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Combining chemistry and topography to produce antifouling surfaces, a review
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Despite decades of research on the reduction of surface fouling from biomolecules 13 or micro-organisms, the ultimate antibiofouling surface remains undiscovered. The recent covid-14 19 pandemic strengthened the crucial need for such treatments. Among the numerous approaches 15 that are able to provide surfaces with antibiofouling properties, chemical, biological and 16 topographical strategies have been implemented for instance in marine, medical or food industries. 17 However, many of these methods have a biocidal effect and, with antibioresistance and biocide 18 resistance a growing threat on humanity, strategies based on reducing adsorption of biomolecules 19 and micro-organism are necessary for long-term solutions. Bio-inspired strategies, combining both 20 surface chemistry and topography, are currently at the heart of the best innovative and sustainable 21 solutions. The synergistic effect of micro/nano-structuration, together with engineered chemical or 22 biological functionalization is believed to contribute to the development of antibiofouling surfaces.

23 This review aims to present approaches combining hydrophobic or hydrophilic chemistries with a 24 specific topography to avoid biofouling in various industrial environments and healthcare facilities. 25

29

2.1.1. Endogenous topography: micro/nanostructure designed from the metallic substrate 30 13 

(i)

In order to fight surface fouling with a limited quantity of antibiotics or biocides, a first 85 mechanism is active molecule releasing-surfaces. Antibiotic and biocide release will kill the micro-86 organisms before they reach the surface and form biofilms. The release can be spontaneous in 87 active molecule surface loading approaches, or triggered by a specific physico-chemical stimuli 88 (pH, temperature, UV irradiation, enzymatic activity…) in responsive surface approaches.

89 However, these approaches are limited in time, only affect micro-organisms and do not prevent 90 biomolecular fouling, and still face the issue of antibioresistance, biocide resistance and damage to 91 the environment. Only short term specific applications will benefit from this mechanism. 3,13,14 92 (ii).

A second mechanism relies on contact-killing. Surface chemistry approaches allow 93 immobilization of active molecules onto the surface, leading to micro-organisms being killed upon 94 contact or adhesion. In responsive surface approaches, the immobilized active molecule action can 95 be triggered upon a specific physico-chemical stimuli. Some responsive surfaces are also able to 96 eliminate the accumulation of dead cells that would progressively impede their contact-killing 97 effect. But this contact-killing effect can also be obtained without the use of active molecules. 148 Whatever the approach the resulting engineered surface from the combination of topography and 149 chemistry will either fall into hydrophilic or hydrophobic surface. For hydrophobic approaches a 166 the type of chemistry used on the engineered surface but rather according to the method of 167 designing the topography: endogenous, exogenous or a combination of both, as detailed on Figure 168 2. Whatever the method, the same objective remains: decrease the contact area between the surface 169 and the liquid medium in order to prevent fouling interactions with biomolecules or micro-170 organisms. As described in Figure 3, different models of surface wetting have been developed and 171 are widely discussed in the literature. [START_REF] Kung | Assessment and Interpretation of Surface 1218 Wettability Based on Sessile Droplet Contact Angle Measurement: Challenges and 1219 Opportunities[END_REF][START_REF] Tran | Understanding the Wetting Properties of Nanostructured 1222 Selenium Coatings: The Role of Nanostructured Surface Roughness and Air-Pocket 1223 Formation[END_REF] The Cassie-Baxter regime is predominantly cited in this 172 sub-chapter since it is the best way to prevent the liquid from fully wetting the surface. This regime 173 is almost exclusively reached when a hydrophobic chemical entity is used in combination with the 174 topography design. 178 In this chapter, only the production technique of the topographical features really differs from one 179 study to another. This angle is going to lead our story for each category of substrate: metals, silicon- 275 Ultraviolet (UV) laser etching was also used on aluminium and stainless steel metallic substrates 276 to produce topographic features folllowing vertical and horizontal lines with 30 µm spacing. Then, 277 a coating composed of polytetrafluoroethylene (PTFE) nanoparticles and surfactant was sprayed 278 with N 2 gas onto the etched metallic surfaces, before a final thermal treatment (Figure 5C). SEM 395 used for fouling resistance tests and, again, an optimized amount of nanofiller was detected at 0.5% 396 above and below which the properties were lost. A 6-month field trial assay in natural seawater 397 confirmed the in vitro tests. In both of these studies, the micro/nano-roughness combined to low 398 energy surface chemistry is called to explain the results. [START_REF] Selim | Silicone/ZnO 1304 Nanorod Composite Coating as a Marine Antifouling Surface[END_REF] 399

2.2.

