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Biological fouling, where marine microorganisms attach densely to various submerged surfaces, has been
a serious economic problem worldwide. Different from most antifouling approaches based on stiff and solid
materials or coatings, a soft and wet coating composed of zwitterionic polymer was prepared in this paper.
With the combination of the anti-polyelectrolyte effect of poly-N-(3-sulfopropyl)-N-(methacryloxyethyl)-
N,N-dimethylammonium betaine (PSBMA) and the typical polyelectrolyte effect of polyacrylic acid (PAA),
a bicomponent hydrogel coating with weak swelling in saline solution was achieved, which could avoid
peeling from solid substrates. The bicomponent hydrogel coating showed strong tensile properties and
good compression performance and slipperiness. Although the large Young's modulus of the coating
relatively weakens the drag reduction effect, entering the mixed lubrication region in low sliding rate is
easy and a low friction coefficient at a high rate could thus be obtained. With the aid of silane coupling

agent and weak deformation in water and saline solution, the hydrogel coating could be bound tightly
Received 13th November 2018 lid ¢ Aft ¢ d t brasi the bi t hvd l ti d intai
Accepted 8th January 2019 on solid surfaces. After strong sandy water abrasion, the bicomponent hydrogel coating could maintain

its original state without any cracks and peeling. The hydrogel coating exhibits good anti-bacterial

DOI: 10.1039/c8ra09358] adhesion and anti-protein adsorption. The bicomponent zwitterionic hydrogel coating reported here
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1. Introduction

Ships, oil platforms, and other facilities inevitably encounter
marine biofouling problems, which is a global problem for
marine industry and activities™* and has been a serious
economic problem worldwide.>* Marine biofouling usually
occurs on an immersed surface as a result of several successive
steps from the formation of a conditioning film followed by the
attachment of macroalgae, fungi, protozoa and the last inver-
tebrate larvae.*® This phenomenon increases the surface
roughness and the weight, causing reduced speed and
manoeuvrability of ships, frequent dry-docking cleaning, and
high fuel consumption.®

Antifouling (AF) compounds and methods have been devel-
oped to inhibit fouling by marine organisms. Tributyltin (TBT),®
which exhibits high AF activity, is the most popular AF
compound at one time. However, TBT was banned worldwide
since 2008 due to its high endocrine disruptive effect (IMO
1999). Exploring novel alternative AF systems is urgently
necessary to protect submerged surfaces and marine environ-
ment. Several environmentally benign AF approaches have been
developed, such as surface coating with natural AF
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provides a new strategy for marine antifouling and drag reduction studies.

compounds”® and fouling-release coatings based on silicones
and fluorocarbon polymers that have low surface energy.>*
Most of these AF approaches are based on stiff and solid
materials or coatings, which are effective only on vessels moving
at speeds greater than 14 knots (e.g. Intersleek 900)."*
Biofouling process is affected by many physical-chemical
factors, such as surface tension,”” wettability,”® elastic
modulus,** surface chemistry,”® surface roughness'® and
topography.'”*® Considering that the formation of biofilm is
a nonspecific and reversible process, highly hydrated surface is
proposed as a feasible approach to develop promising materials
for fouling resistance applications.** Recently, zwitterionic
compounds, including 2-methacryloyloxyethyl phosphorylcho-
line,*?* carboxybetaine methacrylate (CBMA), sulfobetaine
methacrylate (SBMA)**7° and so on, have been found to exhibit
ultra-low-fouling, indicating that the surfaces coated with these
polymers allow less than 5 ng cm ™ of protein adsorption.?”°
The surfaces coated with zwitterionic poly-CBMA highly resist
non-specific protein adsorption even from undiluted blood
plasma and serum?® and prohibits long-term bacterial coloni-
zation by Pseudomonas aeruginosa for up to 10 days at room
temperature®* and the attachment of green marine alga, dia-
toms*>** and Amphibalanus amphitrite.** The ultra-low-fouling
performance of zwitterionic materials is due to the high
hydration around the opposing charges and high energetics

required to remove that hydration layer.”””®* However,
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zwitterionic compounds are usually used in a form of nanofilms
by means of superficial atom transfer radical polymerization or
layer-by-layer self-assembly, that requires fastidious synthetic
conditions® and is unavailable for large-scale construction of
marine AF coatings.

