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Due to the great loss induced by biofouling, developing new strategies for combating biofouling has
attracted extensive attention. Quaternary ammonium salts are potent cationic antimicrobials used in
consumer products and their use for surface immobilization could create a contact-active antimicrobial
layer. Here we report the facile preparation of a contact-active antifouling coating by tethering polyethy-
leneimine (PEI) onto flat/nanostructured aluminum surface by hydrogen bonding between PEI and
AIOOH. Quaternized PEI (QPEI) is obtained through quaternization reactions. Biofouling testing suggests
excellent antifouling performances of the samples by declining the adhesion of 95% Phaeodactylum tricor-
nutum and 98% of Chlorella pyrenoidosa. The antifouling properties of PEI/QPEI are attributed predomi-
nately to their hydrophilic and antimicrobial nature. The technical route of PEI/QPEI surface grafting
shows great potential for modifying marine infrastructures for enhanced antifouling performances.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Biofouling, a phenomenon occurred by undesirable accumula-
tion of organic substances and microorganisms on submerged
infrastructures, is a worldwide problem [1-3]. Biofouling brings a
series of detrimental effects such as increased fuel consumption
and frictional resistance [4], deteriorated corrosion [5], clogging
of membranes and heat exchangers [6], and so on. Biofouling has
been fought throughout the history of sailing [7]. Extensive
research efforts have been devoted to developing antifouling tech-
niques [8-10]. The most effective technology to minimize or pre-
vent biofouling is the use of paints and coatings comprising
biocides (e.g. TBT and copper-based antifoulants) to kill the colo-
nizers [6,9,11,12]. Regardless of their remarkable antifouling per-
formances, copper and TBT still have many concerns as used as
antifoulants, for example microalgae and amphora are tolerant to
copper while brown and green algae and certain diatoms are resis-
tant towards TBT [13]. Further, use of TBT/Cu-containing coatings
has been restricted because of their negative impacts on environ-
ment [14]. In addition, the TBT/Cu-based antifouling coatings
would lose their antifouling activities as the biocidal substances
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get continuously released into the surrounding environment or
solution. It is therefore highly desirable to find innovative
environment-friendly solutions to combat biofouling [2].

Unlike the release-based antimicrobial substances like TBT and
copper ions, quaternary ammonium salts (QAS) offer long-lasting
contact-based antimicrobial functions [9,15]. Meanwhile, QAS
derivatives have shown broad-spectrum antifouling activity for
bacteria, fungi, viruses and algae [16]. It was also found that QAS
exhibits amazing antibacterial activities even at very low dosage
(15 mg/L) and a short contact duration (4 min) with bacterial cells
[17]. The excellent antifouling property of QAS is attributed to the
high charge density of QAS, which is responsible for strong electro-
static interactions with the negatively charged cell walls of
microorganisms for consequent contact killing [17-19]. It is even
likely that QAS could combine with the cytoplasmic membrane
of microorganisms and destroys their membrane, resulting in
release of intracellular content [17,20], in turn leading to death
of the species [17,21].

QAS with effective antimicrobial activity was attempted as
environment-friendly antifouling layer for marine applications
[9,22,23]. Majumdar et al. fabricated a diversity of polydimethyl-
siloxane (PDMS) coatings with tethered QAS moieties that have
both antifouling and enhanced fouling-release characteristics
[18,19,24]. Liu et al. designed PDMS materials incorporated with
QAS to accomplish antifouling properties [25]. Shi et al. modified
QAS on poly(vinylidene fluoride) (PVDF) dual-layer hollow fiber


http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2018.01.109&domain=pdf
https://doi.org/10.1016/j.apsusc.2018.01.109
mailto:hexiaoyan@whut.edu.cn
mailto:lihua@nimte.ac.cn
https://doi.org/10.1016/j.apsusc.2018.01.109
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc

X. He et al./Applied Surface Science 440 (2018) 300-307 301

to decrease albumin adsorption and bacterial adhesion [21].
Waschinski et al. proposed an environmentally friendly antifouling
approach by bonding quaternary ammonium groups to poly
(methyloxazoline) to render contact-active antimicrobial against
Gram-positive bacteria [26]. Asri et al. covalently tethered QAS
onto hyper-branched polyuria coatings to investigate their
contact-antimicrobial activity [27]. Most of the antifouling
research on chemically-bound QAS involves modification of poly-
mers, such as polysiloxane [18], cotton, wool, nylon, and polyester
[15], reports on constructing QAS layer on metal surface are not
seen. Aluminum and its alloys are important engineering materials
in many industrial fields in particular marine structures owing to
their low density, high specific strength and promising corrosion
resistance [28]. In this study, a simple processing route was pro-
posed to assemble QAS on aluminum plates. The typical marine
algae Chlorella pyrenoidosa and Phaeodactylum tricornutum were
used as the model microorganisms for antifouling testing. Excel-
lent antifouling properties of QPEI-functionalized aluminum sam-
ples were revealed and further elucidated. The inspiring results
might give insight into developing effective ways of utilizing QPEI
to regulate formation of biofilms on marine infrastructures for
enhanced performances.

2. Materials and methods
2.1. Preparation of samples

Aluminum plate substrates with the dimension of 20 mm x 20
mm x 2 mm were used in this study. Before PEI layers were con-
structed, the substrates were polished to remove the oxide layer,
and then ultrasonicated sequentially in acetone and ethanol for
10 min in turn. Subsequently, the substrates were washed with
deionized water and dried in vacuum. The surface-polished alu-
minum substrates were activated by UV irradiation following the
following reactions: 30, +hv =203, 0Os+H,0+hv=0;+H,0,,
and H,0, + hv=2'0H. To achieve different surface roughness,
some of the aluminum substrates were boiled in water and the
hydroxylation was made following: 2Al (s)+ 3H,0 (g) = Al,03 (s)
+3H, (g), and Al,O03 (s)+H,0 (g)=2AIOOH (s) [29,30]. The
surface-roughening by boiling water treatment is usual for alu-
minum alloys [31,32], which is attained by both the chemical reac-
tion of Al with H,0 and physical erosion of the air bubbles [30].

PEI (M,, = 70,000, 50% in water) was purchased from Sigma
Aldrich. It was well established that PEI with primary and sec-
ondary amino groups can be easily adsorbed onto any hydroxy-
lated solid surfaces through hydrogen bonds and van der Waals
forces [33]. In this case, PEI layer was prepared on the aluminum
samples surfaces by immersing the samples into 2 g/L PEI tris buf-
fer solution (15 mM, pH 8.5), and the reaction was carried out for
24 h. After that, the samples were taken out and washed with
deionized water to remove unreacted PEI. The PEI treated samples
were then soaked in cold ethanol solution of CH3I (9 mL CHsl in 15
mL ethanol, Xiya Reagent, China) for quaternization. For the qua-
terized PEI preparation, after reacting for 24 h in dark room, the
samples were washed with excess ethanol and then deionized
water to remove unreacted molecules. The reaction procedures
are schematically depicted in Fig. 1.

2.2. Characterization of the samples

Microstructural features of the samples were examined by field
emission scanning electron microscopy (FESEM, FEI Quanta FEG
250, USA). Further characterization was made by atomic force
microscopy (AFM, Bruker Dimension FastScanTM) under PeakForce
quantitative nanomechanical mapping (PeakForce QNM) mode.

Changes in chemical composition of the samples were examined
by X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Japan)
using Al-ka as radiation resource. Wettability of the samples was
assessed by measuring the contact angle of deionized water dro-
plets using a water contact angle measurement instrument
(OCA20, Data-physics, Germany).

2.3. Preparation of algal strains and algal adhesion testing

Antifouling performances of the samples were assessed by
examining the adhesion of typical marine alga on their surfaces.
The adhesion testing was conducted in artificial seawater (ASW)
prepared according to ASTM D1141-98. All reagents and solvents
were used as received without any further purification. Marine
strains Chlorella pyrenoidosa (NMBIuh015-1) and Phaeodactylum
tricornutum (NMBguh001) (Ningbo University, China) were typi-
cally chosen for the adhesion testing. The spherically shaped Chlor-
ella pyrenoidosa was categorized as one of the colonizers on
artificial surface in the marine environment [2,34]. Phaeodactylum
tricornutum is coastal marine pennate diatom that is usually con-
sidered as model organism for diatom-related research [35,36],
and they participate in the early stage of biofouling and often dom-
inate the fouling [37]. Chlorella pyrenoidosa was cultured in
enriched filtered sterilized seawater with Guillard’s F/2 growth
medium, while Phaeodactylum tricornutum was cultured in steril-
ized seawater with silicate-enriched Guillard’s F/2 growth med-
ium. The algae were cultured in an incubator with a 12 h: 12 h
light/dark cycle at 22 °C. The algae used were in the exponential
phase of growth.

