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reface

Beyond the steadfast and traditional techniques of steam, dry heat and irradiation,
sterilisation remains a challenge in the 215 century. Some chemical sterilisation
methods such as ethylene oxide, are carcinogenic, explosive, hazardous and toxic.
Non-traditional methods (e.g., hydrogen peroxide and plasma and ozone) and
alternative and newer methods (chlorine dioxide, peracetic acid, hydrogen peroxide
and oxides of nitrogen) have attempted to replace these dangers and hazards.
They frequently have their limitations such as less penetration, adverse effects on
some materials (e.g., corrosion, damage, oxidising and residuals), and some are
less reliable than the steadfast and traditional methods of steam, dry heat and
irradiation. Sterilisation is not a singular problem or discipline but an interfacial
area of investigation of materials, biocompatibility, biocontainment, chemistry,
engineering, microbiology, material, drug and patient safety, product design, statistics
and validation. It requires a mulitidiciplinary effort and synergism.

In parallel to these challenges, design of package, products and processing may be
created that are optimal for the final sterilisation outcome(s). Optimal design, material
and process development, and innovation can help to improve the current challenges
of sterilisation.

To achieve sterilisation without adversely affecting package and product quality and
sterility, requires validation, statistics and improved scientific approaches to optimally
accomplish sterility.

This volume makes you question and think what you are doing in selection, design,
statistics, in following standards and performing validations for sterilisation and
sterile claims.
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Traditional Chemical Sterilisation Methods

There are no miraculous chemical sterilants, only magical ways of using them ...

Chemical sterilisation is not the oldest, most common or traditional form of
sterilisation however, its magical inactivating powers have been significantly recognised
in the twentieth century and continue as we go into the twenty-first century.

Traditional chemical sterilisation typically consists in two forms: gaseous and liquid.
They have many characteristics and qualities in common. Both gaseous and liquid
sterilisation improves with heat to inactivate microbes.

Ethylene oxide (EO; gas) and glutaraldehyde (liquid) kills all microbes, if they are
penetrable or contactable. Both require slightly higher temperatures than ambient to
inactivate all microbes including resistant spores within reasonable exposures, but
lower temperatures are possible with increased exposure time and concentrations.
As the sterilising temperatures from moist heat are reduced, an increasing number
of polymers and materials become more compatible and tolerant to these traditional
chemical methods. Both EO and glutaraldehyde have different toxic residues or wastes
to the ones produced by use of radiation and oxidising agents), but they use more
hazardous levels of chemicals.

Although there are numerous chemical antimicrobial agents, only a few have
classically been available to use for sterilisation (e.g., inactivation of spores) such
as EO, propylene oxide, S-propiolactone (BPL), aldehydes (e.g., formaldehyde),
dialdehydes (e.g., glutaraldehyde, glyoxal), and oxidising agents such as potassium
permanganate, halogens (e.g., chlorine, hypochlorites, iodine), ozone (O;), peracetic
acid (PAA), and hydrogen peroxide (H,0,) (high percentage). Beyond traditional
approaches PAA, H,0,, chlorine dioxide, and O; have been redefined, and oxides
of nitrogen (the oxides of nitrogen are referred to as reactive nitrogen species and
include nitrogen oxide and nitrogen dioxide). Also, considerable information on the
compatibility and manipulation of polymers and materials for use with these chemical
sterilants (e.g., EO and glutaraldehyde) exists.

All chemical sterilants are not safe, unless used safely, there are no ‘inherently’
environmentally friendly chemical sterilants. What matters is operator and patient
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safety when it comes to chemical sterilisation. Inhalation levels indicate the toxicity
of working with several chemical sterilants (see Table 1.1).

Table 1.1 Different safe levels for different chemical sterilants
Chemical Safe levels
EO TWA: 1 ppm
Propylene oxide OSHA PEL: 20 ppm
Glutaraldehyde ACGIH TLV: 0.05 ppm
Glyoxal OSHA -not listed
H,0, OSHA PEL: 1 ppm (TWA)
O3 OSHA PEL: 0.1 ppm
PAA EPA AEGL 1: 0.17 ppm
Chlorine ACGIH: 0.5 ppm TWA
Chlorine dioxide ACGIH: 0.1 ppm TWA
Methyl bromide ACGIH: 5 ppm TWA
BPL ACGIH TLV: 0.5 ppm

TWA: 1.5 mg/m?

PEL: Permissible exposure limit(s)
TLV: Threshold limit value(s)
TWA: Time weighted average
Adapted with data taken from the American Conference of Industrial Hygienists (ACGIH);
Environmental Protection Agency (EPA); Acute Exposure Guideline Level(s) (AEGL); and
Occupational Safety and Health Administration (OSHA).

Paradoxically, while chemical sterilants are capable of inactivating all microbes that
cause disease, they are also capable of being toxic and causing death of people. For
example, contact with liquids (glutaraldehyde) may cause irritation to the eyes or
skin and EO and BPL are carcinogens. Oxidising agents such as PAA, H,0,and O;
can cause irritation to the eyes, and the respiratory system. Chemical sterilants by
their nature are hazardous, otherwise they would not function well as sterilants of
highly resistant microbes such as spores.

In this chapter there will be a discussion of the future of EO, and of the similarities and
differences of other potential classical-traditional sterilisation methods, in particular:
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EO, propylene oxide, chlorine dioxide, BPL, glyoxal, glutaraldehyde, PAA, H,O, (no
plasma) and so on. But discussion of alternative sterilants (e.g., H,O,and plasma, O;
and so on) will be addressed more thoroughly in Chapter 5.

1.1 Ethylene Oxide Sterilisation

The wizardry of ethylene oxide material compatibility and penetration is like an
ethereal and gentle breeze of a magical sterilising wand.

Originally EO was used for the decontamination of spices, but EO sterilisation has
probably been the predominant method of gaseous chemical sterilisation used in
healthcare for more than 25 years, and has remained second to steam sterilisation
in the hospitals, but now there is tremendous pressure to reduce its use, and it is not
available in as many hospitals as it once was. However, like old soldiers, it will never
‘totally’ die, but just fade away, and be eventually replaced by a quasi-alternative,
traditional sterilant, for certain cases and situations unfilled by current alternative or
novel methods. Some overall characteristics of EO sterilisation are:

e Chemical:
o Gaseous
o Toxic, flammable, explosive sterilant
o Toxic residues
e Complex sterilisation process:
o Numerous parameters
o Requires complex equipment and facilities
o Limited penetration, but better than moist heat or oxidising sterilants

o Requires air removal, conditioning, temperature control, exposure and
degassing monitoring

o Requires breathable packaging
o Requires environmental control and monitoring
e Advantages:

o Wide material compatibility
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o Inactivates a wide range of microbes
o Widely available

EO became one of the most common traditional sterilants because it can sterilise a
wide range of heat and moisture sensitive materials as well as heat tolerant polymers
and non-polymers. It is compatible with nearly all polymeric and other materials (see
American Association of Medical Instrumentation (AAMI) Technical Information
Report (TTIR) 17 [1]). Some materials with hydrophilic coatings may be sensitive, but
can be overcome. Some polystyrenes may craze and distort with moderate sterilising
temperatures, but this can be overcome. Residuals in processed materials may result,
which may be toxic and require aeration and a degassing process. Ethylene oxide
sterilisation is still commonly used in manufacturing and in healthcare facilities (e.g.,
contract, hospitals).

1.1.1 Green sterilisation (Benefits versus Risks)

It is typically not considered a green sterilisation process, because of potential
carcinogenicity, safety, toxicity, and hazards, but its principle benefits of low
temperature, permeability and compatibility overcome its risks. It has had moderate
costs for equipment and consumables, however, other costs include: aeration, gas
mixtures, reclamation or conversions, monitoring, and use of these can increase total
costs. It can be synergised with humidity (moisture), temperature, and some chemicals,
and it has a high level of material compatibility.

It still has an advantage over many newer green processes (e.g., chlorine dioxide,
H,0,, low temperature peroxide plasma processes, and O;) through its penetration
abilities and greater material compatibility capacity (e.g., papers, some metals, some
polymers and adhesives). Many polymers can be multiple sterilised. However, EO may
not be able to multiple sterilise some polyacrylics and polystyrene (PS) at relatively
high temperatures (e.g., 60 °C) without some effects (e.g., warping, and sticking), and
may not sterilise bioabsorbables, at ordinary sterilising parameters.

Due to its high hazard, toxicity, carcinogenicity and by-products it is not regarded as
a green process as such. However, it has improved equipment (gas recovery systems,
scrubbers, and aeration chambers), enhanced processing (reduced EO gas) and better
handling (gas mixtures). EO sterilisation has created a safer and more efficacious
process. It becomes a more green process by using less sterilant, reducing EO
concentration, recovery and re-using EO gas, and aerating to remove toxic residues
and emissions from the environment.
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EOQ is a ‘versatile’ organic compound with the formula C,H,O. It is a ring compound
(Figure 1.1), which means that it is composed of two alkyl groups attached to an
oxygen (O,) atom in a cyclic shape (triangular), without any reactive radicals unless
the ring is opened.

@)
w A f%)
61,62 >
1,09 A
Hittir . o H
AL 1,46 A
116,9°
H H

Figure 1.1 Structure of ethylene oxide (C,H,0)

Ethers are typically flammable and not chemically reactive, but EO is stable until its
ring is opened. Most of the gaseous EO sterilant used is never reacted, but remains
throughout the sterilisation process in a stable form. Virtually only the SH, COOH,
NH,, and OH side radicals or other compounds of organic matter or water is typically
reacted [2]. Other strong oxidising and irradiating agents, react with many other
chemicals and substances, and they are not soft and mild toward materials as EO is.
EO is a traditional method that is able to sterilise many polymers, but not liquids.
It may craze some polymers, and it can leave toxic residues and by products, but
in another view it is very gentle on most materials as compared to other methods.
It has been an exceptional sterilisation method. However, EO is a very hazardous
substance, reactive and toxic (see Figure 1.2). It is highly explosive and can form toxic
by-products, however, EO is a very versatile molecule and has unique properties.
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O

/N

TUPAC name: Oxirane; (ethoxyethane)
Other names: Eposyethane, ethylene oxide,
dimethylene oxide, oxacyclopropane, ethylene epoxide

Jd

Ethylene oxide

Identifiers

Abbreviations
CAS number

Properties

Molecular formula
Molecular weight
Appearance/odour

Density

Melting point
Boiling point
Solubility in water

Odour

EO, EtO
75-21-8

C,H,0

44.05 g/mol

Colourless gas,

with a sweet odour
0.882 g/ml

-111.3°C

10.7 °C

Miscible; Very soluble
and reactive

500-750 ppm (ether like)

Thermochemistry

Standard enthalpy of
formation A¢H®g
Standard molar
entropy S%s

Hazards
Main hazards

NEFPA 704
Health 3
Flammability 4
Reactivity 3
Hazard Class
Transport ID No.
Flash point
Explosive limits

Shipping Lable
PEL-OSHA 1 TLV-
ACGIH2 LDs, or LCso
1 ppm

S ppm 15 min:

800 ppm/4H

-52.6 kj/mol

243 j/mol/K

Carcinogen, explosive

2.3 @

UN1040

-20 °C

3t0 100%

Poison Flammable Gas
CA Proposition 65

TWA
Excursion
LCso

Related compounds

Related heterocycles

Aziridine,
Butylene oxide
Ethylene sulfide
Propylene oxide

Figure 1.2 Ethylene oxide - physical and chemical properties. CAS: Chemical Abstract
Service; [UPAC: International Union of Pure and Applied Chemistry; LCs: lethal
concentration — the concentration of a chemical in air that kills 50% of a group of
test animals in a given time (usually 4 h); LDs: lethal dose — the amount of a material,
given all at once, which causes the death of 50% of a group of test animals; and
NFPA: The National Fire Protection Association. Reproduced with permission from
the National Fire Protection Association. ©National Fire Protection Association
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For more physical properties of EO see reference [3]. EO is a colourless gas at 25 °C
and is a mobile liquid at 0 °C, however, its boiling point would increase to 57.5 °C at
2 atmospheres. The viscosity of liquid EO at 0 °C is about 5.5 times lower than that
of water, however, it is fully miscible with water. The gas has a characteristic sweet
odour of ether, noticeable when its concentration in air exceeds 500-700 ppm, but
acceptable levels in air are only 0.5-1 ppm (TWA) or 5 ppm (short-term exposure
limits (STEL)). EO is not only readily soluble in water but also in ethanol, diethyl
ether and many organic solvents, however, it is 1.5 times heavier than air and tends
to settle along the floor, where it can become a hazard because of its explosiveness,
flammability, and toxicity. Some of the characteristics of EO are:

e It is dangerous and hazardous.
e It is a gentle cyclic ether (CH,),0O, to most materials, polymers.
e It has a molecular weight of 44.05, the same as carbon dioxide (CO,).

e Its primary action is alkylation (replacement of a hydrogen atom in an organic
compound with an alkyl group like that in deoxyribonucleic acid (DNA)).

e It boils at 10.8 °C at normal pressure.
e Itisa gas at normal temperature.
o It freezes at -11 °C, with water.

e It is highly explosive in its natural state — this can be reduced by mixing with
Freon, nitrogen or CO,.

e It is extremely toxic and potentially carcinogenic — it produces erythema and
oedema,

e It is soluble in water and other solvents.

e It is highly permeable through cardboard, leather, many papers, plastics and
rubbers.

e It is gentle on most metals, polymers and rubbers, unlike steam, heat, radiation,
and oxidising agents.

e It is bactericidal on most microbes and biological organisms, including spores,
but not necessarily prions.

EO is a technique that has some penetration capabilities, but requires a long time
for the overall process (e.g., preconditioning, sterilising, and aeration). EO is an
effective and soft (gentle) sterilant for most medical materials, polymers and devices
and is re-usable.
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It is used in ‘both” hospitals and industrial manufacturing applications for manufacture
of disposables. EO will sterilise most polymeric materials [1]. Common limitations
of EO sterilisation relate to inadequate humidification, diffusion barriers, gas
concentration, process time, and interactions. Diffusion barriers present a limitation
to the efficacy of EO sterilisation if the EO gas, temperature and humidity necessary
for the sterilisation process cannot penetrate into all locations within the device (e.g.,
into a stopcock or very long, thin lumen or large dense product load). Long overall
process times can be an economic limitation to the application of EO due to long
preconditioning periods, extended exposure times, post-sterilisation aeration times
and post-processing biological indicator testing. Parametric release has traditionally
been difficult to achieve uniformly with this method, but it is improving but faster
release times can be achieved with the use of ‘rapid (release) biological indicator
incubation times (e.g., 4 or 72 h).

1.1.2 Ethylene Oxide Residuals

Hazardous material and toxic residuals are important considerations since EO
is regarded as an explosive chemical, and a potential human carcinogen and a
reproductive toxicant. It requires gas mixtures or special handling, robust scrubbers
on gas emissions and worker exposure is a significant consideration. Post-sterilisation
evaluation for toxic residuals (EO and ethylene chlorohydrin) must be performed
before release or during the validation of the sterilisation process with each device.

EO sterilisation process modalities under certain conditions may retain residual
sterilant. These residuals must be removed to levels required in other standards
or in demonstration of biocompatibility. The International Organization for
Standardization (ISO) 10993-7 [4] standard presents the allowable limits for EO and
ethylene chlorohydrin residuals in medical devices. The ISO standard is accepted by
most of the world, but some countries have added their own constraints on top of
the international requirements (e.g., AAMI TIR 19 [5]).

In EO sterilisation, EO and ethylene chlorohydrin are the primary residuals of concern.
However, other toxic residual chemicals may form, such as ethylene glycol (ETG),
ethylene diglycol, dioxane and so on. Ethylene chlorohydrin is formed when the EO
reacts with chloride ions, or active chlorine-containing chemicals in the load. Thus, if
a device contains no chlorine atoms, and was not cleaned with a chlorine-containing
compound prior to sterilisation, it is likely that there will be no ethylene chlorohydrin
formed. If a device was treated with a chlorine-containing cleaning agent to lower the
bioburden prior to sterilisation, there may be very large quantities of chlorohydrin
formed. In general, ethylene chlorohydrin is not removed by aeration.
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Materials vary considerably in their ability to absorb, retain, and release EO. Polyvinyl
chloride (PVC) with plasticisers, and polyurethane (PU) may absorb a lot of EO, and
have a great affinity for EO, but will desorb fairly well, however, materials such as
actylonitrile-butadiene-styrene (ABS) and styrene acrylonitrile may absorb EO, but
desorb slowly. Collagen is a poor material because it has high absorbency and slow
desorption. Polytetrafluoroethylene ((PTFE) Teflon) is a good material, because it
absorbs EO at low levels and has a slow desorption. Kynar is an excellent material
because it is not affected by EO residuals Silcone is an excellent material as it absorbs
EO but desorbs it quickly.

When conversion of EO to ethylene chlorohydrin (ECH) is possible, two similar
devices made of different materials are likely to have very different residue profiles.
The concentration of ECH varies greatly in materials that contain a source of free
chloride ions. Some acceptable EO and ECH residual levels in devices are shown in

Table 1.2.

Table 1.2 Acceptable EO residual levels (2008) taken from ISO 10993-7:2008 [4]

permanent implant

days and 4 mg in the
first 24 h (average of
0.1 mg/day)

Type of device Length of EO EO residual level ECH residual level
treatment
Standard devices <24 h 4 mg 9 mg
Standard devices 24 h-30 days 60 mg/30 days and 2 60 mg/30 days and 9
mg/24 h mg/24 h
Standard device - >30 days 2.5 g/lifetime 60 mg/30 | 10 g/lifetime 60 mg/30

days and 9 mg in the
first 24 h (average of
0.4 mg/day)

For intraocular

Device exposure

0.5 pg/lens/day or 1.25

4 x EO limit(s)

lenses contact period pg/lens (maximum)
For blood Device exposure 60 mg/device 45 mg/device
oxygenators contact period

For cardiopulmonary
by-pass procedures

Device exposure
contact period

20 mg (maximum
allowable limit)

9 mg (maximum
allowable limit)

Drapes that are
intended to contact
intact skin

Patient exposure
contact period

10 pg/cm? (maximum
tolerable contact limit)

5 pg/cm? (maximum
tolerable contact
limit)

Blood cell separator

Device exposure
contact period

10 mg/device

22 mg/device

Extra corporeal
blood purification
devices, e.g.,
haemodialysers

Assuming 13 devices
used per month.
Note: Allowable
lifetime EO may be
exceeded

Should not exceed 4.6
mg/device

Should not exceed 4.6
mg/device
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1.1.3 Advantages of Ethylene Oxide Sterilisation

Despite the creation of toxic residuals, EO has many extrinsic advantages as a
sterilising process, at and beyond its classical usage. EO is gentle to materials and
items compared to other sterilising methods. It is an effective sterilant for most
medical devices, some pharmaceuticals, and many hospital products. It has become
more costly with the necessity for safety and monitoring equipment. Its chemical and
physical properties are well understood, and skilled users can rapidly develop and
validate effective sterilisation cycles. Standard EO sterilisation cycles are executed
at relatively low temperatures, moderate humidities, which make the process ideal
for most polymeric materials, which would be destroyed by higher temperatures and
moisture. In addition, there are no free radicals which can destroy many materials.
In addition, most electronic devices can be successfully processed in EOQ, where they
would be destroyed by other processes.

Use of EO has evolved from a classical sterilant to a continually evolving traditional
method by reducing EO concentrations, sterilising temperatures, controlling relative
humidities and balancing pressures. Classically it was used to sterilise spices and some
biologics, but it is now capable of sterilising some enzymes and active electronics
including electrical equipment without adverse effects.