Glass and silicon substrates 400 Regarding glass and silicon substrates, fewer articles dealing with combined topography and 401 chemistry approaches were encountered. The first one uses endogenous topography, produced 402 through laser patterning, while the second one uses both endogenous (reactive ion etching) and 403 exogenous topography with addition of another material (crystal seading). All the others use 404 different exogenous topographies.

405 Lee et al addressed biofouling on endoscope lenses. In order to prevent bacterial infection and 406 fogging while achieving high mechanical durability, the lens was provided with a lubricant-infused 407 directly engraved nano/micro-structured surface (LIDENS). [START_REF] Lee | Lubricant-Infused Directly Engraved Nano-Microstructures for Mechanically Durable 1308 Endoscope Lens with Anti-Biofouling and Anti-Fogging Properties[END_REF] Femtosecond laser patterning was 408 first applied to the devices to obtain nanostructured surfaces. A coating of fluorinated self-assembly 409 monolayer was then added before infusion of the perfluorocarbon-based lubricant whose affinity 410 with the surface is increased with the fluorocarbon chains (see Figure 7A). The LIDENS coating 426 of a topographical approach and relevant chemical surface treatment produced a synergistic 427 antibacterial solution.

428 429 436 In the following articles, exogenous materials are introduced to design both the topography and the 437 chemistry. 517 In order to prevent posterior capsule opacification (PCO) after cataract surgery, caused by adhesion 518 of residual lens epithelial cells, researchers from Sun Yat-sen University imparted an intraocular 519 lens (IOL) with nanotopography combined with PDMS brushes impregnated with silicon oil. [START_REF] Wu | Liquid-like Layer Coated Intraocular Lens for Posterior Capsular 1335 Opacification Prevention[END_REF] An 520 oxygen plasma treatment on the hydrophobic acrylic IOL formed the nanotopography. The PDMS 521 brushes were then tethered through a CVD system with the silicon oil (Figure 8B). The free end of 522 the grafted polymer chain formed a liquid-like coating. AFM confirmed the superior roughness of S3 of the Supporting information.

694 Superhydrophilic surfaces have been less explored for antibiofouling applications than 695 superhydrophobic one. This can explain why less common ground can be found in the literature 696 and why there is such a variety of solutions. In addition, as it can be seen in Figure 2, there is a 697 wide range of chemical approaches leading to hydrophilic antibiofouling surfaces. This can make 698 it challenging to find links between the various articles. However, as in the previous chapter 699 concerning hydrophobic approaches, three types of substrates have been studied: metals, glass and 700 polymers. This will be used to structure this part of the review, thus creating three sub-chapters. 701 [START_REF] Choi | Desalination 1430 Membranes with Ultralow Biofouling via Synergistic Chemical and Topological Strategies[END_REF] The structure was then combined with coating of 917 hydrophilic tannic acid, deposited from the liquid-phase, giving the membrane an anti-adhesif 918 effect (Figure 14B). [START_REF] Choi | Desalination 1430 Membranes with Ultralow Biofouling via Synergistic Chemical and Topological Strategies[END_REF] Study of the modified membranes revealed NaCl rejection and permeability 919 towards water were very similar between uncoated and coated membranes. In fact, the water 920 permeance was slightly improved due to the hydrophilicity of the coatings. As with the nanopillar 921 arrays from their previous study, [START_REF] Choi | Nanoscale Pillar-Enhanced Tribological Surfaces as 1419 Antifouling Membranes[END_REF] the sharkskin nanostructure coupled with a chemical coating of 

Metallic substrates

Figure 1 :

 1 Figure 1: Three antibiofouling mechanisms linked to corresponding types of surface modification. The

Figure 2 :

