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ABSTRACT Semifluorinated-quaternized triblock copolymers (SQTCs) were synthesized by chemical modification of polystyrene-
block-poly(ethylene-ran-butylene)-block-polyisoprene ABC triblock copolymers. Surface characterization of the polymers was performed
by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) analysis. The surface of the SOTC
showed very high antibacterial activity against the airborne bacterium Staphylococcus aureus with >99 % inhibition of growth. In
contrast in marine fouling assays, zoospores of the green alga Ulva settled on the SOTC, which can be attributed to the positively
charged surface. The adhesion strength of sporelings (young plants) of Ulva and Navicula diatoms (a unicellular alga) was high. The

SQTC did not show marked algicidal activity.
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INTRODUCTION
reatments that kill or suppress the growth of bacteria

such as heat, chlorine, and antibiotic drugs are clas-

sified as antibacterial. In general, antibacterial agents
such as bactericides or disinfectants are low-molecular-
weight compounds. A specific class of bactericides, low-
molecular-weight quaternary ammonium salts possessing at
least one alkyl group, is able to Kill bacteria by interacting
with the cell membrane. Unfortunately, most of these
molecules are toxic to the environment, and their effective-
ness is short-lived (1 —3). Additionally, after years of overuse
and misuse of antibacterial compounds, bacteria have de-
veloped resistance against antibacterial agents. The develop-
ment of resistant bacteria has arguably become a global
health crisis (4).
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Because the polymeric materials widely used in food
packaging, textiles, and medical devices can be easily
colonized by bacteria or other microorganisms capable of
causing severe transmitted diseases, the use of synthetic
polymers containing biocidal compounds has steadily in-
creased. Antibacterial polymers have the advantage that
they show enhanced antibacterial activity, reduced residual
toxicity, increased efficiency and selectivity, and prolonged
lifetime. Therefore, investigation of polymeric antimicrobial
agents represents a new and important direction that has
developed in the field of antimicrobial agents (5, 6). The use
of nonleaching antibacterial polymeric surfaces, with anti-
bacterial agents permanently grafted to the surface through
covalent bonding, is an attractive strategy. During the last
two decades, there has been increased effort to synthesize
antibacterial polymeric systems capable of preventing bac-
terial infections. One method to control bacterial infection
is to introduce antibacterial agents within the polymers. This
can be achieved by either physical entrapment of the agents
in a polymer matrix or grafting the agents onto the surface
of polymers (7—10). The other method is to use polymeric
materials in which the active moieties are either bound to
the polymer backbone or present as pendent groups on the
polymer chain (11—18).

Among these polymeric antibacterial materials, there has
been significant study concerning the preparation of per-
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manent antibacterial surfaces through covalent coupling of
poly (quaternary ammonium) compounds (12, 14,16, 18—20).
Quaternary ammonium compounds (QACs) have some
advantages over other antibacterial agents. This includes
excellent cell membrane penetration properties, low mam-
malian toxicity and sensitivity, good environmental stability,
low corrosivity, and extended residence time and biological
activity (13, 21). Although the exact mechanism of the
antimicrobial action of QACs is still unclear, it is mostly
attributed to their ability to increase cell permeability and
disrupt the cell membrane. To be compatible with the bilayer
of the outer cell membranes, at least one of the organic
substituents should be a long alkyl chain to provide a
hydrophobic segment (22). The generally accepted mecha-
nism of action is that the cationic sites of the QACs are
adsorbed onto anionic sites of the cell-wall surface by
electrostatic interaction, and then a significant lipophilic
component promotes diffusion through the cell wall and
binds to the cell membrane. Acting as a surfactant, the long
alkyl chains are able to disrupt the cytoplasmic membrane
and cause the release of electrolytes and nucleic materials
which results in the death of the cells (23—25). Recently,
several research groups have reported that polymeric QACs
such as N-alkylated pyridinium polymers (26, 27), N-alky-
lated polyethylenimine (28), and semifluorinated pyridinium
polymers (14) are highly bactericidal against Staphylococcus
aureus, causing rupture of the cell membrane and death
rather than simply inhibiting cell growth on the surfaces.

