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Marine Vibrio spp. protect carbon steel against corrosion
through secreting extracellular polymeric substances
Yu Gao1,2,7, Mingxing Zhang1,2,7, Yongqiang Fan1,3, Zhong Li1,2, Pierangela Cristiani 4, Xiaobo Chen 5, Dake Xu 1,2✉,
Fuhui Wang1,2 and Tingyue Gu6

The protection of marine materials against corrosion using marine bacterial biofilms is a promising strategy. However, little is
known about the mechanisms of this attractive corrosion prevention method. In this work, the corrosion behaviors of X80 carbon
steel (CS) in the presence of three different marine Vibrio species were studied. The results demonstrated that all the three Vibrio
spp. displayed significant corrosion protection with a weight loss reduction of up to 68%. Moreover, their corrosion prevention
performance was tightly related to their abilities to form biofilms, which was in the order of Vibrio sp. EF187016 > Vibrio
alginolyticus > Vibrio parahaemolyticus. To further investigate the corrosion prevention mechanism caused by marine biofilms, the
extracellular polymeric substances (EPS) of Vibrio sp. EF187016 was extracted and added to 3.5 wt% NaCl for abiotic corrosion
testing. The results suggested that the EPS inhibited corrosion, which means EPS can play a significant role in corrosion protection
by biofilm.
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INTRODUCTION
Steel is one of the most widely used structural materials in marine
equipment for the transportation of oil and natural gas because of
its low cost, high strength, toughness, weldability, and other
characteristics1–4. However, corrosion of steel is a critical issue that
causes huge economic losses in the aggressive marine environ-
ment. Indeed, the high saline content and microorganisms can
cause the decay of materials performance, and thus greatly reduce
their expected service lifespan. Traditional strategies for corrosion
control are expensive, environmentally problematic, and some-
times inefficient. Through exploring the natural mechanisms of
microorganisms and sessile cells in protecting themselves against
the harsh attack from external environments5, several biogenic
organic substances associated with a variety of microbes6–9 were
reported to possess corrosion inhibition effects on many materials,
such as carbon steel (CS)10–12, aluminum13–15, and copper16,17. It is
known that bacteria can significantly change the chemical, physical,
and electrochemical characteristics of the surrounding environ-
ments18. In most cases, bacteria reside on surfaces by forming a
biofilm, which might act as a physical barrier to inhibit corrosion. It
is known that an aerobic biofilm consumes O2 and greatly reduces
the O2 concentration in the biofilm19. For instance, Pseudomonas
cichorii6 and Pseudomonas flava7 biofilms are able to significantly
reduce the corrosion rates of mild steel. Biofilm has a three-
dimensional architecture that is composed of extracellular poly-
meric substances (EPS) with embedded sessile bacterial cells. EPS
have been reported to impact the interaction between micro-
organisms and the substrate and the surrounding environment20,
which may lead to microbiologically influenced corrosion inhibition
(MICI)21.
EPS are mainly composed of extracellular polysaccharides,

proteins, lipids, and nucleic acids22. These polymeric macromolecules

have certain viscosities and can tightly adhere to a solid surface to
form a biofilm, which blocks the diffusion of aggressive ions and
other chemical species in the surrounding environment. Previously,
Masoumeh et al.23,24 discovered a novel bacterium, Vibrio neocale-
donicus sp., whose EPS bond to iron to form Fe-N-acetyl hexosamine
complexes, exhibiting an excellent corrosion inhibition efficiency. Liu
et al.12 reported corrosion inhibition effects of EPS produced by iron-
oxidizing bacteria, and explored the concentration and culture-cycle
dependency effects of EPS on corrosion inhibition.
Vibrio spp. widespread marine bacteria, which are able to form

dense biofilms on solid surfaces25,26. This work elucidated the MICI
mechanisms of three representative Vibrio spp. on X80 CS. Vibrio
parahaemolyticus, Vibrio alginolyticus, and Vibrio sp. EF187016
were isolated from the South China Sea, Xiamen, China. The MICI
performances of these three bacteria were characterized by an
array of electrochemical and surface analysis techniques. In
addition, the EPS of Vibrio sp. EF187016 were isolated and tested
to further investigate the MICI mechanisms. The systematic study
on the MICI mechanisms of the marine Vibrio spp. provided a
theoretical foundation for the application of beneficial biofilms as
a green and sustainable method for corrosion inhibition.

