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ABSTRACT: Biofouling is a critical problem that limits numerous technologies including water desalination and marine
transportation. The existing solutions, such as copper-based paint to mitigate ship hull fouling, are known to harm aquatic species.
Although hydrophilic and zwitterionic materials have demonstrated great promise in resisting the formation of biofilms, they
demonstrated limited effectiveness at the solid—liquid—air interface, the location most prone to biofilm formation by motile bacteria.
While an amphiphilic copolymer comprising a statistical mixture of zwitterionic and fluorinated units exhibited excellent antifouling
performance at the triple interface, the long-fluorinated side chain raises concerns regarding bioaccumulation. Here, two amphiphilic
copolymers, each made of a pyridinium-based zwitterionic and hydrophobic repeat units with a short fluorinated chain
(1H,1H,2H,2H-perflurooctyl and 2,2,3,4,4,4-hexafluorobutyl groups), were synthesized using initiated chemical vapor deposition.
Fineman—Ross analysis demonstrated the formation of random copolymers with a preference for 4-vinylpyridine incorporation. The
antibiofilm performance remained good for both hydrophobic chains: amphiphilic copolymers outperformed pure zwitterionic
chemistry by 43.8 and 39.3%, as demonstrated using Pseudomonas aeruginosa that forms biofilms at the triple interface. The
amphiphilic coatings reported here can be used to prevent biofilm formation at the triple interface in marine transportation, food
manufacturing, and medical devices, while avoiding the environmental concerns related to perfluoroalkyl substances.

KEYWORDS: initiated chemical vapor deposition, amphiphilic coatings, antibiofilm, fluorinated polymer, biofilm

B INTRODUCTION habitats of prosobranch species in Europe.'” The current
Biofouling is the accumulation of organic matter and mainstay antifouling ship hull paint contains copper/zinc,
(micro)organisms on a submerged surface. Its detrimental which nevertheless has recently been shown to be harmful to
effects are manifested in virtually all aspects of society. For aquatic life such as mussels and macroalga."? Furthermore, the
example, biofouling leads to Ion$-standing problems of severe effectiveness of biocide-based antifouling strategies has been
clogging of pipelines and filters, secondary infections due to declining steadily due to the rapid development of
contamination of medical devices,”” reduction of water quality antimicrobial resistance. Biofilms of environmental bacteria
in water purification systems,’ and deterioration of fuel formed on copper- and/or zinc-containing paints in natural

efficiency in marine transportation.5 To resist biofouling,

general strategies explored thus far include incorporation and

sustained release of biocides® and surface modification with '

antifouling coatings to repel the adhesion.”* Rec_e“’ed’ July 1, 2022
Biocides are commonly antimicrobial agents.”'® One of the Rev‘?ed: November 3, 2022

first antifouling paints contained liquid tribut?rltin, which Published: November 18, 2022

maintained 0% fouling for up to 49 months. ! However,

tributyltin has long been prohibited due to its strong

ecotoxicity, which was believed to cause damage to the

aquatics have been shown to develop resistance to metals, as
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well as antibiotics (like cefotaxime, tetracycline, and
kanamycin) via a resistance development mechanism, namely
co-selection.* ™"

To overcome the ecotoxicity issues of biocide-based
antifouling strategies, antifouling and fouling-release coatings
have been developed. Hydrophilic antifouling coatings form a
strong hydration layer via hydrogen bonding and/or dipole—
dipole interactions with water molecules to create an enthalpic
barrier to surface adhesion and thereby prevent fouling.”’
Furthermore, certain polymer brush-based antifouling coatings,
such as poly(ethylene oxide) [PEO] brushes,”' have been
hypothesized to repel foulants via entropic effects (in addition
to the aforementioned enthalpic penalty), that is, the entropy-
based resistance to polymer chain compression that could
result from the adhesion of foulants.”” In the past decade,
zwitterionic polymers, a class of hydrophilic materials with
extremely strong hydration and hence excellent antifouling
performance (due to the electrostatic interactions between
their charged groups and induced dipole in water molecules),
have been the focus of many antifouling studies.”***