Biofouling due to the colonization of submerged surfaces
by aquatic organisms in its early stages is similar to bacterial
colonization and is a major problem for all marine industries.
Fouling on surfaces promotes corrosion, causes a decrease
in hydrodynamic efficiency, results in transport of intro-
duced pests, and leads to many other problems worldwide
(29, 30). Currently, the major strategy for combating fouling
is via the use of biocidal copper laden antifouling paints (31).
From an environmental perspective, non-biocidal technolo-
gies are preferred (32). Many researchers have prepared
foul-release coatings that minimize the adhesion of fouling
organisms including siloxanes (33—35) and fluoropolymers
(36—38). Majumdar et al. (39) tethered quaternary am-
monium salt moieties into a polysiloxane matrix. The de-
velopment of a marine bacterial biofim was inhibited by the
incorporation of C18 quaternary ammonium moieties and
although the surfaces were not antifouling towards the
growth of the alga Ulva, the release of young plants was
enhanced (39).

In this study, we report the development of nontoxic
antimicrobial semifluorinated-quaternized triblock copoly-
mers (SQTCs) from polystyrene-b-poly(ethylene-ran-buty-
lene)-b-polyisoprene, PS-b-P(E/B)-b-P1, ABC triblock copoly-
mer. The triblock copolymer is mechanically locked to the
base layer consisting of low modulus thermoplastic polysty-
rene-b-poly(ethylene-ran-butylene)-b-polystyrene (SEBS) that
is utilized to control the mechanical properties of the coating
system. The nonpolar nature and rodlike conformation of
the fluoroalkyl groups may be instrumental in the higher
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antibacterial activity of the surfaces of fluorinated-quater-
nized polymers (14). Thus our goal was to use these surfaces
to both improve anti-microbial activity and to serve as anti-
fouling materials. In order to characterize the chemical
compositions of the polymeric coating surfaces, near-edge
X-ray absorption fine structure (NEXAFS) analysis and X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed. Finally, we describe the antibacterial activities of
these materials against an airborne Gram-positive bacterium
S. aureus and report on our testing of these surfaces to resist
and release fouling by algae, specifically the green macroalga
Ulva linza and the diatom Navicula. The rationale for the algal
assays was based on the premise that the settlement of cells,
spores, or larvae of higher organisms may be moderated
using tethered, contact-active biocide moieties may delay
the fouling process.

EXPERIMENTAL SECTION

Materials. Perfluorooctyliodide and sodium bis(2-methoxy-
ethoxy)aluminum hydride solution (Red-Al) were purchased
from Fluka and used as received. 5-Hexen-1-ol, 2,2’-azobi-
sisobutyronitrile (AIBN), sodium bis(2-methoxyethoxy)alumi-
num hydride, N,N-dimethylformamide (DMF), [-methyl-2-
pyrrolidinone (NMP), tetrahydrofuran (THF), methylene chloride,
3-(dimethylamino)-1-propylamine (DMAPA), and 1-bromohex-
ane (H6Br) were purchased from Aldrich and used as received.
Triphenylphosphine (TPP), carbon tetrabromide (CBry), potas-
sium carbonate, and m-chloroperoxybenzoic acid (mCPBA)
were purchased from Sigma-Aldrich. The polystyrenegy-block-
poly(ethylene-ran-butylene),si-block-polyisoprene,ox, PS-b-P(E/
B)-b-PI, triblock copolymer, with PS, P(E/B), and PI block
molecular weights of 8, 25, and 20 kDa, respectively, was
produced using anionic polymerization by Kraton Polymers. All
other chemicals were purchased from Sigma-Aldrich and used
without further purification.