RESULTS AND DISCUSSION
Biofilm characterization
The morphologies of V. parahaemolyticus, V. alginolyticus, and
Vibrio sp. EF187016 on the surfaces of X80 CS samples were
characterized using field emission scanning electron microscopy
(FESEM) and confocal laser scanning microscopy (CLSM) after 7-
and 14-d incubation periods. As shown in Fig. 1, after 7-d
incubation, microbes were embedded in EPS and formed dense
biofilm patches on X80 CS surfaces. The biofilms were denser after
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14-d incubation. Figure 2 displays the 3D-CLSM images of biofilms
after fluorescence staining. The viable cells, showing up as green
dots, formed strong and dense biofilms on X80 CS samples after 7-
and 14-d incubation periods. Red dots are hardly seen in Fig. 2b, d, f,
indicating virtually no dead cells after 14 d of incubation. The
order of the biofilm thickness was Vibrio sp. EF187016 (71.1 μm) >
V. alginolyticus (63.6 μm) > V. parahaemolyticus (50.8 μm).

Weight loss and pitting corrosion
Weight loss tests, which directly represent uniform or general
corrosion rate, were performed for each X80 CS sample. Figure 3a
displays the weight loss data of each sample after incubation in
different culture media. The results indicated that the three Vibrio
spp. all caused significant decreases in corrosion of X80 CS. After
14-d incubation, the weight loss of X80 CS was 5.45 mg cm−2 in
the abiotic medium as a result of O2 corrosion. However, it
decreased to 2.59, 2.46, and 1.76 mg cm−2 in the presence of V.
parahaemolyticus, V. alginolyticus, and Vibrio sp. EF187016,
respectively. The highest inhibition efficiency of 68% was achieved
by Vibrio sp. EF187016. In this work, the acid attack was not a
contributing factor in corrosion because the culture medium pH
values in all groups were above 7 during the entire 14-d
incubation period (Supplementary Fig. 1). The highest broth pH
was 8.6 at the end of the 14-d incubation (for Vibrio sp. EF187016),
which is significantly higher than the corresponding pH 7.8 in the
sterile medium. However, the higher biotic pH was unlikely behind
the large observed weight loss reduction offered by Vibrio sp.

EF187016 here. This is because, in the pH range of 4–10, abiotic
iron corrosion rate in aerated seawater is known to be constant27.
The corrosion pits on each coupon were characterized with

CLSM imaging (Fig. 3b) after the weight loss tests. After 14-d
incubation in the sterile medium, the maximum pit depth was
7.3 µm and the average maximum pit depth was 4.9 ± 0.3 µm
(Supplementary Table 1). Much shallower pits were observed for
the coupons with biofilm protection. The average maximum pit
depth decreased significantly to 3.1 ± 0.5, 3.0 ± 0.3, and 2.2 ±
0.1 µm in the presence of V. parahaemolyticus, V. alginolyticus, and
Vibrio sp. EF187016, respectively. The pit depth data clearly
demonstrated that Vibrio spp. significantly inhibited both the
general and pitting corrosion process of X80. The results of biofilm
characterization, weight loss and surface analysis implied that the
corrosion protection effect of Vibrio spp. had a positive correlation
with the thickness of the biofilm.

