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Abstract 37 

Biofilm is a layer of syntrophic microorganisms stick to each other and to the surface. The 38 

importance of biofilms is enormous in various industrial applications and human everyday life. The 39 

effects of biofilm could be either positive or negative. Positive effects are encountered in industrial 40 

processes, bioremediation, and wastewater treatment. Negative effects are more common with the 41 

marine industry being one of the sectors which confronts severe corrosion problems caused by 42 

biofouling on the surfaces of equipment and infrastructures. In space industry, microbial 43 

contamination and biofouling adversely affect both crew health and mission-related equipment, the 44 

latter including hardware, water systems, piping, and electrical tools. The capacity of biofilms to 45 

grow in space environment was confirmed already in 1991. One of the most important surface 46 

properties of biofilms is wettability which dictates not only how a liquid spreads over the uneven 47 

external surface of biofilms but also how it penetrates into their porous and morphologically 48 

complex structure. To investigate wetting and spreading onto biofilms, model materials are often 49 

employed to simulate different morphological and functional features of biofilms in a controlled 50 

way, e.g., soft, deformable, soluble, structured, porous materials. Here we review recent advances in 51 

wetting and spreading on porous and soft deformable surface together with biofilms wetting 52 

properties and its importance in space industry. We conclude with a discussion of the main 53 

directions for future research efforts regarding biofilm wetting. 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

Jo
urn

al 
Pre-

pro
of



Contents 84 

1. Introduction ..................................................................................................................................... 4 85 

2. Biofilm Structure ............................................................................................................................ 6 86 

2.1. Biofilm formation ...................................................................................................................... 7 87 

2.2. Bacterial motility ....................................................................................................................... 7 88 

2.3. Spreading of the bacteria laden droplets on solid substrates ................................................... 10 89 

2.4. Coffee ring effect .................................................................................................................... 12 90 

3. Wetting/Spreading on Porous media ............................................................................................ 13 91 

3.1. Biofilm topography ................................................................................................................. 13 92 

3.2. Biofilm behaviour -wetting and spreading .............................................................................. 14 93 

3.3. Wetting of Soft / Deformable Substrates ................................................................................ 16 94 

4. Wetting of Biofilm covered surfaces ............................................................................................ 17 95 

5. Conclusions ................................................................................................................................... 19 96 

 97 

 98 

  99 

Jo
urn

al 
Pre-

pro
of



1. Introduction 100 

 101 

Biofilms represent the most widely diffused and successful microbial way of life. The ability of 102 

bacteria to produce complex biofilm matrix, known as extracellular polymeric matrix (EPS), 103 

promotes colonization of biotic and abiotic surfaces, inducing stability in the growth environment 104 

and resistance against antibiotic and stress conditions [1].  105 

Bacterial Biofilms, in various aspects, can be beneficial for nature and humankind as certain 106 

plants employ a coat of harmless biofilms i.e. these produced by Bacillus subtilis to protect 107 

themselves from pathogenic microorganisms [2, 3]. Microalgal/cyanobacterial biofilms are used in 108 

industrial processes and bioremediation [4-6], wastewater treatment in photobioreactors [7-9], and 109 

non-toxic leaching of copper from ore which rely on bacterial biofilms [8, 9]. Biofuels such as 110 

bioethanol can be produced through bioprocessing associated with biofilm as an energy efficient 111 

option without secondary pollution. C. thermocellum biofilm and Polymicrobial biofilms of Bacillus 112 

subtilis and Staphylococcus aureus are the examples of the strains used in this field [10]. Food 113 

industry can benefit from biofilms as biofilms of a probiotic bacteria, Lactobacillus plantarum, 114 

grown on nanofiber membranes are utilized as a starter culture for producing fermented milk [11]. 115 

Although biofilms are certainly actuating many industries, there are frequent cases where their 116 

presence and development might result in severe damages. In most industrial and medical settings, 117 

bacterial biofilms have a negative impact on the function of processes and devices [12]. Bacterial 118 

biofilms are the cause of almost 80% of the recurrent and chronic microbial infections which happen 119 

in human body.  They can also be a source for inflammation when they grow on the medical device 120 

surfaces like implants. Microbial contamination and subsequent formation of biofilms on surgical 121 

implants frequently cause chronic infections that are difficult to eradicate. The risk of the infection 122 

depends on the type of the medical device, its invasiveness level, the site of insertion in human body, 123 

and the time during which it is applied into the anatomical site. When there is no external device, 124 

host immune defenses clear the tissue contaminations spontaneously. But when a foreign body, such 125 

as an implant is inserted into the target sites of human body, a local tissue response is triggered. This 126 

response alters the immune defense and creates a locus minoris resistentiae. This causes a 127 

vulnerability toward the bacterial attacks. Biofilms, being resistant to most of antimicrobial agents, 128 

spontaneous cure does never occur, and currently the available treatment for biofilm-related 129 

infections consists in the administration of conventional antibiotics at high doses for a long-term 130 

period. Staphylococcus aureus is one of the major implant-infecting bacteria. This strain shows a 131 

high rate of antibiotic resistance, just like  Staphylococcus epidermidis, Streptococcus spp. and 132 

Enterococcus spp., which are also the examples of bacterial strains causing orthopedic infections 133 

[13, 14] and, are responsible for diseases which are difficult to fight [15, 16].  In case of 134 

Staphylococcal biofilms, they can be eliminated by rifampin combination therapy, and Gram-135 

negative biofilms by fluoroquinolones but the treatment duration is 3 (hip prosthesis) and 6 (knee 136 

prosthesis) months, very often leading to implant exchange [17, 18]. 137 

Marine industry is one of the sectors which encounters severe corrosion caused by biofouling on 138 

the surfaces of equipment and infrastructures [19]. Colonization in marine biofouling can be 139 

performed by various organisms such as bacteria, diatoms, spores of macroalgae, protozoa, and 140 

larvae of macrofoulers. More importantly, with the growth of international trade in recent decades 141 

and especially of transoceanic maritime transport, littoral states have been confronted with 142 

ecological problems of a new order related to the contribution of living organisms foreign to the 143 

local environment [20, 21]. In aquatic and coastal environments, invasive species, such as  the 144 
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bacterium Vibrio anquillarum, have been recognized as one of the serious threats to global 145 

biodiversity, and identified as one of the four greatest risks to the oceans with land-based sources of 146 

marine pollution, over-exploitation of living marine resources, and alteration or physical destruction 147 

of marine habitats [22, 23]. 148 

In space industry, microbial contamination and biofouling adversely affect both crew health and 149 

mission-related equipment including hardware, water systems, piping, and electrical tools [24, 25]. 150 