Synthesis of Semifluorinated Hexylbromide (F8H6Br). Per-
fluorooctyliodide (30 g, 55 mmol) and 5-hexen-1-ol (6.61 g, 66
mmol) were mixed in a 100 mL round bottom flask. AIBN (0.45
g, 2.75 mmol) was added and the reaction was performed for
2 h at 80 °C under a nitrogen atmosphere. The crude product
was cooled to room temperature and semifluorinated iodohex-
anol (F8H6IOH) was recovered by crystallization in toluene/
hexane (30/120 mL) mixture. Sodium bis(2-methoxyethoxy)-
aluminum hydride solution (Red-Al, 19.8 g, 98.0 mmol) was
dissolved in 160 mL of diethyl ether in a 500 mL round bottom
flask. FSH6IOH (30 g, 46.4 mmol) was dissolved in 80 mL of
diethyl ether and added to the Red-Al solution. The reaction was
performed for 3 h at room temperature and then quenched with
200 mL of 2 M HCI solution. The organic phase was washed
with 200 mL of brine, followed by drying with magnesium
sulfate. The solution was concentrated under reduced pressure
and the semifluorinated hexanol (F8H60OH) was recovered by
further drying under reduced pressure for 24 h at room tem-
perature. FSBH60OH (22.5 g, 43.3 mmol) and CBry (23 g, 69.3
mmol) were dissolved in 100 mL of anhydrous THF in a 500
mL round bottom flask. The mixture was cooled to —5 °C.
Triphenyl phosphine (18.1 g, 69.3 mmol) was then added and
the reaction was performed for 1 h at —5 °C, followed by an
additional 8 h at room temperature. The tetrahydrofuran was
then evaporated under reduced pressure and 200 mL of diethyl
ether was added to the crude product. The triphenylphosphine
oxide byproduct was separated by filtration, and the product
was further purified by passing the reaction solution through a
short silica gel column to absorb the residual triphenylphos-
phine oxide using anhydrous methylene chloride as a running
solvent (82% yield). 1H NMR (CDCls, d in ppm) 3.45 (2H,
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Scheme 1.

Synthesis of Semifluorinated-Quaternized Triblock Copolymer (SQTC-F8H6Br—H6Br)
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Epoxidation of PS-b-P(E/B)-b-PI. The modification of the
starting triblock copolymer is outlined in Scheme 1. PS-b-P(E/
B)-b-PI, (10 g, 50 mmol of isoprene) was dissolved in 200 mL
of methylene chloride in a 500 mL round bottom flask at room
temperature. m-Chloroperoxybenzoic acid (nCPBA) (10.4 g, 60
mmol) was added, and the epoxidation was performed for 8 h
at room temperature. About 80 % of the reaction solvent was
evaporated under reduced pressure and the epoxidized polymer
was precipitated in excess methanol, filtered, dissolved in 30
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filtered, and dried under reduced pressure at room temperature
for 48 h.

Amination of Epoxidized PS-b-P(E/B)-b-PI. Epoxidized PS-
b-P(E/B)-b-PI (1 g, 4 mmol of epoxy) was dissolved in 50 mL of
NMP in a 300 mL round bottom flask at 90 °C. DMAPA (12.3 g,
120 mmol) and TPP (0.2 g, 0.8 mmol) were added and the
amination was performed for 48 h at 160 °C under reflux. The
aminated block copolymer was precipitated in excess distilled
water, filtered, dissolved in 50 mL of NMP, re-precipitated in
excess distilled water, filtered, and dried under reduced pres-
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sure at room temperature for 48 h. Elemental anal.: C (76.9 %),
H(11.6 %), 0 (5.49 %), N (5.74 %).

Quaternization of Aminated PS-b-P(E/B)-b-PI with Semiflu-
orinated Hexylbromide (F8H6Br) and Hexylbromide (H6Br).
Aminated PS-b-P(E/B)-b-P1 (0.4 g, 5.95 mmol of reactive amino
and amine groups) was dissolved in 20 mL of DMF ina 100 mL
round bottom flask at 90 °C. F8H6Br (10.4 g, 17.9 mmol) and
potassium carbonate (1.38 g, 10 mmol) were added to the
reaction mixture. The flask was sealed with a rubber septum
and the quaternization reaction was performed for 48 h at 90
°C under a nitrogen atmosphere. The residual amine groups
were further quaternized with excess H6Br for 24 h at 90 °C.
Following completion of the second quarternization, about 80
% of DMF was removed using a rotary evaporator at reduced
pressure. The SQTCs were precipitated in excess diethyl ether,
filtered, dissolved in 5 mL of DMF, re-precipitated in excess
diethyl ether, filtered, and dried under reduced pressure at room
temperature for 48 h. Elemental anal.: C (48.8 %), H (5.6 %),
N (2.2 %), F (35.3 %) for first quaternization (SOTC-F8H6BTI);
C (50.1 %), H (6.1%), N (1.6 %), F (33.1 %) for second
quaternization (SOTC-F8H6Br-H6Br).

Polymer and Surface Characterizations. The polymer films
for IR spectra of polymers were formed on salt plates and the
spectra were obtained using a Mattson 2020 Galaxy Series FTIR
spectrometer. The elemental analyses for C, H, N, and F of
polymers were performed by Quantitative Technologies, Inc.
(QTD).

