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ABSTRACT: We report a new macromolecular architecture of dual functional block
copolymer brushes on commercial thin-ilm composite (TFC) membranes for
integrated “defending” and “attacking” strategies against biofouling. Mussel-inspired
catechol chemistry is used for a convenient immobilization of initiator molecules to
the membrane surface with the aid of polydopamine (PDA). Zwitterionic polymer
brushes with strong hydration capacity and quaternary ammonium salt (QAS)
polymer brushes with bactericidal ability are sequentially grafted on TFC membranes
via activators regenerated by electron transfer—atom transfer radical polymerization
(ARGET-ATRP), an environmentally benign and controlled polymerization method.
Measurement of membrane intrinsic transport properties in reverse osmosis
experiments shows that the modified TFC membrane maintains the same water
permeability and salt selectivity as the pristine TFC membrane. Chemical force
microscopy and protein/bacterial adhesion studies are carried out for a comprehensive
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evaluation of the biofouling resistance and antimicrobial ability, demonstrating low biofouling propensity and excellent bacterial
inactivation for the modified TFC membrane. We conclude that this polymer architecture, with complementary “defending” and
“attacking” capabilities, can effectively prevent the attachment of biofoulants and formation of biofilms and thereby significantly

mitigate biofouling on TFC membranes.
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1. INTRODUCTION

Thin-film composite (TFC) polyamide membranes play a
critical role in state-of-the-art reverse osmosis (RO), a rapidly
growing desalination technology for global water production."”
However, a major drawback of using TFC membranes is their
high propensity toward biofouling. Biofouling is initiated by the
attachment of biomacromolecules or microorganisms and the
subsequent formation of a biofilm, which significantly impairs
membrane performance by decreasing membrane water
permeability, selectivity, and life span.”~> Consequently, during
the past decade, extensive research efforts have been devoted to
developing TFC membranes with superior biofouling-resistant
properties.é’7

Antibiofouling strategies using surface modification can be
classified into two mechanisms: resistance to adhesion of
biocontaminants (“defendin%”) and degradation of the
biocontaminants (“attacking”).” It is generally accepted that a
hydrophilic surface offers biofouling resistance because of the
hydrophobic nature of biofoulants such as proteins.”” "' A
classic “defending” protocol, therefore, involves modification of
membrane surface chemistry to increase hydrophilicity by
introducin§ poly(ethylene glycol) (PEG) or oligo(ethylene
glycol)."*~"* However, studies have shown that PEG naturally
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degrades by oxidation, especially in complex media, and is not
suitable for long-term use.' !¢

Alternatively, zwitterionic polymers with a balanced charge
and minimized net dipole have proven to be excellent
candidates as nonfouling materials due to their strong hydration
capacity via electrostatic interactions.'”>* Surface functional-
ization with zwitterionic amino acids,” polymers,”**” bio-
polymers,” and copolymers”>*® has been shown to improve
the fouling resistance of polyamide TFC membranes toward
proteins, humic acid, alginate, and bacteria. Unlike their PEG
counterparts, zwitterionic polymers have better stability,
broader chemical diversity, and greater freedom for molecular
design, thus representing an excellent antifouling agent for
membrane functionalization.

The “attacking” strategy, on the other hand, involves
membrane functionalization with releasable bacteria-killing
substances, such as silver nanoparticles (Ag NPs)*' and
antibiotics,”> or decoration with bactericidal functionalities
like quaternary ammonium salts (QAS),**™** graphene oxide,**
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and photoactive agents’’ for contact killing, Inactivation of
bacterial cells on the surface was found to reduce the rate of
biofilm formation on biocide-functionalized membranes,**™*°
demonstrating the potential of antimicrobial membrane design
for biofouling prevention.

However, all approaches mentioned above have fundamental
limitations for long-term biofouling resistance in complex
biological environments. Protein-resisting PEG surfaces have
been proven to be ineffective in preventing bacterial deposition
and colonization,"®"" and bactericidal surfaces suffer from the
rapid accumulation of dead bacterial cells, which shield the
surface functional groups and provide an accessible platform for
microorganisms to attach and proliferate.*”~** For this reason,
numerous researchers in recent years have attempted to
combine these two complementary biofouling mitigation
strategies to impart both nonadhesive and bactericidal
capabilities on the membrane surfaces.

Tiller et al. developed a Ag NP-embedded surface that was
additionally modified with a bacteria-repelling PEG polymer
network. The surface was demonstrated to be capable of
inhibiting bacterial growth and repelling microbes at the same
time.* Lienkamp and co-workers also reported a bifunctional
surface by integrating the nonfouling property of poly-
(zwitterion) with the bactericidal ability of synthetic anti-
microbial peptides (AMPs).** Most recently, a “kill-and-
release” strategy was proposed to build an antimicrobial surface
based on a cationic ester. The cationic ester-functionalized
surface was able to kill the attached bacteria and release dead
microbes upon the hydrolysis of ester groups, resulting in a
nonfouling zwitterionic surface.

