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ABSTRACT: We report on a molecular fabrication approach to precisely control surface { potentials of polymeric thin layers
constructed by electrostatic layer-by-layer (LbL) assembly methods. The protocol established allows us to achieve surface
isoelectric points (IEP) in the pH range of 6—10. Poly(acrylic acid) (PAA, a weak polyanion) and poly-
(diallyldimethylammonium chloride) (PDADMAC, a strong polycation) were chosen to build up the bulk films. The weak
polycation polyethylenimine (PEI) was applied as a top layer. A unique feature of this approach is that the chemical composition
of the top layer is not affected by the manipulation of the { potential of the films. Surface charge tuning is achieved by controlling
the degree of ionization of the weak polyelectrolytes at various pH values and subsequent manipulation of the amount of
polyelectrolyte deposited in the penultimate and last layers, respectively. Following assembly and characterization, the films were
used as candidates for antifouling surfaces. The fouling behavior of barnacle cyprids and bacteria on the LbL films with similar
hydrophilicity and roughness but different surface charge densities were studied. We found that more cyprids of Amphibalanus
amphitrite settled on the negatively charged LbL film compared to the neutral or positively charged LbL film. In bacterial
adhesion tests employing Pseudomonas, Escherichia coli, and Staphylococcus aureus, more bacteria were observed on the positively
charged LbL film compared with the neutral and negatively charged LbL films, possibly as a result of the negative potential of the
bacterial cell wall. The procedures proposed allow one to adjust surface isoelectric points of LbL architectures to achieve optimal
antifouling performance of a given material taking into account specific pH values of the environment and the character of the
fouler.
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1. INTRODUCTION thrombosis.® A conditioning layer formed by adsorbed proteins
on the implanted devices may boost the colonization of
microorganisms, resulting in inflammation.' The attachment of
bacteria and subsequent formation of biofilm results in

Biofouling is the accumulation of biological matter and growth
. . . 1

of microorganisms, plants, or animals on surfaces. The

phenomenon may occur on any surface immersed in an

aquatic environment, in any biological ecosystem, and, in the contamination and increased risk of infection."* Membrane
case of synthetic surfaces, it is frequently associated with fouling caused by biological substances block the membrane
economic and healthcare consequences. Fouling is recognized pores, increasing the operational pressure and decreasing the
as a problem for biomedical applications,” water treatment

processes,” and in the maritime industries.* Protein adsorption Received: October 24, 2014
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permeate flux in filtration systems. Membrane biofouling is
usually permanent and irreversible, resulting in the need for
more frequent replacement of the membrane, which signifi-
cantly contributes to the application cost.> Marine biofoul-
ing®”® affects structures critical to the maritime industry such
as ship surfaces, harbor installations, oil rigs, underwater
sensors, and pipelines.9 In summary, biofouling is a central
problem that needs enhanced understanding and control.

Various strategies have been proposed to combat biofouling.
The most widely employed methods deter or kill fouling
organisms using bioactive substances.” Unfortunately, biocides
are frequently toxic not only to the target microorganisms but
also to other species* or cells in the vicinity." Moreover, many
biocides are poorly degradable and result in permanent
pollution of the environment.

An environmentally friendly alternative in fouling manage-
ment can be achieved using materials exhibiting low adhesion,
thus preventing the attachment of foulants. This strategy can be
implemented by engineering the interactions between the
adhering objects and protected surface at different stages of the
foulant attachment process. Importantly, employing low
adhesion strategies is useful not only deterring organism
attachment but also to prevent the adhesion of biomacromo-
lecules such as proteins. Nonadhesive materials can be
fabricated by tuning the surface properties,”'® including control
of microtopography (or morphology),"" roughness,'* surface
free energy (or wettability),">'* and surface charge.'>'¢
Because most of the foulants (such as bacteria and proteins)
are charged entities, electrostatic interaction plays an important
role in bioadhesion, particularly during the initial stages of
fouling."”'® Screening of the electrostatic interactions is usually
listed as a prerequisite for preparing low-fouling materials."”
Numerous studies that discuss the influence of surface charge
on fouling properties consider the electrostatic potential as a
parameter associated with the chemical constituents present at
the surface without a direct consideration of the actual zeta
potential (hereinafter named { potential). It is known that
values of the isoelectric point (IEP) of a surface are dependent
on many factors, in particular on the quantity and strength of
the respective acid and base components of the grafted
groups.”® As a result, the surface is charge neutral only at a
specific pH which is frequently not equal to the pH of the
environment investigated in the fouling experiments.

