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SISÄILMAN DESINFIOINTI OSANA TARTUNTATAUTIEN JA
HOITOON LIITTYVIEN INFEKTIOIDEN TORJUNTAA.
Aerte AD on tuote, joka on suunniteltu suojaamaan ihmisiä
haitallisilta bakteereilta, viruksilta ja itiöiltä. Uusi teknologia
varmistaa mikro-organismien eliminoinnin välittömästi niiden
saapuessa tuotteen vaikutusalueelle – niin ilmasta (99,999%)
kuin pinnoilta (99,9%). Ensisijaiset käyttökohteet ovat
terveydenhuollon yksiköt, joissa tartuntatautiepidemioiden
vaara on suuri ja asiakkaat ovat erityisen alttiita tartunnoille.
Aerte AD eliminoi tehokkaasti myös sieni- ja homeitiöitä, joten
se on hyvä apu myös homeongelmista kärsivissä kiinteistöissä.
Itiöiden poistaminen hengitysilmasta mahdollistaa oireettoman
oleskelun ja työskentelyn tiloissa kunnes itiöiden lähde on saatu
paikannettua ja tuhottua.
Tuote on tarkoitettu jatkuvaan käyttöön miehitetyissä tiloissa.
Tehokkaimmillaan se on tiloissa, joissa ilman kontaminaatio
taakka on suuri.
Vaikuttava aine hydroksyyliradikaali
Aerte AD tuottaa ilmaan hydroksyyli radikaaleja, jotka
reaktiivisina ainesosina eliminoivat mikrobit ilmasta ja pinnoilta.
Hydroksyyliradikaalit pitävät huolta myös ulkoilman
puhtaudesta ja Aerte AD:n hydroksyyliradikaalien tuotanto
onkin tarkkaan laskettu siten että niiden määrä vastaa samaa
kuin on ulkoilmassa kauniina kesäpäivänä.
Aerte AD on Englannissa kehitetty tuote. Sen ainutlaatuinen
teknologia voitti Englannin kansallisen terveydenhuollon
innovaatio palkinnon vuonna 2010. Tuote on käytössä ympäri
maailman.

Tämä tieteellinen arvio keskittyy hydroksyyliradikaalien
tehoon ja turvallisuuteen, sekä kokoaa yhteen erilaisia
laboratorio ja käytännöntutkimusten tuloksia Aerte AD:n
tehokkuudesta sisäilman ja pintojen desinfioinnissa.
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FOREWORD
The airborne transmission of disease-causing bacteria, fungi
and viruses has been known for centuries, but the
prevention of infection by interrupting the travel of microbes
through the air and their arrival at a susceptible host while in
living and dangerous form remains a challenge. It is still
work in progress. Solutions like, for example, the wearing of
modern properly designed masks can provide protection to
their users. However, their effective use is restricted to
specific circumstances; their disadvantages preclude their
routine use. So there is a pressing need for the introduction
of new methods to address the problem of airborne
transmission of pathogens in a general way.
Such a novel approach is provided by the generation of
hydroxyl radicals. They are naturally present in the open air
where they are mainly produced by the action of sunlight on
ozone. They are very reactive and have been shown to kill a
wide range of pathogenic microbes and their relatives. It is
possible to generate them indoors at concentrations that are
at the higher end of the range that occurs naturally; trials
have shown beneficial effects in hospitals with falls in the
number of infections transmitted there.
The papers in this publication describe in more detail the
science of hydroxyl radicals and their applications in
healthcare.
They speak for themselves.
Professor Hugh Pennington
F Med Sci, FRSE
June 2010
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Novel Air Disinfection Technology Using Hydroxyl Radicals
Abdel Ezbiri, BSc, MA, PhD.
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ABSTRACT
For centuries, the natural atmospheric
disinfection ability of outdoor air has been known.
This natural process was first attributed to the
effects of ultra-violet radiation and later to the
bactericidal properties of ozonised terpenes or
naturally occurring olefins. Attempts at isolating
this disinfecting agent by channelling air from
outdoors have failed suggesting that it is very
short lived. An ability to replicate this
phenomenon indoors could have far reaching
implications for the indoor environments
especially for the fields of healthcare, food
production and pharmaceuticals.

In this document, a novel approach to air disinfection using
a cascade of free radicals is presented. A review of the
mechanisms of action as well as a scientific review and
laboratory evidence suggesting bactericidal,
virucidal and fungicidal properties with microbial kill rates
as high as log5 or 99.999%
1. INTRODUCTION
In most western nations today people spend a large
proportion of their time living and working in indoor
environments. An average person spends approximately
90% of their time indoors, where the level of air microbial
pollutants is often two to five times higher than that found
outdoors. Government Scientific
Advisors at health protection agencies in North America
and the Europe have ranked indoor airpollution as one of
the primary sources of environmental risks to
public health (U.S. EPA, 1987; U.S.EPA, 1990). More
particularly, microbiological pollution is an increasingly
important subject of research especially in the clinical,
healthcare, food production,Pharmaceutical and cosmetics
industry with a host of scholarly publications.
On the other hand, nature has evolved powerful
disinfecting capabilities which have been observed for
centuries. Indeed,Pasteur recognized that infection
rates were lower at higher altitudes; this natural
atmospheric disinfection phenomenon was attributed at
thattime to the effects of ultra-violet radiation (Finsen
1893). Around that time, it was first thought that this
natural process was only effective during daylight,
however, it was established that the bactericidal
factor was also active during the night, (May, Druett &
Packman1969).
In the late 60s and early 70’s research carried out at a
leading UK Biological defence research establishment
found that both bacteria and viruses could be killed
using mixtures consisting of low concentrations of ozone
and naturally occurring terpenes. The resulting germicidal
agent in the air is thought to consist of a cascade of
hydroxyl radicals.
Part 2 of this document is an introduction to several types
of microorganisms including those that are transmitted via
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air as well those that are frequently encountered
in the healthcare environments.
Part 3 describes hydroxyl radicals and the
mechanisms by which they are formed in the
atmosphere as well as the way these can be
generated in situ. This section also describes the
mechanisms by which hydroxyl radical attack
microorganisms. Several examples are
discussed including deactivation of viruses,
bacteria and allergens.
Part 4 presents a review of the studies
conducted at various independent government
and university laboratories.
In Part 5, the safety aspects of in-situ produced
hydroxyl radicals through ozone-olefin mixing is
discussed.
Part 6 is a conclusion and discussion of future
work. The references are presented in
section 7.
2. THE MICROBIAL UNIVERSE
This part of document focuses on some
important respiratory and nosocomial infectious
microorganisms.
2.1 Airborne Microorganisms
Airborne micrometer scale particles can be a
major cause of respiratory ailments to humans,
causing allergies, asthma and pathogenic
infections of the respiratory tract. These are
usually transmitted from an infected host through
coughs or sneezes or through inhaling
infected body matter such as skin flakes.
During a sneeze for example, millions of tiny
droplets of water and mucus are expelled at
about 100 metres per second. The droplets
initially are about 10-100 microns diameter, but
these dry rapidly to droplet nuclei of 1-4
microns, containing virus particles or bacteria.
This is a major means of transmission of several
diseases of humans. Airborne fungal spores are
also important agents of plant and human
disease, and the means for dissemination of
many common fungi. The table below shows the
important diseases usually transmitted from
person to person
via air and draws the distinction between their
classification as a virus or bacterium.

VIRUS DISEASES
Chickenpox (Varicella)
Flu (Influenza)
Measles (Rubeola)
German measles (Rubella)
Mumps (Mumps)
Smallpox (Variola)

BACTERIAL DISEASES
Whooping cough (Bordetella pertussis)
Meningitis (Neisseria species)
Diphtheria (Corynebacterium diphtheriae)
Pneumonia (Mycoplasma pneumoniae,
Streptococcus species)
Tuberculosis (Mycobacterium tuberculosis)
Examples of other diseases acquired by inhaling particles
from environmental sources, not directly from an infected
person are given below:
Legionnaire's Disease
(Legionella pneumophila):
Originates from droplets in airconditioning systems or
water storage tanks where the bacterium tends to grow.
Aspergillosis (Aspergillus
fumigatus, A. flavus, A. niger):
originates from Fungal spores inhaled from decomposing
organic matter.
2.2 Nosocomial
(Healthcare Associated Infectious Microorganisms)
The term "nosocomial" comes from two Greek words:
"nosus" meaning "disease" + "komeion" meaning "to
take care of." Therefore, nosocomial means originating or
taking place in a hospital, acquired in a hospital, especially
in reference to an infection. Hence, "nosocomial" applies to
any disease contracted by a patient while under medical
care. Since antibiotics have come into common usage,
bacteria that are resistant to them have also become
common, especially in hospitals, so there are now lots of
nosocomial infections.
A nosocomial infection is specifically one that was not
present or incubating prior to the patient being admitted to
the hospital, but occurred within 72 hours after admittance
to the hospital. For example, the bacterium named
Clostridium difficile is now recognized as the chief cause of
nosocomial diarrhea in the US and Europe.
The table below shows some other nosocomial type
microorganism
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VIRUSES
Norovirus
Respiratory syncytial virus
Rotavirus
Influenza virus
Varicella zoster
Parvovirus
Rubella
Measles
BACTERIA
Methicillin-resistant Staphylococcus aureu
(MRSA)
Other resistant Staphylococcus aureus
Streptococcus pyogenes (Streptococcus Group A)
Streptococcus agalactiae(Streptococcus Group B)
Penicillin-resistant Streptococcus pneumoniae
Haemophilus influenza
Legionella spp.
Glycopeptide-resistant enterococci
Measles
Clostridium spp.
Salmonella or Shigella spp
Escherichia coli O157
Multi-resistant Gram negative bacilli