Some of the principle advantages of EO are:

e Can be used at low temperatures.
e Good penetration and diffusability.
e EO is commonly used and easily available.

e Highly compatible with many heat and moisture sensitive plastics, polymers,
materials and even some enzymes.

¢ Moderate costs for equipment and consumables - Other costs: aeration,
reclamation or conversions and monitoring.

e Can be synergised with humidity (moisture), temperature and some chemicals.

e Highly bactericidal, and its classical EO gas concentrations can be significantly
reduced.

e Residuals and toxic residues can be eliminated or reduced to safe levels.
e EO gas can be reclaimed and reused, or modified into a reusable by-product.

e EO gas that is released from sterilisers can be destroyed and rendered safe.
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EO sterilised product can be parametrically released.

EO controllers, equipment and systems can be made fully automated, controllable
and versatile.

Modern EO cycles are easy to run, control, monitor and document.
Particularly suitable for medical devices containing electronic components.

The EO steriliser and aeration chamber can be continuous.

Multiple products that can be sterilised by EO are:

Combination device and drug products.

Implants.

Multiple reuseable hospital items.

Procedural and surgical trays.

Single use-disposable devices.

Some pharmaceuticals.

Mummies (preserved bodies).

Decontamination of enclosures (e.g., gnotobiotics).
Unusual items in the Library of Congress.

Nerve gas antidotes.

Decontamination of powders

1.1.4 Some interdependent variables of using Ethylene Oxide

There are many interdependent variables within EO sterilisation cycles, which consists
of multiple processing steps and parameters:

Preconditioning - temperature, time and % relative humidity (RH).
Initial vacuum - rate, depth and time.
Pre-humidification -%RH, temperature and time.

Gas injection rate, pressure change and time.
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e Exposure - EO concentration and gas make up.

e Exposure — temperature and temperature range allowed.

e Exposure - pressure changes, sterilant or diluent gas make up.
e Dwell/Exposure - time, out of specification conditions.

e DPost-sterilisation aeration - vacuum and pressure changes, number of dilutions
and rates.

e Aeration.

Some different EO sterilisation process sources and methods are:

e 100% EO cycle with/without nitrogen.

e Standard EO gas mixtures.

e Balance pressure cycle.

e Air displacement cycle.

e EO/CO, gas mixtures.

e Low temperature processes.

¢ Dynamic preconditioning.

e Un-evacuated enclosures.

e Combination Processing of EO steriliser and aeration chamber.

Some miscellaneous considerations of successful EO sterilisation are:

e Aeration needed for residual removal, however, some by-products can be formed
(e.g., ethylene chlorohydrin and ETG).

e Wetting organic matter can reduce its sterilisation effectiveness in the vapour
state.

e Some materials are impermeable to EO (e.g., glass, (polyamide (PA) except with
moisture), metals).

e Some materials (polymers) can be crazed or stick (e.g., styrene).

e Some thermotolerant spores can be more resistant than the biological indicator
organisms.Current commercial biological indicators may not be an adequate
monitor in low %RH conditions, since they are standardised at moderate %RH
conditions and not against low %RH conditions.
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e EO sterilisation can be synergised.
® EO can sterilise a multiplicity of polymers without significant damage.
e It is a gentle process.

e It can be used to sterilise re-useables.

1.1.5 Material Considerations with Ethylene Oxide Sterilisation

EO sterilisation uses multiple conditions - heat, moisture, pressure changes and
exposure to EO or non-flammable diluents that could affect materials or products.

Consideration should be given to the potential physical, chemical, biological effects
of these conditions and formation of residuals or by-products. During sterilisation
products, or materials are subjected to environmental stresses of changes of vacuum
pressure, elevated temperature and changes in humidity. Changes in pressure could
affect the strength of package seals. Most polymer materials are compatible with
use of EO, but liquids typically are not. Some materials vary with change of process
parameters.

EO can sterilise glass, most polymers, metals, many heat stable polymers, celluloses,
many drugs, biologics, pharmaceuticals, some medical devices and re-usable, but not
infectious wastes that other methods such as steam can. It is moderately expensive,
and has toxic residues or sources. It is not truly environmentally friendly, scientific,
and compatible with many polymers, devices, and materials.

EO sterilisation in the form of minimum concentrated gas under pressure, is by
far one of the more reliable mediums, known for decimal reduction value/death
value (D-value) calculations (the destruction of all microbes logarithmically). It
is the preferred method for packaged devices and items that are heat sensitive but
not vulnerable to moisture. It is not widely used to decontaminate hazardous and
contaminated wastes. EO is relatively expensive, not environmentally friendly, and
previously widely available. The major concern with EO sterilisation is not the damage,
degradation or destruction of materials by heat or moisture, but the significant safety
and hazardous concerns. However, EO can sterilise many sensitive material materials
such as: acetal, fabrics, glass, metals, PA, polycarbonate (PC), polypropylene (PP),
polysulfones, PTFE, fibres, or celluloses (papers) that can be damaged or be rendered
impractical by other methods. It can re-sterilise many (re-usable) materials that other
methods cannot. If prudently applied and controlled, EO does not corrode metals,
and can sterilise many other polymers (high-density polyethylene, PVC, many rubbers
and heat sensitive materials, if the temperature is reduced (e.g., <45 °C) and the
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exposure time is increased. If there is no ‘clinical’ or risk concern with thermophilic
‘spores’ as there is with irradiation or as with validation of other major sterilisation
methods (e.g., H,O, and O;), then EO sterilisation could be applied at even lower
temperatures (e.g., ambient to 30 °C), and under other conditions to sterilise even
more heat sensitive materials, (e.g., enzymes). There has been a continuation of EO
as a method for industrial sterilisation and to sterilise radiation damaged materials,
tight fitting devices, cellulosics, medical devices, as well as enzymes and electronics
that O3 and H,O, cannot typically sterilise easily.

1.1.6 Principles of Ethylene Oxide Sterilisation

The killing power of EO is due principally to the alkylation or chemical alteration of
proteins in viable forms of life. EO like heat can inactivate all microbes, including the
most resistant bacterial spores, and most moulds, except for Pyronema domesticum
that may arise from desiccated or dry cotton that cannot be sterilised unless with
pretreated or pre-sterilised with steam instead of humidity at elevated temperatures.
Prions within brain tissue, or on contaminated instruments are recommended to be
removed with steam sterilisation, not EO.

EO can sterilise at typically low temperatures and pressures. A minimum concentration
of EO under pressure can typically run at low temperatures (e.g., <60 °C). Lower
temperatures have been used (e.g., ambient to 35 °C) to prevent degradation or
damage of heat sensitive material, polymers, certain enzymes and certain adhesives.
EO typically does not destroy resistant prions or pyrogens. Higher temperatures
(e.g., >65 °C) could be used for faster sterilisation with steam. The killing power of EO
is due principally to the alkylation of proteins in viable forms of life - this can include
chemically altered DNA and breakdown of vital enzymes. As the temperature and EO
gas pressure increases, the time to sterilise decreases and conversely as the temperature
and minimum gas EO pressure decrease, the time taken to sterilise increases.

Sterilisation with EO typically requires humidity. Less than saturation (e.g., >85%),
humidity typically decreases the time to sterilise but EO may lose the ability to
sterilise at below 15% RH of desiccated microbes. Theoretically, approximately
33% RH is an optimal humidity for EO microbiocidal activity, however, there are
other considerations such as whether materials are desiccated, or moisture absorbing.

Salt encrusted materials, require higher humidities to dissolve the salts for inactivation
or sterilisation [6].

The ‘sterilising power’ of EO is largely due to its alkylation capacity. As EO is
delivered, it diffuses, and as its concentration increases, it causes an increase in
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pressure, and then the volume of EO is absorbed, which sets up a drop in positive
pressure that draws in more EO until it reaches a set point and equilibrium. With
EO diffusion, lethal amounts of the chemical are delivered to microbes, until a gas,
humidity and temperature equilibrium is reached.

Sterilisation with EO occurs when the available surfaces are treated with humidity
through pre-conditioning or pre-humidification and penetration of gas is achieved
through and into porous and permeable materials. An acidic pH can decrease the
time and temperature required to sterilise with EO. Fats, oils, grease, low or insoluble
salt crystals, biofilms or organic matter, slow or prevent penetration of a minimum
concentration of EO and increase time or even prevent sterilisation.

1.1.7 Factors Affecting Lethality and Demonstrating Effectiveness

The minimum EO concentration, temperature, humidity, exposure time, gas
concentration and gas exposure time are the primary factors affecting effectiveness
of sterilisation. But cleanliness and quantity of bioburden will also have an influence.

For effective sterilisation, reusable items and equipment must be thoroughly cleaned.
Simply wiping may not be sufficient. Cleaning may include disassembly, brushing,
flushing, and rinsing. Cleaning may vary with product. Products can be divided into
various categories:

e Solid items or devices — there are no hidden surfaces or lumens or blind spots.
An example may be a wound retractor, a colposcope, spatula or rigid endoscopes
such as laparoscopes and arthroscopes.

e Hinged items or devices - scissors and instruments with insert closures such as a
box lock are examples. It must be possible to wash or rinse out hidden areas.

e Sliding shaft items or devices - these devices should be dissembled if possible,
otherwise they must be washed or rinsed out.

e Tubular items or devices - examples are tubular instruments such as suction
devices, trocars or other instruments with lumens such as shavers for arthroscopy.

These may be flushed and brushed.

e Microsurgical items or devices - cleaning methods must be tailored to these
extremely delicate instruments, such as hand cleaning.

® Special items or devices - these are items that cannot be assigned to other groups
such as orthopaedic instruments, such as socket boring and pneumatic motor
systems.
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e Flexible items or devices - examples may be biopsy forceps, flexible instruments
(endoscopes) used in minimally invasive surgery.

Cleaning can be problematic with items that have textured surfaces, hinges, springs,
dead end lumens, inaccessible cracks and crevices, braided cables, and pliable materials
such as silicone and rubber increase the difficulty of cleaning. Automated cleaning
(e.g., washer-disinfector, ultrasonic cleaners) may have an advantage over manual
cleaning that is not consistent, but at times automated cleaning may not work.

There are a variety of tests to determine if a product, device, or item is clean:

e Visual examination.

® Adenosine triphosphate test that produces light in the presence of microbes.
e Microscopy.

e Washing and rinsing with soil, protein solubilising agent and filtering.

e Follow manufacturer’s instructions.

Cleaning before sterilisation will also depend upon the nature of the product, device
or item’s use. Critical devices or items are surgical instruments, implantable items
such as hips, screws, and plates in orthopaedics, pacemakers, stents and so on. Semi-
critical devices or items that are minimally invasive and may contact mucous tissues
such as flexible endoscopes and so on. Non-critical devices that may contact intake
skin, tissue, but are not invasive, such as stethoscopes, electrodes, bed rails, patient
furniture, floors, all of which can contribute to cross contamination and so on.

Cleaning is particularly important when using liquid glutaraldehyde as it may not
penetrate as well as EO, but EO may not penetrate organic encrustations, salt
occlusions and so on. Both EO and glutaraldehyde as well as other chemical sterilants
are enhanced by use of heat or increase in temperature, however, chemical sterilants
are used for temperature sensitive items.

Temperature: the higher the temperature of the product or item being sterilised,
the higher the lethality of the cycle. The temperature difference required to cause
a 1-fold change in D-value (Z-value) for EO to change lethality one log or 90%, is
about ~38 °C. So if the temperature is increased from ambient (e.g., 25 °C to 63 °C,
the lethality could be increased ~10 times. Its temperature coefficient (Q,,) value is
about 1.5 to 1.8, the lethality of the process would increase in 10 °C, by 1.5 to 1.8
times, not quite double.
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Qovalue =1.5t0 1.8
Z-value = ~38 °C

Heat is transferred to the sterilisation load during its pre-environmental treatment or
preconditioning, during humidity dwell via a controlled steam process, and during gas
injection. The sterilisation vessel temperature setting will also affect the heat transfer
to the sterilisation load. A typical temperature range is 38-57 °C.

Without a minimum amount of moisture (humidity), EO sterilisation may not be
effective. Contact with %RH is critical. Optimal %RH may be ~33%, but in reality
40-50% may be more practical, and a upper %RH of 80% may be useful.

Moisture has three important roles: lethality, heating and permeation and in particular
it facilitates the lethality of EO to microbes. Higher humidities are required for more
drier and desiccated materials. Moisture (sub-atmospheric pressure steam) also
provides heating for higher temperature processes. Moisture also helps to get EO
through materials such as PA, which are very polar. Paradoxically EO also helps to
make moisture transfer through non-polar materials easier. A minimum concentration
of EO is effective at an above ambient temperature.

Moisture and heat must penetrate to all parts of a product, or device to be
effective. Typically heat flows into cooler areas. Air can be a barrier to moisture/
humidity diffusion, as it is with moist heat sterilisation. Consequently device design,
construction, conductivity and packaging are important considerations toward
influencing the ability to kill microbes (see Table 1.3). There are a number of factors
that will impair the ability of EO to inactivate microbes.

1.1.8 Microbial Effectiveness of Sterilisation

The microbial effectiveness or SAL of the EO sterilisation process should be confirmed,
not just accepted. Consequently biological indicators (BI) of dormant spores, with
thick coats are among the most resistant forms of organisms to EO sterilisation.
Typically viruses are easier to sterilise than vegetative (no spores) microbes, but this
may be in part due to the temperature and humidity of an EO process. Most viruses
are very heat sensitive. Vegetative microbes (e.g., Staphylococcus, Streptococcus,
Micrococcus) are easily inactivated unless desiccated, and typically microbial spores
are among the more resistant (some are killed at slightly above ambient temperatures,
others may require higher temperatures). Prions are even more resistant and may
not be inactivated by EO, but chemically by a combination of formaldehyde and
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formic acid. What constitutes complete destruction or sterilisation varies, but it has
been defined as the demonstration of the inability of microbes to readily grow and
reproduce on their own when placed in suitable growth medium.

Table 1.3 Some factors influencing the capacity of EO sterilisation to kill microbes

Factors relating to lethality of EO Factors relating to the organisms to be killed

Intensity (concentration) Types of microbes, e.g., spores, Mycobacterium

Exposure time Number of microbes to be killed

Temperature Level of SAL (probability)

Presence of air (desiccation) Conditions that impair inactivation

%RH Reduces sterilising effectiveness — salt, dirt

Distribution of heat, gas, humidity Previous history of microbes to be killed

Related to product families (similar product) | Related to packaging families (similar
packaging)

Length of lumens Removal of air

Air pockets Permeation of humidity and gas

Mated surfaces Vacuum and air purge integrity

Absorbable material Absorbable and insulation within boxes

Load mass Packaging area of breathability

SAL: Sterility assurance level(s)

Bioburden is a pre-sterilisation population of viable micro-organisms on an item
or product of a sterile barrier system that need to be inactivated for sterilisation.
Bioburdens are characterised as colony forming units (CFU), as a viable growth of
microbes on culture plates or as tubes arising (growing and reproducing) from single
or multiple cells.

When microbes (bioburden) cannot reproduce or grow under suitable post-sterilisation
‘recovery’ conditions they are designated as inactivated or killed. However, the
presence of some substances (bacteriostatic, fungistatic, or sporostatic) can inhibit
the outgrowth of viable organisms. To verify that such substances are not present
requires a bacteriostatic or fungistatic test of materials or devices before performing
a bioburden or sterility test. Unlike most microbes prions are not identified until after
autopsy. They reproduce without intrinsic DNA or ribonucleic acid (RNA).
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It is virtually impossible to test every sterilised product without sacrificing the
entire product from a lot or load, but testing only a few samples of a final sterilised
product can be misleading and a result of passing an unsterile product. However, by
evaluating survival of microbes under fractional conditions and with a small sample
size, it can enhance the opportunities of prediction of sterile product under full cycle
or process conditions. Understanding that less than 100% of products will result in
a probability (e.g., 10") that some non-sterility can still persist is important. There is
a relationship between small sample size and the probability of passing an unsterile
sample in a batch, from the results of a conventional sterility test.

Microbes typically die or fail to reproduce logarithmically. The EO sterilisation
method has one of the more perfect inactivation-logarithmic curves. There is no
activation shoulder as there is with steam, and no tailing unless there is desiccation,
and heterogeneous bioburden population, or clumping.

The dynamics of microbial inactivation by EO reveals, in general, that microbes are
destroyed in a logarithmic or first order rate. An old explanation of this phenomenon
is that the logarithmic order of death is due to an expression of a monomolecular
reaction of protein penetration or damage, e.g., of one DNA gene essential to
reproduction. Note: EO sterilises by alkylation of proteins or DNA, particularly the
amine group of adenine or guanine. EO was found to be an irreversible agent. It is
bactericidal in nature, not bacteriostatic. It provides one of the best examples of the
logarithmic nature of death.

It should be realised that the microbial death observed is really a failure of the
microbe to reproduce when placed under favourable environmental conditions and
in an optimal recovery medium. What are deemed to be favorable conditions can
vary. For example, Bacillus atrophaeus can be cultured to grow well at mesophilic
temperatures (e.g., 30-35 °C) but not at thermophilic temperatures (e.g., 55-60 °C),
for example Geobacillus stearothermophilus.

Statistics of EO sterilisation are based on the assumption that all micro-organisms
die or are inactivated in a logarithmic or first order reaction rate. This assumption is
reasonably true under laboratory or pure environmental conditions. As Mark Twain
said, ‘there are three ways to lie: lies, damn lies and statistics'. Some exceptions exist,
for example, EO sterilisation characteristically does not kill in a logarithmic way
with desiccated microbes, clumped microbes, organic encrustation, barriers or salt
occluded microbes. But since microbes in homogeneity with EO die in a logarithmic
manner, it is possible to confirm sterilisation without testing all or various sample
sizes after full sterilisation by taking samples after fractional cycles and evaluating
results and outcomes, and calculating the D-value.
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Death value or Dy value: is the time, timed-condition, or dose (EO concentration)
required to achieve inactivation of 90% of a population (or one logarithm) of the
test micro-organism population under stated conditions.

Dgo is a D-value obtained at parameters for EO sterilisation - see ISO 11461 [7].

Exposure time
Log N, — log Ny

D value =

(1.1)

Where N, (A) is the initial microbial or spore population prior to exposure and N,
(B) is the surviving microbial or spore population after time of exposure. Time or
dose typically is an incremental or sub-exposure to the sterilising agent that allows
the possibility of survivors. Equation 1.1 for the D-value is the Stumbo equation.

The D-value is the backbone of sterilisation statistics for EO sterilisation and provides a
characterisation of the resistance of a particular microbial population to a sterilisation
method. Sometimes it becomes difficult to determine a D-value because the microbial
population is heterogeneous, the population and resistance are extremely low, and
the indigenous population does not follow a perfect logarithmic order of death. In
many cases it is easier to perform D-value measurement for a particular process on
bacteria spore populations used in Biological indicator(s) (BI) because they can be
prepared as an homogeneous population, with a high resistance and demonstrate an
ideal D-value curve to the sterilising agent.

To statistically perform a D-value measurement, one really needs at least four fractional
D-value test run results. The new ISO 11135-1 [8] may allow two, but for the purpose
of statistically evaluation, a singular D-value has merit, particularly by applying the
Stumbo or Halvorsen—Zieglar equations and approach.

The more complex D-value is the Stumbo equation modified with Halvorsen-Zieglar
(most probable number) equation, where:

Exposure time

Dv = n
Log N, — log(2.3 log”s)

(1.2)

Where:

e D, is the time taken to inactivate one log or 90% of the population,
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e N, is the initial spore population,
® 1 is number of spore carriers or BI, and
e s is the number of sterile BI or fractional negatives.

