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Highlights

Low-frequencyultrasound was studied on drinking water biofilmsl £aCQ deposits

Ultrasounds affect both biofilm and planktonic galimber and activity

US treatment did not prevent initial bacterial s&glbe andCaCQ deposition

Low-frequency ultrasounds markedly limit biofilmrfoation and scaling
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Abstract

A device generating low-frequency and low-intensityrasound waves was used for mitigating
biofilm accumulatiorand scaling Two systems were tested: a lab-scale plate ixeadtager operated
with continuously recycled water and a continudéy flow-through drinking water pilot used for
mimicking water circulation in pipes. Initial depiien of bacterial cells was not prevented by
ultrasound wave treatment. However, whatever tlseedesystem, both further calcium carbonate
deposition and biofilm growth were markedly inh@alt Biofilms formed in reactors subjected to low-
frequency and low-intensity ultrasound waves weealkly attached to the material. Even though the
activity of bacteria was affected as shown by thmirer cultivability, membrane permeability did not
appear compromised. Ultrasound technology soungspremising in both the mitigation of drinking

water biofilm and carbonate accumulations.

Keywords: drinking water biofilm, low-frequency raound, carbonate depositiomeat

exchangers, water pipes.
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1. Introduction

Bio-fouling of any materials in contact with watesults in a range of adverse issues for industrial
engineered water systems such as decrease in tratsport efficiency, heat exchange limitation,
corrosion, increased maintenance costs, and eméntal impact (as traditional cleaning strategies
sometimes involve the use of environmentally umfillg chemicals). Alternative procedures, i.e. less
drastic, eco-aware, with a low water footprint ams$pectful of material integrity are required,
particularly to reduce their impact on the enviremm

In this context, ultrasonic treatments represewéry promising alternative. Indeed, ultrasonic wave
have been used in many environmental, industridlraadical sectorsilgal bloom controfood and
beverage processing, sonochemistry, nanotechnofoiperal processing, welding, surface cleaning,
medical scanning and non-destructive tesfihg,3,4,9. Likewise, ultrasonic waves (US) are proved
to have ‘synergistic curative’ effects on depositsen combined with other disinfection/cleaning
processes: eg US+UM], US+enzyme$7], US+microbubble§d], US+turbulencg9], US+antibiotics
[10,11,12,13, US+bleac{14], US+ozong15|.

More recently, ultrasonic waves have been sucdbssipplied to prevent marine macro-
fouling (caused by the attachment of large orgasisuch as barnacles, seaweed, mussels, and
diatoms) on vessel hulls with devices emitting naeital waves in the ultrasonic (>20 KHz)
frequency ranggl6,17,18. Moreover a few successful experimental studieseHaeen reported on
inhibition of fouling in heat exchangers and pifgsapplication of a few short pulses of high power
ultrasonic waves: pulses of 0.2 s with 100 s iptdse intervals per ddgit9], or pulses of % 30 s per
day [20]. Mechanisms explaining such an effect are generait reported but they appear to be
frequency and power dependent, and they could ledeto both mechanical effects and local
cavitation phenomenf1]. Additionally, experimental systems used for gating ultrasound are
very diverse and difficult to compare, becauseifiéiénces in the applied piezoelectric transducers
electrical discharge, ultrasound water bath, etthoigh very limited, the literature indicates thaw
ultrasonic frequencies could be accurate for prengrthe fouling of surfaces by bacterial biofilm.
However, the demonstration of ultrasound efficiemtyinhibiting biofilm formation is not an easy

task as ultrasound waves shodklfactoprevent deposition/attachment of soft colloidshsas single
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bacterial cells, multiplication of attached livinglls or the formation of viscoelastic clustersalied
in young water biofilmg22]. Indeed, experimental demonstrations are needgdtta clear proof of
concept of ultrasound technology under conditi@hsvant to engineered water systems.

In heat exchangers, precipitation fouling, ie tloenfation of a solid layer of deposits of
inverse solubility (CaCg¢) CaSQ, Ca(PQy),, etc.), and viscous hydrated organic depositderside
of plates in contact with coolants determine heahange limitation, pressure drop and eventually
complete clogging of the systeris3,24]. Such phenomena are observed with river watersalsot
when drinking waters are used for cooling the systeespecially if they are oversaturated with
respect to CaCp

