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Abstract

Microbiologically influenced corrosion is a global problem especially materials used in marine engineering. In that respect,
inhibitors are widely used to control fouling and corrosion in marine systems. Most techniques used in inhibitor production are
expensive and considered hazardous to the ecosystem. Therefore, scientists are motivated to explore natsural and green products
as potent corrosion inhibitors especially in nano size. In this study, antibacterial and anticorrosive properties of green silver
nanoparticles (AgNPs) were studied through weight loss, electrochemical characterization, and surface analysis techniques. The
corrosion of copper (Cu) in artificial seawater (ASW), Halomonas variabilis (H. variabilis) NOSK, and H. variabilis + AgNPs
was monitored using electrochemical measurements like open circuit potential (OCP), electrochemical impedance spectroscopy
(EIS), and potentiodynamic polarization curves. AgNPs showed excellent antibacterial activity against pathogenic microorgan-
isms. Electrochemical studies demonstrate a noticeable decrease in OCP and current density in ASW containing H. variabilis +
AgNPs compared to both ASW and ASW inoculated with bacterium, which confirmed the decrease of corrosion rate of copper.
Furthermore, the obtained voltammograms show that the silver nanoparticles were adsorbed on the copper electrode surface from
the corrosion solution. Thus, the results prove that the novel idea of green silver nanoparticles acts as an anticorrosive film in the
marine environment.

Keywords Antimicrobial - Copper - Electrochemical impedance spectroscopy - Transmission electron microscopy -
Microbiologically influenced corrosion - Nanoparticle
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Although Cu and its alloys are highly resistant to oxy-
gen corrosion good corrosion resistance and antibacterial
properties, still they are vulnerable to microbiologically
influenced corrosion (MIC). Many Cu MIC problems
and investigations have been reported in the literature
(Abdolahi et al. 2014; Chandra et al. 2019; Jia et al.
2019; Preethi et al. 2019).

Due to corrosion and biofouling, materials’ service life
decrease, which is a serious technological and economic prob-
lem especially in the marine environment (Parthipan et al.
2017; Starosvetsky et al. 2007; Xu et al. 2017). Because of
the corrosion, around US$4 trillion was lost globally each year
(Li et al. 2015).
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When metal surfaces submerged in the marine environ-
ments, various marine microorganisms such as bacteria,
microalga, and their metabolic products attached on the sur-
face of the metal within a few hours and begin to form biofilm
(San et al. 2012a; Wang et al. 2004; Videla et al. 1988).
Especially, microbiologically influenced corrosion is involved
in 50% of all pipeline failures (Wang et al. 2014).

At the metal/biofilm interface, mature biofilm induces
changes in the electrochemical conditions such as lowering
pH due to secretion of acidic metabolites, reduction of dis-
solved oxygen due to microbial respiration underneath the
biofilm, and localized high concentration of the electrolyte
constituents (George et al. 2003; Little and Lee 2007). The
process is termed as microbiologically influenced corrosion
(MIC). However, biofilm layers sometimes act as a diffusion
barrier that decreased corrosion rates via preventing corrosive
substance from degrading the metal surface termed microbio-
logically influenced corrosion inhibition (MICI) (Moradi et al.
2019; San et al. 2012b; Videla and Herrera 2009).

Microorganisms live almost everywhere. In different envi-
ronments such as marine, oilfield, and soil environment, mi-
crobiologically influenced corrosion (MIC) occurs and often
results in enormous economic loss and hazardous safety con-
ditions in water environments (Liu and Cheng 2018) and
many industries such as oil and gas, water utilities, and med-
ical implant industry (Brauer et al. 2017; Jia et al. 2019). In
order to protect metals/alloys from corrosion, coatings and
inhibitors have been widely used in the industry (Ou et al.
2018; Poulios et al. 1999). Furthermore, they are rather inef-
ficient. Therefore, there is an urgent need for environmentally
friendly and sustainable corrosion control strategies (Kip and
Van Veen 2015).

Recently, nanometallic particles have attracted much atten-
tion of the scientists due to the varied range of their application
in many fields, including optics, electronics, magnetics, catal-
ysis, biomedicine, and so forth (Firdhouse and Lalitha 2015;
Huang et al. 2019; Mittal et al. 2014; Otari et al. 2015).
Especially, nanoparticles with antimicrobial activity fulfill
the general needs of new anticorrosive materials (Baygar
et al. 2019). A number of nanoparticles with antimicrobial
activities have been reported recently. For this reason, silver
nanoparticles as antimicrobial agents have received much at-
tention (Maharubin et al. 2019; San Keskin et al. 2016).