Onboard the International Space Station (ISS) biofilm formation [26] and consequently microbial 151 

contamination continues to pose mission risks, to crew wellbeing as the opportunistic pathogens in 152 

water systems and crew cabin present a serious health threat [27-30]. On the other hand, formation 153 

of biofilms on mechanical systems can seriously challenge the hardware reliability as they can also 154 

cause biofouling and material degradation, which can lead to system failure during long term 155 

missions [31-33]. Especially, that with increasing spacecraft complexity, crew numbers, duration of 156 

missions, and multiple flights for each spacecraft, new challenges have arisen for long-term control 157 

of microbial contamination and biofilm development in systems reused mission-to-mission, 158 

particularly in the water storage/distribution systems [28]. The growth of biofilms was confirmed in 159 

water and waste line samples, already in June 1991, after the STS-40 mission. On the Space Shuttle 160 

Columbia, despite continuous addition of iodine, bacterial biofilms such as Burkholderia cepacia, 161 

Basillus spp, and Sphingomonas paucimobilis were found, during the standard servicing protocols. 162 

Moreover, onboard the ISS [34], analysis of water samples from potable water sources have been 163 

performed already before the arrival of the first permanent crew. The results showed that the 164 

predominant microbial isolates were Gram negative bacteria such as Cupriavidus metallidurans, 165 

Sphingomonas paucimobilis, Methylobacterium fujisawaense, and Wauteria basiensis. This 166 

demonstrates the potential problems with the extended use of closed-loop systems and current 167 

control mechanisms. 168 

Consequently, an increasing interest of several scientific communities is put to biofilms 169 

formation, growth, their microbial behavior and finally, to the development of efficient methods to 170 

eradicate bespoke biomaterial [35, 36]. Typical biofilm control strategies either aim at preventing 171 

bacterial attachment and thus biofilm formation, chemically inactivating the bacteria within the 172 

biofilm [37-39] or removing the whole biomaterial from surfaces by mechanical forces [12]. 173 

However, these traditional biofilm mitigation approaches are limited due to bacterial persistence and 174 

biocide resistance. Genetic modification of bacteria could represent a further possible strategy for 175 

fighting biofilm development. The modification of genes involved in biofilm formation and their 176 

development may have positive effects on these processes. Gene products with a negative effect can 177 

also be considered an excellent target to inhibit events needed for biofilm formation. The negative 178 

function of yeast-form cell wall protein 1 (Ywp1) in the adherence step might represent a positive 179 

function in biofilm dispersal and desegregation [40]. A different strategy to counteract biofilms 180 

development consists in the inhibition of genes that regulate key factors for biofilm production. In 181 

Salmonella Typhimurium the activation of the Rcs phosphorylation pathway results in the inhibition 182 

of the expression of genes encoding surface adhesins thus leading to the inhibition of biofilm 183 

formation [41]. 184 

As the biofilm covers the surface of a material a new surface with new properties is created. The 185 

wetting properties of such a newly formed surface are important in both exploiting the advantages of 186 

biofilms and preventing any detrimental consequences of their unfavorable effects. Surface 187 

parameters and wettability of biofilms are gaining increasing attention especially now that among 188 

the emerging technologies for combating biofilms, new surface coatings show promise for 189 
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preventing biofilm formation [42]. This approach aims to interrupt the critical initial step of biofilm 190 

formation (cell attachment) through surface modification.  191 

The development of materials capable of preventing or inhibiting bacterial attachment on medical 192 

devices might represent an important alternative to the use of biocide substances. Several different 193 

approaches that involve physical and chemical surface modification have been proposed. The 194 

engineered surfaces can be coated with molecules capable of inhibiting bacterial adhesion or with 195 

active antimicrobial agents. Moreover, surface treatment with natural disruptive agents and 196 

modification of surface topographical parameters should also be considered to disrupt the biofilm 197 

matrix [43]. Furthermore, the essential oils EOs from aromatic plants were screened for their ability 198 

to prevent biofilm formation and to disrupt preformed biofilms against clinical and Methicillin 199 

Resistant Staphylococcus aureus (MRSA) strains [44]. Finally, very recently, hydrolytic enzymes 200 

secreted by bacterial cells like dispersin B have been employed to degrade the components of the 201 

biofilm polymeric matrix of S. epidermidis, Burkholderia cenocepacia, and Achromobacter 202 

xylosoxidans leading to active dispersal of the biofilm with a reduction of the biomass [17].  203 

Besides chemicals, also physical strategies have been addressed toward biofilm disruption; low 204 

cytotoxicity magnetic nanoparticles (MNPs) in combination with magnetic fields were shown to 205 

provide a deep penetration into the biofilm damaging the biofilm matrix and causing detachment 206 

[45]. Finally, modification of surface topographical parameters is able to reduce the attachment of 207 

microorganisms on materials for long time providing a local and well-characterized distribution of 208 

topographical patterns [46].  209 

Biofilm resistant coatings can eliminate or reduce the need for disinfectants, reduce the 210 

environmental marine pollution and, avoid the development of biocide resistant “superbugs,” thus 211 

offering distinguishable advantages for biofilm prevention during long duration missions. Τhe 212 

microscopic organisms tend to move toward the material surfaces and form aggregations on these 213 

nutrient-rich surfaces because of the concentration gradient of nutrients. As this bacterial movement 214 

is stimulated by a directional exogenous factor, it is called taxis. The taxis caused by the nutrients is 215 

chemotaxis. The adsorption of chemical materials and the attachment of the microorganisms forms a 216 

film onto the surface. In comparison with the substrate, this new thin layer has different surface 217 

characteristics, such as surface charge, hydrophilicity/hydrophobicity, surface tension, surface free 218 

energy, roughness, and wettability. This system is a non-ideal surface containing pores and 219 

microgrooves and possessing deformable structure. It means that their interfacial characteristics such 220 

as wettability cannot be evaluated by equations and models used for ideal flat solid surfaces [47-49]. 221 

