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Abstract

Food industries still depend to a large extent on potable water in conducting their routine
operations. Equipment cleaning, in particular, is a water intensive process which results in
considerable volumes of wastewater. Considering the high environmental impact and increasing
costs for water treatment before discharge, they are exploring alternatives to minimize their water
waste production. Optimization of cleaning recipes towards less use of water and chemicals or
replacing the necessary volumes with process water recovered from various effluent streams by
reverse osmosis (RO) filtration, are some of the main routes explored. However, the success and
cost efficiency of any of these strategies depends on good process control and efficient evaluation
of safety aspects, which ideally should be done based on real-time measurement techniques.

First aim of this thesis was to show how spectroscopic techniques combined with chemometric
modeling techniques may be used to achieve a solution for a non-destructive - preferably real-time -
monitoring system over the hygiene and microbiological level of different surfaces involved in
different production processes. More specific, the scenario of monitoring hygienic status of
conveyor belts under slaughterhouse processing conditions.

An algorithm based on Wilks ratio statistics applied on fluorescence recordings was developed and
demonstrated in pilot-scale for its potential to monitor online hygienic status of conveyor surfaces.
Strong background interferences and changes in surface physical properties due to processing
conditions are identified as main challenges. The algorithm is designed to neutralize such
interference and high potential for reaching a valid monitoring solution is expected when using
more advanced fluorescence spectrophotometers.

The second aim was characterization of RO membrane fouling to map and potentially optimize
performance and cleaning strategies. Several industrial-scale RO membranes used for recovery of
process-water from whey ultrafiltration permeate have been examined for their fouling tendency. At
the end of a complete cleaning-in-place (CIP) protocol, biofouling appears to be the main issue in
most RO-elements. Significant yeast contamination was found on the membrane permeate surfaces
of these particular elements. Microbiological analysis performed on RO permeate streams indicated
that minimal loads of microorganisms pass into the permeate streams, however being inactivated by
UV treatments proceeding the RO units. Therefore, the identified biofouling appears to have
primarily technological and economic implications, whereas the process water streams a have
suitable quality for reuse.

Vi



Resume’

Fedevareindustrien er i hgj grad stadig afhaengig af drikkevand for at kunne udfere rutineopgaver.
Seerligt rengering af udstyr er en vandintensiv proces, som resulterer i betragtelige volumener af
spildevand. Den hgje miljgpavirkning og sgede omkostninger for vandrensning fer udledning ger at
fedevareindustrien undersgger alternativer til at minimere spildevandsproduktionen. De primeere
alternativer som undersgges er optimering af rengeringsprocedurer som mindsker vand- og
kemikalieforbrug samt erstatning af det ngdvendige volumen med procesvand genvundet fra
omvendt osmosefiltrering af forskellige spildevandsstramme. Succesen og omkostningsniveauet af
disse strategier afhenger dog af god proceskontrol og effektiv evaluering af sikkerhedsaspekter,
hvilket ideelt ber baseres pa maletidsteknikker i realtid.

Det farste mal med denne afhandling var at vise hvordan spektroskopiske teknikker, kombineret
med kemometrisk modelleringsteknikker, kan bruges til at opnd et ikke-destruktivt — helst
realtids — malesystem som deakker hygiejne- og mikrobiologiniveauet af forskellige overflader
involveret i forskellige produktionsprocesser.

En algoritme baseret pa Wilks ratio statistik anvendt pa fluorescensmalinger blev udviklet og
eftervist 1 pilot-skala for dets potentiale til direkte at monitorere hygiejne status af
transportbandsoverflader. Steerk baggrundsinterferens, samt forskelle i overfladens fysiske
egenskaber som konsekvens af proceseringsforhold, er identificeret som de vesentligste
udfordringer. Algoritmen er designet til at neutralisere sadanne interferenser og metoden forventes
at have stort potentiale for at blive en effektiv monitoreringsmetode nar mere avancerede
fluorescensspektrofotometre benyttes.

Det andet mal var at karakterisere omvendt osmose membran-fouling (tilgroning) for at kortlegge
og potentielt optimerer ydelse og renggringsstrategier. Adskillige industrielskala omvendt
osmosemembraner brugt til genindvinding af procesvand fra valle ultrafiltrerings permeat er blevet
undersggt for deres evne til at blokere. Til slut i en renggringsprotokol lader biofouling til at veere
hovedproblemet i de fleste omvendt osmose filtreringselementer. Betragtelig geerkontaminering
blev fundet pa permeat siden af membranerne af disse bestemte elementer. Mikrobiologisk analyse,
udfert pd omvendt osmosepermeatstramme indikerede at minimale meengder af mikroorganismer
passerer ind i permeatestrammen, men bliver inaktiveret af efterfglgende UV-behandling. Derfor
lader det til, at den identificerede biofouling primert har tekniske og skonomiske implikationer,
hvorimod procesvandstremmene har en passende kvalitet for genindvinding.

Vii



Chapter 1

Introduction

Water is a valuable utility that food industries highly depend on in their daily manufacturing and
cleaning operations. By comparison to other industries (e.g. chemical, pharmaceutical or oil
refineries), large volumes of fresh water are involved in food processing operations which results in
significant volumes of effluent with notable organic loads'. Owing to the negative impact this may
have on environment if released as is, such effluents require treatment before discharge in order to
comply with quality standards®. With climate change as an ongoing global challenge and the
adoption in 2000 of the European Union (EU) Water Framework Directive®, which puts priority on
water protection among the main environmental issues, more strict effluent discharge regulations*
have been adopted within the EU, and also worldwide. Therefore, in a context of water stress and
changes in legislation that open up to the use of alternative water qualities in food applications®,
industries have started to shift their vision towards more sustainable use of water resources.
Depending on the particularities of their processes, different food and beverage industries adopt
different strategies to cope with the need for water conservation; some examples are summarized in
Table 1.1. Sustainable water practices may begin with process optimization by rationalizing indus-
trial water use practices, fixing spillage and prevent leaks, or store and include product residues in
future production batches. Also, if the nature of the process allows, substituting a wet process with a
dry one or selling some of the effluent streams as by-products are generally strategies with a higher
impact on water savings.

Comparing the water consumption among different food sectors, dairy and meat processing
industries have the largest dependence on fresh water in their production processes, Figure 1.1.
Obviously, this is partly an inherited fact due to the susceptibility of dairy and meat products to be
more easily spoiled by microorganisms, hence requiring more hygienic conditions and use of water,
compared to other food products. When looking at the water usage among the different food
industries in Denmark in the past years, a reduction can be noticed in the water consumption in
particular within dairy and meat, in spite of the current trend of increased production demands®.
This suggests an ongoing change of vision where process optimization and rethinking cleaning
strategies are increasingly implemented in their daily practices, especially when identifying that less
environmental impact, competitiveness on the market and savings come as main benefits.

In dairy, the opportunity to recover water from cheese whey has been driven over the years by the
advances in membrane technology’ combined with the increased interest to harvest the nutritional
components of whey (e.g. protein, lactose and fat). The typical composition of cheese whey is 0.8%
proteins, 0.05% fat, 5% lactose, 0.7% minerals and 94% water®. When employing ultrafiltration



(UF), the protein part can be concentrated at the retentate side of the UF membrane, allowing only
lactose, minerals and water to permeate through. By further treatment, the purified whey protein
products are of high nutritional and functional value and can be sold on the market as alternative
sources of proteins®. Similarly, lactose and minerals can be recovered by feeding the UF permeate
to a Reverse Osmosis (RO) system and the liquid that permeates is generally water with good
properties, suitable for e.g. clean-in-place (CIP) operations'®. This is obviously a valuable route for
dairies to reduce their fresh water intake, convert their main by-product into a financial gain and

minimize the effluent that goes typically to (biological) water treatment.
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Figure 1.1 Water consumption by the food industry, according to Statistics Denmark; accessed 02 July 2018

In parallel, in the meat manufacturing, cleaning of slaughterhouse facilities generates the largest
amount of wastewater. At this level, conveyor belts used both during processing (such as cutting)
and transportation account for one of the largest equipment that if not cleaned properly can become
a vector for microbial contamination'*. Cleaning of such systems occurs at fixed schedules based on
recipes designed according to risk-based analysis and at the recommendations of chemical and
equipment suppliers. But all cleaning is at the cost of shutting down production, use of energy and
manpower and extensive volumes of water and chemicals. Consequently, if possible to minimize
the frequency of cleaning operations and/or the amount of necessary fresh water without
compromising the safety and quality parameters of meat products, less wastewater would be
generated™?.



Table 1.1. An overview of different strategies for water recovery and reuse in various food and beverage industries;
adapted from Olmez et al. 2013 *.

Processing

. Description Reference
industry

Poultty  Reuse of desensitization tank effluents for pre-washing of plastic transportation cages after

processing  preliminary treatment -
Reuse of cooling tank, cooling tunnel and storage chamber effluents in washing the live poultry Amorim et al (2007)
receiving and unloading vards
Reuse of effluent from final rinising of cleaning operation for pre-washing the by-product room
Rational water use practices: replacement of main chiller with air chilling, adoption of high-pressure
washing can be coupled with reduction of truck shower time
Reuse from pre-chiller after UF, from gizzard machines to viscera flume without pre-treatment, Matsummra & Mierzwa (2008)°
from freezing

Meat Reuse of chiller shower water for warm cleaning after preliminary treatment, nanofiltration

processing and UV disinfecton Mavrov & Béligres (2000)°

Reuse of cooling water from sausage products after treatment with nanofiltration
Dairy Reuse of UHT flash cooler condensate after preliminary treatment, nanofiltration and UV disinfection  Suarez et al. (2015)'¢

PIOCESSME  Recovery of detergents and process water by nanofiliration treatment Suarez & Riera (20151
Treatment of dairy industry wastewater by reverse osmosis for water reuse Vourch etal (2005)2
. . . . ot A 2 13
Reuse in CIP operations of process water recovered from cheese way after ultrafiltration combined with Avdiner etal (2014)
reverse osmosis and UV disinfection Meneses & Flores (2016)™
processing Recycling water in peeling operation after treatment with reverse osmosis Casani et al. (2005)
Eruit Reuse of spent process water from mixing and equalizing tank for boiler make-up.cooling,

»»»»»»»»»»»» *% Blocher et al. (2002)!

reverse osmosis membrane and UV disinfection. Mavrov & Béliéres (2000)°

Use of vapor condensate as boiler make-up water

The common point of any strategy for sustainable use of water resources within food processing
plants is that process monitoring and control play a crucial role. When cleaning less or using
recovered water for cleaning purposes, one should pay attention that no chemical, physical and
more likely microbial hazards emerge. When looking at the reported cases of altered quality and
safety properties of food products, the issue is mostly associated with microbial hazards, suggesting
that microorganisms represent probably the main danger for food industry. Microorganisms are well
known to acquire persistence in the processing environment and resistance to antibiotics,
disinfectants and cleaning chemicals when embedding themselves in a self-produce extracellular
polymeric substances (EPS), hence developing in what is normally known as biofilm?. When
associated with food processing equipment, the term biofouling is alternatively used. The regular
cleaning and sanitizing operations are aimed to restore the hygiene status of surfaces and prevent
the development of biofilms. However, organic material and microorganisms may still accumulate
on food-contact surfaces. Through cross-contamination such deposits may lead to food spoilage or
foodborne illnesses in case pathogens are involved, or in the least critical scenario affect negatively
equipment performance.



When assessing surface cleanliness, traditional culture procedures are the standard method to
determine the total number of viable microorganisms or indicator microorganisms. Despite their
wide acceptance, these tests are very slow and results are obtained first after 48-72h*. Although
extensive trials to develop fast, robust, non-destructive and accurate tool for bacterial enumeration,
few methods have proven their applicability in full scale production conditions®. Therefore, the
steps conducted in this thesis were with the mindset to bring the detection of microbial hazards
closer to the food process own dynamic and achieve a more comprehensive overview.
Detection of microorganisms on surfaces becomes even more important when intended to change
the nature of the cleaning operations by substituting the involved volumes of fresh water with re-
covered water. In this case the importance of appropriate monitoring of equipment hygiene and wa-
ter fitness for use is enhanced since the likelihood of using contaminated water for cleaning is con-
siderably higher and can exacerbate the biofilm development. Therefore, with an overall aim to
bring a contribution in the area of surface fouling and biofilm formation under the current and rather
new movement towards water reuse practices, this thesis has been focused on:

e Characterizing the incidence and implications of microbial hazards under the conditions of the
two cases: RO water recovery and conveyer systems in the meat industry.

e Develop spectroscopic methods combined with multi-way data analysis into monitoring systems
or strategies applicable in these industrial set-ups that can bring an advantage in identifying,
preventing and reacting more promptly to emerging microbial contaminants in comparison with
current employed methods.



1.1 Outline

The thesis is developed around two investigations conducted during the project. In order to create a
better understanding of the research, the published papers are integrated in the thesis and the
additional text is intended to offer an introduction on the established techniques used in the investi-
gations, followed by a discussion of main results and perspectives.

Chapter 2 outlines the practical and legal frame of food hygiene, describes the implications of
hazards in the food industry and discusses the main challenges in achieving proper monitoring of
surface hygiene. The chapter includes a description of Process Analytical Technology (PAT) as a
support for new concepts in cleaning validation and risk assessment.

Chapter 3 opens with an introduction on fluorescence spectroscopy principles and an overview of
state-of-the art in monitoring surface fouling. Then the multivariate data analysis techniques
employed in Paper | are explained in more detail. In this paper a statistical algorithm was developed
that can demonstrate the use of fluorescence spectroscopy as a potential PAT tool to support fouling
monitoring on conveyor belt surface. The chapter continues with a follow-up investigation on Paper
I and describes the outcome of additional trials with a hand-held fluorescence device.

Chapter 4 moves the focus to the application of RO membranes for recovery of process-water in
the dairy industry. It offers an overview of the existing types of membrane fouling as main causes
of failure, combined with an introduction over the chosen techniques to evaluate the type of fouling
present on industrial RO membranes as detailed in Paper Il. In this paper biofouling is discussed as
the main issue on the investigated RO membranes, and the chapter is supplemented with results
obtained from other techniques that address scaling and protein fouling as well.

Chapter 5 consists of a general discussion on the main outcomes of the project and gives
perspectives for future research in relation to the implementation of PAT in validating surface
cleaning efficiency.



Chapter 2

Surface monitoring with a focus on fouling and
microorganisms detection

2.1. Legal frame of food hygiene

Food borne illnesses have been consistently among the top ten causes of death in the world.
According to the World Health Organization (WHO), in spite of continuous efforts to mitigate the
issue, still almost 1 in 10 people in the world fall ill after eating contaminated food and 420,000 die
every year®. In light of these facts which - scored more dramatic figures in the past - Codex
Alimentarius Commission (CAC) was established in 1963 by the Food and Agriculture
Organization of United Nations (FAO) and WHO, with the purpose to harmonize safe food
practices on a global level by developing food standards and guidelines, collectively called Codex
Alimentarius®’.

The risk of contamination with microbiological, chemical, physical or allergenic hazards®, is
inherent at all stages across the food chain and may have a tremendous impact on public health.
With the publication of the Commission’s White Paper on Food Safety®® in 2000, emphasize on
food safety increased. Over the years it became a legal requirement for any food manufacturer or
business operator to implement effective controls of their operations and ensure the production of
safe foods suitable for consumption. If not handled and/or manufactured properly, food products
may carry contaminants introduced during growth and harvesting of raw materials, storage,
transport, processing into final products or re-contamination may occur during subsequent storage
and transportation until the final consumer is reached. Therefore, hygiene in the food industry is of
paramount importance and as defined by Codex Alimentarius, represents “all measures necessary
to ensure the safety and suitability of food at all stages across the food chain”. In Europe, the
hygiene of food stuff is regulated by the Regulation (EC) No. 852/2004*°, Regulation (EC) No
853/2004% for the specific hygiene rules for food of animal origin and Regulation (EC) No
183/2005 on the requirements for feed hygiene, which are all incorporated further in the national
legislation of each country. The General Food Law (Regulation (EC) 178/2002)* serves as the
basis of all hygiene regulations™*.

The microbiological contamination is the major safety concern for food industries since most food
outbreaks are directly linked to the presence of pathogenic microorganisms and in fewer cases due
to chemical or physical contaminants®. This may be partly due to the fact that by comparison, the
latter ones can be better avoided and controlled through a well implemented risk management
system and surveillance programs. Microorganisms, on the other hand, are unavoidable in food



production environments. They may be introduced by air, contact with surfaces, water or humans*®.
Microbial hazards can be high risk pathogenic bacteria® responsible for causing diseases or low
risk spoilage bacteria® that have instead a negative effect (most often economic) on product quality
and shelf-life. Both categories thus present a major concern and great effort is made within the food
industry to avoid their spread and development. To reach this goal, Good Manufacturing Practices
(GMP) and Hazard Analysis Critical Control Point (HACCP) based procedures are a requirement
and used to control the incidence of any food related hazards®’. This requires more effort and
alignment of hygiene practices across the entire food chain, since factors like temperature,
humidity, pH, availability of nutrients, and presence or absence of oxygen may easily influence
bacterial growth and thus recontamination®.

GMP offer guidelines that deal with all aspects of production, from design of premises and
equipment, to control of the production process, plant maintenance and cleaning, personal hygiene,
storage and transportation, product information and staff training. GMPs are rather subjective
recommendations of a qualitative nature, but important prerequisite programs for the HACCP
system*. The HACCP concept is a risk management methodology aimed to identify safety risks
based on scientific knowledge and defines quantitative measures to control, validate and prevent
safety issues that may occur across the production stages™.

With the adoption of EU Water Framework Directive®, the reuse of treated wastewater has been
prioritized within the food industry and it is seen as a tool to achieve the objectives set in the
mentioned directive. The entire movement is primarily targeted to loosen the current dependence on
natural resources, such as water, and achieve minimal discharges. For safe integration,
implementation of any water reuse practice should be carefully designed and included in the
HACCP program as recommended by the Codex Alimentarius.

2.2. Type of surface materials used in food industry during manufacturing

Secure products are a direct result of safe production practices - hence hygienic food processing
environments are a mandatory factor to achieve food products suitable for consumption. Generally,
any type of surface may pose the risk of becoming a source of contamination at some point if not
maintained and cleaned properly. Cross-contamination may occur in various ways along the
manufacturing process, either through direct contact of food with contaminated equipment surface
or indirectly when exposed to potential contaminants from the processing environment, such as dirt
falling from the ceiling, splashes from floor cleaning, dust, fuel equipment leakages, etc. Therefore,
a hygienic design of the environment and more extensively of the processing equipment has an
important role in ensuring a safe food production free from physical, chemical and microbiological
contaminants. To meet the hygienic design criteria, materials of construction, equipment geometry
and cleaning protocols are the key elements to be addressed*.

Materials of construction are probably the first element to consider when designing food processing
equipment for a specific application. The European Framework Regulation (EC) No0.1935/2004%
regulates and outlines the safety requirements necessary to be fulfilled by any type of materials of



construction intended for use in the food industry. It is important to stress that the food contact
materials must be first of all mechanically stable as no or minimal damage should occur during
normal processing operations, resistant to a high range of harsh chemicals that are generally
included for cleaning purposes is needed, but also to high temperatures if steam sterilization or hot
water are intended to be applied. Also, since most food products are characterized by high water
content, food contact materials must be corrosion-resistant and chemically inactive avoiding
leaching out into the product of any toxic compounds. Besides these aspects, surface topography
plays an important role as well when considering that microbial contaminants can easily find
favorable growth conditions in crevices that are hard to be spotted and consequently cleaned. Thus,
all surfaces that come in direct contact with food must be smooth, non-porous and easy to clean.
Evidently, it is not always easy to fulfill all these different characteristics in applications, which
determines that new material development and improvement are continuously sought. Today, in the
food industry, stainless steel, plastics and rubber-based elastomers are the most common types of
materials used for the construction of different food processing equipment**.

Stainless steel is a popular metal that enters in the construction of a vast number of food processing
and storage applications due to its high corrosion resistance compared to other metals such
aluminum, copper or carbon steel. Also, it is the metal of choice for food industry in particular due
to its great mechanical strength, great endurance to heat and chemicals, ease to clean even when
handling strong coloring agents but also due to its property to be easily shaped in the necessary
format during fabrication®.

Through a process called passivation, a thin layer containing a mix of iron, chromium and
optionally molybdenum oxides is typically formed on metal’s surface in order to increase its
resistance to corrosion. In the manufacturing of stainless steel, the last step of final surface finish
has a high importance in rendering the metal’s required smoothness. Depending on its composition,
crystalline textures (e.g., ferrite, austenite, pearlite, martensite, ledenburite, spheroidite, and
cementite) and the selected combination of alloys, stainless steel comes in various grades; each of
them with specific properties that cover endurance to a vast range of food processing conditions®.
The largest quantities used are the austenitic stainless steels which are a system of Fe-Cr-Ni alloys.
Most commonly are AISI 304 (18%Cr-10%Ni) and AISI 316 (17%Cr-12%Ni-2.5%Mo ) stainless
steel due to their suitable hardness and corrosion resistance in most food applications™.

If low chloride levels are expected (up to 50 ppm) under neutral pH (between 6.5 and 8) and at low
temperatures (up to 25°C), the AISI 304 stainless steel types can be the metal of choice. From a
long term perspective of use at slightly higher chloride levels and moderate temperatures the
molybdenum-containing AISI 316 together with its lower carbon version AISI 316(L) types are
superior to AlISI 304 and become preferred. Thus, pipework, vessels, valves, pump castings and
rotors are frequently made of AISI 316/316(L)*". However, under high levels of chlorine combined
with high temperatures (more than 60°C), even AISI 316 stainless steels may show stress-corrosion
cracking. In such cases, super austenitic stainless steels with higher chromium, nickel,
molybdenum, copper and nitrogen contents or duplex steel and nickel alloys are required for their
higher strength and greater resistance to stress corrosion cracking®.



Plastics are high molecular weight polymers that besides their high use in food packaging are also
an important equipment construction material due to their high plasticity and corrosion resistance.
They may be used to avoid metal-to-metal contact, for conveying food products, used as covers and
guides, for storage containers or molds. The main concerns when selecting the type of plastic is
their ability to withstand the production and cleaning conditions such as temperatures, pressures and
chemical concentrations without cracking, breaking or releasing toxic compounds. Also, when
dedicated for food contact, the plastic materials should be easy to clean, with smooth surfaces, free
from cracks, not absorbent to food constituents or microorganisms and with good wear/abrasion
resistance”’.

Polypropylene, polyvinyl chloride, acetal copolymer, polycarbonate and high-density polyethylene
are among the few types of plastics considered safe and suitable for hygiene applications.
Compared to stainless steel that is manufactured according to standard specifications, plastic grades
may depend on supplier’s own specifications. Thus, the selection of appropriate plastic for specific
food contact applications must always be done based on tests that demonstrate their regulatory
compliance and compatibility with manufacturing conditions™.,

Once approved, maintenance of plastic based equipment is important. Conditions that may induce
failures of plastics should be minimized or better avoided if possible, since it may impact the safety
and quality aspects of food products. At low temperatures combined with high mechanical stress
some plastics may become brittle with sharp components detaching, which can ultimately result in
food contamination with physical hazards. Also, plastic surface damage acquired through abrasion
due to high shear forces between solids, slurries or pastes transferred along plastic’s surface will
promote the accumulation of soils, sustain biofilm formation and challenge the cleaning procedures.
Moisture but also some cleaning detergents and sanitizing agents may be absorbed by plastics
causing swelling, material shedding and generally poor surface hygiene. Similarly, plastics should
be protected from UV and ozone as such exposure will degrade material properties and sometimes
cause embrittlement. Electrostatic charges acquired through friction or rubbing operations are also
sought to be avoided. Such charges attract and favor the attachment of dust and bacteria to surface.
To mitigate the issue, food grade anti-static agents are added to polymer’s formulation®*.

Rubbers are the type of material whose high elasticity recommends them primarily in the
composition of seals, gaskets, caps and hoses. Depending on their formulation, different rubbers
come with different elasticity, resistance to chemicals and strength. They contain a mix of
polymers, fillers, plasticizers, activators, antioxidants, accelerants, and cross-linking (or vulcaniz-
ing) agents. There may be natural and synthetic rubber, thermoplastic elastomers, and silicone
rubber. In all cases, when selecting for food-contact purposes the most important aspect of all types
of rubbers is their property to be chemical inert and not leach any toxic compounds into food.*°



2.3. Biofilm formation

Biofilm formation is a practice that microorganisms undertake in order to achieve protection and
withstand unfavorable physical and chemical conditions. Briefly, biofilms are microbial
communities that bridge themselves in self-produced extracellular polymeric substances (so-called
EPS) while (firmly) attaching to a surface. The practice of switching from a planktonic state (free
floating) to the biofilm state is preferred by all microorganisms since is a self-defense mechanism to
harsh conditions normally encountered during food processing and cleaning operations. A general
accepted theory is that biofilms follow five (more or less) distinct stages along their formation: 1 the
initial attachment of planktonic bacteria to the surface, 2 replication and production of extracellular
polymeric substances (EPS), 3 formation of micro-colonies, 4 maturation (development of biofilm
architecture) and 5 detachment, see Figure 2.1%.

