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In humid environments, the formation of biofilms and microfouling are known to be the detrimental processes that first occur
on stainless steel surfaces. This is known as biofouling. Subsequently, the conditions created by metabolites and the activity
of organisms trigger corrosion of the metal and accelerate corrosion locally, causing a deterioration in, and alterations to, the
performance of devices made of stainless steel. The microorganisms which thus affect stainless steel are mainly algae and

bacteria.

biofouling stainless steel marine environments food processing health care

| 1. Introduction

When a biofilm forms on a surface, and is subsequently colonized by micro and macroorganisms, this is known as biofouling,
and it can lead to the deterioration of the surface. It is a process that occurs naturally in many areas of human activity,
including marine structures, food processing, and in the use of medical implants and devices W&, The negative effects of

biofouling on the performance and maintenance of stainless steel surface components may reduce their lifetime.

Stainless steels are widely used for their anti-corrosion properties in different wet environments. However, in the presence of
electrolytes, stainless steels are susceptible to the formation of biofilms and consequently to biofouling and microbiologically
induced corrosion There are three main areas where increasing the useful life of stainless steel components would be

beneficial: for components placed in seawater, those used in food processing, and in biomedical devices B4,

Stainless steel is resistant to corrosion due to the passive chromium oxide layer that forms on its surface. However, in certain
operating conditions, microorganisms can colonize the surface, Bl accelerating corrosion reactions, and/or changing the

corrosion mechanisms. This effect is commonly referred to as “microbiologically influenced corrosion” (MIC) €,

The US National Association of Corrosion Engineers (NACE) & estimates that annual losses associated with the corrosion of
consumer and industrial goods make up around 2-4% of the GDP of all nations. Other estimates indicate that microbial

processes are directly, or indirectly, responsible for about 30% of these losses 2.
The nanotechnology plays important roles on biofouling mitigation:
Alarge surface area is available for the interaction of nanoparticles with the cells of microorganisms L9112,

Due to the smaller size of nanoparticles, they are easier to transport into the cells of microorganisms, which facilitates their
elimination or the inhibition of their development [L11]i22]:

The wide spectrum of nanoparticles available with different mechanisms of biocidal action allows them to be used

synergistically to inhibit the formation of biofilms and consequently avoid micro and macro fouling [23;

The controlled release capacity of “smart”/stimuli-responsive nanomaterials. Mesoporous silica nanocapsules, layered double
hydroxides, halloysite nanotubes, and surface functionalization can increase antifouling activity time by up to one year through
the controlled release of biocides. Controlled release can also reduce the toxicity of biocides relative to their application in free
form. Furthermore, it was demonstrated that some of these “smart” nanomaterials exhibit eco-friendly properties since the
controlled release capacity ensures a significant reduction in toxicity and environmental hazards compared with the

conventional booster biocides 14113],
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| 2. Environments in Which Biofouling Occurs

Stainless steel is widely used in marine environments, food processing, and in biomedical implants and devices. Figure 1
shows the most important factors influencing the biofouling of stainless steel surfaces in these three environments. Each of

these factors is briefly explained below.
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Figure 1. Biofouling factors in stainless steels devices used in the environments discussed

2.1. Marine Environments

At the interfaces between interacting bodies and/or between surfaces and their environment, deterioration may occur. This
degradation may be purely mechanical, such as erosion and abrasion, or may involve significant chemical aspects, such as
corrosion of a metal, or tribocorrosion (chemical and mechanical processes occurring simultaneously). Corrosion, therefore,

cannot be defined without reference to the characteristics of the material and the environment in which it is found.

The oceans are environments that enable the creation of life and the conversion of energy, but they are also extremely
aggressive environments. Seawater is a complex mixture of various salts, dissolved gases, trace elements, suspended solids,
decomposed organic matter, and living organisms 18 |n seawater, the behaviour of metals is linked to oxygen content, the
velocity of currents, temperature, pollution, marine organisms, and the position of the materials with respect to the mean sea
tide 228 The contribution of each degradation mechanism, both individually and in combination with each other, in marine

environments can be seen in Figure 2.

According to Little and De Palma 19 the factors that affect the rate of biofouling are: the chemical composition of the water
29 marine current flow 232U pressure 22231 shear stress 22, physical and chemical characteristics of the substrate 2, the
photosynthetic activity of aquatic plants (29 changes in salinity 29 seasonal changes (9, turbidity (9 oxygen levels 19 and

the depth of the metal surface relative to sea level 12,
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Degradation of metals
in marine environments.