Several methods have been reported to control and adjust
the effective net charge of a surface. Treatment under ambient
conditions with high energy irradiation,' or by strong
oxidants* renders surfaces to become covered with ionic
functional groups. Because the charging mechanism in these
cases is usually related to radical oxidation, the resulting values
of the { potential become negative, making fine-tuning of
charge difficult. In another approach, alkanethiolates terminated
with positively or negatively charged functional groups were
combined to prepare self-assembled monolayers (SAMs) with
different character.'®'*** Such surface charge tuned SAMs have
also been used to study whether barnacle cyprids of
Amphibalanus amphitrite prefer specific surface charges. These
studies revealed that more cyprids settled on the negatively
charged SAMs than on the neutral and positively charged
SAMs.'® The mixing of different chemical entities on the
substrate (e.g, bases and acids) is a disadvantage for this
approach because electrostatic contributions to surface
interactions are hard to isolate from other chemically induced
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effects (e.g,, hydrogen bonding, van der Waals interactions, or
hydrophobicity).

Polymers were broadly used to control electrostatic charge
distributions. For example, the charge of polymer brushes can
be adjusted by polymerizing mixtures of cationic and anionic
monomers.'*****> Such oppositely charged monomers in
different ratios were used to grow polymer brushes from
polypropylene surface to prepare grafts with and without net
charge.'"® A variety of positively and negatively charged
molecules have also been introduced into polymeric matrices
to prepare charged hydrogels for control of protein
adsorption.

Electrostatic layer-by-layer (LbL) assembly is a convenient,
cheap and fast method to prepare polymeric films*’ > or
microcapsules.®>”*> It can be carried out by alternatively dipping
of substrates in oppositely charged polyelectrolyte solutions or
by spraying these solutions onto a surface.”® The electrostatic
LbL assembly can also be used to tune surface charges. For
example, it has been reported that polyelectrolyte layers may be
assembled on colloidal silica at different pH values, after which
the { potential was determined as a function of the solution pH
to obtain the local apparent dissociation constants of each
surface layer.>*** The Rubner group acidified polyelectrolyte
multilayers using weak polycation components in their
assembly to expose mobile cationic charges, which were
responsible for antibacterial properties of the surface.*®
However, manipulation of the surface charge on a flat surface
using the LbL method, resulting in a controlled shift of the
IEPs, has not been reported. Moreover, { potential-tuned LbL
systems have not been reported in the context of antifouling
research.

The LbL films can serve as a versatile platform to prepare
antifouling materials.>” Surface characteristics of the films can
be easily adjusted by the choice of the materials used and by the
parameters of the deposition process.*®** The physical
properties of the multilayers such as thickness, mechanical
characteristic, and surface charge can be manipulated by
changing the pH and ionic strength of the polymer
solution.””** The thickness of LbL polyelectrolyte films can
be controlled by pH adjustment of the solution of weak
polyelectrolytes by chan%ing the degree of ionization of the
corresponding polyions.* ~* Poly(allylamine hydrochloride)/
Poly(acrylic acid) (PAH/PAA) thin multilayers constructed at
high pH were reported to attract highly adhesive, murine
fibroblast NR6WT cells. On the other hand, thick PAH/PAA
multilayers constructed at low pH values swell substantially in
physiological conditions and form highly hydrated surfaces.
These layers resisted fibroblast attachment.**

Bulk LbL films are typically charge balanced, nevertheless the
top layer of the film is charge overcompensated and can
prevent, or promote, protein adsorption through electrostatic
interactions.” It is also well documented that positively
charged surfaces may kill bacteria.>” PAH and poly(sodium 4-
styrenesulfonate) (PSS) were assembled at high pH to
incorporate uncharged amine groups into the LbL films,
which were subsequently immersed in low pH solutions to
induce base protonation, thus creating a multilayer system with
sufficient activity to kill bacteria.® LbL films terminated by
polycations have been reported to reduce the attachment of
cyprids.*® However, the behavior of foulants on planar LbL film
surfaces with precisely defined { potential at a working pH has
not been demonstrated.
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In this study, we present a comprehensive set of protocols to
fine-tune surface { potentials of LbL structures on planar
substrates. As a demonstration of the broad control of the film
properties, surfaces with isoelectric point values (IEP) ranging
from 6 to 10 using typical polyelectrolytes were prepared.
Importantly, the presented strategy allowed us to independ-
ently tune the surface { potential without changing chemical
composition of the top layer. Thus, effective decoupling of the
surface charge from other surface properties is possible by this
design. Bioassays employing fouling organisms like barnacle
cyprids and bacteria were conducted to demonstrate the high
correlation between fouling prevention properties of LbL
surfaces and their { potentials.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. Poelectrolytes including PAA
(M,, ~450000), poly(diallyldimethylammonium chloride) (PDAD-
MAGC; M,,: <100 000; 35 wt % in H,0) and polyethylenimine (PEL;
M,, 25000; branched) were provided by Sigma-Aldrich. (3-
Aminopropyl)trimethoxysilane (APTMS, 97%) was also supplied by
Sigma-Aldrich. Solvents including toluene, methanol, and ethanol were
purchased from Tedia. Silicon wafers were obtained from Latech
Scientific Supply, Pte., Ltd. Ultrapure water produced by a Millipore
Milli-Q_integral water purification system was used to prepare aqueous
solutions. A triple P plasma processor (Duratek, Taiwan) was used to
clean the silicon wafers.

