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Antifouling  function  of copper-based  layers  is  usually  gained  through  the release  of cuprous  or  copper
ions  to damage  most  fouling  species.  In  this  research  the  intervening  mechanisms  of  copper  ions  in
formation  of simplified  conditioning  layer  comprising  marine  polysaccharide  alginate  and  subsequent
adhesion  of  typical  marine  bacteria  and  algae  were studied.  Fast  interaction  of  Cu2+ with  alginate  with
the  formation  of  copper  alginate  multimers  was  observed  for  the first  time  by negative-staining  electron
microscopy.  Interconnecting  chains  of alginate  and  copper  alginate  upon  adsorption  on  silicon  wafer
onditioning layer
lginate
opper alginate
iofouling
lectron microscopy

and tangled  structure  of  the  conditioning  layer  were  further  characterized  by  atomic  force  microscopy.
Adhesion  testing  showed  that consumption  of  copper  ions  by their  linking  with  alginate  in incubation
solutions  resulted  in  mitigated  toxicity  of  the  ions  to the  microorganisms  Bacillus  sp.,  Chlorella  pyrenoidosa
and  Phaeodactylum  tricornutum.  The  results  would  give  insight  into  understanding  and  regulating  the
formation  of  conditioning  layer  for desired  antifouling  performances.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biofouling is ubiquitous in the marine environment, causing
evere problems such as increased operating costs, fuel consump-
ion and CO2 emission [1,2]. Varieties of techniques have been
eveloped to alleviate or prevent occurring of biofouling, among
hich construction of superhydrophilic or superhydrophobic coat-

ngs [3], photocatalytic coatings [4], and enzyme-based antifouling
oatings [5] was already reported. Yet, due to complexity of the
arine environment and diversity of the fouling organisms, chal-

enges persist in developing antifouling techniques with favorable
niversality and sustainability, for biofouling is a complex process

nvolving many factors [6,7]. To date, painting with the use of bio-
ides remains as the most effective approach to attain antifouling
erformances [8]. In response to the banned use of TBT-containing
oatings [9], Cu-based antifouling coatings recaptured extensive
ttention [10]. In fact, copper plates used on vessel hulls were doc-

mented as the first antifouling devices combating formation of
iofilm [8,10]. Copper and copper-based coatings are the most com-
only used broad-spectrum antifouling layers due to the toxicity of

∗ Corresponding author.
E-mail address: lihua@nimte.ac.cn (H. Li).

ttps://doi.org/10.1016/j.colsurfb.2017.11.062
927-7765/© 2017 Elsevier B.V. All rights reserved.
copper to marine organisms [10–12]. Understanding at molecular
level the antifouling mechanisms of copper is therefore essential for
developing copper-related antifouling technology for widespread
applications.

It is established that antifouling performances of copper-based
coatings are achieved primarily through the release of cuprous and
copper ions by reaction of copper with Cl− in seawater [13]. Copper
is usually harmful to microorganisms at elevated concentrations
in water [10,14]. It has been reported that the toxicity usually
prevails through several regimes. Copper results in different algal
cell dysfunctions such as inhibition of photosynthesis, suppression
of cell division, and increase of membrane permeability for algae
[15]. In addition, negative effect of copper on acid-base equilib-
rium and ammonia excretion for marine fish and invertebrates was
also reported [16]. It is noted however that the copper-associated
toxicity varies depending on microorganism species and might be
affected by many other factors. Knowledge about influence of cop-
per ions on early stages of biofouling, for instance formation of
conditioning layer and subsequent biofilm, is yet lacking. More-
over, there has been no report available on direct visualization of
the interaction of marine biomolecules with Cu2+ and the inter-

action keeps elusive. Synergistic effect brought about by marine
biomolecules and copper ions on formation of biofilm is also to be
clarified.

https://doi.org/10.1016/j.colsurfb.2017.11.062
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.11.062&domain=pdf
mailto:lihua@nimte.ac.cn
https://doi.org/10.1016/j.colsurfb.2017.11.062
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As typical marine polysaccharide, alginate possesses macro-
copic physicochemical properties of conditioning layer [17,18]. It
s a linear polysaccharide [19,20], with the capability of forming
onds with most divalent cations, such as Mg2+, Ca2+, Cu2+, Pb2+