Physical and chemical methods are used for generation of
metallic nanoparticles but these methods have low productiv-
ity and the chemical methods lead to contamination based on
initiator chemicals, use of toxics solvents, and the formation of
dangerous by-products (San Keskin et al. 2016). The genera-
tion of safe and green chemistry bioprocesses for the synthesis
of nanoparticles is an important matter of nanotechnology.
Thus, there is an increasing need to improve high yield, con-
fidential, clean, and environmentally friendly methods as the
preparation of nanoparticles (Fayaz et al. 2010; Nayak et al.

2011; Thakur et al. 2017). To this end, compared to physical
and chemical methods, biosynthesis has appeared as an easy,
clean, and applicable approach (Bhaumik et al. 2016). Many
reports on the synthesis of silver nanoparticles using bacteria
drew the most interest in this area (Cao 2017). Using bacteria
has one benefit for biosynthesis of nanoparticles due to ease of
handling and their manipulation simply (Fayaz et al. 2010;
Hebbalalu et al. 2013). There have been studies demonstrating
that cell-free extracts of some bacterial species, like
Escherichia coli and Klebsiella pneumoniae (Shahverdi
et al. 2007), could encourage the synthesis of silver
nanoparticles.

In the present work, green silver nanoparticles were synthe-
sized from bacteria and used as biocorrosion inhibitors in order
to improve the corrosion resistance of copper in marine envi-
ronment influenced by halophilic bacterium, H. variabilis.

2 Material and Methods
2.1 Chemicals

The chemicals used in this experiment are silver nitrate
(AgNO3), LB broth (Luria-Bertani), nutrient broth (NB), and
nutrient agar (NA) obtained from Sigma-Aldrich. Other
chemicals used were of analytical grade.

2.2 Preparation of Lysinibacillus sp. NOSK Cell-Free
Extract for AgNPs Production

Strain was isolated from soil samples collected from the
Ankara River at 6-in depth from surface on the NA plate
supplemented with 5.0% methanol. The isolate was character-
ized as Lysinibacillus sp. with the molecular identification and
later is named as Lysinibacillus sp. NOSK, which was stored
in GenBank with KM241862 accession number (San Keskin
et al. 2015). To prepare Lysinibacillus sp. NOSK cell-free
extract, a single clone of the isolate was transferred from the
Luria-Bertani (LB) agar plate into 50 ml of sterile nutrient
broth (NB) in a 100-ml Erlenmeyer flask. The flask was incu-
bated at 30 °C for 48 h on a rotary shaker (E 20/60, Biosan
Latvia) at 100 rpm. After the incubation period, when the
culture OD at 600 nm was between the ranges of 1 and 2,
the cell-free extract recovered by centrifugation (4000 rpm,
10 min at room temperature) and was used for further
experiment.

2.3 Preparation of H. variabilis NOSK for MIC Analysis
Extremophiles are microorganisms that grow under condi-
tions hostile to most organisms. Some of them, such as

Halomonas bacterium which thrive in hypersaline environ-
ments, have been recognized for their potential use in

@ Springer



12

Journal of Marine Science and Application

biotechnological applications (Ye et al. 2020). In hypersaline
environments, ordinary bacteria can hardly survive but halo-
philic bacteria are frequently found in marine environment.
For this reason, in this study, halophilic bacteria are isolated
and identified genetically and investigated MIC in marine
environments.

Brine, multicolor solar salt, saline soil, and saline mud
samples were collected from Salt Lake, Turkey (39° 05’
13.1" N, 33° 23’ 37.8" E). Samples were collected in sterile
plastic containers and were cultured not later than 18 h after
collection. All samples were cultured in a saline nutrient broth
with a final concentration of 3.5% sea salt. Cultures were
incubated at 30 °C in an orbital shaker, at 150 rpm. After 7
days, resultant colonies were purified by repeated streaking on
complete media agar. The isolates were stored at 4 °C. Genetic
characterization of the isolated bacterium was made on the
basis of 16S rRNA. After phylogenetic analysis, sequence
data are submitted to GenBank with the accession number of
KX351792 (https://www.ncbi.nlm.nih.gov/nuccore/
KX351792.1).

For bacterium enrichment, LB medium (10 g/L tryptone, 5
g/L yeast extract, 10 g/ NaCl in 1 L of distilled water) with
3.5% NaCl was used. In addition, incubation conditions were
at 30 °C for 48 h on a rotary shaker at 100 rpm. The electro-
chemical experiments are performed in ASW inoculated with
a 1% v/v 24 h bacterial culture (~ 10° CFU/mL) (San et al.
2012a).

