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Abstract

Plant hygiene and food contact surface cleanliness are key prerequisites to the management of food quality
and safety, and may form a critical control point within Hazard Analysis Critical Control Point food safety
management systems. Several methods exist with which to monitor food contact surface cleanliness, with a
recent survey of the UK food industry indicating that ATP bioluminescence, cotton hygiene swabbing and
agar contact methods are the most commonly adopted. Despite their widespread use, little is known about the
relative efficiency with which these methods recover contaminating surface bioburden. The purpose of the
work reported was to critically evaluate these hygiene methods for assessing food contact and environmental

surface cleanliness within the food industry.

On surfaces sampled while dry, cotton swabbing was found to be the least efficient of the methods, with
bacterial recovery rates ranging from < 0.1% on surfaces sampled while dry, and from 0.25% to 16% on
surfaces sampled while wet. Minimum detection limits (MDLs) ranged from 10% to 10® cfu/100 cm’
depending upon surface moisture level, organism type and the nature of the organism release method used.
Absolute recovery rates were influenced by organism type and by a number of sampling variables, with
surface moisture level having the greatest effect on recovery. Organism recovery rates were not found to vary
greatly over swab storage times typical of those found in industry during swab transportation, but the method
was found to have poor reproducibility with coefficients of variation of up to 164% being recorded for

sampling marginally unclean stainless steel surfaces.

Agar contact dip slides were found to be more reproducible than cotton swabbing, with minimum detection
limits on inoculated surfaces sampled while wet being consistent at 102 cfu/100 cm?, and from 107 cfu/100

cm? to >107 cfu/100 cm? on inoculated surfaces sampled while dry.

Different ATP detection systems were found to have different minimum detection limits when individual
components of total ATP detection limit were evaluated. These ranged from 10* to 10%fu/100 cm’ when
used to sample inoculated stainless steel surfaces while dry. On identical inoculated surfaces sampled when
either wet or dry, the minimum detection limit was found to be consistent at 10*cfu/100 cm’. A technique for
determining microbial ATP levels was developed. Microbial ATP values from a range of food contact and
environmental surfaces within different food processing environments correlated well with microbial colony

count data, with R? values ranging from 0.65 to 0.93 before cleaning and from 0.50 to 0.94 after cleaning.

Results are discussed within the context of surface cleanliness assessment in the food industry and should

help industry develop appropriate strategies for surface hygiene monitoring.
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Chapter 1

Introduction and Review of Literature

1.0  Introduction

Never before has the quality and safety of food been in the public domain to quite the same
extent as it has been over the past few years (Wolf and Lechowich, 1989; Frewer et al., 1996;
Barendsz, 1998). Constant media and press coverage have heightened consumer awareness of
both the quality, and perhaps more importantly, the microbiological safety of food (Ollinger-
Snyder and Matthews, 1994). Whereas a decade ago the names of bacteria were the domain of
microbiologists only, today the names of organisms such as E. coli and Salmonella have

become much more familiar household terms.

This increase in public awareness of the importance of, and need to ensure, food quality and
safety has, in part at least, been due to the increase in the number of reported cases of food
contamination, of whatever sort, that has been seen nearly every year (Ollinger-Snyder and
Matthews, 1994; Baird-Parker, 1994; Sharp and Reilly, 1994; Gould et al, 1995). Undesirable
microbiological contamination of food, whether in terms of food spoilage or food poisoning,
may be attributed to a number of factors, including improved reporting mechanisms for food
poisoning; changes in agricultural practices; changes in food marketing and eating habits;
identification of new pathogens, and the development of improved microbiological methods

resulting in more reliable detection of such organisms.

One of the most important means by which industry is able to help prevent food contamination,
and reduce the potential risks from food related illness, is through the implementation of
effective cleaning programmes that are part of good hygiene practice. In addition, food safety

management systems such as HACCP, which to be successful, are dependent upon the



generation of real-time results, often identify the cleanliness of food contact surfaces as being
critical to ensuring food quality and safety (Griffith et al., 1997), to the extent that cleaning is a
pre-requisite to effective HACCP implementation, and may be designated as a critical control

point.

Several techniques are available with which to monitor the effectiveness of surface cleaning
protocols within industry, and these include microbiological and non-microbiological
monitoring methods (Griffith ez al., 1997). The overarching aim of this thesis is, therefore, to
critically evaluate these methods for use within the food industry for assessing surface

cleanliness.

1.1 Microorganisms and Food

Human survival is dependent on the consumption of food, and it is expected that the food
people eat is both safe and of an acceptable quality (Waites and Arbuthnott, 1990). Only food
that is known to be free from chemical, physical and undesirable microbiological contamination
will be of the nature and quality demanded by the consumer (Wijtzes et al., 1998). In spite of
this a significant volume of the total food sold each year in the UK and elsewhere is
contaminated resulting in human illness or unnecessary deterioration (Baird-Parker, 1994). This
in turn has led to a lack of consumer confidence and increased concern over the microbiological
quality and microbiological safety of the food we eat, with Bruhn (1997) reporting that
microbiological safety is consumers’ most frequently volunteered concern, which Flores (1991)

indicates is a critical issue for consumers’ and producers alike.

This concern might, in part at least, be due to the fact that throughout the world the
manufacture, distribution and retailing of food has become a highly complex business (Zink
1997; McMeekin et al., 1997). Raw materials are sourced on a global scale, wide ranges of
processing technologies are used, and the number of food products available for purchase by the

consumer continues to increase annually (Jouve et al., 1999).



The complexity of the food chain as we enter the new millennium therefore necessitates the
development of comprehensive control procedures and monitoring systems in order to ensure
that the consumer can have confidence in both the quality and microbiological safety of food
consumed. It is therefore necessary that at all stages in the food chain, from raw material
through to product sale, consideration be given to the quality and safety issues associated with

food production.

1.1.1 Food Spoilage, Quality and Shelf Life

All food was once living tissue, of organic origin, and it is because of its organic nature that
food is susceptible to deterioration or spoilage by microorganisms. Microbial spoilage leads to
undesirable sensory changes in food and may also compromise the food in terms of its safety

and quality for consumption.

While the dictionary definition of quality includes some mention of “degree of excellence”
possessed by a particular product, food quality is the result of numerous factors including
physical, biochemical and microbiological characteristics (Wijtzes ef al., 1998). The official
International Standards Organisation (ISO) definition of quality is the totality of features and
characteristics of a product or service that bear on its ability to satisfy stated or implied needs
(ISO 8402-1994). Quality might therefore be described simply as “fitness for use” (Oakland,
2000). In the microbiological context, quality comprises three aspects that include safety,
acceptability/shelf-life and consistency. It is important that a food does not contain levels of a
pathogen or its toxin likely to cause illness when the food is consumed. Nor should the food
contain levels of microorganisms sufficient to render it organoleptically spoiled (Buchanan,
1997). 1t is also essential that food be of a consistent quality with respect to both its safety and
shelf life. Rejections of a food on the basis of quality is often the result of decay in the widest
sense of the word, with the presence or growth of microorganisms being major problems

relating to food quality and safety.



In order to ensure that the safety and quality of foods are not affected through microbiological
contamination from equipment surfaces during manufacture, and during storage and
transportation, it is important that the hygienic condition of such surfaces are controlled through
routine cleaning and disinfection (Dunsmore, 1981), where the purpose of these processes is to
remove all undesirable material including food residues, microorganisms and foreign bodies
that may pose a risk to the quality or safety of food products (Holah, 1995). It is important that
microbial numbers are reduced to an acceptable level, and that numbers of pathogens are
reduced to safe levels. However, despite the importance of cleaning and disinfection in the food
industry, there is still a lack of information pertaining to the efficiency with which various
hygiene methods are able to assess the effectiveness of cleaning processes. In addition, if the
hygienic condition of food contact and equipment surfaces is to be improved, the performance
of the cleaning processes must also be improved, and this must involve some form of

monitoring of the effectiveness of the processes used (Dunsmore, 1981).

The two groups most actively engaged in determining and controlling the microbiological
quality of foods are the food industry and certain regulatory bodies (Jouve, 1999), with the
extent of their intervention being determined by the food legislation of the country in which
they operate. Procedures currently in use that assess and control possible deviations from
quality and safety standards include Good Manufacturing Practice (GMP) and the Hazard
Analysis Critical Control Point (HACCP) system, both of which may identify the cleaning of
food contact surfaces as being critical to ensuring food quality and safety which, if
compromised, may have a significant impact on the credibility of food manufacturers
(McMeekin et al., 1993). Additionally, cleaning is a legal requirement identified in both the
Food Safety Act (1990) and the 1995 Food Safety (General Food Hygiene) Regulations. One of
the consequences of food contamination due to poor implementation of cleaning programmes is

the potential for foodborne illness.



1.1.2 Foodborne Illness

While spoilage of foods due to the action of microorganisms is important in terms of quality, of
greater significance in terms of human health is foodborne transmission of pathogenic and
toxigenic microorganisms, which has been a recognised hazard for decades (Foster, 1997).
Although most microorganisms are not harmful to humans, with some being beneficial, many
microorganisms are capable of causing disease (Bower and Daeschel, 1999). Over the past
decade Britain, along with many other countries, has seen a dramatic increase in the incidence
of reported foodborne illness (Pritchard and Walker, 1998), which continues to present itself as
a major problem of both health and economic significance (Griffith et al., 1998). Despite
improvements in both medicine and food science and technology, foodborne illness has been
described as one of the most widespread problems of the contemporary world (Notermans et al.,
1994), with notified incidence having increased worldwide (Todd, 1989; Maurice, 1994), with
the range of organisms capable of causing disease now being more extensive (Notermans et al.,
1994). Of particular concern has been the increase of enterohaemorrhagic Escherichia coli in
addition to Rotavirus and Small Round Structured Virus (SRSV) infections (Sockett et al.,

1993).

In 1990, an average of 120 cases of foodborne illness per 100,000 of population were reported
from 11 European countries, with more recent estimates indicating that in some European
countries there are at least 30,000 cases of acute gastroenteritis per 100,000 population annually
(Notermans and van der Giessen, 1993) much of which was thought to be foodborne. It is also
clear that the extent of foodborne illness, and the data from national surveillance of infectious
intestinal disease represent only a small proportion of the total number of people affected
(Richmond et al,, 1990; Wall et al., 1996; Handysides, 1999). A similar situation is reported
elsewhere with the World Health Organization estimating that in most European countries only
about 10% of incidents are reported (WHO, 1992). In a UK study looking at infectious intestinal
diseases in the community it was found that one in five members of the population of England
(9.4 million cases) develops infectious intestinal disease in a year (Wheeler et al., 1999), with

17-45% of these cases thought to be attributable to some form of food related illness.



The economic costs of food poisoning, therefore, represent a significant burden to the economy
(Griffith ef al., 1994). There is obviously a health cost to be paid by the individual suffering
from the illness, but increasingly the wider economic costs are being recognised (Pritchard and
Walker, 1998). Estimates on the economic consequences of foodborne illness (Sockett, 1991)
suggest that in England and Wales in 1991, for example, some 23,000 cases of salmonellosis
were estimated to have resulted in an overall cost of between £40 and £50 million. An estimated
loss of approximately eight million working days has been proposed (Aston and Tiffney, 1993),
while the annual national cost has been estimated at between £500 million and £1 billion
(Sockett, 1993). The cost to the health service over a three-year period has been calculated at
£83,139,685, for inpatient treatments of infectious intestinal diseases (Djuretic et al, 1996).
Most recently, the Food Standards Agency estimate that the average cost of a case of infectious
intestinal disease in England is £79, with the total cost amounting to at least £743 million p.a.
(Food Standards Agency, 2000). The management and control of food quality and safety is,

therefore, an important issue for both Government and the food industry

1.2 The Management and Control of Food Quality and Safety

1.2.1 The Role of Government

Government plays a key role in ensuring the quality and safety of the food supply through a
number of pieces of legislation. Such legislation is the product of a long evolution, and is aimed
at supporting and encouraging the supply of safe, wholesome food (Craddock, 1999). Important
is the need for food legislation to be based upon scientific evidence, and which must be
acceptable to all relevant stages of the food chain (Craddock, 1999). Current food legislation,
which is discussed more specifically in Section 1.2.2, acknowledges the need for routine
cleaning. It is important, especially where the cleanliness of surfaces is designated as a CCP
within HACCP, that the methods of assessing surface cleanliness are reliable. Determining the
reliability of these methods can only be done through the generation of scientific evidence on

the performance of the methods. The work of this thesis aims to contribute to this aim.



Long before the recent increased interest in the quality and safety of the food supply, national
governments had already taken responsibility for the protection of public health, and the EU is
now considering what changes might be necessary to current legislation, be it a general directive
on food law, consolidation and simplification or reformulation of existing legislation, or
recommendations of a non-legislative nature. The underpinning aims for all future food
legislation include a high level of protection of consumer health and safety. That is legislation
that is primarily based on scientific evidence and risk assessment (Jouve, 1998). The research
findings reported in this thesis attempt to provide some scientific evidence on the efficiency
with which selected hygiene monitoring methods are able to assess food contact and

environmental surface cleanliness.

1.2.2 Food Safety Legislation

While much food legislation has been developed in a co-ordinated manner, other legislation has
been introduced in response to specific issues at any given time. This has lead to a marked lack
of consistency in terms of the level of detail given, with European Food Hygiene Legislation
being a good example (Craddock, 1999). Future developments in food safety legislation need,
therefore, to reconcile science, the interests of consumers, the legitimate interests of food

operators and the exigence of free trade (Jouve, 1998).

The EC Commission’s Food Hygiene Directive (93/43/EEC) requires all food businesses that
carry out production, processing, manufacturing, packaging, storing, transportation, distribution,
handling and sale of foodstuffs to comply with certain hygiene rules (J acob, 1992). Regard must
also be taken of other aspects including critical points in process control, hygiene of premises,
structure of buildings, and training of food handlers in food hygiene. Given the wide range of
businesses to which the Directive applies, a series of Codes of Practice in good hygienic
practice supplement the Directive and have been, or are being developed for each particular

sector of the food industry.



The Codes of Practice are based on the recommended international code of practice of the
Codex Alimentarius Commission of FAO/WHO. While not part of legislation, or subject to

enforcement, the Good Hygiene Practice Codes in the UK are voluntary.

Council Directive 89/337/EEC on the Official Control of Foodstuffs lays down criteria for
inspection of food premises unless more detailed rules apply to specific sectors. There are
obligations arising from the Directive for member states to report to the EC Commission on the
levels of inspection activity in the various sectors of the food industry. Provisions are also made

within the Directive for a Commission inspectorate.

Codes of practice can be used to refine necessary food safety controls. Quality and safety
standards are applied by the industry, and increasing emphasis on industry self-regulation using

techniques such as HACCP will certainly be beneficial.

The new legislative framework outlined began to be introduced to the UK in 1990, and
September 1995 saw the advent of the new Food Safety (General Food Hygiene) Regulations
based upon the EC Hygiene Directive. The purpose of these regulations is to implement Council
Directive 93/43/EEC on the Hygiene of Foodstuffs. These require all food business owners to
identify relevant hazards and points critical to food safety, and to introduce effective controls at
those points. This implicitly requires some form of risk assessment (Griffith ez al., 1998). These
regulations also stipulate that premises must be kept clean and maintained in good repair and
condition, be designed to allow proper cleaning and protect against the accumulation of dirt
(Dillon and Griffith, 1999). To enable relevant hazards to be identified, the food industry is now
adopting the Hazard Analysis Critical Control Point (HACCP) Food Safety Management
System, in addition to good manufacturing practice and good hygiene practice, in order to

ensure that the food they produce is of acceptable quality and safety.



1.2.3 The Food Industry

It is clear that food quality and safety are major concerns facing the food industry, with much
publicity being associated with undesirable microbiological and chemical contamination (Jouve
et al., 1999). Modern trading conditions and legislation require food businesses to demonstrate
their commitment to food quality and safety through the adoption of an appropriate management
programme. It is important that such a programme takes account of the role of businesses in the
food chain, whether they are primary producers, manufacturers, retailers or caterers. Ultimate
success will be dependent upon the correct use of appropriate methods and tools identified
earlier, and including Good Hygiene Practice (GHP), Good Manufacturing Practice (GMP) and

the HACCP system.

1.3 Quality Management and HACCP within the Food Industry
With the demand for safer foods, new approaches to the management of food quality and safety
such as HACCP, IS0, and Total Quality Management (TQM) have received widespread support

(Barendsz, 1998).

Quality systems encompass the organisational structure, responsibilities, procedures, processes
and the resources required to implement comprehensive quality management within a firm.
Such systems are relevant to, and should interact with, all stages of a food product’s cycle. It is
not sufficient merely to implement Good Manufacturing Processes (GMP) in order to ensure
product quality and safety (Barendsz, 1998) since GMP only represents a set of non-
standardised guidelines that contribute to food production that lead to food of acceptable quality
and safety. However, in conjunction with HACCP, GMP can be very effective when control
measures are considered. In view of the TQM concept, it is important that the HACCP system is
compatible with the ISO 9000 series as this is the global quality standard (Barendsz, 1998). For
this reason, the strong points of HACCP, i.e. the systematic approach adopted, are combined
with appropriate ISO 9000 standards. The standards in the ISO 9000 series are predominantly
directed at the standardisation of the industrial organisation, but with little attention being given
to the professional quality dimension (Barendsz, 1998). Therefore, when a HACCP food safety
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management system is implemented, along with efforts with respect to TQM, it is advisable that
all efforts directed towards HACCP are focussed towards realising a HACCP process control

plan that satisfies the format requirements of an ISO quality plan.

Quality systems are therefore designed to ensure that all factors potentially having an effect on
the quality of a food product are under control, with the control being oriented towards the
reduction, elimination and prevention of deficiencies relating to product quality. The two basic
functions that a quality management system must perform are quality control, which deals with
the operational techniques, and an activity that eliminate causes of unsatisfactory standards, and
also covers the monitoring processes, and quality assurance. Quality assurance provides
confidence, both internally and externally that the food business and/or its operational processes
will fulfil the requirements for quality. Because quality in its entirety is covered by this means,

it is important that food safety considerations are included in a food company’s quality system.

Total quality management and quality systems therefore provide the philosophy, culture and
discipline necessary to commit every food business operator to the achievement of all of the
company’s quality objectives. Within this framework, the inclusion of HACCP as the key
specific assurance plan provides the essential confidence that the food product will conform to
safety requirements, and consumer expectations, in order that no microbiologically unacceptable
or unsuitable product will leave the production unit. Included in this is the use of pre-requisite

programmes (PRPs).

Prerequisite programmes are not part of the formal HACCP system, and may include objectives
other than those specifically relating to ensuring food quality. Since it may not always be easy
to associate performance of a prerequisite programme element specifically to food production, it
is generally agreed that it is more effective to manage them within the overall quality
framework. This is considered more appropriate than including their performance and control as
part of the HACCP plan (Sperber et al, 1998). Such pre-requisite programmes may, for

example, include cleaning and disinfection where it would be expected that the cleaning and
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disinfection activities within a specific company were being performed to a suitably high
standard before implementing HACCP. It is also recognized that many of these prerequisite
programmes, including cleaning and disinfection, are based upon Good Manufacturing
Practices, and may include other systems such as ingredient specifications, supplier approval

auditing and customer complaint management procedures.

1.3.1 HACCP Food Safety Management Systems

The adoption of the Codex Alimentarius text “Guidelines for the Application of the Hazard
Analysis Critical Control Point (HACCP) System” (Codex, 1993) and its subsequent revision
entitled “Hazard Analysis and Critical Control Point System and Guidelines for its Application
(Codex, 1997), have provided international endorsement of the use of the HACCP system as a

cost effective procedure for assuring the quality and safety of food (Mayes, 1998).

The principles of the approach have been extensively reviewed, most recently by Notermans et
al., 1994; Griffith and Worsfold, 1994; Notermans et al., 1995; Notermans and Mead, 1996;

Khandke and Mayes, 1998 and Sperber, 1998.

The HACCP system was developed in the early 1960s in the USA in order to produce safe food
for the space programme (Bauman, 1990). In its original form the system consisted of three
principles. Later, in the late 1980s the system was extended by the International Committee on
the Microbiological Safety of Food (ICMSF) in 1988 and by the National Advisory Committee
on the Microbiological Control of Food (NACMCF) in 1989 to the seven principles that have
now been incorporated into Codex Alimentarius (FAO/WHO Codex Alimentarius Commission,

1997).

The HACCP system of Codex Alimentarius is a systematic approach to the identification,

assessment and control of hazards within food production, and has been defined by ICMSF

(1988) as:
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“ A systematic approach to the identification and assessment of microbiological hazards and
risks associated with the manufacture, distribution, and use of a particular foodstuff and the

definition of means for their control”.

The process involves the evaluation of all procedures in the production, distribution and use of
raw materials and food products. The seven principles are structured into three elements,
namely hazard analysis (principle 1), measures for hazard control (principles 2-5), and

verification and documentation of the system (principles 6-7) (Untermann, 1999).

Since its initial use some thirty years ago, practitioners now realize that the HACCP philosophy
cannot be applied in a vacuum, and that it must be supported by a strong foundation of

prerequisite programmes (Sperber et al., 1998) that should include cleaning and disinfection.

In addition, promoted most actively is the use of risk analysis procedures, and in some cases the
use of specific elements of quantitative risk analysis within HACCP systems. A number of
authors have recently proposed the use of risk-based approaches within HACCP (Baird-Parker,
1994, 1995; Buchanan, 1995; Notermans and Jouve, 1995; Elliott, 1996; Notermans and Mead,

1996).

Within the context of surface cleanliness, which may be a designated CCP within HACCP,
another consideration is the need to be able to validate the methods used for assessing surface
cleanliness levels, and to verify that the results from monitoring using the methods are reliable.

The processes of validation and verification within HACCP are therefore important.

1.3.2 Validation and Verification within HACCP

In order to ensure that the procedures put in place for controlling CCPs are effective, it is
important that such procedures are monitored, validated, and verified to ensure that confidence
in their ability to control the CCP(s) exists. The adoption of the Codex Alimentarius text

(Alinorm 97/13A) as the authoritative text on Principles and Guidelines for HACCP has
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contributed to a more harmonized approach and agreed terminology, but there is still lack of
clarity over the specific activities of validation and verification in relation to monitoring CCPs

(Mayes, 1999). It is important, therefore, that the relevant terminology is clarified.

Although definitions differ depending upon their source, increasingly the use of the Codex
Alimentarius Alinorm definitions are becoming accepted as standard. Validation is defined as
being the process of obtaining evidence that the elements of the HACCP plan are effective, with
no additional explanation of the use of validation being given in the Codex text (Codex
Alimentarius, 1997). Verification is defined as the application of methods, procedures, tests and
other evaluations, in addition to monitoring to determine compliance with the HACCP plan

(Codex Alimentarius, 1997). Codex provides additional explanatory text:

“Verification and auditing methods, procedures and tests, including random sampling and
analysis, can be used to determine if the HACCP system is working correctly. The frequency of
verification should be sufficient to confirm that the HACCP system is working
effectively............where possible, validation activities should include actions to confirm the

efficacy of all elements of the HACCP plan”.

The relationship between the activities of validation and verification still cause confusion
(Mayes, 1999). Separate definitions for the two terms are provided in the Codex text, but
include validation under Principle 6 — Verification, thereby promoting the concept that
validation is a sub-set of verification. Confusion is maintained by Codex providing no
clarification of the activities comprising validation, yet explicitly describes verification

activities.

In the context of HACCP, it is not intended to apply validation or verification to the hazard
analysis principle alone, nor to any other principle in isolation because all seven Principles

contribute to the overall HACCP plan.
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Within the specific context of Hazard Analysis, therefore, validation should be performed as
part of the design of the HACCP plan prior to implementation, while verification of hazard
analysis should consist primarily of an examination of the records of the validation activities to
determine if there is evidence that validation has been executed correctly. An important
consideration within HACCP is obviously the methods used to assess surface cleanliness, and
the need for these to be properly validated. The work reported in this thesis aims to help those
responsible in industry for the assessment of cleaning to better understand the way in which
some of these methods recover and detect microbial contamination from food contact and

environmental surfaces.

1.4 Design, Construction and Cleaning of Food Premises

1.4.1 The Design and Construction of Food Premises

Fundamental to the control of microbial contamination and its transmission within food
processing environments is good hygienic design, which will help to facilitate cleaning to an
appropriate standard (Holah, 1995). Such cleaning must ensure that levels of contamination
present on surfaces are reduced to acceptable levels, where the risks associated with food
spoilage and the potential for cross-contamination are minimised. An important aspect of such
design includes the selection of appropriate materials for the construction of food contact
surfaces that may be involved in direct or indirect contamination of food (Taylor and Holah,

1996).

The selection of appropriate materials for the construction of food contact surfaces is, therefore,
important due to the potential risks associated with food spoilage and cross-contamination,
which may in turn result in unacceptable quality changes in foods or in food poisoning. Another
important issue is the potential for biofilm formation on food contact surfaces, and this has been
extensively reviewed by a number of authors (Carpentier and Cerf, 1993; Zottola and Sasahara,
1994; Hood and Zottola, 1995; Ganesh Kumar and Anand, 1998). The food industry provides
diverse environments suitable for biofilm formation (Peters ef al., 1999) and this should be a

fundamental consideration in the design process.
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Within good manufacturing practice, an effective control measure in attempting to limit the
risks associated with contaminated food contact surfaces will include the implementation of an
effective cleaning and disinfection programme. Because of the contribution made by cleaning to
ensuring food quality and safety it is a legal requirement that “all articles, fittings and
equipment with which food comes into contact shall be kept clean”. The main purpose of
ensuring high standards of cleanliness in food premises is to protect public health. The Food
Safety Act 1990 makes it an offence to contaminate food, while the Food Safety (General Food
Hygiene) Regulations 1995 require the proprietor of a food business to identify any step in
activities of the business which are critical to ensure food quality and to introduce effective
controls at those points. There is, therefore, a clear obligation in law on the business proprietor
to keep food premises clean wherever there is risk to the food (Dillon and Griffith, 1999).
Cleaning will, therefore, help to ensure that the transmission of microbial contamination via
food contact surfaces is prevented. To be successful, it will, in part at least, be dependant upon
the nature and composition of the materials used in the initial design of the working
environment, with particular importance being placed upon the nature of the food contact
surfaces. In addition, within HACCP, the cleanliness of food contact surfaces may be

designated as a CCP.

1.4.2 The Process of Cleaning and Disinfection

Cleaning, within the context of food hygiene, is defined as any process of physical removal of
“soil”, i.e. any matter present that should not be part of an item, defined by Jennings (1965) as
“matter out of place” and can contain microbes that are responsible for food poisoning or
spoilage. Disinfection, on the other hand, is defined as the elimination of microorganisms or
their reduction to acceptable levels, this being achieved either through the application of heat or
chemicals. In this thesis, however, the term cleaning is used to describe both of these processes

unless otherwise indicated.
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The success of any cleaning programme will be dependant upon the integration and co-
ordination of the cleaning programme with the manufacturing operations. In order to achieve
effective cleaning within an operation, it is important to have an understanding of the type and
nature of the soil present, information on the design and construction of the operation and the
equipment present, some idea of what the cleaning process is meant to be accomplishing, and
knowledge of the types of cleaning agents available and what their primary functions are.
Should the cleaning programme employed not be effective, microorganisms and food product
residues will remain on the surface at concentrations that may in turn affect the quality and

safety of the food product.

The cleaning process involves a number of stages which includes wetting of the surface and soil
by the cleaning agent, action of the cleaning agent to facilitate removal of the soil from the
surface, prevention of re-deposition onto the surface, and disinfection of residual microbes
(Jennings, 1965; Koopal, 1985; Holah, 1992). An important stage of the cleaning process is
surface drying, which may have an effect on organism survival, in addition to the ability of
some methods to recover and detect any residual organisms remaining on surfaces after cleaning
has been completed. While surface drying may result in loss of viability, it may also lead to
surface attachment of the organisms, and this will have implications for surface monitoring.
Depending upon the effect of drying on the organisms, monitoring methods may or may not be
able to recover them, and this is an important consideration in determining when monitoring

should be performed.

Four main factors are involved in combination with each other that help to achieve the stages of
cleaning outlined above. These are chemical energy in the form of the detergent/cleaning agent,
mechanical or kinetic energy, temperature or thermal energy through the use of hot water in
which the detergent is dissolved, and time. Chemical energy is important in both the cleaning
and disinfection processes. In the cleaning stage, the chemicals act by breaking down surface

soils and aid the reduction of their attachment strength in order to facilitate their removal from
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the surface. In the disinfection phase, the viability of residual microorganisms is reduced as a
result of chemical action. Mechanical or kinetic energy is employed to remove soils from
surfaces physically, and may include a number of activities such as wiping, brushing, and
pressure jet washing, Temperature affects cleaning and disinfection in a number of ways, with
increases in temperature generally enhancing the activity of disinfectants (Gelinas ez al., 1984).
An increase of temperature was found to greatly enhance the activity of glutaraldehyde and
chlorhexidine acetate, whereas contact time mainly enhanced the efficiency of sodium
hypochlorite, a quaternary ammonium compound and an amphoteric surfactant when evaluated
by Gelinas et al.(1984). In a similar manner, increasing time through using foams or gels to
increase contact time can lead to improved cleaning effectiveness through longet association of
the cleaning chemical with the surface soil (Gibson et al., 1999), which is in agreement with the
findings of Gelinas et al. (1984). It is thought that it is the cleaning stage which is the most
important in effecting reduction in microbial numbers on food contact surfaces (Carpentier and

Cerf, 1993; Dunsmore, 1981).

A comparison of the bactericidal efficiency of eighteen disinfectants used in the food industry
for destroying Escherichia coli O157:H7 and Pseudomonas aeruginosa was investigated by
Taylor, et al.,(1999). The authors found that the disinfectants exhibiting reduced efficacy at a
temperature of 10°C were amphoterics and quaternary ammonium compounds. However,
Gelinas et al., (1984) reported that increasing contact time was more important than temperature
in the use of these compounds. Of the eighteen disinfectants tested, only eleven were found to
perform effectively at both 10°C and 20°C. This work demonstrated the importance of ensuring
that such products are used according to manufacturers instructions that will include an
indication of what temperature to use in order to achieve optimum results. In addition, it is
important that the disinfection stage of any cleaning programme is verified for its efficacy, and
the methods available to establish this will be discussed in Section 1.5 — Methods for Assessing
Cleaning Effectiveness. Other work reported by Ronner and Wong (1993) evaluating biofilm

formation and sanitiser inactivation of Listeria monocytogenes and Salmonella typhimurium on
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stainless steel and Buna-n rubber found that the type of surface, nutrient level and organism
type influenced biofilm development. Buna-n rubber was found to have a strong bacteriostatic
effect on Listeria monocytogenes, with biofilm formation being reduced under low nutrient
conditions. Buna-n was, however, less bacteriostatic towards Salmonella typhimurium, with
inhibition of growth of several other pathogens being achieved to varying degrees. Biofilms
were challenged with four types of detergent and non-detergent sanitizers, and it was found that
resistance to these substances was strongly influenced by the type of surface. Bacterial biofilm
populations on stainless steel were reduced between three and five log cycles by all the
sanitizers, but those on Buna-n were resistant to these sanitizers and were reduced by less than
one to two log cycles. It was interesting to note that planktonic cells were reduced by between
seven and eight logs by the same sanitizers, and that scanning electron microscopy revealed that
biofilm cells and extracellular matrices remained on sanitized surfaces from which no viable
cells were recovered. In another study, Frank and Koffi (1990) found that surface-adherent
growth of Listeria monocytogenes was associated with increased resistance to surfactant
sanitizers and heat. Adherent microcolony cells on glass slides decreased by two to three log
cycles immediately after exposure to benzalkonium chloride and anionic acid sanitizers. The
remaining cell population survived for twenty minutes demonstrating resistance to both
sanitisers at all concentrations. Adherent single cells exhibited an initial three to five log cycle
decline in numbers and reached undetectable levels after twelve to sixteen minutes of exposure
to the sanitizers, with planktonic cells being reduced to undetectable levels after thirty seconds
exposure to the lowest concentration of each sanitiser. Clearly, these findings emphasize the
need to ensure that in cleaning food contact surfaces, the nature of the substances selected, and
the concentration and temperature at which they are used is important in ensuring that they work
effectively. The cleaning process is important since it ought to disrupt surface biofilm prior to

disinfection, which is why the cleaning process is more significant than the disinfection stage.
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1.4.3 The Cleanability of Stainless Steel

It has already been established that an important consideration in the selection of any material
for use as a food contact surface within the food and catering industries is its ability to be
cleaned and sanitised effectively. Current research reported by Steiner ef al., (2000) suggests
that the ease of cleaning stainless steel is one of the foremost concerns relating to its use in the
food and dairy industries. This in turn will help to reduce the risks of pathogen transmission
through the food chain. A substantial body of work exists on the cleanability of stainless steel as
a food contact surface. While it was recognised in the 1950s that stainless steel may show a low
microbiological count and still retain significant quantities of soil, much of the early work on
the cleanability of stainless steel involved only microbiological methods of cleanliness
assessment (Holland et. al., 1953; Jennings, 1959; Kaufman et al., 1960; Abele 1965), and such
methods are designed to detect microorganisms and not other components of total surface

contamination such as organic food debris.

The work of Kaufmann (1960) investigating various microbiological methods of cleanliness
assessment on dairy equipment with different surface finishes concluded that there was no
significant difference in the cleanability of several different stainless steel surfaces tested, yet
Stone and Zottola, (1985a) found that suboptimum cleaning protocols when used in two
different clean-in-place systems did have an effect. They found that under normal clean-in-place
procedures those cells that remained in the system did not exhibit attachment fibrils. Under
conditions of lowered detergent water temperature and detergent and sanitizer concentrations,
those cells that were present after clean-in-place showed attachment fibrils. Organisms
remaining after normal clean in place were not viable, whereas those present after suboptimum

cleaning were.

In contrast to Kaufman et al., (1960), Masurovsky and Jordan, (1958) found that certain surface
finishes did influence efficiency of cleanability, with electro polished and 240 grit finishes
exhibiting superior cleanability than other finishes. Timperley and Lawson (1979) found a

statistically significant relationship between surface roughness and cleanability using Clean-in-
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Place (CIP) techniques for stainless steel pipe of five different finishes using microbiological
methods of assessment. Ease of cleaning was reported to be related to surface roughness, with
surfaces of low roughness (Ra) values being more easily cleaned, while Stone and Zottola,
(1985) have illustrated the importance of using optimum cleaning conditions. Pflug, et al.,
(1961) in a study of both cleaning and soil build up found that surface finish had a small but
measurable effect on soil deposition, but no significant effect on the rate of soil removal. Holah
and Thorpe (1990) in a study on the cleanability of various unused sink surfaces found no
difference in cleanability, but reported that stainless steel, abraded to produce a finish not
dissimilar to that observed on naturally worn domestic stainless steel sinks, was approximately
ten times more cleanable than the other sink materials subjected to the same treatment.
Extending the cleaning time did not enhance bacterial removal from other surfaces compared
with stainless steel. These differences were thought to be caused by the characteristic surface
changes due to the abrasion, with stainless steel being most resistant to surface change.
Reported in a study of clean in place of stainless steel lines Holland et al., (1953) found that
there was no correlation between film deposition and bacterial counts and it was recommended
that bacterial counts should not be used as the sole measure of cleanliness in clean-in-place
lines. In assessing the relative cleanability of artificially abraded stainless steel, enamelled steel,
mineral resin and polycarbonate domestic sinks, Stevens and Holah (1993) found that after a
combined wiping combined with a spray wash procedure, stainless steel retained 0.5 to 1.0 log
order fewer bacteria than enamel sinks which were reported to be 0.5 log order cleaner than the
mineral resin and polycarbonate sinks. After spray washing only, stainless steel retained 0.5 log
order fewer bacteria than enamel which in turn was 0.5 log order cleaner than the polycarbonate

and mineral resin sinks.

Most recently, Frank and Chmelewski (1997) investigated the relative ability of various
materials used for domestic and food service sinks and worktops to be sanitised. Surfaces tested
included stainless steel, polycarbonate, and mineral resin. Results indicated that stainless steel
and smooth polycarbonate were more readily sanitised by quaternary ammonium compounds

than the mineral resin. Chlorine was found to be most effective on mechanically polished
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stainless steel, and was less effective on mineral resin surfaces. It was found that sanitation with
quaternary ammonium compounds and chlorine reduced Staphylococcus aureus populations by

a three log order on all surfaces except unabraded mineral resin.