Overall, these novel strategies and materials are encouraging,
but they still suffer from short-term efficiency, limited stability
in complex environments, and impairment of membrane
permeability or selectivity. Additional efforts are therefore
required to seek out more reliable and efficient antibiofouling
approaches without compromising membrane performance.

Here, we present a new environmentally benign and robust
approach to integrate both “defending” and “attacking”
antibiofouling strategies in TFC membranes via the control-
lable architecture of a dual-functional diblock copolymer by
using an improved atom-transfer radical-polymerization
(ATRP) technique. Surface-initiated ATRP has been widely
recognized as a powerful technique for antifouling surface
construction. It provides a unique route to dense polymer
brushes with narrow polydispersity, controlled architecture, and
well-defined thickness and composition.**™>* As a milestone of
the development of ATRP techniques, activators regenerated
by electron transfer—atom transfer radical polymerization
(ARGET-ATRP) require a smaller amount of copper catalyst
and tolerate a limited amount of oxygen.”* *° This develop-
ment paved the way for convenient use of ATRP to modify
large membrane surface areas under ordinary laboratory and
industrial conditions.

In this study, we show that nonfouling zwitterionic polymer
brushes and antimicrobial QAS polymer brushes can be
sequentially grown by ARGET-ATRP onto the surface of
TFC membranes. To our knowledge, this is the first case of
controlled architecture of dual-functional block-type polymers
on TFC membranes via surface-initiated ATRP techniques.
The polymerization is initiated by 2-bromoisobutyryl bromide
(BiBB), which is covalently bonded to mussel-inspired
polydopamine (PDA) for immobilization onto the membrane
surface.”” Results show that the diblock copolymer grafted TFC

RO membranes have excellent resistance against the non-
specific adsorption of proteins due to the function of the
zwitterionic layer. Furthermore, the QAS brushes effectively kill
adsorbed bacteria, which are then easily released from the
membrane because of the presence of zwitterionic brushes.
Notably, this macromolecular architecture protocol via
ARGET-ATRP provides good stability and does not impact
intrinsic membrane transport properties.

2. EXPERIMENTAL SECTION

2.1. Chemicals. [2-(Methacryloyloxy)ethyl]trimethylammonium
chloride solution (MTAC) (80 wt % in H,0), [2-(methacryloyloxy)-
ethyl]dimethyl-(3-sulfopropyl)Jammonium hydroxide (also named
“sulfobetaine methacrylate”, SBMA), a-bromoisobutyryl bromide
(BiBB) (98%), dopamine hydrochloride, triethylamine (TEA)
(>99%), tris(hydroxymethyl)aminomethane (Tris) (>99.8%), copper-
(I1) chloride, tris(2-pyridylmethyl)amine (TPMA), L-ascorbic acid,
and N,N-dimethylformamide (DMF) were purchased from Sigma-
Aldrich. Commercial TFC membranes were provided by Dow
Chemical (SW30 XLE). Deionized (DI) water was obtained from a
Milli-Q_ultrapure water purification system (Millipore, Billerica, MA).
The LIVE/DEAD Baclight bacterial viability kit, containing propidium
iodide (PI) and Syto 9, was obtained from Thermo Fisher Scientific
(Molecular Probes, Grand Island, NY).

2.2. Preparation of Poly(SBMA-b-MTAC)-Grafted TFC Mem-
brane. Commercial RO membranes were immersed in 25%
isopropanol for 30 min. Then, the membranes were washed with
distilled water and soaked in Milli-Q water overnight. Dopamine
hydrochloride (800 mg, 4.20 mmol) was dissolved in 40 mL DMF in
an amber bottle with a PTFE/silicone septum. After the solution was
degassed, 2-bromoisobutyryl bromide (0.26 mL, 2.10 mmol) and
triethylamine (0.30 mL, 2.10 mmol) were added. The reaction lasted
for 3 h under stirring at room temperature.

A wetted membrane was sandwiched between a clean glass plate
and a rubber mat with a central hole cut out (ie., hole: 25 cm long, 15
cm width) on a rocking platform. The sandwich was secured by steel
clamps, thus creating a sealed well. The dopamine-BiBB in DMF was
added to aqueous tris(hydroxymethyl)aminomethane buffer at pH 8.5
(900 mg, 4.0 x 107> mol in 200 mL Milli-Q water), and the solution
was then immediately added to the well. The entire solution was
constantly moved over the membrane surface using the rocking
platform at ambient conditions. After 10 min, the PDA-BiBB-
deposited membrane was removed from the glass plate and thoroughly
rinsed with distilled water. The washed membranes were stored in
aqueous isopropanol (10% v/v) until further modification.

Sulfobetaine methacrylate (SBMA) (7.82 g ~28 mmol) was
dissolved in a 1:1 isopropanol:Milli-Q water mixture (100 mL, v/v) in
a bottle (covered with aluminum foil) with a septa lid. After degassing
by bubbling through dry N, for 10 min, a solution of copper(Il)
chloride (0.002 g, ~14.8 ymol) and TPMA (0.028 g, ~0.095 mmol) in
1:1 isopropanol:Milli-Q water (4 mL, v/v) was then syringed into the
bottle.

