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Abstract

Biofilm is a layer of syntrophic microorganismscgtito each other and to the surface. The
importance of biofilms is enormous in various indias applications and human everyday life. The
effects of biofilm could be either positive or ndge. Positive effects are encountered in induistria
processes, bioremediation, and wastewater treatiNegiative effects are more common with the
marine industry being one of the sectors which g severe corrosion problems caused by
biofouling on the surfaces of equipment and inftagtires. In space industry, microbial
contamination and biofouling adversely affect botew health and mission-related equipment, the
latter including hardware, water systems, pipingg &lectrical tools. The capacity of biofilms to
grow in space environment was confirmed alreadyl981. One of the most important surface
properties of biofilms is wettability which dictatenot only how a liquid spreads over the uneven
external surface of biofilms but also how it peatds into their porous and morphologically
complex structure. To investigate wetting and Sfirgaonto biofilms, model materials are often
employed to simulate different morphological anddiional features of biofilms in a controlled
way, e.g., soft, deformable, soluble, structurexpps materials. Here we review recent advances in
wetting and spreading on porous and soft deformabidace together with biofilms wetting
properties and its importance in space industry. d@aclude with a discussion of the main
directions for future research efforts regardingfibin wetting.
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I ntroduction

Biofilms represent the most widely diffused andcassful microbial way of life. The ability of
bacteria to produce complex biofilm matrix, knows extracellular polymeric matrix (EPS),
promotes colonization of biotic and abiotic surgceducing stability in the growth environment
and resistance against antibiotic and stress dondif1].

Bacterial Biofilms, in various aspects, can be lieig for nature and humankind as certain
plants employ a coat of harmless biofilms i.e. ¢hggoduced byBacillus subtilisto protect
themselves from pathogenic microorganisms [2M8¢roalgal/cyanobacteriabiofilms are used in
industrial processes and bioremediation [4-6], exater treatment in photobioreactors [7-9], and
non-toxic leaching of copper from ore which rely bacterial biofilms [8, 9]. Biofuels such as
bioethanol can be produced through bioprocessisgcesed with biofilm as an energy efficient
option without secondary pollutio&. thermocellunbiofilm and Polymicrobial biofilms oBacillus
subtilis and Staphylococcus aureusre the examples of the strains used in this fig#@). Food
industry can benefit from biofilms as biofilms of paobiotic bacterial.actobacillus plantarum
grown on nanofiber membranes are utilized as destaulture for producing fermented milk [11].
Although biofilms are certainly actuating many isties, there are frequent cases where their
presence and development might result in severagesn In most industrial and medical settings,
bacterial biofilms have a negative impact on thecfion of processes and devices [12]. Bacterial
biofilms are the cause of almost 80% of the recura@d chronic microbial infections which happen
in human body. They can also be a source forrmfiation when they grow on the medical device
surfaces like implants. Microbial contamination asubsequent formation of biofilms on surgical
implants frequently cause chronic infections that difficult to eradicate. The risk of the infegtio
depends on the type of the medical device, itssiweness level, the site of insertion in human body
and the time during which it is applied into theatmmical site. When there is no external device,
host immune defenses clear the tissue contamisasipontaneously. But when a foreign body, such
as an implant is inserted into the target sitesushan body, a local tissue response is triggeres. T
response alters the immune defense and creatl®ua minoris resistentiaeThis causes a
vulnerability toward the bacterial attacks. Biofdjtbeing resistant to most of antimicrobial agents,
spontaneous cure does never occur, and currentlyathailable treatment for biofilm-related
infections consists in the administration of corti@ral antibiotics at high doses for a long-term
period. Staphylococcus aureus one of the major implant-infecting bacteria.isThtrain shows a
high rate of antibiotic resistance, just lik&taphylococcus epidermidiStreptococcuspp. and
Enterococcusspp., which are also the examples of bacteriairgrcausing orthopedic infections
[13, 14] and, are responsible for diseases which difficult to fight [15, 16]. In case of
Staphylococcal biofilms, they can be eliminated rifgmpin combination therapy, and Gram-
negative biofilms by fluoroquinolones but the treant duration is 3 (hip prosthesis) and 6 (knee
prosthesis) months, very often leading to implaxhange [17, 18].

Marine industry is one of the sectors which encertmsevere corrosion caused by biofouling on
the surfaces of equipment and infrastructures [{8}lonization in marine biofouling can be
performed by various organisms such as bacter&pmis, spores of macroalgae, protozoa, and
larvae of macrofoulers. More importantly, with tewth of international trade in recent decades
and especially of transoceanic maritime transpbitpral states have been confronted with
ecological problems of a new order related to thetribution of living organisms foreign to the
local environment [20, 21]. In aquatic and coagiavironments, invasive species, such as the
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bacterium Vibrio anquillarum have been recognized as one of the serious shiteatglobal
biodiversity, and identified as one of the fourajest risks to the oceans with land-based souifces o
marine pollution, over-exploitation of living magmnesources, and alteration or physical destruction
of marine habitats [22, 23].

In space industry, microbial contamination and didihg adversely affect both crew health and
mission-related equipment including hardware, waystems, piping, and electrical tools [24, 25].
Onboard the International Space Station (ISS) Ipioformation [26] and consequently microbial
contamination continues to pose mission risksrésvovellbeing as the opportunistic pathogens in
water systems and crew cabin present a seriouthhtbegat [27-30]. On the other hand, formation
of biofilms on mechanical systems can seriouslyflehge the hardware reliability as they can also
cause biofouling and material degradation, which tsad to system failure during long term
missions [31-33]. Especially, that with increassmacecraft complexity, crew numbers, duration of
missions, and multiple flights for each spacecnaéty challenges have arisen for long-term control
of microbial contamination and biofilm developmem systems reused mission-to-mission,
particularly in the water storage/distribution gyas [28]. The growth of biofilms was confirmed in
water and waste line samples, already in June 188, the STS-40 mission. On the Space Shuttle
Columbia, despite continuous addition of iodinegtbdal biofilms such a8urkholderia cepacia,
Basillus sppandSphingomonas paucimobilgere found, during the standard servicing protcol
Moreover, onboard the ISS [34], analysis of watengles from potable water sources have been
performed already before the arrival of the firgrmpanent crew. The results showed that the
predominant microbial isolates were Gram negatigetdria such a€upriavidus metallidurans
Sphingomonas paucimobilisMethylobacterium fujisawaenseand Wauteria basiensis This
demonstrates the potential problems with the exeéndse of closed-loop systems and current
control mechanisms.

