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Abstract

:

Bacterial colonization of surfaces is the leading cause of deterioration and contaminations. Fouling and bacterial settlement led to damaged coatings, allowing microorganisms to fracture and reach the inner section. Therefore, effective treatment of surface damaged material is helpful to detach bio-settlement from the surface and prevent deterioration. Moreover, surface coatings can withdraw biofouling and bacterial colonization due to inherent biomaterial characteristics, such as superhydrophobicity, avoiding bacterial resistance. Fouling was a past problem, yet its untargeted toxicity led to critical environmental concerns, and its use became forbidden. As a response, research shifted focus approaching a biocompatible alternative such as exciting developments in antifouling and antibacterial solutions and assessing their antifouling and antibacterial performance and practical feasibility. This review introduces state-of-the-art antifouling and antibacterial materials and solutions for several applications. In particular, this paper focuses on antibacterial and antifouling agents for concrete and cultural heritage conservation, antifouling sol–gel-based coatings for filtration membrane technology, and marine protection and textile materials for biomedicine. In addition, this review discusses the innovative synthesis technologies of antibacterial and antifouling solutions and the consequent socio-economic implications. The synthesis and the related physico-chemical characteristics of each solution are discussed. In addition, several characterization techniques and different parameters that influence the surface finishing coatings deposition were also described.






Keywords:


antifouling coatings; sol–gel technique; antibacterial activity; marine protection; cultural heritage conservation












1. Introduction


Fouling is an undesirable phenomenon where macromolecules, microorganisms, or suspended particles adhere to surface materials. This process is a widespread impediment, causing problems in the construction and cultural heritage sector, marine, and industrial applications [1]. Biofouling causes increased energy demands, pipe blockage, decreased efficiency, and water contamination. In marine environments, ship covering biofouling increments drag, corrosion, fuel consumption, and engine stress. There is a general need to find approaches to reject or reduce fouling. The research for efficient antifouling technologies to combat fouling has been ongoing for centuries, and it has been experiencing extensive renovations [2,3,4]. Early formation antifouling systems were produced to be antimicrobial, which required biocidal materials that could eliminate fouling organisms and consequently prevented their settlement. The developed antimicrobial solutions varied from simple lead and copper coverings on wooden boats to antimicrobial coatings containing arsenic, copper, and mercury on ship hulls. Copper was a practical and extensively employed biocide but only showed to be effective for a period of up to two years. When combining biocidal tributyltin (TBT) into coatings, this short lifespan could be prolonged to more than five years. The widespread utilization of metal-based antifouling coatings resulted in high-level contamination and a global prohibition on their usage. Increased knowledge of the negative environmental impact of using toxic biocides stimulated the development of non-toxic, eco-friendly alternatives, including fouling-release coatings that incorporated polymers, oils, and “natural” coatings that included antifouling solutions extracted from organisms [5]. However, natural coatings were hard to commercialize due to the restricted quantity, high cost, short-term efficiency, and specificity of natural antifouling solutions. Furthermore, these coatings still struggled to meet the environmental legislation demands [6]. Instead, the focus shifted to polymer-based coatings, as they succeed in several disadvantages of traditional coatings. Polymer-based coatings are economical, biocompatible, non-toxic, simple to prepare, wide-range efficiency, and highly versatile [7]. Their functionalities and designs can be easily modified, which tunes interfacial and antifouling features. Precisely, polymer sol–gel-based coatings are cited for their ability to alter the characteristics of a surface by producing a nanometric layer. These coating solutions function as a physical barrier between the surface and surrounding foulants in two ways:




	(1)

	
If a foulant overtakes the surface, the coating layer will reduce the number of possible formations, entropically unfavorable, consequently inducing steric repulsion and inhibiting settlement;




	(2)

	
If a tightly bound hydration layer surrounded the coating layer, water would have to be replaced for an adhering fouling particle. The dehydration process is thermodynamically unfavorable, leading to the repulsion of advancing foulants [1].









These are the principal reasons why research into antifouling and antibacterial solutions has flowered over the last years and demonstrates why this review focuses on these particular kinds of solutions. Furthermore, achieving an effective fouling control method remains a significant challenge in several applications, induced by the reduced mechanical stability and/or short-term antifouling stability of existing antifouling coatings. The latter is partially associated with the great variety of foulants living inside the system of interest. The types of fouling can be classified as follows:




	
Organic fouling: settlement of the organic matter, such as proteins, polysaccharides, lipids, etc.;



	
Inorganic fouling: inorganic substances, such as salts and metal oxides, result from crystallization or corrosion processes;



	
Particulate fouling: growth of colloidal particles;



	
Biofouling: settlement of the biological matter, which grows into biofilm microorganisms and leads to macroscopic biofouling [8].








Fouling includes more than one foulant or fouling mechanism and is then related to composite fouling. Fouling depends on surface features, such as surface energy and wettability. Therefore, remodeling the surface structure provides a straightforward approach to fouling limitations. A successful process to reach this purpose is by treating the substrate with an antifouling and antibacterial silica-based coating solution. The presence of many varieties of fouling requires different antifouling coating procedures, such as fouling-resistant, fouling-release, and fouling-degrading sol–gel coating solutions (Figure 1).



	
Fouling-resistant: inhibits adhesion of macromolecules, microorganisms, or bacteria, usually associated with forming an intensely hydrated surface, as this provides a physical barrier to foulants [9];



	
Fouling-release: provides limited foulant–surface adhesion but promotes simple removal of foulants by applying a little mechanical force, such as a water jet or an external trigger [9];



	
Fouling-degrading: deteriorates adsorbed foulants through oxidizing agents and/or other microorganisms by bactericidal functionalities [10].






These antifouling strategies include modifying the surface chemistry, surface topography, and architecture (Figure 2).



Surface chemistry determines the way foulants interact with the surface, which should be hydrophilic, hydrogen bond-forming, and electrically neutral [11]. The antifouling ability of hydrophilic and zwitterionic surfaces is related to the high hydration and surface energy because the tightly bound water layer constitutes a physical barrier, inhibiting adsorption [12]. On the other hand, a hydrophobic surface with lower surface energy provides a higher self-cleaning potential. In addition, the surface charge is also essential to prevent nonspecific adhesion.



Furthermore, microorganisms can be removed by incorporating charged antimicrobial/biocidal moieties inside the coating. Finally, surface topography can prevent the settlement of microorganisms by imposing size limitations. Microorganisms usually settle in large areas to achieve maximum protection and surface area contact. Consequently, producing a micro or nanostructure on top of the surface can reduce the chances of attachment, limiting foulant adhesion and promoting the eventual removal of foulants. Therefore, this antifouling approach facilitates both fouling resistant and fouling-release coating solutions [2]. The architecture is a relevant strategy that involves the structuring of the coating interior. Foulants adhere in three ways:




	v.

	
Primary adsorption: penetrate through and adsorb onto the substrate;




	vi.

	
Secondary adsorption: adsorb on top of the substrate;




	vii.

	
Tertiary adsorption; adsorb inside the substrate [13].









Tuning the cover design may improve control over the surface development and coverage, implement access to specific functional groups, facilitate the structured surface formation, and restrict the interaction among foulants and the underlying covering [7]. The polymer brush’s grafting concentration, thickness, and adaptability are fundamental parameters that should always be considered while planning such silica-based coatings [14]. Recently, significant effort has been dedicated to producing antifouling Si-containing coatings.



All different materials produced by sol–gel methods present similar advantages:




	(a)

	
The thin coating ensures excellent adhesion between the substrate and the top layer;




	(b)

	
Protection against corrosion;




	(c)

	
Simple, economic, and efficient production;




	(d)

	
Highly controlled composition.









The production of these materials employed for several applications also presents disadvantages:




	(a)

	
The contraction of the material that occurs during curing and processing;




	(b)

	
Presence of residues of unreacted chemicals;




	(c)

	
Use of organic solvents, which can be unhealthy.









Future research is focused on optimizing the production process to obtain eco-friendly materials with the desired composition and volume in a shorter time. The focus of this review is to highlight the emerging role of biodegradable polymeric micro and nanostructures that show intrinsic antifouling and antimicrobial properties, such as physical–mechanical, chemical, and electrostatic. Collecting and discussing the updated outcomes in this field would help develop better performing biomaterial-based antimicrobial strategies, which are helpful for different applications. For example, an antibacterial and antifouling solution to enhance technical achievability should satisfy diverse specifications: long-term durability, strength, eco-friendliness, and large-scale applicability, which can be exploited by the use also of different innovative approaches such as PEG-based antifouling surfaces [15], systems that incorporate polymer brushes based on amphiphilic copolymers [16], zwitterionic polymers [17,18] and polyionic liquids [19], or exploiting the advanced properties of micro/nano structural surfaces [20].




2. Antibacterial Agents for Concrete


Concrete is the most used material for the construction of millions of structures around the world. Although it plays a crucial role in building development, it is considered an environmental pollutant due to the CO2 emissions resulting from its production [21,22]. Furthermore, cementitious structures are often exposed to high humidity environments and the attack of atmospheric agents, such as acid rain, which make them vulnerable to microbial attachment with consequent colonization and deterioration over time. In the light of these considerations, the researchers turned their attention to designing green and sustainable alternative materials that exhibit similar characteristics to the traditional concrete by using nanotechnologies [21]. It is well known that stains on concrete walls and building facades are due to biodegradation phenomena and cement structures for irrigation and sewerage, which usually arise from the growth of cyanobacteria, fungi, and algae [23,24]. The microbial growth and microorganism present on the concrete surface are closely related to pH values, climatic exposure, and nutrient availability [25]. In addition, as previously mentioned, acid rains and air pollution can promote microbial development due to the formation of nitrogen or sulfur-containing compounds [26,27]. Some different mechanisms in which microorganisms can contribute to concrete deterioration are reported [28]. Physical deterioration caused by the bacteria proliferation, which leads to the mechanical breakage of concrete structures, aesthetic worsening due to biofilm formation on building surfaces, and chemical corrosion, deriving from the elimination of metabolites, were considered the main routes of degradation [26]. All these factors that negatively affect aesthetic characteristics, mechanical properties, and the stability of concretes also involve additional costs for repairing and renovating constructions. For these reasons, researchers tried to develop alternative and innovative cementitious materials that could show antimicrobial, antibacterial, and antifouling properties by using additives to the cement paste having antimicrobial properties against one or more microorganisms without affecting the mechanical properties of the concrete material.



All antibacterial agents for concrete protection mentioned in this section are summarized in Table 1.



2.1. Polymers and Inorganic Biocidal Additives as Antibacterial Agents


In the past years, scientists tried to reduce bacterial degradation by treating the surfaces of concrete structures with biocidal agents or antimicrobial polymers added directly to the cement mix. In work presented by De Muynck et al. in 2009, metal zeolites and antibacterial polymeric fibers were used on the concrete surface of sewers to prevent biogenic sulfuric acid corrosion [29]. Despite the presence of antibacterial compounds leading to a significant bacterial activity decrease, commercial surface treatments with epoxy and polyuria coatings showed better results. More recent studies performed by Kong et al. in 2019 confirmed the best protective effect of epoxy resins for cement exposed to the corrosion action of wastewater [30]. In their paper, the authors reported the investigations on an epoxy coal tar pitch coating, a cement-based capillary crystalline waterproofing coating, and a cement-based bacterial coating. The first one presented an excellent effect of shielding from wastewaters corrosion. It shows a low porosity structure and the same compressive strength as the untreated sample concrete immersed in water and cement-based biocides coatings, whose copper phthalocyanine, cuprous oxide, and potassium nitrate were functional components. Many other biocide agents suitable for concrete were described in the literature, such as quaternary ammonium compounds, halogenated complex, metal oxide, silver, and tungsten powder [31,32,33].




2.2. The Use of Nanotechnologies to Prevent Microbial Growth


In recent years the use of nanotechnologies to control the effect of microbial proliferation on concrete was investigated [50,51]. In particular, CuO, Cu2O, ZnO, TiO2, Al2O3, and Fe3O4 nanoparticles (NPs) incorporated in the cement paste, as reported by Sikora et al., showed biocide activity, although the colonies were able to re-proliferate [34]. In current technologies, silver nanoparticles are also added to the commercial silica-based coating to provide antimicrobial properties to the wall coverings [35,52]. The addition of these inorganic agents to paints, such as ZnO and MgO NPs, as described by Singh et al., promotes protecting the aesthetic properties of building surfaces, avoiding bacterial development [21]. Dyshlyuk et al. showed that zinc oxide nanoparticles with a size of 2–7 nm and a concentration between 0.1 and 0.25% in aqueous suspension decreased the proliferation of microorganisms that commonly attack building materials by 2–3 orders of magnitude. At the same time, TiO2 and SiO2 exhibited lower bactericidal activity [36]. Another strategy to improve the antimicrobial action, thermal resistance, and durability is developing and incorporating SiO2–Ag nanohybrid compounds into acrylic coatings, as Le et al. [37] defined. The use of SiO2 particles within the paints has the task of improving the adhesion of coatings to concrete walls of the buildings through chemical interactions with the components of the cement paste. A correct understanding of these interactions, which play a significant role in coatings’ biocidal activity, can help develop materials with improved antifouling properties. Recently, Dominguez et al. synthesized a coating of silver nanoparticles deposited on N-SiO2 nanocarriers by using N-[3-(trimethoxysilyl) propyl] ethylenediamine and encapsulated in an organically modified silica matrix (ORMOSIL) by using the sol–gel method [38]. The -NHx groups, positively charged, linked to SiO2 nanoparticles, lead to the interaction with the cell walls having a negative charge [53]. This coating showed better antifouling properties due to its ability to form a rough surface at the nanometer level, giving it superhydrophobic proprieties. Another study, illustrated by Gao et al., described the importance of hydrophobicity of coatings as a property that affects bacterial activity and as great potential for energy saving in buildings [39]. They synthesized coating based on BiOClxBr1−x micro flowers featured by a high NIR reflectance. Once applied on the surface of building materials, such as concrete, they can decrease microbial growth at the inner temperature [39]. Zhu et al. also described the possibility of synthesizing hybrid silica coatings having, at the same time, heat reflective, antifouling, and weatherable properties. They prepared a superhydrophobic mortar for buildings by mixing black pigments, cement, sand, and TiO2 nanoparticles and applied a fluorine silicon sol on the concrete surface [40]. The antibacterial activity of TiO2 coatings was also investigated by Verdier et al. They evaluated the resistance of semi-transparent coverings to developing bacterial biofilms under amplified growing conditions on cementitious substrates [41]. Although titanium oxide showed high potential in the construction field, it presented a significant limitation due to its excitation when exposed to ultraviolet radiation. The most valid solution is to modify the TiO2 photocatalyst structure with non-metallic elements or dope it with transition metal ions [54]. Janus et al. studied the microbial inactivation on concrete plates treated TiO2 modified with carbon and nitrogen, describing an increase in the bacterial removal rate and enhancing the antimicrobial activity [42]. Mortars improved with modified titanium dioxide could be broadly used in buildings, which request high decontamination degrees, such as hospitals, schools, or water storage constructions. Dehkordi et al. suggested using TiO2 and ZnO nanoparticles in addition to polyethylene glycol (PEG) as a new antibacterial coating applied on the surface of building materials [43]. PEG, used as a stabilizer to prevent the growth of common bacteria, i.e., E. coli, enhanced the stability of the white Portland cement samples under study. It is well known that also iron oxide shows antibacterial activity [34]. Baalamurugan et al. demonstrated that Fe2O3 contained in steel slag of an industrial induction furnace owns antibacterial activity and can be used to produce construction materials to enhance the resistance against microbial deterioration [44].