As far as highly hydrated surface is concerned, hydrogel
materials, being soft, wet and exhibiting many fascinating
properties which cannot be found in solid and liquid materials,
followed into our spotlight. The surface properties of hydrogels
can be easily modulated by selecting monomer species. Many
synthetic polymer hydrogels, including neutral, positively
charged and negatively charged hydrogels, exhibit remarkable
AF performance against algae' and barnacle cyprid larvae in
vitro.'® Moreover, hydrogels exhibit extremely low surface fric-
tional forces against themselves or solid substrates.'®'*¢
Therefore, hydrogels have been investigated as AF material due
to its soft surface, drag-reducing effect and low surface energy,
just like fish epidermal mucus. Gong et al. reported that one of
the key factors of hydrogel AF performance is a low elastic
modulus.?” Researchers have successfully developed many new
kinds of cross-linked polymer hydrogels for effective marine
AF.*** Jiang et al. prepared hydrogels with hierarchical surfaces
displaying superoleophobicity, which show the potential for AF
application.*® All of the hydrogel samples prepared are inde-
pendent bulk hydrogels that ignore the adhesion between
hydrogels and solid substrates. As fouling occurs most in solid
surface, such as ship's hulls, aquaculture cages, cooling water
intake channels of power plants and so on, the applicability of
bulk hydrogels is limited due to the processing difficulty.
Another method for hydrogel coating preparation is to blend gel
polymer with coating resin, and then a layer of hydrogel is
formed on solid surface through water absorption and leaching
out of the polymer.* In addition, Hansen M. R. et al. synthe-
sized a cross-linked zwitterionic thin film to the PDMS surface
by the ultraviolet photopolymerization method. The paper paid
more attention to the potential of coatings in biological appli-
cations, and the film only worked under mild cell and protein
adsorption conditions.*”” Rosenhahn et al. prepared low fouling
thin hydrogel coatings by synthesizing sulfobetaine- and
sulfabetaine-bearing copolymers containing
a photo-cross-linker.*® These method are not in the preliminary
stage of research and is far from actual application in the
sea.*®* Developing absolute hydrogel coatings seems extremely
difficult due to its poor adhesive strength to substrates and the
strong swelling or shrinking in pure water or saline solution.

In this paper, a zwitterionic hydrogel coating with hydro-
philic, soft and slippery submerged surface was prepared on
solid surface with strong cohesiveness. SBMA was used to
construct the AF and slippery hydrogel coating. Simple SBMA
hydrogel coating showed excellent AF and drag-reducing
performances; however, the swelling or shrinking behaviors
during processing hindered its practical application in harsh
marine environment. Poly-SBMA (PSBMA) exhibits anti-
polyelectrolyte effect, implying that PSBMA hydrogel would
swell when transferred from water to saline solution. Conven-
tional water-soluble polymers, especially charged polymers with
typical polyelectrolyte effect, introduced to form

zwitterionic

were
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bicomponent hydrogel coating to suppress such swelling that
would make hydrogel coating be peeled off from the solid
substrate. On the other hand, the single PSBMA hydrogel
coating is fragile due to its stiff macromolecular chain. The
design of such bicomponent hydrogel could improve simulta-
neously the mechanical properties of hydrogel based on the
double network (DN) or interpenetrating network method*’ to
some extent. Building on the ideas above and the aid of silane
coupling agent, tough, antifouling and slippery bicomponent
hydrogel coatings adhered on solid substrate were prepared in
this paper. The hydrogel swelling behaviors during processing,
mechanical properties, anti-bacterial adhesion performance,
anti-protein adsorption performance and drag-reduction prop-
erties of various coatings (single or bicomponent) were explored
in detail.

2. Experimental section

2.1. Materials

N-(3-Sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethyl-ammonium
betaine (SBMA), acrylic acid (AA), acrylamide (AM), methyl acrylic
acid (MAA), hydroxyethyl methacrylate (HEMA), dimethyl diallyl
ammonium chloride (DMDAAC), N,N'-methylenebis acrylamide
(MBAA), 2-hydroxyl-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(2959), 3-methacryloxypropyl-trimethoxysilane, bovine serum
albumin (BSA), and Coomassie Brilliant Blue G-250 were
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Sea salt was purchased from Guangzhou Yier Biological
Engineering Co., Ltd. The water used for all experiments was
deionized and supplied by a water purification system. All of the
other reagents were used as received without further purification.

2.2. Methods

2.2.1. Hydrogel coating preparation. As hydrogel bulk is
hard to adhere to solid substrates, simple silane coupling agent
surface treatment was applied to bond with hydrogel through
free radical polymerization. Solid substrates, glass, aluminium
or polyurethane (PU) were immersed into alkaline tank for
20 min and subsequently cleaned with deionized water, then
were modified by dipping into a solution of 3-methacrylox-
ypropyl trimethoxy silane (2 wt% v/v in an acetic acid/water/
ethanol mixture, 0.01:1:4) for 2 h. After being rinsed with
ethanol and dried, the substrates were ready for use. The
hydrogel coating was prepared by monomer polymerization
directly onto the silanized solid substrates as shown in Scheme
1. The single component hydrogel coatings were prepared
through a “sandwich” mould of an untreated glass, the
precursor aqueous solution and the silanized substrate (for
example, glass) by UV photopolymerization (365 nm wave-
length, 30 mW c¢m™?) for 30 min.*® Subsequently, the hydrogel
coatings together with the glass substrate were immersed in
pure water for 3 days until they reached swelling equilibrium.
For pure PSBMA and PAA hydrogel, the precursor aqueous
solutions were composed of 2.5 M SBMA or 3 M AA, 0.5 mol% of
cross-linker MBAA, and 0.5 mol% of initiator 2959 (both relative
to the monomer).

