand disinfection according to the five
indications for hand hygiene and surgical hand disinfection before surgical pro-
cedures [16]. The summary below is an extract of previous book chapters on the
biocidal agents.

17.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

17.2.1 Change of Susceptibility by Low-Level Exposure

Any adaptive effects were classified as “no MIC increase”, “weak MIC increase”
with a � 4-fold MIC increase, and “strong MIC increase” with a >4-fold MIC
increase. The last category was divided into an unstable or stable MIC increase;
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sometimes the stability was unknown. A species may be found in two or
more categories indicating that the adaptive response depends on the type of isolate
and not primarily on the species itself. Most data on different adaptive effects
caused by low-level exposure were found for triclosan (90 species), followed by
chlorhexidine digluconate and benzalkonium chloride (both 78 species), polihex-
anide (55 species) and DDAC (48 species). Only few data were found for hydrogen
peroxide (8 species), peracetic acid, ethanol and octenidine dihydrochloride
(3 species) and propan-2-ol (1 species). No data were found for propan-1-ol.

Figure 17.1 shows the distribution of adaptive response categories for the dif-
ferent biocidal agents. The majority of species did not show any MIC change or
only a weak MIC increase (� 4-fold). A strong adaptive response was most fre-
quently seen in benzalkonium chloride (44% of the evaluated species), followed by
triclosan (34%), chlorhexidine digluconate (26%), DDAC (15%) and polihexanide
(11%). With octenidine dihydrochloride, one species showed a strong adaptive
response. The strong MIC increase was stable in 42% (triclosan), 41% (benza-
lkonium chloride) and 40% (chlorhexidine digluconate) of the species. Hydrogen
peroxide, ethanol and propan-2-ol have so far not shown a strong adaptive
response.
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Hydrogen peroxide

Perace c acid
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Octenidine dihydrochloride
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Fig. 17.1 Number of species with no, a weak or a strong adaptive MIC increase after low-level
exposure to biocidal agents that may be found in alcohol-based hand rubs
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A strong and stable MIC increase after low-level exposure is probably the most
critical adaptive response. Some species can be found in this group that have a high
relevance for infection control (Table 17.1). Most of them belong to the group
of Gram-negative species.

The effect on biofilm is not covered in this chapter because it was assumed that it
has only minor relevance for alcohol-based hand rubs.

17.2.2 Cross-Tolerance to Other Biocidal Agents

Other risks may also be relevant when the agents are used in alcohol-based hand
rubs. Cross-tolerance between alcohols and other biocidal agents is very uncom-
mon. A primarily ethanol-tolerant L. monocytogenes has been described to be
cross-tolerant to hydrogen peroxide. With propan-1-ol and propan-2-ol, no
cross-tolerance to other biocidal agents has so far been reported.

Cross-tolerance to other biocidal agents is more common in non-volatile biocidal
agents. Isolates of 22 primarily benzalkonium chloride-tolerant species were cross-
tolerant to chlorhexidine digluconate and triclosan. An isolate of a benzalkonium
chloride-tolerant E. coli was cross-tolerant to DDAC, and a benzalkonium

Table 17.1 Examples for healthcare-associated bacterial species with a strong (>4-fold MIC
increase) and stable adaptive response after low-level exposure to selected biocidal agents

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Benzalkonium chloride Enterobacter spp. (� 300-fold)

E. coli (� 100-fold)

S. aureus (� 39-fold)

P. aeruginosa (� 33-fold)

A. baumannii (� 31-fold)

Triclosan E. coli (� 8,192-fold)

S. aureus (� 313-fold)

K. pneumoniae (� 129-fold)

A. baumannii (� 16-fold)

S. epidermidis (� 8-fold)

Chlorhexidine digluconate E. coli (� 500-fold)

S. marcescens (� 128-fold)

P. aeruginosa (� 32-fold)

K. pneumoniae (� 16-fold)

S. aureus (� 16-fold)

Polihexanide E. faecalis (� 8-fold)

S. aureus (� 8-fold)

DDAC P. aeruginosa (� 18-fold)

Octenidine
dihydrochloride

P. aeruginosa (� 32-fold)
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chloride-tolerant L. monocytogenes was cross-tolerant to another QAC, alkylamine
and sodium hypochlorite. Similar results were found with triclosan. Isolates of 17
primarily triclosan-tolerant species were cross-tolerant to chlorhexidine digluconate
and 13 species to benzalkonium chloride. Primarily, chlorhexidine digluconate-
tolerant isolates of E. coli and S. Virchow were cross-tolerant to triclosan, isolates of
S. Tyhimurium were cross-tolerant to benzalkonium chloride, and isolates of
A. baylyi were cross-tolerant to hydrogen peroxide. Isolates of primarily DDAC-
tolerant E. coli and P. fluorescens can be cross-tolerant to benzalkonium chloride,
isolates of primarily octenidine-tolerant P. aeruginosa can be cross-tolerant to
chlorhexidine digluconate, isolates of primarily peracetic acid-tolerant B. subtilis
can be cross-tolerant to other oxidizing agents, isolates of primarily hydrogen
peroxide-tolerant E. coli can be cross-tolerant to aldehyde, and isolates of primarily
hydrogen peroxide-tolerant S. cerevisiae can be cross-tolerant to ethanol. Espe-
cially, the rather frequently observed cross-tolerance between benzalkonium chlo-
ride, triclosan and chlorhexidine digluconate is a clear indication to carefully select
biocidal agents in order to reduce this type of cross-tolerance to a minimum.

17.2.3 Cross-Tolerance to Antibiotics

Ethanol, propan-1-ol, propan-2-ol, peracetic acid, hydrogen peroxide and poli-
hexanide have so far never been described with a cross-tolerance to antibiotics.
A cross-tolerance between triclosan, chlorhexidine digluconate and benzalkonium
chloride and selected antibiotics can occur in numerous species. Occasional
cross-resistance between DDAC and selected antibiotics was found in C. coli,
E. coli, L. monocytogenes and S. enterica. Cross-tolerance between octenidine
dihydrochloride and selected antibiotics can occur in P. aeruginosa.

17.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after benzalkonium chloride
exposure in B. cepacia complex, E. coli and L. monocytogenes, and after
chlorhexidine digluconate exposure in B. fragilis and B. cepacia complex.

17.2.5 Horizontal Gene Transfer

Horizontal gene transfer can be successfully induced by chlorhexidine digluconate and
triclosan in E. coli (sulphonamide resistance by conjugation). In B. subtilis, ethanol at
4% can cause a 5-fold increase in mobile genetic element transfer (resistance genes).

17.2.6 Antibiotic Resistance Gene Expression

In a vanA E. faecium, chlorhexidine digluconate was able to induce a � 10-fold
increase in vanHAX encoding VanA-type vancomycin resistance.
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17.2.7 Viable but not Culturable

Peracetic acid is able in S. Typhimurium to induce the VBNC state.

17.2.8 Other Risks Associated with Additional Biocidal
Agents

Other risks may also be relevant when the agents are used in alcohol-based hand
rubs. They are not covered in detail. Sensitization to the agent may occur possibly
resulting in local or systemic allergic reactions up to anaphylactic reactions. This
has been described at least for chlorhexidine digluconate and polihexanide [7].
Cationic surfactants or peracetic acid may cause a higher degree of skin irritation
[7]. This may also be an aspect to consider in alcohol-based hand rubs.

17.3 Health Benefit of Biocidal Agents in Alcohol-Based
Hand Rubs

The main benefit of the alcohols is the strong and immediate bactericidal and
yeasticidal activity [4]. Non-volatile biocidal agents in alcohol-based hand rubs are
expected to exhibit an ongoing antimicrobial activity after evaporation of the
alcohol. This may be particularly useful in surgical hand disinfection once the
sterile glove has been donned. During surgery, the antimicrobial effect may slow
down or even revert the recolonization of the skin so that the glove juice has a lower
microbial count which is expected to be relevant for the prevention of surgical site
infections in case of glove punctures [10].

When used for hygienic hand disinfection in defined clinical situations
alcohol-based hand rubs can reduce the rate of healthcare-associated infections. In
2000, Pittet et al. were able to show that an increase in hand hygiene compliance from
48 to 66%, mainly by using the alcohol-based hand rub more frequently, was able to
reduce the rate of healthcare-associated infections over 3 years significantly from 16.9
to 9.9% [11]. Alcohol-based hand rubs are therefore recommended for use in patient
care according to the five moments for hand hygiene [15]. But a health benefit such as
the prevention of any type of healthcare-associated infection has never been shown for
any of the additional biocidal substances in alcohol-based hand rubs. In addition, a
lack of efficacy has been described for benzalkonium chloride, chlorhexidine, tri-
closan and mecetronium etilsulphate in hygienic hand disinfection [9, 13]. 0.2%
peracetic acid may improve the virucidal activity of an alcohol-based hand rub,
especially against non-enveloped viruses although the dermal tolerance is likely to be
worse compared to formulations without peracetic acid [18].

For surgical hand disinfection, the WHO recommended in 2009 using “a suitable
hand rub preferably with a product ensuring sustained activity” suggesting that it
should contain e.g. chlorhexidine digluconate [16]. Based on the lack of evidence
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for the prevention of surgical site infections, the WHO recommended in 2016 to use
a “suitable hand rub” for surgical hand disinfection taking into account that there is
no evidence for the prevention of surgical site infections by using the combination
of alcohol and chlorhexidine digluconate [17].

The efficacy of additional biocidal agents on the hand flora is overall doubtful.
An easy method to determine a possible persistent antimicrobial activity is to
measure the long-term efficacy in surgical hand disinfection according to EN
12791. The efficacy of a hand rub is compared with the reference alcohol. In case of
a “long-term efficacy” or “persistent efficacy”, the hand rub would reveal an effect
after 3 h under the surgical glove which is superior to the reference alcohol
(p < 0.01). For some biocidal agents such as chlorhexidine digluconate (0.5 or 1%)
or mecetronium etilsulphate (0.1%), there is convincing evidence that hand rubs
containing these agents do not have a superior efficacy in surgical hand disinfection
after 3 h when applied for up to 2 min [1, 2, 5]. One study addressed the efficacy of
an alcohol-based hand rub containing 0.1% octenidine dihydrochloride. When
applied for 3 min, the immediate efficacy was 0.5 log better; after 3 h, the efficacy
was 1.3 log higher compared to the reference treatment. When applied for 5 min,
the immediate efficacy was 0.8 log better; after 3 h, the efficacy was 0.5 log higher
compared to the reference treatment. A comparative statistical evaluation was not
done by the authors so that it remains unclear if the effect can be considered to be
superior to the reference treatment indicative of a sustained effect [1].