Therefore, wetting properties and/or spreading characteristics of biofilms along with their adsorption 222 

capabilities and adhesive parameters on porous media are noteworthy to be studied as a matter of 223 

priority.  224 

In order to optimize the design of the future space exploration vehicle for long term missions, 225 

new technologies, in which the superfacial and wetting properties have to be considered, are needed 226 

to control the habitat microbial environment over multiple years. 227 

 228 

2. Biofilm Structure 229 

 230 

Bacteria generally grow in one of two ways: planktonic, freely existing in bulk solution, and sessile, 231 

as a unit attached to a surface or within the confinement of a biofilm. A biofilm consists of a 232 
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microbial community sheltered in matrix of extracellular polymeric substances, EPS, that include 233 

proteins, polysaccharides and, surface-associated microorganisms such as bacteria, fungi, algae, 234 

protozoa, extracellular DNA [50, 51]. Together with EPS, pili, flagella and other adhesive fibres 235 

secreted by the microorganisms, act as a stabilizing scaffold for the three-dimensional biofilm 236 

structure. Flagella and pili are the structures on the outer surfaces of bacteria. These organelles 237 

enable the bacteria to interact with their environment. There is a potential influence of bacterial 238 

motility in contaminated liquids, and their accumulation on specific regions of the surface, on 239 

biofilm formation and structure, even if these aspects are still not fully investigated. Nutrients, in the 240 

matrix, are trapped for metabolic utilizations by the resident bacteria and water is efficiently retained 241 

through H-bond interactions with hydrophilic polysaccharides [52, 53]. Enzymes secreted by the 242 

bacteria modify EPS composition in response to changes in nutrient availability, thereby tailoring 243 

biofilm architecture to the specific environment [38]. Thus, the structural components of the matrix 244 

give rise to a highly hydrated, robust structure with high tensile strength that keeps bacteria in close 245 

proximity, enabling cell-to-cell interactions and DNA exchange, while protecting the biomass from 246 

environmental stresses, creating an inhomogeneous, porous thin layer, that represents a new surface 247 

with newfound properties.  248 

 249 

2.1. Biofilm formation  250 

Biofilm formation requires five stages: (i) reversible attachment of the bacteria to the substrate 251 

followed by (ii) irreversible attachment of cells to a solid substrate, the key step in biofilm 252 

formation, (iii) first maturation though which microcolonies  grow and become thick, (iv) second 253 

maturation, in which microcolonies get the maximum size and, (v) detachment [54]. Colonization is 254 

the first action in this process to overcome repulsive forces between bacteria and the surface 255 

allowing the initial contact and translocation. Mechanisms governing bacterial adhesion at the 256 

single-cell level are different, and depend on cell type, surface physic and chemistry, and the liquid 257 

environment. It is not possible to draw a general description about how adhesion is achieved at the 258 

single-cell level, however a wide discussion of the phenomena, including an analysis of the physical 259 

forces experienced by a cell before reaching the surface have recently been discussed by Berne et al 260 

[55]. Once single cells are attached to the surface they start to multiply and form communities. Some 261 

other bacterial cells interact with surface, divide, and leave. A multigeneration memory of this 262 

mechanism allow future generations to return to the surfaces and progressively better adapting to 263 

surface sensing and attachment [56]. To protect and strength colony adhesion to the surface an 264 

extracellular matrix is formed. 265 

A multitude of proteins play essential roles at different stage of this process. Some proteins 266 

contribute to biofilm accumulation while others are involved into the mediation of primary 267 

attachment to surfaces or the matrix development. Each stage of the biofilm formation process 268 

depends on the microbial genera, species, characteristics of the attachment surface, environmental 269 

conditions, external stress and physiological status of the microorganism [57]. Bacteria involved into 270 

the biofilm matrix are more tolerant to antibiotics than planktonic cells. This antibiotic resistance can 271 

be related to the increased transmission of resistance markers, efflux pumps, physical protection and 272 

acquired resistance. Biofilms have also dynamic structural properties and rapid alterations in their 273 

gene expression lead to modification of their surface antigens [58]. 274 

 275 

2.2. Bacterial motility 276 

 277 
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Biofilms are usually investigated in static conditions that, however, are very far from reality as in the 278 

vast majority of cases, biofilms form under fluid flow with the flow playing a significant role in the 279 

production, composition and architecture of the biofilm [34, 59]. The fluid flow drives bacteria 280 

motility favouring surface colonization.  281 

Bacterial mobility is enabled by two different types of structures, flagella, fimbriae, and pili. Flagella 282 

are a lash-like appendage that protrude from the cell body, are made of three basic parts: a filament, 283 

a hook, and a basal body, cells can have one or more flagella. Fimbriae and pili are thin, protein 284 

tubes originating from the cytoplasmic membrane that is rapidly polymerized and depolymerized 285 

assembling protein subunits called pilin [60]. Both are able to stick bacteria to surfaces, but pili are 286 

typically longer and fewer in number than fimbriae. They are found in virtually all Gram-negative 287 

bacteria but not in many Gram-positive bacteria. At the end of tube is the adhesive tip structure 288 

based on glycoprotein or glycolipid receptors. These structures are necessary for the movement 289 

towards surfaces, allowing microcolonies formation and initial bacterial adhesion [33]. 290 

Different motility mechanisms can be identified [61], a brief summary is reported in Table 1. 291 

 292 

Table 1: Bacterial motility mechanisms [61]. 293 

Swarming 

motility 

(flagella) 

Defined as a rapid multicellular bacterial 
surface movement powered by rotating 
flagella. 

 

Swimming 
motility 

(flagella) 

Movement powered by rotating flagella but 
takes place as individual cells moving in 
liquid environments. 

 

Twitching 
motility 

(pilius retraction) 

Surface motility powered by the cyclic 
extension and retraction of type IV pili that 
confers slow cell movement often with a 
jerky or “twitchy” appearance 

 

Gliding motility 

(focal adhesion 
complexes) 

A catch-all definition for active surface 

movement that occurs along the long axis 

of the cell without the aid of either flagella 

or pili. 
 

Sliding motility 

(spreading by 
growth) 

Passive form of surface spreading that does 
not require an active motor, but instead 
relies on surfactants to reduce surface 
tension enabling the colony to spread away 
from the origin driven by the outward 
pressure of cell growth. 

 

 294 

When there is a cell transition from swimming to swarming, the number of flagella on the cell 295 

surface increases. Organisms with alternative flagellar systems become hyperflagellated in the 296 
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transition from the single polar to multiple peritrichous flagella. Chemotaxis and surface sensing can 297 

influence directionality and motility mechanisms. 298 

Analysis of trajectories of P. aeruginosa PA01 (monotrichous bacteria, propelled by a single 299 

flagellum located at the pole at one end of the cell body) in an oil/water emulsion [62] evidenced 300 

four distinct characteristic motions, summarized in Table 2: 301 

 302 

Table 2: Description of different bacteria trajectories at the Oil-Water interface (from fig 2 in [62]). Scale bars 303 

are 20 µm. 304 

Motility type Population 

frequency 

Description  Trajectories 

Interfacial 
visitors 

10−20% Are not adhered but 
swim toward and 
away from the 
interface, changing 
their heights by 
several micrometers. 