All samples for surface characterization were prepared by
spin coating polymer solutions (3%, w/v) in chloroform on
silicon wafers using a spin coater at 1500 rpm for 30 seconds.
The surfaces were annealed at 60 °C for 3 days under a vacuum,
followed by an additional 12 h at 120 °C.

XPS measurements were performed using a Kratos Axis Ultra
Spectrometer (Kratos Analytical, Manchester, UK) with a mono-
chromatic Al Ko X-ray source (1486.6 eV) operating at 225 W
under a vacuum of 1.0 x 1078 Torr. Charge compensation was
carried out by injection of low-energy electrons into the mag-
netic lens of the electron spectrometer. The pass energy of the
analyzer was set at 40 eV for high-resolution spectra and 80 eV
for survey scans, with energy resolutions of 0.05 and 1 eV,
respectively. Thespectrawereanalyzedusing CasaXPSv.2.3.12Dev4
software. The C—C peak at 285 eV was used as the reference
for binding energy calibration.

NEXAFS experiments were performed using the U7A NIST/
Dow materials characterization end-station at the National
Synchrotron Light Source at Brookhaven National Laboratory.
The X-ray beam was elliptically polarized (polarization factor
= 0.85), with the electric field vector dominantly in the plane
of the storage ring. The photon flux was about 1 x 10'" photons
per second at a typical storage ring current of 500 mA. A
spherical grating monochromator was used to obtain mono-
chromatic soft X-rays at an energy resolution of 0.2 eV. The C
1's NEXAFS spectra were acquired for incident photon energy
in the range 270—320 eV. The angle of incidence of the X-ray
beam, measured from the sample surface, was 50°. A chan-
neltron electron multipier with an adjustable entrance grid bias
(EGB) was used to collect the Auger electron partial-electron-
yield (PEY) signal resulting from filling of the holes created in
the C 1s level. All the data reported here are for a grid bias of
—150 V so that the effective Auger electron escape depth is
about 2.4 nm (40). The channeltron PEY detector was posi-
tioned at an angle of 36° with respect to the incoming X-ray
beam and in the equatorial plane of the sample chamber.

Antibacterial Tests.

Cell Growth. Trypticase Soy Broth (TSB, 5 mL; per liter: 3 g
of soy meal peptone, 17 g of casein peptone, 2.5 g of glucose,
5 g of NaCl, and 2.5 g of dipotassium hydrogen phosphate) was
inoculated with 100 uL of an overnight culture of S. aureus, and
incubated at 37 °C for 4 h. The cells were centrifuged at 5000
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rpm for I min using a microcentrifuge (Eppendorf 5415C), and
the pellet was resuspended in 1 mL of sterile filtered water.

Colony Counts. Aqueous suspensions of S. aureus with
concentrations of ~10° cells/mL were sprayed on the test
surfaces, dried in air for 2 min and placed in sterile Petri dishes.
The test surfaces were prepared by spray-coating of the solu-
tions of SQTCs in chloroform (1.5 %, w/v) on glass slides using
a Badger 250 airbrush with 50 psi nitrogen gas flow. To control
aerosols, spraying was performed in a class II type A biological
safety cabinet (SterilGARD Hood, Baker Company) with a HEPA
filter. The sprayed surfaces were covered by molten agar-
containing TSB (1.5 % w/v of agar), allowed to solidify and then
incubated at 37 °C overnight. The number of bacterial colonies
was counted using a colony counter.

LIVE/DEAD BacLight Bacterial Viability Assay. LIVE/DEAD
BacLight bacterial viability kit was obtained from Molecular
Probes, Inc. Equal volumes of SYTO 9 and propidium iodide
were mixed thoroughly in a microcentrifuge tube. The BacLight
dye mixture (30 uL) was added to 1 mL of the cell suspension,
which was then sprayed on the test surfaces. Immediately after
the spraying, the test surfaces were covered with glass cover-
slips, sealed with fingernail polish to avoid dessication, and
incubated in the dark for 15 min. Phase-contrast and fluores-
cence microscopy were performed, within 1 h after spraying,
using an Olympus BX61 epifluorescence microscope with a
100x UPlanApo (N.A.135) objective. The microscope was
equipped with filter cubes for viewing SYTO 9 and PI fluores-
cence. Glass microscope slides were used as controls.