2.2. Assembly of the LbL Films. Silicon wafers were cut into 2 X
2 cm slides using a DISCO dicing machine (DAD 321). After
ultrasonic cleaning with water and ethanol for 10 min, the slides were
dried over a nitrogen gas stream and treated by oxygen plasma (200
W) for 2 min. The treated silicon wafers were immersed into 3-
aminopropyltrimethoxysilane toluene solutions (10 mM) for S h to
impart positively charged amine groups on the substrate surface.

The pretreated silicon wafer slides were immersed into aqueous
polyanion solutions (1 mg/mL) for 10 min and then rinsed with
ultrapure water for 2 min. Subsequently, slides were immersed into
polycation aqueous solutions (1 mg/mL) for 10 min, followed by
ultrapure water rinse for another 2 min. The cycle was repeated until
the desired bilayer number was reached. The pH values of the
polyelectrolyte solutions were well controlled. The silicon wafers with
the deposited LbL films were dried by nitrogen stream and later under
vacuum at room temperature for 5 h. The prepared LbL films were
stored in a desiccator prior to further use.

2.3. Characterization of the LbL Assemblies. Surface
morphology and thickness of the prepared LbL films were measured
by a JPK, NanoWizard 3 NanoOptics atomic force microscope (AFM)
system in the “AC mode” (tapping mode). In AFM measurements,
Tap300AI-G cantilevers made by Budget Sensors were used. AFM
images were taken on dried films over scan areas of 2 X 2 um for
morphology observations and roughness measurements. The film
thickness was measured by scratching the multilayer assembly with a
fresh razor blade to expose the bare substrate (silicon) and then
scanning the sample over 10 X 10 ym to reveal a clear step obtained
by the scratch.*” Five sections crossing the step of a single scratch were
used to measure the height differences. The mean value of the height
differences obtained was used as the film thickness value. The AFM
raw data were processed by the software of the instrument provider
(JPK Data Processing, 4.3.25).

The wetting properties of the deposited LbL films were evaluated
by water contact angle measurements. A goniometer (250-F1) from
Ramé-Hart Instrument Co. was used to measure the contact angles by
the static sessile drop method. The silicon substrate wafers with the
LbL films were mounted on flat holders. A S uL droplet of water was
dispensed onto the dry sample surface by using a microsyringe. The
water droplet image was captured and analyzed by the instrument to
obtain the contact angle value of the surface tested. For each sample,
10 measurements of water contact angles at different locations on the
LbL film surface were made, and the average value of the
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measurements was used as the representative water contact angle of
the film.

Values of { potentials of the flat surfaces were measured with a
SurPASS electrokinetic analyzer from Anton Paar. Silicon wafers with
various LbL films were cut into 1 X 2 cm slides. Two slides were
attached to the sample holders, which were inserted into the adjustable
gap cell of SurPASS. After adjusting the gap height between the slides
to 100 um, the { potential measurement was conducted in 0.001 M
KCI aqueous solution with auto pH titration from 10 to 5.5 by adding
0.05 M HCI aqueous solution. Because the slides were smooth and
had a known surface area, the streaming current mode was used.

2.4. Biofouling Tests. 2.4.1. Barnacle Settlement Assay.
Amphibalanus amphitrite barnacle larvae were spawned from adults
collected from the Kranji mangrove, Singapore. The nauplius larvae
were fed with an algal mixture of 1:1 v/v of Tetraselmissuecica (CSIRO
strain number CS-187) and Chaetocerosmuelleri (CSIRO strain number
CS-176) at a density of about 5 X 10° /mL and reared at 27 °C in 0.2
um of filtered seawater with 2.7% salinity. Nauplii metamorphosed
into cyprids in S days, and cyprids were aged for minimum of 2 days at
4—6 °C prior to use in settlement assays.* The cyprid settlement
assay was carried out using the droplet method."> A 300 yL droplet of
seawater containing 15—25 cyprids was dispensed onto the modified
silica substrate for these tests. The experiment was conducted in the
dark at 25 °C for 24 h. After 24 h, the total number and the number of
settled cyprids were enumerated under an optical microscope. For
each type of LbL film, five replicates were used, and the average
settlement was recorded. The cyprid mortality results were analyzed
with One-Way Analysis Variance (ANOVA), followed by a Tukey
post-test. Data comparison was performed using GraphPad Prism §
(GraphPad Software, Inc.). For all comparisons, values of p < 0.05
were considered as statistically significant.