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Preparation processing of bicomponent network hydrogel coating.

The bicomponent hydrogel coatings were prepared by a two-
step sequential free-radical polymerization. In the first step, the
first network hydrogel coating was prepared as described above.
In the second step, the prepared hydrogel coating together with
the substrate was immersed into the aqueous solutions con-
taining the second monomer, MBAA and initiator for 16 h. The
swollen first network hydrogel was then photopolymerized by
UV irradiation in the same way. Subsequently, the hydrogel
coatings together with the glass substrate were immersed in
pure water for 3 days until they reached swelling equilibrium.
The hydrogel coatings on other solid substrates were prepared
as the same as described above. If the first network was PSBMA,
the second network was polyacrylic acid (PAA), and the ultimate
bicomponent hydrogel was denoted as PSBMA/PAA. PAA was
the first network, whereas PSBMA was the second network, and
the ultimate bicomponent hydrogel was then denoted as PAA/
PSBMA. The PAA/PSBMA hydrogels were coded as PAA/
PSBMA,, where, x stands for the crosslinker content (mol%,
relative to the second monomer). The compositions of the
samples synthesized are shown in Table 1. The hydrogel

Table 1 Sample codes and properties of hydrogels

swelling behaviours during processing, mechanical properties,
anti-bacterial adhesion performance, anti-protein adsorption
performance and drag-reduction properties of various coatings
(single or bicomponent) were explored in detail.

2.2.2. Hydrogel characterization. The bulk hydrogels were
prepared in the same method as described above without
silanized glass. After reaching swelling equilibrium, the
hydrogel samples were cut into a cylindrical shape with
a diameter of 13 mm by a cutter for measuring swelling ratio.
The swelling behaviours of PSBMA, PAA hydrogels and PAA/
PSBMA-i, PSBMA/PAA bicomponent hydrogels in NaCl solu-
tions with various concentrations or artificial sea water (ASW,
sea salt aqueous solutions with a concentration of 3.3 wt%) were
characterized by swollen ratio, V/V,, where V and V, are volumes
of the samples in NaCl solution or ASW and in deionized water,
respectively. Swollen degree g was determined as g = w/w,,
where w and w, are the weights of the swollen gel and the dried
sample, respectively.

Compression performances of the hydrogels were measured
through compressive test using a tensile-compressive tester

b

Cmpan” CmBan Water content® Tensile Elongation

Sample Can (M) Cspma (M) (mol%) (mol%) (Wt%) E? (kPa) strength? (MPa) at break? (%)

1 PAA 3 — 1 — 90.75 38.3 0.037 106

2 PSBMA — 1 1 — 60.37 37.8 0.002 3

3 PSBMA/PAA 3 2.5 0.5 0.5 54.19 79.4 0.259 311

4 PAA/PSBMA-i 3 1 1 0.3 48.31 98.4 0.231 199

5 PAA/ 3 1 0.5 0.1 56.78 72.9 0.222 345
PSBMA, 10,

6 PAA/ 3 1 0.5 0.5 53.62 94.1 0.212 187
PSBMA, 50,

7 PAA/ 3 1 0.5 2 52.21 109.5 0.396 251
PSBMA, o0,

“ Relative to the first monomer. ? Relative to the second monomer. ¢ Water content in deionized water. ¢ Tensile results.

This journal is © The Royal Society of Chemistry 2019
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(Shenzhen Suns Technology, UTM2000). Samples of 1.05-
1.4 mm in thickness were cut into a cylindrical shape with the
diameter of 16.5 mm. Hydrogel samples were placed at the
centre of the lower compression plate. The sample was then
compressed by upper plate, which was connected to a 1000 N
load cell at a velocity of 2 mm min™~". The tensile property of
hydrogels was measured by using a tensile tester (Instron,
5543A). For the tensile test, samples of 1.05-1.4 mm in thick-
ness were cut into a dumbbell shape (width of 2 mm, length of
12 mm) using a cutter. Tensile velocity was 100 mm min~". For
both compressive and tensile test, the strength and the break
strain were determined as the nominal stress and the nominal
strain at the failure point, respectively. Young's modulus (E) was
also determined as the slope at the 0-0.1 strain range from the
stress-strain curve. Measurements were performed at least
three times for each sample.

Protein adsorption experiments were carried out in BSA
phosphate buffered saline (PBS) solutions with a concentration
of 1 mg mL~". The hydrogel sample with a diameter of 16.5 mm
and a thickness of 1.05-1.4 mm was equilibrated in 0.1 M PBS
buffer solution (pH 7.4) in a beaker at 37 °C for 24 h on a rotary
shaker and then immersed in protein solution at 37 °C for 24 h
under the same condition to reach an adsorption-desorption
equilibrium. The protein concentration in the solution was
quantified through Bradford method.>® 1 mL dye reagent con-
taining Coomassie Brilliant Blue G-250 was added into the
solution. After incubation for 5 min, the absorbance at a wave-
length of 595 nm was measured by a UV-vis spectrophotometer
(Shimadzu, UV-1800). The amount of the adsorbed BSA was
determined by the difference before and after contact with the
hydrogels. A calibration curve between the spectrophotomet-
rical absorbance and the BSA concentration was established to
reduce the effect of protein adsorption on the surface of the
experimental device. The data were the average of three
measurements for each sample.