17.4 Antiseptic Stewardship Implications

Overall, the probability for a clinically relevant selection pressure caused by
low-level exposure to alcohols is very small. The main reason is the volatility of the
alcohols. An appropriate aliquot for hygienic hand disinfection is typically 2–3 ml.
After 30–45 s, the hands will be dry again [3]. For surgical hand disinfection the
applied volume will be 6–12 ml, depending on the size of the hands and the rec-
ommended application time of the hand rub. The contact time between the alcohols
at an adequate concentration (70–95%) and the micro-organisms is too short for any
adaptive response caused by a low alcohol concentration during its evaporation
possibly resulting in a lower susceptibility of micro-organisms to the alcohols.

Additional biocidal agents in alcohol-based hand rubs have mostly no relevant
antimicrobial efficacy on hands. In addition, there is no evidence for these agents to
show a health benefit (prevention of infection). In this situation the known risks of
these agents come into the focus. Some of them (benzalkonium chloride, triclosan,
chlorhexidine digluconate and DDAC) can cause a strong and stable MIC increase
in numerous mainly Gram-negative bacterial species. Biocide cross-tolerance is
frequently found between benzalkonium chloride, triclosan and chlorhexidine
digluconate. Some biocidal agents can enhance antibiotic resistance develop-
ment. Horizontal gene transfer can be successfully induced by chlorhexidine
digluconate and triclosan in E. coli. Antibiotic resistance gene expression can be
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increased by chlorhexidine digluconate in a vanA E. faecium. And efflux pump
genes can be up-regulated in some species by benzalkonium chloride and
chlorhexidine digluconate. The overall balance provides evidence for a number of
relevant risks but no evidence for a relevant benefit.

For professional users, alcohol-based hand rubs containing any of these addi-
tional biocidal agents such as chlorhexidine digluconate, triclosan, benzalkonium
chloride, hydrogen peroxide, DDAC, polihexanide, peracetic acid and octenidin
dihydrochloride without convincing evidence to a support a health benefit should
be replaced by formulations based on alcohol(s) alone as active agent(s). These
formulations should have at least an equivalent spectrum of antimicrobial efficacy,
an equivalent in vivo efficacy and a comparable user acceptability. The WHO
provides tools to determine the user acceptability of hand rubs [16].

For non-professional use, alcohol-based hand rubs containing any of these
additional biocidal agents without convincing evidence to a support a health benefit
should be banned.
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18Antiseptic Stewardship for Skin
Antiseptics

18.1 Composition and Intended Use

Skin antiseptics based on povidone iodine have been used in some parts of the
world for decades. They are now less common as alcohol-based formulations are
mostly recommended [3, 14, 25] which are usually based on ethanol, propan-2-ol,
propan-1-ol or a combination of them. Typical alcohol concentrations are 63–75%.
Some skin antiseptics contain additional non-volatile biocidal agents such as 0.1%
benzalkonium chloride [23], 0.1–1% chlorhexidine digluconate [22, 23], 0.1%
octenidine dihydrochloride [8], 8.3% povidone iodine [5] or 0.125–0.45% hydro-
gen peroxide [11]. Some of the products contain dyes with the aim to ensure easy
visibility of the treated skin area. Some skin antiseptics also even contain fra-
grances or other compounds with an unknown function [11]. Non-volatile antiseptic
agents will remain for some time on the skin when applied with an alcohol-based
skin antiseptic although the duration of persistence and the concentrations on the
skin are largely unknown.

They are used in health care on intact skin prior to a surgical intervention and
before the insertion of vascular catheters or other invasive procedures. They are also
used for antisepsis of vascular catheter puncture sites [1, 13, 21]. The summary
below is an extract of previous book chapters on the biocidal agents.

18.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

18.2.1 Change of Susceptibility by Low-Level Exposure

The adaptive effects were classified as “no MIC increase”, “weak MIC increase”
with a � 4-fold MIC increase, and “strong MIC increase” with a >4-fold MIC
increase. The last category was divided in an unstable or stable MIC increase,
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sometime the stability was unknown. A species may be found in two or
more categories indicating that the adaptive response depends on the type of isolate.
Most data on different adaptive effects caused by low-level exposure were found for
chlorhexidine digluconate and benzalkonium chloride (both 78 species). Only few
data were found for hydrogen peroxide (8 species), povidone iodine (5 species),
ethanol and octenidine dihydrochloride (both 3 species) and propan-2-ol (1 spe-
cies). No data were found for propan-1-ol.

Figure 18.1 shows the distribution of adaptive response categories for the
selected biocidal agents. The majority of species did not show any MIC increase or
only a weak MIC increase (� 4-fold). A strong adaptive response was most fre-
quently seen in benzalkonium chloride (44% of the evaluated species) and
chlorhexidine digluconate (26%). The strong MIC increase was stable in 41%
(benzalkonium chloride) and 40% (chlorhexidine digluconate) of species. With
octenidine dihydrochloride one species was found with a strong and stable adaptive
response. Hydrogen peroxide, ethanol, propan-2-ol and povidone iodine have so far
not shown a strong adaptive response.

A strong and stable MIC increase after low-level exposure is the most critical
adaptive response. Some species can be found in this group that have certainly a
high relevance for infection control (Table 18.1). Most of them are among the
group of Gram-negative species.
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Fig. 18.1 Number of species with no, a weak or a strong adaptive MIC increase after low level
exposure to biocidal agents that may be found in skin antiseptics
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18.2.2 Cross-Tolerance to Other Biocidal Agents

Other risks may also be relevant when the agents are used in alcohol-based skin
antiseptics. Themost common effect is cross-tolerance to other biocidal agents. Isolates
of 22 primarily benzalkonium chloride-tolerant species were cross-tolerant to
chlorhexidine digluconate and triclosan.An isolate of a benzalkoniumchloride-tolerant
E. coli was cross-tolerant to DDAC, and a benzalkonium chloride-tolerant L.
monocytogenes was cross-tolerant to another QAC, alkylamine and sodium
hypochlorite. Primarily chlorhexidine digluconate-tolerant isolates of E. coli and S.
Virchowwere cross-tolerant to triclosan, isolates of S. Tyhimuriumwere cross-tolerant
to benzalkonium chloride, and isolates of A. baylyi were cross-tolerant to hydrogen
peroxide. Isolates of primarily hydrogen peroxide-tolerant E. coli can be cross-tolerant
to aldehyde, and isolates of primarily hydrogen peroxide-tolerant S. cerevisiae can be
cross-tolerant to ethanol.Aprimarilyoctenidinedihydrochloride-tolerantP. aeruginosa
was cross-tolerant to chlorhexidine digluconate after low-level exposure. And
ethanol-adapted isolates of L. monocytogenes can be cross-tolerant to hydrogen per-
oxide. No cross-tolerance has so far been described between povidone iodine,
propan-1-ol and propan-2-ol and other biocidal agents.

18.2.3 Cross-Tolerance to Antibiotics

Ethanol, propan-1-ol, propan-2-ol, povidone iodine and hydrogen peroxide have so
far never been described with a cross-tolerance to antibiotics. A cross-tolerance
between chlorhexidine digluconate and benzalkonium chloride and selected anti-
biotics can occur in numerous species. Cross-tolerance between octenidine
dihydrochloride and selected antibiotics can occur in P. aeruginosa.

Table 18.1 Bacterial species with a strong (>4-fold MIC increase) and stable adaptive response
after low level exposure to selected biocidal agents sometimes found in alcohol-based skin
antiseptics

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Benzalkonium chloride Enterobacter spp. (� 300-fold)

E. coli (� 100-fold)

S. aureus (� 39-fold)

P. aeruginosa (� 33-fold)

A. baumannii (� 31-fold)

Chlorhexidine digluconate E. coli (� 500-fold)

S. marcescens (� 128-fold)

P. aeruginosa (� 32-fold)

K. pneumoniae (� 16-fold)

S. aureus (� 16-fold)

Octenidine
dihydrochloride

P. aeruginosa (� 32-fold)
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18.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after benzalkonium chloride
exposure in B. cepacia complex, E. coli and L. monocytogenes, and after chlorhexi-
dine digluconate exposure in B. fragilis and B. cepacia complex. No data were found
for octenidine dihydrochloride, hydrogen peroxide and povidone iodine.

18.2.5 Horizontal Gene Transfer

Horizontal gene transfer can be successfully induced by chlorhexidine digluconate in
E. coli (sulphonamide resistance by conjugation). In B. subtilis, ethanol at 4% can
cause a 5-fold increase of mobile genetic element transfer (resistance genes). No data
were found for benzalkonium chloride, octenidine dihydrochloride, hydrogen per-
oxide and povidone iodine.

18.2.6 Antibiotic Resistance Gene Expression

In a vanA E. Faecium, chlorhexidine digluconate was able to induce a � 10-fold
increase of vanHAX encoding VanA-type vancomycin resistance. No data were
found for benzalkonium chloride, octenidine dihydrochloride, hydrogen peroxide
and povidone iodine.

18.2.7 Other Risks Associated with Commonly Used Biocidal
Agents

Other risks may also be relevant when the agents are used in alcohol-based skin
antiseptics. They are not covered in detail. Sensitization to the agent may occur
possibly resulting in local or systemic allergic reactions up to anaphylactic reactions.
This has been described at least for chlorhexidine digluconate [15]. Some agents are
cationic surfactants possibly resulting in a higher degree of skin irritation [15].