21–24], and an egg-box interaction model for calcium alginate was
lready proposed [25–27]. In this study, alginate was  selected as
he model polysaccharide to build a simplified conditioning layer.
he conditioning layer formed by the marine polysaccharide and

ts derivative copper alginate was examined by PeakForce quan-
itative nanonechanical mapping atomic force microscopy (AFM).
egative-staining electron microscopy technique was  employed

n this research to further characterize the conformation evolve-
ent of copper alginate. The interaction fits the egg-box model

nd an interaction regime between the biomacromolecule and
u2+ was proposed. Influence of copper and copper alginate on
dhesion of Gram-positive bacteria (Bacillus sp.), diatoms (Phaeo-
actylum tricornutum), and green algae (Chlorella pyrenoidosa) were
lso investigated and elucidated.

. Materials and methods

.1. Sample preparation

Sodium alginate (Aladdi ustrial Corp., China) was  used as
eceived without any further purification. The M/G ratio of alginate
s ∼0.8 as calculated from its NMR  spectrum [28]. For examination
f the conditioning layer formed by alginate, appropriately diluted
uspensions of sodium alginate were prepared by being dissolved
n deionized water. Conditioning layer was prepared by soaking
low-discharged silicon wafers (1.0 cm × 1.0 cm)  in 1 mL  aqueous
lginate suspension for 10 min. The samples were subsequently
insed twice in deionized water for 5 min  to remove unabsorbed
lginate and then dried by flowing air at 37 ◦C. The alginate solution
ith a final concentration of 0.2 mg/mL  was used for microscopy

nalyses. To investigate the conditioning layer formed by alginate
n the presence of copper ions in the solution, the solution con-
aining 0.1 mg/mL  CuCl2 and 0.2 mg/mL  alginate was  prepared for
urther experiments.

.2. Preparation of bacterial and algal strains

Artificial seawater (ASW) was prepared according to ASTM
1141-98. All the reagents and solvents were used as received
ithout any further purification. Gram-positive Bacillus sp.

MCCC1A00791, Marine Culture Collection of China) were cho-
en for the adhesion testing and the culturing was  conducted in
M 0471-2216E media. The media were prepared by dissolving

 g yeast extract, 1 g beef extract, 0.01 g FePO4 and 5 g pep-
one in 1000 mL  sterile ASW. The sterile media containing the
acterial strains were shaken at 25 ◦C at 120 rpm for 24 h. The
acteria were washed with sterile ASW for 3 times through cen-
rifugation with a rotational speed of 2500 rpm for 5 min  and
hen re-suspended in sterile ASW. In this work, marine strains
hlorella pyrenoidosa (NMBluh015-1) and Phaeodactylum tricor-
utum (NMBguh001) (Ningbo University, China) were typically
hosen for the adhesion testing. Chlorella pyrenoidosa was cultured
n filtered sterilized seawater enriched with Guillard’s F/2 growth

edia, while Phaeodactylum tricornutum was cultured in sterilized

eawater with silicate-enriched Guillard’s F/2 growth media. The
lgae were cultured in an incubator with a 12 h:12 h light/dark cycle
t 22 ◦C. The testing was carried out as they were in the exponential
hase of growth.
ointerfaces 162 (2018) 220–227 221

2.3. Electron microscopy characterization

Morphology of alginate was characterized by transmission elec-
tron microscopy (TEM, FEI Tecnai F20) operated at 200 kV. For
acquiring the EM images, low dose conditions (10–15 e/Ă2) were
used. To investigate the interaction of Cu2+ with alginate, the solu-
tion containing 0.001 mg/mL  CuCl2 and 0.002 mg/mL alginate was
prepared and excess ions were removed by dialysis. Subsequently,
these solutions were used to prepare negatively stained samples
by the drop by drop protocol for following TEM characterization
[29]. Briefly, a 7 �L drop of prepared solution was  applied to a thin
carbon-coated 300-mesh copper grid. After incubating for 15 min
at room temperature, the excess solution was removed by blotting
with filter paper. Two  consecutive drops of 7 �L 2% (w/v) uranyl
acetate solution were then applied on the grid for staining. Excess
stain was removed by blotting and the grid was  quickly air dried at
room temperature after final blotting.