Figure 2. Different forms of metal degradation in marine environments.

2.2. Food Processing

Factors that have a significant impact on the biofouling of steel surfaces in the food processing industry 241251281 include: the
substrate surface finish 27[2829B0BL  processing temperatures 22B2B3IB4IE35] oxygen concentrations BB pH 23 and the

nature and chemical composition of the food being processed [23130(38],

2.3. Implant Devices

The main factors B in this area which affect the biofouling process are: the type of body fluid, the surface finish of the steel,
nosocomial sanitary conditions and factors inherent to the recipient patient.

| 3. The Biofouling Process

In its initial stages, the biofouling process is governed by physicochemical forces such as electron transfer, Brownian motion,
electrostatic interactions, and Van der Waals forces [2. The four stages in the biofouling process on seawater devices are
described below:

3.1. Stage 1. Biofilm Formation

One minute after immersion of the component, adhesion of organic compounds (proteins and polysaccharides) will have
occurred. These proteins and polysaccharides come from the existing nutrients in seawater and are formed from nitrogen and
carbon from biological cycles (excretions and the death of marine organisms). These nutrients in turn attract the first
colonizing organisms forming a biofilm. A biofilm is a set of immobilized cells embedded in a dense and complex extracellular
polymeric matrix produced by the microorganisms themselves, on a substrate [, Biofouling is a very complex phenomenon
that is not yet fully understood, formed through mechanisms such as crystallization, particle contamination, chemical
precipitation, corrosion, and solidification 9. The microorganisms that may be involved in marine biofouling are mainly the
sticky, or sessile, forms present in shallower waters along the coast [2. Zhang et al. 41 identified more than 7300 biofilm
forming species in the sea, of these it is as yet uncertain how many can adapt to the conditions on human infrastructure and
adhere to them. These organisms have also adapted to fluctuations in environmental conditions such as temperature, ocean
current flow, and salinity 242],
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The metabolic activity of the cells within the biofilm leads to a reduction in the oxygen concentration on the metal surface,
producing a differential aeration cell underneath the biofilm, and generating an anode. On the other hand, in the uncolonized
areas exposed to maximum oxygen concentrations, a cathode is generated. The basic corrosion mechanism involves the flow

of electrons from an anode to a cathode region, where the electron acceptor is oxygen [Z.

The biofilm is made up of a cell mass that represents only 2-5% of the total weight, the rest is made up of an extracellular
polymeric substance. This substance comprises various polysaccharides, proteins, nucleic acids, glycoproteins,
phospholipids, water, and other surfactants. These polymers are mainly polysaccharide fibrils based on glucose and fructose

431 The proportion of excreted extracellular substances depends on the type of microorganism 24!,

Both the extracellular adhesive substances and the roughness of the steel surface help to trap more particles and organisms
[, protecting them against environmental stresses, including: desiccation; changes in temperature, pH predators, and toxins
(in 10 to 1000 times higher concentrations); UV exposure; and facilitating the capture of necessary nutrients (thanks to the
polymer gel matrix in which they are embedded) 2. This access to nutrients and organic molecules is probably the main
advantage that bacteria within biofilms have BI4847 Once established on the metal, the marine biofilm rapidly colonizes

surfaces such as stainless steel, accelerating their corrosion 48!,

3.2. Stage 2. Primary Colonization

The colony formation of microorganisms by bacteria or algae occurs during the first 24 h. At this stage the biofilm becomes a
more complex community that generally includes multicellular organisms, herbivores, and decaying organisms. Bacterial
adhesion occurs through interactions with planktonic cells, such as electrostatic interactions, gravity, and water flow. After the

initial reversible adsorption, bacteria use extracellular polymers to temporarily attach themselves to the surface.

There is a significant difference in biofilm formation depending on whether it occurs in marine environments, or in hospitals
and food processing machines BBABLE2 - Cell-to-cell communication plays an essential role in the synchronization of
processes within the biofilm and is carried out through the quorum sensing system (QS). This system regulates gene
expression in response to cell population density. This communication process is carried out by compounds called

“autoinducers”, which serve as a chemical signal to induce gene expression in the cell collective 53!,

Gram-positive and gram-negative bacteria use quorum sensing communication circuits to regulate a wide variety of
physiological activities, such as symbiosis, virulence, competition, conjugation, antibiotic production, motility, sporulation, etc.
In general, gram-negative bacteria use acyl-homoserine lactone as an autoinducer, whereas gram-positive bacteria use
processed oligopeptides as autoinducers 3. The quorum sensing communication circuit organizes the microorganisms inside

the biofilm and helps it to mature.