18.3 Effect on Biofilm

18.3.1 Biofilm Development

Biofilm is of clinical relevance, e.g. in catheter-associated bloodstream infection [9].
Typical biocidal agents in skin antiseptics show a different effect on biofilm develop-
ment (Fig. 18.2). For povidone iodine biofilm formation can be inhibited in three
species (S. aureus, S. epidermidis, C. albicans. A decrease of biofilm formation by
S. aureus and P. aeruginosa was described for octenidine dihydrochloride but only at
concentrations of � 0.31% which has no relevance in skin antiseptics. Chlorhexidine
digluconate exposure resulted in a decrease of biofilm formation in six species

654 18 Antiseptic Stewardship for Skin Antiseptics



(B. cepacia, C. albicans, E. faecalis, E. coli, S. aureus, S mutans) and mixed biofilm.
An increase, however, was observed in K. pneumoniae, S. marcescens and
S. epidermidis. A similar result was seen for benzalkonium chloride with a decrease in
6 species (L. monocytogenes, E. Enteritidis, E. coli, S. epidermidis, S. aureus,
P. aeruginosa) and an increase inE. coli and S. epidermidis. For the three alcohols, the
effect seems to be equal regarding increase or decrease. For hydrogen peroxide, more
species reacted with an increase (A. oleivorans, P. aeruginosa, S. epidermidis,
S. parasanguinis) rather than a decrease of biofilm formation (Candida spp.,
S. epidermidis).

Despite some studies with evidence on enhanced biofilm formation by alcohols,
the risk for a clinically significant effect remains low because the contact time
in skin antisepsis is often � 3 min. In addition, the evaporation time of the alcohols
is probably too short for a relevant biofilm formation enhancement that may have
been caused by a low concentration during alcohol evaporation at the end of the
application of the antiseptic.

18.3.2 Biofilm Fixation

No data were found to assess the biofilm fixation potential of propan-2-ol,
propan-1-ol, ethanol, povidone iodine, octenidine dihydrochloride, hydrogen per-
oxide, benzalkonium chloride or chlorhexidine digluconate.

18.3.3 Biofilm Removal

The propanols had a rather poor biofilm removal capacity. Chlorhexidine diglu-
conate, ethanol and benzalkonium chloride showed mostly a poor or moderate
biofilm removal. Octenidine dihydrochloride could equally show a poor, moderate
and strong biofilm removal. Hydrogen peroxide removed mostly biofilm to a
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Fig. 18.2 Number of species with a decrease or increase of biofilm formation caused by biocidal
agents that may be found in skin antiseptics
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moderate extent and with one species even to a strong extent. Povidone iodine has
so far only shown to have a strong biofilm removal potential (Fig. 18.3).

18.4 Health Benefit of Commonly Used Biocidal Agents
in Skin Antiseptics

A health benefit for alcohols alone in skin antiseptics (e.g. prevention of surgical
site infection) has so far not been proven although they are considered to be the first
choice biocidal agent for skin antisepsis [25]. The main benefit of the alcohols is the
strong and immediate bactericidal and yeasticidal activity [12].

A health benefit can be expected for skin antiseptics based on alcohol and
chlorhexidine digluconate for the prevention of central line-associated bloodstream
infections. A meta-analysis of randomized controlled trials published in 2002
showed that treatment of the puncture site of central venous catheters with
chlorhexidine digluconate instead of povidone iodine resulted in a risk ratio of 0.49
suggesting that approximately 50% of the infections could be prevented [4].
A recent study from France on 11 intensive care units with 1,181 patients and 2,457
vascular catheters described a 84% reduction of catheter-associated bloodstream
infections when 70% propan-2-ol in combination with 2% chlorhexidine diglu-
conate was used compared to 69% ethanol in combination with 5% povidone iodine
[19]. Even though the selection of skin antiseptics was not ideal (ideally it would
have been the same type of alcohol at the same concentration with two different
types of additional biocidal agents), it nevertheless suggests a health benefit for
patients treated with the propan-2-ol-chlorhexidine digluconate combination.

A similar but not significant health benefit has been shown for the combination
of 45% propan-2-ol and 30% propan-1-ol with 0.1% octenidine dihydrochloride
[8]. The rate of central line-associated bloodstream infections was 4.1% in the
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Fig. 18.3 Number of species with a strong (� 90%), moderate (10–89%) or poor biofilm
removal (<10%) by biocidal agents that may be found in skin antiseptics
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alcohol-octenidine group of 194 patients and 8.3% in the alcohol control group
(74% ethanol, 10% propan-2-ol) with 194 patients. Some in vivo efficacy has been
shown for an alcohol-based skin antiseptic (45% iso-propanol, 30% n-propanol)
containing in addition 0.1% octenidine dihydrochloride. It significantly reduced
bacterial re-growth over 24 or 48 h at the insertion site of central venous lines or
epidural catheters [7, 16]. 0.1% octenidine dihydrochloride in 70% propan-2-ol also
had a sustained efficacy on the resident skin flora of the upper arm when measured
10 min, 3 h or 6 h after application. It was equivalent to the effect of 2%
chlorhexidine digluconate but superior to the effect of 0.5% chlorhexidine diglu-
conate and 1% povidone iodine after 3 and 6 h [18].

A health benefit can probably also be expected for skin antiseptics based on
alcohol and chlorhexidine digluconate for the prevention of surgical site infections
as some studies suggest, but others do not [5, 20, 24]. No studies are currently
available to evaluate a health benefit (prevention of surgical site infections) for the
combination of alcohol and octenidine dihydrochloride.

Since 2016, the WHO recommends to use skin antiseptics based on alcohol and
chlorhexidine digluconate for the prevention of surgical site infections. The reason is
that their meta-analysis of available studies resulted in a significant health benefit for
patients [25]. This recommendation has been described by some authors as “prema-
ture” because some other studies were not included in the meta-analysis which may
have changed the overall result [17]. The WHO reviewed their recommendations once
more and reconfirmed it [2]. The CDC recommended in 2017 alcohol-based skin
antiseptics prior to surgery and did not recommend any additional biocidal agents [3].
The Commission for Hospital Hygiene and Infection Prevention at the Robert
Koch-Institute in Germany recommends since 2018 to use alcohol-based skin
antiseptics and state that additional biocidal agents may have a health benefit but the
evidence is not strong enough to favour specific biocidal agents [14]. The variability of
current recommendations seems to reflect the scientific uncertainty on the expectable
health benefit associated with a combination of alcohol and chlorhexidine digluconate
or other biocidal agents for the prevention of surgical site infections.

A health benefit has not been shown for any other biocidal agents used in
alcohol-based skin antiseptics such as benzalkonium chloride, povidone iodine or
hydrogen peroxide. A persistent antimicrobial activity within 48 h at the insertion
site of central venous lines or epidural catheters has not been shown for a skin
antiseptic based on 63% propan-2-ol and benzalkonium chloride, probably at
0.025% [6, 16]. A persistent efficacy of hydrogen peroxide is unlikely anyway
because many bacterial species such as S. epidermidis have catalase activity
decomposing hydrogen peroxide to water and oxygen.

18.5 Antiseptic Stewardship Implications

Overall, the probability for a clinically relevant selection pressure caused by low-level
exposure to alcohols is small. The main reason is the volatility of the alcohols. An
appropriate volume for skin antisepsis may be low with 1–2 ml (e.g. before an
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injection) or highwith 20–25 ml (e.g. beforemajor surgery) depending on the size and
type of treated skin surface and the recommended exposure time. The alcohol(s)
should be completely evaporated from the skin before the intervention begins. The
contact time between the alcohols at the use concentration (63–75%) and the
microorganisms may vary between 15 s and 10 min. The evaporation time at the end
of the contact time is probably too short for any adaptive response possibly resulting in
a lower susceptibility to the alcohols that may have been caused by a low concen-
tration during alcohol evaporation at the end of the application of the antiseptic. In that
respect alcohols are the preferred choice as the main biocidal agent in skin antiseptics.

Alcohol-based skin antiseptics with additional chlorhexidine digluconate seem
to have a health benefit, at least for the prevention of catheter-associated blood
stream infections and probably also for the prevention of surgical site infections
although the last one is still under controversial debate in the scientific community.
At the same time, low-level chlorhexidine digluconate exposure has the risk for a
strong and stable adaptive response in various nosocomial pathogens such as
E. coli, S. marcescens, P. aeruginosa, K. pneumoniae and S. aureus resulting in
tolerance to chlorhexidine digluconate and some other biocidal agents such as
triclosan, benzalkonium chloride or hydrogen peroxide. Cross-tolerance between
chlorhexidine digluconate and selected antibiotics can occur in numerous
species. Transporter and efflux pump genes can be up-regulated in B. fragilis and B.
cepacia complex, horizontal gene transfer can be successfully induced in E. coli,
and vancomycin resistance can be induced by a � 10-fold increase of vanHAX in a
vanA E. faecium. Biofilm formation is rather decreased than increased. Despite all
risks, there are obvious health benefits. In addition, treatment of the skin with an
alcohol-based antiseptic is often carried out only once in a patient, e.g. before an
operation. It may well be carried out more often, e.g. once every two days in central
venous catheters covered with a gauze dressing or once every seven days in central
venous catheters covered with a transparent dressing [10]. But overall, it is a rather
seldom type of treatment compared to hand disinfection with up to 179 applications
per person and day [10]. The associated health benefit currently allows accepting
the obvious chlorhexidine digluconate-associated risks.

Alcohol-based skin antiseptics with additional octenidine dihydrochloride may
also have a health benefit, at least for the prevention of catheter-associated blood
stream infections although the evidence is much weaker compared to chlorhexidine
digluconate. Prevention of surgical site infections by additional octenidine dihy-
drochloride has not been described. Low-level exposure indicates that at least in
P. aeruginosa a strong and stable adaptive response including a cross-tolerance to
chlorhexidine digluconate can be induced. Cross tolerance between octenidine di-
hydrochloride and selected antibiotics can occur in P. aeruginosa. Biofilm for-
mation is mainly decreased. The expectable health benefit of octenidine
dihydrochloride in alcohol-based skin antiseptics is not as convincing compared to
chlorhexidine digluconate, but the associated risks associated with selection pres-
sure and biofilm formation seem to be smaller.