4 mL algal suspension with the algal concentration of 5 x 10°
mL~! were used for the adhesion testing. The samples were soaked
by the algal suspension in shaker (to avoid deposition) 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 characterized by confocal laser scanning
microscopy (CLSM, Leica TCS SP5, Germany) and FESEM. For the
FESEM observation, dehydration of the samples was made through
the critical point drying using 25%, 50%, 75%, 90%, and 100% ethanol
solution successively.

3. Results and discussion

SEM observation clearly shows the remarkably different topo-
graphical morphologies of the samples (Fig. 2). Close view of the
surfaces of the boiling-water treated Al plates shows appearance
of distinctive topographical features, that is, porous and roughened
surface are seen (Fig. 2b-2). Formation of the unique grains is
attributed to the chemical reaction between Al and H,0 and phys-
ical erosion of air bubble [30-32]. In addition, it is noted that suc-
cessful grafting of PEI is accomplished on the Al plates (Fig. 2¢ and
d). The additional modification of quaternization by CHsl brings
about non-observable changes in SEM morphology (Fig. 2e and f).
For the surface-roughened surfaces of Al plates (Fig. 2b), the graft-
ing of PEI and QPEI both obscured the nanostructures triggered by
the boiling water treatment (Fig. 2d and f).

To further recognize the covalent coupling of PEI layer on the
surfaces of the Al plates, AFM measurement was conducted
(Fig. 3). Results show that the surface roughness of the Al plate is
5.35 nm (Fig. 3a). After the self-assembly of PEI, the surface rough-
ness is significantly increased to 14.3 nm (Fig. 3c). The further
quaternization gives rise to an increased roughness of 11.1 nm
and clear presence of nanoparticles with an average diameter of
~50 nm (Fig. 3e). The boiling-water treated Al plate shows the
topographical features already revealed by SEM observation that
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Fig. 1. Schematic depiction showing the surface functionalization of the samples.

the surface consists of patterned grains of ~80 nm in height
(Fig. 3b), with a surface roughness of 20.9 nm. However, the fur-
ther grafting of PEI on the patterned Al plate reduces the surface
roughness to 10.4 nm, which is likely due to the entire coverage
of functionalized PEI (Fig. 3d). The Ra value further drops to 8.07
nm after the quaternization (Fig. 3f). These topographical features
together with the altered surface chemistry would affect the bio-
fouling behaviors of the samples.

XPS examination further evidences the successful grafting of
the functional groups on Al plates (Fig. 4). The XPS spectra for
the elements Al, C, O, and N are clearly seen. The N element seen
on the curves for the functionalized surfaces is derived from amino
groups of PEI molecules. Quantitative data acquired from the XPS
detection (Table 1) reveals much higher content of N element on
the PEI treated surfaces, 3.739 at.% for the PEI grafted Al plate,
and 6.747 at.% for the PEI grafted water-treated Al plate, 1.539 at.
% for the Al plate and 0.559 at.% for the water-treated Al plate. This
in turn indicates further enhanced grafting of PEI on the surface-
nanostructured Al plate (6.747 at.% versus 3.739 at.%). This trend
was further retained for the samples even after the quaternization
treatment (3.677 at.% for QPEI treated Al plate versus 5.168 at.% for
the QPEI/boiling-water treated Al plate). PEI can be easily adsorbed
onto any hydroxylated solid surfaces through hydrogen bonds and

van der Waals forces [33]. It is not surprising that since the boiling-
water treated Al plate has more active sites on its surface for PEI
reaction [29], the plate showed higher N content than other flat
samples.