The importance of implementing effective cleaning programmes within the food industry to
help ensure that the quality and safety of the food produced is not compromised has been
discussed in detail. Should cleaning programmes be inadequate, a potential problem facing the
industry will be microbial attachment and biofilm formation, which will, in turn, have a marked

effect on product quality and safety.

1.4.4  Microbial Attachment and Biofilm Formation

Microbial attachment and biofilm formation in food processing environments are potential
sources of contamination of food that may lead to food spoilage and/or the transmission of food-
borne pathogens (Hood and Zottola, 1997 a, b), and is of major health significance (Mettler and
Carpentier, 1998). Biofilm formation is described as the ability of microorganisms to attach and
grow on food and food contact surfaces under favourable conditions, and is particularly
important since the food industry provides a number of diverse environments suitable for their
development (Peters et al., 1999). Figure 1.1 provides a diagrammatic representation of biofilm
formation and illustrates the stages in its formation. These include the deposition of a
conditioning film followed by the adhesion of planktonic cells, cell division and further
attachment of new cells, the formation of micro-colonies and over a period of days, the
development of a mature biofilm. The term biofilm refers to the biologically active matrix of
cells and extracellular substances in association with a solid surface (Bakke et al, 1984).
Costerton et al., (1985), however, describes a biofilm as being a consortium of microorganisms
attached to a surface and is embedded in the extracellular polymeric substances (EPS) produced
by the microorganisms. Biofilm formation specifically relating to food contact surfaces has been
extensively reviewed by a number of authors, and including Notermans, et al., 1991; Holah and

Kearney, 1992; Mattila-Sandholm and Wirtanen, 1992; Carpentier and Cerf, 1993; Zottola and
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Sasahara 1994; Sjoberg, et al., 1995; Hood and Zottola, 1997a; Ganesh Kumar and Anand,

1998; and Peters et al., 1999.

Biofilm formation is dependent upon attachment, with the mechanisms of bacterial attachment
being complex, with numerous different interactions between the bacterial cell surface and the
surface to which it is attached (Husmark, 1988). Of importance is the role of pili, which are thin
hair-like proteinaceous appendages that are several micrometers long. These structures are
generally associated with the adhesion of bacteria to surfaces, and can often be seen projecting
from the surface of bacterial cells. The most generally accepted mechanisms for the attachment
of bacteria to solid surfaces are a two-stage process proposed by Marshall, ez al., (1971) and a
three-stage process suggested by Busscher and Weerkamp (1987). In the two stage process, the
first step involves the bacteria being transported close enough to the surface in order that they
may be adsorbed onto it, which is a reversible step. The second stage is known to be time
dependent and involves the production of extracellular substances that secure the
attaching bacteria to the surface. The three-stage process outlined by Busscher and Weerkamp,
(1987) view the process in terms of the distance of the bacteria from the surface. At distances of
more than 50nm only long range forces are in operation and the attachment is reversible. As the
separation distance decreases to around 20nm, both long range and electrostatic interactions
exist. It is thought that this leads to weak attachment, but that over time the attachment becomes
stronger. The third stage in the attachment process, which occurs at distances of less than

15nm, involves the production of adhesive polymers that lead to strong attachment

In both these models, the final stage depends upon the ability of the microorganism to
metabolise and produce adhesive material In addition to the two models of microbial attachment
outlined above, attachment can also be divided into another two major types, these being
specific and non-specific (Marshall, 1984). The attachment of bacterial cells to inanimate
surfaces such as stainless steel and other food contact surfaces is known to follow chemical and

physical laws (Husmark, 1988). In non-specific attachment the attraction and binding of the cell
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to the surface are caused by hydrophobic interactions and covalent, ionic H-linkage or
electrostatic interactions. Specific attachment is governed by the same physical parameters as
non-specific attachment with the addition of a requirement of stereochemical interaction
between the bacteria and the surface to which attachment is taking place. Distinction can also be
made between passive and active mechanisms of surface attachment. When bacteria produce
surface molecules, generally the accumulation of polysaccharides known as the glycocalyx, in
order to influence the attachment process this is referred to as active attachment.

The attachment and colonisation of bacteria on food contact surfaces has, not surprisingly, been
of considerable interest in the context of food hygiene (Ganesh Kumar and Anand, 1998). Those
microorganisms found upon food contact surfaces have been reported to exist in a complex
environment where surfaces, soil residues, detergent residues, moisture, temperature, the
population density of the microorganisms and various other factors influence each other
(Chaturvedi and Maxcy, 1969). When several biotic and abiotic elements interact in a limited
space, the sum total off their interactions may be called an ecosystem. In applying this term to
food contact surfaces, the term hard surface ecosystem may be used, and refers to a system
capable of maintaining an equilibrium that controls microbial survival, and perhaps

proliferation, which is of importance in the food industry (Chaturvedi and Maxcy, 1969).

In situations where the formation of a biofilm is considered detrimental, the term microbial
fouling or biofouling is generally used (Ganesh Kumar and Anand, 1998). The term biofouling
refers to the undesirable formation of a layer of living microorganisms and their decomposition
products as deposits on the surfaces in contact with liquid media. Serious problems are caused
in the food and dairy industry due to biofouling, and several studies have investigated microbial
attachment specifically on stainless steel and other types of food contact surfaces, Stanley,
1983; Stone and Zottola, 1985 (a,b); Herald and Zottola, 1988; Mafu et al., 1990; Helke et al,

1993; Hood and Zottola, 1997(a,b) and Smoot and Pierson, 1998.

Studies investigating biofilm formation on food contact surfaces due to specific pathogens have

been reported by Kim and Frank, 1995; Dewanti and Wong, 1995; Oh and Marshall, 1995; and
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Blackman and Frank, 1996. In investigating the effect of nutrients on biofilm formation by
Listeria monocytogenes, Kim and Frank (1995) found that the degree to which biofilm initially
developed was associated with amino acid concentrations within the range of 0.12 to 6 grams
per litre. After twelve days, biofilm formation was not affected by amino acid concentration. Of
five carbohydrates tested, mannose and trehalose were found to enhance biofilm formation.
These findings alone would suggest that time is a critical factor in allowing biofilm to establish
on food contact surfaces, and that such surfaces should not be left uncleaned for extended
periods of time. This was confirmed by Oh and Marshall (1995) who found that planktonic cells
of Listeria monocytogenes were more sensitive to heat and monolaurin than were cells attached
to stainless steel. Young cells were found to be more sensitive to each treatment than old (7-
day) cells. Cells that were in a rich nutrient environment were more resistant to treatment than
cells in a depleted nutrient environment. These results clearly illustrate the benefits of cleaning
food contact surfaces before residual microorganisms have the opportunity to manifest
themselves as biofilm. Despite Oh and Marshall (1995) reporting increased resistance of cells to
treatment when present in a high nutrient environment, Dewanti and Wong (1995) found that
biofilm develops faster when organisms are grown in low nutrient conditions. Growth of
Listeria monocytogenes as a biofilm on various food-processing surfaces was investigated by
Blackman and Frank (1996). Biofilm formation was found to be greatest on polyester floor
sealant and least on nylon, with the use of a chemically defined minimal medium resulting in a
reduction in biofilm formation on polyester floor sealant, and reduced biofilm levels on stainless
steel. Tt was concluded that biofilm growth of Listeria monocytogenes was sufficient to provide
a substantial risk of the pathogen contaminating food-processing plants if wet surfaces are not

maintained in a hygienic condition.

The relative cleanability of stainless steel food contact surfaces is, therefore, an important
consideration in relation to preventing biofilm formation (Steiner et al., 2000). Additionally,
product shelf life and quality will be enhanced if adequate cleaning procedures are in place.
Steiner, et al., (2000) suggest that industry concerns regarding stainless steel cleanability relate

to finding a surface finish that will better release adhering particles.
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1.5 Methods for Assessing Surface Cleanliness

Several methods exist with which to monitor food contact surface cleanliness, and these have
been reviewed by a number of authors (Favero ef al., 1968; Patterson, 1971; Baldock, 1974;
Sveum et al., 1992). The principles underpinning the use of these methods have been explained
in sections 1.5.1 and 1.5.2. The importance of surface cleaning assessment has already been
outlined, but is essential in ensuring that consumers’ are provided with safe and wholesome
food products that are free from undesirable microbial contamination. The assessment of surface
cleanliness levels can be achieved by a number of means including microbiological and non-
microbiological methods. However, there is no agreed method adopted by industry for
assessing cleanliness, and there is a lack of data on the ability of certain methods to assess
surface cleanliness levels. Figure 1.2 outlines the range of methods currently available, which
have been conveniently grouped into microbiological and non-microbiological based methods.
These methods of surface cleanliness assessment form an important part of the food quality
control process since, by sampling food contact and environmental surfaces, it is possible to
help prevent the dispatching of low-quality food from the food processing environment.
However, the quantification of microorganisms from surfaces is difficult, not least because of

strong microbial adherence and because of the formation of biofilms outlined earlier.

A number of factors will influence choice of monitoring methods (Griffith e al,, 1997) and
these have been summarised in Table 1.1 — Factors Influencing the Choice of Cleanliness
Assessment Methods. Several key issues will determine the choice of methods used to monitor
the effectiveness of surface cleanliness, not least of which will be the nature of the information
required by industry. Information on total surface cleanliness, comprising residual organisms
and product residues, can only be obtained using ATP bioluminescence, yet details of residual
microorganisms on a cleaned surface, which many microbiologists consider to be more
important, can be obtained by a number of microbiological based methods which differ in terms
of cost, ease of use, minimum detection limits and reproducibility. In addition, the threshold for
detecting microorganisms on surfaces will vary depending upon the method used. Some
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Table 1.1  Factors Influencing the Choice of Cleanliness Assessment Methods

Factor Comment

Cost The cost of cleaning and the assessment of cleaning efficiency
must be optimised especially for designated critical control points.
This may include capital as well as running costs.

Time The speed with which results are required. For a designated critical
control point this should be in time for corrective action to be
taken. Speed of results may be especially important in a 24-hour
production environment.

Information Is information on residual surface microorganisms needed or is the

Required level of surface cleanliness (including product debris/biofilm and
micro-organisms) more important

The Type of QA The type of quality management systems in use and who

System implements it. This includes equipment and laboratory availability,
staff responsibilities, use of outside laboratories etc.

Staff Level of technical training.

Ease of Use Considered in relation to availability of technical staff.

Type of Product Levels of cleanliness required and amount of monitoring needed

and Predlc.t ed .Level can be product related. Considered in relation to sensitivity

of Contamination
required and possible levels of contamination. Method used should
offer appropriate sensitivity.

Position in Plant Do surfaces need to be checked as part of GMP or are they CCPs.
Relation to other CCPs and processing methods?

Reliability and Does the test give reliable and reproducible results? Are target

Reproducibility values and critical limits required, if so, can they be achieved?

Management Needs | Requirements for due diligence defence, second or third party
audits

Nature of Food The composition and shape of the surfaces being monitored may

Conatt Dikiace influence the choice of hygiene assessment method

(from Griffith et al. 1997)
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methods may underestimate the numbers of organisms present (Boulange-Petermann, 1996),
while others may have poor repeatability and reproducibility (Holah, et al., 1990). In addition, it
is important that, in selecting a particular method, the user understands the fundamental
differences in what microbiological and non-microbiological methods are measuring. While ATP
bioluminescence is capable of providing information on total surface cleanliness through
detecting and measuring ATP from both microorganisms present on 2a surface, and from any
residual food debris, microbiological methods of assessment have been designed to provide
information only on residual microorganisms remaining on a surface after cleaning. In selecting a
specific microbiological method for use, several issues relating to the nature of the information
required need to be considered. These include whether a precise count of organisms is necessary,
or whether an approximation on the numbers of organisms present will be sufficient. More
quantitative data on the numbers of organisms present on a surface will be more easily obtained
using surface swabbing, while approximate numbers of organisms can be more easily determined

using agar contact dip slides, which are semi-quantitative in nature.

The time available before results are required and/or available will be another important
determining factor since microbiological methods are dependent upon incubation periods of up to
forty eight hours in comparison to ATP bioluminescence that has the ability to produce results
within minutes. The time taken to obtain results is especially important in HACCP since
corrective action at critical control points within manufacturing processes can only be taken once
results are gained. The time of sampling may also be important, especially since allowing
surfaces to dry thoroughly after cleaning may have an effect on the ability to recover any residual

organisms still remaining on the surface.
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Other considerations may include the ease of use of the method, especially where non-technically
trained staff are involved in the monitoring of surface cleaning. In addition, microbiological
methods generally require laboratory facilities that are not always necessary for ATP
bioluminescence, especially given the introduction of single-shot assays. It is important also that
the hygiene monitoring methods chosen offer an appropriate level of sensitivity, and that there is
confidence in both the reliability and reproducibility of the method chosen. The nature of the
surfaces being sampled may also influence the method chosen. For example, agar contact
methods are only suitable for flat, smooth surfaces, yet hygiene swabs have the ability to access
surfaces that are less easily sampled using agar contact methods, and may be better at removing
surface biofilms. In addition to these considerations, probably the most important factor
determining choice of methods will be their cost. The cost of cleaning and the assessment of

cleaning efficiency must be optimised, and this may include both capital as well as running costs.

Table 1.2 outlines some of the main issues surrounding the decision to perform microbiological
assessment “In House” or to contract out to an external laboratory. While the decision to contract
out such work will be dependent upon the facilities available “In House”, the skills of staff, and
the time and costs involved will also be important considerations. In terms of cost, both capital
and running costs need to be considered, as do the costs of any staff that need to be employed to
perform the analyses. The time taken to obtain results is another factor, as is perhaps the need for
results to be accepted by a third party. This will be more likely if the results have been obtained
from an accredited external laboratory. Also of importance may be the safety issues surrounding
the cultivation of potentially harmful organisms near food production areas, in which case

contracting out sample analysis would be better.
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Table 1.2

Attribute

Cost

Safety

Speed

Methodology

Acceptance

Transport of
Swab

Staffing

In House
High capital outlay (£2000+).
Lower running costs: 60-90p

The greater the number of
tests the more cost effective

Organisms and possible
pathogens may be cultivated
near food production
environment

Quick availability of results

May or may not be
standardised. Laboratory may
or may not be accredited

May not be cost effective to
introduce sophisticated new
techniques

Results may or may not be
accepted by third party

Minimal time delay between
sampling and analysis.
Immediate response to
problems

Technically trained staff
needed by company, maybe
more highly motivated than
externals

In house staff more
knowledgeable of product,
expected flora etc. Can make
suggestions on alternative or
additional sampling.
Technical expertise can be an
asset to company e.g. in 2",
3" party audit and HACCP

In house staff less likely to
misunderstand requirements.
Will engage in dialogue

(from Griffith et al., 1997)
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Comparison Of ‘In House’ And External Microbiological Assessment

External

No capital outlay. Running costs £5 - £17
per swab

External laboratories must make a profit.
Costs of transportation. Can be more cost
effective for small operations. May be
discount for large numbers

Organism cultivated in site remote from
production

May be a delay in results. Time for
transportation

Increasingly, laboratories are externally
accredited e.g. NAMAS. Standard
methods likely to be used.

Can use the latest sophisticated technique
of analysis — sensitivity, economy of
scale

Results more likely to be accepted by
third party

Variable delay due to transport may
result in loss of viability of organisms

Technically trained staff provided by
external laboratory

External staff no knowledge of product
sample sites etc.

Mistakes in communications can occur
Dialogue with an ‘expert’ may cost
additional money



1.5.1 Microbiological Methods for Assessing Surface Cleanliness

While microbiological based methods of hygiene monitoring are of limited value for monitoring
surface cleanliness, their importance must not be underestimated. Within HACCP, they can be
useful tools for validation and verification. Their ability to provide information on the presence of
specific pathogens is of considerable value, as is their ability to provide quantitative information

on the numbers of organisms present.

The main microbiological methods available for use in assessing surface cleanliness include
surface swabbing, which includes cotton and alginate swab variations, and agar-contact methods
which comprise agar contact plates, dip-slides and the traditional agar sausage. Other more recent
developments include the use of petrifilms that are a modification on the method of organism

cultivation, and involve the inoculation of a dehydrated media film with recovery diluent.

1.5.1.1 Surface Swabbing

This particular method has many forms and is probably one of the most widely used methods in
the food industry today. A sterile swab, pre-moistened in an appropriate wetting agent, is rubbed
over the surface of interest and then either streaked directly onto the surface of an appropriate
culture medium, or released into a known quantity of sterile recovery diluent that is then used to
prepare agar plates for incubation. Patterson (1971) has indicated that there is often poor
organism recovery using this method, either through characteristics of the surface being sampled
or as a result of the amount of pressure applied to the swab, or due to the time and speed of
application of the swab to the surface. Additionally, different people use swabs in different ways,
so the results may not be comparable between samples, or between laboratories. Specifically with
regard to cotton swabs, organism retention within the cotton fibres may also lead to reduced
counts and, in turn, inaccurate results. Various modifications of the method have been introduced

to reduce these errors, and these are discussed in detail in Chapter 2.
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1.5.1.2 Agar Contact Methods

Subject to many modifications, the agar contact method involves pressing a sterile agar surface
onto the surface to be sampled. The agar is then incubated for an appropriate length of time and
the adhering microorganisms enumerated. By the very nature of the method, it is best suited to
smooth, flat surfaces and since dilution is not possible, it might be used best on surfaces where
low levels of contamination are expected. The agar contact method was compared with agar
contact dip slides and the swab method for the enumeration of Pseudomonas aeruginosa,
Staphylococcus aureus and Escherichia coli from artificially contaminated stainless steel and
formica surfaces before and after sanitizing with chlorine (Restaino, ef al., 1994). The correlation
coefficients found between the methods were 0.81 for swab versus agar contact plate, 0.84 for
swab versus dip slide, and 0.89 for dip slide versus agar contact plate. These results suggest that
agar contact methods can be used as an alternative method to assess surface microbial

contamination levels.

Pictorial methods of interpreting results are useful, such as in the interpretation key used to
interpret dip slide results (Ref: Appendix 2.). This may be especially helpful when non-
technically trained staff are responsible for surface hygiene monitoring. In addition, dip slides are
quick and easy to use, and provide a semi-quantitative measure of the numbers of organisms
present per square centimetre of the surface sampled. Furthermore, the cost per test is much
cheaper than that of surface swabbing, especially when the additional costs of agar plate
preparation is taken into account. For these reasons of ease and speed of use, and cost, agar
contact methods are becoming more frequently used and have therefore been selected as one of

the methods evaluated in this thesis.

1.5.1.3  Direct Surface Agar Plating

While not always practical, contaminants of microbial origin can be detected in situ by the direct
surface agar plating method. This involves pouring sterile agar on to the surface to be sampled
and left to solidify under a sterile cover. After incubation, the colonies at the interface are
counted. Small items can be placed in a Petri dish and covered with agar. Due to practical

problems, this method is always used in the laboratory since food plant surfaces are generally
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large, fixed, and cannot be incubated at a desired temperature., in addition to the potential
detrimental effect on the product coming into contact with surfaces sampled in this way. The
method has been evaluated for detecting bacterial contamination on non-porous surfaces by
Angelotti and Foter (1958). Based on averages of triplicate determinations, the direct surface agar
plate technique detected from 87.6% to 100.9% of the number of B. globigii spores inoculated
onto china surfaces. The authors report that the technique is capable of detecting bacterial
contamination on surfaces with a high degree of precision. While limited to use on flat surfaces,
nonporous surfaces, and not practical for use in the food industry, it has the advantage over other
methods because in situ determinations are made, thus eliminating errors associated with

intermediate manipulations.

1.5.2 Non-Microbiological Methods for Assessing Surface Cleanliness

Non-microbiological methods consist of the visual inspection, protein estimation and ATP
bioluminescence. Of these, visual inspection is generally the first means of assessing the hygiene
status of food contact surfaces since, if gross deficiencies are evident from this initial inspection,
other forms of monitoring cleanliness are relatively pointless on unclean surfaces, (Dillon and

Griffith, 1999).

1.5.2.1 Visual Inspection

The visual inspection is often the first stage in an integrated cleaning assessment strategy (Dillon
and Griffith, 1999). The method relies solely on the subjective opinion of the person performing
the test, and is often regarded as being unreliable since several authors have reported that there
appears to be no correlation between the results of visual inspections and other test methods
(Tebbutt, 1991b; Powell and Atwell, 1995). Some attempts to make the method more quantitative
in its output have resulted in numerical scoring scales being used such as that reported by Powell
and Atwell (1995) to indicate the extent of either cleanliness or residual contamination remaining

on the surface after cleaning.
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Under normal circumstances visual inspections of food processing environments will only reveal
gross visible food soil residues. However, in a small number of occasions the presence of
microbial growth may be observed, e.g. mould growth in bakeries (Dillon and Griffith, 1999), but
this would be dependent upon the specific circumstances under which the inspection was being
performed. Other tests that may be performed during a visual inspection include wetting a dry
surface to observe water dispersion that will indicate possible grease residues remaining on a
surface. Wiping a dry paper towel over a surface can also indicate residual grease or fat, and
while not strictly visual in nature, smelling a surface can indicate the presence of residual and/or

deteriorating product, e.g. beer and dairy products.

Visual inspection has the ability to detect gross deficiencies due to the presence of visible food
soil but without magnification cannot be used as an assessment of disinfection effectiveness. In a
comparative study of food retail premises by means of visual inspection and microbiological
quality of food, Powell and Atwell (1995) found no correlation between potential risks of
foodborne infection, as assessed by visual inspection, and bacteriological counts in food. Similar
work reported by Tebbutt (1991b), in which the relationship between visual inspections
performed by environmental health officers and microbiological examinations in eighty-nine
restaurants, resulted in similar results and it was reported that there were no highly significant

associations between microbiological examination and visual assessments.

1.5.2.2 Protein Estimation

Introduced as a means of determining surface cleanliness only within the past two or three years,
this method, as its name suggests, detects protein residues on surfaces. The method produces
results within a few minutes, but is not capable of detecting low levels of residual food soil on
surfaces, especially those with low protein contents. Current developments in this area are now
leading to test procedures that are quicker and easier to perform in addition to having lower
minimum detection limits. Most recently, Tebbutt (1999) in comparing traditional and rapid
methods for assessing bacterial cross-contamination from cutting boards found that in a total of
212 tests, there was a relatively good correlation between the numbers of bacteria present on

boards and the amount of protein detected (r=0.67). Further work comparing protein, ATP
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bioluminescence and agar based microbiological methods (Moore, G., ef al., 2001) found that the
most sensitive protein detection assays were superior or comparable to ATP bioluminescence
when used to detect bioburden high in protein. In the presence of bioburden with a low protein
content but with a high microbiological count, none of the protein detection assays indicated that
surfaces were unsuitable for food production, despite agar based microbiological methods

indicating the presence of large numbers of bacteria.

1.5.2.3 ATP Bioluminescence

ATP bioluminescence is beginning to be used widely in the food industry for monitoring surface
cleanliness. Despite its relatively recent rise in popularity it was in the 1960s that the method was
first described by NASA scientists who were primarily interested in clinical applications of the
technique (Griffiths, 1996). Even though the potential of the technique was realised forty years
ago, it was not until the early 1990s that food microbiologists realised the full potential of the

method in the context of surface hygiene monitoring.

1.5.2.3.1 Biochemistry of ATP Bioluminescence

The biochemistry underpinning the reaction has been extensively reviewed by a number of
authors (Stannard and Gibbs, 1986; Meighen, 1991; Baker ef al., 1992). All living cells contain
adenosine triphosphate (ATP) that has often been described as being the universal energy donor
for metabolic processes (Griffiths, 1996). The method detects microbial cells and food residues
that may persist on surfaces following inadequate cleaning, and which provide a source of
nutrients for microbial growth (Corbitt et al, 2000). An enzyme-substrate complex, luciferin-
luciferase, present in the tails of the firefly Photinus pyralis converts the chemical energy
associated with the ATP into light through a stoichiometric reaction where one photon of light is

produced by the hydrolysis of one molecule of ATP.

The level of ATP within cells can vary depending upon the environment and the phase of cell
growth, but the ATP pool in living cells is normally kept constant by the cells regulatory

mechanisms (Stanley, 1989) and, as a result, the amount of light produced is directly proportional
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to the number of metabolically active cells present in the initial sample. Figure 1.3 illustrates the

reaction.

D-Luciferin + ATP + Mg®* + O,

Catalysed by Luciferase

A 4
Oxyluciferin + AMP + CO, + PP;

+
Yellow Green LIGHT

(560nm)

Figure 1.3 Schematic Representation of the ATP Bioluminescence Reaction.

1.5.2.3.2 ATP Bioluminescence within the Food Industry

The increasing use of the technique for monitoring plant hygiene might be attributed to the
adoption of food safety and quality management systems discussed earlier. These are considered
to be more proactive and preventative in nature than those used in the past (Griffiths, 1996).
Earlier systems tended to rely almost entirely on the use of end product testing and visual

inspection (Griffith ez al., 1997).

Increased adoption of the Hazard Analysis Critical Control Point System (HACCP), and the need
for real-time monitoring of CCPs means microbiological based methods are not suitable for
monitoring CCPs within HACCP. Real-time data is not possible where incubation of samples is
necessary for extended periods of time before results become available. Many microbiologists
now therefore argue that both the time lapse in between sampling and results becoming available,

and the nature of the sampling strategy needed in order to generate meaningful results make
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microbiological methods of limited value within the context of HACCP (Griffiths, 1996).

However, they are of importance with respect to verification and validation in HACCP.

While microbiological methods are often considered to be time consuming and laborious
(Stannard and Gibbs, 1996) their role cannot be underestimated in verifying the safety of
individual processes which must rely on some microbiological data. Griffiths (1996) argues that
while microbiological data is essential, it is not necessary for such data to be generated “real-
time”. He suggests that ATP bioluminescence is the only technique currently available that comes
anywhere near to offering the potential of “real-time” data. It is the rapidity with which results
become available which makes the technique highly desirable to the food industry as it enables
corrective action to be taken immediately, and therefore has the potential to be used in monitoring

plant hygiene (Stannard and Gibbs, 1996).

1.6 Aims of Research Work

A number of issues relating to the use of microbiological and ATP bioluminescence based
methods for assessing surface cleanliness within the food industry have been highlighted and
discussed in this chapter. A large number of variables have been identified that may potentially
affect the recovery of organisms from surfaces using microbiological methods. In addition, it has
been acknowledged that ATP bioluminescence may be of value within HACCP as a rapid means
of determining surface cleanliness levels, with the ability of being able to detect microbial ATP
being particularly useful. In addition, the surface moisture level at the time assessment of
cleaning effectiveness is performed, i.e. the sampling of wet or dry surfaces, may have a marked
effect on the performance of both microbiological and ATP based methods. The aims of the work

reported in this thesis are, therefore, to:

1. Critically evaluate commonly used microbiological and non-microbiological methods of

hygiene monitoring for use within the food industry for assessing surface cleanliness;
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Investigate selected sampling variables potentially influencing bacterial recovery rates

from stainless steel surfaces using cotton hygiene swabbing;

Evaluate the technical performance of a range of commercial ATP bioluminescence

detection systems for use within hygiene monitoring;

Determine the minimum bacterial detection limits of microbiological and ATP
bioluminescence monitoring methods for the recovery and detection of bacterial

contamination on stainless steel contact surfaces;

Develop and evaluate the use of a microbial ATP bioluminescence protocol for use

within food processing environments;

Recommend a strategy for the use of cleanliness assessment methods in the food

industry.
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Chapter 2

An Evaluation of Selected Variables potentially
affecting the Recovery of Bacteria from Inoculated Stainless
Steel Food Contact Surfaces using Cotton Surface Swabbing

2.1 Introduction

The existence of microorganisms on food contact surfaces within food processing environments
presents a very real problem (Ganesh Kumar and Anand, 1998). This lies not only in the fact that
such organisms have the potential to cause both food spoilage and human illness, but also in the
ability of current microbiological methods to detect them in a way that reflects the numbers

present on a food contact surface at any given time.

Despite the apparent limitations of microbiological methods in monitoring surface cleanliness,
cotton surface swabbing is still widely used by large numbers of food manufacturers for routine
surface cleanliness assessment (Griffith et al., 1997). While unable to provide “real-time” results
on surface cleanliness for use within HACCP, quantification of the relative numbers, and when
necessary the types of microorganisms present on a surface, can only be achieved using
microbiological methods (Chapter One). The importance of cotton surface swabbing as one of the
main methods of assessing the microbiological status of food contact surfaces in the food industry

should, therefore, not be underestimated.

Even though the method is extensively used in the food industry and elsewhere, there is still a
lack of scientific knowledge and understanding of the effects of many of the sampling variables
potentially affecting microorganism recovery rates when using the method as part of a routine
hygiene assessment programme. In addition, no one accepted sampling protocol has been adopted
by industry when using the method (Collins and Lyne, 1989; PHLS, 1995; Harrigan, 1998). Table
2.1 provides details of selected published surface hygiene swabbing protocols, while Table 2.2
identifies the main sampling variables potentially affecting organism recovery rates, and provides

details of their possible effects.

40



Table 2.1 Selected Published Surface Hygiene Swabbing Protocols

Sampling Collins and PHLS (1995) Harrigan and
Variable Lyne (1989) McCance (1998)
Type of Swab Cotton Wool or Cotton Wool Cotton Wool or
Alginate Alginate
Area of Surface Semx 5cm Scm X S5cm Not Specified
sampled
Using aluminium template, | Swab predetermined
Swabbing Swab within swab entire area using 2 area by rubbing
Protocol 25¢m’ card or swabs, one moist and one firmly over the
cellophane dry, rotating swabs. Return | surface in parallel
template area both swabs to one diluent strokes, with slow
using one swab tube rotation of the swab
Type of Diluent Nutrient broth M.R.D. or % St. Ringers V4 St. Ringers
Release Method | Soak and squeeze Shake until cotton wool Agitate/shake swab
swab broken down into fibres in tube up and down
10 times
Type of Culture Not Specified Plate Count Agar Nutrient Agar or
Media Trypticase Soya
Agar
Cultivation/ Not Specified Spread/Pour Plates 1ml pour plates for
Plating Method cotton swabs, 0.1ml

and 1ml plates for
alginate swabs

Time and Not Specified Not Specified Not Specified
Temperature of
Sample Storage
before Analysis

Time and Not Specified 30°C, 48-72 hours Not Specified
Temperature of
incubation

Expression of Count/25cm’ Count/cm’ Count/cm’
Results

MRD — Maximum Recovery Diluent (Oxoid) — Microbiological diluent

1, Strength Ringers (Oxoid) — Microbiological diluent
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Table 2.2 Sampling Variables Potentially Affecting the Recovery of Microorganisms
From Stainless Steel Food Contact Surfaces using Cotton Surface Swabbing

Sampling Variable Potential Effect on Recovery of Microorganisms from Food
Contact Surface
Swab Size Increased/decreased pick-up of microorganisms from surface

Possible retention of microorganisms in or release of
microorganisms from swab bud.

Composition of Swab

Possible retention of microorganisms in, or poor release of
microorganisms from, swab bud

Composition of Swab Wetting
Agent

Increased/decreased pick-up of microorganisms from sampled
surface

Composition of Recovery
Diluent

Promotion or inhibition of microbial survival over time

Composition of Culture Media

Promotion or inhibition of microbial growth during incubation
period

Method of Cultivation/Plating

Increased/decreased recovery of recovered microorganisms

Nature of Organism Release
Method

Increased/decreased release of microorganisms from swab bud

Time and Temperature of
Sample Storage prior to
Analysis

Possible increase or decrease in microbial numbers

Level of Surface Contamination

Increased/decreased pick-up of microorganisms from surface

Food Contact Surface Moisture
Level

Increased/decreased pick-up of microorganisms from wet or dry
surfaces

Surface Swabbing Protocol

Increased/decreased pick-up of microorganisms from surface
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A number of studies have evaluated the use of surface hygiene swabbing for determining in situ
microbial levels on food contact surfaces. One of the earliest studies was that by Saelhof and
Heinekamp (1920) who investigated the recovery of Streptococcus haemolyticus from restaurant
tableware. No information on the surface swabbing protocol used was given, but a total of sixty-
three food contact surfaces were examined for the presence of microbial contamination. Only four
surfaces (6.35%) were found to be positive for Streptococcus haemolyticus, while just over fifty
percent of the total surfaces sampled were found to be positive for Staphylococcus albus. The
results were discussed within the context of cleaning efficiency, and the personal habits of food
handlers. Similar work by Krogg and Dougherty (1936) investigated methods of dish and utensil
washing in public eating and drinking establishments. Bacterial counts from a range of eating and
drinking utensils were presented along with bacterial counts from wash and rinse waters. Given
the excessively high bacterial counts gained from all utensils and water samples, the authors
concluded that the methods of washing employed in the different establishments visited merely
acted through partial removal of food particles, but did not have any significant bactericidal
properties. While the high bacterial counts gained suggested that the surface swabbing protocol
employed was effective at removing contaminating bioburden, no details of the surface swabbing
protocol used was given. Another study investigating the sanitary quality of glassware was
reported by Fellers et al., (1936). Before deciding upon surface swabbing as the method of
choice, eighteen different methods of sampling glasses and dishes were compared for utility,
accuracy, speed and simplicity. In laboratory controlled studies the authors found that the
recovery of known levels of bacteria using surface swabbing was always over forty percent, and
often as much as seventy five percent for some test organisms, although no indication as to how
these values were calculated was provided. The use of mixed cultures always resulted in lower
recovery rates than when pure cultures were used. Details were also provided on some aspects of
the sampling protocol used in which swabs were released into recovery diluent tubes by hand
shaking twenty five times, yet no information was provided on the method of surface swabbing
used to sample the glasses. Bacterial counts were provided for a range of glasses in three different
types of establishments, and were compared to the nature of the cleaning, rinsing and drying

regimes in place within the individual establishments.
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The first report of the use of the surface swabbing method where some attempt was made to
investigate its use under controlled experimental conditions is that by Speck and Black (1937)
who investigated the effectiveness of the method for examining the bacteriological status of paper
ice cream containers. The protocol employed involved using a double swabbing procedure in
which one moist and one dry swab were used. The moist swab was first released into one
recovery diluent tube, and then placed in a second tube where it was released for a second time.
The dry swab was released into a separate third recovery diluent tube. The authors report that by
merely pressing out the first moist swab, an average of fifty eight percent of the total bioburden
present on the swab was recovered. By shaking out (releasing) the same swab, additional
organism recovery averaging twenty one percent was gained. Swabbing with an additional dry
swab also recovered an additional twenty one percent of the bioburden present on the swab. The
authors stress, however, that it cannot be assumed that the surface swabbing protocol employed
recovered all the bioburden present from the container surfaces. This particular study has clearly
illustrated that a single swabbing protocol may not be as efficient at removing contaminating
surface bioburden from food contact surfaces. However, the protocol used by Speck and Black
(1937) may not be particularly practical for use within food processing environments, especially

where several organism release stages are involved.

A similar study by Buchbinder et al., (1947) in which different variations of a surface swabbing
protocol were investigated for examining the cleanliness of eating and drinking utensils found
that variations in the method used did give rise to different organism recovery rates. It was found
that with high-count utensils, the mean count with five strokes was about sixty percent greater
and with ten strokes, eighty percent greater than the mean count obtained with three strokes.
However, the exact definition of a “stroke” is not provided making it difficult to ascertain exactly
what is meant by the use of the term. On utensils with low counts, the mean count with five
strokes was approximately twenty percent higher and with ten strokes thirty percent higher than
that obtained with three strokes. The authors also note that with high-count utensils (40,000 to
100,000 organisms) that reversing the direction of strokes decreased the count obtained on all

occasions, while with low-count utensils (800 to 1200 organisms) reversing the direction of the
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strokes increased the counts obtained from five to fifteen percent. In swabbing an area of four
square inches the authors recovered more than three times as many organisms using ten strokes,
reversing direction between strokes, as was obtained with ten single strokes in a single direction.
While many aspects of the protocol used are not explicit, the authors suggest that further work on

standardising the surface swabbing method is needed.

