Soil Films in the Beverage Industry: A Review
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ABSTRACT
J. Inst. Brew. 117(4), 608-616, 2011

This article provides an overview of the formation of soil films,
their composition, effects and control measures that can be ap-
plied in the beverage industry, focusing on the negative aspects
of their formation. The positive aspects utilised in bioreactors
and fermentation reactions will not be reviewed here. Soils gain
access to equipment surfaces and these form soil films that are
an assembly of microbial cells, organic and inorganic foulants,
irreversibly attached to a surface, and enclosed in an extracellu-
lar polymeric substance (EPS) matrix. The EPS is vital in the
structure and functioning of different soil film communities. Soil
films are responsible for the deterioration of water and corrosion
in water distribution systems, food contamination, reduced prod-
uct quality in the beverage industry, infection on medical sur-
faces, plaque build up on teeth, increase in fuel costs on ships,
decrease in heat transfer in heat exchangers and deterioration of
metal due to microbial activity during microbiologically influ-
enced corrosion (MIC).

Key words: beverage industry, extracellular polymeric sub-
stance, soil film.

INTRODUCTION

In the brewing industry soil films are a real, practical
threat to hygiene and product quality, particularly in the
demanding world of draught beer®>. Residual matter de-
rived from brewing materials, processes and the environ-
ment develop into soil films on the surfaces of equipment
and these become a threat throughout the brewing
process’. It is estimated that soil film formation costs ap-
proximately €250 million annually to the German brewing
industry®'. Soil films are a well-organised and cooperating
community of microorganisms attached together with
organic and inorganic substances to a surface by the help
of extracellular polymeric substances (EPS), which are
produced by the microorganisms to form a single layer or
three-dimensional structure'*?34, Soil films have been
encountered in the medical industry (e.g. dental plaques
on teeth, films on contact lenses, catheters, endotracheal
tubes, prosthetic joints and mechanical cardiac valves), in
the marine environment (e.g. fouling of ship hulls, ship
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and marine platforms, offshore rigs) and in the chemical
process industry (fouling of membranes, heat exchangers,
process vessels, pipes and product dispensing lines), re-
sulting in poor hygiene and reduced product quality or
sometimes food contamination®'!3.16.2029.34.55,

Materials often used in the food and beverage industry
include plastics, rubber, glass, cement and stainless steel
with the capacity to support soil film growth increasing
from glass, stainless steel, polypropylene, chlorinated
PVC, unplasticized PVC, mild steel, polyethylene, ethyl-
ene-propylene to latex*. Stainless steels, in particular
austenitic grades 304 and 316, are the most commonly
used food contact surfaces. This is because of their chemi-
cal and mechanical or physical stability at various food-
processing temperatures, cleanability and high resistance
to corrosion, with 316 having a higher resistance to corro-
sion by foods, detergents and disinfectants** due to its
anticorrosive properties from the added molybdenum as
compared to 304.

Electron microscopy work has shown that soil films
can attach onto all types of surfaces e.g. plastic, soil parti-
cles, wood, medical implant materials, tissue, food prod-
ucts, stainless steel, aluminium, glass, Buna-N and teflon
seals and nylon materials and that this attachment is facili-
tated by fimbriae, pilli, flagella and that EPS acts to form
a bridge between microorganisms and the conditioning
film. Teflon, glass and nylon surfaces are smooth surfaces
and the microorganisms appear to be attached, while
stainless steel surfaces have a rough appearance due to
cracks and crevices that can be sufficient to trap microor-
ganisms®*#, Such a microstructure allows the escape of
entrapped microorganisms from the shear forces of the
bulk liquid and even the mechanical methods of cleaning
may be inadequate to remove the trapped microorgan-
isms®.

SOIL FILMS

Soil films in the brewing industry

All of the major raw materials used for brewing are po-
tential sources of unwanted microorganisms, some of
which could possibly be pathogenic. In addition, brewing
aids such as finings, primings and filtration media, and
containers (casks, bottles, etc.) can contribute contami-
nants®. Figure 1 shows the brewing process and potential
sources of microbial contamination.

Both wort and beer are prone to spoilage organisms,
the former especially so since it provides a nutrient-rich,
oxygenated environment required for microbial growth?,
while beer has less nutrients, a low pH (3.8—4.7), contains
alcohol from 3-7% by volume, which makes it less sus-
ceptible to bacterial growth?333743,
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Fig. 1. Basic scheme representation of the brewing process from Vaughan et al.>! Potential sources of microbiological contamination

are indicated by * (figure reproduced with permission from the JIB).