2.4.2. Measurement of Adhesion Force between Cyprid Footprint
Proteins on a Colloidal Probe on Selected Surfaces by AFM.
Adhesion force measurements were carried out following a previously
reported protocol.*” The colloidal contact probes with SiO, spheres
(NT-MDT) were covalently immobilized with cyprid footprint
proteins using glutaraldehyde. The modified probe was used to
approach the LbL film surface, and the adhesion force between the
probe and the surface was subsequently measured by a JPK,
NanoWizard 3 NanoOptics atomic force microscope (AFM) system.
All force measurements were carried out in a filtered seawater
environment (pH 8).

2.4.3. Amphora Adhesion Assay. Amphora species are the most
commonly encountered raphid diatoms found in biofilms on
submerged surfaces, and as such, they are often used in antifouling
tests.>® Amphora coffeacformis (UTEX reference number B2080) was
maintained in F/2 medium®' in tissue culture flasks at 24 °C under a
12 h light/12 h dark regime for at least a week prior to use. The algae
were gently removed from culture flasks with a cell scraper, and
clumps were broken up by continuous pipetting and filtering through a
35 um nitex mesh. The cell count was determined with a
hemocytometer and a suspension containing 10000 cells per mL
was made up in 3% salinity, 0.22 ym filtered seawater (FSW). Silicon
wafer controls and silicon wafers with LbL films were placed randomly
in each well, in six-well Nunc multiwell culture plates, with eight
replicates for each treatment. To each well, 5 mL of algal cell
suspension was added. The experiment was incubated for 24 h in a 12
h light/12 h dark cycle at 24 °C. At the end of the incubation period,
all slides were gently dipped in a beaker of 3% salinity, 0.22 ym FSW
to rinse off any unattached cells. The rinsing step was repeated three
times, and the slides were then air-dried. The slides were examined
under an epi-fluorescence microscope. Ten random fields of view were
scored at 20X magnifications (0.916 mm? per field of view) for each
slide. The Amphora settlement results were analyzed with One-Way
ANOVA, followed by a Tukey post-test. Data comparison was
performed using GraphPad Prism S (GraphPad Software Inc.). For all
comparisons, values of p < 0.05 were considered as statistically
significant.

2.4.4. Bacteria Adhesion Assay. Three bacterial strains were used
for the antibacterial tests. Marine bacterial Pseudomonas strain NCIMB
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Scheme 1. Preparation of LbL Films and ¢ Potential Values of Two Representative Surfaces at a Certain pH”
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2021 was obtained from the National Collection of Marine Bacteria
(Sussex, U.K.) and cultured in a Marine Broth 2216 solution (37.4 g/
L, Difco) at 25 °C.*® Escherichia coli DHS (E. coli, ATCC# 53868) and
Staphylococcus aureus (S. aureus, ATTC# 25923) were obtained from
American Type Culture Collection (ATCC, Manassas, VA). The two
latter bacterial strains were cultivated in LB broth (10 g of tryptone, S
g of yeast extract, and 10 g of NaCl) at 37 °C. The bacteria were
cultured for about 16 h before harvest. The bacteria-containing broth
was centrifuged at 3000 rpm for 10 min, and after the removal of the
supernatant, the cells were washed twice and resuspended with sterile
artificial seawater (ASW, pH 8) for Pseudomonas NCIMB 2021 and
phosphate-buffered saline (PBS, pH 7.4) solution for E. coli and S.
aureus.

After being incubated with bacterial suspension for 1 h, the samples
were washed three times with PBS before fixing with 3%
glutaraldehyde for S h at 4 °C. After the fixation, substrates were
rinsed with DI water to remove the remaining glutaraldehyde and then
dried at 60 °C in the oven for 24 h. The dried samples were coated
with gold and then imaged with a scanning electron microscope (SEM,
JEOL JSM-5600LV).