2.4 Biosynthesis of AgNPs by Lysinibacillus sp. NOSK
Cell-Free Extract

For the biosynthesis of AgNPs, 10 ml of the cell-free extract
was added to 90 ml of 1 mM AgNO; solution in a 100-ml
Erlenmeyer flask (pH 8), which was incubated at 37 °C on the
orbital shaker set at 150 rpm in the dark. In our study, the
change in the color of the mixture from pale yellow to brown-
ish yellow after 6 h was observed and the color was darkened
during the 72-h incubation period.

2.5 Characterization of Biogenic AgNPs

2.5.1 UV-Visible Spectroscopic Analysis

The absorption spectra of the samples taken at different time
intervals of incubation were recorded by UV-Vis spectropho-
tometer (Shimadzu UV1200, Japan) at a resolution of 1 nm in
a wavelength range between 300 and 750 nm using a 96-well
plate.

2.5.2 Size Distribution and Zeta Potential Analysis

The average particle size distribution and zeta potential of
AgNPs in colloidal solution were determined by using Zeta
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Sizer Nano Series (Malvern Instruments, ZEN 3600). The
results were collected in ultrapure water at 25 °C and 173°
backscatter angle. The electrophoretic mobility of the nano-
particle solution (1 mg mL™") was analyzed. Data was altered
to zeta (C-) potential and size values with the Helmholtz-
Smoluchowski equation.

2.5.3 Nanoparticle Characterization

Biosynthesized AgNPs are analyzed to find out the presence
of functional groups on the silver nanoparticles via ATR-
FTIR spectroscopy. The samples were completely freeze-
dried by Christ Alpha Freeze Dryer (Germany) at — 55 °C
and the powders were subjected to FTIR measurement. The
spectra were recorded by ATR-FTIR (Shimadzu, IRA ffinity-
1S model, with a DLATGS detector, diamond plate, Japan), in
transmittance mode within the range of 400-4000 cm ' with

64 scans at a resolution of 4 cm .

2.5.4 Transmission Electron Microscopy

The shape of silver nanoparticles is determined using trans-
mission electron microscopy (TEM). AgNPs’ colloidal solu-
tion is dropped onto copper TEM grids and measurements are
taken at an accelerating voltage (100-200 keV) (FEI HR-
TEM).

2.5.5 Antimicrobial Activity of AgNPs Against Pathogens

Four bacterial strains, namely, Bacillus subtilis (ATTC 6633),
Staphylococcus aureus (ATTC 6338), Escherichia coli
(ATTC 8739), and Klebsiella pneumoniae (ATTC 700603),
are provided from American Type Culture Collection
(ATCC), USA. All bacteria strains are commonly found in
hospital-acquired infections. The cultures of B. subtilis,
S. aureus, and E. coli were grown in LB at 37 °C for overnight
incubation on the orbital shaker at 100 rpm and the culture of
K. pneumoniae was also grown in LB at 37 °C for 48 h. These
cultures were maintained in LB agar plate by continuous sub-
culturing from time to time.

The antimicrobial activity of biosynthesized AgNPs is
determined by colony forming unit (CFU) method and well
diffusion method. In CFU method, the different concentra-
tions of AgNPs (65 nM, 130 nM, 195 nM, and 260 nM)
were added to sterile LB broth and inoculated separately
with freshly grown Staphylococcus aureus (ATTC 6338),
Bacillus subtilis (ATTC 6633), Klebsiella pneumoniae
(ATTC 700603), and Escherichia coli (ATTC 8739).
After incubation period, the inoculum was diluted and
spread uniformly onto the individual plates. All the plates
are incubated at 37 °C and at the end of inoculation time,
bacterium was counted. In well diffusion method, the cul-
tures of organisms were inoculated to LB agar which are
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sterilized and cooled approximately 40-50 °C and were
poured into petri dishes. After completely cooled, wells
of 5-mm diameter were made on LB agar plate using gel
puncture. The different concentrations of AgNPs (65 nM,
130 nM, 195 nM, and 260 nM) are filled into each well on
all plates. After incubation at 37 °C, the variable levels of
zone of inhibition are evaluated.

2.5.6 Growth Effect of AgNPs Against Corrosion Bacterium
Halomonas variabilis NOSK

Bacterial growth after 5 h in the corrosion setup was
measured by counting (CFU) method. The growth inhi-
bition percentage was obtained with respect to the posi-
tive control.