@ Reversible @ First @ Growth and @ Production @ Attachment of

attachment colonizers cell division. of EPS and secondary

of planktonic become (hours, days) formation of colonizers and

cells. irreversibly water channels. dispersion of

(seconds) attached. (hours, days) microbes to
(second, new sites.
minutes) (days, months)

Figure 2.1 Stages of biofilm formation; adapted from Monroe (2007)>*

The instalment of biofilms is closely linked with the production of EPS, which has a role in
attachment and also in building the biofilm matrix that acts as a barrier between embedded cells and
environmental stresses. EPS are high molecular weight compounds that include primarily
polysaccharides, proteins, nucleic acids, humic substances, and ionisable functional groups like
carboxylic, phosphoric amino and hydroxyl groups; it can account for 50% to 90% of the total bio-
film material®®. There is evidence that the production of EPS type and their amount differs among
bacterial strains even within the same species®®. More important, when associated with other cells,
microorganisms appear to create synergies, expressing changes in their phenotype that
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down-regulate or up-regulate different functions influencing the biofilm forming strengths,
functions and final architecture. Overall, environmental biofilms are complex and commonly found
to contain mixed microbial populations distributed in layers.

The attachment and development into mature biofilm structures undertakes complex mechanisms
that are regulated by a set of factors related to surrounding particularities, substratum, cell surface
and other aspects as summarized in Figure 2.2. The initial phase (attachment) is dependent on the
physicochemical interactions between cells and surfaces, whereas its subsequent phases (develop-
ment) corresponds to molecular mechanisms that lead to metabolic cooperativity between cells
through quorum sensing and their acquisition of new genetic traits by gene expression. Through
Brownian movement, van der Waals attraction, gravitational forces, surface electrostatic charges
and their intrinsic motility, microorganisms arrive inevitably on surfaces. Their adhesion is then
influenced most importantly by the availability of nutrients and the type of absorbed organic
molecules on surface. Other factors such as surface roughness or smoothness, hydrophobicity, pH
and temperature come as supportive factors for biofilm formation. Porous surfaces are generally
more difficult to clean and thus can offer more opportunities for cells to remain hidden and develop
into microhabitats®. Even though not a clear trend, hydrophobicity may also have an influence in
surface attachment. For instance, Salmonella and Listeria have been shown by Sinde & Carballo
(2000) to attach better on hydrophobic surfaces than hydrophilic ones. The composition of the
organic material and environmental conditions determine the type of cells attaching to surfaces and
their biofilm architecture. More dense and compact biofilms are formed under high shear forces
compared to low shear flows that promote thick multi-layered biofilm structures with different
architectures®.

ENVIRONMENT
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Temperature
Nutrient availability
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Flow
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Strain/species/serova BIOFILM PROPERTIES
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EPS ARCHITECTURE Topography

Flagella FUNCTIONALITY Chemistry
Gene expression Organic fouling

Quorum sensing
INDUSTRY

Food matrix
Cleaning protocol
Static/flow systems
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materials
Cleaning solutions

Figure 2.2. Factors impacting on biofilm formation, its architecture and functionality; source : Whitehead
et al.(2015)*’
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One should note that on engineering surfaces with food contact, the scheduled cleaning operations
are aimed to remove and avoid the development of microorganisms into biofilms. Regularly cleaned
surfaces may still accumulate organic material and bacteria, but in the case of open type of surfaces
(easy access) the likelihood of reaching advanced biofilm morphologies is minimized due to the
constant disturbance by cleaning (with possibility for mechanical cleaning) and sanitizing
procedures and the possibility to directly check their efficiency. In such cases, the term biofouling is
alternatively used and refers to the organic material associated with microbial cells retained on the
particular surface; it is what would typically correspond to the first biofilm stage in Figure 2.1 - the
reversible attachment. However, in closed and difficult to access systems such as pipes, membranes,
tubes, corners, interior of processing equipment, true biofilms are more likely to be found.

The accumulation of bacteria on a food-contact surface under the biofilm umbrella is undesirable
since by cross-contamination, it might lead to lower shelf life of products and pathogenic strains
will render food products unsafe for consumption and might cause diseases. Salmonella spp,
Listeria monocytogenese, E. coli O157:H7, Campylobacter spp., Bacillus cereus and Staphylococ-
cus aureus are some of the primary bacterial pathogens associated with food borne illnesses and
have been shown to adhere to food-contact surfaces and acquire persistence in food environments®.
Besides the impact on safety and quality aspects of the food products, biofilm formation can be
associated also with technical issues. Losses of heat-transfer efficiency may be encountered in
heat-exchangers under the development of biofilms on their surface or even blockage of tubes may
happen when biofilms reach proportions that can restrict the normal flow®®. Corrosion and material
deterioration can be promoted by biofouling, depending if the bulk biofilm contains
sulfate-reducing, iron-oxidizing or hydrogen producing bacteria, whose secreted metabolites are
capable to attack the colonized substratum®. In pressure driven processes, biofouling of membranes
increases the hydraulic resistance and lowers the unit performance. In reverse 0smosis membranes
biofouling may accumulate high salt concentration near the membrane, creating the Biofilm
Enhanced Osmotic Pressure (BEOP), which results in turn to enhanced salt passage®".

One of the main concerns related to biofilm formation is that when part of a biofilm structure,
microorganisms acquire certain levels of resistance to disinfection agents and implicitly persistence
in the processing environment, compared to when present in a planktonic state. The resistance of
microorganisms to biocides under the biofilm umbrella is attributed to several mechanisms where
EPS and changes in bacterial phenotypes play important roles. First, depending on their complexity
and amount, the EPS may act as a physical barrier and hinder the penetration of antimicrobial
agents through the bulk matrix. Also, biocides may partly react with matrix components such as
proteins, nucleic acids or carbohydrates, which determines that overall only sub-lethal doses of
antimicrobial agents reach bacterial cells present in the deeper level of biofilm. Complementary, as
an adaptive response to repeated exposure of non-critical concentration of disinfectants, bacteria
may change their phenotype and develop tolerance to present conditions®.
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Whether it is tolerance or true resistance to biocides, biofilm formation must be avoided especially
because pathogenic bacteria like E. coli O157:H7 that has poor biofilm production power when
alone®®, tends to interact instead with other microorganisms in order to benefit of the protective
advantage of biofilms. Depending on the type of surface-associated community, E. coli O157:H7
may exhibit synergistic or antagonistic behavior. Numerous bacterial isolates from food processing
environments have been shown to boost E.coli adhesion and proliferation on food contact surfaces.
Liu et.al (2014)% observed for instance that especially strong biofilm producing strains such as
Burkholderia caryophylli and Ralstonia insidiosa favored the persistence of E.coli in production
plants, exhibiting 180% and 63% increase in biofilm biomass, and significant thickening of the
biofilm, when co-cultured with E. coli O157:H7. However, other strains like Pseudomonas
grimontii may inhibit the proliferation of Escherichia coli®.

Salmonella, a pathogen related to numerous foodborne infections can persist on food-processing
equipment by its ability to form biofilms on all contact materials (plastic, rubber, glass and stainless
steel) involved in the food industry. It produces cellulose as the main matrix component and the
biofilm-forming ability differs among strains in relation to environmental conditions such as pH,
temperature and salt content®®. Lianou & Koutsoumanis (2012)% showed by evaluating a total of 60
different Salmonella enterica strains that the highest amount of biofilm was achieved at pH 5.5 (35
strains; 58.3%), at 0.5% NaCl (29 strains; 48.3%) and at 25°C (32 strains; 53.3%).

Bacillus cereus is a spore forming, motile bacteria associate with milk spoilage but also responsible
for foodborne illnesses®®. They possess the ability to survive pasteurization and form biofilms in
pipelines and stainless steel. The resistance of spores to hot alkaline solutions (pH>13) and hot
acidic solutions (pH<1) makes their removal more challenging and requires thorough hygiene
practices®”.

Staphylococcus aureus, commonly found also in human flora, is responsible for intoxications of
humans when producing enterotoxins in meat associated products. It has high biofilm formation
power on both stainless steel and polypropylene surfaces®. Consequently, the ability of most
pathogens to survive and be involved in biofilm formation requires processing conditions that limit
their development. Additionally, proper monitoring and cleaning operations are highly important to
ensure safe final products.

2.4. Challenges when monitoring surface hygiene

While there are regulations such as Regulation (EC) No 2073/2005% that specify the acceptable
microbial limits for different food products in relation to the aerobic colony count or specific
pathogenic microorganisms, surface hygiene does not have any specific limits of acceptability
defined by authorities. Baseline acceptable limits are instead set internally within food companies
and these should be meaningful in relation to hazard analysis and critical control points for each
product and process.
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As an overall aim, the cleaning and disinfection procedures are targeted to achieve at minimum
significant bacterial reduction and eliminate pathogenic bacteria from production environments.
However, due to various factors, among which one can list ineffective soil removal, instalment of
biofilms, faults in reaching the suitable temperature or chemicals concentration etc., the bacterial
removal may not be absolute and low number of bacteria can still remain on equipment surfaces or
machines. Thus, sampling and testing are necessary to monitor the remaining levels of
microorganisms, identify any potential instalment of biofilms and validate the efficiency of cleaning
programs. Monitoring surface hygiene level is however not trivial. Especially when considering that
estimations of the microbial population are to be done on a microscopic level in relation to surfaces
that in some cases may reach square meters for e.g. conveyor belts, industrial membranes,
fermentation and storage thanks. Also, easy access is not always possible for some processing
systems such as pipelines, tanks, containers or for those that may require dismantling as in the
example of meat grinders, filters, etc. In such situations, indirect methods are sought for conducting
representative sampling and microbial analysis. One strategy most commonly used is the rinse
method’® which involves the rinse of the specific unit with sterilized water added upstream and
collected downstream at different points (in space and/or time), followed by the estimation of
colony forming units in the collected rinse water. In this way bacteriological samples can be taken
from large surfaces that otherwise would be inaccessible for direct sampling. For this procedure to
work large rinsing volumes may be required and it thus result in increased disposal costs while
biofilms attached firmly to the surface of for instance pipes may not be detected.

Surfaces are generally challenging to monitor also due to the fact that their topology may change
over time as a consequence to process operations, such wear-and-tear on cutting tables in
slaughterhouses. Therefore both the cleaning and microbial assessment method needs to adapt and
take into consideration the presence of potential cracks, scratches and grooves. One should note that
such damages do not necessarily need to be visible to the human eye as even micro-crevices that if
not detected and cleaned properly are enough to harbor microorganisms and provide suitable
environments for growth. The world of microbiology on surfaces has still lots of unknowns since
there is no easy accessible technology or method that can assess directly and non-destructively their
presence in their microhabitat. The errors in estimating microbial levels and detection of bacteria on
surfaces are inherently higher when compared to liquid samples where plating is applied directly.
In the case of surfaces results are always dependent of the intermediate extraction step performed
by e.g. swabbing. All these aspects render production surfaces to be difficult to monitor and it is
nearly impossible to have a true estimate of actual microbial levels colonizing a surface. Rapid
microbiological testing is one area that lacks in accurate quantitative methods. There is not yet a
method to assess the microbial level of surfaces without having involved a recovery step via the
swab method. Thus, a direct non-destructive method would be far superior to the reference method.
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2.5. Current methods to validate cleaning on surfaces in industrial setups
2.5.1. Direct - culture based techniques

Conventional plating is the reference method of use for either quantitative purposes when intended
to enumerate microorganisms in a given sample, but also for qualitative analysis when isolation and
identification of targeted microorganisms is sought. Aerobic Plate Count (APC), referred in
literature also as Standard Plate Count (SPC), mesophilic count or Total Viable Count (TVC) is the
measure of Hazard Analysis Critical Control Point Effectiveness’!. The method is based on
allowing the growth of microorganisms retrieved from sample of interest, on the non-selective
enrichment media, followed by enumeration of the individual colonies visible on the plate, which
will provide an estimate of sample population, expressed as Colony Forming Units (CFU).
Typically Plate Count Agar (PCA) serves as the non-selective media of use in quantitative determi-
nations of the total level of a sample’s viable bacteria, since media composition will allow the
growth of a wide range of microorganisms. If on the other hand the interest is to detect and test for
specific bacterial strain like pathogenic bacteria or e.g. yeasts, selective enrichment media is
required. The principle remains the same, except for the media being used which is designed to
support and emphasize the growth of the microorganism of interest. These selective media typically
contain in their formulation antimicrobials, dyes, or alcohol meant to inhibit the growth of other
strains’?. Most pathogenic bacteria like E.coli, Listeria, Salmonella etc., have well defined standards
and are routinely used for their identification and enumeration in environmental and food samples,
as indicated in Regulation (EC) No 2073/2005%.

Although considered the standard method, the culture based technique is not absolute. Besides
being time-consuming and requiring trained personnel, it is unfit for real-time monitoring since
results are obtained at minimum after one day of incubation. Conventional plating has a series of
limitations that should be considered when interpreting the results. First, it should be noted that
each bacterial strain is characterized by certain cultivable conditions, among which most important
are the type of media, incubation temperature, concentration of oxygen and incubation period. As a
consequence, only a few percent of viable bacteria in the sample is cultivable on a given medium
and results are generally biased by the method used”®. The chosen plating technique - spread plate,
pour plate or drop plate technique - have as well a great influence and results are not directly com-
parable even for the same type of sample. In an attempt to create consistency, spread plate and pour
plate were standardized in 1SO 4833-1:2013"*. Another crucial factor in reaching true estimations of
the microbial level is played by the representativeness of sampling and retrieval of microorganisms
from surfaces’®. Direct sampling done via contact plates or swab techniques are the primary
methods used to account for all types of surfaces and have been standardized in 1SO 18593:2018™.

While the contact plate method comes as a ready to use plating solution with minimal sample
preparation and work load, it is recommended strictly for smooth, flat surfaces provided that they
have been previously cleaned and sanitized. It consists in a pre-made culture media plate that is
pressed against the area of interest for 5 to 10 seconds followed by incubation and colony counting.
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The possibility to conduct multiple sampling in short time periods and ease of use are the main
advantages of this sampling method. This makes it suitable to validate if surface sanitation has been
achieved. 3M™ Petrifilm™ Plates (3M) and dip slides (BIOSAN Laboratories, Inc.) are some of
the commercial available solutions that incorporate the contact plate method principle”®.

The swab contact method is done either via stick swabs, see Figure 2.3,when surfaces are less than
100cm? or via sterile cloths or sponges when more than 100cm? is targeted for testing. The
pre-moistened swabs can be useful in sampling from porous, irregular surfaces or corners. After
wiping thoroughly the area of interest, the stick swab bud is collected in a sterile recipient
containing a buffered rinse solution with neutralizers™. After extraction of microbial cells in the
rinse solution, the resultant liquid can be subsequently plated and used for quantitative or qualitative
analysis.

The reproducibility and repeatability of sampling via stick swabs is rather poor since it’s mostly
subjective to the operator skills, pressure applied and extent of the swabbing pattern which are hard
to standardize. Also, in case of organic residues or severely fouled areas, the stick swabs are limited
by the sample load. In this case the sponge and sterile cloth are the alternative swabbing techniques
that have a higher power of recovery and sampling is slightly more reproducible. This way they
may be used not only for cleaning validation but also for testing during production cycles, when the
organic load is typically higher. Gloves must be used and sanitized with e.g. 70% alcohol prior
holding the sterile sponge or cloths. The swab needs to be moistened in a sterile rinse solution,
commonly saline peptone in water 0.9%(v/v), rub over the surface and placed in a sterile plastic bag
filled with diluent in which microorganisms are to be released via stomaching.

In spite of the well acknowledged limitations, the conventional methods are still considered the
golden standard for bacterial detection and enumeration, due to their inclusion in the legal
frameworks. It is indeed true that no perfect methods exists so far, but to some extent this may also
be attributed to the fact that any new technology or measurement technique would have to be vali-
date against this reference plating.
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Figure 2.3 Examples of common types of swabs used in food industry for cleaning validation purposes.

2.5.2. Indirect - marker based techniques

ATP based assay-adenosine triphosphate (ATP) is the common molecule found in all living
organism. It is indispensable for intracellular energy transfer and cell metabolism. This is attributed
to the high energy stored in its phosphate bonds serving as a main source of energy in cell functions
with energy release when cutting one of the phosphate bonds. Reversed, when in the presence of
luciferase with luciferin as a substrate, ATP may be converted into light and offers a direct measure
of the amount of ATP consumed, hence present, in a sample. The ATP bioluminescence method
uses a luminometer to measure the low amounts of light produced. Results are acquired fast and are
expressed in relative light units’®. Various commercial solutions like CleanTrace (3M), Hy-Lite
(Merck), Lightning (BioControl) and EnSURE (Hygiena) are available and their various
sensitivities are the main competing advantage. Different cell types are characterized by different
amounts of ATP. Typically one bacterial cell contains 1/1000 of the level present in an eukaryotic
animal, plant, yeast or mould cell (approx. 10 g)’’. Additionally, ATP levels are also dependent of
cell structure, stage of growth or growth temperature.

In the food industry, where it is generally difficult to distinguish between microbial ATP and other
sources of non-microbial ATP, the method has been established mainly as a rapid way to assess the
total surface hygiene, considering that organic matter improperly removed during cleaning may
hinder the efficiency of disinfection and contribute instead to faster instalment of microorganisms
on surfaces. Similar to plating techniques, the sample collection is again a critical phase due to
sampling which is conducted via a stick swab method. Also, one should note that diverse ATP tests,
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see Figure 2.4, are not compatible with luminometers from other manufacturers. Hence, for valid
results it is important to use the device and reagents from the same manufacturer.
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Figure 2.4 Commercial examples of various ATP tests; source: hygiene.com.

2.6. Process analytical technology (PAT)- for cleaning validation and risk
assessment

Using the definition given by the FDA in their Guidance for Industry, PAT is “a system for
designing, analyzing, and controlling manufacturing through timely measurements (i.e., during
processing) of critical quality and performance attributes of raw and in-process materials and
processes with the goal of ensuring final product quality”’®. Ever since the PAT initiative was
started by the FDA in 2002, a recommendation primarily for the Pharmaceutical industry, the food
industry has also been increasingly embracing the PAT principles. The trend is driven by the
complex and dynamic processes that may turn out to be more cost and operational effective if tuned
appropriately to the unavoidably variable and complex composition of raw materials or other
unforeseen interferences.

The ultimate goal of PAT, especially from a food safety perspective, is very much in line with the
scope of HACCP programs. When comparing their particularities, one can notice the compatibility
of the two frameworks. In the HACCP systems quality and safety of final products is ensured
through monitoring defined process parameters (e.g. temperature, pressure, turbidity, conductivity,
pH, etc.) in critical control points (CCPs) and take corrective actions whenever established control
limits are exceeded. Complementary, in PAT systems the critical process parameters identified as
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linked to a product’s quality and safety, are monitored in strategic points, but not necessarily
considered CCPs. Additionally, in the PAT case, corrective actions and modulation of the process
are implemented continuously (so-called continuous optimization) using measurements that link the
evolution of all process parameters with their predicted effect on final product properties.
Therefore, the HACCP’s risk mitigation strategy is based on creating local hazard gates along the
process, and act as a result to their individual responses; non-conformities being registered
whenever unexpected input variability is encountered (i.e. seasonal variation of raw material
properties). By comparison, the PAT strategy aims to homogenize the variability at such hazard
gates through appropriate measurements combined with a holistic analysis that can give better
insights over true process dynamics and tune the process parameters in such way that the
non-conformities are minimized or reduced to zero even in the context of unforeseen
interferences’®,
A typical sequence of steps in designing and optimization of a manufacturing process based on PAT
principles includes: 1 a start-up phase in which (critical) material and process attributes related to
product quality are identified and measured, 2 the design phase of a process measurement system
that accounts for monitoring all critical attributes in real time or near real time (e.g., on-, in-, or at-
line), and finally 3 the control phase where process adjustments are designed and implemented to
support the control of all critical process and product features. In order to achieve this, a set of PAT
tools are required and they may generally be classified into:
e Multivariate tools for design, data acquisition and analysis (Design of Experiments/ DOE,
chemometrics)
e Process analyzers (instrumentation, Process Analytical Chemistry)
e Process monitoring and control tools (Multivariate Statistical Process Control / MSPC, Quality-
by-Design / QbD)
e Continuous improvement and knowledge management tools (statistical optimization)’

Without doubt, process analyzers and multivariate tools represent the engine and the core of PAT.
In food processing, the main challenge is on the one hand finding the optimal way to cope with the
dynamic of processes towards particular output quality and on the other hand, the continuous
change in chemical and physical composition of raw materials and end-products as a result of
environmental factors (e.g. humidity, temperature, pH, level of microorganisms, etc.). Thus,
following one critical parameter at a time (i.e. flowrate, temperature, pH, dissolved oxygen,
conductivity, etc.) as measured by traditional univariate instruments often has limited power in
predicting the quality performance of outputs at various manufacturing steps. However, employing
multivariate tools that consider in the analysis the cumulative effect of all univariate parameters,
patterns specific to particular changes may be identified and help in taking appropriate corrective
measures. Obviously, any instrument that can measure the one process parameter linked directly to
output’s attributes would be superior. But such parameters do not exist in most of the cases and
statistical inferences need to be made based on appropriate mathematical modeling of relevant
measured variables’.
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The advances in fiber optics, spectrometer technology and computers lead to more sophisticate
instruments (primarily chromatography and spectroscopy based techniques) that are capable to
measure variables that relate directly to the chemistry, physiology and biological properties of
organic and inorganic matter. A large body of research has been focused on finding the application
of such instruments when combined with the appropriate data modeling in reaching measurement
systems that can capture more of the process signatures and explain better the kinetics involved in
food production. This is illustrated in Figure 2.5 from Munir et al. (2015)%, which depicts that a
great deal of PAT related publications focused primarily on the development of commercial
solutions for instruments and/or mathematical tools suitable for various issues. However, finalizing
the PAT loop and having such solutions integrated in an active and efficient process control at
industrial scale is minor. Especially in food industry, where the unavoidable raw material variation,
complex physical and chemical matrix combined with high susceptibility for spoilage under various
combinations of environmental factors make process monitoring challenging®.
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1 Fundamentals Acrticle is concerned primarily with the fundamentals
2 Regulatory Concerned with issues pertaining to rules and regula-

tions such as FDA
3 Commercialization | Concerned with issues when commercializing the strat-
egy or measurement technology

4 Widely adopted Concerned with the favorite tools for the practitioners
and academia from different process industries
5 Review articles | Concerned with critical and constructive analysis of the
PAT, literature extending explanation of PAT
6 Mature field Concerned with successful, well adopted and mature
fields of PAT

Figure 2.5 Overview of the extent of PAT research concerning different tools across different industries;
source Munir et al. (2015)%
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Nonetheless, even not used according to their original recommendation for a feed-forward in real
time type of situations, PAT tools, in particular the spectroscopic type of analyzers and multivariate
data analysis may still come useful in improving the overall performance of food manufacturing
processes by:

e Speeding up the validation steps in HACCP systems, through their faster and more
comprehensive way of data acquisition and analysis, hence higher promptness in corrective
actions.

e Supporting process innovation and sustainability by taking decisions on when to stop or initiate
a process as a function of whenever specific quality or process set points are achieved®.

To illustrate the point, under the HACCP concept cleaning of equipment (for instance filtration
membranes), is a recipe—based process with a fixed end-time determined based on previous research
and risk-analysis derived data. Briefly, alkaline-acid chemicals (optional enzymatic formulations
and sanitizing agents) recirculate in steps within the unit for defined periods of time (or fixed
volumes in combination with recirculation time) with clean water flushes in between. During
cleaning, parameters like chemical concentration, pH, conductivity and flowrates are measured in
order to ensure that conditions according to the established recipe are met. In a subsequent
validation step, at the end of cleaning, the hygiene attributes (i.e. aerobic plate count, ATP test)
would be measured and if not comprised within control limits, additional cleaning is applied as a
corrective action. However, for this particular case, accessing the membrane surface and conduct
such tests is impossible unless performing destructive membrane autopsy, hence compromising the
system. For that reason the validation step mainly consists in checking if water flux over
transmembrane pressure is restored within acceptable limits and performing microbiological test on
e.g. the clean water flux as an indirect marker for the equipment cleanliness.

By comparison, in a PAT based process, end-of-cleaning would be the achievement of established
parameters related to hygiene. An example is given by Lyndgaard et.al (2014)® that describes the
use of UV-VIS in reaching a decision when appropriate CIP of whey filtration units has been
achieved. In the process of whey filtration, protein fouling caused by absorption and accumulation
of whey proteins on membrane surface is one of the main causes for decreased unit performance.
Thus, the CIP operations are intended to remove this protein layer, whose extraction rate from
surface into the cleaning solution can be monitored by following tryptophan (a UV chromophore
present in whey protein) levels in CIP liquids via UV-VIS instrument with the appropriate
multivariate tools, in this case exploratory tools such as Principal Component Analysis (PCA). This
leads to a monitoring system that captures the protein release trend from membranes, which is more
intensive during enzymatic treatment, see Figure 2.6.

One can also notice that flushing steps within enzymatic and peroxide cleaning can be shorten since
the system reaches water purity level much earlier than their set end-time. Obviously, such
end-points defined within the (fixed) CIP recipe are intended to account for a reasonable
compromise that will cover most cleaning dynamics, but using a PAT approach the CIP operations
could be adjusted accordingly (optimized continuously) and save the amount of water involved in
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the unnecessary extra flush period. The validation step will still be required, but the real-time modu-
lation of the process will generate fewer incidences of non-conformities.