Consequently, an increasing interest of severaén§ic communities is put to biofilms
formation, growth, their microbial behavior anddily, to the development of efficient methods to
eradicate bespoke biomaterial [35, 36]. Typicalffilmiocontrol strategies either aim at preventing
bacterial attachment and thus biofilm formationemically inactivating the bacteria within the
biofilm [37-39] or removing the whole biomaterialoin surfaces by mechanical forces [12].
However, these traditional biofilm mitigation appobes are limited due to bacterial persistence and
biocide resistance. Genetic modification of baeteduld represent a further possible strategy for
fighting biofilm development. The maodification oeges involved in biofilm formation and their
development may have positive effects on theseegs®s. Gene products with a negative effect can
also be considered an excellent target to inhianes needed for biofilm formation. The negative
function of yeast-form cell wall protein 1 (Ywpl) the adherence step might represent a positive
function in biofilm dispersal and desegregation][4® different strategy to counteract biofilms
development consists in the inhibition of geneg tegulate key factors for biofilm production. In
Salmonella Typhimuriurthe activation of the Rcs phosphorylation pathwesutts in the inhibition
of the expression of genes encoding surface adhdbims leading to the inhibition of biofilm
formation [41].

As the biofilm covers the surface of a materiakavrsurface with new properties is created. The
wetting propertie®f such a newly formed surface are important imbedploiting the advantages of
biofilms and preventing any detrimental consequenoé their unfavorable effects. Surface
parameters and wettability of biofilms are gainingreasing attention especially now that among
the emerging technologies for combating biofiim&wnsurface coatings show promise for
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preventing biofilm formation [42]. This approachmei to interrupt the critical initial step of biafil
formation (cell attachment) through surface modiiizn.

The development of materials capable of preverdimghibiting bacterial attachment on medical
devices might represent an important alternativéhéouse of biocide substances. Several different
approaches that involve physical and chemical sarfmodification have been proposed. The
engineered surfaces can be coated with molecufesbtsa of inhibiting bacterial adhesion or with
active antimicrobial agents. Moreover, surface tinesmt with natural disruptive agents and
modification of surface topographical parametersusth also be considered to disrupt the biofilm
matrix [43]. Furthermore, the essential oils EQerfraromatic plants were screened for their ability
to prevent biofilm formation and to disrupt prefadhn biofilms against clinical anMethicillin
Resistant Staphylococcus aurgldRSA) strains [44]. Finally, very recently, hydytc enzymes
secreted by bacterial cells like dispersin B hagerbemployed to degrade the components of the
biofilm polymeric matrix of S. epidermidis, Burkholderia cenocepacia, and Actobacter
xylosoxidangeading to active dispersal of the biofilm witheaduction of the biomass [17].

Besides chemicals, also physical strategies haga bddressed toward biofilm disruption; low
cytotoxicity magnetic nanoparticles (MNPs) in condiion with magnetic fields were shown to
provide a deep penetration into the biofilm damggdime biofilm matrix and causing detachment
[45]. Finally, modification of surface topographigarameters is able to reduce the attachment of
microorganisms on materials for long time providendpcal and well-characterized distribution of
topographical patterns [46].

Biofilm resistant coatings can eliminate or redute need for disinfectants, reduce the
environmental marine pollution and, avoid the depelent of biocide resistant “superbugs,” thus
offering distinguishable advantages for biofilm yestion during long duration mission$he
microscopic organisms tend to move toward the rizteurfaces and form aggregations on these
nutrient-rich surfaces because of the concentragradient of nutrients. As this bacterial movement
is stimulated by a directional exogenous factais #talled taxis. The taxis caused by the nutrients
chemotaxis. The adsorption of chemical materiatbthr attachmendf the microorganisms forms a
film onto the surface. In comparison with the stdist this new thin layer has different surface
characteristics, such as surface charge, hydrojliydrophobicity, surface tension, surface free
energy, roughness, and wettability. This systemaision-ideal surface containing pores and
microgrooves and possessing deformable structungedns that their interfacial characteristics such
as wettability cannot be evaluated by equationsmaodels used for ideal flat solid surfa¢ég-49].
Therefore, wetting properties and/or spreadingasttaristics of biofilms along with their adsorption
capabilities and adhesive parameters on porousaragdi noteworthy to be studied as a matter of
priority.

In order to optimize the design of the future speaxploration vehicle for long term missions,
new technologies, in which the superfacial and imgtproperties have to be considered, are needed
to control the habitat microbial environment ovarliiple years.

Biofilm Structure

Bacteria generally grow in one of two ways: plamito freely existing in bulk solution, and sessile,
as a unit attached to a surface or within the oenfient of a biofilm. A biofilm consists of a
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microbial community sheltered in matrix of extrdakdr polymeric substances, EPS, that include
proteins, polysaccharides and, surface-associaietbanganisms such as bacteria, fungi, algae,
protozoa, extracellular DNA [50, 51]. Together wi#PS, pili, flagella and other adhesive fibres
secreted by the microorganisms, act as a stalgjlizicaffold for the three-dimensional biofilm
structure. Flagella and pili are the structurestlom outer surfaces of bacteria. These organelles
enable the bacteria to interact with their envirenin There is a potential influence of bacterial
motility in contaminated liquids, and their accuatidn on specific regions of the surface, on
biofilm formation and structure, even if these aspare still not fully investigated. Nutrients,thre
matrix, are trapped for metabolic utilizations hg resident bacteria and water is efficiently redéi
through H-bond interactions with hydrophilic polgsharides [52, 53]. Enzymes secreted by the
bacteria modify EPS composition in response to gearin nutrient availability, thereby tailoring
biofilm architecture to the specific environmen8]3Thus, the structural components of the matrix
give rise to a highly hydrated, robust structuréhvhiigh tensile strength that keeps bacteria iseclo
proximity, enablingcell-to-cell interactions and DNA exchange, whiletgcting the biomass from
environmental stresses, creating an inhomogengmusys thin layer, that represemtiew surface
with newfound properties.