2.3 Allergens
Airborne allergens can be a major risk to
humans. For example, dust mite allergens can
cause severe chest irritation and even the
outbreak of asthma in some cases. Dust mites
are insects that normally live in house dust and it
is actually the feces of dust mites that are the
most common trigger of asthma and breathing
difficulties. Dust mites feed on dead human
skin and thrive in humid environments because
of the abundance of other foods such as
plant materials, moulds, and fungi. something
which is prevalent in every home. Dust mites
produce fecal matter approximately 20 times
each day and these feces are light enough to
float in the air and are therefore easily inhaled.
Approximately 40,000 dust mites fecal particles
can occupy one speck of dust hence given the
right environment, the amounts inhaled in every
breath can be staggering.
3. HYDROXYL RADICALS
A variety of free radical species can be
encountered in atmospheric chemical reactions.
One of the most important radical species among

these is the hydroxyl radical (OH°) which plays a central
role in the oxidation of many organic compounds through a
series of cyclic chain reactions. In this section, the
mechanism of formation of this oxidizing element is
discussed in detail.
3.1 Hydroxyl Radicals in the Troposphere
The formation of ozone O3 in the troposphere usually takes
place in the presence of a third body M, which is normally
N2 or O2 as the most common species.
NO2 Kȣĺ122 
O+O2 0ĺ23 +M (2)
Ozone undergoes photolysis according to the following
equation: O3 Kȣ ȜQP ĺ2 22 (3)
The fraction of the excited oxygen (O*) may react with
water or methane molecules to give rise to two hydroxyl
radicals.
O*+H22ĺ2+ 
O*+ CH4ĺ2+&+3 (5)
In the troposphere, the hydroxyl radical is frequently
scavenged by reaction with methane or carbon monoxide.
The attack on Methane in particular abstracts hydrogen
from CH4 to form water according to:
CH4 + OH = CH3 + H2O (6)
CH3 + O2 = CH3O2 (7)
The methyl radical, CH3, formed at the same time reacts
with oxygen forming a methylperoxy radical, CH3O2.
In a continental atmosphere during the day, this will
probably react with nitric oxide, NO, released by
combustion processes, to form amethoxy radical, that in
turn reacts with oxygen to form formaldehyde, HCHO:
CH3O2 + NO = CH3O + NO2 (8)
CH3O + O2 = HCHO + HO2 (9)
Like methane, the formaldehyde molecule itself may be
oxidised by OH in a similar sequence of reactions, the end
result being the formation of CO or CO2 and water. The
hydroperoxy radical, HO2 , from reaction (9) oxidises NO
to NO2 and regenerates an OH radical:
HO2 + NO = OH + NO2 (10)
The reaction sequence, (6) to (10), constitutes a chemical
chain reaction with OH as the chain carrier: OH is
consumed in reaction (4) and regenerated in reaction (10).
The OH radical can thus be regarded as a catalyst, only a
small amount being needed to oxidize much larger
amounts of CH4. In the same reaction chain, two
molecules of NO are also oxidised to nitrogen dioxide,
reactions (8) and (10). Volatile organic compounds
(VOCs), such as hydrocarbons, are all oxidised by similar
mechanisms and so, in sunlight when enough NOx is
present, fuel the synthesis of ozone. Carbon monoxide,
another major trace constituent with an average volume
ratio of about 190 ppb in the troposphere, is also oxidised
in a chain reaction. Following an initial

Page

7

Scientific assessment 2010
attack by OH; a hydrogen atom is formed which
adds to oxygen to form a hydroperoxy radical,
HO2:
CO + OH = CO2 + H (11)
H + O2 = HO2 (12)
An OH radical is then regenerated again
according to reaction (10). The global
concentration of hydroxyl radical, averaged
diurnally and seasonably, is estimated torange
from 2 x 105 to 1 x 106 radicals per cm3 in the
troposphere. The hydroxyl radical, OH°, plays a
critical role in the chemistry of the earth’s
troposphere, the earliest recognition of its
importance came over three decades ago
(Levy,1971), and since then has grown
considerably. OH° is responsible for most of the
breakdown of CH4 and CO, particularly in the
tropics (Crutzen and Zimmermann, 1991;
Crutzen et al., 1999), and initiates the breakdown
of most non-methane hydrocarbons 10 (NMHCs)
(e.g. Atkinson, 2000). When these oxidation
chains occur in the presence of sufficient levels
of nitrogen oxides, photochemical production of
O3 results (Crutzen,1972, 1973, 1974;
Chameides and Walker, 1973). OH° stands out
as the most important oxidant in the troposphere.
3.2 Hydroxyl Radicals in the Lower
Atmosphere
Haber, F. and Weiss J. proposed that hydroxyl
radicals were produced when superoxide and
hydrogen peroxide react together according to
the Haber-Weiss reaction:
O2- + H2O2 ĺ2++2- + O2
Whereby OH• are generated from H2O2 (hydrogen
peroxide) and superoxide (O2- ). The reaction is
very slow, but is catalyzed by iron. The first step
of the catalytic cycle involves reduction of ferric
ion to ferrous:
Fe3+ + O2- ĺ)H2+ + O2
The second step is the Fenton reaction:
Fe2+ + H2O2 ĺ)H3+ + OHí + OH•
Another formation mechanism for Hydroxyl
Radical is through Ozoneolefin reactions. This
mechanism is a very important source of OH° in
the urban atmosphere.(Donahue) as well as
inside the built environment; The Ozone and dlimonene (olefin) reaction:
Limonene + O3 ĺ
ĺ &,-CH3-OO*+0.35CI-OO*)
+ 0.15(0.68(CIx-OO* + HCHO)
+ 0.32(keto-limonene + CH2OO*)).

In the particular example of dlimonene,a value of 85:15 for
ozone attack on the endo- and exo double bonded
carbons. This gives rise to Crigee Intermediates:
CI-CH3-OO* Ѝ
Ѝ 0.2*(limonalic_acid + CH3-OH) +
+ 0.2*stabCI- CH3-OO + 0.1*7OH-lim
+ 0.5*(0.5*(oxy-lim + XO2+ HO2)
+ 0.5*(limonic_acid-CO-OO+H-CO-H))
+ 0.9*OH + 0.01*O3P
CI-OO* Ѝ
0.2*(C=C7-OO + H-CO-CO-H + XO2)
+ 0.3*limononic_acid + 0.5*stabCI-OO
+ 0.9*OH + 0.01* O3P
Clx-OO* Ѝ
0.15*(MCH-OO + CH3-CO-OO.)
+ 0.45*(MCH-CH3 + CO2)
+ 0.35*stabCIx-OO
+ 0.05*(keto-limonene + O3P)
+ 0.9*OH + 0.01*O3P
An overall OH molar yield of 86% from ozonolysis of d
limonene is achieved.
3.3 Free Radical Reactivity
Atoms are most stable in their ground state. An atom is
considered to be "ground" when every electron in the
outermost shell has a complimentary electron that spins in
the opposite direction. By definition a free radical is any
atom (e.g. oxygen, nitrogen) with at least one unpaired
electron in the outermost shell, and is capable of
independent existence. A free radical is easily formed
when a covalent bond between entities is broken and one
electron remains with each newly formed atom. Free
radicals are highly reactive due to the presence of
unpaired electron(s). Any free radical involving oxygen can
be referred to as reactive oxygen species (ROS). Oxygen
centered free radicals contain two unpaired electrons in the
outer shell. Free radicals are therefore neutral compounds
containing an odd number of electrons. These are highly
reactive. The most important free radical in the atmosphere
is the hydroxyl, which is the combination of oxygen and
hydrogen atoms. These two combine to form a complex
with one unpaired electron which makes it very unstable
and seeks to scavenge an electron from other molecules.
This is in contrast to ions, which are atoms or molecules
that carry a positive or negative electric charge as a result
of having lost or gained one or more electrons.
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3.4 Hydroxyl Radicals in Biological
Reactions.
The biological structure of pathogens varies
depending on their cell type; structures will
mainly consist of Lipids, Proteins,
Carbohydrates, DNA or RNA. The Bacterial cell
structure consists of all of the main four
biomolecules, unlike the Virusstructure, which
consists of agenome either DNA or RNA
protected by a protein capsid. The mechanism of
attack by hydroxyl radicals differs depending
on the pathogen structure
3.5 Examples of Mechanisms of Hydroxyl
Radicals Attack
3.5.1 Viruses, the Case of Norovirus
Recent studies (Hennessy et al, 2003 and Ming
and Xi, 2005) show that the mechanism of
infection with Norovirus is via attachment to
human histo-blood group antigens, HBGAs,
which serve as receptors for the virus. ABH
histo-blood group antigens are carbohydrate
epitopes present at high concentrations on
mucosal cell surfaces of the gut. The interaction
of human HBGAs and noroviruses is a typical
proteincarbohydrate linkage, in which the
protruding domain of the viral capsid protein
forms an interface with the oligosaccharide sidechains of the antigens. The hydroxyl radical is
highly reactive and leads to a cascade of
reactions that may target all biomolecules. Such
reactions may result in damage to nucleic acids,
structural and functional changes in proteins, as
well as oxidation of lipids. These reactions may
be in the form of a hydrogen atom abstraction
(Garrison WM (1987)); a process that leads to
protein backbone fragmentation. Side-chain
damage is another possible protein oxidation
mechanism (Singh J & Thornton J M (1992)) and
can occur through hydrogen abstraction or
oxygen addition. These oxidation mechanisms
result in damage to the structural and functional
properties in the capsid protein structure
enveloping the virus. This effectively denatures
the virus and will lead to a dysfunction in the
binding ability of Norovirus to HBGA receptors
and therefore disable its ability to infect the host
cells.

