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a  b  s  t r  a  c  t

Thermal-sprayed  aluminum  coatings  have  been  extensively  used  as  protective  layers  against  corrosion
for steel  structures  in  the  marine  environment.  The  corrosion  usually  deteriorates  from  marine  biofouling,
yet  the  mechanism  of  accelerated  corrosion  of the coatings  remains  elusive.  As the  first  stage  participating
in  biofouling  process,  adsorption  of  molecules  plays  critical  roles  in  mediating  formation  of  biofilm.  Here,
we report  at  molecular  level  the  adsorption  behaviors  of albumin  and  marine  polysaccharide  on arc-
sprayed  aluminum  coatings  and  their  influence  on adhesion  of  Escherichia  coli.  The adsorption  of  alginate
eywords:
dsorption
luminum coating
lginate
lbumin
acterial adhesion

and  albumin  was  characterized  by  infrared  spectra  analyses  and  atomic  force  microscopic  observation.
The  adsorption  inhibits  effectively  adhesion  of  the  bacteria.  Further  investigation  indicates  that  algi-
nate/albumin  altered  the  hydrophilicity/hydrophobicity  of  the coatings  instead  of  impacting  the  survival
of the  bacteria  to decline  their  adhesion.  The  conditioning  layer  composed  of  the  molecules  enhances
anti-corrosion  performances  of  the  coatings.

© 2015  Elsevier  B.V.  All  rights  reserved.

orrosion

. Introduction

Corrosion is one of the major problems encountered by marine
nfrastructures, and a variety of strategies, in particular, surface
oating technology have been developed for marine applications.
mong the cost-effective coating techniques, thermal spray has
een proved to be competitive in depositing corrosion-resistant
oatings for marine steel structures by providing maintenance-free
rotection for over 20 years [1–3]. Due to the complex nature of the
arine environment, marine and offshore corrosion is predomi-

ately related to electrochemistry, which has been well established
4]. As another key concern for the marine environment, biofouling
as multiple impacts on corrosion [5]. Biofilm formed as a result
f biofouling promotes/inhibits corrosion of metals by a number
f mechanisms, such as cathodic and anodic depolarization [6],
ydrogen production [7], production of corrosive metabolites such
s organic acids and exopolymers [8]. Biofouling in marine is a

omplex phenomenon involving more than 4000 species of marine
rganisms [9,10], causing serious problems such as accelerated cor-
osion, transport of non-native invasive species and decreased fuel
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E-mail address: lihua@nimte.ac.cn (H. Li).
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169-4332/© 2015 Elsevier B.V. All rights reserved.
efficiency [10–12]. Therefore, extensive research efforts have been
devoted to clarifying the mechanisms of biofouling with an aim to
prevent marine organisms from attaching onto the surfaces of the
marine structures [13,14]. Yet, control and eradication of biofilms
are difficult since their resistance toward most antibiotics and bio-
cides is substantially increased [15].

Construction of antifouling coatings predominately pertains to
use of polymer-based materials [16,17]. To the best knowledge of
the authors, there are so far no available scientific reports focus-
ing on influence of biofouling on anti-corrosion performances of
thermal-sprayed inorganic marine coatings. The mechanism as
to how biofouling affects the performances of thermal-sprayed
coatings in the marine environment remains unclear. It is usually
believed that biofouling involves four stages [18,19]. Adsorption of
the organics such as polysaccharides and/or proteins takes place
primarily in the overall biofouling [19]. The absorbance is medi-
ated by Brownian motion, Van der Waals force, hydrogen bond
and/or electrostatic interaction, forming a conditioning layer usu-
ally in a few minutes and subsequently accumulating within several
hours [20,21]. On the subsequent stages, formation of microbial

layer with cross-linked structure [22] and following colonization
of spores of macroalgae or protozoa and larvae of macrofoulers
lead to severe biofouling [23,24]. Chemistry and surface structure of
the materials/coatings are the leading variables responsible for the
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iofouling, hence biofouling-enhanced corrosion [24,25]. In fact,
iofouling is a complex process. Some researchers pointed out in

 recent publication that biofouling does not always follow the
our-stage succession model [26]. The conditioning layer is not
ecessarily required for biofouling. Yet, the biofilm created by bac-
eria/diatoms is particularly influenced by the intrinsic features of
bsorbed biomacromolecules. To construct anti-fouling coatings,
t is still essential to understand at molecular level the adsorp-
ion behaviors of the polysaccharides/proteins and their effect on
ubsequent processes.