2.1. Biofilm formation

Biofilm formation requires five stages: (i) revdis attachment of the bacteria to the substrate
followed by (ii) irreversible attachment of cells & solid substrate, the key step in biofilm
formation, (iii) first maturation though which mawolonies grow and become thick, (iv) second
maturation, in which microcolonies get the maximsiae and, (v) detachment [54]. Colonization is
the first action in this process to overcome rdapaldorces between bacteria and the surface
allowing the initial contact and translocation. Manisms governing bacterial adhesion at the
single-cell level are different, and depend on tglke, surface physic and chemistry, and the liquid
environment. It is not possible to draw a geneescdption about how adhesion is achieved at the
single-cell level, however a wide discussion of plkenomena, including an analysis of the physical
forces experienced by a cell before reaching thiase have recently been discussed by Berne et al
[55]. Once single cells are attached to the surflaeg start to multiply and form communities. Some
other bacterial cells interact with surface, divided leave. A multigeneration memory of this
mechanism allow future generations to return togbdaces and progressively better adapting to
surface sensing and attachment [56]. To protect sarehgth colony adhesion to the surface an
extracellular matrix is formed.

A multitude of proteins play essential roles atfetént stage of this process. Some proteins
contribute to biofilm accumulation while others airevolved into the mediation of primary
attachment to surfaces or the matrix developmeathEstage of the biofilm formation process
depends on the microbial genera, species, chasimgrof the attachment surface, environmental
conditions, external stress and physiological stafithe microorganism [57]. Bacteria involved into
the biofilm matrix are more tolerant to antibiotib&n planktonic cells. This antibiotic resistacea

be related to the increased transmission of resistenarkers, efflux pumps, physical protection and
acquired resistance. Biofilms have also dynamigcttiral properties and rapid alterations in their
gene expression lead to modification of their stefantigens [58].

2.2. Bacterial motility
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Biofilms are usually investigated in static conalits that, however, are very far from reality athim
vast majority of cases, biofilms form under fluldW with the flow playing a significant role in the
production, composition and architecture of thefilnin[34, 59]. The fluid flow drives bacteria
motility favouring surface colonization.

Bacterial mobility is enabled by two different typef structures, flagella, fimbriae, and pili. Fédlg

are a lash-like appendage that protrude from thdody, are made of three basic parts: a filament,
a hook, and a basal body, cells can have one oe flegella. Fimbriae and pili are thin, protein
tubes originating from the cytoplasmic membrand thaapidly polymerized and depolymerized
assembling protein subunits called pilin [60]. Batie able to stick bacteria to surfaces, but pdi a
typically longer and fewer in number than fimbriddwey are found in virtually all Gram-negative
bacteria but not in many Gram-positive bacteria.tif end of tube is the adhesive tip structure
based on glycoprotein or glycolipid receptors. Ehefructures are necessary for the movement
towards surfaces, allowing microcolonies formatmal initial bacterial adhesion [33].

Different motility mechanisms can be identified [64 brief summary is reported in Table 1.

Table 1: Bacterial motility mechanisms [61].

Swarming Defined as a rapid multicellular bacte

motility surface  movementppowered by rotatir]
flagella.

(flagella)

Swimming Movement powered by rotating flagella

motility takes place as individual cells moving
liquid environments.

(flagella) a

Twitching Surface motility powered by theyclic

motility extension and retraction of type IV pilia

confers slow cell movement often witl
ﬁerky or “twitchy” appearanc

(pilius retraction

Gliding motility |A catch-all definition for active surface

(focal aldhesiomovement that occurs along the long axis

complexes) of the cell without the aid of either flagella

or pili.

Sliding motility |Passive form of surface spreading that
not require an active motor, binstea O
relies on surfactants to reduce sur o”oo
tension enabling the colony to spread a 00O O
from the origin driven by the outwe
pressure of cell growth.

(spreading b
growth)

When there is a cell transition from swimming toasming, the number of flagella on the cell
surface increases. Organisms with alternative Hlageystems become hyperflagellated in the



297  transition from the single polar to multiple peddtrous flagella. Chemotaxis and surface sensing can
298 influence directionality and motility mechanisms.

299  Analysis of trajectories of P. aeruginosa PAOl (otdohous bacteria, propelled by a single
300 flagellum located at the pole at one end of the lsadly) in an oil/water emulsion [62] evidenced
301 four distinct characteristic motions, summarized @ble 2:

302

303 Table 2: Description of different bacteria traje@s at the Oil-Water interface (from fig 2 in [§25cale bars
304 are 20 um.

Motility type|PopulatiofDescription Trajectories

frequency

Interfacial 10-20% |Are not adhered b
visitors swim toward an
away from th
interface,  changir Pl e ¥ (F
their  heights b e Qo> A WNiay,
several micrometers| U D | 47

Brownian 30% |Are similar to inel S f{
DilJusive passive colloi T A *a 5 ;f ;
Bacteria trapped at th e 3 ‘.;s‘
interface. The bacte .2 %
are probably in - ad“_‘:.;f-\ ¢
sessile, inert state e g ’
are trapped in = —t
corfiguration thg ' "

denies the molecul
motor access to i
that fuel its rotation
for example, b
immersion of th
flagella in the o

phase.
Pirouettes | (rare, ~ |Rotate quickly i b
5%) |nearly fixed positions. ", e
.‘
> X
‘ki‘! &
e '
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321
322
323
324
325
326
327
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330
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335
336
337
338
339
340
341
342

Curly Paths| ~40% |Swim in curly path
more than any oth
mode of motion; th
trajectories are qui
stable egept in th
event that they collig
with other bacter
and become trapp
in a cluster.