3.5.2. Bacteria
There are several types of bacteria, some tend to live on
the skin while others live in the intestines and in other
regions of the human body. Some bacteria can help bodily
processes, while others keep potentially harmful bacteria
at bay. While there are many types of bacteria, only a few
kinds actuallycause disease in humans. These
include staphylococci; which are often harmless but some
varieties can cause disease or infections. methicillinresistant Staphylococcus
aureus (MRSA) is a type of staph which gets its name
because it has mutated over time and has
developed a resistance to most antibiotics. It can cause a
skin infection that can become very serious and difficult to
treat. Streptococci is another common bacteria which can
cause infections
in the throat or other respiratory infections, including
pneumonia. E Coli can be found commonly in the
gastro-intestinal tract of animals and humans. It can cause
severe food poisoning if transmitted through improperly
cooked foods. Salmonella is another food borne bacteria
that causes diarrhea and other symptoms of food
poisoning and is found in raw or undercooked eggs or
poultry. Pathogenic bacteria are generally classified by
their reaction to the Gram stain. Gram positive bacteria
have a tough, thick cell wall, which retains the stain, while
Gram negative bacteria have more complex cell wall
structures and an outer second lipid membrane, which
doesn't retain the stain, and are not as tough. All bacteria
have an inner lipoprotein membrane spanned by transport
proteins which facilitate the movement of nutrients into and
waste products out of the cell. The hydroxyl radical breaks
off the surface section of these transport proteins: we know
this because in laboratory experiments bacteria fleetingly
and lightly exposed to hydroxyl radicals will continue to
exist but in a much reduced level of activity, unable to
divide and grow. Lipids in a bacterial cell wall will react with
hydroxyl radicals by losing hydrogen and forming a lipid
radical which will lead chain reactions of radical
generation. Oxidation of proteins are far more complicated
where a protein radical will lead many possible reactions,
one of which resulting in a non-protein radical that can be
another hydroxyl radical. In a microbial cell, due to
interactions between proteins and lipids the oxidative
reactions can transfer from lipids to proteins and so on,
causing destruction to main cellular structures which lead
to a dysfunction or elimination of a pathogen.
3.6 Beneficial Effects of Free Radicals
Free radicals are naturally produced by some systems
within the body and have beneficial effects that cannot be
overlooked. The immune system is the main body system
that utilizes free radicals. Foreign invaders or damaged
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tissue is marked with free radicals by the immune
system. This allows for determination of which
tissue need to be removed from the body.
Because of this some question the
need for antioxidant supplementation, as they
believe
supplementation can actually decrease the
effectiveness of the immune system.
3.7 Human Antioxidant Defences
Antioxidant means "against oxidation."
Antioxidants work to
protect lipids from peroxidation by radicals.
Antioxidants are effective because they are
willing to give uptheir own electrons to free
radicals.When a free radical gains the
electron from an antioxidant it no longer needs to
attack the cell and the chain reaction of oxidation
is broken. After donating an electron an
antioxidant becomes a free
radical by definition. Antioxidants in this state are
not harmful because they have the ability to
accommodate the change in electrons without
becoming reactive. The human body has an
elaborate antioxidant defence system.
Antioxidants are manufactured within the body
and can also be extracted from the food humans
eat such as fruits, vegetables, seeds, nuts,
meats, and oil. There are two lines of antioxidant
defence within the cell. The first line, found in the
fat-soluble cellular membrane consists of vitamin
E, beta-carotene, and coenzyme Q. Of these,
vitamin E is considered the most potent chain
breaking antioxidant within the membrane of
the cell. Inside the cell water soluble antioxidant
scavengers are present. These include vitamin
C, glutathione peroxidase, superoxide dismutase
(SD), and catalase (4). Supplemented
antioxidants include vitamins A, C, E and the
mineral selenium.
4. LABORATORY RESULTS
In order to validate the efficacy of hydroxyl
radicals, various studies were performed using
several bacterial and viral species which were
considered to be important nosocomial, as well
as community airborne pathogens, or surrogates
for those species deemed to hazardous to work
with. The full reports from the HPA and
Leeds University can be found in Part 2 of this
journal.

5. SAFETY OF IN-SITU HYDROXYL RADICAL
In a report on the safety of the emissions from an in-situ
generator— see Part 3 — (Jackson, J, 2007),
it is explained that because free radicals are necessary for
life, the body has a number of mechanisms to minimize
free radical induced
damage and to repair damage which does occur, such as
the enzymes superoxide dismutase, catalase, glutathione
peroxidase and
glutathione reductase. In addition, antioxidants play a key
role in these defence mechanisms. These are often the
three vitamins, vitamin A,
vitamin C and vitamin E and polyphenol antioxidants.
Thus, the presence of hydroxyl
radicals in air might conceivably cause effects by the
transfer of radicals from the inspired air into the tissues of
the respiratory tract and also by the interaction of the
products of aerosol-hydroxyl radical reactions that are
absorbed into the body through the respiratory epithelium.
However the overall assessment of the room atmosphere
where the hydroxyl radicals are produced has indicated
that hydroxyl radical concentrations in the vicinity of the
machine are of the order 107 radicals/ml and the
concentration is about 25% higher than the upper
limit of the normal range in tropospheric air. The actual
concentration of oxidising radicals (including hydroxyl
radicals) to which persons in the room would be exposed
while the machine is in use will vary according to the
number of available organic molecules with which the
radicals can react with the production of more radicals in a
cascade. As soon as all the available organic molecules
have reacted with hydroxyl radicals, the concentration
of radicals will rapidly decrease because their instability
causes their survival time to be much less than their
diffusion time from the machine. While the biological
effects of inhalation of machine-produced evanescent
hydroxyl radicals and of radicals (that may be more
persistent) produced in the cascade that results from their
reaction with airborne organic molecules is uncertain and
the toxicological effects of other reacted organic residues
is unpredictable, it is reasonable to conclude that they
would be qualitatively similar to the effects of exposure to
‘outdoor air’ and it is unlikely that adverse effects (if any) of
exposure to radicals fromthe machine would be more than
slightly (e.g., 25%) worse than those of exposure to fresh
open air. Bearing in mind the considerable benefits of
sterilising the atmosphere and surfaces of populated
rooms, the assessment is that the use of the machine in
populated rooms is beneficial.
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Human Health Risk Assessment for
emissions of Hydroxyl Radicals (at Up
to 107/ml) from a Machine that renders
Airborne Pathogens non-viable.
Dr John R Jackson

FFOM, DIH MFOH(S), MB (Hons) ChB
(Hons) MRCS

HYDROXYL RADICALS (OHº)
Chemistry and Metabolism
Hydroxyl radicals differ from hydroxyl ions in that
they are not negatively charged, they are highly
reactive and unstable. They react with a very
wide range of organic chemicals, particularly
attacking double bonds between carbon atoms.
Though it is not a reaction that happens in this
way, the radical to become stable has to acquire
an electron; the loss of an electron by the other
reactant is, by definition, an oxidation process.
The hydroxyl radical is one of the oxidative free
radicals that can contribute to oxidative stress.
The reaction of a hydroxyl radical with a complex
carbon bond usually results in the production of
other radicals in a cascade reaction that
continues until all the chemicals with which it can
react have reacted and then the concentration of
radicals decreases rapidly. These secondary
radicals may be hydroxyl radicals, but they may
alternatively be more persistent radicals.
Because of their reactivity, hydroxyl radicals in
tissue fluids can participate in unwanted side
reactions resulting in cell damage. Many forms of
cancer are thought to be the result of reactions
between free radicals and DNA, resulting in
mutations that can adversely affect the cell cycle
and potentially lead to malignancy. Some of the
symptoms of aging such as atherosclerosis are
also attributed to free-radical induced oxidation of
many of the chemicals making up the body.
Radicals in cigarette smoke have been
implicated in inactivation of alpha 1-antitrypsin in
the lung. This process promotes the
development of emphysema. However, there is
an important difference between the radicals in
cigarette smoke (or air pollution) particles and
hydroxyl radicals in air, for the former are stable
and persistent whilst the half-life of hydroxyl
radicals is very short. Because free radicals are