An overkill cycle is the time to inactivate 12 time D-value or 10" resistant spores,or
10° spores of a BI with an additional probability of 1 in a million or 10 chance of
survival.

The Z-value is the temperature increase to reduce the killing time by 1/10™. The
Z-value may be derived from the following equation:

Where:

e T is the temperature at time o and time x, and
® D is D-values at time o and time x.

Demonstration of microbial effectiveness is based upon statistics, knowledge of
product bioburden (ISO 11737-1 [9]) and microbial resistance. Micro-organisms with
a high resistance to heat are referred to as bacterial spores or spore enzymes in BI.

A Bl is typically a solution or carrier consisting of a known concentration of ‘resistant’
spores (e.g., B. atrophaeus) that are highly resistant to EO sterilisation, which can
be used to predict lethality to the pre-sterilisation bioburden by use of the BI system,
because the spores are intended to be more resistant than the bioburden on the
product. BI results typically take 3-7 days at 30-35 °C for results, but more rapid
indicators may be available (e.g., 48 h, 4 h, or possibly less). BI are used to check
the cycle parameters.

The types of spores used as BI or monitors of the EO sterilisation cycle may vary,
but for EO sterilisation B. atrophaeus is deemed to be the most resistant spore to
inactivate. Note: Chemical indicators can also be used to assess parameters such as:
time, EO concentration, %RH and temperature (EO labels and cards) as well as
adequate moisture (RH sensor tests).

Today, many processes are released without using any BI, but rely primarily on
physical and accurate chemical measurements.
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Standard Bl release: Typically product that is EO sterilised is released by the BI, which
is to demonstrate that the BI after sterilisation will not grow in an optimal medium
at 30-35°C for 7 days, as well as documentation and acceptance of cycle parameters.

Parametric release: This uses EO analysis for concentration measurement, however,
during validation, either BI and/or bioburden inactivation can be used to substantiate
the parametric release.

Rapid BI release: As compared to classical seven day BI incubation testing, the use
of a rapid release BI that allows after 4 h incubation is fast and excellent for quickly
sterilised product availability. Rapid BI release allows for an easier validation than
that required for a parametric release or process control release.

A process challenge device (PCD): This can be used in place of a Bl or inoculated
(spore) on or within product(s) or items that are designed to constitute a defined
(greater) resistance to a sterilisation process than any bioburden hidden on a product.
The PCD or Bl is used to assess the performance of the process with ‘fractional (short)
cycles’ to show lethality or ‘half cycles’ to demonstrate total inactivation with a 10
probability of assurance under full or routine cycles.

The purpose (or reason) of periodically performing bioburden measurements is to
ascertain that the pre-sterilisation bioburden count or bioburden estimate on products
(sometimes referred to as bioburden load) produced in a controlled environment are
of sufficiently low enough population and resistance that the ‘appropriateness of
use’ of BI or PCD validated continue to indicate that successful sterilisation by EO
exposure is appropriate.

In general there are three ways to test for sterility: product sampling and product
sterility testing, BI or PCD, and or a combination approach (product and BI). Unless
one tests every sample from a load there still remains the possibility that there will
be an unsterile unit, unless the test is performed under fractional exposure time.
Product sterility can be performed according to ISO 11737-2 [10] or by appropriate
pharmacopeia methods.

Product sterility can be performed directly with the product immersed in sterility
media or indirectly/directly by passing wash solutions through a filtration membrane.

BI testing for sterility is an indirect approach. The application and use of BI with
resistant spores can be used iz lieu of product testing. To be effective, the BI must be
demonstrated to be more resistant than the product bioburden, during qualification
and validation. Bl can be a form or monitor of sterility evaluation. BI generally consists
of spores or spore enzymes of highly resistant microbes, which are placed on or in the
product load prior to sterilisation. These indicators generally have a high microbial
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population (e.g., 10°) in excess of what is naturally occurring on the product. The
combination of high microbial population and high resistance to a specific sterilisation
process make these indicators a fairly reliable tool for determination of process
efficacy or product sterility.

A combination of bioburden and product sterility after fractional cycles is another
way of verifying sufficient SAL. This is performed typically during validations.
Product (bioburden) and sterility testing must be typically carried out according to
ISO 11737-1 [9] and ISO 111737-2 [10] or according to appropriate pharmacopeia
methods. Since EO sterilisation methods destroy or eliminate microbes logarithmically,
it is possible to measure the kill time logarithmically (D-value), from the measured
bioburden and product sterility survivors from a fractional cycle and extrapolate the
inactivation or sterility to a probability, e.g., SAL.

EO sterilisation effectiveness can be validated and tested to determine its SAL, which
is denoted typically as a 10 probability of finding survivors. Requirements and
guidance for this (EO sterilisation) testing and validation are within ISO 11135-1 [8].

Validation of a sterilisation process and equipment is a process of obtaining,
demonstrating and documenting evidence that the equipment (and process), as
installed and operated in accordance with operational procedures, consistently
performs in accordance with pre-determined criteria and thereby yields product
meeting its specification, with protocol (plan) and documentation.

What constitutes complete destruction or removal of viable microbes varies. It is
virtually impossible to test every sterilised product without sacrificing the entire
product from a lot or load. Since most sterilisation methods destroy or eliminate
microbes logarithmically, it possible to measure the kill time logarithmically
(D-value), and extrapolate inactivation or sterilisation as a probability. Sterilisation
by heat is predictable because it can destroy microbes logarithmically and thus be
evaluated statistically, through validation. There are three methods or approaches
of microbiological validation.

The overkill method consists typically of three half cycles in which none of the (10°)
spores from BI or PCD survive. Other methods include a comparison between the
BI or PCD and bioburden on the product with typically a demonstration of 10°
probability of survivor of microbes on the product. The bioburden testing is performed
to show that the BI is of potential greater resistance than the natural bioburden.
Note: Validation is a step-by-step documentation approach to demonstrate sterility.

In a total bioburden approach, the bioburden testing will be determined to show its
inactivation and resistance to the actual process and demonstrate a 10 probability of
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survivors. Non-invasive medical devices may require only 10~ probability of assurance.

There are a variety of reasons why an EO sterilisation process may fail as well as
why it is successful.

1.1.9 Process Variables and Types of Ethylene Oxide Sterilisation
EO Sterilisation = Gas (conc) + Temperature + % RH + Time

EO sterilisation may not be faster at high concentrations and have more parameters
(steps) to deal with than other non-heat methods (e.g., H,O,, with plasma; O;) of
sterilisation, and, it may have more parameters than sterilisation by moist heat,
because of the need to aerate.

1.1.9.1 Process Variables

EO concentration, %RH, temperature and pressure and exposure time are the primary
process variables for EO sterilisation.

1.1.9.1.1 Ethylene Oxide Concentration

EO gas concentration is measured in milligrams per litre (mg/1). The typical effective
range concentration is between 400-1,200 mg/l. The higher the EO concentration
without any changes to %RH or temperature, the shorter the time taken to sterilise.
At high EO concentrations the inactivation reaction becomes zero order, but below
a threshold concentration(s), the inactivation reaction is first order under ideal
conditions, but not necessarily with product mass, where EO is absorbed. EO
concentration will influence the amount of EO residuals produced. Consequently a
reduced EO concentration may be required to achieve acceptable EO residual levels.
Gas concentration and gas time may be similar above 440 mg/l between 42-55 °C,
and EO concentrations of 300 mg/l may be maintained above 55 or 60 °C [6] where
under ideal conditions there is no product mass or barriers. However, standards and
manufacturer’s instructions should be carefully followed, unless demonstrated with
repeatable results to the contrary and validated differently. Typically inactivation times
are directly proportional to changes in EO concentration. However, as temperature
increases, the minimum EO concentration activity will begin to plateau, but this
will vary with product mass and barriers, where higher EO concentrations may be
required. However, the minimum active EO concentration may not plateau with
100% active saturated steam, as the temperature increases.
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1.1.9.1.2 Temperature

EO vapourises above ~11°C. Consequently it theoretically can sterilise at temperatures
as low as ~12 °C, which may be optimal for sterilising biological materials (e.g., bone
marrow) or tissues. But its typical effective sterilising temperature is as low as 21 °C.
Optimal operating temperatures for EO sterilisers typically range between 20-60 °C.
Some pharmaceuticals with pre-sterilised syringes in packaging have been sterilised as
temperatures as low as 20-25 °C. Temperature also affects the pressure of the gas. As
the temperature rises, the pressure also rises. So a gas mixture with an inert gas [e.g.,
chloroflurocarbon (CFC) or CO,] may not be able to deliver as high a concentration
as 100% EO. A preheated steriliser will allow the EO to remain in a gaseous state.
Careful attention must be paid to the chamber temperature and pressure.

The Qypvalue of EO may be 1.5 or 1.8. So every 10 °C rise may halve the sterilising
time. Its Z-value is approximately 38 °C. So a temperature change from an ambient
temperature (22 °C) to 60 °C may decrease sterilising time by 10%. Increasing
the temperature for EO may be limited because of the formation of its by-product
(ETG), with EO and moisture (humidity) of the process, which can be toxic at high
concentrations.

1.1.9.1.3 Relative Humidity

The standard conditions described for use of %RH are typical of the McDonald pre-
humidification EO process. It is humidifying under vacuum with a ‘static dwell’ time
prior to the injection of gas. This process injects steam after air has been removed
under vacuum followed by a ‘static dwell’ period prior to admission of the gas. Pre-
humidification is regarded as one of the most important steps in the sterilisation
process, because it is important to strategically place moisture under vacuum (with
removal of air) prior to admission of EO gas, for the following reasons:

e The number of water molecules even in a highly humidified environment is
overwhelmed by the greater number of EO gas molecules.

e The diffusivity of EO surpasses that of water vapour.

e Water readily reacts with EO and CO, through hydrogen bonding which would
create aggregates that would impede diffusivity of water vapour.

® Molecular interference such as air pockets and expanded heat sealed plastic bags
prevent effective permeation of the water vapour.

In practice steam is introduced into a steriliser after air has been removed to a minimum
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of 35% RH and commonly at a high level of RH usually 40 to 80% RH, and allowed
to dwell or ‘soak’ for a period of time to allow the moisture to permeate the load.
The rule of thumb is always to provide moisture in excess of a minimum of 35%
RH. However, the higher the humidity level, the greater the driving force, but while
100% humidity or saturated steam may be the highest driving force, it may not be
desired because it could wet the materials. It is important to inject steam at a slow
rate, otherwise dry product may overheat due to excessive hydration or over moisture
of certain materials (e.g., dry cardboard boxes), causing an exothermic response.

To achieve more uniform and optimal pre-humidification, for static dwell process(es),
a deep vacuum should be considered, so that as much air removal as possible can be
achieved with the equipment and system.

To prevent thermal lag between the chamber and the load, a slower steam rate should
be considered depending upon the density, level of moisture, and size of the load.

Moisture in EO sterilisation is typically measured as %RH - this is the ratio of the
amount of water actually present in the air to the greatest amount (saturation) in
air. While EO sterilisation may be considered a dry process, typically some moisture
must be present, but not at a saturation level. The optimal %RH is between 30-60%,
but %RH values are kept between 40-80% because of variations and absorption
of moisture in product loads, but higher %RH levels are needed for salt encrusted
spores [6].

Moisture plays an important role in sterilisation. It may help in the alkylation process
of EO to inactivate microbes, but it may also help to moisturise, desiccated or dry
microbes to allow EO in, by possibly softening the surfaces of the spores. Organic
and salt encrustation of spores, can require higher humidities for inactivation or
sterilisation.

Moisture will help EO transfer/pass through polar materials such as PA and cellophane,
while EO will help to drive moisture through non-polar materials such as polyethylene
and polypropylene. In industrial sterilisation, it is frequently recommended to pre-
condition product loads to overcome product dryness. So in addition to a 30-60
min period in vessel pre-humidification, or products may be pre-conditioned prior
to sterilisation for 8-24 h under ambient pressure conditions.

Moisture in the form of pre-conditioning or pre-humidification may help to heat the
product load and bring it to an equilibrium. Some pre-conditioning has also been
shown to reduce bioburden on the product prior to sterilisation. Moisture under very
deep vacuums with little air, may also help dilute residual air to keep EO within the
chamber outside of its potential explosive range.
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RH plays a very important role in all sterilisation processes. RH plays a critical role
in EO sterilisation processes for several different reasons: these reasons are discussed
in order to determine and establish further %RH parameter limits such as exist in,
in-house dynamic environmental conditioning.

RH is necessary for effective EO sterilisation, no matter what cycle is used.
Scientifically it has been demonstrated that the microbiocidal action of EO was 10
times faster at 28% RH than at 97% RH, and four times faster at 28% RH than
at 65% RH, during gas exposure. Currently %RH is measured indirectly (as steam
pressure) before exposure.

Paradoxically it has been shown that sterilising efficiency increased with increased
RH, essentially when loads or product were extremely dry, and higher temperatures
of sterilisation were required.

Microbiocidal activity is minimal when spores are extremely dry or desiccated and
high RH are required to reduce the resistance of desiccated or very dry spores. This
desiccated state may not be readily overcome by a high RH level unless the spores
are exposed to 100% RH or intentionally wetted. Concern over wetting has been
expressed, because EO gas may be absorbed into moisture, particularly on absorbable
or porous material like corrugated cardboard, which can lead to a significant decrease
in EO concentration. For example it has been suggested that a zone of high moisture
could have a diluting effect on EO reducing its availability to the micro-organism
especially when the EO environment is minimal.

When bacteria are occluded in organic matter, crystals, or even sweat, they can become
extremely resistant, which consequently has lead to the use of high humidities. The
humidity necessary to kill the B. atrophaeus spores in a salt preparation was found
by the Statens Serum Institut of Copenhagen, to be at least 76% RH at 20 °C, a
value which was recognised officially by the Nordic Pharmacopoeia. It was used as
the constant humidity condition to dissolve sodium chloride in sweat or at 60 °C, it
would be minimally 75% RH. Several years ago, Sweden had asked that their spores
be inactivated with the salt preparation. Only a dynamic (environmental) conditioning
cycle, (i.e., a cycle where steam was pulsed into the steriliser prior to admission of
gas), was able to show any inactivation of that indicator. However, they accepted
cycles without full inactivation of their BI, when there was extremely low bioburden
on the product.

Most sterilisation processes inject steam and measure RH during pre-conditioning
(before and outside the vessel), and other measurements are taken during pre-
humidification or during dynamic conditioning, before admission of EO. This is
regarded as one of the most important steps in the sterilisation process, because it is

27



Healthcare Sterilisation: Challenging Practices Volume 2

important to strategically place moisture under vacuum and prior to admission of
EO gas, for the following reasons:

e The number of water molecules even in a highly humidified environment is
overwhelmed by the greater number of EO molecules.

e The diffusivity of EO surpasses that of water vapour.

e Water readily reacts with EO and carbon dioxide through hydrogen bonding
which would create aggregates that would impede diffusivity of water vapour.

® Molecular interference such as air pockets and expanded heat sealed plastic bags
prevent effective permeation of water vapour.

1.1.9.1.4 Exposure

Of the four sterilising variables essential to EO sterilisation, exposure time may be the
easiest to measure and control. A change in any of the variables %RH, temperature,
pressure, or EO concentration may influence exposure. Typical EO exposure times
are 1-12 h. These times are dependent upon pre-environmental conditions, the load
mass, barriers to gas, product design and construction, humidity, and temperature.
The ability to sterilise depends upon the conditions that exist surrounding the microbes
during exposure.

With longer exposure times, it becomes imperative to either make up gas that
is absorbed in the product load, or to verify that a minimum gas pressure or
concentration that was validated is achieved at the end of exposure. Exposure is the
period of the cycle in which the microbes and product are in contact with minimum
concentration of EO at a set temperature for a certain period of time, necessary to
inactivate all microbes, typically for a probability of survivor of 10 or better. Typical
relationships of time - gas concentration and temperature result in a certain pressure.

Pressure during exposure will vary directly according to the concentration of EO and
the temperature applied. If the EO pressure and temperature do not correlate per the
manufacturer’s instructions or procedures, then other variations exist and sterilisation
may not be achieved. Typically as gas pressure increases above atmospheric pressure,
the %RH will be observed to increase. Therefore, %RH is observed and monitored
for quality prior to EO gas injection.

Bioburden affects lethality. With EO, low bioburden and bioburden control are
factors affecting lethality of processing. Unlike EO sterilisation, steam can have a
non-logarithmic inactivation death curve where heat activation (an initial shoulder)
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occurs in the decline curve because very dormant spores are virtually resurrected by
the initial excess of heat energy from the steam. However, clumping or heterogeneous
populations can lead to tailing of an inactivation curve of virtually any sterilisation
methods, including EO, particularly with large microbial populations. Consequently,
EO is best performed with pre-sterilisation low spore bioburden levels below 1,000
CFU/device.

With the chemically altered proteins within microbes, EO sterilisation becomes more
effective at very low temperatures for non-spore microbes. With temperatures of less
than pasteurisation temperatures (e.g., 62-72 °C) that are required for non-spores
(vegetative cells), EO sterilisation is typically effective at above ambient conditions
for inactivating both vegetative and bacterial spores, however, in the presence of
enzymes and other heat and chemically sensitive biological matter, EO can inactivate
spores at lower (sterilising) temperatures (e.g., 11-22 °C), and longer exposure times.

Product or material must be brought up to the sterilising temperature. EO is many
times more effective in materials and products that have been heated up than with
dry heat. Time to heat-up can be very lengthy, unless performed under optimal pre-
conditioning, humidification and gas injection.

Proper loading for EO penetration and distribution is necessary for less dense
loads and heavy packaging. Traditional temperatures for EO are 30-60 °C. These
temperatures kill only microbes but do not depyrogenate. The temperature for just
killing microbes must typically be in excess of 22-25 °C. Medical sterilisation of
‘very’ heat sensitive enzymes or polymers (e.g., ABS, acrylic, styrene and so on) may
require lower temperatures (e.g., 30-40 °C) than some typical traditional EO methods
at temperatures of 50-60 °C.

Exposure or contact with EO can vary with types of polymers and materials (e.g.,
textiles, fabrics and so on). Where EO cannot easily penetrate, it will not be very
effective, unless it heats up the product with EO. If the sterilant is glutaraldehyde,
less inactivation will occur and longer exposure time is required, without any heating
up of the product.

Temperature, heat and EO must penetrate all parts of a device to be effective. Typically
EO flows or diffuses into many areas (long lumens, some mated or adjacent surfaces),
which many other chemicals will not, because of EO’s ring structure and chemistry.
It goes into dense areas, mated surfaces, and where air is a barrier to permeation.
Consequently device designs, construction, conductivity, packaging, and loading
are critically important to achieving adequate lethality and ultimate sterility. Besides
sterilisation cycle parameters, other steps in the process must be considered.
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1.1.10 Typical Process Sequences for Ethylene Oxide Sterilisation

Sterilisation is still considered an art not a science, but is more a solution of
microbiological effectiveness and engineering efficacy.

1.1.10.1 Staging

Staging is the placing and positioning of the product during loading so that EO or
humidity via steam injection can be easily dispersed, disseminated and permeable to
all surfaces that need to be sterilised. Some miscellaneous precautions:

e DPrior to sterilisation, all instruments and other items to be sterilised should be
decontaminated, cleaned and not desiccated).

e All jointed or mated surface instruments should be in the opened or unlocked
position, while instruments composed of more than one part or sliding parts
should be disassembled.

e In larger sterilisation chambers, EO may be constantly flowing or mixed with
either a fan or a blower, because without it, stratification may occur.

e Instruments should not be held tightly together by rubber bands, clamps or any
other means that will prevent EO contact with all surfaces.

e Packs should be arranged in the chamber to allow free circulation and penetration
of EO to all surfaces.

e When using an EO steriliser, it is best to package devices in appropriate packaging
materials.