Surface Coatings. Glass slides for biofouling assays with algae
were prepared by the same procedure reported in Krishnan et
al. (14). Glass microscope slides coated with a polydimethylsi-
loxane elastomer (PDMSe), Silastic® T2 (Dow Corning) prepared
as described in ref 41 and polystyrene-b-poly (ethylene-ran-
butylene)-b-polystyrene (SEBS, Kraton G1652) were used as
standards. The PDMSe standard was included because of its
known fouling release properties for macrofouling organisms
including Ulva. Multilayer surfaces for bioassays were prepared
in a manner analogous to that reported in Krishnan et al. (14).
SEBS base layers were prepared in the manner previously
described. The solutions of SQTCs in chloroform (1.5 %, w/v)
were spray-coated on the prepared SEBS-coated glass slides
using a Badger 250 airbrush with 50 psi nitrogen gas flow. The
surfaces were annealed under a vacuum at 60 °C for 3 days,
followed by an additional 12 h at 120 °C.

Settlement of Zoospores and Strength of Attachment of
Sporelings of Ulva. Nine replicate test samples were leached
in a 30 L tank of recirculating deionized water at ~20 °C for 3
days. The slides were equilibrated in artificial seawater 1 h prior
to the start of the experiments. Zoospores were released from
fertile plants of Ulva linza and prepared for assay as described
previously (42). Ten milliliters of zoospore suspension (1 x 10°
spores per mL), were pipetted into 9 compartments of Quad-
riperm polystyrene culture dishes (Greiner Bio-One), each
containing a test slide. The test slides were incubated in the dark
at~20 °C for 1 h and washed in seawater to remove zoospores
that had not settled. Three replicates were used to quantify the
density of zoospores attached to the surfaces (43). Sporelings
(young plants) were cultured on 6 replicates of each coating (44).
Spores were allowed to settle as described above. After washing,
the samples were transferred to dishes containing nutrient
enriched seawater for 7 days. Growth was estimated by direct
measurement of fluorescence from chlorophyll contained within
the chloroplasts of the sporelings (young plants) using a Tecan
plate reader (GENios Plus) (45). Fluorescence was recorded as
Relative Fluorescence Units (RFU) from direct readings. The
slides (6 replicates) were read from the top, 300 readings per
slide, taken in blocks of 30 x 10. The strength of attachment
of the sporelings was determined by jet washing using a water
jet (46). The range of impact pressures used was chosen to
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FIGURE 1. FT-IR spectra of PS-b-P(E/B)-b-PI, epoxidized PS-b-P(E/B)-
b-PI, aminated PS-b-P(E/B)-b-PI, and SQTC-F8H6Br—H6BT.

provide maximum information on the strength of attachment
of the sporelings. RFU readings (80 per slide) were taken from
the central part of the slide that was exposed to the water jet.
Percentage removal was calculated from the mean RFU reading
before and after exposure to the water jet.

Settlement and Attachment Strength of the Diatom, Nav-
icula. Navicula cells were cultured in F/2 medium contained in
250 mL conical flasks. After 3 days, the cells were in log phase
growth. Cells were washed 3 times in fresh medium before
harvesting and diluted to give a suspension with a chlorophyll
a content of approximately 0.25 ug mL™". Cells were settled in
individual dishes containing 10 mL of suspension at ~20°C on
the laboratory bench. After 2 h, the slides were gently washed
in seawater to remove cells that had not attached (submerged
wash). Slides were fixed using 2.5 % glutaraldehyde in seawa-
ter. The density of cells attached to the surface was counted on
each of 3 replicate slides using an image analysis system
attached to a fluorescent microscope. Counts were made for
30 fields of view (each 0.064 mm?) on each slide.

Three further replicate slides settled with Navicula were
exposed to a shear stress of 23 Pa (2.02 L s™!) in a water
channel. The number of cells remaining attached was counted
using the image analysis system described above. Percentage
removal was calculated as above.