Study on vanadium pentoxide coating by Natalio et al. [27]
howed that the coating functioned as vanadium halogenated
eroxide, inhibiting effectively biological attachment by killing
acteria adhered initially, thus there was no microbial layer formed.
his finding agrees well with the mechanism that biofouling is
ased on formation of biofilm [19]. However, the question still
emains whether conditioning layer is necessary for development
f biofilm. Conditioning layer usually consists of biomacro-
olecules such as polysaccharides, glycoproteins and proteins [28].

nfluence of biomacromolecules on the biofilm created by bacte-
ia and diatom is particularly dependent on the intrinsic features
f the biomacromolecules. For instance, fibronectin could promote
dhesion of bacteria [29], while gelatin and pepsin could inhibit the
dhesion of bacteria [30]. It was proposed that attachment of bacte-
ia and diatom would occur most readily on the surfaces coated by
urface conditioning films [21]. Experimental proofs are yet needed
o elucidate the mechanisms.

As typical rod-shaped bacterium, Escherichia coli (E. coli) causes
erious biofouling in various environments especially for fabric and
edical devices [31] and its pronounced influence on marine bio-

ouling was reported [32]. E. coli shares similar properties with
ost marine bacteria and it was extensively studied for marine

nvironment [33,34]. Polysaccharides and proteins are the major
omponent of a conditioning layer. Sodium alginate widely exists
n several of well-known algae and bacteria [35,36] and albumin has
een chosen as typical protein for biofouling research [37]. In this
aper, albumin/alginate was employed as the typical biomacro-
olecules to build a simplified model representing a conditioning

ayer. The extensively used arc-sprayed aluminum coatings were
elected as the matrix materials for investigating the impact of algi-
ate and albumin adsorbed on the coating surfaces on behaviors
f E. coli. The adsorption behaviors of sodium alginate and albumin
n the corrosion-resistant aluminum coatings in artificial sea water
ere characterized in situ by atomic force microscopy and infrared

pectroscopy. Effect of adsorption of the polysaccharide/protein
n the subsequent formation of biofilm in terms of adhesion of
he bacteria and the anti-corrosion performances of coatings were
lucidated.

. Materials and experimental setup

The aluminum coatings were deposited by high-velocity arc
pray (AS, TLAS-500C, China). For the spraying, the current
nd voltage of the arc were set at 80–100 A and 25 V, respec-
ively, and the spray distance was 15 cm.  The compressed air
ith the pressure of 0.5 MPa  was used for the arc spray-

ng [38]. The coatings with the thickness of ∼150 �m were
eposited on 316L substrate of 20 mm × 20 mm × 2 mm in dimen-
ion. For comparison purpose, some of the coatings were sealed
y tetrafluoroethylene-hexafluoropropylene copolymer (FEP) and
ome were surface-polished to the surface roughness (Ra) of

100 nm.

Microstructural features of the coatings were examined by field
mission scanning electron microscopy (FESEM; FEI Quanta FEG
50, the Netherlands). Wettability of the coating samples was
ience 332 (2015) 89–96

determined by measuring the contact angle of deionized distilled
water droplet spreading on their surfaces using a contact angle
measurement instrument (Dataphysics OCA20, Germany). Surface
roughness of the coatings was measured with a surface profiler, a
scanning mechanical microscope (Alpha-Step IQ,  KLA-Tencor, USA)
with a vertical resolution of 0.012 Å. The measurement was taken
by using an inductive sensor equipped with a diamond stylus probe
with a pyramidal shape of 5 �m in radius and a vertex angle of 60◦.
A scan length of 1000 �m with a scan speed of 50 �m/s  was  used.