2.3. Hybrid Geopolymer-Based Materials with Antimicrobial Properties


Fly ashes, a waste product of the thermal power plants featured by a large amount of SiO2 and Al2O3, can also be exploited to produce innovative materials with antibacterial properties. In this regard, Rodwihok et al. reported a study where fly ashes were recycled by an alkali activation process supported with Zn, which enhanced the microbial growth inhibitory properties [45]. These waste materials can also be used as primary resources to prepare and synthesize innovative hybrid geopolymer-based materials. These matrix components with strong antibacterial properties can be added, thus developing new protective concretes for buildings. Recently, in the literature, the antiseptic efficiency of metakaolin-based geopolymer cement loaded with organic and inorganic compounds, such as 5-chloro-2-(2, 4-Dichlorophenoxy) phenol and glass waste towards Gram-positive and negative bacteria, was described [46,47]. Another critical aspect of being assessed concerns concretes and cements relating to the masonry structures of buildings and those about civil infrastructures and urban wastewater drainage systems. In this regard, Roghanian et al. studied three types of coatings to prevent bio-corrosion in wastewater pipes due to the formation of sulfuric acid by microorganisms [48]. They investigated the effect on microbial growth by applying different coatings between the concrete and the pipes surface obtained from the adding of zinc particles or zinc doped clay particles, demonstrating a higher resistance to the degradations concerning the ordinary cement-based and geopolymer-based coverings. Justo-Reinoso et al. suggested replacing fine aggregates traditionally used in cement mixtures with granular activated carbon and fundamental oxygen furnace steel slag particles, copper, and cobalt as inhibitory metals towards the acidogenic microbial development in concrete sewer pipes [49]. This study also described improved mechanical properties, such as compressive and flexural strength for the cement-treated, concerning the conventional ones.





3. Antifouling and Antibacterial Agents for Cultural Heritage


A significant challenge for cultural heritage conservation science concerns the development of innovative, low environmental impact, and eco-sustainable customized protocols [55]. Green conservation of cultural heritage concerns all eco-friendly methodologies used in preserving and restoring cultural heritage as an alternative to the use of products that are often toxic to humans and the environment. In order to face the problem of biodeterioration of cultural heritage, resources are necessary to understand the causes of the growth of macro and/or microorganisms. Consequently, it is essential to promote proper procedures to slow down or eliminate undesired biological growth [56]. Developing a sustainable conservation procedure is necessary to determine the bioreceptivity, which is the ability of a given material to be colonized by living organisms. This procedure depends on parameters such as the material composition, surface treatments, conservation status, and environmental conditions [57]. Different methods were used to block the growth of unwanted colonies based on various factors, including the nature and state of conservation of the artifact, colonization types, and degree of extension.



The chemicals usually used in the restoration of cultural heritage are versatile. Most of them were pesticides or herbicides used in agriculture [58]. They must also be non-aggressive and economical products. However, the European Community has introduced significant restrictions on using chemical biocides potentially harmful to humans and the environment. Chemical products suitable for the coating of artifacts are generally a combination of consolidating agents, water repellents, and surfactants [59]. There are essentially two approaches for applying the antibiofilm or antifouling coating. The first method employs chemically active antimicrobial coatings, while the second causes the inhibition of biofouling colonization without carrying out chemical reactions [60]. Using natural or biological substances with biocidal activity is extremely interesting for conserving cultural heritage [61]. These natural substances have several origins, such as zoosteric acid and capsaicin, which are examples of microbial by-products, extracellular enzymes, hydrolases [62], usnic acid and parietin, and plant extracts such as essential oils [63], each substance can be used alone or incorporated into a sol–gel matrix to improve the overall performance [64]. Currently, there is a lack of information on the specific efficacy of the biodeteriogen based on the concentration used, the duration of treatment, or any interference with the artifact’s material [65]. The protocol implemented to combat biodeteriogens consists of two actions. First, it is necessary to remove the existing biomass using conventional biocides that act on a broad spectrum of organisms. Thus, they can be washed off without damaging the product and without interfering with subsequent surface treatments. After the biofouling removal phase, it is necessary to prevent recolonization [66]. Several biocides were recently developed to be used alone or in a mixture to protect stone cultural heritage. Despite recent advances, the most widely used formulations are only conventional ones based on quaternary ammonium salts. These solutions increase efficiency, stability, and range.



The products most used for the restoration and conservation of cultural heritage are listed in Table 2. Despite their known toxicity, these compounds are used at low concentrations to significantly reduce the risks for humans and the environment [67]. The efficacy of these biocides is related to their spectrum of action.



Based on conventional conservation treatments, the effectiveness and duration of three types of stone material treatment were compared [69]:




	
In the first case, the simple mechanical removal of the biodeteriorants was carried out, and it was observed how the recolonization of the stone occurs rapidly;



	
In the second case, Rocima was used to remove the already existing biofouling followed by microwave treatment. In this case, the biocidal activity lasted for five years;



	
In the third case, the stone material was treated with a mixture of Biotin R, in 5% ethyl alcohol, used alone or mixed with Titania nanoparticles and Silver–Titania core-shell nanoparticles (TiO2 and Ag-TiO2). This treatment resulted in a prolonged biocidal action up to 8 months after application.








Producing new antifouling materials is essential to select either renewable or eco-sustainable raw materials in compliance with Life Cycle Assessment (LCA) standards [70].



Nanotechnologies provide antibacterial and antifouling innovative and eco-sustainable methodologies for Cultural Heritage conservation [71]. In particular, recent approaches based on nanoparticles contributed some promising alternatives to protect damaged Cultural Heritage. Nanoparticles such as Au, Ag, SiO2, ZnO, TiO2, Mg(OH)2, Ca(OH)2, ZrO2, and TiO2 were combined with appropriate precursors and applied in stone material restoration [71]. In addition, NPs provide consolidation and protection of the substrate. For example, the combination of polymer matrices with low surface energy and nanoparticles produce biomimetic nanostructured surfaces with controlled wettability and roughness [72]. TiO2-based materials are currently employed as self-cleaning and antibacterial solutions, but near-ultraviolet irradiation is required for photocatalytic activation. The use of nanotechnologies in Cultural Heritage has raised severe concerns regarding human health and environmental risks, efficiencies against microorganisms, and long-term effects on the material [73].




4. Antifouling Coatings for Filtration Membrane Technology


With the increase in the world population and the demand for drinking water, developing new wastewater treatment technologies or improving existing ones is necessary. Filtration membranes technology is a pressure-driven process widely used to reject different pollutants and/or desalination water. In particular, it is possible to distinguish four major categories of membranes with a different contaminant removal capacity depending on the pore size of the membranes; for example, microfiltration membranes (0.1–5 µm pores size range), ultrafiltration membranes (0.01–0.1 µm pores size range), nanofiltration membranes (0.001–0.01 µm pores size range) and reverse osmosis membranes (0.0001–0.001 µm pores size range) [74]. One of the biggest problems of membrane technology is represented by fouling (Figure 3) caused by agents present in wastewater such as inorganic compounds, bacteria, proteins, and other organic molecules. Reversible and irreversible fouling in water treatment processes decreases the membranes’ efficiency and lifespan, causing a high energy consumption since it is necessary to use higher working pressures, and therefore economic damage. UF and RO membranes are mainly affected by external fouling due to their dense structure, while internal fouling affects mainly MF and UF membranes characterized by larger pores [75].



An approach to avoid fouling concerns membrane surface modifications; in this regard, some of these innovative approaches are reported in Table 3 and are explored below.



Surface hydrophilization with poly(ethylene glycol) (PEG), one of the most representative hydrophilic polymers, effectively prevents fouling due to forming a water layer that avoids the interactions between the foulant and the membrane surface. Antifouling coatings also affect the adhesion of the foulant on the membrane caused by electrostatic interactions. For this purpose, zwitterionic coatings represent a solution to obtain minimal adhesion on the membrane surface and prevent fouling [90].



Different techniques were used for the preparation of zwitterionic polymeric coatings, such as self-assembled monolayers (SAMs) [79], layer-by-layer deposition methods (LBL) [86], solution polymerization, solvent evaporation, and atom transfer radical polymerization (ATRP) [78]. A simple approach to incorporate zwitterionic copolymers in polymer membranes, consisting of electrostatic adsorption, performed a dip-coating method. Zwitterionic copolymers were synthetized by a radical polymerization from [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA) and [2-(methacryloyloxy) ethyl] trimethylammonium chloride (MTAC), for the modification of a negatively charged poly(vinyl chloride-co-acrylonitrile-co-sodium 4-styrenesulfonate) (PVC-PAN-PSS) membrane by a dip-coating approach. A stable film was obtained with anti-organic fouling and anti-biofouling properties due to the improved hydrophilicity and reduced negative charge of the membrane surface [76]. For this purpose, innovative techniques were also developed that prevented the damage of delicate substrates, such as initiated chemical vapor deposition (iCVD). This last is an all-dry free-radical polymerization technique working at low temperatures and operating pressures. Furthermore, iCVD was synthesized from a thin film made of poly [2-(dimethylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] (PDE) and reacted with 1,3-propane sultone to obtain the zwitterionic structure. The thin films were deposited on commercial RO membranes that show superior antifouling performances and low cell adhesion of Escherichia coli than the bare RO membrane and not impaired salt rejection performances [77].



Another approach for synthesizing hydrophilic and zwitterionic thin films consists of plasma polymerization and surface-initiated atom transfer radical polymerization (si-ATRP). Antifouling coating for desalination RO membranes was prepared by a combination of plasma activation, plasma bromination, and si-ATRP of hydroxyethyl methacrylate (HEMA), 2-methacryloyloxyethyl phosphorylcholine (MPC), and [2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA) [91]. The obtained coated membranes show an improved permeation flux and an increased resistance towards the adhesion of Pseudomonas fluorescens with a biofilm reduction of 85.4% for the MPC-coated membrane [78]. Ultrathin monolayer and bilayer coatings to prevent the oil fouling in UF membranes were prepared by the self-assembly of star-shaped block copolymers (SPs). A hydrophobic ultrafiltration (polysulfone, PSF) membrane was coated with SPs, consisting of a hydrophobic polystyrene (PS) core and different types of hydrophilic arms, including polyethylene glycol methacrylate (PEGMA), polydimethylaminoethyl methacrylate (PDMAEMA), and polymethacrylic acid (PMAA). These coated membranes, by a self-assembly process, were used for filtration of synthetic oil-water emulsions. In particular, the bilayer-coated membrane showed an 80% and 90% retention capacity for nano and micron size oil emulsion, respectively [79]. An alternative to zwitterionic polymer coatings is represented by polydopamine (PDA) based coatings that are becoming increasingly popular for the surface modification of different substrates due to their versatility, adhesion capacity, and reactivity due to the quinone group on PDA that can be easily functionalized with different molecules. For example, a PES ultrafiltration membrane PDA coated by a dip-coating process for the subsequently grafting of fluorinated polyamine to the PDA layer through Michael’s addition reaction. As a result, the PDA reduced the pore size of the PES membrane and provided the active sites for the grafting of fluorinated polyamine. The obtained membranes also showed excellent antifouling properties and fouling-release property and a rejection of Congo red above 99% (flux about 46 L/(m2 h) under 0.1 Mpa) [80].



Hybrid coatings represent an innovative approach for the surface implementation of functional properties of different substrates. In this concern, polysulfone (PSF) ultrafiltration membranes were coated with a polydopamine–Zn complex, formed by in situ polymerizations of dopamine in the presence of zinc species, to improve their stability in both highly acidic and alkaline solutions, the water flux permeability, and the antifouling properties [81].



The antibacterial properties of some nanomaterials, such as Ag nanoparticles (Ag NPs), are exploited to synthesize these hybrid coatings. For example, Tannic acid inspired antifouling, and the antibacterial membrane was prepared through the co-deposition of zwitterionic polymers and AgNPs. A poly(ether sulfone) (PES) membrane was coated via a dip-coating process with tannic acid (TA), Ag+ ions in situ were reduced by the TA layer, and a zwitterionic polymer was obtained via the quaternarization between polyethyleneimine (PEI) and 1,3-propane sulfonate. These membranes prepared by an economical, environmentally friendly, and universal method showed a long-term and robust bactericidal activity and resistance to bacterial adhesion [82]. Another example is represented by a mussel-inspired method that exploits the adhering capacity of catechol moieties, their reactivity with the –NH2 groups, and the capacity to reduce and Ag+ ions into Ag NPs chitosan-polyurethane coatings loaded with AgNPs for PES membranes. For those purposes, the o-carboxymethyl chitosan (CMC) was directly reacted with catechol and loaded with AgNPs via in situ reductions. Subsequently, a PEG-based polyurethane (PU) was used for the preparation of CMC–Ag–PU composite coating to confer PES UF membrane with antifouling and dual-antibacterial properties (E. coli and S. aureus) [83]. Chitosan-coated PES membranes can also be coated with thin films made of porous metal–organic frameworks (MOFs) to improve their permeability, removal efficiency, and antifouling activity. Furthermore, a novel membrane with antibacterial activity was prepared via in situ rapid formation and deposition of copper (II)-benzene-1,3,5-tricarboxylate (Cu-BTC) clusters on chitosan-coated PES membrane surface, this last obtained by a dip-coating process for the sustainable removal of manganese. The Cu-BTC/CS membrane showed, in fact, an inactivation capacity of 83% of Escherichia coli bacteria [84]. Coatings based on photocatalysts such as ZnIn2S4 to form a photocatalytic layer on the membrane surface can represent a different solution for membrane fouling. Moreover, the photocatalyst ZnIn2S4 was deposited on the surface of a polyvinylidene fluoride (PVDF) membrane through dead-end filtration, obtaining a dynamic photocatalytic membrane with a loading of 2.6 mg/cm2 showing high stability, outstanding antifouling property, and removal efficiency of fluvastatin and TOC of 97.19% and 53.29%, respectively [85].



Chitosan is not the only bio-polymer used to improve the surface properties of different supports. There are many examples in the literature of bio-based functional and antifouling coatings for membranes. Another renewable, abundant and biodegradable biopolymer is nanocellulose, which consists of aligned molecular chains of high crystallinity. An LBL deposition technique makes it possible to coat membranes with nanocellulose to change the surface characteristics and mitigate the fouling. Therefore, a commercially PES microfiltration membrane was coated with nanoporous and nano-textured layers composed of cellulose nanocrystals (CNC) or TEMPO-oxidized cellulose nanofibrils (T-CNF), resulting from the electrostatic interactions between the PES substrate, polyallylamine hydrochloride (PAHCl) anchoring layer, and the nanocellulose functional layer. The obtained coated membranes exhibited up to 49% less relative adhesion of bovine serum albumin (BSA) than the uncoated membrane, increasing wettability (up to 52%). In particular, the T-CNF coated membrane demonstrated significantly enhanced antifouling and antibacterial properties for E. coli, compared to CNC, attributed to the pH reduction effect induced by the carboxyl groups [86]. Agricultural biomasses such as lignin, the second most abundant biopolymer in nature, are also used to modulate the hydrophilicity and antifouling properties, permeability and antioxidant activity, thermal stability, and adsorption properties of membranes. In this context, by an LBL method, a hydrophilic sulfonated kraft lignin, abundant in anionic functional groups, was used to coat the surface of a PES UF membrane, using poly (diallyldimethylammonium chloride) (pDAC) as polycation. For the treatment of oily wastewaters, the n-hexadecane-in-water emulsion was used as synthetic oily wastewater. The best performances, such as the highest surface hydrophilicity (22.6° ± 0.5° water contact angle), and the highest fouling resistance (23% flux decline and 93.8% FRR), were obtained by the membrane prepared with three bilayers of pDAC/lignin from a 2 wt% concentration of the respective solutions [87].