RESULTS AND DISCUSSION

Synthesis of SQTCs and Characterization. Figure
1 shows the IR spectra of PS-b-P(E/B)-b-PI, epoxidized PS-b-
P(E/B)-b-P1, aminated PS-b-P(E/B)-b-PI, and SQTC-F8H6Br—
H6Br. All IR spectra show the C—H bending vibrations
associated with the styrene phenyl ring at 700 cm™". After
the epoxidation reaction, an absorption peak, which indi-
cates the presence of the epoxy groups, was observed
between 875—900 cm™". This epoxy peak disappeared after
the 48 h amination with DMAPA at 160 °C, whereas the
strong stretching vibration of amine and hydroxyl were
present around 3300—3600 cm™! implying that the epoxy
groups were consumed by the amination. Based on the NMR
analysis (data is not shown) all double bonds from the
isoprene block disappeared indicating 100 % epoxidation.
Using elemental analysis, it was determined that the ami-
nated PS-b-P(E/B)-b-PI contained 5.7 wt % nitrogen content,
corresponding to 59.6 mol % amination based on the
number of 245 epoxy groups present in the epoxidized PS-
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FIGURE 2. (A) C 1s and (B) N 1s XPS spectra of the surfaces of
aminated PS-b-P(E/B)-b-P1, SOTC-F8H6Br, and SQTC-F8H6Br—H6Br.

b-P(E/B)-b-PI. The quaternization reaction with F8H6Br and
H6Br resulted in the appearance of C—F stretching reso-
nance at 1100—1300 cm™! indicating the attachment of
semifluorinated groups (14, 47).

X-ray Photoelectron Spectroscopy. Figure 2A
shows high-resolution carbon 1s XPS spectra of aminated
PS-b-P(E/B)-b-PI, SQTC-F8H6Br, and SQTC-F8H6Br—H6BT.
The spectra are normalized so that the total area under the
carbon peaks was equal to unity. The aminated PS-b-P(E/B)-
b-P1 showed strong intensity peaks of C=C and C—C near
285 eV. The surface of SQTC-F8H6Br quaternized with
semifluorinated hexylbromide, F(CF,)s(CH»)¢Br, showed dis-
tinct —CF,— and —CF5 peaks near 292 and 294 eV, respec-
tively. The lowered intensity of the peaks associated with
C=C and C—C combined with the appearance of —CF,— and
—CF; peaks is evidence of the attachment of fluorinated side
chains through the quaternization with FSH6Br. The further
reaction by addition of H6Br resulted not only in a slight
decrease in the C=C and C—C peak intensities but also a
small increase in —CF,- and —CF5 peak intensities. This
suggests that the added hexyl groups make the surface more
hydrophobic causing additional surface reconstruction that
led to the slight increase in the —CF,— and —CFs. Figure 2B
shows the N 1s XPS spectra of the polymer before and after
the quaternization reaction with F8H6Br, followed by quat-
ernization with H6Br. The quaternization reaction resulted
in the shift of the nitrogen peak near 398 eV, which corre-
sponds to unquaternized nitrogen, to a higher binding
energy near 400.5 eV, corresponding to quaternized nitro-
gen. The fraction of quaternized nitrogen atoms present in
SQTC-F8H6Br and SOQTC-F8H6Br-H6Br, calculated by com-
paring the areas under the two peaks, are 45 and 70%,
respectively.
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FIGURE 4. Antibacterial activities of SQTC-F8H6Br-H6Br against S.
aureus.

NEXAFS Analysis of the Surfaces. Figure 3 shows
the normalized C 1s NEXAFS spectra of spin-coated surfaces
of SOTC-F8H6Br and SQTC-F8H6Br—H6Br. The character-

istic C 1s— mr* = signals derived from the polystyrene block
were observed near 285 eV for all spectra. The characteristic
C Is—0*c_rsignal near 293 eV can be seen in the NEXAFS
spectra of SQTC-F8H6Br and SQTC-F8H6Br-H6Br. The in-
tensity of C 1s — o0*c_r of SQTC-F8H6Br-H6Br is higher than
that of SOTC-F8H6Br due to the surface reconstruction after
introduction of hydrophobic hexyl groups, which is in good
agreement with XPS analysis.

Antibacterial Behavior of SQTC-F8H6Br-H6Br
against S. aureus. The antibacterial activity of SQTC-
F8H6Br-H6Br was determined by comparing the number of
bacterial colonies of S. aureus grown on coated test surfaces
relative to uncoated glass slides. As shown in Figure 4, the
mean value of bacterial colonies of S. aureus grown on
uncoated glass slides after overnight incubation was ca. 125
colonies/cm?. In contrast, no colonies formed on surfaces
coated with SQTC-F8H6Br-H6Br, which indicates high anti-
bacterial activity. The further study by LIVE/DEAD BacLight
bacterial viability assay gave more information regarding the
antibacterial behavior of SQTC-F8H6Br-H6Br surface on S.
aureus.