Further development of the method as a means of monitoring surface cleanliness continued with
Hansen (1962) reporting on an adaptation of the method in which samples taken with cotton
swabs were transferred directly to agar slopes by direct streaking. Agar slopes were then grouped
according to the numbers of colonies formed during incubation, similar to the process involved in
using and interpreting the results gained from agar-contact dip slides. The method was used to
evaluate the efficiency of hydraulic pressure cleaners in a pig slaughterhouse, and it was found
that as a result of the daily use of pressure cleaners, the bacterial surface contamination on the
machinery and equipment was no higher than 100 cfu/cm? after cleaning. Counts of this order

from cleaned surfaces were, however, considered to be unacceptably high by the authors.

In comparing the use of agar contact (rodac) plates with cotton hygiene swabs for assessing the
sanitary quality of food preparation surfaces, Silverman, et al., (1981) found that the cotton swab
method appeared to recover a higher percentage of the contaminating bioburden, but that
microbial counts using the agar contact method were higher than the swab method. This was
thought to be due to a failure of the cotton fibres of the swab buds to release entrapped organisms.
In the study, the cleanliness of twenty seven tables routinely used for food preparation was
measured by monitoring ten locations per table using the two methods. The total bioburden at
each location was determined by taking five successive contact plates or three successive swabs.
To obtain the percentage recovery by the initial rodac plate or swab count, the total microbial
population was estimated on each of ten selected locations by adding the colony forming units
(cfu) of either the five successive rodac plates or three successive swab counts. A large number of
locations were found in which 90% or more of all the recoverable bioburden was removed from
the surface after the fourth rodac plate or second swab. It was found that the first contact plate or

swab recovered on average about fifty percent of the microflora at bioburden levels ranging from
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lass than 25 cfu/25 cm? to over 200 cfu/25 ecm®. The swab technique generally gave higher
average percentage recovery than the contact plate although the range for both was extremely
broad (17% - 100%). The authors report that microbiological counts gained from the first contact

plate or first swab were found to serve as a good indication of the total bioburden present.

Although not directly concerned with assessing food contact surface cleanliness, Anderson, ef al.,
(1987), in evaluating the swab and tissue excision methods for recovering microbial
contamination from washed and sanitised beef carcasses, found that excised tissues produced
much higher counts than the cotton swabbing method, especially when washed and sanitised
carcasses were sampled. It was found that percentage recovery rates from surface swabbing were
influenced by the characteristics of the area of the carcass sampled, with the numbers of
Enterobacteriaceae and Escherichia coli recovered by swabbing washed and sanitised carcasses

usually being to low to count.

More recently, Gill and Jones (1998, 2000) have compared a number of methods, including
surface swabbing, for sampling and enumerating carcasses for Escherichia coli. In the earlier
study, three variations of the swab method were compared for the detection of Escherichia coli on
pig carcasses. The methods used included swab sampling with a single, cellulose acetate sponge,
sampling with a gauze swab over an area approximating 100 cm?, and sampling with gauze swabs
as indicated but in conjunction with the enumeration of Escherichia coli using a hydrophobic grid
membrane filtration technique. All three methods were found to recover the organism with
similar frequency, and with the recovery of similar numbers of colony forming units. In the later
study, samples were collected from six groups of pig or beef carcasses by excision or swabbing
with sponge, gauze or cotton wool. It was found that the numbers of bacteria recovered by
excision or swabbing with sponge or gauze swabs were similar, while the numbers recovered by
cotton wool swabbing were at the lower end or below the range of the numbers recovered by the
other methods. It was, however, interesting to note that the reported areas of surface swabbed by
the different methods varied considerably. For gauze swabs, areas of 10cm x 10cm were

swabbed, while for cotton swabbing an area of S5cm x Scm was used. Direct comparison of the
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results in terms of organism recovery rates is, therefore, inappropriate due to the vastly different

areas of surface sampled.

It is clearly evident from the reported findings of the above studies that a number of factors
influence the recovery of microbial contamination from food-contact and other types of surfaces
using surface hygiene swabbing, and that these published findings remain inconclusive as to the
efficiency with which surface swabbing is able to detect levels of microbial bioburden on such
surfaces. In addition, it would appear that there is no uniform approach to the use of the method

in industry, and that the development of a standard protocol for its use would be beneficial.

Figure 2.1 illustrates the sampling variables potentially affecting microbial recovery rates using
cotton swabbing, and includes those evaluated in this study. The variables selected were chosen
on the basis that they represented some of the main variables listed in the published swabbing
protocols outlined in Table 2.1. The test organisms used in the study, E. coli and S. aureus, were
selected on the basis that E. coli is a common indicator organism, while S. aureus is a skin

organism commonly found on the skin of about 50% of the population.

2.2 Aims

The aims of the work reported in this chapter were, therefore, to:

1. Determine the effects of selected sampling variables on the recovery rates of Staphylococcus

aureus, Escherichia coli and an environmental isolate of the genus Staphylococcus from

stainless steel food contact surfaces using cotton hygiene swabbing.

2. Propose a standard surface swabbing protocol that optimises organism recovery from stainless

steel food contact surfaces.
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Figure 2.1  Surface Hygiene Swabbing Protocols and Variables potentially affecting Bacterial
Recovery Rates.
(Variables given in bold italics are those evaluated in this study).
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2.3 Materials and Methods

2.3.1 Bacteria and Culture Conditions

Cultures of Escherichia coli (ATCC 25922), Staphylococcus aureus (NCTC 6571), and an
environmental isolate of the Genus Staphylococcus were grown in sterile Nutrient Broth No.2
(CM 67, Oxoid, Basingstoke, UK) in unshaken batch culture volumes of 10 ml under aerobic
conditions at 37°C for 18 hours. Serial dilutions of each culture, prepared in either sterile
Maximum Recovery Diluent (MRD, CM733, Oxoid) or sterile 0.1% Bacteriological Peptone (BP,

L37, Oxoid) were used to inoculate a food grade stainless steel surface or cotton hygiene swabs.

2.3. 2 Hygiene Swabs

Sterile cotton hygiene swabs with plastic applicator sticks (PBI, Cherwell Laboratories, Bicester,
UK) pre-moistened in sterile MRD or 0.1% BP immediately before use, were used for all surface
swabbing experiments. Swabs used in experiments involving direct swab inoculations were not
pre-moistened prior to use to help prevent potential loss of sample, except in those experiments in
which swab inoculations were used to assess the effect of different plating methods on bacterial
recovery rates where direct streak plates were used. In these experiments swab buds were pre-
moistened in order to ensure that that inoculated bacterial cells did not become completely
absorbed into the fibres of the swab bud that might inhibit their release onto the surface of the

culture media.

2.3.3 Standard Surface Swabbing Protocol

In all surface sampling experiments, a standard surface swabbing protocol was used in which
individual sampling variables were altered in turn. The protocol involved ensuring that the swab
bud, pre-moistened in MRD, came into contact with the entire 100 cm? surface area, that the swab
was rotated constantly during sampling, and that the surface was swabbed from top to bottom,
swabbing from side to side until the entire surface had been swabbed. Each swab was placed into
a 10 ml tube of recovery diluent and released through vortexing for fifteen seconds before pour
plates were produced in duplicate, either from the recovery diluent itself or from serial dilutions
thereof, In an attempt to standardise the amount of pressure applied to swabs during swabbing,

swabs were held by their handles, and not by their applicator sticks.
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2.3.4 Surface Preparation

Prior to inoculation, the stainless steel surface, marked with 100 cm? areas, was pre-sanitised for
thirty minutes using a 1:80 dilution of Bioscan containing < 5% cationic surfactants, 5-15% non-
ionic surfactants and < 5% phosphoric acid. (Henkel Ecolab Ltd, Swindon, UK), which acts
through disrupting cell membrane integrity. The surface was then cleaned using an “in house”
validated cleaning protocol. This involved washing with hot water and detergent (<5%
amphoteric, 5-15% non-ionic and 15-30% anionic surfactants), applying kinetic energy for two
minutes using a new rayon cloth, thoroughly rinsing with hot water to remove all traces of
detergent, and a final rinse with boiling water before being left to air dry at room temperature.
This was demonstrated to give negative microbiological results and ATP bioluminescence
readings of less than 100 RLU using the Biotrace Xcel detection system and Clean Trace Rapid

Cleanliness Test.

2.3.5 Surface Inoculation, Sampling and Organism Cultivation

In experimental protocols involving surface inoculations, ten 100 cm’ areas of stainless steel were
each inoculated with 0.1ml of culture that was spread over the entire area to within 2 mm of the
edges using a sterile plastic spreader (Technical Service Consultants, Heywood, UK). Surfaces
were then sampled when the inoculum applied to the surface had dried completely, or for wet

surfaces, immediately after inoculation.

Dry inoculated surfaces were achieved through allowing the inoculum applied to the stainless
steel surface to remain resident on the surface for sixty minutes at an ambient temperature of
approximately 22°C prior to sampling. This resulted in no visible liquid culture remaining on the

surface at the time of swabbing.

Organisms recovered from inoculated surfaces using hygiene swabs were released into
10 ml tubes of MRD or 0.1% BP by mechanical agitation for fifteen seconds and duplicate 1 ml
nutrient agar (CM3, Oxoid) pour plates prepared. All pour plates were incubated at 37 °C for

twenty four hours.
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2.3.6 Assessment of the Effects of Sampling Variables on Bacterial Recovery

The effect of different sampling variables on the recovery of bacteria from stainless steel food
contact surfaces using cotton hygiene swabbing were assessed either through swabbing inoculated
stainless steel surfaces when wet or dry, or through direct swab inoculations. Each experimental
procedure was repeated on at least three occasions using ten replicates (n=30), except where

otherwise stated. The variables that were evaluated included:

2.3.6.1  Organism Release Methods

Two experimental protocols were used to assess the efficiency of organism release from cotton
swabs. In the initial protocol, organisms on swab buds, recovered from swabbing inoculated
stainless steel surfaces sampled when dry, were released using either mechanical agitation
(vortexing) or hand shaking. The mechanical agitation (vortexing) method of releasing recovered
organisms was evaluated using a five second release time, while for hand shaking both five and
fifteen-second release times were compared. The results from these surface inoculation
experiments indicated that organism recovery rates were very low, and that an alternative
experimental protocol using direct swab inoculations would be necessary in order that the effects
of different release times on organism recovery from cotton swabs could be determined more

easily.

In the experiments using direct swab inoculations, organism recovery rates from vortexed
samples using release times of 0, 10, 20, 30, 40, 50 and 60 seconds were compared. Each of five
swabs for each release time was inoculated with 0.1ml of a known level of inoculum of either
Escherichia coli or Staphylococcus aureus. Each inoculated swab was placed into a 10 ml MRD
recovery diluent tube and vortexed for its specified release time. Duplicate 1ml pour plates were
then prepared for each swab sample using nutrient agar, which were incubated at 37°C for twenty

four hours.
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2.3.6.2 Diluent Type

0.1% Bacteriological Peptone (B.P.) and Maximum Recovery Diluent (M.R.D.) were compared
as recovery diluents in which to both release organisms, and as storage diluents for swab samples
prior to plating out. Ten 100 cm’ stainless steel surfaces were inoculated with a known level of
inoculum of Escherichia coli, Staphylococcus aureus or the environmental isolate and allowed to
dry at ambient temperature for up to sixty minutes. Each of the ten inoculated dry surfaces was
then swabbed using one pre-moistened swab that had been moistened in the test diluent. Swabs
were returned to their diluent tubes and released using mechanical agitation (vortexing) for thirty
seconds. Duplicate 1ml pour plates using nutrient agar were prepared for each sample, which

were incubated at 37°C for twenty four hours.

2.3.6.3  Culture Media

The growth of recovered bacteria from inoculated stainless steel surfaces when sampled dry was
compared using nutrient agar (NA, CM3, Oxoid) and plate count agar (PCA, CM463, Oxoid).
Each of ten 100 cm® stainless steel surfaces was inoculated with a known level of either
Escherichia coli or Staphylococcus aureus. Inoculated surfaces were allowed to dry for sixty
minutes at ambient temperature before sampling. Each surface was swabbed using one pre-
moistened swab, which was then released in its diluent tube using mechanical agitation
(vortexing) before duplicate 1ml pour plates were prepared using each of the two culture media.

All plates were incubated at 37°C for twenty four hours.

2.3.6.4 Time and Temperature of Sample Storage before Plating

Organisms recovered from inoculated stainless steel surfaces when sampled dry were stored in
MRD recovery diluent tubes at ambient temperature for up to four hours before plating was
carried out. This attempted to simulate the effect of storage of swab samples between sampling
and analysis, in order to establish the effect of time and temperature of sample storage on

resulting organism recovery rates.
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2.3.6.5 Single versus Double Swabbing Procedure

A single swabbing procedure in which one moist cotton swab was used to sample each 100 cm’
inoculated surface area was compared to a double swabbing procedure in which two swabs, one
moist and one dry, were used for each 100 cm?’ area to recover organisms from inoculated
stainless steel surfaces sampled while dry. In the double swabbing procedure, each swab was used
in different directions at 90° to each other, with both swabs being returned to the same 10 ml
recovery diluent tube, and released in the same way as the swabs used in the single swabbing
procedure. Duplicate 1ml pour plates were prepared from each recovery diluent using nutrient

agar, and were incubated at 37°C for twenty four hours.

2.3.6.6 Method of Organism Cultivation

Three different methods of organism cultivation were compared to establish the effect of any
differences that existed in organism recovery rates using different plating methods. Ten swabs
were each inoculated with 0.1ml of a known level of either E.coli or S. aureus. Of the ten
inoculated swabs, five were streaked directly onto the surface of nutrient agar plates, while the
other five swabs were released into each of five 10ml MRD recovery diluent tubes, released for
thirty seconds using mechanical agitation (vortexing), serial decimal dilutions prepared, and then
these were plated out on nutrient agar using both duplicate 0.1ml spread plates and 1ml pour

plates. All plates were incubated at 37°C for twenty four hours.

2.3.6.7 Re-moistening Inoculated Dry Surfaces

Surface swabbing experiments in which an attempt was made to reproduce the way in which the
swabbing technique may be used in industry, through swabbing dry surfaces, resulted in very low
bacterial recovery rates, often of less than one percent of the initial inoculum applied to the
surface. As a result of the low organism recovery rates gained from swabbing dry surfaces, an
experimental protocol was designed in an attempt to ascertain the effect on bacterial recovery of
re-moistening an inoculated dry surface before sampling. This involved inoculating each of
fifteen 100 cm? areas of stainless steel with 0.1ml of culture that was spread over the entire

surface area to within 2mm of the edges. Of the fifteen inoculated surfaces, five were sampled
53



immediately after inoculation while still wet using pre-moistened cotton swabs. The remaining
ten inoculated surfaces were allowed to dry for sixty minutes after which five surfaces were
sampled while dry using pre-moistened swabs, with the remaining five dry inoculated surfaces
being re-moistened through the addition of 0.1ml of MRD which was spread over the entire
surface to within 2mm of the edges using a sterile plastic spreader. Each of the surfaces was then
sampled using one pre-moistened swab as outlined earlier. All swabs were placed in individual
10ml MRD diluent recovery tubes, released for thirty seconds by mechanical agitation (vortexing)
and duplicate 1ml pour plates prepared using nutrient agar. All plates were incubated at 37°C for

twenty four hours.

2.3.7 Statistical Analysis
Data from all experimental protocols were analysed using two tailed Student’s ¢ tests (Excel) to
establish the significance of any differences (p<0.05) that existed in bacterial recovery rates, in

order that the effect of individual sampling variables on organism recovery could be determined.

2.4 Results

Table 2.3 classifies the sampling variables into those that were not found to influence bacterial
recovery rates for all organisms, and those that did have an effect on recovery rates. It has been
shown that the variables not influencing recovery rates from stainless steel food contact surfaces
using cotton swabbing were the cultivation media used, the organism release method and the use
of a single versus a double swabbing procedure. Results for these variables were not found to give
statistically significant results when analysed using two tailed Student’s ¢ tests (p>0.05). The
sampling variables which were found to influence recovery rates were the status of the surface at
time of swabbing, i.e. wet or dry, the nature of the organism being recovered, the release time for
swab samples, the type of recovery diluent used, and the method of organism cultivation. Results
for these variables were found to be statistically significant when analysed using two tailed

Student’s ¢ tests (p<0.05).
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Table 2.3 Cotton Swabbing Sampling Variables Classified into Two Groups depending
upon their Effect on Bacterial Recovery Rates from Inoculated Stainless Steel
Food Contact Surfaces.

Sampling variables not influencing Sampling variables found to influence
bacterial recovery rates from surfaces bacterial recovery rates from surfaces
Cultivation media Surface moisture level
Organism release method Nature of organism

Single versus double swabbing procedure | Organism release time

Method of organism cultivation

Diluent type

Based upon statistically significant results being found through two tailed Student’s  tests (Excel)

The effect of different release methods and release times on the recovery of Staphylococcus
aureus and Escherichia coli from inoculated stainless steel surfaces when sampled while dry is
presented in Table 2.4. Recovery rates for both organisms were less than 0.1%, ranging from
0.001% to 0.008% for Staphylococcus aureus, and from 0.0008% up to 0.001% for Escherichia
coli. When direct swab inoculations were used to ascertain the effect of increasing release time, it
was found that increasing the release time using mechanical agitation (vortexing) increased the
mean percentage recovery of Escherichia coli from 2% after no mechanical agitation to over
140% after sixty seconds, that is maximum recovery of the organism being achieved. Increasing
the release time did not, however, result in as much of an increase in the recovery of
Staphylococcus aureus. Mean percentage recovery rates for this organism ranged from 0.7% after

no mechanical agitation up to 35.2% recovery after sixty seconds mechanical agitation.

Statistically significant differences in mean percentage recovery rates were observed when two
different diluent types were compared for the recovery of Staphylococcus aureus and the
environmental isolate. Table 2.5 shows that for Staphylococcus aureus, MRD gave a mean

percentage  recovery rate of 6.25% compared to a mean percentage
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recovery of 0.96% for 0.1% BP. In comparison, the use of 0.1% BP resulted in better recovery
of the environmental isolate than MRD. Mean percentage recovery rates for this organism were

found to be 35.53% using 0.1% BP and 23.51% using MRD.

The effect of different culture media on the recovery of the organisms is presented in Table 2.6.
No statistically significant differences in recovery were found in cultivating Staphylococcus
aureus, recovered from inoculated stainless steel surfaces when sampled while dry in either
nutrient agar or plate count agar. Mean percentage recovery rates were found to be 0.39% for
nutrient agar and 0.43% for plate count agar. In comparison, the mean percentage recovery rates
for Escherichia coli using nutrient and plate count agars were found to be 0.11% and 1.70%
respectively. When direct swab inoculations were used to determine the effect of different
methods of cultivation on organism recovery, highest recovery rates were achieved using 1ml
pour plates with mean percentage recovery rates of 80% and 157% being gained for
Staphylococcus aureus and Escherichia coli respectively. Lowest recovery rates were achieved
using direct streaking, with mean percentage recovery rates of 16% for Staphylococcus aureus
and 15% for Escherichia coli being gained. Spread plates gave recovery rates of 70% for

Staphylococcus aureus and 56% for Escherichia coli.

Table 2.7 illustrates the effect of retaining swab samples in their recovery diluents for up to four
hours at ambient temperature on mean percentage recovery rates after releasing followed by
cultivation and incubation. It was found that slight variations in recovery did occur after a four-
hour storage period. These variations in recovery ranged from a 0.4% reduction in recovery of
Staphylococcus aureus when stored in 0.1% BP to a 3.7% reduction in the recovery of the same
organism when stored in MRD. In comparison, the mean percentage recovery of the
environmental isolate was reduced by 5.3% after a four hour storage period in 0.1% BP, with no
reduction in percentage recovery being observed when stored in MRD for four hours, with a

1.1% increase in recovery being noted.
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Table 2.8 provides mean percentage recovery rates gained from using both a one-directional
single and a two-directional double swabbing procedure for the recovery of Staphylococcus
qureus and the environmental isolate from inoculated stainless steel surfaces when sampled
while dry. No statistically significant differences in organism recovery rates were found
between both swabbing procedures. Recovery rates for Staphylococcus aureus were 1.30%
for the single swabbing procedure and 1.44% for the double swabbing procedure. For the
environmental isolate mean percentage recovery rates were 20.3% and 20.5% for the single

and double swabbing procedures respectively.

Table 2.9 summarises mean percentage recovery rates gained for Staphylococcus aureus and
Escherichia coli from stainless steel surfaces when sampled while wet or dry, and after re-
moistening surfaces that had been allowed to dry completely before sampling. Highest
organism recovery rates were gained from sampling wet surfaces, with mean percentage
recoveries of 34.3% and 56.5% being achieved for Staphylococcus aureus and Escherichia
coli respectively. Mean percentage recovery rates gained from dry surfaces were similar to
those gained in earlier experiments, these being 0.20% for Staphylococcus aureus and 0.01%
for Escherichia coli. Re-moistening inoculated surfaces that had been allowed to dry
completely beforehand was not found to improve recovery rates to any great extent. Mean
percentage recovery rates were found to be 0.70% for Staphylococcus aureus and 0.50% for

Escherichia coli after re-moistening the surface.
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2.5 Discussion of Results

The work reported in this chapter evaluated a number of sampling variables potentially affecting
the recovery of bacteria from stainless steel food contact surfaces using cotton hygiene
swabbing under conditions of use typically found in the food industry, and has shown that a
number of these sampling variables do have an effect of the efficiency with which bacteria are

recovered and detected using the swabbing method.

It is clear that bacterial recovery rates achieved using cotton hygiene swabbing are influenced
by a number of the sampling variables evaluated, and that the most important of these is surface

moisture level at the time of sampling.

One of the most important findings has been the very low bacterial recovery rates obtained from
surfaces when sampled while dry, and that the initial experimental protocols, which were
designed to represent as closely as possible the way in which the swabbing method is used in
industry, were not as efficient at enabling the assessment of the effects of these sampling
variables as was initially hoped. The inability to recover over 99% of contaminating surface
bioburden from dry surfaces when using laboratory type cultures raises the question of why
such large amounts of bioburden are not being recovered after relatively short residence times
on the stainless steel food contact surface. Whether this loss in recovery may be due to cell
death as a result of desiccation, or attachment of the organisms to the surface to the extent that
the swab method is unable to remove the attached cells remains uncertain. While both of these
explanations may be possible, another important consideration is the possibility of the method
recovering non-culturable cells, or perhaps a partial inability of the swab to release the
recovered bioburden for cultivation and enumeration. It was interesting, however, to note that
the recovery rates for the environmental isolate used were considerably greater, and that
percentage recovery levels of up to 36% were achieved using the surface inoculation protocol.
This suggests that over time organisms present on food contact surfaces may adapt to their
environment, attaching to the surface and becoming more resistant to drying, giving rise to
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improved recovery rates. In addition, the effects of surface conditioning over time must not be
ignored, and this may account for the variations in recovery rates seen in Table 2.4 and those in
Tables 2.5 and 2.6. Slight variations in bacterial recovery rates from dry surfaces may be
attributable to this effect. Subsequent work in which inoculated surfaces were sampled while
wet clearly illustrate that improved bacterial recovery rates are achieved under these conditions,

and this is investigated further in Chapter Four.

In experimental protocols not involving surface inoculations, the effects of some sampling
variables have been illustrated very clearly. The length of time used in which to release
recovered bacteria from swab buds was found to be a key variable influencing organism
recovery, and it has been shown that over time periods from zero to sixty seconds, recovery
rates for the test bacteria used ranged from under 1% up to a maximum of 100%. However,
these findings also suggest that the low recovery rates gained from sampling inoculated surfaces
while dry may be attributable, in part at least, to the inability of swab buds to release the
recovered organisms. This is an important issue, especially when recommending a sampling
protocol for the use of surface swabbing to industry. It would not be practical, for example, to
recommend that individual swabs are released for sixty seconds, especially when large numbers
of swabs require analysis. Release times of this order would significantly increase the total time
required to analyse large volumes of swab samples. It was, therefore, decided that a thirty
second release time for all swabs would be used. This facilitated the release of recovered
organisms, but yet did not require large amounts of time, which would be a critical

consideration in industry.

The use of different cultivation media was not found to influence recovery rates from inoculated
surfaces when sampled while dry to any great extent, yet comparisons of this sort may not be as
valid since the bacterial recovery rates gained from the inoculated surfaces sampled while dry
were very low through reasons explained above. No increases in mean recovery rates were
found when a double swabbing procedure was compared to a single swab procedure. Clear

distinction needs to be made between what is meant by these terms. In this study, a single swab
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procedure is described as one in which one swab is used to swab each surface area in one
direction from the top left to the bottom right of the surface. The double swabbing procedure
uses two swabs, one moist and one dry, but each is used to swab the surface in different
directions at 90° to each other. No differences in bacterial recovery rates were found, and as a
result subsequent swabbing experiments in this thesis used a single swab procedure where
swabbing was performed in two directions at 90° to each other. Despite the fact that different
cultivation media were not found to influence organism recovery rates, it was found, however,
that different methods of organism cultivation did result in different recovery rates, with pour

plates resulting in the best levels of recovery of up to 100%.

No statistically significant differences in mean percentage recovery rates were found when swab
samples were stored for up to four hours at ambient temperature before plating. This indicates
that short time intervals between swabbing and subsequent laboratory analysis will not have any
marked effect on resulting bacterial recovery rates, although in some instances a small reduction

in recovery rates were observed.

Within industry, it is possible that the variables potentially affecting bacterial recovery rates
using cotton swabbing can be classified into those which can be controlled through the sampling
process and those which cannot. Clearly, the nature of the surface sampled and the
contaminating bioburden present on it are uncontrolled variables, while the swabbing protocol
used and when swabbing is performed can be controlled. The findings of this study demonstrate
that many of the controlled variables would appear to have little or no effect on the ability of the
swabbing method to recover organisms when used to sample food contact surfaces. It has been
suggested by Whyte et al., (1989) that to establish the number of bacteria on a surface it is
necessary to know the efficiency of any proposed method of sampling, and that for many
sampling methods this efficiency is unknown, and where it is supposedly known, it has been
obtained by some artificial method. The authors state that it is common to calculate the
efficiency of a sampling method by drying a bacterial suspension of known concentration onto a

surface, and that the efficiency of a method calculated in this way may be misleading, especially
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when factors such as the type of bacteria, penetration of bacteria within the surface, and the
adhesion of bacteria to the surface are variable. The rate of recovery of organisms from a
surface is largely dependent upon the consistency of the surface contamination (Favero et al.,
1968) and will also be influenced by the nature of organism attachment, as described in Chapter

One.

Very little published work exists in which the cotton swabbing method has been evaluated under
controlled laboratory conditions, yet several studies have used the method for assessing levels of
in situ microbial contamination on a number of different types of surfaces, and these have been
outlined in the Introduction to this Chapter. It is difficult to compare the present data with that
from other studies since the sampling protocols used and the types of surfaces sampled are not
identical. One of the most important considerations, however, is the issue of what exactly is
being sampled. Organism recovery rates reported in the present study have been expressed as a
percentage of the initial inoculum level applied to the surface, where the level of organism
viability on the surface at the time of sampling was unknown. In published studies in which in
situ contamination levels on surfaces have been assessed, the level of surface contamination is
obviously unknown, and therefore the recovery rates gained represent only what the sampling
protocol used was able to recover. For this reason, it is difficult to make any conclusions on the

efficiency with which in situ methods recover contaminating surface bioburden.

Gill and Jones, (2000) found that in sampling beef carcasses for levels of in situ contamination
by a number of methods, the numbers of organisms recovered using cotton swabbing were
lower or below the range of numbers of organisms recovered using sponges or gauze swabs,
where recovery rates using cotton swabbing were generally about one log unit less than the log
total numbers recovered by other methods. Similar work reported by Anderson et al., (1987)
found that when cotton swabs were used to sample dressed beef carcasses, recovery rates were
much lower and appeared to be influenced by the nature of the area sampled. It was concluded

that the swab method was less efficient.
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Work involving the examination of paper ice cream containers using the cotton swab method
(Speck and Black, 1937) in which several swabs were used to sample each ice cream container
has shown that the majority of the microbial contamination recovered from the container
surfaces was removed by the first moist and second dry swab, with up to 83% of the total
contaminating bioburden recovered being removed by one moist and one dry swab. While no
significant differences in organism recovery rates were found in the present study when a two
swab protocol, where one moist and one dry swab was used, was compared to a single swab
procedure, the results of the study by Speck and Black (1937) would suggest that most of the
recoverable microbial bioburden from a surface is in actual fact recovered by the initial swabs
used. This is in agreement with the work of Silverman et al., (1981) who, in using the swab
method to assess the cleanliness levels of food preparation surfaces, indicates that over 50% of
the microbial bioburden on surfaces is removed by the first swab when a three swab protocol
was used, but acknowledges that the range of recovery rates obtained was variable. Other work
by Buchbinder (1947), that examined the cleanliness of eating and drinking utensils, suggests
that swabbing a surface in two directions, and increasing the number of swab strokes, increases
the rate of organism recovery. These findings are supported by the work of Yamayoshi et al,
(1984) who investigated surface sampling using a single swab method. Vinyl, stainless steel,
glass and enamelled tiles were used as test surfaces, and were inoculated with known levels of
Escherichia coli. Each surface area (20cm x 20cm) was swabbed on up to seven occasions, but
exact details of the swabbing protocol employed are not provided. It was found that, regardless
of surface type, by increasing the number of occasions on which a surface was swabbed, an
increase in the percentage recovery of Escherichia coli was found. After swabbing a surface
once, percentage recoveries ranged from 50 to 60%, while after swabbing a surface twice,
percentage recoveries increased to between 75 and 85%. After swabbing surfaces four times,
percentage recoveries were greater than 95% of the inoculum level applied prior to sampling.
However, no information is provided on whether surfaces were sampled while wet or after a
period of drying. These findings support the recommendation to industry to always swab
surfaces in two directions, and to ensure that in sampling surfaces that the swab bud comes into

complete contact with the entire surface area being sampled.
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Other work examining the removal of known levels of bacteria from wet glass surfaces using
swabs made from a range of materials by Barnes (1952) found that cotton swabs were no more
reliable than alginate ones, and that recovery rates using cotton swabs were very low at 9.1%.
While it is not possible to directly compare the results gained in that study with those in the
present one because of the use of different types of surface, the low recovery rates gained from
sampling glass surfaces are not too dissimilar to some of the results reported in the present
study. Similar work examining in situ microbial levels on both glass and china surfaces by
Fellers and Levine (1936) found the cotton swab method to be the most satisfactory in terms of
organism recovery rates, which ranged from 40 to 80%. Present research findings along with
those from other published work clearly suggest that the cotton swabbing method is capable of
recovering microbial bioburden from food contact surfaces, but that the success with which
microbial bioburden is recovered is dependent upon a range of sampling variables. These
variables include surface moisture level at the time of sampling and the nature of the swabbing
process. Sampling variables found to influence organism recovery rates from food contact
surfaces, determined through the experimental protocols in this present study, in addition
include the nature of the organism being recovered, organism release time, diluent type and

method of organism cultivation.

The work reported in this chapter has illustrated that a number of sampling variables influence
the efficiency with which cotton hygiene swabbing is able to recover bacteria from stainless
steel food contact surfaces. In comparison, the work reported in Chapter Three investigates the

use of ATP bioluminescence as a method for determining levels of surface contamination.

2.6 Conclusions

A number of factors have been shown to influence the recovery of bacteria from stainless steel
food contact surfaces using cotton hygiene swabbing, and these include surface moisture level at
the time of sampling, the nature of the organisms being recovered, the organism release time,

the diluent type and the method of organism cultivation used.
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The most significant variable influencing organism recovery from stainless steel food contact
surfaces using cotton swabbing is surface moisture level, with highest recovery rates being

achieved from sampling surfaces while wet.

Current research findings indicate that in order to achieve optimum recovery of microbial
contamination from stainless steel food contact surfaces using cotton hygiene swabs, sampling
should be performed on surfaces while still wet. In addition, it is important to ensure that the
swab is in constant contact with the surface, and that the swab bud is rotated constantly during
swabbing. It is recommended that surfaces be swabbed in two directions at 90° to each other. In
addition, swab samples should be stored for no longer than one hour at room temperature before
analysis is performed. Recovered organisms from swab buds should be released using
mechanical agitation (vortexing) for at least 30 seconds, except where direct surface inoculation
of agar plates is used, with organism cultivation being carried out using either nutrient or plate
count agar pour plates. It is suggested that organism recovery should be expressed as count

(cfu)/100 cm®.

70



Chapter 3

A Laboratory Evaluation of Selected Commercial ATP
Bioluminescence Detection Systems for Surface Cleanliness Assessment

3.1 Introduction

Background information on the history and biochemistry of ATP bioluminescence has been
included in Chapter One. Within the context of the food industry, ATP bioluminescence
technology, specifically for use as a means of hygiene monitoring is evolving quickly with new
developments continually appearing on the market. Most recently, developments in swab
technology, including the introduction of single-shot assays, and assay systems that have
improved minimum detection limits, have contributed to the continued increase in the use of
ATP bioluminescence within the food industry for monitoring surface cleanliness, (Flickinger,
1996). Other important advances within the field have included the development of trend
analysis software that enable those responsible for the hygiene function within an organisation
to review data generated over a number of weeks or months. This ability to down-load data
from the bioluminescence monitor to PC software is important within the context of HACCP
since it allows data generated over long periods of time to be evaluated for trends (Griffith et
al, 1997). This, in turn, should provide valuable information to management on the
effectiveness of cleaning regimes within a factory. These trends may, for example, highlight
specific sites sampled which are continually giving rise to high ATP readings, indicating
inadequate cleaning, or perhaps cleaning staff who continually fail to clean specific areas within
the factory to an acceptable standard. Such information would not be available using traditional
microbiological analysis without considerable time and effort devoted to maintaining records of
the microbiological data generated. In addition, the ability to download data from the
bioluminescence monitor to PC is especially useful given the introduction of Laboratory

Information Management Systems (LIMS) for data management.
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To be successful, HACCP is dependent upon generating real-time data. Not only have these
ATP assay systems made this a practical reality given their ability to provide results within
minutes, the ease of use of single-shot tests in particular has enabled the responsibility for
surface hygiene monitoring to be devolved to factory operatives. Where cleaning has been
identified as a control measure, for example, rapid cleanliness assessment using ATP
bioluminescence may be helpful in establishing that surfaces are clean and that any residual
organisms are not being provided with the opportunity to proliferate due to presence of organic
residues. However, use under these circumstances would require validation of ATP
bioluminescence by microbiological methods beforehand. In addition, ATP monitoring is now
being used to help estimate the risks from cross-contamination within food processing

environments, and to allow them to be identified and minimised more rapidly.

Despite being recognised as a valuable tool for monitoring the efficacy of cleaning and
disinfection within food plants, and as a means of quickly verifying that effective cleaning and
disinfection have been performed, debate still exists as to the capabilities and limitations of ATP
bioluminescence hygiene monitoring systems (Flickinger, 1996). This may, in part at least, be
due to the extensive range of ATP bioluminescence detection systems and assay types now
available on the market. In addition, a number of other issues are important in deciding upon
whether to adopt the technology within a food plant. These include, for example, the quenching
effect of sanitizer residues present on surfaces that will affect the ATP signal through
degradation of the firefly luciferin-luciferase substrate-enzyme system (Velazquez and Feirtag,
1997). Light signal quenching of between 6-47% resulted when five cleaning solutions were
used at standard working concentrations, while ethanol at 1% inhibited bioluminescence by
15%, yet concentrations above 4% were found to enhance light output. The light signal was
quenched by 20-25% at pH values below pH 4 and above pH 10 (Calvert et al., 2000).
However, ensuring that cleaned surfaces are adequately rinsed after being sanitised should help
to eliminate these potential problems. Also important is the inherent ATP content of certain
foods, or absence of ATP, that may give rise to either higher or lower than expected ATP

readings, or false positive/negative results, when used in some food processing environments,
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which again can be avoided through effective cleaning and rinsing of surfaces before sampling.
However, despite what may be considered to be minor limitations of ATP bioluminescence, the
ability of the technique to produce a measure of total surface cleanliness almost instantaneously
make it one of the most valuable contributions to the science of hygiene monitoring over the

past decade.