Silica-based sol–gel coating processes can also be exploited for the preparation of membranes with antifouling properties. In this regard, a PVDF membrane was coated with a novel synthetized zwitterionic organosilica polymer (poly-BPGH) by the use of a sol–gel process and a filtration cell. A smooth and uniform organosilica xerogel coating was obtained on the membrane surface that showed an anti-bioadhesion ability (tested with test with E. coli) and a flux recovery rate of 67.76% and 90.66%, for BSA and sodium alginate, respectively, after three cycles of fouling [88]. Another example is represented by a bio-inspired superhydrophilic nanocomposite membrane, consisting of a PVDF membrane coated with a facile and eco-friendly process by polydopamine anchored SiO2. In particular, the PVDF membrane obtained by a phase-inversion process was functionalized with polydopamine and then loaded with SiO2 nanoparticles obtained by an eco-friendly sol–gel method from TEOS. The obtained nanocomposite membrane, as a result of the surface micro-nano structure and a pore induced capillarity phenomenon, showed superhydrophilicity/underwater superoleophobicity properties and antifouling oil and high-efficient oil-water emulsion separation capacities with high efficiency (>98%) after 10 cycles of oil-water emulsion separation and regeneration [89]. Therefore, several efficient and innovative approaches and systems were reported for the production of antifouling, antibacterial, and anti-oil fouling silica-based coatings mainly based on the use of zwitterionic polymers, mussel-inspired procedures, nanomaterials, and biopolymers, intended for filtration membrane technology to lower the costs and energy consumption of wastewater treatment for more sustainable and efficient processes.




5. Antifouling and Foul-Release Coatings for Marine Applications


Accumulation of living organisms on artificial surfaces by adhesion and subsequent proliferation is often the initial step leading to biofouling formation. Preventing bacterial growth associated remains a significant challenge in marine industry applications [92,93,94,95]. This aspect constitutes a problem that must be countered and controlled when the need arises to have efficient surfaces from the hydrodynamic point of view (e.g., boat hulls, pipes). There are more than 4000 species of “foulers”, each with its characteristics. There are two large groups into which the organisms that cause this phenomenon can be divided, and the fouling process is usually divided into four phases. The two main categories into which it is possible to subdivide are: “microfouling”: characterized by very small foulers (micrometer size), they form the famous “slime” mainly formed by sea mold, diatoms, and unicellular organisms. They affect the resistance to the motion of the ship up to a maximum of 10%. “Macrofouling”: bulkier foulers (reaching thicknesses of several centimeters) than the micro category, it includes algae of considerable size and animal fouling. They can affect the resistance to the motion of the ship by up to 40%.



Biofouling is an ecological succession in which microfouling, consisting of bacteria, unicellular algae, and cyanobacteria, establishes itself on the surfaces and prepares them for the attack macrofouling. This settlement consists of larger marine organisms of both vegetable (macroalgae) and animal origin (serpulids, barnacles, bivalves, sponges, and more) [96]. The phenomenon begins to occur when the ship is immersed in marine waters. In the first phase, organic material and molecules such as polysaccharides, proteins, and protein fragments accumulate on the hull. A few hours later, the second begins the phase, which sets the stage for subsequent ones. In fact, in this phase, a thin microbiotic film of bacteria and unicellular organisms such as diatoms is formed, creating a solid base for establishing macrofouling. This layer significantly affects the ship’s performance, increasing the resistance to motion between 2% and 10%. The presence of adhesive exudates and the roughness caused by the irregular microbiotic colonies thus favors the settlement of many other particles and organisms, thus starting the third phase. Above all, algal spores, fungi, and marine protozoa are established. Finally, the fourth and final phase of the fouling formation process is enormously intensified, and mainly macro-algae grow on the hull, such as green algae (Enteromorpha) and brown algae (Ectocarpus). These have extraordinary reproductive potential and strong resistance to widespread environmental fluctuations, especially concerning salinity and dryness, making their detachment complicated. Another protagonist of this phase is animal fouling consisting mainly of barnacles, mollusks, bryozoans, and tubificids [97]. Some adverse reactions of biofouling are [98]:




	
High fuel consumption because of the increased resistance due to biofouling, making the hull rougher and the ship heavier. It was proven that microfouling could increase fuel consumption by up to 18% and reduce the sailing speed by at least 20% [99];



	
High maintenance costs because drydocking operations need to be performed more frequently [100]. More pollution since cleaning processes generate a large number of toxic substances that are discharged into the ocean;



	
Increased ship hull corrosion since the protective coating surface deteriorates because of biological processes. The hull surface is more susceptible to corrosion and discoloration [101].








The development of marine biofouling depends on multiple factors such as water temperature, nutrient level, frequency of currents, salinity and pH of the marine environment, and the hull material’s properties. In addition to environmental factors, surface properties such as surface energy, wettability, mechanical strength, and surface topography are also affected. For example, several studies showed that a surface with energy values between 20 and 30 mJ/m2, known as the “Baier minimum”, represents the minimum adhesion condition for microorganisms. Therefore, marine antifouling paints must have high efficacy and guarantee at least five years of constant protection. In addition, paints must also have, in most cases, a broad spectrum of action to be able to counteract the more than 4000 species existing in every environmental and superficial condition in which they can be found. Therefore, each ship will have its antifouling paint most suitable for its purpose and its environmental, speed, and cargo needs. Antifouling paints should contain molecules with biocidal action (Figure 4) released at different times and concentrations depending on the matrices in which they are incorporated to counteract the attack of organisms with strong adhesive capabilities.



Some substances with biocidal action and high efficacy used over the years have shown high toxicity levels in the various sectors of the marine environment. An example is given by organotin compounds (e.g., TBT), whose use as antifouling was prohibited following the indications of the IMO and the international convention (AFS) adopted on 5 October 2002 by the member states of the European Union. Recently, paints based on copper compounds have been banned in Sweden to date the most used. An alternative to paints containing biocides could be the use of polymers with fouling-release action, whose action does not prevent the formation of biofouling but facilitates its detachment due to the weak interactions created between the matrix the structures of membership of organizations.



Biofouling occurs for both physical and biochemical reactions. Physical reactions are governed by factors such as electrostatic interaction and water flow, which lead to the formation of biofilm and the absorption of microorganisms. Biochemical reactions include the adhesion of microorganisms, biofilm formation, and macrofouler adhesion. While physical reactions are generally reversible, biochemical reactions are irreversible. Therefore, it would be easier to prevent biofouling during physical reactions rather than biochemical reactions. Furthermore, successful inhibition of physical reactions would limit subsequent biochemical reactions. Current antifouling research is focused on inhibiting the adhesion of diatoms and bacteria from preventing biofilm formation, although such research has also encountered numerous obstacles [98]. Biofouling is a huge problem for marine industries, and in these years, research was focused on developing an effective antifouling solution. In this review, different kinds of marine antifouling technologies are proposed according to the adhesion mechanism. After the mid-nineteenth century, the most widespread antifouling paint included biocides or toxic substances applied to the hull to kill micro and macro-organisms. Most paints were based on tributyltin compounds (TBT), which guaranteed efficacy on a wide range of species. This painting, however, sterilized some marine species, which did not reproduce and risked extinction. For this reason, TBT technology was banned in November 1999 by the IMO with the ban on the application of paints with organotin compounds from 1 January 2001, and the total ban from 1 January 2008. In the years following the IMO ban, there was a shift to new copper-based release technologies. However, there were environmental problems because the metals present in the paints bioaccumulate in the environment, creating sediments that can be toxic at high levels and permanently hidden for many years. Furthermore, the consequences that biocides generate in the environment are not yet fully understood and are under continuous research. Thus, the age of organotin compounds ended. However, in addition to eliminating the fouling that had already settled on the hull, it was also necessary to prevent its formation by ensuring a certain level of smoothing to minimize the ship’s friction to motion. Therefore, finally, we reach the recently discovered and future coatings called “foul release” and “biocide free”, which offer an excellent compromise between high respect for the environment and efficient ones.



These paints are composed of functional polymer chains released on the submerged surface of the ship’s hull, thus not releasing potentially toxic biocides that are still under study and, therefore, still an unknown factor. In addition, polymer chains inhibit biofouling and biocorrosion more due to their incorporation of anti-adhesion, anti-microbiotic, and anti-corrosion functional chains than the release of biocides. Several coatings and paints based on functional polymers have been developed in recent years, as reported in Table 4, and others are in development, but the three most used types are:




	
Biocide-release coatings: based on the dispersion of biocides with different types of polymeric binders released over time in seawater. Currently, these coatings are the most used;



	
Fouling resistant coatings: prevent the attachment of “foulers” to the surface;



	
Fouling release coatings: reduce the adhesion between marine organisms and the materials of which the submerged surfaces are made;



	
Fouling degrading coatings: inhibit/kill “foulers”.








Biocide-based paints are the most widely used among commercial antifouling coatings. They can be divided into four categories depending on the release mechanism:




	
Contact leaching coatings (insoluble matrix): the polymer matrix is insoluble in water, while the toxic substances or biocides are incorporated into the paint and released gradually, leaving free pores that are freed by the passage of water that dissolves the toxic particles; however, the matrix remains intact. In this case, the biocides are released at a rate that decreases over time, reducing the effect of the protection. They have a short life (12–24 months), and this has greatly limited their use even if, over time, the duration and the release rate were made more durable;



	
Controlled depletive polymer (CDP) coatings (matrix soluble by hydration): in this case, the matrix is composed of biocides and a resin-based soluble matrix that, with the passage of water, are dissolved and released on the surface to protect and contrast the “foulers”. The release process is more controlled than in the previous case and is based on the hydration and dissolution mechanism of the soluble binder. It has a constant and controlled release with a duration of about 36 months;



	
Self-polishing copolymer coatings: SPC paints use an acrylic or methacrylate polymer matrix. The release mechanism of the biocides is based on the dissolution of the matrix by hydrolysis in seawater, which gives a considerable smoothness to the surface, thus reducing friction and, therefore, the resistance to the ship’s motion. In addition to making the surface smooth, decomposition by hydrolysis also detaches organisms from the hull, releasing biocides. The release rate of substances can be controlled based on the degree of polymerization and the polymer chains’ hydrophilic properties. Paints with modern SPC technology have five years and occupy 80% of the antifouling paint market;



	
CDP and SPC mixed coatings: I combined the properties of the last two technologies mentioned. The dissolution of the matrix is obtained both by hydrolysis and by hydration with better control of the biocide release rate and a duration of 5 years.








Recent research has focused on finding alternatives or changing structures, such as zwitterions. The zwitterionic polymer coatings have been extensively used for anti-biofouling. It can be attributed to the hydration layer around the zwitterionic moiety [102]. According to Saffarimiandoa et al., zwitterionic sulfobetaine silane coatings showed a strong antibacterial effect against the isolated marine biofouling bacteria and significant biofilm adhesion resistance [108]. Bodkhea et al. showed that the amphiphilic and zwitterionic groups on the surface of fouling-release coatings could improve the coatings’ antifouling performance. However, Zwitterion’s monomers can be expensive, and there are definitely difficult to use in organic solvents in addition to being unstable during polymerizations [103,109].



Non-biocidal commercial paints, on the other hand, range from tough matrix paints used mainly for small boats and often challenging to clean up to paints with “foul release” or release technology that has the property of making the surface of the hull with low energy making it so easy to clean and making organisms detach easily without the use of biocides. The “foul release” technology coatings are based on the concept of minimizing the adhesion force between the foulers and the material of which the hull surface is made, allowing the removal of the fouling simply through the motion of the ship, so it is a type of cleaning machines that exploit the hydrodynamics of the ship during navigation. Silicone polymers and fluoropolymers with low surface energy and modulus are the most used materials as binders. Hydrophobic coatings, e.g., silicone or fluorine-based coatings, have low surface energy. Webster and co-workers developed a self-stratifying coating system consisting of a polyurethane resin tethered combined with a siloxane surface resin [110,111,112,113]. The polyurethane provides desired toughness and adhesion, while the siloxane moiety provides the low-surface energy needed for good fouling release properties. The combination of a polyurethane component for strength in combination with siloxanes or fluoroalkyl compounds to lower the surface energy is widely investigated by various research groups [104,105,106].



Marine fouling organisms and natural organic matter commonly found in seawater usually have negative charges, making them susceptible to electrostatic repulsion by a negatively charged film’s surface. Conductive antifouling coatings are an electrochemical antifouling alternative due to an increased electrostatic repulsion between the films and the foulants, reducing the fouling adhesion [107]. This new technology does not produce toxic substances, which is an essential environmental protection antifouling technology. Mostafacei et al. mixed conductive polyaniline (PAni) with epoxy resin and injected nano zinc oxide as an additive to synthesize conductive nanocomposite coatings (PAni–ZnO) [114].



According to the studies, conductive polymers such as PAni and PAni–ZnO nanocomposite can reduce the settlement of algae and barnacles on the substrate. In summary, contemporary environmentally friendly antifouling technologies all exhibit a significant antifouling performance compared to the coating containing only cuprous oxide, even if many limitations also accompany them. In future research, environmentally friendly antifouling technology needs to be optimized by gradually combining existing technologies and materials to replace toxic metals coatings.




6. Development of Antibacterial and Antifouling Innovative and Eco-Sustainable Solutions from Marine Areas Protection to Healthcare Applications—Textile Materials


Since ancient times, textile materials have played a key role in advancing human society and culture. While in the past, individuals tended to use dress mainly to define themselves, show their power, or exert control over others, currently, due to technological development, the perception about these materials has changed. The end use of textiles is not limited to traditional applications, namely clothing. Still, it includes technical sectors, such as medical and healthcare, protective clothing, smart-textiles, food industry, automotive, geotextiles, agro textiles, fishing equipment, and sportswear [115,116]. Because of these diverse applications and the closeness of fabrics to human skin, it is requested that they possess additional functionalities. Among them, antibacterial capability has become one of the most vital for high-value textiles. Despite many endless applications, it is noteworthy to mention that these materials provide suitable conditions such as moisture, temperature, and nutrients required to grow and propagate pathogenic microorganisms [117,118]. In turn, this inflicts a series of unwanted effects on the fabric itself, such as unpleasant odor, stain, discoloration, reduction in mechanical strength, and the wearer, namely skin infection, allergic reactions, and other related diseases [116,119]. Since the beginning of humanity, several attempts have tackled this issue. An example of the earliest antimicrobial treatments dates back to the ancient Egyptians, whose common habit was to use herbs and spices to preserve mummy wrapping. More recently, two types of fabrics, namely bacteriostatic and bactericidal, based on a different mode of action, were developed. While bacteriostatic textiles discourage the attachment and growth of microorganisms, restricting only the growth of microbes that would enter in touch with a fabric surface, bactericidal fabrics possess the ability to kill the bacteria attached to the surface and surroundings. Because of the outstanding properties of bactericidal fabrics, they are the most commonly available in the antimicrobial textile market.