 2 Figure 2: Combining topography and chemistry to obtain antibiofouling surfaces on different substrates
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 882 amount of chemical entities are used: fluorine-based moieties and alkyl chains have 151 been used for a long time in order to produce hydrophobic and superhydrophobic surfaces. More 152 recently, surfaces infused with silicon oils have been developed and used as self-cleaning surfaces 153 (often referred as slippery liquid infused surfaces, SLIS). Some research teams also used them in 154 antibiofouling applications. Conversely, for hydrophilic approaches, chemical entities are 155 numerous as exposed on Figure2. Ranging from simple functional groups such as amine or 156 carboxylic acids to polymers and ionic compounds, hydrophilic approaches are at the heart of 157 today's most innovative antibiofouling research works. This manuscript is thus separated into two 158 chapters, the first one detailing the hydrophobic approaches, and the second one focusing on the 159 hydrophilic ones. This review is written from an applicative engineer perspective, the sub-chapters 160 are thus organized according to the nature of the surface to be treated: metals, glass and silicon-161 based or polymers. The conclusion and outlook will provide the reader with recommendations 162 regarding further development of antibiofouling surfaces.163 Combined topography and hydrophobicity for adhesion prevention 164 A majority of topographical hydrophobic approaches use fluorine-based compounds as a chemical 165 layer to increase the hydrophobicity. This is why the subchapter will not be organized regarding Page 11 of 88 ACS Paragon Plus Environment ACS Applied Bio Materials

Figure 3 :

 3 Figure 3: Surface wetting regimes and contact angle ϑ measurements on ideal smooth surfaces and

Figure 4 :

 4 Figure 4: Combined approaches using metal oxide and hydroxide for topography design and detailed
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 21125 Figure 5: Combined approaches using laser techniques for topograhpy design and detailed surface

270B 39 ,

 39 : femtosecond laser ablation onto stainless steel followed by perfluorosilane coating and perfluorinated 271 oil infusion (adapted with permission from reference[START_REF] Zouaghi | Biomimetic Surface Modifications of Stainless Steel Targeting Dairy Fouling 1255 Mitigation and Bacterial Adhesion[END_REF] , Copyright Elsevier 2019). C: UV laser etching on 272 aluminum and stainless steel, coated with PTFE nanoparticles (adapted with permission from reference 273 Copyright 2021 Elsevier). Blue and green overlay indicate topography and chemistry modifications, 274 respectively.

Figure 6 : 46 ,

 646 Figure 6: Combined approaches using electro-deposition based methods for topography design. A:

Figure 7 :

 7 Figure 7: Combined approaches on glass and silicon-based substrates. A:endoscope lense with

Figure 8 :

 8 Figure 8: Combined approach with endogenous topography design. A: shark-skin pattern on PDMS with a

Figure 9 :

 9 Figure 9: Combined approach for exogenous topography design. A: cotton fabric enhanced with SiO 2

  .[START_REF] Li | Superhydrophobic Polymer 1355 Membrane Coated by Mineralized β-FeOOH Nanorods for Direct Contact Membrane 1356 Distillation[END_REF] Roll off angles below 6° were measured. Moreover, thermal and mechanical resistance were 614 evaluated for an hour against ultrasonic treatment, or 85°C aqueous medium. Contact angles were 615 not affected at all. The performance of direct contact membrane distillation (DCMD) was 616 performed with the pristine and enhanced membranes. Model wastewaters were used: a mixture of 617 NaCl, CaCl 2 and NaHCO 3 or NaCl and sodium dodecyl sulfate. The superhydrophobic membrane 618 outperformed the pristine membrane in every case with delayed compromised flux and no salt 619 crystallization. Even after 60h long DCMD testing, the nanorods were still present and the 620 membrane still functional. According to the author, the clear contribution of both the structured 621 nanorods and the chemical fluor layer contributed to reach the Cassie-Baxter regime that prevents 622 membrane wetting and explains such results. 6232.4. Multi-substrate approaches624 In this last subchapter the focus is given to the research articles that offer a combined topography 625 and chemistry approach for antibiofouling surface modification that have been successfully applied 626 to substrates of different nature. Indeed, from an applicative engineer perspective, such approaches 627 are of great interest since they might be used in various industrial fields, regardless of the nature of Page 43 of 88 ACS Paragon Plus Environment ACS Applied Bio Materials

Figure 10 : 3 . Combined topography and hydrophilicity for multiple antibiofouling 687 mechanismsPage 47 of 88 ACS

 10368788 Figure 10: Multisubstrates combined chemical and topographical approaches. A: wrinkled nano silica

Figure 11 :

 11 Figure 11: Antibiofouling stategies combining hydrophilic polymers and topography on metallic

Figure 12 :Figure 13 :