In medical devices B453] pacteria can adhere to the metal surfaces, causing severe diseases in patients when they mature 2
541 Moreover, as the biofilm blocks the patient's defence mechanisms, the action of antibiotics and other chemical agents is
inhibited 1321, Body fluids can also cause corrosion of a steel device, releasing chromium and nickel ions, which can
accumulate in the tissues and put the patient’s health at risk (28],

3.3. Stage 3. Secondary Colonization (Microfouling)
3.3.1. Marine Environments

The adhesion of microalgae and protozoa spores occurs during the first week. Colonization by microorganisms in the sea
begins after about 1 h. Both bacteria and algae can attach to marine structures such as ships, pipelines, and heat exchangers
[, reducing operational efficiency and increasing maintenance costs 4. Dang et al. 48 and Dang and Lovell B2 found that
bacteria colonize metal surfaces found in the sea, and that their cells can determine the structure and function of a mature

biofilm. Railkin et al. 28 have determined that the observed ratio in marine biofims of bacteria, diatoms and flagellates is
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640:4:1. Some species of molluscs and crustaceans also colonize such surfaces, which leads to a considerable increase in

greenhouse gas emissions 52,

Colonization of unicellular eukaryotes (e.g., diatoms, yeasts, and protozoa) usually begins several days after immersion 48],
Later, colonization by multicellular eukaryotes occurs. The main eukaryotic microorganisms are diatoms, fungi, and protozoa,
with diatoms being the dominant microorganisms. Diatom adhesion is a more complicated process than bacterial adhesion,
since most diatoms lack flagella, so they cannot actively approach a specific surface, but passively precipitate on the
substrate. Benthic diatoms approach surfaces through gravitational effects or ocean currents. Planktonic diatoms, which have
almost the same specific gravity as seawater, precipitate on surfaces through turbulence mainly. In addition, electrostatic

interactions such as Coulomb attraction and electrostatic contact potential are involved 269,

After the diatoms precipitate on the steel surface, they form a reversible bond called primary adhesion through the secretion
of extracellular polymeric substances. Subsequently, they reorient themselves and move across the surface to positions more
suited to their preferences, a process called diatom gliding. The extracellular polymeric substance of diatoms is composed of
sulphated carboxylic acid polysaccharides, which are involved in primary adhesion, and proteoglycans, which are involved in

diatom gliding and stabilizing the cross-linking of the biofilm matrix [,

To mitigate the action of microorganisms, it is essential to specify which ones are present, as well as their growth
mechanisms. Among the bacteria are: sulphate reducing bacteria (SRB) 1, acid producing bacteria (APB) B2l53] manganese
reducing bacteria (MRBn) [8182 and iron oxidizing bacteria (10B) B3] which generally settle in the biofilms formed on the

surface of the steel.

Figueroa de Gil et al. (84 studied the effect of SRB (Desulfotomaculum thermoacetoxidians) on the corrosion of 316L stainless
steel; the combined effect of oxygen and sulphide ions on the passive film of the steel, produced localized corrosion on the
steel surface. This effect is still greater if hydrogen sulphide (H,S) is formed, as this reduces the pH in the affected zone,
leading to pitting on the steel surface. A similar effect was also described by Santander Morales et al. 85 with the bacterium
Desulfovibrio desulfuricans. They too observed the colonization of the surface of 316L stainless steel and pitting.

Emerson et al. 8 made an analysis of Fe-oxidizing bacteria (FeOB), explaining that this type of bacteria is oxygen-
dependent, develops in neutral pH and belongs to the group of proteobacteria. Acting under aerobic conditions they consume
oxygen, leaving conditions conducive for SRB to act under anaerobic conditions. FeOB also provide iron and sulphide ions,

which is important for the pitting mechanism mentioned above by promoting the presence of anodic sites.

