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ABSTRACT

This review discusses some aspects relating to the microbial interaction to metal surfaces. Most of
the previous studies assumed that this process results in increased corrosion rates (MIC), however
more recently it has been reported that many bacterial species can reduce corrosion rates of
different metals and alloys in many corrosive environments by changing drastically the
electrochemical conditions at the metal-solution interface. These changes ranged from acceleration
of corrosion to corrosion inhibition. Microorganisms can contribute to corrosion inhibition by different
means such as neutralizing the action of corrosive substances, formation of protective films on a
metal surface and finally through the induction of a decrease in the medium corrosiveness. The
mechanism of corrosion protection seems to be different for different bacteria since it has been
found that the corrosion potential E.,, became more negative in the presence of Shewanella ana
and algae, but more positive in the presence of Bacillus subtilis. We previously described the
efficient effect of the prepared 1,3-Bis-(4-amino-benzoyl) thiourea (AB-T) compound on corrosion
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inhibition of carbon steel in 0.5 M hydrochloric acid solution using different concentrations and
different methods. In addition, results obtained indicated that AB-T was found to possess an anti-
microbial activity against Gram-positive bacteria (Bacillus mycoides), Gram-negative bacteria
(Escherichia coli) and non-filamentous fungi (Candida albicans).

Keywords: Biocorrosion; biofilms - corrosion inhibition; protection of surfaces; biocides.

1. INTRODUCTION

Generally application of antimicrobial surfaces is
very important in our setting at home, industry
and clinics. These antimicrobial surfaces have
the ability to stop, reduce the propagation of
microorganisms on different surfaces [1]. The
medical sector comprises the most important use
of antimicrobial coating for sterilization of medical
devices in order to prevent the hospital
associated infections [2]. The applications of
antimicrobial coating to surfaces may be
functionalized either by the presence of a toxic
chemical to infectious microorganisms or by the
attachment of a polymer or a polypeptide to the
treated surface. The discovery of intrinsic
properties of copper [3-5] and its alloys (such as
copper-nickel-zinc) [6] to stop the detrimental
effect of a wide range of microorganisms
including Methicillin Resistant Staphylococcus
aureus (MRSA) [7,8], Escherichia coli [9,10],
Clostridium difficile [11,12], adenovirus and fungi
represent an innovation in antimicrobial surfaces
applications [13,14]. The process of interaction
between bacteria and metal surfaces resulting in
the formation of biofilms represents one of the
major problems inducing the formation of MIC.
The formation of a well developed bacterial
bioflm on many medical devices such as
catheter represents one of the major problems in
health risk in urinary tract infections in hospitals
[15]. Biofilm formation starts by the attachment of
floating microorganisms to a surface, followed
by the formation of extracellular polymeric
substances (EPS) by them. A fully developed
biofilm contains many layers including a matrix of
EPS with vertical structures protect bacteria and
let them more resistant to traditional antimicrobial
treatments. The spaces between the vertical
biofilm structure allow the bulk of the biofilm to
easily take in nutrients from the surrounding
liquid and move byproducts away from the
biofilm [16]. The formation of a biofilms are rather
complex process but can be summarized in four
steps namely deposition of the conditioning film,
attachment of microorganisms to the conditioning
film, propagation and bacterial colonization and
finally biofilm formation [17]. Investigators
reported that more hydrophobic materials and

rougher surfaces will develop biofilms faster
besides the unique microbial cell properties and
structure such as pilli, flagella and fimbriae [18].