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were selected as model bacteria to evaluate anti-bacterial
adhesion property of the hydrogels. Samples were cut into
a wafer shape (with a diameter of 16.5 mm and a thickness of
1.05-1.4 mm). After being sterilized by ultraviolet radiation for
30 min, the hydrogel wafer was co-cultured with E. coli or S.
aureus suspension at 10° CFU mL ™" for 12 h, and then the
wafers were stained with the LIVE BacLightTM Bacterial
Viability Kit and observed under a fluorescence microscope. For
each sample, three wafers were tested for fluorescence micro-
scope. Nine different points were measured for each wafer. For
the quantitative test, after co-cultured with E. coli or S. aureus
suspension at 10° CFU mL " for 12 h, the wafers were taken out
and placed in 20 mL phosphate buffered saline for 12 h at 37 °C.
After 10° times dilution, 100 pL of the bacterial suspension was
spread onto the TSA (Tryptic Soy Agar) plate, 3 plates for each
sample. The number of viable bacteria was counted after incu-
bation for 12 h.

The static contact angles to water were measured by Harke-
SPCA (Harke laboratory apparatus Co. Ltd) in air at room
temperature. The volume of the water droplet (6 pL) was
maintained constant for all the substrates, and the gravity effect
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could be neglected. The water on the surface of the hydrogels
was removed slightly using a Kimwipe before measurements.
The data were the average of five measurements for each
sample.

The friction coefficients between glass plate and samples
were determined at 25 °C using an AR-G2 rotational rheometer
(TA Instruments, USA). The rheometer was equipped with
a plate geometry (radius R = 10 mm) and a Peltier plate. The
Peltier plate was glued with a glass plate and the plate geometry
was glued with samples. For tribological measurements,
approximately 0.5 mL of deionized water, 1 M NaCl solution or
ASW was placed on the glass plate below and then pressed using
the geometry with a normal force (F,,) of 1 N (apparent normal
pressure (P) of 3.2 kPa). The rheometer drove the plate geometry
to rotate in one direction with a rotating angle velocity (w), and
the torque (T) was recorded. Friction coefficient (u) was ob-
tained according to 4 = T/RF,,. To investigate the sliding velocity
(v) dependence of friction, we changed w stepwise from 0.01 rad
s~ to 10 rad s~ ' with every single velocity point lasting for 180 s,
corresponding tovof 10 > m s~ ' to 10 " m s, and the average
torque of the last 150 s was adopted to calculate the friction
coefficients.

The abrasion test of hydrogel coatings was carried out as
follows. The glass plate with hydrogel coatings was fixed to the
inner wall of the beaker (diameter = 10 cm), which was filled
with sandy water. The sandy water was stirred up by an electric
stirrer with a stirring speed of 700 rad min " for 1 h.

3. Results and discussion

3.1. Swelling behavior during hydrogel coating preparation

Hydrogels are usually prepared in an aqueous circumstance and
will shrink or swell to some extent when immersed into sea
water with high salt content. When one side of the hydrogels as
a coating is adhered on a solid surface, the swelling or shrinking
is anisotropic. Such heterogeneous deformations would cause
the coating to partially or completely peel off from the solid
substrates. During synthesis of bicomponent hydrogel coating,
the first hydrogel network must be immersed into the precursor
solution of the second monomer with high concentration. In
this case, the first network that has adhered on the substrate
might be peeled off due to the shrinking or swelling. Thus,
swelling behaviours of the first network in the second monomer
precursor solution and the ultimate hydrogel coating in saline
solution were first investigated. According to DN hydrogel
method,> the first hydrogel network is composed of crosslinked
stiff macromolecules, whereas the second hydrogel network is
uncrosslinked flexible polymer chain. In this paper, both the
mechanical and the anti-fouling properties of the hydrogel
should be considered simultaneously. Although the chains of
PSBMA are stiff and the corresponding hydrogel is fragile, the
hydrogel coatings with PSBMA as either the first or second
network were prepared in this paper. Moreover, the two
networks were all crosslinked. Thus, the ultimate hydrogels
were termed as bicomponent hydrogel.