 1213 Figure 12: Fighting biofouling with hydrophilic coatings and topography on glass substrates. A: Layer-by-
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 8688 922 tannic acid led to a decrease in P. aeruginosa attachment, shown qualitatively by live/dead™ 923 imaging. In dynamic conditions, an isolated vortex is created by the Sharkskin protrusions, 924 decreasing furthermore the ability of P. aeruginosa to adhere to any surface[START_REF] Choi | Structural Tailoring of Sharkskin-Mimetic Patterned Reverse Osmosis 1427 Membranes for Optimizing Biofouling Resistance[END_REF] . In their publication 925 from January 2022, Zhao et al. also used tannic acid on nanofiltration membranes for its 926 antibiofouling effect. They deposited it on a polyacrylonitrile membrane modified with 927 Glutaraldehyde (GA)-crosslinked PEI-SBMA to give it a microstructure which was tuned by 928 varying the concentrations of GA.

Figure 14 :Figure 15 :

 1415 Figure 14: Combining topography and hydrophilic coatings to combat biofouling on polymeric

  

Endogenous topography: micro/nanostructure designed from the 187 metallic substrate

  In addition, a few studies introduce approaches that are compatible 181 with various substrate types. A specific subchapter is dedicated to them. All the approaches are 182 detailed in TableS2of the Supplementary information.
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	180 based samples and polymers. 183 2.1. Metallic substrates
	184 Metallic surfaces that are potentially exposed to biofouling are encountered in various fields of
	185 activity, such as marine industry, food preparation facilities and healthcare.
	186 2.1.1. 188 In order to tune the topography, the most straightforward methods rely on the direct modification
	189 of the metals surface itself. Micro/nanostructure can be produced through different approaches of
	190 aqueous phase treatments and etching techniques which provide the surface with engineered
	191 topography. These micro/nanostructures are referred as endogenous topographies.
	192	2.
		13
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1.1.1. Aqueous phase treatment
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	196 hierarchical structures. Aluminium, magnesium or copper substrates are predominantly represented
	197 in the following reviewed articles. Using a subsequent step of chemical surface modification with
	198 hydrophobic compounds, some research teams managed to use combined topographical and
	199 chemical approaches to obtain superhydrophobic substrates. For instance, commercial aluminium
	200 sheets were enhanced with hierarchical micro/nano topographies produced by strong acid etching
	201 followed	by	immersion	in	boiling	water.	Subsequently,	1H,1H,2H,2H-
	202 perfluorodecyltrichlorosilane also known as FDTS was used to chemically functionalize the
	203 structured Al surfaces, as depicted on Figure 4A. 30 During boiling water treatment, the average
	204 roughness increased from 5 to 65 nm with the formation of Bohemite under the form of
	205 nanoplatelets on top of the existing microprotusions. Only the combination of micro and nanoscale
	206 roughness with hydrophobic silane grafting provided the surface with superhydrophobic properties
	207 which resulted in a drastic decrease of bovine serum albumin (BSA) adsorption. An 80% relative
	208 reduction in adhered bacteria was measured, regardless of the bacterial strain and their outer layer
	193 A simple way to modify the topography of metallic substrates is the formation of oxide and 209 properties (Pseudomonas aeruginosa, Staphylococcus epidermidis, and Staphylococcus aureus).
	194 hydroxide layers at their surface. Upon immersion in boiling water, acidic or alkaline solutions or 210 Finally, cytotoxicity of the samples was assessed through MTT assay and relative complete cell
	195 a combination of these, metallic oxides, that are produced at the surface of the substrates, form 211 compatibility (HeLa cells) was validated, confirming the benefits of such a treatment for in vivo
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  454 with E. coli and S. aureus through live/dead™ staining assay in 30 ml of 10 7 colony forming unit 455 (CFU)/ml bacterial suspensions, maintained for 1 hour in static conditions. Non-adherent bacteria 456 were then removed and BacLight™ Bacterial Viability Staining kit was used to detect adhered 457 bacteria with fluorescence microscopy. The total amount of live and dead adhered bacteria was 458 drastically decreased on the modified glass slides, presumably because the aqueous bacterial 459 suspension is repelled by these surfaces. 460 An atmospheric plasma polymer coating was used to treat silicon wafers and produced a 461 microstructured topography while also imparting hydrophobic and superhydrophobic properties to 462 the surface, that prevent bacterial adhesion.[START_REF] Marguier | Bacterial 1322 Colonization of Low-Wettable Surfaces Is Driven by Culture Conditions and Topography[END_REF] A mixture of docecyl acrylate and 1H,1H,2H,2H-463 perfluorodecyl acrylate precursor was used. AFM imaging revealed a heterogeneous globular grain 464 structure. The wettability was studied with contact angle measurements to monitor the transition 465 from hydrophobic Wenzel regime to superhydrophobic Cassie-Baxter regime. The core of the 466 study lies in the fact that the authors performed statistical analysis to compare the influence of 467 different parameters on bacterial adhesion. These parameters were either related to the surface 468 (topography, chemistry, wettability) or to the bacterial medium in which the substrate was 469 incubated (bacteria species, culture, medium composition). The main result indicated that bacterial by far predominantly influenced by culture conditions rather than surface properties. 471 This input is precious for researchers that tackle antibiofouling surface development since it 472 encourages them to use various medium conditions to assess precisely the antibiofouling 473 properties. The second result indicates that the superhydrophobic substrates were the more 474 effective at preventing bacterial adhesion, even after static or hydrodynamic long term culture. This 475 type of statistical analysis of the influence of culture conditions could be done for every type of 476 surface treatment that is developed to fight bacterial fouling.
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	504 coated and patterned substrates. 505 2.3.1.2. Plasma treatment 506 Plasma treatment can easily and rapidly modify the topography of polymers. In the next studies, 507 different plasma treatments are used to modify the topography of polymer substrates. Oxygen 508 plasma treatment is a very common process and can easily modify polymers' topography. But other 509 gases are able to form plasma, and their combination with fluorinated carbon compounds lead to 470 colonization is 477 2.3. Polymer substrates 510 topography modification as well as hydrophobization.	
	483	polymers	
	484	2.3.1.1. Molding	
	485 Polymers are soft matter compared to metal and silicon-derived materials. Topographical features	
	486 can thus be easily obtained with simple thermal treatment of molding/templating processes, as it is	
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478 As for a few of the metallic substrates, the following approaches dealing with polymeric substrates 479 can be separated into endogenous and exogenous topography. Molding techniques and plasma 480 treatments are highly represented in the former category, while co-polymers and inorganic 481 structures are used in the latter to design the topography. 482 2.3.1. Endogenous topography: micro/nanostructure designed from