 

 

Brownian 
Diffusive 
Bacteria 

30% Are similar to inert 
passive colloid 
trapped at the 
interface. The bacteria 
are probably in a 
sessile, inert state or 
are trapped in a 
configuration that 
denies the molecular 
motor access to ions 
that fuel its rotation, 
for example, by 
immersion of the 
flagella in the oil 
phase. 

 

 

Pirouettes (rare, ~ 
5%) 

Rotate quickly in 
nearly fixed positions. 
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Curly Paths ∼40% Swim in curly paths 
more than any other 
mode of motion; the 
trajectories are quite 
stable except in the 
event that they collide 
with other bacteria 
and become trapped 
in a cluster. 

 

 

 305 
By using advanced microscopy techniques, such as dual-view light-sheet microscopy, it is possible 306 

to monitor spatial trajectories of individual cells and the collective motion that lead the biofilm 307 

expansion. Trajectories of early born cells (0-7 hours) are more trapped at the substrate with respect 308 

to cells born later (12-15 hours) [63]. 309 

In the initial phase (0-5 hours), the biofilm grew predominantly in the lateral plane and cells shown a 310 

Brownian and random walk. As the biofilm develops (5-10 hours), individual cells shown persistent 311 

and straight trajectories, which dominate the bulk of the biofilm at the later stage (10-15 hours). 312 

Biofilm expansion is driven by cell division, extracellular matrix secretion, and osmotic swelling. 313 

The Brownian-to-ballistic transition of cell motion coincided with the transition from predominantly 314 

lateral biofilm expansion to accelerated vertical expansion, a transition from 2D to 3D. 315 

 316 
 317 

2.3. Spreading of the bacteria laden droplets on solid substrates 318 

 319 
Secchi et all. developed a mathematical model of bacteria swimming in flow using microfluidic 320 

strategy and Pseudomonas aeruginosa and Escherichia coli as model and provided a new tool to 321 

predict the location and magnitude of bacterial attachment to surfaces [64]. Hydrophobic coating 322 

[65, 66] can prevent biofilm formation on different surfaces, affecting wettability and surface 323 

properties. Other studies investigated the possibility to inhibit contamination of medical implants by 324 

treating titanium surfaces by radio-frequency cold plasma [67].  325 

Inhibition of bacterial mobility and/or swimming decrease biofilm formation in many pathogenic 326 

strains. Inactivation of the PA5001 gene in P. aeruginosa generated a nonmobile strain resulting in 327 

the alteration and disruption of biofilm matrix [68]. A similar effect was observed in P. aeruginosa 328 

after treatment with plant-derived phenolic compounds; the swarming motility and consequently 329 

biofilm production were reduced by about 50% [69]. In Enterococcus faecalis, CLSM and SEM 330 

analysis demonstrated that treatment with phenyllactic acid (PLA) affects cell motility and reduces 331 

EPS production inhibiting bacterial adherence and biofilm formation [70]. Several antimicrobial 332 

peptides were demonstrated to affect biofilm formation at different stages and through different 333 

mechanisms of action. Human cathelicidin LL-37 peptide inhibits P. aeruginosa biofilm formation 334 

by downregulating genes related to the QS system, decreasing the ability of bacterial cells to attach 335 

on surfaces and stimulating twitching motility mediated by type IV pili. The CRAMP antimicrobial 336 

peptide is able to inhibit fungal biofilm formation and a CRAMP short fragment, the AS10 peptide, 337 

was shown to inhibit biofilm growth of P. aeruginosa, E. coli, and Candida albicans [71]. A novel 338 

synthetic cationic peptide, defined as 1037, is able to affect biofilm formation by downregulating 339 

several genes related to flagella decreasing swimming motility in PA14, PAO1, and Burkholderia 340 

cenocepacia, and suppressing the expression of a variety of genes involved in biofilm formation 341 

[72]. AMPs can also cause disruption of the biofilm matrix. The hepcidin 20 peptide can reduce the 342 
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mass of the extracellular matrix altering the S. epidermidis biofilm architecture by targeting 343 

polysaccharide intercellular adhesin (PIA) [54].  344 

 345 

Bacteria motility can induce formation of aggregates and affect interfacial properties in the case of 346 

multiphase systems (droplets). Motile bacteria can aggregate in polymer-rich environment via 347 

polymer-induced depletion forces. In the presence of non-adsorbing polymers such as polyethylene 348 

glycol (PEG), bacteria aggregate through depletion interactions, which occur when two bacteria 349 

approach each other and reach a depletion zone where the polymer is excluded from the space 350 

between them: this force is expressed as an osmotic pressure difference generated from the variation 351 

in polymer concentration between the depletion zone and the bulk solution. For non-motile bacteria, 352 

the only driving forces for aggregation are polymer-induced depletion forces. For motile bacteria, 353 

motility forces and depletion forces competition determine a steady-state aggregation behaviour at 354 

sufficient polymer concentrations and long-time scales. Porter et al [73] by measuring size 355 

distribution of bacterial aggregates using confocal microscopy, showed that motility influences the 356 

polymer-induced depletion aggregation of bacteria at short time scales (10 min). In dilute polymer 357 

concentrations, aggregation of nonmotile bacteria is observed but no aggregation of motile bacteria 358 

because the depletion forces are simply not strong enough to compete with the swimming forces. In 359 

the semi-dilute regime, in a viscous environment, when a critical PEG concentration threshold is 360 

reached the aggregation starts also for motile bacteria. 361 

Bacterial motility can heavily affect interfacial properties also in the case when bacteria are present 362 

in a droplet of liquid wetting a surface. 363 

A water drop can slide on a tilted plane of agar gel when the driving force (gravitational) overcomes 364 

the capillary pinning force, i.e. when the value of the Bond number (Eq. 1) reaches a critical value: 365 

 366 

                                                                           �� =
�� �	
�(
)

�
�

�� �
,                                                           Eq. 1 367 

where �� and �
�

��  are the drop mass and typical width, ����(�) is the effective gravity, and � is the 368 

surface tension.  369 

 370 

Bacteria can unpin such droplets, leading in practice to the collective ‘surfing’ of the entire colony. 371 

Hennes et al [74] observed the sliding of bacteria-laden droplets with an initial Bond number of 372 

Bo=3·10−3, whereas water drops only start sliding for Bond numbers larger than Bo≈0.25. 373 

Bacteria influenced the Bond-number of the drop in following ways: 374 

1. Pump water from the environment can increase drop volume 375 

2. Surfactant secretion can lower the surface tension (B. subtilis secretes surfactin), strongly 376 

enhancing the wettability of the agar gel.  377 

 378 

 379 

In the case of E. Coli moving a sub-millimetric emulsion drop [75], each motile bacteria can induce 380 

force of magnitude, �,  (Eq. 2) 381 

� ∼ �� !,      Eq. 2 382 
 383 

where  ! and � are the characteristic speed and size of the bacterium, and � the viscosity of the 384 
surrounding fluid. The energy required to create a “bump” of size comparable to the bacterial body 385 
in the drop surface ( ~ ��# ) is lower than the interfacial tension [73], while the energy that a 386 
bacterium spends by swimming the same distance is (Eq. 3) 387 
 388 
 389 