In the case of PSBMA as the second network, Fig. 1a presents
the swelling ratio of the four first hydrogel networks, PAA,

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Swelling ratio of the first hydrogel network in the second monomer solution. (A) PAA, PAM, PMAA and PAMPS hydrogels in SBMA aqueous
solution with a concentration of 1 M; (B) PSBMA hydrogel in AA, AM and AMPS aqueous solution with a concentration of 1 M.

polyacrylamide (PAM), polymethacrylic acid (PMAA) and poly(2-
acrylamido-2-methylpropanesulfonic acid) (PAMPS), in SBMA
monomer solutions with a concentration of 1 M. Here, the
swelling ratio is the volume of the hydrogel in the second
monomer (Z.e. SBMA) solution (V,) to that the volume of the
hydrogel just synthesized by using a UV radiation (V). After
transferring from the glass mould into SBMA solution, several
hydrogels were all swollen. Possessing large methyl as side
group compared with PAA, PMAA hydrogel exhibits a swelling
ratio close to 1. PAM hydrogel, as a neutral polymer hydrogel,
shows a swelling ratio of 1.8. PAMPS, as a typical anionic
polyelectrolyte with sodion as contra-ion, exhibits much large
swelling ratio of ~10. Note that PAA, PAM and PMAA hydrogels
show lower swelling ratio than that of PAMPS hydrogel, and the
superabsorbent capacity comes from the strong intrinsic poly-
electrolyte macromolecules. The swollen balance of these
hydrogels in SBMA solution is dependent on the hydrophilicity
of the polymer chain, the degree of crosslinking, ion interaction
and the osmotic pressure. PMAA chains show relatively weak
hydrophilicity owing to the large methyl group and thus low
swelling ratio. Although SBMA does contain both positively and
negatively charged hydrophilic groups in the same molecules,
SBMA is formally uncharged, which causes weak ion interaction
between SBMA and the chains of hydrogels. Furthermore, these
opposing charges lead to large dipole moments for SBMA
molecules with hydrophilicity intermediate between the ionic
and conventional nonionic chemicals. In this paper, the
concentration of SBMA solution is 1 M, being much higher than
its critical micelle concentration,* implying that most SBMA
molecules are in the form of micelles, which generate lower
osmotic pressure. All of the mentioned factors above make PAA,
PAM and PMAA hydrogels display low swelling ratio in SBMA
aqueous solution. Peeling off from the solid substance is diffi-
cult if these three hydrogels act as the first network.

In the case of SBMA as the first network, Fig. 1b presents the
swelling ratio of the PSBMA hydrogel networks in the second
monomer (AA, AM or AMPS) aqueous solution with a concen-
tration of 1 M. After being transferred from the glass mould into
AA aqueous solution, PSBMA hydrogel slightly shrank. PSBMA
hydrogel could maintain its original shape in AM solution and
would neither shrink nor swell. In AMPS solution, the swelling

This journal is © The Royal Society of Chemistry 2019

ratio is approximately 3.0, which is the largest one. Note that the
swelling ratio of PSBMA hydrogel in the second monomer
aqueous solution was much lower than that of PAA, PAM, PMAA
and PAMPS hydrogel in SBMA solution owing to the intrinsic
zwitterionic character of PSBMA chain. The result of Fig. 1
reveals that AA; MAA and AM could be selected as the other
component to construct the bicomponent hydrogel coatings
whether SBMA is used as the first or second monomer.
Considering that most fouling algae are negatively charged
together with the weak swelling during preparation processing,
more flexible and negatively charged PAA was selected to
construct the bicomponent hydrogel coating with SBMA.
Exhibiting the combination of the anti-polyelectrolyte effect of
PSBMA and the typical polyelectrolyte effect of PAA, the
bicomponent hydrogel coatings would show weak swelling in
saline solution and avoid the peeling from solid substrates.
The swollen ratios of PAA, PSBMA, PAA/PSBMA (i.e. PAA/
PSBMA-i in Table 1) and PSBMA/PAA hydrogels in NaCl solu-
tion at various concentrations and artificial sea water (ASW, sea
salt aqueous solutions with a concentration of 3.3 wt%) are
shown in Fig. 2. Here, the swollen ratio is the volume of
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Fig. 2 Swollen ratio of PAA, PSBMA, PAA/PSBMA and PSBMA/PAA
hydrogel in saline solution and ASW. The samples correspond to those
shown in Table 1.
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hydrogel in solution (V) to that in deionized water (V,). PAA
hydrogel shrinks while PSBMA hydrogel swells in saline solu-
tion. PAA hydrogel coating, as a typical anionic polyelectrolyte,
exhibits a relatively larger volume in low concentration of saline
solution due to electrostatic shielding effect.”® When the
concentration of NaCl solution is higher than a certain value,
the swollen ratio decreases with concentration, that is, volume
collapse occurs and causes shrinkage. The swelling degree of
PAA hydrogel in ASW is only 0.3. By contrast, PSBMA hydrogel,
as a zwitterionic polymer, exhibits significant anti-
polyelectrolyte effect, that is, the molecular chains are more
stretchable in NaCl solution causing volume expansion and the
swollen ratio increases with the concentration of NaCl solution.
The swollen ratio of PSBMA hydrogel in ASW is 2.9 or so.
Combining the above two polymers with opposite electrolyte
effect in saline solution, the hydrogel coating with weak
swelling could be achieved. As shown in Fig. 2, both the PAA/
PSBMA-i and PSBMA/PAA bicomponent hydrogels exhibit
lower swollen ratio than that of single PSBAM and PAA hydrogel
in NaCl solution and in ASW (1.5-1.8). Moreover, the swollen
ratio for the bicomponent hydrogels changed slightly after
varying the concentration of NaCl solution. Increasing the
crosslinker loading of PSBMA that acted as the second network
(such as PAA/PSBMA, 5¢,) leads to the smaller swollen ratio and
weaker sensitivity to the concentration of NaCl solution.