Different chemical or physical approaches are available to confer antimicrobial property depending on the fibers’ features, morphology, composition, and surface texture. These approaches can be essentially grouped into two categories: the first consists of incorporating antimicrobial agents into the polymer solution before extrusion; the second allows applying the active ingredient as a layer both on ready-made natural and synthetic fabrics. Finishing techniques can impart beneficial properties to a greater variety of textiles incorporating antibacterial substances in natural fibers [120,121]. The schematic mode of action of fabrics treated with antimicrobial agents is shown in Figure 5.



Although in the previous decades, the main feature required for an antimicrobial agent for textile applications was killing undesirable microorganisms, thus avoiding the spread of diseases. Currently, an antibacterial finishing has to meet four criteria that can be summarized as follows [122]: (1) be effective against a broad spectrum of bacteria, fungus, and molds, but presenting low toxicity and being non-allergic to human users, with good results in compatibility tests (cytotoxicity, irritation, and sensitization) before marketing; (2) be durable to washing, dry cleaning, and heat-press; (3) not negatively affect quality, comfort, or appearance of the textiles; (4) be cost-effective but environment-friendly and not harmful to humans who work on their manufacture [115].



6.1. Sustainability Issues of Commercial Antimicrobial Formulations


Currently, mainly paints based on metals, quaternary ammonium compounds, triclosan, poly hydroxyl methyl biguanide, and N-halamines are commercially used for this purpose. These synthetic products are highly effective in killing a wide range of undesirable microorganisms. Some recent research studies showed that most of them can also kill harmless microorganisms and may even be toxic to humans with negative consequences on the environment because of the release of harmful molecules, especially during the laundering process [123]. The active antimicrobial substances and the processing techniques need to be selected by focusing on the aforementioned factors. Furthermore, significant efforts were made to find more eco-friendly and efficient alternatives [118]. For this reason, the use of nanotechnology and the use of nature-derived bioactive materials, such as biopolymers, plants extract, and essential oils, has gained increasing interest among the scientific community. These antimicrobial agents are summarized in Figure 6. Developing an effective green technology for obtaining antimicrobial fabrics is the ultimate challenge to manufacturers and researchers. Currently, nanotechnology is bringing a new revolution in several fields, including the textile industry. The growing interest in nanoscience is mainly due to the outstanding properties of nanoparticles. Their large surface area to volume ratios, high surface energy, and better affinity to the fabrics compared with the bulk material ensure the long-lasting effect of functional activity on textiles. Many research works demonstrated the successful incorporation of various nanoparticles in fabrics, and advantageous properties, such as water repellency [124], self-cleaning [125], flame retardancy [126], bacterial resistance, [127] and UV light protection [128], were conferred to these materials. In the last decades, metal-based nanoparticles have been used in a new class of biocidal formulations. Their synthesis and immobilization in the fabric polymer matrix were achieved by different approaches, such as electrochemical method and thermal decomposition sol–gel, and in situ chemical reduction methods [129].




6.2. Sol–Gel Technology: Synthesis of Antimicrobial Formulations


Among the procedures mentioned in the previous paragraph, the sol–gel technique and in situ application method represent the most employed approaches for the antimicrobial treatment of textiles [130]. Tarimala et al. [131] used nanotechnology to modify cotton with dodecanethiol-capped silver nanoparticle-doped silica sol to confer antimicrobial properties to the fabric. The sol was prepared with tetraethyl orthosilicate as the precursor, and dodecanethiol-capped silver nanoparticles were added. The sol was then applied to the fabric by dipping it into the solution and passing through a finishing padder, followed by drying and curing. The results illustrated that the fabric treated with the sol doped with dodecanethiol-capped silver nanoparticle shows an inhibition rate of 40% against the Escherichia coli compared to untreated cotton fabric. The sol–gel method was used by Jun et al. [132], who prepared a silver-doped silica thin film. Si(OC2H5)4, AgNO3, H2O, and C2H5OCH2CH2OH are mixed in 1:0.24:3.75:2.2 molar ratios, the pH value of the solution was 3, after adjusting with 0.5 N HNO3. The formation of silver-doped glassy silica thin film under different temperature conditions was investigated. The results revealed that the silver ions were fully embedded in the silica matrix, and at 600 °C annealing temperature, their reduction can be achieved. Furthermore, the film showed amazing antibacterial effects against Escherichia coli and Staphylococcus aureus. Poli et al. [133] realized a transparent Zn-based sol mixed with 3-glycidoxypropyltrimethoxysilane (GPTMS), a hybrid sol–gel precursor, to produce antimicrobial zinc-containing silica coatings on cotton fabrics. The antibacterial activity of this finishing was tested using potential pathogenic bacteria, namely Staphylococcus aureus and Klebsiella pneumonia. The obtained results were promising, showing that the sol–gel synthesized coatings based on nano-Zn acetate without and with GPTMS have high bactericidal and bacteriostatic activities. In another work, wool and silk were treated with a colloidal silver nano sol by the pad–dry–cure method and the treated materials exhibited superior antimicrobial activity [134]. Moreover, synthetic textiles were treated with nanoparticles [135]. For instance, Mahltig et al. reported a polyamide fabric with an antimicrobial-modified SiO2 sol containing a silver component. The resistance of the coated polyamide against Escherichia coli was investigated, exhibiting significant antimicrobial effects even after 40 washing cycles [136]. Apart from silver, other metals were also employed to fabricate antimicrobial textiles based on nanoparticles. For instance, Berendjchi et al. prepared sol–gel silica loaded with copper nanoparticles to manufacture an antibacterial cotton fabric. Tetraethyl orthosilicate was used as a hydrolyzed precursor and condensed in water to obtain the colloidal silica nanoparticles at room temperature. The antibacterial activity against E. coli and Staphylococcus aureus was investigated. Results showed that the percentage of bacteria growth was reduced by about 70% for E. coli and 90% for S. aureus bacteria [137]. Moreover, a recent review paper [138] reported using a biopolymer, namely chitosan, with zinc oxide, titanium oxide, and silver nanoparticles in antimicrobial textile treatment.




6.3. Biopolymers as Antimicrobial Agents


Researchers have extensively investigated the potential application of various natural molecules as antimicrobial agents. Apart from being safe, non-toxic, skin- and environment-friendly, some natural components have antioxidant properties and antimicrobial activity. For this reason, in the last decades, these bioactive substances have been studied. They are expected to gradually replace the conventional synthetic formulations soon as they are favorable in cost, performance, and environmental concerns. The use of chitosan to confer antimicrobial properties to textile materials dates back to 1974. It has been the focus of several scientific research works over the last few decades. This biopolymer is the second most abundant globally, following cellulose, meaning an easy availability at a low cost. Chitosan is a polysaccharide derived from the alkaline deacetylation of chitin, which can be found mainly in exoskeletal shells of crustaceans and the cell walls of fungi [139]. However, several studies have confirmed that some factors can negatively influence the antibacterial activity of the biopolymer, namely the degree of polymerization, which should be at least seven, and the pH of the aqueous medium, which needs to be under five, as above it becomes water-insoluble. Water-soluble chitosan derivatives can be obtained by the quaternization of its amino groups, which introduces permanent positive charges in the polymer chains, resulting in a cationic polyelectrolyte whose solubility is independent of the pH value [140]. For this purpose, several research studies were conducted, and modified chitosan was applied as coatings for wool and other fabrics [141]. Another issue related to using this biopolymer to functionalize textile surfaces is the weak bonds that chitosan can establish with fibers, resulting in the low durability of the treatment. Various cross-linking agents, such as polycarboxylic acids, were used on cellulosic-based fibers to address this drawback. In particular, 1,2,3,4- butane tetracarboxylic acid (BTCA) and citric acid were employed as greener cross-linking agents between chitosan and cotton, enhancing the antimicrobial durability of the finishing [142]. Moreover, the UV-radiation method was used for imparting durable antimicrobial properties to fabrics, mainly due to the advantages of this technology, such as energy savings, low environmental impact, high and straightforward treatment speed [143]. For instance, Ferrero and Periolatto [143] used UV light with a suitable photoinitiator to apply chitosan to natural and synthetic textiles. Antimicrobial tests showed that chitosan UV-curing yielded high antimicrobial properties on the selected fabrics. Moreover, cyclodextrins were used in the textile field as a green approach to fight the drawback related to bacteria growth. These molecules are cyclic oligosaccharides, consisting of glucose units linked by α-1,4-glycosidic bonds to form a truncated cone, which affords a hydrophobic space, from the inside and a hydrophilic surface, on the outside because of the peculiar arrangement of the hydroxyl groups. These compounds can be obtained by the enzymatic degradation of starch in potatoes, corn, rice, and other food items. The importance of CDs is mainly attributable to their ability to host certain compounds, that are guest molecules, inside their hydrophobic cavities by forming host-guest complexes [144]. This inclusion exerts a positive influence on the properties of the guest molecules, such as improved solubility, stability, volatility and sublimation, control of the release of active ingredients. The strength of the host-guest complex depends on several factors, such as the guest molecule size, interactions, release of water molecules. The biocompatibility and biodegradation of CDs encouraged their wide use in several fields, including the textile industry. In regard to the latter, many studies suggest that CD fixation onto cotton fabric does not affect the hydrophilic property of the material, and the immobilized cavity of CD does not lose its complexing power to form inclusion complexes with other molecules [145]. According to their chemical bonds, there are three types of CDs, namely α-CD, β-CD, and γ-CD, which include six, seven, and eight α-1,4-glycosidic bonds, respectively. Among them, β-CD has shown massive potential in cellulosic fabric modifications because of the strength and longevity of host-guest complexes, even if its solubility is the lowest of all the CDs types. This drawback can be overcome through several chemical modification methods of β-CD at the –OH groups on the exterior rims. The first reactive cyclodextrin derivative synthesis, namely monochlorotriazinyl-β-cyclodextrin (MCT-β-CD), dates back to 1996 [117]. In one research study, the optimal reaction conditions for grafting of β-cyclodextrin to cellulose fabrics were found to be MCT-β-CD 60−100 g/L, catalyst Na2CO3 50−60 g/L, the reaction temperature of 150−160 °C and the reaction time 5−8 min. According to these findings, the MCT-β-CD grafted cellulose retained more than 70% antibacterial abilities even after washing ten cycles [117]. The pre-modification of cellulose-containing fabrics can achieve the antimicrobial activity of textile materials with β-CD or its derivatives, followed by post-treatment with antimicrobial agents [146] or by the pre-loading of an antimicrobial agent into the β-CD cavities and the consequent treatment of the material with the obtained complex [147]. Regarding the latter, a variety of antimicrobial agents were employed as guest molecules, such as silver ions, triclosan, octenidine dihydrochloride, certain antibiotics, AgNPs, and as bioactive agents such as thymol. Recently, plants received interest as a significant source of natural antimicrobials since a wide range of bioactive substances can be extracted from bark, leaves, roots, and flowers. They generally consist of coloring materials, phenolic compounds, quinones, flavonoids, tannins, polysaccharides, and essential oils [148]. These bioactive agents can be applied to textiles by using different techniques, such as direct application, cross-linking, microencapsulation, incorporation in β-CD, exhaustion method, as well as the pre-treatment of substrate surface using plasma, UV-radiation, or enzymatic treatment [149]. Several research studies on cotton fabrics demonstrated that aloe vera treatment improved their antibacterial properties.




6.4. Plant Extracts Used for Imparting Antimicrobial Activity to Fabrics


Aloe vera leaves possess nearly 200 active ingredients, including 75 nutrients, 20 minerals, 18 amino acids, and 12 vitamins. In one research work, cotton was finished with aloe vera gel using carboxylic acid as a cross-linker and revealed remarkable antibacterial activity against Gram-negative, Gram-positive organisms, and fungal pathogens [150]. In further research, cellulosic fabrics were finished with a combination of aloe vera and neem, showing higher durability to wash compared to those treated individually [151]. Aloe vera gel and citric acid were used to obtain an environmentally friendly, natural antimicrobial finish on the cellulosic fabric. Antibacterial tests showed that the coating provided 89% efficacy against Gram-negative, 20% against Gram-positive, and 82% against fungal pathogens [142]. In the last years, experimental studies involving tulsi leaves were conducted mainly on cotton fabrics. The main components of tulsi leaves are eugenol (70%), methyl eugenol (20%), carvacrol (3%). In one research study, the cellulosic fiber was treated with methanolic extracts of tulsi leaves by direct method and exhibited an excellent antibacterial activity [152]. In another study, cotton fabrics treated with tulsi leaves extracted via microencapsulation or resin cross-linking showed higher antibacterial activity than those treated via a direct method [153]. Turmeric (Curcuma longa L.) and Indian saffron (curcumin) were applied to woolen fabrics using dyeing and functional finishing process. The antibacterial property of treated textiles against E. coli and S. aureus microorganisms was investigated using the AATCC 100-1999 method. Results showed that wool fabrics treated with castor saffron provided antimicrobial activity against S. aureus (85% against bacteria) and E. coli (90% against bacteria). The antibacterial activity increased with higher dye concentration. This study investigated the washing fastness, showing that antimicrobial property decreased after 30 washing cycles (in the range of 30–45%) [154]. Moreover, cotton-knitted fabrics were treated with turmeric (Curcuma tinctoria Guibourt) extract with the help of various mordants using the impregnation method. The experimental results demonstrated a reduction in the range of 96.6–99.0% against microorganisms [155]. Several research works involve Henna as an antimicrobial agent. In one study, this bioactive agent was combined with chitosan in wool fabrics, and results showed an antimicrobial activity of the treated fabric [156]. In another study, cotton items were dyed with Henna (Lawsonia inermis) with various mordants using the impregnation method. The results demonstrated that the treated fabrics reduced the bacterial growth against S. aureus by 96.6% and against E. coli by 96.4% [155]. Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the active component of Capsicum plants (chili peppers), grown as food and for medicinal purposes since ancient times. It is responsible for the pungency of their fruit. This nature-derived agent was used as antimicrobial finishing for wool and cotton fabrics using the sol–gel technique. The antibacterial properties of treated textiles against E. coli bacteria were investigated. Capsaicin-coated textiles showed more significant antibacterial activity than the fabrics treated with the silica sol–gel method without using this bioactive molecule. Furthermore, results showed that, even if some reductions in antibacterial activity occurred after laundering, capsaicin remained in the structure of the fibers [157]. Green Tea [Camellia sinensis (L.) Kuntze] extract, together with citric acid as a cross-linker, was used to confer antibacterial features to cotton fabrics using a pad–dry–cure method with good antimicrobial properties of treated items [158]. Moreover, wool textiles were dyed with green tea extract with the help of aluminum sulfate, and AATCC 100-1993 method was used to test the antibacterial activity of treated fabrics. The results showed that finishing brought about an 80–99.3% bacterial reduction for Pseudomonas aeruginosa, 85–99.3% for Escherichia coli, and 90–100% for Staphylococcus aureus [159]. In addition, the antimicrobial activity of Licorice or Liquorice (Glycyrrhiza glabra) was studied in different regions of the world over the last decade. In an experimental study, Glycyrrhiza glabra roots were used to confer antibacterial properties to woolen fabrics. Two different types of bacteria, namely Staphylococcus aureus and Escherichia coli, were used in the tests. According to the results, Glycyrrhiza glabra roots exhibited good antimicrobial properties against Staphylococcus aureus and Escherichia coli bacteria species. Light and wash fastness tests of dyed fabrics were also carried out, showing the fastness properties required for the coloring of woolen fabrics [160].