Besides air and moisture permeable packaging (e.g., paper, spun polyolefin), EO can
penetrate non-polar packaging (polyethylene) and drive moisture through the film, it
will not penetrate polar materials (PA) except with the help of moisture from humidity.
EO works best with materials that have similar qualities to itself, for example, EO
is non-polar and likes non-polar materials (polyethylene). Moisture (water) is polar
and likes polar materials (e.g., PA). However, moisture, humidity will diffuse easier
through porous materials such as paper and spun polyolefin than PA. For large
production loads, loading arrangements must be specified and validated for effective
%RH, temperature and gas distribution and/or penetration.
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1.1.10.2 Air Removal

Air must be removed or displaced so that moisture and EO can effectively contact
all surfaces and penetrate areas to be sterilised. This may be performed by various
methods.

The air displacement method is where air which is lighter than EO mixtures is
exhausted through the top of chamber (the reverse of gravity displacement by
steam). Air displacement is typically used to sterilise packages entrained with air. The
typical rate of exhaust is slow to remove air around the product package to prevent
them from bursting. The air displacement method is simple and requires typically
less equipment than deep evacuation pumps. A dynamic displacement method
(see Figure 1.3) will include a steam purge and steam pulsing to improve sterilisation
efficacy through dense or troublesome product loads. This dynamic phase is the same
as with a saturated steam cycle. In both situations, it can help not only moisturise,
but also heat a product load.
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Figure 1.3 Phases of a dynamic (environmental) conditioning process for an EO or
saturated steam process

This process is intended to sterilise products where air is difficult to remove. An
example of a chamber temperature and pressure profile is given in figure. The EO
sterilisation process like a saturated steam process is performed with a forced-air-
removal system consisting of six major phases:
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a) Air removal/conditioning: After the chamber is loaded with carriers or pallets
of product, the door is closed and secured. Air is dynamically removed from the
chamber and load by a deep vacuum and a dynamic series of vacuum and steam
pulses.

b) Charge (EO injection) or come-up time (saturated steam): EO gas is injected like
saturated steam in to the chamber until the sterilisation temperature and pressure
are attained.

¢) Exposure: The sterilising temperature and pressure are maintained in the chamber
by ethylene gas or ethylene gas mixture like a saturated steam process, for a
specified exposure time.

d) Exhaust (vacuum): EO is exhausted from the chamber by a vacuum and may be
drawn to a pre-determined level.

e) Aeration: For products that are required to be aerated or (dried after steam) the
temperature in the jacket and the vacuum in the chamber are maintained for a
pre-determined period.

f)  Vacuum relief: Air is admitted to the chamber through a microbiologically retentive
filter until atmospheric pressure is reached.

High evacuation EO processing removes the air before the EO is injected. Air removal
can be checked by a monitoring leak test (where vacuum is held) or by a Bowie Dick
test, which monitors the diffusion of moisture. Pre-vacuum cycles are typically faster
than balance pressure methods, but the product must be able to withstand vacuums
and pressure/vacuum rates or peel pouches may burst, or covers from pipe ends may
blow off. The control rates typically need to be controlled. Package bursting usually
occurs during the post-vacuum phase of the cycles, but a post-cycle hold is typically
used to de-gas the load. Hold times may vary between 20 and 45 min or longer.

Dynamic steam pulsing removes air from the steriliser and entrained air in the packed
load. This type of method usually includes a steam purge followed by EO injection
and gas exposure, then post-evacuation for improved aeration (see Figure 1.3). Slow
post-evacuation will generally not keep the product from bursting as much as use of
an EO overpressure cycle, but it can maintain the product configuration. However,
over-pressurised process cycles have been developed to prevent bursting.

EO processes are typically processes (Table 1.4) that have some air in order to prevent
the sealed packaging from bursting. In such cases recirculation fans are used to mix
moisture, EO and air, because otherwise entrained air is a barrier to moisture/EO
diffusion and penetration. EO - air mixtures are less effective than deep vacuum EO

32



Traditional Chemical Sterilisation Methods

processes with no air. However, they (pac
the product moist and allowing EO to d

kage with air) can be efficient for keeping
iffuse into the retained air (e.g., mixing),

and keep the package from bursting at the end of the cycle. This cycle will require

de-gassing to remove residuals.

Table 1.4 Typical (industrial) EO cycle parameters*

Phases | Parameter Conditions
Pre-conditioning parameters

Time 8-12 h

Temperature Ambient to 44 °C

RH 30-80%

In-vessel parameters

Initial vacuum

Vacuum From ambient (atmospheric) pressure to 0.09
MPa (vacuum), for example
Pre-humidification and/or pre-conditioning
RH 30-80%
Dwell time 15-120 min

Exposure time

Gas concentration

400-1,500 mg/l

Temperature 25-65 °C
Dwell time 30 minto 16 h
Vacuum/air wash
Vacuum/pressure 0.09 MPa (vacuum) to ambient (atmospheric)

pressure

Number of washes

1-3, typical

Post-aeration parameters

Temperature Time
60 °C 8h
50°C 12 h
25°C 4 days

*Please note: the figures and parameters given in this table are just examples. Significant
variations may occur due to changes in load sizes, gas absorption EO residuals, and

improvements in sterilisation.
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1.1.10.3 Typical Profile, Phases or Steps in an Ethylene Oxide Sterilisation
Process

Pre-conditioning (optional with industrial sterilisation, is not typically applied in
hospital sterilisation cycles) is a period of time to condition a product load under
controlled temperature and %RH conditions.

Pre-evacuation is used to remove air prior to admission of steam for humidification.
The humidity and heat-up is the steam period for conditioning with the %RH and heat.

Subsequent gas injection of EO involves gassing up to the desired exposure, pressure
and temperature. During the gassing phases microbial inactivation may begin
occurring before achieving the set point in large industrial sterilisers. A longer
conditioning time typically reduces exposure time, if optimal lethality is integrated.
Humidification and heat-up time enhances the conditioning and heating of material
for alkylation of EO of microbes on or within material.

Exposure is the period of the cycle in which microbes and product are in contact with
a minimum concentration of EO, at a set temperature for a certain period of time,
which is necessary to inactivate all microbes, typically with a probability of survivors
of 10 or better. Typical relationships of time, gas concentration and temperature are
expressed in terms of temperature and time (Table 1.3). The minimum concentrated
EO pressure (without carrier) under normal atmospheric pressure and temperature is
approximately 0.1 MPa or less than 0.1 MPa. Pressure will vary directly according to
the concentration of EO and the temperature applied. High temperatures will have a
minimum concentration of EO (e.g., 400 mg/l at greater than 44 °C and higher, above
which a higher EO concentration is not required unless for reasons of absorption
and so on). If EO pressure and temperature do not correlate to the manufacturer’s
instructions or to the minimum concentrated EO mg/l, then other variations exist
and sterilisation may not be achieved.

The post-evacuation period is the period or step after exposure to bring pressure,
temperature, EO concentration and moisture down to reduced conditions. This may
be a period where packaging or containers (with entrained air) may burst or distort
with the change in internal pressure versus external pressure and may require positive
pressure overlay in the chamber to prevent it.

During the degassing period, microbial inactivation may be continuing to occur
beyond simple exposure to EO. A longer degassing period may reduce exposure time,
through integration of lethality during this period, and can help reduce the overall
(total) process exposure appropriately.
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Aeration is the period following EO exposure and the degassing period where residuals
are allowed to degas. Aeration may also remove residual moisture and help polymer
hydration. Post-heated aeration can provide additional inactivation by not allowing
damaged microbes to repair themselves through nucleic acid annealing that might
otherwise be observed as a slow growth, sterility incubation phenomena. Aeration
with circulation and some heat can help eliminate water marks, and restore material
distortion.

Post-sterilisation heat aeration may complete the inactivation of a few microbes that
managed to survive after the heat-up, exposure, and degassing phases of the cycle
for full inactivation. After a typical EO cycle, the product may be post-sterilisation
heated and aerated, to achieve an addition reduction of residual microbes spores by
1-2 logs or more of population before putting them on test. If the product were not
heated and held, but refrigerated, further reduction of residual microbes or spores
will not occur.

1.1.11 Some Types of Ethylene Oxide Sterilisation Cycles
Standard EO cycles vary, but two are predominant:

*  100% EO cycle with/without nitrogen, which is typically used in industry and the
standard EO/Freon (CFC) cycle. The cycle generally begins with an initial vacuum
to remove air, and then steam is injected for pre-humidity, because steam diffuses
slower than EO. After pre-humidification, EO gas is injected (either 100% EO
with or without nitrogen or an EO gas mix with CFC). Then items are exposed
for a period of time, and the EO gas is removed by vacuum and air purging, and
then a final air injection to atmospheric pressure.

e Air displacement - is method to displace air in the chamber by a flow of EO with
a diluent that is heavier than air to displace the air through the vent at the top of
the chamber.

® Pre-vacuum — McDonald cycle - a vacuum is pulled into the chamber before
allowing steam in (first) before injecting EO, because EO diffuses faster than
humidity.

® Dynamic environmental conditioning — this type of cycle is used in place of the
McDonald process - a pre-vacuum with steam pressure pulsing and vacuuming
is applied - where a series of vacuums and steam pressurisations are performed
before injecting EO gas to a pressure setting for exposure, to drive out any residual
or hidden air pockets in the load, and thoroughly heat the load.
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e Match flow is a very rapid method of injecting steam under vacuum at the same
rate air is being exhausted prior to injection of a minimum concentration EO
sterilisation process.

1.1.11.1 Other Ethylene Oxide Sterilisation Methods or Cycles

Steam EO would be a process with temperatures in excess of 65-70 °C where steam
is injected (typically under vacuum) to bring the load up to 65 °C or higher and then
injecting EO gas. Under these conditions saturated steam is used to effectively pre-
heat the product before EO gas is injected. Since elevated temperatures are provided,
there is activation and some inactivation of microbial spores, making the subsequent
killing by EO easier. However, ETG may be an additional EO residual that is more
tolerable than pure EO or ECH, as residuals.

Balance pressured EO-air mixture — EO is mixed with air to keep some sealed
packages with entrained air from bursting. This often requires circulation fans. Air
cooling is often used during the post-exposure portion of the cycle. It is less effective
than humidity, but useful.

Package injection or EO and diffusion - is a method to keep products uniform and
packages/containers from distorting.

A truly magical EO sterilisation process is a specialised, specific low EO concentration
(<300 mg/l) and low residual (<2 ppm) process that has proved very effective
and efficacious (see Table 1.5). It begins with a deep vacuum pre-humidification
(without any pre-conditioning), involves a slow heating injection of saturated steam
to a set point under deep vacuum to >85% RH for maximum heating >60 °C for
high temperature of the load and low EO concentration (<300 mg/l) from a dilute
EO/CO, (heated) gas mixture. The gas mixture is injected to nearly double
pressurisation (e.g., ~0.2 MPa) of the chamber. Note: EO boils at ~57 °C at
0.2 MPa. The use of the EO/CO, gas mixture is thought to drive the EO gas through
very difficult to permeate areas until pressure equilibrium of the external and internal
gases is achieved. The high pressure CO, gas may create a slightly acidic environment
to help open the epoxide ring. This process includes a continuous EO cycle including
heated aeration as part of the total cycle. It employs a non-flammable, low 6-8%
EO/CO, gas mixture. In this process heated aeration continues to inactivate microbes
and spores. Bl or PCD are not removed until after the heated aeration. Consequently
the EO/CO, gas is removed and product is (drawn) moved directly into heated aeration
for an additional period of approximately 6-12 h. High levels of spore inactivation
have been achieved with <300 mg/l EO. This process (300 mg/l) provided equivalent
results to a standard 1,200 mg/l cycle with the same difficult to sterilise device. Also
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extremely low EO residuals of less than 2 ppm were achieved. Anything toxic taken
in a small dose (concentration) is actually stimulatory. This excellent EO residual
level is the result of a combination of very low EO sterilising concentration and
heated aeration (>45 °C). Because of the ‘statistical’ uniqueness of this process a ‘12D’
BI/PCD is applied and employed ‘routinely’ on every load, to verify overkill
continuously, and not just during validation or requalification.

Table 1.5 A Specialised EO cycle

Phases Parameter conditions
Preconditioning Not applied
Initial vacuum
Vacuum Ambient (atmospheric) pressure (0.1 to lower than 0.09 MPa
vacuum®™)

Pre-humidification

%RH >85% to less than 100% RH (no wetting) steam injected slowly
(over 20-30 min) to a set point.
Procedure time 20-30 min
Exposure
Gas concentration <300 mg/l*
6% EO/CO, gas pressurised to ~0.2 MPa
Temperature 60 °C
Dwell time 4h
Vacuum/air wash
Vacuum/pressure To 0.09 MPa (vacuum) and then up to ambient (atmospheric)
pressure
Number of washes Repeat 1-3 times - final pressure to atmospheric pressure

Post-sterilisation aeration in an aeration chamber contingent to or within the steriliser (may be
eliminated with lower EO concentrations (e.g., 50-100 mg/1*)

Temperature Time
60 °C 8h
Cycle end -

12D BI/PCD removed Rapid BI 4 h

*The parameters and phases can vary depending upon the load and the load mass
configuration, moisture, gas absorption and so on.

Each type of sterilisation, discussed previously has its ‘individual’ advantages and
disadvantages. The selection of the particular process type is dependent upon a
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variety of factors such as the material/product/packaging capabilities, and the end
use characteristic of the product and package.

1.1.12 Advantages and Disadvantages of Ethylene Oxide Sterilisation

EO sterilisation, although widely used, is not as ideal or a perfect sterilisation method
as it once was, by any means. It has inherent advantages and disadvantages, frequently
requiring a benefit risk analysis.

1.1.12.1 Advantages

The inherent advantages of EO sterilisation are numerous and varied:
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It is a mild and soft treatment compared to irradiation, steam, dry heat and strong
oxidising agents.

It is ‘now’ a reasonable sterilisation method.
It is more compatible with more polymers than other methods.

EO sterilisation has been generally been reserved for heat, oxidising, moisture
and radiation sensitive materials.

EO is capable of destroying most viable forms of life. It is a recommended method
for destroying more resistant spores and hard to target viruses by irradiation.

EO sterilisation is frequently part of aseptic processing (e.g., in-line parts).

It has been used as a method of choice for most hospitals and healthcare facilities
in the USA.

Typically EO is the most dependable sterilant for surgical procedural operational
trays.

EO is frequently and routinely used for decontamination of reusable (hospital)
electrical supplies and equipment.

It can sterilise locations or sites such as mated surfaces, long and restrictive lumens
or spaces by ‘diffusing between near mated surfaces or spaces (e.g., syringes in
glass containers and overlapping instruments).

EO sterilisation can sterilise-in-place (SIP) some devices within sealed packages.
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1.1.12.2 Disadvantages

High-pressure EO sterilisation is a very effective method of sterilisation but it can
be difficult to do correctly, maintain, and control. Some inherent disadvantages of
EO sterilisation are:

e EO sterilisation cannot sterilise (inactivate) the desiccated cotton mould, Pyronema
domesticum, easily (without pre-conditioning with steam).

e To use and operate EO sterilisers and to perform sterilisation properly requires
special ‘training’ of personnel who will be using the technique. Well trained
personnel and safe practices during operation are required to avoid any leakage
of this flammable, explosive, carcinogenic and very hazardous gas.

* EO must reach an acceptable pressure for an effective sterilant concentration to
occur, and boilers must be maintained, so that they do not produce toxic additives.

e EO and its by products can be carcinogenic and toxic.

e Concentrated or pure EO may be less effective than a low concentration with
diluted gas mixes.

* EO may be deleterious to EO adsorptive materials.

e It may be incompatible to certain polymers under certain conditions, such as
ABS, acrylics, copper, low-density polyethylene, some standard styrene and some
urethanes.

e It may eventually (through numerous re-sterilisations) damage some materials.
® The loading and packing configuration may be critical to performance.
e Under most circumstances it is not as penetrable as gamma irradiation.

® It cannot sterilise electronic devices, which are damaged or interfered with by
moisture from pre-conditioning or pre-humidification.

e The source of ‘aged’ EO may be contaminated with high non-volatile residues.

e The quality of EO must be good, without any polymerisation or tendency to
polymerise.

e Air, salts, organic matter, matched or matted surfaces, long tubing, or enclosed
spaces can be a barrier to humidity and/or EO diffusion.

e [t cannot sterilise oils, wet material, as dry heat or steam can.

* EO cannot inactivate (depyrogenate) endotoxins, as dry heat can.
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EO cannot inactivate prions as steam can.

Absorbable or hygroscopic materials such as polyglycolic acid cannot be used
with EO. EO sterilisable materials must be stable to both moisture and heat.

EO cannot sterilise liquids in the same way as steam and filtration can.

1.1.13 Recommended/Non-recommended uses of Ethylene Oxide
Sterilisation

The recommended uses of EO sterilisation vary:
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EO sterilisation is typically the recommended method of choice, when items are
heat sensitive or moisture damaged or if they contain sensitive electronics.

It is the gold standard of gaseous sterilants because of its penetration capabilities.

It must be compatible with the environment and local health and safety, and state,
and national regulations.

The number of possible materials, polymers, and some metals capable of tolerating
its EO and moisture vary (Table 1.6) with reduced temperatures and longer
exposure times and so on.

In hospitals and laboratories where re-usable materials are frequently and routinely
sterilised, EO sterilisation is predominantly used and readily available.

It is not a recognised method for inactivating Pyronema domesticum on cotton,
unless steam is used during pre-conditioning.

It can sterilise glass, acetals, most polymers, natural PP, most Teflons and many
re-usable materials that irradiation cannot, and cellulosics (paper and so on) that
oxidising agents cannot sterilise.

It can sterilise and re-sterilise many surgical procedural trays that many other
methods cannot.

It is not recommended for inactivating prions; for these, only steam is
recommended.

It can sterilise sealed encapsulated drugs and substances (e.g., antibiotics,
antiseptics and so on) that irradiation would penetrate and destroy, and that very
deep vacuum processes such as H,O, with plasma could burst, as part of surgical
operation tray.
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Table 1.6 Resistance of some materials to EO and some other methods

Material Processing
EO Other methods
PA 6,6 Excellent Excellent — for autoclave and
radiation
PA 6,12 Excellent Good - for autoclave and radiation
Polyoxymethylene Excellent Good - for autoclave but not for
radiation
PC Some gas mixtures cause | Good - for autoclave, fair for
microcracks radiation
PP Excellent Good - for autoclave, poor for
radiation
Polyacrylic Good, but temperature | Bad - for autoclave, fair to good for
limited radiation Melts and yellows with
radiation, fair for H,O,
PS Good, possible sticking | Poor - for autoclave, excellent - for
between adjacent radiation, poor for ozone
surfaces, crazing
PVC Very good, but varies Fair — for autoclave, yellowing with
radiation and blooming of plasticisers
on surface
Polybutylene terephthalate | Excellent Excellent - for autoclave and
radiation

1.1.14 Some General Considerations of the Ethylene Oxide Technique

The EO sterilisation technique uses multiple conditions in validation and routine
processing such as temperature (mild heat), moisture (non-condensing humidity),
pressure changes (vacuum and pressurisation), and exposures to %RH and
concentrated EO with or without its non-flammable diluents, degassing (purging) and
aeration. Product and packaging should be designed to allow for removal of air and
penetration of steam and EO. Consideration should be given to the potential physical
and chemical effects of these conditions and the formation of residuals. During an
EO sterilisation process, products can be subjected to environmental stresses such as
vacuum and pressure changes and pulses, heat (mild temperature changes), air/gas
changes, and changes in humidity. The product may also react with EO and/or
diluent gases used, but not like irradiation or oxidising agents. The product design
should ensure that functionality and safety are not compromised by exposure to the
anticipated range of sterilisation conditions, or multiple re-sterilisations. Furthermore,
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a high moisture content and changes in pressure may affect the strength of package
seals with a consequent loss of integrity.