Primary contaminants may originate from the environ-
ment, raw materials (e.g. malt, hops and adjuncts which
can carry their own microbial contaminants), fermentation
vessels and piping systems and brew house; and these
may have a hand in soil film formation, while secondary
contaminants are introduced during bottling, canning or
kegging®!. Water as a brewing raw material is boiled dur-
ing wort boiling, but later additions should be sterile to
prevent contamination®'. Microbes emanating from brew-
ing liquor, malt and hops, and those found in wort, will
not survive the boiling stage, and together with the sterili-
sation of potable water to be used, means that there are
relatively few species of bacteria and fungi that cause
spoilage problems; the list is restricted to a few wild
yeasts and certain Gram-positive and Gram-negative bac-
teria®.

Equipment used in the beer filling process is particu-
larly prone to soil film formation due to large volumes of
water used for bottle rinsing, thereby creating an environ-
ment suitable for microbial attachment and accumulation
on surfaces*>!, Table I shows the beer spoilage microor-

ganisms and the stage of the brewing process at which
they can occur.

Many bacterial strains have been shown to retain their
viability for extended periods in beer, but as long as they
are not able to grow in the product, they are not harmful
and are therefore not considered spoilage organisms®.
With improvements in technology being introduced in
modern breweries, the importance of various specific
spoilage organisms has changed, with well-known spoil-
age organisms, such as the aerobic acetic acid bacteria
(Gluconobacter oxydans and Acetobacter spp.), no longer
appearing to be as great a problem®. Improvements in
beer handling and bottling technology have resulted in a
significant reduction in the oxygen content during the
process and in packaged beer, thereby permitting the
growth of strictly anaerobic microorganisms such as
Pectinatus spp. and Megasphaera cerevisiae, which have
caused increased spoilage in packaged beer within the
past few decades?’.

Pectinatus and Megasphaera both have three genera. P.
haikarae, together with the two genera mentioned in Table
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Table L. Beer spoilage microorganisms and the stage at which they occur from Vaughan et al. 3! (table reproduced with permission from the JIB).

Stage

Spoilage microorganisms

Barley in the field/malting Aspergillus A. fumigatus
Fusarium F. culmorum; F. graminearum
Mashing and wort separation Pediococcus Ped. pentosaceus; Ped. inopinatus
Bacillus B. coagulans
Rahnella R. aquatilis
Citrobacter C. freundii
Klebsiella K. terrigena; K. oxytoca
Fermentation Wild yeasts non-Saccharomyces; Saccharomyces spp.
Pediococcus Ped. inopinatus
Selenomonas S. lacticifex
Zymophilus Z. raffinosivorans
Rahnella R. aquatilis
Obesumbacterium O. proteus
Biological stabilisation and packaging  Pectinatus P. cerevisiiphilus; P. frisingensis
Megasphaera M. cerevisiae
LAB? Lactobacillus spp.; Pediococcus spp.
Contaminants of finished beer LAB L. brevis; L, backi; L. brevisimilis; L. casei; L. paracollinoides; L. coryniformis;

Dispense

Pediococcus

L. curvatus; L. lindneri; L. plantarum; L. buchneri
Ped. damnosus; Ped. inopinatus

Pectinatus P. cerevisiiphilus; P. frisingensis
Megasphaera M. cerevisiae

Zymomonas Z. mobilis

Micrococcus K. kristinae

Acetic acid bacteria

Acetobacter aceti; Acetobacter pasteurianus; Gluconobacter oxydans

LAB
Wild yeasts

aLactic acid bacteria.

I (P. cerevisiiphilus; P. frisingensis), are strains of Pectina-
tus, while Megasphaera has M. paucivorans and M.
sueciensis together with M. cerevisiae mentioned above
and in Table I¥"*. P. haikarae, M. paucivorans and M.
sueciensis have only recently been proposed as new spe-
cies®. From Table I, these species were identified in pack-
aging right up to the finished product. Beers spoiled by
Pectinatus exhibit heavy sediments, hazes, small clots,
and an extremely unpleasant taste and odour due to the
hydrogen sulphide produced®. Megasphaera forms only
slight hazes in beer and almost unnoticeable sediments,
but causes severe off-flavours with unpleasant smelling
compounds, including butyric acid, caproic acid and hy-
drogen sulphide being formed, such that the beer is un-
drinkable®. Megasphaera is a low ethanol tolerant genus
and thus it mainly affects no- and low-alcohol beers®.