�� ∼ ��# !      Eq. 3 390 
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 391 
The ratio between these two energies is of the order of the capillary number (Eq.4), 392 
 393 

$% =
&'(

�
     Eq. 4 394 

 395 
For a typical water-oil interface in the presence of surfactants, � ∼ 1 mN/m and $% ∼ 10+,. 396 
 397 
As a result, bacteria swimming near a typical water/oil interface feel a rigid boundary and thus 398 

behave like swimming near a solid wall rather than a free surface; they interact hydrodynamically 399 

and accumulate at the interface. This accumulation near the drop interface can enhance the 400 

interaction of the bacterial flows in the drop (Figure 1a) and the fluid surrounding the drop. It is 401 

shown that the drop movement and its direction is determined by the bacteria that move near the 402 

substrate, causing the drop to roll over the substrate. The turbulent-like motion of the bacterial bath 403 

constantly changes the direction and speed of the bacteria that swim near the bottom of the drop. 404 

This explains both, the persistent movement of the droplets at short times and their random motion at 405 

long times.  406 

 407 

 408 

2.4. Coffee ring effect 409 

Swimming cells in a drop do not distribute randomly. Particles in an evaporating droplet accumulate 410 

at the interface and typically leave a ring-like pattern on the underlying substrate after complete 411 

evaporation, a phenomena commonly known as “coffee ring effect” When bacteria produce 412 

surfactants, the pattern of coffee ring deposition does not appear [76]. The presence of gradients of 413 

nutrients (such as sugar) induce the bacteria to move toward the nutrient site with resulting 414 

convective flows (Figure 1b). This may be attributed to the fact that bacterial chemotaxis near the 415 

base dominates over the internal fluid flow, while away from the sugar crystal, chemotaxis is 416 

relatively weaker. Chemotaxis can hence influence live bacteria deposition and motion in a drop. 417 

This non-random distribution of bacterial, and their accumulation in specific areas of the surface can 418 
be expected to influence surface contamination and biofilm formation, for example by inducing 419 
surface tension gradients. A clear study about direct connection between bacterial motility inside a 420 
contaminated droplet and spreading of biofilm is not yet available to our knowledge, but we believe 421 
that investigation of wetting of bacterial-laden droplets on clear surfaces could represent a promising 422 
approach to study surface contamination by droplets. 423 

 424 
Figure 1 Fluid flow measured inside an evaporating droplet using the PIV technique [76] show that the presence of a 425 
chemoattractant can influence the spatial distribution of bacteria: a) velocity vectors are superimposed over velocity 426 
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contour, during droplet evaporation comparing the case of live (swimming) and dead bacteria; b) grey images compare the 427 
deposition pattern of live and dead cells after complete drying of the droplet, top image are in the absence of sugar, in the 428 
case of middle images sugar was deposited at the centre of the droplet (grey rectangle), in the bottom line sugar is on the 429 
right side of the droplet. 430 
 431 
 432 
Inclusion of bacteria in drops can be controlled using microfluidic concepts to create monodisperse 433 

double and triple emulsion drops that serve as 3D microenvironments for the containment and 434 

growth of bacterial biofilms. B. subtilis [77] was encapsulated in an aqueous suspension of 435 

planktonic bacterial cells to create w/o/w double emulsion drops with an outer diameter of ≈164 ± 4 436 

µm. Within 24 h, these planktonic cells multiply and differentiate into matrix-forming cells at the 437 

inner interface of these microscopic drops, forming 3D spherical biofilms on the inside of the oil 438 

shells. The inner water–oil (w/o) interface was stabilized with a silicone surfactant, which is a 439 

known film-former, and provides a substrate upon which the biofilm readily adheres. 440 

An overall decrease in drop size is observed as the biofilm grows. The calculated inner water volume 441 

decreases by 45% over the first 12 h and then remains constant. This corresponds to the peak in 442 

matrix-production. Thus, this decrease in volume can be attributed to nutrient depletion, which 443 

creates an osmotically driven water flux from the inner aqueous phase to the outer continuous phase.  444 

 445 

 446 

 447 

3. Wetting/Spreading on Porous media 448 

3.1. Biofilm topography 449 

 450 

As already mentioned, surfaces of materials in different environments will inevitably be coated by 451 

carbon compounds as nutrients. At first, proteins are adsorbed onto the surfaces and this is followed 452 

by carbohydrate adsorption. A formed layer of nutrients is called conditioning film. As the 453 

microscopic organisms tend to move toward the material surfaces, they form aggregations on these 454 

nutrient-rich surfaces due to the concentration gradient of nutrients. Thus, the adsorption of chemical 455 

materials and the attachment of the microorganisms change the characteristics of the surface, such as 456 

surface charge, hydrophilicity/hydrophobicity, surface tension, surface free energy, roughness, and 457 

wettability [47]. 458 

Biofilm can be considered as a porous, thin layer in which the fraction of void space is a 459 

characteristic parameter for modelling the structure of the biofilm. Imaging techniques, such as 460 

confocal laser scanning microscopy (CLSM), magnetic resonance microscopy, multiphoton-461 

excitation laser scanning microscopy (MPLSM), and near-infrared optical coherence tomography 462 

(OCT) have been applied to indicate and analyze the morphological parameters including porosity, 463 

pore size distributions, and roughness [78]. Figure 22 shows the two-dimensional and three-464 

dimensional views of the biofilm morphology using OCT system [78, 79]. The pore radius in the 465 

structure of the biofilms is of micron (µm) order. Based on the experimental observations about this 466 

structure, pore-scale models are utilized for biofilm formation. These models consider the biofilm as 467 

a porous medium [80]. 468 

 469 
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 470 

Figure 2 Two- and three-dimensional images of the biofilm of ammonia-oxidising bacteria (AOB) on polycarbonate 471 
coupons in the rotating annular reactor (RAR) using optical coherence tomography (OCT). To produce the 3-D rendering 472 
image of the morphology, multiple adjacent A-scans as the vertical one-dimensional profiles with grayscale intensity are 473 
collected and assembled to generate B-scan as the two-dimensional images. Then B-scans are used to render three-474 
dimensional images [79]. 475 

 476 

Beside the structure of the biofilm, its mechanical properties influenced by the morphology are 477 

also of a great importance for predicting the behavior of biofilms, their control and even removal 478 

