A new tool to monitor biofilm growth in industrial processwaters
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A new online methodology based on a continuousge®eideo microscopy and image
analysis has been developed to study the effea@azyfmes on the formation of biofilm.
This research consists of two parts: (1) the moinigoof the growth of a biofilm formed
with the axenic culture isolated from the processens of a recycling paper mill,
aiming at determining the most appropriate wayuardify the biofilm growth from the
obtained images; and (2) the study of the effetctaree new enzymatic products on
biofilm formation involving the natural flora of mroorganisms present in the process
water of the paper mill. The results demonstraae tine new methodology based on
image analysis allows monitoring the formation mifitm and selecting the most
efficient biofilm control product. The study alslasvs that enzymatic products could
be an alternative for biocides on biofilm preventand control.
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1. Introduction

A bacterial biofilm is an organized community ofamiorganisms attached to a solid
surface submerged or in contact with water. Biofgngonstituted mainly by
microorganisms, exopolysaccharitiésf microbial origin and water. The properties of
each biofilm depend on the environment in whiatheitelops, this being characterised
by various factors such as surface material, mitagailability, hydrodynamics, source
of microbiological contamination, species distribat eté. The presence of biofilm in
an industrial system causes biocorrosion and iadobling due to the formation of
deposits.

Paper mills suffer very often biofouling and bio@mion problems, especially recycling
paper mills, because along with the recovered pagpeal as raw material a vast array of
microorganism&® enters a warm and nutritious environniefrt addition, the trend
towards closing water circuits drives paper milsmork at process conditions that
favour the growth of microorganisms, since the se-of process water implies an
increase in temperature and in the concentratibdssolved organic material. These
problems affect both paper machine operability famal product qualit§;®.

Biocides are usually added to the procces watprdeent and control biocorrosion and
biofouling in papermaking and other industrial syss. However, the use of these
chemicals can reduce the efficiency of the biolalgiccatment of the mill effluents and
increase the environmental impact of the induspiiatess. These drawbacks can be
reduced or even avoided by replacing biocides anymes, which do not destroy the
cells, but act as biofouling control agents. Ndwveldss, the optimisation of any anti-
microbial or antifouling program depends on theinfation obtained from the
monitoring of biofilm formation and growth Ideally, this information should be
acquired on-line, in-situ, non-destructively andeal time to be representative of the
actual processes. Furthermore, the technique sieudgsy to handle and robu8t*’
The methods used to assess the efficacy of biooidésofouling control can be
classified in two categories: (1) techniques inugvthe partial or total destruction of
the sample analysed and (2) non-destructive teaksitpr on-line biofouling
monitoring. Among the destructive techniques, tlesinfrequently used are: dry weight
and plate counts, techniques based on microsc@iju@escence, confocal laser-



scanning, transmission electron and scanning electicroscopy), enumeration of
sessile bacteria, nucleic acid quantification, dredmeasurement of microbial activity
%% The aforementioned destructive techniques cavigealetailed information about
the biofilm but they are very time consuming and swtable to large screening
experiments at industrial scale. In industrial sys, the most frequently used
monitoring methods are based on the analysis adépesits occurred on coupon
systems and on control points within the procetes #tieir scrapping, although

biofilm formation usually takes place in areas watmplicated access.

The non-destructive techniques are typically foduse measuring the effects of fouling
deposits, without evaluating their biological sateon the direct measurement of
microorganisms’ accumulation. The most usual teges from this group consist of
optical methods (differential turbidityand optical fibre sensof§2%, methods based
on the measurement of changes in pressure droprarett or electrical transfer
resistance due to biofilm accumulatidand electrochemical techniques (impedahce
and capacitandd. These methods are not able to detect the isitéales in the
attachment of microorganisms because they reqiofénb thickness to be over a
minimal detection threshofd. Most optical fibre sensors are based on the rmeamnt
of the light intensity received by a detector motalving therefore taking any actual
image.