Carbon peak is usually used for internal calibration purposes.
The XPS detection already revealed different content of N in the
top layer of the samples. The N 1s peaks have their envelopes fit-
ted with one or two components (Fig. 5), showing little amount
of N detected for the Al plate and the boiling-water treated Al
plate (399.56 eV). The surface of the PEI grafted Al plate is mainly
composed of N—C/—NH,(—NH) (399.80 eV) [38]. It appears that N
signal detected from the PEIl/boiling water treated Al plate is
mainly assigned to C—N in imine (398.64eV) [38,39] and
N—C/—NH,(—NH) (399.8 eV) [38,40]. In addition, N—C/—NHy(-
—NH) peak at 399.50 eV and C—N" peak at 401.50 eV are the
main peaks seen for the PEI and PEl/quaternization treated sam-
ples [40,41]. The C1s spectra show similar results (Fig. 5), illus-
trating the binding energy of 284.60-288.15eV. This suggests
the predominate presence of C/C—H/C—C at 284.6 eV [38]. The
appearance of a shoulder on the high-binding-energy side of
the samples indicates the existence of C—N comprising C—N,
C—H (285.70 eV) [38] and C—N (288.00 eV). All the results clearly
evidence successful grafting of PEI molecules and the additional
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Fig. 2. SEM images showing the topographical morphologies of the Al plate (a), the boiling-water treated Al plate (b), the PEI treated Al plate (c), the PEI/boiling-water treated
Al plate (d), the QPEI treated Al plate (e), and the QPEI/boiling-water treated Al plate (f). (-2 is high magnification view of the boxed area in —1, respectively).
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Fig. 3. AFM images showing the surface morphology of Al plate (a), the boiling-water treated Al plate (b), the PEI treated Al plate (c), the PEI/boiling-water treated Al plate (d),

the QPEI treated Al plate (e), and the QPEI/boiling-water treated Al plate (f).

quaternization. The PEI/QPEI treated aluminum surface might
offer the surface antifouling functions.

The antifouling testing against adhesion of the algae indeed
suggests excellent antifouling performances of the PEI/QPEI func-
tionalized aluminum surfaces (Fig. 6). After 7 days incubation in
the ASW containing Phaeodactylum tricornutum and Chlorella
pyrenoidosa, the non-treated Al plate already shows entire cover-
age of the microorganisms (Figs. S1 and S2). It is exciting to note

that the Al plates with surface functionalization of PEI or QPEI
show significantly inhibited adhesion and colonization of the alga
(Figs. S1 and S2). Statistical analyses of the adhesion were made
from at least ten CLSM images for each sample using Image] soft-
ware (Fig. 6a). Adhesion rate is defined here as the rate of adhesion
area of algae to total surface area of substratum. The adhesion rate
of Phaeodactylum tricornutum is 10.78% on the Al plate, 0.42%
on the PEI treated Al plate, and 0.79% on the QPEI treated Al plate.
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Fig. 4. XPS spectra detected on the surface of Al plate (a), the boiling-water treated
Al plate (b), the PEI treated Al plate (c), the PEI/boiling-water treated Al plate (d),
the QPEI treated Al plate (e), and the QPEI/boiling-water treated Al plate (f).

Surprisingly, it is noted that the Al plate with nano-patterned
structures shows significantly decreased adhesion of Phaeodacty-

Table 1

XPS quantitative analysis results.
Samples O (at%) C(at®) N (at%) Al(at®)
Al plate 35804 52977 1.539 9.68
Boiling-water treated Al plate 43.288 37.795 0.559 18.358
PEI treated Al plate 30.318 56.243 3.739 9.7
QPEI treated Al plate 35.009 49.768 3.677 11.547
PEI/boiling-water treated Al plate 34.884 46.772 6.747 11.647
QPEl/boiling-water treated Al plate  34.771  47.852 5.168 12.209

lum tricornutum, 2.82%, which is about four times less than that
of the Al plate with relatively smooth surface. Further surface
grafting of PEI or QPEI results in further decrease in the adhesion
rate, 0.63% and 0.69%, respectively. In addition, similar phenomena
are also seen for the adhesion of Chlorella pyrenoidosa on the sam-
ples (Fig. 6b). The adhesion rate of Chlorella pyrenoidosa is 41.80%
on the Al plate, 1.20% on the PEI treated Al plate, and 0.86% on
the QPEI treated Al plate. Surprisingly, it is noted that the Al plate
with nano-patterned structures shows significantly less adhesion
of Chlorella pyrenoidosa, 13.62%, which is about 32% of the Al plate
with relatively smooth surface. Further surface grafting of PEI or
QPEI results in further decrease in the adhesion rate, 0.50%.
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Fig. 5. High-resolution XPS spectra of N 1s (-1
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)and C 1s (—2) detected on the surface of Al plate (a), the boiling-water treated Al plate (b), the PEI treated Al plate (c), the PEI/