The PDA-BiBB deposited membrane was placed into a 250 mL
bottle (covered with aluminum foil). The zwitterionic monomer
solution (100 mL) prepared above was introduced into the bottle. The
systems were degassed by N, for 10 min. A solution of ascorbic acid in
1:1 isopropanol:water (0.4 g, ~2.2 mmol, in 4 mL v/v) was then
syringed into the bottles. This initiated the polymerization, which was
undertaken for 1 h. Then, the bottle was opened to air to terminate the
reaction. The poly(sulfobetaine methacrylate) (PSBMA)-grafted
membrane was washed thoroughly with Milli-Q water to remove the
unreacted monomers.

[2-(Methacryloyloxy)ethyl]trimethylammonium chloride solution
(MTAC) (726 g ~28 mmol MTAC) was dissolved in a 1:1
isopropanol:Milli-Q water mixture (100 mL, v/v) in a bottle (covered
with aluminum foil) with a septa lid. After degassing by bubbling
through dry N, for 10 min, a solution of copper(II) chloride (0.002 g,
~14.8 pmol) and tris(2-pyridylmethyl)amine (TPMA) (0.028 g,
~96.4 umol) in 1:1 isopropanol:Milli-Q water (4 mL, v/v) was
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Figure 1. Illustration of the structure of dual-functional block polymer brushes on a TFC membrane for integrated antifouling strategy (a) and
surface-initiated ARGET-ATRP synthesis of the poly(SBMA-b-MTAC) from the TFC membrane (b). The initiator BiBB (1) is coupled with
dopamine (2) for immobilization onto the surface of the TFC membrane in pH 8.5 Tris buffer.

syringed into the bottle. Then, the solution was added to a 250 mL
bottle containing the PSBMA-grafted membrane. The system was
degassed by a N, purge for 10 min. A solution of ascorbic acid in 1:1
isopropanol:water (0.4 g, ~2.2 mmol, in 4 mL v/v) was syringed into
the bottle. The polymerization was undertaken for 24 h. The
poly(sulfobetaine methacrylate)-block-poly([2-(methacryloyloxy)-
ethyl]trimethylammonium chloride) (abbreviated as “poly(SBMA-b-
MTAC)”)-modified membrane was washed with Milli-Q water and
stored in aqueous isopropanol (10% v/v).

2.3. BSA Adsorption Test. Fluorescein-conjugated BSA (FITC-
BSA) was purchased from Life Technologies (A2301S, S mg), and 1
mL of phosphate-buffer saline (PBS) at pH 7.4 was added to dissolve
completely. The solution was centrifuged for ~10 s at 12,000 rpm.
The supernatants were then taken and diluted with PBS to a
concentration of 0.05 mg/mL. For each pristine and modified
membrane, two pieces with a diameter of 2.1 cm were cut and
mounted in a homemade membrane cell on a rocking plate (60 rpm)
with the active layer (salt rejecting) side in contact with the prepared
FITC-BSA solution for 3 h in the dark. After the solution was removed
from the cell, the membrane pieces were rinsed twice by gently adding
2 mL of PBS and removed from the cell after 1 min on the rocking
platform at the same speed. The rinsed membrane piece was placed on
a glass slide with a droplet of PBS on it, covered by a cover glass. The
cover glass was sealed by nail polish to prevent any evaporation of the
PBS during fluorescence imaging. The prepared sample was then
mounted on an inverted Axiovert 200 M epifluorescence microscope
(Carl Zeiss Inc.,, Thornwood, NY, USA). For each sample, at least ten
spots were randomly selected, and fluorescence images were acquired.

2.4. AFM Adhesion Force Measurement. A particle-function-
alized AFM cantilever was used to quantify the adhesion forces

between the membrane and a carboxylated latex particle, which serves
as a general model for organic foulants.”® Tipless SiN cantilevers
(Bruker NP-O10) were cleaned before functionalization in a UV/
ozone cleaner for 20 min (BioForce Nanosciences, Ames, IA). Then, a
carboxyl-modified latex particle having a diameter of 4 ym (CML,
carboxyl content 19.5 peq/g, Life Technologies, Eugene, OR) was
glued to the tip of the cantilever using UV-curable adhesive (Norland
Optical Adhesive 68, Norland Products, Cranbury, NJ) and cured for
20 min in the UV/ozone cleaner.

Force measurements were collected with a Dimension Icon AFM
(Bruker, Santa Barbara, CA). Solution chemistry used for the adhesion
force measurement was 50 mM NaCl and 5 mM CaCl,.*° Force curves
were collected using a trigger force of 10 nN, a ramp size of 1 ym, and
a ramp rate of 0.5 Hz. The cantilever deflection sensitivity and spring
constant were determined before each experiment using the thermal
noise method.*® Adhesion forces were determined using the Peak
Analysis function of Nanoscope Analysis v1.5 (Bruker), using data
converted from cantilever deflection relative to piezoelectric stage
retraction to force relative to particle—membrane separation.