Figure 2.6 also addresses another issue, namely that the (biological) residual fouling present on the
membranes is not directly observable, but must be related to the observed cleaning
performance/clean water flux and the residual organic load® observed during cleaning, both over a
longer period of production time including period CIP’s. To have a full QbD solution, this residual
fouling must be known (or maybe understood) and characterized for the production system under
investigation. This (statistical) characterization® of the membrane system could be called the
Design Space, and is an important part of a full PAT implementation.
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Figure 2.6 Example of a PAT approach for water reduction in CIP process of whey filtration units; source
Lyndgaard et al.( 2014)%
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Chapter 3

Fluorescence spectroscopy as tool to support fouling
monitoring on conveyor belt surfaces

3.1. Fluorescence spectroscopy principle

Before introducing the investigation presented in Paper I, a brief overview of basic principles of
fluorescence spectroscopy is presented, as the technique has been at the basis of data collection.
Only main aspects of relevance for the investigations presented here are discussed; for detailed
knowledge in the field of fluorescence spectroscopy the reader is referred to Lakowicz (1999)%°.
When interacting with matter, light or radiation from different regions of the electromagnetic field
can be absorbed, transmitted or scattered. Under the absorbance phenomena, if the wavelength
(energy level) of light matches the required energy for a molecule to reach one of its electronic
excitation states, the corresponding photons are absorbed with the remaining part being transmitted
and/or scattered. In the case of most molecules, the relaxation from excited state to ground state
takes place rapidly as a non-radiative decay. For a limited number of molecules however, such
relaxation happens as a radiative-decay, hence with emission of light. This commonly happens
through a phenomenon known as fluorescence®’.

Phosphorescence and chemiluminescence are two other luminescence phenomena where emission
of light occurs as well. In chemiluminescence the electrons of a molecule are excited upon a
chemical reaction, while fluorescence and phosphorescence are similar in the sense that both require
the absorption of photons in the UV-VIS range to achieve an excited state®. The Jablonski diagram
in Figure 3.1, helps in explaining the occurring transition processes and to distinguish between the
two phenomenon. Considering the case of molecules that can undergo either fluorescence or
phosphorescence, at room temperature such molecules are almost exclusively present in their
ground electronic singlet state (Sp) the lowest of the vibrational energy levels, symbolized as 0, 1
and 2. Upon absorption of light and depending on the energy level (wavelength) of the electromag-
netic radiation, the molecules can reach one of the excited singlet states, hence transit either from Sy
=>S; or Sp => S, or even higher; in all cases transitioning to any of the corresponding excited
vibrational states. Next, the return to a vibrational level associated with the ground state happens
only with release of light (photons) via one of two pathways:

e Most common through the fluorescence path that can only occur from S; to Sp; the emission

rates are fast with a fluorescence lifetime around 10 nanoseconds.
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e In special situations when the transition to the ground state is forbidden, the phosphorescence
path can alternatively happen from T1 to SO and requires first a so-called intersystem crossing
process to reach the triplet state; in this case the emission rates are slow with phosphorescence
lifetimes in the order of milliseconds to seconds®®®,

Jablonski Diagram

4
Sn —/ A = photon absorption
F = fluorescence
P = phosphorescence
S: 7 S = singlet state
Ic T = friplet state

IC = internal conversion
s, - 1sC ISC = inter-system crossing

energy
1

2

Sp

electronic ground\state

uUv-vis

Blue shift direction Red shift direction
— —

Figure 3.1 The Jablonski diagram; adapted from https://slideplayer.com/slide/9006507/

Important to note is that if present in one of the higher vibrational levels associate with an excited
state, the molecule loses its excess of vibrational energy through collision with other molecules.
Also, more energy is lost via internal conversion in order to reach the lowest excited state S; or T;.
Given such energy losses, if there are no other interferences, the emitted light is always red shifted
(towards longer wavelengths = less energy) in relation to the excitation light. The fact that
fluorescence only describes the S; to Sp path, which is specific to each molecule, makes
fluorescence a selective method and offers the possibility to identify the nature of present molecules
in relation to their specific combination of excitation/emission spectrum®.

Molecules that have the property to fluoresce are called fluorophores and typically contain an
aromatic ring or conjugated double bounds. There are synthesized®® fluorophores designed to bind
to specific molecules such as the fluorescence dyes used in Paper 11%° (SYTO™ 9, SYPRO® Ruby
Protein Gel Stain and Concanavalin A) or natural occurring fluorophores (intrinsic fluorophores)
whose emission is called autofluoresence. This chapter deals primarily with intrinsic fluorophores,
since microorganisms are known to contain fluorescence active compounds®, and their detection
may help in reaching a solution to quantify the level of microorganisms on surfaces without


https://slideplayer.com/slide/9006507/

labeling or using other destructive methods. Primary target molecules are the aromatic amino acid
tryptophan, the coenzymes NAD(P)H and FAD, porphyrins and ATP.

Box 1: Instrumentation and measurement principles

A fluorescence spectrophotometer consists in several components:

Light source — typically a high-pressure xenon (Xe) arc lamp that has the property to provide
continuous light output from 250 to 700 nm, a pulsed xenon lamp or in simplified instruments
a single or (small) array of light emitting diodes (LED) may be used to emit light at a specific
wavelength.

Monochromators - are used to disperse the polychromatic light into its individual wavelengths
by means of prisms or more often by diffraction gratings. It allows to selected single
wavelengths at a time to reach the sample or to scan a wavelength-separated spectrum of the
emitted light. An important aspect of monochromators is their property to reject stray light,
which essentially is any unwanted light that passes the monochromator and is not due to
fluorescence, hence scatter

Slits - the slit widths can vary and has a role in dictating the light intensity that passes through
a monochromator, hence signal-to-noise ratios, but at the same time the selectivity/resolution
in the emission and excitation spectrum. A tradeoff between these two aspects — signal-to-noise
and resolution — needs to be established.

Detectors - usually a photomultiplier tube (PMT), where one wavelength at a time is detected,
or a charge-coupled devices (CCD ), that allows the detection of all wavelengths
simultaneously  resulting in less recording times and makes the emission filters or mono-
chromators to be unnecessary®.

Depending on the geometry of measurements, two methods can be distinguished,

Right angle geometry - collection is done at a right angle relative to the incident beam; this is
suitable for transparent samples (most often liquid samples). In this geometry the stray light is
minimal.

Front-face arrangement - collection of light takes place at e.g. a 30° angle relative to the
incident beam; suitable for solid samples. If stray light is too high the collection angle can be
increased, all the way to a 180° geometry. In such cases, the instrument may be coupled to a
fiber optic making it possible to bring the light to and from the sample®. Both configurations
can be seen in Figure 3.3.

The instrument must obviously fit the type of samples intended to be analyzed. In this thesis, front-
face fluorescence is addressed.
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Box 1: Instrumentation and measurement principles

a) Conventional right angle geometry b) Front-face illumination arrangement
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Figure 3.3. Geometric arrangements for steady state spectrophotometer a) conventional right-angle geometry
b) front-face illumination arrangement.

3.2.Factors affecting the fluorescence emission

In fluorescence spectroscopy, the measuring systems are based on photon counting, which facilitate
low detection ranges and high sensitivity (in the order of ppb-levels) when compared to other
spectroscopic methods®®. The emission spectrum is broad following a Gaussian profile and its
intensity at a specific excitation wavelength is linear and direct proportional to the concentration of
detected species, following the Lambert-Beers law. However, there are situations when the
fluorescence intensity is affected by — often uncontrollable - environmental conditions. As a conse-
quence, the linear relationship with the fluorophore concentration might no longer be valid. These
phenomena are collectively called quenching and may happen when:

e Dynamic quenching - where due to temperature effects the collision of molecules is enhanced
which in turn results in deactivation of the excited-state fluorophores, hence the higher the
temperature, less fluorescence intensity is expected.

e Static quenching — may happen under the presence of quencher molecules that react with the
present fluorophores forming non-fluorescent complexes.

e Inner filter effect - may happen due to a concentration effect or mixture with other fluorophores,
where the emitted light may be partially absorbed by the fluorophore itself or may match the
excitation of another molecule, leading to losses in the detected fluorescence intensity®2.
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Besides reductions in intensity, the emission spectrum may also be red shifted (towards higher
wavelength) or blue shifted (towards lower wavelength) as a function of pH* and solvent polarity®*,
causing difficulties in identifying correctly the fluorescing molecules.

3.3. Emission-Excitation maps (EEM)

A common way of presenting the fluorescence spectra is as an emission spectrum that is measured
at a specific excitation wavelength, see Figure 3.2a. Such emission spectra are useful in simple
systems where the nature of the fluorophores is known, plus no overlapping peaks and minimum or
no interferences are expected. However, in complex samples it is preferred to record the emission
spectra at different excitation wavelengths, which results in a fluorescence landscape known as
excitation-emission matrixes (EEM), see Figure 3.2c. The EEMs have the benefit of capturing more
information, which gives an advantage in resolving overlapping peaks, achieve better identification
of fluorescing species and estimate their concentrations. Since not all the light arriving at the
detector is fluorescence (i.e. light emitted from S; to Sp), both the emission spectra and the EEMs
need to be cleared of the scattering information before interpretation or analysis®™ . The two types
of scattering present in EEM are:

e Rayleigh scatter — is the elastic type of scatter caused by the solute or fluorophores themselves
where light is absorbed and emitted at the same wavelength as the incident light. The Rayleigh
signal can be recognized based on its sharp peaks and presence at multiples of the excitation
wavelength, hence in an EEM only 1% order Rayleigh (emission wavelength = excitation
wavelength) and 2" order Rayleigh (emission = 2 x excitation) can be observed.

e Raman scatter — is the inelastic type of scatter caused by the solute which absorbs light and
emits at a lower energy level compared to incident light. The energy loss depends on the nature
of solute; the Raman scatter line can be recognized by its constant distance from the 1st order
Rayleigh scatter line throughout the EEM® %, Both types of scattering can be noticed in Figure
3.2b.
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Figure 3.2. Typical fluorescence measurements; a) Emission spectrum of riboflavin solution at single
excitation wavelength (450nm), b) Emission-Excitation Map (EEM) of riboflavin solution, c) Rayleigh and
Raman scatter in EEM of deionized water.

Box 2: PARAFAC

When recording EEMs at discrete time points during a process or over a set of samples, the stacked
2D fluorescence landscapes result in a three-way (or 3D) array X (IxJXK), as shown in Figure 3.4.
A suitable way to resolve and extract valuable information from such data cubes is by decomposing
the three-way array into its components by means of PARAIllel FACtor analysis. The PARAFAC
model decomposes the data into a systematic part composed of three loading matrices A, B and C
with elements a; s, bj s and cy s, which are found by minimizing the sum of squares of the residuals or
unsystematic part e; ;
F
Xijk = z air-bjscrytejr
f=1

where x; ; ;. is the intensity of sample number i at emission wavelength j and excitation wavelength
k: F represents the number of components extracted (the chemical rank).
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Box 2: PARAFAC

Figure 3.4. lllustration of PARAFAC decomposition

Due to its three-way decomposition nature, PARAFAC is a curve resolution method, meaning that if
the right number of components (the correct chemical rank) is selected the PARAFAC solution is
unique and the calculated loadings represent the true underlying excitation and emission spectra.
Keeping the same dimensionality as the original data in the decomposition method cancels the
rotational freedom that the two-way analysis methods (for example PCA) have and leads to the
uniqueness feature®®. This is obviously an advantage when intended to resolve complex mixtures
with unknown and emerging fluorescing species, hence without knowing in advance their spectra.
Such case is illustrate in Paper 1'® where the underlying fluorescing species of conveyor belt
surface are identified together with riboflavin, which in this case is used to demonstrate the
situation of an emerging contaminant. The uniqueness feature of PARAFAC attracts also the fact that
calibration can be done on limited number of measurements, compared to the exhaustive datasets
necessary in the case of two-way analysis methods.

In order to reach a valid PARAFAC solution, data must have a trilinear behavior, the noise should be
random and not too severe and the appropriate number of components must be determined. By its
nature, fluorescence is a trilinear system®; the intensity of absorbed and emitted light (emission as a
function of excitation) is directly proportional with the concentration of absorbing species (under the
conditions indicated in 3.2. Factors affecting the fluorescence emission). Exception from the trilinear
behavior is the scattering effects. Therefore, before the PARAFAC analysis, all EEMs are cleared
from any influence of scatter by inserting zeros/missing values in regions correspondent to Rayleigh
and Raman scatter but also where the emission is below the excitation wavelengths since no
information is expected. The most critical issue is deciding on the right number of components. Prior
knowledge of expected complexity is always useful, but even under lack of such knowledge,
decisions can be made by assessing the residual matrix (check if systematic patterns are still left in

the data) and applying the core consistency diagnostic'®.
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3.4. State-of-the art and challenges

Considering the potential impact of microorganisms on food spoilage and consumer safety, the
development of rapid monitoring systems able to provide information during production and during
storage stages is highly desired, but also a fundamental challenge. Such solutions not only will have
a positive impact in protecting consumers from pathogenic agents, but they will also help food
producers to react promptly, increase their products’ shelf-life and reduce number of recalls by
ensuring proper food quality. Several fast monitoring techniques have been developed over the
years for microorganism detection. Most often these are based on electrical impedance’*'% ATP
based bioluminescence'®*'% | flow cytometry'®, electronic noses'®’, PCR based methods*®®%° or
vibrational spectroscopy™'% .

Obviously, sensing the presence of microorganisms in a remote, non-destructive, rapid way would
be superior to methods that require certain levels of sample preparation (i.e. typical sample
collection via a swab method and extraction of microorganisms into solution followed by a
detection technique, accompanied by labeling with fluorescing dyes or nano-particles). Therefore,
when addressing the remote, non-destructive way of quantification of microorganisms, spectroscop-
ic based methods are the ones investigated the most, in particular NIR>¢ R0 Raman'?122
and fluorescence spectroscopy™ 2>+,

The IR-absorption bands can provide a fingerprint over proteins, lipids, polysaccharides and other
functional groups present in microorganisms. With respect to sensing of microorganisms that
mostly develop at the surface of food products or of food-contact equipment, the Fourier-
transformed infrared attenuated-total-reflectance (FTIR-ATR) is a promising version of IR
spectroscopy that focuses its collection of information from the vicinity of a sample’s surface as a
function of the penetration depth of the evanescent wave (typically only a few pm). Raman
spectroscopy which is based on the inelastic scattering of photons, offers complementary
information to the IR technique. High resolution spectral signatures can be acquired in relation to
the present proteins, nucleic acids, carbohydrates and lipids'?>, which have been proven useful in
distinguishing between bacterial strains?®. Compared to IR, water absorption does not represent a
drawback in Raman spectroscopy, but the signals are generally weak, with high fluorescence
background especially when analyzing biological samples. Surface enhanced Raman spectroscopy
(SERS)'’ is one variant of the Raman technique to increase the signal and overcome the
fluorescence background. However, this is achieved with the addition of nanoparticles, which
requires special, delicate conditions (pH, particle size considerations in relation to bacteria, etc.) and
the variation of the local field enhancement usually makes it challenging to achieve quantitative
results*?,

Compared to FTIR-ATR and Raman spectroscopy, fluorescence techniques are much more
sensitive (reported 100-1000 times more sensitive than other spectroscopic methods®). Even though
it is based on limited chemical information (only a few active fluorophores compared to the high
resolution spectral signatures recorded in Raman and IR spectroscopy), the intrinsic fluorescence is
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specific and can be linked to the microbial activity, biomass and cellular components*®. Also, the
instrumentation can be quite simple and robust, and the possibility to acquire measurements fast,
remotely and under ambient light are some of the features that make fluorescence spectroscopy
suitable for reaching monitoring systems that can function under industrial conditions.

However, the intrinsic fluorophores that the method relies on are not present only in
microorganisms but also in the food product. Therefore, discriminating with good accuracy the
microbial information from the food matrix is the primary challenge. Extensive studies have been
conducted over the years; some of them summarized in Table 3.1 and demonstrate that when com-
bined with the appropriate multivariate techniques the aerobic plate count (APC) levels on different
food products can be predicted based on the fluorescence data. Looking through the studies in Table
3.1 it is evident that most studies focus on prediction of APC in particular on meat products and
only few address the hygiene status of food-contact equipment/surfaces. One reason for this trend
may be due to the high perishable nature of meat, especially beef, which determines a priority for
developing methods that can rapidly assess the spoilage level of such products in order to prevent
any potential incidents of foodborne illnesses associated with spoiled food consumption.

Under the main mechanisms of meat spoilage that may occur as lipid oxidation, enzyme reactions
and microbial growth, the chemical composition of meat products will change. Meat spoilage is
typically a result of microbial development, which results in development of off-odors, off-flavor
and slime formation?. Hence, having a spectral fingerprint of the specific meat products in relation
to their freshness status and periodic monitoring during its spoilage process, such structural changes
can be captured in the wealth of information acquired by either IR, Raman or fluorescence tech-
niques; sensitivity making the difference between methods. With the appropriate multivariate tools
(most often PLS) the link between observed changes with the reference aerobic plate count can be
established. The estimation of APC levels can therefore be achieved indirectly as a response to the
changes of meat composition that microorganisms may induce. While the working principle can be
proved under lab conditions, the main challenge in reaching robust commercial solutions is that the
models are not transferable; extensive calibrations must be done in relation to each type of meat
(beef, chicken, pork, fish) and different muscle types (plain muscle fibers with or without presence
of fat and connective tissues) in order to define the appropriate baselines generally valid for real-life
situations.

When extending the same measuring principle to equipment food-contact surfaces for their APC
evaluation, the issue is even more challenging. Detection of microorganisms would have to be
based preferably on the direct detection of a microbial fingerprint, since the equipment surface will
not change its chemical properties as a function of bacterial growth, unless extreme. The two
situations when surfaces might require hygiene assessment are after cleaning operations and —
preferably - continuously during production.

Determining the hygiene status of surfaces after cleaning mostly summarizes to answer the ques-
tion: Is there anything left on the surface? This is typically answered via ATP assays. Having a
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good picture of what the clean surface should look like, then detecting with high accuracy any
product residuals and microorganisms depends on the capabilities of selected technique. However,
even in this situation several sources of error and challenges may appear, in particular due to the
fact that surfaces are not always homogenous (i.e. the sample collection for ATP swab methods will
be negatively affected by wear-and- tear). Additionally, surfaces may have their own signal with
certain level of interference (background interference) in relation to the chosen measurement
technique. These aspects make quantification of residual fouling/biofouling on equipment surfaces a
difficult task. Most studies conducted on surface hygiene with a goal of rapid remote sensing are
only qualitative indicating the presence/absence and distribution of contaminants.

The other case, setting up a real-time measuring system while production is running, has obvious
benefits (real-time reaction to hazards, fine tuning cleaning operations in relation to actual hygiene
necessities etc.). But isolating a bacterial fingerprint from a high and variable interference caused by
the food matrix is another issue that comes on top of the challenges related to surface physical
properties and potential strong background information.

From Table 3.1, it is apparent that most studies do not take benefit of the full dimensionality of
fluorescence landscapes. In the majority of cases, recordings are done at a single excitation wave-
length characteristic for a specific fluorophore (results in a two-way data array), or when the full
fluorescence landscape is recorded the three-way fluorescence data is unfolded and reduced to a
two-way array that fits the two-way modeling methods such as PCA™ and PLS™* (first order
calibration). The weakness of using a first-order calibration (based on two-way array data) is that
any interference with the analyte signal would have to be identified and modeled in the calibration,
which comes at the cost of large sets of calibration samples in order to have a good estimate of their
effect. This may be suitable for the case of evaluating the freshness level of meat products, assum-
ing that under controlled storage conditions the only interference that may occur is due to bacterial
spoilage. Consequently, having their effect included and modeled in the calibration data, the
estimation of true spoilage level can be determined in new samples. However, such first-order
calibrations lack in their power to give the true estimate of analyte signal when new/unknown
interferences occur (which have not been included in the calibration model) as it may result for
instance due to different backgrounds from variable sources (such as surface wear-and-tear induced
by processing operations or variable background interference from e.g. short-term or permanent
color changes caused by the food matrix). Second-order or trilinear calibration (PARAFAC based
models) can on the other hand compensate for both new and modeled interferences. In such cases
the calibration can be based on a limited number of samples since by keeping the original
dimension of data (three-way structure), a true signal would be identified using the simultaneous
response in relation to two vectors this time (i.e. excitation and emission in the case of fluorescence;
Box 2), which can be decomposed also in the presence of interference, reducing ambiguities. Such
trilinear calibrations have higher power to resolve overlapping peaks and filtering out any new
interference not included in the calibration set.
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Based on the different considerations mentioned above, one of the aims of this thesis was to explore
the full properties of emission-excitation matrices by employing trilinear calibration and test the
fitness of such approach for its power to estimate the microbial level on conveyor belt surfaces.
Conveyor belts are equipment found throughout slaughterhouses and represented the test surface for
this investigation. While the construction material of such conveyor belts (in this case polyacetal,
POM) has its own auto-fluorescence signature and strongly interfering with most fluorophores of
interest it was noticed that its signal would also vary as a function of different levels of wear-and-
tear. Therefore, as a first step in Paper | a statistical approach to minimize the strong interference of
conveyor background information is presented and used to demonstrate its ability to detect
emerging contaminants under on-line monitoring conditions.
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ARTICLE INFO ABSTRACT

Keywords: There is a high demand for techniques able to monitor on-line, in real-time, the bio-contamination level of
Biofouling contact surfaces in the food industry. Such techniques could help to react promptly whenever failures in the
Fluorescence

cleaning or sanitation operations occur, keep the safety parameters in control at any time during production, and
ultimately tailor the operations towards more sustainable and efficient practices. However, monitoring surface
areas such as conveyor belts comes with a distinct set of challenges from the construction materials used in food
processing equipment such as compositional-heterogeneity, background signals and continuous changes due to
wear and tear. In this work we demonstrate the potential of front-face fluorescence spectroscopy in combination
with Wilks’ ratio statistics for monitoring large surface areas fouled under industrial working conditions. The
technique was tested in both off-line and on-line mode, for a polymer-based conveyor surface, which presents an
intrinsic natural variation across its running length and which was contaminated artificially for a proof of
principle. Results show that any potential contamination will shift the variance and covariance structure of the
in-control fluorescence landscapes modeled with PARAFAC, and detected this shift as a deviation from the
reference clean state in a Wilks’ ratio based monitoring charts.

Wilks’ ratio statistics
Conveyor belts
Process monitoring
PARAFAC

1. Introduction

Biofilm formation is a practice that microorganisms adopt in order
to withstand harsh environmental conditions, conditions which would
be fatal if undertaking a bachelor type of life [1]. Consequently, by
modulating their own phenotype in response to the physiological stress,
induced on e.g. the equipment surfaces under food production condi-
tions, and creating synergies [2], bacteria and yeasts succeed to survive
and develop in microbial communities by encapsulating themselves in a
self-produced extracellular polymeric matrix (EPS) [3]. The available
knowledge on biofilm points out that the EPS matrix has two purposes
[4]. First, it serves as an adherent to the various types of surfaces and
second, the EPS matrix acts as a protection shield against surfactants
and disinfectants [5]. This self-defense mechanism adds a challenge for
cleaning and sanitation operations in the food industry. Therefore,
cleaning procedures within food production facilities must be designed
towards an optimal fouling removal to minimize the risk of building-up
in hot-spot contamination points which could be detrimental for food
security.

Conveyor belts, for instance, represent an important food contact
surface in meat related industries. They may easily become a vehicle for
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bacterial contamination and impact directly the quality of meat and
ready-to-eat products due to the direct contact [6]. Previous research
has shown that both spoilage bacteria such as Listeria monocytogenes
[7] and Pseudomonas spp. and more dangerously, pathogenic bacteria
such as E.coli 0157:H7 [8] and Salmonella serovars [9] may survive the
common hygiene operations of conveyors under the biofilm umbrella.
Through the prerequisites of HACCP plans, the conveyor belts must be
designed and made of materials that favor less bacterial attachment. In
spite of this precaution, studies have shown that biofilm is still prone to
develop on the different types of widely used materials for conveyor
belts [10]. The phenomenon is mainly assigned to the remarkable
property of bacteria to change their physiology in relation to the
environmental conditions, to the unique production of EPS and
strengthen by inefficiencies or failures in cleaning [11]. This suggests
that biofilms will always be present to some degree in different levels of
maturity across the entire food production chain. Therefore, tools or
monitoring devices aimed at detecting whenever cleaning and disin-
fection procedures failed represent one important element in a holistic
approach to avoid irreversible instalment of biofilms.

To the best of author's knowledge, not many industrial applications
are available to assess on-line or real-time the cleaning status of large
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surfaces such as conveyor belts. The conventional ATP (adenosine
triphosphate) swab-test might fail in giving an appropriate picture of
the true contamination level since most likely the exo-polymeric matrix
shielding the bacteria will hinder the reaction between the firefly
enzyme luciferase and the ATP of living microorganisms. Additionally,
swab-testing is by definition a manual operation that can only be
performed on an intermittent basis. Never the less, ATP swab-tests are
the main analysis used to evaluate cleaning level of surfaces. Despite its
easy to use, the ATP swabbing method is not cost effective or suitable to
inspect large areas like conveyor belts [12]. At present, the normal
plating methods are the most reliable, but they require one to several
days before a result is obtained, which is too long in most food
processing applications. Additionally, the plating method suffers from
the same shortcoming as ATP rapid testing, namely selective swab
sampling of a relatively small area.