[81]. To ascertain these mechanical characteristics, both experimental measurements and modelling 479 

methods are used together. OCT technique has demonstrated the two-dimensional deformation of the 480 

biofilms. This imaging method together with poroelastic fluid-structure interaction numerical 481 

computations result in developing a method for determining the elastic properties of the biofilm as a 482 

deformable structure [82]. Due to the porosity and elasticity of the structure, it is quite accurate to 483 

consider the biofilm as a porous medium and/or deformable substrate when it is in contact with other 484 

materials. This hypothesis about the biofilms is employed to investigate their wetting properties as a 485 

significant interfacial characteristic when it comes to either the comprehensive range of applications 486 

or the necessity of removal of the biofilms. 487 

 488 

3.2. Wetting of Biofilms as Porous Substrates   489 

 490 

Wetting is an indicator of the behavior of a unique liquid on the surface. For biofilms, this 491 

indicator depends on surface topography. The concept of wetting can be defined by the contact angle 492 

(CA) which quantifies the wettability. Therefore, measuring the CA on the porous and rough 493 

surfaces of the biofilms determines its wettability. As it was mentioned before, the size of the pores 494 
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radius in the biofilms is of µm order. This means that biofilms have micropatterned surfaces on 495 

which two states of wetting can be distinguished: (1) the Wenzel state, and (2) the Cassie-Baxter 496 

state [83]. In the Wenzel state, the liquid fully wets the porous structure. Based on this assumption, 497 

the apparent CA, -./, is calculated by Wenzel equation as below: 498 

 cos -./ = 3 cos -45 Eq. 5 

where r and -45 are the roughness ratio and Young’s angle, respectively [84]. The equation for 499 

Young’s angle is:  500 

 � cos -45 = �6� 7 �68 Eq. 6 

where �, �6�, and �68 are the representative of liquid-vapor, solid-vapor, and solid-liquid interfacial 501 

tensions, respectively. In the Cassie-Baxter state, the wetting is partial so that the liquid droplet sits 502 

on the top of the protrusions of the rough surface. The proposed equation by Cassie-Baxter is: 503 

 cos -./ = �9 cos -45 : �9 7 1  Eq. 7 

where �9 is the area fraction of the liquid-vapor interface blocked by the rough structure [85].  504 

Topographical characterizations can be conducted by a profilometer. Using light profilometry 505 

images obtained by this system, the developed interfacial area ratio is calculated. In a relevant study, 506 

the behavior of water droplet on different biofilm surfaces was investigated [12]. Three distinct 507 

states were demonstrated: hydrophilic, hydrophobic rose-like, and hydrophobic lotus-like biofilms. 508 

On rose petal-like surfaces, the water can penetrate into the microscopic pores of the underlying 509 

surface which results in notable contact angle hysteresis. In this case, called impregnated Cassie 510 

state, the droplets remains attached when the surface is tilted. The impregnated Cassie state is a state 511 

between Wenzel and Cassie-Baxter states. In case of lotus-like biofilms, when the surface is turned 512 

upside down or tilted, the droplet rolls off. Lotus-like behavior is the representative of the Cassie-513 

Baxter state. Figure 3 shows the wetting behavior of different biofilms exposed to the water droplet 514 

[12].  515 

 516 

Figure 3 Wetting behaviour of the rough surfaces of different biofilms in contact with a water droplet [12].  517 

 518 

The importance of the wetting concept of biofilms can be divided into three areas: (a) to control 519 

the behavior of biofilm during its interactions with other materials such as a reactant liquid which 520 

flows in the reactor during its operation, (b) to predict the interactions between the biofilm surface 521 

and chemical agents used for its removal, and (c) to modify the different surfaces to impart 522 

antibiofilm characteristics. The last area, which is related to the wetting phenomena for biofilms, is 523 

different from the first two areas. In this case, wetting properties of a surface is manipulated by 524 

physical and/or chemical methods so that the final surface exhibits antibiofilm or antibiofouling 525 
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features. To clarify, changing a surface from a hydrophilic character to a hydrophobic one shifts the 526 

adhesion of microorganisms onto this surface. 527 

 528 

 3.3. Wetting of Soft / Deformable Substrates 529 

 530 

Alike to porous medium, soft / deformable substrates can be proposed as the second model for 531 

investigation of wetting properties of biofilms. Wetting on soft substrates is not captured by the laws 532 

dominating rigid wetting phenomena. 533 

The structure of a soft biofilm is deformed by the deposition of a droplet on it. This happens 534 

because of the surface tension and Laplace pressure, ∆<, of the droplet. According to Young’s 535 

equation, Eq. 66, there is an in-plain balance between the three interfacial tensions at the three-phase 536 

contact line (Figure 44, a). The vertical component of liquid-vapor surface tension, � sin -45 , 537 

remains unbalanced. So, a vertical net force is exerted to the solid surface at the three-phase contact 538 

line. In addition, Laplace pressure is applied to the liquid-solid interface (Figure 44, b). This pressure 539 

is inversely proportional to the curvature of the droplet. Consequently, a wetting ridge, ?, with a 540 

length scale of the order of elastocapillary length, @4A, is formed at the three-phase contact line [86]. 541 

This ridge considerably changes the macroscopic spreading dynamics [87].  542 

 543 

Figure 4 A liquid droplet deposited on the (a) rigid and (b) soft material. The red square in (b) is the wetting ridge [86, 88]. 544 

 545 

The elastic / shear modulus,  B, for biofilms has been predicted to be between 0.7 and 7 kPa [82] 546 

which, according to Eq. 88, leads to a wetting ridge, ?, of sub-millimeter scale. Therefore, it can 547 

affect the wettability [86, 89].   548 

 ?~@4A =
�

B
 Eq. 8 

Both static and dynamic wetting properties of biofilms are affected by their deformation when 549 

they are in contact with the liquid droplets. In static wetting, deformations rebalance the interfacial 550 

tensions and modify the contact angle and contact angle hysteresis. In case of dynamic wetting, the 551 

wetting ridge moves with the contact line. This movement results in additional energy dissipation 552 

and influences dynamic wetting [86]. 553 

In addition to the force balance near the three-phase contact line, there are other characteristics 554 

and features which must be noted in this case. The dynamic solid  surface tension  the microstructure 555 

of the underlying polymer which is a combination of EPS and microorganisms in case of biofilms, 556 

boundary conditions, moving contact lines, the mechanisms of dissipation inside the substrate, and 557 
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the consequent macroscopic movement of the droplets are the other factors which must be revisited 558 