6.5. Antimicrobial Properties of Essential Oils


In recent times, the application of Essential oils for antimicrobial purposes on textiles has increased, due to their high efficiency, even if the actual action against microbes is unclear. Consisting of various aromatic compounds, they can protect a broad spectrum of microbes. Essential oils, such as neem, clove, lavender, rosemary, and cinnamon, were applied to cellulosic fabrics by different techniques to impart durable antimicrobial coatings [161].



Although conventional commercial antimicrobial agents can protect textile materials from microbial attack, even after repeated washing cycles and ironing conditions, the majority of them have a negative impact both on the environment and on human health. The ecological and economic restrictions urged researchers to undertake more extensive work to find renewable suitable antimicrobial resources in the last decades. Among different approaches, nanotechnology and the incorporation of biologically active components have recently gained attention. However, some of their significant limitations are their poor durability and fastness properties. Therefore, the future scope of applications of these bioactive substances still requires further research to improve the incorporation method to retain antimicrobial agents on textiles for a longer time.





7. Conclusions


Some conclusions drawn from this comprehensive review on eco-sustainable solutions are listed as follows: This review is focused on antibacterial and antifouling agents for concrete, Cultural Heritage, filtration membrane technology, and marine and healthcare applications. (1) It is still challenging to achieve a versatile protocol to fabricate adequate and long-lasting antifouling coatings regarding the desired requirements. Producing new polymers may still be essential to enhancing antifouling performance, focusing mainly on long-term durability in static and dynamic environments. Besides surface chemistry and structure, novel surface modification and techniques need to be developed to translate these coatings into industrial applications successfully. (2) The evolution of nanotechnology applications in concrete development is almost innovative. When nanometric additives were mixed with cement and concrete, the hydration accelerated, and the rate of hydration increased with several extra functionalities. Nanotechnology can enhance concrete performance and produce sustainable and advanced cement-based composites with unique mechanical and electrical features. (3) “Green conservation” is innovation and eco-sustainability in the Cultural Heritage field. The chemical treatment for biocidal and antifouling procedures is currently the most versatile way to produce innovative solutions. Tunable solvent properties and antimicrobial and surface activity are some of the most exciting features of biotechnology and nanotechnology. This technology access to advanced materials can produce new formulations of antifouling and antimicrobial surface coatings, developed as gel materials and other forms. Furthermore, research on the design of biodegradable materials has progressed considerably, leading to the development of green characteristics, such as low volatility and recyclability. (4) Nanoparticles can be used to hydrophilize the membrane surface to enhance the anti-fouling performance [162]. However, a suitable surface coating design should be developed rather than nanoparticles blend or entrapped membranes to guarantee the best exposure and interaction with foulants. Metal–Organic Frameworks are promising nanomaterials that can be hydrophilized and functionalized with metallic nanoparticles, enhancing catalytic and hydrophilic properties. The design of innovative nanomaterials and classes of synthetic polymers allow the research and development in the field of high-performance, multi-functional, anti-fouling membranes. Innovation in characterization procedures is fundamental for membrane processes to obtain the proper insight into materials’ behavior at the nano-scale. The demand for water causes increasing cost and energy consumption, and decreasing natural reserves of conventional fuels serve as the driving force for the research and innovation in membrane separation processes. (5) Anti-fouling technologies for marine applications are of interest due to the economic and environmental benefits because coatings are non-toxic, nonbiocide-release. (6) Moreover, new technologies can produce durable and suitable curing procedures for marine coatings, including the additional advantage of shorter treatment times, cheaper maintenance costs, therefore, a significantly lower environmental impact. To increase the lifespan and enhance the anti-fouling functionality versus the unavoidable occurrence of abrasion and wear of the coated surfaces, the most desired breakthrough may come from combining anti-fouling functionality with self-healing properties automatically self-repair the anti-fouling character. The contribution of researchers, scientists, and engineers from material science, chemical engineering, environmental engineering, and mechanical engineering can bring significant breakthroughs in developing innovative hybrid antibacterial and anti-fouling solutions.







Author Contributions


Conceptualization, I.I., A.C., S.S., G.R., F.G. and M.R.P.; methodology, I.I., S.S., G.R. and M.R.P.; software, I.I., A.C., S.S., G.R. and F.G.; validation, I.I., A.C., S.S., G.R., F.G. and M.R.P.; resources, M.R.P.; data curation, I.I., G.R., S.S., F.G., A.C. and M.R.P.; writing—original draft preparation, I.I., A.C., S.S., G.R., F.G. and M.R.P.; writing—review and editing, I.I., S.S., G.R. and M.R.P.; supervision, M.R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


MURST, CNR, and MIUR are gratefully acknowledged for financial support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Maan, A.M.C.; Hofman, A.H.; de Vos, W.M.; Kamperman, M. Recent Developments and Practical Feasibility of Polymer-Based Antifouling Coatings. Adv. Funct. Mater. 2020, 30, 3–8. [Google Scholar] [CrossRef]

	



Dafforn, K.A.; Lewis, J.A.; Johnston, E.L. Antifouling strategies: History and regulation, ecological impacts and mitigation. Mar. Pollut. Bull. 2011, 62, 453–465. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Makvandi, P.; Zare, E.N.; Tay, F.R.; Niu, L. Advances in Antimicrobial Organic and Inorganic Nanocompounds in Biomedicine. Adv. Ther. 2020, 3, 2000024. [Google Scholar] [CrossRef]

	



Makvandi, P.; Wang, C.; Zare, E.N.; Borzacchiello, A.; Niu, L.; Tay, F.R. Metal-Based Nanomaterials in Biomedical Applications: Antimicrobial Activity and Cytotoxicity Aspects. Adv. Funct. Mater. 2020, 30, 1910021. [Google Scholar] [CrossRef]

	



Rodríguez-Hernández, J. Polymers against Microorganisms: On the Race to Efficient Antimicrobial Materials; Springer: Cham, Switzerland, 2016; pp. 1–278. [Google Scholar] [CrossRef]

	



Fu, J.; Zhang, H.; Guo, Z.; Feng, D.; Thiyagarajan, V.; Yao, H. Combat biofouling with microscopic ridge-like surface morphology: A bioinspired study. J. R. Soc. Interface 2018, 15, 20170823. [Google Scholar] [CrossRef]

	



Chen, W.-L.; Cordero, R.; Tran, H.; Ober, C.K. 50th Anniversary Perspective: Polymer Brushes: Novel Surfaces for Future Materials. Macromolecules 2017, 50, 4089–4113. [Google Scholar] [CrossRef]

	



Nurioglu, A.G.; Esteves, A.C.C.; De With, G. Non-toxic, non-biocide-release antifouling coatings based on molecular structure design for marine applications. J. Mater. Chem. B 2015, 3, 6547–6570. [Google Scholar] [CrossRef]

	



Sakala, G.P.; Reches, M. Peptide-Based Approaches to Fight Biofouling. Adv. Mater. Interfaces 2018, 5, 1800073. [Google Scholar] [CrossRef]

	



Asha, A.B.; Chen, Y.; Zhang, H.; Ghaemi, S.; Ishihara, K.; Liu, Y.; Narain, R. Rapid Mussel-Inspired Surface Zwitteration for Enhanced Antifouling and Antibacterial Properties. Langmuir 2019, 35, 1621–1630. [Google Scholar] [CrossRef] [PubMed]

	



Ostuni, E.; Chapman, R.G.; Holmlin, R.E.; Takayama, S.; Whitesides, G.M. A Survey of Structure−Property Relationships of Surfaces that Resist the Adsorption of Protein. Langmuir 2001, 17, 5605–5620. [Google Scholar] [CrossRef]

	



Chen, S.; Li, L.; Zhao, C.; Zheng, J. Surface hydration: Principles and applications toward low-fouling/nonfouling biomaterials. Polymer 2010, 51, 5283–5293. [Google Scholar] [CrossRef]

	



Currie, E.P.K.; Norde, W.; Cohen Stuart, M.A. Tethered polymer chains: Surface chemistry and their impact on colloidal and surface properties. Adv. Colloid Interface Sci. 2003, 100–102, 205–265. [Google Scholar] [CrossRef]

	



Brzozowska, A.M.; Hofs, B.; de Keizer, A.; Fokkink, R.; Cohen Stuart, M.A.; Norde, W. Reduction of protein adsorption on silica and polystyrene surfaces due to coating with Complex Coacervate Core Micelles. Colloids Surf. A Physicochem. Eng. Asp. 2009, 347, 146–155. [Google Scholar] [CrossRef]

	



Jeon, S.I.; Lee, J.H.; Andrade, J.D.; De Gennes, P.G. Protein-surface interactions in the presence of polyethylene oxide. I. Simplified theory. J. Colloid Interface Sci. 1991, 142, 149–158. [Google Scholar] [CrossRef]

	



Ye, Q.; Zhao, W.; Yang, W.; Pei, X.; Zhou, F. Grafting Binary PEG and Fluoropolymer Brushes from Mix-Biomimic Initiator as “Ambiguous” Surfaces for Antibiofouling. Macromol. Chem. Phys. 2017, 218, 1700085. [Google Scholar] [CrossRef]

	



Yang, L.; Wu, H.; Liu, Y.; Xia, Q.; Yang, Y.; Chen, N.; Yang, M.; Luo, R.; Liu, G.; Wang, Y. A robust mussel-inspired zwitterionic coating on biodegradable poly(L-lactide) stent with enhanced anticoagulant, anti-inflammatory, and anti-hyperplasia properties. Chem. Eng. J. 2022, 427, 130910. [Google Scholar] [CrossRef]

	



Chang, Y.; Shu, S.H.; Shih, Y.J.; Chu, C.W.; Ruaan, R.C.; Chen, W.Y. Hemocompatible mixed-charge copolymer brushes of pseudozwitterionic surfaces resistant to nonspecific plasma protein fouling. Langmuir 2010, 26, 3522–3530. [Google Scholar] [CrossRef]

	



Ye, Q.; Gao, T.; Wan, F.; Yu, B.; Pei, X.; Zhou, F.; Xue, Q. Grafting poly(ionic liquid) brushes for anti-bacterial and anti-biofouling applications. J. Mater. Chem. 2012, 22, 13123–13131. [Google Scholar] [CrossRef]

	



Schumacher, J.F.; Carman, M.L.; Estes, T.G.; Feinberg, A.W.; Wilson, L.H.; Callow, M.E.; Callow, J.A.; Finlay, J.A.; Brennan, A.B. Engineered antifouling microtopographies—Effect of feature size, geometry, and roughness on settlement of zoospores of the green alga Ulva. Biofouling 2007, 23, 55–62. [Google Scholar] [CrossRef]

	



Singh, N.B.; Kalra, M.; Saxena, S.K. Nanoscience of Cement and Concrete. Mater. Today Proc. 2017, 4, 5478–5487. [Google Scholar] [CrossRef]

	



Miller, S.A.; Moore, F.C. Climate and health damages from global concrete production. Nat. Clim. Chang. 2020, 10, 439–443. [Google Scholar] [CrossRef]

	



Häubner, N.; Schumann, R.; Karsten, U. Aeroterrestrial Microalgae Growing in Biofilms on Facades—Response to Temperature and Water Stress. Microb. Ecol. 2006, 51, 285–293. [Google Scholar] [CrossRef]

	



Lors, C.; Aube, J.; Guyoneaud, R.; Vandenbulcke, F.; Damidot, D. Biodeterioration of mortars exposed to sewers in relation to microbial diversity of biofilms formed on the mortars surface. Int. Biodeterior. Biodegrad. 2018, 130, 23–31. [Google Scholar] [CrossRef]

	



Chaudhuri, A.; Bhattacharyya, S.; Chaudhuri, P.; Sudarshan, M.; Mukherjee, S. In vitro deterioration study of concrete and marble by Aspergillus tamarii. J. Build. Eng. 2020, 32, 101774. [Google Scholar] [CrossRef]

	



Noeiaghaei, T.; Mukherjee, A.; Dhami, N.; Chae, S.-R. Biogenic deterioration of concrete and its mitigation technologies. Constr. Build. Mater. 2017, 149, 575–586. [Google Scholar] [CrossRef]

	



Pagaling, E.; Yang, K.; Yan, T. Pyrosequencing reveals correlations between extremely acidophilic bacterial communities with hydrogen sulphide concentrations, pH and inert polymer coatings at concrete sewer crown surfaces. J. Appl. Microbiol. 2014, 117, 50–64. [Google Scholar] [CrossRef]

	



Wei, S.; Jiang, Z.; Liu, H.; Zhou, D.; Sanchez-Silva, M. Microbiologically induced deterioration of concrete—A review. Braz. J. Microbiol. 2014, 44, 1001–1007. [Google Scholar] [CrossRef]

	



De Muynck, W.; De Belie, N.; Verstraete, W. Effectiveness of admixtures, surface treatments and antimicrobial compounds against biogenic sulfuric acid corrosion of concrete. Cem. Concr. Compos. 2009, 31, 163–170. [Google Scholar] [CrossRef]

	



Kong, L.; Fang, J.; Zhang, B. Effectiveness of Surface Coatings Against Intensified Sewage Corrosion of Concrete. J. Wuhan Univ. Technol. Sci. Ed. 2019, 34, 1177–1186. [Google Scholar] [CrossRef]

	



Javaherdashti, R.; Alasvand, K. Chapter 3—An Introduction to Microbial Corrosion. In Biological Treatment of Microbial Corrosion; Javaherdashti, R., Alasvand, K., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 25–70. ISBN 978-0-12-816108-1. [Google Scholar]

	



Qiu, L.; Dong, S.; Ashour, A.; Han, B. Antimicrobial concrete for smart and durable infrastructures: A review. Constr. Build. Mater. 2020, 260, 120456. [Google Scholar] [CrossRef]

	



Plutino, M.R.; Romeo, A.; Castriciano, M.A.; Scolaro, L.M. 1,1′-bis(Diphenylphosphino)ferrocene platinum(ii) complexes as a route to functionalized multiporphyrin systems. Nanomaterials 2021, 11, 178. [Google Scholar] [CrossRef] [PubMed]

	



Sikora, P.; Augustyniak, A.; Cendrowski, K.; Nawrotek, P.; Mijowska, E. Antimicrobial Activity of Al₂O₃, CuO, Fe₃O₄, and ZnO Nanoparticles in Scope of Their Further Application in Cement-Based Building Materials. Nanomaterials 2018, 8, 212. [Google Scholar] [CrossRef]