In marine environments, the dominant species is Mariprofundus ferroxydans. This is the most documented bacterium; it does
not use sulphur, hydrogen, and ammonium compounds, nor organic substrates for its growth. It is a mesophilic microorganism
with a growth limit temperature of over 30 °C, with genes to perform autotrophy. Marinobacter aquaeolei, some

pseudoalteromonas and pseudomonas bacteria were also identified.

3.3.2. Food Processing

Microorganisms can adhere to equipment, pipes, conveyor systems, and tanks in the food industry 2227 reducing heat
transfer, generating energy losses, increasing the frictional resistance of fluids, and accelerating the corrosion process 331341,
In addition, their adhesion can cause pathogenic diseases transmitted through contaminated food 241251,

The environmental conditions in the food processing industry favour the proliferation of various types of microbes that can
form biofilms, such as the bacteria Listeria monocytogenes, Salmonella enterica, Escherichia coli, or Pseudomonas

aeruginosa and Staphylococcus aureus [24(28],

3.3.3. Implants and Biomedical Devices
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In prostheses and in medical implants, such as pacemakers, insulin pumps, operating room monitors, and defibrillators
(coronary stents, valves and catheters are those most referred to in the literature) colonization will depend on the type of
device in question. Biofilm formed on a urinary catheter may contain Staphylococcus epidermidis, Enterococcus faecalis,
Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa, Klebsiella pneumoniae, and other gram-negative bacteria &7,
The biofilm formed on a central venous catheter may contain Staphylococcus epidermidis, Staphylococcus aureus, Candida
albicans, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Enterococcus faecalis bacteria. All these bacteria commonly
originate from the patient's skin, medical device, or healthcare personnel 889 Both Staphylococcus aureus and
Staphylococcus epidermidis are estimated to cause about 40-50% of prosthetic heart valve infections, 50-70% of catheter

biofilm infections, and 87% of bloodstream infections [€8!,
3.4. Stage 4. Tertiary Colonization (Macrofouling)

During the second and third week, occurs the adhesion of organisms as larvae, crustaceans, cnidarians, molluscs,
polychaetes, and tunicates. Macroorganisms such as algae, spores, barnacles, cnidarians, marine fungi and protozoa,
polychaetes, tunicates, coelenterates, and other molluscs, as well as spores, can be attracted by sensory stimuli or can be
trapped by the polymeric matrix of the biofilm. This is known as macrofouling 4379, The macroorganisms settle on the
surface of stainless steel and this is the most noticeable and disturbing phase of biofouling, increasing the weight of the
structure. It can only happen after microfouling 4229, Typically, macrofouling species have rapid metamorphosis and growth

rates, a low degree of substrate preference, and adapt well to different environments.

The settlement and growth of marine microorganisms involve invertebrates, such as mussels and barnacles, along with the

growth of macroalgae 4328 Some of the most common macrofouling are shown in table 1.

Table 1. Macrofouling species.

Macro Fouling o
i Description Reference
Species

Crustacean . e .
Barnacles are common and are particularly difficult to remove. They respond in

complex ways to a variety of signals, particularly the quorum signals of their species.
Balanus amphitrite P Y y d P y q d P

Balanus improvisus tends to prefer hydrophobic metal surfaces and relatively low

Semibalanus [75](76]
. flow velocities.
balanoides
Balanus Balanus amphitrite prefers hydrophilic surfaces and prefers to settle on surfaces
. . exposed to flows of medium velocity.
improvises
. - - A 771[78](79
Bryozoa They tend to settle on substrates with mature biofilms; however, biofilms inhibit the Iz

settlement of Bugula flabellata.
Bugula simplex

Bugula stolonifera

Bugula turrita

Bugula neritina
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Bugula flabellata

Tunicates or

urochordates

Diplosoma

listerianum

Settlement of some tunicates is facilitated or attracted by biofilms and generally (78]

Didemnum increases as biofilms age.

candidum

Ascidia mentula

Ciona intestinalis

Cnidarians

Clava multicornis

Porites astreoides

Their ideal place of settlement is often in algae already settled on the material, where

Balanophyllia (80][81][82]

there is less sediment, in the bottom part of the algae.
elegans

Alcyonium

siderium

Dynamena pumila

Annelids

Spirorbis spirorbis

Spirorbis
) They tend to settle in large amounts on the surface of the material at low tide, once 50
tridentatus o ) [89]
the biofilm has dried.