Fluorescence spectroscopy is a technique which can map relatively
large surfaces in a short time and has the potential of detecting on-line
and remotely bio-contamination or organic residues, based on the auto-
fluorescence signatures of molecules such as proteins, vitamins and co-
enzymes of microorganisms and food products. For a detailed explana-
tion of fluorescence principle, the reader may refer to Lakowicz [13].
Scanning simultaneously through both excitation and emission, infor-
mation about multiple fluorophores and their interaction with the
surrounding environment can be captured in one single measurement.
In complex systems, such as detection of biofilms on food related
surfaces, the signal of different fluorophores may strongly overlap and/
or the chemical information may be at low intensities compared with
the strong signal originating from the background. Pu et al. [14]
addressed the problem of distinguishing multiple overlapping signals by
a peak picking method, using emission profiles recorded at one single
relevant excitation wavelength. They recover the contributions of each
fluorophore by means of multivariate curve resolution. The same
principle of scanning only through emission wavelengths at selected
excitation wavelengths was applied by Ait-Kaddour et al. [15] for a
portable spectrofluorometric device to predict the bacterial load of
minced beef by the partial least square regression algorithm (PLS-R).
Shirai et al. [16] showed that by applying a two dimensional second-
order Savitzky-Golay to a fluorescence excitation-emission map (EEM),
overlapping peaks could be distinguished. The resolved EEM maps
could then be used to predict by PLS-R the ATP content on a meat
surface, as implemented also by Oto et al. [17]. Not many studies
address the hygiene level of surfaces with spectroscopic background
interference. Both Wiederoder et al. [18] and Everard et al. [19]
showed how a hyperspectral fluorescence imaging system can be used
to tune the cleaning practices on HDPE (high density polyethylene)
conveyor belts. When the surface was subjected to a violet LED,
potential organic residue was easily observed based on the fluorescence
response at discrete wavelengths. Following the same principle of
hyperspectral fluorescence imaging, but this time combined with an
algorithm using the ratio between two-bands, Jun et al. [20] were able
to distinguish the Escherichia coli 0157:H7 and Salmonella biofilm on a
similar type of HDPE conveyor belts.

Many of the mentioned studies in on-line, real-time bio-contamina-
tion detection are of an academic nature. One of the factors that might
limit the success of the discussed applications in an industrial surround-
ing is the difficulty to distinguish between the low-intensity chemical or
biological signal and a high background response. The auto-fluores-
cence characteristics of the polymer construction materials used could
lead to false alarms due to the heterogeneous signal over the conveyor
belt area and overlap with the auto-fluorescence originating from
fouling. Segmented conveyor types can show considerable variation
in age plus wear and tear, and e.g. cleaning-in-place (CIP) procedures
involving mechanical and chemical stress can change the spectroscopic
response considerably on both the short (in between shifts) and long
(over a lifespan) terms. Generally, monitoring the surface of equipment
is a challenging task. The initial topology of the surface may change
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during the production processes - i.e. processing meat on conveyors for
an extended running time - which deprives most classical monitoring
methods of their success in assessing on-line, real-time surface safety.
Consequently, there is a need for strategies which can adapt periodi-
cally to the physical changes of the surface to be monitored. We present
here an approach based on advanced chemometric methods which can
potentially tackle this problem and lead to the design of on-line
monitoring instruments for bacterial development under working
conditions. More precise, we describe the theoretical bases of a
statistical decision algorithm based on Wilks’ ratio statistic for multi-
variate measurements from fluorescence landscapes extracted by
PARAFAC modelling to assess the contamination level on a conveyor
belt surface. For illustration, the principle of the statistical decisional
algorithm will be explained on an artificial data set containing only one
chemical compound (riboflavin) used to spike a conveyor material in
order to simulate the scenario of surface fouling. Riboflavin (aka.
vitamin B2) was chosen as a model fluorophore, primarily based on its
spectral overlap with the conveyor's belt auto-fluorescence, ease of
handling in a food-grade environment and its acceptable quantum
yield. Taking into account that bio-contamination will be generally
characterized by weak and overlapping spectral signatures with the
background information, we considered riboflavin a representative
model compound to illustrate the capability of our proposed statistical
algorithm to target the occurrence of weak information in relation to a
strong and inhomogeneous background. The end goal of our research
will be to define an optimized fluorescence recording technique suitable
for on-line mode. As a first step, the focus of this work is to demonstrate
the fitness of the statistical model in combination with fluorescence
spectroscopy while its implementation for a real bio-fouling scenario
will be investigated in future work.

2. Methods and materials
2.1. Fluorescence spectroscopy

Fluorescence emission-excitation maps (EEMs) were non-invasively
recorded using a non-contact fiber probe mounted approximately 5 mm
above the conveyor surface, resulting in a circular measurement spot
roughly 10 mm in radius. The instrument used was a BioView (Delta
Light & Optics, Hgrsholm, Denmark) process spectrometer, which uses a
pulsed xenon lamp in combination with filters as excitation source (270
to 550 nm, 20 nm intervals), while emission wavelengths are selected
by a second filter wheel (310 to 590 nm, 20 nm intervals). One
recording will result in one EEM map of 15 excitation and 15 emission
wavelengths, which corresponds to 15(15+1)/2 = 120 permitted
excitation-emission pairs [13], taking 2.5 min per measurement (gain
1200, 10 scans averaged). The most attractive feature of the BioView
sensor is its process-ready design suitable for industrial applications.
However, the sensor comes with a standard optical set-up characterized
by low resolution (20 nm), which results in recordings with low
information contents. Some examples of EEMs are shown in Fig. 1.

2.2. Off-line EEM recording

A two-fold dilution series of riboflavin in water at ten levels was
prepared, ranging from 50-10 3 mM down to 0.19-10 3 mM. Plastic
rings were glued across the length of a used (and visibly damaged)
polyacetal conveyor belt element, in order to create wells for the
purpose of depositing a thin film layer of the riboflavin dilutions. First,
in each of the created wells (8 in total), a volume of 2 ml tap water was
added and EEMs were recorded, with four replicate measurements done
within each well. This resulted in a total of 8 wells times 4 replicates
giving 32 blank EEMs over the entire conveyor element. The cleaned
element - having water deposited - is intended to mimic a production
line start right after cleaning. Next, in order to include representative
variation of the background, for every riboflavin dilution, volumes of
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Fig. 1. (a), (b) Off-line recorded EEMs of wet conveyor surface at two random positions; (c), (d) on-line recorded EEMs of cleaned conveyor surface at two random positions; (e) off-line
recorded EEM of conveyor spiked with 6.2:10 ™ mM riboflavin; (f) on-line recorded EEM of conveyor spiked with 50-10 " mM riboflavin. Note different intensities in photon counts.

2 ml solution were deposited in four random wells and EEMs recorded
for each of them (10 dilutions times 4 random wells equals 40
riboflavin EEMs). Washing with soap and intensive rinsing with tap
water was done before a new dilution level was measured.

2.3. Multiway data analysis

Parallel factor decomposition (PARAFAC) is a multidimensional
decomposition method suitable to extract the unique underlying
fluorescence structure contained in three-way fluorescence EEMs
organized in a data cube X [21]. PARAFAC decomposes data into F
trilinear distinct factors, which estimate the systematic part of the
measurements by spectral and concentration loadings (Eq. (1); Fig. 2a).

F
X = 2 dipbpecy + €y

7=1 m

Interpretation of the PARAFAC factors as EEMs is assisted by the

uniqueness property of tensor algebra [21]. A strong identification of
the chemistry is provided via the outer-product of the excitation and
emission, namely the spectral loadings vectors b¢ and ¢¢ (Fig. 2a), while
the first loading vector in the sample direction a; — usually called
sample scores — provides a direct quantification of the relative amount
chemical f was present for each particular sample i. During model
building the number of factors F must be determined; the sample score
a;¢ (and residual matrix or landscape E;) for each new measurements
can be estimated by a projection on the F spectral loading vectors [21].
All data analysis was performed using Matlab version R2015b using the
PLS Toolbox (Version 8.1.1) and in-house routines.

2.4. Strategy for process monitoring of surface fouling

Given a multivariate system whose variation depends on several
varying and co-varying parameters, Wilks’ ratio statistics is one method
to detect if a set of new samples have potentially moved the process
from its normal variation. Our basic monitoring strategy is: given a
training data set collected on a clean/recently cleaned surface, the
model space determined by the scores af from Eq. (1) and Wilks’ ratio
statistics, can we distinguish future clean or normal surface measure-
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ments from fouled surface measurements? This strategy is characterized
by two steps: in the first step (called Phase I) we calibrate the models
using normal, blank or null data — including the considerable variability
that will be present over a larger conveyor surface, see Fig. 1a-d — and
thus not towards any specific contaminant. Here we must guarantee
that the normal variation over the conveyor surface is statistically
represented in the Phase I calibration set. In the second step (called
Phase II) we project new samples on the normal variability space only.
Here, any deviation from normal surface measurements should be
detected and flagged as potential surface fouling. This not-normal-
detection concept has the advantage that it might function with a
calibration set of limited size used during Phase I. This calibration set
can e.g. be collected each time right after a conveyor system has been
cleaned, under the assumption that after CIP the system will be in the
desired (clean) state. This is a very attractive feature when the
measurement system is prone to change as is e.g. the case for conveyors
due to wear and tear, the harsh chemicals and physical treatment
during CIP, or repositioning the spectrometer after a CIP cycle where
the exact same location cannot always be guaranteed. The change we
want to monitor/detect in Phase II must break the covariance structure
of the calibration set. As multivariate monitoring tactic we use Wilks’
ratio statistic using the framework detailed in Appendix A.

2.5. On-line EEM recording

In a pilot plant facility (Danish Meat Research Institute, Taastrup,
Denmark), on-line, real-time detection of an ongoing fouling, on a
conveyor belt, under normal operating conditions was simulated by
wetting progressively different areas of an initially clean system. Over
the entire simulation run the fluorescence probe was mounted in a
horizontal front-face orientation at one end/bend of the conveyor (at
5mm distance) and set to measure continuously while the conveyor
passed the probe. At the beginning of the experiment, 23 blank EEMs
were recorded on the surface of conveyor belt, just as it was found after
cleaning-in-place overnight. In the second experimental phase three
distinct molar concentrations of riboflavin solutions (251073,
37.510 3 and 50-10 "3 mM) were then used to gradually contaminate
the conveyor belt while recording the area. The contamination in itself
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Fig. 2. (a) Graphical representation of the PARAFAC algorithm used to decompose EEM landscapes; (b) outer-products of spectral loading vectors b; and ¢ in off-line mode after
PARAFAC modelling (n = 32); (c) outer-products of spectral loadings in on-line mode after PARAFAC modelling (n = 23).

was performed by soaking a tissue in the respective solution and
subsequently using it to wet the conveyor belt in a specific area — more
precisely a band of approximately 10 cm wide over the entire length of
the conveyor - where the recording was performed. The exact proce-
dure was as it follows: the contamination was initiated with placing on
a randomly selected monitored area of the conveyor belt a thin layer of
the lowest concentration of riboflavin (25103 mM) and allowing 5
EEMs to be recorded. Then, without any interruption of the process, a
new area of the conveyor belt was contaminated with the same
25-10 3 mM riboflavin solution, and 5 other new EEMs were recorded.
This way each stock solution was applied three times in distinct areas of
the conveyor belt and every 15 EEMs the concentration of it was
increased. Contaminating in this fashion way was considered to be
more proper rather than spraying the solution. This way a homogenous
layer could be achieved, resembling to the film-like fouling seen on
meat processing equipment.

It should be noted here that the exact total concentration of
riboflavin present on the conveyor belt surface is unknown given how
the fouling simulation was carried out. However, it is evident that the
information contained in steps of 5 EEM landscapes should reflect a
general increase over time. The conveyor belt was again composed of
visibly damaged polyacetal elements, arranged in a loop with a total
length of 4.3 m, rotating at a fixed speed of 8.6 m min~', which
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corresponds to approximately five loops completed during one EMM
recording. Therefore, one EEM recording in on-line mode will not
correspond to information solely contained in one conveyer element,
but it will rather show an averaging across the entire length of the
conveyor belt.

At the end of applying the different riboflavin fouling steps, a
cleaning procedure was initiated using standard industrial wipes with
soap (Novadan, Kolding, Denmark). The purpose of this cleaning step
was to check if it is possible to restore the original status of the
conveyor belt. This was performed in a comparable way as the
contamination, meaning that the conveyor belt was cleaned gradually
in four steps and 5 EEMs recorded in between each stage. The full
fouling-and-cleaning simulation ended with a total of 70 EEM record-
ings representing the different contamination levels followed by clean-
ing.

3. Results and discussion
3.1. Off-line
We simulated contaminations with riboflavin on a clean conveyor

surface to investigate the feasibility of using a Wilks’ ratio statistic
based control chart to detect unusual measurements. Inputs to the
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multivariate control chart are the concentration score values retrieved
from PARAFAC after modelling the fluorescence landscapes. Initially,
the method was tested off-line with inputs containing EEMs collected
on conveyor surfaces under static conditions. The methodology of
Wilks’ ratio statistics is summarized in Appendix A and its implementa-
tion in this work is explicitly described in Appendix B. Throughout this
article, it is assumed that contamination is a special event emerging
within the incoming data during process monitoring stages, the so-
called Phase II, which was not initially present in the reference or
calibration set in Phase I. During the calibration the process was
considered to be in an in-control state. Therefore, in reaching a diagnosis
of fouled surface, the form of Wilks’ ratio statistics implemented in our
proposed method, as described by Mason et al. [22], is designed both to
detect general changes in the variance-covariance matrix, but also to
compensate for a relatively small test sample size m in relation to the
multivariate process dimension p. The latter is an appealing feature for
the method's industrial fitness, where due to recording data under
working conditions, coupled with the need to account for reasonable
scanned surface areas, the process can produce a new test evaluation
within a short time interval.

Given the high number of variables scanned within each EEM
landscape and the interest to monitor the within variability, PARAFAC
was used for spectral curve resolution to reduce the dimensionality of
the original measurements and to estimate new vectors of latent process
quality characteristics. During model building, neighboring values
below the excitation wavelength have been set to missing, in order to
avoid misleading results induced by the absence of emission below the
excitation wavelength. Zero values in this area do not conform to the
trilinear property of the rest of the landscape and may thus estimate
wrongly the underlying latent variables. As can be seen from Fig. 1a-b,
even the same conveyor material can vary considerably as a function of
spatial location, ageing/wear, etc. This results in intensity differences
for different measurement locations on the same surface, and also in
distinct intensities for the chemical entities in the surface material. This
dissimilarity is even stronger for an equivalent conveyor material with a
different history in use and cleaning, observable in Fig. 1c-d. It should
be noted that the difference is both a function of true surface
composition, but also of the instrument-surface interface (distance
from the surface, angle between the surface and measurement probe,
stationary versus moving conveyor belt, etc.). The latter highlights an
additional challenge when monitoring surfaces compared to e.g. a
liquid stream sample for which interfacing is generally easier. It can
also be observed from Fig. le—f that there is a considerable overlap
between riboflavin and natural conveyor background signals that
challenge the statistical control, in particular when the interest is to
detect low levels of contaminants on the surface. Additionally, recali-
bration for each process start was possible owing to the second-order
advantage carried by PARAFAC (the capability of handling an unknown

Table 1
PARAFAC model building details on Phase I data.
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background), which enabled to reach representative models based on
relatively small number of samples/recordings n. Three factors gave the
optimal model complexity for the off-line data set; Table 1 summarizes
details on model building.

During Phase I, after PARAFAC modelling, the concentration scores
of the calibration set must be tested for outliers; if outliers are not
removed the test statistics in Phase II would be unfit for process
monitoring. For this purpose the Hotelling's T2 statistics is used as
shown in Fig. 3a (details can be found in Appendices A and B); no
outliers were identified. It should be remembered here that the
conveyor element was visibly damaged, locally to different extents,
and the sampling strategy during data collection was to incorporate
these differences. Table 1 summarizes the details and Fig. 2b shows the
reconstructed loading-landscapes of the auto-fluorescence active che-
micals found in the polyacetal conveyor material. It shows fairly strong
correlations between the concentration scores of factors 1 and 2, and
factors 2 and 3. Polyacetal is one of the polymers shown to have their
own auto-fluorescence signals [23], and is moreover known to be
unstable under UV light which is commonly counteracted with light
stabilizers [24]. Thus, we speculate that two of the fluorophores
identified originate from the type of stabilizers used in this particular
conveyor belt, and the changes in ratio are likely caused by the degree
of surface damage.

In Phase II (monitoring) the model space defined by the concentra-
tion scores a; ¢ from Phase I (calibration) can be used to test weather
new sample sets of m = 4 measurements carry solely chemical
information which can be explained as a function of the clean conveyor
material, and thus fall within the control limits of the a; s scatter matrix
(see Appendix A for details). This is symbolized in Fig. 4, where the
sample scores corresponding to a conveyor surface spiked with two
known riboflavin concentrations are expanding — or better, exceeding —
the Phase I reference space. The proportion of expansion follows the
concentration gradient, which implies that the greater the contamina-
tion of the surface, the more the reference space volume will increase.
The expansion is also more dominant in the third direction, which is
associated with the loading landscape f = 3 in Fig. 2b.

The Wilks’ ratio statistics W control chart for the off-line Phase II
data set is shown in Fig. 5a (for computational details see Appendices A
and B). Data was recorded in a random order but is plotted here from
the lowest to the highest riboflavin concentration in order to illustrate a
contamination gradient on the conveyor. This gradient should be
reflected in data points that score W values closer to zero. Every point
on the Wilks’ control map represents the statistical inference done for a
set of m = 4 recordings. As anticipated, each stock solution is flagged as
alarm, but with the lowest dilution level moving towards what would
be considered a clean conveyor. It is interesting to investigate the
pattern of individual variable contributions to the alarms in multi-
variate monitoring tasks [25], presented in Fig. 5b (for computational

PARAFAC model details Model details Constrains

Off-line Recordings n = 32 Core-consistency: 96% Non-negativity in all three modes
Factors F = 3 Explained variance: 99.7%

On-line Recording n = 23 Core-consistency: 88% Non-negativity in all three modes
Factors F = 3 Explained variance: 99.2%

Correlation matrix for Phase I data sets

Off-line On-line

fi fo f3 f1 f2 3
f; 1.0000 0.8097 0.1710 1.0000 —0.4385 —0.0790
fa 0.8097 1.0000 0.6529 —0.4385 1.0000 0.1560
f3 0.1710 0.6529 1.0000 —0.0790 0.1560 1.0000
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Fig. 4. Graphical representation of Wilks’ ratio principle, shown for dimensions f = 2 and
f = 3 only. Note that the true variance space used during computation of the Wilks’ ratio
statistic is three-dimensional (F = p = 3) for the conveyor system.
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details see Appendices A and B). Again, as was expected, for high
contaminations levels all individual contributions flag an abnormal or
out-of-control situation. Moving to lower contamination levels the
contributions for variables 1 and 2 move towards normal signals, and
for the lowest levels also contribution 3 reaches the no suspicion zone,
without restoring completely the original space of the conveyor belt.
Hence, though the individual variable contributions are not flagged at
the lowest contamination level, the variance-covariance signal in the
Wilks’ statistics indicates an alarm.

To interpret the detection mechanism we construct a new PARAFAC
model combining clean conveyor measurements and one contamination
level, extracting F = 4 components. The fourth component, which can
be identified as riboflavin [26] is shown in Fig. 6. When comparing this
landscape with the one shown in Fig. 2b it becomes clear why the third
variable in our Wilks statistic is the one most influenced by the
riboflavin contamination. In summary: at a visual inspection of raw
measurements and loading landscapes (Figs. 1, 2b and 6), riboflavin
information mostly overlaps with factor f = 3 PARAFAC component for
the off-line measurements. This suggests that incoming data with
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Fig. 5. Wilks’ ratio control charts for off-line data (m = 4) with warning limits set at a = 0.025 and alarm limits at o = 0.0027 (a) full model and (b) off-line variable contributions.
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Fig. 6. (a) Outer-products of spectral loading vectors bs and ¢ for dimension f = 4 in off-line mode after PARAFAC modelling (n = 36) using F = 3 + 1 factors, including clean
calibration data (n = 32) and contamination level 6.2:10 ~3 mM measurement (n = 4). (b) Tentative assignment of different fluorophores superimposed on a BioView EMM landscape

based on Quality & Technology, Food Fluorescence Library, 2005.

riboflavin will disrupt the ratio in which the three conveyor-related
factors normally vary. The Wilks’ ratio statistic is targeting these shifts
in the covariance structure induced by future newly collected process
data and translates the multivariate process signal into a univariate
parameter W. This parameter W takes a value equal to 1 if the process
did not undergo any statistically significant change, or approaches 0 the
more changes occur in the new sample.

3.2. On-line

Having established the method, our monitoring strategy can be
applied to the on-line task. A Phase I calibration set of n = 23
fluorescence landscapes was recorded on a newly cleaned conveyor
belt in motion. The PARAFAC model building indicated F = 3 factors to
be optimal (see Fig. 2¢, and Table 1). Phase I outlier detection using
Hotelling's T? showed no suspicious recordings (see Fig. 3b). The
conveyors used in both the off-line and on-line cases have the same
chemical composition and their fluorescence signatures are thus
expected to be similar. Owing to the averaging happening across the
large surface area in on-line mode — a moving surface, 10 recordings
averaged per excitation-emission combination, sequentially for the 120
excitation-emission combinations, plus the different wear-levels — the
PARAFAC components in on-line mode seem to have slightly more
broad shapes. In the on-line data the three factors also have comparable
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intensities, whereas in the off-line mode component one was more
dominant compared to the second, followed by the third component.
Observe also that in the on-line mode the correlations between the
different concentration scores are broken due to the moving conveyor
and averaging across the entire surface (Table 1). It was decided that m
= 5 measurements, corresponding to ~12 min of processing time or
five decisions per hour, was a good compromise between sufficient
accuracy/sensitivity and real-time surface fouling detection. Fig. 7a
shows the Wilks ratio statistics control chart, marking the different
stages in the simulated fouling (70 consecutive EEMs leading to 14
decision time points on m = 5 recordings each), while Fig. 7b shows the
corresponding individual variable contributions. Fig. 7a shows that the
thin film with the first two concentrations (stage A and B) is not
flagged, while the variable contribution patterns do change for the two
stages (Fig. 7b). A more concentrated film is being detected and is
flagged in stage C; we emphasize again that the true concentration at
the surface is not known but the expected pattern of fouling is clearly
observed. During the cleaning (stage D) the Wilks’ ratio (Fig. 7a) still
indicates an out-of-control situation, but the variable contributions
(Fig. 7b) show a different pattern. This is most likely related to the
detergents being deposited on the conveyer surface. During rinsing
(stage E) the system moves back to a clean phase and in principle a new
Phase I calibration could be recorded (assuming there is sufficient
confidence in the cleanliness of the system).
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Fig. 7. Wilks’ ratio control charts for on-line data (m = 5) with warning limits set at @ = 0.025 and alarm limits at a = 0.0027 (a) full model containing contamination levels at
25102 mM (group A), 37.5:10 > mM (B) and 50-10 > mM (C), and a cleaning step with industrial wipes (D) followed by a rinsing with water (E); (b) on-line variable contributions.
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4. Conclusion

The overall conclusion is that the Wilks’ ratio monitoring charts
succeeded to flag the presence of unusual measurements in relation to a
calibration phase. Given that the aim of our investigation is to develop
an on-line, real-time detection method for a biofouling type of
contaminations on surfaces, the decisional algorithm was tailored for
fluorescence measurements. Fluorescence has been extensively sug-
gested in literature as an attractive method to detect biofouling, due to
its high sensitivity, fast response time and potential to scan non-
invasively. Characteristic signals such as NAD(P)H and FAD, nucleic
acids and aromatic amino acids like tryptophan, tyrosine and pheny-
lalanine are the common type of information comprised within the
recorded biofouling related EEMs. They can thus be used to indicate the
presence of live bacterial cells and/or a protein fouling layer. We
observed that background signal from polymer conveyor belts, a low
signal-to-noise ratio and other signal interferences are hindering a
simple univariate data analysis, and add a challenge in extracting the
different fouling signatures. Process monitoring and diagnose based on
analyzing the entire fluorescence landscapes is generally a more valid
solution, rather than using solely the emission spectrums at specific
wavelengths. The latter scenario has been used in several studies
[14,15]; the results however may lack in capturing the real picture
since potentially valuable information about interferences may not be
identified due to the selective way of recording raw data.