In drinking water pipes, relatively thin viscoeiagbiofiims are made up of highly diversified
bacterial populations embedded in an exopolymerimgbs,26]. They represent a major reservoir for
many undesirable bugs and sometimes pathof&fjsthat distribution system managers want to
prevent.
Despite the above-mentioned studies documentingnthaivation effect of US waves on biofilms
composed of pure bacterial strains, almost notisnighown on the effect of ultrasound on complex
bacterial consortia from drinking water and scaliiipus n this work we assessed the preventive
effect on drinking water biofouling of continuouswvger ultrasonic waves of low frequency generated
by transducers of low electric power (10 and 25 pAjvided-by-SOFCHEM:PMN-@-Ultrasenic
systemsalready described bf28]. The novelty of the study resides first on the degberimental
approach usedlwo drinking water systems with specific geometnd aperating conditions were
tested: (i) a lab-scale plate heat exchanger dpgrat batch with continuously recycled water, i.e.
planktonic bacteria were constantly exposed t@sdinic waves over the 14-day assay period and (ii)
a continuously fed flow-through pilot used for making water circulation in pipes (Propélfa
reactor), i.e. planktonic bacteria were exposedlti@sonic waves for a time equal to the hydraulic
residence time of the reactor, which is 48 h. Batstems were fed with drinking water of different
chemical composition (‘N’ and ‘M’, respectively).h& number of bacterial cells (planktonic and
sessile), the saturation index of water and theiwal deposited on the materials were used as

indicators of the ultrasound efficiencyinally, the originality also belongs thée pioneering results
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obtainedhere thatshow for the first time that although ultrasound treatindid not prevent initial
bacterial adhesion anGaCQ deposition,it markedly limits biofilm formation and scaling.hi®
highlights the value of continuous application of low-frequgndtrasound waves in preventing

biofilm formation and scale deposits in drinkingterasystems.

2. Materials and methods

2.1. Characteristics of the waters

Drinking waters from two origins were used for doglthe heat exchanger and feeding the Projella
reactor. The water ‘N’ was a relatively soft waterm the network of the city of Nancy, F and was
spiked with Ca(OH) (final concentration 100 mg"), and pH adjusted to 9.0 with HCl to get
oversaturated water (saturation index, SI = 1.8 Water ‘M’ was a scaling water issued from the
network of the city of Metz, F. Table 1 shows sodofethe physicochemical and microbiological
characteristics of these two waters. The calciurbarzate equilibrium of the waters was expressed
through the saturation index (Sl) such as S| = gtHs The pH is obtained from the equation: pH
pK, — pKs + p[C&"] + p[HCOs] + 5pfm; where K is the carbonic acid dissociation constant;i&
the CaCQ solubility constant; [C#] is the concentration of calcium ions (g-molé§;JHCO;] is the
concentration of hydrogen carbonate ions (g-molés and f, is the ionic strength?f]. The two
waters were oversaturated with respect to Ga@@ non-corrosive (Sl > 0), which should favour

scaling of the materials.

2.2. Heat exchanger
Two lab-scale heat exchangers (Flexiplak GCP-01@ppgd with six stainless-steel plates - length 42
cm; width 12 cm; thickness 0.06 cm) (Figure Slhia Supplemental material) - one for the assay, the
other one as control - were connected on one sidieibnized warmed water (> 40°C) and on the
other side to cooling drinking water ‘N’ (averagariperature 23 + 1 °C) spiked with Ca(QKfjnal
concentration 100 mg'). A schematic view of the pilot setup is shown Bigure S2 in the

Supplemental material. At TO, the whole system fillesd with 25 L of oversaturated 'N' water. As
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water was continuously recycled throughout the yasg¢hatch), the hydraulic residence time (HRT)
was equivalent to the duration of the assays (¥4 damost of the assays). The transducer gengratin
ultrasonic waves provided by the Sofchem compamgilRMalmaisons, France) (Figure S1) consisted
of a single-frequency device connected to a commalrigen generator. The transducer was tightly
fastened to a metal bar in contact with the sixt lee@hanger plates. The ultrasound frequency
delivered by the transducer was selected from pusvivorks[18,28] and two electric powers were

tested: 10 and 25 W corresponding to a theordtitahsity of 0.5 and 1.25 W ¢hof the transducer.

The good transmission of the ultrasonic waves tplates and the control of the frequency were

checked thanks to a piezometric sensor (Piezofa&ema, Lyon, France).