[87].    559 

 560 

4. Wetting of Biofilm covered surfaces 561 

 562 

  The wetting of biofilm covered surfaces is a complex phenomenon. Considering a droplet in the 563 

size scale of millimeters as it is of practical interest in many applications. Most of the droplet surface 564 

shape is still described by the classical Young-Laplace equation. However, in the region of the 565 

biofilm e.g., size order up to 100 μm, a new phenomenon appears. The first one refers to the partial 566 

adsorption of liquid to the biofilm. Its extent depends on the properties of the biofilm and of the 567 

liquid. The second phenomenon is the modification of the triple line location and of the contact 568 

angle distribution along this line. The former effect is similar to what is met in wetting of porous 569 

media, in particular of a thin and loose porous media, discussed in section 3. The latter effect is 570 

related to the wetting of structurally and chemically heterogeneous surfaces about which there is 571 

very extensive literature [90]. It is clear, that both, the structure (the term "topology" is also used) 572 

and the composition of the biofilm affect its wetting behaviour. A complete three-dimensional 573 

experimental knowledge of these quantities is out of the question by today means so by necessity 574 

modelling must be invoked to expand our understanding on biofilm formation and 575 

structure/composition. A discussion of the available modelling approaches of biofilm structure and 576 

composition follows since the biofilm modelling will be in the future an indispensable tool to 577 

understand its wetting and to correlate wetting properties to biofilm formation conditions.   578 

Biofilm formation is a "nucleation"- “growth” process which explains the highly non-uniform 579 

structure arising. The "nucleation" step is actually the microbial deposition and attachment stage. 580 

The physical-chemistry of this step has been recently reviewed in detail by Carniello [91]. Some key 581 

approaches to modeling of the biofilm growth is described here. A basic classification separates 582 

morphological (i.e. 2 or 3 spatial dimensions) from non-morphological (i.e. 0 or 1 spatial dimension) 583 

models. The landmark work on biofilm growth is [92] which combines complete solution of flow 584 

field and nutrient concentration equations in the biofilm considering it as complex porous medium. 585 

As already mentioned, the biofilm composition is described as a combination of cells (at different 586 

states) and extracellular polymeric substance (EPS). Additional phenomena such as chemical 587 

mechanical stresses and quorum sensing are also taken into account. The biofilm shape evolution is 588 

determined by a cellular automata-like procedure. The detachment of biofilm pieces is also 589 

considered in the model. "Nucleation" is introduced by following trajectories of planktonic 590 

microbes. The transport properties in the biofilm are related to its local composition through an 591 

effective medium approach. The model is numerically solved by an in-house code. However, the 592 

required computational effort is too high for any practical use of it. A 2-D case simulation needed 5 593 

days of computer time.  594 

The computational effort is attempted to be reduced by ignoring stress effect and biofilm 595 

composition, introducing the concept of an effective viscosity to simulate the flow in the biofilm and 596 

implementing the code in a combination of Matlab, COMSOL Multiphysics and Java environments 597 

[93]. A simpler in-house cellular automata algorithm is implemented. The position of "nucleation" is 598 

randomly selected among the surfaces with local shear stress lower than a prescribed value. The 599 

above modification made possible the simulation of 3-D biofilm growth for several cases (simple in 600 

practical context since a single nutrient and a single microbe are considered) with the highly 601 
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localized character of colonies to be evident. The most sophisticated biofilm model today is the one 602 

presented in [94] that considers multiphasic hydrodynamic theory and takes into account interactions 603 

among various bacterial phenotypes, extracellular polymeric substance, quorum sensing (QS) 604 

molecules, solvent, and antibiotics. In the model, bacteria are classified into down-regulated QS, up-605 

regulated QS, and non-QS cells based on their QS ability. The evolution of biofilm is determined by 606 

combining Cahn–Hilliard type equations for each substance.  The model is capable to give 3-D 607 

results for the biofilm structure.   608 

Another category of models sacrifices dimensionality to increase sophistication of film composition 609 

description. In this case the model is 1-D so it is completely continuum (no need for cellular 610 

automata). In addition, no flow in the biofilm has to be resolved. Such a model in [95] covers the 611 

possibility for simultaneous existence of several microbial types and several nutrients. It is 612 

specifically focused on the release of planktonic bacteria from biofilm to the bulk liquid. This 613 

process is different from the detachment since these bacteria are produced throughout the biofilm 614 

volume due to phenotypic change of the attached bacteria.  615 

Finally, the last category refers to very abstractive 1-D models which are based on the diffusion-616 

reaction equation of a single nutrient [96]. The difference from the previous case is that a series of 617 

simplifications (i.e. linearization of the reaction rate) brings the problem to a standard form in 618 

reaction-diffusion physics. A roughness elimination force is introduced through the notion of an 619 

artificial "surface tension" of the biofilm. A stability analysis of the model (assuming a deformed 620 

second dimension) is performed leading to phase diagrams for stable (flat) and unstable (rough) film 621 

growth. Obviously, this type of modeling is only of academic and not of practical merit.  622 

From the above it can be inferred that the existing models are too simplified to use relevant 623 

information or too complex to be constructively used in the context of the wetting properties of 624 

biofilms. There is a need for reduced order models that have as state variable a finite set of 625 

descriptors determining the wetting behavior. In case of a wetted biofilm, the simplest set could be 626 

its average thickness, its EPS content and an integral roughness descriptor. 627 

It appears that most research on wetting of biofilms focuses on the particular case of Bacilus Subtilis 628 

(BS), A Gram-positive soil bacterium, biofilms. These particular biofilms attract interest because 629 

they are non-wettable, not only with respect to water but for all liquids, including antimicrobial 630 

agents. Such omniphobic behaviour creates the need for fundamental analysis, in order to explain its 631 

origin, on one hand and, for practical methods to overcome microbial resistance to biocides on the 632 

other. The landmark work on the subject is reported by Epstein [97]. In that study, the contact angle 633 

created between droplets of several liquids and biofilms is measured through a simple goniometer. 634 

The main comparison is performed with respect to a Teflon surface. Although both biofilm and 635 