2.5. Antimicrobial Test. Escherichia coli (ATCC BW26437, Yale
Coli Genetic Stock Center, New Haven, CT) cells were transferred
from a solid agar culture to Lysogeny broth (LB) broth and grown at
37 °C overnight. The bacterial cultures were brought to log phase by
diluting the overnight culture (1:25) with fresh LB medium and
growing them until they reached an optical density at 600 nm (OD600
nm) of 1.0, which is equal to ~10° colony forming units (CFU) per
mL. The cultures were then washed three times with fresh sterile PBS
and resuspended in PBS at a final concentration of ~10° CFU/mL.

To evaluate the antimicrobial activity of the different modified
membranes, we punched coupons of ~3.5 cm® from each membrane
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Figure 2. ATR FTIR spectra (a), zeta potential (b), SEM surface morphology (c), and water contact angle measurements (d) of TFC membranes in
the modification process. (1) Pristine TFC membrane, (2) PDA-BiBB immobilized membrane, (3) PSBMA-grafted membrane, and (4)

poly(SBMA-b-MTAC)-grafted membrane.

and placed them in plastic holders to expose only the active layer to
bacteria. Bacterial suspensions (3 mL) were contacted with the
membrane for 3 h at room temperature. The bacterial suspension was
then discarded, and the membranes were washed twice with fresh PBS,
as described in section 2.3, to remove nonattached cells. Cell viability
of the attached cells was determined by the LIVE/DEAD fluorescent
staining assay (LIVE/DEAD BacLight viability assay, Molecular
Probes, NY). Cells deposited on the membranes were stained with
3.34 M Syto 9 and 20 uM propidium iodide in PBS for 30 min. The
staining solution was removed, and the membranes were rinsed once
with PBS before being mounted on a microscopic slide for
epifluorescence microscopy. Ten pictures per replicate were taken
with an Axiovert 200 M epifluorescence microscope (Carl Zeiss Inc.,
Thornwood, NY, USA). Live (green) and dead (red) cells were
counted with the Image] Cell Counter Plugin (National Institutes of
Health, MD).

3. RESULTS AND DISCUSSION

3.1. Block Copolymer Architecture on TFC Mem-
branes. 3.1.1. Synthesis Strategy. Because of the low usage of
catalyst and tolerance to oxygen, ARGET-ATRP holds great
promise for surface modification of large-area membranes
under industry friendly conditions.**™>® In this study, by using
a surface-initiated ARGET-ATRP technique, macromolecular
engineering on TFC membranes was implemented for building
block-type polymer brushes, which aimed to impart TFC
membranes with combined nonadhesive and antimicrobial
properties. The architecture of dual-functional block copoly-
mers on TFC membranes for an integrated antifouling strategy
is illustrated in Figure 1. Zwitterionic poly(sulfobetaine
methacrylate) (PSBMA) brushes and poly[2-
(methacryloyloxy)ethyl]trimethylammonium chloride
(PMTAC) brushes, a QAS polymer, were sequentially grown

from the surface of the TFC membrane. The zwitterionic
PSBMA brushes are responsible for preventing the nonspecific
attachment/adsorption of biofoulants, and the QAS PMTAC
brushes provide antimicrobial activity. Moreover, the zwitter-
ionic brushes with strong hydration ability generate a favorable
environment for the release of the dead microbes killed by the
QAS brushes, thus preventing the formation of biofilms that
can shield the surface functional groups on TFC membranes.*”
As illustrated in Figure 1, the initiator BiBB (1) was first
coupled with dopamine (2), followed by immobilization onto
the surface of the TFC membrane using mussel-inspired
catechol chemistry.”' ™ At present, the mechanism of PDA
assembly in an alkaline environment is not well understood. It
has been suggested that the oxidation of catechol groups of
dopamine to quinone is the critical control point in the
polymerization.é4 Next, initiated by the PDA-immobilized
BiBB, zwitterionic PSBMA brushes were grown from the
surface of the TFC membrane. To control the thickness of the
zwitterionic polymer brushes, we investigated the ARGET-
ATRP mediated growth of SBMA on a silicon wafer. The
thickness of the PSBMA brushes at different durations of
polymerization was examined with a KLA Tencor Alphastep
profilometer and by scanning electron microscopy (SEM)
(Figure S1). The PSBMA chain showed a rapid propagation
rate in the ARGET-ATRP reaction. A 200 nm layer of PSBMA
brushes was obtained after a reaction time of 1 h, which we
adopted for the growth of PSBMA on the TFC membranes.
The controlled “living” characteristics of ARGET-ATRP
enable reinitiation of polymerization after chain termination of
one type of polymer, making it possible to obtain block-type
polymer brushes for building a multifunctional platform.*>*® A
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second-stage polymerization was performed to grow PMTAC
brushes from the end of the PSBMA chains with bromine
initiators. Prior to that, ARGET-ATRP of only an MTAC
monomer on the TFC membrane revealed a slow propagation
rate of the polymer chain under the same conditions (Figure
S2). Therefore, the second-stage polymerization was carried out
for 24 h to obtain PMTAC brushes of an adequate chain length,
grafted from the end of the PSBMA chains.