2.3. Propella reactors

Two Propella™ reactors (one assay, one controlgwaade up of 100 mm diameter by 500 mm long
stainless-steel pipes, (Figure S3 in the Suppleshematerial). A schematic view of the pilot system
shown in Figure S4 in the Supplemental materiake Water velocity in the reactor was controlled
with a marine propeller (300 rpm), which pushed weer through an inner stainless-steel cylinder,
generating a flow parallel to the pipe wa#t 0.1 m &). These flow-through fed reactors were
continuously fed with drinking water ‘M’ (37.5 mi*h providing a hydraulic residence time of 48
hours. Four lines of four 2 éncoupons made of unpolished stainless steel (S6)3t€re immersed

in the Propella™ reactoiia the annular space between the pipe wall andnther cylinder (Figure
S3)in order to analyze the deposits (bacteria + scdleg ultrasound transducer provided by the
Sofchem Company was tightly secured on the sidth@fPropella™ reactor at 10 cm from the
bottom (Figure S3). The supplied electrical powerthie transducer was fixed at 10 W. Proper
transmission of the ultrasonic waves into the pid#l was checked thanks to a piezometric sensor
(Piezotech, Arkema, Lyon, France), and the distidouof ultrasound waves inside the bulk water was
measured thanks to a 0.5 mm needle hydrophone igPrecacoustics Ltd) connected to an
oscilloscope (HDO4022 - 200 MHz 154 High Definiti@s GS/s), via a booster amplifier of a

minimum gain of 25 dB.
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2.4. Bacterial cell counting in water and in the biofilm
The total number of cells was determined afterdréadtstaining with SYBR™ Green | Nucleic Acid
Gel Stain (S7563, Invitrogen, France) at a finataamtration 1X for 15 min in the dark. For some
water analysis, quantification of the membraneretiebacterial populations was determined using
SYTOX™ Orange Nucleic Acid Stain (S11368, Invitragérance) at a final concentration of 0.25
KM and an incubation for 15 min in the dark). Biof analysis were assessed after dispersion of the
attached bacteria cells from the surfaces (20 criace area for heat exchanger plate; 2 cm? for the
coupons immersed in Propella reactor) by gentlécation (20 kHz; power output 10 W) for<230 s,
using an immersion ultrasonic probe (@ 9 mm; Lafxs&n Braun) placed in 10 ml distilled-bacteria-
free water covering the analyzed surface. Themisgiof the dispersed biofilm and counting were
done as for water samples.

For the heat exchanger experimentations, both etervand dispersed-biofilm samples were
analysed by flow cytometry (FCM) performed with tB® Accuri™ C6 flow cytometer (BD
Biosciences, USA), equipped with two lasers (a Wne at 488 nm and a green one at 552 nm).
Commercial ultrapure water (Aqua B. Braun, BraumnEe) was used as sheath fluid. Bacteria DNA-
stained with SYBR-I were detected using the FL2detr (510 + 15 nm) and bacteria DNA-stained
with SYTOX-Orange by the FL1 detector (610 £ 20 nEyents were triggered on the forward scatter
parameter with a threshold 5000 and on FL1 or Fith & threshold 2000 according to the detector
used. The data were analyzed using BD Accuri™ @ivace (BD Biosciences).

For Propelld” reactor assays, total bacteria cell counting wasedby epifluorescence
microscopy. Water and dispersed-biofilm stainedgamwere filtered through 25 mm diameter, 0.2
pm pore-size black polycarbonate membranes (NucteopVhatman, VWR, France). After mounting
the membrane in anti-fading mounting oil (Citifludtd., London), counting was performed with an
epifluorescence microscope (BX40, Olympus, Japgojpped with a x100 immersion objective lens,
a 470-490 nm excitation filter and a 520 nm barfiker. Between 30 and 100 randomly chosen
microscopic fields were counted for each samplerddeer, directin situ staining with SYBR™
Green | was also done on coupons after the bioflispersion procedure in order to quantify the

residual biofilm cells on the surface. This comngét! an indirect estimation of the adhesion stireogt
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the biofilm onto the surface, which permitted t@egriate the role of ultrasound waves on the biofil
cohesion. Bacteria cell counting was done afténistg and direct observation of the coupons under
epifluorescence microscope as for counting on manerAs residual biofilm could represent in some
conditions a significant fraction of the biofilm,enexpressed the total number of biofilm cells &s th
number of biofilm-dispersed bacteria plus the nesidbacteria cells on coupon. Altogether, the

number of bacteria was expressed as celfsamtl cells ¢ for water and biofilm, respectively.