Most standard methods would require us to know beforehand the
identity of the contaminant and have it included in the calibration set.
Consequently, this would also result in the need for a large number of
calibration samples. Thus, for the case illustrate in this work, where the
background itself has a strong and varying signal, combined with an
unknown identity of the contaminant, setting up a standard method is a
challenging task. Note that our proposed strategy turns this issue into
an advantage by setting the statistics to answer the general question: is
the new measurement similar with the in-control clean conveyor? Further, if
an unusual behavior is detected, a decision is taken by inspecting in
more details the source causing the event via individual variable
contributions. The first key step in our strategy is the unique decom-
position of fluorescence data by PARAFAC. As a result, good perfor-
mances can be achieved with calibrations based on a small number of
samples. Additionally, we can handle and identify the presence of
emerging interferences in the monitoring Phase II without having them
included in the calibration data based on the uniqueness property. Note
that even under on-line recording mode, PARAFAC is able to handle the
noisy type of data and extract the true underlying information

Appendix A

Wilks’ ratio, Hotelling's T> and Wilks’ ratio contributions
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contained in the EEMs (Fig. 2b—c). The second key step in performing
monitoring is the Wilks’ ratio statistics which is targeting shifts in the
variance and covariance parameters that translate ultimately in devia-
tions by the process. We are making use of the model space of the clean
conveyor, the way it looks at the start of the process, and consider that
the initiation of a fouling layer will result in one or more fluorescence
signals that will interfere with conveyor's auto-fluorescence. As a
consequence, the covariance of the three components will be changed
and signaled in the Wilks’ ratio based chart. For illustration purposes
we used riboflavin as a fouling simulant which has a fluorescence signal
that strongly overlaps with one of the three conveyor components.

In an alternative scenario not pursued here, an emerging new and
unidentified chemical component may not necessarily interfere with
the normal display of conveyor's auto-fluorescence, which would render
it invisible for the monitoring chart described in this work. Therefore a
parallel question could be considered: does the conveyor look different
from its initial stage? During PARAFAC modeling the normal variation
spanned by the clean conveyor is explained through the spectral
loadings and concentration scores. The residual matrix E; from Eq. (1)
will thus include the unexplained or new information. Given that the
PARAFAC model is fitted on data originating from Phase I characterized
by an acceptable level of cleanliness, upon projection of new observa-
tions into this model an additional signal from the new and unidentified
component will not fall in the clean conveyor p-dimensional space.
Therefore, answering the second question narrows down to a check for
similarity between the defined residual-error structure of Phase I — e.g.
using the sum of squared residuals in combination with a weighted chi-
square test — and the new residuals during Phase II. We do not explore
this alternative because this would come down to straight forward
residual-based outlier detection, which could easily be implemented
parallel to our suggested strategy. Moreover, given the broad nature of
fluorescence spectrums and the intrinsic information of this particular
conveyor covering the general areas where bio-based signals are
expected, it was considered that the suggested strategy in this work is
sufficient. This hypothesis has to be confirmed by additional investiga-
tions in future work.
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Assume we have a training set (also called calibration or Phase I) of n independent sample column vectors x (of size p x 1) containing p variables,
collected while our process was in-control. We can then assume that all these in-control samples are taken from the same p-dimensional normal
distribution Np,(u,X). Our best, unbiased estimates for the unknown parameters in this distribution using our training set are the mean Eq. (A.1a) and

the variance-covariance matrix Eq. (A.1b).

S=ﬁ g ;- D' (x; - %)

(A.1a)

(A.1b)

The two parameters sets X (p x 1) and S (p x p) together specify what is normal variation in the training set. If a new test set (also called
monitoring or Phase II) of m observations becomes available we can make a new estimated of the mean and variance-covariance structure using the

augmented data set via Eq. (A.2).

n+m
1

Si=——— 2 (=X (x; = X
i=1

n+m—1 =

(A.2)
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Under the assumption that nothing has changed going from the training to the test stage, hence that our system and error structure have not
changed, both S and S, are data-derived estimates of the same unknown parameter set X. To evaluate if our assumption was correct we can use
Wilks’ ratio statistics W, defined in Eq. (A.3) [22].

R
n+m-—1) [S,] (A.3)
The scalar W is a weighted ratio of the determinants of the variance-covariance matrix of the training set S and the augmented training-plus-test
set S, and it can be proven to be a value between 0 and 1 [22]. The determinants in turn can be interpreted as the volumes represented by the two S-
matrices. A value close to 1 for W thus indicates that the new test observations have not increased the volume significantly, while a small value
suggested a change in the system. This is because the calibration set is included in both S and S, and the variance will thus be equal or bigger in the
denominator of Eq. (A.3).
In order to monitor a process in Phase II and make a statistical inference about the last m measurements a lower-significance limit at probability a
(wg) is needed (Eq. (A.4)).

PW<w)=a (A.4)
The statistical distribution of W cannot be determined analytically, but several approximations can be used. The most common one, and the one

used by us, was suggested by Rao [27], defined in Eq. (A.5).

_wliby
K[&) w F(l - a, mep, by

w2 (A.52)
K=t
pem (A.5b)
2en +m—p—3 p2-m2—4 pem — 2
b, = by = 5 5] by = by = byeby — by
2 p-+m -5 2 (A.5¢)

It uses the well-known Fisher-Snedecor F(1-a,mp,b4)-distribution with mp and b, degrees of freedom, evaluated at the 1-a probability. In the
nominator of the F-ratio we have thus the number of test measurements m times the number of variables per measurement p as independents, while
the denominator independents is a function of p, m and the number of training sample n, derived via the b-coefficients; if b, is not an integer it is
customarily truncated to its integer part. The approximation in Eq. (A.5) is valid if b;-b, > bs. Finally, by Eq. (A.6), we can derive our a quantile for
the statistical test in Eq. (A.4).

by
w, & K
“T\K+ F(l - a, pem, by) (A.6)

Hotelling's T? statistic

For the special case of m = 1 the statistical test presented before can be made exact (hence, without approximation) via Hotelling's T? statistic
[26]. This inference testing should e.g. be applied to the n individual observations in the training set during Phase I to make sure that no outliers are
used in determining the in-control error structure via Eq. (A.1). To evaluate one measurement x; the T;> value is estimated from Eq. (A.7).

T? = (x; - 5)'87'x, - %) (A7)

This statistic can in turn be assessed against a probability distribution to test likelihood using Eq. (A.8).

n+l,_,

——T; = Beta(l1—a, p/2,(n — p)/2

o eta(l—a, p/2,(n — p)/2) (A.8a)
2 n’

T; = Beta(1—a, p/2,(n — p)/2

« = Beta(1-a, p/2,(n — p) )n 1 (A.8b)

It employs the Beta-distribution with p/2 and (n-p)/2 degrees of freedom, which can be shown to be exact under the assumption of a p-
dimensional normal distribution N,(u,X) [28].

Variable contributions in W
During statistical evaluation it might be relevant to understand which of the p variables causes a new sample in Phase II to flag a change [23,27]

the so-called contribution in an alarm. To set up the test we first write out the variance-covariance matrix S from Eq. (A.1b) in Eq. (A.9); S from Eq.
(A.2) can be written out in an analog manner.

2
SIS L Sy
S
s=| 21 53 Zp
2
S, 1 S
Pl op2 Sp (A.9)

We then use the fact that W in Eq. (A.3) can be decomposed into a series of p-2P ~! terms, which is shown for the first variable p = 1 in Eq. (A.10).
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W=We...oWpeo oW, . o (A.10)

The decomposition in Eq. (A.10) splits the test statistic W into one unconditional factors W, and a series of conditional factors Wy, ; for further
details see [29]. Our interest lies in the unconditional parts only which we want to employ to evaluate individual variable contributions to the
statistic W. This can be achieved using Eq. (A.11) (which is a special case of — and builds on the same assumptions as — Eq. (A.5) with dimensionality
p set to 1).

(n = Dyes,
p= 2
(n+m-— Dsy, (A.11a)
P(W, <w, ) =a (A.11b)
n—1
W,
P n—1+4+meF(l —a,mn-—1) (A.11c)

Appendix B
Wilks’ ratio statistics - a practical example for the off-line case

We illustrate Wilks's ratio statistics used here to detect unwanted chemical information, in this case riboflavin, on the surface of our conveyor
belt. The Phase I set consist n = 32 recordings, which are from the clean conveyor measurements. The number of varying values in the calibration or
training set is equal to the number of factors derived from PARAFAC decomposition, Eq. (1). Therefore, F = p = 3 variables are generated (see
Fig. 2), leading to three score vectors a;, a; and as of size n x 1. Using the PARAFAC outcome as our data set we can generate a vector for each
measurement i = 1..nasx; = [ai1 aio ai,g]T, which via Eq. (A.1) gives us the Phase I mean and variance-covariance of the system:

1002 11341 5035 954
X =585 |; S=| 5035 3409 1997 |;IS| = 7.39+10°
303 954 1997 2744

To test the n individual recordings in Phase I as potential outliers we apply a Hotteling's T2 statistic via Eq. (A.7) and compare this to an
acceptance limit derived from Eq. (A.8) determined at, Beta(1-0.01,1.5,14.5) = 0.320, T2 501 = 9.91 (see Fig. 3a) which in this case indicates none
of the measurements is flagged as outlier.

In Phase II, we evaluate new samples based of m = 4 recordings (the number of measurements during one decision making). The augmented data
set used for making a new estimate of the variance-covariance structure, based on Eq. (A.2), will always consist of an + m = 36 size sample. Hence,
the Phase I is augmented each time with only the m observations of the new sample, giving update S, by Eq. (A.2), from which W is to be determined
by Eq. (A.3), to be compared to the control limited found from Eq. (A.6).

1011 11548 5171 1685
%, =589 [; S, =] 5171 3358 2190];1S,l = 1.25+10"
315 1685 2190 3621

For riboflavin sample 0.19-10 3 mM, this gives W = 0.305 (see Fig. 5a), where b; = 31, by = 2.64, b3 = 5,df; = 12,by = df = 77,K = 6.42, F
(1-0.0027,12,77) = 2.85, which results in wq—.0027 = 0.378 (see Fig. 5a). This makes the sample fall (just) outside the alarm limit and thus flags the
measurement as significantly deviating from the calibration Phase I.
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3.5. Monitoring bacterial growth on surfaces under fouling conditions by meat
products

In Paper I the principle of a Wilks’ ratio statistic based model was demonstrated using riboflavin as
an artificial emerging contaminant. In a second investigation presented here, the aim was to test
Wilks model’s performance also under a real bio-fouling scenario.

3.5.1. Methods and Materials

In the pilot plant facility at the Danish Meat Research Institute /Technical Institute, Taastrup,
Denmark, the scenario of bacterial growth/contamination under processing conditions was
simulated by allowing the surface of the conveyor belt (4.2m length) to come in contact with a meat
product while set in motion, as shown in Figure 3.5. The recording of EEMs was done under the
same conditions as explained in Paper | with the fluorescence probe mounted at one end/bend of the
conveyor (at a 5mm distance). The entire experiment was conducted at a room temperature of 11°C
for five days with the conveyor belt moving at a speed 18 (arbitrary units) which corresponds to the
normal operating speed.

Prior to their placement in contact with conveyor belt surface, the three large pieces of meat (Figure
3.5) were inoculated with a Pseudomonas fragi (CC4669) culture by spreading a volume of 10ml of
4 logyy CFU-ml™ bacterial solution over each piece. The purpose of inoculating the meat was to
simulate the bacterial load that meat products would typically have in a slaughterhouse/on a
slaughtering line. The bacterial strain was cold adapted, by propagating it in brain heart infusion
broth at 10°C in order to reduce its lag-phase. EEMs were recorded every 10 min throughout the
entire experiment via the BioView (DeltaLight & Optics, Hagrsholm, Denmark) instrument taking
2.5min per recording (1200 gain, 10 scans averaged).

Water drops were supplemented in the empty space between meat pieces via a peristaltic pump set
at 0.1ml-min", in order to keep a constant humidity level and avoid drying of the meat (as was
observed in previous experiments). In parallel to the EEMs recording, the aerobic plate count was
determined based on the pour-plate method on PCA agar inoculated at 30°C. Thus, for the entire
time of the experiment - every morning at approx. 9:00 and afternoon at approx. 16:00 - both the
meat and conveyor surface were sampled for aerobic plate count determinations. Three swab
samples were collected aseptically from an area of 75cm? via swab cloths from the conveyor
surface underneath each piece of meat (one swab sample per piece of meat), while a 10cm? meat
sample was aseptically collected from each piece (the side facing the conveyor). In the morning of
day three, an intermediate cleaning was done by wiping the surface of the conveyor belt with
standard industrial wipes with ethanol (Novadan, Kolding, Denmark). At the end of this
intermediate cleaning, new inoculated pieces of meat were placed back on the conveyor belt and the
experiment continued until day five. The purpose of the intermediate cleaning was simply to
combine two experiments where the objective was to assess the power of this type of
manual-intermitted cleaning in reducing the surface microbial load and assess if present CIP
protocols could potentially be changed (CIP delayed).
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Figure 3.5. Illustration of Trial 3 setup

3.5.2. Results and discussion

Three trials were done overall. Due to several technical issues encountered in the first two runs
(drying of meat in Trial 1 and ensuring the appropriate supplement of water to avoid meat drying
and support microbial growth), only data from Trial 3 conducted on surface with level C of damage
(Figure 3.5) is presented here.

Figure 3.6b presents the PARAFAC components of the Trial 3 calibration Phase I. In this case,
calibration is done based on data collected in the first 3h of the run (59 recorded EEMSs) assuming
that no significant increased microbial activity occurs in this time period and the recorded EEMs are
sufficient enough to capture what is considered in-control variation. Comparing these with the
PARAFAC components of the clean conveyor surface (Figure 3.6a), it is noticed that in the
calibration Phase | data, an additional component (Factor 4) is identified. This factor corresponds to
the tryptophan information originating from the meat matrix. When projecting the monitoring Phase
Il into the calibration PARAFAC model, the concentration profiles of all components can be
observed as in Figure 3.6c¢. Factor 1, 2 and 3 exhibit a rather stable profile apart from the last part of
the experiment where their intensities (pseudo-concentrations) increase. The large variations
noticed in concentration profiles of Factor 4 indicate that the meat matrix on conveyor surface
varied considerably throughout the experiment. This is evident also from the intermediate cleaning
step where the meat information (Factor 4) decreases and is followed by an immediate increase
when the new, freshly inoculated meat pieces are brought in contact with the conveyor surface.
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The Wilks’ ratio control chart for the monitoring Phase II under meat biofouling is presented in
Figure 3.7. Every data point in the chart corresponds to a test performed based on two consecutive
measurements, hence m=2. The chart shows the onset of alarms at two different time points: first,
before the intermediate cleaning point which appears to be caused by a build-up of meat matrix
(unusual compared to calibration; see contribution of ws) and second in the last part of the
experiment which is determined by an unusual profile of Factor 1 and 3 (see contribution of wg; and
ws3). In a tentative to assign the information contained in Factor 1 and 3, from Paper 1I- Figure 6b, it
can be seen that Riboflavin or FAD signals of microorganisms may be overlapping with Factor 1,
while the NAD(P)H signals coincide with Factor 3. The actual growth profiles (see CFU-cm™ pro-
files in Figure 3.9) indicates indeed more microbial load in the last part of the trial and to some ex-
tent follow the concentration profiles of F1 and F3. Figure 3.8 presents the Wilk’s chart when re-
moving the influence of Factor 4 (tryptophan) and calculated the statistics in relation to the other
components Factor 1, 2 and 3. As expected, the onset of alarms is only observed in the last part of
the trial corresponded to high aerobic plate count values of 6-7 log CFU-cm™, which appears to be
captured in the behavior of Factor 1 and 3 (see contribution of wg and wgs).
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Figure 3.6. PARAFAC decomposition of EEMs recorded in Trial 3; a) PARAFAC components of clean con-
veyor belt measured in off-line mode, b) PARAFAC components based on calibration data in Trial3, ) con-
centration profile of PARAFAC scores for each component/factor.
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Figure 3.9 Total viable counts of Trial 3; (red)- microbial counts correspondent to meat product, (black)-
microbial counts correspondent to conveyor surface, ( blue)- microbial counts correspondent to conveyor
surface after intermediate cleaning with ethanol wipes.

Even though at this stage the limit of detection appears to be around 6-7 logio CFU-cm, the results
presented here offer a first step in demonstrating the potential of fluorescence spectroscopy in
combination with statistical control in detecting potential microbial growths on conveyor surfaces
under slaughterhouses conditions, on-line. Considering the recording principle of the BioView
instrument, the efficiency of the Wilks method relies at this stage on the efficiency of capturing a
good average picture of the entire 4.2m of scanned conveyor. Therefore, the case of a
heterogeneous layer/localized contamination would hardly be captured in a recorded EEM; it would
require instead a longer recording time based on averaging of more than 10 scans for each
excitation wavelength in order to ensure that the entire 4.2m of conveyor has been exposed to each
of the excitation wavelengths. However, when a uniform contamination layer is present across the
entire conveyor length, which is expected to have happened in this case at 6-7 logio CFU-cm™, the
likelihood of capturing a representative picture of the fluorescing species in an EEM increases even
if based on relatively short recording times.

More advanced fluorescence spectrophotometers capable of recording faster (based on e.g. charge-
coupled devices (CCD) cameras, hence scanning simultaneously for all excitation wavelengths),
with a higher signal-to-noise ratio and resolution can only bring positive improvements and allow
for more localized detection. Another crucial aspect is tuning or selecting excitation wavelengths
that result in minimal background interference while matching the excitation wavelength of
biomolecules of interest. One should also be aware that the results provided by the reference culture
and plate based methods are strongly biased by the culturing media and the chosen plating
procedure. Selection of a more compatible method for comparison is therefore advisable, especially
in the development phase, to demonstrate the method’s power of microbial detection.
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3.6. Assessment of a hand-held fluoresce device in evaluating surface biofouling

Near the end of this thesis project there was an opportunity to test a hand-held fluorescence device
(BFD 100) which is currently sold by FreshDetect, Germany, as a commercial solution to quantify
the bioburden level of minced pork meat. The device estimates Aerobic Plate Count in relation to
bacterial porphyrins fluorescence signals when excited at 405nm. The recording of porphyrins
fluorescence between 550-700nm is expected to fall outside the region where e.g. conveyor
materials may interfere, as noticed from the BioView instrument experiments. Therefore, the main
aim of the investigation was to determine if it is possible to distinguish between different bacterial
suspensions when present on a conveyor surface.

3.6.1. Methods and materials

Pseudomonas fragi (CC4669) served as the model microorganisms and it was propagated in brain
heart infusion broth for 2-3 days. Bacterial pellets from 50ml of inoculated broth were collected by
centrifugation at 300rpm for 5min. A washing step with resuspension of bacterial cells into 0.9%
NaCl saline water followed by collection of bacterial pellets through centrifugation (300rpm for
5min) was applied three times in order to remove any traces of broth. The final resuspension of cells
served as the initial inoculum (equivalent to 8 logi;o CFU-ml™ as determined by culturing on stand-
ard PCA agar at 25°C) and from it tenfold dilution series were prepared at four levels in 0.9% NaCl
saline water. Fluorescence spectra were recorded by fixing the probe on the surface of a conveyor
coupon with level A damage (Figure 3.5) while holding within the measurement area 1.5ml from
one bacterial solution (using a ring glued on the surface as well; demi-water served as a blank).

3.6.2. Results and discussion

Recording the emission spectra at only one excitation wavelength (Aex = 405nm) falls under the first
order calibration principle, which carries a set of weakness as previously explained in section 3.4.
Starting from the hypothesis that an increase in the exposure time would result in a linear increase
in the fluorescence intensity, hence follow the Beer-Lambert Law, the first interest was to check if
possible to achieve a second-order calibration scenario by modeling data when organized in a three-
way (or 3D) array X (IxJxK; where | is the dimension for samples, J dimension for emission spectra
and K dimension for exposure time). With this aim, each of the bacterial dilutions were measured in
five replicates while switching between different exposure times with the probe fixed on the meas-
uring spot for the entire duration of the measurement. At first, the recordings were done in relation
to a surface that presented minimal background interference.

From the raw emission spectra of the 7 log;o CFU-ml™ Pseudomonas fragi bacterial suspension
measured at different exposure times (0.02s, 0.06s and 0.1s) on the surface with minor background
signal, a pronounced porphyrin fluorescence is observed between 600-700nm in particular at 0.1s
exposure time, see Figure 3.10a. Based on recordings from all other bacterial suspensions measured
under similar conditions, a three component PARAFAC model could be fit, see Figure 3.11. In-
specting the emission loadings, Factor 2 may be assigned to the background information whereas
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Factor 3 resembles to the expected porphyrin profile (Figure 3.11b). Therefore, a distinction
between the different bacterial dilutions is expected to be possible based on PARAFAC scores of
Factor 3, which appears to function only until 5-6 log;o CFU-mlI™ level. Measuring the same
bacterial dilutions but at increased exposure times (1.5s, 1.8s, 2s and 2.5s) did not bring much
improvement in the model.
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Figure 3.10 a) Emission spectra of 7 log,, CFU-ml™ of Pseudomonas fragi bacterial suspension measured on
surface with minimum background interference at different exposure times, b) Emission spectra of 8 logi
CFU-ml™ of Pseudomonas fragi bacterial suspension measured on a conveyor surface with level A of damage at
different exposure times.
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Figure 3.11 PARAFAC model of Pseudomonas fragi bacterial suspensions measured on surface with
minimal background interference at 0.005s, 0.007s, 0.02s, 0.06s and 0.1s exposure time; a) pseudo-
concentration profile of Factor 3, b) emission loadings of PARAFAC factors.
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When recording a 8 logyy CFU-mI™ of Pseudomonas fragi bacterial suspension on conveyor surface
at comparable exposure times (0.03s, 0.04s, 0.05s, 0.07s, 0.09s and 2.5s), the information of
porphyrins appear to be diluted by the background information (conveyor intrinsic
autofluorescence), see Figure3.10b. Upon PARAFAC decomposition of recordings from all
samples, again a three component PARAFAC model is found, with Factor 3 describing the
porphyrins information. However, when looking at the concentration profile of the PARAFAC
scores for Factor 3 (pseudo-concentrations), it shows that the model cannot distinguish between the
different bacterial dilutions except the two level in the high range that correspondent to 7 and 8
logio CFU-mI™ respectively, see Figure 3.12a.
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Figure 3.12 PARAFAC model of Pseudomonas fragi bacterial suspensions measured on a conveyor sur-
face at 0.03s, 0.04s, 0.07s, and 0.09s exposure time; a) pseudo-concentration profile of Factor 3,
b) emission loadings of PARAFAC factors.
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Chapter 4

Characterization of reverse osmosis membrane fouling

4.1. Membrane fouling

The reverse osmosis membranes, most commonly available in the spiral wound configuration, are
the active element in the water purification process'®. A description of spiral wound configuration
may be found in Paper Il (page 4).

The most common cause of failure and decreased performance of RO membranes are due to
accumulation of minerals, organic/ inorganic particles and microorganisms that deposit and interact
with the membrane surface, in some cases becoming irreversible attached. This phenomenon is
commonly known as membrane fouling. Overall, three (overlapping and interacting) types of
fouling may be distinguished depending on the nature of deposits, see Box 3. Regardless of their
nature, a fouling layer acts as a barrier with direct effect on flux reduction which requires an
increased feed pressure in order to maintain in-spec permeate fluxes. It may also negatively affect
product quality and ultimately it can shorten the membrane lifetime®*. From an operation point of
view, membrane fouling translates into increasing costs due to more energy consumption, system
down time, inefficient use of membrane area and large amounts of water and chemicals needed for
cleaning processes.

The mechanisms of fouling are complex and influenced by various factors, with probably the
dominant ones being the feed composition (high organic matter will cause primarily organic fouling
and high salt content will result in inorganic scaling), operational conditions (pH, temperature,
fluxes, cleaning regimes, etc.) and membrane surface properties (smoothness, surface charge and
hydrophilicity)**’. Therefore, different circumstances will induce different fouling patterns, which
stress the fact that knowledge attained from one production unit may not be entirely valid for a
similar unit run under different conditions.

The limited number of available studies conducted on industrial scale RO membranes from the
dairy industry report that accumulation of proteins and development of microorganisms are the
main causes of fouling ****!. However, all these RO membranes were used in processing milk,
whey or whey permeate for up-concentration purposes while water in the permeate stream was
discharged. There is no available literature or data about the fouling trends of RO membranes that
work in a process water recovery mode from whey UF permeate at industrial scale. The chemical
composition of whey UF permeate, prevalent in minerals and lactose, is expected to change the
fouling patters compared with what observed when feeding cheese whey to the RO system.

It is thus important to evaluate if implemented clean-in-place (CIP) regimes cope efficiently (or
sufficiently) with removal of any biological, organic or inorganic deposits, and most important to
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assess the impact on final quality of recovered water in the presence of any encountered fouling
threats. Due to the closed nature and high pressure operations, the best way to obtain an accurate
characterization of membrane fouling is through membrane autopsy.

Distinction between the different types of fouling and their prevalence on the membrane surface
was evaluated by means of various analytical technologies in this thesis. Several industrial RO
elements originating from a dairy plant that recover water from whey UF permeate were
investigated with the aim to evaluate their main cause of fouling and provide insights for potential
corrective actions if necessary. Paper Il describes the main findings of membrane autopsy
performed on the mentioned dairy RO membranes involved in recovery of process water. The paper
is centered on the extensive biofouling trend that surprisingly appears to dominate the permeate
surface of such membranes. The chapter is supplemented with results and discussion over the
other types of membrane fouling, inorganic scaling and protein fouling respectively.

Box 3. Types of fouling

Organic fouling refers to the accumulation of organic matter. In food systems it consists main-
ly of proteins, lipids, polysaccharides, nucleic acids and organic acids. When processing cheese
whey the organic fouling is caused primarily by the protein fraction which consists largely of -
lactoglobulin (55-65%). Fat may also be found in the organic layer; however its contribution is
expected to be minimal in this work due to its removal in previous operations.