There is currently no evidence to support benzalkonium chloride as an additional
biocidal agent in alcohol-based skin antiseptics. On the contrary, there are some
relevant risks such as the possibility of a strong and stable adaptive response in various
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nosocomial pathogens such as E. coli, S. aureus, P. aeruginosa and A. baumannii
resulting in tolerance to benzalkonium chloride and some other biocidal agents
(chlorhexidine digluconate or triclosan) and selected antibiotics, up-regulation of
transporter and efflux pump genes in B. cepacia complex, E. coli and L. monocytogenes
and an increase in biofilm formation in S. epidermidis. That is why alcohol-based
skin antiseptics containing benzalkonium chloride should be replaced by alcohol-based
skin antiseptics without benzalkonium chloride. They should have at least equal effi-
cacy and local tolerance. Theymay also be replaced by alcohol-based skin antiseptics of
superior efficacy, e.g. with additional chlorhexidine digluconate or possibly octenidine
dihydrochloride.

There is currently also no evidence for a health benefit to support hydrogen
peroxide or povidone iodine as additional biocidal agents in alcohol-based skin
antiseptics. The risks are, however, rather small. A strong adaptive response to
low-level exposure has not been reported yet for any of the two biocidal agents.
That is why the associated selection pressure can be regarded as substantially lower
compared to benzalkonium chloride.
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19Antiseptic Stewardship for Surface
Disinfectants

19.1 Composition and Intended Use

Surface disinfectants can be based on different types of biocidal agents such as
benzalkonium chloride, DDAC, glutaraldehyde, alcohols, hydrogen peroxide, silver
(mostly in combination with hydrogen peroxide), peracetic acid and sodium
hypochlorite [3, 4, 6, 9, 10, 12]. Many products contain two or more of them as a
formulation. They often contain additional auxiliary agents, e.g. for adjustment of the
pH value or as anticorrosives.

Surface disinfectants are used in health care, nursing homes, veterinary medicine,
food processing and manufacturing and occasionally also in the domestic setting. In
health care, areas with different risks for infection from contaminated surfaces have
been described. A “possible risk” for infection exists in some areas such as general
wards, whereas a “special risk” for infection exists in other areas such as operating
theatres, intensive care units, transplant units or haemato-oncology units [13]. The
summary below is an extract of previous book chapters on the biocidal agents.

19.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

19.2.1 Change of Susceptibility by Low-Level Exposure

Any adaptive effects were classified as “no MIC increase”, “weak MIC increase” with
a � 4-foldMIC increase and “strongMIC increase”with a >4-foldMIC increase. The
last category was divided into an unstable or stable MIC increase, and sometimes the
stability was unknown. A species may be found in two or more categories indicating
that the adaptive response depends on the type of isolate and not primarily on
the species itself. Most data on different adaptive effects caused by low-level expo-
sure were found for benzalkonium chloride (78 species), DDAC (48 species) and
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silver (20 species). Only few data were found for hydrogen peroxide (8 species),
sodium hypochlorite (7 species), peracetic acid (3 species) and glutaraldehyde and
propan-1-ol (both 1 species). No data were found for ethanol and propan-2-ol.

Figure 19.1 shows the distribution of adaptive response categories for the dif-
ferent biocidal agents. The majority of species did not show any MIC increase or
only a weak MIC increase (� 4-fold). A strong adaptive response was most fre-
quently seen in benzalkonium chloride (44% of the evaluated species), followed by
silver (40%) and DDAC (15%). With peracetic acid, one species showed a strong
adaptive response. The strong MIC increase was stable in 50% (silver), 41%
(benzalkonium chloride) and 14% (DDAC) of species. The strong and stable
adaptive response to silver was mostly dependent on the presence of sil genes (see
also Chap. 15).

A strong and stable MIC increase after low-level exposure is probably the most
critical adaptive response. Some species can be found in this group that have
certainly a high relevance for infection control (Table 19.1). Most of them are
among the group of Gram-negative species.

19.2.2 Cross-Tolerance to Other Biocidal Agents

Other risks may also be relevant when the agents are used in surface disinfectants.
The most common effect is cross-tolerance to other biocidal agents. Isolates of 22
primarily benzalkonium chloride-tolerant species were cross-tolerant to chlorhexi-
dine digluconate and triclosan. An isolate of a benzalkonium chloride-tolerant
E. coli was cross-tolerant to DDAC, and a benzalkonium chloride-tolerant
L. monocytogenes was cross-tolerant to another quaternary ammonium compound,

0 10 20 30 40 50 60 70 80

Benzalkonium chloride

DDAC

Silver

Hydrogen peroxide

Sodium hypochlorite

Perace c acid

Glutaraldehyde

Propan-1-ol

None
Weak
Strong (unstable)
Strong (stable)
Strong (unknown stability)

Fig. 19.1 Number of species with no, a weak or a strong adaptive MIC increase after low-level
exposure to biocidal agents typically found in surface disinfectants
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alkylamine and sodium hypochlorite. Isolates of primarily DDAC-tolerant E. coli
and P. fluorescens can be cross-tolerant to benzalkonium chloride, and isolates of
E. faecium, E. hirae, E. coli, P. putida, S. enteritidis and C. argentea can be
cross-tolerant to copper via specific efflux pumps. In addition, isolates of primarily
peracetic acid-tolerant B. subtilis can be cross-tolerant to other oxidising agents,
isolates of primarily hydrogen peroxide-tolerant E. coli can be cross-tolerant to
aldehyde, and isolates of primarily hydrogen peroxide-tolerant S. cerevisiae can be
cross-tolerant to ethanol. Isolates of primarily sodium hypochlorite-tolerant E. coli
can be cross-tolerant to hydrogen peroxide, and cross-tolerance to benzalkonium
chloride, another quaternary ammonium compound and alkylamine can occur in
L. monocytogenes. Primarely glutaraldehyde-tolerant E. coli, Halomonas spp. and
B. cepacia can be cross-tolerant to other aldehydes. And ethanol-adapted isolates of
L. monocytogenes can be cross-tolerant to hydrogen peroxide. No cross-tolerance
has so far been described between propan-1-ol and propan-2-ol and other bioci-
dal agents. Especially, the rather frequently observed cross-tolerance between
benzalkonium chloride, triclosan and chlorhexidine is a clear indication to carefully
select biocidal agents in order to reduce this type of cross-tolerance to a minimum.

19.2.3 Cross-Tolerance to Antibiotics

Ethanol, propan-1-ol, propan-2-ol, peracetic acid, hydrogen peroxide and sodium
hypochlorite have so far never been described with a cross-tolerance to antibiotics.
A cross-tolerance between selected antibiotics and the biocidal agents benzalkonium
chloride and silver can occur in numerous species. Occasional cross-resistance between
DDAC and selected antibiotics was found in C. coli, E. coli, L. monocytogenes and
S. enterica. Cross resistances to rifampicin and sometimes also to isoniazid have been
reported in glutaraldehyde-resistantM. chelonae.

Table 19.1 Examples for healthcare-associated bacterial species with a strong (>4-fold MIC
increase) and stable adaptive response after low-level exposure to selected biocidal agents

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Benzalkonium chloride Enterobacter spp. (� 300-fold)

E. coli (� 100-fold)

S. aureus (� 39-fold)

P. aeruginosa (� 33-fold)

A. baumannii (� 31-fold)

Silver E. coli (128-fold)a

E. cloacae (� 32-fold)a

K. pneumoniae (� 32-fold)a

K. oxytoca (� 16-fold)a

DDAC P. aeruginosa (� 18-fold)
aMainly sil-positive isolates or strains
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19.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after benzalkonium chloride
exposure in B. cepacia complex, E. coli and L. monocytogenes, after silver exposure
in A. baumannii, E. coli, E. hirae and C. albicans, and after exposure to glu-
taraldehyde in Pseudomonas spp.

19.2.5 Resistance Gene Plasmids

Plasmids with silver resistance genes can be found in A. baumannii, C. metal-
lidurans, E. cloacae, Klebsiella spp., P. stutzeri, Salmonella spp. and S. marces-
cens. A plasmid with resistance to glutaraldehyde was detected in S. aureus.

19.2.6 Viable But Not Culturable

Sodium hypochlorite is able to induce the VBNC state with enhanced antibiotic tol-
erance in E. coli. Peracetic acid is able to induce the VBNC state in S. Typhimurium.

19.2.7 Horizontal Gene Transfer

Mobile genetic element transfer (resistance genes) can be successfully induced
5-fold by ethanol in B. subtilis.

19.2.8 Other Risks Associated with Biocidal Agents
in Surface Disinfectants

Occupational exposure risks, material compatibility, stability, user acceptance and
may be other risks can be found with different biocidal agents and products [18].
Some biocidal agents such as benzalkonium chloride may bind to some types of
fibre such as white pulp or cotton towels so that the strength of the disinfectant
solution is not sufficient anymore to ensure an adequate antimicrobial activity [2, 8].
Use solutions may become contaminated especially when disinfectants are based on
quaternary ammonium compounds when the tissue dispensers are not reprocessed
adequately [10, 11]. These aspects should also been taken into account.

19.3 Effect of Commonly Used Biocidal Agents on Biofilm

19.3.1 Biofilm Development

Surface-attached cells are likely to be common on dry hospital surfaces, and there is
evidence that they also harbour established biofilms [14]. Reduced susceptibility to
biocides combined with protection from physical removal through cleaning is likely
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to contribute to failures in hospital cleaning and disinfection (Fig. 19.2). Biofilms
may explain why vegetative bacteria can survive for unusually long periods (weeks
to months) on dry hospital surfaces. Also, the presence of surface-attached bacteria
and biofilms is likely to interfere with attempts to recover bacteria from hospital
surfaces, and may lead to underestimation of both the prevalence of contamination
with pathogens and the number of bacteria that are on surfaces. This has important
implications, particularly for hospital outbreak investigation [17].

Typical biocidal agents in surface disinfectants show a different effect on biofilm
development (Fig. 19.3). For silver, biofilm formation can be inhibited in six
species (C. albicans, C. parapsilosis, C. tropicalis, E. coli, S. epidermidis, S.
aureus). Similar results are found for peracetic acid with an inhibition of biofilm
formation in three species (C. sakazakii, Candida spp., S. aureus). For benzalko-
nium chloride, biofilm formation can be inhibited (L. monocytogenes, S. Enteritidis,
P. aeruginosa, E. coli, S. aureus and S. epidermidis) or enhanced (S. agalactiae, E. coli,
S. aureus and S. epidermidis). For the alcohols, the effect on biofilm formation seems to
be both an increase and a decrease. Sodium hypochlorite and hydrogen peroxide can
rather inhibit than enhance biofilm formation.