Pomatoceros

lamarckii

Hydroides elegans

Sponges or
beads . . .
Sponge larvae do not feed. They are ephemeral and have limited dispersal. Since
. sponges lack adhesive glands, to adhere to a surface their ectodermal cells secrete [83]
eneira

adhesive.

Cliona celata
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Molluscs
o Molluscs, unlike other organisms, are able to metamorphose in other places and
reissena
move towards the material. The blue mussel, Mytilus edulis, prefers rough biofilms (8]
polymorpha )
and hydrophobic surfaces for settlement.
Mytilus edulis

Names highlighted in bolt for species identification only.

4. Use of Nanotechnology to Mitigate the Biofouling Process on
Stainless Steel

To mitigate biofilm formation and the adhesion of microorganisms on steel surfaces in seawater, antifouling paints based on
copper or tin compounds have been used. According to Gipperth [, tributyl tin (TBT) has been used since the 1970s due to
its long shelf life, and has is very effective against the microorganisms mentioned. These compounds were banned in 2008 2
as they cause abnormal development in non-target marine biota, such as oysters and mussels. The banning of paints made

from tributyl tin (TBT) has brought about a significant change in antifouling coatings for marine structures and components.

Table 2 shows the microorganisms whose adhesion was inhibited using nanotechnology. Significant inhibitory effects were
observed for 18 different bacteria (17 reported in marine environments, four in food processing and five in health care).

Adhesion was also inhibited in five types of algae in marine environments.

The bacteria most studied were Staphylococcus aureus (gram-positive) and Escherichia coli (gram-negative); they are the
most common cause of disease and infection in humans 228, Analysis of them could be used as an inhibition model for
gram-positive and gram-negative bacteria. Zotolla and Sasahara (4] reported that biofilm formation occurs when the number
of adherent cells is 10° to 107 CFU/cm?.

Three lines of research on the use of nanotechnology to reduce biofouling of stainless-steel surfaces were identified:

« the use of metallic nanoparticles in organic matrix coatings;
» the generation of nano textures on the surface.
Table 2. Microorganisms that have shown reduction or inhibition of adhesion/growth on stainless steel surfaces because of

nanotechnology treatment.

Type of —
or
Stainless Inhibited Bacteria Inhibited Algae Suggested Treatment . Reference
Environment
Steel
GR +
Staphylacococcus
Not aureus Vanadium pentoxide
. - p Marine (65]
specified (V205) particles
GR - Escherichia
coli
L i 86
Not GR+ Listeria - Copper particles Food and el
specified monocytogenes medicine
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SS 304

SS 316L

Not

specified

SS 316L

SS 304

SS 304

SS 304

GR - Pseudomonas

aeruginosa

GR +
Staphylacococcus

aureus

GR - Escherichia
coli

GR - Halomonas

aquamarina

GR - Vibro

aesturianus

GR -
Pseudoalteromonas
elyakovii

GR - Pseudomonas

aeruginosa

GR+ Staphylocuccus
aureus

GR-Escherichia coli

GR - Escherichia

coli

GR+ Staphylococcus

aureus

GR+ Staphylocuccus
aureus

GR - Escherichia

coli

GR - Escherichia

coli

GR +

Staphylococcus

Phaeodactylum

triconutum

Halamphora
coffeaeformis
Cylindrotheca
closterium

Chlorella
pyrenoidosa
Phaeodactylum
tricornutum

Naviculaceae spp.

Copper particles

(Polidopamide matrix)

Zinc particles (Calcium

alginate matrix)

Anatase particles (TiO
2~AQ)

TiO,-PTFE

(Polytetrafluoroethylene)

TiO ,-CID (Diamond-like

carbon)

Ag-APTES (3-
aminopropyl

triethoxysilane)

Silver nanoparticles in a

polidopamine matrix

Marine

Marine

Medicine

Medicine

Medicine

Food

Marine

(]
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aureus

GR - Escherichia

coli

GR - Flavobacterium

sp.

GR - Pseudomonas

aeruginosa

GR - Aeromonas sp.

GR - Vibrio cholerae

GR - Salmonella sp.

GR - Shigella sp.

GR - Enterobacter
aerogenes Silver particles—algae

SS 304 = _ Marine [44]
turbine ornate

GR - Klebsiella sp.

GR -

Chromohalobacter

GR + Bacillus sp.

GR + Micrococcus
sp.