2.5. Cultivable bacteria counting and their identificati
The number ofcultivable bacteria in water from heat exchangerd Bropella was determined by
counting colonies grown on R2A agar (Oxoid, CM090Bermo Fisher Scientific, Dardilly, France)
after 2-day incubation at 30 + 1°C (to be closéhwater temperature during the assays). Thetsesul
were expressed as colony forming unit (CFU-2d)m#iliter. Identification of the bacterial colorse
grown on R2A agar was done by MALDI-TOF-M®licroflex LT, Bruker, Champs sur Marne,
France). MALDI-TOF (Matrix-assisted laser desorpfionisation-time of-flight) is a technology
based on mass spectrometry, analysing the protéimsicroorganisms to serve as a landmark for
acute identification. Proteins are first co-cryisted in a matrix then ionised by a laser beam
(MALDI). The released ions are accelerated and re¢pad in a vacuum tube under the action of an
electric field based on their mass/charge ratial datected individually over time by a particle
detector (TOF). The entire set of molecules isdftee be displayed as a series of peaks forming a
spectrum which is characteristic of an organism iancbmpared to a database of reference spectra,
thus enabling identification [30}—{matrix-assistémber—desorptionfionization—time-of-flight—mass
spectrometry (Microflex LT -Bruker-Champs-sur-MarneFrandEQr each sample, three colonies

of each morphological type were re-isolated on R2@r and one colony per isolate was identified.
Direct spotting of bacteria cells and full proteixtraction using formic acid were performed follogi
the manufacturer's recommendations. After dryinghespot at room temperature,l. matrix1
HCCA (a-cyano-4-hydroxycinnamic acid in 50% acetonitril&fs trifluoroacetic acid) was added

before analysis. The identification criteria usestevthose recommended by the manufacturer.
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2.6. Calcium carbonate analysis on the coupons
For measurements on heat exchanger piatelks to an home-made plastic frardeposits from a
3.80 cm? surface area were directly acidifiecbH near Gwith 10 ml of ultra-pure HNQ(65 % and

filtered through 0.2 um polyethersulfone filte®lillex GP, Merck Millipore Ltd,Molsheim, France)

anee). The elemental
analysis of calcium, which is a direct indicator smfaling, was performed by inductively coupled
plasma optical emission spectrometry, ICP OES (HE#RILongjumeau, FrancdB1]. For Propelld"

reactor, the whole coupon (2 cm?2) was immerged Iiftan! of ultra-pure HN@and the dosage was

performed as for heat exchanger plate.

3. Reaults

3.1. Assessment of ultrasound wave transmission in #wt lexchangers and the Prop@lla
reactors

When a transducer is used to generate ultrasouisdniportant not only that it is properly coupled

the medium into which it is supposed to emit, dgbdhat transmission is not hampered by severe
acoustic mismatches or other issues. If that medsm solid structure and the aim is to further
transmit the ultrasonic waves into the bulk of wagbeesent inside the structure, then additional
concerns must be raised and checked as to howtie#flgcsound is actually emitted into the liquid. |

is with these issues in mind that measurements ta&en on the side of the plates of the exchanger
(not in the bulk as it was not possible to measut@sound distribution in the bulk water in such
closed systems) and at different locations in thk bf the liquid of the Propelld reactor to verify
that indeed sound was effectively transmitted fithie generating transducer, through the structure,
into the liquid.

For the heat exchanger, the electric tension (m¥asured with the piezometric sensor on the side of
the plates was five times lower than that measdiegttly at the surface of the transducer, due to
some loss of energy between the transducer anch¢ted bar, and the metal bar and the plates. As a

consequence, the plates have been subjected o actustic intensity close to 2 and 5 Wfahring

10
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the assays.

For the Propelld' reactor, due to the geometrical complexity and itifeerent diffraction and
scattering of acoustic waves, the sound field ie liquid was expected to be complicated and
absolutely not homogeneous. The distribution aBsliund waves inside the bulk water was measured
with an hydrophone connected to an oscilloscopgufei S5). To investigate the local spectra, a
discrete Fourier transform was performed usingsa Faurier transform algorithm (FFT). The signal
showed a major resonance frequency at 46 KHz andidatmonic at 92 KHz. The occurrence of
additional lobes in between the secondary lobes egased by windowing of the temporal signal.
More importantly however, the intensity of the figmeasured was highly dependent on the position
of the hydrophone, which indicates, as may be drplecan acoustic field as the result of the
complicated interaction of sound with the structureder examination, determined by scattering

effects in and behind the internal cylinder.

3.2. Effect of ultrasound waves on the saturation indexd planktonic biomass of waters
circulating in the heat exchanger

The saturation index (SI) and the number of baaterells were measured in the bulk water ‘N’
circulating in the cooling circuit of the heat eaclgers after 14 days of work (Table 2). SI was fowe
in the control (no ultrasound) comparatively to fhlet treated with ultrasonic waves, especiallyewh

a high power (25 W) was applied. It means thaisttading potential of the water was decreased in the
control after 14 days, and that the accumulatiooanbonate on the surface was limited, unlike & th
ultrasound assays.