2.4. AFM imaging

PeakForce quantitative nanonechanical mapping (PeakForce
QNM) was performed to characterize the morphology of alginate
after adsorption by using the Bruker Dimension FastScanTM AFM.
The microscope was  covered with an acoustic hood to minimize
vibrational noise. ScanAsyst-Air cantilevers (Bruker) with a reso-
nance frequency of 70 kHz were used and the spring constant was
0.4 N/m. Topographic height images were recorded at 1 kHz with
the resolution of 1024 × 1024 pixel. All images were flattened and
plane fitted by using the NanoScope Analysis software (Bruker).

2.5. Bacterial/algal adhesion testing

Bacillus sp. suspension with the bacterial concentration of
107 mL−1 was  prepared in sterile ASW. Silicon wafers with three
specimens for each testing group were put into 24-well plates after
being ultrasonically washed with ethanol and subsequent deion-
ized water and then dried under a flow of dried air at 37 ◦C. 2 mL
of the Bacillus sp. suspension was  added into each well for soak-
ing in a shaker at 25 ◦C at 120 rpm for 3 days. After the incubation,
the samples were washed with ASW for three times to remove the
bacteria that did not adhere onto the samples and then fixed by
2.5% glutaraldehyde in ASW. Morphological features were charac-
terized by field emission scanning electron microscopy (FESEM, FEI
Quanta FEG 250). For FESEM observation, dehydration of the sam-
ples was carried out through the critical point drying using 25%,
50%, 75%, 90%, and 100% ethanol solution in turn. To clarify the
synergistic influence of Cu2+ and alginate on the bacterial adhe-
sion, the adhesion testing was  conducted under various solution
conditions, i.e. Cu2+-alginate-free media, Cu2+-containing media,
alginate-containing media, and Cu2+/alginate-containing media.
The Cu2+-containing media were prepared by adding 10 mM CuCl2
into ASW. Concentration of alginate was  1 mg/mL  in the alginate-
containing ASW. The Cu2+/alginate-free media were used as the
control group.

2 mL  algal suspension (Cu2+-alginate-free media,
Cu2+-containing media, alginate-containing media, and
Cu2+/alginate-containing media) with the algal concentration
of 106 mL−1 was  used for the adhesion testing. Silicon wafers with
3 specimens for each testing group in 24-well plate were soaked
by algal suspension in shaker for 7 days with a 12 h:12 h light/dark
cycle at 22 ◦C. After the incubation, the wafers were washed with

sterile seawater to remove the algae that did not adhere and then
fixed by 2.5% glutaraldehyde in ASW for 2 h. The samples were
observed by confocal laser scanning microscopy (CLSM, Leica TCS
SP5, Germany).
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ig 1. PeakForce QNM AFM height images (-1) and 3D images (-2) of the untreate
opper  alginate (c-1, c-2). The rope-like morphology and the cross-linking of algina

.6. Characterization of bacterial/algal cell-to-cell aggregation

Bacterial/algal aggregation was examined as per the previously

eported protocol [30]. Settling rate of the microorganisms was

easured by Lambda 950 UV/VIS spectrophotometer (PerkinElmer,
SA). The bacterial suspension with a concentration of 107 mL−1 in
u2+-free and Cu2+-containing ASW was mixed uniformly and then
on wafer (a-1, a-2), and the conditioning layer formed by alginate (b-1, b-2) and
 typically marked as r and c in (b-1).

3 mL  of the suspension was transferred to cuvette for spectropho-
tometer measurement. OD600 was  continuously read for 1 min  to
obtain the settling rate, which was  calculated as the slope of the

linear portion of the decreasing change in OD600 over time [30].
The procedures for examining algal aggregation were the same as
the one used for characterizing the bacterial aggregation except
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Fig. 2. Domain organization and negative-staining EM image analysis of the repeat-
ing copper alginate unit, a: the EM image shows copper alginate assembly (inset is
enlarged view of selected area used for the further docking analyses), b: the selected
2D image of the molecule in agreement with surface view of the atomic structure
of  the egg-box of calcium alginate, indicating similar structure of copper alginate as
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alcium alginate, c: enlarged view of one repeating unit shows that copper alginate
onsists of several alginate chains connected by copper ions, and d: proposed model
f  the repeating copper alginate unit derived from the negative-staining EM images.

hat the optical density was measured at 450 nm and the algal
oncentration was 106 mL−1.