In this study a new on-line methodology based enute of a continuous process video
microscopy probe that takes biofilm images has loleseloped, tested and used to
study the effects of enzymatic products on the &iom of biofilm in a simple system.
In particular, the research comprised the studhefgrowth of biofilm formed by an
axenic culture oEnterobacter cloacae isolated from the process water of a recycling
paper mill. Then, the methodology was used to nootite biofilm formation in real
process waters sampled from the forming wire sed@ocontinuously moving wire
screen where a slurry of cellulose fibers havirsglads level of 0.3 to 1% is converted
into a wet web, which have a solids level of abato 22%, by draining the water
through the wire pores using the gravity force gacuum), and the results were
compared with the ones obtained from the analyfdilseobiofilm deposited in coupons.
Three different enzymatic treatments to prevent@ndrol biofilm formation were
tested.

2. Materials and methods

2.1. Particle vision and measurement

Particle video-microscopy (PVM 800-10-T12-K) is@ercial in-situ imaging system
developed by Lasentec from Mettler Toledo AutoCHE&X8A), for analyzing particles

or droplets contained in process reactor vessgigpetines at full process
concentrations, having been used in suspensiohsswipended solids concentrations
as high as 60%w. It can be used off-line but alstiree and even in-line in a mill
pipe**3% The device can be inserted directly into a presteam with minimal
disruption of the flow. The probe has two majorteers: a frontal part being a probe
tube which is closed at the distal slurry end lsaphire window and a rear part being a
probe housing which is generally not inserted pracess flow to be monitored. The
probe tube and housing are connected to form d siggled shell which contain all of
the parts of the probe and protect them from tloegss environment. For this study, the
probe was modified by replacing the saphire windbgva new one with two scratches
to favour the attachment of the bacteria.

2.1.1. Image collection



The PVM technique allows obtaining up to two imagessecond of the particle
droplets, or objects suspended in a fluid medium lane parallel to the window’s
surface. The distance between this plane and théowi's surface can be modified by
the user. In this research, this distance was estit@zero. Therefore, images
correspond to particles attached to the windowrase. Because of this, the turbidity
of the suspension did not affect the measuremdra.pfobe generates a laser beam that
focuses on the plane inmediately adjacent to thereal window surface. The light
reflected by the particles attached to the windewairried to the detector through an
optic fibre cable. The detector generates a blackvehite image of a 850 x 654 im
surface with an approximate resolution of 3-5°pm

2.1.2. Image analysis

The analysis of the collected images can give gtadive information about the size of
the deposits formed on the window surface. TheyarsaWwas carried out by means of
the “Image-Analysis Module Chord 1”, which is atfasd simple algorithm which
calculates the chord length distribution based simgle threshold method. This
module is part of the “PVM Statistic Acquisitiondféware. Images are scanned
horizontally from left to right in search of pixelsth a white intensity that falls into the
threshold range selected (particles appear in vavie a black background). Any
contiguous horizontal strand of these white pixekaken to be a single chord. A
transition from “not white” to “white” marks the gmning of a chord and a transition
from “white” to “not white” marks the end of thahard. The intervening length is the
chord length in pixels, which is then converte@ thie image-scaling information, to a
chord length in micrometers. Many chords are meabkfrom each image and a chord
length distribution is obtained each 4 h from laé thord lengths obtained during the
analysis of the 10 images collected during 5 min.

2.2. Experimental set-up

The experimental set-up, which is based on thedeneloped by Peders&rin 1982 to
study the microbial biofilm formation in water sgsts, consists of a feeding open tank,
an open stirred tank, two flow chambers for housireggcoupons, a centrifugal pump
for water recirculation and two peristaltic pumpsWater refreshment (Figure 1a).
Tanks are open to allow the dissolution of the @xyffom the air into the water in a
similar way as it occurs in a paper mill. The Hiofis developed mainly by aerobic and
facultative anaerobic bacteria being possible Histence of anaerobic bacteria in the
centres of the colonies where the oxygen leveéry low. Costerton et al. observed that
although the water channels appear to transpogexinto the biofilm, the diffusion
limitations and oxygen utilization produce very lowygen levels at the centre of
cellular microcolonie¥. These direct observations of living biofilms nexsplain the
existence, and even the physiological activityammdéierobes within mixed biofilms in
aerobic environments. The use of closed tanksare®perimental set-up could increase
the presence of anaerobic, even pathogen, badiadh. flow chamber contains 10
PVC coupons with spaces of 5 mm between them. dtaéwolume of the circuit is 10