necessary for life, the body has a number of mechanisms
to minimize free radical induced damage and to repair
damage which does occur,
such as enzymes superoxide dismutase, catalase,
gluthaione peroxidise and gluthaione reductase.
In addition, antioxidants play a key role in these defence
mechanisms. These are often the three vitamins,
vitamin A, vitamin C and vitamin E and polyphenol
antioxidants. Normal atmosphere contains many
suspended particles and droplets. Particles include dust
(that may be organic or inorganic), pollens, spores and
other small biological items and aerosols and droplets,
including droplets from the human upper respiratory tract in
coughing, sneezing, and yawning. These droplets may
contain bacterial or viruses and it has been shown that the
number of viable viruses per unit volume is rapidly and
significantly reduced by the presence of hydroxyl
radicals— “the open air factor”.
Thus the presence in air might conceivably cause effects
by the transfer of radicals from the inspired air into the
tissues of the respiratory tract and also by the interaction
ofthe products of aerosol-hydroxyl radical reactions that
are absorbed into the body through the respiratory
epithelium. This situation is highly complex and is not
amenable to conventional risk assessment techniques,
since the number of possible chemicals resulting from the
presence of hydroxyl radicals in the air is large and their
identity and effects are largely unknown.
EXPOSURE CONSIDERATIONS
Hydroxyl radicals are normally present in open air. The
main source of hydroxyl in both clean and polluted air is
the fotolysis of ozone. Relatively small concentrations (1530 ppb) of ozone occur in the remote troposphere and it is
these that provide the source. There is data on the normal
tropospheric concentration of hydroxyl radicals.
Values of 104-2.5x106 and 2x105 – 8x106 radicals per ml
are reported. The machine produces about 107
radicals per ml in its immediate vicinity. This is very close
to the upper bound of the normal range. It is inherently
unlikely that there are significant adverse effects at this
concentration that are absent at normal tropospheric
concentrations. The concentration of radicals might
transiently increase if there are airborne organic molecules
with which the radicals can react (‘downstream effects)
resulting in a cascade, this is essentially self limiting.
Once these reactions have taken place, the instability and
short half-life of the hydroxyl radicals will cause them to
decompose as they diffuse from the source resulting in
much lower concentrations relatively short distances from
the source. While there might be quantitative differences
(+25%) in either beneficial or adverse effects, there would
not be qualitative differences as a result of the use of the
machine. There is also no reason to suppose that the
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’down-stream’ consequences of the presence of
hydroxyl radicals in inspired air are any different
because the radicals were sourced from a
machine than if they arose from natural
atmospheric chemistry.
ASSESSMENT
As is often the case, it is not possible to be
certain that there is no small added risk from
exposure to an atmospheric concentration of
hydroxyl ions that is somewhat (25%) higher than
the upper limit of the normal range. However, the
good evidence that the presence of hydroxyl
radicals rapidly reduces the atmospheric and
surface concentration of pathogenic
microorganisms in rooms containing people is a
significant and certain benefit against which the
small and uncertain quantitative risks must be
balanced. If the machine were used as it were an
air freshener in rooms where there were usually
only one person or in a family situation where
close personal contact were a sufficient
mechanism for the transfer of infection between
occupants, rendering droplet infection
unimportant, the benefits would be reduced.
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Independent Report on Air
Disinfection Technology

The technology upon which I have been asked to comment
is the production of the hydroxyl radical in a manner similar
to the way in which this is produced in nature.

Professor Hugh Pennington
Institute of Medical Sciences, University of
Aberdeen

Hydroxyl Radicals (OH.) as Air and Surface
Disinfectants

The following report was commissioned by the
Company from Professor Hugh Pennington.
Professor Pennington was educated in
Lancaster and at St Thomas’s Hospital Medical
School where he graduated in medicine with
honours in 1962 and a PhD in 1967. He is an
active microbiologist with experience in both
virology and bacteriology gained at Glasgow
and Aberdeen Universities. He was elected as
President of the Society of General Microbiology
in September 2003, and chaired the government
inquiry into the Central Scotland E.coli 0157
outbreak in 1996. He has published numerous
essays on microbiological subjects for general
readers; pieces in the London Review of books
have covered BSE and vCJD (‘The English
Disease’, 2000), anthrax (‘Woolsorters’ Disease’,
2001), smallpox (Diary, 2002), SARS (‘On the
Virus’, 2003) and syphilis (‘Pox, Madness and
the Mysteries of Syphilis’, 2003). Other articles
for more specialist readers include
“Electrophoretic Typing” (in Molecular
Microbiology, M.Sussman ed., Academic
Press (2001), “Biology of pathogenic
microorganisms” (in Oxford Textbook
of Medicine, D.A. Warrel, T.M. Cox, J.D. Firth
eds, 4th Edition 2003) and “Smallpox and
Bioterrorism” Bulletin of the World Health
Organisation, 81 (2003). His book on BSE,
vCJD and E.coli 0157 “When Food Kills”, was
published in 2003. He is a member of the
Scottish Food Advisory Committee (Food
Standards Agency), the BBC Rural Affairs
Advisory Committee, Vice-Chair of the
Broadcasting Council for Scotland, and Director
of the Rowett and Moredun Research
Institutes

The hydroxyl radical (OH.) is a highly reactive chemical
entity. It is a natural constituent of the air we breathe.
When allowed to act in sufficient concentrations and for a
long enough time it reacts with organic substances in a
way which is deleterious to life e.g. it will kill bacteria and
viruses. I have seen the device based on the patent
application entitled “Means for Killing Pathogens in
Atmosphere and on Artificial and Natural Surfaces
Including Skin”. It has been demonstrated to me and it
has been explained that it is intended for continuous use in
enclosed spaces such as domestic rooms, hospital wards,
waiting rooms, surgeries, veterinary surgeries, operating
theatres, aircraft, trains, hotels, ships, animal barns etc. It
produces OH. By reacting ozone with olefins. The chemical
reactions which. take place when olefins react with ozone
are described in the paper ”Direct observations on OH.
production from the ozonlysis of olefins” by N.M. Donahue
et al. Geophysical Research Letters 25, 59-62, 1988. It
shows that production of OH. from the rapid decomposition
of carbonyl oxides produced by the ozonlysis of ethane,
or trans-2-butene, or isoprene, or 2,3 dimethyl 2-butene.
The device is intended to produce no more hydroxyl
radicals than would be experienced outdoors, on a
sunny day in a pine forest, for instance. It is difficult to
comment specifically on the effects of hydroxyl radicals on
people or animals, other than to say that I have seen
evidence that in high concentrations animals have suffered
no ill effects. I have been assured that the potential for the
production of ozone (known to be toxic in high
concentrations) rather than OH. By the device is
compensated for by a fail-safe design and that safety tests
additional to the satisfactory results I have seen (Moredun
Scientific Ltd Study BB624) are in progress. I expect all
results to be satisfactory.
I have been shown reports on the
efficacy of the device. My comments on them are as
follows:
An evaluation of a novel air disinfection system against
aerosols of Staphylococcus epidermidis. HPA PD Report
No. 910-04, by Allan Bennett, Head of Biosafety
Investigation Unit. An aerosol of S.epidermidis (an
organism like MRSA) was mixed with gas from the device.
In the tests there was a significant reduction in the number
of live bacteria to just over a 98 per cent kill in 40 minutes.
But killing was not fast – about 50 per cent after 5 minutes
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and just over 78 per cent in 12 minutes. I have
seen the graphs of current studies where the
machine was used against S.epidermidis, the
MS2 phage as a viral model and against E-coli.
As in the earlier trials, the machine was placed in
a room and run for a brief period before the
organism was introduced in aerosol form. The
reduction in organisms per litre was measured
over a 2 hour period. In all cases, the
concentrations were reduced to below countable
levels within the two hour period. The reduction
in E.coli immediately on introduction was very
marked: an immediate 90 per cent reduction with
a reduction by over 99 per cent within 20
minutes. The reduction in the case of the MRSA
surrogate was marked, but slower. In the case of
the viral surrogate, the reduction was some 99
per cent in less than 50 minutes.

cascade of hydroxyl radicals which, in an enclosed space,
has a significant biocidal effect. Given my analysis of the
testing that has been performed on the device and the
established action of the hydroxyl radical, I can
conclude that it is likely that under the appropriate
circumstances the device should be effective in killing
bacteria, viruses and fungi, in an enclosed environment.
Yours sincerely,
Professor Hugh Pennington
MB BS, PhD (FRCPath), DSc Hon
(Lancaster, Strathclyde, Aberdeen),
FRCP(E), FmedSci, FRSE.