1.1.15 Some Material Compatibility Considerations

EO sterilisation is very gentle on polymers compared to other sterilisation methods.
Limitations related to material compatibility typically relate to a polymer’s EO
adsorptivity and some sensitivity to humidity, such as hydrophilic coatings. Users
also need to be careful with EO sterilisation when applying polymers as carriers for
drug delivery, because it is reactive to most drugs. Some drugs such as Taxel based-
formulations cannot withstand high temperatures and high humidity EO cycles. EO
will sterilise most polymers for medical devices.

Some polymers that are compatible with EO [1] are:

e Acetal.

e Elastomers —silicones (peroxides and platinum cured - no significant crosslinking),
thermoplastic elastomers styrene-ethylene-butylene-styrene, thermoplastic
polyolefin, natural isoprene, ethylene-propylene-diene terpolymer, urethane,
nitrile, butyl and styrene-butadiene.

¢ Fluoroplastics - PTFE and fluorinated ethylene propylene, polyvinylidene fluoride
and polychlorotrifluoroethylene.

e ‘High-end’ engineering resins, polyether ketone, polyether ether ketone and
polyetherimide.

e PA, especially aromatics, PA12, PA11, PA6/12 and PA6/10.

e DPolyethylene, low-density polyethylene < linear low-density polyethylene, high-
density polyethylene and ultra-high molecular weight polyethylene (UHMWPE).

® DPolyesters and polyethylene terephthalate glycol.

e PC and its alloys.

e Polysulfone.

e PVC - flexible and semi-rigid, coloured, plasticised and unplasticised.
e PU (8 chemical varieties).

e PP (unstabilised).
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e Polypropylenes (stabilised) and their co-polymers and polymethylpentene -
radiation stabilised.

e DS and its copolymers (ABS and styrene-acrylonitrile).

e Polyacrylics (PA, polymethylmethacrylate and polyacrylonitrile).
o Silicone - prostheses.

e Thermosets - epoxies, phenolics, polyimides, PU and polyesters.

Because EO is deemed to be a potential human carcinogen and reproductive toxicant,
its use is becoming increasingly limited and controlled. Post-sterilisation evaluation for
toxic residuals (EO and ethylene chlorohydrin) must be performed before release or
validation of product. Long exposure times and post-sterilisation aeration times as well
as post-processing BI testing may reduce the use of this process on a practical basis.

There are not many materials that can be damaged by EO except for some enzymes,
some bioabsorbables, and a few polymers such as styrene, which can possibly be
crazed by the action of EO. Many of these damages can be overcome by changing
cycle parameters and systems.

EO sterilisable materials and items must be stable to EO and some humidity moisture.
Select the polymers and materials that best fit the EO sterilisation temperature and
process that is to be used by reviewing material properties of the polymers to be
sterilised. Many more polymers (e.g., acrylics) can be sterilised by EO at lower
temperatures (e.g., <55 °C) for example than at 65 °C.

In many ways, EO has been a victim of its own successes. For example, EO is most
often characterised by its overkill conditions to inactivate spores. It uses extremely
high gas concentrations (e.g., >400 mg/l) to inactivate highly resistant non-pathogenic
mesophilic spores and more recently, extremely resistant Pyronema domesticum, that
other sterilisation methods cannot destroy.

Lower gas concentrations <300 mg/l may be acceptable and validated, but materials
and polymers must be compatible with a %RH in excess of 90% at times. Some
super-humidification (slightly less than 100% RH) sterilisation is tolerated at elevated
temperatures.

At lower sterilising temperatures and %RH, more polymers and items are tolerable
of EO: for example, acrylics, some enzymes and electronic devices. However, these
polymers and items may be sterilised or processed only once, not repeatedly.

In designing healthcare products, manufacturers need as many as possible heat
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stabilised materials because of the growing complexity of products such as medical
device and drug combinations, and reprocessing.

Compare the rate of microbial inactivation and the time to sterilise to rate of material
damage (e.g., enzymes). There are ‘more’ non-liquid materials that can be EO sterilised
than not sterilised. EO sterilisation of healthcare products, drugs, pharmaceuticals,
medical devices, and polymeric materials is a specialised field requiring an interfacial
area of investigation, discipline and information.

1.1.16 Safety and Regulations for Using Ethylene Oxide

Use of EO has been a stable trend in the sterilisation field for over 25 years, but
it is increasingly less used in hospitals, and industry because of health and safety
regulations. EO is toxic, hazardous, flammable, explosive, carcinogenic and highly
regulated. Workers may be at risk of death or serious injury from explosions if
safe operating procedures are not established and followed in large-scale industrial
processes that use EO for sterilising medical devices and other products. Also people
in a nearby commercial areas (e.g., malls, schools) may be affected by it. EO is not
only hazardous. It is recognised as a known human and animal carcinogen.

EO is a gas not liquid and gases are more difficult to handle than liquids. EO
is explosive, if not made inert. No static charge or leaks are allowed, for 100%
EO. If EO is inadvertently ‘overfed’ into the emissions control device at rates or
concentrations higher than the device can safely handle, concentrations of the gas
may reach flammable levels. If that occurs, heat sources in the emissions control
device may trigger an explosion. Between 1994-1998, ten explosions of EO were
associated with industrial sterilisation facilities and also at EO repackaging plants
where EO is transferred from large drums to small tubes or canisters for later use in
small sterilisation units at hospitals. In one such explosion, a worker was killed and
59 others were injured.

To get approval to use EO is a challenging and lengthy process. If another EO
facility exists within the same area, no approval for use is given. There are increased
regulations and scrutiny for:

e Special controls - security and alarms.
e  Monitoring.
e EO scrubber.

e Waste removal.
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Local nuisance, e.g., not in my back yard.
Increased insurance at populated site.
OSHA.

EPA.

State and local regulations

Special EO training.

Special personnel.

Frequent audits.

Potential complaints and lawsuits.

Proposition 65, a Californian law with very low EO limits, and those who report
excesses are rewarded as bounty hunters.

Potential future community response and publicity to a facility which uses a
known carcinogen.

Facilities within the same facility, which may result in toxic, flammable and
explosive levels of EO.

Other significant considerations when using EO are:

EO is reactive with acids, bases, amines, water, and some metals. It is harder to
handle as a gas than as a liquid.

EO sterilisers are easier to install and start up, than irradiation facilities. Very
small sterilisers of less than 10 litres are used.

Highly regulated.

Lower TWA in future from 1 ppm OSHA versus 0.5 ppm (National Institute for
Occupational Safety and Health (NIOSH)).

Immediate danger to life or health (IDLH) — can be less dangerous to health in
small facilities.

Low quantities allowed in some states (e.g., <2,267 kg).
Future EO residual criteria will be likely reduced by 50%.
Apply EO standards according to ISO 11135 [8].
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e Applying the same criteria to parametric controls and reduced Bl incubation, may
limit release time.

Other considerations when using EO are:

e Its compatible limitation with drugs/devices. It is a strong alkylating agent and
its by-product, ETG may have some additional considerations when using it with
drugs, as well as local disposal from the scrubber.

e  Once sterilisation is completed, EO is vented at a controlled rate through closed
ductwork to an emissions control device to meet environmental emissions limits,
where the EO is either burned off or converted to water and CO, through either
heat or catalytic conversion.

e Despite all the regulations, toxicity, and safety requirements of EO sterilisation,
it is still possible to install and qualify this process.

Note: Small size sterilisers and small EO usage, have less regulations, and safety
issues to deal with.

1.1.17 Process Improvement and Enhancement

With recent drug/device combinations, there has been a mini resurgence in EO
processing. The specific types of EO sterilisation processes can vary significantly to
be compatible with device/drug combinations and various products and polymers.

EO has been used to sterilise some pharmaceutical formulations. Its use for this
application is somewhat limited because the EO process may alkylate or hydrolyse
chemically reactive species, and the relatively long times at temperatures of 40-60 °C
may cause some thermal degradation, and the vacuum pulses may evaporate low
boiling point components of the formulation.

Some EO process types encountered are: balance pressure, standard McDonald
pre-humidification cycle, dynamic environmental conditioning, air displacement,
modification of evacuation to prevent packages or devices from exploding, and some
degree of high humidity with post-sterilisation aeration.

EO sterilisation processes can be process controlled release or parametric released
for just-in-time operations. Some products and devices can be ‘sterilised-in-place’
(SIP) during aseptic assembly or released after short Bl incubation times (e.g., 4 h).

EO sterilisation has greater ‘penetrating’ capabilities that alternative technologies to
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inactivate spores on products that are not cleaned, or spores within serum or salt [11].

The biggest challenge of reprocessing devices after they have been used for clinical
procedures is high-level disinfection or sterilisation [12]. With a decrease in EO
sterilisers and sterilisation in hospitals and clinics and increase in alternative
sterilisation, e.g., H,O, and H,O, this challenge has become apparent in 2010-2011,
particularly with endoscopes [12].

Lower EO sterilisation processes (e.g., <300 mg/l), are as good as higher EO
concentrations (e.g., 450 mg/l), when deeper initial vacuums are drawn, and higher
humidities are able to reach remote locations [6]. Experiments have been carried
out with theoretical considerations to show that EO concentrations may be reduced
to 50-100 mg/l [6], providing sterilisation parameters are changed to improve pre-
humidification and controlled with certain theoretical considerations [6].

With such a low EO gas concentration, it may be possible to sterilise many devices
without any aeration, leading to faster processing, less consumption of EO, and
with less gas usage, less regulations and more choice (less cost) of polymers with or
without additives. This would reduce the overall time to process the EO product,
and it is possible with such reduction of EO concentrations to reduce the regulations
required for its use. Furthermore, while raw material costs go up for polymers, EO
begins to look less expensive because it can sterilise many more polymers without
additives and special processing required for irradiation.

The low steam-formaldehyde process is an example of a process using a chemical
such as EO at lower than 100 °C (e.g., 65-80 °C) with steam [13]. A steam - EO may
produce ETG, a safer by-product than EO residuals or ethylene chlorohydrin.

EO may still be the ‘gold’ standard of gaseous sterilants because of it excellent
penetration capacity through lumens, salts, serum organic encrustation, unclean
devices [12] and broad material compatability, see AAMI TIR 17 Annex B: Ethylene
Oxide Sterilisation - Material Compatibility Fundamentals [1] and while newer
alternatives may be faster, and lesser regulated, traditional EO sterilisation may
remain the gold standard for the next 25 years.

The next future generation of EO sterilisation processing however may be quasi-
alternative traditional EO sterilisation processes that reduce EO concentration and EO
residuals, reduce processing time, become more environmentally friendly, require fewer
regulations, and sterilise less costly polymers and products. If regulations continue to
make use of EO too difficult for continuation of EO sterilisers and sterilisation, then
its near twin brother, polypropylene oxide (PPO) could be considered (see Section 1.3)
as a means to sterilise unclean (reprocessed) devices such as endoscopes, with less
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regulations, less hazards, different residuals (e.g., propylene glycol (PPG), because
PPO has better penetration capability of reprocessed and other uncleaned devices
than current alternatives such H,O, and Oj;, but it is weaker than EO.

1.2 Glutaraldehyde (Liquid) Sterilisation

Although infrequently used for ‘disposable ‘medical devices, liquid glutaraldehyde
sterilisation does have ‘future’ benefits (green). It can sterilise heat sensitive tissues
that other traditional (heat), irradiation methods, and H,O,/plasma and O3, cannot.
It has excellent material compatability. Other methods (e.g., low heat), EO and
glutaraldehyde are routinely used for sterilising many high heat sensitive devices,
instruments, hospital utensils, wraps, and items that can be re-sterilised and re-used.
Some special differences and considerations between EO and glutaraldehyde exist.

EO is typically gaseous, while glutaraldehyde is typically liquid, except for fogging
(see Section 1.2.1). Some general charateristics of glutaraldehyde are:

e Chemical:
o Itisliquid.
o Itis toxic and can be a sensitiser.
o It has toxic residues.

e Itis a simple sterilisation process:

o It has few parameters (e.g., solution activation (mixing), to change the pH,
colour, concentration and exposure).

o It requires simple equipment and facilities.
o It has limited penetration, however, it can penetrate tissues.
o It requires safe handling.
o It typically does not require packaging.
o It requires environmental control and monitoring.
o It requires a long exposure for sterilisation.
e Advantages:

o Itissimple.
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o Itis compatible with tissue and materials.
o It inactivates a wide range of microbes.

o Itis widely available.

o It is not carcinogenic.

Methods have been devised to use glutaraldehyde in SIP applications and subsequently
rinse them, without causing adventitious (accidental) contamination during post-
sterilisation treatment or breach of the system with low risk, subsequent to sterilisation
treatment through immersion. This is critical.

This method requires that the device be sterilised totally immersed, in glutaraldehyde,
and then subsequently rinsed, to remove toxic residuals. This is a two-step procedure,
that requires handling a liquid sterilant instead of terminal sterilisation within a
package and then rinsing with outside handling with aseptic technique(s).

Sterile is a special term, intended to indicate freedom from all micro-organisms, including
bacterial spores. Since the absence of all forms of life cannot be proven unequivocally,
a validated process, remote probability of survivor, and maintenance of sterility must
be used to demonstrate, beyond a reasonable doubt, that no microbes are present.

One approach has been suggested to exclude any low risk, aseptic hazard to the system.

In such an approach, it is necessary to pre-sterilise the container (for immersion and
rinsing), with filters and then subsequently sterilise them again with glutaraldehyde,
so there is no risk at this juncture. In place filters are pre-connected to the container
to prevent further contamination after sterilisation.

Filtration is not regarded as a terminal sterilisation method by some people but since
the filters have been pre-sterilised, and SIP again with the glutaraldehyde, items treated
in this way should be completely sterile. Subsequently pre-sterilised saline is used to
rinse off the glutaraldehyde from the device within the confines of a container with
filters on both ends. The container can have double filters to remove any doubt or
skepticism that the rinse solution or device is not sterile. After rinsing the device the
contents can be air filtered through the filter to remove any wetness on the device.

1.2.1 Glutaraldehyde — A Fogging or Aerosolised Method
Glutaraldehyde is typically a liquid sterilisation method, but it has been used in

fogging (creation of an aerosol). Glutaraldehyde is typically only a surface contact
sterilant of items or materials for fogged glutaraldehyde
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1.3 Propylene Oxide

Hypothetically it would be assumed that PPO would make a good substitute for EO
(see Figure 1.4), based upon its physical and chemical properties.

Q
Note: The extra hydrocarbon side chain versus ethylene oxide - this may reduce penetration
capabilities; explosions
Other names: Methyl oxirane and Epoxypropane
CAS number 75-56-9
EC number 200-879-2
Molecular formula C;HO
Molar mass 58.08 g/mol
Appearance Colourless liquid
Density 0.830
Melting point -112°C
Boiling point 34°C
Solubility in water Appreciable, less reactive than EO
SDS Oxford MSDS
NEFPA 704
Flammability* 4
Health 2
Reactivity 2
Flash point -37°C
Auto-ignition 747 °C
temperature
Flammability limits 2.1-37%
OSHA PEL 8 h TWA | 20 ppm (50 mg/m?)
TLV TWA 20 ppm (48 mg/m?)
IDLH 2,000 ppm (400 ppm)
LDs, 1,140 mg/kg, rat - oral
LCs (4 h): 4,000 ppm rat - Inhalation

Figure 1.4 PPO - physical and chemical characteristics. EC: European Commission
and MSDS: Materials Safety Data Sheet
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PPO has frequently been used as a substitute for EO in sterilisation [14]. This has
principally been in the food processing industry, because of its lower toxicity. It has
very similar properties to EO, which may make it the next ‘closest’ gold standard for
gaseous sterilants. A similar case history or situation occurred between very highly
regulated ethanol and isopropyl alcohol (IPA), allowing IPA to be subsequently used
frequently, in place of ethanol. Also, PPO residuals are not considered as hazardous
as EO residuals in the food treatment area, and PPG is a considered to be safer than
ETG and is used as preservative. PPO is not explosive as EO. However, there are
some disadvantages [15] that need to be overcome with PPO:

* It may be much less effective than EO.
e It may diffuse relatively slowly compared to EO.
® Because of its higher boiling point, it may be more difficult to remove.

e There is some uncertainty, will its TWA OSHA inhalation level be reduced from
20 ppm?

® Recently its IDHL was reduced from 2,000 ppm to 400 ppm which is lower than
that for EO at 800 ppm.

But, PPO is less explosive, less hazardous than EO, easier to handle as a liquid
rather than a gas during transportation or holding and gives better penetration
than the alternatives of H,O, and O;; and it is assumed that PPO would continue to
decontaminate, and sterilise, after sterilisation during aeration.

However, PPO can have more than one chemical form, which is not true for EO.

It may not be carcinogenic or it may be less carcinogenic than EQO. Significant changes
in sterilisation procedures and equipment for PPO may make it as effective as EO and
more efficacious. It has suffered as failing to penetrate organic matter, however, it is
deemed to be more diffusible than either H,O, or O;. There are ways of improving
its penetration for organic matter.

Steam - PPO may produce more PPG than other potential hazardous residuals.
PPO may be easier to synergise with other agents to make it a more potentiated,
faster, efficacious and more effective sterilant, and a quasi acceptable alternative to
traditional EO sterilisaton. PPO sterilisation may be more acceptable if referred to in
the future as a cold and/or hot sterilisation process, as irradiation is referred to as cold
pasteurisation of certain items (e.g., foods), because of probable carcinogens they are
not readily accepted. Unless PPO can be ‘converted’ fully into a non-carcinogenic and
non-toxic PPG as a residue or by-product, it may have a difficult time being accepted
in the future. If it can be converted into a PPG residual, this may be a benefit as a
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preservative. H,O, and irradiation are readily converted into a non-toxic and non-
carcinogenic residue, radical or by-product within materials and products, and have
been accepted. Early reports [16] suggest that PPO may react with organic matter
(e.g., cereals) and require high concentrations to be effective, but these conditions
can be overcome and improved with newer techniques to make it more acceptable
as an sterilant.

1.4 B-Propiolactone

B-Propiolactone is unique lactone chemical with special physical and chemical
properties (see Figure 1.5). It is a colourless liquid at room temperature and boils
at 163 °C. It is not flammable at room temperature. The usual concentration for
sterilisation 2-5 mg/l and it requires a high humidity (75%). It has very strong
microbiological activity but has weak penetration ability, so it is essentially a
surface sterilant. It is not used extensively because of its carcinogenocity, and
other physiologically undesireable properties, however, its B-hydroxylpropionic
acid hydrolysis by-product, is not carcinogenic and does not have its undesirable
physiological properties. It is one of the most rapidly sporicidal agents. It has been
used sterilise and decontaminate contaminated areas and spaces in a vapour state,
as well as sterilising biological material without toxic or allergic manifestations in
a liquid state.

It is 25 times more effective than formaldehyde, 4,000 times more effective than EO,
and 16,000 times more effective than PPO, and 50,000 times more effective than
methyl bromide [15]. How does this compare to H,0,, peroxide with plasma, and
O;? Like these compounds it can be converted into a non-toxic, non-carcinogenic,
by-product.