2. MECHANISMS OF ANTIMICROBIAL
AGENTS

The mode of action of many antimicrobial agents
has been studied for decades and is still under
investigation. Silver ions have been shown to
inhibit oxidative enzymes (such as alcohol
dehydrogenase) in yeast strains by reaction with
the thiol group of enzymes leading to their
inactivation [19]. In addition, silver ions have
been shown to interact with DNA to enhance
pyrimidine dimerization and probably prevent
DNA replication [20]. The most probable
mechanisms for the action of copper as
antimicrobial agent are summarized as follows:
a) The presence of high level of copper within the
cell causes oxidative stress and production of
H,O,, under the reaction condition an oxidative
damage occurs to cells (Fenton-type reaction)
[21]. b) Copper causes deterioration in
membranes integrity of microorganisms. This
leads to a decrease in essential nutrients uptake
(such as potassium) and consequently leading to
cell death. c) In some cases copper improperly
binds with proteins in reactions that do not need
copper for their function. This leads to loss of
function of protein. The antimicrobial effect of
organosilanes of the nano-type depends on the
disruption of the outer membranes of the
microbes attempting to reach the surface and
this means the failure of microorganisms to
colonize. This type of coating can be applied to
hard and soft surfaces. Many investigators
proposed a mixed coating of organosilanes with
guaternary ammonium salts to ensure fast
microbial kil and permanent antimicrobial
coating. Quaternary ammonium compounds
have been found to have antimicrobial activity
when covalently attached to surfaces. In this
connection, alkyl-dimethyl-benzyl ammonium
chloride was found to form a double monolayer
coverage of Staphylococcus aureus cells, while
didecyl-dimethyl ammonium chloride forms a
single monolayer [22,23]. This action leads to
bacterial cell leakage and release of cell
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components causing cell death. Guan [24]
reported that 100% solids polyurethane system
and substrate surfaces coated with the modified
coating show high percentage of reduction of
microorganisms in  water and wastewater
systems.

3. SELECTIVITY OF ANTIMICROBIAL
COATINGS AGAINST MICROBES

As we previously mentioned that silver and silver
alloys coatings are very efficient in preventing the
growth and propagation of bacteria especially
against MRSA, Staphylococcus  aureus,
Pseudomonas aeruginosa and Escherichia coli.
The most important action to stop the
colonization of bacteria to surfaces is made by
preventing the initial adhesion of bacterial cells to
surfaces either by some compounds such as
chlorohexidine  or  antibiotics  such  as
vancomycin, amoxicillin or tobramycin [25]. The
protection of surfaces against viruses attack
plays a major role in cutting down on the spread
of a virus. Painting of glass slide surfaces with
hydrophobic poly-cation N, N dodecyl- methyl-
poly-ethylenimine is found to be lethal to
waterborne influenza A viruses. The transmission
of viruses occur when a patient touches
respiratory droplets settled on an infected
surfaces or transmitted from person to person
through airborne droplet during coughing or
sheezing [26,27]. The application of copper alloy
to surfaces reduces about 75% of active
influenza A particles after only one hour of
incubation [1]. Concerning antifungal activity,
copper and its alloys surfaces are found to be
effective against the spores of different
filamentous fungi namely Aspergillus niger,
Penicillium chrysogenum and non-filamentous
fungus Candida albicans [6]. Other investigators
reported that when chromogranine peptide is
included in the surface resulted to the inhibition
of fungal growth by interfering with fungal
membrane penetrating fungal cell [28]. This
antifungal peptide coating has an inhibition effect
against the growth of Candida albicans. We
previously described the effect of the prepared
1,3-Bis-(4-amino-benzoyl) thiourea (AB-T)
compound on corrosion inhibition of carbon steel
in 0.5M hydrochloric acid solution using different
methods including potentiodynamic polarization,
weight loss at different inhibitor concentrations,
electrochemical methods as open circuit
potential (OCP) and electrochemical impedance
spectroscopy (EIS) [29]. Results obtained
indicated that AB-T inhibition efficiencies provide
32%, 38%, 60%, 73%, 76% and 84% at 40, 60,

80, 100, 200 and 300 ppm respectively. On the
other hand, at higher inhibitor concentrations
(400 and 500 ppm) a detectable decrease in
inhibition efficiency was noticed (47% and 28%
respectively). The corrosion potential in open
circuit and EIS at low inhibitor concentrations
were shifted toward positive direction (i.e.,
cathodic protection), however at high inhibition
concentrations potentials were shifted toward
negative direction (i.e., anodic protection). The
electrochemical impedance results indicate that
the inhibition efficiency increased with the
increase of inhibitor concentration. We also
concluded that AB-T possess not only high
anticorrosion properties but also an anti-microbial
activity against Gram-positive bacteria (Bacillus
mycoides), Gram-negative bacteria (Escherichia
coliy and non-filamentous fungi (Candida
albicans) [29]. Zhong et al. [30] demonstrated the
antimicrobial behaviors of acyl thiourea
derivatives of chitosan against four species of
bacteria and four crop threatening fungi. They
found that all the acyl thiourea derivatives had a
significant inhibitory effect and the antifungal
activities of the chloracetyl thiourea derivatives of
chitosan are noticeably higher than the acetyl
and benzoyl thiourea derivatives [30]. Chen et al.
[31] prepared and characterized thiourea
chitosan Ag® complex using different methods
and the antimicrobial activities of the complex
was evaluated against six species of bacteria
and molds. The complex showed a wide
spectrum of antimicrobial activites and has a
better antibacterial activity than antifungal one in
agreement of the results obtained by Mansour
[29].