.7. Permeability testing

For measuring the cell membrane permeability of the bacte-
ia, the testing solution contained 20 mL  Bacillus sp. suspension
ith the bacterial concentration of 108 mL−1. Cu2+ with the con-

entration of 10 mM was added into every tube and was  then
ixed uniformly. At regular time intervals, 1 min, 5 min, 10 min,

0 min, 60 min, 120 min, and 180 min, the solution was  mixed gen-
ly at room temperature and then allowed to stand for 1 min  so
hat most of the cells settled out. The time intervals were usu-
lly chosen for similar study [31]. Subsequently, the samples were
entrifuged for 2 min  at 10,000 × g to remove few remaining cells.
he supernatant was filtered through 0.2 �m Supor

®
Membrane.

or each testing, control samples were directly centrifuged for
 min  at 10,000 × g to acquire supernatant and total leakage of the
ells-containing suspension was heated at 100 ◦C for 5 min  to pro-
ide an estimate of the total possible leakage and then centrifuged
t room temperature [31]. The protein/polysaccharide content in
he total extracts of Bacillus sp. was treated as an estimate of the
otal protein/polysaccharide leakage. The content of proteins and
olysaccharides in the supernatant was then measured. Proteins

n the testing solutions were examined using a MicroBCA protein
ssay reagent kit detected at 562 nm wavelength by a microplate
eader (SpectraMax 190, Molecular Devices, USA), following an
stablished protocol [32,33]. The polysaccharide content was  mea-
ured by the phenol-H2SO4 method reported by other researchers
34,35]. Briefly, 1 mL  of 6% phenol solution in ultrapure water was

dded into 2 mL  supernatant, and immediately 5 mL  98% H2SO4
as added. After incubation for 20 min  at room temperature, opti-

al density of the samples was measured at 490 nm using the
icroplate reader. The leakage was calculated by subtracting the
ointerfaces 162 (2018) 220–227 223

value of the control samples from that of the supernatant of the
testing bacterial suspension.

2.8. Statistical analyses

All of the data were expressed as means ± standard deviation.
Statistical analysis of Bacillus sp. adhering on silicon wafers was
made from their SEM images acquired at a 500 × magnification.
Statistical analysis of the algae adhering on silicon wafers was  made
by ImageJ software examination from their CLSM images with an
area of 775 × 775 �m2. Adhesion ratio is defined here as the ratio
of adhesion area of the bacteria/algae to the total surface area of
the substratum. The standard Student t-test was used to determine
the difference between control and experiment groups.

3. Results and discussion

After adsorption on silicon wafer, rope-like morphology of
the linear polysaccharide and linking of alginate strands is seen
(Fig. 1b-1, b-2). These structural information is clear as compared
to the bare silicon wafer (Fig. 1a-1, a-2). Measurement by the AFM
NanoScope provides an estimate of the size of alginate strands,
∼10 nm in width. This is much larger than the actual size of algi-
nate molecule, which has been well characterized [36,37]. Apart
from the probe-broadening effect caused during the AFM observa-
tion, the altered size might also indicate side-by-side association
of the molecules by hydrogen bonding [37]. The measured thick-
ness of alginate strand ranges from 0.5 nm to 1.3 nm,  which is a
little thicker than individual alginate chain, presumably suggest-
ing that the individual strand is aggregate of several molecules.
In addition, the tangled alginate molecules form a conditioning
layer. It is speculated that the empty spaces are localized for bound
and unbound water to form highly-hydrated matrix in liquid envi-
ronment [38]. The conditioning layer formed by alginate holds a
similar network-like structure at nanoscale as biofilm [17], which
can significantly enhance or impair micro-organisms’ deposition
and initial adhesion, and biofilm formation through altering surface
tension, charge, roughness, or hydrophobicity of substratum [18].
In addition, the alginate conditioning layer shows a Ra roughness
of 0.587 nm,  slightly rougher than the silicon wafer substratum,
0.347 nm.

It has been clear that alginate can bind with most divalent
cations, such as Mg2+, Ca2+, or Cu2+ [22,23]. Yet study on copper
alginate is rarely seen. Further AFM characterization of the adsorp-
tion of alginate on silicon wafer in the presence of Cu2+ reveals a
layer of tangled polymeric strands (Fig. 1c-1, c-2). This suggests
that addition of Cu2+ in the alginate-containing incubation solu-
tion facilitates adhesion of the molecules for enhanced formation
of the conditioning layer. Apart from the promoted adhesion of the
polysaccharides on silicon wafer, significantly increased thickness
of the conditioning layer (the distance between the top layer and
the substrate surface) is seen (∼10 nm in Fig. 1c-2 versus ∼4.9 nm
in Fig. 1b-2). The conditioning layer also shows much rougher sur-
face than the conditioning layer formed by alginate alone (Ra value
of 1.17 nm versus 0.587 nm). These might suggest incorporation of
Cu2+ into alginate chains, which in turn alters the spatial conforma-
tion of alginate. Such an arrangement would potentially contribute
to a physically strongly adhered conditioning layer.