L. The centrifugal pump is set up to move this woduof liquid with a flow of 0.29 L/s.
Fresh sterile culture medium or fresh process watsr pumped from the feeding tank
to the stirred tank discontinuously (in the caseuwfure medium) or continuously (in
the case of process waters). The total volumeafgss water or culture medium is kept
constant through the removal of exceeding wastewateculture medium from the
stirred tanR®. According to data coming from different millshgdraulic retention time
of 12 h was selected for the system when it workekd process waters (the flow
through the peristaltic pumps was 0.83 L/h). Tlevfthrough the coupon chambers
was 0.10 L/s to assure turbulent flow. Since thdérbglynamic conditions affect notably



the biofilm build-up and it is very difficult to pgoduce the hydrodynamic conditions of
the mill at laboratory scale, the effect of theyanes on biofilm build-up was studied at
constant and turbulent hydrodynamic conditions,cilallows comparing the results
obtained in the four cases (the case of the cosémmiple, without treatment, and the
three cases in which an enzymatic control agemseésl) and therefore, establishing the
effect of each treatment on the biofilm build-updomparing it with the control
sample. The PVM probe was inserted from the tah@fstirred tank near the inflow of
the tank, immersed into the process water or auhtoedium (Figure 1b).
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Figure 1. a) Continous flow system: Stirred tanl, fow chamber with coupons (B),
centrifugal pump (C), feeding tank (D), Isotherrbath (E) and peristaltic pump (P). b)
Probe location in the system.

2.3. Experimental procedure

The first set of experiments, involved the monngrof the growth of biofilm caused by
the bacterid. cloacae E-22114, isolated from a paper mill that produb@8%

recycled paper using a mixed recovered paper asnaerial. This strain was cultured
at 37°C in a medium prepared to enhance the produst polysaccharides. The
medium containedlucose (20 g/L), yeast extract (0.5 g/L), (30O, (0.6 g/L),

KH,PO, (3.18 g/L), KHPO, (5.2 g/L), MgSQ x 7H,O (0.3 g/L), CaCl(0.05 g/L),
ZnSQ, x 7TH,0 (0.2 mg/L), CuS®x 5H,0 (0.2 mg/L), MnSQ@x H,O (0.2 mg/L),

FeSQ x 7H,O (0.6 mg/L) and CoGl(0.2 mg/L). The formation and evolution of
biofilm during the experiment was monitored witle tAVM probe and pH and
temperature sensors were used to maintain the alptiomditions for bacterial growth
until reaching a mature biofilm, which in this casek 10 days. Temperature was kept
at 30°C by using thermostatic baths (Figure 1a)phevas controlled with addition of
NaOH 0.1% solution. Every 24 h 500 mL of mediumevesplaced by sterile culture
medium in order to add new carbon source. Thiscaased out by turning on the two
peristaltic pumps for 36 min each 24 h at a flote i 0.83 L/h.

The second set of experiments was intended to shadgffects of biofilm control
products on the formation of biofilm caused by tia¢ural flora present in the process
water of the paper mill. The 10 L system was fileith process waters from the
forming wire of the paper machine and the experimears carried out at 30 °C and at a
pH of 6.8-7.0 during 96 h (the natural flora reggia shorter time than the single
culture to form a mature biofilm). Every 24 h presavaters were collected from the
mill and within the folowing two hours used to filie feeding tank and restock the
fresh process water consumed.



The effects of different enzymatic products (alncoercially available from
Novozymes@®A/S, Krogshoejvej 36, DK-2880 Bagsvaerd, Denmark}le formation

of biofilm were determined. The enzyme dosage V&9 ppm (expressed as activity
per liter of water) for all tests. The optimisatiohthe dosage of enzyme was not the
objective of this research; hence a high dosageewgoyed to enhance the effects of
the enzymes on biofilm formation and to allow cargyout an appropriate screening of
the enzymatic treatments. The flow chamber was eghenery 24 h to remove two
coupons. One of the coupons was used to quantfifrbiformation, based on its dry
weight. This coupon was placed in a stove at 1057 dryness and then it was
weighted. The result was expressed in mg/drhe other coupon of the pair extracted
was employed to determine the colony forming upéissquare centimetre of coupon
surface (CFU/crl). This coupon was removed with sterile forceps fushed with 9

mL sterile saline solution to remove slightly adktecells and excess aqueous medium.
Complete biofilms were swabbed from one side oheampon with sterile cotton
swabs and transferred to a vial containing a knealume of sterile saline solution.
This suspension was vortexed carefully during B disperse cells. Then, with each
sample obtained, a serie of dilutions was perforaratlit was plated on plate count
agar. Plates were incubated at 30 °C for 48 h.