Artificial seawater (ASW) was prepared according to ASTM
D1141-98. All the reagents and solvents were used as-received
without any further purification. Prior to being immersed in ASW,
the surface-polished 316L plates, the as-sprayed Al coating, the
sealed Al coating and the surface-polished Al coating were washed
by sonication in ethanol for 30 min  and following three times in
deionized water for 5 min  at room temperature. Then the sam-
ples were soaked in 4 ml  ASW containing 1 mg/ml sodium alginate
(AR, Sinopharm Chemical Reagent Co. Ltd., China) and 1 mg/ml
bovine serum albumin (BSA, 98% purity, Sigma-Aldrich). The sam-
ples soaked for 12 h were then rinsed twice in deionized water
for 5 min  followed by drying by flowing air at 37 ◦C. The absorbed
polysaccharide/protein on the surfaces of the samples was further
characterized by Fourier transform reflection adsorption infrared
spectroscopy (FT-RAIRS, Varian 610-IR, USA). The infrared spec-
trum with a resolution of 8 cm−1 and the scan number of 4 was
adopted with the scan range 800–4000 cm−1.

It is known that adsorption behaviors of the pro-
tein/polysaccharide might be different on the surfaces of different
materials. Yet, once adsorption occurs, the molecules usually
exhibit similar conformational changes, in turn ensuring following
interaction of other microorganisms with the adsorbed molecules.
Since the observation of the morphology of alginate/albumin
could be interfered by the flaws of the arc-sprayed Al coatings, for
example, microsized pores, etc., silicon wafers were chosen as the
matrix for acquiring the images of the absorbed molecules. The
morphology information of albumin/alginate absorbed on silicon
wafer can be well related to that for the Al coatings. After 10 min
immersion of silicon wafers in the alginate-/albumin-containing
ASW, the morphology of the absorbed alginate/albumin in liq-
uid phase was  characterized by atomic force microscopy (AFM;
Agilient5500, USA). The zeta potentials of alginate and albumin
with the concentration of 1 mg/ml  in ASW were measured by
dynamic light scattering (DLS; Zetasizer Nano ZS, UK).

Gram-negative E. coli bacteria (ATCC25922) were selected for
the adhesion testing. The bacteria were cultured in LB media. The
medium was  prepared by dissolving 10 g NaCl, 5 g yeast extract and
10 g peptone in 1000 ml  deionized water. The media containing the
bacterial strains were shaken for 24 h at 37 ◦C. Nutrient agar culture
medium was  also used in this study. The agar medium was  prepared
by dissolving 38 g nutrient agar culture (Tianhe Microbial Sci. Tech.
Co., Ltd., China) in 1000 ml  of deionized water, followed by 120 ◦C
steam sterilization for 15 min. Then 15 ml  of molten nutrient agar
was poured into Ø 9 cm Petri dish. After entire solidification, 100 �l
of the diluted E. coli bacterial suspension was spread on agar uni-
formly and subsequently incubated at 37 ◦C for 24 h in an incubator.
The colony-forming units (CFUs) of the bacteria were in proportion
to the number of E. coli in the suspension.

The solutions containing alginate or albumin were filtered
through 0.2 �m Supor®Membrane for further use. The E. coli
suspension with the concentration of 109 ml−1 as validated by
the plate-count method [32] was  prepared in ASW. The E. coli-
containing solutions with/without 1 mg/ml  sodium alginate and

1 mg/ml  albumin were prepared. Prior to being put in 6-well plates,
the coating samples with 6 specimens for each were ultrasonically
washed in ethanol and subsequent deionized water and then dried
under a flow of dried air at 37 ◦C. 4 ml  of the E. coli suspension
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ig. 1. FESEM images of the E. coli bacteria attaching on the surfaces of the samples a
n  pure ASW, (a-2) the samples were incubated in the alginate-containing ASW and

as added into each well for soaking at room temperature for 12,
4 and 48 h, respectively. After the incubation, the samples were
ashed with ASW three times to remove the bacteria that did not

dhere onto the samples and then fixed by 2.5% glutaraldehyde.
fter the fixation, staining of the samples was made for 30 min
sing 150 �l of propidium iodide (PI) followed by PBS washing
hree times. The PI stained samples were observed by confocal laser
canning microscopy (CLSM; Leica TCS SP5, Germany). The bacte-
ia stained by PI were visualized as excited with 535 nm spectral
ine of argon-ion laser and detected with 615 nm emission filter.
or FESEM observation, dehydration of the samples was carried
ut through the critical point drying using 25, 50, 75, 90, and 100%
thanol solution.