	



Nam, K.Y. Characterization and antimicrobial efficacy of Portland cement impregnated with silver nanoparticles. J. Adv. Prosthodont. 2017, 9, 217–223. [Google Scholar] [CrossRef]

	



Dyshlyuk, L.; Babich, O.; Ivanova, S.; Vasilchenco, N.; Atuchin, V.; Korolkov, I.; Russakov, D.; Prosekov, A. Antimicrobial potential of ZnO, TiO2 and SiO2 nanoparticles in protecting building materials from biodegradation. Int. Biodeterior. Biodegrad. 2020, 146, 104821. [Google Scholar] [CrossRef]

	



Le, T.T.; Nguyen, T.V.; Nguyen, T.A.; Nguyen, T.T.H.; Thai, H.; Tran, D.L.; Dinh, D.A.; Nguyen, T.M.; Lu, L.T. Thermal, mechanical and antibacterial properties of water-based acrylic Polymer/SiO2–Ag nanocomposite coating. Mater. Chem. Phys. 2019, 232, 362–366. [Google Scholar] [CrossRef]

	



Domínguez, M.; Zarzuela, R.; Moreno-Garrido, I.; Carbú, M.; Cantoral, J.M.; Mosquera, M.J.; Gil, M.L.A. Anti-fouling nano-Ag/SiO2 ormosil treatments for building materials: The role of cell-surface interactions on toxicity and bioreceptivity. Prog. Org. Coat. 2021, 153, 106120. [Google Scholar] [CrossRef]

	



Gao, Q.; Wu, X.; Zhu, R. Antifouling energy-efficient coatings based on BiOClxBr1−x microflowers: NIR reflective property and superhydrophobicity. Constr. Build. Mater. 2020, 257, 119569. [Google Scholar] [CrossRef]

	



Zhu, C.; Lv, J.; Chen, L.; Lin, W.; Zhang, J.; Yang, J.; Feng, J. Dark, heat-reflective, anti-ice rain and superhydrophobic cement concrete surfaces. Constr. Build. Mater. 2019, 220, 21–28. [Google Scholar] [CrossRef]

	



Verdier, T.; Bertron, A.; Erable, B.; Roques, C. Bacterial Biofilm Characterization and Microscopic Evaluation of the Antibacterial Properties of a Photocatalytic Coating Protecting Building Material. Coatings 2018, 8, 93. [Google Scholar] [CrossRef]

	



Janus, M.; Kusiak-Nejman, E.; Rokicka-Konieczna, P.; Markowska-Szczupak, A.; Zając, K.; Morawski, A.W. Bacterial Inactivation on Concrete Plates Loaded with Modified TiO2 Photocatalysts under Visible Light Irradiation. Molecules 2019, 24, 3026. [Google Scholar] [CrossRef]

	



Dehkordi, B.A.; Nilforoushan, M.R.; Talebian, N.; Tayebi, M. A comparative study on the self-cleaning behavior and antibacterial activity of Portland cement by addition of TiO2 and ZnO nanoparticles. Mater. Res. Express 2021, 8, 35403. [Google Scholar] [CrossRef]

	



Baalamurugan, J.; Ganesh Kumar, V.; Stalin Dhas, T.; Taran, S.; Nalini, S.; Karthick, V.; Ravi, M.; Govindaraju, K. Utilization of induction furnace steel slag based iron oxide nanocomposites for antibacterial studies. SN Appl. Sci. 2021, 3, 295. [Google Scholar] [CrossRef]

	



Rodwihok, C.; Suwannakeaw, M.; Charoensri, K.; Wongratanaphisan, D.; Woon Woo, S.; Kim, H.S. Alkali/zinc-activated fly ash nanocomposites for dye removal and antibacterial applications. Bioresour. Technol. 2021, 331, 125060. [Google Scholar] [CrossRef]

	



Rubio-Avalos, J.-C. Antibacterial Metakaolin-Based Geopolymer Cement. In Proceedings of the Calcined Clays for Sustainable Concrete; Martirena, F., Favier, A., Scrivener, K., Eds.; Springer: Dordrecht, The Netherlands, 2018; pp. 398–403. [Google Scholar]

	



Dal Poggetto, G.; Catauro, M.; Crescente, G.; Leonelli, C. Efficient Addition of Waste Glass in MK-Based Geopolymers: Microstructure, Antibacterial and Cytotoxicity Investigation. Polymers 2021, 13, 1493. [Google Scholar] [CrossRef]

	



Roghanian, N.; Banthia, N. Development of a sustainable coating and repair material to prevent bio-corrosion in concrete sewer and waste-water pipes. Cem. Concr. Compos. 2019, 100, 99–107. [Google Scholar] [CrossRef]

	



Justo-Reinoso, I.; Hernandez, M.T. Use of Sustainable Antimicrobial Aggregates for the In-Situ Inhibition of Biogenic Corrosion on Concrete Sewer Pipes. MRS Adv. 2019, 4, 2939–2949. [Google Scholar] [CrossRef]

	



Ortega-Morales, B.O.; Reyes-Estebanez, M.M.; Gaylarde, C.C.; Camacho-Chab, J.C.; Sanmartín, P.; Chan-Bacab, M.J.; Granados-Echegoyen, C.A.; Pereañez-Sacarias, J.E. Antimicrobial Properties of Nanomaterials Used to Control Microbial Colonization of Stone Substrata. In Advanced Materials for the Conservation of Stone; Hosseini, M., Karapanagiotis, I., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 277–298. ISBN 978-3-319-72260-3. [Google Scholar]

	



Romeo, R.; Carnabuci, S.; Fenech, L.; Plutino, M.R.; Albinati, A. Overcrowded organometallic platinum(II) complexes that behave as molecular gears. Angew. Chem.—Int. Ed. 2006, 45, 4494–4498. [Google Scholar] [CrossRef]

	



Sinicropi, M.S.; Iacopetta, D.; Rosano, C.; Randino, R.; Caruso, A.; Saturnino, C.; Muià, N.; Ceramella, J.; Puoci, F.; Rodriquez, M.; et al. N-thioalkylcarbazoles derivatives as new anti-proliferative agents: Synthesis, characterisation and molecular mechanism evaluation. J. Enzym. Inhib. Med. Chem. 2018, 33, 434–444. [Google Scholar] [CrossRef]

	



Saturnino, C.; Popolo, A.; Ramunno, A.; Adesso, S.; Pecoraro, M.; Plutino, M.R.; Rizzato, S.; Albinati, A.; Marzocco, S.; Sala, M.; et al. Anti-inflammatory, antioxidant and crystallographic studies of N-Palmitoyl-ethanol amine (PEA) derivatives. Molecules 2017, 22, 616. [Google Scholar] [CrossRef]

	



Li, R.; Li, T.; Zhou, Q. Impact of Titanium Dioxide (TiO2) Modification on Its Application to Pollution Treatment—A Review. Catalysts 2020, 10, 804. [Google Scholar] [CrossRef]

	



Ielo, I.; Galletta, M.; Rando, G.; Sfameni, S.; Cardiano, P.; Sabatino, G.; Drommi, D.; Rosace, G.; Plutino, M.R. Design, synthesis and characterization of hybrid coatings suitable for geopolymeric-based supports for the restoration of cultural heritage. IOP Conf. Ser. Mater. Sci. Eng. 2020, 777, 012003. [Google Scholar] [CrossRef]

	



Saturnino, C.; Caruso, A.; Longo, P.; Capasso, A.; Pingitore, A.; Caroleo, M.C.; Cione, E.; Perri, M.; Nicolo, F.; Nardo, V.M.; et al. Crystallographic Study and Biological Evaluation of 1,4-dimethyl-N-alkylcarbazoles. Curr. Top. Med. Chem. 2015, 15, 973–979. [Google Scholar] [CrossRef] [PubMed]

	



Guillitte, O. Bioreceptivity: A new concept for building ecology studies. Sci. Total Environ. 1995, 167, 215–220. [Google Scholar] [CrossRef]

	



Allsopp, C.; Allsopp, D. An updated survey of commercial products to protect materials against biodeterioration. Int. Biodeterior. Bull. 1983, 19, 99–145. [Google Scholar] [CrossRef]

	



Urzì, C.; De Leo, F. Evaluation of the efficiency of water-repellent and biocide compounds against microbial colonization of mortars. Int. Biodeterior. Biodegrad. 2007, 60, 25–34. [Google Scholar] [CrossRef]

	



Liu, X.; Liang, Y.; Zhou, F.; Liu, W. Extreme wettability and tunable adhesion: Biomimicking beyond nature? Soft Matter 2012, 8, 2070–2086. [Google Scholar] [CrossRef]

	



Lejars, M.; Margaillan, A.; Bressy, C. Fouling release coatings: A nontoxic alternative to biocidal antifouling coatings. Chem. Rev. 2012, 112, 4347–4390. [Google Scholar] [CrossRef]

	



Bruno, L.; Rugnini, L.; Spizzichino, V.; Caneve, L.; Canini, A.; Ellwood, N.T.W. Biodeterioration of Roman hypogea: The case study of the Catacombs of SS. Marcellino and Pietro (Rome, Italy). Ann. Microbiol. 2019, 69, 1023–1032. [Google Scholar] [CrossRef]

	



Palla, F.; Bruno, M.; Mercurio, F.; Tantillo, A.; Rotolo, V. Essential oils as natural biocides in conservation of cultural heritage. Molecules 2020, 25, 730. [Google Scholar] [CrossRef] [PubMed]

	



Castellano, A.; Colleoni, C.; Iacono, G.; Mezzi, A.; Plutino, M.R.; Malucelli, G.; Rosace, G. Synthesis and characterization of a phosphorous/nitrogen based sol-gel coating as a novel halogen- and formaldehyde-free flame retardant finishing for cotton fabric. Polym. Degrad. Stab. 2019, 162, 148–159. [Google Scholar] [CrossRef]

	



Fidanza, M.R.; Caneva, G. Natural biocides for the conservation of stone cultural heritage: A review. J. Cult. Herit. 2019, 38, 271–286. [Google Scholar] [CrossRef]

	



Johnson, M. Of Biocolonization of Stone: Middle Plains Control Missouri and Preventive Village Sites; Smithsonian Institution Scholarly Press: Washington, DC, USA, 2011. [Google Scholar]

	



Warscheid, T.; Braams, J. Biodeterioration of stone: A review. Int. Biodeterior. Biodegrad. 2000, 46, 343–368. [Google Scholar] [CrossRef]

	



Lo Schiavo, S.; De Leo, F.; Urzì, C. Present and future perspectives for biocides and antifouling products for stone-built cultural heritage: Ionic liquids as a challenging alternative. Appl. Sci. 2020, 10, 6568. [Google Scholar] [CrossRef]

	



Mascalchi, M.; Orsini, C.; Pinna, D.; Salvadori, B.; Siano, S.; Riminesi, C. Assessment of different methods for the removal of biofilms and lichens on gravestones of the English Cemetery in Florence. Int. Biodeterior. Biodegrad. 2020, 154, 105041. [Google Scholar] [CrossRef]

	



Beach, E.S.; Cui, Z.; Anastas, P.T. Green Chemistry: A design framework for sustainability. Energy Environ. Sci. 2009, 2, 1038–1049. [Google Scholar] [CrossRef]

	



Sierra-Fernandez, A.; Gomez-Villalba, L.S.; Rabanal, M.E.; Fort, R. New nanomaterials for applications in conservation and restoration of stony materials: A review. Mater. Constr. 2017, 67, e107. [Google Scholar] [CrossRef]

	



Ruffolo, S.A.; La Russa, M.F. Nanostructured coatings for stone protection: An overview. Front. Mater. 2019, 6, 147. [Google Scholar] [CrossRef]

	



Semenzin, E.; Giubilato, E.; Badetti, E.; Picone, M.; Volpi Ghirardini, A.; Hristozov, D.; Brunelli, A.; Marcomini, A. Guiding the development of sustainable nano-enabled products for the conservation of works of art: Proposal for a framework implementing the Safe by Design concept. Environ. Sci. Pollut. Res. 2019, 26, 26146–26158. [Google Scholar] [CrossRef]

	



Yalcinkaya, F.; Boyraz, E.; Maryska, J.; Kucerova, K. A Review on Membrane Technology and Chemical Surface Modification for the Oily Wastewater Treatment. Materials 2020, 13, 493. [Google Scholar] [CrossRef]

	



Shahkaramipour, N.; Tran, T.N.; Ramanan, S.; Lin, H. Membranes with Surface-Enhanced Antifouling Properties for Water Purification. Membranes 2017, 7, 13. [Google Scholar] [CrossRef]

	



Wang, S.; Fang, L.; Cheng, L.; Jeon, S.; Kato, N. Improved antifouling properties of membranes by simple introduction of zwitterionic copolymers via electrostatic adsorption. J. Memb. Sci. 2018, 564, 672–681. [Google Scholar] [CrossRef]

	



Yang, R.; Xu, J.; Ozaydin-ince, G.; Wong, S.Y.; Gleason, K.K. Surface-Tethered Zwitterionic Ultrathin Antifouling Coatings on Reverse Osmosis Membranes by Initiated Chemical Vapor Deposition. Chem. Mater. 2011, 23, 1263–1272. [Google Scholar] [CrossRef]

	



Hirsch, U.; Ruehl, M.; Teuscher, N.; Heilmann, A. Applied Surface Science Antifouling coatings via plasma polymerization and atom transfer radical polymerization on thin film composite membranes for reverse osmosis. Appl. Surf. Sci. 2018, 436, 207–216. [Google Scholar] [CrossRef]

	



Soltannia, B.; Amirul, M.; Cho, J.; Mohammadtabar, F.; Wang, R.; Piunova, V.A.; Almansoori, Z.; Rastgar, M.; Myles, A.J.; La, Y.; et al. Thermally stable core-shell star-shaped block copolymers for antifouling enhancement of water purification membranes. J. Memb. Sci. 2020, 598, 117686. [Google Scholar] [CrossRef]

	



Li, Y.; Su, Y.; Zhao, X.; He, X.; Zhang, R.; Zhao, J.; Fan, X.; Jiang, Z. Antifouling, High-Flux Nanofiltration Membranes Enabled by Dual Functional Polydopamine. ACS Appl. Mater. Interfaces 2014, 6, 5548–5557. [Google Scholar] [CrossRef]

	



Wu, H.; Ang, M.; Kong, J.; Zhao, C. RSC Advances One-pot synthesis of polydopamine—Zn complex antifouling coatings on membranes for ultra fi ltration under harsh conditions. RSC Adv. 2016, 6, 103390–103398. [Google Scholar] [CrossRef]

	



Xie, Y.; Chen, S.; Zhang, X.; Shi, Z.; Wei, Z.; Bao, J.; Zhao, W.; Zhao, C. Engineering of Tannic Acid Inspired Antifouling and Antibacterial Membranes through Co-deposition of Zwitterionic Polymers and Ag Nanoparticles. Ind. Eng. Chem. Res. 2019, 58, 11689–11697. [Google Scholar] [CrossRef]

	