Figure 5 shows the fluorescence microscopy images of
the LIVE/DEAD assay after 45 min contact of bacterial cells
with the test surfaces. Figure 6 depicts the percentage of
dead cells determined by comparison of the live cells (green)
and dead cells (red). At first, the images on S. aureus showed
no discernable difference between control and coated sur-
faces (Figure 5A,B). However, analysis of the images for total
fluorescence by software (Slidebook software, Intelligent
Imaging Inc.) showed that more cells (ca. 2 fold) were dead
on the SQTC-coated surfaces. There were no significant
changes in the relative number of dead cells over a period
of 1 h (Figure 6), indicating that most of the non-viable cells
had been dead within the first 15 min of contact. This result
is quite different from the previous study by Krishnan et al.
(14). In that study, surfaces of semifluorinated quaternized
polystyrene-block-poly-(4-vinyl pyridine) PS-b-P4VP block
copolymers showed almost 100 % bactericidal activity
against S. aureus. One of the possible approaches to explain

B

FIGURE 5. Images of S. aureus on (A) glass control; (B) SQTC-F8H6Br-H6Br coated surfaces by LIVE/DEAD BacLight bacterial viability assay.
Cells with intact cell membranes are stained green, and those with dead ones are stained red. The length of the scale bar is 20 ym.
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FIGURE 6. Antibacterial behavior of SQTC-F8H6Br—H6Br against S.
aureus by LIVE/DEAD BacLight bacterial viability assay. Bars show
the standard deviation.

the observed difference in antibacterial activity is the relative
amount of quaternized nitrogen in each of the polymers. In
1 g of 59.6 % aminated PS-b-P(E/B)-b-PI, there is 4.0 mmol
nitrogen. On the basis of N 1s XPS spectra (Figure 2B), 70
% of this nitrogen was quaternized, which corresponds to
2.8 mmol quaternized nitrogen per 1 g of polymer. Mean-
while, the total amount of quaternized nitrogen in 1 g of
PS¢ok-b-P4VPee is 4.66 mmol. Moreover, the low surface
energy poly(ethylene-ran-butylene) central block in the semi-
fluorinated quaternized triblock copolymer can also segre-
gate to the surface, lowering the surface concentration of
quaternized nitrogen atoms even further. Thus, more quat-
ernized nitrogen on the surfaces seems to act as a favorable
factor for enhanced bactericidal activity. We have also
studied antibacterial activity against a marine bacterium,
Gram-negative Cobetia marina (C. marina). Because C. marina
did not attach well to the surfaces tested, we could not obtain
antibacterial activity data using colony counting. However,
a LIVE/DEAD assay gave us the insight that the coated
surfaces possessed antibacterial activity against Gram-nega-
tive C. marina. We present additional data in supporting
information (see Figure S1 in the Supporting Information).
The images of C. marina showed that more cells on a coated
surface were dead compared to cells on a control (see Figure
S1A,B in the Supporting Information), and the percentage
of dead cells seemed to increase with time, whereas the dead
cells on the control surface showe no significant changes (see
Figure S1C in the Supporting Information). Thus, the surface
of SQTC-F8H6Br-H6Br appears to have antibacterial activity
against Gram-negative C. marina.

Settlement of Zoospores and Strength of Attach-
ment of Sporelings of Ulva to Antimicrobial Coat-
ings. Ulva zoospores are motile cells, which lack a cell wall
and are approximately 7—8 um in length. The spores swim
using their 4 flagella to propel themselves through the water
until a suitable surface for settlement is located. Motility is
lost at settlement and the spores adhere through discharge
of a glycoprotein adhesive (48) and then rapidly germinate
into sporelings (young plants). The density of settled spores

www.acsami.org
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FIGURE 7. (A) Settlement density of Ulva zoospores (each point is the
mean from 90 counts on 3 replicate slides; bars show 95% confidence
limit); (B) biomass of sporelings after 7 days of growth (each point is the
mean biomass from 6 replicate slides measured using a fluorescence plate
reader; bars show standard error of the mean); and (C) percentage removal
of Ulva sporelings by a range of impact pressures generated by a water jet
on different surfaces.

on SQTC-F8H6Br-H6Br, SEBS, and PDMSe (Figure 7A) shows
considerably more spores settled on the quaternized surface
than on the PDMSe and SEBS standards.