By using advanced microscopy techniques, such akviltw light-sheet microscopy, it is possible
to monitor spatial trajectories of individual celid the collective motion that lead the biofilm
expansion. Trajectories of early born cells (0-@risp are more trapped at the substrate with respect
to cells born later (12-15 hours) [63].

In the initial phase (0-5 hours), the biofilm grevedominantly in the lateral plane and cells shawn
Brownian and random walk. As the biofilm developslQ hours), individual cells shown persistent
and straight trajectories, which dominate the kaflkhe biofilm at the later stage (10-15 hours).
Biofilm expansion is driven by cell division, extellular matrix secretion, and osmotic swelling.
The Brownian-to-ballistic transition of cell moti@moincided with the transition from predominantly
lateral biofilm expansion to accelerated vertioglansion, a transition from 2D to 3D.

2.3. Spreading of the bacteria laden droplets on solid substrates

Secchi et all.developed a mathematical model of bacteria swirgnimflow using microfluidic
strategy and®seudomonas aeruginosand Escherichia colias model and provided a new tool to
predict the location and magnitude of bacterighcittnent to surfaces [64]. Hydrophobic coating
[65, 66] can prevent biofilm formation on differestirfaces, affecting wettability and surface
properties. Other studies investigated the podsilbdl inhibit contamination of medical implants by
treating titanium surfaces by radio-frequency qultkma [67].

Inhibition of bacterial mobility and/or swimming ciease biofilm formation in many pathogenic
strains. Inactivation of the PA5001 genePinaeruginosagenerated a nonmobile strain resulting in
the alteration and disruption of biofilm matrix [6& similar effect was observed . aeruginosa
after treatment with plant-derived phenolic compisinthe swarming motility and consequently
biofilm production were reduced by about 50% [68].Enterococcus faecalisCLSM and SEM
analysis demonstrated that treatment with phertidlacid (PLA) affects cell motility and reduces
EPS production inhibiting bacterial adherence aiddilim formation [70]. Several antimicrobial
peptides were demonstrated to affect biofilm fororatat different stages and through different
mechanisms of action. Human cathelicidin LL-37 pgoinhibitsP. aeruginosabiofilm formation

by downregulating genes related to the QS systearedsing the ability of bacterial cells to attach
on surfaces and stimulating twitching motility megéid by type IV pili. The CRAMP antimicrobial
peptide is able to inhibit fungal biofilm formati@nd a CRAMP short fragment, the AS10 peptide,
was shown to inhibit biofilm growth d®. aeruginosa, E. cqlandCandida albicang71]. A novel
synthetic cationic peptide, defined as 1037, i abl affect biofilm formation by downregulating
several genes related to flagella decreasing swiigmiotility in PA14, PAOL, and Burkholderia
cenocepacia, and suppressing the expression ofigtyaf genes involved in biofilm formation
[72]. AMPs can also cause disruption of the biofitmatrix. The hepcidin 20 peptide can reduce the
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mass of the extracellular matrix altering tBe epidermidisbiofilm architecture by targeting
polysaccharide intercellular adhesin (PIA) [54].

Bacteria motility can induce formation of aggregasmd affect interfacial properties in the case of
multiphase systems (droplets). Motile bacteria eaigregate in polymer-rich environment via
polymer-induced depletion forces. In the preserfagon-adsorbing polymers such as polyethylene
glycol (PEG), bacteria aggregate through depletigaractions, which occur when two bacteria
approach each other and reach a depletion zoneewtherpolymer is excluded from the space
between them: this force is expressed as an osm@ssure difference generated from the variation
in polymer concentration between the depletion zomethe bulk solution. For non-motile bacteria,
the only driving forces for aggregation are polysimetuced depletion forces. For motile bacteria,
motility forces and depletion forces competitionemine a steady-state aggregation behaviour at
sufficient polymer concentrations and long-time lsga Porter et al [73] by measuring size
distribution of bacterial aggregates using confaualroscopy, showed that motility influences the
polymer-induced depletion aggregation of bactetigh@rt time scales (10 min). In dilute polymer
concentrations, aggregation of nonmotile bacteriabiserved but no aggregation of motile bacteria
because the depletion forces are simply not stemrugigh to compete with the swimming forces. In
the semi-dilute regime, in a viscous environmertiemw a critical PEG concentration threshold is
reached the aggregation starts also for motilegiact

Bacterial motility can heavily affect interfacialgperties also in the case when bacteria are presen
in a droplet of liquid wetting a surface.

A water drop can slide on a tilted plane of agdg®en the driving force (gravitational) overcomes
the capillary pinning force, i.e. when the valudlef Bond number (Eq. 1) reaches a critical value:

__ pV gsin(a)
BO - V1/3y ’ Eq l

wherepV andv /3 are the drop mass and typical widgzin(«) is the effective gravity, andis the
surface tension.

Bacteria can unpin such droplets, leading in pcactb the collective ‘surfing’ of the entire colony.

Hennes et al [74] observed the sliding of bactlexiten droplets with an initial Bond number of

Bo=3-10° whereas water drops only start sliding for Bonthbers larger than B©.25.

Bacteria influenced the Bond-number of the drofoilowing ways:

1. Pump water from the environment can increase dodye

2. Surfactant secretion can lower the surface tenginsubtilis secretes surfacjinstrongly
enhancing the wettability of the agar gel.