GR +

Corynebacterium sp.

GR + Bacillus litoralis

GR +
Staphylococcus

aureus

GR +

Staphylococcus
aureus Generation of Food and
SS 316L 5 B [93]
nanotextures medicine
GR - Escherichia

coli

The inhibition mechanisms generated by these modifications on stainless steel are described below.
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4.1. Use of Metallic Nanoparticles in Organic Matrix Coatings

The use of nanoparticles to inhibit biofilm formation on stainless steel surfaces has been reported, killing up to 18 types of
bacteria 1488130 and five types of algae BIRI4 The main difficulties in this are the homogeneous distribution of
nanoparticles on the substrate surface and the controlled release of active ions. An advantage of the use of nanoparticles is
the large surface area available for interaction with the microorganisms, becoming more cytotoxic to them LU12 This is
possible as the particle is much smaller than the main compounds that form the structure of the cell of the microorganisms,
making the interaction easy. Four nanoparticles used in treatments to reduce biofouling are described below.

Generally, to obtain the inhibitory mechanism of these metal nanoparticles, it is necessary to form an organic coating on the

stainless steel surfaces. This coating helps to have a homogenious distribution and their correct join of these nanoparticles

Vanadium. According to Natalio et al. 7 the use of nanowires of V,05 showed inhibitory activity against bacteria
Staphylococcus aureuos and Escherichia coli without affecting marine biota. They associate the biocidal mechanism of V5,05
nanowires to their bromination activity, such as the functioning of vanadium haloperoxidase (V-HPO) enzymes, which produce
hypobromous acid (HBrO) at pH 8-8.3 (pH commun of seawater). The nanowires catalyze the oxidation of bromide ions (Br-)
to HBrO in the presence of hydrogen peroxide (H,0,), forming a reactive oxygen molecule which exerts vigorous antibacterial
activity and interferes with the bacterium quorum sensing system. This effect is potentialized mixing vanadium nanowires with

antifouling paint.

Copper. The research of Cao et al. 8 indicated that copper nanoparticles reduce the adhesion of Escherichia coli and
Staphylococcus aureus while the research of Ghesemian et al. [88 showed the inhibition of Listeria monocytogenes and
Pseudomonas aeruginosa too. They and Tsai, suggest as inhibitory mechanisms the formation of stable copper-protein
complexes causes interference in the transport of essential elements and causes oxidative stress, generating different cellular
dysfunctions, such as the suppression of cell division and an increase in membrane permeability, and the destruction of

phospholipid layer of the cell wall of bacteria.

Ghesemian et al. 28] stated that the antibacterial effect of copper nanoparticles is mainly due to the surface area available for
the copper-bacteria interaction, that is, the size of the particle. When particles have more surface area available to interact

with bacteria, their antibacterial effect tends to increase, and they become more cytotoxic to microorganisms 2QILL[12],

Zinc. Abi Nassif et al. 29 showed good bacterial inhibition of zinc nanoparticles mixed with calcium alginate. This system
inhibit Halomonas aquamarine, Vibrio aesturianus, Pseudoalteromonas elyakovii bacteria and Halomphora coffeaeformis and

Cylindrotheca Closterium algae.

Stanic et. Al. 25 explain the antibacterial and anti-algae activity of Zn?* ions indicating that these ions tend to form strong
bonds with the thiol or sulfhydryl (~SH), imidazole (C3H4N,), amino (-NH,) and carboxyl (-COOH) groups of the membrane
proteins of microorganism. Structural changes in the membrane (increased permeability) mean that microorganisms are

unable to properly regulate the transport of essential elements, leading to cell death.

Silver. Research of Krishnan et al. #4], Chen et al. 28! and Cao et al. 24 showed that silver nanoparticles inhibit and reduce
de adhesion of 16 different bacteria and 3 types of algae. The inhibition mechanism of these nanoparticles causes first loss of
membrane integrity and cell lysis 298], Chen et al. [28] suggests that when Ag* ions encounter bacteria they interact with the
sulphur, nitrogen, or phosphorus atoms in the membrane, inhibiting growth and even killing the bacteria. Cao et al. [©4!
indicated the antibacterial activity of these nanoparticles is associated with direct damage to the cell wall by the imminent
contact. Thiel et al. 22 suggest that nanoparticles bind to thiol or sulfhydryl groups of enzymes and proteins in the cell
membrane, thus affecting protein biosynthesis and consequently the DNA and RNA of bacterial cells. Feng et al. 199
demonstrated that Ag* ions interact with thiol groups of proteins and DNA bases, leading to a respiratory inhibition of bacteria

or unwinding of DNA, resulting in bacterial death or inhibition.
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The inhibitory mechanism in algae suggested on the research of Cao et al. 24 that the Ag* ion released on the surface of the
nanoparticles interacts with the algae, triggering the release of proteins and polysaccharides in the algal cells, thus killing
them, or inhibiting their growth [201](202],