In fact, linking of Cu2+ with alginate is visualized by negatively
stained EM analyses (Fig. 2). Our previous study already revealed
the width of single-stranded alginate to be less than 1 nm [28].

After linking with copper ions, alginate molecule evolves signif-
icantly into much wider chains (Fig. 2a). Enlarged view shows
clearly the morphological feature of copper alginate and provides
clues of binding regime of Cu2+ with alginate fragment (Fig. 2b
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Fig. 3. SEM Images of Bacillus sp. adhered on silicon wafer in Cu2+-alginate-free
media (a-1), alginate-containing media (a-2), Cu2+-containing media (b-1), and
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Fig. 4. CLSM imaging of Chlorella pyrenoidosa adhered on silicon wafer in Cu2+-
alginate-free media (a-1), alginate-containing media (a-2) (inset is enlarged
view showing damaged morphology of the adhered Chlorella pyrenoidosa), Cu2+-
containing media (b-1), and Cu2+-alginate-containing media (b-2); and c: statistical
u -alginate-containing media (b-2) (inset is enlarged view); and c: statistical anal-
ses of the bacteria adhered on silicon wafer, error bars are shown as ±SD (n = 10).
*:  p < 0.05 as compared with the control groups.

nd c). It is noted that the resolution is relatively low due to the
taining of heavy metals during the sample preparation. An egg-
ox interaction model between Ca2+ and alginate was proposed
reviously [25–27]. It is believed that calcium ion was  captured
lectrostatically by the GG block of alginate, resulting in forma-
ion of an egg-box conformation [39], and one junction zone of
he calcium alginate molecular is ∼0.87 nm in length [25,40,41].
ur TEM characterization suggests similar egg-box interaction for
opper alginate (Fig. 2d). Copper ions might also be captured by
-blocks of alginate by electrostatic attraction, thus resulting in

ormation of copper alginate [42]. To elucidate the conformational
hanges of alginate after linking with copper ions, we  managed to
ock the egg-box model of calcium alginate into copper alginate
Fig. 2) by using the molecular modeling system Chimera [43]. It
s surprisingly noted that the 2D EM image agrees well with the
tomic structure of alginate chains containing calcium ions which
as already reported [39]. The width between two copper ions in

arallel lines coincides with the enlarged 2D EM image (Fig. 2 b). It
s difficult to dock the atomic structure into the whole 2D EM image
ince the interaction already tangled multiple alginate molecules in
D view. Our ongoing research efforts are therefore being devoted
o reconstructing 3D structures of the polysaccharide. Neverthe-
ess, this preliminary docking already provides sufficient useful
lues of the structure changes of alginate, that is, linking of algi-

ate with copper ions happened upon adsorption of the molecule.

ncreased size of the chains likely results from incorporation of cop-
er ions. Interestingly, the width of copper alginate is much wider
han that of calcium alginate. The electrostatic attraction between
adhesion ratio of Chlorella pyrenoidosa, error bars are shown as ±SD (n = 10). **:
p  < 0.05 and ***: p < 0.005 as compared with the control group. The damaged Chlorella
pyrenoidosa are typically marked by the white arrows in b-1.

copper ions and alginate could be stronger than that for calcium
ions since in nature copper ion is much smaller than calcium ion.
This strong binding state might have pronounced impact on subse-
quent adhesion behaviors of microorganisms.