However, because of its high carcinogenicity it has not been frequently used. In the
recent past it was used to sterilise various contaminated areas, e.g., food processing
facilities. It has a high boiling point but is converted into a non-toxic by-product,
B-hydroxy-propionic acid, which is non-carcinogenic and has a lower toxicity [14].
It is many times faster and more sporicidal than EO. It has been used to sterilise
biological materials without toxic or allergic manifestations in the liquid state [14].
It may be useful as a spray sterilant. Because of its potential detrimental properties
it has been deemed ‘not’ to be suitable for hospital sterilisation.
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Ojo

<

IUPAC name:
Oxetan-2-one

3-Hydroxypropanoic acid lactone

Other names:
Propiolactone
B-Propiolactone
2-Oxetanone

CAS number 57-57-8"
ChemSpider 22757
UNII 6RC3ZT4HB0O”
KEGG D05630*
Jmol-3D images Image 1
SMILES
InChl
Properties
Molecular formula C;H,0,
Molar mass 72.06 g/mol
Appearance Colourless liquid
Odour Pungent, acrylic
Density 1.146 g/cm?
Melting point -33.4 °C
Boiling point 162 °C (decomposes)
Vapour Pressure 466 Pa at 25 °C
Solubility in water Soluble, hydrolyses readily in
water
Solubility Miscible in organic solvents
Refractive index (7p) 1.4131

Figure 1.5 -Propiolactone, physical and chemical properties: KEGG: Kyoto
Encyclopedia of Genes and Genomes and UNII: The Unique Ingredient Identifier
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1.5 Glyoxal

Glyoxal shows good potential in the substitution of aldehydes (e.g., formaldehyde
or glutaraldehyde). Glyoxal is an dialdehyde like glutaraldehyde, but has a lower
bacteriocidal activity (10%). However, it can be vapourised and considered as a
gaseous sterilant. It boils at 51 °C pure, or 104 °C as an aqueous mixture. Unpublished
results indicate that it does not diffuse as quickly as EO through lumens, but is slower.
One of the possible advantages of glyoxal, is that it is not a known carcinogen or
potential carcinogen as EO and PPO are.

However, occupational allergy to glyoxal appears to have an increased incidence
among employees in healthcare facilities where glyoxal is used in disinfectant
solutions, but this is not necessarily true when it is used as a contained controlled
gaseous sterilant.

Glyoxal is a more potent virucidal agent than BPL. Also glyoxal was less lytic for
human erythrocytes than BPL in blood. Glyoxal does not have the penetrating
capabilities of EO or PPO sterilants, and its residuals may be difficult to remove or
neutralise. It may be useful as a spray sterilant, like BPL. However with plasma it
may be synergised and may be useful in reducing glyoxal residuals.

1.6 Other Sterilants

Beyond EO and glutaraldehyde there are a number of classical sterilants (see
Healthcare Sterilisation: Introduction and Standard Practices, Volume 1, Chapter 5),
such as chlorine, chlorine dioxide, H,0,, PAA and O;, which are not yet traditional,
but alternative or novel sterilants. Of these, chlorine dioxide, H,O, (without plasma)
and PAA are today considered as novel sterilants, which will require further evaluation
by the Food & Drugs Administration (FDA) and so on, before they can be used.
Chlorine continues to be used as a decontaminant, but because of its strong oxidising
and potential carcinogenic by-products it has not been readily used to sterilise hospital
products, but on hospital floors, walls and other items. Methyl bromide has not been
regarded as a hospital sterilant

1.6.1 Chlorine Dioxide

Chlorine dioxide is an alternative to using corrosive chlorine gas. Chlorine dioxide
has been accepted as a decontaminant for bio-terrorism in facilities, but not as a
standard sterilisation method as an alternative in hospitals. Most notably it was used
to successfully decontaminate the Hart Office Building and Brentwood postal sorting
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facility in Washington, DC, in response to their contamination with Anthrax spores.
It has been approved for use as a sterilant by the EPA. A gaseous chlorine dioxide
was developed in the late 1980s. Chlorine dioxide is not mutagenic or carcinogenic
in humans. As the chlorine dioxide concentration increases, the time required to
achieve sterilisation becomes progressively shorter. For example, only 30 min were
required at 40 mg/l to sterilise with high humidity, the 10° B. atrophaeus spores at
30 to 32 °C. Its sterilising concentration, 10-50 mg/l, is low compared to that of EO
which is 400-1,200 mg/I.

Nevertheless, no in-hospital, gaseous chlorine dioxide systems have been used. This
may be because it has limited polymer compatibility and biocompatibility data and
information, as well as some potential incompatible effects on uncoated aluminum
foil, carbon steel, uncoated copper, carbon steel, unbleached paper, PC, PU and
passivated stainless steel, rubber and silk. Nevertheless it is not as bad as O3, which
has been given status as an alternative sterilant, while chlorine dioxide has been given
a novel sterilant status by the regulatory agencies. No corrosion has been observed
when using pharmaceutical-type materials such as high-grade 316SS (stainless steel)
and 304SS, Lexan (PC), and various other plastics such as Delrin (acetal), Teflon, and
UHMWPE. It has been used successfully to sterilise contact lenses, industrially. It can
require aeration, like EO. Residual levels may need to determined, whereas O; will
break down to O,. However, unlike O3, chlorine dioxide is stable and soluble, allowing
it to travel to the base of the film where it attacks micro-organisms and destroys the
biofilm at its point of attachment. Because chlorine dioxide is a dissolved gas, it does
not ionise to form weak acids (as chlorine and bromine do) in aqueous solutions. It
appears to have better penetrating capabilities than other oxidising agents. Recent
efforts have been directed to industrial applications, rather than hospitals because
of its deleterious effects on a few materials. Chlorine dioxide can be explosive and
flammable under certain situations, but not at low concentrations (e.g., 750 ppm)
and ambient temperature with high humidity for a 12 h decontamination.

Chlorine dioxide is more compatible with polymer materials than chlorine. It is a
low temperature process.

Chlorine dioxide is a novel sterilant and some of its properties and processing
conditions are:

e Chlorine dioxide was investigated in the mid- to late 1980s. It has sporicidal
properties and can be used at 27 to 30 °C, at a concentration of only 10 mg/l,
and 80% RH.

e Itcannot be shipped or stored and must be generated on site, which would increase
the complexity of the steriliser design.
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e Chlorine dioxide cannot be stored long and has potential to explode (degrade)
into chlorine and oxygen under pressure, greater 10% in air, heat and light.

e It has an OSHA extreme limit of 0.1 ppm for an 8-h TWA and a NIOSH limit
of 0.1 ppm 8-h TWA plus a 0.3 ppm STEL.

e It has an IDLH level of 5 ppm.
e Investigations are ongoing for industrial applications but not for hospitals.

e DPotentially more compatible with more materials than hydrogen peroxide or
ozone.

e Yellow-green gas, a true gas, not a vapour.

e Wiater soluble, can penetrate water.

e Boiling point 11 °C.

e Tri-atomic molecule, can be monitored real time.

e Molecular weight 67.5 g/mole.

e An oxidizer like hydrogen peroxide, peracetic acid, ozone.

e Less corrosive than peracetic acid, hydrogen peroxide, chlorine and ozone.

1.6.2 Peracetic Acid

PAA vapour (fumigation) and sterisation systems have also been described but have
not seen widespread use due to its aggressive chemical action. The original sporocidal
activity of PAA vapour was observed using a mixture of 40% PAA solution, 5% H,O,,
39% acetic acid, 1% sulfuric acid and 15% water. 40% PAA which killed spores
in minutes; whereas a 20% buffered solution took about 80 min. Spore killing by
fogging, depends upon the distribution of the vapour.

PAA vapour has previously been recognised as a traditional sterilant. But more recently
a gaseous PAA with plasma has had a role as hospital sterilant, but not industrially. It
has had some regulatory issues, and it is now regarded as a novel sterilant. Gaseous
PAA has been used as a sterilising agent on a very small scale. However, it is widely
used in a liquid form for disinfection/sterilising purposes. A gaseous PAA system has
been developed that uses low-temperature gas plasma. The ion plasma sterilisation
processes operate at relatively low temperatures by exposing PAA to either strong
electric or magnetic fields. Such exposure results in the formation of an ion plasma
that contains reactive radicals that are known to be reactive with almost all molecules
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essential for metabolism and reproduction of living cells (e.g., DNA, RNA, proteins
and so on).

This technology stimulated interest by healthcare facility personnel, because it had
short turnaround times compared with EO sterilisers and it was more environmentally
friendly and safer to use. The application of the PAA plasma method was limited to
stainless steel surgical instruments (excluding lumen devices and hinged instruments).
Also no liquids or materials that might be harmed by vacuum could be treated.
The PAA process was limited by the FDA restrictions on treatment by this method,
to endoscopes and other medical devices with lumens no longer than 12 inches or
having a lumen diameter less than 6 mm. Cellulose, linens, and liquids may not be
processed by gaseous PAA. The process requires special packaging of devices and a
special tray for processing.

PAA plasma is similar to H,O, plasma but has acetic acid, O,, and water as by-
products. PAA was once a non-traditional process but was subsequently reclassified
as a novel sterilant with the following qualities:

e The system has been on the market and has been sold as an alternative to EO,
but is off the market currently. It is considered a novel sterilant.

e Chemically, PAA is the equilibrium mixture of H,O, and acetic acid.

e In concentrated form (>30% solution), it is corrosive to equipment and irritating
to human tissue.

® In phase one of the process a 5% solution of PAA is introduced into the sterilisation
chamber under a deep vacuum. In phase two, a non-flammable mixture of
hydrogen, O, and a carrier gas is subjected to microwave electromagnetic energy
to create the plasma.

e PAA vapour breaks down to H,0O, and acetic acid vapour.

® Manufacturer recommends exhaust of both phases via a dedicated or common
outside air duct.

e Unlike EO, which is an alkalising agent and penetrates through packaging and
most devices, PAA/H,0, plasma is an oxidising agent and has surface contact
capability only. With this system, however, up to six deep vacuums can be drawn
to enhance penetration.

e OSHA exposure standard for H,O,is 1 ppm for an 8-h TWA.

® OSHA exposure standard for acetic acid is 10 ppm for an 8-h TWA.
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e The IDLH is 75 ppm.

e The reportable quantities (RQ) on H,O,is one pound and PAA one pound under
Situational awareness and response assistant Section 302 extremely hazardous
substances.

e The steriliser would be classified as a Class I medical device, requiring performance
standards. At this point, no performance standards are established.

Note: PAA can react with metals to form toxic metal acetates or metal oxides. While
these acetates are water soluble and not a concern with liquid processing because
aqueous rinses will remove them, there is not an easy mechanism to remove such
by-products in the gaseous PAA process.

1.6.3 Hydrogen Peroxide (Liquid, Vapour, No Plasma)

Liquid H,O, has been previously recognised as a sterilant, but gaseous H,O, is
relatively new. It is recognised as an novel sterilant, by FDA without plasma (likely
because of residuals), but H,O, has been used for a long time. It can be relatively
non-toxic under diluted or low concentrations, such as the familiar 3% solutions,
however, H,O, becomes a dangerous oxidiser at high concentrations (>10% w/w).
As a strong oxidant, it can destroy a wide range of pathogens and may be used to
sterilise heat or temperature sensitive articles such as rigid endoscopes.

H,O, produces both hydroxyl (HO) and hydroperoxy (HOO) radicals. These attack
cells walls causing them to collapse.

In medical (terminal) sterilisation, H,O, is used at higher concentrations, ranging
from around 35%. The biggest advantage of H,O, as a sterilant is a short cycle
time (28-40 min), and no residues. Whereas for EO this may take up 10-15 h, with
preconditioning and aeration. The use of very high concentrations or intensity of
H,O, will make shorter exposure times possible.

H,0O,can be used for terminal sterilisation of items or products in a chamber or as an
low level temperature gas to decontaminate enclosed spaces or rooms or workstations,
or isolation chambers. As a decontaminant it has been used to sterilise hospitals,
aircraft interiors, anthrax contaminated buildings, and structures with nerve gas.
Vapourised H,O, has been registered by the EPA as a sterilant that inactivates spores
on environmental surfaces in enclosed areas. H,O, vapour may be applied to surfaces
by aerosol or as a non-condensing vapour.
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Aerosols are where H,O, is vapourised as a fine mist with less than 50 ppm silver,
less than 50 ppm phosphoric acid and less than 1 ppm arabica gum as catalysts.
Over time the aerosols collapse, H,O, degrades to safe conditions. This method is
not used much in hospitals.

Non-condensing vapour is a four-step sequence in which an enclosed space is
first dehumidified, then 35% H,0, is vapourised under controlled conditions of
temperature, humidity and pressure so that there is no condensation. This state is
maintained for a period of hours with a super lethal concentration of H,O, at several
hundred ppm concentration, then the enclosure is aerated with air purging with
catalytic aeration, so the concentration of H,O, is below the TWA. The H,O, is then
converted to water, O, and carbon dioxide.

Condensing vapour is the same as the 35% H,O, vapour but is produced in a dual
axis vapour distribution system, which ensures the H,O, is introduced into a room
or enclosure evenly, and that the vapour is saturated. The condensing vapour forms
a liquid film about one micron thick on the surfaces. This method kills a considerable
number of microbes, but all surfaces must be covered, or some microbes may be
missed. Applied aerosols must also be distributed, or misses will occur.

H,O, vapour appears to be superior to aerosolised H,O,. This may be due to
differences in concentrations obtained. For example, a peak H,O, concentration for
H,O, vapour may be greater than 300 ppm whereas aerosolised H,O, may be one-
half or approximately 150 ppm.

In terminal medical sterilisation of items, the H,O, vapour process uses very low
vacuums (e.g., 133 Pa) When the vapour is fed into an enclosed area or chamber,
excess water vapour is removed. This makes it a drier system.

Some synergism exists between steam and H,O,, and more recently has been observed
between O; and H,0, synergism.

At steam temperatures of ~100 °C, H,O, concentration gradients were observed,
hypothesised to be due to accelerated H,O, decomposition at this elevated temperature.

H,O, vapour has some disadvantages:

e H,O,absorbed into polymers may be difficult to aerate in a short period of time
for implantables and other healthcare product uses.

* Because it is a strong oxidant, there are material compatibility issues. For example,
paper products cannot be sterilised in H,O, vapour because the H,O, absorbed
by the paper product, destroys it.

59



Healthcare Sterilisation: Challenging Practices Volume 2

e The penetrating ability of H,O, is not as good as EO and so there are limitations
on the length and diameter of lumens that can be effectively sterilised and guidance
is available from the steriliser manufacturers.

e However, limited permeability was noted with polyethylene, PP, PVC, and PP-
polyester composites, so without plasma, residuals require aeration.

¢ Kinetics of some H,O, processes may still be wanting in some cases. Sterilisation is
achieved by depositing an even layer of micro-condensation of H,O, vapour over
all the surfaces. The term micro-condensation may be defined as a microscopic
film of H,0, vapour, which being at a sub-micron level is invisible to the naked
eye. The micro-condensation process must be achieved to ensure that the optimum
conditions for biological inactivation are achieved. When the process reaches
the dew point, the time required for a log reduction of activity (the D-value) is
shortest. It appears that this occurs when the kill kinetic curve plotted against
time is steepest. The transition between the shallow curve and the steep section
coincides with the onset of micro-condensation.

e The FDA has not approved the method outright, but it is still considered to be a
novel process.

While H,O, offers significant advantages in terms of throughput, as with all sterilant
gases, sterility is achieved through the use of high concentrations of reactive gases.
H,0,is primarily an irritant and the contact of the liquid solution with skin will cause
bleaching or ulceration depending on the concentration and contact time. The vapour
is also hazardous with the target organs being the eyes and respiratory system. Even
short-term exposures can be hazardous and NIOSH has set the IDLH at 75 ppm,
less than one-tenth of the IDLH for EO (800 ppm).

Prolonged exposure to even low ppm concentrations can cause permanent lung
damage and consequently OSHA has set the permissible exposure limit to 1.0 ppm,
calculated as an 8-h TWA (29 CFR 1910.1000 Table Z-1 [17]).

H,0, may cause cancer. Thus, employers have a legal duty to ensure that their
personnel are not exposed to EO exceeding this PEL. Even though the steriliser
manufacturers go to great lengths to make their products safe through careful design
and incorporation of many safety features, workplace exposures of H,O, from
gas sterilisers are documented in the FDA Manufacturer and User Facility Device
Experience (MAUDE) database. MAUDE data represents reports of adverse events
involving medical devices. The data consists of voluntary reports since June 1993, and
user facility reports since 1991. When using any type of gas steriliser, prudent work
practices will include good ventilation (10 air exchanges per hour), a continuous gas
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monitor for H,O, as well as good work practices and training. Further information
about the health effects of H,O, and good work practices is available from OSHA.

H,O, has excellent antimicrobial properties against a wide range of micro-organisms
including bacterial endospores. It also may inactivate prions. Under carefully
controlled process conditions H,O, is also safe for use with many materials. While it
is compatible with many polymers, there are a few materials that are damaged by it,
for example, acrylics, cellulosics (includes paper), natural rubbers, bioadsorbables
such as polyglycolides and polyesters. H,O, can sterilise a multitude of polymers.
However, the numbers of polymers are more limited than with EO, because of the
oxidising effect of H,O,. However, it is more attractive than EO sterilisation because of
its shorter process time and lack of high residuals. It has a very short processing time
and because it is not carcinogenic it makes H,O, use very desirable. When designing
for devices, it is best to avoid absorbers, such as PU, polyamide, ethylene vinyl
acetate, and cellulosics. Low temperature H,O, with plasma has less effect typically
on polymers than H,O, vapour without plasma, because it (plasma), destroys or gets
rid of peroxide residuals rather than having to rely on aeration.

Due to the oxidative nature of H,O, vapour, some materials are not recommended
for instruments intended for this sterilisation method.

1.6.4 Methyl Bromide

Methyl bromide is a broad spectrum microbiocide. It is a colourless, odourless gas at
room temperature, and is normally applied as a liquid under pressure that converts
to the gaseous state upon release at the point of application. It boils at less than 5 °C.

Methyl bromide may have been classified as a classical sterilant, except that its use was
revived after being a high O; depletor in 2005. It was used as a bioterrorist sterilant by
the EPA. Although not initially identified by the EPA as an effective sporicidal agent
following the incident in October 2001 where mail was contaminated by anthrax.
Subsequent work has demonstrated the efficacy of methyl bromide as a sporicidal
fumigant, capable of a 6-log reduction of a virulent Bacillus anthracis spores in 24 h
at 30 °C on carpet. Increasing both the temperature and time of exposure improves
the efficacy. The sporicidal efficacy of methyl bromide is largely dependent on both
the bioburden and the surface being decontaminated. Surprisingly, non-porous glass
was more difficult to decontaminate than porous carpet. This may have been due to
the presence of bioburden and the methodology used during testing. A cohesive drop
containing spores suspended in 5% serum was placed on the coupon and allowed to
dry. On glass the spores would settle with the serum drying as a protective coating
and shield. However, the carpet fibres wick away the drop allowing for a partitioning
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of the spores away from the bioburden, thereby increasing their vulnerability. Methyl
bromide has been shown to be sporicidal [18, 19].

Per the Montreal Protocol, a country can still use methyl bromide after 2005 by
determining that a technically and economically feasible alternative with acceptable
health and environmental effects is not available and that a significant market
disruption would occur without use of methyl bromide. The country must take steps
to minimise the methyl bromide use and emissions and conduct research to develop
and deploy alternatives.

Methyl bromide has not been deemed as a hospital sterilant but was used as a soil
decontaminant. It has been considered as a possible synergist for EO sterilisation
by the Russians in spacecraft sterilisation. Its synergism was probably the result of
facilitating improved permeation of EO through some non-polar polymers such as
polyethylene. It has only about 10% of the microbiocidal activity of EO.