boiling-water treated Al plate (d), the QPEI treated Al plate (e), and the QPEI/boiling-water treated Al plate (f).
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A variety of factors such as surface tension, surface chemical
composition and surface roughness [42,43] play important roles
in regulating the adhesion behaviors of microorganisms. The sur-
face nanostructures exhibited by the treated Al plate (Fig. 2b-2)
likely give rise to a bridging effect for algae adhesion, since the size
is much larger than the spacing between two adjacent nano-grains.
Deteriorated attachment is anticipated, which would in turn
reduce the adhesion [29]. It is well established that antifouling sur-
faces prevent microorganisms’ attachment not only due to the
presence of an unfavorable surface topography, but also owing to
surface chemistry [15]. The surfaces grafted by PEI/QPEI already
exhibited excellent antifouling properties. Wettability testing
shows that the nanostructure of the Al plate attained by boiling-
water treatment results in slightly increased water contact angle
(114.5° versus 109.6°) (Fig. 7). The surfaces become more hydro-
philic after the grafting of PEI/QPEI, showing significantly reduced
contact angle to 72.4° and 65.1°, respectively. The PEI layer inherits
hydrophilic functional group —NH,, appealing to water molecules

Fig. 8. SEM images showing adhesion of Phaeodactylum tricornutum (—1) and Chlorella pyrenoidosa (—2) on the Al plate (a), the boiling-water treated Al plate (b), the PEI
treated Al plate (c), the PEI/boiling-water treated Al plate (d), the QPEI treated Al plate (e), and the QPEI/boiling-water treated Al plate (f). The red arrows point to typical dead

algae (in e-1, e-2, f-1, and f-2).
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to approaching the surface by hydrogen bonding. After quaterniza-
tion, all the treated samples show hydrophilic feature with the
water contact angle of 61.5° and 47.2°, respectively. The QPEI
groups are hydrophilic due to their ionic nature [19]. The highly
hydrophilic surface could easily produce a hydration layer which
effectively prevents direct contact of microorganisms with the sur-
faces. This raises difficulties for microorganisms to achieve favor-
able adherence, since the microorganisms must overcome certain
energy barrier to break through the hydration layer [5,44]. When
the distance between bacterium and material surface is less than
3 nm, short-range interactions such as chemical bonding, ionic
and dipole interactions and hydrophobic interactions likely play
a dominant role in determining the adherence of the microorgan-
isms [45]. It was reported that diatoms prefer to adhere onto
hydrophobic surfaces instead of hydrophilic surface, and they
adhere weakly to hydrophilic surfaces [46,47]. In this case, the
newly constructed hydrophilic surfaces show remarkable capabil-
ity to decline the adhesion of the diatoms.

Apart from the hydrophilicity, the grafting with quaternary
ammonium salt also provides a high positive electrical charge den-
sity which facilitates killing a wide range of microorganisms [19].
Morphological characterization of the adhered algae further
reveals damaged structure of the microorganisms as accomplished
by the contacting quaternary ammonium salt (Fig. 8). These worn
structures are only seen for the algae adhered on QPEI treated sur-
faces (Fig. 8e-1 and f-1). Both Phaeodactylum tricornutum and
Chlorella pyrenoidosa adhered on QPEI treated surfaces exhibit
abnormal shape and distinctive damage regime induced by quater-
nary ammonium salt. It has been claimed that positively charged
nitrogen in quaternary ammonium groups electrostatically inter-
acts with negatively charged proteins/polysaccharides in cellular
member, causing perturbations [15]. This consequently causes
the cells to lose osmoregulation and other physiological functions
[15]. The abundant quaternary ammonium groups in the QPEI lay-
ers damage both Phaeodactylum tricornutum and Chlorella pyrenoi-
dosa cells by disrupting their cellular membranes with obvious
curls and holes (Fig. 8). It was claimed that these stable surface
functionalized layers possess long-lasting contact-based antimi-
crobial property [15]. The quaternization functionalization would
be a promising route for providing marine structures with antifoul-
ing performances.

4. Conclusions

Surface functionalization of PEI and QPEI onto aluminum sub-
strata and boiling-water treated Al plate was accomplished and
the layer provides the plates with excellent antifouling perfor-
mances against adhesion of typical algae Phaeodactylum tricornu-
tum and Chlorella pyrenoidosa. Compared with the pure Al
surface, the grafted PEI/QPEI layer declines the adhesion of ~95%
of Phaeodactylum tricornutum adhesion and ~98% of Chlorella
pyrenoidosa. The grafting of the antimicrobial substances also
remarkably enhances the hydrophilicity of the substrata to inhibit
algal adhesion. The results would give insight into construction of
nanostructured topologies and easy grafting of antibacterial organ-
ics on metal structures for antifouling applications.
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