Open circuit potential and linear polarization resistance
Figure 4a shows the variation of EOCP (open circuit potential) for
X80 immersed in different culture media. The EOCP of X80
immersed in the sterile medium fluctuated over the 14-d period,
which could be the result of the buildup and loss of corrosion
products28. In Fig. 4a, the abiotic coupon has the most negative
EOCP, indicating the highest tendency for corrosion without biofilm
protection.
The variation of the linear polarization resistance (Rp) over time

is shown in Fig. 4b. The Rp values in the sterile medium were

Fig. 1 FESEM images of biofilms on X80 coupons. a, b Biofilms of V. parahaemolyticus after 7 d and 14 d. c, d Biofilms of V. alginolyticus after
7 d and 14 d. e, f Biofilms of Vibrio sp. EF187016 after 7 d and 14 d.
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significantly lower than those in the presence of Vibrio spp.
biofilms. According to the Stern-Geary equation, a higher Rp
corresponds to a lower corrosion rate. Thus, Rp trends can be
qualitatively used to analyze corrosion inhibition trends. The Rp
values in this work were in the order of Vibrio sp. EF187016 > V.
alginolyticus > V. parahaemolyticus, representing their ability to
inhibit corrosion. The Rp data here were consistent with the
weight loss and pit depth data trends.
In order to further explore the effects of the three Vibrio spp. on

the corrosion kinetics of X80, potentiodynamic polarization scans
were performed at the end of 14-d incubation (Fig. 4c). Compared
with the sterile control, the presence of Vibrio spp. caused the
decrease of both cathodic reaction and anodic reaction rates. The
decrease in the cathodic reaction was due to the fact that less O2

reaching X80 in the presence of the biofilm protection. The
corresponding fitted electrochemical parameters are displayed in
Fig. 4d. X80 in the sterile medium had a corrosion current density
(icorr) of 0.73 ± 0.03 µA cm−2. In the presence of Vibrio spp., icorr
decreased. The icorr was in the following order: V. parahaemolyticus
(0.40 ± 0.11 µA cm−2) > V. alginolyticus (0.35 ± 0.09 µA cm−2) >
Vibrio sp. EF187016 (0.32 ± 0.01 µA cm−2), indicating Vibrio sp.
EF187016 as the most effective strain in corrosion protection.

Electrochemical Impedance Spectroscopy (EIS) test
Nyquist and Bode plots were recorded for the X80 specimens
immersed in the different culture media at 1, 4, 7, and 14 days. For

the sample immersed in the sterile medium, the smaller diameter
of the semi-circles in the Nyquist plots suggested lower corrosion
resistance (Supplementary Fig. 2a). The diameter of Nyquist plot
increased with the incubation time, indicating the formation of a
corrosion protection film29. Larger diameters in Nyquist plots were
observed for the samples immersed in the biotic media
(Supplementary Fig. 2c, e, g), indicating the increased impedance
for corrosion. Furthermore, compared with the sterile condition
(Supplementary Fig. 2b), the |Z | value in the presence of different
Vibrio spp. at the low-frequency region (Supplementary Fig. 2d, f,
h) were significantly higher, suggesting higher corrosion resis-
tance for X80 under these conditions.
The EIS spectra were curve-fitted satisfactorily (Σχ2 < 10−3) with

equivalent circuits (Supplementary Fig. 3b), which yielded
corresponding electrochemical parameters (Supplementary Table 2).
In the presence of Vibrio spp., the Rct+ Rf value at each time point
was higher than that in the sterile medium, suggesting corrosion
protection offered by the biofilms. The highest Rct+ Rf value at the
14th day (8.0 × 104 Ω cm2) occurred in the presence of Vibrio sp.
EF187016, confirming that its biofilm offered the best protection
among the three biofilms.

Corrosion products
The high-resolution XPS (X-ray photoelectron spectroscopy)
spectra of Fe 2p of X80 samples after 14-d incubation in different
culture media are shown in Fig. 5a−d, and the corresponding

Fig. 2 3D CLSM images of biofilms on X80 coupons. a, b Biofilms of V. parahaemolyticus after 7 d and 14 d. c, d Biofilms of V. alginolyticus after
7 d and 14 d. e, f Biofilms of Vibrio sp. EF187016 after 7 d and 14 d.