2.5.7 In vitro Cytotoxicity of AgNPs

AgNPs have gained access into our daily life, and the inev-
itable human exposure to these nanoparticles has raised con-
cerns about their potential hazards to the environment,
health, and safety in recent years. For this reason, cytotoxic
activities of biosynthesized AgNPs against HeLa cell lines
were studied. HeLa cell line which is the cervical cancer cell
line was grown in Dulbecco’s Modified Eagle Medium sup-
plemented with 10% fetal bovine serum (FBS), 100 pg/mL
penicillin, and 100 pg/mL streptomycin at 37 °C in a hu-
midified atmosphere of 95% air and 5% CO,. For reproduc-
tion, 70%—80% of confluence and a density of 2 x 10° cells
per well in 96-well plate are incubated for 24 h in 95% air
and 5% CO, incubator. 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-tetrazolium bromide (MTT) assay is used for the
determination of the cytotoxic activity of biosynthesized
AgNPs against HeLa cell lines. Different concentrations of
the AgNPs in distilled water are added and incubated for
24 h at 5% CO, incubator. After incubation, 10 pL (5 mg/
mL in PBS) of MTT was added to each well and incubated
for 4 h at 37 °C. The resulting formazan was dissolved in
200 puL of DMSO and the viable cells were determined by
measuring the absorbance at 570 nm. The concentration of
AgNPs showing 50% inhibition of viability (ICso values)
was determined. The percentage of viability was calculated
as the following formula:

A570 of AgNP treated sample
A570 of untreated sample

viable cells% = x100 (1)

2.6 Weight Loss Measurements

The corrosion rates of disks which have 0.5 cm? exposed
area were monitored by weight loss technique. The weight
loss was determined at 25 °C by weighing the cleaned

samples before and after the copper disk in the ASW with
the absence and presence of bacterium and AgNPs. The
coupons were removed from the environments at the in-
terval of 5 h; the cleaning procedure consisted of wiping
the disks with a paper tissue and washing with distilled
water and acetone, followed by oven drying at 80 °C. The
rate of the corrosion was calculated based on the equation
given below:

(Kx W)

Corrosion rates = ——~—
(AxT xD)

(2)
where K is a constant, 7 the time of exposure in hours, A
the area in cm?, W is the mass loss in g, and D is the
density of copper in g/cm® (Liu et al. 2019).

2.7 Electrochemical Studies

Electrochemical analysis was conducted at room temperature
in ASW which contained (g/L) 26.29 NaCl, 0.74 g KClI,
0.99 g CaCl,, 6.09 g MgCl, 6H,0, and 3.94 g MgSOy4-
7H,0 and adjust the pH to 7.8 and store at 4 °C. 1 g/L con-
centration of glucose is added to the media as carbon and
energy sources. In our three different corrosion analysis setup,
the copper electrodes are placed in artificial seawater under
sterile conditions, in the presence of H. variabilis NOSK and
bacterium with AgNPs. In the setups, cell number in the bac-
terial solution was determined based on the standard calibra-
tion with the assumption that an OD600 nm value of 1.0 is
equivalent to 10° cells/mL.

EIS studies were conducted using CH Instruments Inc.,
USA (Model CHI-608E), with a traditional three-electrode
cell with a capacity of 90 mL, with platinum as the counter
electrode, an Ag/AgCl (3 M KCl) as the reference electrode,
and copper disk (0.5 cm” exposed area) as the working elec-
trode. First, working electrode is polished with abrasive paper
(400, 600, 800, and 1200 grade) and then cleaned with ethyl
alcohol. At the end, in order to sterilize the samples, all the
samples are exposed to ultraviolet (UV) light for 30 min. In
addition, we confirmed the surface film formed by AgNPs
after 5-h corrosion test with their electrochemical behavior
in 50-mM phosphate buffer (pH 7.4) using cyclic voltamme-
try (scans originating at 100 mV/s (vs. Ag/AgCl) (Giovanni
and Pumera 2012).