Regardless of the obvious potential that the technique has within the food industry, very few
studies evaluating and comparing different ATP bioluminescence detection systems and assay
procedures, with experimental protocols representing typical in-use conditions, have been
executed within the context of surface hygiene monitoring. This has been partly due to ATP
technology only becoming more readily available and more widely accepted by the food
industry since the early 1990s. Some studies (Griffith, et al., 1994; Flickinger, 1996;
Colquhoun, et al, 1998) have focussed on specific parameters potentially affecting assay
minimum detection limit or reproducibility, but the experimental protocols used in these studies
aimed at evaluating technical performance have varied. This in itself may suggest the need for
the development of a series of standard experimental protocols with which to evaluate these
systems under conditions representing typical use in industry. Some studies (Storgards and
Haikara, 1996; Powell and Attwell, 1997; lllsley et al, 2000) have focussed on evaluating

detection systems under such conditions, but the work reported has been limited.

Within the context of rapid hygiene monitoring, the most important issue is whether or not an
ATP assay and detection system is capable of accurately determining the efficiency of cleaning
and providing a reliable indication of the outcome from cleaning processes. That is, can the
ATP assay and detection system reliably determine whether a surface is free from

contaminating organic soil and microorganisms?

Given the range of protocols used in previously published comparison studies, an important
consideration in the present study was the need to ensure that the “technical performance” of the

ATP assays and detection systems was evaluated under comparable defined sets of conditions
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and that these conditions, as far as possible, represented use of the systems under typical
conditions. Technical performance encompasses a number of aspects including the ability of the
surface swabbing stage to remove total and microbial ATP, for the extractant to extract the
ATP, for the ATP to be converted into light, and for the detection system photomultiplier tube
to detect and measure the light produced from the ATP bioluminescence reaction. The present
study, therefore, developed experimental protocols that assessed these individual components of
total ATP minimum detection limit under typical conditions of use, as shown in Figure 3.1 —
Components of Total ATP Minimum Detection Limits and Assay Procedures used in this Study.
The figure illustrates the components of ATP assay and detection systems that contribute to the
overall minimum detection limit achieved. These components include the ability of the swab
device to remove both residual food and microbial contamination from a surface, from which
total and microbial ATP levels are derived. In addition, the ATP detection limit achieved will be
dependent upon the ability of the assay procedure used to extract the ATP and convert it into
light, which must in turn be detected by the photomultiplier tube within the ATP detection
system. In order that these components could be assessed, a series of experimental protocols
were developed. These included raw milk surface inoculations that enabled all components
contributing to total ATP minimum detection limits to be assessed, and Escherichia coli surface
inoculations that assessed the removal of microbial ATP and its subsequent extraction and
detection. The ability of individual detection systems to extract ATP and then convert that ATP
into light for detection by the detection system was assessed through Escherichia coli swab
inoculations, while the ability of detection systems to convert ATP into light and detect that
light was assessed through swab inoculations with pure ATP solutions. Figure 3.2 illustrates the
different assay procedures used by the ATP bioluminescence detection systems available for
assessment, along with information on the main variables potentially affecting assay
performance. These variables include the efficiency of the swab wetting agent at removing
surface bioburden, the nature of the ATP extractant, the solubilisation of the assay reagents, the
effect of quenching on ATP signal due to the presence of, for example, sanitizer residues on a

surface at the time of sampling, and the time lapse between sampling and measuring ATP.
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Components of Total ATP Minimum Detection Limits

Remove Total Remove Extract ATP Convert ATP Detect Light
ATP Microbial ATP

< Swab /Assay System —p<¢—Instrument —p

Assay Procedures employed in the present Study

<«4—— ATP Swab Inoculations —»

4——— E coli swab Inoculations ——p

<— E coli Surface Inoculations 5

< Raw Milk Surface Inoculations —p

Figure 3.1 Components of Total ATP Minimum Detection Limits and Assay
Procedures used in this Study.
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It is clear that a number of variables are important in determining the efficiency of ATP
bioluminescence testing, in addition to several factors that may influence the decision of
whether or not to use ATP bioluminescence for assessing surface cleanliness within the food
industry. Some of these factors include the achievable minimum detection limits of the ATP
assay, the repeatability and reproducibility of the results gained, and the ease and suitability of
use of the assays and detection systems. The work reported in this chapter evaluated some of
these variables using E. coli as the test organism, which was selected on the basis that it is a

typical indicator organism.

3.2 Aims

The aims of the work reported in this chapter were, therefore, to:

L. Determine the minimum detection limits of nine ATP bioluminescence assay and
detection systems when used to detect bacterial contamination on stainless steel food

contact surfaces;

2 Determine the minimum detection limits achieved by nine ATP bioluminescence assay
and detection systems when used to detect solutions of pure ATP and levels of

Escherichia coli inoculated directly onto hygiene swab buds;

3 Determine the repeatability and reproducibility of results gained from nine ATP

bioluminescence assay and detection systems when used by two operatives to monitor

clean and marginally unclean stainless steel surfaces;

4. To evaluate the ease of use and suitability for use of nine ATP bioluminescence assays

and detection systems when used by both technically trained and untrained operatives.
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3.3 Materials and Methods

3.3.1 Bacterial culture

Escherichia coli (ATCC 25922) was grown in sterile Nutrient Broth No. 2 (CM67, Oxoid,
Basingstoke, UK) in unshaken batch culture volumes of 10ml under aerobic conditions at 37°C
for eighteen hours. Serial decimal dilutions of the eighteen hour culture, prepared in sterile
Maximum Recovery Diluent (MRD, CM733, Oxoid) were used to inoculate a food-grade

stainless steel table and hygiene swabs.

3.3.2 ATP Bioluminescence Detection Systems

Nine commercially available ATP bioluminescence detection systems and assay reagents were
included in the comparison study, which have been outlined in Table 3.1. These included four
“single-shot” systems and one system that were capable of performing direct ATP
measurements from surfaces, in addition to making indirect ATP measurements via swabs. The

remaining four systems involved pipetting procedures as part of the assay protocol.

3.3.3 Preparation of ATP Standard Solutions

An 80nM ATP standard supplied by Celsis-Lumac (Cambridge, UK) was used to prepare a
series of pure ATP standard solutions ranging from 1nM (10 femtomoles) down to 0.025nM
(0.25 femtomoles). Detailed instructions for the preparation of these ATP standard solutions are

provided in Appendix One.

3.3.4 Surface Preparation

Prior to inoculation, the stainless steel table, marked with 100 cm? areas, was pre sanitized for
30 minutes using a 1:80 dilution of Bioscan containing <5% cationic surfactants, 5-15% non-
ionic surfactants and <5% phosphoric acid (Henkel Ecolab Ltd, Swindon, UK), which acts
through disrupting cell membrane integrity. The surface was then cleaned using an “in-house”
validated cleaning protocol. This involved washing with hot water and detergent (<5%

amphoteric, 5-15% non-ionic, and 15-30% anionic surfactants), applying kinetic energy for two

78



minutes using a new rayon cloth, thoroughly rinsing with hot water to remove all traces of
detergent, and a final rinse with boiling water before being left to air dry at room temperature.
This was demonstrated to give microbiological counts less 2.5 cfu/cm’® using agar contact dip
slides and ATP bioluminescence readings consistently below 100 relative light units (RLU)

using the Biotrace Xcel detection system and Clean-Trace Rapid Cleanliness Test.

3.3.5 Surface Inoculation and Sampling

Aliquots of 0.1ml of an eighteen hour culture of Escherichia coli containing 107 cfu in 0.1ml
and dilutions giving inoculation levels of 10° - 10° cfu/0.1ml were inoculated onto each of ten
100 cm? areas of stainless steel for each dilution and spread over the entire surface to within
2mm of the edges using a sterile plastic spreader (Technical Service Consultants, Henlow, UK).
Surfaces were sampled after a sixty minute residence time of the inoculum on the surface by
which time the inoculum had dried completely so that there was no visible moisture present on
the surface. All surfaces were sampled using a standard swabbing protocol (See 3.3.7). Each

experimental protocol was repeated on at least three occasions, with ten replicates in each.

3.3.6 Direct Swab Inoculations

Aliquots of 0.1ml of an eighteen hour culture of Escherichia coli, prepared through serially
diluting the culture in sterile MRD to give inoculation levels of between 10%and 10", and 0.1 ml
of the prepared standard ATP solutions, were inoculated onto each of ten pre-moistened swab
buds in separate experiments. Inoculated swabs were then assayed using the manufacturers
recommended procedures. For each of the ATP detection systems under test a series of pre-
moistened uninoculated swabs were treated as blanks against which all other data could be
compared during statistical analysis. Each experimental protocol was repeated on at least three

occasions, with ten replicates in each.

3.3.7 Surface Swabbing Protocol
In all experiments, including those evaluating operator repeatability and reproducibility, a

standard surface swabbing protocol was used. The protocol involved ensuring that the pre-
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moistened swab bud came into contact with the entire 100 cm? surface, that the swab was
rotated constantly during swabbing, and that each surface was swabbed in two directions at 90°
to each other. Swabs were held by their handles and not by their applicator sticks in an attempt

to standardize the amount of pressure applied to the swab during sampling.

3.3.8 Determination of Assay Minimum Detection Limit
For the purpose of this study, assay minimum detection limit was defined as the minimum level
of inoculum necessary to produce a positive test result above background ATP levels, and

which was confirmed as being statistically significant using a one-tailed Student’s # test.

Assay minimum detection limits were determined through a series of three experimental
protocols that focussed on Escherichia coli surface and direct swab inoculations, and through
swab inoculations using standard ATP solutions. In each experimental procedure each of ten
100 cm? areas of stainless steel or ten hygiene swabs were inoculated with 0.1ml of a known
concentration of either bacterial culture or of standard ATP solutions in order to detect ATP
directly. All surfaces were sampled after a residence period of sixty minutes, by which time the
bacterial culture had completely dried on the surface. ATP determinations from direct swab bud
inoculations were performed immediately after inoculation. All experimental procedures were
repeated in duplicate, with the achieved minimum levels of detection being confirmed through

at least one further repeat of each experimental procedure.
3.3.9 Determination of Operator Repeatability and Reproducibility
For the purpose of this study, the terms assay repeatability and assay reproducibility were

defined as follows:

Assay repeatability: the ability of any operator to achieve the same test result on the same

sample on each occasion the sample is tested.
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Assay reproducibility:  the ability of the swab, assay reagents and ATP bioluminescence
detection system, when used by any operative under the same
sampling conditions, to produce the same end result given a

consistent level of initial surface bioburden.

Studies designed to assess operator repeatability and reproducibility involved two technically
trained operatives each swabbing ten 100 cm? stainless steel areas. The stainless steel surfaces
were sampled under three different sets of conditions which included inoculation with a known
concentration of Escherichia coli, inoculation with fresh milk to represent organic food debris,
each after a sixty minute residence time, or sampling after the surfaces had been cleaned and
allowed to air dry. Mean percentage coefficients of variation for sampling under each set of

conditions were recorded for each operative.

3.3.10 Ease of Use and Suitability of Use

Each of the ATP detection systems and assay procedures were demonstrated by a competent
user of the equipment to a group of twenty-one volunteers comprising both technically trained
and non-technically trained individuals. The demonstration procedure consisted of explaining
and demonstrating the operation of each ATP bioluminescence monitor, and its corresponding
assay procedure. Demonstration volunteers were then asked to score on a scale from one to five
each of the ATP detection systems and assay procedures. A score of one represented greatest
difficulty in use/ least appealing/ least suitable for use by non-technically trained staff, and a
score of five the least difficulty in use/most appealing/most suitable for use by non-technically
trained staff. A mean score for each attribute for each of the detection systems was then

calculated.

3.3.11 Statistical Analysis

All data, excluding data on ease and suitability of use, were compared with appropriate control

data using a one-tailed Student’s ¢ test (Excel) to estimate the significance of any difference
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(p< 0.05). Minimum detection limits were recorded as those levels at which statistically
significant results were obtained. Levels of operator repeatability and reproducibility were

determined through calculating coefficients of variation expressed as percentages.

3.4 Results

Table 3.1 provides details of the general characteristics of the different assay reagents and
procedures used in this study. This includes the typical cost per assay, details on the stability
and shelf life of the assay reagents, details on reconstitution requirements for reagents, and the
maximum time interval recommended between swabbing and analysis. Table 3.2 provides
summary data gained from a comparison of nine ATP detection systems when used to detect
different components of total ATP detection limits. It can be seen that when used to detect
Escherichia coli on stainless steel inoculated surfaces when sampled after a sixty minute
residence time, the Celsis System Sure and the Hughes Whitlock Bioprobe when used in its
direct mode had the lowest minimum detection limit, both at 10* cfu/100 cm®. Three detection
systems, the Biotrace Unilite, Biotrace Xcel, and the Merck Hylite had a minimum detection
limit of 10° cfu/100 cm? when used to detect Escherichia coli inoculated onto the stainless steel
surface. For the same experimental protocol it was found that four detection systems had a
minimum detection limit of 10° ¢fu/100 cm® These were the Charm Luminator, the Rhone

Poulenc Bio-Orbit, Idexx Lightning and the Hughes Whitlock Bioprobe in its indirect mode.

Different minimum detection limits were achieved when the detection systems were used to
detect Escherichia coli inoculated directly onto swab buds. The lowest minimum detection limit
achieved was 10% cfu/swab, this being achieved by the Rhone Poulenc Bio-Orbit system. The
Biotrace Xcel and Celsis System Sure both detected down to 10° cfu/swab, while the Biotrace
Unilite, Idexx Lightning and the Hughes Whitlock Bioprobe in its indirect mode detected 10*
cfu/swab. The Charm Luminator and Merck Hylite both detected 10° cfu/swab. When pure ATP
solutions were inoculated onto swab buds, the Hughes Whitlock Bioprobe had the lowest
minimum detection limit of 0.25 femtomoles. Two detection systems, the Celsis System Sure

and the Merck Hylite detected 2.5 femtomoles.
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The Biotrace Unilite, Biotrace Xcel, Charm Luminator and Idexx Lightning all detected ten
femtomoles per swab, while the Rhone Poulenc Bio-Orbit had a detection limit greater than ten

femtomoles per swab.

Table 3.3 shows data for levels of statistical significance obtained for each of the nine assay
procedures from sampling Escherichia coli inoculated stainless steel surfaces following a sixty
minute residence time. Levels of statistical significance are provided for each of the assay
procedures at surface inoculation levels ranging from 107 cells/100 cm” down to 10' cells/100
cm?. Data show that the detection system with the best level of detection under the experimental
test conditions reported was the Celsis System Sure, being significant at the 10% level when
used to detect 10° cells/100 cm® All statistically significant differences reported were
determined through comparing ten ATP readings in RLUs for inoculated surfaces with ten ATP
readings in RLUs for clean, uninoculated control surfaces using one tailed Student’s ¢ tests.
Given that the differences existing between individual detection systems may be only marginal
for the experimental protocols used, it was deemed worthwhile to report levels of statistical

significance at the 1%, 5% and 10% levels.

Two assay procedures were able to detect 10* cells/100 cm?® with results being statistically
significant. These were the Celsis System Sure and the Hughes Whitlock Bioprobe in its direct
mode, with results being significant at the 1% and 5% levels respectively. In its indirect mode,
the Hughes Whitlock Bioprobe’s minimum detection limit was found to be two log factors

greater at 10 cells/100 cm’.

Of the other assay procedures tested, five were found to have statistically significant minimum
detection limits at 10° cells/100 cm? The least sensitive assay procedure, that is the one with the
highest minimum detection limit, was found to be the Rhone Poulenc Bio-orbit, with a

statistically significant minimum detection limit of 107 cells/100 cm?.
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Table 3.4 summarises the results gained from experiments involving direct swab inoculations
with various inoculation levels of Escherichia coli. It was found that the detection system with
the lowest minimum detection limit under these experimental conditions was the Rhone Poulenc
Bio-orbit, with a minimum detection limit of 10? cells/swab, with results being significant at the
5% level. The Celsis System Sure and Biotrace Xcel detection systems were found to have a
minimum detection limit of 10° cells/swab, with results for each being significant at the 1%
level. Three further detection systems, the Biotrace Unilite, Idexx Lightning and Hughes
Whitlock Bioprobe (indirect mode) were found to have minimum detection limits of 10*
cells/swab, with results for all being significant at the 5% level. Two systems, namely Charm
Luminator and Merck Hylite were found to have a minimum detection limit of 10° cells/swab,

with results being significant at the 1% and 5% levels respectively.

Results for ATP swab inoculations are provided in Table 3.5. As was the case with other
experimental protocols, different detection systems were found to have different minimum
detection limits. The detection system with the lowest minimum detection limit was found to be
the Hughes Whitlock Bioprobe (in its indirect mode) being able to detect 0.25 femtomoles with
results being statistically significant at the 5% level. The Merck Hylite and Celsis System Sure
detection systems detected 2.5 femtomoles, with results for both detection systems being
significant at the 5% level. Four of the remaining five detection systems were found to have a
minimum detection limit of 10 femtomoles, with results being statistically significant at the 5%
level for one, and at the 10% level for the other three detection systems. One detection system,
the Rhone Poulenc Bio-Orbit, was unable to detect any of the ATP standard solutions. Given the
ability of this detection system to produce results for other experimental protocols, its inability

to detect the pure ATP standard solutions was not thought to be due to system failure.

87



“WoISAS U0Nd2)ap JLV PUE WINNOOUL JO [9AS] [ord J0J 0¢=T

JueogIuSIg 10N — SN ‘Pa10a1ed 10N — AN
*}S3} 7 S JUSPTIS PA[Te} U0 ¢ SUISN S)NSOI [ONUOD YL BIEP 353} JO UosLrediioo £q pojetinysa 1et) st 2ouBdIUIIS [RJUSHE)S

S[199 ;01
aN aN aN aN aN anN an aN 1100 DIOLIGYOSH
S[199,01
aN aN aN %S aN aN N aN 1102 DIYILIIYOSH
S[139 01
aN anN SN %01 %1 aN %1 SN 1100 DIYILIPYOSH
S[?2 ,0T
SN %S %S %1 %1 SN %1 %S 1109 DIYOMYOSH
S[I32 ;01
%S %l %1 %1 %1 %1 %S %1 1102 DIYOLIYOSH
S92 40T
%1 %1 anN aN %1 %1 %1 %1 1100 DIYOLIYISH
nq10 aing

AMAH 399a1pu] Sunmqdry | org dwd[nog wWI)SAS Jojeurman g X N

b B 1E] 1\ aqoadorg XX3pI auoyyY SISP) wIey) enorg adenorg [9A9] WIN[NIOU] qeMS
wR)sAS uonINR(A dLV

YIISI( Sundaja( 10§ SWAYSAS UONINI( LV WSIH £q PIAIIYIY 3IULIYIUSIS [BINSHEIS JO SPAYT '€ AqBL

spng qeMS 03u0 A[)I( PAL[NIOU] 709 DIYILLYISH JO S[PAY] WN[NIoU]

88



“wA)sAS UONI3IP Yoes Suisn pajsd) uonnjos LV §oed 10y 0¢ =U

JueolIuSIS 10N — SN ‘PR3 10N — AN
1591 7 S JUSPI]S PA[IE} SUO & SUIST S[NSAI [OUOD YHLM BIEP 159} JO UOsLIedwoo £q payeurnss jer) st QouBdIUSIS [BOUSHEIS

aN %S aN aN aN anN aN aN so[owojudy ST°Q
*{IN %S aN aN SN aN SN aN soowojudy  $°0
%S %S SN SN %S aN SN SN soowoymdy  §°C
%01 %S SN SN %S SN SN SN sowouRyy &
%S %1 %01 SN %l %01 %01 %S sJ[owoyudy 0L
nqio
MMAH Jo211pu] Sumysry org Jud[nog | 3Ing WYSAS | Iojemyuwn 39X JIan qeMms
WO aqoxdorg XX3p] uoy SIS[3D) wiey) enorg enog o) paniddv 41V
Wwa)SAS UonINRJ JLV

spug qBMS 03U0 APIAII( PAIBMIOU] J LV 210 JO S[PAIT JUIIHIA
Sup3a(] 10] SUIASAS UONINI( LV ISIH Aq PIAIYDY DUBIYIUSIS [BINSHEIS JO SPAT  §°¢ AIEBL

89



Table 3.6 shows results for assay repeatability and reproducibility gained from two separate
operatives under a number of different experimental procedures for each of the detection
systems and assay procedures evaluated. For individual experimental protocols, data are
expressed as mean percentage coefficients of variation (CV) that resulted from each
operative sampling ten 100 cm? surfaces under the experimental conditions described.
Detection systems deemed to be the most repeatable and reproducible were those with the

lowest mean CVs for the individual experimental protocols evaluated.

Five detection systems, Biotrace Unilite, Celsis System Sure, Idexx Lightning, and the
Hughes Whitlock Bioprobe in both direct and indirect modes, were found to have an overall
mean CV of less than 40%, while another two, the Biotrace Xcel and Charm Luminator had
an overall mean CV of less than 60%. Two further detection systems, the Bio-Orbit and the
Merck Hylite, were found to have a mean CV of greater than 60%. Mean coefficient of
variation values for individual experimental protocols for each of the two operatives are
shown in Table 3.6. Within the realms of microbiological experimental error it can be seen

that individual values for each experimental protocol for each operative are very similar.

Table 3.7 provides the mean scores for ease of use along with mean percentage values for
suitability of use by technical and non-technical staff, for each of the ATP detection systems.
The highest mean score for ease of use was 5.0 gained by the Biotrace Xcel detection system
indicating that it was perceived to be the easiest to use. The lowest score of 1.86 was gained

for the Hughes Whitlock Bioprobe when used in its direct mode.
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Two detection systems were considered suitable for use by non-technical staff by all (100%) of
demonstration participants. These were the Biotrace Xcel and the Charm Luminator, both of
which utilise “single-shot” assay procedures. Another system based upon the “single-shot”
principle, the Idexx Lightning, was also scored as very suitable for use by non-technical staff by
95% of the demonstration participants. Detection systems that were considered least suitable for
non-technical staff use were the Bio-orbit and the Bioprobe (in its indirect mode), both of which
were only considered to be suitable for use by such people by 24% of demonstration
participants. Both these systems involve several pipetting stages in the assay procedure, while
the Hughes Whitlock Bioprobe in both its direct and indirect modes, and the Rhone Poulenc

Bio-orbit were considered to be suitable for use by technically trained staff only.

3.5 Discussion of Results

The work reported in this Chapter evaluated nine ATP assay and detection systems through a
series of experimental protocols representing typical conditions under which the detection
systems may be used. These focussed both on swab and surface inoculations using Escherichia
coli and pure ATP solutions to evaluate different components of total ATP minimum detection
limit. In addition, assay repeatability and reproducibility was determined for two operatives
through surface inoculations using milk. Ease and suitability for use by technically trained and

untrained operatives was also determined.

Experimental results clearly show that differences did exist in the minimum detection limits
(MDL) of the different ATP detection systems evaluated. In addition to MDL differences
between detection systems, differences in MDLs within detection systems were also found
when individual components of total ATP detection limit were being assessed, as shown in
Figure 3.1. Several factors might contribute to these differences, and these have been listed in
Figure 3.2 - ATP Bioluminescence Monitoring Protocols and Variables Potentially Affecting

ATP Assay Performance. These factors include the efficiency of the swab wetting agent, the
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solubilization of the assay reagents, the volume of reagents used, the efficiency with which ATP
is extracted, and the effectiveness of the enzyme systems. In order that reliable test results are
gained, it is important that the swab wetting agent used is capable of removing surface
bioburden, and that the extractant is able to lyse cells open to release cellular ATP. These two
stages in the assay procedure are critical to ensuring that an accurate end result is achieved. It is
also necessary that the assay reagents solubilize fully, and that the volumes used are sufficient in

order that the assay performance is optimal.

Differences were also found in the repeatability and reproducibility of the results gained for
different experimental procedures using the different detection systems. While variations in
minimum detection limits may be the result of the enzyme and reagents used, differences in
repeatability and reproducibility may be the result of a number of factors, not least of which will
be the system operators and the surface swabbing protocol they employ. Being able to
determine the achievable minimum detection limits of the individual detection systems included
in the present study was of particular importance for a number of reasons. Given that the
minimum detection limit achieved by any of the systems represents the lowest level at which
ATP detection was possible, the detection limit values gained represent threshold values below
which ATP detection would not be possible. This may be a critical consideration where the
difference between what would be deemed clean and unclean is negligible, especially within
HACCP where pass and fail critical limits have been determined. However, ATP detection
systems with very low minimum detection limits may be considered unsuitable for use,
especially where the number of surfaces failing cleanliness assessment is high due to the low
minimum detection limit of the system used. It is important, therefore, that in using detection
systems with low minimum detection limits that realistic pass and fail limits for surface
cleanliness levels are set. Assuming that appropriate limits are determined, through
understanding what is achievable through effective cleaning, and through reference to trend
analysis data, ATP bioluminescence can be a valuable tool for assessing surface cleanliness

within HACCP.
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It is clear, however, that a number of key variables contribute to the achievable minimum
detection limits and the repeatability and reproducibility of the end results gained from ATP
bioluminescence monitoring, some of which are evident from the results in this chapter. These
include the nature of the bioburden being detected; the swabbing protocol employed for removal
of the bioburden; the nature of the wetting agent used to moisten swab buds, and to aid in
bioburden removal; the efficiency of the extractant and enzyme used; the nature of sample
measurements, either directly from swab buds or from a recovery diluent, and with
measurements directly from swabs, the distance of the swab device from the photomultiplier

tube in the detection system.

Other comparative studies on detection system technical performance (Griffith et al., 1994;
Flickinger, 1996; Flowers et al., 1997; Colquhoun ef al., 1998) have confirmed that differences
do exist in assay minimum detection limits. However, direct comparison of different detection
systems is difficult for a number of reasons. Each system uses a unique measurement scale.
Some systems display results as log transformations, while others use linear scales and report
relative light units (RLU). This in itself is a problem as the RLU is not a standard unit of
measurement, and different systems may employ different scales. Additionally, each of the
systems will have a different background light level that the end user may be unaware of

(Flickinger, 1996).

Results gained for direct inoculation of swabs with standard ATP solutions, given in Table 3.5
were found to be in general agreement with those of Flowers et al.,, (1997), while Colquhoun et
al., (1998) found that both the Idexx Lightning and Biotrace Xcel detection systems had better
minimum detection limits, being able to detect 0.04 - 0.4nMol of ATP, than the Charm
Luminator detection system which he found only able to detect 0.4 - 4.0 nMol of ATP. Absolute
comparison of the results is not possible given the use of initial ATP standards of different
sources, and because of the reporting of theoretical detection limits (TDL) in ranges of
femtomoles by Flowers et al., (1997), where the theoretical detection limit is defined as the

mean of the swab background plus two standard deviations, and was calculated as the limit of
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detection (d) where d= 10 (8 ¢ * 2 ®/™ with “x” being the mean swab background results, “s” is
the standard deviation of the swab background, “b” is the intercept of the regression and “m”
the slope of the regression. The authors report that analysis of the ATP solutions indicated that
the calculated theoretical detection limits for the detection systems ranged from 0.48
femtomoles to 14 femtomoles, with the most and least sensitive systems differing by 29-fold.
Reported theoretical detection limit levels of thirteen femtomoles for the Merck Hylite and
fourteen femtomoles for the Charm Luminator are higher than the results achieved in the present
study. A minimum detection limit of 10 femtomoles was found for Charm Luminator, with a
lower minimum detection limit of 2.5 femtomoles being achieved for the Merck Hylite
detection system. A theoretical detection limit of 0.48 femtomoles for the Celsis System Sure
was not dissimilar to the results of the present study. Results for detection of 0.5 femtomoles
were not statistically significant but with a detection level of 2.5 femtomoles statistically
significant results were achieved at the 5% level. These results suggest that the actual minimum
detection limit was somewhere in the range of 0.5-2.5 femtomoles. Only the results gained for
the Idexx Lightning were in complete disagreement. This present study reported a minimum
detection limit of 10 femtomoles (P=0.1), while Flowers et al, (1997) reported a theoretical

detection limit of 2.2 femtomoles.

The results from Flowers et al, (1997) for the detection of pure cultures are difficult to
interpret. Results are presented as “dilutions” where a series of five different dilutions were
used. Detection limits for bacteria were dilutions of 30 to 3000 starting with a concentration of
4.0 x 10°, which the authors suggest represents a detection limit of 1.3 x 10° to 1.3 x 10°. From
the data given, it would appear that the systems with very low minimum detection limits were
the Celsis System Sure, Idexx Lightning, and Merck Hylite, with the Charm Luminator being
considerably poorer in its detection ability. All data from Flowers ez al., (1997) pertain to direct
swab inoculations. Data gained from direct swab inoculations with Escherichia coli in the
present study is not in complete agreement with the published data of Flowers et al., (1997). In

comparing the systems mentioned, Celsis System Sure was found to be capable of detecting the
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lowest inoculum level, this being 10° cells/100 cm?® Minimum detection limits of 10* and 10°

cells/100 cm? were found for the Idexx Lightning and Merck Hylite machines respectively.

It was particularly interesting to note from the data generated in the present study that the results
for the Rhone Poulenc Bio-Orbit detection system were markedly different for each of the
experimental protocols executed. For Escherichia coli surface inoculations the Bio-Orbit system
was found to have the poorest minimum detection limit of all detection systems, with a limit of
107 cells/100 cm? being achieved, while for direct swab inoculations this system was found to
have the lowest minimum detection limit of 10> cells/100 cm? One explanation for such
different results may rest in the presence or absence of an appropriate wetting agent in the swab
moistening solution. While the success of swabbing based hygiene monitoring methods can be
significantly improved by the use of wetting agents such as some cationic detergents, (Salo and
Wirtanen, 1999), not all assay systems use such substances. While such detergents break up
biofilm and reveal surface bacteria without affecting their survival rate (Salo and Wirtanen,
1999), quaternary ammonium compounds are known to affect organism survival (Frank and
Chmielewski, 1997). ATP detection systems in which only water is used as the swab wetting

agent may be less efficient at removing contaminating surface bioburden for this reason.

Once again, in directly comparing results gained for system repeatability and reproducibility, it
is only possible to make some general comments, both because of differences in the
experimental procedures used, and in the way data is presented. Colquhoun et al.,, (1998)
investigated assay reproducibility through direct swab inoculations with solutions of food
products. They found the Idexx Lightning detection system to be the most reproducible with
mean % CV values of 9-10% for swab inoculations with pure ATP solutions. The Unilite Xcel
was found to give % CVs of 17 and 21% for such solutions, depending on the concentration of
ATP used. Reproducibility data for the Charm Luminator detection system was found to be least
reproducible with % CV data of 54% and 74% being achieved for orange juice and milk
solutions respectively. Data on repeatability and reproducibility from the study reported in this

thesis is of the same general order as that of Colquhoun et al., (1998) with a mean % CV for

97



each of the three detection systems evaluated by Colquhoun et al, (1998) being: Idexx
Lightning (33%), Charm Luminator (58%) and Biotrace Xcel (55%). With these comments in
mind, it is important to acknowledge the fact that the study by Colquhoun ez al., (1998) attracted
considerable controversy, with comments subsequently being published in the Journal of Food
Protection, (Vol. 61 (7) 781-783). The controversy surrounded the nature of the protocol design
and the statistical analyses performed on the data that were deemed to be inappropriate. It was
noted in the published correspondence that the protocols and statistical analyses used in this
present study (Griffith et al., 1997) were appropriate for the nature of the work being executed.
The study by Flowers et al., (1997) was also subject to debate by at least one other leading
manufacturer for a number of reasons. These included the fact that it was felt inappropriate to
compare single-shot swabs to assay procedures involving a number of separate stages. This is
primarily due to differences in the design of the assay procedures. For example, the potential for
operator error using a multi-stage assay is significantly greater than when using a single-shot
device. Sample volumes in the study by Flowers et.al., (1997) were also felt to be low, again
increasing the potential for experimental error. Some of the tests performed involved testing
liquids with the swabs. This was considered inappropriate given the availability of test kits
specifically designed to analyse liquid samples. It was also acknowledged by Biotrace (Personal
communication), that the experimental protocols used had not been designed to represent in-use
conditions. This was one of the main criteria used in developing the experimental protocols used

in the present study.

It is noted that in the study by Griffith ez al., (1994), in which some detection systems evaluated
were the same as those in the present study, the mean % CV for repeatability and reproducibility
for three detection systems which were evaluated in both studies were different. In the 1994
study the Merck Hylite detection system was reported as having a mean % CV of 43%, while in
the present study the same system had a mean CV of 78%. Similarly the mean % CV for the
Biotrace Unilite detection system in the present study was found to be 29% in comparison to
42% in the 1994 study. Markedly different results were found for the Rhone Poulenc Bio-Orbit

that was found to have a mean % CV of 86% in this study, but only 23% in the earlier one.
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Presenting experimental results using %CV data in this way does allow for evaluating detection
system performance over a number of experimental protocols all at once. Expressing the results
of one operator’s sample repetitions from one discreet experiment in this way will, however, not

give rise to any experimental error such as that outlined above.

Despite the difficulties encountered in trying to present repeatability and reproducibility data in
a format that allows for easy interpretation, and which facilitates straight forward evaluation of
the detection systems, data of this nature is important in terms of the overall evaluation of the
detection systems. Presenting data in this way results in each detection system being allocated
one numerical value against which it can be compared to all others. Operator confidence in ATP
detection systems that give rise to considerable variation in repeatability and reproducibility
data will be reduced, since wide variations in data gained may suggest that a large number of

test readings may be the consequence of both false positive and false negative test results.

Many of the differences reported both for minimum detection limit and repeatability and
reproducibility may be the result of the use of different experimental protocols. Additionally, in
comparing current data with that reported in previous studies, differences may be the result of

developments both in detection system performance and/or assay formulation.

Another ATP bioluminescence hygiene study published by Flickinger (1996) involved
participants from eight food companies evaluating seven ATP detection systems within their
own work environments. The study was described as “open-ended”, and was not highly
controlled. Participants were provided with no more than 150 swabs over a ten-day period, and
were instructed to maintain some level of consistency in the applications and procedures used
for all systems. What each participant did during each test period depended upon both
individual priorities and interests. Participants evaluated the systems in a series of performance
categories using a scale from one to ten, where one was the poorest and ten being excellent.
While a number of issues from the study were raised, it was interesting to note that the most

prominent distinguishing characteristic among systems was self-contained swab devices versus
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the need to manually prepare reagents or tests. This comment is in general agreement with the
scores awarded for ease of use of the ATP detection systems evaluated in the present study.
Participants in the study by Flowers (1996) also noted that there was no practical correlation
between RLU readings and microbiological testing. Participants also indicated that being able to
correlate RLU readings to total plate counts, and a system’s ability to distinguish between
microbial and non-microbial ATP, were also key considerations. Across all detection systems
the ability to achieve consistent, reliable results was generally good, but establishing cut-off
values or pass-fail limits was felt to be the critical first step in using ATP technology, and these
values obviously vary widely between different types of food processing environments and

surface types.

These findings are of particular importance in evaluating the potential use of commercial ATP
bioluminescence surface hygiene monitors (detection systems) within HACCP, and this is
discussed in more detail in Chapter Six. Results have shown that different ATP detection
systems do possess different detection limits, and that some systems are very much easier to use
than others, especially by non-technically trained staff. In deciding which particular system to
use it is likely that compromises will need to be made. The system that is easiest to use may not
necessarily be the one with the lowest minimum detection limit, for example. It has also been
clearly illustrated that, in detecting the different components contributing to overall total ATP
minimum detection limits, different systems again possess different detection limits. The most
important detection limit result achieved by each system is that gained for the recovery and

detection of surface bioburden, since this represents typical use of the system in industry.

The successful implementation of ATP monitoring within a food plant as part of a HACCP
based food safety management system to assess surface cleanliness is also going to depend upon
appropriate validation and verification of ATP bioluminescence as a monitoring method. The
validation process will be dependent upon the collection of a substantial bank of data generated

from the use of the system in the food plant in order that appropriate pass and fail benchmark
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values are established. Verification of the method can then be done in conjunction with

established microbiological methods.