3.1.2. Structure Characterization. The structures of the
pristine TFC membrane and the ARGET-ATRP-modified
membranes were characterized by attentuated total reflectance
Fourier transform infrared (ATR FTIR) spectroscopy. Figure
2a shows the 1800—800 cm™' wavenumber region of the FTIR
spectra, covering the characteristic absorbances of the main
functional groups in the modified membranes. Because the
depth of penetration of FTIR (1—S um) is larger than a typical
polyamide active layer thickness (200—500 nm), combined
signals of the polyamide and polysulfone from the support layer
are found in the ATR FTIR spectrum of TFC membranes.
Absorbances at 1666 and 1539 cm™ correspond to N—C=0
and C—N—H vibrations in the amide groups, identified as
amide I and amide II modes in secondary amides. The small
but clear peak at 1608 cm™' is associated with the hydrogen-
bonded carbonyl of the amide. The peaks at 1587, 1504, and
1488 cm ™! correspond to skeletal vibration of benzene rings in
both polysulfone and polyamide. The peaks associated with the
asymmetric stretching and symmetric stretching of the C—
SO,—C groups in polysulfone can be seen at 1323 and 1151
cm™!, respectively. The S=O stretching shows absorbance at
1294 cm™". The strong peak centered at 1243 cm™" is attributed
to the symmetric stretching of C—O—C groups in polysulfone.
No evident differences are observed in the ATR FTIR spectra
of a pristine TFC membrane and a PDA-BiBB immobilized
membrane because a short polymerization time (10 min) in
Tris buffer can only introduce a small amount of the PDA-BiBB
(as evidenced by an SEM image in the following section). In
addition, the absorbances indicative of the functional groups in
PDA-BiBB are masked as they overlap with the strong signals of
similar functional groups in the polyamide and polysulfone. We
note, however, that the area where PDA-BiBB is deposited can
be observed by naked eye as a slightly brown coloration on the
membrane, which verifies the existence of PDA-BiBB on the
TFC membrane.

After the grafting of the PSBMA brushes, new peaks at 1726
and 1039 cm ™' were observed in the ATR FTIR spectrum. The
former corresponds to the carbonyl in the ester group, and the
latter is derived from the symmetric stretch of the sulfonate
group in the SBMA molecule. A small but distinct peak appears
at 956 cm™', which is ascribed to the quaternary amine
headgroups.”” This observation suggests that the PSBMA
brushes have been successfully grafted onto the PDA-BiBB
immobilized TFC membrane. Evidence for successful grafting is
also provided by the energy dispersive spectroscopy (EDS)
analysis of PSBMA grafted to the surface of the silicon wafer
under the same reaction conditions. A clear signal of sulfur
atoms in SBMA molecules is identified in Figure S3. The ATR
FTIR spectrum of poly(SBMA-b-MTAC)-grafted membrane
shows similar characteristic peaks as that of the PSBMA-grafted
membrane but with intensified absorbance at 1726 and 1192
cm™, which is associated with the increase in ester groups in
the PMTAC brushes.

The surface properties of the modified membranes were
further investigated by acquiring zeta potential calculated from

streaming potential measurements using the Helmholtz—
Smoluchowski equation.’® The membrane surface streaming
potential was measured using an electrokinetic analyzer (EKA,
Anton Paar, Germany) with a background electrolyte of 1 mM
KCI and 0.1 mM KHCO; in a channel consisting of two
identical membrane surfaces on the top and bottom planes of
the channel. As shown in Figure 2b, the zeta potential is
indicative of the unique surface characteristics at each
membrane modification step. Because of the interfacial
polymerization process of typical polyamide TFC membrane
fabrication, both unreacted amine and carboxylic groups are
available on the pristine TFC membrane surface.”” The pristine
membrane surface charge changes from positive to negative due
to deprotonation of the functional groups as pH increases
above the isoelectric point of pH 3.7. As the pH increases, the
membrane becomes more negatively charged due to deproto-
nation of the carboxyl group and adsorption of anions, such as
CI” or OH", which are less hydrated than cations, leading to a
closer proximity to the surface.”””"

The zeta potential was not noticeably altered by PDA-BiBB
modification, likely due to the very small thickness and
incomplete coverage of the PDA-BiBB layer (as evidenced by
SEM images in the following section). However, after the
zwitterionic PSBMA brushes were grafted, the magnitude of the
zeta potential was markedly reduced, both in positive and
negative potential values. The presence of the net zero charge
zwitterionic polymers not only covers the underlying charged
surface to some extent, but its high affinity to water also leads
to swelling of the polymers and physically increases the distance
between the electrolyte and the charged surface, which reduces
attraction of anions to the surface.””