2.8 Statistical Analysis

ZSimpwin and EISSA data analysis software were used to fit
the EIS data. All the measurements were recorded in triplicate
and the results are expressed as means + the standard errors of
the means.
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3 Results and Discussion
3.1 Characterization of the Biogenic AgNPs

The reduction of aqueous AgNO; solution is a largely used
method for biosynthesis of AgNPs (Mittal et al. 2014). The
first characterization analysis of the biosynthesized AgNPs is
performed by using UV-Vis spectroscopy. Figure 1a shows
the UV-Vis absorption spectra recorded from aqueous
AgNOs;—the cell-free extract of the Lysinibacillus sp.
NOSK medium as a function of time of reaction. Inset shows
the UV-Vis close look for the spectra of AgNPs at 1- to 8-h
time intervals. After 6-h incubation, the color of the reaction
mixture began to change that indicates more than 6 h required
for the synthesis of detectable amount of AgNPs (Figure 1b).
After 24 h, the light yellow color change to yellowish brown
color; that is, the typical optical property of AgNPs’ color
shows the formation of nanoparticles. The density of the color
of reaction mixture was directly proportional to the time of
incubation. In addition, the characteristic surface plasmon res-
onance (SPR) peak of the mixture was between 420 and 430
nm, demonstrating the presence of AgNPs. The SPR spectra
suggest that these AgNPs are spherical in shape (Gou et al.
2015; Otari et al. 2015).

In Figure 1, the inset shows the UV-Vis spectrum of
AgNPs at 1- to 8-h time intervals. DLS data represent an
average particle size and particle size distribution. The average
particle size of the samples taken at different time intervals of
incubation (30 min, 1 h, 2h, 3 h,4 h, 5h, 6 h, 8 h) is almost
identical (Figure S1) and after 24 h of reaction, the size of the
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nanoparticles began to increase. From Figure 2a, it shows
42 nm was the average particle size distribution of AgNPs in
colloidal solution for 24 h and 0.166 polydispersity index
(PDI) was obtained. From Figure 2b and Figure 2c, it indicates
that the average size values recorded for 48 h and 72 h are
61 nm and 76 nm, respectively. Thus, the particle size increase
formed as time progressed can be associated with
agglomeration.

The zeta potential measurement is an important demonstra-
tion of the stability of nanoparticles in colloidal solution. High
absolute zeta potential (& > + 30 mV) attributes to a high
electric surface charge on the AgNPs which can lead to strong
repulsive power among the nanoparticles to prevent them
from aggregation. The negative zeta potential of — 23.1 mV
is observed for 24 h that the capping molecules existing on the
surface of AgNPs frequently contained negatively charged
groups and are responsible for the stability (Table S1)
(Arulmozhi et al. 2013).

Figure 3 shows the vibrations of the amide I and amide II
bands of the proteins of the sample for 24 h (Kardas et al.
2014). The absorbance at 3619 cm ' and 3736 cm " attributed
to O-H stretching vibration modes of hydroxyl functional
group and N-H stretching vibration modes of amino functional
group in proteins (Gou et al. 2015). The other bands such as
2023 ¢m !, 2851 cm_l, and 1741 cm™! can be related to CH,
asymmetric stretching and CH, symmetric stretching of mainly
lipids from proteins, nucleic acids and carbohydrates, and C=0O
stretching of triglycerides and cholesterol esters. All these func-
tional groups may have an efficient role in the biosynthesis of
AgNPs. It indicates that the release of extracellular
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Figure 1 (a) UV-Vis absorption spectra of silver nanoparticles. (b) The color change of the reaction mixture
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Figure 2

biomolecules could probably perform the function of the for-
mation and stabilization of AgNPs in colloidal solution (Fayaz
et al. 2010).

The TEM micrographs of the biosynthesized silver nano-
particles are shown in the Figure 4a, 4b, and 4c with 50, 5, and
2 nm scales, respectively. As seen in the TEM micrographs,
synthesized AgNPs were spherical in shape. Furthermore, the
selected area electron diffraction (SAED) patterns reveal that
the particles are crystalline in nature (Figure 4d).

3.2 Antimicrobial Activity and In vitro Cytotoxicity of
AgNPs

Silver has been utilized for many years in the field of medicine
for bactericidal applications due to antimicrobial properties
(Firdhouse and Lalitha 2015). Although the antimicrobial ef-
fects of the biosynthesized AgNPs are shown in several studies,
the exact mechanism remains to be unexplained (Kim et al.
2007). Most studies showed that the surface of the negatively
charged bacterial cell membrane may attract positively charged
AgNPs and interact with structural elements of the bacterial cell
membrane, which may lead to structural changes disturbing
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Figure 3 FTIR spectrum of the freeze-dried sample containing AgNPs

Histogram of silver nanoparticle distributions. (a) 24 h, (b) 48 h, and (¢) 72 h

permeability and respiration functions of the cells and finally
cell death (Sondi and Salopek-Sondi 2004). Kim et al. (2007)
reported that the free radical consisted of metal depletion from
the surface of AgNPs may be responsible for antimicrobial
activity which is known to destroy the cell membrane integrity.
Moreover, particle dimension and shape may affect the bacte-
ricidal activities of AgNPs. The smaller AgNPs, which have
large surface areas for interactions, would demonstrate more
antibacterial efficacy than the larger AgNPs. This has been
facilitated to interact with the cell wall of the bacterium and
cause death of the cells (Kailasa et al. 2019).