4. BENEFICIAL BIOFILMS

A microbial biofilm is an assemblage of surface-
associated microbial cells that is enclosed in an
extracellular polymeric substance (EPS) matrix.
EPS may account for 50 to 90% of the total
organic carbon of biofilm and is considered the
primary matrix material of a biofilm which
composed mainly of polysaccharides [32]. Some
of these polysaccharides are neutral or
polyanionic as in case of Gram-negative
bacteria. The presence of uronic acids (such as
D-glucuronic, D-galacturonic, and mannuronic
acids) confers the anionic property [33]. The
chemical composition of EPS may be quite
different and may be primarily cationic in case of
some  Gram-positive  bacteria  such as
Staphylococci. Many investigators reported that
that the slime of coagulase Gram-negative
bacteria consists of a teichoic acid mixed with
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proteins [34]. In the literature many investigators
reported that biofilms have beneficial uses as
well as harmful impacts. Microorganisms make
up the majority of the living biomass on Earth.
While some bacteria produce effects that are bad
for other organisms, most bacteria are harmless
or even beneficial [35]. Generally beneficial
biofilms participate by a way or another to the
welfare of our life [36], for example many biofilms
play a major role in the ecology of the earth and
sustainability of life in general, besides biofilms
have important role in the recycling of elements
vital to life [37,38]. Another beneficial application
of biofilms is to solve problem in the treatment of
wastewater by passing this contaminated water
through a biofilm resulting in the removal of
harmful and toxic organic materials from the
water. In this connection scientists indicated that
drinking water and wastewater that have been
processed with a biofilm system in a treatment
plant are more biologically stable than water
filtered by other types of treatment systems [39].
One of the less important beneficial applications
of biofilms is in the remediation of contaminated
soil and groundwater with oil and gasoline [40].
Bioremediation using engineered biofilms has
emerged as a technology of choice for cleaning
up groundwater and soil at many location
contaminated with toxic wastes, Microbial
leaching with the assistance of microbial biofilms
is very important task for recovering many metals
by oxidation of the insoluble ore particles of
these metals [41]. Thus Thiobacillus attached to
the ore particles oxidize the insoluble copper
compounds to soluble copper sulfate from which
the pure copper can be obtained. The chemical
composition of biofilm is shown in Table 1 [42].

Table 1. Biofilm chemical composition

Component Percentage of matrix
Microbial cells 2-5%

DNA and RNA <1-2%

Proteins & enzymes < 1-2%
Polysaccharides <1-2%

Water Up to 97%

5. FACTORS AFFECTING MICROBE’S
COLONIZATION ON SURFACES

The topology of any surface determines the
possibility of microorganisms especially bacteria
to colonize on surfaces. Fluorocarbons are
excellent substrate compounds to perform the

super-hydrophobic surfaces due their low surface
energy [43]. Textiles surfaces were found to be
easily penetrated by microbes due to the
presence of spaces between fibers [8]. Grafting
of functionalized polymers is another possible
way to impart antimicrobial properties to
surfaces. This process is typically achieved
through a coupling agent that links a handle on
the surface to a reactive group. Recently many
nanoparticles compounds have been applied to
surfaces to impart antimicrobial properties due to
their uniqgue behavior namely silver, gold,
titanium  dioxide, copper, gallium and
organosilane [5].

6. INTERACTION OF BACTERIA AND
METAL SURFACES

Generally the major interaction reaction of
bacteria and metal surfaces resulted to an
increase in corrosion a rate which is called
microbiology influenced corrosion (MIC), by this
procedure the metal is dissolved under the area
of microbial deposits producing a pit [44].
However, some specified beneficial bacteria
exert their protective effect against corrosion
through the formation of biofilms or producing a
sticky protective layer [45].