L. paracollinoides and L. backi are strains of lactic
acid bacteria (LAB) and have recently been proposed as
new species®*?*¥ and their frequency in beer spoilage inci-
dents is not well known. The genetic characterization
indicates that L. paracollinoides and L. backi are closely
related to L. collinoides and L. coryniformis, respectively
and some of the strains belonging to L. paracollinoides
and L. backi might have been misidentified as L. colli-
noides and L. coryniformis respectively in the past*+3#,

Ped. claussenii, a strain of Pediococcus, has also been
reported as a new species and some of its strains produce
exopolysaccharides'**. All the strains of L. paracolli-
noides, L. backi and Ped. claussenii characterized to date
have been isolated from beer brewing environments, mak-
ing them unique LAB species to the brewing industry*.

The genus Micrococcus includes one species, Kocuria
kristinae (previously known as M. kristinae) relevant to
breweries. It is very sensitive to the concentration of etha-
nol and hop bitters in beer and is capable of anaerobic
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Table II. Specific spoilage bacteria capable of growth in beer, modified
from Jespersen and Jakobsen? (and reproduced with permission from
Elsevier)

Gram-positive Gram-negative

Lactobacillus spp.
Pediococcus spp.
Micrococcus spp.

Pectinatus spp.
Megasphaera spp.
Zymomonas spp.
Selenomonas spp.
Zymophilus spp.

growth and growth above pH 4.5% and this is why it has
been reported in the finished product (Table I).
Pediococcus species (especially Ped. inopinatus) are
observed from the mashing and wort separation processes,
right up to the fermentation stage and packaging stage,
showing that the species may have survived the process-
ing stages and recovered, and these may result in soil film
formation when the conditions are favourable. This is be-
cause Pediococcus species can tolerate high temperatures
and changes in pH'*. Most wild yeasts from the fermenta-
tion stage can survive up to the dispensing section. Be-
cause of the difficulty in discriminating them from brew-
ing yeasts”, these can also result in soil film formation
especially in dispensing lines. The beer spoilage organ-
isms in Table I can be further grouped as either Gram-
positive or Gram-negative and this is shown in Table II.

Formation of soil films

In order to have a thorough understanding of the dy-
namics and effects of soil films, and to be able to design
appropriate preventative or control measures, it is of sig-
nificance to understand the natural processes of soil film
formation?'. This formation can be grouped into four key
stages: (i) initial attachment of organic and inorganic fou-
lants, and charged ions resulting in a conditioned surface



to neutralize surface charge that is likely to repel ap-
proaching microorganisms; (ii) attachment of microbial
cells to the surface: this involves reversible attachment of
microorganisms caused by weak interaction forces (van
der Waals attraction, electrostatic, hydrophobic) between
microbial cells and the surface followed by irreversible
attachment of microorganisms caused by permanent
bonding (dipole-dipole interaction, hydrophobic, ion-di-
pole, hydrogen, ionic bonding, covalent bonding and hy-
drophobic interaction) to the surface aided by the produc-
tion of EPS; (iii) entrapment of inorganic and organic
debris and nutrients in the system creating soil films; and
(iv) detachment of soil films due to fluid shear stresses
and aging of microbial cells>68212%345055 The jrreversible
attachment can take from 20 minutes to a maximum of 4
hours at 4-20°C?.

The conditioning process alters the physico-chemical
properties of the surface including electrostatic charges,
surface free energy and surface hydrophobicity?!*-3,
Maximum attachment of soil films depends upon high
surface free energy and electrophoretic mobility or wetta-
bility of surfaces. Surfaces with high surface free energies
such as stainless steel and glass are more hydrophilic,
generally showing greater bacterial attachment than hy-
drophobic surfaces such as teflon, Buna-N rubber and
fluorinated hydrocarbon®¥?8, The presence of multivalent
cations (Mn?, Ca*, Mg**, Na* and Fe**) has been shown
to influence the attachment process, possibly by altering
the surface characteristics or by bridging cellular anionic
polyelectrolytes to anionic polyelectrolytes adsorbed on
the wetted surface®!”. Moreover, microorganisms tend to
attach uniformly in a monolayer to hydrophilic surfaces
(such as glass), while on hydrophobic surfaces (such as
nylon and tin) they tend to adhere in clumps®.

Soil films have also been examined under various hy-
drodynamic conditions such as laminar and turbulent
flow. Films formed under laminar flow are found to be
patchy with round cells, consisting of rough cell aggre-
gates separated by interstitial voids, while those formed
under turbulent flow are patchy, with elongated structures
with streamers that oscillate in the bulk fluid®''2. Fur-
thermore, soil films formed in laminar flow have a low
tensile strength and easily break, but soil films formed in
turbulent flow are remarkably strong and resistant to me-
chanical breakage!'®.