In the case of E. Coli moving a sub-millimetric dsion drop [75], each motile bacteria can induce
force of magnitudef, (Eq. 2)

f ~nlvy, Eg. 2

wherev, andl are the characteristic speed and size of the tatteandn the viscosity of the
surrounding fluid. The energy required to creatbuamp” of size comparable to the bacterial body
in the drop surface £ yl?) is lower than the interfacial tension [73], whilee energy that a
bacterium spends by swimming the same distandegis3)

fl ~nl?v, Eg. 3
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The ratio between these two energies is of therafihe capillary number (Eq.4),

Ca =10 Eq. 4

For a typical water-oil interface in the presentswfactantsy ~ 1 mN/m andCa ~ 107>,

As a result, bacteria swimming near a typical watkinterface feel a rigid boundary and thus
behave like swimming near a solid wall rather tlafiee surface; they interact hydrodynamically
and accumulate at the interface. This accumulatiear the drop interface can enhance the
interaction of the bacterial flows in the drop (g 1a) and the fluid surrounding the drop. It is
shown that the drop movement and its directioneieminined by the bacteria that move near the
substrate, causing the drop to roll over the satestiThe turbulent-like motion of the bacterialtbat
constantly changes the direction and speed of dloteba that swim near the bottom of the drop.
This explains both, the persistent movement offtloplets at short times and their random motion at
long times.

2.4. Coffeering effect

Swimming cells in a drop do not distribute randoniharticles in an evaporating droplet accumulate
at the interface and typically leave a ring-liketpa on the underlying substrate after complete
evaporation, a phenomena commonly known as “coffag effect” When bacteria produce
surfactants, the pattern of coffee ring depositiors not appear [76]. The presence of gradients of
nutrients (such as sugar) induce the bacteria twemoward the nutrient site with resulting
convective flows (Figure 1b). This may be attrilsite the fact that bacterial chemotaxis near the
base dominates over the internal fluid flow, whileagwrom the sugar crystal, chemotaxis is
relatively weaker. Chemotaxis can hence influenaebacteria deposition and motion in a drop.

This non-random distribution of bacterial, and tlecumulation in specific areas of the surface can
be expected to influence surface contamination @n@lm formation, for example by inducing
surface tension gradients. A clear study abouttitennection between bacterial motility inside a
contaminated droplet and spreading of biofilm i$ yet available to our knowledge, but we believe
that investigation of wetting of bacterial-lademplets on clear surfaces could represent a progisin
approach to study surface contamination by droplets

a Live Dead |b Live

150 213005
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Figure 1 Fluid flow measured inside an evaporating dropkihg the PIV technique [76] show that the presesfca
chemoattractant can influence the spatial distidoubf bacteria: a) velocity vectors are superinggb®ver velocity
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contour, during droplet evaporation comparing tagecof live (swimming) and dead bacteria; b) greggdes compare the
deposition pattern of live and dead cells after piete drying of the droplet, top image are in theemce of sugar, in the
case of middle images sugar was deposited at titeecef the droplet (grey rectangle), in the bottame sugar is on the
right side of the droplet.

Inclusion of bacteria in drops can be controlleshgignicrofluidic concepts to create monodisperse
double and triple emulsion drops that serve as 3Eramnvironments for the containment and
growth of bacterial biofilms. B. subtilis [77] wasi@psulated in an aqueous suspension of
planktonic bacterial cells to create w/o/w doubieutsion drops with an outer diameter~df64 + 4

pm. Within 24 h, these planktonic cells multiplydadifferentiate into matrix-forming cells at the
inner interface of these microscopic drops, formiy spherical biofiims on the inside of the oil
shells. The inner water—oil (w/o) interface wasbsized with a silicone surfactant, which is a
known film-former, and provides a substrate uporctvitive biofilm readily adheres.

An overall decrease in drop size is observed abitfitm grows. The calculated inner water volume
decreases by 45% over the first 12 h and then renzanstant. This corresponds to the peak in
matrix-production. Thus, this decrease in voluma ba attributed to nutrient depletion, which
creates an osmotically driven water flux from theeinaqueous phase to the outer continuous phase.

Wetting/Spreading on Porous media
3.1. Biofilm topography

As already mentioned, surfaces of materials irediifit environments will inevitably be coated by
carbon compounds as nutrients. At first, protenesamsorbed onto the surfaces and this is followed
by carbohydrate adsorption. A formed layer of mutts is called conditioning film. As the
microscopic organisms tend to move toward the natsurfaces, they form aggregations on these
nutrient-rich surfaces due to the concentratiowligrat of nutrients. Thus, the adsorption of chemica
materials and the attachment of the microorganidmsge the characteristics of the surface, such as
surface charge, hydrophilicity/hydrophobicity, sw# tension, surface free energy, roughness, and
wettability [47].

Biofilm can be considered as a porous, thin layewhich the fraction of void space is a
characteristic parameter for modelling the struetaf the biofilm. Imaging techniques, such as
confocal laser scanning microscopy (CLSM), magnegsonance microscopy, multiphoton-
excitation laser scanning microscopy (MPLSM), amdrrrinfrared optical coherence tomography
(OCT) have been applied to indicate and analyzartbephological parameters including porosity,
pore size distributions, and roughness [78]. FigeReshows the two-dimensional and three-
dimensional views of the biofilm morphology usingc®D system [78, 79]. The pore radius in the
structure of the biofilms is of micron (um) ordBased on the experimental observations about this
structure, pore-scale models are utilized for bioformation. These models consider the biofilm as
a porous medium [80].
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Figure 2 Two- and three-dimensional images of the biofilfnammonia-oxidising bacteria (AOB) on polycarbonate
coupons in the rotating annular reactor (RAR) usiptical coherence tomography (OCT). To produce tiergndering
image of the morphology, multiple adjacent A-scasghe vertical one-dimensional profiles with gas intensity are
collected and assembled to generate B-scan aswth@limensional images. Then B-scans are used tderetiree-
dimensional images [79].

Beside the structure of the biofilm, its mechanigadperties influenced by the morphology are
also of a great importance for predicting the béraef biofilms, their control and even removal
[81]. To ascertain these mechanical characterjdbioth experimental measurements and modelling
methods are used together. OCT technique has déeasthe two-dimensional deformation of the
biofilms. This imaging method together with poraia fluid-structure interaction numerical
computations result in developing a method for mheit@ing the elastic properties of the biofilm as a
deformable structure [82]. Due to the porosity atakticity of the structure, it is quite accurate t
consider the biofilm as a porous medium and/ormedible substrate when it is in contact with other
materials. This hypothesis about the biofilms iplayed to investigate their wetting properties as a
significant interfacial characteristic when it carnte either the comprehensive range of applications
or the necessity of removal of the biofilms.