1.6.5 Low Steam Formaldehyde

The most widely recognised and well-established ‘traditional’ method of sterilisation
is using high-pressure steam, but it is not sensitive to many polymers and materials.
Low steam formaldehyde has many characteristics of steam sterilisation but with
lower compatible temperatures (e.g., 65-85 °C), than by using steam alone.

Together steam and formaldehyde are synergistic. It is used in European countries,
UK, Sweden, Holland, Germany instead of EO, however, it is being used to a lesser
extent. It is however used in India and some Asian countries. Some characteristics of
the low steam formaldehyde process are:

e It requires heat tolerant temperatures: 65-85 °C and higher RH.
e It is not generally used in the US (except in some unpublished applications).

e It has OSHA worker exposure levels of 0.75 ppm 8-h TWA and 2 ppm 15-min
STEL.

e Formaldehyde is considered to be a potential carcinogen, particularly in California
— it has an IDLH of 20 ppm.

e Formaldehyde is known to be toxic, irritating and allergenic.

e Ithasan RQ in case of a spill of 100 Ibs under the Comprehensive Environmental
Response Compensation and Liability Act.
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1.7 Conclusions

EO sterilisation may be the gold standard for traditional chemical sterilisation
methods. However, alternatives to it, have been identified, but in general they do not
have the penetrating and material compatibility that EO has.

Hypothetically while PPO would seem to be a good substitute for EO, traditional
EO sterilisation remains a gold standard for gaseous sterilants, and has been
developed, and evolved with a greater capacity to penetrate through dirty, encrusted
and salt protected microbes on unclean materials, devices or hospital products,
than current alternative and new novel sterilisation methods. On the basis of this
scenario traditional EO sterilisation will remain a useful method from the past and
remain as an alternative to better future sterilisation processes, because there are no
perfect means of cleaning completely, all areas or sites of manufactured or re-usable
healthcare products. Most bioburden testing following current standards including
aerobic and anaerobic selected media, do not reveal clear, consistent and harmonised
results but widely fluctuating and volatile numbers and types over different conditions,
time, seasons, and cleaning variations. Many bioburdens are hidden in cracks and
crevices, mated surfaces, very narrow lumens and impacted by variable environmental
conditions that most cleaning methods, and alternative sterilants may not reach or
overcome.

Safer ways of using and applying PPO are still available. PPO is less hazardous and
toxic than EO, but has only 25% of the microbiocidal activity of EO. For example,
using lower concentrations of PPO and a high humidity but running temperatures
close to boiling point may be synergistic, pulsing the gas for deeper penetration of
lumens, while potentiating the gas for near surface sterilisation, and aeration. With
current alternative sterilants, (e.g., H,O, with plasma and O;), there is no recycling, but
PPO can be recycled and pulsed, and can be neutralised into a non-toxic by-product,
which can act as a preservative: propylene glycol, which helps to achieve safe residue
levels. It is assumed to have lower residue toxicity levels than EO.

Similar equipment can be used for PPO sterilisation as is used for EO sterilisation
in hospitals and industry, with some modifications to improve penetration, and
microbiocidal activity. It is assumed that PPO status to EO sterilisation would be
as similar as IPA use is to ethanol disinfection, from a regulatory point of view. Use
of PPO would have to have regulatory approval (e.g., FDA, EPA and so on). PPO
may not be as microbiocidally intense or as active as H,O, or Oj, but it has greater
penetration capabilities, and is more compatible with materials than H,0, or Os.

Of the oxidising sterilants described, it is interesting to note that O3, H,O,and PAA all
have the capability of producing breakdown products that are not toxic. For example:
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O; breaks down to O,.
H,0O, breaks down into water and O,.

PAA changes to acetic acid, water and O,. Plasma actually improves their
breakdown.

Chlorine dioxide does not breakdown into non-toxic residuals.

Currently, use of H,O, (with plasma) and O; are replacing EO sterilisation in individual
hospitals. Also, use of high concentration H,O, vapour has been accepted as an
alternative for sterilisation of items in industrial healthcare. They will be discussed
later in Chapter 5 as alternative (recognised) sterilants to traditional sterilants (e.g.,
steam, dry heat, irradiation and EO).
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The magic of liquid chemical sterilisation is unlike beat, gaseous sterilant, gas/plasma
and irradiation methods; it is fortuitously driven by cleaning, pre-sterilisation handling,
biocompatibility/safety, and aseptic technique.

Autoclaving, dry heat, ethylene oxide (EO) sterilisation, and irradiation have been
traditionally accepted as effective means of sterilising billions of inanimate objects,
but they typically require expensive and non-mobile equipment. This equipment
also requires preventative maintenance. Some pieces of materials or product are too
biologically, heat, moisture, oxidising or irradiation sensitive, that they have to be
treated differently. In a healthcare setting, it is essential to be able to control infectious
organisms. Sterilants and high-level disinfectants are important tools for meeting
that need. But because they are necessarily toxic to living organisms, sterilants and
disinfectants must be handled carefully, and their associated wastes must be managed
properly, to avoid causing unintentional harm as they fulfill their intended function.

In a healthcare and hospital settings, it is essential to be able to control infectious
organisms. Sterilants and disinfectants are important tools for meeting that need. But
because they are necessarily toxic to living organisms, sterilants and disinfectants
must be handled carefully, and their associated wastes must be managed properly, to
avoid causing unintentional harm as they fulfill their intended function.

According to previous Centers for Disease Control and Prevention data, healthcare-
acquired nosocomial infections may account for ~70,000 annual deaths within
hospitals. This ‘number’ may be greater if home-care, urgent care, and other healthcare
settings, are included. Also, the increasing number of antibiotic resistant microbes in
hospitals is another reason for using high-level disinfectants or liquid sterilants. Liquid
chemical germicides are important tools for meeting and eliminating these needs and
more. But because liquid chemical germicides are necessarily toxic to living organisms,
in order to inactive or kill them, these liquid sterilants and high-level disinfectants
must be handled carefully, and their related wastes must be managed properly, so as
to not cause any unintentional harm.

Although, the terms, liquid chemical sterilisation and traditional sterilisation (thermal,
gas, gas/plasma, irradiation) have similar meanings in terminology and semantics,
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they are, however, different, as defined by the US Food & Drugs Administration
(FDA). Liquid chemical germicides (LCG) may be approved as sterilants, but are
typically used as high-level disinfectant. The FDA believes that sterilisation with
liquid chemical sterilants does not convey or necessarily provide the same ‘level’ of
sterility assurance as sterilisation as with traditional sterilisation methods such as
EO, moist heat and radiation, because liquid chemical sterilisation involves a two
or more part steps or process. First, devices are treated with a LCG, typically by
immersion. This is then followed by a second step in which the processed devices are
rinsed with water to remove sterilant and the chemical residues. There are further
limitations with liquid chemical sterilisation. Although the rinse water is treated to
minimise any bioburden, it may not be sterile (unless terminally filtered). Because
the rinse water may not be sterile, devices rinsed with this water cannot be assured
to be sterile (unless pre-treated, e.g., filtered).

Furthermore, devices may not be wrapped or adequately contained during the
processing in a liquid chemical sterilant (unless the device remains within an enclosed
container). This means that there may be no way to ensure or maintain sterility
once devices have been processed (unless the device is maintained under a bacterial
container), because after rinsing the product is typically moved to be wrapped in a
package or enclosures. Consequently liquid sterilant or high-level disinfectants really
can only be considered clinically sufficient.

Another concern is that there are no approved biological indicators (BI) for liquid
chemical sterilants. However, chemical indicators may exist for monitoring minimum
required concentrations and important parameters. Bl are used in traditional methods
to demonstrate a sterility assurance level (SAL) of 10°, consequently, there is not the
assurance of sterility for liquid chemical sterilants as there is for traditional thermal,
gaseous, or radiation sterilants. However, irradiation for medical device manufacturers
typically, requires no BI, but only dose measurement, while irradiation of drug product
requires both dose and BI.

If liquid chemical high-level disinfectant or sterilants could provide a thermal
(or temperature) chemical time indication, then there may be a precise calculation
of SAL, rather than just chemical concentration monitoring. Typically high-level
disinfectants are chemicals that can act as sterilants if an increased exposure time or
temperature is utilised.

Another concern is that, although liquid sterilants can sterilise with extended exposure
times, items to be sterilised (e.g., endoscopes) may not be repeatably exposed with
prolonged immersion times, without damage [1].
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Among the advantages of liquid sterilants are their convenience, there is no need
for high capital equipment such as for gaseous sterilisers or irradiators. For many
applications, in which the sterilant may evaporate or be rinsed away when its action
is incomplete, they may be inexpensive. Hypochlorite and peracetic acid (PAA) are
particularly rapid acting sterilants but still several minutes of treatment are required
to produce a sterile surface, but traditionally they can be corrosive to many materials.

The rate of liquid sterilant effectiveness is typically dependent upon its concentration
and temperature. In practical terms many liquid sterilants halve their exposure time,
by doubling their concentration. Similarly, some chemicals may halve their exposure
time or lethality by increasing their temperatures significantly (e.g., >10 °C), depending
upon what the temperature coefficient (Q) value is for the sterilant. A Q,, temperature
coefficient is a measure of the rate of change of a biological or chemical system as
a consequence of increasing the temperature by 10 °C. Qo is a factor by which a
rate changes, and is a useful way to express the temperature dependence of a liquid
sterilant process. For most biological systems, the Qy value is ~2-3. But this is not
always true, as the Qo value for phenol is 4 and for ethanol is 48. The coefficient
suggests that, for example, phenol activity would be increased by a factor of 4 by an
increase of 10 °C (from 20-30 °C). The Q,, for EO is ~2. While Q,, values are usually
in the range of 2 to 3, a slightly wider range of Q;, values may be found for ozone
(O3) and chlorine dioxide (CIO,) (>3). Qqocan be used to determine the temperature
difference required to cause a 10-fold change in the decimal reduction/death value
(Z-value). A Z-value = 10 °C/Log Q.

With most liquid sterilants it is a cold sterilisation process, which typically is one
applied at a temperature of less than 50 °C [2] but is sometimes carried out at 55-60 °C.

The number of liquid sterilants which don’t cause any damage are very few and limited
in their action. Classically formaldehyde with or without alcohol was an historical
one. However, because of its high irritancy, odour, and carcinogenicity it is rarely
used anymore. Another reason for its non-use in alcohol (e.g., methanol) was that it
eventually polymerises or through autoxidation forms formic acid. In applications for
interplanetary spacecraft or electrical connections it causes an undesirable corrosive
condition [2].

Liquid EO in water or methanol converts slowly over several months to ethylene
glycol and or ethylene glycol monomethyl ether, unless there is a synergist such as
acid or high temperature. Unlike formaldehyde’s reaction product (e.g., formic acid
or polymerised formaldehyde), the reaction by-products of EO such as ethylene glycol
or ethylene chlorohydrin are often not corrosive to metals, but they have solvent
properties different from those of the mixtures of the reactants [2].
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Glutaraldehyde has predominantly replaced formaldehyde, and other agents such
as chlorine, halogens, phenolics, which were not able to sterilise polymers, without
polymer damage, toxic residuals, and which were ineffective against microbial spores.

There are number of other agents that are disinfectants such as alcohol, 3% hydrogen
peroxide (H,0,), low-level iodine (50 ppm), phenols and quaternary ammonium
compounds (Quat), which are not always considered to be sporicides, unless specially
treated with another agent. Hypochlorites at high concentrations (ppm) can kill
spores but are typically too corrosive to be used or applied to healthcare products.
High concentrations of iodine are less sporicidal than hypochlorite or chlorine, and
may not inactivate dry spores, and certain Pseudomonas microbes. For example
Burkholderia cepacia was found to be ‘viable’ in iodophore solutions. It is unknown
what the diatomic iodine (I,) concentration, pH, or non-free iodine levels were.
There was some suspicion of organic matter, causing the problem. But iodine at a
slightly higher temperatures than ambient may be active and effective. Iodine may
also stain fabrics and tissues. Use of iodophores can reduce the staining, and iodine
stains can be neutralised with bisulfites. Note: lodophore at elevated temperatures
(e.g., 50-60 °C with ultrasonics can be a very effective sterilising agent for surgical
and dental instruments [3]). While its chemical reactivity is low, it may be, by far the
best sterilising agent approaching the speed and effectiveness of glutaraldehyde [3],
and without the toxic residuals of glutaraldehyde.

The choice of a LCG will depend upon a variety of factors and considerations and no
single LCG is ideal for all purposes or practices. Consequently there are new agents
being developed. New liquid sterilants are available [e.g., buffered PAA and higher
percentage H,O,, performic acid, and ortho-phthaldehyde (OPA)] and these will be
discussed later or under alternative or novel methods. High-level disinfectants or
sterilants that act by generating active forms of oxygen (O,), such as H,O, or PAA,
typically create fewer by-products than compounds relying on other active elements.
They also can persist in the presence of organic matter while other agents may not,
while iodine without organic interference may have a longer use life. Glutaraldehyde
has been used as a sterilant for the past 35 years and is considered to be a traditional
liquid sterilant, and continues to be used globally.

2.1 Glutaraldehyde Sterilisation

Glutaraldehyde is commonly used in place of formaldehyde and frequently as a liquid
high-level disinfectant, used for quick turnaround devices. Glutaraldehyde is frequently
used as a disinfectant for heat-sensitive equipment such as dialysis instruments, surgical
instruments, suction bottles, bronchoscopes, endoscopes, and ear, nose, and throat
instruments. Glutaraldehyde has also been used as a tissue fixative in histology and
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pathology laboratories and as a hardening agent in the development of X-rays. It is
also used as a sterilant of animal tissues (e.g., porcine valves and collagens).

2.1.1 Characteristics of Glutaraldehyde

It is a sterilant that is useable for heat sensitive, medical devices with long thin lumens
that alternative gaseous sterilants such as H,O,, plasma, and O; cannot reach. Some
interesting characteristics of glutaraldehyde are:

e Itisused in aqueous solutions, but needs pH activation. There have been alcohol
solutions of it.

e It is a five carbon dialdehyde with less toxicity than formaldehyde, but it is a
stronger sporocide.

e Itis a high-level disinfectant or sterilant (if left in solution for the specified time).

e It is used for unwrapped items only, unless it is used within an enclosed filter
system that can flush the residuals out.

e Itis used for sterilising animal tissues and enzymes.

e Itis a cause of hazardous residuals.

e Is a mucus membrane irritant — it can cause contact allergies.

e It is not a carcinogen like formaldehyde and yet it is inexpensive.

® A new American Conference of Governmental Industrial Hygienists (ACGIH)
threshold limit value ceiling limit (TLV-C) of 0.05 ppm was set in 1997.

The biocidal activity of glutaraldehyde is through its alkylation of sulfadryl, hydroxyl,
carboxyl, and amino groups, which alters ribonucleic acid (RNA), deoxyribonucleic
acid (DNA) and protein synthesis within micro-organisms. The biocidal data for
glutaraldehyde products varies with different formulations.

Glutaraldehyde is a unique dialdehyde compound with the formula CH,(CH,CHO),
(see Figure 2.1), which is not carcinogenic as many other aldehydes (acetaldehyde,
formaldehyde) are.

Other names for glutaraldehyde are glutaraldehyde, glutaric acid dialdehyde, glutaric
aldehyde, glutaric dialdehyde and pentanedial, 1,5-pentanedial.
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Figure 2.1 Molecular structure of glutaraldehyde

2.1.2 Properties of Glutaraldehyde

Some of the unique properties of glutaraldehyde are shown in Table 2.1.

Table 2.1 Some properties of glutaraldehyde
Property Results fitting property
Molecular formula CsH;sO,
Molar mass 100.12 g/mol
Appearance Clear liquid
Density 1.06 g/ml
Melting point -14 °C
Boiling point 187 °C
Solubility in water Miscible

Glutaraldehyde is a colourless, oily, liquid with a pungent odour, but not as
malodourous as formaldehyde but nevertheless pungent. It has a propensity to
polymerise with increased pH (alkaline) over time. It is more stable at an acidic pH,
but less bacteriocidal at an alkaline pH.
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2.1.3 Some Advantages and Disadvantages of Glutaraldehyde

The major problem associated with glutaraldehyde is its known respiratory, and
dermal irritancy, respiratory sensitisation, and adverse health effects that may occur
with exposed workers, without any safeguards.

The advantages of glutaraldehyde may be summarised as:

e Glutaraldehyde is broadly antimicrobial. It inactivates viruses, all vegetative
microbes, Mycobacterium organisms, and spores, but not necessarily prions.

e Itis active in the presence of organic matter [3].

e It is a widely used disinfectant for heat sensitive devices, and sterilisation of
biological tissues.

e It can show synergy with plasma, ultrasonic cavitation, temperature, pH,
formaldehyde, dimethoxane (2,6-dimethyl-1,3-dioxan-4-yl-acetate), 2-(decylthio)
ethanamine, dodecylguanidine hydrochloride or phenols.

e Buffered solutions are not deleterious to cements of various lenses of devices.

® Buffered solutions do not interfere with the electrical conductivity of rubber
anesthesia equipment.

e It does not affect markings on clinical thermometers and so on.

e Its low surface tension permits easy penetration and permits easy rinsing.
e It is non-corrosive to numerous metals.

e It does not affect rubber or plastic articles [2].

e It does not coagulate blood, making it easy to clean blood covered instruments
[2].

e It does not affect the sharpness of cutting instruments [2].

Some of its disadvantages are:

e Ittakes along time to sterilise (e.g., 10 h), but not for disinfection. It is a relatively
rapid, high-level disinfectant (e.g., 45 min).

e It is toxic and an irritant, a respiratory sensitiser and more, but it is not
carcinogenic (see Section 2.1.4).
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e It has limited stability at an alkaline pH - once activated its use is between 14-28
days.

2.1.4 Health Risks
The results of breathing and or exposure to glutaraldehyde include:

e Throat and lung irritation.

e Asthma and difficulty in breathing.
e Contact and/or allergic dermatitis.
e Nasal and ocular irritation.

e Sneezing.

e  Wheezing.

e Burning eyes and conjunctivitis.

e Hives.

Regarding its carcinogenicity, glutaraldehyde is not a carcinogen, nor teratogen. It has
equivocal results with the AMES mutagenicity test, but no reported carcinogenicity in
the Chinese hamster ovary cell test, or with Drosophila or in dominant lethal assays
in mice. There have been no reports of carcinogenicity for glutaraldehyde.

However, its use requires respiratory equipment, gloves and apron. The major
problem with glutaraldehyde is its known adverse health effects, such as respiratory
and ocular irritancy, and sensitisation, as a result there are numerous health and
safety requirements for its use. For example the time weighted average (TWA) for
glutaraldehyde is 0.05 ppm and its permissible exposure limit for a 15 min period is
only 0.05 ppm. Because it is an acute sensitiser there is no safe level that can really
be set.

Glutaraldehyde residuals do not get the attention that EO residuals do because of
their lack of carcinogenicity, nevertheless, glutaraldehyde residuals must be rinsed
away. For example, adverse biological reactions to glutaraldehyde have been limited
to infrequent contact dermatitis and to biocidal effects which are exploited in chemical
sterilisation media. In one study of a glutaraldehyde-tanned (crosslinked) collagen
sponge, the presence of glutaraldehyde was correlated with cytotoxic effects upon
fibroblasts in tissue culture and foreign body, giant cell reaction to bio-implants of
the sponge.
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Some rinse instructions indicate a 2 min rinse or rinse thoroughly, but the
manufacturer’s instructions must be followed.