19.3.2 Biofilm Fixation

For most biocidal agents, no data were found to assess the biofilm fixation potential
(silver, propan-2-ol, propan-1-ol, ethanol, sodium hypochlorite, hydrogen peroxide,

Fig. 19.2 Schematic of surface attachment, biofilm formation and biocide susceptibility [17].
Reprinted from the Journal of Hospital Infection, Volume number 89, Issue number 1, Authors
Otter JA, Vickery K, Walker JT, deLancey Pulcini E, Stoodley P, Goldenberg SD et al.,
Surface-attached cells, biofilms and biocide susceptibility: implications for hospital cleaning and
disinfection, Pages 16–27, Copyright 2015, with permission from Elsevier
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triclosan). Glutaraldehyde typically results in a moderate to strong biofilm fixation,
whereas peracetic acid typically causes a poor or moderate biofilm fixation. Ben-
zalkonium chloride was able to increase biofilm mechanical stability in
P. fluorescens suggesting some biofilm fixation.

19.3.3 Biofilm Removal

Propan-2-ol and glutaraldehyde had a rather poor biofilm removal capacity. Etha-
nol, propan-1-ol and benzalkonium chloride could remove biofilm poorly or
moderately. Silver, hydrogen peroxide, sodium hypochlorite and peracetic acid
showed mostly a moderate and rarely a poor or strong biofilm removal (Fig. 19.4).
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Fig. 19.3 Number of species with a decrease or increase of biofilm formation caused by biocidal
agents that may be found in surface disinfectants
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19.4 Health Benefits of Biocidal Agents in Surface
Disinfectants

The expected benefit of the surface disinfectants is a major reduction of the surface
contamination with the aim to lower the risk of pathogen transmission from the
contaminated surface to the patient or the healthcare worker. Some biocidal agents
are typically used as single agents, e.g. sodium hypochlorite. Other agents are used
as mixtures, e.g. different quaternary ammonium compounds (sometimes also in
combination with aldehydes), peracetic acid in combination with hydrogen per-
oxide, or hydrogen peroxide in combination with silver. It is therefore often difficult
to evaluate the effect of a single biocidal agent on surfaces.

A health benefit by surface disinfection has been questioned for routine use in
hospitals suggesting that a patient health benefit often depends on the epidemio-
logical situation and the target micro-organism [7]. In an outbreak situation or on
special care units, however, a health benefit has been described for various biocidal
agents such as hydrogen peroxide (multiresistant A. baumannii) [5] or sodium
hypochlorite (C. difficile) [1, 16]. In addition, a surface disinfection with an inap-
propriate concentration of the biocidal agent (e.g. 0.08% instead of 0.5% sodium
hypochlorite) resulted in an outbreak of imipenem-resistant A. baumannii on an
intensive care unit [15] suggesting a health benefit for regular use.

19.5 Antiseptic Stewardship Implications

Biofilm containing multiresistant micro-organisms can persist on clinical surfaces
from an intensive care unit despite terminal cleaning, suggesting that current
cleaning practices may be inadequate to control biofilm development. The presence
of multiresistant micro-organisms being protected within these biofilms may be the
mechanism by which they persist within the hospital environment [19]. That is why
the effect on biofilm development and removal is considered a major aspect for
antiseptic stewardship in addition to selection pressure.

A low adaptive response in combination with mostly an inhibition of biofilm for-
mation and removal of existing biofilm can be attributed to none of the evalu-
ated biocidal agents. Nevertheless, peracetic acid showed only rarely a strong adaptive
response, mainly decreased biofilm formation and moderately removed existing bio-
film. No relevant adaptive responsewas foundwith sodium hypochlorite and hydrogen
peroxide, and biofilm removal was overall favourable for both agents but they mostly
increased biofilm formation. Silver could also cause a strong and stable adaptive
response in a fewmainly sil-positive species. Itmainly decreased biofilm formation and
was as nanoparticles able to moderately remove biofilm in the majority of species.
Peracetic acid, hydrogen peroxide and sodium hypochlorite have so far not been
associated with antibiotic cross-resistance. Benzalkonium chloride was the substance
causing a strong and stable adaptive response in numerous species including
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cross-tolerance to other biocidal agents and selected antibiotics. Biofilm formation
could be inhibited or enhanced, and biofilm removal was moderate or poor.

Data for the other biocidal agents are less comprehensive. Glutaraldehyde and
propan-1-ol did not cause a strong adaptive response. The effect of propan-1-ol on
biofilm formation and removal was inconsistent, glutaraldehyde showed only poor
biofilm removal. For ethanol, propan-2-ol and DDAC only one or two of the
parameter could be described so that a further evaluation was not done.

Overall, on surfaces where biofilm formation should be inhibited the use or
peracetic acid seems to be the most appropriate option (low selection pressure).
Hydrogen peroxide and sodium hypochlorite have also a low selection pressure and
can moderately remove biofilm in many species. They seem to be appropriate on
surfaces where enhancement of biofilm formation is of minor relevance because
they can enhance biofilm formation in a few species. Benzalkonium chloride seems
to be the least suitable biocidal agent taking into account the observed strong and
stable adaptive response in many species and the inconclusive effect on biofilm
formation and removal.
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20Antiseptic Stewardship for Instrument
Disinfectants

20.1 Composition and Intended Use

Instrument disinfectants can be based on different types of biocidal agents such as
benzalkonium chloride, DDAC, glutaraldehyde, hydrogen peroxide, peracetic acid
and sodium hypochlorite [5–7]. Many products contain two or more of them in a
formulation. They often contain additional auxiliary agents, e.g. for adjustment of
the pH value or as anticorrosives.

Instrument disinfectants are mainly used in health care and veterinary medicine,
occasionally also in nursing homes. As part of the reprocessing of instruments, they are
used for disinfection of non-critical medical devices such as stethoscopes, semi-critical
medical devices such as flexible endoscopes and critical medical devices such as
surgical instruments [4, 6]. Treatment of semi-critical items requires high-level disin-
fection typically with glutaraldehyde or peracetic acid. Low-level disinfection is suf-
ficient for non-critical items where different biocidal agents may be used [5]. The
summary below is an extract of previous book chapters on the biocidal agents.

20.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

20.2.1 Change of Susceptibility by Low-Level Exposure

The adaptive effects were classified as “no MIC increase”, “weak MIC increase”
with a � 4-fold MIC increase and “strong MIC increase” with a >4-fold MIC
increase. The last category was divided into an unstable or stable MIC increase;
sometimes the stability was unknown. A species may be found in two or
more categories indicating that the adaptive response depends on the type of isolate.
Most data on different adaptive effects caused by low-level exposure were found for
benzalkonium chloride (78 species) and DDAC (48 species). Only few data were
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found for hydrogen peroxide (8 species), sodium hypochlorite (7 species), peracetic
acid (3 species) and glutaraldehyde (1 species).

Figure 20.1 shows the distribution of adaptive response categories for the different
biocidal agents. The majority of species did not show any MIC increase or only a
weak MIC increase (� 4-fold). A strong adaptive response was most frequently seen
in benzalkonium chloride (44% of the evaluated species), DDAC (15%) and peracetic
acid (one species). The strong MIC increase was stable in 41% (benzalkonium
chloride) and 14% (DDAC) of species. Hydrogen peroxide, sodium hypochlorite and
glutaraldehyde have so far not shown a strong adaptive MIC increase.

A strong and stable MIC increase after low-level exposure is the most critical
adaptive response. Some species can be found in this group that have certainly a
high relevance for infection control (Table 20.1). Most of them are among the
Gram-negative species.
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Fig. 20.1 Number of species with no, a weak or a strong adaptive MIC increase after low-level
exposure to biocidal agents that may be found in instrument disinfectants

Table 20.1 Bacterial species with a strong (>4-fold MIC increase) and stable adaptive response
after low-level exposure to selected biocidal agents sometimes found in instrument disinfectants

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Benzalkonium chloride Enterobacter spp. (� 300-fold)

E. coli (� 100-fold)

S. aureus (� 39-fold)

P. aeruginosa (� 33-fold)

A. baumannii (� 31-fold)

DDAC P. aeruginosa (� 18-fold)
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20.2.2 Cross-Tolerance to Other Biocidal Agents

Isolates of 22 primarily benzalkonium chloride-tolerant species were cross-tolerant to
chlorhexidine digluconate and triclosan. An isolate of a benzalkonium chloride-tolerant
E. coli was cross-tolerant to DDAC, and a benzalkonium chloride-tolerant L. mono-
cytogenes was cross-tolerant to another quaternary ammonium compound, alkylamine
and sodium hypochlorite. Isolates of primarily DDAC-tolerant E. coli and
P. fluorescens can be cross-tolerant to benzalkonium chloride, and isolates of
E. faecium, E. hirae, E. coli, P. putida, S. enteritidis and C. argentea can be
cross-tolerant to copper via specific efflux pumps. In addition, isolates of primarily
peracetic acid-tolerantB. subtilis can be cross-tolerant to other oxidizing agents. Isolates
of primarily hydrogen peroxide-tolerant E. coli can be cross-tolerant to aldehyde, and
isolates of primarily hydrogen peroxide-tolerant S. cerevisiae can be cross-tolerant to
ethanol. Isolates of primarily sodium hypochlorite-tolerant E. coli can be cross-tolerant
to hydrogen peroxide, and in L. monocytogenes cross-tolerance to benzalkonium
chloride, another quaternary ammonium compound and alkylamine can occur.
Primarily glutaraldehyde-tolerant E. coli, Halomonas spp. and B. cepacia can be
cross-tolerant to other aldehydes.