The Al coating samples for potentiodynamic polarization test-
ng were sealed by epoxy with an exposed surface area of
0 mm × 10 mm.  To understand the corrosion caused by initial
dhesion of E. coli, the samples were put into the E. coli suspension
ith a concentration of 109 ml−1 for 12 and 24 h, respectively. After

he incubation, the samples were washed with ASW three times to
emove the bacteria that did not adhere onto the samples and then
ut into ASW for potentiodynamic polarization testing. The ASW
ith/without alginate/albumin was employed for the testing. The
olarization curves were acquired on an electrochemical worksta-
ion (M273A, PARC, USA). The corrosion potential was  calculated
y a software equipped with the electrochemical workstation. The
canning potential ranging from −2 to 0 V with a rate of 2 mV/s was
sed and the equilibration time was set as 15 min.

. Results and discussion
Dense Al coatings were successfully fabricated by the arc spray-
ng and their microstructures have been characterized previously
38]. After 24 h incubation in ASW, the surface-polished 316L plates,
cubated in E. coli-containing suspension for 24 h: (a-1) the samples were incubated
 the samples were incubated in the albumin-containing ASW.

the as-sprayed Al coating, the surface-polished Al coating and the
sealed Al coatings exhibit clear adhesion of E. coli (Fig. 1). It is
clear that the presence of sodium alginate or albumin alone in
ASW reduces the affinity of the bacteria on the surfaces of the pol-
ished 316L, the as-sprayed Al coatings and the surface-polished Al
coatings. This indicates the negative effect of sodium alginate and
albumin on adhesion of the bacteria. These phenomena were fur-
ther evidenced by the CLSM characterization of the samples after
being soaked in E. coli-containing ASW solution for 48 h (see Fig.
S1). However, no remarkable changes are realized for the sealed
Al coatings regardless of the addition of sodium alginate, but albu-
min  again shows detrimental effect on adhesion of E. coli on their
surfaces.

Statistical analysis of the bacteria adhering on the surfaces of
the samples was  made by counting the bacteria from their FESEM
images. The statistical data show that the number of the adhered
E. coli on the 316L plate and the surface-polished Al coating is
much less than that of the bacteria on the as-sprayed and sealed
Al coatings (Fig. 2). It is usually believed that rough surfaces benefit
bacterial adherence [30], since rougher surfaces yield more binding
sites for the bacteria. In this study, the surface roughness of the as-
sprayed Al coatings is 1852.10 nm,  much higher than that of the
surface-polished stainless steel, 4.39 ± 0.86 nm, and the surface-
polished Al coating, 98.77 ± 18.70 nm.  This might in part account
for the differences in the density of the bacteria adhering on the
sample surfaces.

It seems clear that both sodium alginate and albumin markedly
reduce the density of E. coli attaching on the surfaces of all the
samples except the sealed coatings (Fig. 2). After 12 h incubation in

the ASW without sodium alginate/albumin, the sealed Al coating
exhibits the density of adhered E. coli of 8.33 × 106 cm−2, while
in the sodium alginate- or albumin-containing ASW, the value
was 8.10 × 106 and 0.18 × 106 cm−2, respectively. Surprisingly,
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ig. 2. Statistical counting results of the E. coli bacteria attaching on (a) the 316L pla
l  coating. Three independent specimens and at least 10 SEM images per specimen

owever, elongated soaking to 24 h results in significantly
nhanced adhesion of the bacteria in sodium alginate-containing
SW (13.02 × 106 cm−2 in sodium alginate-containing ASW versus
2.29 × 106 cm−2 in the ASW without albumin/sodium alginate and
.42 × 106 cm−2 in the albumin-containing ASW). Further soaking
o 48 h brings about similar trend in changes of bacterial density
n the three media (17.38 × 106 cm−2 versus 17.14 × 106 cm−2 and
.36 × 106 cm−2). The results nevertheless suggest that sodium
lginate and albumin make different impact on bacterial adhesion
nd albumin significantly affects the behaviors of E. coli on the FEP
ealed Al coatings.