Wang, R.; Song, X.; Xiang, T.; Liu, Q.; Su, B.; Zhao, W.; Zhao, C. Mussel-inspired chitosan-polyurethane coatings for improving the antifouling and antibacterial properties of polyethersulfone membranes. Carbohydr. Polym. 2017, 168, 310–319. [Google Scholar] [CrossRef]

	



Mozafari, M.; Seyedpour, S.F.; Khoshhal, S.; Rahimpour, A.; Arabi, A.; Dadashi, M.; Rabbani, M.; Tiraferri, A.; Mohsenian, H.; Sangermano, M.; et al. Facile Cu-BTC surface modi fi cation of thin chitosan fi lm coated polyethersulfone membranes with improved antifouling properties for sustainable removal of manganese. J. Memb. Sci. 2019, 588, 117200. [Google Scholar] [CrossRef]

	



Liu, T.; Wang, L.; Liu, X.; Sun, C.; Lv, Y.; Miao, R.; Wang, X. Dynamic photocatalytic membrane coated with ZnIn 2 S 4 for enhanced photocatalytic performance and antifouling property. Chem. Eng. J. 2020, 379, 122379. [Google Scholar] [CrossRef]

	



Tammelin, T.; Mathew, A.P. Waterborne nanocellulose coatings for improving the antifouling and antibacterial properties of polyethersulfone membranes. J. Membr. Sci. 2021, 620, 118842. [Google Scholar] [CrossRef]

	



Shamaei, L.; Khorshidi, B.; Islam, M.A.; Sadrzadeh, M. Industrial waste lignin as an antifouling coating for the treatment of oily wastewater: Creating wealth from waste. J. Clean. Prod. 2020, 256, 120304. [Google Scholar] [CrossRef]

	



Song, W.; Li, Z.; Li, Y.; You, H.; Qi, P.; Liu, F.; Loy, D.A. Facile sol-gel coating process for anti-biofouling modification of poly (vinylidene fluoride) microfiltration membrane based on novel zwitterionic organosilica. J. Memb. Sci. 2018, 550, 266–277. [Google Scholar] [CrossRef]

	



Cui, J.; Zhou, Z.; Xie, A.; Meng, M.; Cui, Y.; Liu, S.; Lu, J.; Zhou, S.; Yan, Y.; Dong, H. Bio-inspired fabrication of superhydrophilic nanocomposite membrane based on surface modification of SiO2 anchored by polydopamine towards effective oil-water emulsions separation. Sep. Purif. Technol. 2019, 209, 434–442. [Google Scholar] [CrossRef]

	



He, M.; Gao, K.; Zhou, L.; Jiao, Z.; Wu, M.; Cao, J.; You, X.; Cai, Z.; Su, Y.; Jiang, Z. Acta Biomaterialia Zwitterionic materials for antifouling membrane surface construction q. Acta Biomater. 2016, 40, 142–152. [Google Scholar] [CrossRef]

	



Romeo, R.; Plutino, M.R.; Scolaro, L.M.; Stoccoro, S. Reactivity of tertiary phosphines toward a cyclometallated platinum(II) complex: Evaluation of steric and electronic contributions. Inorg. Chim. Acta 1997, 265, 225–233. [Google Scholar] [CrossRef]

	



Hetrick, E.M.; Schoenfisch, M.H. Reducing implant-related infections: Active release strategies. Chem. Soc. Rev. 2006, 35, 780–789. [Google Scholar] [CrossRef]

	



Cloutier, M.; Mantovani, D.; Rosei, F. Antibacterial Coatings: Challenges, Perspectives, and Opportunities. Trends Biotechnol. 2015, 33, 637–652. [Google Scholar] [CrossRef]

	



Kenawy, E.R.; Worley, S.D.; Broughton, R. The chemistry and applications of antimicrobial polymers: A state-of-the-art review. Biomacromolecules 2007, 8, 1359–1384. [Google Scholar] [CrossRef]

	



Vasilev, K.; Cook, J.; Griesser, H.J. Antibacterial surfaces for biomedical devices. Expert Rev. Med. Devices 2009, 6, 553–567. [Google Scholar] [CrossRef] [PubMed]

	



Olsen, S.M. Controlled Release of Environmentally Friendly Antifouling Agents from Marine Coatings. Ph.D. Thesis, Technical University of Denmark, Kgs. Lyngby, Denmark, April 2009. Available online: https://orbit.dtu.dk/en/publications/controlled-release-of-environmentally-friendly-antifouling-agents (accessed on 30 November 2021).

	



Yang, W.J.; Neoh, K.-G.; Kang, E.-T.; Teo, S.L.-M.; Rittschof, D. Polymer brush coatings for combating marine biofouling. Prog. Polym. Sci. 2014, 39, 1017–1042. [Google Scholar] [CrossRef]

	



Yebra, D.M.; Kiil, S.; Dam-Johansen, K. Antifouling technology—past, present and future steps towards efficient and environmentally friendly antifouling coatings. Prog. Org. Coat. 2004, 50, 75–104. [Google Scholar] [CrossRef]

	



Lewin, R. Microbial adhesion is a sticky problem. Science 1984, 224, 375–378. [Google Scholar] [CrossRef]

	



Abbott, A.; Abel, P.D.; Arnold, D.W.; Milne, A. Cost–benefit analysis of the use of TBT: The case for a treatment approach. Sci. Total Environ. 2000, 258, 5–19. [Google Scholar] [CrossRef]

	



Cooney, J.J.; Tang, R.J. [47] Quantifying effects of antifouling paints on microbial biofilm formation. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1999; Volume 310, pp. 637–644. ISBN 0076-6879. [Google Scholar]

	



Kim, S.; Kwak, S.; Lee, S.; Cho, W.K.; Lee, J.K.; Kang, S.M. One-step functionalization of zwitterionic poly[(3-(methacryloylamino)propyl)dimethyl(3-sulfopropyl)ammonium hydroxide] surfaces by metal-polyphenol coating. Chem. Commun. 2015, 51, 5340–5342. [Google Scholar] [CrossRef]

	



Laschewsky, A. Structures and synthesis of zwitterionic polymers. Polymers 2014, 6, 1544–1601. [Google Scholar] [CrossRef]

	



Rahman, M.M.; Chun, H.-H.; Park, H. Waterborne polysiloxane–urethane–urea for potential marine coatings. J. Coat. Technol. Res. 2011, 8, 389–399. [Google Scholar] [CrossRef]

	



Majumdar, P.; Webster, D.C. Preparation of siloxane-urethane coatings having spontaneously formed stable biphasic microtopograpical surfaces. Macromolecules 2005, 38, 5857–5859. [Google Scholar] [CrossRef]

	



Adkins, J.D.; Mera, A.E.; Roe-Short, M.A.; Pawlikowski, G.T.; Brady, R.F. Novel non-toxic coatings designed to resist marine fouling. Prog. Org. Coat. 1996, 29, 1–5. [Google Scholar] [CrossRef]

	



Ahmed, F.; Lalia, B.S.; Kochkodan, V.; Hilal, N.; Hashaikeh, R. Electrically conductive polymeric membranes for fouling prevention and detection: A review. Desalination 2016, 391, 1–15. [Google Scholar] [CrossRef]

	



Saffarimiandoab, F.; Yavuzturk, G.B.; Erkoc-Ilter, S.; Guclu, S.; Unal, S.; Tunaboylu, B.; Menceloglu, Y.Z.; Koyuncu, I. Evaluation of biofouling behavior of zwitterionic silane coated reverse osmosis membranes fouled by marine bacteria. Prog. Org. Coat. 2019, 134, 303–311. [Google Scholar] [CrossRef]

	



Bodkhe, R.B.; Stafslien, S.J.; Cilz, N.; Daniels, J.; Thompson, S.E.M.; Callow, M.E.; Callow, J.A.; Webster, D.C. Polyurethanes with amphiphilic surfaces made using telechelic functional PDMS having orthogonal acid functional groups. Prog. Org. Coat. 2012, 75, 38–48. [Google Scholar] [CrossRef]

	



Sommer, S.; Ekin, A.; Webster, D.C.; Stafslien, S.J.; Daniels, J.; VanderWal, L.J.; Thompson, S.E.M.; Callow, M.E.; Callow, J.A. A preliminary study on the properties and fouling-release performance of siloxane–polyurethane coatings prepared from poly(dimethylsiloxane) (PDMS) macromers. Biofouling 2010, 26, 961–972. [Google Scholar] [CrossRef]

	



Ekin, A.; Webster, D.C. Combinatorial and high-throughput screening of the effect of siloxane composition on the surface properties of crosslinked siloxane-polyurethane coatings. J. Comb. Chem. 2007, 9, 178–188. [Google Scholar] [CrossRef]

	



Majumdar, P.; Stafslien, S.; Daniels, J.; Webster, D.C. High throughput combinatorial characterization of thermosetting siloxane-urethane coatings having spontaneously formed microtopographical surfaces. J. Coat. Technol. Res. 2007, 4, 131–138. [Google Scholar] [CrossRef]

	



Majumdar, P.; Webster, D.C. Surface microtopography in siloxane–polyurethane thermosets: The influence of siloxane and extent of reaction. Polymer 2007, 48, 7499–7509. [Google Scholar] [CrossRef]

	



Mostafaei, A.; Nasirpouri, F. Preparation and characterization of a novel conducting nanocomposite blended with epoxy coating for antifouling and antibacterial applications. J. Coat. Technol. Res. 2013, 10, 679–694. [Google Scholar] [CrossRef]

	



Saha, J.; Mondal, M.I.H. Antimicrobial Textiles from Natural Resources; Elsevier: Amsterdam, The Netherlands, 2021; ISBN 9780128214855. [Google Scholar]

	



Gupta, S.K.; Goswami, K.K.; Majumdar, A. Thickness Loss of Handmade Carpets after Dynamic Loading BT—Functional Textiles and Clothing; Majumdar, A., Gupta, D., Gupta, S., Eds.; Springer: Singapore, 2019; pp. 321–335. [Google Scholar]

	



Terzioglu, F.; Grethe, T.; Both, C.; Joßen, A.; Mahltig, B.; Rabe, M. Coating technologies for antimicrobial textile surfaces: State of the art and future prospects for textile finishing. In Handbook of Antimicrobial Coatings; Elsevier: Amsterdam, The Netherlands, 2017; pp. 123–135. ISBN 9780128119822. [Google Scholar]

	



Eid, B.M.; Ibrahim, N.A. Recent developments in sustainable finishing of cellulosic textiles employing biotechnology. J. Clean. Prod. 2021, 284, 124701. [Google Scholar] [CrossRef]

	



Foxhall, L. The fabric of society: Recognising the importance of textiles and their manufacture in the ancient past. Antiquity 2017, 91, 808–811. [Google Scholar] [CrossRef]

	



Liu, Q.; Huang, J.; Zhang, J.; Hong, Y.; Wan, Y.; Wang, Q.; Gong, M.; Wu, Z.; Guo, C.F. Thermal, Waterproof, Breathable, and Antibacterial Cloth with a Nanoporous Structure. ACS Appl. Mater. Interfaces 2018, 10, 2026–2032. [Google Scholar] [CrossRef]

	



Timma, L.M.; Lewald, L.; Gier, F.; Homey, L.; Neyer, C.; Nickisch-Hartfiel, A.; Gutmann, J.S.; Oberthür, M. Nonfouling textiles with tunable antimicrobial activity based on a zwitterionic polyamine finish. RSC Adv. 2019, 9, 9783–9791. [Google Scholar] [CrossRef]

	



Joshi, M.; Purwar, R. Developments in new processes for colour removal from effluent. Rev. Prog. Color. Relat. Top. 2008, 34, 58–71. [Google Scholar] [CrossRef]

	



Hassan, M.M. Antimicrobial coatings for textiles. In Handbook of Antimicrobial Coatings; Elsevier: Amsterdam, The Netherlands, 2017; pp. 321–355. ISBN 9780128119822. [Google Scholar]

	



Ramaratnam, K.; Iyer, S.K.; Kinnan, M.K.; Chumanov, G.; Brown, P.J.; Luzinov, I. Ultrahydrophobic Textiles Using Nanoparticles: Lotus Approach. J. Eng. Fiber. Fabr. 2008, 3, 155892500800300. [Google Scholar] [CrossRef]

	



Somasundaram, S.; Kumaravel, V. Application of Nanoparticles for Self-Cleaning Surfaces. In Emerging Nanostructured Materials for Energy and Environmental Science. Environmental Chemistry for a Sustainable World; Rajendran, S., Naushad, M., Raju, K., Boukherroub, R., Eds.; Springer: Cham, Switzerland, 2019; Volume 23, pp. 471–498. [Google Scholar]

	



Holder, K.M.; Smith, R.J.; Grunlan, J.C. A review of flame retardant nanocoatings prepared using layer-by-layer assembly of polyelectrolytes. J. Mater. Sci. 2017, 52, 12923–12959. [Google Scholar] [CrossRef]

	



Hardin, I.R.; Kim, Y. Nanotechnology for antimicrobial textiles. In Antimicrobial Textiles; Elsevier: Amsterdam, The Netherlands, 2016; pp. 87–97. [Google Scholar]

	



Tsuzuki, T.; Wang, X. Nanoparticle Coatings for UV Protective Textiles. Res. J. Text. Appar. 2010, 14, 9–20. [Google Scholar] [CrossRef]

	



Jamkhande, P.G.; Ghule, N.W.; Bamer, A.H.; Kalaskar, M.G. Metal nanoparticles synthesis: An overview on methods of preparation, advantages and disadvantages, and applications. J. Drug Deliv. Sci. Technol. 2019, 53, 101174. [Google Scholar] [CrossRef]

	



Trovato, V.; Colleoni, C.; Castellano, A.; Plutino, M.R. The key role of 3-glycidoxypropyltrimethoxysilane sol–gel precursor in the development of wearable sensors for health monitoring. J. Sol.-Gel Sci. Technol. 2018, 87, 27–40. [Google Scholar] [CrossRef]

	



Tarimala, S.; Kothari, N.; Abidi, N.; Hequet, E.; Fralick, J.; Dai, L.L. New approach to antibacterial treatment of cotton fabric with silver nanoparticle–doped silica using sol–gel process. J. Appl. Polym. Sci. 2006, 101, 2938–2943. [Google Scholar] [CrossRef]

	



Jeon, H.-J.; Yi, S.-C.; Oh, S.-G. Preparation and antibacterial effects of Ag–SiO2 thin films by sol–gel method. Biomaterials 2003, 24, 4921–4928. [Google Scholar] [CrossRef]

	



Poli, R.; Colleoni, C.; Calvimontes, A.; Polášková, H.; Dutschk, V.; Rosace, G. Innovative sol–gel route in neutral hydroalcoholic condition to obtain antibacterial cotton finishing by zinc precursor. J. Sol.-Gel Sci. Technol. 2015, 74, 151–160. [Google Scholar] [CrossRef]

	



Chattopadhyay, D.P.; Patel, B.H. Nano metal particles: Synthesis, characterization and application to textiles. In Manufacturing Nanostructures; One Central Press: Altrincham Cheshire, UK, 2015; pp. 184–215. [Google Scholar]

	



Libertino, S.; Plutino, M.R.; Rosace, G. Design and development of wearable sensing nanomaterials for smart textiles. In AIP Conference Proceedings; AIP Publishing LLC.: Melville, NY, USA, 2018; Volume 1990. [Google Scholar] [CrossRef]