As expected, further modification of the membranes with
quaternary ammonium polymers, ie., poly(SBMA-b-MTAC),
reduced the negative zeta potential (i.e., more positive charge)
with the isoelectric point shifting from pH 3.2 for PSBMA to
pH 5.3 for poly(SBMA-b-MTAC). Although quaternary
ammonium should reveal a positive charge independent of
the pH investigated in this study, the zeta potential of the
membrane becomes negative at relatively high pH (>5.3); this
observation is probably due to incomplete coverage allowing
for adsorption of the anions on the uncovered surface, as well
as on the quaternary ammonium itself, especially at high pH.””
These sequential changes in zeta potential clearly indicate
successful modification of the pristine TFC membrane with
zwitterionic polymers followed by quaternary ammonium
polymers.

3.1.3. Surface Morphology and Hydrophilicity. Evidence
for the growth of each polymer brush on the membrane was
also obtained from morphological changes of the membrane
surface (Figure 2c) as well as contact angle measurements at
each modification step (Figure 2d). The surface roughness, as
measured by atomic force microscopy (AFM), slightly
increased after PDA-BiBB modification, probably due to
aggregation of PDA (Figure 2c, Figure S4). Further
modification with PSBMA and poly(SBMA-b-MTAC) gradu-
ally smoothed the surface roughness by increasing the thickness
of the polymeric coating (Figure S4). However, although a
general trend of membrane smoothing by the addition of
polymers can be observed, these differences were not
statistically significant (Figure S4).

Although PDA should increase hydrophilicity,”* the change
in contact angle on the PDA-BiBB membrane was not
prominent, owing to the short reaction time (10 min), resulting
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in incomplete coverage and aggregate formation. After growth
of the zwitterionic polymers (PSBMA) was terminated, the
surface became superhydrophilic due to the high affinity of the
zwitterionic polymer to water.'” Although the morphology of
the poly(SBMA-b-MTAC)-deposited membrane was not
significantly different from the one with the zwitterionic
polymer film, the contact angle increased slightly, indicating
reduced coverage of PSBMA blocks by the presence of
PMTAC blocks. When PMTAC was polymerized directly
after PDA-BiBB, a thin-film structure covering the membrane
surface was also observed (Figure S2).

3.2. Water Permeability and Salt Rejection. High water
permeability and salt rejection are critically important for
reverse osmosis desalination membranes. These membrane
performance properties are defined as the water flux across the
membrane per a given applied pressure and the rejection rate of
salt ions in feedwater by the membrane, respectively. For
practical applications, it is imperative that these performance
properties are not compromised by the membrane modification
process.

The water permeability and salt rejection of the pristine TFC
and modified membranes were measured in RO configuration
using cross-flow cells under an applied hydraulic pressure of
24.1 bar (Figure 3). The water permeabilities of the membranes
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Figure 3. Membrane transport and performance properties of pristine,
PDA-BiBB immobilized, PSBMA-grafted, and poly(SBMA-b-MTAC)-
grafted TFC membranes, including the water permeability coefficient
(L m™ h™! bar™') measured under an applied pressure of 24.1 bar
(left) and salt (NaCl) rejection measured using an applied pressure of
24.1 bar and a feed solution of SO mM NaCl (right).

consecutively modified with PDA-BiBB, PSBMA, and poly-
(SBMA-b-MTAC) are very similar to that of the pristine TFC
membrane. These results are indicative of the minimal
thicknesses of the deposited polymer layers.

To measure the salt rejection, we used a 50 mM NaCl feed
solution under 24.1 bar applied pressure, and the salt
concentration of the permeate was determined by measuring
ionic conductivity. Salt rejections of the PDA-BiBB, PSBMA,
and PMTAC membranes were only slightly reduced with the
poly(SBMA-b-MTAC)-modified membrane exhibiting ~0.5%
reduction in salt rejection (Figure 3). The salt permeability
coefficient of the membrane, an intrinsic membrane property,
was calculated from the measured salt rejection after accounting
for the concentration polarization effect.”” A small increase in
the salt permeability coeflicient is observed only for the final
poly(SBMA-b-MTAC) (Figure S5). However, such a change in
salt permeability does not compromise the applicability of the
functionalized membrane for RO applications, as the function-

alized membrane maintains good water permeability and salt
rejection performance.

3.3. Protein Fouling Resistance and Antimicrobial
Properties. 3.3.1. Adhesion Force Measurement. Zwitter-
ionic polymer coatings impart antifouling properties to surfaces
by increasing the hydrophilicity of the surface.'”~*' To quantify
how the addition of zwitterionic PSBMA brushes changed the
fouling propensity of the membrane, we used chemical force
microscopy to determine the adhesion forces between a
colloidal probe attached to an AFM cantilever and the different
functionalized membranes. The use of a carboxylated latex
particle as a colloidal probe provides a general evaluation of
foulant adhesion to the membrane®® due to the involvement of
carboxylic functional groups through calcium bridging in the
adhesion of numerous types of organic foulants on
membranes.”*”™”® This approach allowed us to compare the
fouling propensity of the modified TFC membrane and
evaluate the contributions of the different components of the
poly(SBMA-b-MTAC)-modified membrane to the fouling
resistance of the final membrane.