In the present study, the biosynthesized AgNPs showed
antimicrobial activity against Gr(+) Staphylococcus aureus
and Bacillus subtilis and Gr(—) Klebsiella pneumoniae and
Escherichia coli dependent on the concentration of AgNPs
(Peszke et al. 2016). In CFU method, the number of bacterial

2 1/nm
|

Figure 4 TEM micrograph of the biosynthesized silver nanoparticles. (a)
50, (b) 5, and (¢) 2 nm scales, and (d) the selected area electron diffraction
(SAED) patterns
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colonies reduced with the increasing of the concentration of
AgNPs. The growth inhibitory rates at different concentration
of AgNPs with 65 nM, 130 nM, 195 nM, and 260 nM are
calculated, respectively, as 75%, 98%, 100%, and %100 for
S. aureus. The antimicrobial activity rates were 50%, 100%,
100%, and 100% for B. subtilis, in addition, 100%, 100%
100%, and 100% in K. pneumoniae and 72.4%, 97.52%,
100%, and 100% in E. coli. In well diffusion method, the
diameter of inhibition zones formed with the increase of the
concentration of AgNPs (65 nM, 130 nM, 195 nM, and 260
nM) was recorded as, respectively, 0, 28.7 £ 0.4, 46.3 + 0.4,
and47.3+0.6 mmin S. aureus;0,24.2+0.1,25.0,and 32.8 +
0.4 mm in B. subtilis; 0, 13.0 £ 0.8, 25.7 = 0.2, and 29.7 +
0.3 mm in K. pneumoniae; and 0, 0, 27.7 + 0.2, and 26.3 +
0.3 mm in E. coli (Table S2). These results suggest that the
inhibitory effect of AgNPs was more in gram-positive bacteria
(S. aureus and B. subtilis) as compared with gram-negative
bacteria (K. pneumoniae and E. coli). Gram-positive bacteria
have an extra barrier of the outer membrane. Thus, gram-
negative bacteria may be more resistant than gram-positive
bacteria as is seen in our experiment results (Yeagle 2011).

In addition, growth effect of AgNPs in the corrosion setup
showed that in the beginning (0 h), the number of the
H. variabilis NOSK (ASW with no AgNPs) was 10'° CFU/
mL. After 5-h corrosion experiments, bacterium was de-
creased to 10° CFU/mL (5 log) in the viable population of
H. variabilis NOSK.

Coatings which contain antimicrobials were shown to in-
hibit microbial corrosion (Park et al. 2004) especially silver-
based coatings which were effective in the inhibition of bio-
film formation (Shah et al. 2019). However, it is really impor-
tant to find the cytotoxic potential of the synthesized nanopar-
ticles against cells. For this reason, biosynthesized AgNPs
show dose-dependent cytotoxicity on HeLa cell lines.
Cytotoxicity tests showed that 50% of the cells lose their via-
bility at 120 pug/mL of AgNPs that dosage has been consid-

ered as IC50 for HeLa cells (Figure 5).

g 60 80 120 140 200 240

Concentration (ng/ml.)

1007
901
801
701
601
501
401
301
20
10}

Cell viability (%)

Figure 5 Biosynthesized silver nanoparticles properties of the
cytotoxicity on HeLa cell lines
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3.3 Weight Loss

The outcomes of the weight loss experiments for copper
disks in the presence and absence of bacterial strain and
AgNPs after 5-h immersion were presented in Table S3.
In the absence of bacterial strains (abiotic control), the
corrosion rate of the Cu disk was 0.01134 = 0.001 mm
y 1 (0.0029 mg + 0.002). In the presence of H. variabilis
NOSK, the corrosion rate of the Cu disk was 001564 +
0.001 mm y ' which is slightly higher (0.004 mg + 0.002)
than abiotic environment due to bacterial activity.
However, in the presence of AgNPs, corrosion rate
reached the lowest value of 0.00782 + 0.002 mm y '
(0.002 mg = 0.002); therefore, the addition of AgNPs
protected the Cu disk in the ASW. Similar results were
also made by Narenkumar et al. (2018). According to the
authors, corrosion rate in the presence of AgNPs synthesis
from plant extract material was drastically reduced.