3.2. Tough bicomponent hydrogel

Fig. 3 presents the tensile and compressive stress-strain curves
of PAA, PSBMA, PAA/PSBMA-i and PSBMA/PAA hydrogel in

View Article Online
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water and saline solution. Both PSBMA and PAA hydrogels
exhibit low tensile strength (¢) and elastic modulus (E). PSBMA
hydrogel is especially fragile in water and its ¢ and elongation at
break (¢) are extremely low, only 2 kPa and 30% respectively,
which is not enough to resist water scour as the coating of an
immersed surface. After combination with PAA, such as in PAA/
PSBMA-i and PSBMA/PAA hydrogels, the mechanical properties
were increased remarkably (Fig. 3A). The hydrogel with more
crosslinker shows higher E and ¢. To further evaluate the
marine applicability of PAA/PSBMA-i hydrogel, we performed
tensile tests after immersing in 1 M NacCl solution and ASW
(Fig. 3B). PAA/PSBMA, 5, with moderate mechanical strength
was chosen for the further studies. Both ¢ and ¢ of PAA/
PSBMA 54, hydrogel in saline solution decreased due to the
slight swelling compared with that in water. Although the
mechanical strength decreases, the strength of the bicompo-
nent hydrogel was still high enough to be used in a form of
submerged coating and could match the mechanical require-
ments of many applications for marine field.

Besides the tensile mode, the mechanical properties
under compressive mode were also measured as shown in
Fig. 3C and D. Similar to that under tensile mode, the
bicomponent hydrogels exhibited high compressive
modulus, strength and failure strain. Given the similar flex-
ibility (or toughness) between PAA and PSBMA, slight
difference in mechanical properties was observed for PSBMA/
PAA and PAA/PSBMA-i. Swollen degree g (w/w,) is roughly the
inverse of polymer volume fraction, E o ¢~%* and E « ¢,
which respectively prevail for neutral and polyelectrolyte
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Fig.3

(A) Tensile stress—strain curves for PAA, PSBMA, PAA/PSBMA and PSBMA/PAA hydrogel in deionised water. (B) Tensile stress—strain curves

for PAA/PSBMA, 5% hydrogel under deionised water, 1 M NaCl solution and ASW. (C) Compressive stress—strain curves for PAA, PSBMA, PAA/
PSBMA-i and PSBMA/PAA hydrogel. (D) Compressive properties of several hydrogels.
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Fig. 4 Relationship between g and E of PAA/PSBMA hydrogel.

hydrogels in water at equilibrium swelling state regardless of
their preparation conditions.”® To elucidate whether the
bicomponent hydrogels behave like typical neutral or poly-
electrolyte hydrogels, we plotted the relationship between E
and g of the PAA/PSBMA-i hydrogel synthesised at different
cross-linker loading and monomer concentrations of the
precursor solution, as shown in Fig. 4. We found that the
scaling relationship of E and g follows E « g~ ', The expo-
nent —1.7 is between the theoretical value of —9/4 for
a neutral hydrogel and —1 for a polyelectrolyte hydrogel. For
a polyzwitterions hydrogel, such as poly(N-(carboxymethyl)-
N,N-dimethyl-2-(methacryloyloxy)ethanaminium, inner salt)
hydrogel, the exponent is —2.15 because of the presence of
both the negatively charged ~-COO™ group and the positively
charged R;N" group and thus behaving as a hydrophilic
neutral hydrogel in water.* The exponent —1.7 of PAA/
PSBMA-i hydrogel is lower than —2.15 due to the introduc-
tion of polyelectrolyte PAA.
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S. aureus
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Fig. 6 Quantitative results of standard plate counting assay.