In addition, it has been noted that the “buckled” conforma-
tion leaves repeating unfilled caves in the conditioning layer
(Figs. 1 and 2). The empty space might affect formation of biofilm
through regulating colonization behaviors of bacteria/diatoms.
After 3 days incubation in ASW, adhesion of Bacillus sp. on silicon
wafer is observed (Fig. 3). EPS formation is obviously perceived
from enlarged views (inset in Fig. 3). After the 3 days incubation,
adhesion ratio of Bacillus sp. is 0.41%, while the ratio is significantly
increased to 4.54% as alginate is added in the solution. It is therefore
clear that alginate promotes the adhesion and aggregation of Bacil-
lus sp. While it is not surprising that presence of Cu2+ in the solution
deteriorates the bacterial adhesion, since the ions are toxic to the
bacteria. Strikingly, it is noted that certain amount of alive bacteria
still adhere on silicon wafer in the co-presence of alginate and Cu2+.
Mitigated toxicity of Cu2+ is suggested, which can be well explained

by the formation of copper alginate that has readily formed upon
adsorption (Figs. 1 and 2). The conditioning layer formed by cop-
per alginate seems not to exert remarkable effect on Bacillus sp.
adhesion.
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Fig. 5. CLSM imaging of Phaeodactylum tricornutum adhered on silicon wafer in
Cu2+-alginate-free media (a-1), alginate-containing media (a-2), Cu2+-containing
media (b-1) (inset is enlarged view of broken Phaeodactylum tricornutum), and Cu2+-
alginate-containing media (b-2); and c: statistical adhesion ratio of Phaeodactylum
tricornutum,  error bars are shown as ±SD (n = 10). **: p < 0.05 and ***: p < 0.005 as
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Fig. 6. Assessment of cell-to-cell aggregation by measuring the settling rate of
Bacillus sp., Chlorella pyrenoidosa and Phaeodactylum tricornutum in Cu2+-alginate-

2+

greatly promotes their settling (Fig. 6). The ions remarkably accel-
ompared with the control groups. The damaged Phaeodactylum tricornutum are
ypically marked by the white arrows in b-1.

Similar phenomenon is also found for Chlorella pyrenoidosa
nd Phaeodactylum tricornutum. After 7 days incubation in F/2-
edia, clear adhesion of the algae on silicon wafer is realized

Figs. 4 and 5). Presence of alginate facilitates the adhesion
f Chlorella pyrenoidosa. Damaged morphological feature of the
dhered Chlorella pyrenoidosa with completely broken cytomem-
rane in Cu2+-containing media is seen (inset in Fig. 4b-1),
uggesting the extinguishing effect of Cu2+. Statistical analyses
f the algal adhesion show that after 7 days incubation, alginate
auses significant increase in adhesion ratio of Chlorella pyrenoidosa
rom 4.70% to 56.23% (Fig. 4c). This is presumably due to the fact
hat alginate already forms a conditioning layer with rough mor-
hology (Fig. 1b-2), in turn facilitating the adhesion of Chlorella
yrenoidosa, since it is hard for ball-like Chlorella pyrenoidosa to
dhere on substratum surface by itself. For the Cu2+-containing
olution, only dead Chlorella pyrenoidosa is seen on the surface
f the substratum, suggesting pronounced damaging function of
u2+. Alginate increases the adhesion of Phaeodactylum tricornutum
49.30% versus 30.20%) (Fig. 5). However, adhesion of Phaeodacty-

um tricornutum turns to be worse in the presence of Cu2+ in the
olution, dropping sharply to 4.42%, and most of them are extin-
uished by Cu2+. Distorted Phaeodactylum tricornutum are seen and
free media (a-1), alginate-containing media (a-2), Cu -containing media (b-1),
and  Cu2+-alginate-containing media (b-2). Error bars are shown as ±SD (n = 3). ***:
p  < 0.005 as compared with the control group.

their cell membrane is ruptured (inset in Fig. 5b-1). Interestingly,
adhered Chlorella pyrenoidosa algae are seen on the conditioning
layer formed by copper alginate. These further evidence the find-
ing that the conditioning layer formed by copper alginate have less
toxicity to the microorganisms, due predominately to preferable
consumption of toxic copper ions in unhindered state by alginate
through electrostatic linking. Yet, it is noted that the conditioning
layer formed by copper alginate does not promote the adhesion of
the microorganisms, the few live alga look unhealthy (Fig. 5b-2).