Another interesting point to note is that soil films
formed from single species in vitro and those produced in
nature by mixed species consortia have been shown to
exhibit similar overall structural features with some minor
differences'>!®, with soil films from mixed species being
thicker, more compact and stable to environmental
stress®!7. This may be due to the production of a variety of
EPS materials that result from the activity of different
microorganisms?.

Composition of soil films

Soil films are composed primarily of microcolonies of
different species of microbial cells (+15% v/v) and of
matrix material (+85% v/v)!"'828 Researchers have been
able to show that the EPS is mainly made up of polysac-
charides (~24.5%) and proteins (~82.8%), polysaccha-
rides existing in nature either as neutral or as polyanionic,

as in the case for the EPS of Gram-negative bacte-
ria®17:20.28.3445 The EPS also contains teichoic acid (secon-
dary cell wall polymers), nucleic acids, phospholipids and
other polymeric substances’®. Intermolecular interactions
between the various functional groups within the EPS
macromolecules serve to strengthen the overall mechani-
cal stability of the EPS and, hence the survival of the en-
closed microorganisms’.

The composition of soil films differ depending on the
environment they are formed in, but the difference is usu-
ally small. The structure of soil films, particularly the
EPS, need to be understood as the mechanical stability of
the EPS matrix has to be overcome in the cleaning
process to reduce and/or control soil films®. The structure
of the soil film may be composed of the following:

* Scaling or particle foulants: these may be deposits of
inorganic precipitates of magnesium, calcium carbon-
ate, iron oxides, silica, clay, mineral crystals, corrosion
particles and other particles®'****.

Organic foulants: these may be deposits of organic
substances e.g. oil, proteins, lipids, humic substances,
EPS ]7,20,28.29.54.

Biologically active foulants: these can be yeasts,
moulds, viruses, fungi, spores, Gram-positive and
Gram-negative bacteria that can adhere to surfaces and
facilitate soil film development™'****, The microor-
ganisms observed are almost in every physiological
state known, from aerobic to anaerobic and from expo-
nential to stationary phases of growth'" and they have a
net negative surface charge usually behaving as hydro-
phobic particles®.

Scaling and organic foulants usually originate from
water and sometimes from other raw materials (e.g. pro-
teins from the mashing process in the brewery industry;
calcium and magnesium from brewing water) and fouling
can be controlled by eliminating these foulants from the
source. However, microorganisms are pseudo-particles,
which can multiply, and pretreatment to be done has to
remove all the microorganisms, otherwise they will re-
attach, grow and actively multiply to form a colony of
cells entrapping inorganic and organic debris, nutrients
and other microorganisms, with their EPS resulting in soil
film formation again®*?. The EPS has several functions.
This includes facilitation of initial attachment of bacteria
to a surface, formation and maintenance of microcolony
and soil film structure, enhanced soil film resistance to
environmental stress and antimicrobial agents, and ena-
bling the bacteria to capture nutrients*. Most of the mi-
croorganisms in soil films are aerobic, but anaerobic mi-
croorganisms are also present®,

One researcher showed that soil films studied were
mainly composed of water (85.6%), followed by inor-
ganic foulants, mainly cations (11.7%) to stabilise the
EPS and the film, and the rest was the organic fraction
(2.7%)°. The composition of the inorganic fraction showed
that manganese ions had the highest ratio (59.5%), fol-
lowed by iron ions (18.5%), and aluminium ions (7.5%)°.

Biologically active foulants

Soil films consist of a complex consortia of microor-
ganisms that provide niche environments for additional
microbial communities®. Bacteria are the best-studied
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microorganisms with respect to colonization of surfaces
and subsequent soil film formation, although fungi,
yeasts, algae, protozoa and viruses have all been isolated
from soil films in industrial and medical settings®!. The
cell surfaces of most microorganisms are anionic and this
is normally due to the presence of negatively charged
phosphate, carboxylate or sulphate groups in the cell wall
or capsular or polysaccharide macromolecules®. Most
Gram-negative bacteria have long polysaccharide regions
of their lipopolysaccharide and proteins exposed, resulting
in a hydrophilic surface, while Gram-positive bacteria
have the lipid portion of lipoteichoic acid extending out-
ward from the cell, resulting in a hydrophobic surface®.
Gram-negative bacteria produce neutral or negatively
charged soil films, whereas Gram-positive organisms de-
velop positively charged cationic matrices®.

In vitro experiments have demonstrated that primary
colonisers enable secondary bacteria to become part of the
soil films and in brewery soil films, slime-producing
Acetobacteraceae are considered as the primary colonis-
ers, providing favourable conditions for the aerotolerant,
anaerobic and acidophilic Lactobacillaceae and the an-
oxic environment indispensable for Pectinatus and Mega-
sphaera’.