The surface coverage of bacteria was estimated by image analysis of
the SEM micrographs with the Image] program (available as a public
domain Java image processing program provided by the U.S. National
Institute of Health). The total area covered by the bacteria clusters was
calculated, and then divided by the total area of the image to give the
percentage coverage of bacteria on the silicon wafer surface. The
bacteria coverage for each sample was calculated based on 10 images
obtained at different locations. Three samples were measured for each
type of surfaces to get the average bacteria coverage. Plasma cleaned
silicon wafers were also measured as a reference surface for adhesion
testing.
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3. RESULTS AND DISCUSSION

3.1. Tuning the Surface Charge of LbL Films. The
general process for the LbL film preparation and its { potential
control is shown in Schemel. Following the Stern model,*? the
{ potential on the shear plane of the electric double layer was
measured in electrolyte solutions with different pH values
(Scheme 1). In a typical scenario, when the surface charge is
derived from the ionization of functional groups present at the
interphase, the { potential decreases with increasing pH of the
solution to which the surface is exposed.>® As a consequence,
the observed surface charge is variable and dependent on the
ambient environmental conditions. For example, a material
reaching the IEP with zero net charge in physiological
environments (pH 7.4) is likely to be negatively charged in
the marine environment (pH 8). As such, precise tuning of
surface charge at a working pH helps to control attachment of
various charged foulers.

In order to fabricate materials with controlled IEPs in a broad
range, we propose three methods here (Scheme 2, Table 1).
The methods described are based on a bulk model film
constructed with PDADMAC/PAA. This polyelectrolyte
couple was chosen based on the initial screening of various
LbL components, as described in the Supporting Information.

3.1.1. Variation of the Polymer Amount Deposited by
Adjusting Its lonization Degree. In this approach, the {
potential of the thin LbL film was controlled by adjusting the
pH value of deposited materials across all layers (Scheme 2a).
This method was derived from previously reported contribu-
tions linking the degree of ionization of the polyelectrolytes to
the thickness of the films.*"** Six bilayers composed of PAA
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Scheme 2. LbL Films Prepared From (d) PAA, PDADMAC,
and PEI with Different Surface Charges Tuned by (a)
Variation of the Polymer Amount Deposited by Adjusting Its
Ionization Degree, (b) Modification of the Last Layer, and
(c) Modification of the Penultimate Layer
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multilayers on colloidal silica to tune surface charges.>*>*

As shown in Figure 1la, LbL_ prepared from the
polyelectrolyte solutions at pH 3 has a negative { potential in
the pH range between 5 and 10; i.e. it exhibits an IEP at a pH
value less than 5. During deposition, when the pH value of
polyelectrolyte solutions was increased to 10, the resulting IEP
of the film was shifted to 6.1 (LbLg,;). The cationic
polyelectrolyte PDADMAC bears permanently charged quater-
nary ammonium groups, with ionization which is not sensitive
to pH. However, PAA, which is a weak polyacid with pK, =
4.5,>* includes carboxylic groups and its degree of ionization is
determined by the pH. When PAA was assembled at pH 3, the
majority of its carboxyl groups were not ionized (~97%), and
as such more PAA was deposited to compensate the positive
charges from the underlying polycation layer. These assembled
but not fully ionized carboxyl groups of PAA will be
deprotonated upon exposure of LbL to the higher pH solution,
resulting in the overall highly negative { potential of the LbL
film. As expected on the basis of the arguments above, the
ionization degree of PAA increases with pH, and as a result,
lower amounts of PAA are deposited to compensate the
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Figure 1. The { potentials of LbL films prepared using different
surface charge tuning methods including (a) variation of the polymer
amount deposited by adjusting its ionization degree, (b) modification
of the last layer, and (c) modification of the penultimate layer.

underlying positive charges at a higher assembly pH. Thus, the
LbLg, film assembled at pH 10 indicated an obviously higher
IEP at 6.1 due to the lower load of the PAA in the film. In
short, in the PAA and PDADMAC LbL systems, higher
assembly pH results in less negative charges, or a higher IEP,
for the LbL film. However, this approach has limitations for IEP
control. For the deposition pH much higher than the pK, of
PAA, the polyanion component is completely ionized.*” As
such the PAA/PDADMAC film with the highest IEP achievable
using the method was 6.1. Unfortunately, a surface with an IEP

Table 1. Polyelectrolyte Solutions Used to Prepare LbL Films

LbL polyanion and pH for  polycation and pH for ~ polyanion and pH for  polycation and pH
tuning method films  IEP the first five bilayers the first five bilayers the penultimate layer for the last layer
variation of the polymer amount deposited LbL. <5 PAA, 3 PDADMAC, 3 PAA, 3 PDADMAC, 3
by adjusting its ionization degree
LbL 6.1 PAA, 10 PDADMAC, 10 PAA, 10 PDADMAC, 10
6.1
modification of the last layer LbL 6.4 PAA, 10 PDADMAC, 10 PAA, 10 PEL 8.5
64
LbL 73 PAA, 10 PDADMAGC, 10 PAA, 10 PEL 10
73
LbL 8.0 PAA, 10 PDADMAGC, 10 PAA, 10 PEL 10.5
80
modification of the penultimate layer LbL 9.7 PAA, 10 PDADMAC, 10 PAA, 3 PEJ, 10.5
97
856 dx.doi.org/10.1021/am507371a | ACS Appl. Mater. Interfaces 2015, 7, 852—861
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at 6.1 would still be negatively charged in typical biomedical
and marine environments.