The number of total bacterial cells in the bulk evatN’ was relatively high in the control (no
ultrasound) (approximately 1.4 10° mlI'") (Table 2), as a result of bacterial growth withire
experimental system during the 14-day assay pgiiiglre S6 in Supplemental material). In the
assays with ultrasound, the number of total baaiteglls was decreased by a factor % (20" ml™)
and equal to the number found in the feeding w@iable 1). This lower bacteria density in treated

water indicated a bacterial growth inhibition byrasonic waves, evidenced after 10 days of work

11
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(Figure S6 in Supplemental material). However, te single cell level, the mean fluorescence
intensity of the stained cells was not decreasethbyultrasounds (Figure 1a), suggesting no nucleic
acid alteration as SYBR-I still complex to DNA. @rthe distribution of the granulosity of cells (SCC
parameter) was changed from a multimodal distriioutn the control without US waves to a lower
and more homogeneous granulosity in the treateglsaniFigure 1b).

The inhibition of bacteria growth in water was domied by the reduction of the number of cultivable
bacteria from 18 % of the total number of cellghie control to 2 % in the assays at 10 W (Table 2).
Difference in the phenotype of cultivable bactevias also explored as two types of colony appeared
according to the treatment: white- and orange-aelducolonies were largely represented in the
control, whereas in the assays only orange-colowadnies were observed in the assays with
ultrasound. Identification withvialdiMALDI TOFTef indicated thatPseudomonas stuzethigh
probability at the species level) was represergatifs half of the white colonies, arBlastomonas
ursicola (high probability at the genus level) was represtive: of most of the orange colonies.
Complementary measurements done with SYTOX® Oralygeused for staining bacterial cells with
compromised cytoplasmic membranes showed also tpalations, one brighter than the other one
(Figure 2). Only the former is representative ondged membrane of bacteria. This total SYTOX-
fluorescent population (ie highly fluorescent baeteplus slightly fluorescent bacteria) represented
approximately 50 % of the total population measurgdSYBR-I staining both in the control and in
the assay at 10 W (Table 3). In the control, 15f%he total bacteria were highly-fluorescent with
SYTOX meaning that the cells had damaged-membramben 34 % of the bacteria were only
slightly stained with SYTOX (low permeability to 0X). A relatively similar distribution was
observed in the assays with US (transducer at 10Vl 8.6 % of highly-fluorescent cells with
SYTOX (damaged membranes), while 35.6 % of sligtillorescent cells (low permeability to
SYTOX). Such a similar distribution in the assayl éme control (especially no increase in the highly
fluorescent population) suggested ultrasonic walgshot affect significantly the permeability ofeth

bacterial envelopes.

12
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3.3. Effect of ultrasound waves on the fouling (calcideposit and biofilm) of heat exchanger
plates

The calcium concentrations deposited at the surfdcehe heat exchangers plates were low, on
average 258 pg/chin the control, and 12 pg ¢hmand 0.8 pg cif for the two exchanger subjected to
ultrasound (transducers at 10 W and 25 W, respgjiyFigure 3). These results completed and were
consistent with our previous Sl-related observatioa the higher the SI of the waters was, the towe
the calcium deposit on the plate surface was.stt avidenced that deposits (mineral and biological)
occurred even during the US treatment, suggestiagthe generated vibrations within the stainless
steel plates did not prevent their attachment értithe course of the assay.

As reported for water, the number of bacterialscell the biofilm accumulated on the stainless-steel
surfaces of the control plates (2 to«Q0° cells cnf) was decreased by a factor of 7 in the reactors
treated by ultrasounds (Figure 4). This is coheweith the lower number of bacteria in 'N' water
treated with US waves (transducer 10 W). Flow cytign(FCM) was applied in order to quantify
SYBR-I fluorescence in single cells to discrimindietween low and high fluorescent bacteria,
revealing an extinction of the fluorescence of 8teessed bacteria that could be explained by
alteration of the nucleic acids (ie target of SYBRWhereas the bacterial number was lowered by
ultrasound, the mean fluorescent intensity of biofbacteria subjected to ultrasound was comparable
to the control (Figure 5), indicating no detectabltration of nucleic acids took place in bacteria
subjected to ultrasound.

All together these results suggest that the ultradoirradiations mostly inactivate the bacteria
activity, which results in growth reduction and toxdbility decrease but did not compromised cell

membrane permeability (at least to SYTOX Orange).