The images obtained with the PVM probe were prambsdisplayed and stored in
sequences by the PVM control software. Images vedwen during the 4 days of the
experimentation, after which, they were analyzed.

2.4. Enzymatic treatments

Three enzymatic preparations, commercially avagiabaving different lytic activities
according to Novozymes®, were studied in the 1§dtesn: Pectinex Smash® (various
pectinolytic activities), Viscozyme L® (pectinolgticellulolytic, hemicellulolytic and
polygalacturonolytic activities), and Novozyme 86@®lygalacturonolytic, pectolytic
and hemicellulolytic activies). The experiments &eonducted in series. Before each
trial the system was cleaned and desinfected wsthlwtion of ethanol with a
concentration of 70%.

3. Results and discussion

3.1. Single strain culture experiments

The first set of experiments was conceived to asabether the PVM technique was
suitable to monitor the formation of biofilm anddelect the best statistic of the chord-
length distribution to represent the biofilm formoat process, given that single-species
culture are easier to control and more predicttida natural flora. With this purpose,
an experiment using as pure cultixecloacae E-22114, was carried out. The strain was
grown in the medium referred above. In this experitra series of images were taken
with the PVM probe to monitor the formation of biof on the surface of the probe
window in real time. Figure 2 shows some of thegesaobtained. The chord lengths
distributions obtained from the analysis of theusatre of images were studied and
different statistics were calculated (e.g. theltotamber of counts, the mean chord
length, etc.) to identify which of them presentadeolution appropriately reflecting, in
a simple way, the growth of biofilm. Figure 3 shathat the evolution of the square
weighted mean chord length can be used as an aéhdir@asurement of the biofilm
growth. This was expected, to some extent, sineanitrease of this variable is a
function of the increase in the percentage of thelow area covered by deposits and it
is more sensitive to changes in the large chorgthenthan other statistics, which



reduces the noise due to bubbles. The square weightan chord lengthC (um), is

calculated from each chord length distribution vatjuation (1).
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Figure 2. Images obtained with PVM device duringghs strain culture experiments.

The measurement interval of the PVM covers frora 8G00 pum. This gap is divided
into 90 intervals to obtain the histogram. (e.g6)3um, [6-8) um ,.., [1900-2000] um),
“i” represents the interval number: (1,2,.,99)s the number of counts detected with
dimensions between the boundaries of the interaatlM; is the midpoint of the
intervali (um).

The value ofC obtained at the beginning of the trial correspaondiie scratches on the
window. Therefore, to obtain the values Gfassociated to the formation of biofilm, it
is necessary to subtract the initi@lvalue from theC values obtained during the trial.
The variable representing the biofilm grown is itherement of theC value during the
trial.

The appearance of a base line region correspomalitig induction period (slow initial
microbial attachment) is observed in figure 3,daled by an exponential growth,
which is detected between day 5 and day 8. Findieysquare mean chord length
remained constant.between day 8 and day 10, whdibates that the biofilm
maturation was reached. The evaluation of imagaby/sis corroborates that biofilm
formation in culture medium can be measured usied®VM as on-line monitoring and
that the evolution of the square weighted meandhemtgh represents the biofilm
growth sucessfully.
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Figure 3. Evolution of the mean of the square widlthord length distribution during
single strain culture experiments.