3.3. Anti-bacterial adhesion and anti-protein adsorption

Marine biofouling usually occurs on the immersed surfaces as
a result of several successive steps and originates from the
formation of a conditioning film, followed by the attachment of
macroalgae, fungi, and protozoa to the last invertebrate larvae.
The fundamental reason for the fouling of marine organisms is
that protein adsorption leads to the growth of bacteria and thus
the enrichment of marine organisms. To evaluate the AF
property of the as-obtained bicomponent hydrogel coatings,
anti-bacterial adhesion and anti-protein adsorption experi-
ments were carried out. Fig. 5 and 6 presents the results of the
adsorption tests of Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) on the four hydrogels, that is, two kinds of
single component hydrogels and two kinds of bicomponent
hydrogel coatings. PSBMA hydrogel exhibited fewest bacterial
adhesion amount attributed to its strong hydrophilicity arising
from specific zwitterionic structure, whereas weak poly-
electrolyte PAA hydrogel exhibited a certain amount of bacterial
adhesion due to its negatively charged surface. The anti-
bacterial adhesion of the two bicomponent hydrogel was
intermediate between the two single network hydrogels.
PSBMA/PAA hydrogel with PSBMA as the first network showed

Fig. 5 Fluorescence microscope graphs of Escherichia coli (upper) and Staphylococcus aureus (lower) adhesion to hydrogel. (A)/(E) PAA
coating; (B)/(F) PSBMA coating; (C)/(G) PAA/PSBMA-i coating; (D)/(H) PSBMA/PAA coating.

This journal is © The Royal Society of Chemistry 2019
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better anti-bacterial adhesion than PAA/PSBMA-i with PAA as
the first network, perhaps because of the slightly higher E of
PAA/PSBMA-i.** In addition, the E. coli adhere more than the S.
aureus to the four hydrogels. This can be explained in two ways.
One is the shape of bacteria. Compared with the spherical S.
aureus, the rod-shaped E. coli exhibits larger contact area on the
surface of the hydrogel coatings, which makes it easier to be
adhered. The second is the thickness and structure of the
peptidoglycan layer of bacterial cell wall. E. coli is a kind of
Gram-negative bacteria, while S. aureus is Gram-positive
bacteria. Gram-negative bacteria E. coli has thinner cell wall
as well as more abundant lipid and less peptidoglycan content
in cell wall than Gram-positive bacteria—S. aureus. Thus, E. coli
is softer than S. aureus which makes it easier to deform and
adhere to sample surfaces.

Protein adsorption on underwater equipment surfaces is
thought to be the first step of many undesired marine
biofouling, creating a conditioning film on the substrates, fol-
lowed by the adhesion of cells and bacteria and colonisation by
micro/macroalgae and other macro foulants. The amount of
protein adsorbed on the surface is one of the most important
factors in evaluating the anti-biofouling property of materials.
As shown in Fig. 7A, PSBMA hydrogel showed an excellent anti-
protein adsorption performance as expected. The anti-protein
adsorption performance of the two bicomponent hydrogel was
poorer than that of PSBMA, which was consistent with the
results of anti-bacterial adhesion. The other bicomponent
hydrogels were obtained by changing the type of the second
network using PSBMA as the first network, such as PSBMA/PAM,
PSBMA/polyhydroxyethyl methacrylate (PHEMA) and PSBMA/
polydimethyl diallyl ammonium chloride (PDMDAAC), and
their anti-protein adsorption results are shown in Fig. 7B.
Compared with single component hydrogels, the introduction
of PSBMA could play a certain effect on inhibiting protein
adsorption, in which PSBMA/PAM showed excellent anti-
protein adsorption performance. However, the mechanical
properties of PSBMA/PAM are too poor to act as a submerged
coating.

3.4. Friction reduction

Fig. 8 shows the friction behaviour of the hydrogels in water and
saline solution. The friction coefficient (1) of PU plate, usually

2088 | RSC Adv., 2019, 9, 2081-2091

PAM PSBMA/PAM PSBMA/PDMDAAC PHEMA PSBMA/PHEMA

(A) BSA adsorption of PAA, PSBMA, PAA/PSBMA-i and PSBMA/PAA hydrogel coatings. (B) BSA adsorption of PAM, PSBMA/PAM, PSBMA/

as the surface component of ship, did not considerably change
with sliding velocity (v) in water. Polydimethylsiloxane (PDMS),
with low surface energy, showed a typical Stribeck behaviour,
that is, high u in low v region and then low u in large v region.
The u ~ v curves of PAA and PSBMA hydrogels that reached the
swollen equilibrium state in deionised almost overlapped with
that of PU despite their high water content and did not
considerably change with v. The normal strain (A = P/E, P is the
normal pressure) during friction for PAA and PSBMA hydrogel
was approximately 8.4%. Under a very large A, the hydrogels
were forced to deform severely and led to large real contact area
with the substrate and therefore increased friction. The mixed
friction was also difficult to form in this case. The bicomponent
hydrogel coating, PAA/PSBMA-i and PSBMA/PAA, exhibited
similar friction behaviour to that of PDMS, where a weak mixed
friction region could be observed. Usually, a hydrogel with high
E could form mixed lubrication in relatively low v due to its large
elastic coherence length.*® Thus, high E is effective in reducing
the friction at high v region. Note that all the hydrogels in water
exhibited friction as high as that of PU.