The work reported in this chapter has evaluated the use of ATP Bioluminescence as a2 means of
assessing surface cleanliness levels, while Chapter Two evaluated the efficiency with which
surface hygiene swabbing could detect and recover bacteria on stainless steel food contact
surfaces. The work of Chapter Four investigates the use of both microbiological and ATP
Bioluminescence methods, and determines minimum detection limits for these methods when

used to sample food contact surfaces when wet and dry.

3.6 Conclusions
Differences were found in both assay minimum detection limits and in
repeatability/reproducibility for all ATP assay and detection systems evaluated. Such
differences might be the result of a number of factors that have been identified and
discussed. These may include the nature of the swab wetting agent, and its ability to remove
surface bioburden, the efficiency of the extractant used, and the position of the swab in the
detection system, which may result in light shielding. These factors may influence the RLU

readings gained from swab samples.

A comparison of the current data with that in the literature is problematic given the use of
different experimental protocols in individual studies. However, some agreement between

the data generated in the present study and that reported in others was found.

Experimental protocols employed for evaluating ATP detection systems for surface hygiene
monitoring must reflect “in-use” conditions in order that meaningful data, which is analysed
using appropriate statistical tests, is generated. The protocols used in this study assessed
different components of total ATP minimum detection limits and clearly demonstrate that
differences in assay detection limits do exist depending upon which components are being

evaluated.
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The experimental protocols developed in this study may be considered as benchmarks upon

which all future ATP test system developments might be evaluated.

ATP bioluminescence has been shown to have many advantages as a rapid means of

assessing surface cleanliness, but implementation of the technique in industry will only be

worthwhile if its limitations are clearly understood and appreciated.
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Chapter 4

A Comparison of Minimum Bacterial Detection Limits of Microbiological
and Non- Microbiological Methods of Surface Cleanliness Assessment
on Inoculated Stainless Steel Surfaces Sampled Wet and Dry

4.1 Introduction

Chapter 1 outlined the range of hygiene monitoring methods available and discussed the most
important considerations in relation to their choice. In selecting the most appropriate method
with which to monitor the cleanliness of food contact surfaces, microbiologists are now, in
entering the 21st century, presented with a more extensive range of methods than that which
was available in the early 1900s. At that time, choice of hygiene monitoring methods was
limited to cotton or alginate swabbing and simple agar contact methods such as agar sausages.
However, the wide range of methods now available has meant that the selection of the most
appropriate technique for a specific task is no longer as straightforward as it once was.
Additionally, a wide range of factors may influence the choice of methods as outlined Table 1.1

in Chapter One.

After the use of initial visual inspection, one of the most important decisions surrounds whether
to use microbiological or non-microbiological based methods for verification of surface
cleanliness, especially in terms of microbiological safety. In comparing the results of visual
inspection with microbiological quality of foods, Powell and Atwell (1995) found no correlation
between the results gained. In a later study by the same authors, Powell and Atwell (1997)
found no relationship between surface contamination, reflected in high ATP readings, and visual
inspection ratings when used to assess cleanliness levels in food retail premises. The
experimental design adopted in both of these studies is, however, questionable given the fact
that it has long been recognised that the results of a visual inspection, which are very subjective,

are unlikely to reflect the results of more quantitative monitoring methods.

Ultimately, choice between both types of method will be determined by the nature of the

information required. Information on total surface cleanliness, as opposed to information only
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on residual microorganisms, for example, can only be achieved using non-microbiological
methods. The most important features of both microbiological and ATP bioluminescence

methods are compared in Table 4.1.

The traditional understanding of surface cleanliness, and the means of monitoring it, has until
recently, however, been based largely upon microbial enumeration (Griffith et al., 1997).
Methods based on microbial enumeration are relatively simple to use and can provide
qualitative, semi-quantitative or quantitative information, but require incubation periods of up to
forty eight hours before results become available (Griffith ef al., 1997). “Modernists”, however,
argue that for initial hygiene monitoring, it is more appropriate to consider total organic soil,
which includes microorganisms and food debris, rather than to sample for bioburden of
microbial origin only. This can be easily achieved using ATP bioluminescence. This philosophy
of assessing total surface cleanliness rather than the individual components of which it is
composed is particularly important within the context of HACCP where surface cleanliness may
be designated as a critical control point. In such circumstances ATP levels above specified
target values would be deemed unacceptable regardless of the source of the ATP detected. The
use of microbiological methods would be of no value under these circumstances. These methods
are best suited to situations where information on specific pathogens is required, perhaps where
problems with high ATP readings have been occurring over long periods of time, or to confirm

that a surface disinfection stage during the cleaning process has been effective.

Several studies have focussed on comparisons of traditional microbiological and rapid ATP
based methods for assessing in situ surface cleanliness. In two of these studies (Tebbutt and
Midwood, 1990; Tebbutt, 1999) the methods were used to assess surface cleanliness within
hospital kitchens, and for assessing the cleanliness of kitchen chopping boards. In the earlier
study, a good correlation was found to exist, on some occasions, between agar contact plate
results and ATP readings, but in some cases marked differences between the two methods were

observed.
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Table 4.1 Comparison of Microbiological and ATP Bioluminescence Surface
Cleanliness Assessment Methods

industry world wide

Attribute Microbiological ATP Bioluminescence
(Cultivation)
Acceptance Widely accepted by food Widely accepted in UK and

some countries. Less well used
and accepted elsewhere.
Acceptance increasing rapidly.

Method/Principle Tested

Microorganisms derived

from surface grow and
multiply. Laboratory
facilities required.

ATP derived from
microorganisms and food
debris analysed using a
luminometer. ATP can be
assessed directly on surface or
indirectly via a swab. No
laboratory facilities needed.

microbiological training

preferable

Time for Results 18 - 48 hours. 2 minutes.
Sensitivity to a standard Inferior to ATP Superior and improving.
raw milk suspension Bioluminescence
Limits of sensitivity using | 10° cells 10° cells
standardised E. coli test on
inoculated surfaces
sampled while dry
Reproducibility for raw CV 84 - 300% CV9-7%%
milk contaminated surface
Approximate consumable 60 - 100p (In House) 95-135p
cost
Capital Costs Variable but, Around £2000
Incubator, Discounts and trade ins
£130 - £2000 possible
Autoclave,
£600 - £10,000
Staff Requirements Some level of Relatively little training

(from Griffith et al. 1997)
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High bacterial counts with low ATP readings were reported as being more common than
samples that cultivated fewer bacteria and yet contained significant amounts of ATP. The
authors report also that the final ATP readings were not easily related to a specific level of
contamination. The occurrence of different levels of contamination on adjacent areas, whilst not
ruled out by the authors, was thought to be an unlikely explanation for the presence of relatively
high numbers of bacteria on some surfaces that had zero or very low ATP readings. Data
provided to the authors by the manufacturer of the ATP detection system indicated that at least
10° bacteria are needed before a reading is registered by the detection system, and this is in
agreement with the data presented in Chapter Three. From the discussion presented by the
authors (Tebbutt and Midwood, 1990) it is apparent that they were unaware of the minimum
detection levels of the methods chosen before using them, and that these would be influenced by
the moisture levels of the surfaces at the time of sampling. This is an important issue in

determining choice of hygiene methods as outlined earlier in Chapter Three.

In the later study (Tebbutt, 1999) traditional swabbing was compared with rapid methods to
detect protein and ATP on kitchen chopping boards both before and after cleaning. Positive
correlations were found to exist between the microbiological count, protein and ATP detection
methods, but the overall ranges for plate counts at various levels of protein and ATP showed a
large amount of variability to the extent that the rapid methods could not be relied upon to
accurately predict the level of bacterial contamination. The pass level reported for ATP readings
of 4.0 x 10? is below the minimum detection limits of all the ATP detection systems evaluated
in Chapter Three, and also below the minimum detection limit reported for the ATP monitor
used by the same author in the study of hospital kitchens reported above (Tebbutt and Midwood,
1990). Given the fact that microbiological methods often display considerable variation in
results, as reported in Chapter Two, it is interesting to note that the authors appear to trust the
microbiological data from their study to a much greater extent than the data gained from the
non-microbiological methods. Perhaps a more detailed understanding of the concept of assay
minimum detection limits may have led the authors to a clearer interpretation of the results

gained.
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Other studies have found a poor correlation between rapid and traditional methods (Poulis et al..
1993). When used to sample food factories, poor correlation existed between ATP
bioluminescence and agar contact plates. This disparity in findings is not surprising given the
fact that in situ details of the nature of surface contamination were unknown. High ATP
readings, for example, may be the result of varying combinations of ATP derived from food and
microbial origin (Griffith et al, 1997). It is, however, important that those involved in
monitoring surface cleanliness using ATP bioluminescence can detect as low numbers of

microorganisms as possible in the absence of ATP derived from food residues.

A wide number of other studies in which different microbiological methods have been
compared for assessing surface cleanliness have also been reported. Cousin (1982) reported that
an absorbent pad test strip gave results one log factor greater than both swabbing and contact
plates when used to assess cleaned surfaces. All three methods were, however, reported to give
good correlation on surfaces that had been cleaned and disinfected. A similar adhesive tape
method for monitoring meat samples reported by Fung et al., (1980) indicated that results were
equally as good as a conventional rinse technique. The use of a sponge technique (Dorsa ef al.,
1997) for recovering low levels of foodborne pathogens from beef carcasses was found to
recover fewer organisms than excision. A comparison of sponge based methods with traditional
swabbing for the recovery of Escherichia coli on pig carcasses showed that both methods gave
similar results (Gill and Jones, 1998). Such findings would suggest that, while choice of
sampling method may be important, the nature of the surface being sampled is also a key
consideration. Niskanen and Pohja (1977) found that while an agar contact method gave better
recovery on flat surfaces, a swabbing method was better for flexible and uneven surfaces. Yet,
when used to recover bacteria on pork carcasses, Corday and Huffman (1985) also found that

significant differences in recovery did exist, with the swab method giving better recovery.

In assessing cleaning and sampling methods for food contact surfaces in premises selling high
risk foods, Tebbutt (1991) found that agar contact methods were at least as sensitive as alginate

swabbing, which was in agreement with Restaino et al., (1994). In evaluating an agar contact
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dip slide with rodac plates in comparison to the swab method for the recovery of organisms
from artificially contaminated stainless steel and Formica surfaces, Restaino et al., (1994) found
that there was a strong linear relationship between both agar contact methods, and that the agar
contact dip slide method was as effective as the swab method. Other studies (Angelotti et al.,
1964; Corday and Huffman, 1985; Niskanen and Pohja, 1977) have also found good

correlations.

Despite these reported findings, another important consideration in hygiene monitoring relates
to when surfaces should be sampled after cleaning. For the assessment of cleaning to be
worthwhile, it must follow surface cleaning that has adhered to a well-designed cleaning
schedule. This should clearly state when and how cleaning, and its assessment, should be
performed (Griffith et al., 1997). Food contact surfaces that are sampled while wet may give
different results to those that are allowed to dry thoroughly before sampling. Such differences in
recovery rates of organisms from cleaned surfaces using different techniques may be the result
of a number of factors, including attachment of the organisms to the surfaces being sampled,
organism death and the recovery of viable but non-culturable bacteria (Bovill and Mackey,

1997; Besnard et al., 2000).

Findings of these published studies clearly show that differences do exist in the ability of
different methods to recover and detect microorganisms on a range of different surface types.
Many of these studies have evaluated individual methods, but in situ as opposed to under
controlled laboratory conditions. The purpose of the work reported in this Chapter was,
therefore, to evaluate individual methods using standard laboratory protocols, with specific

reference to the effect of sampling inoculated surfaces when both wet and dry.
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4.2 Aims

The aims of the work reported in this Chapter were, therefore, to:

1. Determine the minimum bacterial detection limits achieved using ATP
bioluminescence, cotton swabbing and agar contact dip slides when used to sample

inoculated stainless steel surfaces when wet and dry.

2. Compare the repeatability and reproducibility of results gained from ATP
bioluminescence, cotton hygiene swabbing and agar contact dip slides when used by six

technically trained operatives to sample inoculated stainless steel surfaces when wet and

dry.

4.3 Materials and Methods

4.3.1 Bacterial Cultures

Cultures of Escherichia coli (ATCC 25922), Staphylococcus aureus (NCTC 6571),
Pseudomonas aeruginosa (ATCC 27853), and Listeria monocytogenes (ATCC 7644) were
grown in Nutrient Broth No.2 (CM67, Oxoid, Basingstoke, UK), or Tryptone Soya Broth
(CM129, Oxoid, Basingstoke, UK) for Listeria monocytogenes, in unshaken batch culture
volumes of 10 ml under aerobic conditions at either 30 or 37°C for eighteen hours. Serial
dilutions of each culture, prepared in Maximum Recovery Diluent (CM733, Oxoid,

Basingstoke, UK) were used to inoculate a food grade stainless steel surface.

4.3.2 ATP Bioluminescence Test Method

A range of ATP Bioluminescence equipment and assay reagents was available, but previous
work had shown that the Biotrace Clean-Trace Rapid Cleanliness Test was the most widespread
commercially available, and typical of those available in terms of its minimum detection limit

and reproducibility, and it was found to be the easiest to use (Chapter Three).
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The test consists of a swab device containing a Dacron bud, pre-moistened with swab diluent
XT, containing a cationic agent and non-ionic agent to release ATP from any intact food or
microbial cells, and to aid soil removal from surfaces. Firefly reagent released on activation of
the device reacts with ATP collected on the swab bud and produces light that is measured by the

photomultiplier tube within the Biotrace Xcel detection system.

4.3.3 Hygiene Swabs and Swabbing Protocol
Details of the swabbing protocol used are provided in the Materials and Methods section in

Chapter 3, Section 3.3.7. Swabs, which consisted of cotton buds, were supplied by PBI, Italy.

4.3.4 Agar Contact Dip Slides

One plate count agar (PCA) or tryptone soya agar (TSA) dip slide (Dimanco, Henlow, UK) was
applied to the centre of each 100 cm? area of stainless steel, ensuring that the agar surface came
into complete contact with the surface, for a period of three seconds. All dip slides were
incubated at 30°C for Listeria monocytogenes and at 37°C for all other test organisms for

twenty four hours.

4.3.5 Surface Preparation
Details of surface preparation procedures are provided in the Materials and Methods section in

Chapter 3, Section 3.3.4.

4.3.6 Surface Inoculation, Sampling and Organism Cultivation

0.1ml of each culture (10 cfu) and serial decimal dilutions, using MRD, giving inoculation
levels of 10° - 10 cfu were inoculated onto each of sixty 100 cm’ areas of stainless steel and
spread over the entire surface area to within 2mm of the edges using a sterile plastic spreader.
Of the sixty inoculated surfaces, thirty were sampled immediately after inoculation while wet,
and thirty after a sixty minute residence time on the surface by which time the inoculum had
completely dried. A dry surface was defined as one on which no visible moisture was present.
Using the same sampling protocol for both wet and dry surfaces, ten surfaces were sampled
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using the Biotrace Clean-Trace Rapid Cleanliness Test, ten using hygiene swabbing, and the
remaining ten with agar contact dip slides. This experimental procedure was repeated on at least
two occasions, with the minimum detection limits achieved for each method being confirmed
through repeating the experimental protocol using these inoculum levels on two additional

occasions.

Dry surfaces were achieved through allowing the inoculum applied to the surface to remain
resident on the stainless steel for sixty minutes at an ambient temperature of approximately

22°C prior to sampling.

Organisms recovered from inoculated surfaces using hygiene swabs were either released into 10
ml tubes of MRD by rota mixing (30s) and duplicate 0.1 ml plate count agar spread plates
prepared or swabs were streaked directly over the surface of plate count agar plates in two
directions in order to maximise release of the recovered organisms from the swabs. All nutrient
agar plates were incubated at 37°C for twenty four hours. For Listeria monocytogenes, tryptone
soya agar (CM131, Oxoid, Basingstoke, UK) was used, with plates being incubated at 30°C for

twenty four hours.

4.3.7 Determination of Minimum Bacterial Detection Limits

For ATP bioluminescence test results, data from inoculated surfaces were compared with
control data from a cleaned surface using a two tailed Student’s ¢ test to estimate the
significance of any difference. The minimum detection limit was recorded as the inoculum level

that resulted in a significant (p < 0.05) difference.

For plate count data from hygiene swabs the minimum bacterial detection limit was noted as the
level of inoculum that resulted in consistent counts of between 30 and 300 colonies (ISO
standard). In addition, minimum bacterial detection limits are indicated in brackets where counts
of less than 30 cfu/plate were recorded consistently for all ten replicates. Percentage recovery

rates were calculated for all organisms from inoculated surfaces sampled when wet and dry.
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These related to percentage recovery in relation to level of initial inoculum applied to the
surface, and not to viable cell numbers present after surface drying. For agar contact dip slides,
the minimum bacterial detection limit was the level of inoculum applied to the surface that
resulted in consistent recovery equating to approximately 2.5 organisms per cm’ using the
results interpretation key (ref. Appendix 2). In addition, where consistent numbers of colonies
were recorded on all dip slides, but which was less than the level required which represented 2.5

cfu/cm? an additional detection limit is provided in brackets.

4.3.8 Determination of Extracellular ATP levels in Culture Growth Medium

Extracellular ATP levels were determined to ensure that ATP present in the spent growth
medium did not significantly affect the ATP signal being detected. Eighteen-hour cultures of
each organism were divided into two 5 ml portions and centrifuged at 2000 rpm for fifteen
minutes. In order to ensure that both portions of each culture received identical processing, the
supernatant from each was removed. The supernatant from one portion was replaced and the
microbial cells resuspended. The supernatant from the second portion was filtered through a
0.45 um filter (Whatman, Maidstone, UK) to remove residual cells and retained for ATP
analysis. To resuspend the microbial cells of the second portion of each bacterial culture, 5 ml

of quarter-strength Ringer’s solution were added to each.

For the culture suspended in nutrient broth, the culture suspended in quarter-strength Ringer’s
solution, and the filtered supernatant for each organism, ten Clean Trace Rapid Cleanliness Test
swabs were inoculated with 0.1 ml of a 1072 dilution of the suspended microbial cells, or the
filtered supernatant. All swabs were assayed as described previously. The mean ATP readings
for the filtered supernatant was calculated as a percentage of the mean ATP reading for the

culture suspended in Ringer’s solution.

4.3.9 Determination of Operator Reproducibility
Studies designed to assess operator reproducibility involved six technically qualified operatives

swabbing each of ten 100 cm? areas of stainless steel which were either clean or marginally
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unclean through inoculation with low but detectable numbers (10° cfu/100 cm?) of Escherichia
coli. All operatives received training in the use of both ATP bioluminescence and hygiene
swabbing prior to surface sampling. Experiments were repeated with all operatives using both
the Biotrace Clean Trace Rapid Cleanliness Test and conventional cotton hygiene swabbing.
Cotton swabs were streaked directly onto plate count agar plates and incubated for twenty four

hours at 37°C.

4.3.10 Statistical Analysis

All data for ATP bioluminescence and surface swabbing were compared with appropriate
control data using a two-tailed Student’s ¢ test (Excel) to estimate the significance of any
difference. Minimum detection limits were recorded as those levels at which statistically
significant results were obtained p<0.05), while for agar contact dip slides, the minimum
detection limit was recorded as the level of detection that represented approximately 2.5 cfu/cm?

using the results interpretation key provided by the manufacturer, illustrated in Appendix Two.

4.4 Results

Table 4.2 illustrates the minimum bacterial detection limits achieved by the four test methods
when used to sample wet and dry stainless steel surfaces inoculated with four test organisms.
For the ATP bioluminescence method, the minimum bacterial detection limit was found to be
10% ¢fu/100 cm? that was consistent for all organisms. This minimum bacterial detection limit
was not influenced by sampling surfaces when wet or dry. Minimum detection limits for the
other three methods varied, and were influenced by whether surfaces were sampled when wet or
dry. For hygiene swabbing using diluent spread plates as the method of organism cultivation,
detection limits varied from 10° up to 10° per 100 cm?. For the Gram-positive organisms,
detection limits were found to be 10* and 10° cfu/100 cm’ for Staphylococcus aureus on wet and
dry surfaces respectively, whilst for Listeria monocytogenes the detection limits were found to
be 10%cfu/100 cm? on inoculated surfaces sampled while wet, and 10% cfu/100 cm? on inoculated
surfaces sampled while dry. For Gram negative organisms the minimum detection limits were

10> and >10"7100 cm? for Escherichia coli on wet and dry surfaces respectively,

113



POYIOW 159) YOBS SUISN SOJBJINS AIP I0 1oM WOY PAIOA0III WSIHEIIO YOI 10] Of = U

M2 00T /MJD 0} SE[aI SHUW] UOLIAP [IV
"sopl|s dip uo WdMYog T uey) $S3] 10 SYe[d/MFIE ULYH SSI JO KI9A0051 JUSISUOD SIBIIPUT S)ONORIq UI USALS S| UONO(J

L0I< 01 0I< ,01 Add
psouiSniop
01 (z01);01 01 ,01 Lam svuoutopnasq
01 01 0I< ;01 Add
(,0D) ;01 01 (c01),01 ,01 Lam 110> pIyILIYIST
o01 01 01 J01 Add
saua3oyOouow
01 (z01)01 (z01)01 ,01 Lam v12ISIT
01 01 001 J01 Add snoUny
sna2020)4ydvy
(,01),01 01 (c01),01 ,01 Lam .
jruary uonsdne( i uonRRda ywry uonadnq Jwry uonadRq
sapris diq Supfeang seld UIISIUTWNJOIY smyeys
v I3y J02I(/3uiqQqeMS dUANSAH peaxds juanI@/Suiqqems SudNSAH dLV JdeLIng wnLrdeyg

A1( pue 31947 pajdures sadeLINg 398IU0)) Poo [99)S SSIAUIE)S PIje[ndou] uo sSpoyIdIA

JUAUISSISSY SSAUIUBI[) AdeIng INo, Suisn SWISIUESIQ 1IN0 JO SHWIT U0NINI( [BL9)eyg WA

TP OIqeL

114



while for Pseudomonas aeruginosa the values were 10° and >107 /100 cm® on inoculated

surfaces sampled wet and dry respectively.

For direct streaking of swabs onto the surface of agar plates detection limits were found to range
from 10? up to 107 per 100 cm?. For both Gram-positive organisms the minimum bacterial
detection limit on wet surfaces was 107100 cm’, while on dry surfaces it was found to range
from 10° to 107/100 ecm?. For Gram-negative organisms the minimum bacterial detection limit
on wet surfaces was found to be 10%100 cm’ for Escherichia coli and 10%100 cm?® for
Pseudomonas aeruginosa. On inoculated surfaces sampled while dry the detection limit for both

organisms ranged from 10° to 107/100 cm?.

Minimum detection limits achieved using agar contact dip slides ranged from 10 cfu/100 cm® to
>107¢fu/100 cm? on inoculated surfaces when sampled dry, and were consistent at 10% cfu/100
cm? on inoculated surfaces when sampled while wet. On inoculated surfaces sampled while dry,
Staphylococcus aureus was found to have a minimum detection limit of 10? cfu/100 cm® which
was several log factors lower than the other test organisms, and this is thought to be due to the

greater ability of Staphylococcus aureus to tolerate dry conditions.

Hygiene swabbing percentage recovery rates for all organisms, based upon the actual inoculum
level applied to the surface, and not on viable numbers present immediately before sampling,
are provided in Table 4.3. Recovery rates varied depending upon which organism was used, and
whether surfaces were sampled when wet or dry. Percentage recovery rates ranged from less
than 1% when surfaces were sampled dry, up to 16% for Pseudomonas aeruginosa when

sampled while wet.
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Table 4.4 provides coefficients of variation (CV) and 95% confidence limits for ATP
bioluminescence and hygiene swabbing when used to sample clean and marginally unclean
stainless steel surfaces by six technically trained operatives. Regardless of surface moisture
levels, mean coefficients of variation ranged from 24% to 32% for the ATP bioluminescence
method. For marginally unclean surfaces sampled using hygiene swabbing the mean coefficient
of variation was found to be 130%. Surface hygiene swabbing of clean sanitised surfaces gave

no detectable results.

Extracellular ATP levels in a 107 dilution of the culture growth medium, that was used for
surface inoculations were found to account for between 0.47% and 1.7% of the ATP signal
detected when using Escherichia coli or Staphylococcus aureus as the surface inoculants. A
value of 14.8% gained for one replicate of Escherichia coli, which was considerably higher

than the other values gained, was thought to be the result of chance use of dirty glassware.

4.5 Discussion of Results

The work reported evaluates four methods commonly employed by the food industry for
assessing food contact surface cleanliness. Minimum bacterial detection limits for both the
Biotrace Clean-Trace Rapid Cleanliness Test and three microbiological based methods were
determined when used for sampling wet and dry surfaces inoculated with known levels of pure

bacterial cultures.

The minimum bacterial detection limit of the ATP bioluminescence test method was found to
be the same for all test organisms on inoculated surfaces sampled when either wet or dry at 10*
cfu/100 cm?, with extracellular ATP levels present in the culture growth medium having little
effect on the ATP signal detected. Agar contact dip slides used to sample inoculated surfaces
while wet resulted in the lowest minimum detection limit of 10 ¢fu/100 cm’. When the same

was used to sample dry surfaces, the
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minimum detection limit for the four test organisms varied, with detection limits ranging from
10? cfu/100 cm® for Staphylococcus aureus, and up to >107 cfu/100 ¢m® for Pseudomonas
aeruginosa. Hygiene swabbing of wet surfaces followed by direct streaking also gave good
results in terms of organism detection, and was superior to the ATP bioluminescence assay in
the detection of bacterial contamination. Hygiene swabbing of inoculated surfaces sampled
while dry, especially if using a diluent in the recovery stage, gave poor results, which were
several log factors inferior to those of the ATP assay, and varied between test organisms. A key
consideration in evaluating the results gained from these experiments is the nature of the
bacterial cultures on the surface. Both the loss of viability of organisms through drying on the
surface, and the potential for the presence of non-culturable bacteria will have an effect on both
minimum detection limits and recovery rates. In addition, it is acknowledged that fresh
environmental isolates may behave differently. The data presented in Chapter Two has shown
that an environmental isolate of the genus Staphylococcus gave superior recovery rates to a

laboratory type culture of the same genus.

The minimum detection limit of the ATP assay was the same for inoculated surfaces sampled
either wet or dry, and on dry surfaces the ATP assay’s minimum detection limit was superior to
that achieved on the same surfaces sampled using hygiene swabbing. However this might, in
part at least, be due to the presence of an agent present in the ATP swab wetting agent that acts
through lysing surface attached bacteria resulting in the pick up of ATP and not the intact cells

which hygiene swabbing is dependent upon removing.

The results obtained for inoculated surfaces sampled while wet could, theoretically, explain why
in some circumstances it might be possible to recover organisms from a surface that an ATP test
indicates is clean. This would require no food debris to be present, coupled with an optimum
swabbing recovery technique from a wet surface. This is, however, unlikely to occur often in
situ. Microorganisms are rarely likely to be present as pure culture, and organic food debris in

the form of product residue is likely to be the major component of unclean surfaces. Given
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increasing concerns over cross-contamination and the low minimum infective dose of pathogens
such as E. coli 0157, detecting low levels of contamination is now much more important. While
future developments in swab wetting agents might improve the recovery of dry microbial
bioburden from food contact surfaces, enhancing the detection limits of ATP bioluminescence
detection systems is currently the research focus of at least two companies. While future
developments in ATP technology may help to ensure the wider adoption of the method within
industry, it is important that ATP systems with very low detection limits do not result in large
numbers of sampled sites failing through being able to detect very low levels of residual surface
bioburden. This in turn may lead to unnecessary re-cleaning of surfaces that invariably would
necessitate increased “down time” periods. However, it is important that surface contamination

due to organisms with low minimum infective doses such as E. coli 0157:H7 can be detected.

An important consideration is when and how cleaning performance should be assessed. It is
clear that, with microbiological methods at least, that sampling surfaces while still wet would
appear to give more accurate results. However, the most important issue to bear in mind is the
effect that surface drying is having on any residual microorganisms still present on the surface.
Should the result of surface drying be that of loss in organism viability, then the risks attached
to residual microorganisms remaining are reduced to a negligible level. If, however, surface
drying merely results in the attachment of the organisms to the surface, without any loss in
viability, then this would suggest that surfaces should be sampled while still wet when low
levels of microbial contamination are still able to be detected, especially when using surface
hygiene swabbing for the detection of specific pathogens such as Campylobacter and Listeria. It
is also important to determine exactly the nature of the information required through using any
particular type of hygiene assay. This may be information solely on contaminating

microorganisms, or on levels of organic food debris present.

Studies on Listeria spp. (Cox et al., 1989) indicate that drying quickly leads to loss in viability.
However, studies on other pathogens (Scott and Bloomfield, 1990; Humphrey ef al, 1995)

indicate that these may survive for extended periods in dry product residues on food contact
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surfaces. While survival is one issue, it is important that the methods chosen to monitor surface
cleanliness have the ability to detect these residual organisms, and results achieved in this
present study, for hygiene swabbing in particular, would suggest that this is not always the case.
It is important, therefore, that the monitoring methods chosen to check surface cleanliness are
capable of detecting this residue. The difference in recovery rates of Gram positive and Gram-
negative organisms from dry surfaces may be due to the ability of the former to tolerate dry

conditions (Scott and Bloomfield, 1990).

Growth of recovered microorganisms will be influenced by the composition of the growth
media used and the time and temperature of incubation. Ginn ef al., (1984) and Beuchat et al.,
(1998) found good correlation between standard plating and petrifilm methods, while Linton et
al., (1997) found variable results depending upon the nature of the initial samples being
examined. Specific to the ATP bioluminescence detection method used is the requirement that
the enzyme system is active throughout the reported shelf life of the test kit, and that the
photomultiplier tube can detect and measure the light produced from the buffer into which the

recovered ATP is released.

In order to accurately establish the number of bacteria present on a surface it is first necessary to
know the efficiency of the method of sampling chosen (Whyte ez al., 1989). Several factors
have been identified which may contribute to the levels of efficiency achieved. However, for
many sampling methods this level of efficiency is unknown, and where it is supposedly known,
it has often been obtained by some artificial method (Whyte et al, 1989). It is common to
calculate the efficiency of sampling methods through drying a bacterial suspension of known
concentration onto a surface. Bacteria are then sampled and the efficiency of the method
calculated. The type of bacteria and their potential attachment to the surface are two factors
previously identified which may affect the efficiency of bacterial recovery rates. Calculating the
efficiency of surface sampling methods in this way is, therefore, misleading, yet is the means by
which industry have evaluated the performance of these methods. It is, therefore, important and

worthwhile to assess the efficiency of the methods used in this way, in order that the limitations
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of the methods are better understood, and in order that industry may be advised on how best to

improve their surface sampling protocols to maximise organism recovery.

The work reported in this study acknowledges these potential problems and has shown that the
type of organism and the effect of drying the bacterial inoculum onto the surface influence
recovery rates. Results gained for inoculated surfaces sampled while wet, which were very

different in their minimum bacterial detection limits, clearly support this.

Corday and Huffman (1985) in using several microbiological based methods for estimating
bacterial contamination levels on pork carcasses found that differences in bacterial recovery did
exist depending upon whether agar contact or surface swabbing methods were used, and this is
in full agreement with the findings of this present study. Similarly, in comparing traditional and
rapid methods for assessing the risk of bacterial cross-contamination from cutting boards,
Tebbutt (1999) found that rapid methods, which included ATP bioluminescence and protein
estimation, could not be relied upon to accurately predict levels of bacterial contamination.
While a correlation between bacterial numbers and amount of protein detected, and between
bacterial numbers and amount of ATP detected did exist, further analysis of the data indicated
that overall and interquartile ranges for plate counts at various levels of protein or ATP showed
a large amount of variability such that neither ATP nor protein estimation could be relied upon
to give an accurate prediction of bacterial count. Several factors that may contribute to these
findings have been discussed earlier, and include, for example, the unsuitability of the protein

estimation method for detecting organic food debris that may have low protein content.

An earlier study by Tebbutt (1991) in which an agar contact method was compared to alginate
swabbing for assessing the cleanliness of food contact surfaces in premises preparing and
selling high-risk foods, found that in addition to being more convenient to use, the agar contact

method was at least as sensitive as the alginate swabbing method.
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Niskanen and Pohja, (1977) in comparing the recovery of bacteria from a range of food contact
surface types found that the agar contact method was best suited for flat surfaces in terms of
both recovery rate and repeatability of results, but was influenced by the type of organism used.
Data from the work reported in the present study support these findings in that some of the
lowest minimum bacterial detection limits were achieved using the agar contact dip slides, and
that some variation in detection limits between organisms using the same methods were found.
It is, however, acknowledged that agar contact dip slides provide only an estimate of the
numbers of contaminating organisms present on a surface, and that determination of the
numbers present is dependent upon accurately matching the results gained with those illustrated
on the interpretation key provided by the manufacturer. The presence of low numbers of colony
forming units on dip slides used in the experiments reported in this study may, in addition to
being a reliable result, be due either to chance contamination of the surface, or to the uneven
distribution of the inoculum on the surface prior to sampling. It is important that those who use
dip slides acknowledge these potential limitations given the semi-quantitative nature of the

method.

Surface cleanliness testing is no longer the preserve of dedicated quality control departments,
and the methods used should be as simple and reproducible as possible. The data reported in this
study shows that the ATP bioluminescence method had better reproducibility than traditional
hygiene swabbing, and this confirms previous findings (Griffith et al, 1997). Recovery rates
from hygiene swabbing were typical of those found in previous studies (Humphrey et al., 1995).
It is recognised, however, that problems could be encountered in determining the level of
microbial contamination on surfaces using hygiene swabbing due to the presence of viable but

non-culturable bacteria (Bovill and Mackey, 1997; Besnard et al., 2000).

If cleaning is prescribed as a control measure within a HACCP plan, then the cleaning protocol
must be validated with target values and critical limits designated for monitoring. If performed
by more than one operative, reproducibility of results becomes an important issue. Poor

reproducibility (lack of precision) can be problematic and result in an unnecessary high failure
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rate (i.e. critical limits exceeded) or in the initial setting of an overgenerous target value. This in

turn may lead to marginally unclean surfaces being accepted.

The present data on minimum bacterial detection limits and reproducibility for different
organisms, coupled with real-time results, indicate that ATP testing should be the initial method
of choice in hygiene monitoring, especially within HACCP plans. However, this should be
integrated with microbiological testing using optimum recovery techniques as part of a coherent

surface cleanliness monitoring programme.

The work of this chapter has evaluated the use of microbiological and ATP bioluminescence
methods for assessing surface cleanliness, and has illustrated that differences in minimum
detection limits do exist between methods. The most important factor influencing differences in
minimum detection limit has been shown to be the moisture level of the surface at time of
sampling, i.e. wet or dry. Chapter Five evaluates the use of these methods in different types
food processing environment, and reports on the development and evaluation of a rapid
microbial ATP assay for assessing microbial contamination levels on food contact and

environmental surfaces within the food industry.

4.6 Conclusions
Differences in minimum detection limits for each of the methods assessed were found, and these
ranged from 10" up to > 107 cfu/100 cm’ depending upon method used and surface moisture

level.

The minimum detection limit of the ATP bioluminescence test method remained consistent at

10* ¢fu/100 cm? regardless of whether used to sample inoculated surfaces when wet or dry.

Agar contact dip slides were found to have some of the lowest minimum detection limits of all
techniques, being able to detect 102 c¢fu/100 cm? on inoculated surfaces sampled while wet for
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all test organisms. On dry inoculated surfaces, minimum detection limits increased, and varied

between test organisms.

Minimum detection limits achieved using hygiene swabbing varied between test organisms and
with surface moisture level. Superior detection limits were obtained when the technique was
used to sample inoculated surfaces while wet, and when the method of cultivation used was

direct streaking onto plate count agar.

Levels of organism recovery were poorest from inoculated surfaces sampled while dry, and
when the method of cultivation used was diluent spread plates following organism release into

MRD recovery diluent tubes.