3.4. Effect of ultrasound waves on planktonic bactenid biofilm accumulation in pipe reactors

Flow-through reactors mimicking water distributipipes (Propelld’ reactors) were equipped with
suspended coupons and continuously fed with drintiater ‘M’. In the bulk of water, the number of

bacterial cells measured at pseudo-stationary @iateveen days 18 and 28) was systematically higher

13
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in the control than in the reactor subjected toasttund waves (power 10 W) (Figure 6 and Figure
S7). The dynamic of the bacteria within the reactaas also interesting as differences between
control and assays appeared after 7 HRT. Indeéteiiropelld” submitted to ultrasound waves the
bacterial number increased in the liquid phasel dialy 13 and then tended to decrease to the initial
values of the feeding water, whereas bacterial idementinuously increased in the control reactor
(Figure S7). This again suggests that a limitatibthe bacterial population activity within the oéar.

On the stainless-steel coupons immersed in theeltaBp reactors, the difference in the number of
biofilm cells in the assay and the control was agpnately of 1 log (Figure5 and Figure S8). It
means that bacteria cells attached to the materigpite of the ‘vibration’ of the surface, but ithe
accumulation or growth was reduced in the time-sewf the experiment (28 days). In the reactor
subjected to ultrasound waves the lower densityattdched bacteria in the reactor submitted to
ultrasound waves matched with the lower numberet$§ én the water bulk. The good reproducibility
of the results was interesting although the distiin of the US wave frequency inside the Propélla
was not homogeneous (Figure S5).

Additionally, the bacterial adhesion strength oitite stainless-steel surfaces was indirectly estichat
by comparing the number of bacteria remaining @endbupon after application of the lab-procedure
for biofilm detachment (Table 4). The remainingfihio was equal to 2.5 % of the total biofilm for
coupons subjected to ultrasound waves compared t&o Jof the total biofilm for coupons in the

Propelld" control.

4. Discussion

Our investigation was carried out with ‘power ustbaic waves’ at low frequency (46 KHz and 92
KHz) and low intensity according to the classifioatof [32,21]. A low intensity is interesting as it
could be below the “acoustic cavitation threshold@3], which results in material damage being
avoided. Ultrasound waves applied continuously owpd the ‘chemical stability’ of the water and
limited the quantity of calcium carbonate depositidt is in good agreement with the observatioins o

Nakagawa et a[34] who reported an effective hard deposit exfoliatnihe antinodes of vibration.
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Vasyliev et al.[35] have recently confirmed the effect of ultrasountsscale demonstrating that
depending on their intensity, ultrasound can caitber a surface clean-up by cavitat[8a] or a rise

of CaCQ nucleation site density, building a protective lsctayer on the surface. However
understanding the mechanisms through which ultieseaves affect such carbonate deposition is not
straightforward. On the one hand, the complexityhaf CaCQ deposition on a flow surface arises
from the numerous multicomponents of the systen iti@dude all ionic species, mass transfer and
chemical reaction$37], and the synergistic effect of suspended sog. On the other hand,
ultrasound can promote carbonate precipitationointi®n rather than on the solid surfaced][3In
other words, the lower deposition of calcium on tteat exchanger plate could be explained by both
cavitation erosion and changes in the calcocarbemidibrium of the bulk.

These continuous low-intensity and low frequendyasbund waves were affecting both the
biofilm and planktonic cell number and activitydeed, whatever the tested systems (heat exchangers
and Propell8’ reactor) the number of attached cells was 1 lagtonith ultrasound treatment than in
the control without ultrasound treatment. The numbk attached cells measured throughout the
assays subjected to ultrasound was equivalenetaumber of bacteria generally measured after a few
hours of immersion and in the order of* kn2 [39, 26]. It means that the initial adhesion of the
drinking water bacteria on the surfaces was natifsigntly affected by the vibrations (as previgusl
reported by 40] with S. aureusadhering on polyethylene rods), but that theiivagtwas hindered
preventing their growth. As a result, the numbercolivable bacteria exposed to ultrasound was
lower. The low bacterial activity could explain th@wer attachment strength of the cells to the
sonicated materials as the matrix exopolymer swighmay have also been inhibited, lowered or
delayed. Our observation contrasts with thaf46f41] who reported about the growth stimulation of
some bacteria and fungy. However our results alieénwith that of Joyce et al4$,43] and Gao et al.
[44], who reported a loss of cultivability. Another axpected finding from our work is that the
cytoplasmic membrane permeability was not reallyngmmised as the permeability to specific
fluorochrome such as SYTOX Orange was not modifiedis is contrary to previous results
[45,46,47] who reported a membrane permeability enhancefenfor assays done at much higher

frequencies (500 kHz and 1.65 MHz,), or higher powgcepted Dong et al. fiwho worked in the
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same rank of frequency (42 KHz) and intensity (<tiwf). One may also suppose that low frequency
and low intensity ultrasound perturbations of theetopes, if any, would be easily and rapidly
reversible after the ultrasound irradiation stapthis study we measured a 46 KHz ultrasound wave i
the water and one harmonic of lower intensity atk®2z. Then, it is difficult to link the observed
effect of ultrasound to one or to the other of éheso wavelengths, or their combination. No other
frequency, which could have been generated by theations of the plates and pipe walls, was
detected in the water.