3.2. Wetting of Biofilms as Porous Substrates

Wetting is an indicator of the behavior of a unidiguid on the surface. For biofilms, this
indicator depends on surface topography. The camfepetting can be defined by the contact angle
(CA) which quantifies the wettability. Therefore,easuring the CA on the porous and rough
surfaces of the biofilms determines its wettahilg it was mentioned before, the size of the pores
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radius in the biofilms is of um order. This meahattbiofiims have micropatterned surfaces on
which two states of wetting can be distinguishdd:tbie Wenzel state, and (2) the Cassie-Baxter
state [83]. In the Wenzel state, the liquid fullgta the porous structure. Based on this assumption,
the apparent CA4,,,, is calculated by Wenzel equation as below:

0SB,y =1 COS O,y Eg. 5

where r andl,, are the roughness ratio and Young's angle, reisedc{84]. The equation for
Young's angle is:

Y €0S8eq = Vsv — Vsi Eqg. 6

wherey, ysy, andys; are the representative of liquid-vapor, solid-va@md solid-liquid interfacial
tensions, respectively. In the Cassie-Baxter sthtewetting is partial so that the liquid droptés
on the top of the protrusions of the rough surfade proposed equation by Cassie-Baxter is:

cosBgp = f'cosBeq + f =1 Eq. 7
wheref"’ is the area fraction of the liquid-vapor interfddecked by the rough structure [85].

Topographical characterizations can be conducted lpyofilometer. Using light profilometry
images obtained by this system, the developedfatiat area ratio is calculated. In a relevant gtud
the behavior of water droplet on different biofikarfaces was investigated [12]. Three distinct
states were demonstrated: hydrophilic, hydrophote-like, and hydrophobic lotus-like biofilms.
On rose petal-like surfaces, the water can peretrdb the microscopic pores of the underlying
surface which results in notable contact angledmgsis. In this case, called impregnated Cassie
state, the droplets remains attached when thecauiddilted. The impregnated Cassie state ista sta
between Wenzel and Cassie-Baxter states. In castusflike biofilms, when the surface is turned
upside down or tilted, the droplet rolls off. Lotlilee behavior is the representative of the Cassie-
Baxter state. Figure 3 shows the wetting behavidiféerent biofilms exposed to the water droplet
[12].

Cassie-Baxter Impregnated Cassie Wenzel

Hydrophobic lotus-like Hydrophobic rose-like Hydrophilic

Figure 3 Wetting behaviour of the rough surfaces of différigiofilms in contact with a water droplet [12].

The importance of the wetting concept of biofilnede divided into three areas: (a) to control
the behavior of biofilm during its interactions libther materials such as a reactant liquid which
flows in the reactor during its operation, (b) tegict the interactions between the biofilm surface
and chemical agents used for its removal, and dcjnodify the different surfaces to impart
antibiofilm characteristics. The last area, whishalated to the wetting phenomena for biofilms, is
different from the first two areas. In this casesttimg properties of a surface is manipulated by
physical and/or chemical methods so that the fewaface exhibits antibiofilm or antibiofouling
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features. To clarify, changing a surface from arbpgtilic character to a hydrophobic one shifts the
adhesion of microorganisms onto this surface.

3.3. Wetting of Soft / Deformable Substrates

Alike to porous medium, soft / deformable substsatan be proposed as the second model for
investigation of wetting properties of biofilms. Yieg on soft substrates is not captured by theslaw
dominating rigid wetting phenomena.

The structure of a soft biofilm is deformed by theposition of a droplet on it. This happens
because of the surface tension and Laplace predstireof the droplet. According to Young's
equation, Eq. 66, there is an in-plain balance eetwthe three interfacial tensions at the thresgha
contact line (Figures4, a). The vertical component of liquid-vapor soefatensiony siné,,,
remains unbalanced. So, a vertical net force istede¢o the solid surface at the three-phase cbntac
line. In addition, Laplace pressure is appliechm liquid-solid interface (Figuréd, b). This pressure
is inversely proportional to the curvature of themet. Consequently, a wetting ridde, with a
length scale of the order of elastocapillary length, is formed at the three-phase contact line [86].
This ridge considerably changes the macroscopiasimg dynamics [87].

(a) o Y
X,
* AP
(|
Rigid material Soft material

Figure 4 A liquid droplet deposited on the (a) rigid andl $§bft material. The red square in (b) is the wettidge [86, 88].

The elastic / shear modulu§, for biofilms has been predicted to be betweera@d 7 kPa [82]
which, according to Eqg. 88, leads to a wetting eidg of sub-millimeter scale. Therefore, it can
affect the wettability [86, 89].

|4
O~Leoe ==
e~ G Eqg. 8
Both static and dynamic wetting properties of & are affected by their deformation when
they are in contact with the liquid droplets. lati&t wetting, deformations rebalance the interfacia
tensions and modify the contact angle and contagieahysteresis. In case of dynamic wetting, the
wetting ridge moves with the contact line. This mment results in additional energy dissipation

and influences dynamic wetting [86].

In addition to the force balance near the threesph@ontact line, there are other characteristics
and features which must be noted in this casedyhamic solid surface tension the microstructure
of the underlying polymer which is a combinationE®S and microorganisms in case of biofiims,
boundary conditions, moving contact lines, the matdms of dissipation inside the substrate, and
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the consequent macroscopic movement of the droptetshe other factors which must be revisited
[87].