3.4 OCP, TAFEL, and Electrochemical Impedance
Analysis

The potentiodynamic polarization curves of the ASW, ASW
incubated with H. variabilis NOSK, and ASW with incubated
H. variabilis NOSK + AgNPs after 5-h immersion are pre-
sented in Figure 6. The electrochemical parameters such as
corrosion potential (E.), the corrosion current density
(Ieor), anodic (3,) and cathodic (3.) Tafel values, and charge
transfer values (R, and solution resistance (R;) values are
presented in Table 1.

R, represents the resistance of solution, R, the resistance of
passive film/biofilm pores, R, the resistance of charge trans-
fer, Ocpg the CPE parameters, Q4 the CPE parameters for
double layer, and 7 the dispersion parameters. The EIS mea-
surements were carried out at 5-mV applied voltage at
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Figure 6 The potentiodynamic polarization curves of the ASW, ASW
incubated with H. variabilis NOSK, and ASW with incubated
H. variabilis NOSK + AgNPs after 5 h
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Table 1  Electrochemical parameters of Cu corrosion inhibition in artificial seawater, artificial seawater inoculated with bacteria, and artificial seawater
inoculated with bacteria + AgNPs

Systems Polarization data Impedance data
Eocp, V Ecors V. Ioow»  Anodic Tafel Cathodic Tafel R, Q@ R, Q Ry, Q2  QOcpg > n Oa * n
vs Ag/ HA slope (3,, V slope -3., V cm? cm? cm? 103,071 103,071
AgCl em 2 dec”! dec™! cm™? em?
Artificial —0.451 —-0.60+ 530+ 0.185 0.103 127 68143 42431+ 0.5 049 047+ 0.69
seawater +0.02 0.02 0.1 +0.1 +0.1 + +0.1 3 +0.01 0.01
0.01
Halomonas -0.525 -0.62+ 7.56+ 0.076 0.078 339  350.64 3017.8 37.08 1 316.3 0.66
variabilis +0.01 0.02 0.1 +0.1 +0.1 + +0.1 2 +0.1 +2
NOSK 0.01
Halomonas —0406+0.01 —0.52+ 3.13+ 0.167 0.186 2.02+ 22591 172670 829.2 0.74 0.49 0.6
variabilis 0.02 0.1 +0.1 +0.1 001 +0.1 +3 +0.1 +0.1
NOSK +
AgNPs

sinusoidal wave in the frequency range of 20 kHz-50 mHz in  alloy. Table 1 shows that the OCP value of ASW was —
pH 8.0 Artificial seawater at room temperature. All valuesare ~ 0.451 V vs Ag/AgCl, but after bacterium inoculation, OCP
means of triplicate tests value slightly displaced toward more negative value (— 0.525

Open circuit potential analysis is a nondestructive method ~ +0.01 V vs Ag/AgCl) which shows acceleration of corrosion.
to monitor the potential change on the surface of the metal/  On the contrary, after addition of Ag nanoparticles, OCP value
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(b) Bode phase plots of the copper in ASW (d) Incubated with H. variabilis NOSK+AgNPs.

Figure 7 Electrochemical impedance spectrum. (a) Nyquist. (b) Bode phase plots of the copper in ASW. (¢) Incubated with H. variabilis NOSK. (d)
Incubated with H. variabilis NOSK + AgNPs

@ Springer



18

Journal of Marine Science and Application

was modified to more positive value (— 0.406 +0.01 V vs Ag/
AgCl). It has been evident from the polarization curve that
there was a remarkable potential shift to more positive values
for copper in H. variabilis NOSK + AgNPs (—0.52+0.02 V
vs Ag/AgCl) as compared to copper in ASW (= 0.60+0.02 V
vs Ag/AgCl) and copper in ASW after H. variabilis NOSK
inoculation (— 0.62 = 0.02 V vs Ag/AgCl). Furthermore, after
5 h of incubation, the corrosion current density (/) in the
presence of H. variabilis NOSK was higher than the ASW
(5.30£0.1 pA cm ?), demonstrating that bacterium promoted
Cu corrosion. As we expected, after adding AgNPs with bac-
terium, the corrosion current density began to decrease and
reached the lowest value. Our results supported by earlier
work of Preethi et al. (2019) investigated corrosion inhibition
efficiency of zinc oxide nanoparticles (ZnONPs). In the pres-
ence of bacterium, /., was increased and it leads to the dis-
solution of copper ions on the metal surface. On the other
hand, in the presence of ZnONPs, /.., was reduced and the
results reveal that nanoparticles form a protective film on the
metal surface and thus inhibit the corrosion of Cu.