	



Klein, L.; Aparicio, M.; Andrei, J. Handbook of Sol.-Gel Science and Technology; Springer: Cham, Switzerland, 2018; ISBN 978-3-319-32099-1. [Google Scholar]

	



Berendjchi, A.; Khajavi, R.; Yazdanshenas, M. Fabrication of superhydrophobic and antibacterial surface on cotton fabric by doped silica-based sols with nanoparticles of copper. Nanoscale Res. Lett. 2011, 6, 594. [Google Scholar] [CrossRef] [PubMed]

	



Bui, V.; Park, D.; Lee, Y.-C. Chitosan Combined with ZnO, TiO2 and Ag Nanoparticles for Antimicrobial Wound Healing Applications: A Mini Review of the Research Trends. Polymers 2017, 9, 21. [Google Scholar] [CrossRef]

	



Shahid-Ul-Islam; Shahid, M.; Mohammad, F. Green chemistry approaches to develop antimicrobial textiles based on sustainable biopolymers—A review. Ind. Eng. Chem. Res. 2013, 52, 5245–5260. [Google Scholar] [CrossRef]

	



Ielo, I.; Iacopetta, D.; Saturnino, C.; Longo, P.; Galletta, M.; Drommi, D.; Rosace, G.; Sinicropi, M.S.; Plutino, M.R. Gold Derivatives Development as Prospective Anticancer Drugs for Breast Cancer Treatment. Appl. Sci. 2021, 11, 2089. [Google Scholar] [CrossRef]

	



Rosace, G.; Guido, E.; Colleoni, C.; Brucale, M.; Piperopoulos, E.; Milone, C.; Plutino, M.R. Halochromic resorufin-GPTMS hybrid sol-gel: Chemical-physical properties and use as pH sensor fabric coating. Sens. Actuators B Chem. 2017, 241, 85–95. [Google Scholar] [CrossRef]

	



Khanzada, H.; Salam, A.; Qadir, M.B.; Phan, D.-N.; Hassan, T.; Munir, M.U.; Pasha, K.; Hassan, N.; Khan, M.Q.; Kim, I.S. Fabrication of Promising Antimicrobial Aloe Vera/PVA Electrospun Nanofibers for Protective Clothing. Materials 2020, 13, 3884. [Google Scholar] [CrossRef] [PubMed]

	



Ferrero, F.; Periolatto, M. Antimicrobial Finish of Textiles by Chitosan UV-Curing. J. Nanosci. Nanotechnol. 2012, 12, 4803–4810. [Google Scholar] [CrossRef]

	



Cafeo, G.; Carbotti, G.; Cuzzola, A.; Fabbi, M.; Ferrini, S.; Kohnke, F.H.; Papanikolaou, G.; Plutino, M.R.; Rosano, C.; White, A.J.P. Drug delivery with a calixpyrrole-trans -Pt(II) complex. J. Am. Chem. Soc. 2013, 135, 2544–2551. [Google Scholar] [CrossRef] [PubMed]

	



Voncina, B. Application of Cyclodextrins in Textile Dyeing. In Textile Dyeing; Hauser, P., Ed.; IntechOpen: Rijeka, Croatia, 2011. [Google Scholar]

	



Bajpai, M.; Gupta, P.; Bajpai, S.K. Silver(I) ions loaded cyclodextrin-grafted-cotton fabric with excellent antimicrobial property. Fibers Polym. 2010, 11, 8–13. [Google Scholar] [CrossRef]

	



Attarchi, N.; Montazer, M.; Toliyat, T.; Samadi, N.; Harifi, T. Novel cellulose fabric with multifunctional properties through diverse methods of Ag/TiO2/β-cyclodextrin nanocomposites synthesis. Cellulose 2018, 25, 1449–1462. [Google Scholar] [CrossRef]

	



Murugesh Babu, K.; Ravindra, K.B. Bioactive antimicrobial agents for finishing of textiles for health care products. J. Text. Inst. 2015, 106, 706–717. [Google Scholar] [CrossRef]

	



Tawiah, B.; Tawiah, B.; Badoe, W.; Badoe, W.; Fu, S. Advances in the Development of Antimicrobial Agents for Textiles: The Quest for Natural Products. Review. Fibres Text. East. Eur. 2016, 24, 136–149. [Google Scholar] [CrossRef]

	



Ali, S.W.; Purwar, R.; Joshi, M.; Rajendran, S. Antibacterial properties of Aloe vera gel-finished cotton fabric. Cellulose 2014, 21, 2063–2072. [Google Scholar] [CrossRef]

	



Khurshid, M.; Ayyoob, M.; Asad, M.; Shah, S. Assessment of Eco-Friendly Natural Antimicrobial Textile Finish Extracted from Aloe Vera and Neem Plants. Fibres Text. East. Eur. 2015, 23, 120–124. [Google Scholar] [CrossRef]

	



Thilagavathi, G.; Rajendrakumar, K.; Rajendran, R. Development of ecofriendly antimicrobial textile finishes using herbs. Indian J. Fibre Text. Res. 2005, 30, 431–436. [Google Scholar]

	



Sathianarayanan, M.P.; Bhat, N.V.; Kokate, S.S.; Walunj, V.E. Antibacterial finish for cotton fabric from herbal products. Indian J. Fibre Text. Res. 2010, 35, 50–58. [Google Scholar]

	



Han, S.; Yang, Y. Antimicrobial activity of wool fabric treated with curcumin. Dye. Pigment. 2005, 64, 157–161. [Google Scholar] [CrossRef]

	



Ibrahim, N.A.; El-Gamal, A.R.; Gouda, M.; Mahrous, F. A new approach for natural dyeing and functional finishing of cotton cellulose. Carbohydr. Polym. 2010, 82, 1205–1211. [Google Scholar] [CrossRef]

	



Dev, V.R.G.; Venugopal, J.; Sudha, S.; Deepika, G.; Ramakrishna, S. Dyeing and antimicrobial characteristics of chitosan treated wool fabrics with henna dye. Carbohydr. Polym. 2009, 75, 646–650. [Google Scholar] [CrossRef]

	



Liu, X.; Lin, T.; Peng, B.; Wang, X. Antibacterial activity of capsaicin-coated wool fabric. Text. Res. J. 2012, 82, 584–590. [Google Scholar] [CrossRef]

	



Syamili, E.; Elayarajah, B.; Kulanthaivelu; Rajendran, R.; Venkatraja, B.; Kumar, P.A. Antibacterial Cotton Finish Using Green Tea Leaf Extracts Interacted with Copper. Asian J. Text. 2011, 2, 6–16. [Google Scholar] [CrossRef]

	



Shahmoradi Ghaheh, F.; Mortazavi, S.M.; Alihosseini, F.; Fassihi, A.; Shams Nateri, A.; Abedi, D. Assessment of antibacterial activity of wool fabrics dyed with natural dyes. J. Clean. Prod. 2014, 72, 139–145. [Google Scholar] [CrossRef]

	



Yilmaz, F. Application of Glycyrrhiza glabra L. Root as a Natural Antibacterial Agent in Finishing of Textile. Ind. Crops Prod. 2020, 157, 112899. [Google Scholar] [CrossRef]

	



Ielo, I.; Giacobello, F.; Sfameni, S.; Rando, G.; Galletta, M.; Trovato, V.; Rosace, G.; Plutino, M.R. Nanostructured surface finishing and coatings: Functional properties and applications. Materials 2021, 14, 2733. [Google Scholar] [CrossRef]

	



De Luca, G.; Bonaccorsi, P.; Trovato, V.; Mancuso, A.; Papalia, T.; Pistone, A.; Casaletto, M.P.; Mezzi, A.; Brunetti, B.; Minuti, L.; et al. Tripodal tris-disulfides as capping agents for a controlled mixed functionalization of gold nanoparticles. New J. Chem. 2018, 42, 16436–16440. [Google Scholar] [CrossRef]








[image: Gels 08 00026 g001 550] 





Figure 1. Schematic representation of the three major antifouling approaches: (a) limiting foulants from attaching to the covering (fouling-resistant), (b) minimizing foulant interaction with the surface (fouling-release), and (c) deteriorating/killing biofoulants (fouling-degrading). 
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Figure 2. The strategies to provide a surface with antifouling features are (a) alteration of surface chemistry, (b) surface topography, and (c) the coating design. 
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Figure 3. Different mechanisms of membrane fouling. 
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Figure 4. Antifouling topcoat based on molecules with biocidal action. 
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Figure 5. Mode of action of antimicrobial textiles. 
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Figure 6. Common antimicrobial textile finishing agents. 
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Table 1. List of the common antibacterial agents used to preserve cement structures.
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	Antibacterial Agents
	Authors
	Ref.





	ZnO and MgO NPs
	Singh et al.
	[21]



	Metal zeolites and antibacterial polymeric fibers
	De Muynck et al.
	[29]



	Epoxy resins
	Kong et al.
	[30]



	Quaternary ammonium compounds
	Javaherdashti et al.
	[31]



	Halogenated complex
	Qiu et al.
	[32]



	Metal oxide, silver, and tungsten powder
	Plutino et al.
	[33]



	CuO, Cu2O, ZnO, TiO2, Al2O3, and Fe3O4 nanoparticles
	Sikora et al.
	[34]



	Silver nanoparticles in commercial silica-based coating
	Nam, K.Y.
	[35]



	ZnO, TiO2, SiO2 nanoparticles
	Dyshlyuk et al.
	[36]



	SiO2–Ag nanohybrid compounds in acrylic coatings
	Le et al.
	[37]



	Silver nanoparticles in N-SiO2 nanocarriers
	Dominguez et al.
	[38]



	BiOClxBr1−x micro flowers
	Gao et al.
	[39]



	TiO2 nanoparticles, fluorine silicon sol
	Zhu et al.
	[40]



	TiO2 nanoparticles
	Verdier et al.
	[41]



	TiO2 modified with carbon and nitrogen
	Janus et al.
	[42]



	TiO2 and ZnO nanoparticles in addition to polyethylene glycol (PEG)
	Dehkordi et al.
	[43]



	Fe2O3 contained in steel slag of an industrial induction furnace
	Baalamurugan et al.
	[44]



	Fly ashes recycled by alkali activation process supported with Zn
	Rodwihok et al.
	[45]



	Metakaolin-based geopolymer cement loaded with 5-chloro-2-(2,4-Dichlorophenoxy) phenol
	Rubio-Avalos, J.C.
	[46]



	Metakaolin-based geopolymer cement loaded with glass waste
	Dal Poggetto et al.
	[47]



	Zinc particles or zinc doped clay particles
	Roghanian et al.
	[48]



	Granular activated carbon and fundamental oxygen furnace steel slag particles, copper, and cobalt as inhibitory metals
	Justo-Reinoso et al.
	[49]
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Table 2. List of most common biocides used.
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	Commercial Product and Active Ingredient
	Solvent
	Spectrum of Action
	Ref.





	Biotin T (CTS) di-n-decyl-dimethylammoniumchloride
	water
	fungi, bacteria, and algae
	[67]



	Biotin T (CTS) 3-iodo-2-propynylbutyl carbammate
	ethanol
	fungi, bacteria, and algae
	[68]



	Rocima. 103 (CTS) di-n-decyl-dimethylammoniumchloride
	water
	lichens, fungi, bacteria, and algae
	[67,68]



	Preventol RI80 (CTS) alchyl-dimethyl-benzilammoniumchloride
	water
	fungi, bacteria, and algae
	[67,68]
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Table 3. Different antifouling coatings for filtration membranes.
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	Class of Functional Molecule
	Deposition Method
	FunctionalMolecules
	Coated Membrane
	AntifoulingCapabilities
	Ref.



	Zwitterionic copolymer
	Dip-coating
	SBMA and MTAC
	PVC-PAN-PSS
	Anti-organic fouling and anti-biofouling
	[76]



	Zwitterionic copolymer
	iCVD
	PDE and 1,3-propane sultone
	RO
	Anti-biofouling
	[77]



	Zwitterionic copolymers
	si-ATRP
	HEMA, MPC and SBMA
	RO
	Anti-biofouling
	[78]



	Star-shaped block copolymer
	Self-assembly
	PS core and PEGMA, PDMAEMA, PMAA arms
	PSF
	Anti-oil fouling
	[79]



	Mussel-inspired
	Dip-coating
	Fluorinated polyamine on PDA layer
	PES
	Anti-organic fouling and fouling-release
	[80]



	Hybrid mussel-inspired
	In situ polymerization
	Polydopamine–Zn complex
	PSF
	Anti-fouling
	[81]



	Zwitterionic polymer and metal NPs
	Dip-coating
	TA, AgNPs and zwitterionic PEI
	PES
	Anti-bio fouling
	[82]



	Mussel-inspired and metal NPs
	In situ reduction
	Catechol, Ag NPs, chitosan-polyurethane
	PES
	Anti-bio fouling
	[83]



	Biopolymer and MOF
	Dip-coating
	Cu-BTC, chitosan
	PES
	Anti-bio fouling
	[84]



	Photocatalyst
	Dead-end filtration
	ZnIn2S4
	PVDF
	Anti-organic fouling
	[85]



	Biopolymer
	LBL
	CNC, T-CNF, PAHCl
	PES
	Anti-bio fouling
	[86]



	Biopolymer
	LBL
	Kraft lignin, pDAC
	PES
	Anti-oil fouling
	[87]



	Zwitterionic organosilica polymer
	Sol–gel and filtration
	Zwitterionic organosilica monomer
	PVDF
	Antifouling and anti-bioadhesion
	[88]



	Silica NPs and mussel-inspired
	Sol–gel
	TEOS, polydopamine
	PVDF
	Anti-oil fouling
	[89]
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Table 4. Different antifouling technologies for paints.
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	Antifouling Technology
	Properties
	Mechanism of Action
	Ref.





	Contact leaching coatings
	Biocides are incorporated

into water-insoluble matrices
	Biocidal paint, dissolution of water-soluble biocides that are released gradually
	[98]



	Controlled depletive polymer

(CDP) coatings
	Biocides are incorporated

in a resin-based soluble matrix
	Biocidal paint, physical dissolution of the soluble matrix, and release of the biocides
	[98]



	Self-polishing copolymer

(SPC) coatings
	Biocides are incorporated in

an acrylic or

methacrylate polymer matrix
	Biocidal paint, decomposition by hydrolysis of the matrix detaches organisms from the hull, releasing biocides
	[98]



	CDP and SPC mixed

coatings
	It combines the properties

of the CDP and SPC

technologies
	Biocidal paint, dissolution by hydrolysis, and hydration of the matrix with control of the biocide release
	[98]



	Zwitterionic polymer

coatings
	It combines amphiphilic and zwitterionic groups on the surface of the coatings.
	Non-biocidal paint, formation of a hydration layer around zwitterionic moiety
	[102,103]



	Silicone or fluorine-based

coatings
	Combination of polymers with low surface energy and modulus.
	Foul-release paint, minimization of the adhesion force between the foulers and the material of which the hull surface is made
	[104,105,106]



	Conductive antifouling

coatings
	Use of negative charges on the surface of the film.
	Foul-release paint, high electrostatic repulsion between the films and the foulants
	[107]
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