Wetting of Biofilm covered surfaces

The wetting of biofilm covered surfaces is a ctawgphenomenon. Considering a droplet in the
size scale of millimeters as it is of practicakmgst in many applications. Most of the droplefee
shape is still described by the classical Younglkheg equation. However, in the region of the
biofilm e.g., size order up to 1Q0n, a new phenomenon appears. The first one reddtetpartial
adsorption of liquid to the biofilm. Its extent a@epls on the properties of the biofilm and of the
liquid. The second phenomenon is the modificatibrihe triple line location and of the contact
angle distribution along this line. The former effés similar to what is met in wetting of porous
media, in particular of a thin and loose porous imediscussed in section 3. The latter effect is
related to the wetting of structurally and chenlicéleterogeneous surfaces about which there is
very extensive literature [90]. It is clear, thaitln the structure (the term "topology" is alsod)se
and the composition of the biofilm affect its wegfi behaviour. A complete three-dimensional
experimental knowledge of these quantities is duhe question by today means so by necessity
modelling must be invoked to expand our understapdion biofilm formation and
structure/composition. A discussion of the ava#aitviodelling approaches of biofilm structure and
composition follows since the biofilm modelling Wibe in the future an indispensable tool to
understand its wetting and to correlate wettingoproes to biofilm formation conditions.

Biofilm formation is a "nucleation"- “growth” pross which explains the highly non-uniform
structure arising. The "nucleation" step is actu#iie microbial deposition and attachment stage.
The physical-chemistry of this step has been ricemtiewed in detail by Carniello [91]. Some key
approaches to modeling of the biofilm growth is alimed here. A basic classification separates
morphological (i.e. 2 or 3 spatial dimensions) froam-morphological (i.e. 0 or 1 spatial dimension)
models. The landmark work on biofilm growth is [9&hich combines complete solution of flow
field and nutrient concentration equations in tiediln considering it as complex porous medium.
As already mentioned, the biofilm composition isa&éed as a combination of cells (at different
states) and extracellular polymeric substance (ER&Hitional phenomena such as chemical
mechanical stresses and quorum sensing are akso itaio account. The biofilm shape evolution is
determined by a cellular automata-like procedurbe Tetachment of biofilm pieces is also
considered in the model. "Nucleation" is introducky following trajectories of planktonic
microbes. The transport properties in the biofilre eelated to its local composition through an
effective medium approach. The model is numericatiived by an in-house code. However, the
required computational effort is too high for amagtical use of it. A 2-D case simulation needed 5
days of computer time.

The computational effort is attempted to be redutwdignoring stress effect and biofilm
composition, introducing the concept of an effextwscosity to simulate the flow in the biofilm and
implementing the code in a combination of Matla@MSOL Multiphysics and Java environments
[93]. A simpler in-house cellular automata algamitis implemented. The position of "nucleation” is
randomly selected among the surfaces with locahrskzess lower than a prescribed value. The
above modification made possible the simulatioB-&f biofilm growth for several cases (simple in
practical context since a single nutrient and alsirmicrobe are considered) with the highly
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localized character of colonies to be evident. frost sophisticated biofilm model today is the one
presented in [94] that considers multiphasic hygnaenic theory and takes into account interactions
among various bacterial phenotypes, extracellulalyrperic substance, quorum sensing (QS)
molecules, solvent, and antibiotics. In the mobaktteria are classified into down-regulated QS, up-
regulated QS, and non-QS cells based on their @ig/abhe evolution of biofilm is determined by
combining Cahn-Hilliard type equations for eachssabce. The model is capable to give 3-D
results for the biofilm structure.

Another category of models sacrifices dimensiopabtincrease sophistication of film composition
description. In this case the model is 1-D so ic@npletely continuum (no need for cellular
automata). In addition, no flow in the biofilm hsbe resolved. Such a model in [95] covers the
possibility for simultaneous existence of severdtrobial types and several nutrients. It is
specifically focused on the release of planktorécteria from biofilm to the bulk liquid. This
process is different from the detachment sinceethecteria are produced throughout the biofilm
volume due to phenotypic change of the attachetbbac

Finally, the last category refers to very abstractl-D models which are based on the diffusion-
reaction equation of a single nutrient [96]. ThH#edence from the previous case is that a series of
simplifications (i.e. linearization of the reactioate) brings the problem to a standard form in

reaction-diffusion physics. A roughness eliminatimnce is introduced through the notion of an

artificial "surface tension" of the biofilm. A stdity analysis of the model (assuming a deformed

second dimension) is performed leading to phasgraimas for stable (flat) and unstable (rough) film

growth. Obviously, this type of modeling is onlyadademic and not of practical merit.

From the above it can be inferred that the existimgdels are too simplified to use relevant
information or too complex to be constructively disa the context of the wetting properties of
biofilms. There is a need for reduced order modk& have as state variable a finite set of
descriptors determining the wetting behavior. Isecaf a wetted biofilm, the simplest set could be
its average thickness, its EPS content and anradtemughness descriptor.

It appears that most research on wetting of bisfifotuses on the particular caseBatilus Subtilis
(BS), A Gram-positive soil bacteriuprbiofilms. These particular biofilms attract irdet because
they are non-wettable, not only with respect toewdtut for all liquids, including antimicrobial
agents. Such omniphobic behaviour creates the foeddndamental analysis, in order to explain its
origin, on one hand and, for practical methodsuwercome microbial resistance to biocides on the
other. The landmark work on the subject is repogdpstein [97]. In that study, the contact angle
created between droplets of several liquids anfilini® is measured through a simple goniometer.
The main comparison is performed with respect fbeflon surface. Although both biofilm and
Teflon are non-wettable by pure water (with thetaohangle to be higher for the biofilm), the
contact angle on Teflon decreases linearly withpieentage of ethanol concentration in the liquid
but the contact angle on biofilm remains constgmttar 60% ethanol. Then it starts to decrease
gradually and at 100% ethanol it reaches the coatagle of Teflon (highly wettable). The relevant
figure has appeared extensively in literature [#8F also shown that a similar behaviour holds fo
isopropanol, methanol and acetone. Parameterdidém age, time of liquid exposure, repeated
liquid contact appears to have no effect on biofibpid repellency. Experiments using several
mutants ofBacilus Subtilis(to assess chemical contributions) and epoxy respticas (to assess
structural contributions) lead to the conclusioat tine biofilm nonwetting properties arise fromtbot
the polysaccharide and protein components of thra@{lular matrix and are a synergistic result of
surface chemistry, multiscale surface roughness, rarentrant topography. Additional biological
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analysis focused on further explanation of the dhahtontribution to liquid repellency in [99]. The
conclusion is that it is conferred by a small caied protein calle@slA, which self-assembles into
an organized lattice at an interface. In the himfiproduction oBslA is tightly regulated and the
resultant protein is secreted into the extracalldavironment where it forms a very effective
communal barrier allowing the resideBaicilus Subtiliscells to shelter under the protection of a
protein raincoat.