The interfacial phenomena of the biofilm formation and
corrosion process development and characterization of the
electrochemical reactions at the metal/biofilm interface are
evaluated with EIS which is one of the most reliable methods
(Yuan et al. 2013). In our study, EIS results confirmed with
Tafel results. Nyquist plots of copper immersed in ASW, in-
oculated with H. variabilis NOSK and H. variabilis NOSK +
AgNPs, are plotted in Figure 7a.

The entire frequency region can be divided into two
sub-regions, corresponding to two time constants as shown
in Bode plots (log|Z| vs. log(f)) in Figure 7b, c, and d
(Bode phase plots of the copper in ASW (B), incubated
with H. variabilis NOSK (C) and incubated with
H. variabilis NOSK + AgNPs (D)). Ry is the solution re-
sistance, Ry and Qy are the resistance and the capacitance of
the biofilm, respectively. R., and Qg4 correspond to a
charge transfer resistance and a double-layered capaci-
tance, respectively. The higher R, values correspond to
lower corrosion rates (Liu et al. 2017). The R, value of
copper in ASW was 681.43 £ 0.1 © cm” and after incuba-
tion, the R, value decreases to 350.64 + 0.1 Q cm?, indi-
cating severe MIC attack caused by the biofilm/bacterium.
However, in the presence of AgNPs, the R, value increased
to 172670 + 3  cm? which was significantly diminished.
The calculated R, data represents the ability to hinder elec-
tron transfer between the surface and the substrate. Thus,
the lower R, values in the ASW inoculated with
H. variabilis NOSK mean the corrosion rate was higher
(Zhou et al. 2018). On the contrary, the highest R, value
was 172670 £ 3 Q cm? in the ASW with H. variabilis
NOSK + AgNPs. In addition, an electrical equivalent cir-
cuit comprised two time constants used to model the ex-
perimental values given in Figure 8.
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Figure 8 Schematic illustration and an electrical equivalent circuit of the
biocorrosion mechanism by H. variabilis NOSK + AgNPs

The AgNPs’ surface film on copper electrode after 5 h was
investigated upon their electrochemical behavior in 50-mM
phosphate buffer (pH 7.4) with cyclic voltammetry in
Figure 9. As can be seen from Figure 9, two characteristic
peaks of Ag were observed after 5-h corrosion test. An oxida-
tion peak corresponding to Ag to Ag" oxidation was observed
with a peak potential of 0.178 V and a peak current of 13.8
mA, while on the reverse scan, a reduction peak appeared at —
0.129 V with a peak current of 15.97 mA. These two peaks
were not observed at the bare copper electrode as expected. In
addition, the absence of copper peak after 5-h corrosion
showed that the surface was completely covered with silver
nanoparticles. Thus, it can be said from the obtained voltam-
mograms that the silver nanoparticles were adsorbed on the
copper electrode surface from the corrosion solution (Palisoc
et al. 2018).

4 Conclusions

In conclusion, due to adverse effects of the chemical and
physical nanoparticles’ synthesis methods, new and novel sus-
tainable methods sought for the discovery. In this study, the
biosynthesis of silver nanoparticles by the Lysinibacillus sp.

20 ¢
Ag(l

—

-10 b

15t Ag’

-1.0 -0.5 0 0.5 1.0 1.5
Potential/V (vs.Ag/AgCl)

Figure 9 Cyclic voltammograms. (a) Bare Cu electrode and (b) the

copper electrode with AgNPs after 5-h corrosion at a scan rate of 100

mV/s in pH 7.4 phosphate buffer solution

Bare copper
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NOSK bacteria is demonstrated. Biosynthesis of AgNPs is
confirmed by using UV-Vis absorption, transmission electron
microscopy (TEM), and Fourier transform infrared spectros-
copy (FTIR). The average crystalline size and shape of the
nanoparticles were 42 nm and spherical in shape, respectively.

In application, these nanoparticles exhibited efficient anti-
microbial activity against gram-positive and gram-negative
bacteria. In addition, the inhibition of halophilic bacterium’s
biocorrosion on copper in marine environment was success-
fully evaluated in detail in this work. The EIS analysis showed
increased R, value for bacterium with AgNPs corresponding
to lower corrosion rates. For this reason, biosynthesized
AgNPs are used as an active antimicrobial corrosion inhibitor
and these non-toxic nanoparticles have a potential to be used
as antibacterial paints and coatings due to long-term protec-
tion property especially in marine industry.
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