There are essentially two ways for polysaccharide/protein to
ffect bacterial adhesion on sample surfaces, namely intervening
n survival of the bacteria in the media or making the surfaces
f the samples unsuitable for adherence of the bacteria. To clarify
hether sodium alginate/albumin affects the survival of the bacte-

ia, the plate-count approach was employed for the investigation.
hree types of E. coli-containing suspensions (without sodium algi-
ate/albumin, with sodium alginate and with albumin) with the
ame bacterial concentration were prepared. The suspensions were
pread onto agar plate (three samples in parallel) for incubation for
, 12, 24 and 48 h, respectively. It is noted that CFUs in each agar
late are almost the same after being incubated for 24 h (see Fig. S2).
his indicates that the addition of alginate or albumin did not affect
he survival of the bacteria. That the number of the colonies does
ot change suggests that alginate or albumin does not intervene in
he survival of bacteria in the media. Therefore, it is likely that par-
icipation of alginate/albumin in deteriorating attachment of E. coli
s achieved through mediating the coating–bacteria interactions.
o elucidate the interactions, it is essential to study at molecular
evel the coating–bacteria interactions.

IR spectra evidenced the adsorption of alginate and albu-

in  on the surfaces of the samples, namely the surface-polished

16L plates, the as-sprayed Al coating, the sealed Al coating and
he surface-polished Al coating (Fig. 3). Polysaccharide usually
xhibits the IR peaks at 1200–1000 cm−1 region that are assigned
the as-sprayed Al coating, (c) the surface-polished Al coating and (d) the FEP-sealed
 used for an average data for each sample.

to C OH and C O C stretching mode [39]. Carboxylate anion
has a C O stretching mode with the characteristic spectrum at
1650–1550 cm−1. The IR spectra of alginate detected on the sur-
faces of the samples indicate rapid adsorption of alginate upon
immersion of the samples in the alginate-containing ASW (Fig. 3a).
It is known that proteins have amide vibration modes, 1650 cm−1

for �(CO) amide I, and 1550 cm−1 for ı(NH) amid II [40]. The IR
peaks located at 1650 and 1550 cm−1 are attributed to albumin
(Fig. 3b). Alginates are linear unbranched polymers containing dif-
ferent ratio of 1,4′-linked �-d-mannuronic acid (M)  and 1,4′-linked
�-l-guluronic acid (G) residues [41]. Formation of calcium alginate
that results from interaction of Ca2+ with carboxylate anions from G
residues with well-defined chelation sites can be attained [42,43],
which is schematically depicted in Fig. 3c. Based on the speculated
model, calcium alginate could possess egg-box structure [43,44]
(Fig. 3d), being much bigger than alginate so that it could be seen
by naked eyes [45] and more easily attach on the surfaces of the
samples.

In fact, adsorption of alginate and albumin is clearly visual-
ized (Fig. 4). AFM observation in aqueous solution shows obvious
adsorption of the polysaccharide/protein. The AFM images taken
with amplitude mode (Fig. 4a-1) and phase mode (Fig. 4a-2) for
the samples soaked in the alginate-containing ASW suggest two
different states of alginate, one exhibits bright color (typically
surrounded by circles), the other exhibits dark color (typically sur-
rounded by rectangles). Taking into account the possible reactions
between alginate and calcium ions, they should be calcium algi-
nate with distinctive structures as depicted in Fig. 3. While no
obvious reaction of albumin with chemical components in ASW
is suggested, no remarkably different conformational features are
shown in its AFM images (Fig. 4b).

It was  realized that adsorption of different polysaccha-

rides/proteins results in dissimilar adhesion of bacteria [30]. Li
and McLandsborough [46] found that E. coli bacteria are negatively
charged with the electric potential ranging from −4.9 to −33.9 mV.
The bacteria therefore opt to attach on positively charged surfaces,
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ig. 3. FT-RAIRS spectra detected from the surfaces of the samples suggesting clearl
etween alginate and calcium ions in ASW (c) and the speculated depiction of the 