5. Conclusions

A microbial community sheltered in a matrix of edellular polymeric substances called EPS,
including polysaccharides, proteins, and extrat®lIDNA, create a layer of biofilm. Together with
pili, flagella, other adhesive fibres, EPS act astabilizing scaffold for the three-dimensional
biofilm structure which can be considered as a gp®rthin layer, and which due to nucleation
process yields a highly non-uniform structure. &iirgg a new surface with newfound properties, is
important in both, exploiting the advantages offibits in various applications and, preventing any
detrimental consequences of their unfavourableceff@ heir impact can be widely observed in the
extended use of closed-loop systems and controhaméems, affecting humankind safety or even
life, especially in conditions where preventing awy detrimental consequences of their
unfavourable effects is extremely difficult i.e.nmcrogravity conditions such as in the Internaion
Space Station or in Space Shuttles. There, theobialr contamination and biofouling events
adversely pose mission risk, presenting a serieafiththreat to crew but also challenging relitpili
of the mission-related equipment.

This is why one of the most important aspects ofilons research, which should not be overlooked,
regarding biofilms prevention or/and control stgis, are their surface properties and wettability.
This is especially true now that among the emerdeahnologies for combating biofilms, new
surface coatings show promise for preventing biofibsrmation.

The study of wetting properties, and surface imtiva of droplets/bubbles can represent a useful
and innovative tool to investigate the phenomensuoface contamination, including the prevention
of biofilm formation, and optimization of its remalv Two different aspects should be considered,
both deserving further investigation in our opinidn one side the study of the interaction of
bacterial-laden droplets on clean surfaces can dwel o understand the basic mechanisms of
bacterial contamination and biofilm spreading, uidthg the possibility to prevent its formation by
inhibiting cell attachment. A different, but noseinteresting, approach concerns the interaction o
droplets and bubbles on biofilm covered surfacé® ifvestigation of this type of wetting can be
applied in the study of biofilm structure, the peation of its further growth, and its removal from
already contaminated surfaces. A possible appboatvould be the optimization of cleaning
solutions and detergent formulations. We should traena particular case would be that of the
interaction of surface pre-contaminated by a biofi¥ith a droplet contaminated with a different cell
line (eventually more dangerous respect to tharaidnost). Biofilm coated surfaces can represent a
favourable environment for further contaminationy this reason biofilm removal is always
recommended, even in the case of non-dangerouamorgtions.

Although the majority of actual biofilms are hydhilic -due to hydrophilicity of EPS- there is not a
single study on their wetting properties. The argatrbehind it is that hydrophilic biofilms can be
easily removed so no concern exists on their wiittabEven though, bacteria motility, biofilm
superficial properties and their mechanical pragsrinfluenced by their morphology, are of a great
importance in predicting the biofilms behaviour aedhoval. The comprehension of their wetting
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behaviour may serve as a tool to better undergtaidstructure. This can be done not only by using
static wetting properties, as in the case of hydobgc biofilms, but also by testing their dynamic
behaviour in the spirit proposed in [100] for atpated surface. Another important issue regarding
wetting of biofilms is that the interaction of biofis with bubbles has also not been studied. This
may have practical interest since it has been @@gbdhat introducing bubbles in cleaning water
enhances its biofilm removal properties [101]. Ader investigation of this marginally studied
aspect is needed. Figure 5 summarizes the maigtiding for future research efforts regarding
biofilm wetting according to the present authorspof view.

Biofilm Wetting Research

« Droplets on biofilms * Droplets on biofilms
(static dynamic and forced (static hydrophobic biofilm studies)
wetting of hydrophilicbiofilms)

* Bubbles on biofilms
(staticand dynamic studies)

* Models
(Reduced growth models
focused on wetting properties)

Figure 5 A schematic on the current and future research topics regarding biofilm wetting.

Moreover, knowing that biofilms are formed by resible and irreversible attachment of cells to a
solid substrate, followed by microcolony formatiomaturation and detachment, motility of biofilms
should be subjected to studies in the flow conditis it can induce formation of aggregates and
affect interfacial properties. Bacterial motilitare heavily affect interfacial properties also i th
case when bacteria are present in a droplet aflliepetting a surface. Additionally, considering ttha
biofilms are inhomogeneous porous films, the ponmeslium, soft/deformable substrates could be
used as models in investigation of wetting propertf the biofilms.

Finally, having substantially understood the chein&ffect on wetting resistance of biofilms the
next step is to further examine their structurdéef[102]. In this respect, extensive BS biofilm
structural characterization is conducted, using Sklslges and light profilometry, and an attempt is
made to correlate the resulting parameters to #tting behaviour. Depending on the nutrient type
and location on the colony, three different wettiagimes are identified. The two are of non-wetting
nature and through correlation to the structurafilon characterization it is argued that the onefis
lotus-leaf (Cassie-Baxter state) type and the athense petal (impregnated Cassie state) typey Ver
interestingly, the realized state is affected kg tlntrient availability. The next reasonable redear
step is to find ways to overcome the wetting resise of certain biofilms [12]. Extensive
experiments and measurement of topological strattparameters and contact angle for biofilm
created by 5 types of bacteria are performed iih [IRe correlation between surface roughness, in
terms of developed interfacial area ratio indexpiofilm and its contact angle is clearly presented

The above observation motivated the followimgpothesis: if the roughness features of a highly
complex biofilm surface could be smoothened, suchiadilm surface should lose its strongly



725  hydrophobic charactem this respect it is found that a short treatmeitih ethanol solutions renders
726  omniphobic biofilms omniphilic. It is also shownatithe sameleect can also be obtained by using
727  less aggressive chemicals such as concentrateshsidiugar solutions.
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