Biological fouling is caused by microorganism adhesion and proliferation on the membrane
surface, hence formation of biofilms. Microorganisms have a remarkable capacity to adapt and
attach to membrane surfaces under most operational conditions. Their encapsulation into a
self-produce matrix renders their resistance to the operational conditions (high shear forces,
pressures, etc.) and cleaning chemicals. Development of microorganisms into biofilms not only
that has negative impact on overall membrane performance but may become also a hot-spot for

cross-contamination of the product concentrated at the retentate side’*,

Inorganic scaling is the accumulation of inorganic salts and ions abundantly present in dairy
systems such as Ca, Mg, K, etc. Supersaturation of soluble salts at the membrane surface causes
salt precipitations and formation of scale. Surface crystallization takes place with production of
crystal particles that may lead to perforation of the polyamide active layer of the membrane and
allow passage of feed solutes and microorganisms into the permeate stream (recovered water).
Such scale consists usually in calcium carbonate or calcium phosphate®*’.

The very compact and nonporous nature of RO membranes determines that primarily surface
fouling is encountered in such systems as opposed to low pressure membranes (MF and UF)
where pore adsorption and clogging occurs aside from surface deposits (hence both internal and
surface fouling)'*". Ineffective cleaning or misuse of fundamental operational conditions may

lead to the undesirable irreversible attachment of fouling compounds.
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4.2. RO elements sampling overview

At Arla Foods Ingredients (AFI), Denmark, a two-stage RO unit is used to up-concentrate lactose
from cheese whey UF permeate and recover process-water. The configuration of the RO unit is
schematically shown in Figure 4.1. It consists of a first RO stage containing 5 loops followed by a
reverse osmosis polisher (ROP) stage with 2 loops. In both cases, each of the loops contain several
pressure vessels arranged in parallel, with each pressure vessel composed of 6 reverse osmosis
elements connected in series. It is these RO-elements that were subjected to membrane autopsy and
investigated for their fouling patterns. All sampled RO-elements were taken out from the described
unit (except RO-E), with their details summarized in Table 4.1.

Table 4.1. Characteristics of sampled RO elements.

pressure vessel

RO-A RO-B RO-BB RO-C RO-D RO-E RO-F RO-G
RO-F1;RO-F2;RO-F3 RO-G1;RO-G2;RO-G3
Sampling phase Phase | Phase I Phase 111
Routine cleaning alkaline & acid solutions; alkaline & acid solutions; alkaline, acid & alkaline & acid solutions;
protocol Formulation A Formulation B enzymatic solutionsand FormulationB
sanitation at 78°C for
20min
Additional no cleaning; sanitation step at
cleaning step water flush 78°C for 20min in
pilot plant
Manufacturer | Dow/Filmtec Hypershell RO-8038-30 Alfa Laval HSRO-8038- | Dow/Filmtec Hypershell RO-8038-30
30
Membrane Thin-film composite polyamide Thin-film composite Thin-film composite polyamide
material Polyethersulfone (PES) polyamide Polyethersulfone (PES)
Polyester (PE)
Operating time 3-4 years 3-4 years 3-4 years 3-4 years 6 months 3-4 years 3-4 years
Loop/ Loop 2 Loop 4 Loop 4 Loop 4 Loop 4 Different unit Loop 4 Loop 5
location within lead element lead element 20d element 3rdelement lead element lead element RO-F1: lead element RO-F1: lead element

RO-F2: 3rd element
RO-F3: 6th element

RO-F2: 3rd element
RO-F3: 6th element

* OQperating temperature: 15-18°C; Production cycle: >24h h; CIP cycle: 6h
** all RO elements are common spiral wound membrane that have a recommended max.CIP temperature
of 55°C,exception RO-E that is specifically designed to withstand sanitization with hot water, max.

sanitation temperature of 85°C
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Figure 4.1 Configuration of RO/ROP unit.

Box 4. Cleaning-in-place (CIP)

Cleaning-in-place is the succession of operations conducted at the end of every production cycle
with the aim of restoring the performance properties of membranes. In other words, the CIP
operations are targeted to remove any (or most) of the fouling types. Due to the closed type of
system, cleaning of membranes is a recipe based program that consists in recirculation of
various cleaning chemicals which run in a specific sequence at particular temperature values,
velocities, concentrations and time periods, without dismantling of equipment. Validation of
membrane cleaning is routinely done by monitoring and comparing water fluxes before and after
CIP operations. The sequence of cleaning solutions is not standard, but must be adapted and
designed in relation to the type of fouling and equipment.
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Box 4. Cleaning-in-place (CIP)

One should notice that inappropriate use and selection of cleaning agents may lead to irreversible
attachment of fouling compounds. Therefore, the proper design of a cleaning program is crucial. In
practice, decisions are best made in relation to observations and results of the membrane autopsy
method that allows studying the nature and extent of fouling. The method provides useful
information about distribution patterns and fouling composition, but due to its invasive and
destructive way it can only be done occasionally.

Typically, a cleaning program would begin with water flushing of the entire system in order to
displace (collected fraction) and remove (disposed fraction) any loose deposits and thus allow
proper use of chemicals in the following treatments. Water flushing is conducted also in between
each of the following treatment steps in order to wash away the cleaning agent and also the released
foulants. An alkaline step (high pH cleaning at ~11-12) usually comes first to remove proteins, fats
and biological matter. This alkaline treatment is based on formulations that contain NaOH or KOH
as the main active ingredient, often combined with detergents or comparable alternatives to boost
their cleaning power. In some applications, where heavy protein fouling is present as seen for
example on membranes that process feed with high organic load such as cheese whey, an
enzymatic cleaning step may be implemented. The enzymatic solutions contain in particular
proteases, if necessary combined with lipases, to achieve an optimal cleaning level. Next, an acid
step follows (low pH cleaning at ~2) with nitric acid or citric acid as main active ingredient, aimed
to dissolve the mineral scale or metal oxides fouling. The dramatic changes in pH also ensure that
any enzymes from a previous step are deactivated. It is worth noticing here that many of the
cleaning formulations contain extra chemistry (e.g. surface active agents) and this is proprietary

knowledge of the suppliers™.

A disinfection step, not necessarily considered part of the CIP program but more like a stand-alone
sanitation-in-place (SIP) step, can be added in applications where prevention of microbial growth is
sought. One can distinguish two methods: chemical or heat sanitation. Evidently, proper cleaning is
a prerequisite for effective membrane sanitation since the chemical sanitizers may react with the
residues of organic matter. The chemical sanitation is more common due to its lower costs and
involves the application of solutions based on a hydrogen peroxide / peroxyacetic acid blend. These
compounds are efficient disinfectants, but their use may compromise membrane integrity. Heat
sanitation is another possible way to prevent microbial growth in RO membranes, however most
commercial membranes do not tolerate temperatures higher that 55°C, unless specially designed to

withstand temperatures in the high range™®.
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4.3. Confocal laser scanning microscopy (CLSM)

Confocal microscopy is a particular type of fluorescence microscopy, which uses fluorescence light
from focal points to record magnified images of fluorescing specimens. Given that not all organic
matter can undergo fluorescence (auto-fluorescence), a sample needs to be stained with fluorescent
dyes (fluorochromes) prior imaging. Such fluorochromes are designed to bind to target molecules
and upon excitation, particular parts of the specimen can be highlighted and subsequently imaged
by means of a fluorescence microscope.

The greatest achievement that confocal microscopy brings is the three dimensional visualization of
samples without performing a physical sectioning (so-called z-series with 3D imaging). CLSM is an
important tool in biofilm research, useful to obtain information about spatial distribution of different
constituents and understand more the interrelations within the biofilm matrix. When calibration and
constant microscope settings are in place, quantification of the matrix building components based
on measuring distances and determining their area/volume may also be possible™”. In this thesis the
quantification aspect was not explored, but CLSM was used instead as a qualitative tool in record-
ing images on industrial RO membrane and evaluating the state of the microorganisms left on the
membrane surface after CIP operations (microorganisms with or without biofilm matrix).

The aim of confocal microscopy is to only detect light from the focal point as this will be translated
into sharper and better resolved images. Therefore, a confocal microscope is a modified
conventional microscope, which instead of imaging simultaneously the entire specimen will direct
light to only one single pin-point onto the sample and collect back only the emitted light from this
focus point while rejecting anything else by means of a pinhole placed before the detector (in the
conjugate plane), see Figure 4.2. The light source is typically a laser due to their powerful and
coherent type of light compared to the traditional lamps, and a CLSM instrument will typically be
equipped with several laser lines. A pinhole placed in front of the laser will create a point-wise
illumination source as well. Afterwards, the beam is reflected by the dichroic mirror and focused
onto the sample by the objective lenses just as in a conventional microscope. However, the sample
will be illuminated, this time, in one single point instead of a wide area, due to the pinhole which

restricts the amount of light to pass*®.

Fluorescence occurs in the illuminated area and light from the entire volume of confocal cone is
collected by the objective lenses and transmitted towards the detector, most often a photomultiplier
tube (PMT). If the entire collected light was to be sent directly to the detector, the image formed
would still fall under the principle of conventional fluorescence microscopy since light out of focus
would still be detected. Thus, a second pinhole, placed in the conjugated focus plane, allows
passing light primarily from the focus point while rejecting to a high degree the out-of-focus light.
The image formed in this way depicts just the image of the spot which was illuminated. It must be
noted that it is the second pinhole that makes the set-up become confocal. The extent of light cut
away is dictated by the pinhole size'®®. In order to visualize the entire picture, the point illumination
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procedure has to be repeated across the entire specimen either by moving the sample or more often

by scanning the laser beam across the sample, hence the confocal laser scanning moniker. In terms

of laser beam scanning mode, different techniques are commercially available, each of them

addressing improvements to overall image quality or speed:

e Systems which perform a single beam scanning, embedded in most confocal laser scanning
microscope set-ups.

e Multiple beam scanning, found in the spinning disk (Nipkow disk) confocal microscope,
characterized by high speed imaging.

A computer coupled to the detector is needed in order to store the incoming information and
build-up the image one pixel at a time. In this case the images are digital and are not readily
available to be seen at the viewing site as is the case in the conventional microscope. In the z-series,
a set of optical sections are recorded sequentially for each focus plane while the stage moves along
the z-axis at pre-defined depths. Furthermore, the z-stack of images collected can be assembled
together in a 3D view by means of image processing software. The 3D-piezoelectric scanner in the
stage ensures a precise movement and therefore an increased 3D confocal resolution. When
recording the z-stacks the main inputs for the software are the number of x-y optical sections to be
taken and the stage step as a measure of depth scanned**®.

A biofilm is expected to consist predominantly of proteins, nucleic acids, lipids and microorganisms
largely dispersed within a sticky and dense matrix of polysaccharides **’. Its complexity makes it
challenging to capture all biofilm features with one single fluorescence label. In lack of such label,
several fluorescent dyes are commonly used in combination to target individually the different
components and record a qualitative confocal image of the overall biofilm structure. When selecting
the types of fluorochromes to use one should first make sure that their absorption maximum is close
to one of the laser lines available in the instrument as their emission signal will get weaker the
further away the laser line is. Second, when more than one fluorochromes is used, it is important
that the fluorescence dyes are chosen in such way that their emission signal have as minimal a
spectral overlap as possible so that imaging and distinguishing between the several types of

information is possible™*.
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Recovery followed by re-use of process-water obtained from dairy effluents by means of reverse osmosis tech-
nology is one route that can provide the dairy industry with the possibility to reach sustainable water regimes.
However, membrane fouling is a phenomenon that limits both the efficiency and increases the running costs of
such reverse osmosis units and can potentially alter the quality characteristics of permeate water. In this paper,
several industrial-scale RO membranes used for recovery of process-water from whey UF permeate have been
examined for their fouling tendency. At the end of a complete clean-in-place (CIP) protocol based on alkaline-
acid formulations, biofouling appears to be the main issue in the investigated RO-elements. Between 4.19 and
5.69 log;o (CFU cm ™ ?) of viable microorganisms still remained on the membrane retentate surface and, more
surprisingly, evidence of significant contamination was found on permeate side of these particular membranes.
Microbiological analysis indicate that minor loads of microorganisms do pass into the permeate streams but final
UV treatments ensured final process-water with non-detectable levels. There is a need for optimization of
cleaning procedures and finding the best compromise for achieving surface disinfection while still preserving
membrane integrity and not compromising the water quality.

1. Introduction

Climate change responsibilities, fresh water shortage, strict dis-
charge regulations and financial gains are all factors that drive in-
dustries to seek out more sustainable practices and possibilities of water
recovery in order to lower their effluents and water intake. Over the
years, reverse osmosis (RO) membrane technology has demonstrated to
be an excellent platform for recovery of water with high quality char-
acteristics. Acting as a barrier to nearly all pollutants, the RO mem-
branes produce water which can fulfill the strict quality regulations for
public health and environment protection [1].

The food industries depend upon clean fresh water for a wide range
of processes and cleaning operations and the implementation of safe
and efficient water recovery strategies has become a major priority for
many stakeholders [2]. Several examples of water recycling or reuse
within the food sector have been reviewed by Vourch et al. [3] and
Casani et al. [4]. Emerging originally as the biggest consumer and
wastewater producer within the food area, the dairy industry is be-
coming one of the leaders in water reuse practices [5]. This is enabled
primarily by their vast experience in applying membrane technology
for concentrating or fractionating different liquid streams, but also due
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to the great potential of recovering water from different process streams
such as milk or cheese whey [6,7]. This trend is also stimulated by the
large volumes of water required for cleaning [8]. Raw whey was tra-
ditionally considered a big biological pollutant. However, using various
membrane technologies in series, such as ultrafiltration (UF) followed
by RO and possibly a RO-polisher, it can now be valorized by harvesting
high nutritional products — whey and lactose powder — and ultimately
the liquid can be recovered as water which can qualify for reuse in
production steps such as heat exchangers and clean-in-place (CIP) op-
erations [9].

RO units primarily use reverse osmosis membrane elements with a
spiral wound configuration. The main reason for this is their compact
format, advantageous price, high membrane surface area in relation to
their volume, and fitness for multiple applications [10]. Unfortunately,
when processing a product with increased organic loads, such as
permeates from whey separation, organic fouling and more notable
biofouling are major risks that need to be minimized. Next to the po-
tential safety risks, the biofilm formation can have a serious negative
impact on the performance of the filtration system by lowering the
trans-membrane flux [11] and cause decreased salt rejection [12]. Most
published works conclude that biofouling appears to be an inevitable
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phenomenon, which dictates the need to develop strategies to keep it
under control. These may include development of novel, more easily
cleanable membrane configurations and materials or control of fouling
of existing technologies by optimizing the cleaning formulation and
operational conditions in relation to the characteristics of the feed
product. However, the operation and maintenance costs combined with
the risk of destroying the membranes structural integrity will increase if
too frequent or too harsh cleaning is applied. An additional sanitation-
in-place (SIP) step, right after CIP using e.g. peroxides or chlorine
containing formulations, could shorten the lifetime of membrane ele-
ments considerably and is thus limited to special occasions. Like any
technological solution in the food industry, a positive cost-benefit as-
sessment will make the difference, and running costs of the equipment
is an important aspect in this.

In spite of cleaning and technological improvements of membrane
properties aimed to mitigate the issue, biofouling is still reported on
whey concentration RO membranes by e.g. Hassan et al. (2009) [13],
Adnan et al. [14] and Tang et al. [15]. Their findings showed that CIP
was not entirely efficient in removing the resident microflora and could
in the worst case result in cross-contaminating of the concentrated
product. Similarly, when a new water recovery mode is added to the
functionality of existing RO systems processing whey UF permeate, it
becomes important to understand the biofouling trends, and even more,
the impact on the RO permeates quality. The published work of Men-
eses and Flores [16] supports the feasibility and safety aspects of using
the recovered process-water for cleaning purposes. Depending on the
specific industry and application, the process water treatment opera-
tions may have multiple RO units in series and this is generally followed
by UV treatment to further safeguard the microbiological quality.

Here we focus on the extent of biofouling on industrial-scale RO
membrane elements used in recovering process-water from whey UF
permeate. Operational conditions in industrial set-ups are in general
complex due to factors which may be hard to be controlled, such as
variable quality of whey UF permeate (batch-to-batch and dairy-to-
dairy variations), unforeseen break-downs, leakages, or simply due to
parameters that are occasionally tuned based on production demands.
And even on a short term (i.e. weeks) the semi-continuous production
chain in RO (-production-CIP-production-CIP-) has many unpredictable
dynamic patterns where the previous run(s) can leave an imprint on the
elements, influencing the present performance [17]. All these render
any industrial RO-membrane to be exposed to a large set of varying
conditions during their life-time, which are impossible to simulate
realistically in laboratory studies. It is therefore important to derive
operational practices based on observations attained from industrial-
scale RO-membranes and evaluate the efficiency of industrial cleaning
in removing any type of fouling. To do so, membrane autopsy is the best
tool to gain accurate insights concerning fouling composition, patterns
and their residing communities. In this study the condition of used
industrial scale reverse osmosis membranes on both retentate and
permeate surfaces will be characterized from a biofouling perspective in
order to provide new knowledge which may help to improve practices
for reusing process-water.

2. Methods and materials
2.1. Collection of RO membrane

A total of six RO-elements have been subjected to membrane au-
topsy and examined for their fouling tendencies. Elements are denoted
alphabetically in Table 1 where their membrane specific characteristics
can be found as well. With one exception, namely RO-E, all elements
originate from the same processing plant, which uses cheese whey UF
permeate trucked in from different dairies as a feed product for a two
stage reverse osmosis system (RO plus RO-polisher) operated in a re-
covery mode for process-water, see Fig. 1a. The elements investigated
were collected in particular from the first stage — RO — of the reverse
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osmosis process. The collection has been conducted in two steps,
namely Phase I (RO-A and RO-B) and six months later Phase II (RO-BB,
RO-C, RO-D and RO-E). Phase I was initiated as an exploratory stage,
meant to assess the extent of fouling at this particular RO unit. In this
phase the first interest was to determine the level of actual surface
fouling at the end of a production cycle that a CIP protocol would have
to remove or reduce. For that purpose, element RO-A was collected
prior to cleaning, after flushing with water. Also in Phase I, element RO-
B was collected (at a different location/loop), after subjecting the entire
unit to the current CIP protocol, which at that time used an alkaline-
acid cleaning formulation. This formulation had been in place for more
than one year. In Phase II all elements have been collected after having
completed their CIP cycle. It should be noted that due to a management
decision, shortly after Phase I the routine CIP protocol for the RO units
has been changed to a new alkaline-acid cleaning formulation. In Phase
I it was also possible to inspect the surface of element RO-E from a
different production plant. It was in particular interesting to examine
RO-E due to the heat sanitation step included in the routine CIP-SIP
regime. Such a SIP step, in particular via hydrogen peroxide or by short
heat treatments is a known efficient way to counteract biofouling
trends. To further explore this option, element RO-C was taken from
production and moved to a pilot unit to undergo a heat sanitation step.
Given their industrial history of use, distinct locations within the unit
and the before-mentioned complex process dynamics of membrane
operations, each inspected RO-element should be considered as a snap-
shot of its independent scenario. Direct, quantitative comparisons can
thus not be made; this is only possible to a minor extent for RO-B, RO-
BB, RO-C and RO-D due to their origin being the same pressure vessel.
All RO-elements were transported in polyethylene bags from the pro-
duction site to the university on the day of their removal, and stored at
5°C for up to 5 days until autopsy and analysis.

2.2. Membrane configuration and autopsy procedure

The RO membrane itself is structured in a three layer configuration,
namely a thin polyamide layer (< 200nm), deposited on top of a
polyethersulfone porous layer (about 50 pm), placed on top of a non-
woven fabric support sheet, see Fig. 2b. The polyamide top layer is
responsible for the permeability of water and rejection of dissolved
impurities, whereas the other layers give the membrane mechanical
strength. Therefore, the concentration of the feed product takes place at
the side of the polyamide layer which will be further named as retentate
surface side, while the bottom support layer represents the permeate
surface side.

When constructing them in the spiral wound elements (Fig. 2a),
several membrane sheets are laid out alternating their display, namely
one facing inward while the next membrane faces outward. Following
this arrangement in the whole stack, the retentate sides of consecutive
membranes end up facing each other, and similar sorting happens for
the permeate sides. The edges of consecutive membranes are glued by
sealing their permeate sides together, with a fine permeate spacer in
between, leaving only one side to serve as an exit for the permeate
stream. The outer sides of the glued membrane envelopes (the retentate
sides) are also separated, this time by coarser feed spacers in order to
ensure flow of the feed product. Finally a central tube is attached to the
exit side of each of the resulting envelopes and rolled around the tube
creating the spiral shape, see Fig. 2a, which is further enclosed in a
polypropylene hard outer shell for the elements investigated.

The autopsy was initiated by cutting the polypropylene hard outer
shell and exposing the membranes by unrolling all leaves from their
connection to the central permeate tube. For each RO-element, two
non-consecutive envelopes with sufficient distance between each other
were investigated. Next, a series of large coupons of 10 X 10 cm size
were cut aseptically along each leaf surface, as illustrated in Fig. 1b,
and inspected for biofilm presence by means of confocal laser scanning
microscopy (CLSM). All coupons were stored at 5 °C until the following
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Table 1
Characteristics of the sampled RO-elements.
RO-A RO-B RO-BB RO-C RO-D RO-E
Sampling phase Phase [ Phase II
Routine cleaning alkaline & acid solutions; Formulation A alkaline & acid solutions; Formulation B Alkaline, acid & enzymatic solutions and
protocol sanitation at 78 °C for 20 min
Additional cleaning step no cleaning; water flush - - sanitation step at 78 °C for - -
20 min in pilot plant
Manufacturer Dow/Filmtec Hypershell Alfa Laval HSRO-8038-30
RO-8038-30
Membrane material Thin-film composite polyamide Thin-film composite polyamide Polyester (PE)
Polyethersulfone (PES)
Operating time 3-4 years 3-4 years  3-4 years 3-4 years 6 months 3-4 years
Location within the unit Loop 2 Loop 4, Loop 4, Loop 4, 3rd Loop 4, 1st Different unit
Ist 2nd

Operating temperature: 15-18 °C; Production cycle: > 24 h; CIP cycle: =6 h.

All RO-elements are common spiral wound membrane that have a recommended maximum CIP temperature of 50 °C, exception RO-E which is specifically designed

to withstand sanitization with hot water for prolonged times, up to 85 °C.

day when visualized with CLSM. Note that Phase I was conducted as an
exploratory phase to capture any potential biofilm structure present
across the RO-membranes. Thus, an extensive sampling pattern was
employed in order to capture enough biofilm structure variation, and
identifying a potential location-effect over one membrane surfaces due
to different flow profiles [18]. Phase II was used as a verification ex-
periment to collect more snap-shots (as described before) of normal
production, and as demonstration for a relatively fast collection of in-
formation on CIP (and/or SIP) efficiency and residual surface fouling.

2.3. Isolation

Sample collection for isolation purposes was done via a scrapping or
swabbing procedure. A 10 pL plastic sterile loop (SigmaAldrich) was
used to scrape and collect samples from both the retentate and
permeate side whenever thicker deposits could be seen on the mem-
brane surface. These samples were streaked onto both standard MYPG

a)

UF
retentate
RO
retentate

selective agar prepared with 0.01% chloramphenicol and 0.005%
chlortetracycline antibiotics for yeast isolation and plate-count-agar
(PCA) plates for heterotrophic bacteria isolation. Whenever scrapping
was not possible due to a lack of a visible residual fouling, samples were
collected instead via the swab procedure using sterile 10 x 10cm
compress tissues. The swab samples were placed on agar plates at room
temperature and then removed after one day. All plates (scraping and
swabbing) followed incubation at 25°C until growth and dominant
colonies correspondent for both sides — retentate and permeate —
were isolated and sequenced in a separate investigation (data not
shown).

2.4. Microbiological analysis on membrane surface

Standard aerobic plate counting was performed on standard PCA
substrate by the drop plating technique as described by Herigstad et al.
[19]. The microbial population levels were estimated based on
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Fig. 1. (a) Overview of the Reverse Osmosis (RO)/RO polisher (ROP) water recovery system; (b) Membrane surface sampling design for Phases I (retentate side) and
II (retentate and permeate) for Total Viable Counts (TVC) and Confocal Laser Scanning Microscopy (CLSM) analysis.
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Fig. 2. (a) Overview of a spirally wound membrane element, design and functionality; (b) Schematic overview of a membrane leaf layer structure; (c) Representative
CLSM depth profile (RO-B, retentate side) with 1 um step distance; (d) Representative CLSM depth profile (RO-B, retentate side) with 11 um distances.

10 X 10 cm areas, using four sampling spots on the retentate side
(Fig. 1b). Note that microbial levels were determined also on the
permeate side, however using one single spot per inspected leaf and
conducted only for membrane samples originating from Phase II
(Fig. 1b). Sample collection was done via a swabbing procedure.
Briefly, sterile 10 X 10 cm compress tissues were first pre-hydrated in
autoclaved 0.9% saline peptone water (SPO) in a sterile closed con-
tainer. The moisturized tissues were used to swab the assigned area and
placed in sterile stomacher bags. 50 mL of autoclaved 0.9% SPO was
added to each bag under sterile conditions, followed by homogeniza-
tion in a Stomacher” 400 Circulator (Seward Limited, UK) for 1 min.
The homogenized solution from each bag served as zero-dilution for
their corresponding sampling. Next, series of tenfold dilution were
performed at four levels in 9mL of 0.9% SPO for each sample and
plated onto PCA agar plates by dispersing five evenly spaced 5 pL drops.
After the drops on the agar dried (10-20 min) the PCA plates were in-
verted and incubated at 25 °C for 17-20 h. The total colony-forming-
units (CFU) over all drops at the countable dilution level (30-300 co-
lonies) were determined, scaled back and expressed as
log10(CFU cm ™ 3).