Y. Gao et al.

3

Published in partnership with CSCP and USTB npj Materials Degradation (2022)     6 



chemical species were identified (Supplementary Table 3). The
main corrosion product peaks detected by XPS for different
groups were Vibrio sp. EF187016 (FeO), V. alginolyticus (Fe3O4), V.
parahaemolyticus (Fe3O4 and Fe2O3), and sterile medium (Fe2O3),
respectively, indicating a sequence of more oxidized Fe in the iron
oxides30–33. Among them, Fe2O3 is an Fe(III) oxide, which is the
most oxidized form of Fe. FeO is an Fe(II) oxide, which is the least
oxidized. Fe3O4 is a mixture of FeO and Fe2O3 or an Fe(II)/Fe(III)
oxide32,34–36. The increasing oxidation state for Fe in the corrosion
products above agreed well with the increasing corrosion weight
loss sequence of Vibrio sp. EF187016 < V. alginolyticus < V. para-
haemolyticus < sterile medium. This confirmed that the corrosion
was caused by O2 attack, and Vibrio sp. EF187016 was the most
protective among all the three Vibrio spp. because less O2 reached
the X80 surface.

Effect of EPS on the abiotic corrosion behavior of X80 CS
Vibrio spp. gradually covered the surfaces of X80 CS with a dense
biofilm during the 14-d incubation. Vibrio sp. EF187016 on the
surfaces of X80 produced a large number of EPS (Supplementary
Fig. 4). It has been reported that EPS are involved in biofilm
formation and stability, influencing the properties and functions of

microbial biofilms22. However, the effect of EPS on corrosion
prevention is unclear. In order to clarify the role of EPS in the
corrosion inhibition mechanism, EPS from Vibrio sp. EF187016
were isolated and evaluated for corrosion protection.
Figure 6 displays the FESEM images for X80 exposed to 3.5 wt%

NaCl solution containing different concentrations of EPS after 72 h
immersion. It can be clearly seen that the X80 surfaces were
covered with a layer of EPS. Moreover, the EPS density on the X80
CS surfaces increased as the EPS concentration increased. A dense
EPS layer was present for 3 g L−1 Vibrio sp. EF187016 EPS (Fig. 6c).
This was in agreement with other researchers’ observation that
EPS can attach to material surfaces to form a uniform layer37,38.
Figure 7 shows the weight loss results of X80 after immersion in

3.5 wt% NaCl solutions containing different concentrations of
Vibrio sp. EF187016 EPS. After 72 h immersion, a weight loss of
4.03 mg cm−2 was detected in the control group with 0 g L−1 EPS.
The weight losses were 3.69, 3.12, and 2.43 mg cm−2 for additions
of 1, 2, and 3 g L−1 EPS, respectively. The weight-loss trend
suggested that a higher concentration of EPS inhibited corrosion
better.
In order to clarify the role of EPS in abiotic corrosion protection,

electrochemical tests were conducted using different concentra-
tions of Vibrio sp. EF187016 EPS in 3.5 wt% NaCl solutions.

Fig. 3 Corrosion of X80 coupons. a Weight loss in different media after 14-d incubation, b maximum pit depth in different media after 14-d
incubation.
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Fig. 4 Electrochemical measurements of X80 coupons. a EOCP in different media during 14-d incubation, b RP in different media during 14-d
incubation, c potentiodynamic polarization curves at the end of the 14-d immersion, and d Ecorr and icorr from Tafel analysis of panel (c).

Fig. 5 Fe 2p fine XPS spectra of X80 coupons after 14 d. a Sterile medium, b V. parahaemolyticus, c V. alginolyticus, and d Vibrio sp. EF187016.