For each step of the membrane modification with poly-
(SBMA-b-MTAC), the adhesion forces were quantified by
more than 200 individual force measurements over five random
locations on the membrane. The distributions of the maximum
adhesion forces between the colloidal probe, serving as a
general model for organic foulants, and the different
membranes are shown in Figure 4. From the adhesion force
distributions, important differences in the fouling propensity
can be observed between the pristine TFC membrane and the
modified membranes.

The pristine TFC membrane shows an average maximum
adhesion force of —0.35 + 0.30 mN/m with the majority of the
force events being adhesive (negative values). We find that 27%
of all measured events show no adhesion (NO column),
indicating repulsive interactions of the foulant probe with the
membrane (Figure 4a). The initial PDA-BiBB coating of the
membrane increased the measured adhesion forces between the
colloidal probe and the membrane, reaching an average
adhesion force of —0.49 + 0.30 mN/m (Figure 4b). However,
upon grafting of PSBMA, the adhesion propensity of the
colloidal probe was markedly decreased to —0.03 + 0.30 mN/
m with a majority (84%) of nonadhesion events (Figure 4c).
This reduced fouling propensity of the PSBMA-modified
membranes indicates a good coverage of the underlying
PDA-BiBB by PSBMA, which swells in the presence of water.
Swelling of polymer brushes can also contribute to reduction of
the adhesion forces compared to the PDA-BiBB membrane by
increasing the distance between the solid—water interface and
the PDA-BiBB layer.

In comparison, a PMTAC-modified TFC membrane showed
a fouling propensity between the pristine TFC membrane and
the PSBMA membrane (Figure 4d). Although typically
negatively charged foulants can be attracted to positively
charged surfaces, the observed lower adhesion force on the
PMTAC-modified membrane compared to the pristine TFC
one may be attributed to enhanced hydrophilicity (Figure S2).
This indicates that the antimicrobial QAS added to the
membrane, although not as antifouling as PSBMA, should not
significantly affect the antifouling capacity of the final
poly(SBMA-b-MTAC). The adhesion forces measured for the
poly(SBMA-b-MTAC) membrane are found to be in the same
range as those of the PSBMA membrane (Figure 4e), also
indicating that the addition of PMTAC did not have a
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Figure 4. Adhesion force distributions between a carboxyl-modified latex particle probe and pristine (a), PDA-BiBB-immobilized (b), PSBMA-
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indicating the carboxylated latex particle.

(a) Pristine TFC in PBS

Pristine TFC w/
FITC-BSAin PBS

PDA - BiBB

(f) poly(SBMA-b-MTAC)

Figure S. Epifluorescence microscope images of pristine and modified TFC membranes following protein adhesion tests using fluorescein-labeled
BSA (BSA-FITC) in PBS. Pristine TFC membranes exposed to PBS without (a) and with BSA-FITC (b). PDA-BiBB-immobilized (c), PSBMA-
grafted (d), PMTAC-grafted (e), and poly(SBMA-b-MTAC)-grafted (f) TFC membranes after exposure to PBS with BSA-FITC. The scale bar is 20

pm.

significant effect on the antifouling properties of the PSBMA
layer.

3.3.2. BSA Adsorption Test. The antifouling character of the
modified TFC membranes was confirmed using bovine serum
albumin (BSA) as a model protein foulant. Proteins are
ubiquitous foulants in typical feedwater sources. Proteins not
only reduce water flux through membranes, but adsorbed
proteins can also provide a conditioning layer for bacterial
growth and biofilm formation, eventually leading to biofouling.®
Therefore, prevention of attachment of proteins on membrane
surfaces is critical for successful antifouling functionality.

As a model protein foulant, we used BSA that was
fluorescein-tagged (FITC-BSA, A23015, Life Technologies).
We allowed the pristine and modified membranes to be in

contact with a solution of FITC-BSA (0.05S mg/mL) in PBS at
pH 7.4 for 3 h in the dark. The fluorescence intensity of the
FITC-BSA exposed membranes qualitatively shows the degree
of adsorption of BSA on the membranes.

The FITC-BSA exposed pristine membrane emitted a high
intensity of fluorescence (Figure Sb) compared to the
membrane exposed to PBS alone (Figure Sa), indicating
significant adsorption of BSA. Although BSA adsorption on the
PDA-BiBB-modified membrane was somewhat reduced with
slightly lower fluorescence intensity (Figure Sc), the PSBMA-
modified membrane showed almost no adsorption of BSA
without any noticeable fluorescence (Figure S5d). This
observation clearly demonstrates that zwitterionic polymers
are densely hydrated with water molecules, thereby preventing
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Figure 6. Adhesion and cell viability of E. coli cells on pristine and modified TFC membranes. (a) Total cell count of attached bacteria per
membrane surface area. (b) Viability of E. coli cells attached to the membrane (contact time of 3 h at room temperature), as determined by the Syto

9/propidium iodide viability stain.

contact of BSA.'”~*' The membrane grafted with PMTAC only
after PDA-BiBB (Figure Se) shows almost the same
fluorescence intensity as the pristine membrane, probably
because BSA adsorption was promoted by electrostatic
attraction between the positively charged QAS polymeric
layer and the negatively charged BSA.** This seems to be a
common disadvantage for membranes solely modified with
bactericidal materials, which was also evidenced in previous
studies.””~** Our final membrane modified with poly(SBMA-b-
MTAC) (Figure Se) exhibits slightly increased adsorption of
BSA compared to that with PSBMA alone but is still
significantly lower than that of the pristine membrane. This
observation clearly indicates the antifouling property of our thin
block copolymer-modified membrane.