Durham University conducted trials against
colonies of S.epidermidis grown on agar plates
where the plate was in close proximity to the
machine. As shown by photographic and plate
evidence, the colonies were rapidly killed.
Comparison of the kill rate where a machine only
produced ozone shows that although the end
result was similar, the hydroxyl radical
output reduced colony counts more rapidly.
The importance of the aerial transmission route
varies from microbe to microbe. For those that
infect the respiratory system its role is often
central e.g. influenza, the common cold, many
bacterial pneumonias. For others it is one of
the several routes used by the organism to
spread e.g. MRSA.
I have seen satisfactorily evidence which
indicates that, under experimental circumstances
in the laboratory, the device produces a
bactericidal gas which should
effectively and safely prevent the airborne
transmission of infection. Whilst it is likely that
the device will be effective outside of laboratory
conditions, I recommend that further research be
performed to fully establish the effectiveness of
the device outside of the laboratory and
have been assured that further testing will be
undertaken.
In summary, I would say that the action of the
hydroxyl radical in killing bacteria, viruses and
fungi, both in the atmosphere and elsewhere, is
well established. The evidence that I have seen
indicates that the device produces a continuous
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Evaluation of the performance
of the INOV8 device.
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School of Civil Engineering
University of Leeds
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Objectives of the study
The objectives of the study were to evaluate the performance of the device in terms of its
ability to reduce the concentration of airborne Staphylococcus aureus, Mycobacterium
parafortuitum and Clostridium difficile in the test chamber.
The Device
The performance of an air treatment device of this type is highly dependent upon its
location. Therefore it is important during the evaluation process to locate the device in an
area in which the concentration of microorganisms in the air is high, thereby giving the
device the best chance of performing well. In the test chamber, previous CFD modeling
has shown that the best location for a device is between the point of aerosol dispersion
and the back wall of the chamber (Figure 1). This is an area where there is likely to be a
high concentration of airborne microorganisms. Due to the fact that the device could not
be operated remotely the testing period was split and the test chamber purged between
taking the control samples and switching on the device to allow the operator to enter the
room safely.
a
e
d

b

c

Figure 1: The experimental layout of the test chamber
(a, air inlet; b, air outlet; c, sampling point; d, the point at which the bacterial/fungal
aerosol is introduced, e, the location of the device)
The Test Microorganisms
The experiments were performed using three different bacterial species which were
considered to be important nosocomial pathogens or surrogates for those species deemed
to hazardous to work with.
 Clostridium difficile is an anaerobic spore-forming gram positive bacterium that causes
a whole range of clinical conditions and is the most commonly diagnosed bacterial
cause of infectious hospital acquired diarrhoea in developed countries.
 Mycobacterium parafortuitum (ATCC 19687) is an acid-fast gram positive bacterium
which is commonly used as a surrogate for M. tuberculosis. It is considered to be a
better substitute than M. bovis BCG as it is faster growing and is generally thought to
be less hazardous.
 Staphylococcus aureus (ATCC 13709) is a gram positive bacterium and is a major
cause of hospital acquired infections. Hospital strains are usually resistant to a variety
of antibiotics (e.g. MRSA) and many are resistant to antiseptics and disinfectants
which aids it survival in the hospital environment.

2

Experimental Methodology
The experiments described in this report were carried out in the aerobiological test
chamber at the University of Leeds (see Figure 1), which consists of a 32.25m 3
hermetically sealed negatively pressurised room in which the air flow rate, temperature
and relative humidity can be constantly controlled and monitored. The experiments were
carried out with the ventilation system set at 3 AC/hr at ambient temperature (approx
20°C) and relative humidity (approx 50%).
During the microbiological experiments the bacterial aerosols were generated using a 6jet Collison nebuliser operating at a flow rate of 12 l/min and at a pressure of 20 psi. This
was connected to the room via a 25 mm diameter pipe which terminated in a plastic
sphere containing twenty four 3mm diameter holes through which the aerosol was
dispersed. Air samples were collected through a plastic pipe located close to the room air
outlet grille. This pipe was connected to a six stage Andersen sampler loaded with sterile
agar plates. During the sampling process air passed through the sampler and the
bacteria were deposited onto the agar plates. Each stage of the sampler represents a
particular size range and this allows the size distribution of the aerosol to be determined.
All the experiments were performed using only stages 5 and 6 (the smallest two stages)
since previous experiments have shown that the majority of the aerosol is captured in
these two stages. The sampling time was varied depending upon the concentration of the
bacterial culture with the aim of collecting between 200 and 300 colony forming units on
the agar plates.
The test room was set up as shown in Figure 1 prior to the start of each experimental run
and the chamber door closed and locked and both the sampling port (c) and the
nebuliser port (d) sealed. The air fans were then switched on and operated at maximum
speed (approx 12AC/hr) for 30 minutes in order to ensure the chamber was sterile.
During this purging period the test device remained switched off. During the initial
purging period the pre-sterilised nebuliser was prepared and filled with 100ml of bacterial
suspension at a concentration of approximately 10 5 organisms/ml of sterile distilled
water. The nebuliser was then connected to the inlet tube ready for the start of the
experiment.
After the initial purging period the ventilation rate was reduced to 3 AC/hr and
nebulisation of the bacterial culture then began and the concentration in the test
chamber was allowed to stabilize for 30 minutes. A total of ten samples were then taken
at 3 minute intervals during which time the device remained switched off. Once all ten
samples had been taken the nebuliser was switched off and the room purged for 1 hour
to remove any bacterial contamination from the air. The device was then switched on
and the ventilation rate returned to 3 AC/hr and the device operated without nebulisation
for 2 hours. After 2 hours the nebuliser was then switched on and the concentration in
the test chamber was allowed to stabilize for 30 minutes. A further ten samples were
then taken at 3 minute intervals.
The agar plates were incubated at 37°C for 24 hours after which the number of colonies
on each plate were counted. All the counts were then subjected to positive hole
correction in order to account for multiple impaction (Macher 1989). The corrected counts
for each set of plates (stages 5 and 6) were added together to give a total count and
multiplied to give a count per m3 of test chamber air. Each set of samples represents ten
replicates taken during steady state, the first ten being the concentration without the
device and the second with the device. The mean was taken of the ten replicate samples
to give a mean concentration with and without the device. This allowed the mean
reduction in concentration to be calculated used to give an indication as to the efficacy of
the device
In order to determine the statistical significance of the results a t-test was carried out on
the two data sets (before and after). The purpose of the test is to determine whether the
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means of the two data sets are statistically different from each other. The test yields a pvalue and the smaller the p-value the less likely the difference between the two data sets
is the result of chance.
Results
Figure 2 shows the concentration of airborne S. aureus during the trial and it can be seen
that there is a dramatic drop in the concentration of airborne S. aureus when the device
was switched on. The concentration during the control period ranged from 8871 to 17900
cfu/m3 with an average concentration of 12158 cfu/m3. When the device was in operation
the concentration ranged from zero to 654 cfu/m3 with an average concentration of only
348 cfu/m3 which represents a kill of 97.1% was recorded. A t-test carried out on the
control and test data sets showed the difference between the two data sets to be highly
significant (P< 0.01)
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Figure 2 Effect of the device on the concentration of airborne S. aureus
Figure 3 shows the result from the final test in which the device was used against
aerosols of Clostridium difficile. It can be seen that there was a dramatic drop in the
concentration of the bioaerosol when the device was switched on. The mean
concentration during the control period was 1637 cfu/m3 (range 789-2436 cfu/m3)
compared to a mean of 166 cfu/m3 (range 50-361 cfu/m3) after the device was switched
on, a drop of 89.91%.
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Figure 3 Effect of the device on the concentration of airborne Clostridium difficile
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Figure 4 shows the effect of the device on the concentration of airborne M.
parafortuitum. The concentration during the control period ranged from 4191 to 8873
cfu/m3 with an average concentration of 5705 cfu/m3 It can be seen that after the device
was switched on there was a dramatic drop in the concentration of airborne M.
parafortuitum. This was evident in the first four samples and was followed by a steady
increase in the following six samples up to a level in excess of that measured during the
control period. Taking the data from the first four samples the average concentration was
3016cfu/m3 and this would represent a drop of 47%. However taking the ten replicates
the average concentration with the device switched on was 6469cfu/m 3 which represents
an increase in concentration of 13%. A t-test carried out on the control and test data sets
showed the difference between the two data sets was not significant (P> 0.01)
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Figure 4 Effect of the device on the concentration of airborne M. parafortuitum
Figure 5 shows the concentration of airborne M. parafortuitum in the test chamber during
this test and includes data obtained previously for M. parafortuitum that has not been
homogenized prior to use. It can be seen that in this study there is a drop in the
concentration of airborne M. parafortuitum which is maintained throughout the 10
replicate samples. With the non-homogenised culture the initial drop in the first four
samples and the concentration then increased in the following six samples up to a level in
excess of that measured during the control period.
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Figure 5 Effect of the device on the concentration of airborne M. parafortuitum
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The concentration during the control period ranged from 15496 to 17203 cfu/m3 with an
average concentration of 16429 cfu/m3. When the device was in operation the
concentration ranged from 9378 to 15360 cfu/m3 with an average concentration of 12263
cfu/m3 which represents a kill of 25.4%. A t-test carried out on the control and test data
sets showed the difference between the two data sets to be highly significant (P< 0.01)

Discussion
It was evident from the results that the performance of the device was extremely species
specific with variable success dependent upon the bioaerosol used. The device was very
effective at reducing the concentration of airborne Staphylococcus aureus (97%) and
Clostridium difficile (89%), which are at present the two most important nosocomial
pathogens particularly within the UK.
The initial test carried out with aerosols of Mycobacterium parafortuitum proved rather
disappointing with an overall increase in the average concentration of the bacterium after
the device was switched on. One of the reasons put forward to explain this result is the
fact that when grown in liquid culture M. parafortuitum has a tendency to grow in clumps
rather than as individual bacteria. When aerosolised these clumps together with any
individual bacteria will be dispersed into the air and will be exposed to the disinfection
properties of the device. When the device is activated any individual bacteria in the air
will be killed and this would account for the apparent decrease in the concentration seen
in the first few samples. However over time the action of the device upon the clumps of
bacteria may result in the clump initially breaking up leading to an apparent increase in
the concentration of bacteria as was seen in the later samples.
Homogenisation of the Mycobacterium parafortuitum culture prior to nebulisation appears
to have had a significant impact on the ability of the INOV8 device to reduce the airborne
concentration. This may provide some evidence in support of the hypothesis that due to
the fact that M. parafortuitum grows in clumps the initial effect of a disinfection device is
to break up the clumps which may in turn lead to an apparent increase in the airborne
concentration.
Having homogenised the culture prior to use in this case we can be confident that the
bacteria being introduced into the test chamber were more likely to be individuals. If this
is the case then one would expect to see a decrease in the airborne concentration as a
result of the disinfection capabilities of the device and this is exactly what happened.