An abundant literature has been produced on tleetedf ultrasonic waves on planktonic and
sessile algae (see the review[®f7,4.521,17,49]k According to it, there is no universal optimal
frequency as alteration of algal cells was obtaimethe range of 20 to 1,320 KHz depending on the
ultrasound generator and the algal species. Despitiences supporting the efficiency of low-power
ultrasonic waves on algae and invertebrates suchagtacles, few tests have been conducted on
bacteria and carbonate deposition under drinkinggm@onditionsA priori, the use of low-frequency
ultrasound waves for disturbing/inactivating baietecells, which behave as 0.2 um soft colloids, is
very challenging. Indeed, in water the ultrasouatbeity is of 1,500 m§ and the wavelength of the
ultrasound applied in this work is close to 3%Ifeter. It means that the small planktonic celtsusth
not be directly affected by such a wavelength/fegmy. The same can be said for 100 pm viscoelastic
young biofilm clusters, which should absorb ulttasth wave energy with reduced impact on the
structure. Indeed, the absorption of sound in wigtermaterials at 46 kHz is in the order of 0.8
dB/km [50] and capsular material has been identified a®gegptive structured1].

Ultrasound-induced inhibition of bacterial growttoutd be explained by some other
mechanisms such as cavitation and pressure vagatirst, microbubble cavitation (especially
‘asymmetric collapse’ close to the surfaces) geimggdocally reactive oxidative species (ROS), and
the fast flow rate of water (up to 100 um/s) geteztdby microstreaming [92,4,53] have a major
effect on bacteria and biofilms 455]. Cavitation even in the case of low-power, loweuency
treatment represents a possibility that cannotxbkided as such a phenomenon is dependent on many
parameters such as temperature, quantity of disdapazes and physicochemical heterogeneities on

surfaces or in the bulk (particles). Second, rgpessure variations from positive to negative valire
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46,000 times per second) may also damage sometoatfures such as the membrane and prevent
adaptation or repair. Indeed, many bacteria dadapt so easily to rapid hydrostatic pressure amang

[56,57].

5. Conclusion

Mitigating (bio)-fouling with a low-frequency an@w-intensity ultrasound device was tested
under conditions relevant to engineered drinkingewaystems. The ultrasound devices were tightly
fastened outside the systems allowing an ultras@pmdication without stopping the water system
work. Continuous power ultrasonic waves of low frequefieyjor resonance frequency at 46 KHz
and its harmonic at 92 KHgenerated by transducers of low electric powergii® 25 W) did limit
drastically drinking water biofilm accumulation iime two systems testeid-this—study(a heat
exchanger with recycling water loop, and a contirsly fed flow-through reactoequivalent to a
distribution system pipgsin the two reactorsiefilm-bacterial-density-was-limited-to-approxireiyt
10" to-10-cellsent-equivalent to-the-initial-attachment step-withaay- bacterial attachment to the

walls was not prevented (approximately” 16 1F cells cn? cells stick in a few hours onto the
material surfaces) but the activity of the cellsswinited such as nfurther multiplication of the
attached cellsind no biofilm growth were observeNoreover the attachment strength of thefilm
bacterial cells in the assay with—subjected—ultrasound waves was weaker than in the control
promising an easier further cleaning of the heatharger and pipes if neededdditionally,
waterborne planktonic bacteria submitted to theastiund waves transmitted throughout the walls
behave the same way as the attached cells (nofyrtmmt cultivability on nutritive medium)At such
a low frequency and low intensity, cell membranendging did not appear as the first causeaf
growth arrest Lastly, calcium concentrations deposited at thdaser of the heat exchanger were
lower thanks to the ultrasound treatment, whichuhparticipate to a lower fouling and clogging of
heat exchangers.