Y. Gao et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2022)     6 



In Fig. 8a, all the EOCP values shifted toward the more positive
direction during the test, and no obvious difference is seen at the
end of 72 h immersion for 1–3 g L−1 EPS samples. It is known that
OCP does not always reflect corrosion trends, especially in MIC

because OCP only reflects the thermodynamic tendency for
corrosion but the actual corrosion outcome depends on the
corrosion kinetic process. Kinetic electrochemical tests need to be
conducted39. In this work, the addition of Vibrio sp. EF187016 EPS
caused the increase of Rp, and a larger EPS concentration led to a
higher Rp (Fig. 8b). Moreover, Rp gradually increased with
immersion time, suggesting the accumulation of EPS on an
X80 surface offered corrosion protection. In Fig. 8c, potentiody-
namic polarization curves at 72 h in different solutions are
exhibited. Tafel analysis was carried out to obtain electrochemical
parameters. Figure 8d shows that the addition of EPS caused a
significant decrease of icorr, from 13.3 µA cm−2 for the control
solution (0 g L−1 EPS) to 4.40, 3.89, and 2.72 µA cm−2 for 1, 2, and
3 g L−1 EPS, respectively. An icorr reduction-based corrosion
protection efficiency of 80% was achieved with the addition of
3 g L−1 EPS.
In general, the diameters of the Nyquist plots in the presence of

EPS were much larger than that in the control solution at each
time point (Supplementary Fig. 5), which indicated higher
impedance and lower corrosion. Moreover, the diameters
increased with the EPS concentration. The diameters of Nyquist
plots also increased over the immersion time, which suggested a
gradual accumulation of EPS on X80 surfaces. In the Bode plots
(Supplementary Fig. 5b, d, f), after 48 h immersion, the peak
heights increased with the concentration of the EPS, indicating the
formation of a protective film which gave a more capacitive

Fig. 6 FESEM images of Vibrio sp. EF187016 EPS on the X80 CS surfaces. a 1 g L−1, b 2 g L−1, c 3 g L−1.

Fig. 7 Weight losses of X80 coupons. The samples were exposed to
3.5 wt% NaCl containing differient concentrations of Vibrio sp.
EF187016 EPS after 72 h.
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response40. Furthermore, even though the curve shape remained
the same, an increase in the impedance at low frequency was
observed with an increase in EPS concentration. This indicated an
increment in the protection of X80 with the adsorption of EPS on
the surface41,42.
The EIS data for EPS addition were fitted using equivalent

circuits (Supplementary Fig. 3) and the electrochemical para-
meters were obtained (Supplementary Table 4). Within the 72 h
immersion, Rct of X80 CS in the control group decreased over time,
indicating corrosion rate increase. However, with the EPS addition,
Rct increased gradually with the increase of EPS concentration,
suggesting that EPS acted as a corrosion inhibitor. The results
above confirmed that Vibrio sp. EF187016 EPS was able to form a
protective layer on the X80 surface, and provided good corrosion
inhibition.
In summary, this study proved that the Vibrio spp. biofilms

could attach to the surfaces of X80 CS and inhibit its corrosion. It
was found the corrosion inhibition efficiency of Vibrio spp.
increased with the thickening of the biofilms. Among the three
tested Vibrio spp., Vibrio sp. EF187016 exhibited the best corrosion
inhibition performance, reaching a weight loss-based inhibition
efficiency of 68%. By extracting and evaluating Vibrio sp. EF187016
EPS, it was further confirmed that EPS played a key role in
corrosion protection by the biofilm. XPS results indicated that
biofilms of Vibrio spp. decreased the Fe oxidation state in the main
corrosion products of various iron oxides, indicating that O2 attack
was behind the corrosion. Therefore, the corrosion protection by
the biofilms came from two aspects. One was aerobic respiration
consumption of O2 by both planktonic and sessile cells, which
reduced the O2 amount reaching the surface. The other was the
adsorbed EPS on X80 acting as a barrier for corrosive species such
as O2 and chloride ions, which was demonstrated in the abiotic
EPS corrosion protection tests. Figure 9 illustrates the proposed
corrosion inhibition mechanism of X80 CS by Vibrio spp. This study

provided a theoretical basis for using biofilms as an eco-friendly
corrosion inhibitor for carbon steels in the marine environment.