Results gained suggest that the nature of the test organism may, in part, influence minimum
detection limits achieved using different techniques. Differences observed between test
organisms in this study might be the result of Gram-positive organisms being more resistant to

dry conditions than Gram-negative organisms
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Chapter 5

Development and Evaluation of a Microbial
ATP Assay within Food Processing Environments

5.1 Introduction

In food processing environments, product and detergent residues, and various ions from rinse
water, in addition to pathogenic microorganisms, comprise the soil on food contact surfaces
(Chaturvedi and Maxcy, 1969) and have often been implicated in food poisoning due to cross-
contamination. Additionally, the potential for biofilm formation on such surfaces by pathogens
is another food safety concern (Hood and Zottola, 1995; Ganesh Kumar and Anand, 1998;
Peters ef al., 1999). Hygiene standards within the food industry are, therefore, important and are
primarily concerned with the prevention of food contamination by direct or indirect modes
(Taylor and Holah, 1996). To achieve this adequate cleaning of food contact surfaces is,
therefore, a key function of all food operations, and is necessary in order to remove the
contaminating soil which will be primarily a combination of microorganisms and organic food

debris.

While the process of cleaning itself requires validation, the products used to perform cleaning
are also important. Of equal importance, especially within HACCP, is the requirement that the
methods used to monitor cleaning effectiveness are also validated, with appropriate benchmark
values, including pass and fail limits, being set. Only then can the monitoring methods chosen
be reliably used to verify that adequate cleaning has been performed. Confirmation that
adequate cleaning has been carried out is especially important within food operations, as
cleaning practices are critical to ensuring that opportunities for post-processing contamination

do not exist.
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Despite technological advances in the areas of rapid food microbiology and surface hygiene
monitoring, microbiological methods of cleanliness assessment have remained relatively
unchanged since the days of Louis Pasteur (Ogden, 1993). These traditional methods of surface
cleanliness assessment have the ability to detect microbial contamination on surfaces only after
a period of incubation. Given the inherent hazards associated with foodborne pathogens, and the
potential of other microorganisms to cause food spoilage, the ability to detect contamination of
microbial origin is, for some microbiologists, the most important concern in terms of food
safety. It is because of this need to establish whether or not residual microbial contamination
exists on surfaces that ATP bioluminescence has not yet been adopted industry wide, even
though ATP monitoring provides information on total surface cleanliness which microbiological

methods are unable to do (Griffith et al., 1997).

While some microbiologists may be more willing to adopt ATP technology, others are
reluctant, still viewing the microbial component of surface contamination as more important.
The inability of current ATP hygiene assays to distinguish between ATP from microbial and
non-microbial origin is therefore an important issue facing the bioluminescence industry over

the next decade, which has been highlighted by Flickinger (1996).

While both rapid and microbiological methods of cleanliness assessment have advantages in
terms of monitoring cleaning effectiveness, limitations do also exist. Those pertaining to
microbiological methods have been discussed in earlier chapters. Specifically in relation to ATP
monitoring is the effect of residual traces of both detergent and/or sanitizer on a surface that
may cause quenching or amplification of the ATP signal detection, and this has been
acknowledged by at least two research groups (Calvert et al., 2000; Velazquez and Feirtag,
1997). However, while Lappalainen et al., (2000) have also acknowledged that ATP signal may
be affected by cleaning agents and disinfectants, they have shown that the use of ATP
monitoring in combination with a microbiological residue testing method can help to prevent
false positive and false negative results. ATP bioluminescence, therefore, continues to become

increasingly popular as a means of assessing surface cleanliness within the food industry. In
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addition to its role in assessing surface cleanliness, studies are reported in the literature in which
modified ATP based methods have been used to detect microbial contamination on beef, pork
and chicken carcasses (Siragusa et al., 1995; Bautista et al., 1995; Siragusa et al., 1996). These

studies report that good correlations exist between ATP and the microbiological methods used.

In determining contamination levels on beef and pork carcasses, Siragusa et al., (1995) found
that a rapid microbial ATP (R-mATP) assay was as accurate as a standard plate count method
for estimating bacteria in bovine or porcine faecal samples. Correlations between the microbial
ATP assay and the standard aerobic plate count for beef and pork carcasses sampled in
commercial processing areas were found to be 0.91 and 0.93 respectively. In a later study by the
same authors (Siragusa et al., 1996) in which microbial contamination on poultry carcasses was
examined, the correlation coefficient between aerobic colony counts and microbial ATP was
found to be 0.82. Given both the rapidity and accuracy of the microbial ATP assay, the authors
suggest that it could be used for monitoring critical control points within food processing
environments. In another study of the microbiological quality of poultry carcasses by Bautista et
al., (1995) a modified ATP bioluminescence assay gave about 90% agreement (R?=0.85) with
plate counts for carcass rinses, and again it is suggested as being suitable for monitoring critical

control points within HACCP in industry.

The dairy industry, in particular, has been proactive in adopting ATP methods, not only for
monitoring cleanliness (Griffiths, 1993; Bell, et al., 1994; Murphy, et al., 1998), but also for
rapid determination of milk quality (Bautista et al., 1993). Other sectors of the food industry are
now beginning to adopt the technology, with the use of the method in monitoring hygiene
control of draught beer dispensing systems being reported by Storgards and Haikara, (1996)
who found no correlation between ATP and plate count results when used to monitor cleanliness
levels. A good correlation was, however, reported by Illsley et al., (2000) when both methods

were used to assess surface cleanliness levels within a bakery environment.
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While Griffiths (1993) has comprehensively reviewed the potential use of ATP bioluminescence
within the dairy industry, Bell et al., (1994) report that the method was found to be a practically
useful and rapid technique for assessing the hygienic status of milk tankers. Results from two
different ATP detection systems demonstrated a good correlation when classified for indicating
a clean or dirty condition of the surfaces tested. Reported levels of agreement between the two
ATP detection systems ranged from 66% to 91%. Similar findings are reported by Murphy et
al., (1998) who reports that an ATP bioluminescence detection system proved to be just as
effective as standard microbiological methods for monitoring the cleanliness of food contact

surfaces in four fluid milk plants which were experiencing product shelf-life problems.

Novel work on the use of an ultrasonic methodology in conjunction with ATP bioluminescence
for the non-invasive detection and removal of biofilm from stainless steel and polypropylene
food processing equipment surfaces in the dairy industry has recently been reported by Oulahal-
Lagsir et al., (2000). The ultrasonic methodology was found not to be detrimental to the use of
ATP bioluminescence for quantifying biofilm removal. The ultrasonic apparatus was found to
remove twice the amount of industrial milk biofilm compared with the swabbing method when

used to monitor polypropylene surfaces.

Werlein and Fricke (1997) found that microbiological swabbing was less efficient when used on
its own to determine the microbiological quality of poultry carcasses. Lower microbial counts
were found when using this method on its own. The use of a destructive ATP based method was
reported to provide improved results when used to determine levels of microbiological quality

of poultry carcasses.

Despite increasing use of ATP bioluminescence within the food industry, a commercially
available microbial ATP assay for assessing surface cleanliness does not yet exist, and its
development may lead to the wider adoption of ATP bioluminescence within the food industry,
especially by those who believe determination of microbial contamination is most important.

The development of such an assay, and its potential value in the food industry, has been
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acknowledged by a number of food processors involved in an ATP hygiene monitoring
evaluation study (Flickinger, 1996). In addition, little if anything is known about the relative
proportions of microbial and product residue ATP present within different types of food
processing environments. This may be of value in helping to determine which cleaning agents
might be best suited to different environments, and on specific food contact surfaces, as
different types of cleaning agents may be more or less efficient at removing microbial and
organic food debris from surfaces. It is these two issues that form the basis for the work reported

in this Chapter.

5.2 Aims

The aims of the work reported in this chapter were, therefore, to:

1. Develop a surface assay protocol to distinguish between total, free and microbial ATP for

use within the food industry;

2. Evaluate the microbial ATP assay protocol in a range of different food processing

environments;

3. Determine the relative levels of microbial and product residue ATP present in different types

of food processing environments both before and after appropriate cleaning;

4. Determine the correlation between microbial ATP and aerobic colony count data.
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5.3 Materials and Methods

5.3.1 Food Processing Environments

An opportunistic range of ten food-processing environments was recruited via the Food Industry
Centre at UWIC to participate in this study. These covered a range of food industry sectors
including general chilled food, dairy and meat processing environments. Each establishment
that was of SME size was visited on two occasions, once during normal working hours, and
again after routine cleaning had taken place. In each food processing environment a range of
both food contact and environmental surfaces were chosen for sampling. These surfaces were
selected on the basis of a small pilot study in which certain surfaces were identified as being

contaminated with high numbers of microorganisms and/or food product residues.

5.3.2 Surface Sampling Methods

All surfaces were sampled using a modified ATP bioluminescence test method (Figure 5.1) that
enabled microbial ATP determinations to be made. In addition, this method allowed estimations
on the relative proportions of surface contamination attributable to both microorganisms and
product residues to be determined. Agar contact dip slides, which are semi-quantitative in
nature, consisting of plate count agar (PCA) (Dimanco, Henlow, UK) were used in addition to
the microbial ATP assay as a comparison. All surfaces were sampled in triplicate by both

monitoring methods.
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Total and Microbial ATP
determinations from one swab

i

Moisten Swab in sterile % strength
Ringers solution for two seconds

Swab surface of interest using standard
swabbing protocol (100 cm?)

l

Break swab tip into Eppendorf tube
containing 0.6 ml of sterile % strength
Ringers solution and release recovered bioburden
using thirty second rotamix

Removing by pipetting two 0.1 ml aliquots
and place into sterile plastic tubes

0.2 ml 0.2 ml
Add 2 drops of sterile % strength Add 2 drops of extractant
Ringers solution from dropper bottle from drupIer bottle
Add 2 drops of enzyme Add 2 drops of enzyme
from dropper bottle from dropper bottle
Mix for 5 seconds and Mix for 5 seconds and then
then read in Luminometer read in Luminometer
“FREE ATP” “TOTAL ATP”

Figure 5.1 Microbial ATP Assay Procedure.
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5.3.3 Microbial ATP Assay Procedure

A standard commercially available ATP hygiene assay kit (Biotrace) was adapted according to
the procedures outlined in Figure 5.1. The first stage of this development process involved
establishing the optimum quantity of diluent in which to release the recovered bioburden present
on swab buds. An important consideration was the need to ensure as complete as possible
release of recovered bioburden into a volume of recovery diluent that would allow for two
separate ATP readings to be made — one for total ATP and one for free ATP. It was necessary,
however, to ensure that the volume of recovery diluent used for releasing the recovered
bioburden was not excessive to the extent that only a small proportion of the total volume was
used for ATP determinations. In conjunction with this was the requirement to determine the
optimum quantities of ATP extractant and enzyme to add to the recovery diluent containing the
recovered bioburden. This was essential in order that an optimum ATP signal was achieved. It
was found that highest RLU readings were achieved when 0.2ml aliquots of recovery diluent
were used in conjunction with equal volumes of extractant and enzyme. The final assay
procedure involved eluting each swab into 0.6ml of quarter strength Ringer’s solution (BR52,
Oxoid, Basingstoke, UK) through vortexing for thirty seconds. Two 0.2ml aliquots of the
recovered bioburden sample were dispensed into small plastic tubes, with two drops of ATP
extractant being added to one tube, and two drops of MRD being added to the other, each being
dispensed using dropper bottles supplied by the manufacturer. Two drops of enzyme complex
was then added to each tube, with tubes then being placed in the ATP bioluminescence

detection system in turn for reading.

ATP readings were therefore gained for each site that enabled both total and free ATP levels to
be determined. Total ATP determinations were made from the aliquot of each swab recovery
diluent that was extracted, while the non-extracted aliquot provided an indication of free ATP
within the initial sample. Microbial ATP determinations were established through subtracting

free ATP readings (non-extracted) from total ATP readings (extracted).
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5.3.4 Agar-Contact Dip Slides

Dip slides (Dimanco, Henlow, UK) with plate count agar (PCA) surfaces were used to sample
each site in triplicate within every food processing environment, both before and after cleaning.
Both sides of each dip slide were applied to the food contact or environmental surface being
sampled for five seconds, before being returned to their holding containers. All dip slides were
incubated at 37°C for twenty-four hours, after which estimate colony counts were determined

using the interpretation of results key provided (ref. Appendix 2.).

5.3.5 Correlation of Microbial ATP with Aerobic Colony Counts

One food-processing environment from each of the three categories (general chilled foods, meat
processing and dairy) was sampled using ATP bioluminescence and surface hygiene swabbing,
instead of agar contact dip slides. Within each of the three processing environments selected,
each surface was sampled in triplicate using both methods, with the surface swabbing protocol
employed being the optimum one achieved in earlier work (Chapter 2). Hygiene swabs were
released into 10ml tubes of MRD (CM733, Oxoid, Basingstoke) for thirty seconds and then
serially diluted before diluent pour plates were prepared in duplicate for each swab. All plates
were incubated at 37°C for twenty four hours. Aerobic colony counts were then used in
conjunction with microbial ATP data to determine whether any correlation between microbial

ATP and colony counts existed.

5.3.6 Statistical Analysis

All ATP (RLU) and colony count data gained for each surface from the pre-cleaning sampling
session were compared to data gained for the same site after appropriate cleaning procedures
had been performed. ATP data and aerobic colony counts from diluent pour plates were
analysed using a two tailed Student’s ¢ test (Excel) to estimate the significance of any difference
(p<0.05). Aerobic colony count data gained from agar contact dip slides were analysed using a

Mann-Whitney U test (SPSS).
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5.4 Results

Table 5.1 provides summary information on the food processing environments used in this
study, and includes information on the types of food products produced, the mean air
temperature of the processing environments at the time of sampling, mean relative humidity
data, the nature of the cleaning processes employed and the products used, the sites cleaned

using these protocols, and the frequency of cleaning.

Table 5.2 illustrates the total number of surfaces sampled in each food processing environment,
and the number of surfaces from each that had statistically significant total ATP, microbial ATP
and colony count results after the post-cleaning sampling session when post-cleaning results
were compared to those gained for the same surfaces before cleaning. It can be seen that of a
total of seventy six surfaces sampled from all food processing environments, only one third of
those surfaces resulted in statistically significant differences in the levels of total and microbial
ATP present following cleaning. Results for aerobic colony counts following cleaning, where
agar contact dip slides were used, were not found to be statistically significant when analysed
using the Mann Whitney U test, even though differences in the counts gained were observed.
This was thought to be partly due to both the power of the statistical test employed, and the
number of data values used in the analysis. In the three processing environments where aerobic
colony counts were obtained using surface swabbing and cultivation, it was found that of twenty
two surfaces sampled, thirteen gave statistically significant different results following cleaning.
It was interesting to note that the results from different surface monitoring methods resulted in
different numbers of surfaces being confirmed as clean following statistical analysis of the data

gained.

Table 5.3 outlines the number of food contact and environmental surfaces sampled within each
food processing environment after cleaning that achieved benchmark RLU and colony count
values indicating that adequate cleaning had been performed. These values were less than 500
RLU/100 cm? for total ATP, and less than 2.5 cfu/em® equivalent to 2.5 x 10%/100 em® for
aerobic colony counts. Of sixty nine cleaned surfaces sampled, it was found that forty two had
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ATP RLU values of less than 500 RLU, and that 39 surfaces had colony counts of less than 2.5
x 10¥100 cm?. Identical numbers of sites passing and failing cleanliness assessment using both
sampling methods were gained for both food contact and environmental surfaces in four food
processing environments, these being general chilled food environment four, dairy one, and
meat processing environments one and three. Of the remaining six food processing
environments, identical numbers of sites passing and failing cleanliness assessment were
obtained using both sampling methods for environmental surfaces in dairies two and three, and
for food contact surfaces in meat processing environment two. Overall, a total of twenty four
food contact surfaces passed and nine surfaces failed cleanliness assessment using the ATP
method. Using the aerobic colony count method twenty two food contact surfaces passed, while
eleven surfaces failed cleanliness assessment when the results gained were compared to the
benchmark values. With regard to environmental surfaces, when using ATP bioluminescence,
eighteen surfaces passed and eighteen surfaces failed when results were compared to the
benchmark value of less than 500 RLU/100 cm?®. The aerobic colony count method resulted in
seventeen environmental surfaces passing and seventeen surfaces failing when the results

gained were compared to the benchmark value of less than 2.5 x 10% 100 cm?.

Figures 5.2a and b illustrate the correlation between log microbial ATP and log aerobic colony
count data for food contact and environmental surfaces sampled in general chilled food
environment number three before and after cleaning. An r value of 0.94 was achieved before
cleaning, while after cleaning an r value of 0.51 was obtained. Figures 5.3a and b illustrate the
extent of the correlation that exists for log microbial ATP and log aerobic colony count data
gained for surfaces sampled before and after cleaning in dairy environment number two. Before

cleaning, an rvalue of 0.91 was achieved, while after cleaning an r value of 0.91 was obtained.
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Figure 5.2 (a): Correlation of Microbial ATP with Aerobic Colony Count Before Cleaning
in General Chilled Food Environment 3.
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Figure 5.2 (b): Correlation of Microbial ATP with Aerobic Colony Count After Cleaning in
General Chilled Food Environment 3.
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Figure 5.3 (a): Correlation of Microbial ATP with Aerobic Colony Count Before Cleaning
in Dairy Environment 2.
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Figure 5.3 (b): Correlation of Microbial ATP with Aerobic Colony Count After Cleaning in
Dairy Environment 2.
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Figures 5.4a and b illustrate the correlation obtained for log microbial ATP and log aerobic
colony count data for meat processing environment number three before and after cleaning. An

rvalue of 0.65 was obtained before cleaning, while after cleaning the r value achieved was 0.94.

Table 5.4 provides overall mean summary data on ATP and aerobic colony count data for pre
and post-cleaning sampling sessions in the three types of food processing environment, for both
food contact and environmental surfaces. In all three types of food processing environments it
was found that in sampling before cleaning had been performed, the mean percentage product
residue contamination on food contact surfaces was higher than the mean percentage levels of
microbial contamination on the same surfaces. On environmental surfaces, however, it was
found that in dairy and meat processing environments, that a higher proportion of the surface

contamination was attributable to contamination of microbial origin.

The mean relative levels of the two types of contamination on environmental surfaces in the
general chilled foods environments were found to be almost identical. Post-cleaning, however, it
was found that on food-contact surfaces the greatest proportion of the contamination present
was product residue contamination. This was also found to be true for environmental surfaces,

except in the case of dairy environments where microbial contamination predominated.

Aerobic colony counts, determined using agar-contact dip slides, ranged from no detection of
growth up to 10° cfu per 100 cm’ of surface sampled for food contact surfaces before cleaning. It
is important, however, to emphasise that a negative microbiological result, i.e. no growth, may
indicate that any microbial contamination on the surface was present at a level below the
minimum detection limit of the cleanliness assessment method used. Detailed information on
minimum detection limits of different methods are provided in Chapter Four. In addition, in
using agar contact dip slides, it is important to remember that any results gained will be from a
sampled area of approximately 2.5cm x 5cm, and this is considerably less than the 10cm x 10cm

areas sampled using the other methods.
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Figure 5.4 (a): Correlation of Microbial ATP with Aerobic Colony Count After Cleaning in
Meat Processing Environment 3.
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Figure 5.4 (b): Correlation of Microbial ATP with Aerobic Colony Count After Cleaning in
Meat Processing Environment 3.
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Slight variations in the upper limits of growth detected were found in the three types of
processing environment. Similar results were found on environmental surfaces before cleaning,
with levels of growth ranging from no detection up to 107 cfu per 100 cm’ of surface sampled.
Similar aerobic colony counts were found after cleaning, with values on food contact surfaces
ranging from no detection of growth up to 10* cfu/100 cm® of surface sampled. On
environmental surfaces it was found that the upper limit of growth, post-cleaning, determined

using dip slides was found to be 107 cfu/100 cm?®.

Table 5.5 provides summary ATP and aerobic colony count data for pre and post-cleaning
sampling sessions in general chilled food environments. In all but one occasion it can be seen
that the levels of microbial contamination on food contact surfaces before cleaning were lower
than levels of product residue contamination. Mean values for microbial contamination on food
contact surfaces before cleaning ranged from 12 to 63%. Only in chilled food environment two
did the level of microbial contamination on food contact surfaces exceed the level of product
residue contamination, the values being 63% and 37% respectively. Excluding this value of
63%, mean percentage microbial contamination levels ranged from 12% to 35%, with an overall
mean level of 35% being obtained for all four general chilled food environments. On
environmental surfaces before cleaning, it was found that levels of microbial contamination
were lower in two chilled food environments, and higher in two others. Values ranged from

31% to 72%, with an overall mean value of 49%.

Sampling food contact surfaces after cleaning had been performed resulted in lower levels of
microbial contamination than product residue contamination on food contact surfaces in all but
one chilled food environment. The proportion of ATP of microbial origin ranged from 17% to
52%, with an overall mean level for all food contact surfaces of 31% being recorded. Mean
percentage levels for product residue contamination on food contact surfaces after cleaning

ranged from 48% to 83%, with an overall mean of 71% being recorded.
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Results for the proportion of microbial contamination on environmental surfaces after cleaning
were more variable, with the mean proportion for each chilled food processing environment
ranging from 26% to 69%. An overall mean proportion of microbial contamination on
environmental surfaces of 47% was recorded, with no mean proportion being recorded for
chilled food environment three due to a combination of both clean surfaces giving no detection,

and some surfaces not being cleaned prior to the second sampling session.

Proportions of product residue contamination (i.e. free ATP) were, in general, found to be
higher than proportions of microbial ATP on food contact surfaces prior to cleaning. Mean
percentage proportions ranged from 37% to 88%, with an overall mean proportion of 65% being
recorded for food contact surfaces before cleaning. Greater variation was found on
environmental surfaces before cleaning, with values for proportions of product residue ATP
ranging from 28% to 69%, with an overall mean proportion for all general chilled food
environments of 51% being recorded. Values for the proportions of product residue ATP on
food contact surfaces after cleaning had taken place were generally higher than those of
microbial ATP. Mean percentage levels ranged from 48% to 83%, with an overall mean
proportion for all environments of 71% being recorded. Results for proportions of product
residue ATP on environmental surfaces after cleaning were more variable, but with an overall

mean proportion for all environments of 53% being recorded.

Table 5.6 provides summary mean ATP and aerobic colony count data for pre and post-clean
sampling sessions in dairy environments. It can be seen that in two of the three dairy
environments, the proportions of microbial ATP on food contact surfaces prior to cleaning were
found to be lower than the proportions of product residue ATP. Mean percentage values for
microbial ATP ranged from 23% to 69%, with an overall mean percentage level of 43% being
recorded on food contact surfaces prior to cleaning. Proportions of product residue ATP on the

same surfaces prior to cleaning ranged from 31% to 77%, with a mean of 57% being recorded.
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On environmental surfaces, the proportions of microbial ATP in two dairy environments prior to
cleaning were found to be lower than those of product residue ATP, with values of 46% and
49% being recorded. In one food-processing environment, however, the proportion was found to
be considerably higher at 72%. An overall mean proportion of microbial ATP of 56% on such
surfaces was recorded. Lower proportions‘ of microbial ATP on these surfaces resulted in
slightly higher proportions of product residue ATP, with values ranging from 28% to 51%. The
food-processing environment with a mean product residue value of 28% did, however, have a
much higher proportion of microbial ATP present on surfaces, with a mean proportion of 72%

being recorded.

After cleaning had been carried out, ATP was not detected above background levels on both
food contact and environmental surfaces in one dairy environment. These results were
confirmed through no aerobic colony counts being obtained using agar-contact dip slides.
Proportions of microbial ATP on food contact surfaces in the other two dairy environments
were found to range from 28% to 48%, with these proportions being lower than those of product
residue ATP being recorded on the same surfaces. Mean proportions of product residue ATP
ranged from 52% to 72%. Overall mean percentage values for microbial and product residue
ATP on food contact surfaces after cleaning were 25% and 41% respectively. On environmental
surfaces after cleaning proportions of microbial ATP were found to be higher than proportions
of product residue ATP. Values were consistent at 58% to 59%, as were values for product

residue ATP that ranged from 41% to 42%.
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Table 5.7 provides summary mean data on ATP and aerobic colony counts gained from meat
processing environments both before and after cleaning. It can be seen that both before and
after cleaning, the proportion of microbial ATP detected on food contact surfaces was lower
than the proportions of product residue ATP detected, with mean percentage values of 27%
and 10% being recorded. However, on environmental surfaces, it was found that the
proportion of microbial ATP being detected prior to cleaning (54%) was higher than the
proportion of product residue ATP being detected, with an overall mean percentage of 46%
being recorded. After cleaning, the overall mean percentage proportion of microbial ATP
was reduced to 43%, whilst the proportion of product residue ATP had increased from 46%
to 57% on environmental surfaces. Results for levels of microbial growth, detected through
agar contact dip slides, indicated that both prior to and after cleaning the range of levels of
contamination recorded were essentially the same, with levels of between no growth to 107

per 100 cm’ of surface being recorded.

In evaluating the results gained for each of the three meat processing environments sampled,
it was noted that prior to cleaning, the proportions of microbial ATP detected on food-contact
surfaces were always lower than the proportions of product residue ATP, with percentage
values of 20% to 34% microbial ATP, and 66% to 80% product residue ATP being detected.
On environmental surfaces, prior to cleaning, it was found that in two meat processing plants
the percentage values of microbial ATP were higher than those of product residue ATP, with
values of 57% and 77% being noted. A much lower proportion of 28% microbial ATP was

recorded in the third plant on environmental surfaces.
Post-cleaning sampling results for each of the three processing environments show that in

one processing facility no ATP was detected at all on food contact surfaces, but with 13%

microbial and 87% product residue ATP being detected on environmental surfaces.
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Microbiological analysis using agar contact dip slides detected no growth on either food-
contact or environmental surfaces. However, the minimum detection limit of this test when
used to sample dry surfaces was found to be of the order of 10 to 107 c¢fu/100 cm?. For the
two other meat processing environments after cleaning, it was found that food contact
surfaces had lower proportions of microbial ATP than product residue ATP, with values of
13% and 17% being detected. On environmental surfaces it was found that in one processing
environment a lower proportion of microbial ATP to product residue ATP was detected with
values of 37% and 63% being recorded. A much higher proportion of microbial ATP at 78%
was recorded in the third processing environment, with product residue ATP accounting for

only 22% of the total contamination detected on environmental surfaces.

Table 5.8 illustrates mean microbial ATP and aerobic colony count data gained for selected
food contact and environmental surfaces, common to all three types of food processing
environment, before cleaning had been carried out. Additionally, percentage values for the
proportions of microbial contamination detected on the surfaces sampled are given. These
percentage values relate to the contribution that microbial contamination had to the total
contamination present on the surfaces sampled, i.e. total surface contamination comprising
microbial and product residue contamination. Data for the same surfaces after cleaning had
been performed are provided in Table 5.9. It can be seen in Table 5.8 that prior to cleaning,
the percentage microbial contamination on stainless steel food preparation surfaces ranged
from 26% for surfaces in dairy environments up to 34% in general chilled food
environments. Aerobic colony count data for these surfaces ranged from no growth up to 10°
cfu/100 cm* After cleaning, the mean percentage microbial contamination on the same
surfaces in dairy environments had increased to 54%, while for the same surfaces in general
chilled food environments, the proportion of microbial contamination detected decreased
from 34% to 21%. Aerobic colony count data after cleaning ranged from no growth being
detected up to 10° cfu/100 cm® For plastic contact surfaces, percentage values for proportions
of microbial contamination before cleaning had been performed ranged from 26% in general

chilled food environments up to 99% in dairy environments.
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A mean level of 35% microbial contamination was found for meat processing environments.
Colony count data for these surfaces ranged from no growth being detected up to 104
cfu/100cm?® After cleaning, mean proportions of microbial contamination on plastic surfaces
ranged from 26% up to 53%, with colony count data ranging from no growth up to 10%cfu/100

sz .

Environmental surfaces common to all processing environments that were sampled included
stainless steel surfaces and floors in both ambient and chilled areas. Mean proportions of
microbial contamination ranged from 51% to 90% for floors in chilled areas prior to cleaning,
while for floors in ambient areas proportions ranged from 70% to 85%. Aerobic colony count
data for floors in chilled and ambient areas was found to be similar and ranged from no growth
being detected up to 107 cfu/100 cm?. After cleaning had taken place, mean proportions of
microbial contamination ranged from 19% to 58% for floors in chilled areas and from 82% to
97% for floors in ambient areas. Aerobic colony count data for both ranged from no growth

being detected up to 107 cfi/100 cm’.

For environmental stainless steel surfaces before cleaning, proportions of microbial
contamination ranged from 34% in dairy environments up to 51% in meat processing
environments. After cleaning, proportions ranged from 4% in meat processing environments up
to 28% in general chilled food environments. Prior to cleaning, aerobic colony count data on
these surfaces ranged from no growth being detected up to 107 ¢fu/100 cm?, while after cleaning

ranged from no growth being detected up to 10% cfu/100 cm™.

5.5 Discussion

A total of seventy six surfaces from ten different food processing environments were sampled in
triplicate using ATP and microbiological methods before cleaning and sixty nine of these
surfaces were sampled after normal cleaning procedures had been performed. Results clearly
indicate that differences in the relative proportions of microbial ATP and product residue ATP
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do exist on food contact and environmental surfaces, and that apparent differences might be
attributable to a number of factors. In addition, the microbial ATP assay developed has been
shown to correlate well with colony count data obtained from surface swabbing. In two of the
three food processing environments in which microbial ATP data were compared to colony
counts, r values in excess of 0.9 were obtained indicating that the correlation between both
sampling methods was high. Similarly, after cleaning, two of the three environments sampled
resulted in values of the same order. While good correlations were found between the methods
both before and after cleaning, the most important of these are the values obtained after cleaning
had been performed. Following appropriate cleaning, surfaces should be relatively free from
food product residues leaving only residual microbial contamination to be detected by both

methods.

Comparison of the ATP and colony count data, gained for all food processing environments
after cleaning had been performed, with benchmark values of SOORLU/100 cm’ for ATP and
<2.5 x 10% cfu/100 cm? for colony counts, representing acceptable levels of cleaning, showed
that the total number of surfaces passing and failing when post-cleaning results gained from
both methods were compared to the benchmark values were almost identical. The numbers of
food contact surfaces passing and failing, when ATP and colony count data were compared to
the benchmark values, were identical for five out of the ten food processing environments.
Similarly, with regard to environmental surfaces, the numbers of surfaces passing and failing
were identical for six out of the ten food processing environments in which sampling was
performed. These findings suggest that both the ATP and microbiological methods of surface
cleanliness assessment used in this study were reasonably reliable in determining the efficiency

with which cleaning had been performed.

Some of the factors that may contribute to the variations in the proportions of microbial and
product residue ATP detected on surfaces include the nature of the surface composition, which
may influence the relative ease with which organisms and/or product residue attaches to

surfaces. Related to this will be the relative ease with which surfaces can be cleaned. Certain
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cleaning agents and procedures may be more or less efficient at removing these components of
total surface contamination. The frequency of cleaning, and the opportunities that exist for
contamination levels to increase over time, may also contribute to the relative levels of
microbial and non-microbial contamination detected on surfaces within food processing

environments.

The type of product produced, and the levels of contamination associated with such
manufacturing may also have influenced the results gained. It is recognised, for example, that
the existence of milk proteins on stainless steel surfaces may inhibit bacterial attachment (Helke
et al., 1993) and, therefore, in the dairy environments lower levels of microbial ATP, both

before and perhaps after cleaning, may be attributable to this.

The efficiency of the cleaning processes, and the inclusion of a disinfection stage for reducing
microbial numbers will influence the relative balance of microbial and product residue ATP
detected after cleaning. While cleaning is undertaken primarily to remove all undesirable
material (food residues, microorganisms, foreign bodies and cleaning chemicals) (Holah, 1995),
a disinfection stage ought to significantly reduce microbial numbers to the extent that microbial
ATP ought not to be detected at all, or at no more than very low levels. Certain cleaning agents
will be more efficient at removing different types of surface contamination. This will result in
significant changes to the ratios of microbial and product residue ATP present on surfaces after
cleaning. A cleaning regime in which no disinfection stage exists, but which is effective at
removing surface organic debris may, for example, give rise to higher microbial ATP levels and
lower product residue ATP levels. In comparison, a cleaning regime in which a disinfection
stage does exist should result in lower proportions of microbial ATP. The efficiency of the

cleaning agents used will determine the extent to which product residue remains.

Of extreme importance in the interpretation of the results presented is not just the mean
proportion of microbial contamination given, but also the mean total ATP value in RLUs

recorded for each surface sampled. This is due to the fact that it is the mean total ATP value for
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a surface that indicates the actual level of total contamination present. As an example, two
surfaces each with mean microbial ATP values of 50% may have very different proportions of
microbial contamination present if their respective mean total ATP values were 200 and 20,000
RLUs. On the former surface the level of microbial contamination would be very low, while on

the latter it would be much higher.

Also of importance in evaluating results is the fact that each surface was sampled in triplicate
using both detection methods. Under normal circumstances, each of the three swab or dip slide
samples were taken from adjacent arcas of the surface being sampled. The nature of
construction of some pieces of equipment occasionally made this difficult resulting in triplicate
samples being taken from identical pieces of equipment of the same type, but which were
always located close together in the same area. It is, therefore, imperative when evaluating
results not only to look just at mean values, but also at the individual results for each of the
replicates taken. In some occasions, for example, the three replicate results for one particular
surface, especially the ATP bioluminescence data, show significant variation ranging from no
detection of ATP up to high levels being detected. Averaging these results to provide mean
values, whilst essential, in order to provide a summary of the data, may lead to some
misinterpretation of the results given if not viewed with these points in mind. In addition, some
surfaces selected for sampling were not entirely flat making sampling difficult when using agar

contact dip slides.

In general, on food contact surfaces, it was found that the proportions of microbial
contamination detected before cleaning had been performed, were relatively low, with cheese-
contact surfaces in dairies displaying particularly high microbial ATP levels. Post-cleaning,
levels of microbial contamination generally decreased, often with no detection of ATP at all.
Where mean proportions of microbial ATP were found to be greater after cleaning, this was
probably due to an overall reduction in the proportion of product residue during cleaning,
resulting in any residual microorganisms present on surfaces accounting for a greater proportion
of the total residual contamination remaining.
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Environmental surfaces, and floors in particular, generally displayed the highest levels of
contamination, with high proportions of microbial ATP being present on floors. This is not
surprising given the high volume of “traffic” passing over these surfaces almost continuously on
a daily basis. Post-cleaning results for floor surfaces often showed little difference in
contamination levels given this fact. The importance of sampling environmental surfaces cannot
be underestimated. Post-processing contamination of food products may, for example, be the
result of contamination from such surfaces. Recognition of this potential source of
contamination within food processing environments is likely to lead to mandatory sampling of
food contact and environmental surfaces in the USA for Listeria (Griffith, C.J., personal

communication).

Matrix effects are another issue which require consideration, especially when sampling surfaces
using ATP bioluminescence after cleaning has been performed. For example, the presence of
detergent and/or sanitizer residues on surfaces may lead to a reduction in ATP signal through
quenching, and this has been reported by Calvert et al., (2000) and Velazquez et al., (1997).
This may especially be the case on surfaces that are sampled immediately after cleaning while
still wet. It is therefore recommended that the effect of disinfectants and sanitizers on ATP
signal is determined before they are routinely used during cleaning, and that all surfaces
sampled using ATP methods are thoroughly rinsed beforehand. The potential for inhibition of
colony growth due to the presence of detergent and/or sanitizer residues on agar contact dip
slides has been overcome by the addition of neutralisers to the agar during manufacture. This s,

however, an important consideration when selecting the type of dipslide to use.

Previous work on the use of ATP bioluminescence as a means of specifically detecting
microbial contamination has very much focussed on the ability of the technique to detect
contamination on poultry carcasses (Siragusa et al., 1996; Werlein and Fricke, 1997) with no
work to date being published on the development of a microbial ATP assay for determining

levels of microbial contamination on inanimate food contact and environmental surfaces.
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Siragusa et al., (1996) found that a rapid microbial ATP bioluminescence test was adequate at
determining microbial loads on poultry carcasses. Good correlations were found with aerobic
colony counts. Similar work by the same authors (Siragusa et al., 1995) on the use of an ATP
bioluminescence assay to detect contamination on beef and pork carcasses found that a rapid
microbial ATP assay was at least as accurate as standard plate counts for estimating levels of
bacterial contamination. This correlation between microbial ATP and colony counts has also
been demonstrated through the work reported in this Chapter on sampling food contact and
environmental surfaces in industry. Werlein and Fricke (1997) found that microbiological
swabbing was less efficient when used on its own to determine the microbiological quality of
poultry carcasses. Lower microbial counts were found when using this method on its own. The
use of a destructive ATP based method provided improved results on levels of microbiological
quality of the poultry carcasses. Rapid assessment of the microbiological quality of poultry
carcasses using ATP bioluminescence (Bautista et al., 1995) also found that ATP tests used

provided an acceptable correlation with plate count methods.