It is common practice to differentiate brewery associ-
ated yeasts into Saccharomyces and non-Saccharomyces
yeasts; and cultivation of independent analysis of brewery
soil films from bottling plants and adjacent areas has
shown that yeasts are the dominating organisms of most
soil films*. Soil films formed by Pseudomonas, Entero-
bacteriaceae, Lactobacillus, Acetobacter and Saccharo-
myces have been frequently isolated and are well known
in breweries®.

In another study conducted, most of the Candida pel-
liculosa strains showed soil film formation on a mi-
croplate assay, but no Saccharomyces cerevisiae isolates
were observed. Therefore, it was assumed that the C. pel-
liculosa species were involved in attachment and primary
soil film formation in beer bottling plants, while S. cere-
visiae was a late coloniser of a preformed soil film, and
increased the beer spoiling potential of the soil film*’.
Yeasts unable to multiply in beer can also cause problems,
as they can attach to surfaces and become pioneer organ-
isms for the development of soil films. The species Can-
dida albicans is a well-studied soil film-forming yeast*.

Also, other researchers have concluded that the primary
colonisers could be non-beer spoiling Gram-negative bac-
teria (e.g. Pseudomonas species) and the secondary colo-
nisers could be wild yeasts, particularly Pichia anomala,
Candida sake and Debaryomyces hansenii*>*'. Identity of
wild yeasts recovered from soil films, in and around the
bottle filler of one brewery, showed that most were wild
non-brewing strains of S. cerevisiae and Pichia anomala.
In terms of attachment to surfaces, P anomala can form
soil films, whereas the S. cerevisiae isolates are non-soil
film forming™.

Acetic acid bacteria and enterobacteria can reproduce
in areas where residues of process intermediates, beer or
other products collect. Although these bacteria may not be
harmful by themselves, they protect accompanying micro-
organisms from dehydration and disinfectants by forming
slime (EPS)°!. If product residues are undisturbed for
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longer periods of time, yeasts begin to grow along with
the acetic acid bacteria, producing metabolites that encour-
age lactic acid bacteria (LAB) to grow®!. The LAB pro-
duces lactic acid that can be metabolised to propionic acid
by anaerobic species such as Pectinatus species and the
cycle can result in a mixed species soil film formation at
the site'.

Outside of packaging, barley-associated soil films have
attracted attention as they have an important role in poor
wort and in beer filtration after using contaminated grain®.
Beer that is ‘commercially sterile’ on leaving a brewery
and which is then dispensed at draught beer outlets can
contain low levels (~10°%/mL) of planktonic or free cells
(lactic acid and acetic acid bacteria and diverse yeasts)
and this is a reflection of the soil film within the dispense
tubing, which slowly colonises lines from entry at the
dispensing tap or the container end>>°,

Structure of soil films

The presence of high levels of nutrients, macroscopic
and microscopic deposits of food residues, and frequent
stress from cleaning, sanitizing or processing treatments
in the beverage industry influences the soil film structure®.
In the past, soil films were thought to be a compact struc-
ture, but recently studies have shown that they have a po-
rous structure with capillary water channels to distribute
water and nutrients and removal of secreted waste!?. The
structure and architecture of the soil film is dependent on
the flow rate of the bulk fluid, the profile of the surface,
the presence of poor and unhygienic welds and the num-
ber of different species involved*.

The architecture of the soil film is species-specific for
single cultures and substrate-specific for multi-cultures. In
heterogenic soil films, the architecture is often irregular,
probably due to the different growth and adherence pat-
terns of the microorganisms*. The thickness of soil films
is dependent on the flow rate, with maximum thickness
obtained between laminar and turbulent flows*. Further-
more, the thickness in the laminar zone is dependent on
the substrate accessibility and on erosion in the turbulent
zone*,

Characterisation of soil films

Soil film development and structure can be analysed
using various methods. This enumeration process helps to
confirm the source and extent of contamination and the
type(s) of microbial cells involved as contaminating
agents®. The methods available can be divided into two
broad categories, cultivation and microscopy.

Cultivation methods

These are conventional methods involving resuspend-
ing and redispersing soil film cells, plating them onto a
solid medium, incubating and counting®>?. The different
methods used for sampling soil films on external and in-
ternal surfaces are swabbing, rinsing, agar flooding, agar
contact methods and sometimes scraping, vortexing or
sonication'®?, These are quantitative methods that have
been used frequently for years and they are generally in-
expensive and easy to use, but they require appropriate
media and culturing methods to be devised. Vortexing and
sonication have the advantage of sampling internal and



external soil film cells, but the recovery efficiency is un-
known'®. However, these techniques can be abrasive to
attached cells and may result in injury, which could, in
turn, result in viable but non-culturable cells®'. Thus, most
of these techniques normally incorporate a resuscitation
step of several minutes to allow for cell recovery?'.