Conclusions
The overall conclusions from the experiments carried out can be summarized as follows:
x

The device is capable of significantly reducing the concentration of airborne
Staphylococcus aureus and Clostridium difficile.

x

Homogenisation of the Mycobacterium parafortuitum culture had a significant impact
on the disinfection capacity of the INOV8 device.

x

Under test conditions the INOV8 device achieved a reduction in the concentration of
airborne Mycobacterium parafortuiitum.
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Environmental contamination is thought to play a role in the spread of infection in hospitals
and there has been increased interest in novel air disinfection systems in preventing infection.
In this study the efﬁcacy of a hydroxyl radical air disinfection system (Inov8 unit) in reducing
the number of airborne bacteria was assessed in a clinical setting. Environmental contamination was assessed using settle plates and air samples in three settings: (1) non-clinical room;
(2) non-clinical room with deﬁned activity; and (3) single intensive care unit cubicle.
A comparison of air counts and environmental contamination rates was made with the Inov8
units on and off. The Inov8 unit produced an overall reduction in both air sample and settle
plate counts in each setting (P < 0.001, Wilcoxon signed-rank test). There was a mean reduction in air sample counts of 26%, 39% and 55% for settings 1, 2 and 3 respectively. The corresponding reductions in settle plate counts were 35%, 62% and 54%. These results suggest that
this type of novel air disinfection may have a role in improving air quality and reducing
environmental contamination within clinical isolation rooms. Further work is required to
assess the effect on speciﬁc pathogens, and to establish whether this will reduce the risks of
patients and/or healthcare workers acquiring such pathogens from the environment.
Ó 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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Hydroxyl radical

Introduction
There is increasing interest in new technologies for reducing
microbial environmental contamination within healthcare settings.
Several studies have suggested that environmental contamination
may play a role in the spread of infection.1,2 A number of air
decontamination products have been shown to reduce environmental contamination in patient isolation rooms, including
a portable high efﬁciency particulate air (HEPA) ﬁltration unit and
a dry mist hydrogen peroxide delivery system.3,4
The Inov8 air disinfection (AD) unit is a novel air purifying
system against microbial aerosols that could potentially be used in
healthcare settings. The device produces hydroxyl radicals from
a reaction of ozone and water vapour catalysed by an oleﬁn
(D-limonene).5 Hydroxyl radicals are normally present in open air
with the main source of hydroxyl in air being the photolysis of
* Corresponding author. Address: Microbiology Department, Queen’s Medical
Centre, Derby Road, Nottingham NG7 2UH, UK. Tel.: þ44 115 924 9924;
fax: þ44 115 970 9767.
E-mail address: tim.boswell@nuh.nhs.uk (T.C. Boswell).

ozone e this is known as the ‘open air factor’.6 Hydroxyl radicals
have also been shown to possess disinfection characteristics.6,7
Hydroxyl radicals have been implicated in the oxidation of
a large number of biomolecules, including protein and DNA.8 The
mechanism of DNA damage is through DNA strand breakage.9 Once
formed, the hydroxyl radical is likely to travel only a short distance
before it encounters an oxidisable substrate. This reaction, in turn,
can result in a free radical cascade and cause cell injury at sites
distant from where the initial free radical reaction occurred.8 In
addition, neutrophils and other phagocytes are known to manufacture hydroxyl radicals as part of the human immune system to
kill invasive micro-organisms, with such radicals being found in
inﬂamed tissue.9
In one study the Inov8 device was tested in an environmental
chamber against aerosols of an MS-2 coliphage (an unenveloped
single-stranded RNA coliphage) and Staphylococcus epidermidis.
The device was shown to signiﬁcantly reduce the concentration of
both airborne microbes by a factor of 5 log10 within 1 h.10
The aim of this study was to evaluate the effectiveness of the
Inov8 AD unit in reducing total airborne microbial counts and
environmental contamination in a clinical setting.

0195-6701/$ e see front matter Ó 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.jhin.2011.03.003
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Figure 1. Floor plan of the single intensive care unit (ICU) cubicle (a) and the non-clinical room (b). AD, air disinfection unit.

Methods
Inov8 air disinfection unit
Inov8 air disinfection units were kindly provided by Inov8
Science Ltd (Buckingham, UK). Each machine holds a sealed
cartridge of ozone and water vapour that is catalysed by oleﬁn. One
cartridge lasts about 14 weeks: cartridge changes were made
during the study.
Exposure of agar to hydroxyl radicals
To establish whether hydroxyl radicals might affect the growth
medium, tryptone soya agar (TSA), a comparison of bacterial
growth was made between six TSA plates that had been exposed to
hydroxyl radicals and six control TSA plates. The open TSA plates
(both test and control) were placed in a Class I laminar ﬂow cabinet,
1 m from an AD unit (either on or off), within a clean preparation
facility. The laminar ﬂow cabinet had an airﬂow velocity of 45 m/s
delivering HEPA-ﬁltered air. Thereafter each plate was inoculated
with ﬁve drops of 20 mL of Oxoid Staphylococcus aureus solution at
a concentration of 106 colony-forming units per millitre determined by the Miles and Misra method.11 The average total viable
count (TVC) from 30 drops was calculated for each group.
Study setting
Over a six-month period the effect of the AD unit was assessed
in three settings: (1) a non-clinical room; (2) the same non-clinical
room but with deﬁned human activity; and (3) a single occupied
intensive care unit (ICU) cubicle.
Non-clinical room
This was an unused ofﬁce in the microbiology department, with
closed windows and no ventilation system. One AD unit was placed

155 mm above ﬂoor level (Figure 1). For setting 1, the room was
unoccupied except for one person entering to change the agar plate
in the air sampler every 15 min, over a 4 h period. For setting 2, the
additional deﬁned human activity involved one person fanning
a worn laboratory coat with both hands, 10 times, in the centre of
the room (next to the AD unit), every 15 min, then leaving. The
room was routinely cleaned once a week.
Single ICU cubicle
For setting 3, a single patient-occupied ICU cubicle was sampled
during normal clinical activity. One AD unit was mounted to the
wall in the cubicle (Figure 1). The windows in the single ICU cubicle
were kept closed at all times and the door was only opened to allow
entry and exit of staff and relatives. The room was ventilated via
two supply and four extraction grills, designed to deliver 12 air
changes per hour. The number of people and the activity in the
single cubicle was recorded and graded into low (1), moderate (2),
or high (3), every 15 min over a 4 h time period (Table I).
Study design
For each setting, eight sets of paired data were collected; four
sets with the AD unit on for the ﬁrst day and off for the next, and
four sets with the AD unit off for the ﬁrst day and on for the next.
Airborne bacterial counts were measured using volumetric air
sampling. The rate of surface contamination was assessed using
agar settle plates. The machine was switched on at least 18 h prior
to sampling for the study days with the AD unit on.
Sampling method
On each study day, 17 air samples (volume 1 m3) were drawn
onto standard-sized plates containing TSA, every 15 min, over 4 h,
using a portable MAS 100 air sampler (Merck Ltd, Germany) with its
position unchanged throughout. Forty standard-sized TSA settle
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exposure to hydroxyl radicals. The graded activity in the single ICU
cubicle was analysed using c2-test.
The TVCs obtained from the air samples and settle plates were
analysed in two ways. First, the mean TVCs were ascertained for
each study day, with the AD unit on and off respectively. The mean
percentage reduction when the AD unit was on was calculated from
the corresponding paired study day with the AD unit off. The
median, interquartile range and range of the combined data for each
of the three settings were compared using box-and-whisker plots,
and the median percentage reductions calculated. In addition, the
data from all study days were combined and the overall mean TVCs
compared between the days with the AD unit on and off. The mean
TVCs obtained from corresponding air samples and settle plates
were compared by calculating the Pearson correlation coefﬁcient.
Second, the data were analysed by using paired analyses. Each
air sample was paired in time to the corresponding air sample of
the paired study day. Likewise each settle plate was paired by
position to the corresponding settle plate in the paired study day. A
comparison of the TVCs of the entire dataset (136 paired air
samples; 320 paired settle plates) was performed using the Wilcoxon signed-rank test. The percentage reduction in TVC with the
AD unit on was also calculated for each of these paired samples, and
the mean percentage difference [with 95% conﬁdence intervals
(CIs)] calculated.