3.2. Natural flora experiments

The PVM methodology was used to study the effecteree enzymatic treatments on
biofilm formation with natural flora present in tpaper mill process water. Figures 4, 5
and 6 show the results of biofilm build-up on compas CFU/cfand as coupon dry
weight (mg/cm) and on the PVM window as square weighted mearddeagth (im).
Bacterial population was measured by plate couatabbic bacteria in the waters; the
results of the counts are expressed as numbetarfyctorming units per (CFU/mL).
During the experiments, the total bacterial coarthe culture medium did not vary
significantly as it was always between’ H#hd 10° CFU/mL.
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Figure 4. Effects of the selected enzymatic treatsien biofilm build up in the 10 L
system in natural flora experiments. Viable cowmsoupons.
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Figure 6. Effect of the treatments on the evolubbthe square weighted mean chord
length in natural flora experiments.

The final values of dry weight and the CFUfc(86 h) on coupons extracted from the
treated samples were significantly lower than thkies of these parameters obtained
from the coupons extracted from the control sanffid@res 4 and 5). This suggests that
the treatments tested inhibit the formation of inef Taking this into account, it is

somehow surprising that the enzymatic treatmenthef process water increased the



number of CFU/crhafter 24 h with respect to the control sampleuffig4). However,

the dry weight of biomass on the coupons extraatéth h was very similar in the four
cases (figure 5). This indicates that the treatngeshtnot increase the mass of biofilm,

but it increased the adherence of the cells tociwpons during the first stages,
reducing the amount of microorganisms removed duitiie extraction and washing out

of the coupons with 9 mL of sterile saline solutidhis effect is in accordance with the
observations made by other authors that have prdkatl the presence of salts,
disinfectants or some other compounds, or othetehaccan increase the adhesion of
bacteria and even the biofilm maturatidif,

At 48 h, the differences among the values of CFU3/datreased (figure 4), but the dry
weights of biomass on the coupons, when no tredtmeNovozyme® treatment was
used, were significantly higher than in the othep tcases (Figure 5). Differences
among the treatments increased with time becauseathount of dry biomass on
coupons extracted from the control sample incre@seedinuously, while it remained
constant in the case of using Novozyme® or evemedsed when Pectinex® was used
(figure 5). This is in concordance with the incee@$ CFU/nf observed in the control
sample and the constant results for CFJ/dmtween time 48 h and 96 h when
Pectinex® or Novozyme® were used. Therefore, thegsetreatments do not prevent

the bacteria attachment, but they inhibit the potida of polysaccharides. These
polysaccharides protect bacteria and attach othemoorganisms to them forming the
biofilm. As a result, although these treatments rase biocide and do not attack the
bacteria, they reduce the formation of the biofgoccessfully, both by limiting the
number of colonizing bacteria on the coupon surtaw by hampering the formation of

a biofilm on it, specially in the case of using Beex®; but their effect was not evident
within a short time.

It could seem that the treatment with Viscozyme®Ildde more effective at shorter
times than Novozyme® (Figure 5); however, afterh7the amount of biomass on the
coupons increased and at the end (96 h) it washitjfan the biomass on the coupons
extracted from the samples treated with the otimeymes. During the first 48 h the
treatment affected polysaccharides production aviltty and the adherence of bacteria
was even lower than in presence of other enzymeshawn by the lower value of
CFUlcnf at 24 h (figure 4); but after that time the effeets not strong enough to avoid

the growth of biofilm, and the biomass weight irased with a similar trend to that of

the control sample, although reaching lower coupeight values.

To compare the results obtained through the PVM wié results obtained from the
conventional techniques used at the industriall Iy weight and coupon colonization) it
must be taken into account that the first methazhidine and on-site and biofilm is not
manipulated during the experiment, while converdldachniques require a manipulation that
may cause the loss of part of biofilm, especialhew it is weakly adhered to surface, which is
supposed to occur in presence of enzymatic tredtmen

Figure 6 shows the evolution of square weightedmus@rd length during the trials carried
out with process waters. In the case of the costaniple, the square weighted mean chord
length started increasing at around hour 20 tohreamaximum at around hour 80. Images in
figure 7 show the building up of biofilm when neatment is used. At least two colonies can
be observed in the images taken at 36 h and tbheiber increased later. First, the colonies
appear in the scratches, where the adherencetés betause of the rougher texture. Later on
(see image taken at 70 h), the size of these @dancreases and more colonies are also
detected in other parts of the window. This iseetitd by the increase in the square weighted
mean chord length (Figure 6) and it is in accordanith the increase in the CFU/ tand in
the weight of dry biomass on the coupons (Figurasdis).