20.2.3 Cross-Tolerance to Antibiotics

Peracetic acid, hydrogen peroxide and sodium hypochlorite have so far never been
described with a cross-tolerance to antibiotics. A cross-tolerance between selected
antibiotics and benzalkonium chloride can occur in numerous species. Occasional
cross-resistance between DDAC and selected antibiotics was found inC. coli, E. coli,
L. monocytogenes and S. enterica. Cross resistances to rifampicin and sometimes
also to isoniazid have been reported in glutaraldehyde-resistant M. chelonae.

20.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after BAC exposure in B.
cepacia complex, E. coli and L. monocytogenes and after exposure to glutaralde-
hyde in Pseudomonas spp.

20.2.5 Resistance Gene Plasmids

A plasmid with resistance to glutaraldehyde was detected in S. aureus.

20.2.6 Viable but not Culturable

Sodium hypochlorite is able to induce the VBNC state with enhanced antibiotic tol-
erance in E. coli. In S. Typhimurium peracetic acid is able to induce the VBNC state.
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20.2.7 Other Risks Associated with Biocidal Agents
in Instrument Disinfectants

Occupational exposure risks, material compatibility, stability, user acceptance,
corrosiveness and may be other risks vary between biocidal agents and products [2].

20.3 Effect of Commonly Used Biocidal Agents on Biofilm

20.3.1 Biofilm Development

Biocidal agents in instrument disinfectants have different effects on biofilm develop-
ment (Fig. 20.2). With peracetic acid, biofilm formation can be inhibited in three
species (C. sakazakii,Candida spp. and S. aureus). For benzalkonium chloride, biofilm
formation can be inhibited (C. albicans,C. parapsilosis,C. tropicalis, E. coli, S. aureus
and S. epidermidis) or enhanced (S. agalactiae, E. coli, S. aureus and S. epidermidis).
Sodium hypochlorite and hydrogen peroxide can rather enhance than inhibit biofilm
formation. No data were found for glutaraldehyde and DDAC.

20.3.2 Biofilm Fixation

Glutaraldehyde usually results in a moderate to strong biofilm fixation, whereas the
effect of peracetic acid is typically a poor to moderate biofilm fixation. Benzalko-
nium chloride was able to increase the mechanical stability of a P. fluorescens
biofilm suggesting some fixation potential. No data were found to assess the biofilm
fixation potential of other biocidal agents typically used for instrument disinfection
(DDAC, sodium hypochlorite, hydrogen peroxide).
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Fig. 20.2 Number of species with a decrease or increase of biofilm formation caused by biocidal
agents that may be found in instrument disinfectants
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20.3.3 Biofilm Removal

Glutaraldehyde has mostly a poor biofilm removal capacity. It is mostly poor or
moderate with benzalkonium chloride. Peracetic acid, sodium hypochlorite and
hydrogen peroxide revealed mostly a moderate biofilm removal (Fig. 20.3). No
data were found for DDAC.

20.4 Expected Health Benefit of Biocidal Agents
in Instrument Disinfectants

Disinfection of instruments has the aim to reduce the microbial load on medical
devices after use. For uncritical and semi-critical instruments, it is not followed by
sterilization so that a health benefit is expected for the patient (e.g. no infection after
a bronchoscopy). The reprocessing, however, includes various steps including
cleaning so that it is often not possible to attribute the health benefit to one part of
the reprocessing, e.g. the disinfection. The entire process should be validated which
includes the use of an instrument disinfectant. As long as the entire reprocessing is
validated for the respective medical device, there will be basically no advantage or
disadvantage of the biocidal agents used for the disinfection step. For critical
instruments, it is expected to be a health benefit for the person who performs
functionality tests of cleaned and disinfected medical devices prior to sterilization
resulting in a reduction of microbial exposure during work.
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Fig. 20.3 Number of species with a strong (� 90%), moderate (10–89%) or poor biofilm
removal (<10%) by biocidal agents that may be found in instrument disinfectants
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20.5 Antiseptic Stewardship Implications

Critical instruments require cleaning and disinfection followed by sterilization. It is
overall unlikely that biofilm can remain on instruments or that bacteria can sur-
vive in biofilm after validated reprocessing including sterilization has been per-
formed. But the presence of biofilm on semi-critical medical devices such as
flexible endoscopes is of relevance for patient safety. It may serve as a continuous
source of microbial spread, and it may result in disinfection failure [1, 3]. That is
why the effect of biocidal agents on biofilm development and removal is of major
relevance for the reprocessing of some semi-critical medical devices.

A low adaptive response in combination with an inhibition of biofilm formation
and removal of existing biofilm in the majority of species could not be attributed to
any of the biocidal agents. Nevertheless, peracetic acid showed only rarely a strong
adaptive response, mainly decreased biofilm formation and moderately removed
existing biofilm. No relevant adaptive response was found with sodium
hypochlorite and hydrogen peroxide; biofilm removal was overall favourable for
both agents but they increased biofilm formation in more species. All three biocidal
agents have so far not been associated with antibiotic cross-resistance. Benzalkonium
chloride was the substance causing most frequently a strong and stable adaptive
response including cross-tolerance to other biocidal agents and selected antibiotics.
Biofilm formation could be inhibited or enhanced, and biofilm removal was often
poor or moderate.

Data for the other biocidal agents are less comprehensive. Glutaraldehyde did
not cause a strong adaptive response and showed only poor biofilm removal.
For DDAC, only one or two of the parameter could be described so that a further
evaluation is not done.

Overall, on surfaces of instruments where biofilm formation should be inhibited
(e.g. flexible endoscopes), the use or peracetic acid seems to be the most appropriate
option (low selection pressure). Hydrogen peroxide and sodium hypochlorite have
also a low selection pressure and can moderately remove biofilm. They seem to be
appropriate on surfaces where enhancement of biofilm formation is of minor rel-
evance. All three biocidal agents have so far not been associated with antibiotic
cross-resistance. Benzalkonium chloride seems to be the least suitable biocidal
agent taking into account the frequently observed strong and stable adaptive
response, the inconclusive effect on biofilm formation and removal and the
occurrence of cross-resistance with other biocidal agents and selected antibiotics.
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21Antiseptic Stewardship
for Antimicrobial Soaps

21.1 Composition and Intended Use

Antimicrobial soaps can be based on different types of biocidal agents such as
chlorhexidine digluconate, povidone iodine, triclosan, benzalkonium chloride, DDAC,
octenidine dihydrochloride, polihexanide or sodium hypochlorite. Most products
contain a single biocidal agent although combinations may be found. They often
contain auxiliary agents, e.g. detergents, emollients or sometimes also fragrances.

They are used in health care, veterinary medicine, food processing and manufac-
turing and occasionally also in the domestic setting. A typical application in health-
care is for surgical hand scrubbing or for a hygienic handwash [29]. They are also used
in some departments as a patient preoperative antiseptic body wash with the aim to
reduce the risk for surgical site infections [13, 20]. On intensive care units, theymay be
used for a patient antiseptic body wash with the aim to reduce catheter-associated
bloodstream infections [23]. Another aim of using antimicrobial soaps is decoloniza-
tion of the patients or healthcare workers skin in case of colonization with specific
species such as MRSA or VRE, often in combination with other antiseptic treatments
such as nasal decolonization [5, 9, 19, 21, 24]. In some parts of the world, antimicrobial
soaps were also used at home for regular hand washing [1]. The summary below is an
extract of previous book chapters on the biocidal agents.

21.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

21.2.1 Change of Susceptibility by Low-Level Exposure

The adaptive effects were classified as “no MIC increase”, “weak MIC increase”
with a � 4-fold MIC increase and “strong MIC increase” with a >4-fold MIC
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increase. The last category was divided into an unstable or stable MIC increase, and
sometimes the stability was unknown. A species may be found in two or
more categories indicating that the adaptive response depends on the type of isolate.
Most data on different adaptive effects caused by low-level exposure were found for
triclosan (90 species), chlorhexidine digluconate and benzalkonium chloride (both
78 species), polihexanide (55 species) and DDAC (48 species). Only few data were
found for povidone iodine (5 species) and octenidine dihydrochloride (3 species).

Figure 21.1 shows the distribution of adaptive response categories for the dif-
ferent biocidal agents. The majority of species did not show any MIC increase or
only a weak MIC increase (� 4-fold). A strong adaptive response was most fre-
quently seen in benzalkonium chloride (44% of the evaluated species), followed by
triclosan (34%), chlorhexidine digluconate (26%), DDAC (15%) and polihexanide
(11%). The strong MIC increase was stable in 42% (triclosan), 41% (benzalkonium
chloride) and 40% (chlorhexidine digluconate) of species. With octenidine dihy-
drochloride, one species was found with a strong and stable adaptive response.
Povidone iodine and sodium hypochlorite have so far not shown a strong MIC
increase.

A strong and stable MIC increase after low-level exposure is probably the most
critical adaptive response. Some species can be found in this group that have
certainly a high relevance for infection control (Table 21.1). The strongest adaptive
MIC increase was found with triclosan (up to 8,192-fold), whereas the changes
observed with polihexanide were rather moderate (5-fold–8-fold) and only found in
Gram-positive species.