The friction of the hydrogel coatings in 1 M NacCl solution
and ASW was shown in Fig. 8B and C. The friction behaviour of
PU and PDMS in ASW was the same as that in pure water due to
their bulk nonionic character and anhydration. However, the u
of PAA hydrogel was even higher than the u of PU. In saline
solution, PAA chain severely shrunk, and its E increased.
Furthermore, PAA hydrogel immersed in saline solution
showed a weak attractive interaction with glass surface. By
contrast, PSBMA hydrogel coating exhibited much lower u than
that in pure water due to its swelling in saline solution coming
from the zwitterionic group on the side of PSBMA chain. The
smallest u was as low as 0.003. Reasonably, PAA/PSBMA-i with
SBMA as the second monomer showed lower u than PSBMA/
PAA with AA as the second monomer. For PAA/PSBMA-i hydro-
gel, the surface bound a large amount of water molecules to
form a water layer and PSBMA existed as the second network so
that the surface of the hydrogel was mostly composed of PSBMA
molecules, which can reduce the friction coefficient through
electrostatic hydration. The second monomer played an
important role in friction behavior. To validate the surface
property difference of these four hydrogels, the contact angle
test in air under conditions of deionized water, NaCl solution
and ASW was measured. As shown in Fig. 9, the contact angles

This journal is © The Royal Society of Chemistry 2019
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of water on the four hydrogels in different mediums exhibited
the same trend, and PSBMA hydrogel showed a very hydrophilic
surface after reaching swelling equilibrium in saline solution
and became superhydrophilic, which correlated with the
observations in the tribological test.

By changing the crosslinking degree of the second network,
we obtained hydrogels with different modulus. Even the
hydrogel coatings with high E exhibited a large u in boundary
friction region, entering the mixed lubrication region in a low
sliding rate and thus a low u at a higher rate of 107>
10~ m s™' could be easily obtained (Fig. 8D).
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Fig. 9 Water contact angle of hydrogels.
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3.5. Adhesive and wear

The adhesive state on solid substrates is important to the
durability of the soft hydrogel coatings. Silane coupling agent
surface treatment allowed easy and tight adherence of the soft
coating on conventional solid substrate, such as glass, Al and
PU plates, by binding with hydrogel through free radical poly-
merisation. A test has been performed to examine the robust-
ness of the hydrogel coating. The glass with hydrogel coatings
was adhered on the inner wall of a beaker in which sandy water
was poured into. With a stirrer, the sandy water was stirred at
a rate of 700 rpm for 1 h. Fig. 10 shows the polarizing optical
micrograph of the hydrogel coatings before and after sand
abrasion. PAA hydrogel coating cracked after sand abrasion and
a part edge of the coating was even peeled off. No apparent
cracks and splits were observed for the PSBMA and PAA/PSBMA
hydrogel coatings, indicating that the surfaces were slippery
and the hydrogel coatings were sufficiently tough, and the
coatings could maintain the original state even after strong
sand abrasion. Unexpectedly, PSBMA/PAA hydrogel coating
showed a slight rupture under the microscope which was
invisible under naked eye, probably because the surface of the
hydrogel coating was mainly composed of the second polymer,
PAA. The results of Fig. 10 are consistent with Fig. 8, where PAA
hydrogel coating exhibited large u, whereas the others showed
relatively small u, especially in high sliding velocity. This result
indicates that the more slippery the surface is, the less sand
abrasion occurs. Furthermore, even under intense scour of

RSC Adv., 2019, 9, 2081-2091 | 2089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09358j

Open Access Article. Published on 15 January 2019. Downloaded on 2/15/2026 2:57:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

S00pm

PAA/PSBMA

1000jim o
°

500m 500pm
ek —_—

1000pm

View Article Online

Paper

PSBMA
e

.
S00pm 1000um 500pm 1000jm

PSBMA/PAA

S00pm 1000p1m 1000um”™,

Fig. 10 Polarizing optical micrograph of hydrogels before and after sand abrasion with rotating rate = 700 rpm, rotating time =1 h.

sandy water, the hydrogel coatings could not be peeled off the
glass surface, indicating the strong cohesiveness between the
coating and solid surface.

4. Conclusions

Exhibiting the combination of the anti-polyelectrolyte effect of
PSBMA and the typical polyelectrolyte effect of PAA, the
bicomponent hydrogel coatings with weak swelling in saline
solution were achieved, which could avoid the peeling from
solid substrates. The bicomponent hydrogel coatings exhibited
good mechanical properties and relatively small swelling degree
and were slippery. Although the large Young's modulus of the
coatings weakens the drag reduction effect relatively, entering
the mixed lubrication region in a low sliding rate and thus a low
w at high rate could be easily obtained. With the aid of silane
coupling agent together with the weak deformation in water and
saline solution, the hydrogel coatings could be bound tightly on
the solid surface. After undergoing strong sandy water abrasion,
the bicomponent hydrogel coatings maintained their original
state without any cracks owing to their slippery surface and
tough adhesion. Furthermore, the hydrogel coatings exhibited
good AF properties. The bicomponent zwitterionic hydrogel
coating reported in this paper provides a new idea for the
marine AF and drag-reduction study.
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