he  peaks located at 1000–1200 and 1550–1650 cm−1 suggest the presence of algin

he behavior of which has been discussed extensively [30]. How-
ver, the Debye screening length is very short in ASW due to the
igh ionic strength. This shields the surface charge and reduces
he surface potential with the distance from the surface rapidly
47]. Electrostatic interaction would be significantly weakened in
SW. In this study, zeta potential measurement indicates that algi-
ate and albumin are negatively charged with the zeta potential
f −6.95 and −8.12 mV,  respectively. Therefore, after adsorption
f alginate/albumin on the surfaces of the coatings, they should
epel in part the adsorption of E. coli. In addition, when the distance
etween bacterium and material surface is less than 3 nm,  short-
ange interactions such as chemical bonding, ionic and dipole inter-
ctions and hydrophobic interactions likely play a dominant role
n determining the adherence of the bacterium [30]. The bacterium
ike E. coli inclines to attach on hydrophobic surfaces [46]. Wetta-
ility testing shows that the Al coating is hydrophilic with a contact
ngle of 13.18◦ (Fig. 5). This presumably accounts for the rapid
dsorption of alginate on its surface in early incubation stage, since
lginate and calcium alginate tends to settle on hydrophilic sur-
aces. Presence of the FEP layer on the top of the Al coating triggered
ignificant increase in the contact angle from 13.18◦ to 101.68◦. The
EP layer contains a lot of hydrophobic functional fluorine groups,
reventing effectively water molecular from approaching the sur-
aces. In addition, the layer also resists attaching of hydrophilic
aterials such as alginate and calcium alginate. The surface-
olished Al coating and the 316L plate show hydrophobic feature
ith the contact angle of 96.68◦ and 104.67◦, respectively. Adsorp-

ion of alginate, however, diminished the adhesion of the bacteria
dsorption of alginate (a) and albumin (b) and schematic illustration of the reaction
ox” structure of calcium alginate formed during the adsorption of alginate (d). (a)
d (b) the bands near 1650 and 1550 cm−1 are typical peaks assigned to albumin.

on these two samples. Surface profile testing suggests the rough-
ness (Ra) of 4.39 ± 0.86 nm for the polished stainless steel plate
and 98.77 ± 18.70 nm for the surface-polished Al coating. Clearly,
the hydrophobicity could be topography-induced [48,49]. After
adsorption of alginate and calcium alginate, the surfaces of the pol-
ished samples become hydrophilic with the contact angle of 20.36◦

for the stainless steel plate and ∼0◦ for the polished Al coating.
It was  speculated that albumin inhibits the adhesion of bacte-

ria by binding to the bacteria or changing the hydrophobicity of
the surfaces [30]. Our results show clear evidence that adsorp-
tion of albumin altered the wettability of the samples (Fig. 5). The
hydrophobicity of the surface-polished 316L plate, the surface-
polished Al coating and the sealed Al coating is weakened, i.e.,
their contact angle is reduced from 96.68◦ to 18.30◦, from 104.67◦

to 39.21◦, and from 101.68◦ to 33.31◦, respectively. The enhanced
hydrophobicity together with negatively charged state of albumin
[49] could account mainly for the deteriorated adhesion of E. coli
on the surfaces of the coatings.

It has been found that after 12 h incubation, alginate was
detected on the surfaces of the samples (Fig. 3), and calcium alginate
on the coating samples has even been clearly seen with unaided
eyes. In addition, 10 min  incubation of silicon wafer in the ASW with
0.1 mg/ml  sodium alginate already showed adsorption of alginate.
It is therefore likely that alginate has already achieved adsorption

on the surfaces of the coatings prior to the adherence of E. coli. Due
to the hydrophilic nature of alginate and calcium alginate [50,51],
they are able to readily form a highly hydrophilic surface upon their
adsorption on the surfaces of the samples. Consequently, numerous



94 X. He et al. / Applied Surface Science 332 (2015) 89–96

Fig. 4. AFM images showing clear adsorption of alginate (a) and albumin (b) on silicon wafer. The amplitude mode (−1) and phase mode (−2) were both employed for the
examination. The two  typically selected distinctive alginate particles are surrounded by the white circles/rectangles, and typical albumin particles are highlighted by the
white  ovals.

Fig. 5. Water contact angles of the samples as acquired before/after being soaked
in  the aqueous solution.
water molecules together with the highly hydrophilic surface pro-
duce a hydration layer. This raises difficulties for E. coli to achieve
the adherence, since the bacteria must overcome certain energy
barrier to break through the hydration layer [52]. Furthermore,
the hydroxyl groups in calcium alginate easily bond with water
molecules through hydrogen bonding [39], forming hydrated poly-
mer  chains, which enlarge excluded volume. The bacteria adhered
to the surfaces of the samples need to compress the volume of
hydration layer. Our ongoing efforts are devoted to further clar-
ifying the coating–bacterium interactions by reconstructing 3D
structures of the molecules using single particle electron microcopy
approach.