Anatase (TiO,). Tallésy et al. 23] Zhang et al. 21l and Lopes et al. 22 showed the inhibition of Staphylococcus aureus and
Escherichia coli using anatase nanoparticles. Anatase posses broad-spectrum bactericide has excellent biocompatibility and
corrosion resistance 03104 TiO, particles are photoreactive and can kill or inhibit bacterial growth through cell wall
penetration. The reactive oxygen species (ROS), produced as a result of the photoreactive effect interact with bacterial cells,
killing them or inhibiting their growth 1931081 Among the reactive species produced, -OH radicals stand out. These can
destroy the bacterial cell wall by breaking covalent bonds and inhibiting the formation of crosslinks in the peptidoglycan layer,

which is mainly responsible for the stability of the cell wall in bacteria L97I[108]

Li et al. (299 reported that TiO, can eliminate both gram-negative and gram-positive bacteria, due to the tendency of reactive
oxygen species (such as —OH ions) to attack the peptidoglycan layer.

Tallésy et al. (13 observed the degradation of peptidoglycan and the outer membrane of bacterium cells by photocatalysis in
the studied bacteria. Finally, the addition of silver nanoparticles gave a 15% improvement in bactericidal activity compared to

pure TiO, coatings. These results indicate that the use of TiO,—Ag coatings in marine structures could be very useful.

4.2. Generation of Nanotextures on Stainless Steel

Jang et al. 23] observed that the surface of 316L stainless steel nanotextured by electrochemical pickling reduced adhesion of
Staphylococcus aureus and Escherichia coli. The antibacterial mechanism of the nanotexture is attributed to the formation of
controlled nanopores and nanoprotrusions with a diameter of 20 nm. The sharp edges can induce mechanical stress on the
membrane of adherent bacteria, resulting in cell death without the application of antibiotics, metallic, or polymeric coatings
(1101 Competition between cell membrane elasticity and the capillarity of nanopores on the surface of steels can also improve
the deformation and tension of the bacterial membranes 22,

To test the effectiveness of nanotexturing, Choi et al. (111l found that an increase in surface roughness from nanometres to

microns does not significantly reduce bacterial adhesion on 316L stainless steel compared to untreated 316L stainless steel.

5. Nanomaterials with Potential Use to Inhibit Biofouling on
Stainless Steel

It is important to consider other alternatives that have been reported for the surfaces of different materials that could be used
on stainless steel. Some works that show promise for marine environments, but that could hardly be used in food processing

and in the human body, are described below.

Several materials with good biocidal and antifouling activity have been reported [14I[15][112][113][114][115][116][117][118]  Among
these, the following stand out: halloysite clay nanotubes, mesoporous silica nanocapsules, and layered double hydroxides.
These nanomaterials showed their efficiency in marine environments on target species with low toxicity on non-target species,
when accompanied by biocidal agents such as DCOIT (4,5-Dichloro-2-octyl- 3-isothiazolone), zinc and copper pyrithiones,
and silver nanoparticles. These materials are called smart nano-containers, they are nanostructured materials that release the
active compounds in a controlled way, avoiding contact between the active species and the coating matrix, providing a

protective barrier 2221, The antifouling mechanisms of these nanomaterials are briefly explained below:

5.1. Mesoporous Silica Nanocapsules

These spherical nanoparticles typically have a diameter of 100—200 nm and the predominant release mechanism is based on

the diffusion of the active compound through the porous layer [129](121]
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Unloaded silica nanocapsules. Unloaded silica nanocapsules inhibited the growth of the alga P. tricornutum 14, Gutner-
Hoch et al. (13 observed a mild toxic effect on the nauplii of the crustacean Artemia salina and the sea urchin Paracentrotus
lividus. This can be attributed to the presence, within its porous structure, of a quaternary ammonium compound (CTAB
Hexadecyltrimethylammonium bromide), which is used as an emulsion stabilizer during the synthesis of nanocapsules 218
(221]. This compound was catalogued as a toxic compound for a wide range of aquatic organisms 122,