The effect on biofilm is not covered in this chapter because it was assumed that is
has only minor relevance for antimicrobial soaps.
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Fig. 21.1 Number of species with no, a weak or a strong adaptive MIC increase after low-level
exposure to biocidal agents that may be found in antiseptic soaps
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21.2.2 Cross-Tolerance to Other Biocidal Agents

Cross-tolerance to other biocidal agents is quite common in some biocidal agents.
Isolates of 22 primarily benzalkonium chloride-tolerant species were cross-tolerant to
chlorhexidine digluconate and triclosan.An isolate of a benzalkoniumchloride-tolerant
E. coli was cross-tolerant to DDAC, and a benzalkonium chloride-tolerant
L. monocytogenes was cross-tolerant to another QAC, alkylamine and sodium
hypochlorite. Similar results were found with triclosan. Isolates of 17 primarily
triclosan-tolerant species were cross-tolerant to chlorhexidine digluconate and 13 spe-
cies to benzalkonium chloride. Primarily chlorhexidine digluconate-tolerant isolates of
E. coli and S. Virchow were cross-tolerant to triclosan, isolates of S. Tyhimurium were
cross-tolerant to benzalkonium chloride, and isolates ofA. baylyiwere cross-tolerant to
hydrogen peroxide. Isolates of primarily DDAC-tolerant E. coli and P. fluorescens can
be cross-tolerant to benzalkonium chloride, and isolates of primarily octenidine
dihydrochloride-tolerant P. aeruginosa can be cross-tolerant to chlorhexidine diglu-
conate. Isolates of primarily sodium hypochlorite-tolerant E. coli can be cross-tolerant
to hydrogen peroxide, and in L. monocytogenes cross-tolerance to benzalkonium
chloride, another quaternary ammonium compound and alkylamine can occur. No
cross-tolerance to other biocidal agents has been reported for povidone iodine and
polihexanide. Especially, the rather frequently observed cross-tolerance between

Table 21.1 Bacterial species with a strong (>4-fold MIC increase) and stable adaptive response
after low-level exposure to selected biocidal agents used in antiseptic soaps

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Triclosan E. coli (up to 8,192-fold)

S. aureus (up to 313-fold)

Staphylococcus spp. (up to 150-fold)

Chlorhexidine digluconate E. coli (� 500-fold)

S. marcescens (� 128-fold)

P. aeruginosa (� 32-fold)

K. pneumoniae (� 16-fold)

S. aureus (� 16-fold)

Benzalkonium chloride Enterobacter spp. (� 300-fold)

E. coli (� 100-fold)

S. aureus (� 39-fold)

P. aeruginosa (� 33-fold)

A. baumannii (� 31-fold)

Polihexanide E. faecalis (8-fold)

S. aureus (8-fold)

S. epidermidis (4.8-fold)

Octenidine
dihydrochloride

P. aeruginosa (� 32-fold)

DDAC P. aeruginosa (� 18-fold)
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benzalkonium chloride, triclosan and chlorhexidine digluconate is a clear indication to
carefully select biocidal agents in order to reduce this type of cross-tolerance to a
minimum.

21.2.3 Cross-Tolerance to Antibiotics

Povidone iodine, sodium hypochlorite and polihexanide have so far never been
described with a cross-tolerance to antibiotics. A cross-tolerance between triclosan,
chlorhexidine digluconate and benzalkonium chloride and selected antibiotics can
occur in numerous species. Occasional cross-resistance between DDAC and
selected antibiotics was found in C. coli, E. coli, L. monocytogenes and S. enterica.
Cross-tolerance between octenidine dihydrochloride and selected antibiotics can
occur in P. aeruginosa.

21.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after benzalkonium chloride
exposure in B. cepacia complex, E. coli and L. monocytogenes, and after
chlorhexidine digluconate exposure in B. fragilis and B. cepacia complex.

21.2.5 Horizontal Gene Transfer

Horizontal gene transfer can be successfully induced by chlorhexidine digluconate
and triclosan in E. coli (sulphonamide resistance by conjugation).

21.2.6 Antibiotic Resistance Gene Expression

In a vanA, E. faecium chlorhexidine digluconate was able to induce a � 10-fold
increase of vanHAX encoding VanA-type vancomycin resistance.

21.2.7 Other Risks Associated with Biocidal Agents
in Antimicrobial Soaps

Other risks may also be relevant in antimicrobials soaps. They are not covered in
detail. Sensitization to the agent may occur possibly resulting in local or systemic
allergic reactions up to anaphylactic reactions [14, 22]. This has been described at
least for chlorhexidine digluconate and polihexanide. Some agents are cationic
surfactants possibly resulting in a higher degree of skin irritation [14]. Some
antimicrobial soaps have been described with a bacterial contamination mainly with
Gram-negative species (see Chaps. 10 and 13).
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21.3 Expected Health Benefit of Biocidal Agents
in Antimicrobial Soaps

Most antimicrobial soaps are based on a single biocidal ingredient so that an
expected health benefit is rather dependent on the type of use, the target population
and other factors such as additional antiseptic treatments or possible sources for
dermal recontamination.

21.3.1 Antiseptic Body Wash Before Surgery

Useof antimicrobial soaps for an antiseptic bodywashbefore surgerymayhave a health
benefit in combination with nasal mupirocin [6]. In cardiac surgery, the bundle reduced
the rate of superficial but not deep or organ space surgical site infections [13]. Among
3,924 patients undergoing ventral hernia repair, however, the prehospital chlorhexidine
digluconate baths were associated with a significantly higher incidence of surgical site
infections [20]. There is currently no general recommendation for a routine preference
of antiseptic soaps over plain soaps before surgery [2].

21.3.2 Antiseptic Body Wash for Patients on Intensive Care
Units

Universal decolonization with chlorhexidine digluconate bathing and potentially
nasal mupirocin may be more effective than vertical strategies that include active
surveillance and isolation [10]. Studies support the recently published recommen-
dation that ICU patients over 2 months of age should be bathed with chlorhexidine
digluconate on a daily basis to prevent central line-associated bloodstream infec-
tions as basic practice [23].

21.3.3 Antiseptic Body Wash for Decolonization of MRSA

Another indication for antiseptic body washing is to limit the spread of MRSA.
Some studies suggest that routine daily bathing of MRSA-positive patients on
intensive care units with soaps based on octenidine dihydrochloride in combination
with other measures can significantly decrease acquisition of MRSA [5, 19, 24].
Other studies, however, did not demonstrate an effect [9, 21]. For eradication of
MRSA on healthcare workers (skin and nasal cavity), the application of three
products based on octenidine dihydrochloride over 5 d (antiseptic body wash once
per day, antiseptic nasal gel thrice per day, antiseptic mouth rinse thrice per day)
was effective only in 3 of 40 healthcare workers [21].

The evidence for chlorhexidine digluconate bathing includes studies with a
health benefit but also some without a health benefit [4, 17, 26, 27]. Based on the
different types of interventions, it is almost impossible to predict a health benefit
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when patients are colonized with MRSA or VRE and washed daily with an
antiseptic soap. Although povidone iodine has broad-spectrum properties, it is
considered not to be ideal for topical decolonization due to a lack of evidence for
persistence and inferior outcomes compared with chlorhexidine digluconate [23].

21.3.4 Surgical Scrubbing

Surgical scrubbing is usually performed with soaps based on povidone iodine or
chlorhexidine digluconate. Using either type of soap resulted in an equivalent sur-
gical site infection rate compared to the use of alcohol-based hand rubs for surgical
hand disinfection for 5 min [18]. A lower microbial density on the hands of the
surgeons will result in a lower microbial count in the glove juice which is expected to
be relevant for the prevention of surgical site infections in case of glove punctures
[16]. Some residual effect of povidone iodine has been described for a soap used for
surgical scrubbing but this effect seems doubtful considering that the overall efficacy
even with a “residual effect” is mostly inferior to alcohol-based hand rubs [28].

21.3.5 Hygienic Hand Wash

In health care, there is basically no indication for a hygienic hand wash. If hands are
clean, it is recommended to use an alcohol-based hand rub when an indication for hand
hygiene occurs. Visibly soiled hands should be washed either with plain soap or an
antimicrobial soap [29]. There is apparently no health benefit associated with the use of
antimicrobial soap for the decontamination of soiled hands of healthcare workers.

For food processing and manufacturing, antimicrobial soaps may have some
effect although it has been acknowledged that it is difficult to quantify [8].

At home, there is no health benefit to be expected when antiseptic soaps are used
instead of plain soap for regular hand washing [15]. Such an effect is unlikely
anyway because the time spent for lathering hands when soap is used is between 2.6
and 5.6 s, e.g. in public restrooms, indicating that the effect of an antimicrobial soap
can only be minimal in such a short exposure time. Rinsing hands after lathering
was always longer [25].

21.4 Antiseptic Stewardship Implications

Chlorhexidine digluconate, benzalkonium chloride and triclosan showed most
frequently a strong and also stable adaptive response including a cross-tolerance to
other agents. Other biocidal agents were less adaptive such as povidone iodine or
sodium hypochlorite (no strong adaptive response), octenidine dihydrochloride (1
species with a strong and stable adaptive response) and polihexanide (2 species with
a strong and stable adaptive response). Especially with polihexanide, it is
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noteworthy that the MIC change was rather moderate (5-fold–8-fold) and only
found in Gram-positive species.

Under the assumption that all biocidal agents used in antimicrobial soaps have
an equivalent bactericidal activity at appropriate concentrations, it seems that the
lowest adaptive reaction is found with povidone iodine, sodium hypochlorite,
octenidine dihydrochloride and polihexanide. In order to reduce selection pressure,
they should be preferred biocidal agents in antimicrobial soaps when a health
benefit is likely or proven, e.g. for antiseptic body wash on ICU patients or for
decolonization of MRSA in combination with other antiseptic measures.

Some applications of antimicrobial soaps could be stopped completely. Especially,
the domestic use of antimicrobial soaps, e.g. based on triclosan, is seen critically.
Giuliano and Rybak recently reviewed the evidence evaluating the use of triclosan as
an antimicrobial soap and its association with antimicrobial resistance. They con-
cluded that there was no beneficial effect of triclosan over non-antimicrobial soap, and
triclosan resistance has been demonstrated. They concluded that the risks outweigh
the benefits of triclosan use [7]. The Canadian Paediatric Society promotes hand
hygiene using plain soap and water in the vast majority of domestic settings [3].
A similar recommendation exists for Germany [12]. That is why antimicrobial soaps
should not be routinely used in the domestic setting.

Another simple option is to ban soaps based on chlorhexidine digluconate, tri-
closan or benzalkonium chloride for hand hygiene in health care. One possible use of
these soaps is in direct patient care. Based on the WHO recommendation for hand
hygiene from 2009, it is recommended to wash hands when they are visibly soiled.
The use of plain soap is adequate. Treatment of clean hands should preferably be
done with alcohol-based hand rubs [29]. In the surgical theatre, the use of antimi-
crobial soaps, e.g. based on chlorhexidine digluconate, is one option recommended
by the WHO. The scrubbing usually lasts for 6–10 min and consumes between 5 and
20 l water per scrub [11]. They may only be effective with additional postscrub
water-based chlorhexidine digluconate treatments of the hands which pose an addi-
tional contamination and selection pressure risk [11]. Alcohol-based hand rubs have a
stronger effect on the resident hand flora, require typically 1.5 min for application,
cause less skin irritation and do not pose any relevant selection pressure to bacterial
species due to their volatility [30, 31]. That is why surgical scrubbing has more
disadvantages than advantages, especially regarding the possible selection pressure
by chlorhexidine digluconate as the principal antimicrobial agent.
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22Antiseptic Stewardship for Wound
and Mucous Membrane
Antiseptics

22.1 Composition and Intended Use

Wound and mucous membrane antiseptics can be based on different types of bio-
cidal agents such as chlorhexidine digluconate, polihexanide, hydrogen peroxide,
sodium hypochlorite, povidone iodine or octenidine dihydrochloride [1, 2]. In
addition, silver may be used as an antimicrobial agent for wound treatment, e.g. in
wound dressings. Most products contain a single biocidal agent.