Table I
Activity grading system in single intensive care unit (ICU) cubicle
Grade of activity

Examples of activities

Low

Patient asleep or resting
One nurse sat at notes trolley
Door opened for entry/exit of person(s)

Moderate

Staff moving around patient/equipment
Nurse preparing drugs
Venepuncture of patient
Physiotherapy
Examination of patient
Patient agitated or moving around in bed
One relative by bed

High

Washing/turning/transferring patient
Changing bedclothes
Cleaninga
Ward round
Two or three relatives by bed
Procedure being performed on patient,
e.g. bronchoalveolar lavage

3

a
ICU cleaning protocol: Cleaning was carried out routinely twice a day and before
a new patient was admitted. Two cleaners changed the bins, swept and mopped the
ﬂoor, and cleaned all surfaces and the washbasin. The disinfectant used was 0.1%
sodium hypochlorite. The curtains were changed when a new patient was admitted.

plates were exposed to the air for a total of 4 h. Identical settle plate
positions were used on each study day (Figure 1).

Results
Microbial culture
Exposure of agar to hydroxyl radicals

All agar plates were pre-incubated for 24 h, at 35e37  C, in
aerobic conditions before sampling to eliminate plate contamination. After sampling, the plates were immediately incubated at
37  C under aerobic conditions. At 48 h incubation, the TVC of
bacteria on the TSA was counted using an electronic hand-held
colony counter (Lab Tek Ltd, Yeovil, UK). For three sets of data
(non-clinical room with deﬁned activity) the incubation of the TSA
plates was extended to 96 h, in order to assess whether the AD unit
might have caused attenuated growth.

There was no statistically signiﬁcant difference between the
mean TVCs of the TSA agar plates previously exposed to the AD unit
compared to controls [mean TVC: 29.9 (SD: 2.98) vs mean TVC: 30.2
(SD: 2.34); P ¼ 0.73].

Effect of the Inov8 AD unit on bacterial environmental
contamination
The mean TVCs from air samples for each study day and the
mean percentage reduction found when the AD unit was on is
shown in Table II. The corresponding data for settle plate results is
shown in Table III. The median, interquartile range and range of the
combined data for both air samples and settle plates for all three
settings is shown in Figure 2.

Data analysis
Statistical analysis was performed using either StatCalc version
7 or StatPlus version 2009 software. Paired t-test analysis was
performed on the TVCs from TSA agar with and without prior agar

Table II
Comparison of air sample total viable counts (TVCs) obtained with the air disinfection (AD) unit on and off in each setting
Study days

Non-clinical room
a

3

AD off

AD on

179
41
51
41
655
410
165
105
206

52
37
34
41
491
359
177
33
153

e

e

Mean air TVC/m

1 and 2
3 and 4
5 and 6
7 and 8
9 and 10
11 and 12
13 and 14
15 and 16
All study day samples combined
(P-value)b
Paired analysisc

Non-clinical room with deﬁned activity
a

3

AD off

AD on

71%
11%
33%
0%
25%
13%
7%
68%
26% (P < 0.001)

237
475
432
205
112
114
96
525
275

68
180
428
152
135
175
140
72
169

21% (14e28%)

e

e

Mean % reduction
(95% CI)

Mean air TVC/m

Mean % reduction
(95% CI)
71%
62%
1%
26%
17%
34%
31%
86%
39% (P < 0.001)
21% (13e29%)

Single ICU cubicle
a

Mean air TVC/m3
AD off

AD on

349
323
110
79
42
395
90
73
183

162
157
104
41
56
56
38
46
83

e

e

Mean % reduction
(95% CI)
53%
51%
6%
48%
24%
86%
58%
36%
55% (P < 0.001)
19% (11e27%)

ICU, intensive care unit.
a
Mean TVC from 17  1 m3 air samples taken on each study day (mean TVC from all 136 air samples for the combined data).
b
Wilcoxon signed-rank test.
c
Mean percentage difference in TVCs from 136 consecutive paired air samples taken over the 16 study days.
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Table III
Comparison of settle plate total viable counts (TVCs) obtained with the air disinfection (AD) unit on and off in each setting
Study days

Non-clinical room
Meana settle
plate TVC/4 h
exposure

1 and 2
3 and 4
5 and 6
7 and 8
9 and 10
11 and 12
13 and 14
15 and 16
All study day samples combined
(P-value)b
Paired analysisc

Mean % reduction
(95% CI)

Non-clinical room with deﬁned activity
Meana settle
plate TVC/4 h
exposure

AD off

AD on

AD off

AD on

20
13
9
11
94
73
44
24
36

11
8
5
8
68
38
41
8
23

44%
42%
46%
24%
28%
48%
8%
66%
35% (P < 0.001)

22
216
139
64
33
93
32
469
134

13
27
69
65
30
106
69
31
51

e

e

35% (32e39%)

e

e

Mean % reduction
(95% CI)

42%
87%
48%
1%
9%
13%
54%
93%
62% (P < 0.001)
27% (21e32%)

Single ICU cubicle
Meana settle
plate TVC/4 h
exposure

Mean % reduction
(95% CI)

AD off

AD on

93
94
52
35
14
118
29
71
63

32
31
40
33
18
32
18
28
29

65%
67%
23%
5%
23%
73%
37%
60%
54% (P < 0.001)

e

e

38% (33e42%)

ICU, intensive care unit.
a
Mean TVC per 4 h exposure from 40 settle plates per study day (mean TVC from all 320 settle plates for the combined data).
b
Wilcoxon signed-rank test.
c
Mean percentage difference in TVCs from 320 paired settle plate readings.

In each setting the AD unit produced an overall reduction in
airborne and settle plate counts when the data were combined. For
air samples, the mean reduction in TVC for settings 1, 2 and 3 was
26%, 39% and 55% respectively (Table II). The corresponding mean
reductions in settle plate counts were 35%, 62% and 54% (Table III).
However, the mean percentage reduction in TVC varied across each
of the 24 paired study days. For air samples, the mean percentage
reduction with the AD unit on varied from e34% to 86%; a positive
reduction was found on 17/24 paired days, there was no difference
on 2/24 paired days, and there was actually an increase (negative
percentage reduction) in mean TVCs on 5/24 paired days. For settle
plates the mean percentage reduction ranged from e23% to 93%,
with a positive reduction in 20/24 paired study days.
There was a correlation between the air sample and settle plate
results. In each setting, the study day (AD off) with the highest
mean TVC from air samples also had the highest mean TVC from
settle plates. Similarly study days with low mean air TVCs generally
had lower settle plate counts (Tables II and III). Overall the mean
percentage reductions in TVC for air samples and settle plates for
each paired study day were highly correlated (r ¼ 0.79; Pearson
correlation coefﬁcient).
Figure 2 shows the reduction in both median and maximum TVC
values for the combined data when the AD was on in each setting. The
percentage reduction in median TVC from air samples was 57%, 42% and
39% for settings 1, 2 and 3 respectively. The corresponding percentage
reduction in median TVC from settle plates was 33%, 54% and 54%.
The overall percentage reduction found in mean and median
TVCs in each setting when the AD unit was on was supported by the
non-parametric paired analyses (Wilcoxon signed-rank test) of the
136 and 320 paired air samples and settle plates. In each setting,
there was a statistically signiﬁcant reduction in TVCs from air
sampling and settle plates (P < 0.001 in all cases; Tables II and III).
The mean of the percentage reductions calculated by analysis of all
the individual paired sets of data was somewhat less (19e21% for
air samples; 27e38% for settle plates) than the corresponding
overall reduction calculated by the non-paired analyses (Tables II
and III). However, none of the 95% CIs included zero.
The activity in the single ICU room was graded from low (1) to
high (3). The number of episodes for each grade of activity was
recorded with the AD unit on and off. Episodes of activity according
to grade and machine status were dependent according to
c2-testing (P ¼ 0.013). There were equal amounts of high grade
activity between the two groups, but there were more episodes of

medium grade activity with the AD unit off and more episodes of
low grade activity with the AD unit on (Table IV).
Extended incubation
Prolonging the TSA plate incubation to 96 h resulted in a small
increase in the TVCs. The air sample mean TVCs were 246.5/m3
(48 h) and 247.6/m3 (96 h) with the AD off, and 137.7/m3 (48 h) and
139.9/m3 (96 h) with the AD on. For settle plates, the mean TVCs
were 146.3/4 h (48 h) and 147.32/4 h (96 h) with the AD off, and
51.9/4 h (48 h) and 53.6/4 h (96 h) with the AD on.
Discussion
It was important to ensure that the reduction in TVCs measured
from our samples with the AD unit on were from the effects of the
hydroxyl radicals on the viability of the airborne micro-organisms,
rather than damage or alteration to the growth medium, thus
potentially reducing the ability of the TSA to recover them. However,
we found that prior exposure of TSA to hydroxyl radicals produced
no statistically signiﬁcant effect on bacterial recovery, although it
could be argued that the higher air velocity within the laminar ﬂow
cabinet might have reduced the concentration of hydroxyl radicals,
resulting in these test plates having less exposure to the hydroxyl
radicals, compared to the plates used in the main study.
The air sampling results showed a wide variation in bacterial
counts in all three settings. The air samples were each taken over
a relatively short time period and it is known that the microbial
quality of air can vary due to the occurrence of individual events that
alter the quality of the air.12 Nevertheless the results did show an
overall mean reduction in airborne bacterial counts of between 26%
and 55% with the AD unit on. As the data were not normally
distributed, we also compared the median and ranges of the data sets.
This showed a similar overall reduction in median counts (39e57%)
and a reduction in the maximum counts. These reductions were
highly signiﬁcant (P < 0.001) using non-parametric paired analyses.
There was somewhat less variation with the settle plate data
compared to air samples. Again there was an overall reduction in
mean and median settle plate counts of 35e62% and 33e54%
respectively (P < 0.001). Settle plates represent the rate of bacterial
surface contamination and are thought to be a more reliable
measurement of environmental burden than air samples because
individual events are lost.12 However, we found that there was
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Figure 2. Box-and-whisker plots showing total viable count (TVC) of bacteria in the air (air samples) for three settings: (A1) non-clinical room, (A2) non-clinical room with deﬁned activity and (A3) single intensive care unit (ICU)
cubicle; and the TVC of bacteria for settle plates for three settings: (S1) non-clinical room, (S2) non-clinical room with deﬁned activity and (S3) single ICU cubicle. The box represents the interquartile range (IQR) (25the75th
percentiles), the horizontal line the median value, the whiskers the range, outliers are represented by ‘B’ (observations 1.5  IQR outside central box). AD, air disinfection unit.