3.1.2. Modification of the Last Layer. To prepare LbL films
that maintain a charge-compensated structure at higher pH
values, we chose to modify the last layer by the exchange of
PDADMAC to a polycation with tunable ionization properties,
namely, PEL>® PEI is a basic polymer bearing primary and
secondary amines with ionization degrees that are pH-
dependent.

The bulk film (5.5 bilayers) was built up with the PAA and
PDADMAC solutions at pH 10, as described earlier.
Subsequently, the top layer of the film was fabricated using
PEI solutions characterized with different pH values (Scheme
2b). The LbLy, film deposited at pH 8.5 exhibited an IEP at
6.4. When the assembly pH of PEI last layer was increased to
10, the IEP was shifted to 7.3 (LbL, ;) and finally to 8 (LbLs,)
when PEI as the last layer was deposited at pH 10.5 (Figure
1b).With the increase of assembly pH, PEI ionization was
lowered, and more molecules were needed to compensate the
negative charge of the underlying layers. Greater amounts of
amine deposited as a top layer resulted in a shift in the IEP of
the film to higher values.

The described deposition of PEI at pH > 10.5 is problematic
because the majority of functional groups are not protonated
under those conditions. The threshold backbone charge density
requirement, necessary to overcome the entropic loss of
adsorption, is not met.> Accumulation can still be observed as
a result of H-bonding between amine proton donors (—NH, or
—NH) and carbonyl group (C=0) acceptors formed at high
pH values.®® This H-bonded PEI layer is, however, easily
removed by immersion in seawater or with a high-pressure
rinse using KCl solutions in the streaming potential measure-
ment device. As such, the highest IEP of stable LbL film
achievable following this method is approximately 8.

3.1.3. Modification of the Penultimate Layer. To fabricate
stable LbL films with IEPs shifted further to higher values,
elements of the first method (variation of the polymer amount
deposited by adjusting its ionization degree) and the second
method (modification of the last layer) were combined.
Similarly, the first five bilayers of the LbLy, film were
assembled in PAA and PDADMAC solutions of pH 10.
Subsequently, PAA in the penultimate layer was deposited at
pH 3. Finally, the PEI in the last layer was assembled at pH
10.5. Following this approach, it is possible to fabricate an LbL
film with an isoelectric point as high as 9.7 (Scheme 2c, Figure
1c).

The quantity of PEI deposited in the last layer, which
determines the surface charge and IEP of the LbL film, can be
fine-tuned not only by adjusting the assembly pH of PEI for the
top layer, but also by tuning the amount of deposited PAA for
the penultimate layer. Low assembly pH used for the
deposition of PAA in the penultimate layer resulted in a high
polymer load. This subsequently attracts additional PEI during
the final PEI deposition step at the high pH, forming the last
layer of LbLy, and pushing the IEP of fabricated surfaces to 9.7.

3.2. Antifouling Evaluation of LbL Surfaces with
Precisely Tuned ¢ Potential Values. The development of
the LbL engineering methods described in this work was
primarily motivated to provide model surfaces for studies of the
correlation of fouling with the { potential of the substrates. The
surface charge tuning methodologies presented allowed us to
prepare LbL films with zero net charge or IEP at any pH value
between 6 and 10. This covers a range of environmental
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conditions that typical antifouling technologies face. As shown
in Figure 2, the { potential of LbL,; and LbLg, were adjusted

PpH of seawater

¢ potential (mV)

-120

5 6 7 8 9 10
pH
LbLe4 @ LbL73 A LbLso

X Silicon wafer LbLa.7

Figure 2. The { potentials of the selected LbL films at target pH
values.

to zero at pH 7.4, which is a typical pH value for most
physiological fluids,” and at pH 8, which is a pH of typical
marine environment,*® respectively. These surfaces were used
to carry out a series of tests with different foulants. In addition,
one negatively charged LbL,, film and one positively charged
LbL,y, film were prepared to complete the series. A plasma-
cleaned bare silicon wafer was employed as the control surface.