Work focussing on the use of ATP bioluminescence in the dairy industry (Bell et al., 1994,
Murphy et al., 1998) has indicated that ATP bioluminescence was a practically useful means of
monitoring surface cleanliness, and that it was as effective as traditional microbiological
methods of hygiene assessment, especially for identifying possible sources of post

pasteurisation contamination.

In determining levels of surface hygiene in a cheese plant, Kyriakides et al., (1991) found 77%
agreement in the results gained for 179 production sites sampled using ATP bioluminescence
and plate counts derived from surface hygiene swabbing. While the ATP method used by the
authors was not designed specifically to measure microbial ATP, the good correlation found
between the methods is clearly in general agreement with the microbial ATP and colony count
data reported in the present study. Similar findings have also been reported by Seeger and
Griffiths (1994) who found good overall agreement in the results obtained from ATP

bioluminescence and conventional swabbing using plate counts to assess the cleanliness of meat
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slicing machines in health care institutions. However, it remains uncertain whether the
correlations that are reported to exist between microbiological and ATP based methods exist
due to the presence or absence of organic food debris in conjunction with contamination of
microbial origin. This is especially important since commercially available ATP detection
systems and assay procedures are designed to measure total ATP, while microbiological

methods detect only microorganisms.

Other studies have, however, found a poor correlation between rapid and traditional methods
(Poulis et al., 1993). When used to sample food factories, poor correlations existed between
ATP bioluminescence and agar contact plates. This disparity in findings is not surprising given
the fact that in situ, details of the nature of surface contamination is unknown. High ATP
readings may, for example, be the result of varying combinations of ATP derived from food and
microbial origin (Griffith et al., 1997). For this reason, the decision of whether or not to employ
ATP bioluminescence for assessing surface cleanliness within industry may be influenced by
the nature of the food production being carried out. Food processing environments that are
involved in producing food products with low inherent ATP levels may not be suited to the use
of ATP for surface cleanliness assessment. However, the ability to detect low numbers of

microorganisms in the absence of ATP derived from food residues is still important.

5.6 Conclusions
Differences in the relative proportions of microbial ATP and product residue ATP do exist

between different types of food processing environments.

Cleaning regimes do, in most cases, reduce levels of surface contamination within food

processing environments, but some cleaning protocols appear more successful than others at

removing microbial and product residue contamination as is evidenced in the data generated.
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Ranges of estimate colony counts, determined mostly using agar-contact dip slides did not differ
greatly before and after cleaning. This may be due to the poorer ability of this method at
differentiating between different levels of microbial contamination when compared to other
methods. In addition, this may also be due to colony count results being placed into a number of
categories based upon the pictorial interpretation key provided by the manufacturer which

enables estimate colony counts to be determined.

While the microbial ATP protocol developed has been successful in determining the relative
levels of microbial contamination present on surfaces, expressing microbial contamination
levels in percentage values must be done in conjunction with total ATP RLU data for reasons

discussed earlier.

Data gained for the correlation of microbial ATP with aerobic colony count data in three food

processing environments indicated that a good correlation exists between aerobic colony counts

and the microbial ATP assay protocol developed.
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Chapter 6

Overall Discussion, Conclusions and
Recommendations for Future Research

6.1 Overall Discussion

The purpose of the work reported in this thesis was to evaluate the use of some microbiological
and ATP bioluminescence methods of surface hygiene monitoring currently used by the food
industry for assessing food contact and environmental surface cleanliness. The assessment of
surface cleanliness is an extremely important function within any food-processing environment
since it is one of the main ways that helps food producers ensure that the food they produce is
safe and free from undesirable microbiological contamination (Gabis and Faust, 1988; Holah,
1995). The findings reported in this thesis confirm that a number of variables influence the
recovery and detection of bacteria from such surfaces using these methods. In addition, the food
industry should consider these variables in determining choice of appropriate methods for

surface cleanliness assessment.

Much of the discussion focuses on the efficiency with which the methods evaluated are able to
recover microbial bioburden from surfaces, and a definition of the term recovery rate is
proposed. Within the context of laboratory evaluations, the term is used to describe the number
of organisms recovered from a surface in relation to the level of organisms inoculated onto that
surface. One of the main advantages of evaluating the surface cleanliness assessment methods
included in this thesis under controlled laboratory conditions is the fact that information on the
levels of inoculum used are known. This, in turn, enables accurate recovery rates and minimum
detection limits for the methods to be determined, which would not be possible when using the
methods to determine surface cleanliness levels on surfaces in industry where information on

the precise levels of contamination present is not known.
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It is acknowledged that in experiments involving the sampling of organisms that have been
allowed to dry onto a surface, that some loss in organism viability may result (Cox et al., 1989).
This distinction between expressing recovery rate in relation to initial inoculum level, or as a
percentage of the total recovered, as opposed to cell numbers present on the surface, is an
important consideration in evaluating the data presented, and will be elaborated upon in more

detail in this discussion.

The main factors found to influence the recovery and detection of bacteria on food contact and

environmental surfaces using microbiological and ATP bioluminescence methods include:

e surface moisture level at time of sampling, i.e. wet or dry;

e the nature of the food contact or environmental surface;

e predicted levels of microbial/product reside contamination;

o the nature of the assessment (recovery) technique, including its
minimum detection limit and repeatability/reproducibility;

e the method of organism cultivation;

e operator proficiency in using the assessment techniques.

The most important factor found to influence the rate of organism recovery from surfaces has
been shown to be the moisture level of the surface at the time of sampling. Both the work
reported in Chapter Two, and particularly that reported in Chapter Four, has shown that
increased organism recovery rates from surfaces are achieved when sampling food contact
surfaces which are sampled immediately after inoculation while still wet. Improved organism
recovery rates gained from wet surfaces may be due to the fact that on surfaces which have been
allowed to dry after cleaning, organisms may either die due to desiccation making them non-
culturable once recovered, or they may attach to the surface making their recovery using
swabbing or agar-contact methods more difficult. However, despite poor recovery rates gained
from inoculated surfaces when sampled while dry, it has been reported that organisms may

survive for prolonged periods of time in dry product residues (Scott and Bloomfield, 1990).
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Another possible explanation accounting for poor recovery may be that the organisms recovered
from dry surfaces remain viable but non-culturable using normal culture media and incubation
conditions. However, it may be the case that in sampling inoculated surfaces while still wet, that
the methods used to recover the organisms are not necessarily sampling the surface, but merely
recovering the planktonic cells and not removing organisms attached to the surface. This, in
turn, may be a contributing factor to the low recovery rates gained from inoculated surfaces
sampled while dry. These findings are particularly important since when sampling surfaces
while still wet results in apparently better organism recovery, the poor organism recovery rates
gained from surfaces sampled while dry may suggest that residual organisms remaining on a
surface after cleaning have undergone cell death. However, in order to be able to recommend to
industry when surface sampling ought to be performed after cleaning, it is important first of all
to establish whether the low organism recovery rates from dry surfaces are in actual fact due to
cell death, or to strong attachment of the cells to the surface, making them more difficult to
remove using the surface sampling methods used. In order to be able to recommend to the food
industry the best approach to surface cleanliness assessment, it is important that further research
focuses on these issues. Of all the findings reported in this thesis, the effect of sampling surfaces
when wet or dry, and the vastly different organism recovery rates gained is, without doubt, one
of the most significant findings. Further investigation into the effect of surface moisture level on
organism recovery is suggested. It would, for example, be interesting to establish the effect of
maintaining controlled surface moisture level over prolonged periods of time on resulting
organism recovery rates. A series of experiments in which inoculated surfaces are kept moist
would help ascertain whether the effect of surface drying on organisms was that of cell death, or
whether drying simply results in the attachment of the cells to the surface to such an extent that
they are not easily removed by the surface monitoring methods evaluated in this thesis. Should
recovery rates of organisms from wet surfaces in these experiments be of a similar order to
those gained from dry surfaces, this would indicate that organism attachment was the main
factor contributing to the poor recovery rates achieved. However, an important consideration in
designing such an experiment would be the potential for organism growth throughout the

duration of the experiment, and this would need to be borne in mind in interpreting the results
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gained. Another important issue that may contributing to the poor recovery of organisms from
surfaces, especially inoculated dry surfaces, using cotton surface swabbing may be poor release
of recovered organisms from swab buds. The ability of agar contact dip slides to detect lower
levels of inoculum, for some test organisms, on surfaces that had been allowed to dry clearly
supports this, as does the improved recovery rates achieved from swabs that were released for

thirty seconds or more.

Another key variable that has been highlighted through the results in Chapter Four is that the
minimum bacterial detection limits, in addition to organism recovery rates, of the
microbiological assessment methods evaluated are also influenced by the wet or dry status of
surfaces. Minimum detection limits were also found to be influenced by the nature of the
organism being recovered, and by the monitoring method used to recover them. The minimum
bacterial detection limits of the microbiological based methods were found to be superior on wet
than on dry surfaces, ranging from 107 cfu/ 100cm? on wet inoculated surfaces up to 10° cfu/100
cm’ on dry ones, yet for ATP bioluminescence the minimum detection limit was unaffected by
whether surfaces were sampled while wet or dry, and was found to be consistent at 10* cfu/100
cm? for all test organisms used. Gram-positive organism had, on some occasions, lower
minimum detection limits than Gram-negative organisms when microbiological methods were
used. The superior detection limits achieved using ATP bioluminescence on dry surfaces, in
comparison to hygiene swabbing may, for example, may be due to the presence of cationic
detergents in the swab wetting agent of the ATP assay making recovery of contaminating
surface bioburden easier (Salo and Wirtanen, 1999). Maximising organism recovery, especially
from dry surfaces, using hygiene swabs may be significantly improved through including
wetting agents in the diluent used to moisten swab buds, and this is worthy of further research.
In addition, manufacturers of swab transport kits, that include swabs pre-moistened in transport
media, ought to consider the inclusion of a wetting agent in the transport media to assist in

bioburden removal from sampled surfaces.
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Clearly, the improved recovery of organisms from wet surfaces supports the recommendation
that industry ought to monitor the efficiency of surface cleaning immediately after it is
completed, and before surfaces are allowed to dry. This will ensure that optimum recovery of
residual surface organisms is achieved. Another important consideration is, however, the
method of cultivation used. While optimum organism recovery from surfaces may be achieved
through sampling surfaces while still wet, the method of organism cultivation selected needs to
be efficient in detecting the recovered organisms. While organism pick-up from a surface may
be optimal, unless appropriate culture media and incubation conditions are employed, the
organism recovery rate achieved will not be truly representative of the contamination present on
the surface (Griffith et al., 1997). Another fundamental issue relating to organism recovery is
that of negative microbiological results, and how such a result should be interpreted. The
absence of microbial growth from a surface using microbiological methods is not an indication
that the surface sampled was free from microbial contamination. Such results merely indicate
that any microbial contamination present on the surface was present at a lower level than the
minimum detection limit of the method used for assessing the surface, and this has been
illustrated through the use of agar contact dip slides in the work reported in Chapter Five. The
same is true for ATP bioluminescence. This issue alone is a key consideration for industry since
the setting of critical limits, including pass and fail limits, for different types of surfaces using
different methods of assessment will be influenced by the achievable minimum detection limits
of the methods chosen. While these considerations are important, industry also needs to
consider the nature of the information it requires from surface cleanliness assessment, which
will influence the choice of methods, best able to provide it. In addition, the expected levels of
bacterial contamination present on a surface may, to some extent, influence choice of method
(Griffith et al., 1997). Direct streaking of hygiene swabs, taken from surfaces with high levels
of microbial contamination, onto agar surfaces, for example, will not provide quantitative
results on levels of contamination. This particular method would be better suited to sampling
surfaces on which low levels of microbial contamination are expected. Determination of
microbial numbers on surfaces that are known to have high levels of contamination will be

achieved more efficiently through releasing recovered organisms into a recovery diluent before
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appropriate plating. It is necessary, in order for accurate results to be obtained, that recovered
organisms are efficiently released from swab buds. However, swabbing as a method for
enumerating bacteria remaining on surfaces after cleaning has been reported to be highly
variable (Holah et al., 1988). The high variability of the results gained from the method when
used to sample surfaces would also suggest that the poor recovery rates gained from swabs may
not be attributable entirely to problems with organism viability. This inherent variability of
individual methods will obviously be one of the main considerations in deciding upon which
variation of a particular method to use. These issues are obviously of critical importance in
determining the reliability of different methods at being able to help estimate the potential risks

from cross-contamination within food processing environments.

In addition to a lack of understanding of the efficiency with which individual monitoring
methods recover and detect residual organisms on surfaces after cleaning, the predicted levels of
contamination on surfaces, and the efficiency with which cleaning regimes remove this
contamination is also perhaps not that well understood in industry. This is supported, in part at
least, by some of the data presented in Chapter Five for post-cleaning sampling sessions in
selected food processing environments where cleaning regimes appeared to have little effect on

removing contaminating surface bioburden.

While the efficiency with which residual organisms on a cleaned surface can be recovered by
individual methods is one issue, another important factor in determining choice of method is
obviously its cost, both in terms of in-house analysis and contracting analysis out to an
accredited laboratory. In deciding which is the most appropriate option, many of the discussion
points raised above need to be considered. The potentially high cost of, for example, the
analysis of a hygiene swab, analysed by an outside laboratory, may not be considered good
value for money given the large number of variables potentially affecting the end results gained.
Despite the higher initial cost of an ATP bioluminescence monitor, subsequent swab analyses
are now relatively cheap, and this has been partly due to the large number of companies

manufacturing ATP test kits. Therefore, ATP bioluminescence may be a better option, both in
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terms of cost and in terms of the ability to provide information on total surface cleanliness rather
than on residual microorganisms only, which would be the case with microbiological methods.
Ultimately, there is no one ideal method suitable for all surface types in all types of food
processing environments, and an integrated approach to surface cleanliness assessment is

proposed in which a range of different types of methods are used.

Some of the work reported in Chapter Two illustrated that improved organism recovery rates
were achieved using an environmental isolate as opposed to laboratory type cultures. This may
suggest that, over time, organisms adapt to their environment and, in turn, their rate of survival
improves through having become adapted to the various environmental conditions to which they
have become subjected, and this is supported by the work of Scott and Bloomfield (1990). This
in itself may suggest that the effect of drying on residual organisms present on a surface is only
temporary in that such organisms, over time, adapt to their environment, giving rise to
populations that are more difficult to control. Surviving organisms may, through time, multiply
and establish a biofilm, especially on surfaces that remain inadequately cleaned over long
periods. Previously published work that has been acknowledged in Chapter Five has indicated
that ATP bioluminescence is more efficient than conventional hygiene swabbing at removing
surface biofilm. Improved recovery rates will be partly the result of organisms surviving and
multiplying, with any residual product residues potentially contributing to organism survival,
but also due to the presence of any cationic detergents present in swab wetting agents that will
aid organism removal from surfaces. In addition, organisms that come into contact with surfaces
for only short periods of time may be less resistant to environmental factors resulting in lower

survival and recovery rates through cell death (Cox et al., 1989).

It is clearly evident, however, that despite both the nature of the food contact surfaces sampled,
and the organisms present upon them, there are a number of factors specifically relating to the
assessment techniques themselves that are important. Table 1.1 in Chapter One highlighted the
variables considered most important by industry when selecting hygiene assessment methods.

These variables have been more fully discussed in Chapter One, but those considered most
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important by industry were the ability of the method chosen to provide results within minutes,
the accuracy of the results gained, the reproducibility of the results, and the simplicity and ease
of use of the method selected. The importance of many of these attributes has also been
acknowledged by the ATP evaluation conducted by Flickinger (1996). The requirement of the
method chosen to be able to produce results within minutes automatically excludes the use of
microbiological methods as part of routine cleaning assessment programmes that are included
within HACCP It is important, however, that the value of microbiological methods is not
undermined, which raises the question of when should microbiological methods be employed?
Figure 6.1 illustrates a suggested approach to cleaning assessment in which ATP and
microbiological based methods are integrated into a system where microbiological methods are
employed where ATP test results indicate failure, and where microbial ATP values have been
consistently high over extended periods of time. This proposed approach to cleaning assessment
is discussed in more detail later in this chapter, but suggests the use of microbiological methods
of surface sampling when ATP analysis has indicated failure, and where reference to trend

analysis data shows problems with previous failures.

The work on the repeatability and reproducibility of hygiene swabbing and ATP
bioluminescence reported in Chapter Four illustrated that clear differences exist between the
two types of methods in terms of their repeatability and reproducibility when used by a number
of operatives to sample identical surfaces. Hygiene swabbing was found to be highly
unreproducible with mean coefficients of variation for six operatives ranging from 88% to
164% when used to sample marginally unclean surfaces, and this is an important finding given
the widespread use of the method in industry. The high variability in data gained from swabbing
surfaces has also been reported by Holah ef al., (1989). ATP bioluminescence was found to be
much more reproducible when used to sample the same surfaces, with coefficient of variation
data for marginally unclean surfaces ranging from 21% to 42%. Again, these findings support
earlier comments relating to the need to fully understand the limitations of the methods being

used.
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Figure 6.1 Proposed Strategy for the Use of Surface Cleanliness Assessment Methods

in the Food Industry.
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Despite limitations in terms of reproducibility, surface hygiene swabbing is still extensively
used in industry for assessing levels of microbial contamination on surfaces. The results in
Chapter Two clearly show that a number of factors contribute to the efficiency with which
hygiene swabbing is able to recover and detect microbial bioburden. From the data presented it
is clear that organism recovery rates from dry surfaces are considerably lower than those gained
from wet surfaces, and this has been investigated more fully in Chapter Four. However, the
improved recovery rates gained for the environmental isolate using hygiene swabbing suggests
that the apparent problems in terms of achievable organism recovery rates may be due to loss of
viability during drying, or perhaps be attributable to the fact that some organisms may attach to
surfaces more strongly making their recovery more difficult. The apparent lack of efficiency of
the technique in terms of organism recovery may be misleading in that the work reported in this
thesis compares organism recovery rates with initial levels of inoculum applied to surfaces in
laboratory controlled studies. Clearly, the experiments proposed earlier in this discussion in
which inoculated surfaces are kept moist over prolonged periods of time is the first stage in

beginning to understand the nature of the effect of surface drying on organism recovery.

Other important findings include the fact that, in using a diluent recovery stage, swabs required
to be released for more than just a few seconds in order to optimise recovery. Current data
presented in Chapter Two suggest that release times ought to be for at least thirty seconds, and
this is clearly a recommendation to industry to ensure that optimum recovery of organisms from
swab buds is achieved. However, while releasing organisms from swabs for longer time periods

results in improved recovery, the release times adopted in industry need to be realistic.

ATP bioluminescence, on the other hand, has the ability to produce results within minutes, and
has been shown to be more reproducible than traditional hygiene swabbing. A number of other
issues are, however, also important in considering the potential use of ATP bioluminescence for
monitoring surface cleanliness in industry. Figure 3.2 in Chapter Three illustrated the various
components contributing to total ATP minimum detection limits, and it is important that

individual assay and detection systems can detect these individual components. Chapter Three
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data clearly illustrate that different assay and detection systems vary in terms of their ability to
detect these individual components. While industry has highlighted the important features of
ATP bioluminescence systems for use in industry, the data presented in Chapter Three would
suggest that in order for optimum detection limits to be achieved, a number of variables
contributing to assay performance are important. These include swab wetting agents that are
critical to facilitating bioburden removal from surfaces, and future research ought to focus on
this issue. In addition, the efficiency with which individual extractants release ATP from cells is
also important to establishing overall assay performance. These two variables alone may be the
most significant in terms of producing ATP detection systems with minimum detection limits of
less than 10° cfu/100cm?, which was the lowest detection limit found for ATP when used to
assess inoculated surfaces as reported in Chapter Three. While these issues are not of immediate
interest to industry when using ATP assays, future developments in ATP technology for surface

cleanliness assessment need to bear these issues in mind.

Obviously, industry personnel need to fully understand the variables potentially affecting ATP
monitoring results in order that data may be interpreted correctly. An ATP RLU reading of less
than 100 RLU, for example, might suggest that the surface from which this reading was gained
was very clean, and that no ATP above normal background levels was being detected. However,
it is important to bear in mind that within industry, ATP derived from surfaces will be a
combination of both microbial and product residue ATP. The minimum detection limits
reported for different ATP detection systems in this thesis were achieved using pure cultures,
and that in detecting combinations of microbial and product residue ATP within industry,
minimum detection limits will be different. This suggests that ATP hygiene assays are good for
determining total surface cleanliness, but not for determining information only on microbial
contamination. This is, without doubt, one of the most important issues facing the
bioluminescence industry over the next few years, especially if ATP technology is to be
successfully adopted within HACCP food safety management systems. While the potential
problems of using ATP systems with very low minimum detection limits have already been

discussed, it is important, for example, that the risks from organisms such as E. coli 0157, which
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have very low minimum infectious doses, can be detected. The development of a commercially
available microbial ATP assay that is capable of detecting low levels of microbial ATP may

prove useful in this regard.

It is important, however, that in employing such technology in industry, the nature of the
contamination likely to be found on surfaces is understood, and that appropriate pass and fail
limits for ATP are set. Such values ought not to be unrealistic, with pass values being

achievable and fail values not being so high as to render them pointless.

Related to this is the need to be able to use individual methods to monitor surfaces that are
marginally unclean. The choice of methods for monitoring such surfaces will be influenced by
their achievable minimum detection limits, which must be low enough to detect low levels of
residual microbial contamination. However, it is also important, especially with regard to ATP
bioluminescence that the minimum detection limits of individual detection systems are not so

low that companies find themselves constantly cleaning unnecessarily.

While ability to effectively detect contaminating surface bioburden is probably one of the main
deciding factors in determining choice of method, devolving responsibility for surface
cleanliness assessment to line operatives has increased the need for the methods used to be easy
to use with relatively little training (Flickinger, 1996). The work in Chapter Three has shown
that some ATP detection systems are suitable for this purpose, while others would require
technically trained personnel to use them. Ultimately, industry must be prepared to compromise
in terms of selecting an ATP detection system. While some systems have superior detection
limits, others are easier to use. The recurrent costs of assay reagents for some systems will be

cheaper than for others, which will, for some companies at least, be an important issue.

While ATP bioluminescence is now increasing in popularity within the food industry for
assessing surface cleanliness, microbiological methods are still considered by some people to be

more appropriate for surface cleanliness assessment given their ability to provide details on
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contamination of microbial origin, which in terms of food safety, is often considered to be more
important, especially where the risks of contamination from pathogens with low infective doses
are thought to exist. Recognising this, and the fact that microbiological methods do have
limitations, the work reported in Chapter Five has shown that a microbial ATP assay can
provide an accurate indication of microbial contamination levels on surfaces, and at the speed
required in order to be of value within HACCP systems. The developed protocol has been
demonstrated to provide useful information, not just on microbial contamination, but also on
product residue contamination which might often be a significant component of the total
contamination present on a surface. Being able to distinguish between the levels of these
individual components may lead to more effective cleaning programmes through the use of
cleaning agents that have been designed to specifically deal with different types of

contamination.

Ultimately, choice of cleanliness assessment method will be the result of answers to a number of
questions including the nature of the information required, the speed with which that
information is needed, who is responsible for obtaining it, and how much money is available to
invest in order to obtain the information (Griffith et al., 1997). Other pertinent considerations
will obviously include the predicted levels of contamination present on a surface, the minimum
detection limit of the proposed method, and the level of reproducibility achievable using the
chosen method. Considered collectively, these issues should lead to the most appropriate choice

of cleanliness assessment method for a specific task.

It is therefore proposed that both microbiological and ATP bioluminescence methods of surface
hygiene assessment are of value to the food industry, but that their use should be combined
within an integrated cleaning assessment programme as outlined in Figure 6.1. In this approach
a visual inspection of the food processing environment and its food contact and environmental
surfaces should constitute the first stage of verifying the adequacy of cleaning assessment. A
satisfactory outcome from this would then permit ATP bioluminescence testing to confirm the

results of the visual inspection. Appropriate pass and fail values for each area sampled would
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need to be established, and these would generally be less than or equal to 100 RLU/ 100cm? for
stainless steel surfaces. Assuming that ATP testing confirmed that surfaces were adequately
clean, clearance could then be given for food production to begin. Any sampled areas failing
ATP testing through having RLU readings in excess of the pass limits set would be subjected to
ATP testing specifically for microbial ATP. Should low RLU values be obtained it is suggested
that reference is made to trend analysis data to establish whether or not previous failures have
occurred, or whether an isolated incident is being dealt with in which case no further action is
needed. Previous failures would suggest that particular attention is given to the cleaning
protocols used, and that they are reviewed in the light of the data gained. Only if high microbial
ATP readings are gained should conventional microbiological methods be employed in an

attempt to identify the hazard, its source, and to assess the risks posed.

To this end, a number of microbiological and non-microbiological based surface hygiene
monitoring methods have been assessed in terms of their ability to determine food contact and
environmental surface cleanliness. Several variables have been found to influence the reliability
with which these methods determine surface cleanliness levels, and these have been discussed
within the context of surface cleanliness assessment within the food industry. The findings of
this thesis should assist the food industry in determining appropriate strategies for surface

hygiene monitoring.

6.2 Conclusions
A number of factors have been shown to influence the recovery and detection of bacteria from
food contact and environmental surfaces, and these include type of cleanliness assessment

method, the nature of the organism, and the surface moisture level at time of sampling.

1. Cotton hygiene swabbing was found to give poor organism recovery rates, especially from
inoculated surfaces that were sampled when dry. A number of sampling variables were not
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found to significantly affect recovery rates including the use of a single versus a double
swabbing procedure, the nature of the organism release method, and the type of cultivation
media used. Variables that were found to influence organism recovery rates included the
surface moisture level at time of sampling, the organism release time used, the diluent type

and the method of organism cultivation used.

2. The minimum detection limits of microbiological based monitoring methods were found to
vary widely, and were influenced by the type of method, type of organism being sampled,

and the surface moisture level at the time of sampling.

3. Different ATP assay and detection systems were found to differ in their minimum detection
limits depending upon which components of total ATP minimum detection limits were being

evaluated.

4. The minimum detection limit of the ATP Bioluminescence assay, used to sample surfaces
with different moisture levels, was found to remain constant regardless of whether inoculated

surfaces were sampled when wet or dry.

5. ATP bioluminescence was found to be more reproducible than microbiological methods

when used to sample marginally unclean stainless steel surfaces.

6. A good correlation was found to exist between microbial ATP and aerobic colony count data
when used to sample food contact and environmental surfaces within different food

processing environments before and after cleaning had been carried out.

6.3 Recommendations for Future Research
There remains considerable uncertainty surrounding the reasons why inoculated surfaces
sampled after being allowed to dry, using cotton surface swabbing, should give rise to organism
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recovery rates of less than 1%. It would, therefore, be valuable for further research to focus on
this issue, and to attempt to determine whether the low recovery rates gained are due to surface
attachment, death of the organisms, to the organisms entering a viable but non-culturable state,
or indeed to problems with organism release from swab buds. However, it is acknowledged
that the results presented in this thesis, from laboratory based studies, relate almost always to
the use of laboratory type cultures, and that these do not exist in industry. Differences in
recovery rates gained from laboratory studies, as opposed to those found in industry may be
attributable, in part at least, to this. Experiments that may help to determine why these low
recovery rates from laboratory type cultures are gained have been suggested, and include
evaluating the inclusion of different swab wetting agents for promoting bioburden removal from
surfaces. This work might also explain why differences exist in the minimum detection limits of

the cleanliness assessment methods evaluated in this thesis.

ATP assays that include some form of detergent in the swab moistening solution may also
improve organism recovery from dry surfaces. A series of experiments investigating the
efficiency with which a range of different types of wetting agents removes dry microbial
bioburden from surfaces would be useful. It would be important, however, especially when
using ATP assays, that the swab wetting agents do not liberate ATP above normal background

levels.

An investigation of the use of direct epifluorescent microscopy in conjunction with stains
capable of distinguishing between viable and non-viable organisms would help to provide a
better understanding of organism survival on surfaces over different time periods. The use of
atomic force microscopy, capable of examining larger surface areas, may also assist in gaining a

better understanding of organism survival on surfaces over prolonged time periods.

Many test developments have been introduced since the work in this thesis was completed.
These include the introduction of protein estimation test kits, swab devices that detect specific

pathogens, and ATP assays which are purported to have very much lower minimum detection
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limits. These ought to be evaluated under controlled laboratory conditions using experimental

protocols that are representative of typical “in-use” conditions.

This thesis has evaluated a number of methods available for assessing food contact and
environmental surface cleanliness within the food industry, including microbiological and ATP
bioluminescence based methods. In addition to evaluating the methods using typical “in use”
conditions under laboratory controlled conditions, the work presented in this thesis has
evaluated the performance of the methods within the food industry in a range of different types
of food processing environments, both before and after normal cleaning had been performed. A
rapid microbial ATP assay has been developed and used within the different food processing
environments, and has been shown to correlate well with aerobic colony counts. Ultimately, the
research findings presented in this thesis enhance current scientific knowledge and
understanding of many of the variables potentially affecting the performance of microbiological
and ATP bioluminescence based methods of surface cleanliness assessment within the food
industry, and should help those responsible to develop appropriate strategies for surface

cleanliness assessment within industry.

179



References

Abele, C.A. (1965). Needed a Reliable Field Determinant of Cleanliness. Journal of Milk and

Food Technology, 28: 257.

Anderson M.E., Huff, E., Naumann, H.D., Marshall, R.T., Damare, J., Johnston, R., Pratt, M.
(1987). Evaluation of Swab and Tissue Excision Methods for Recovering Microorganisms from

Washed and Sanitized Beef Carcasses. Journal of Food Protection, 50: 741-743,

Angelotti, R., & Foter, M.J., (1957). A Direct Surface Agar Plate Laboratory Method for
Quantitatively Detecting Bacterial Contamination on Nonporous Surfaces. Food Research, 23:

170-173.

Angelotti, R., Wilson, J.L., Litsky, W., & Walter, W.G., (1964). Comparative Evaluation of the
Cotton Swab and Rodac Methods for the Recovery of Bacillus subtilis Spore Contamination

from Stainless Steel Surfaces. Health Laboratory Science, 1:289-296.

Anon (1989). The Official Control of Foodstuffs. Council Directive 89/337/EEC. Official

Journal of the European Communities.

Anon. (1990). Food Safety Act 1990, Chapter 16. HMSO, London, ISBN 0-10-541690-8.

Anon. (1993). The Hygiene of Foodstuffs. Council Directive 93/43/EEC. Official Journal of the

European Communities. No. L 175/1.

Anon. (1995). The Food Safety (General Food Hygiene) Regulations 1995. Statutory Instrument

No. 1763. pp 1-15, HMSO, London. ISBN 0-11-053227-9.

Assanta Mafu, A., Roy, D., Goulet, J., & Magny, P., (1990). Attachment of Listeria

monocytogenes to Stainless Steel, Glass, Polypropylene and Rubber Surfaces after Short

180



Contact Times. Journal of Food Protection, 53: 742-746,

Aston, G., & Tiffney, J., (1993). The Essential Guide to Food Hygiene. Publications, Surrey.

Baird-Parker, A.C., (1994). Foods and Microbiological Risks. Microbiology.140: 687-695.

Baker, J.M., Griffiths, M.W., & Collins-Thompson, D.L., (1992). Bacterial Bioluminescence:

Applications in Food Microbiology. Journal of Food Protection, 55: 62-70.

Bakke, R., Trulear, M.G., Robinson, J.A., and Characklis, W.G., (1984). Activity of
Pseudomonas aeruginosa in Biofilms. : Steady State. Biotechnology Bioengineering, 26: 1418-

1424.

Baldock, (1974). Microbiological Monitoring of the Food Plant: Methods to Assess Bacterial

Contamination on Surfaces. Journal of Milk and Food Technology, 37: 361-368.

Barendsz, A.W., (1998). Food Safety and Total Quality Management. Food Control, 9: 163-

170.

Barnes, J.M., (1952). The Removal of Bacteria from Glass Surfaces with Calcium Alginate,

Gauze and Cotton Wool swabs. Proceedings of the Society of Applied Bacteriology, 15: 34-40.

Bauman, H., (1990). HACCP: Concept Development and Application. Food Technology. 44(5):

156-158.

Bautista, D.A., McIntyre, L., Laleye, L., & Griffiths, M.W., (1993). Rapid Determination of

Milk Quality and Factory Hygiene using ATP Bioluminescence. Milk Industry UK, 95: 9-11,

(suppl.).

Bautista, D.A., Vaillancourt, J.P., Clarke, R., Renwick, S., & Griffiths, M.W., (1995). Rapid

181



Assessment of the Microbiological Quality of Poultry Carcasses using ATP Bioluminescence.

Journal of Food Protection, 58: 551-554.

Bell, C., Stallard, A., Brown, S.E., & Standley, J.T.E., (1994). ATP Bioluminescence for
Assessing the Hygienic Condition of Milk Transport Containers. International Dairy Journal,

4:629-640.

Besnard, V., Federighi, M., & Cappelier, J.M., (2000). Development of a Direct Viable Count
Procedure for the Investigation of VBNC State in Listeria monocytogenes, Letters in Applied

Microbiology. 31: 77-81.

Beuchat, L.R., Copeland, F., Curiale, M.S., Danisavich, T., Gangar, V., King, B.W., Lawlis,
T.L., Likin, R.O., Okwusoa, J., Smith, C.F., & Townsend, D.E., (1998). Comparison of the
Simplate Total Plate Count Method with Petrifilm, Redigel, and Conventional Pour-Plate
Methods for Enumerating Aerobic Microorganisms in Foods. Journal of Food Protection, 61

(1): 14-18.

Blackman, I.C., Frank, J.F., (1996). Growth of Listeria monocytogenes as a Biofilm on Various

Food Processing Surfaces. Journal of Food Protection, 59: 827-831.

Boulange-Petermann, L., (1996). Process of Bioadhesion on Stainless Steel Surfaces and

cleanability: A Review with Special Reference to the Food Industry. Biofouling, 10: 275-300.

Bovill, R.A., Mackey, B.M., (1997). Resuscitation of Non-Culturable Cells from Aged Cultures

of Campylobacter jejuni. Microbiology, 143: 1575-1581.

Bower, C.K., & Daeschel, M.A., (1999). Resistance Responses of Microorganisms in Food

Environments. International Journal of Food Microbiology, 50: 33-44.

182



Bruhn, C.M., (1997). Consumer Concerns: Motivating into Action. Emerging Infectious

Diseases. 3(4): 511-515.

Buchanan, R.L., (1995). The Role of Microbiological Criteria and Risk Assessment in HACCP.

Food Microbiology, 12: 421-424.

Buchanan, R.L., (1997). Identifying and Controlling Emerging Foodborne Pathogens: Research

Needs. Emerging Infectious Diseases. 3(4): 517-521.

Buchbinder, L., Buck, T.C., Phelps, P.M., Stone, R.V., Tideman, W.D. (1947). Investigations
of the Swab Rinse Technic for Examining Eating and Drinking Utensils, American Journal of

Public Health, 37: 373-378.

Busscher, H.J., & Weerkamp, A.H., (1987). Specific and Non-Specific Interactions in Bacterial

Adhesion to Solid Substrata. FEMS Microbiology Review. 46: 165-173.

Calvert, R.M., Hopkins, H.C., Reilly, M.J., & Forsythe, S.J., (2000). Caged ATP - An Internal
Calibration Method for ATP Bioluminescence Assays. Letters in Applied Microbiology, 30:

223-227.

Carpentier, B., & Cerf, O., (1993). A Review: Biofilms and their Consequences, with particular

reference to Hygiene in the Food Industry. Journal of Applied Bacteriology, 75: 499-511.

Charm, S.E., (1998). Letter to the Editor. Journal of Food Protection, 61(7): 781-782.

Chaturvedi, S.K., and Maxcy, R.B., (1969). Ecosystems of Food Contact Surfaces. Food

Technology. 23: 67-70.