The biomass of sporelings after 7 days of growth largely
reflected the number of spores settled (Figure 7B). However,
the length of sporelings on SOTC-F8H6Br-H6Br was less than
on the PDMSe standard and the growth form was more
stunted (Figure 8). The reason for the lower growth may be
due to chronic toxicity mediated by the quaternary am-
monium component of the coating, but another explanation
is that growth is inhibited by the high density of settled
spores competing for space and nutrients.
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FIGURE 8. Images of sporelings after 7 days of growth on (left) PDMSe standard and (right) SOTC-F8H6Br-H6Br.

The percentage removal of sporelings at a range of
pressures generated by a water jet is shown in Figure 7C.
Sporelings were removed from the PDMSe standard at low
impact pressures reflecting the fouling-release characteristics
of this elastomer ( 14, 45). Removal of sporelings from the
SQTC-F8H6Br—H6Br surface and the SEBS required much
higher impact pressures. The highest observed removal of
sporelings on the SQTC-F8H6Br—H6Br surface was only
about 40%, even at 250 kPa, which demonstrates their
strong attachment strength to this surface. Fluorinated
polymers possess low surface energy and are hydrophobic
(49—51), suggesting their possible use as practical antifoul-
ing/fouling-release coatings for marine surfaces. The SQTC-
F8H6Br-H6Br surface, however, showed the highest settle-
ment of Ulva spores despite the relatively high content of
fluorine in this material (ca. 33% based on elemental
analysis). This suggests that the large amount of N* ions
from the quaternization reactions caused more spores to
settle and adhere to the surfaces due to the electrostatic
attraction between positively charged surfaces and nega-
tively charged spores (52), which would be an important
property for primary antibacterial action we mentioned
earlier. Although sporeling adhesion was stronger on the
SQTC surfaces compared to PDMSe, the SQTC surfaces
showed higher release compared to the SEBS controls.

Settlement of Diatoms. Diatom cells are not motile
in the water column and in this laboratory assay, reach the
test surface by gravity. Thus, at the end of the settlement
period, a similar number of cells were present on all surfaces
(data not shown). The adhesion strength of cells to the test
surfaces was quantified by exposing slides to a wall shear
stress of 23 Pa. One way analysis of variance on arc-sine
transformed data supported by Tukey tests showed that the
percentage of cells removed from SQTC-F8H6Br-H6Br was
significantly higher than from the SEBS standard (F 2, 267
= 15.3 P<0.05). However, there was no significant differ-
ence between removal from the SOTC-F8H6Br—H6Br and
the PDMSe standard, reflecting the relatively strong attach-
ment of Navicula to both PDMSe and SOTC-F8H6Br-H6Br
surfaces (Figure 9).

CONCLUSIONS
Semifluorinated-quaternized triblock copolymers (SQTCs)

were synthesized by the quaternization reaction of semif-
luorinated hexylbromide with aminated polystyrene-block-
poly(ethylene-ran-butylene)-block-polyisoprene triblock co-
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FIGURE 9. The removal of diatoms from different surfaces. Each
point is the mean from 90 counts on 3 replicate slides. Bars show
95% confidence limits from arc-sine transformed data.

polymer. Characteristic —CF,— peak and 1s — o*c_¢
resonance peaks in the XPS and NEXAFS spectra, respec-
tively, confirmed the presence of semifluorinated alkyl
groups, which are directly attached to nitrogen atoms of the
aminated block, at the surfaces. XPS measurements of N 1s
showed 70 % of the nitrogen was quaternized by the
reactions with FSH6Br and H6Br. Antibacterial experiments
by colony counting and LIVE/DEAD BacLight bacterial vi-
ability assay showed that the surfaces of SOTCs were highly
antibacterial against airborne S. aureus with >99 % inhibi-
tion. However, the SOTC surfaces did not exhibit strong
algicidal activity against the marine algae, but showed
weaker adhesion than the SEBS controls. A large number of
N* sites, promoting electrostatic attraction, is the likely
reason for the high number of Ulva spores that settled on
and adhered to the surface. Thus, although these surfaces
did demonstrate very impressive antibacterial character,
they did not appear to show promise as either marine anti-
fouling or fouling-release coatings.
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