As shown in Table 2, all films investigated were hydrophilic
and showed similar water contact angles at around 40°. The
LbLg,, LbL,, and LbLg, films showed similar thicknesses (15
nm); only the LbLy film displayed a higher thickness (40 nm).
The thickness of LbL,, was increased due to the high quantity
of PAA in the penultimate layer and the resulting PEI amount
in the last layer. As shown in Figure 3, the surfaces of the
selected LbL films were smooth and exhibited roughness values
lower than 1 nm. The first five bilayers of the selected LbL films
were identical and composed of PAA and PDADMAC. The top
layer was always composed of PEI, providing the identical
chemical composition of the film exposed to the fouling
environment. Identical surface chemistry of the top layer and
similar hydrophilicity and roughness minimized the influences
of the other factors besides the surface charge. Thus, these films
are excellent candidates to decouple the influence of surface
charge and other parameters influencing adhesion, for fouling
studies.

3.2.1. Marine Antifouling Tests. Barnacle cyprids are widely
used to evaluate the antifouling performance of various
coatings.*® In this study, the settled and the dead cyprids on
negatively charged (LbLg,), neutral (LbLgy), and positively
charged (LbLy,) films were counted after 24 h of incubation.
As shown in Figure 4a, approximately 50% of cyprids settled on
the negatively charged LbLy, surface and on the control surface
(plasma-cleaned silicon wafer). Less than 10% of cyprids settled
on the zero net charge LbLg, The lowest settlement was
observed on the positively charged LbL,, film. The fraction of
dead cyprids on each LbL film was not significantly different, as
compared to the control surface (One-Way ANOVA, p > 0.05),
indicating that the selected LbL films are not toxic.

The cyprid settlement results clearly show that cyprids prefer
to settle on negatively charged surfaces, rather than on the
neutral or positively charged surfaces. We note that a similar
result was reported greviously by the Liedberg group using
SAMs as substrates.’

To verify the mechanism of the cyprid settlement behavior,
we investigated the interaction between the cyprid’s footprint
proteins (i.e. protein secretion deposited at barnacle larval

dx.doi.org/10.1021/am507371a | ACS Appl. Mater. Interfaces 2015, 7, 852—861



ACS Applied Materials & Interfaces

Research Article

Table 2. Characteristics of the Selected LbL Films

surfaces silicon wafer LbLg,
water contact angle (deg) <15 41 x2
thickness (nm) 0 10.0 + 0.8
roughness (Ra, nm) 0.2 0.6

LbL; 5 LbLg, LbL;
2+1 43+1 36+3
183 £ 1.5 184 + 1.2 40.1 £ 3.6
0.5 0.7 0.4

LbLs.o bg.

Figure 3. AFM height images of the selected LbL films. Scan size: 2
pm X 2 pm.
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Figure 4. Marine antifouling tests including (a) cyprid settlement, (b)
cyprid footprint protein adhesion from AFM experiments, and (c)
Amphora settlement on the selected LbL films with different charges.
Error bars correspond to standard deviations.
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stage) and the selected surfaces using AFM in an aqueous
environment. Colloidal AFM probes were covalently function-
alized with cyprid’s footprint proteins and subsequently used to
probe the model surfaces following our recently established
protocol.*” As shown in Figure 4b, the footprint proteins
display a strong adhesion to the negatively charged samples
(LbL¢, and control). Much lower adhesion forces were
observed between the proteins and the zero net charge surface
LbLg, as well as the positively charged LbLy, film. Footprint
adhesion results in this case correlate well with the cyprid
settlement data. These results suggest that the interaction
between the settlement adhesion proteins and the negatively
charged surfaces were much stronger than the interactions for
neutral and positively charged samples. Because other
parameters such as hydrophilicity and roughness were well
controlled and essentially identical for the surfaces studied, the
results presented here strongly indicate that the footprint
proteins of cyprids are net charge positive in the marine
environment.

Not every tested organism responded to changes in the {
potential of our model surfaces. In Amphora adhesion tests, the
attached cell density differences among the selected LbL films
were not significant (One-Way ANOVA, p > 0.0S, Figure 4c).
We may conclude that the settlement of Amphora is not
significantly affected by electrostatic interactions in the
investigated range of IEPs.

3.2.2. Bacteria Adhesion Tests. Pseudomonas (NCIMB
2021), a marine bacterium isolated from a marine biofilm,
was used to test the neutral (LbLgy), negatively charged
(LbLg4), and positively charged (LbLy,) films in artificial
seawater at pH 8. Pseudomonas is present in most environments
and is identified as one of the most common bacteria associated
with biofouling due to its extracellular polysaccharide (EPS)
secretions. We note that Pseudomonas species have often been
used to examine biofouling processes in model studies."