Codex, (1993). Guidelines for the Application of the HACCP System. Alinorm 93/13A, Codex

183



Alimentarius Commission, Rome.

Codex, (1997). Hazard Analysis and Critical Control Point System and Guidelines for its

Application. Alinorm 97/13A, Codex Alimentarius Commission, Rome.

Collins, C. H., Lyne, P.M., & Grange, J.M., (1989). Collins and Lyne’s Microbiological

Methods, 6™ Edition. Oxford. Butterworth & Co. (Publishers) Ltd.

Colquhoun, K.O., Timms, S., & Fricker, C.R., (1998). A Simple Method for the Comparison of
Commercially Available ATP Hygiene Monitoring Systems. Journal of Food Protection, 61:

499-501.

Corbitt, A.J., Bennion, N., & Forsythe, S.J., (2000). Adenylate Kinase Amplification of ATP
Bioluminescence for Hygiene Monitoring in the Food and Beverage Industry. Letters in Applied

Microbiology, 30: 443-447.

Cordray, J.C., & Huffman, D.L., (1985). Comparison of Three Methods for Estimating Surface

Bacteria on Pork Carcasses. Journal of Food Protection, 48: 582-584.

Costerton, J.W., & Lappin-Scott, H.M., (1989). Behaviour of Bacteria in Biofilms. American

Society of Microbiology News, 55: 650-654.

Costerton, J.W., Marrie, T.J., & Cheng, K.J., (1985). Phenomena of Bacterial Adhesion, In:
Bacterial Adhesion, Mechanisms and physiological significance, Savage, D.C., & Fletcher, M.,

(Eds), Plenum press, New York. pp 3-40.

Cousin, M.A., (1982). Evaluation of a Test Strip used to Monitor Food Processing Sanitation.

Journal of Food Protection, 45(7): 615-619.

Cox, L.J., Kleiss, T., Cordier J.L., Cordellana, C., Konkel, P., Pedrazzini, C., Beumer, R., &

184



Siebenga, A., (1989). Listeria spp. In Food Processing, Non-Food and Domestic Environments.

Food Microbiology, 6: 49-61.

Craddock, N., (1999). Food Hygiene and Companies’ Legal Responsibilities. Food Hygiene

Europe '99 Conference, (Oral Presentation).

Davidson, C.A., Griffith, C.J. Peters, A.C., & Fielding, L.M., (1999). A Comparison of Two
Methods for Monitoring Surface Cleanliness - ATP Bioluminescence and Traditional Hygiene

Swabbing, Luminescence, 14:33-38.

Dewanti, R., and Wong, A.C.L., (1995). Influence of Culture Conditions on Biofilm Formation

by Escherichia coli O 157:H7. International Journal of Food Microbiology, 26: 147-164.

Dillon, M., & Griffith, C., (1999). How to Clean - A Management Guide. M.D. Associates,

Grimsby. ISBN 1900134 11 X.

Djuretic, P.G., Wall, P.G., Ryan, M.J., Evans, H.S., Adak, G.K., Cowden, J.M., (1996). General
Outbreaks of Infectious Intestinal Disease in England and Wales 1992 to 1994. CDR. 6:R58-

R66.

Dorsa, W.J., Siragusa, G.R., Cutter, C.N., Berry, E.D., & Koohmaraie, M., (1997). Efficacy of
using a Sponge Sampling Method to Recover Low Levels of Escherichia coli 0157:H7,
Salmonella typhimurium, and Aerobic Bacteria from Beef Carcass Surface Tissue. Food

Microbiology, 14: 63-69.

Dunsmore, D.G., (1981). Bacteriological Control of Food Equipment Surfaces by Cleaning

Systems. 1. Detergent Effects. Journal of Food Protection, 44 (1): 15-20.

EEC 89/397. Official Control of Foodstuffs,

185



Elliott, P.H., (1996). Predictive Microbiology and HACCP. Journal of Food Protection (Suppl.)

48-53.

Favero, M.S., McDade, J., Robertsen, J.A., Hoffman, RK., & Edwards, RW., (1968).

Microbiological Sampling of Surfaces. Journal of Applied Bacteriology, 31: 336-343.

Fellers, C.R., Levine, A.S., Harvey, E.W., (1936). Bacteriological Examination of Glassware or

China for Sanitary Quality. American Journal of Public Health,. 26: 1211-1214.

Flickinger, B., (1996). Plant sanitation comes to light. An Evaluation of ATP Bioluminescence

Systems for Hygiene Monitoring. Food Quality, 2 (14): 22-36.

Flores, A., (1991). Professional Ethics and Food Safety. Food Technology. 124,126,129.

Flowers, R., Milo, L., Myers, E., Curaile, M.S. (1997). An Evaluation of Five ATP

Bioluminescence Systems. Food Quality, 3 (19): 23-33.

Food Standards Agency (2000). A Report of the Study of Infectious Intestinal Disease in

England. The Stationary Office. ISBN 0-11-322308.

Foster, E.M., (1997). Historical Overview of Key Issues in Food Safety. Emerging Infectious

Diseases, 3 (4): 481-482.

Frank, J.F., & Chmelewski, A.N., (1997). Effectiveness of Sanitation with Quaternary
Ammonium Compound or Chlorine on Stainless Steel and other Domestic Food Preparation

Surfaces. Journal of Food Protection, 60 (1): 43-47.

Frank, J.F., Koffi, R.A. (1990). Surface-adherent Growth of Listeria monocytogenes is

associated with Increased Resistance to Surfactant Sanitizers and Heat. Journal of Food

186



Protection, 53: 550-554.

Frewer, L.J., Howard, C., & Shepherd, R., (1996). Consumer Perceptions of Food Risks. Food

Science and Technology Today. 9 (4): 212-216.

Fung, D.Y.C., Yen Lee, C., Kastner, C.L., (1980). Adhesive Tape Method for Estimating

Microbial Load on Meat Surfaces. Journal of Food Protection, 43: 295-297.

Gabis, D., & Faust, R.E., (1988). Controlling Microbial Growth in Food Processing

Environments. Food Technology, 81-82, 89.

Ganesh Kumar, C., & Anand, S.K., (1998). Significance of Microbial Biofilms in Food

Industry: a review. International Journal of Food Microbiology, 42: 9-27.

Gelinas, P., Goulet, J., Tastayre, G.M., & Picard, G.A., (1984). Effect of Temperature and
Contact Time on the Activity of Eight Disinfectants — A Classification. Journal of Food

Protection. 47 (11): 841-847.

Gibson, H., Taylor, J.H., Hall, K.E., & Holah, J.T., (1999). Effectiveness of Cleaning
Techniques used in the Food Industry in terms of the Removal of Bacterial Biofilms. Journal of

Applied Microbiology, 87: 41-48.

Gill, C.O., Jones, T., (1998). Comparison of Methods for Sampling and Enumerating

Escherichia coli on Pig Carcasses. Food Microbiology, 15: 617-623.

Gill, C.O., Jones, T., (2000). Microbiological Sampling of Carcasses by Excision and

Swabbing. Journal of Food Protection, 63: 167-173.

Ginn, R.E., Packard, V.S., & Fox, T.L., (1984). Evaluation of the 3M Dry Medium Culture

Plate (Petrifilm SM) Method for Determining Numbers of Bacteria in Raw Milk. Journal of

187



Food Protection. 47 (10): 753-7535.

Gould, G.W., Abee, T., Granum, P.E., & Jones, M.V., (1995). Physiology of Food Poisoning
Microorganisms and the Major Problems in Food Poisoning Control. International Journal of

Food Microbiology, 28:121-128.

Griffith, C., Worsfold, D., & Mitchell, R., (1998). Food Preparation, Risk Communication and

the Consumer. Food Control. 9 (4): 225-232.

Griffith, C.J., & Worsfold, D., (1994). Application of HACCP to Food Preparation Practices in

Domestic Kitchens. Food Control, 5: 200-204,

Griffith, C.J., Blucher, A., Fleri, J., & Fielding, L.M., (1994). An Evaluation of Luminometry as
a Technique in Food Microbiology and a Comparison of Six Commercially Available

Luminometers. Food Science and Technology Today, 8: 209-216.

Griffith, C.J., Davidson, C.A., Peters, A.C., & Fielding, LM., (1997). Towards a Strategic
Cleaning Assessment Programme: Hygiene Monitoring and ATP Luminometry, An Options

Appraisal. Food Science and Technology Today, 11:15-24.

Griffiths, M.W., (1993). Applications of Bioluminescence in the Dairy Industry. Journal of

Dairy Science, 76: 3118-3125.

Griffiths, M.W., (1996). The role of ATP Bioluminescence in the Food Industry: New Light on

Old Problems. Food Technology, 62-71.

Handysides, S., (1999). Under-ascertainment of Infectious Intestinal Disease. Communicable

Disease and Public Health. 2 (2): 78-79.

Hansen, N.H.,(1962). A Simplified Method for the Measurement of Bacterial Surface

188



Contamination in Food Plants and its Use in the Evaluation of Pressure Cleaners. American

Journal of Public Health, 25: 46-53.

Harrigan, W.F., (1998). Laboratory Methods in Food Microbiology. Third Edition, Academic

Press. London. ISBN 0-12-326043-4. Page 149.

Helke, D.M., Somers, E.B., Wong, C.L., (1993). Attachment of Listeria monocytogenes and
Salmonella typhimurium to Stainless Steel and Buna-N in the Presence of Milk and Individual

Milk Components. Journal of Food Protection, 56: 479-484.

Herald, P.J., and Zottola, E.A., (1988). Attachment of Listeria monocytogenes to Stainless Steel

Surfaces at Various Temperatures and pH Values. Journal of Food Science, 53: 1549-1552.

Holah, J.T., & Kearney, L.R., (1992). Introduction to Biofilms in the Food Industry, In: Melo,

L.F., et.al. (EBds) Biofilms - Science and Technology, 35-41. Dordrecht, Kluwer Academic Press.

Holah, J.T., & Thorpe, R.H., (1990). Cleanability in Relation to Bacterial Retention on Unused

and Abraded Domestic Sink Materials. Journal of Applied Bacteriology, 69: 599-608.

Holah, J.T., (1992). Cleaning and Disinfection. In Chilled Foods: a Comprehensive Guide.

Dennis, C., & Stringer, M., (Eds) Ellis Horwood. London. Pages 319-341.

Holah, J.T., (1992). Industrial Monitoring: Hygiene in Food processing. In: Melo, L.F., et.al,

(Eds) Biofilms - Science and Technology, 645-659. Kluwer Academic.

Holah, J.T., (1995). Disinfection of Food Production Areas. Rev. sci. tech. Off. Int. Epiz.14:

343-363.

Holah, J.T., Betts, R.., & Thorpe, R.H., (1988). The use of Direct Epifluorescent Microscopy

(DEM) and the Direct Epifluorescent Filter Technique (DEFT) to Assess Microbial Populations

189



on Food Contact Surfaces. Journal of Applied Bacteriology, 65: 215-221.

Holah, J.T., Bloomfield, S.F., Walker, A.J., & Spenceley, H., (1994). Control of Biofilms in the
Food Industry. In: Bacterial Biofilms and their control in Medicine and Industry, Wimpenney,

Nichols, et al., (Eds).

Holland, R.F., Shaul, J.D., Theokas, D.A., and Windlan, H.M., (1953). Cleaning Stainless Lines

in Place. Food Engineering, 25:75.

Hood, S.K., & Zottola, E.A., (1995). Biofilms in Food Processing. Food Control. 6 (1): 9-18.

Hood, SXK., & Zottola, E.A., (1997a). Adherence to Stainless Steel by Foodborne
Microorganisms during Growth in Model Food Systems. International Journal of Food

Microbiology, 37:145-153.

Hood, S.K., & Zottola, E.A., (1997b). Growth Media and Surface Conditioning Influence the
Adherence of Pseudomonas fragi Salmonella typhimurium, and Listeria monocytogenes Cells to

Stainless Steel. Journal of Food Protection, 60: 1034-1037.

Humphrey, T., Mason, M, & Martin, K., (1995). The Isolation of Campylobacter jejuni from
Contaminated Surfaces and its Survival in Diluents. International Journal of Food

Microbiology, 26: 295-303.

Husmark, U., (1988). Bacterial Adhesion to Surfaces - A Review. The Swedish Food Institute,

Report No. 552.

Ilisley, R.A., Jackson, E.D., McRae, K.B., Feirtag, J M., (2000). A Comparison of Commercial
ATP Bioluminescence Hygiene Monitoring Systems with Standard Surface Monitoring

Techniques in a Baking Facility. Dairy, Food and Environmental Sanitation, 20: 522-526.

190



International Commission on Microbiological Specification for Foods (1988). Application of
the Hazard Analysis Critical Control Point (HACCP) System to Ensure Microbiological safety

and Quality. Microorganisms in Foods 4. Blackwell Scientific, Oxford.

ISO 8402 Standard (1994): Quality Management and Quality Assurance Standards — Guidelines

for Selection and Use — Vocabulary.

Jacob, M., (1992). Food Safety Legislation in the European Community. Food Control, 3(4):

178-179.

Jalava, T., & Skurnik, M., (1994). Pikadiagnostisten Menetelmien Soveltaminen
Elintarviketeollisuuden Mikolologiseen Laadunvalvontaan, TEKES Publications, 42/94, Turka,

Paino-Center, (In Finnish). Pages 8-18.

Jennings, W.G., (1959). Effective In-Place Cleaning. Food Engineering, 31:98.

Jennings, W.G., (1965). Theory and Practice of Hard-Surface Cleaning. Advances in Food

Research, 14: 325-459.

Jouve, J.L. et.al. (1999). Establishment of Food Safety Objectives. Food Control, 10: 303-305.

Kaufmann, O.W., Hedrick, T.I., Pflug, LJ., & Pheil, C.G., (1960). Relative cleanability of
various finishes of stainless steel in a farm bulk tank. Journal of Milk and Food Technology, 23:

377-381.

Kaufmann, O.W., Hedrick, T.I., Pflug, 1J., Pheil, C.G., & Keppeler, R.A., (1960). Relative
Cleanability of Various Stainless Steel Finishes after Soiling with Milk Solids. Dairy Science,

43:28-41.

Khandke, S.S., & Mayes, T., (1998). HACCP Implementation: A Practical Guide to the

191



Implementation of the HACCP Plan. Food Control, 9: 103-109.

Kim, K.Y., and Frank, J.F., (1995). Effect of Nutrients on Biofilm Formation by Listeria

monocytogenes on Stainless Steel. Journal of Food Protection, 58: 24-28.

Koopal, L.K., (1985). Physico-Chemical Aspects of Hard-Surface cleaning. Netherlands Milk

and Dairy Journal, 39: 127-154.

Krieger, A.M., (1998). Letter to the Editor. Journal of Food Protection, 61(7): 783.

Krogg, A.J.. Dougherty, D.S. (1936). Effectiveness of the Methods of Dish and Utensil
Washing in Public Eating and Drinking Establishments. American Journal of Public Health,

26: 897-900.

Kyriakides, A.L., Costello, S.M., Doyle, G., Easter, M.C., & Johnson, I., (1991). Rapid Hygiene
Monitoring using ATP Bioluminescence. In: Bioluminescence and Chemiluminescence Current

Status, John Wiley. pp 519-522.

Lappalainen, J., Loikkanen, S., Havana, M., Karp, M., Sjoberg, A.M., Wirtanen, G., (2000).
Microbiological Testing Methods for Detection of Residual Cleaning Agents and Disinfectants
— Prevention of ATP Bioluminescence Measurement Errors in the Food Industry. Journal of

Food Protection, 63: 210-215.

Linton, R.H., Eisel, W.G., Muriana, P.M., (1997). Comparison of Conventional Plating
Methods and Petrifilm for the Recovery of Microorganisms in a Ground Beef Processing

Facility. Journal of Food Protection, 60: 1084-1088.

Mafu, A.A., Roy, D., Goulet, J., and Magny, P., (1990). Attachment of Listeria monocytogenes

to Stainless Steel, Glass, Polypropylene and Rubber Surfaces after Short Contact Times.

192



Journal of Food Protection, 53: 742-746.

Manninen, M., & Mattila-Sandholm, T., (1992). Suorat ja Epasuorat Mikrobiologiset

Pikamenetelmat. Kemia Kemi, 19: 848-852. (In Finnish).

Marshall, K.C., (1984). Introduction. In: Microbial Adhesion and Aggregation. Ed. K.C.

Marshall. Pp 1-5. Dahlem Konferenzen.

Marshall, K.C., (1992). Biofilms: An Overview of Bacterial Adhesion, Activity and Control at

Surfaces. American Society of Microbiology News, 58: 202-207.

Marshall, K.C., Stout, R., & Mitchell, R., (1971). Mechanisms of the Initial Events in the

Sorption of Marine Bacteria to Surfaces. Journal of General Microbiology, 68: 337-348.

Masurovsky, E.B., & Jordan, W.K., (1958). Studies on the Relative Cleanability of Milk

Contact Surfaces. Journal of Dairy Science, 41 1342.

Mattila-Sandholm, T., & Wirtanen, G., (1992). Biofilm Formation in the Industry. Food

Reviews International, 8: 573-603.

Maurice, J., (1994). The Rise and Rise of Food Poisoning. New Scientist. 144: 28-33.

Mayes, T., (1998). Risk Analysis in HACCP: Burden or Benefit? Food control. 9 (2/3): 171-

176.

Mayes, T., (1999). How can the Principles of Validation and Verification be applied to Hazard

Analysis? Food Control, 10: 277-279.

McMeekin, T.A., & Olley, J., (1995). Predictive Microbiology and the Rise and Fall of Food

193



Poisoning. ATS Focus. 88: 14-20.,

McMeekin, T.A., Brown, J., Krist, K., Miles, D., Neumeyer, K., Nichols, D.S., Olley, J.,
Ratkowsky, D.A., Ross, T., Salter, M., & Soontranon, S., (1997). Quantitative Microbiology: A

Basis for Food Safety. Emerging Infectious Diseases. 3 (4): 541-549.

McMeekin, T.A., Olley, J., Ross, T., & Ratkowsky, D.A., (1993). Predictive Microbiology:

Theory and Application. Research Studies Press, Taunton, UK.

Meighen, E.A., (1991). Molecular Biology of Bacterial Bioluminescence. Microbiological

Reviews, 55 (1): 123-142.

Mettler, E., & Carpentier, B., (1998). Variations over Time of Microbial Load and
Physiochemical Properties of Floor Materials after Cleaning in Food Industry Premises. Journal

of Food Protection, 61 (1): 57-65.

Moore, G., Griffith, C., and Fielding, L., (2001). A Comparison of Traditional and Recently
Developed methods for Monitoring Surface Hygiene within the Food Industry. Dairy, Food and

Environmental Sanitation, 21: 478-488.

Murphy, S.C., Kozlowski, S.M., Bandler, D.K., & Boor, K.J., (1998). Evaluation of Adenosine
Triphosphate Bioluminescence Hygiene Monitoring for Trouble-shooting Fluid Milk shelf-life

Problems. Journal of Dairy Science, 81: 817-820.

NACMCF (1989). Hazard Analysis and Critical Control Point System. National Advisory
Committee on Microbiological Criteria for Foods. Food Safety Inspection Service. uUs

Department of Agriculture, Washington, DC.

Niskanen, A., Pohja, M.S., (1977). Comparative Studies on the Sampling and Investigation of

194



Microbial Contamination of Surfaces by the Contact Plate and Swab Methods. Journal of

Applied Bacteriology, 42: 53-63.

Notermans, S. & Van de Giessen, A., (1993). Foodborne Diseases in the 1980°s and 1990’s.

Food Control, 4:122-124.

Notermans, S., & Jouve, J.L., (1995). Quantitative Risk Analysis and HACCP: Some Remarks.

Food Microbiology, 12: 425-429.

Notermans, S., & Mead, G.C., (1996). Incorporation of Elements of Quantitative Risk

Assessment in the HACCP System. International Journal of Food Microbiology, 30: 157-173.

Notermans, S., Dormans, JLAM.A., & Mead, G.., (1991). Contribution of Surface Attachment
to the Establishment of Microorganisms in Food Processing Plants: A Review. Biofouling, 5:

21-36.

Notermans, S., Gallhoff, G., Zwietering, M.H., & Mead, G.C., (1995). The HACCP Concept:

Specification of Criteria using Quantitative Risk Asssessment. Food Microbiology, 12: 81-90.

Notermans, S., Zwietering, M.H., & Mead, G.C., (1994). The HACCP Concept: Identification

of Potentially Hazardous Microorganisms. Food Microbiology. 11: 203-214.

Oakland, J., (2000). Total Quality Management — Text with Cases. 2" Edition, Butterworth

Heinemann, ISBN 0750639520.

Ogden, K., (1993). Practical Experience of Hygiene Control using ATP Bioluminescence.

Journal of the Institute of Brewing, 99: 389-393.

Oh, D.H., and Marshall, D.L., (1995). Destruction of Listeria monocytogenes Biofilms on

195



Stainless Steel using Monolaurin and Heat. Journal of Food Protection, 57: 251-255.

Ollinger-Snyder, P., & Matthews, M.E., (1994). Food Safety Issues: Press Reports Heighten
Consumer Awareness of Microbiological Safety. Dairy, Food and Environmental Sanitation, 4

(10): 580-589.

Oulahal-Lagsir, N., Martial-Gros, A., Bonneau, M., & Blum, L.J. (2000). Ultrasonic
Methodology Coupled to ATP Bioluminescence for the Non-Invasive Detection of Fouling in
Food Processing Equipment — Validation and Application to a Dairy Factory. Journal of

Applied Microbiology, 89: 433-441.

Patterson, J.T., (1971). Microbiological Assessment of Surfaces. Journal of Food Technology,

6: 63-72.

Peters, A.C., Elvers, K.T., & Griffith, C.J., (1999). Biofilms in the Food Industry: Assessing
Hazards and Risks to Health. In: Wimpeney, J., Gilbert, P., Walker, .J., Brading, M., &

Bayston, R., (Eds). (1999), Biofilms: the Good, the Bad and the Ugly. Bioline, Cardiff.

Poulis, J.A., Pijper, M.de.., Mossel, D.A.A., & Dekkers, P.Ph.A., (1993). Assessment of
Cleaning and Disinfection in the Food Industry with the Rapid ATP Bioluminescence
Technique Combined with the Tissue Fluid Contamination Test and a Conventional

Microbiological Method. International Journal of Food Microbiology, 20:109-116.

Powell, S.C., & Atwell, RW., (1995). A Comparative Study of Food Retail Premises by means
of Visual Inspection and Microbiological Quality of Food. Epidemiology and Infection, 114:

143-151.

Powell, S.C., & Atwell, R.W., (1997). The use of ATP Bioluminescence as an Objective

Measure of Food Hygiene Standards. International Journal of Environmental Health Research,

196



7:47-53.

Pritchard, C., & Walker, E., (1998). Challenges for the Enforcement of Food Safety in Britain.

Food Control, 9 (1): 61-64.

Rahkio, M., (1997). Ajankohtaista Ruokamyrkytyksista. Elintarvike ja Terveys, 11: 30-32. (In

Finnish).

Restaino, L., Hemphill, J.B., Frampton, E.W., & Bluestein, R.L., (1994). Hycheck Slides versus
Rodac Plates Compared to the Swab Technique for the Recovery of Bacteria from Hard Smooth

Surfaces. Dairy, Food and Environmental Sanitation, 14: 528-530.

Richmond, M., (1990) Report of the Committee on the Microbiological Safety of Food The

Microbiological Safety of Food Part 1. HMSO. ISBN 0-11-3212739.

Roberts, D., Hooper, W., & Greenwood, M., (Eds.) (1995). Practical Food Microbiology.

PHLS, London. ISBN 0-901144-36-6. Pages 109-110.

Ronner, A.B., Wong, A.C.L. (1993). Biofilm Development and Sanitizer Inactivation of
Listeria monocytogenes and Salmonella typhimurium on Stainless Steel and Buna-n Rubber.

Journal of Food Protection, 56: 750-758.

Saelhof, J.R. Heinekamp, W.J.R., (1920). Recovery of Streptococcus hemolyticus from

Restaurant Tableware. American Journal of Public Health, 10: 704-707.

Salo, S., & Wirtanen, G., (1999). Detergent based Blends for Swabbing and Dipslides in
Improved Surface Sampling. In: Wimpeney, J., Gilbert, P., Walker, J., Brading, M., & Bayston,

R., (Eds) (1999). Biofilms: The Good, the Bad and the Ugly. Bioline, Cardiff.

Scott, E., & Bloomfield, S. F., (1990). The Survival of Microbial Contamination on Work

197



surfaces and Cloths and its Transfer via Cloths, Hands and Utensils. Environmental Health. 34-

37.

Seeger, K., & Griffiths, M., (1994). Adenosine Triphosphate Bioluminescence for Hygiene

Monitoring in Health Care Institutions. Journal of Food Protection, 57: 509-512.

Sharp, J.C.M., & Reilly, W.J., (1994). Recent Trends in Foodborne Infections in Europe and

North America. British Food Journal, 96 (7): 25-34.

Silverman, E.W. Ross, W.P. Kautz, (1981). Assessment of the Sanitary Quality of Food

Preparation Surfaces. Journal of Food Service Systems, 1: 285-301.

Siragusa, G.R., Cutter, C.N., Dorsa, W.J., & Koohmaraie, M., (1995). Use of a Rapid microbial
ATP Bioluminescence Assay to Detect Contamination on Beef and Pork Carcasses. Journal of

Food Protection, 58: 770-775.

Siragusa, G.R., Dorsa, W.J., Cutter, C.N., Perino, L.J., & Koohmaraie, M., (1996). Use of a
Newly Developed Rapid Microbial ATP Bioluminescence Assay to Detect Microbial
Contamination on Poultry Carcasses. Jounal of Bioluminescence and Chemiluminescence, 11:

297-301.

Sjoberg, A.M., Wirtanen, G., and Mattila-Sandholm, T., (1995). Biofilm and Residue
Investigations of Detergents on Surfaces of Food Processing Equipment. Trans. Institute of

Chemical Engineering. 73: 17-21.

Smoot, L.M., & Pierson, M.D., (1998). Effect of Environmental Stress on the Ability of Listeria
monocytogenes Scott A to Attach to Food Contact Surfaces. Journal of Food Protection, 61:

1293-1298.

198



Smoot, L.M., & Pierson, M.D., (1998). Influence of Environmental Stress on the kinetics and
Strength of Attachment of Listeria monocytogenes Scott A to Buna-n Rubber and Stainless

Steel. Journal of Food Protection, 61: 1286-1292.

Sockett, P.N., (1991). Food Poisoning Outbreaks associated with Manufactured Foods in

England and Wales: 1980-1989. Communicable Diseases Report 1, Review No. 10. R105-R109.

Sockett, P.N., Cowden, J.M., Le Bargue, S., Aduk, G.F., & Evans, E., (1993). Foodborne

Disease Surveillance in England and Wales 1989-1991. CDR Review, 3:150-173.

Speck, M.L.. Black, L.A., (1937). Effectiveness of Cotton-Swab Methods in Bacteriological

Examination of Paper Ice Cream Containers. Food Research, 2: 559-566.

Sperber, W.H., (1998). Auditing and Verification of Food Safety and HACCP. Food Control, 9:

157-162.

Sperber, W.H., Stevenson, K.E., Bernard, D.T., Deibel, K.E., Moberg, L.J., Hantz, LR., &
Scott, V.N., (1998). The Role of Prerequisite Programs in Managing a HACCP System. Dairy,

Food and Environmental Sanitation, 18: 418-423.

Stanley, P.M., (1983). Factors Affecting the Irreversible Attachment of Pseudomonas

aeruginosa to Stainless Steel. Canadian Journal of Microbiology, 29: 1493-1499.

Stannard, C.J., & Gibbs, P.A., (1986). Rapid Microbiology: Applications of Bioluminescence in

the Food Industry - A Review. Journal of Bioluminescence and Chemiluminescence, 1.3-10.

Steiner, A.E., Maragos, M.M., & Bradley, R.L., (2000). Cleanability of Stainless Steel Surfaces

with Various Finishes. Dairy, Food and Environmental Sanitation, 20 (4) 250-260.

Stevens, R.A., & Holah, J.T., (1993). The effect of wiping and spray-wash temperature on

199



bacterial retention on abraded domestic sink surfaces. Journal of Applied Bacteriology, 75: 91-

94.

Stone, L.S., & Zottola, E.A., (1985a). Effect of Cleaning and Sanitizing on the Attachment of

Pseudomonas fragi to Stainless Steel. Journal of Food Science, 50: 951-956.

Stone, L.S., & Zottola, E.A., (1985b). Relationship between the Growth Phase of Pseudomonas

fragi and its Attachment to Stainless Steel. Journal of Food Science, 50: 957-960.

Storgards, E., Haikara, A., (1996). ATP Bioluminescence in the Hygiene Control of Draught

Beer Dispensing Systems, Ferment, 9: 352-360.

Sveum, W.H., Moberg, L.J., Rude, R.A., & Frank, J.F., (1992). Microbiological Monitoring of
the Food Processing Environment. In: C. Vanderzant & D.F. Splittstoesser (Ed.), Compendium
of Methods for the Microbiological Examination of Foods, 3" Edition. American Public Health

Association. Washington, D.C., USA. Pages 51-74.

Taylor, J.H. & Holah, J.T., (1996). A Comparative Evaluation with respect to the Bacterial
Cleanability of a Range of Wall and Floor Surface Materials used in the Food Industry. Journal

of Applied Bacteriology. 81: 262-266.

Taylor, J.H., Rogers, S.J., & Holah, J.T., (1999). A Comparison of the Bactericidal Efficiency
of 18 Disinfectants used in the Food Industry against Escherichia coli 0157: H7 and

Pseudomonas aeruginosa at 10 and 20°C. Journal of Applied Microbiology, 87: 718-725.

Tebbutt, G.M., (1990). Rapid and Traditional Methods of Assessing Cleaning Standards in

Food Premises, Environmental Health: 235-237.

Tebbutt, G.M., (1991a). An Assessment of Cleaning and Sampling Methods for Food-Contact

200



Surfaces in Premises Preparing and Selling High-Risk Foods. Epidemiology and Infection. 106:

319-327.

Tebbutt, G.M., (1991b). Development of Standardised Inspections in Restaurants using Visual
Assessments and Microbiological Sampling to Quantify the Risks, Epidemiology and Infection.

107: 393-404.

Tebbutt, G.M., (1999). Comparison of Traditional and Rapid Methods for Assessing the Risk of
Bacterial cross-Contamination from Cutting Boards. International Journal of Environmental

Health Research, 9: 67-74.

Timperley, D.A., & Lawson, G.B., (1980). Test Rigs for Evaluation of Hygiene in Plant Design.

In Hygienic Design and Operation of Food Plant, Ed. Jowitt, R., Ellis Horwood. Page 85.

Todd, E.C.D., (1987). Impact of Spoilage and Foodborne Diseases on National and International

Economies. International Journal of Food Microbiology, 4. 83-100.

Todd, E.C.D., (1989). Costs of Acute Bacterial Foodborne Disease in Canada and the USA.

International Journal of Microbiology, 9. 313-326.

Todd, E.C.D., (1989). Preliminary Estimate of Cost of Foodborne Diseases in the United States.

Journal of Food Protection, 52: 595-601.

Untermann, F., (1999). Food Safety Management and Misinterpretation of HACCP. Food

Control, 10: 161-167.

Velazquez, M., & Feirtag, J.M., (1997). Quenching and Enhancement Effects of ATP
Extractants, Cleansers, and Sanitizers on the Detection of the ATP Bioluminescence Signal.

Journal of Food Protection, 60: 799-803.

201



Waites, W.M., & Arbuthnott, J.P., (1990). Foodborne Illness: An Overview. The Lancet. 336:

722 -1725,

Wall, P.G., de Louvois, J., Gilbert, R.J., & Rowe, B., (1996). Food Poisoning: Notifications,
Laboratory Reports and Outbreaks — Where do the Statistics come from and What do they

Mean? CDR Review. 6 (7): R93-R100.

Wheeler, J.G., Sethi, D., Cowden, J.M., Wall, P.G., Rodrigues, L.C., Tompkins, D.S., et al.,
(1999). Study of Infectious Intestinal Disease in England: Rates in the Community presenting to
General Practice, and Reported to national Surveillance. British medical Journal, 318: 1046-

1050.

WHO (1992). WHO Surveillance Programme for Control of Foodborne Infections and
Intoxications in Europe. 5™ Report (1985-1989). Institute of Veterinary Medicine — Robert von

Ostertag Institute, Berlin.

Whyte, W., Carson, W., & Hambraeus, A., (1989). Methods of Calculating the Efficiency of

Bacterial Surface Sampling Techniques. Journal of Hospital Infection, 13: 33-41.

Wijtzes, T., van’t Riet, K., in’t Veld, H., & Zwietering, M.H., (1998). A Decision Support
System for the Prediction of Microbial Food Safety and Food Quality. International Journal of

Food Microbiology, 42: 79-90.

Wolf, 1.D., & Lechowich, R.V., (1989). Current Issues in Microbiological Food Safety. The

American Association of Cereal Chemists inc. 34 (6): 468-472.

Yamayoshi, T., Doi, H., Tatsumi, N., (1984). Surface Sampling using a Single Swab

Method. Journal of Hospital Infection, 5: 386-390.

202



Zink, D.L., (1997). The Impact of Consumer Demands and Trends on Food Processing.

Emerging Infectious Diseases. 3 (4): 467-469.

Zottola, E.A. and Sasahara, K.C., (1994). Microbial Biofilms in the Food Processing Industry —

Should they be a Concern? International Journal of Food microbiology, 23: 125-148.

Vulgo emin dicitur: lucundi acti labores
(For it is commonly said: completed labours are pleasant)

Cicero
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Production of ATP Standard Solutions
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Production of ATP Standard Solutions

A: Preparation of Stock Solutions

1.

2.

Reconstitute 80nM ATP standard following manufacturers instructions.

Pipette 9.5ml of pyrogen free water (PFW) in sterile ATP free centrifuge tube and add
0.5 ml of 80nM ATP solution. Pipette up and down a couple of times to ensure all ATP
is transferred. This is a 4nM ATP stock.

Add 2.5ml of 4nM ATP stock to 7.5ml PFW (in ATP free centrifuge tube) - Gives 10ml
of 1nM ATP stock.

Divide into 10 equal portions and freeze at - 18°C in Biotrace eppendorf tubes - (1ml
volumes of 1nM ATP stock).

Divide 80nM and 4nM stocks into suitable volumes (just greater than 0.5ml and 2.5ml
respectively?) and freeze at - 18°C. Avoid wasting any of the stocks.

B: Preparation of Standard Dilutions

I

2.

Defrost 1ml of 1nM ATP solution - gives InM ATP solution.

Add 250pl of 1nM stock to 250ul PFW - gives 0.5nM ATP solution.
Add 100ml of 1nM stock to 300pul PFW - gives 0.25nM ATP solution.
Add 50ml of 1nM stock to 950ul PFW - gives 0.05nM ATP solution.

If any volumes show sensitivity with the 0.05nM ATP solution then prepare a 0.025 nM
standard by adding 25ul InM ATP stock to 975ul PFW - gives 0.025 nM ATP solution.

To test ATP detection system pipettelOul of standard dilutions onto pre-moistened swabs and
read output.

Moles of ATP added to swab in 10pl of standard solutions

Molarity Moles in 10ul volume

1nM 18 x 10-14 10 femtomoles

0.5nM 5x 10-15 5 femtomoles

0.25nM 2.5 x 10-15 2.5 femtomoles — approx. limit for System Sure
0.05nM 5x10°16 0.5 femtomoles

(0.025nm 2.5 x 10-16 0.25 femtomoles
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APPENDIX 2.

Agar Contact Dip Slide
Results Interpretation Key
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Comparison Chart Bacteria/Yeasts

Fluids
CFU/ml
10 10
2.5
Very Slight Moderate Very
slight growth growth heavy
growth growth
Surfaces
CFU/cm?
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KEY

NG

ND

APC

APPENDIX 3.

Raw Microbiological and ATP Data
pertaining to Chapter 5.

=3

No growth detected following incubation

No detection of ATP above background levels;

Aerobic plate count determined using agar contact dip slide;

Site clean on both sampling sessions
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