Alginate and Cu2+ in the media also influence aggregation
behaviors of the microorganisms. Settling rate assay was  employed
to assess the aggregation and enhanced settling usually corre-
sponds to accelerated aggregation. Result shows that alginate has
little influence on the settling of Bacillus sp., Chlorella pyrenoi-
dosa, and Phaeodactylum tricornutum on the substrata, however,
presence of Cu2+ alone or both Cu2+ and alginate in the solution
erate aggregation of Bacillus sp. and Chlorella pyrenoidosa and give
rise to 7.5-fold increase in sedimentation of Phaeodactylum tri-
cornutum.  These phenomena might be related to the impact of



226 X. He et al. / Colloids and Surfaces B: Bi

F
c
s

c
t
r
c
a
c
t
a
p
fl
a
C
a
r
o
s
p

t
B
i
a
S
t
c
c
q
t
s
c
l
R
i
t
9

ig. 7. Influence of the addition of copper ions on leakage of proteins (a) and polysac-
harides (b) from Bacillus sp. after different incubation durations. Error bars are
hown as ±SD (n = 3). (Inset is enlarged view of the selected plot).

opper ions on cytomembrane of the microorganisms. It is known
hat major components of cytomembrane, for instance polysaccha-
ides, proteins, lipoproteins, and humic substances, are negatively
harged and have many electronegative functional groups, such
s carboxyl, phosphoric, sulfhydryl, and hydroxyl groups, which
an bind with divalent cations mainly by intermolecular interac-
ions [44]. We  already realized that most divalent cations, such
s Mg2+ and Ca2+, facilitate aggregation of Bacillus sp./Chlorella
yrenoidosa/Phaeodactylum tricornutum [45], and they improve
occulation of microbial aggregates and maintain the microbial
ggregate structure [30,44]. However, the coagulation ability of
u2+ is much stronger than that of Mg2+/Ca2+, which could be
ttributed to the smaller radius of Cu2+ than Mg2+/Ca2+. The
emarkably enhanced settling indicates presumably quick linking
f Cu2+ with the biomacromolecule existing in cytomembrane. This
trong interaction would however in turn result in increased cell
ermeability and ion leakage.

It is found that presence of copper ions in the incubation solu-
ion already triggered leakage of proteins and polysaccharides from
acillus sp. into the media (Fig. 7). Quick leakage response is real-

zed. The rapid increase of OD value to 0.022 is seen, which is
lmost 77% of the protein content in total possible leakage, 0.029.
ubsequently, after addition of copper ions into the culturing solu-
ion for 5 min, the value decreases to 0.016, and then the protein
ontent increases slowly and reaches an equilibrium after 60 min
ulturing, 0.032. This can be likely explained by the fact that Cu2+

uickly changes the cell permeability of Bacillus sp., causing pro-
ein leakage and then some of the proteins are adsorbed on tube
urface. This phenomenon would account for the reduced protein
oncentration in the solution at early incubation stage. In addition,
eakage of polysaccharides into the solution is also noticed (Fig. 7b).

apid increase of the polysaccharide content in Bacillus sp. is seen

n the initial 5 min, followed by decelerated increment. Moreover,
he polysaccharide content in the initial 5 min  incubation is almost
5% of that in total possible leakage (0.042 versus 0.043). For the

[

[

ointerfaces 162 (2018) 220–227

control samples, no leakage of either proteins or polysaccharides
is realized. It can therefore be claimed that copper ions triggered
promoted cell permeability of Bacillus sp. Similar Cu2+-triggered
leakage of proteins/polysaccharides was  also realized for Chlorella
and Phaeodactylum tricornutum (data not shown).

Consumption of copper ions by their quick linking with alginate
chains already mitigates their toxicity. In addition, the conditioning
layer comprising copper alginate exhibits rougher surface than the
alginate conditioning layer, which would in turn facilitate settling
of the microorganisms (Fig. 1c-2 versus b-2). The physicochem-
ical nature of conditioning layer is the main factor dominating
adhesion of microorganisms. Our attempt of clarifying the partici-
pation of the typical divalent cations in formation of conditioning
layer proves the feasibility of AFM and negatively staining EM
approaches for biofouling study at molecular level.

4. Conclusions

Quick linking of copper ions with alginate was visualized for
the first time by negative-staining electron microscopy. AFM char-
acterization further revealed the network-like structure of alginate
and copper alginate conditioning layer formed on silicon wafer. The
interaction of alginate with copper ions consumes certain amount
of the ions in solution, resulting directly in mitigated toxicity of
the ions to marine microorganisms. Adhesion testing of Bacillus
sp., Chlorella pyrenoidosa and Phaeodactylum tricornutum on sili-
con wafer in artificial seawater suggests that conditioning layer
formed by alginate alone promotes their adhesion, while the layer
formed by copper alginate shows minor influence. The settling test-
ing of the microorganisms further suggests that Cu2+ has strong
connection with their secreted EPS and presumably affects their
cell membrane permeability.
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