3.3.3. Bacterial Adhesion and Inactivation. Bacterial
adhesion and inactivation were also evaluated to determine
the antibiofouling potential of the poly(SBMA-b-MTAC)-
modified TFC membrane. Bacterial adhesion was measured
after a 3 h exposure of the membrane surface to an E. coli
suspension in PBS buffer (pH 7.4). The membranes were
mildly washed to remove nonadhered cells and stained with
Syto 9 and propidium iodide for cell enumeration and viability.
Using this approach, both the total number of bacterial cells
(adhesion) and the relative amount of live cells (cell viability)
can be assessed.

Bacterial cell adhesion was found to follow the same trend as
the fouling propensity measured by chemical force microscopy
using the carboxylated latex colloidal probe. The number of
bacterial cells adhered to the membrane surface after 3 h of
contact decreased in the order PDA-BiBB > pristine > PMTAC
> poly(SBMA-b-MTAC) > PSBMA (Figure 6a). Membranes
with zwitterionic polymer coatings, ie., PSBMA and poly-
(SBMA-b-MTAC), thus showed excellent resistance to
bacterial adhesion, whereas membranes coated with PMTAC
only showed a bacterial adhesion propensity halfway between
pristine TFC membranes and PSBMA-grafted membranes.
This observation is probably due to the electrostatic attraction
between the negatively charged bacterial cell surfaces and the
positive quaternary ammonium moieties as shown by zeta
potential measurements (Figure 2b).

Only membranes with PMTAC QAS brushes were found to
possess antimicrobial activity (Figure 6b), exhibiting a decrease
from 73% of cell viability (pristine TFC) to 39 and 28%
viability for PMTAC and poly(SBMA-b-MTAC)-modified TFC

membranes, respectively. The addition of QAS induces
disruption of the bacterial cell wall membrane due to cationic
binding of positively charged QAS moieties to the cell wall,*'
thus imparting antimicrobial properties to the TFC membrane.
PSBMA coating alone did not significantly affect the cell
viability of adhered bacterial cells compared to the pristine TFC
membrane (p = 0.40, determined by Student’s t test).
Therefore, despite the adhesion of bacterial cells to the
poly(SBMA-b-MTAC) membrane being slightly higher (p =
0.057) then that to PSBMA alone, the coupling of antimicrobial
QAS moieties to PSBMA can enhance the antibiofouling
potential of TFC membranes.

The relationship between biofouling resistance and bacterial
adhesion is of course not straightforward. Studies have shown
that membrane coatings having lower protein and bacterial
adhesion can still suffer from the formation of biofilms.*”**
However, for the specific case of low fouling zwitterionic
polymers, bacterial adhesion was found to be a reliable
indicator of biofouling propensity.”” The lower fouling
propensity of the poly(SBMA-b-MTAC) TFC membrane,
demonstrated using chemical force microscopy and both
protein and bacterial adhesion, may therefore suggest the
potential of this approach as a biofouling mitigation strategy. In
addition, surface functionalization for antimicrobial surface
activity was found to provide a higher biofouling resistance than
that suggested by adhesion assays.”” The dual functionality of
the poly(SBMA-b-MTAC) membrane, which is both antifoul-
ing and antimicrobial, suggests the excellent potential of this
type of functionalization for biofilm control in membrane
processes.

4. CONCLUSION

We present a new, scalable macromolecular architecture for
TFC membranes to integrate both “defending” and “attacking”
strategies against biofouling. Antifouling zwitterionic polymer
brushes and antimicrobial QAS polymer brushes were
sequentially grown from the surface of TFC membranes via
surface-initiated ARGET-ATRP, an industrially benign poly-
merization method. Mussel-inspired polydopamine chemistry
was utilized for a convenient immobilization of initiator
molecules (BiBB). The evolution of the structure, morphology,
and hydrophilicity during the surface modification was
confirmed by ATR FTIR spectra, zeta potential analysis,
SEM, and water contact angle measurements. The diblock
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copolymer grafted TFC membrane maintained the water
permeability and salt rejection of the native TFC membrane.
Biofouling resistance and bacterial adhesion and inactivation
were comprehensively evaluated using chemical force micros-
copy and protein/bacterial adhesion tests. Results demon-
strated a low biofouling propensity and good antimicrobial
activity for the modified TFC membrane. The developed dual
functional TFC membrane has great potential for use in water
purification and desalination by RO technology. Moreover, the
integrated antibiofouling strategy through ARGET-ATRP
architecture of a multifunctional block copolymer is applicable
for surface modification of other water treatment membranes as
well as materials for transportation, biomedical, and energy
applications.
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