Low-frequency and low-intensity ultrasoutechnology sounds very promising in drinking
water biofilm mitigation Such an effect was not predictable as preveraitechment of bacteria,

which behave as soft colloids, was expected to drg difficult and the thin viscoelastic drinking
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water biofilms were expected to be insensitive uohswaves. Future works should contribute to a

better understanding of ultrasound mechanisticceffen bacterial cells and optimizing industrial

application (different modes of application e.gntiouousversusdiscontinuous)—and-beoth-different
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Figure 1: Distribution of the number of SYBR-I stained gkéonic bacteria (FCM measurement) in
water ‘N’ at day 14 of experiment in the heat exafex. (a) Fluorescence intensity (FL2 detector) and
(b) granulosity (SCC parameter). Blue curves cpoad to control without treatment (n=4), red
curves correspond to the assay with ultrasounddthacer at 10 W) (n=4), green curves correspond to

assay with ultrasound (transducer at 25 W) (n=2).
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675 Figure4: Number of SYBR-I stained bacterial cells measungdCM in the biofilm accumulated in
676 14 days on the surface of the heat exchanger gldesith water ‘N’. (n=4).
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Figure 5: Distribution of Fluorescence intensity (FL2 dete} of the SYBR-I stained biofilm bacteria
(FCM measurement) at day 14 of experiment in thet b&changer fed with water ‘N’. Blue curves
correspond to control without treatment (n=4), ceslves correspond to the assay with ultrasound
(transducer at 10 W) (n=4), green curves corresgorassay with ultrasound (transducer at 25 W)

(n=2).
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699 Figure 6: Number of bacterial cells after SYBR-I stainirigpgeudo-steady state (between days 18 to
700 28 of kinetics) in the water phase (planktonic €ellA) and within the biofilms (attached cells)
701 formed on stainless-steel coupon immersed in ts-through Propella reactors fed with water ‘M’
702  (control = no ultrasound; assay = ultrasound — pdl@W). Histograms correspond to averages of 4
703 values and the error bar represents the SD values.
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Table 1 Physicochemical and microbiological charactessstof water ‘N’ (after spiking with

Ca(OH) and pH adjustment) and water ‘M’ (n = 2 to 4).

Parameters Drinking water ‘N’ Drinking water ‘M’
Bacteria (cells mt) 2.2x 10" 2.6x10°

pH 9.0 8.3
Conductivity (uS cri) 1,190 1,031
Chlorine (mg CIL ™) <0.05 <0.05
Calcium (mg L) 54 97
Complete alkalimetric title (CAT) (°f) 29 24
Total hardness (TH) (°F) 9 29
Saturation index (SI) 1.6 14




Table 2 Saturation index and number of bacterial cellerebYBR-I staining and FCM quantification

at day 14 in the cooling water ‘N’ circulating inet heat exchangers (n=2 to 4). The values between

brackets represent the standard deviations.

Saturation index Bacteria Bacteria
(cells mL™) (CFU mL™
1.4x10°
Control 0.11 (+ 0.02) 3.6x10°
(+6.9%x 109
2.0x10"
Assay (10 W) 0.23 (+ 0.03) 3.8x10°
(+ 2.6x 10°)
2.7x10

Assay (25 W) 0.47 (£ 0.01)

(+ 3.5x 10°)

not measured




Table 3: Mean proportions (%) of non-fluorescent, slighitiyorescent ,and highly fluorescent cells
after staining with SYTOX Orange in the 'N' watampled at day 14 in the heat exchangers (control

and assay). Data are average values on 4 indefdeladsays for control and the assays with

ultrasound.
Total cells (a) Non-fluorescent Slightly Highly fluorescent
(See table 2) cells (b) fluorescent cells cells (d)
(©)
Control 100% 50.6 (+9.4) 34.7 (£7.4) 15.1 (x2.2)
Assay (10 W) 100% 56.1 (+ 16.7) 35.6 (+ 15.9) &6.0)

(a) = SYBR-I staining of the cells measured by FCM

(b) = fraction of SYBR-I stained cells not stainradSYTOX Orange on the same sample.

(c) = fraction of the bacteria cells with low flescence stained by SYTOX Orange within the total
SYBR-I stained cells

(d) = fraction of SYTOX Orange stained cells witigh fluorescence compared to total cells stained

by SYBR-I



Table 4 Number of total bacterial cells ¢én{SYBR-I staining) on the coupons immersed for &¢sd
in the Propella reactor (water ‘M’) and the fracti;emaining after the lab-procedure detachment for

biofilm analysis (n=3).

Control (no ultrasound)  Assay (with ultrasound)

4.3x10°(+ 2.9 16) 1.6x 10°(+ 1.0 10)
Biofilm bacteria
(100 %) (100 %)
Remaining biofilm bacteria after lab- 5.8x 10°(+ 4.6 10) 5.9x 10°(+ 5.0 10)

detachment procedure (13.5 %) (3.7 %)