2.1.5 Sterilisation and High-level Disinfection

Glutaraldehyde can inactivate all micro-organisms including many toxins (bacterial
by-products), but not pyrogens or prions, and it may require from 3-12 h depending
upon the formulation, with soaking followed by rinsing or washing with sterile
water or filtered water, and then drying. Products should be stored in such a way as
to prevent contamination. Liquid sterilants and processes have a much lower SAL
(with a higher risk) than physical chemical traditional sterilisation agents such as
steam, radiation and EO, because they can sterilise within packages, whereas liquid
chemicals typically cannot.

To achieve glutaraldehyde sterilisation requires making contact with all the areas
of a component or device to be sterilised, and then an elevated or extended period
of exposure time is necessary. If inadequate contact, concentration and time are not
achieved, then a 10° sterility assurance cannot be made [4]. This is a concern of
most liquid sterilants that they cannot reach all areas in complex devices or surfaces.

Overcoming barriers for liquid sterilant contact to microbes is important to achieve
adequate sterilisation, but it may be difficult, if there are tight parts, small capillaries,
non-smooth surfaces (e.g., dental burs, screws) or mated surfaces to be penetrated.

Some materials such as Teflon may require surface acting agents for liquid
glutaraldehyde or other sterilants to make adequate surface contact. Teflon has
a material surface that is difficult to wet. Sterilisation by glutaraldehyde requires
longer exposure times and temperatures than by EO at the same temperatures, for
sporicidal effectiveness. It may kill all vegetative microbes, acid fast Mycobacterium
(except Mycobacterium chelonae in tissues), pathogenic fungi and viruses within a
period of 5-20 min.

The most resistant viruses are Poliovirus type 1, Coxsackie virus type B1, and echovirus

type 6. These viruses require concentrations of greater than 1% glutaraldehyde to

kill them.

2.1.6 Formulations

There are numerous glutaraldehyde formulations.
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Glutaraldehyde products are marketed with a variety of brand names, formulations
and are available in a variety of concentrations (solution concentrations may range
from 2.3-3.4%), with and without surfactants.

For example, there are 2.3% or high concentration formulations (e.g., 2.4%, 2.5%,
2.6%, 3.4% of glutaraldehyde, but caution should be exercised with all glutaraldehyde
formulations when further in-use dilution is anticipated). There is a combination of
glutaraldehyde (1.12%) with 1.93% phenol/phenate, and another composed of 3.4%
glutaraldehyde with 26 % isopropanol, and others.

The effects of formulations will vary due to various factors such as:

e Acidic glutaraldehyde (e.g., pH 4) shows poor lethality at ambient temperature but
this pH lethality increases with temperature (>45 °C) and ultrasonic cavitation.
However as a vapour or gas, it is equivalent to alkaline glutaraldehyde.

e  Glutaraldehyde stability increases under acidic conditions rather than alkaline.

¢  Glutaraldehyde under ambient conditions tends to be more active under alkaline
conditions than acid conditions, but it will be more active at a higher temperature
(60 °C) and under potentiated acidic conditions (e.g., 60 min).

e Acid glutaraldehyde tends to be more corrosive than alkaline formulations,
also, acid formulation(s) at ambient conditions are less effective than alkaline
formulations on dry spores.

e Glutaraldehyde lethality will increase with increase in glutaraldehyde
concentration.

e A highly fortified glutaraldehyde formulation may consist of a Quat,
glutaraldehyde, para-tertiary-amylphenol, citric acid, isopropyl alcohol, and
water to form a concentrated formulation, which may be diluted as requested.

e A glutaraldehyde-based disinfectant containing a Quat is good as a specially
formulated a long lasting disinfectant for poultry and cattle sheds. It may remain
active in the presence of a high organic content.

¢ Glutaraldehyde interacts strongly with the outer layers of spores. This interaction
may reduce lysis induced by peroxides.

e [Itis possible but debatable that acidic glutaraldehyde interacts with the surface of
spores and remains at the surface, whereas alkaline glutaraldehyde may penetrate
(more) deeply into spores.

While glutaraldehyde sterilisation typically sterilises with concentrations of 1%, 2%
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and 3+ %, other concentrations and conditions are available such as use of surfactants
and pH buffers. Typically on adjusting the pH to 7.5-8, the antimicrobial effects are
greatly increased. An alkaline solution alone may take 10 h at room temperature to
sterilise.

Some formulations include mixtures with phenol, phenates and so on. Another
combination is a mixture of glyoxal and glutaraldehyde.

Temperature increases from 25 to 35 °C have enhanced its germicidal and sporicidal
activity.

Use of ultrasonics can reduce sterilisation from hours to minutes. The germicidal
activity of ultrasound is thought to be intracellular cavitation that results in
micromechanical damage to cellular structures and may lead to lysis, but it also helps
other agents such as glutaraldehyde to sterilise better.

Potentiated acid glutaraldehyde can sterilise at 60 °C in 60 min. A pH of 2.2 and
increased temperature can reduce sterilisation from hours to minutes. The solution
should be discarded after four weeks. The stability of a solution of glutaraldehyde for
sterilisation lasts typically only 14 days, although some solutions last up to 28 days.

Some trade formulations of glutaraldehyde are: Cetylcide-G (3.2%); Cidex (2.4, 2.5,
3.4%); MedSci (3%); Metricide (2.5, 2.6, 3.4%); Omnicide (2.4, 3.4%); Procide
(2.4%); Rapidcide (2.5%); Sporicidin (1.12/1.93% glutaraldehyde/phenol); and
Wavicide-01 (2.5%).

2.1.7 Applications and Uses

There are more than 45 million surgical procedures and more invasive medical
procedures performed each year that need to have pathogenic microbes eliminated
from them. Glutaraldehyde is one of the ways to prevent infections.

Glutaraldehyde use continues after more than 30 years as a high-level disinfectant
or sterilant method of choice in a number of hospitals and surgical centres. One
of the reasons for its continued use, is because of its long tradition and because so
many of the hospital sterilants developed today are more surface (gaseous) sterilants
and not capable of sterilising through the heavy biological or organic wastes which
accumulate from hospital applications.

Glutaraldehyde is useful for sterilising thermolabile polymers such as optical
instruments, rubber and man-made products, dialysis, and in veterinary applications
such as poultry, and for skin disinfection in mastitis.
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Glutaraldehyde is also used as a preservative and it has been used in preparation of
vaccines. It has been a valuable agent in the aseptic assembly of products.

It is less corrosive than formaldehyde solutions. There are some materials that are
incompatible with it, for example, some metals, powders, and electrical components.

Glutaraldehyde is useful for disinfecting/sterilising work surfaces between patients
or hospital rooms after patients have used them.

Glutaraldehyde (0.2-1%) is used for sterilising biological tissues at 32-38 °C, such as
porcine valves prior to implantation in animals or humans. Its use helps to crosslink
the tissue as well (porcine heart valves). Formaldehyde (3-5%) is sometimes added
to improve the inactivation of the resistant M. chelonae.

Glutaraldehyde has also been used to sterilise glucose monitoring enzymes, and other
tissues of animal origin.

Glutaraldehyde can be activated with a pH change and through increase in temperature
and concentration. Glutaraldehyde has multiple uses, for example, preservation,
surface inactivation, device and product sterilisation, biological tissue sterilisation,
and vaporous decontamination.

2.1.8 Glutaraldehyde within Closed Systems

Sterilisation with glutaraldehyde can be performed in a sterile isolation hood or
tent with glove handles, so that products that may been immersed it its solution
and removed from the solution can be rinsed without any source of adventitious
contamination, and then packaged within a sterile environment.

Glutaraldehyde is a dialdehyde that may be used in a closed system, to minimise
contamination. It is used typically as an aqueous solution, for example at a
concentration of 2% or less. It is typically considered to be a high-level disinfectant
rather than a sterilant. It is used for unwrapped items only. It has a strong odour. It
can have hazardous residuals, which can cause contact allergies and be irritant to
mucus membranes. The 1997 ACGIH TLV-C limit is 0.05 ppm. A standard for use
is 8 CCR 5155 (Californian Code of Regulations) [5]. Glutaraldehyde has been used
to disinfect/sterilise all sorts of hospital items, e.g., bronchoscopes, cystoscopes and
rubber anesthesia equipment. It has also been used to decontaminate working areas
within closed systems. However, because of lack of in situ packaging sterilisation, it
is difficult to achieve/maintain sterility, and its activity, and thus, its effectiveness as
a sterilant has been questioned without a closed system, and an aseptic technique is
required for handling treated product.

80



Traditional Liquid Chemical Sterilisation

In recent years, glutaraldehyde has been used to sterilise biomaterials such as
porcine heart valves under sterile environmental assembly conditions using aseptic
techniques, and subsequently used as a preservative to maintain sterility. In this case
the glutaraldehyde can act both as a protein crosslinker, and as a sterilant. Sometimes
it is mixed with formaldehyde or other agents to improve its penetration of the
organic tissue.

Its failure to sterilise porcine heart valves has resulted in growth of Mycobacterium.
Because of its slow chemical activity, it, like EO, is able to penetrate, and to continue
to diffuse into areas without being fully reacted before penetration or sterilisation.
It is selective enough to inactivate some microbes without totally inactivating the
enzymes that are used to monitor biological chemicals. Because it is a slow reactant
chemical it can take up to 10-12 h of exposure time for it to fully sterilise materials.
Its rate of sterilisation can be increased by increasing the temperature and acidity.

The major limitation of glutaraldehyde, causing its disuse, is similar to that of
formaldehyde - its” extremely pungent odour and residual toxicity to patients and
objects. Glutaraldehyde is a mutagen, and possibly a carcinogen. If glutaraldehyde is
used in a closed system, many of its disadvantages and limitations can be overcome.

Another approach is to sterilise within a container with two filters at the end of the
container. The item being sterilised can be rinsed subsequent to exposure, by flushing
fluid through the filters. Modifications of this approach may also be designed.

2.1.9 Two-part Sterilisation Process using Glutaraldehyde

A liquid chemical sterilisation process such as glutaraldehyde is best applied as a
two-part process:

e Devices are treated (immersed) with a LCG.

e The processed devices are rinsed or flushed with water to remove the chemical
residues.

There are the limitations with liquid chemical sterilisation. Liquid may not seep
into or penetrate all areas or surfaces of a product in the same way that a gas, high
heat, vapour or steam can. Also, although the rinse water is treated to minimise any
bioburden, it may not be sterile. If the rinse water is not sterile, devices rinsed with
this water cannot be assured as sterile. Furthermore, devices cannot be wrapped or
adequately contained during processing in a liquid chemical sterilant. This means
that there is no way to maintain sterility once the devices have been processed.
Consequently the use of liquid chemical sterilants such as glutaraldehyde may be
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limited to reprocessing only critical devices that are heat-sensitive and incompatible
with sterilisation methods such as steam, dry heat, EO, gas/vapour/plasma low
temperature processes and use of a gaseous zone.

A further consideration, is that diffusion occurs easily within the product for EO
because it is a small gaseous compound (two carbons with O,) without immediate
chemical charge or attraction, whereas liquid glutaraldehyde typically only sterilises
by surface contact of items or materials. Liquid glutaraldehyde is a large molecule,
[e.g., five carbon backbone with a dialdehyde chemical end in water or on contact
with another carrier source such as alcohol or wetting agent(s)]. Liquid glutaraldehyde
makes chemical bonds with water and alcohol, while EO does not. Also, besides having
lack of diffusion, glutaraldehyde does not absorb itself into polymers and materials
as EO does, leaving residuals. Its exposure time (e.g., 10-12 h) to inactivate spores
is significantly greater than EO (e.g., 15 min to 6 h) depending upon temperature,
concentration, humidity and so on.

However, a potentiated acid glutaraldehyde may sterilise in 60 min at 60 °C. For
example, an activated 2.4 % glutaraldehyde, sterilised in 10 h at 25 °C; and is a high-
level disinfectant in 45 min at 25 °C. An alkaline activated glutaraldehyde has a 14
day maximum re-use period, a less effective acidic glutaraldehyde may be stable for
a longer period, at ambient conditions (e.g., up to 4 weeks).

Various trade names and formulations of glutaraldehyde have concentrations which
vary between 2.3-3.5%. A 1.2% glutaraldehyde has been mixed with a 1.9% phenol/
phenate solution to sterilise in 12 h at 25 °C and to high-level disinfect in 20 min
at 25 °C.

Another combination is a glyoxal/glutaraldehyde mixture, which has been used
without incident at approximately 50 °C in other European countries for several years.

There is a 3% glutaraldehyde formulation that will sterilise in 10 h at 20 °C rather
than at 25 °C, high-level disinfect at 40 min at 20 °C with a 28 day maximum re-use
rather than 14 days.

Sterilisation by glutaraldehyde and EO occurs principally by alkylation of proteins
and EO requires humidity for the alkylation to occur effectively.

2.1.10 Performance
Survival curves for liquid chemical sterilants such as glutaraldehyde may not exhibit

the log-linear kinetic shape of the survivor curve and this may vary depending on
the formulation, chemical nature and stability of the liquid chemical sterilant. If
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glutaraldehyde does not exhibit log linear kinetics, but micro-organisms still grow
or reproduce logarithmically, the net change between bioburden (contamination) and
sterility assurance may be significant.

Biological indicators are not typically appropriate for monitoring the liquid chemical
sterilisation process. The design of the Association of Official Agricultural Chemists
(AOAC) sporicidal test used to quantify liquid sterilants does not provide the same
quantification of the microbial challenge, used for gaseous sterilants. Therefore,
sterilisation with a liquid chemical sterilant such as glutaraldehyde may not convey
the same sterility assurance as traditional sterilisation methods. However, EO may
not be effective against salt occluded microbes, whereas liquid sterilants may. This
points to the need for adequate cleaning of the product to be reprocessed.

Chemical indicators are used for monitoring the minimum required concentration of
most liquid chemical sterilants. Dipsticks have been supplied with some glutaraldehyde
products but these give only a rough indication of the levels of active glutaraldehyde
available in solutions being used.

In industry, manufacturers using liquid sterilants usually create their own liquid
chemical sterilant to do the job, and they do not often share the formula publicly.
International Organization for Standardization (ISO) 14160 [6] is the standard that
they follow. It does not specify what should be in the sterilant, only how it should
perform.

Regardless of the proprietary formulation, its performance has to meet minimum
standards, which ensure that the product is sterile and safe for use on the patient. There
are certain micro-organisms that may not be killed easily sterilised by a liquid chemical
sterilisation (e.g., Mycobacterium). These micro-organisms may also sometimes be
difficult to find on a device (e.g., animal sterilant) after it is sterilised, because those
micro-organisms grow slowly, and the tester could overlook them, which means
that a longer incubation may be required. Glutaraldehyde may be among the liquid
sterilants used for sterilisation of animal tissue.

Glutaraldehyde cannot penetrate many polymers, but it can sterilise many aqueous
liquids, including water, biological tissues and enzymes without difficulty or adverse
effects, such as being hydrolysed to ethylene glycol, as with EO. EO and heat can
penetrate barriers, such as biofilms, tissue, and blood, to kill organisms, whereas
liquid sterilants such as glutaraldehyde cannot adequately penetrate these barriers.
Consequently bioburden, biofilm and so on, on the product to be sterilised by liquid
sterilants have to be cleaned thoroughly first.

Like EO, liquid, glutaraldehyde sterilisation occurs primarily by alkylation but also
through crosslinking, and at temperatures typically higher than freezing and can
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sterilise many types of tissues, sensitive materials and polymers. The process for
glutaraldehyde sterilisation requires extremely long ‘holding’ periods under moist
(liquid) conditions, and generally they must be washed to remove their residuals
as compared to EO sterilisation exposure and aeration. EO sterilisation typically
sterilises items within packaging, while glutaraldehyde does not, so there may be less
assurance of maintaining sterility.

To determine which sterilisation method (EO or glutaraldehyde) is the method of
choice, identification and consideration of their sterilising qualities, principles and
limitations for each method and materials is necessary. The final determination of
the method of choice may include - identifying the method that appears to be more
compatible to tissues, product design, materials and package, penetration, lethal
activity, cost, safety/toxicity, process time, sterilisation in-line (assembly or procedure)
or sterilisation-in-place, sterilisation release time, availability, and for industrial
sterilisation this may require performing some feasibility studies to determine
gross compatibility with the selected process, and then performance of preliminary
validation studies to demonstrate product compatibility with the selected process
and attainment of a required SAL.

While glutaraldehyde can kill spores, it is more typically used as a high-level
disinfectant capable of killing Mycobacterium and some spores, and also because it
is used primarily as a liquid sterilant, it does not have the same minimal risk of EO
sterilisation which can sterilise most products within packages, and maintain their
sterility after sterilisation. Glutaraldehyde may have some effectiveness against prions.

Other traditional liquid sterilants exist, e.g., ClO,, S-propiolactone (BPL), chlorine,
H,O,, PAA, OPA and so on.

2.2 Chlorine Dioxide

ClO, is a powerful oxidising agent discovered by Davy in 1811. It is a slightly
soluble gas that dissolves in water that may give a green coloured solution. ClO, is
less corrosive than chlorine and less reactive to ammonia and amine compounds. It
is equivalent or better than chlorine in the inactivation of microbes.

2.2.1 Characteristics

Before ClO, became fashionable as a gaseous sterilant, it was approved as a liquid
disinfectant - sterilant. Some of the properties of ClO, are shown in Figure 2.2.
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Chlorine Dioxide
Cl
. Cl Cl .
2 NN ©
O 0] [0) o O
Reference: Fredette, M. C., “Bleaching Chemicals: Chlorine
Dioxide,” in Pulp Bleaching Principles and Practice,
TAPPI Press, 1996.
Various nomenclatures
Chlorine dioxide
Dioxide chlorine
Chlorine(IV)oxide
Chloryl
Indicators
CAS Number 10049-04-4
EC Number 233-162-8
Properties
Molecular formula ClO,
Molar mass (molecular weight) 67.45 g/mol
Appearance Yellow-green gas - the yellowish-green gas
crystallises as bright orange crystals at =59 °C.
The liquid (may be red ~brown but may vary
within liquid solutions). For example, colour is a
property of the source water caused by the presence
of organic and inorganic substances, usually of
natural origin, which absorb visible light. The nature
of these substances and the molecular basis of the
colour may vary with the source water.
Stability May decompose explosively on shock, friction or
concussion, or upon heating rapidly. It is a strong
oxidant which reacts violently with combustible and
reducing materials, and with mercury, ammonia,
sulfur and many organic compounds.
Odour Acrid
Density 2.757 g/dm?®
1.6 g/ml at 0 °C
Melting point -59.5°C
Boiling point 11°C

Solubility in water 8 g/dm’ (at 20 °C)
Thermochemistry
Standard enthalpy of formation AH®50s

104.60 kJ/mol
Standard molar entropy %5

257.22 J/K/mol
Hazards
MSDS 1CSC 0127
EU Index 017-026-00-3
EU Classification IE‘ .E',
(0] + > T"i
NFPA 704
Fire 0 *
Health 3
Reactivity 4 **
Oxidant
LDs,

292 mg/kg (oral, rat)

* The NFPA has not assigned a flammability rating to chlorine dioxide. Other sources rate
chlorine dioxides fire and explosion hazard as extreme.

** Reactivity.

Figure 2.2 Properties of ClO,. CAS: Chemical Abstract Service; EC: European
Commission; EU: European Union; MSDS: Material Safety Data Sheet; and NFPA:
National Fire Protection Association. Adapted from W.M. Haynes in Handbook
of Chemistry and Physics, 91* Edition, CRC Press, Boca Raton, FL, USA, 2010
p.4; N.N. Greenwood and A. Earnshaw in Chemistry of the Elements, 2™ Edition,
Butterworth-Heinemann, Oxford, UK, 1998, p.844; and Pulp Bleaching Principles
and Practice, TAPPI Press, Peachtre