Silica nanocapsules loaded with biocide. The copper pyrithione-filled nanocapsules were very found to be effective against
diatom growth; however, acute toxicity was observed for non-target species (118l The release of zinc and copper pyrithione is
limited by the low solubility of biocides in seawater 12311241 \When applying a DCOIT biocide load, Santos et al. 118 gbserved
that in gametes of the bivalve P. perna, the application of nanocapsules loaded with DCOIT was 137 times less toxic than free
DCOIT. This substantial difference is related to the controlled release of the biocide that occurs gradually over time, and by

predefined stimuli.

The toxicity of the encapsulated biocides was lower for all the species evaluated, and the toxicity of free DCOIT was 214

times higher than encapsulated DCOIT. The toxicity of the encapsulates may be due to physical/mechanical effects on certain
species, such as [119]121][125][126][127]:

» Particles can adhere to gills, interfering with filtration/respiration, leading to sublethal effects that ultimately cause the
death;
» Particles can adhere to the body surface, affecting mobility which can cause starvation and death;

» Particles can cause a shadowing effect on the microalgae, which can interfere with the photosynthesis process.

5.2. Layered Double Hydroxides

These plates typically have a thickness of 20—40 nm, and the release mechanism of the main active compound is anion
exchange 129,

Unloaded layered double hydroxides. According to Avelelas et al. 14, when applied alone, double layer hydroxides have
low toxicity for target species (such as P. Tricornutum and the mollusk Mytilus edulis) as against non-target species (such as
algae Tetraselmis chuii). Gutner-Hoch et al. 227 also observed that hydroxides without biocidal loading have a more

pronounced antifouling effect on bryozoan larvae than on adult mussels.

Layered double hydroxides loaded with biocide. When these hydroxides are loaded with zinc and copper pyrithiones,
there are more limitations with respect to silica nanocapsules due to the possibility of having a significant amount of pyrithione
molecules chemically bound to the surface of the hydroxide. In the case of nanocapsules, pyrithiones are only physically

trapped and can diffuse more easily, despite having a lower charge content 24!,

The double layer hydroxide with zinc pyrithione proved to be even more effective in terms of antifouling properties, showing a
higher acute toxicity against the mussel M. edulis (macro-fouling species) compared to free zinc pyrithione 14!, Gutner-Hoch
et al. 13 observed that hydroxides loaded with pyrithiones are the most effective antimacroincrustants for mussels and
bryozoans, with those loaded with zinc pyrithione being more effective for mussels, and those loaded with copper pyrithione

being more effective for bryozoans.

Gutner-Hoch et al. 151 observed that the presence of zinc hydroxide-pyrithione can contribute to the formation and release of
ionized pyrithione and Zn?* ion. Although intracellular zinc levels can pose risks to the cell, pyrithione ions are highly reactive
and tend to react with metals and generate new compounds, thus presenting a more toxic chemical mixture [[24]. Pyrithiones
are known to be powerful inhibitors of various cellular processes, such as membrane transport, regulation of ATP levels, and

protein synthesis [128],

5.3. Halloysite nanotubes
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Halloysite is a naturally occurring mineral, widely available at low cost. It is a tubular material of rolled layers of
aluminosilicates with an outer diameter of 50 to 60 nm, a lumen of 10 to 15 nm, and a length of 0.5 to 1 m 124 |t s like
kaolinite in composition, with more water between the layers adjacent to the walls 114 The outer surface of negatively
charged silica and the lower surface of positively charged alumina in halloysite allow for the selective charging of chemicals
[129][130]

These nanotubes can be used as containers for the encapsulation and controlled release of antifouling active agents.
Sustained release can even be achieved for years. These inexpensive nanotubes can be used to contain antifouling agents

such as DCOIT and serve as a template for the formation of silver particles, preventing their undesirable aggregation 1311132]

Fu et al. (1231 developed an epoxy antifouling coating doped with halloysite nanotubes loaded with the biocide (DCOIT) or
silver, which provided prolonged protection against the proliferation of the marine bacterium Vibrio natriegens and this effect
can be potentialized using silver nanoparticles.
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