6.1 Microbiology Influenced Corrosion
(MIC)

Biofouling is the process of interaction between
bacteria and metal surfaces resulting in the
formation of biofilms. One of the early studies
indicated that sulphate reducing bacteria (SRB),
are the main cause of MIC of carbon steels [46].
These bacteria thrive only in an anaerobic
atmosphere and widespread in many soils and
waters. In the cathodic depolarization
mechanism, SRB remove atomic hydrogen from
iron surface and consequently accelerate the
corrosion of iron. The Ennoblement or the
increase of the open-circuit potential E.o; due to
the formation of a biofilm has been observed in
stainless steel exposed to natural seawater [47].
In this connection, when Little and Mansfeld [48],
exposed polymer coated steel samples with
intentional defects to natural seawater they
observed that a large number of bacteria were
present on the rust layers of samples that were
exposed at their natural E.,; while no bacteria
were found for samples that were cathodically
protected by connection to a piece of zinc.
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SO,% + 4H,
Cathodic depolarization

6.2 MIC Inhibition

The possibility of corrosion inhibition caused by
microorganisms has rarely been considered.
Corrosion inhibition due to the formation of
biofilms has been observed for different materials
exposed to corrosive environments in the
presence of different bacteria [49-51]. Generally,
corrosion-inhibitors performed their action when
they incorporated in small amounts to a given
environment resulting to a decrease in the rate of
attack by this environment on a metal.
Microorganisms can change drastically the
electrochemical conditions at the metal-solution
interface. These changes ranged from
acceleration of corrosion to corrosion inhibition.
The enhancement of corrosion by
microorganisms includes the stimulation of the
anodic reaction by acidic metabolites or by the
cathodic reaction through the microbial formation
of new alternative cathodic reactants such as
H,S. Microbial effects causing corrosion
inhibition have been rarely mentioned in the
literature. Microorganisms can contribute to
corrosion inhibition by different mechanisms; the
first mechanism includes neutralizing the action
of corrosive substances present in the
environment, the second through the formation of
protective films or stabilizing a pre-existing
protective film on a metal. The third mechanism
through the induction of a decrease in the
medium corrosiveness. The microbial inhibition
of corrosion and its counter-process MIC
inhibitions are rarely linked to a single species of
microorganisms or to a single mechanism. The
main mechanisms of bacterial corrosion inhibition
are always linked to a marked modification of the
environmental conditions at the metal-solution
interface due to biological activity. The positive
features of microbial corrosion inhibition can be
summarized through a decrease in the cathodic
rate by microbial consumption of a cathodic
reactant, decreasing the medium aggressiveness
by neutralizing acidity and stabilizing protective
films on the metal surface [49,52]. Mansfeld [41],
described the inhibition of pitting in the presence
of B. subtilis by the exclusion of oxygen from the
metal surface which would reduce the rate of
cathodic reduction reaction leading to an
increase of Eq,r below Ey; when a bacterium
having the ability to reduce poisonus heavy metal
ions and can live with or without oxygen namely
Shewanella oneidensis MR-1 was added to a cell
containing Al 2024 and Cu in a growth medium.

Sulphate Reducing Bacteria
_ 5 5 5 5 > —

S? 4+ 4H,0

He also reported that many bacteria including
certain strains of Shewanella can prevent pitting
of Al 2024 in artificial seawater and rusting of
mild steel and reduce corrosion rates of different
metals and alloys in many corrosive
environments. MIC inhibition is not often linked to
a single mechanism or to a single species of
microorganisms. The formation of microbial
biofilms mediate the interactions between metal
surfaces and the liquid environment, leading to
modifications of the metal—solution interface by
drastically changing the types and concentrations
of ions, pH, and oxygen levels.

— Surface Protection
7. CONCLUSION

Hospital trials indicated that copper surfaces are
a promising tool to decrease the number and
severity of hospital-acquired infections besides
many other antimicrobial coatings. Microbiology
induced corrosion is rarely linked to a single
mechanism or to a single species of
microorganisms. The formation of biofilms
mediate the interactions between metal surfaces
and the surrounding liquid environment resulting
to major modifications of the metal-solution
interface. By these major changes the
electrochemical behavior of the metal can be
modified from active to passive and a microbial
inhibition of corrosion can be obtained. The next
new trends in research should focus on
bioelectrochemical phenomena at the metal
surface, the development of monitoring devices,
and methods to control microbial deleterious
effects.
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