2.5. Microbiological analysis on RO permeate streams

RO permeate samples were collected after 10 h of production(hence,
following the last CIP cycle), from positions P;- Pg as indicated in Fig. 1
and transported in the same day to the University’s lab. During trans-
portation the temperature in containers fluctuated between 7 and 10 °C.
At arrival, all samples were stored overnight at 4 °C, followed by mi-
crobial analysis next morning. Standard aerobic plate counting was

conducted in PCA agar via the spread-plating technique. In addition,
aerobic plate counting was conducted in parallel also on MYPG pre-
pared with antibiotics, as described before, in order to support growth
for only yeast species and thus estimate yeast population levels. Tenfold
serial dilutions, done in duplicate at three levels, were performed for
each of the initial samples (zero-dilutions) and spread further onto PCA
and MYPG-antibiotics plates. During spread-plating a volume of 100 pL
was taken from each dilution, and spread individually over one agar
plate. Following this method, a limit of detection (LOD) of 10
CFUmL™! could be achieved. Since low cell counts were expected in
samples taken from P, P4, P5 and Pg, the spread plating technique has
been supplemented with the triple plate method for only the initial
sample (zero-dilution), in order to achieve an LOD of 1 CFU mL™ L.
Triple plating here means that 1 mL was taken directly from the in-
tended sample and equally distributed in three agar plates (approx.
0.33 mL per plate). At the end of plate incubation, the colonies grown
on all the three plates were added. Incubation was done at 25 °C for all
plates, followed for 10days to ensure that slow growing or injured
species (e.g. after UV treatment) will get sufficient time to develop. Due
to low cell counts, results are shown as CFUmL ™! as opposed to mi-
crobiological analysis on membrane surface where counts are expressed
in log;0(CFU cm ™ 2).

2.6. Confocal laser scanning microscopy

Coupons dedicated for confocal laser scanning microscopy (CLSM)
were analyzed within two days of their removal from membrane ele-
ments using a CLSM instrument (Zeiss LSM 800, Carl Zeiss Inc.)
equipped with an inverted microscope and multiple laser lines. Note
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that in the exploratory Phase I, a total number of 16 coupons for each
sampled leaf were inspected, whereas in Phase II — given the aim of a
quick spot check — only 2 coupons per leaf were visualized (Fig. 1b).
Each coupon was divided into two sub-samples and dedicated to vi-
sualize their surface — one for the retentate side and the other for the
permeate side. Observations of spatial distribution of microorganisms
and extracellular polymeric substances (EPS) potentially present on the
membrane samples were achieved by combining three fluorescent dyes
selected based on literature [20,21]. All fluorochromes were purchased
from Invitrogen/Molecular Probes (Eugene, OR, USA). Briefly, nucleic
acids were stained with SYTO 9 (LIVE/DEAD’ Biofilm Viability Kit,
L10316), the entire biofilm matrix was stained with SYPRO Ruby
(SYPRO® Ruby Biofilm Matrix Stain, F10318), labeling all types of
proteins, whereas Concanavalin A (ConA, C860) was chosen to target
specifically the glycoproteins within the entire biofilm matrix, thus the
bacterial EPS glycoconjugates. The three stains (SYTO 9, SYPRO Ruby
and ConA) were excited at 483 nm, 283 nm and 558 nm, respectively.
Their detection wavelengths were optimized for minimum cross-talk
based on pre-experiments and from there on applied to all samples. This
resulted in emission from SYTO 9 (nucleic acids, bacterial cells) being
recorded in the range of 480-520 nm, emission from SYPRO Ruby
(biofilm matrix) acquired between 599 and 700 nm and emission from
ConA (EPS glycoconjugates) was detected at 535-592 nm. During one
recording an image for each channel was generated with a frame size of
512 x 512 pixels and a field of view of 101.41 x 101.41 pm, acquired
via an oil objective 63 x (N.A. 1.2). A representative example is shown
in Fig. 3; in all other figures in this paper the channel-merged image is
used.

The staining procedure involved the preparation of a working so-
lution which contained equal volumes of each stain prepared according
to the supplier’s instructions. A similar method of staining simulta-
neously with three fluorochromes has been employed by Bar-Zeev et al.

Merged channels = *

P 2

SYPRO Ruby channel
(proteins stain, Ex. 283nm, Em. 599-700nm)
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(2014) [20]. A 200 pL volume of the final mixture was added on top of
the coupon piece, on the surface side intended to be imaged. The pre-
pared sample was incubated in darkness at room temperature for
30 min, followed by rinsing with 15 mL of sterile water in order to re-
move unbound stain and all loosely adherent cells or thicker deposits of
organic matter. Generally, a gentle rinse with a few mL of water is
recommended. In our study a more intensive washing was chosen to
ensure that any remaining microorganisms were attached to the sample
surface. Coupons were then fixed onto a glass slide using a cover glass
and transparent nail polish. An example of a z-stack of the coupons can
be seen in Fig. 2¢ for a layer of budding yeast cells of approximately
5 um thickness, deposited on the RO-B retentate surface. In this case, z;
represents the top image, while zs captures the bottom layer when
reaching the membrane surface. Similarly, Fig. 2d shows a z-stack for a
filamentous yeast layer deposited on the RO-B permeate surface. Due to
its thickness, a fairly larger number of optical sections were needed
here in order to capture the entire bulk structure where z; is the top/
first image inside the layer and zs; is the optical section in the overall z-
stack where the membrane surface is reached. We can assume that the
corresponding yeast layer here reaches about a 47 pm thickness. For
simplicity, all CLSM images presented in this paper are the most re-
presentative optical section within a particular z-stack, which could e.g.
be z, and z,g for measurement series displayed in Figs. 2c and d, re-
spectively.

3. Results and discussions

Several RO-elements utilized for processing whey UF permeate were
screened for their fouling status and the microbial community char-
acterized from a quantitative and morphological perspective based on
total viable counts of aerobic microbial cells and microscopic analysis.

‘ SYTO 9 channel
| (nucleic acid stain, Ex: 483nm, Em. 480-520nm)

ConA channel

(EPS/glycoproteins stain, Ex. 558nm, Em. 535-592nm)

N
P!

L

Fig. 3. Representative CLSM recording for merged channels and the three distinct staining agents.
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Fig. 4. Total Viable Counts (TVC, 25 °C) on the retentate side of membrane elements sampled in both Phase I and Phase II; TVC found on permeate side of elements
sampled only in Phase II (see Table 1 and Fig. 1b for details; LOD 1.3 log;o(CFU cm ™~ 2).

Structure A - minimum
presence of matrix

Structure B - loose cell
aggregates with matrix

Structure C - compact cell
aggregates with matrix

Structure D - cells trapped
or surrounded by dense
matrix.

Fig. 5. Type of observed biofilm structures, visualized by three representative recordings, on the retentate side of industrial RO membranes used for water re-

clamation.
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3.1. Visual characteristics of RO-elements

Collected prior to cleaning, after flushing, element RO-A displayed
(as expected) wet yellow-colored deposits covering the entire retentate
side of each membrane leaf. Both yeast and bacteria could be observed
by microscopy in the correspondent foulant. Nothing could be seen on
the permeate side of RO-A. The retentate side of all other elements
appeared cleaned upon visual inspection. The overall appearance of a
clean surface suggests the efficiency of the different CIP protocols in
removing most organic fouling from the retentate side of the mem-
branes. On inspection of the permeate surfaces of membranes from RO-
B, RO-BB, RO—C and RO-D, all showed isolated white-colored deposits
which contained mainly filamentous yeast. This foulant was in-homo-
geneously distributed across membrane’s surface.

3.2. Microbiological analysis on membrane surface

Fig. 4 summarizes the counts on the retentate surface of each in-
spected membrane. Microbial levels did not vary significantly between
the two leaves from the same element. As stated before, all cleaned RO-
elements showed evidence of having undergone the CIP protocol, re-
gardless of their cleaning formulation, as most of the organic matter
was removed. However, certain levels of a microbial population still
remained on the membrane retentate surface. An average microbial
count of 4.19 log;o(CFU cm ™~ 2) was found on RO-B (CIPed), retentate
side, whereas both RO-D and RO-BB (both CIPed) had a higher mi-
croflora level (between 5.56 and 5.69 log;o(CFU cm ™)), which was
unexpectedly comparable with an average of 5.94 log;o(CFU cm™?)
detected on RO-A that had only a water flush (Fig. 4). Similar levels
have been reported before by other researchers on industrial RO
membranes where the feed product consisted of whey [22]. Considering
that the inspected RO-elements all had been processing whey UF
permeate, a general lower count would have been expected since the
upstream ultrafiltration unit should retain most of the microbial load.

3.3. Confocal laser scanning microscopy

Next to the total counts, visualizing the status of residual microflora
can assist in understanding the extent of surface attachment. Given the
large number of recordings obtained in Phase I, it was observed that
most images display structures that can be classified in four general
categories; representative examples of these four biofilm structures are
presented in Fig. 5. Applying this visual classification it can be de-
termined that most structures identified on RO-B show loose bacterial
cells surrounded or trapped in a biofilm matrix (Structures B and D),
with significantly less recordings that display free cells (Structure A).

The microbial community of non-CIPed element RO-A, retentate
side, consisted mainly of streptococci and rod shaped bacteria, plus
budding and filamentous yeast, as isolated from PCA and MYPG-

RO-A retentate

u Structure A

u Structure B

u Structure C

u Structure D
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antibiotics selective plates. Upon inspection of the retentate side of RO-
A coupons under the confocal microscope, it was found that the dif-
ferent isolates were in most cases present as free cells (Structure A) or
packed in a dense protein-like matrix (Structure D; see Fig. 6 for a
quantitative evaluation based on visual scoring of the CLSM record-
ings). It should be noted here that the areas involved (approximately
1m? per leaf, see Fig. 1b) in combination with microscopy make
quantification challenging. Moreover, in the CLSM we actively searched
for a contamination spot in each measurement sample coupon. Hence,
the results presented should be interpreted as semi-quantitative. Several
permeate side RO-A coupons, selected randomly, were investigated by
confocal microscopy. None of them had evidence of contamination on
the permeate surface. As a result, CLSM analysis continued by only
evaluating the retentate surface of RO-A coupons.

The structures on RO-B (CIPed) retentate consisted mostly of loose
yeast cell aggregates (Structure B), see Fig. 6. Mainly budding and fi-
lamentous yeast with the same morphology as found on RO-A could be
isolated from RO-B retentate. Some evidence of remaining bacterial
rods was found in the CLSM images captured, albeit only on one
coupon. A common characteristic for RO-B and all other cleaned RO-
elements is that the residual microflora present on the retentate surface
exhibits cellular membranes stained primarily by ConA. It is known that
microorganisms tend to encapsulating themselves in a self-produced
extracellular polymeric matrix (EPS) in order to survive stressful con-
ditions, such as shear stress, competition, low nutrients availability, etc.
[23]. Such structures were not identified in most of the images recorded
on the retentate RO-A coupons, which could suggest that the produc-
tion of extracellular polysaccharides (EPS) may have been stimulated
by the hostile conditions induced by cleaning, see Figs. 7 and 8. An
alternative interpretation is that the applied cleaning treatments, spe-
cifically the alkaline step in the CIP recipe, may expose the deeper,
attached layers that contain more EPS. To fully elucidate the biofouling
status of these yeasts is not possible in a closed industrial system.

The permeate surface of all RO-B coupons was found widely covered
by multiple layers of exclusively filamentous yeast that displayed the
same type of structures (Fig. 7). The individual yeast cells were ex-
tremely long with branching hyphae that spread and covered a large
area. Their structures were primarily stained by SYPRO Ruby and
ConA. It was observed in the MYPG-antibiotics selective agar that the
filamentous isolates grew slowly, taking between three and four days.
The combination of slow growth and the relative low number of cells
compared with bacterial cells in many cases may have prevented the
detection of these yeast previously. The present direct microscopically
approach indicates that they may have an important role in the bio-
fouling due to the large coverage by each cell.

When RO-BB, RO-C and RO-D (originating from same pressure
vessel as RO-B) were sampled several months later during Phase II, the
same type of previously isolated budding and filamentous yeast were
colonizing. This time they were seen on both retentate and permeate

Fig. 6. Distribution of different biofilm struc-
tures(see Fig. 5) found on the surface of
membrane elements in Phase I, RO-A (only
water flush) retentate (n = 97 observations)
and RO-B (CIPed) retentate (n = 79). No bio-
film structures have been observed on the
permeate side of RO-A, whereas all images
recorded on the permeate surface of RO-B
display the same type of filamentous yeast
aggregates surrounded by a matrix (Struc-
tures C and D).

RO-B retentate
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Fig. 7. Representative CLSM recordings; see Table 1 and text for details.

side of all three elements and rod shaped bacteria could be more easily
spotted on each element’s retentate surface, see Fig. 8. An additional
experimental sanitation step at 78 °C for 20 min was applied on RO-C in
a pilot facility. The low viable counts on the RO-C retentate side in-
dicated the efficiency of this sanitation step.

Based on n = 8 observations for each surface side (retentate and
permeate) for each RO-element sampled in Phase II, the CLSM images
suggest that the microbial levels in RO-C were comparable with levels
found in RO-BB and RO-D. Considering that RO-D and RO-BB had a
distinct operating time, namely 6 months and 3-4 years respectively,
one could expect to see differences in their biofouling structure.
Overall, similar types of aggregates could however be observed across
the retentate surface (Fig. 8). Compared to RO-B, the EPS surrounded
cells were arranged in more dense clusters. Also, on the permeate
surface of all Phase II RO-elements, filamentous cells were intertwined
with budding yeast cells and in some cases without full coverage in an
EPS matrix, as compared to RO-B (Figs. 7 and 8). This could indicate the
presence of a younger microflora. The effective age of use did not seem
to have an influence on present microbiota when judging solely on the
results from the retentate side and the two operation times investigated.
On the other hand, the CLSM images and the total counts detected on
the permeate membrane surface suggest that RO-D had less microbial
contamination here than the older RO-BB element although the char-
acter of the observations (one swab sample and two membrane coupons
for each leaf visualized by confocal microscopy) makes the comparisons
semi-quantitative.

CLSM images of the permeate side of the heat-sanitized RO-C show a
fairly contaminated surface, but with no viable counts detected upon
plating. This confirms the efficiency of the extreme heating step in in-
activating any residual microorganisms on this membrane. On the other
hand, viable counts were still detected — though at considerable lower
level — on both the retentate and permeate side of RO-E element, which
came from another process function but also had a 78 °C sanitation step

included in its cleaning protocol. Little was observed upon confocal
microscopy inspection of the sampled membrane coupons, but rods,
cocci, pink budding yeast as well as filamentous yeast could be isolated
in agar plates with samples from the RO-E retentate side while rod
shaped bacteria were isolated from the RO-E permeate side samples
(results not shown).

The hyphal cells may be responsible for an increased strength of the
biofilm and show resistance to the shearing effect of the permeate
streams. A dense filamentous yeast structure as found on RO-B (Fig. 7)
might cause decreased permeate flux necessitating more pressure. This
corrective measure is common in an industrial set-up and translates
directly into increased costs for the production plant. Our findings in-
dicate that yeast may play an important role in the biofouling process
and that biofouling on the RO membranes’ permeate side should not be
overlooked.

3.4. Microbiological analysis on RO permeate streams

In the spiral wound configuration the permeate side is considered a
closed space where only clean water is allowed to circulate. A CIP
protocol can only restore the properties of retentate surface efficiently,
while cleaning agents are not meant to reach the permeate side.
Consequently, any opportunity for microorganisms to access the
permeate space is undesirable. If microorganisms arrive on the
permeate side, the non-woven fabric could act as an excellent type of
surface for attachment and it has been observed that the very low nu-
trient levels are able to create suitable conditions for specific cells to
proliferate [24]. Consequently, the development of microorganisms on
membrane surface may lead to a permanent source of cross-con-
tamination for permeate streams.

Our findings show that the feed product (whey UF permeate) con-
tained viable microorganisms in the order of 100 CFU mL ™! while the
RO permeate streams had levels below or at the detection limit. In the



LM. Stoica et al.

Journal of Water Process Engineering 24 (2018) 1-10

Retentate

RO-D RO-C RO-BB

RO-E

Permeate

Fig. 8. Representative CLSM recordings taken on retentate and permeate surface of different CIPed RO-elements from Phase II; see Table 1 and text for more details.

Table 2
Total viable colonies found in permeate streams at different sampling points, see Fig. 1a. The exact number of colonies is presented for each of the two replicate
determinations.
(CFUmL™Y) P, (UF perm.) P, (RO perm.) P5 (ROP perm.) P, (ROP + UV) Ps (buffer tank) P (process-water)
LOD 10 10 1 1 1
PCA aerobic 25°C 65/144 0 172 0 0
MYPG-antibiotics aerobic 25 °C 66/65 2/0 0 0 0

final water, which in this case had been exposed to two RO treatments
as well as UV before and after the buffer tank, no microorganisms were
detected (Table 2). This suggests that in spite of evidence of high mi-
crobial contamination on membrane permeate surfaces, the microbial
safety parameters of permeate streams do not necessarily reflect any
risks. However, worse-case scenarios can potentially happen in in-
dustrial set-ups, which from a long-term perspective requires a strategy
and monitoring procedure for reclaimed water suitable to prevent
failures in operating such units.

The foremost issue seems to be the technological implications re-
lated to biofouling and flux decline. Routine checks conducted over
time, with a strategic sampling for membrane autopsy, may be an ex-
ample of a small compromise that can help industries to adapt and
optimize their practices, especially when accurate real-time monitoring
techniques are difficult to implement for such closed, high-pressure and
compact systems. Even better, these types of checks could start with the

membrane autopsy of elements that show low performance and are
intended for replacement anyway. Valuable insights can be gained from
understanding their particular cause of failure. Such data bases may
help on the one hand to identify if any trends occur within the pro-
duction plant, but also to formulate new specifications for developing
membranes with improved properties or configurations based on full-
scale practice rather than small-scale experiments. Different feed,
spacers, materials or flow regimes may dictate biofilm morphology and
potentially influence the type of microbial community. Thus, optimi-
zation, e.g. by periodical/low frequency heat sanitation, should be seen
as a continuous process since one adjustment will lead to new issues.
Consequently, tuning the process conditions based on results of the
autopsy procedure can be a better approach compared to sticking to
fixed recipes until significantly low performance arises.

Sampling and achieving true quantitative comparisons for large
surface areas is difficult to conduct in an industrial set-up. A production
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plant is a system far from the ideal scenario since its operational con-
ditions, feed product characteristics, and cleaning efficiency are vari-
ables that change continuously, thereby influencing the overall unit
performance and state of the system. In spite of this, process-water re-
covery is a rapidly growing area and more investigations as hereby
presented — in full-scale production — are needed to get a better un-
derstanding and a route to further optimization.

4. Conclusions

Autopsy was performed on industrial scale reverse osmosis mem-
brane elements that have been used for water recovery from whey se-
paration permeate and their different biofouling structures were char-
acterized via CLSM. Extensive biofouling was seen on membranes after
simple flushing but biofouling was also present on membranes after
routine CIP treatment on the retentate side and, more surprisingly, on
the permeate side. A mixed microbial community was generally found
on the retentate surface of all inspected membranes, visually primarily
composed of yeast. Filamentous yeast with numerous, long hyphae
were observed on the permeate surfaces and the layer stained primarily
by ConA, labeling glycoconjugates. Microbiological analysis of the re-
claimed, double UV treated process-water streams showed no detect-
able microbial activity.
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4.4. Protein fouling

Fourier Transformed Infrared in Attenuated Total Reflectance (FTIR-ATR) mode, see Box 5, was
used as a rapid method to evaluate the extent of organic residual-fouling present on RO membranes
after their industrial CIP. The technique emerges as a fast method to characterize the type of
fouling® % and cleaning status of membranes since any attached layer of organic compounds
may be identified in relation to their functional groups (with primary interest in this case being the
amide absorption bands originating from the whey protein fractions). FTIR-ATR helps also in
establishing the spatial distribution of organic foulants, which is probably the method’s most
attractive feature. In order to obtain also a quantitative figure over the residual protein level, the
same membrane coupons were subjected to the BCA (bicinchoninic acid) protein assay test. The
BCA test is referred herein as the quantitative method of total protein level, determined on
extraction from membrane coupons of fouling into a solution. It uses as a principle the reduction of
the cupric ion (Cu®") to the cuprous ion (Cu*) in the presence of proteins when in an alkaline
medium. Upon interaction of BCA with the cuprous ion, a BCA/copper complex with purple color
is formed. The resulting complex is stable, water-soluble and with a strong absorbance at 562 nm
that is nearly linear with protein concentration. Therefore, the estimation of protein levels in
unknown samples can be done in relation to a standard curve achieved from a known protein
sample, in this case Albumin Standard (BSA), that was treated in a similar way as the unknown
samples.

4.4.1. Methods and materials

Coupons of 4x4 cm were sampled across two distinct leaves from RO-A, RO-B, RO-BB and RO-D
elements in a 3 by 3 pattern as indicated in Figure 4.3a. Each coupon was first scanned with the
FTIR-ATR instrument (ABB Bomen model 100, detector DTGS Model SMH307AT) in two dis-
tinct locations per coupon side (retentate and permeate). The ATR sampling technique was used
with the accessory that uses a triple bounce small diamond probe of about 2 mm in diameter and
with a metal pin that allows pressing the membrane material against diamond as shown in Figure
4.3b. Spectra were collected in the spectral range 4,000-500 cm™ with 4 cm™ resolution, averaged
over 64 scans. Samples were pressed against the diamond at a pressure level 3 (arbitrary units) and
a background that was measured under similar conditions based on empty interface was in
computing absorbance spectra. IR spectra were recorded also on a new RO membrane surface
(virgin membrane) and on a (assumed mainly) biofilm sample scrapped from the permeate side of
an entire separate leaf, air dried and then measured with the FTIR-ATR technique under similar
conditions.

The non-destructive way of IR measurements made it possible that same coupons could be further
subjected to the BCA protein assay, only performed on coupons from RO-BB and RO-D. Briefly,
the method consisted in an extraction step where the 4x4 cm coupons were cut in small fragments,
immersed in 20ml of 0.1M NaOH solution and left for extraction overnight at room temperature
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while continuous mixing on a roller table. Before analysis each sample was vortexed for approx. 1
min and the resulting suspension was used in the BSA assay following the microplate procedure
(25pL of each standard and unknown sample in 3 replicates were mixed with 200uL of the working
reagent, incubated at 37°C for 30 minutes and absorbance measured at 562nm on a plate reader
after approx. 10 min. when sampled reached room temperature)*.

Figure 4.3 a) Coupon sampling pattern across RO membrane leaves, b)ATR accessory with triple bounce

showing a membrane material pressed against the diamond at pressure level 3, ¢) example of physical ap-

pearance of biofilm as found on RO membrane permeate surface (visualizing fouling - accumulated due to
drying - and imprint of the membrane spacer)
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Box 5. Principle of Fourier Transformed Attenuated Total Reflectance
(FTIR-ATR) spectroscopy

Infrared spectroscopy is one of the vibrational spectroscopy techniques that can be used to resolve
the chemical nature of a sample based on the absorbance patterns that occur under interaction with
radiation from infrared region. All molecules exhibit molecular vibrations that are characteristic to
their structure and molecular bonds. Light, in particular from mid-infrared region (MIR, 14000-
4000 cm™), has the property to resonate with most of these fundamental vibrational or vibrational-
rotational transitions, at the requirement that a change in the dipole moment occurs. Such dipole
moments happen to exist in most molecules (i.e. water, carbohydrates, proteins and fats) with im-
portance for food industry which makes infrared spectroscopy an attractive analytical tool*®".

The traditional way of measuring IR would require transmission of a beam through a sample,
which due to the high absorption levels in most cases would be limited to very small path lengths
and extensive sample preparation for solid samples. The Attenuated Total Reflectance (ATR)
sampling idea overcomes these issues and opens the possibility to measure solid samples as is,
hence with no extra preparation steps involved. The same principle can be used with liquid
samples that have extremely high absorbance. The principle of ATR is based on measuring
changes in the total internal reflected infrared beam at contact with a sample. It involves the use of
a material that has a higher refractive index than the sample to be analyzed. Most often a diamond
crystal is used due to its high refractive index (n=2.4) but also due to the fact that is extremely hard
(and high pressure may be applied to get good contact with the measurement object) and
chemically inert. When the infrared beam is directed onto the diamond, its internal reflectance
creates an evanescent wave that propagates beyond the crystal surface and penetrates into the
sample. Upon contact with the sample, the energy of the evanescent wave is attenuated at the
infrared frequencies where the sample absorbs and then passed back to the infrared beam, which
exits the crystal and reaches a detector, see Figure 4.4. The evanescent wave has an exponential
intensity-decay from the boundary of crystal surface and thus can only protrude the sample a few
microns (0.5- 5um; dependent on the material measured). This implies that the sample must be in
close contact with the crystal and sample homogeneity is highly important to achieve reproducible
spectra’®. Consequently, the information contained in recorded spectra is strictly restricted to the
information contained at the immediate sample surface. The penetration depth is less than 200 nm
over 4,000-2,600 cm™ wave numbers, and is greater than 300 nm at wave numbers lower than
2000 cm™ %2,

Sample in contact
with evanescent wave

s

M ——
e S

\lullm-«i \\'ll\'

Beam Crystal

Figure 4.4 Principle of Attenuated Total Reflectance. Source: PerkinElmer(2005)*®
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4.4.2. Results and discussion

Figure 4.5 present examples of the raw FTIR spectra collected for both retentate and permeate
membrane sides of RO elements before and after CIP, complimented with the spectra of new mem-
brane and a biofilm sample. A possible assignment of the identified vibrational bands was done
based on literature'®**® and summarized in Table 4.2.