Because Dbacterial fouling is particularly relevant for
biomedical applications, we used two common bacteria living
in the physiological environment, that is E. coli (Gram negative)
and S. aureus (Gram positive) to test the neutral (LbL.;),
negatively charged (LbLg,), and positively charged (LbL,,)
films in PBS (artificial physiological environment) at pH 7.4.
Fouling tests of all listed microorganisms were carried out using
a fixed settlement protocol and evaluated by SEM imaging.

Bacterial cell surfaces, due to ionized phosphoryl and
carboxylate substituents on the outer cell envelope, possess
net negative electrostatic charge.62 As shown in Figure Sa,
bacteria clusters covered more than 30% area of the positively
charged surface (LbL,,) in 1 h. However, bacteria coverage on
the neutral (LbLg,) and negatively charged (LbLg,) was lower,
at about 13%. The lowest bacteria coverage was observed on
the bare silicon surface at 2%. Numerous Pseudomonas
(NCIMB 2021) cells were attracted to the LbLy, surface by
electrostatic force. A much lower number was settled on the
neutral LbLg, and negatively charged LbL4, however,
settlement was still clearly visible. This may be caused by
EPS secreted by Pseudomonas (NCIMB 2021), which may
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Figure 5. Bacteria coverage of the selected LbL films after (a)
Pseudomonas (NCIMB 2021), (b) E. coli, and (c) S. aureus adhesion
assays. Error bars correspond to standard deviations. Representative
SEM micrographs set as a background for each experiment are 40 X 96
pm in size.

boost the nonspecific adhesion of bacteria onto various
materials.*’

E. coli (Gram negative) and S. aureus (Gram positive)
adhesion showed a similar trend, as seen in Figure 5b,c. The E.
coli and S. aureus coverage values on the LbL,, were about 39
and 45%, respectively. Fewer E. coli (coverage at ~0%) and S.
aureus (coverage at ~5%) were observed on the neutral LbL,;
surfaces. Almost no E. coli and S. aureus were found on the
negatively charged LbL, film. The negatively charged bacteria
including E. coli and S. aureus were attracted to the positively
charged surface by electrostatic force but barely settled on the
neutral surface and the negatively charged surface. These results
demonstrate that the LbL films with zero net charge or negative
charge can limit the adhesion of bacteria. The results presented
are in good agreement with 8previously published reports on
adhesion of microorganisms.1

4. CONCLUSIONS

Three methods for fine control of LbL film surface charge were
established and applied for the fabrication of polyelectrolyte
films with controlled IEP values. In the LbL systems of this
study, PAA as a weak polyelectrolyte and PDADMAC as a
strong polyelectrolyte were used to build up the bulk films, and
PEI as a weak polyelectrolyte was applied as top layer for some
films. The tuning methods of surface charge rely on (1)
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changing the pH value of PAA and PDADMAC solutions to
build up the bulk film, (2) tuning the pH of PEI deposited on
the last layer, and (3) tuning the pH of PAA deposited on the
penultimate layer. Following these methods, surfaces with a
wide range of IEP from 6 to 10 were fabricated. The unique
feature of this approach is that control over the surface {
potential can be essentially decoupled from chemical properties
of the top layer, and as such, the influence of a single surface
parameter (charge) can be investigated. This is not the case
when other surface modification methods (e.g, using mixed
self-assembled monolayers) are used.

In marine antifouling tests, more cyprids settled on the
negatively charged LbL surface than on the neutral and
positively charged LbL films. We associate this with the net
positive charge of the cyprid’s footprint proteins, which was
verified by assessing the adhesion of cyprid footprint proteins
by employing footprint protein modified AFM colloidal probes.
Reverse trends (high adhesion on positively charged surface but
low on neutral and negatively charged surface) were observed
in bacteria adhesion tests by using Pseudomonas (NCIMB
2021), E. coli (Gram negative), and S. aureus (Gram positive).
This was attributed to the negative charge of the bacteria cell
walls.

Several applications can be envisaged employing this
technology such as selective adsorption or purification of
proteins, adsorption or removal of metal ions from wastewater,
preparation of artificially charged bacterial cell walls, and
fabrication of charge controlled LbL capsules for drug delivery.
This fabrication approach did not provide ultimate antifouling
solutions, but rather, it offers some guiding principles to
manipulate the IEP of LbL films. Additional steps such as cross-
linking should be implemented to make LbL layers fully
exploitable for marine or biomedical applications. Correspond-
ing studies are in progress.
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