Swab plating. In this method, moistened swabs or
sponges are used to remove microbial cells from the sur-
faces. The sample liquid is then plated onto an agar plate
or a selective medium, incubated, and then colonies are
enumerated and identified if desired. The advantage of
this method is that with selective media, specific bacteria,
yeast, and moulds can be isolated and identified, but it is
time consuming and also microorganisms may be selec-
tively removed from the surface®.

Contact plating. Contact plating directly samples a
surface by pressing a plate of solidified agar against the
surface. This method is simpler than swabbing, but it is
not possible to sample irregular or rough surfaces. The
limitations of the method depend on how much pressure is
applied to the agar, contact time, presence of soil, and if
the agar picks up the contaminating microbial cells. In
addition, microorganisms do not quantitatively adhere to
the agar surface upon application, again resulting in selec-
tion for a specific microorganism or underestimating mi-
crobial numbers on the sampled surface®.

ATP bioluminescence test. The universal presence of
ATP in living organisms and the reaction of this adenosine
compound, with the substrate luciferin and the enzyme
luciferase, with the subsequent emission of visible light
(562 nm) have provided a means of rapidly assessing the
microbial status of a plant. Many foodstuffs, including
beer, naturally contain ATP as a biological residue and
this has to be allowed for when interpreting results®. The
biochemical reaction is based on the enzyme that causes
the tails of fireflies to glow, and requires the presence of
oxygen and Mg*:

luciferase

ATP + O, + Mg —22 5 AMP + CO, +
oxyluciferin + PPi + €} (592 nm)

where AMP is adenosine monophosphate and PPi is inor-
ganic pyrophosphate.

This is a rapid biochemical method for estimating the
total ATP collected by swabbing a surface, which is re-
lated to the amount of food residues and microorganisms
collected by the swab, with a result obtained within 10
minutes. However, the ATP bioluminescence test cannot
detect low levels of microorganisms. More than 10° bacte-
ria or 10" yeast cells must be collected by the swab to
have positive results®’. The amount of light produced is
measured using an illuminometer and is directly propor-
tional to the amount of ATP (or microorganisms) present.
ATP presence can also be due to dead organic material as
well as viable organisms, and so the bioluminescence
technique can also evaluate a general lack of hygiene®.

Microscopy methods

Microscopy methods involve using light, epifluores-
cence, differential interference contrast (DIC), transmis-
sion electron (TEM), scanning electron (SEM), atomic
force (AFM) and confocal scanning laser microscopy

(CSLM)317:282948 The use of CSLM and epifluorescence
microscopy requires the organisms in soil films to be
stained with fluorescent stains?®. Before the use of CSLM,
electron microscopes were the preferred method of choice
to examine microbial soil films under high resolution.
Unfortunately, sample preparation for electron micros-
copy resulted in dehydrated samples and as a result this
provided a deceivingly simplistic view of soil film struc-
ture, since the soil film collapsed when water was re-
moved'%.

Epifluorescence microscope. The applications of this
method include determination of viable cells, soil film cell
arrangement, microcolony formation, cell morphology,
soil film pH, and distribution of chemicals in soil films*.

CSLM. This is an improved version of an epifluores-
cence microscope, where viability can be determined by
staining the transformed cells with a membrane imperme-
able fluorescent dye*s. CSLM needs digital imaging meth-
ods to create computer reconstructions of the chemical
and physical conditions within the microenvironment of
the bacterial communities®’. CSLM has been used to
greater effect to characterise soil films, as it allows direct
observation of hydrated samples, producing three-dimen-
sional structures.

AFM. This is a non-invasive microscopic technique
capable of imaging surfaces at nanometre resolutions.
Furthermore, as no stains or coatings are needed in this
method, soil films may be observed in situ®!.

There is no practical method for quantitative determi-
nation of soil film microorganisms in the beverage indus-
try environment. This is because swabs and sponges do
not quantitatively detach firmly adherent microorganisms.
However, they provide useful information on the extent of
microbial growth on a surface and on the extent to which
cleaning has been effective®. The effectiveness of soil film
removal and control can be monitored using ATP-biolumi-
nescence for rapid results or plate count procedures for
sensitive results.

TREATMENT AND PREVENTION
OF SOIL FILMS

The primary objective of a treatment process is the re-
moval of product residues. Indirect removal of these resi-
dues is also a first critical point in the removal, killing and
control of soil films*. On the other hand, equipment de-
sign is important to control or eliminate soil film forma-
tion on contact surfaces, but poor design can make the
task difficult, especially when using mechanical treat-
ments in cleaning, which have proved to be efficient in the
removal of soil films on good designs®.