  In comparison to pristine membranes, for which the flux was reduced by over 20% over a 904 period of 2 h, the patterned membranes did not have such a negative effect on the desired 905 application, with a maximum reduction of 8%. The PEGDE coating caused a slight flux reduction 906 on the patterned membranes but this impact did not increase with its concentration (5 or 15 wt%).907 In all experiments the salt rejection remained close to the 95% specified by the manufacturer. To 908 test the antibiofouling capacity of these membranes, sodium alginate was used as a model foulant.909 It was demonstrated, by quantifying the flux over time, that both the patterning and the chemical 910 coating decreased the fouling on the membranes. The combination of both surface hydrophilicity 911 and improved hydrodynamics induced by the lines and grooves, gave the best results. 81912 Choi's team, who had previously studied antibiofouling techniques based on cylindrical TiO 2 913 pillars on PA membranes, 82 further improved their technique by upgrading the structuration of the

	Polymer brushes Lbl coating ACS Applied Bio Materials PDA coating 898 The first one we will concentrate on is the polyamide (PA) membrane which has been chemically M. hardwickii L. Lbl coating A B Page 61 of 88 899 and topographically modified by various teams, leading to efficient materials for water treatment 900 without biofilm formation. 901 Weinman and Husson for instance, structured PA membranes with nano lines and grooves by 902 thermal embossing, and coated them with poly(ethyleneglycol) diglycidyl ether (PEGDE) ( Figure ACS Applied Bio Materials 914 membranes to shark skin inspired topography, namely Sharklet ™ . They reached thin film composite 915 microstructured membranes using a series of steps including phase separation micromolding and 903 14A). Page 62 of 88 916 layered interfacial polymerization. 83-
	japonica	
	890	80 , Copyright 2020 Elsevier). Blue and green overlay indicate topography and chemistry modifications, respectively.
	891	3.3.1.2. Water filtration
	892 We have seen so far many different applications of antibiofouling surfaces but one important
	893 industry remains to be looked at: water filtration. Indeed, to avoid contamination of drinking water,
	894 it is vital that the polymer membranes that are used resist the formation of biofilm. Hydrophilic
	895 coatings have a true importance in this field to enhance the water separation. This is what will be
	896 studied in the next paragraph which is organised by type of polymer membrane used as the initial
	897 substrate.	
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2020,