Figure 7. Images obtained with the PVM during tineg with the natural flora of
papermaking process waters: a) Viscozyme®, b) Ngwez863®, c) Pectinex
Smash®, d) Control sample.

When the Pectinex Smash® treatment was used, tlaesyeighted mean chord length
decreased slightly from the beginning of the tiimages show that this decrease was due to
the presence of some bubbles at the beginningedfitd that disappeared slowly in the course
of the experiment (figure 7). Bubbles are dististpedd from the rest of the particles because of
their very high brightness and particular shapectvis clear when the images are watched on
the screen, at full scale (figure 8). The resultthis case of the images obtained by the PVM
show that the treatment with Pectinex Smash® isrtbst effective to prevent the formation of
biofilm. In the case of Pectinex Smash® the rexfltsoupons analysis demonstrated that the
colonization was the lowest from the three treatimiand that inhibition of biofilm formation
was effective. The same is concluded from the @mabyf the images taken by the PVM, with
some interference caused by the existing bubblégeiprocess waters at the beginning of the
trial.

When using Novozyme 863®, the square weighted mbkard length remained constant
during the first 16 h of the trial, but after thiss, value increased up to a maximum value at
around hour 50 and, finally, it decreased. The P¥fdges obtained in this case (figure 7)
show a bacterial colonization located in the straticthe window which remained during the
experimentation and generates polysaccharidestbgtoorly attached to the surface of the
window as they are detached around hour 50. Figgsteows a maximum value of CFU/ Tm

at 24 h and a slight decrease later, when thigniera was used. The differences between this
result and results given by the PVM images aretdulee window surface nature, which is
polished sapphire and, therefore, the attachmenéacteria can be slower than the attachment
of the bacteria to the PVC coupons. Thereforeptagimum value of the square mean chord
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length was reached at hour 50 instead at hour@dh&rmore, as shown in figure 7, part of the
material was separated from the colony at houn®ich explains the observed decrease in the
square mean chord length. This was not observedeocoupons because these
polysaccharides were separated from the couporsctad at 48, 72 and 96 h during some of
the stages of the coupons analysis procedure, weghres opening the coupons chamber,
extracting the coupon and manipulating it, stapas ¢an lead to a loss of biomass. This is
what is intended to be avoided by the use of PVNhtmitor the biofilm growth.

Figure 8. Identification of bubbles. The shapéhestesult of the reflexion of the six lamps of
the probe in the bubble’s surface.

When the treatment with Viscozyme® was used, theease in the value of the square
weighted mean chord length was delayed until arduna 80; then it increased until the end
of the experiment. The values of the CFUF@htained after 48 h were lower than those from
the control sample, but a small decrease was obdetvhour 96, which is probably due to the
loss of cells during the manipulation of the couporhe dry weight of the coupons shows a
tendency similar to the control experiment, butmiwer values than the control sample and
lower slope of the curve. The slope increase wasibgerved until the coupon corresponding
to hour 72 was extracted, but it is observed at BOuUn the images taken by the PVM (figure
7) and in the evolution of the square mean chardtte(figure 6). This difference is due to the
different nature of the surfaces, and is not sed#fice in the tendency, but only a difference in
the attachment time.

4. Conclusions

The developed methodology based on taking imagbsbim formed on the PVM
probe can be a powerful tool to: (1) monitor bioflormation and growth, (2)
determine the effects of antimicrobial productsafilm formation and (3) select the
most efficient enzymatic treatment and assessftaete of control systems on
biofouling. The results obtained with the PVM probebsence of enzymatic treatment
matched those obtained with a conventional teclenimpsed on coupon biomass weight
measurements. The conclusions extracted from thgesmand image analysis are in
accordance with the conclusions extracted froncthgons analysis. There are only
two sources of differences between the reults nbthby the two tecniques: (1) the
lower adherence of bacteria to the shapphire winadvich can lead to a delay of the
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first stages of the biofilm formation, and (2) tbses of organic material of the biofilm
during the manipulation of coupons.

The tried enzymatic treatments, especially PectBraash®, reduced sucessfully the
formation of biofilm and they should be consideasdan effective alternative to the
biocides for the control of biofilm formation.
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