Several strategies to remove unwanted soil films exist
that may be applied to a particular system, depending on
its characteristics, and these include: (i) mechanical clean-
ing, (ii) the use of antimicrobial agents, (iii) stopping soil
film growth by removing essential nutrients, (iv) inhibit-
ing microbial attachment to a surface and (v) promoting
biomass detachment?'**. Mechanical cleaning and antim-
icrobial agents are the most-used methods; however, me-
chanical cleaning can be costly, as it typically involves
equipment down time or a significant labour expendi-
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ture’*. Also, it may not be applicable due to inaccessibility
of the fouled surface.

Many countermeasures have been proposed in the lit-
erature, but the focus of this paper is on two methods: (i)
surface modification (biomimicry), and (ii) use of silver
ions.

Surface modification (Biomimicry)

The term biomimicry deals with bio-inspired based de-
signs, implying the use of the natural world as a model to
base an engineering development or device for hierarchi-
cal structures®. Innovations in materials science have led
to a range of new products that can hinder microbial
attachment to surfaces®. Surface modification techniques
have greatly improved in recent years with the ability to
produce discrete, highly ordered surface features on the
micro- or nano-scale, to more accurately define this bio-
logical-surface interface, as this allows for the isolation of
specific dimensions of feature geometry that may be
dominant in inhibiting settlement of microorganisms®.
However, dimensional differences between target species
makes combating microbial fouling a challenging task
and necessitates the individual examination of each foul-
ing organism for species-specific fouling control*.

There are natural surfaces that are able to resist accu-
mulation of soil films using a combination of chemical
and physical structures. Marine organisms such as sharks,
mussels and crabs have natural antifouling defences, as
does the endothelium of a healthy artery. However, these
surfaces can lose their antifouling characteristics due to
age, injury or disease®. Sharks have placoid scales, which
have a vascular core of dentine surrounded by an acellular
enamel layer similar to teeth®>. A bio-inspired surface,
Sharlet AF™, a design containing 2 um wide rectangular-
like ribs, periodic features (4, 8, 12 and 16 pm) in length
and spaced at 2 um, managed to reduce Ulva settlement
by 86% as compared to a smooth surface*. This design
was inspired by the nano- and microscopic patterns of a
shark skin. These dimensions are smaller than the average
diameter of the Ulva spore body (~5 um), showing that
the width and spacing of a topographical feature neces-
sary to deter soil film formation can be tailored to the size
of the organism®2. This means that antifouling strategies
that exploit surface topography can typically be based on
a consideration of the length scale of the settling body of
each targeted fouling organism*,

It can be hypothesised that narrower channels and pil-
lar spacing smaller than the dimensions of the microor-
ganisms involved may be effective in reducing the settle-
ment of the microorganisms*. This indicates that an
interaction exists between roughness measurements and
feature spacing that must be considered when designing
topographic surfaces*'. These engineered surface topogra-
phies have defined and ordered structural features that are
tailored to the identified critical dimensions (i.e. feature
width, spacing and height) of the fouling microorganisms
of interest*. The proposed criteria to identify topographi-
cal feature limits of a surface are: (i) the microorganisms
must be forced to remain on top of the protruded topog-
raphical features and not be able to settle between features
(feature spacing), (ii) the microorganisms must not be
able to stabilise its entire mass on one single feature (fea-
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ture size), and (iii) if the microorganism is bridged be-
tween two topographical features, it must not be able to
contact the floor between features, i.e. the number of at-
tachment points must be minimised?.

On the other hand, surfaces can be designed to facili-
tate removal of a soil film when it does occur. Surfaces
may foul at the same rate, but the force required to re-
move fouling microorganisms can be markedly different®.
Research has shown that the only surface parameter that
strongly correlates with fouling removal is waviness; with
the highest waviness profiles having the weakest fouling
adherence®. Researchers have also suggested that there is
an inverse relationship that exists between the percentage
of soil film cells inactivated after exposure to antimicrobi-
als and the width of crevices (i.e. roughness) on attach-
ment surfaces?!.

Use of silver

Several attempts have been made over the years to pro-
tect materials, instruments and equipment by plating,
painting and application of enamel. Protection of surfaces
include: addition of a non-adhesive or antimicrobial coat-
ing, release of a toxic agent at the surface, introduction of
surface modifying additives and addition of biocidal sub-
stances'®. Introduction of organic or inorganic compounds
to superficial coatings or biocidal agents within the sur-
face material to create antimicrobial surfaces may directly
inactivate the microorganisms attached to the surface
and/or prevent their adhesion. This entails that a suitable
biocide should be selected to provide a broad activity
against the microorganisms commonly found in the target
application area and may be added to polymers during its
manufacture'®. Some natural materials such as silver are
non-selective antimicrobials that are active against a broad
range of aerobic, anaerobic, Gram-negative and Gram-
positive bacteria, yeasts, filamentous fungi and viruses®.