Teflon are non-wettable by pure water (with the contact angle to be higher for the biofilm), the 636 

contact angle on Teflon decreases linearly with the percentage of ethanol concentration in the liquid 637 

but the contact angle on biofilm remains constant up to 60% ethanol. Then it starts to decrease 638 

gradually and at 100% ethanol it reaches the contact angle of Teflon (highly wettable). The relevant 639 

figure has appeared extensively in literature [98]. It is also shown that a similar behaviour holds for 640 

isopropanol, methanol and acetone. Parameters like biofilm age, time of liquid exposure, repeated 641 

liquid contact appears to have no effect on biofilm-liquid repellency. Experiments using several 642 

mutants of Bacilus Subtilis (to assess chemical contributions) and epoxy resin replicas (to assess 643 

structural contributions) lead to the conclusion that the biofilm nonwetting properties arise from both 644 

the polysaccharide and protein components of the extracellular matrix and are a synergistic result of 645 

surface chemistry, multiscale surface roughness, and re-entrant topography. Additional biological 646 
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analysis focused on further explanation of the chemical contribution to liquid repellency in [99]. The 647 

conclusion is that it is conferred by a small concealed protein called BslA, which self-assembles into 648 

an organized lattice at an interface. In the biofilm, production of BslA is tightly regulated and the 649 

resultant protein is secreted into the extracellular environment where it forms a very effective 650 

communal barrier allowing the resident Bacilus Subtilis cells to shelter under the protection of a 651 

protein raincoat. 652 

 653 

5. Conclusions 654 

 655 

A microbial community sheltered in a matrix of extracellular polymeric substances called EPS, 656 
including polysaccharides, proteins, and extracellular DNA, create a layer of biofilm. Together with 657 
pili, flagella, other adhesive fibres, EPS act as a stabilizing scaffold for the three-dimensional 658 
biofilm structure which can be considered as a porous thin layer, and which due to nucleation 659 
process yields a highly non-uniform structure.  Creating a new surface with newfound properties, is 660 
important in both, exploiting the advantages of biofilms in various applications and, preventing any 661 
detrimental consequences of their unfavourable effects. Their impact can be widely observed in the 662 
extended use of closed-loop systems and control mechanisms, affecting humankind safety or even 663 
life, especially in conditions where preventing any of detrimental consequences of their 664 
unfavourable effects is extremely difficult i.e. in microgravity conditions such as in the International 665 
Space Station or in Space Shuttles. There, the microbial contamination and biofouling events 666 
adversely pose mission risk, presenting a serious health threat to crew but also challenging reliability 667 
of the mission-related equipment.  668 

This is why one of the most important aspects of biofilms research, which should not be overlooked, 669 
regarding biofilms prevention or/and control strategies, are their surface properties and wettability. 670 
This is especially true now that among the emerging technologies for combating biofilms, new 671 
surface coatings show promise for preventing biofilm formation.  672 

The study of wetting properties, and surface interaction of droplets/bubbles can represent a useful 673 
and innovative tool to investigate the phenomena of surface contamination, including the prevention 674 
of biofilm formation, and optimization of its removal. Two different aspects should be considered, 675 
both deserving further investigation in our opinion. On one side the study of the interaction of 676 
bacterial-laden droplets on clean surfaces can be used to understand the basic mechanisms of 677 
bacterial contamination and biofilm spreading, including the possibility to prevent its formation by 678 
inhibiting cell attachment. A different, but not less interesting, approach concerns the interaction of 679 
droplets and bubbles on biofilm covered surfaces. The investigation of this type of wetting can be 680 
applied in the study of biofilm structure, the prevention of its further growth, and its removal from 681 
already contaminated surfaces. A possible application would be the optimization of cleaning 682 
solutions and detergent formulations. We should mention a particular case would be that of the 683 
interaction of surface pre-contaminated by a biofilm with a droplet contaminated with a different cell 684 
line (eventually more dangerous respect to the original host). Biofilm coated surfaces can represent a 685 
favourable environment for further contamination, for this reason biofilm removal is always 686 
recommended, even in the case of non-dangerous contaminations. 687 

Although the majority of actual biofilms are hydrophilic -due to hydrophilicity of EPS- there is not a 688 
single study on their wetting properties. The argument behind it is that hydrophilic biofilms can be 689 
easily removed so no concern exists on their wettability. Even though, bacteria motility, biofilm 690 
superficial properties and their mechanical properties, influenced by their morphology, are of a great 691 
importance in predicting the biofilms behaviour and removal. The comprehension of their wetting 692 
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behaviour may serve as a tool to better understand their structure. This can be done not only by using 693 
static wetting properties, as in the case of hydrophobic biofilms, but also by testing their dynamic 694 
behaviour in the spirit proposed in [100] for a patterned surface. Another important issue regarding 695 
wetting of biofilms is that the interaction of biofilms with bubbles has also not been studied. This 696 
may have practical interest since it has been proposed that introducing bubbles in cleaning water 697 
enhances its biofilm removal properties [101]. A wider investigation of this marginally studied 698 
aspect is needed. Figure 5 summarizes the main directions for future research efforts regarding 699 
biofilm wetting according to the present authors point of view. 700 

 701 

Figure 5 A schematic on the current and future research topics regarding biofilm wetting. 702 

 703 

Moreover, knowing that biofilms are formed by reversible and irreversible attachment of cells to a 704 

solid substrate, followed by microcolony formation, maturation and detachment, motility of biofilms 705 

should be subjected to studies in the flow condition as it can induce formation of aggregates and 706 

affect interfacial properties. Bacterial motility can heavily affect interfacial properties also in the 707 

case when bacteria are present in a droplet of liquid wetting a surface. Additionally, considering that 708 

biofilms are inhomogeneous porous films, the porous medium, soft/deformable substrates could be 709 

used as models in investigation of wetting properties of the biofilms. 710 

Finally, having substantially understood the chemical effect on wetting resistance of biofilms the 711 

next step is to further examine their structural effect [102]. In this respect, extensive BS biofilm 712 

structural characterization is conducted, using SEM images and light profilometry, and an attempt is 713 

made to correlate the resulting parameters to the wetting behaviour. Depending on the nutrient type 714 

and location on the colony, three different wetting regimes are identified. The two are of non-wetting 715 

nature and through correlation to the structural biofilm characterization it is argued that the one is of 716 

lotus-leaf (Cassie-Baxter state) type and the other of rose petal (impregnated Cassie state) type. Very 717 

interestingly, the realized state is affected by the nutrient availability. The next reasonable research 718 

step is to find ways to overcome the wetting resistance of certain biofilms [12]. Extensive 719 

experiments and measurement of topological structural parameters and contact angle for biofilm 720 

created by 5 types of bacteria are performed in [12]. The correlation between surface roughness, in 721 

terms of developed interfacial area ratio index, of biofilm and its contact angle is clearly presented.   722 

The above observation motivated the following hypothesis: if the roughness features of a highly 723 

complex biofilm surface could be smoothened, such a biofilm surface should lose its strongly 724 
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hydrophobic character. In this respect it is found that a short treatment with ethanol solutions renders 725 

omniphobic biofilms omniphilic. It is also shown that the same effect can also be obtained by using 726 

less aggressive chemicals such as concentrated salt and sugar solutions. 727 
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