Potentiodynamic polarization curves show that the adsorption
of alginate/albumin on the coatings results in increased corro-

sion potential (−1.433 V for the coating without adsorption of
the molecules, −1.197 V for the coating with alginate adsorption
and −1.317 V for the coating with albumin adsorption) (Fig. 6a).
In addition, significantly decreased corrosion current density is
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ig. 6. Potentiodynamic polarization curves of the Al coatings, the curves were acqui
nhances the anti-corrosion performances of the coatings. The sudden jump of curr

evealed, 3.79 × 10−5 A/cm2 for the coating without adsorption
f the molecules, 5.20 × 10−9 A/cm2 for the coating with alginate
dsorption and 3.47 × 10−9 A/cm2 for the coating with albumin
dsorption. Corrosion resistance is directly correlated to corrosion
otential and current density [53]. The increased corrosion poten-
ial and decreased current density indicate enhanced corrosion
esistance of the coatings after the adsorption of albumin/alginate
n their surfaces. Further investigation of the coatings after soaking
n the ASW comprising E. coli for 12 h shows a higher corro-
ion potential, −0.852 V versus −1.433 V (Fig. 6b). This suggests
nhanced anti-corrosion performances of the coatings. However,
t is noted that further extended incubation for 24 h brought
bout decreased corrosion potential, −1.228 V versus −0.852 V.
he current density follows the same trend that the coating with-
ut adsorption of alginate/albumin and colonization of E. coli on
ts surface exhibits the highest value of 3.79 × 10−5 A/cm2, while
he current density value is 6.77 × 10−8 and 2.53 × 10−6 A/cm2

or the coatings with 12 and 24 h incubation, respectively. These
esults are in agreement with the concept of corrosion control
sing regenerative biofilms (CCURB) that operates by reducing oxy-
en concentration and secreting corrosion inhibitors [54,55]. For a
orrosion process, corrosion rate is closely related to the rate of
athodic reaction such as oxygen reduction and anodic reaction
56]. That the potentiodynamic polarization curves have almost the
ame shape indicates that the adsorption might only affect corro-
ion rate by increasing the barrier to oxygen diffusion instead of
ediating cathodic reaction. The conditioning layer constructed

y alginate/albumin in a very short period of time acts as a pro-
ective film, accomplishing EPS cohesive effects [57]. The biofilm
ormed by E. coli in early stage (12 h in this case) could reduce
he area of the coating that is in direct contact with ASW and in
urn reduces oxygen concentration at the coating surface, giving
ise to reduced corrosion rate [56]. Further incubation (24 h in this
ase) resulted in slight changes in the polarization curve that a
udden jump in current density appears in the passivation region
Fig. 6b), indicating metastable pitting of the samples [58,59]. The
itting corrosion may  be triggered by many factors. In this case,

t is likely that the E. coli-dominated heterogeneous biofilm could
ause formation of differential aeration cells, which are due to the
ifferences in oxygen concentration between the area covered by
he bacteria and the area exposed to the media [60]. The cells in turn
rigger pitting corrosion. Corrosion taking place in the microenvi-
onments located at coating/conditioning-layer/biofilm interfaces
s to be further detected and elucidated.

. Conclusions
Adsorption of albumin and alginate on arc-sprayed aluminum
oatings for marine applications is evidenced and characterized.
lginate is adsorbed on the coating surfaces in two distinguished

[

[

 the ASW without (a) and with (b) E. coli bacteria. The adsorption of alginate/albumin
nsity in the curve for the coating incubated for 24 h suggests pitting corrosion.

structures of calcium alginate. Aqueous AFM images and FT-
RAIRS detection suggest that alginate/albumin forms a conditioning
layer, which altered colonization behaviors of E. coli bacteria.
The conditioning layer hinders the adhesion of E. coli mainly
through modifying the surface properties of the coatings such
as hydrophilicity/hydrophobicity. The conditioning layer enhances
the anti-corrosion performances of the coatings, while the deteri-
orated corrosion resistance caused by colonization of E. coli needs
to be further elucidated. The results shed light on design and con-
struction of anti-bacterial surfaces.
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