100

300

400

500

(S2) Settle plates:
non-clinical room with defined activity
600

0

50

AD on

AD on

200

AD off

(S1) Settle plates:
non-clinical room

AD off

100

200

300

400

500

600

700

800

900

100

150

200

250

300

0

100

200

300

400

500

600

700

800

900

1000

TVC/m3
TVC/4 h

(A2) Air samples:
non-clinical room with defined activity
1000

TVC/m3
TVC/4 h

TVC/m3

TVC/4 h

(A1) Air samples:
non-clinical room

V. Wong et al. / Journal of Hospital Infection xxx (2011) 1e6
5

Please cite this article in press as: Wong V, et al., Environmental contamination and airborne microbial counts: a role for hydroxyl radical
disinfection units?, Journal of Hospital Infection (2011), doi:10.1016/j.jhin.2011.03.003

6

V. Wong et al. / Journal of Hospital Infection xxx (2011) 1e6

Table IV
Number of episodes of activity according to grade recorded every 15 min over 4 h
for all 16 study days in the single intensive care unit cubicle
Grade

Machine status
AD off

Low
Medium
High
Total

AD on

27
55
37

47
38
34

119

119

AD, air disinfection unit.

quite a strong correlation between the overall air sample results
and the settle plate data (r ¼ 0.79).
We also calculated the mean and 95% CIs of all the percentage
differences of all the individual paired data. These overall reductions were lower (27e38%) than the overall reductions calculated
by the non-paired analysis, but the 95% CIs (range: 21e42%) also
suggested a statistically signiﬁcant effect. The lower calculated
reduction by this method was partly due to the percentage change
in each of the paired readings having an equal effect on the overall
mean, including paired readings where the absolute difference was
very small, yet the percentage difference quite high. The AD unit
appeared to have greater effect at reducing counts when the air and
settle plate counts were high, and there was less demonstrable
effect when the air counts were low.
Although the overall results showed a reduction in air and settle
plate counts with the AD unit on, there were some paired study days
when the counts appeared to increase. The paired study days were
only 24 h apart, but the background environmental conditions may
not have been the same, and we could not control for factors such as
temperature and humidity. This may have caused chance variation
in background counts. There was quite a lot of variation in the
background counts within the non-clinical room with AD unit off,
which was difﬁcult to explain. However, of the eight paired study
days in the clinical setting (ICU cubicle), there was a signiﬁcant
reduction in air and settle plate counts with the AD unit on, for all
days where the paired study days (AD unit off) had relatively high
counts. The one paired set of data that showed an increase in counts
(both air and settle plates) with the AD unit on had relatively low
counts on both days. One confounding factor in this setting might
have been the degree of human activity. Whereas the amount of
high grade activity was equal between study days, there was
signiﬁcantly more medium grade activity on the study days with the
AD unit off, and this could partly explain the lower counts found
with the AD unit on.
We incubated the TSA agar for 48 h and then enumerated the
aerobic TVC. There was no signiﬁcant increase in TVCs after 96 h
incubation. This suggests that the reduction in counts due to the AD
unit was probably more due to a bactericidal rather than bacteriostatic effect, but further in vitro work would be required to establish
whether the primary mode of action of the AD unit is bactericidal.
Our results showed a signiﬁcant overall reduction in airborne
contamination in the patient-occupied clinical isolation room of
around 50% as assessed by both repeated air-sampling and settle
plates. This reduction is several orders of magnitude less than the
5 log10 reduction achieved against an aerosol of S. epidermidis in an
environmental test chamber.10 This could be due to several factors
including the different physical nature of airborne pathogens. Many
of the airborne bacteria in a clinical setting are found as microcolonies on skin squames, and hydroxyl radicals may be less
effective at killing these compared to an artiﬁcially generated
aerosol. There has been one other smaller study (published only in
abstract form) on the evaluation of the Inov8 AD unit in a clinical
setting. This showed a signiﬁcant reduction in settle plate bacterial

counts in both an unoccupied (79% reduction) and occupied
(72% reduction) burns ICU isolation room.13
The advantage of the Inov8 system is that it can be used to
improve microbial air quality in patient-occupied rooms. Although
we have shown a statistically signiﬁcant reduction in total aerobic
counts with this system, the magnitude of the effect was less than
expected and further work is required to establish whether a reduction of around 50% will translate to a signiﬁcant reduction in overall
environmental contamination and reduced risks of cross-infection.
This reduction was less than achieved, for example, with a portable
HEPA ﬁltration unit, which produced a 75e90% reduction in meticillin-resistant Staphylococcus aureus (MRSA) contamination rates
(measured by settle plates).3 One advantage of the Inov8 unit is that it
is completely silent and much smaller than other systems. Further
work is now required to examine the effects of the Inov8 system in
reducing environmental contamination with speciﬁc pathogens such
as MRSA, Clostridium difﬁcile, aspergillus and norovirus.
Despite the potential beneﬁts of decontaminating clinical areas,
the long term effects of hydroxyl radicals on human health remain
to be established and this also requires further investigation.
In conclusion, this study suggests that the Inov8 hydroxyl
radical AD unit may have a role in reducing the environmental
burden of bacteria in a high risk clinical isolation room, but more
data are required to demonstrate whether the technology will be of
beneﬁt alongside our current infection prevention procedures.
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Methodology

The objective of the study is to answer the question “Does the AD installation lead to a significant reduction in bioburden in a hospital setting and does this correlate with a reduction in the rate of
infections between patients?” Patient infection rates data and bioburden data shall be collected for three periods; before installation, during installation and after installation. A means comparison test shall
be performed on both sets of data to assess the significance. A significant reduction shall be measured with a p value < 0.05. In addition, correlation between bioburden data and infection rates data for each period shall be performed.

Results
Infection rate data and bioburden data were obtained from two
wards in each hospital for a 28 month period, which included the
three months when the AD was installed. The 28 month period was
divided into three parts; before AD installation, during installation and
after installation. For each hospital, the variation in infection rates
data was analysed and correlated with the corresponding variations
in sampled bioburden data for that period.

Table 2 Bioburden Data Analysis table

Table 1 Infection Rate Data Analysis table

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

REDD 5
BEFORE

REDD 5
DURING

4.15
77.81842105
20
0
19
2.103884467
0.024468166
1.729132792
0.048936331
2.09302405

0
0
4

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

REDD 5
BEFORE

REDD 5
DURING

216
6363.1429
8
0
14
2.9151582
0.0056492
1.7613101
0.0112984
2.1447867

115.3571
5551.17
14

Infection Rates Analysis Table 1 shows the analysis results for Ward 5 of
Redditch Alexander Hospital. It can be seen that the two tailed p-value is
0.048 which confirms that there is a very significant reduction in infection
rates among patients following the introduction of the AD.
In the other wards, p-values recorded ranged between 0.1 and 0.4,

Figure 5

Correlation between average weekly infection rate

and mean cfu/m3 at the Redditch Alexandra Hospital

Figure 6

Correlation between average weekly infection rate

and mean cfu/m3 at the Royal Worcester Hospital

confirming a reduction although not significant in all cases.
RATE OF HCAI IN PATIENTS

confirming a significant reduction although not in all cases.
Correlation Analysis Figures 5 and 6 show the graphical correlation of
bioburden data with the weekly average number of patients infected in the
four wards at Redditch Alexandra Hospital and Royal Worcester Hospital.
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Trials were conducted in several UK hospitals. In this paper, the results of trials at four wards from the Redditch Alexandra Hospital and the Royal Worcester
Hospital are presented. It is shown that in seven out of eight means comparisons, there was a significant reduction of environmental bioburden. It is also shown
that in seven out of eight means comparisons, there was a significant reduction in the number of patients infected during the periods when the AD was installed
and operational. Furthermore, it is shown that there is a strong correlation between bioburden reduction and reduction in patient infection rates.
Based on these positive findings, Inov8 Science Ltd continues to gather data from several other sites.
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In the other wards, p-values recorded ranged between 0.002 and 0.4,
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environmental bioburden following the introduction of the AD.
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0.01 which confirms that there is a very significant reduction in
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Redditch Alexander Hospital. It can be seen that the two tailed p-value is
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Bioburden Analysis Table 2 shows the analysis results for Ward 5 of