Table 4.2. Possible assignment of vibrational bands identified in the FTIR spectra recorded fouled RO
membranes.

Wavenumber (cm-1) |Possihle assignment

2926C-H asymmetric stretching of -CH; in fatty acids
_ 2851C-H symmetricstretching of >CH, in fattyacids
1745>C=0 stretching of lipid esters
1664C=0 stretching and/ or bending C-N streching and C-C-N deformationvibration in secondary
.........amide group foramide I and inaromaticpolyamide
1637Amide I streching of p- sheet structures of proteins

1585C-C streching vibration of aromatic in -plane ring for polysulfone
_1541Amide I band ofproteins- coupled C-N stretch N-Hbend
1489C-C stretching vibration of aromatic in-plane ring for polysulfone.
_ 1294Symmetric SO, stretching vibration for polysulfone.
1242 Asymmetric C-O-C stretching vibration of the aryl-O-arv] group for polvsulfone and/or Amide IIT
;vibration.
1085P=0 symmetric stretching in DNA, RNA and phospholipids
833In-phase out-of-plane hydrogen deformation vibration of para-substituted phenyl groups for
polysulfone.

Comparing the FTIR spectra of coupons from RO-A with the new membrane it is observed that at
the end of a production cycle ( >24h) the retentate membrane surface is coated with a layer that
contains primarily carbohydrates (mostly lactose which is concentrated at this side of the
membrane) noticed from the strong absorption band near 1031 cm™ of the C-O stretching vibration,
and proteins which are evident from the strong signals in the amide bands at 1634 cm™ (amide |
of C=0 stretch), 1541 cm™ (amide I of N-H bend and C-N stretch) and 3279 cm™ (amide A of N-H
stretch). Additionally, indication of fat accumulation is evident from the peak observed at 1745 cm™
that originates from the C=0 stretching of lipid esters, but also the absorption bands at 2924 cm-1
from C-H asymmetric stretching of -CH3 in fatty acids and at 2851 cm™ from the C-H symmetric
stretching of >CH2 in fatty acids ( Figure 4.5a).

One can note the effect of CIP operations when comparing the FTIR spectra of RO-A with those
from elements that followed their standard industrial CIP cleaning protocol. To a great extent the
fouling layer is removed, but some fat, proteins and carbohydrates is still observed at their
correspondent absorption bands, see Figure 4.5a.
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Figure 4.5 a) FTIR spectra of RO membrane retentate; b) FTIR spectra of RO membrane permeate; (offsets
introduced for visual clarity, example of a recorded FTIR spectra and envelope over all measurements are
plotted).

59



Typically, the permeate side of the spiral wound RO membranes is not tested for fouling, neither
when looking at literature discussing RO membranes used exclusively in dairy applications, nor in
other investigations where membrane autopsy was done on RO membranes used in wastewater
reclamation®® or desalination purposes'®’. This may be attributed to the fact that the membrane
permeate side is generally not an interesting surface to characterize considering that the nonporous
structure of the active polyamide layer and its working mechanism based on molecule-diffusion is
expected to let primarily water molecules pass through. Therefore, the permeate side is considered
generally a clean support-side/layer due to its exposure to only water molecules that are recovered
from the processed feed solution. However, when cutting open the permeate side of the sampled RO
elements, visible deposits were found, see Figure 4.3c. As described in Paper |1, such deposits were
found to be of a microbiological nature caused by extensive growth of a yeast strain with
filamentous morphology.

From the FTIR spectra collected on the permeate side of the sampled coupons (Figure 4.5b), it is
safe to assume that the information contained in the amide bands corresponds to the functional
groups of proteins found in the biofilm layer. Since on the permeate side the membrane material
does not overlap with the amide I and amide Il bands, a concentration profile of the biofouling layer
can be determined by simply calculating the height of relative absorbance at one of these amide
peaks. To do so all spectra were baseline corrected in relation to the spectral area 2000-1800 cm™
(no information detected in this region) and the height of the amide I band at 1645 cm™ was deter-
mined based on the formula according to Bégoin et al. (2006)**°, that takes into account the variable

penetration depth of the IR beam in the membrane material:
Hamidel

Height ratio = - Eq. (4.1)

membrane pure band

where membrane pure band is relative absorption at 1240 cm™.

Similarly, on the retentate side, the protein concentration was calculated in relation to the amide |
band at 1624 cm™ due to its little interference with the membrane peaks.

Both the BCA protein assay and the FTIR based protein concentration profiles indicated that overall
RO-BB was more contaminated than the RO-D element. From the FTIR spectra it could be
determined that the retentate surface of RO-BB membrane (4 years old) had comparable levels with
its younger homologue RO-D (6 months) - average of amide height peak across all leaves was
0.44+0.05 and 0.40+0.03 respectively. A difference could be seen instead in relation to their
permeate side where the older RO-BB membrane was found more fouled than its younger version
RO-D) - average of amide height peak across of 0.64+0.35 and 0.077+0.10 respectively.

This is in good agreement with the total viable count values of 4.51 log;o CFU-cm™ on permeate
side of RO-BB compared to 3.38 logyo CFU-cm™ of permeate RO-D, see Paper II. From Figure 4.6
it is noticed that the BCA assay values correlate to some extent (r>= 0.76) with the amide | height
ratio calculated on the membranes permeate side. This suggests that the bulk part of the protein
extracted into solution originates primarily from the permeate side. In an attempt to evaluate the
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efficiency of the extraction step, five coupons taken from the RO-BB element were measured for
their protein content via the BCA assay at different extraction points. From Figure 4.7, it appears
that the extraction step is not absolute and first after approx. 32 hours the level of protein in solution
does not show a notable increase.
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0.7 - T T T - - 12
- ® RO-BB ® RO-BB .
y = 0,00021x+0,545 ® RO-D |® ROD °
0.65 .
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' e o B . ) ;/. L] °
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= o % L 2 94 ®
E ) E
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Figure 4.6 BCA assay values vs. amide | height ratio on RO-BB and RO-D
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Figure 4.7 Time effect on protein extraction from five distinct membrane coupons ( 4x4 cm) into alkaline
solution

4.5. Inorganic scaling

A limited number of coupons from RO-BB and RO-D (three from each sampled leaf) were assessed
for their inorganic elements fouling via inductively coupled plasma-optical emission spectroscopy
(ICP-OES)®®,

4.5.1. Methods and materials

Sample preparation followed first an extraction step where room temperature dried coupons were
immersed in an acid mixture composed of 12 ml HCIl: 4 ml HNO;3; and left to rest overnight.
Membrane material was then removed and 500ul H,O, was added into the solution, which was
further  microwave digested (ramp/temp/hold  stepl:10min/100°C/10min  and  step2:
10min/180°C/10min) in order to reduce any matrix interference (in this case organic fouling and the
biofilm matrix). After digestion, the resulting solution was diluted 1:1 in MiliQ water and measured
on a 5100 ICP-OES (Agilent Technologies) equipped with a Meinhard nebulizer and a cyclonic
spray chamber. A 5-point external calibration standard was prepared from a Multielement standard
solution 5 for ICP(54704, Sigma-Aldrich) diluted 1:1 dilutions in MiliQ water and measured in
sequence with all samples.

4.5.2. Results
The inorganic fraction as extracted from the sampled coupons is presented in Table 4.2
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Table 4.2. Concentration of inorganic elements extracted in 16ml of acid solution from 4x4cm coupons
sampled across membrane leaves of RO-BB and RO-D; where (n.d.) refers to element found below limit of
detection in relation to the calibration standard.

... RO-D . ... .. ...... ROBB
Element : i
Al nd nd nd nd nd nd nd 08 093 08 031 063
Ca nd. nd n.d nd nd nd nd 3499 6127 2770 1458 3570
Fe nd:. nd nd  nd ‘n.d:. ~nad  nad 0 0 0 0 0
K  nd. nd nd n.d nd 408 3619 1472 1659 739 205 2199
Mg  nd nd nd nd  nd 508 2340 1941 1195 823 1032 1174
Na = 6055 6290  62.66 60.97 6239  69.02 7489 7767 8040 7465 7277 7711
n - nd. nd n.d n.d n.d nd. n.d nd. nd nd nd nd

4.6. Biofouling

When addressing the biofouling aspect, quantification was the main focus whereas identification
and characterization of the RO-membrane microflora was out of scope of this thesis work. The
aerobic plate count (APC) was determined by the reference culture and plating method and
additionally by MicroSnap™ Total. The MicroSnap™ Total served in this case as a rapid test that
allowed more extensive sampling.

4.6.1. Reference culture and plating method

Aerobic plate count determination took place by culturing the collected surface samples onto
standard plate-count-agar (PCA) substrate with aerobic incubation at 25°C. Several steps were
necessary before the estimation of the APC levels.

Stepl. Surface sampling and ten-fold dilution series

Surface sample collection took place via a swabbing procedure from membrane surface areas of
10x10 cm using compress tissues that were moisturized prior to their use with 0.9% saline peptone
water (SPO). Sampling was done under sterile conditions using gloves sanitized with 70% ethanol.
Once a sample was collected it was placed into a sterile stomacher bag with 50mL of autoclaved
0.9% SPO. The extraction of microbial cells into the solution happened by homogenization in a
Stomacher® 400 Circulator (Seward Limited, UK) for 1 minute. The homogenized solution from
each bag served as zero-dilution and next, series of ten-fold dilutions were performed at four levels
in 9mL of 0.9% SPO for each sample. Each ten-fold dilution in the series was inoculated on a PCA
agar plate (and on MYPG agar if applicable). Depending on the investigation and workload, two
different plating methods have been applied for the different investigations. An illustration of the
drop plate and spread plate method may be seen in Figure 4.8.
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Step2.1 - Drop plate method
The agar plate is divided into two parts, with each side of the agar being assigned for one dilution

level of a sample. The inoculation of any of the ten-fold dilutions series took place by dispersing
five evenly spaced Sul drops onto their dedicated plate space. The drops were allowed to dry on the
agar (10-20 minutes), the plates inverted and incubated at 25°C for 17-20 hours.

Advantage: requires less time and smaller number of agar plates.

Disadvantage: slow growing microorganisms may be overgrown by faster ones; requires precise
electronic pipettes; not suitable for microorganisms that have a swarming type of motility*®.

Step 2.2 - Spread plate method

Under aseptic conditions a volume of 0.1ml from the dilution sample is transferred onto the center
of agar plate and spread evenly over the entire plate surface with an L-shaped spreader. The inocu-
lated plates were allowed to dry (10-20 minutes), plates inverted and incubated afterwards at 25°C
for up to 4-5 days.

Advantage: useful for isolating aerobic microorganisms.

Disadvantages: strict aerobes are favored while microaerophilic tend to grow slower.

Step3.Colony counting and estimation of log;o CFU-cm™ in the initial sample
At the end of the incubation period the number of colonies was determined in relation to the

dilution sample that resulted in visible and distinguishable colonies observed on the agar plate. In
the case of the drop plate method (Step 2.1), the number of colonies for a sample is the sum of col-
onies visible within all five drops, whereas for the spread plate method (Step 2.2) the total number
of colonies visible in the whole plate is used. In both cases estimations of the total number of CFU
in the initial sample was done according to the formula:

(nr.of colonies -plated volume-10%itutionlevel ).5om]

sampled area (cm?2)

logzo CFU-cm™ = logag Eq.(4.2)
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Figure 4.8 Illustration of the plating methods a) spread plate method, b) drop plate method. adapted from
https://microbeonline.com/spread-plate-technique-principle-procedure-results

4.6.2. MicroSnap™ Total

The MicroSnap™ Total from Hygiena was used in parallel with the reference culture and counting
methods as a rapid alternative to enumerate the total viable aerobic bacteria present on the surface
of autopsied RO-membranes. The test is designed to use ATP as a biomarker for estimating the
bacterial concentrations in a sample, either solid, liquid or surface. Considering the need to
distinguish between bacterial ATP and extracellular ATP originating from the food matrix, the
assay follows two-step procedure.

In the initial phase - the enrichment step - the sample is added to a growth media (broth) that
supports the growth of most foodborne bacterial cells and additionally contains ATPase enzymes
capable to reduce the extracellular ATP level. This phase takes place with incubation of the
Enrichment pens at 30°C and takes 7 hours, when the background ATP is considered to reach
minimal interference. In the second phase - the detection phase - an aliquot is transferred into a
Detection pen containing a bioluminescence reagent that inactivates the ATPase enzyme, and via a
lysis agent the bacterial ATP is extracted into solution. Upon reaction with the firefly enzyme the
amount of light produced is measured with a luminometer. The light signal detected with the
luminometer is assumed proportional with the concentration of present cells and can be converted
into colony-forming-units (CFU).
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One should note that the estimation of CFU is approximate since different microorganisms contain
different amounts of ATP. Stressed cells also may contain lower amount of ATP, hence their
detection and quantification may be inaccurate. Presence of fungi renders higher errors since the
extraction buffer of the method is not designed for the extraction of ATP from the fungi cell, and
also the ATP level of a fungi cell is typically several orders higher than of a bacterial cell.
Therefore, the MicroSnap™ Total detection system is primarily designed for quantification of
aerobic heterotrophic bacteria. The detection range for MicroSnap is <100 to 100,000 CFU- ml™

(corresponding to <10 to 50,000 Relative Light Units — RLU — in the vendors parlance)'®.

Sample collection was done from a 5x5 cm area directly from the membrane via the stick swab of
the MicroSnap™ Total enrichment device. The swab pen was brought back into the device placed
for incubation at 30°C for 7 hours followed by detection of RLU units according to supplier’s
indications. Conversion of RLU units into logyo CFU-cm™ was done via Eq.4.3.

Advantage: fast; dilutions are not required; minimal equipment / materials necessary.

Disadvantage: limited to a fixed range of detection level; human error introduced by swab pen
procedure / application / handling; limited to small area as a compromise for falling within
detection limits.

RLU value-10
sampled area

log;o CFU-cm™ = logy, ( ) Eq.(4.3)

4.6.3. Results and discussion

Because of a management decision to exchange all RO elements in the entire RO/ROP unit, it was
possible to collect and evaluate the extent of permeate biofouling on six more RO elements.
Element details may be found in Table 4.1. Aerobic plate count was determined exclusively on the
permeate surface of all RO elements by the plating method (via the spread plate technique) with
sample collection from two distinct areas (10x10 cm) only one leaf (Figure 4.8c). Additional aero-
bic plate count values were obtained with MicroSnap™ Total from five sampling areas (5 x5 cm)
across the same leaf. Given the fast result nature of the MicroSnap™ Total test, two additional
leaves per RO element were sampled via MicroSnap™ Total, without performing any other
reference plating.

Results obtained via MicroSnap™ Total correlate to some extent with the aerobic plate count values
determined via reference plating (Figure 4.9d). Overall, both methods showed lower counts on RO-
F1, RO-F2 and RO-F3 originating from the same pressure vessel in loop 4 when compared to RO-
G1, RO-G2 and RO-G3 from loop 5, see Figure 4.9a. Across the surface of a sampled leaf, no
significant differences were found between the five distinct measurements done via MicroSnap™
Total. Thus, results are presented in Figure 4.9b as average of the five measurements across a
sampled leaf together with their standard deviations. Differences could be made instead between
leaves within same RO elements. However, these observations are made based on the MicroSnap™
Total test and results should be viewed as semi-quantitative considering the inherited errors of the
method when performed on yeast containing samples.
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Figure 4.9 a) Aerobic plate count values across RO elements from sampling Phase 3; ( red) counts deter-
mined via reference plating in area 1 and 2 while ( grey) average of MicroSnap™ Total results from area
1,2 and 3 plotted against reference counts from area 1 and average of MicroSnap™ Total results in area
3,4 and 5Splotted against reference counts from area 2 b) results of the MicroSnap™ Total test across three
distinct leaves per element and presented as average of the whole five sampling spots within each leaf
c) sampling pattern for reference plating and MicroSnap™ Total, d) reference plating vs. average
MicroSnap™ Total results.
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Chapter 5

Conclusions and perspectives

5.1. Conclusions

This PhD project has dealt both with exploring the possibility to develop a rapid method to signal
critical microbial levels on conveyor belts under slaughterhouses conditions and with
characterization of membrane surface fouling when processing UF whey permeate with recovery of
process water.

The interest in the two scenarios comes from industry’s aim to seek alternative ways to minimize
their effluents and reduce their dependence on potable water e.g. by reducing the number of
cleaning cycles. Evidently, this triggers the need for more active monitoring and control of key
quality process attributes. Equipment surface hygiene is a crucial step in ensuring cost efficient
operational practices and safe products. However, monitoring their hygiene status comes with a set
of challenges. On open surfaces such as conveyor belts, evaluation of surface hygiene requires
strategic and manual sample collection followed by labor intensive conventional plating. Results are
typically biased by the efficiency of sample collection and chosen plating conditions (growth media,
incubation temperature, plating method). In closed systems such as RO membrane, surfaces are
inaccessible and evaluation of their hygiene status must be inferred from other monitored
parameters (such as permeate fluxes and feed pressure). Cleaning of such closed systems takes
place based on fixed recipes, which should be optimized in order to avoid insufficient or over
cleaning. Decisions based on statistical control have probably the highest power to account for the
considerable variability and unpredictable factors of (food) industrial practices. The investigations
presented in this thesis were therefore targeted to improve the settings for an appropriate process
quality control strategy when applied to the two scenarios.

In Chapter 3, devices based on front-face fluorescence spectroscopy were used to capture in a
non-destructive way the autofluorescence characteristics of the measured conveyor belt (fouled/not
fouled). Molecules such as NADH, FAD, tryptophan and porphyrins are expected to exhibit
contributions in the EEMs as a function of microbial metabolic activity, as widely described in
literature (Table3.1). However, the food matrix (in this case meat product) will contribute as well,
with a similar type of information. The structural information recorded in EEMs was therefore
extracted through PARAFAC decomposition in order to benefit of the power of second-order
calibration methods to isolate unique information when new interferences are encountered. As extra
challenge, the type of conveyor belt used for this investigation presented a strong intrinsic
fluorescence overlapping with most signals of interest. Upon PARAFAC decomposition of data
recorded on clean conveyor, three fluorescing species were identified and it was established that
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their ratio varied across the conveyor length as a function of surface damage. Based on a Wilks’
ratio statistic applied on PARAFAC scores, contaminates (emerging contributions in the EEMSs) are
identified in relation to shifts in the variance and covariance structure of the three conveyor
fluorophores as determined in the calibration phase (calibration based on surface characteristics at
to beginning of production). In this way the variable background interference is neutralized during
decision making and the model is adaptable to the changes in surface topology as induced by
process operations (wear-and-tear). The working principle of the statistical control chart based on
Wilk’s ratio was demonstrated both under artificial contamination (i.e. riboflavin) and also —
conceptually - under meat biofouling in pilot-scale.

At this stage only high microbial loads can be detected and if distributed uniformly across the
measuring surface. Detection in the interested range of 3-6 log;, CFU-cm™ would require more
advanced instruments capable of recording faster a complete EEM. An important factor in reaching
a solution is fine tuning the selection of excitation wavelengths. The optimal choice should be made
in such way that excitation of conveyor fluorophores is kept at a minimum. In this regard, the
FreshDetect hand-held device was tested for its property to measure information that falls at the
edge of what is considered conveyor background. However, the instrument relies on only one single
excitation wavelength and its power to distinguish between bacterial growth is minimal for the
conveyer surface task.

In Chapter 4 several RO elements were sampled at various time points, originating from an
RO/ROP unit which is used to recover process water from whey UF permeate. All elements were
subjected to membrane autopsy with as main purpose evaluating the efficiency of CIP operations
and determining the nature of their fouling. With respect to the findings on retenate membrane
surfaces the microbial levels were comparable with what it has been reported in literature. The
information contained in the amide bands as shown in the FTIR spectra indicate that after CIP
operations, the retentate surface is coated with a layer consisting primarily of a protein like material.
From the FTIR spectra it is also evident that most of the fouling layer is removed after cleaning.
The overall levels of inorganic elements extracted from membrane coupons were minor, suggesting
that scaling has only a limited contribution to the fouling layer for the membrane unit investigated.
The membrane microflora was characterized strictly from a morphological point of view. In
literature the membrane microflora of RO membranes processing cheese whey is strictly found as a
diverse bacterial community. However, on all inspected RO membranes yeasts with a budding and
filamentous morphology were found in combination with bacterial strains. In particular on the
membrane permeate sides, extensive coverage with filamentous yeast was found.

The filamentous yeast had slow growth rates with colonies detectable in plating usually first after
four or five days. Their presence in permeate streams could therefore potentially pass undetected by
the routinely microbial analysis at the production plant which stresses the importance of UV treat-
ment in ensuring the microbial safety quality of permeate streams. Targeted microbial analysis on
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samples from water permeates streams throughout the entire RO/ROP unit showed only few yeast
colonies and none after the UV disinfection points. However, it must be noted that at the sample
collection stage all RO elements across the entire unit, with the exception of those in loop 4 and 5,
were recently replaced with new membrane elements (based on a management decision).

The contamination source with yeast and their ultimate passage through the RO membrane is
unknown and remains an open question. In literature, filamentous yeast is reported to be commonly
isolated in tap water and water distribution systems®”®. Preliminary rRNA sequencing results'’*
show that the yeast isolates found on the sampled RO membranes may be identified as Geotrichum
clavatum or Magnusiomyces spicifer (filamneotus yeast) and Sporopachydermia lactativora (the
budding yeast). In the report by Defra (2011)*%, Geotrichum clavatum is one of the fungal species
commonly isolated from treated drinking water. This suggests that the intake of potable water in
itself may represent a potential entrance route for yeast in the production plant.

5.2. Perspectives

Considering their important role in cross-contamination of food product, open food contact surfaces
require great attention and a (typically) very labor intensive monitoring procedure. Switching to an
on-line or at-line evaluation of surface hygiene would have obvious advantages over the time
consuming plating methods. Although in an early development stage, the fluorescence based
monitoring procedure described in this thesis is one option that may lead to a valid solution for
on-line or at-line surface monitoring. Only one type of conveyor material was investigated, but the
presented strategy may in practice turn to be easier to implement on conveyor surfaces subjected to
less physical changes or with a minor spectral influence. Important to consider is the bias and
limitations characteristic to conventional plating techniques which may add an extra challenge in
method validation. Perhaps, in the development phase, compatible methods that account in their
result for the presence of both cultivable and non-cultivable microorganisms (for example flow
cytometry) should be considered for comparison besides the aerobic plate count values.

Spiral wound membranes are closed systems with no possibility to inspect their surface unless
causing permanent damage. The findings described in this thesis are a proof that their behavior
under industrial conditions cannot be predicted since the membrane permeate surface should — at
least in theory - be a contaminant free area. With the identified biofouling trend, heat sanitation
would be the preferred alternative to reduce and avoid the further growth of surface attached
microorganisms. However, present membranes are characterized by a upper-temperature limit of
55°C and switching to heat sanitizable RO membrane is not always a financial viable option.
Therefore, on a short term, a production plant would have to live with the technical implications of
the biofouling layer and actively check that the final safety quality of permeate streams is routinely
reached. In this regard, the efficiency of current UV treatment in inactivating any yeast or bacterial
strains should be investigated.
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Microorganisms are known to be capable to restore their metabolic functions'” after UV treatment

through either photo-reactivation or dark repair mechanisms. Although, reactivation is much slower
under dark conditions, temperature, pH and ionic strength could have an effect on dark repair of
microorganisms after UV treatment ", It should thus be evaluated if the processing operations offer
conditions for such restore mechanisms. Even if not detected in the permeate streams, the proof of
extensive biofouling on permeate surfaces indicate that cross-contamination is a constant danger
and stresses the dependence on UV treatment.

On a long perspective, a sampling program (e.g. every six months) of some membranes, including
autopsy and analysis, may offer a periodical window into the actual hygiene and physical status of
RO elements. It may serve as a platform to identify occurrence of potential microbial threats that
could pass undetected in the permeate water streams (e.g. due to a dilution effect in the overall pro-
cessing volumes) and this way optimize future microbial analysis accordingly. Therefore, results
from such strategic membrane sampling could serve as an internal reference and comparison points.
Large amounts of data are collected everyday through classical process monitoring techniques (e.g.
conductivity, pH, temperature, turbidity, permeate fluxes, etc.). Their dynamics should be linked
through a multiway approach with observations attained from membrane autopsy and based on this,
one could establish what constitutes a normal cleaning profile. Optimization of membrane cleaning
should thus be seen as a continuous process. This way, over-cleaning or ineffective cleaning, as it is
most likely to occur with the current recipe based cleaning method, could be minimized.
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