METHODS
Materials
The elemental composition (wt%) of X80 CS used in this study was: 0.07 C,
1.82 Mn, 0.19 Si, 0.045 S, 0.045 P, 0.17 Ni, 0.01 Mo, 0.026 Cr, and balance Fe.
A X80 CS ingot was cut into square-shaped coupons of 10 × 10 × 5mm. For
electrochemical tests, a copper wire was soldered to the back of an X80
coupon before the coupon was embedded in Epoxy. For corrosion product
analysis, coupons with dimensions of 10 × 10 × 2mm were used. Each
coupon’s exposed surface (1 cm2) was polished with silicon carbide
metallurgical papers to 1000 grit, ultrasonically rinsed in absolute alcohol
for 15min, and sterilized with ultraviolet light for 30min before
immersion tests.

Microbial cultivation and EPS extraction
The Vibrio spp. isolated from the South China Sea were cultured in 2216E
culture medium purchased from Qingdao Hope Bio-technology Co,
Qingdao, China43. Before inoculation, the medium was autoclaved at
121 °C for 20min. The EPS were extracted from 1000mL of Vibrio sp.
EF187016 broth after for 3-d incubation at 28 °C. The broth was aliquoted
into 50mL portions and centrifuged at 1.07 × 104 g at 4 °C for 20min. The
supernatant was filtered three times through a 0.22 µm membrane filter
(Millex-GP, MilliporeSigma, Burlington, MA, USA) to remove bacterial cells.
EPS in the filtered solution was separated by adding two volumes of pure
isopropanol and keeping the liquid overnight at 4 °C to precipitate EPS.
The liquid was then centrifuged again at 25 °C for 5 min to get an EPS
precipitate. After air-drying the pooled-together precipitates at room
temperature, the extracted EPS product was preserved at 4 °C until use.

Biofilm characterization
The biofilms on X80 samples were characterized using a field emission
scanning electron microscope (FESEM, Ultra Plus, Zeiss, Germany). Confocal

Fig. 8 Electrochemical measurements of X80 coupons exposed to 3.5 wt% NaCl. a EOCP during 72-h immersion, b Rp during 72-h immersion,
c polarization curves at the end of 72-h immersion, and d Ecorr and icorr from Tafel analysis of panael (c).
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laser scanning microscopy (CLSM, C2 Plus, Nikon, Japan) was used to
observe live and dead cells in the biofilms after staining. Specific methods
are described in the Supplementary information.

Weight loss test and characterization of corrosion
morphology
The biofilm and corrosion products on the sample surfaces were removed
according to the Chinese National Standards (CNS) GB/T10125-2012. After
14-d immersion in different culture media, coupons were sonicated in
absolute ethanol for 15min to remove the surface impurities, and then
dried in air. The weights of coupons were measured using an analytical
balance with 0.01mg readability (Shimadzu-AUW220D, Japan). Three
replicate coupons were used for a single weight loss data point. The pit
morphology on the coupon surfaces was observed and recorded using a
CLSM (LSM 710, Zeiss, Germany) as previously reported44.

Electrochemical tests
Electrochemical tests were performed with a three-electrode system45. EIS
tests were operated at stable OCP, and the sinusoidal amplitude was 5mV
in the frequency range of 105–10−2 Hz. The EIS data were analyzed with the
ZsimpWin software (Princeton Applied Research, USA). The potential was
swept in the range of−5 to 5mV (vs. EOCP) at a scan rate of 0.125mV s−1 for
the Rp measurement. The potentiodynamic polarization curve was scanned
at a constant sweep rate of 0.166mV s−1. The glass cells were kept at 28 °C
in a thermostatic bath during the 14-d tests.

Corrosion products
After incubation in different culture media in biotic tests or immersion in
3.5 wt% NaCl in abiotic EPS tests for 14 d, the corrosion products on the
coupon surfaces were analyzed with XPS (ESCALAB 250, Thermo VG, USA).
Pass energy of 50 eV and a step size of 0.1 eV were used.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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