One researcher reported that a titanium-silver alloy
showed high antibacterial activity and good biocompati-
bility. However, although silver alloyed stainless steels
showed less bacterial adhesion than their silver-free coun-
terparts, the low solubility (<0.03%) of silver in stainless
steel can be an obstacle to bulk alloying. In addition, all
these approaches produce a thin silver-containing layer
(<0.2 um) on soft substrates, which makes it difficult if
not impossible to ensure high durability and anti-bacterial
properties simultaneously®. With silver (0.042%), antim-
icrobial steels were shown to reduce the number of adher-
ing bacteria by 99% compared to normal stainless steel®.
Regrettably this effect declined with time and further
work is required to explore this opportunity further®.

Developments in the synthesis of nanoparticles (NPs),
and their numerous potential applications, has opened up
new possibilities for engineering. Various nanometre-
sized metal and metal oxide particles can provide antibac-
terial properties, and silver NPs seem to be particularly
attractive, due to excellent antimicrobial efficiency of sil-
ver itself that has known for a long time*®. The antimicro-
bial mechanism of the NPs is not known, but it can be
assumed that it is similar to the ions, and this is due to
their small size and high specific surface area, which
makes them extremely reactive with the environment?.
Layers of silver produced by sputtering silver metal in a



Table III. Comparison of the two technologies of soil film control.

Technique Surface modification

Use of silver

Primary objective Inhibition of soil film formation on surfaces

Mode of operation

profile

Cost in relation to plant  Applicable to new plants or plant upgrades
Toxicity
Ease of scale up

Surface features are smaller than the average diameter of the
target microorganisms inhibiting their settlement and adhesion
Cost Very expensive to construct the mould with the designed surface

Zero toxicity levels to humans and the environment
Difficulty in scale up due to surface designs with nano-patterns

Control and elimination of already formed soil films

Release of silver ions that target vital activities to cells
resulting in inactivation of the microorganisms

Relatively inexpensive to produce silver nanoparticles
but expensive to plate, coat or alloy onto the surface.
Low silver solubility into stainless steel affects
alloying process

Used on existing and new plant equipment and vessels

Toxicity levels should be adhered to

Relatively ease to scale up

controlled atmosphere under different conditions to pro-
duce silver NPs species have been produced and studied
and significantly higher bactericidal properties than sim-
ple Ag* solutions have resulted. This is due to the hy-
pothesis that Ag* ions are responsible for the antimicro-
bial activity of silver, even as NPs!".

Silver exerts its antimicrobial effect by progressive elu-
tion from the devices. A silver concentration of 100
pg/litre, achieved by adding silver nitrate in solution, is
deemed safe for human consumption by the World Health
Organization and the Environmental Protection Agency*
and sub-millimolar concentrations of AgNO; are reported
to be lethal to a range of bacterial species, both Gram-
positive and Gram-negative. When silver ions bind to bio-
logical molecules containing thio, amino, carboxylate,
imidazole, or phosphate groups, they inhibit activities that
are vital to the microorganisms’ regulatory processes and
cause inactivation of microorganisms or they can displace
other essential metal ions’ such as Ca** and Zn®*. The
exact mode of action is unknown, but Ag*-treated bacteria
exhibit a characteristic initial stimulation in respiration
before cell death occurs®.

Summary

The two control strategies mentioned above have their
pros and cons and comparisons are made (Table III).

CONCLUSIONS

Planktonic cells become sessile cells when nutrients
become limited. The microorganisms attempt to locate
organic material attached to the process equipment to
which they can adhere and live on. When this is achieved,
a reversible and irreversible attachment process starts and
the formation of soil film takes place. The microorgan-
isms in soil films are resistant towards various counter-
measures and it is therefore important to prevent soil film
formation by using the correct surface design methods,
detergents and disinfectants. Cleaning should be per-
formed frequently, and in addition, the choice of material
of construction has an important influence on the inclina-
tion of soil film formation. Soil films are often found in
cracks, corners, gaskets, joints and crevices in the pipe
material or in dead ends in the pipe system. When deter-
mining the numbers and species in the soil films, standard
methods such as plate counts or microscopy can be used.
The countermeasures employed depend largely on the
costs involved and to date the most effective solution has
yet to be determined.
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