They are used in health care, veterinary medicine and occasionally also in the
domestic setting. Wound antiseptics are indicated for infected or critically colonized
wounds [2]. Depending on a risk score, wound antiseptics may also be indicated for
other types of wounds [2]. Mucous membrane antiseptics are typically applied prior
to surgery, e.g. to the genitourinary or oral mucosa [3]. The summary below is an
extract of previous book chapters on the biocidal agents.

22.2 Selection Pressure Associated with Commonly Used
Biocidal Agents

22.2.1 Change of Susceptibility by Low-Level Exposure

The adaptive effects were classified as “no MIC increase”, “weak MIC increase” with
a � 4-fold MIC increase and “strong MIC increase” with a >4-fold MIC increase.
The last category was divided into an unstable or stable MIC increase; sometimes the
stability was unknown. A species may be found in two or more categories indicating
that the adaptive response depends on the type of isolate. Most data on different
adaptive effects caused by low-level exposure were found for chlorhexidine diglu-
conate (78 species), polihexanide (55 species) and silver (20 species). Only few data
were found for hydrogen peroxide (8 species), sodium hypochlorite (7 species),
povidone iodine (5 species) and octenidine dihydrochloride (3 species).
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Figure 22.1 shows the distribution of adaptive response categories for the dif-
ferent biocidal agents. The majority of species did not show any MIC increase or
only a weak MIC increase (� 4-fold). A strong adaptive response was most fre-
quently seen in silver (40%), chlorhexidine digluconate (26%) and polihexanide
(11%). The strong MIC increase was stable in 50% (silver, mainly in sil-positive
strains), 40% (chlorhexidine digluconate) and 33% (polihexanide) of species. With
octenidine dihydrochloride, one species was found with a strong and stable adaptive
response. Hydrogen peroxide, sodium hypochlorite and povidone iodine have so far
not shown a strong MIC increase.

A strong and stable MIC increase after low-level exposure is probably the most
critical adaptive response. Some species can be found in this group that have
certainly a high relevance for infection control (Table 22.1). Most of them are
among the Gram-negative species. It is noteworthy that the changes observed with
polihexanide were rather moderate (5-fold–8-fold) and only found in Gram-positive
species.

22.2.2 Cross-Tolerance to Other Biocidal Agents

Primarily chlorhexidine digluconate-tolerant isolates of E. coli and S. Virchow can
be cross-tolerant to triclosan, isolates of S. Tyhimurium can be cross-tolerant to
benzalkonium chloride, and isolates of A. baylyi can be cross-tolerant to hydrogen
peroxide. Isolates of primarily octenidine dihydrochloride-tolerant P. aeruginosa
can be cross-tolerant to chlorhexidine digluconate. Isolates of primarily sodium
hypochlorite-tolerant E. coli can be cross-tolerant to hydrogen peroxide, and in L.
monocytogenes cross-tolerance to benzalkonium chloride, another quaternary
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Fig. 22.1 Number of species with no, a weak or a strong adaptive MIC increase after low-level
exposure to biocidal agents that may be found in wound or mucous membrane antiseptics
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ammonium compound and alkylamine can occur. Isolates of primarily hydrogen
peroxide-tolerant E. coli can be cross-tolerant to aldehyde, and isolates of primarily
hydrogen peroxide-tolerant S. cerevisiae can be cross-tolerant to ethanol. No
cross-tolerance to other biocidal agents has been reported for povidone iodine and
polihexanide.

22.2.3 Cross-Tolerance to Antibiotics

Povidone iodine, sodium hypochlorite, hydrogen peroxide and polihexanide have
so far never been described with a cross-tolerance to antibiotics. A cross-tolerance
between both silver and chlorhexidine digluconate and selected antibiotics can
occur in numerous species. Cross-tolerance between octenidine dihydrochloride
and selected antibiotics can occur in P. aeruginosa.

22.2.4 Efflux Pump Genes

Transporter and efflux pump genes were up-regulated after chlorhexidine diglu-
conate exposure in B. fragilis and B. cepacia complex.

Table 22.1 Bacterial species with a strong (>4-fold MIC increase) and stable adaptive response
after low-level exposure to selected biocidal agents sometimes found in wound or mucous
membrane antiseptics

Biocidal agent Bacterial species with a strong and stable adaptive MIC increase

Chlorhexidine digluconate E. coli (� 500-fold)

S. marcescens (� 128-fold)

P. aeruginosa (� 32-fold)

K. pneumoniae (� 16-fold)

S. aureus (� 16-fold)

Silver E. coli (128-fold)a

E. cloacae (� 32-fold)a

K. pneumoniae (� 32-fold)a

K. oxytoca (� 16-fold)a

Polihexanide E. faecalis (8-fold)

S. aureus (8-fold)

S. epidermidis (4.8-fold)

Octenidine
dihydrochloride

P. aeruginosa (� 32 fold)

aMainly sil-positive isolates or strains
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22.2.5 Horizontal Gene Transfer

Horizontal gene transfer can be successfully induced by chlorhexidine digluconate
in E. coli (sulphonamide resistance by conjugation).

22.2.6 Antibiotic Resistance Gene Expression

In a vanA E. faecium, chlorhexidine digluconate was able to induce a � 10-fold
increase of vanHAX encoding VanA-type vancomycin resistance.

22.2.7 Other Risks Associated with Biocidal Agents in Wound
and Mucous Membrane Antiseptics

Other risks may also be relevant in wound and mucous membrane antiseptics. They
are not covered here in detail. Local tolerability including its possible toxic effect
on cartilage, any favorable or negative effect on wound healing, its efficacy in the
presence of organic load, the potential for sensitization and any systemic risk should
also be evaluated [2].

22.3 Effect of Commonly Used Biocidal Agents on Biofilm

22.3.1 Biofilm Development

Typical biocidal agents in wound and mucous membrane antiseptics show a dif-
ferent effect on biofilm development (Fig. 22.2). For silver, often as nanoparticles,
biofilm formation can be inhibited in C. parapsilosis, C. tropicalis, C. albicans,
E. coli, P. fluorescens, S. epidermidis and S. aureus. Similar results are found
for povidone iodine with an inhibition of biofilm formation in four species:
E. faecalis, S. aureus, S. epidermidis and C. albicans. A decrease of biofilm for-
mation was described for octenidine dihydrochloride but only at concentrations
of � 0.31% which has no relevance in wound and mucous membrane antiseptics.
Chlorhexidine digluconate exposure resulted in a decrease of biofilm formation in
the majority of species. Sodium hypochlorite and hydrogen peroxide can rather
enhance than inhibit biofilm formation. No data were found for polihexanide.

22.3.2 Biofilm Fixation

No data were found to assess the biofilm fixation potential of octenidine dihy-
drochloride, silver, chlorhexidine digluconate, povidone iodine, polihexanide,
sodium hypochlorite or hydrogen peroxide.
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22.3.3 Biofilm Removal

Povidone iodine has so far only been described with a strong biofilm removal.
Silver, sodium hypochlorite and hydrogen peroxide have a mostly moderate biofilm
removal capacity. Octenidine dihydrochloride could equally show a poor, moderate
and strong biofilm removal. It is poor or moderate with polihexanide and
chlorhexidine digluconate (Fig. 22.3).
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Fig. 22.2 Number of species with a decrease or increase of biofilm formation caused by biocidal
agents that may be found in wound or mucous membrane antiseptics
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Fig. 22.3 Number of species with a strong (� 90%), moderate (10–89%) or poor biofilm
removal (<10%) by biocidal agents that may be found in wound or mucous membrane antiseptics
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22.4 Health Benefits of Biocidal Agents in Wound
and Mucous Membrane Antiseptics

For patients with wounds, a health benefit is already the prevention of a wound
infection, e.g. after soft tissue traumatic injuries or in wounds after cardiothoracic
surgery. There is some evidence for polihexanide and sodium hypochlorite to suggest
that a targeted antiseptic wound treatment is able to reduce infection rates [2]. The
use of mucous membrane antiseptics is recommended prior to surgery for prevention
of surgical site infections, e.g. in urology, gynaecology or ophthalmology [3].

22.5 Antiseptic Stewardship Implications

A low adaptive response in combination with a frequently observed inhibition of
biofilm formation and a rather strong removal of existing biofilm can be attributed
only to povidone iodine. Sodium hypochlorite and hydrogen peroxide also revealed
a low adaptive response but can enhance biofilm formation in a few more spe-
cies and have only a moderate biofilm removal capacity. Limited data with
octenidine dihydrochloride suggest an inconsistent adaptive effect and also an
inconsistent effect on biofilm removal. Polihexanide can exhibit a strong adaptive
response which is in comparison to other biocidal agents quite low (5-fold to 8-fold)
and only described in Gram-positive species. Its biofilm removal capacity is poor.
Chlorhexidine digluconate and silver may both show quite frequently a strong
adaptive response mainly among Gram-negative species. The effect caused by
silver depends largely on the presence of sil-genes in the strains. Silver can inhibit
biofilm formation where the effect of chlorhexidine digluconate is inconsistent. For
biofilm removal, silver nanoparticles have mostly a moderate effect, whereas the
effect of chlorhexidine digluconate is mostly poor.

The indication for wound or mucous membrane antiseptics depends on multiple
factors and can not only rely on the potential for selection pressure. Nevertheless,
povidone iodine seems to exhibit the lowest selection pressure and chlorhexidine
digluconate the highest one.
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