Even though zwitterionic coatings repel incoming bacteria at
the solid—liquid interface, they have been demonstrated to be
less effective at the solid—liquid—air interface, the location
most prone to biofilm formation by motile gram-negative (e.g.,
Pseudomonas aeruginosa)25’26 and gram-positive (e.g., Bacillus
cereus)”’ bacteria. This interface provides a prolific environ-
ment for the formation of biofilms from a variety of
environmental bacteria such as Salmonella enterica,”® Pseudo-
monas fluorescens,”” and Acinetobacter,”® among others.”' ~**
The solid—liquid—air interface is becoming a critical problem
for biofouling prevention in natural aquatics because the
amount of biofilm formation at this interface greatly out-
numbers that in submerged systems.” That preferential
formation of biofilms at the solid—liquid—air interface is
driven by the easy access to nutrients and oxygen at the surface
of a liquid layer, which has been found in other eukaryotic
fouling species,”® such as algae’® and barnacle cyprids, the
latter of which are known to swim close to the air—water and
water—solid interfaces and settle there.’” To address the
challenge of biofouling at the solid—liquid—air interface, we
recently developed an amphiphilic copolymer consisting of a
statistical mixture of pyridinium-based zwitterionic and
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) repeat units
using an all-dry synthesis technique, namely initiated chemical
vapor deposition (iCVD). The amphiphilic copolymer out-
performed conventional zwitterionic chemistry by further
reducing biofilm formation at the triple interface by 61%.*
While amphiphilic coatings have also been reported to reduce
biofouling at the solid—liquid interface in past studies,” its
effectiveness at the triple interface stands out and makes the
amphiphilic coatings an attractive candidate for biofouling
prevention across the water-contacting surfaces of a ship hull.
The existing antifouling solutions (such as copper- and/or
zinc-containing paints) may not deliver these benefits.*

Despite the outstanding antifouling performance, the PEDA
repeat unit in that amphiphilic copolymer could undergo
hydrolysis to produce Cg perfluoroalkyl substances (PFAS),
which have been under increasing scrutiny due to evidence of
environmental persistency, lon%-range transport, bioaccumula-
tion potential, and/or toxicity.”" Shorter-chain PFAS (i.e., with
<7 fluorinated carbons) have demonstrated a lower tendency
to adsorb/absorb into biosolid matrices*” and thus have the
potential to replace their long-chain counterparts to reduce the

environmental impact. Nevertheless, polymers with shorter
fluorinated side chains may be less hydrophobic, which could
lead to reduced antifouling effectiveness in the context of
amphiphilic materials design. That trade-off remains elusive in
the existing literature, which hinders the development of
antifouling coatings with a minimal environmental impact.

To address that knowledge gap, we systematically inves-
tigated the antifouling performance of amphiphilic copolymers
made with varying lengths of fluorocarbon side chains, with an
emphasis on monomers with <7 fluorinated carbons. The
reactivity during copolymerization with 4-vinylpyridine (4VP,
the precursor for the zwitterionic moieties in the final
amphiphilic copolymer) and the resulting domain size of the
amphiphilic heterogeneities were analyzed in detail in the
context of their resistance to biofilm formation at the triple
interface. Specifically, 1H,1H,2H,2H-perflurooctyl acrylate
(PFOA, with six fluorocarbons in the side chain) and
2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA, with three fluo-
rocarbons in the side chain) were chosen based on the
evidence that the degradation products of their fluorocarbon
side chains have minimal bioaccumulation in the liver of rats
compared to that of perfluorooctanesulfonic acid.*> While
recent evidence hinted that PFOA could cause accumulation in
serum,” HFBA (n = 3) has demonstrated low bioaccumula-
tion potential and low toxicity in past reports.** PFAS with n =
3 have been shown to lead to undetectable cytotoxicity when
tested on human mesenchymal stem cells for over 7 days of
incubation® and to cause the lowest level of bioaccumulation
(among a selection of six fluorinated compounds) in the serum
of rats over 10 days.”” The cumulative amount was merely one-
third that of substances with seven fluorocarbons and thus
deemed safer for long-term applications.”’ Even when injected
with PFAS with n = 3, test animals (rats in this case) only
experienced mild toxicity, as manifested by a slight increase in
the weight of their liver. Additionally, the toxicity of PFAS has
been evaluated using a zebrafish liver cell line, and PFAS with n
= 3 demonstrated the lowest cytotoxicity among 11
compounds with varying numbers of fluorocarbons.*® Specif-
ically, with the introduction of 100 and 250 ppm of PFAS (n =
3), the cell viabilities were 98 + 16% and ~75%, respectively,
after 96 h of incubation,”” indicating that HFBA (n = 3) has
low bioaccumulation potential and low toxicity.

iCVD has been proven to be a versatile tool to produce
amphiphilic thin films with nanometer-scale heterogeneities
(1-2 nm?) by avoiding surface-tension-driven instability"® and
microphase separation; it thus compares favorably to solution-
based synthetic methods for making nanoscale amphiphilic
surfaces with molecular heterogeneities.49 As such, it has been
used to copolymerize 2-hydroxyethyl methacrylate (HEMA)
and PFDA, yielding an amphiphilic copolymer that was
antifouling against Escherichia coli”">'

Using the iCVD technique, poly(4-vinylpyridine-co-
1H,1H,2H2H-perflurooctyl acrylate) [P4VP-co-PFOA] and
poly(4-vinylpyridine-co-2,2,3,4,4,4-hexafluorobutyl acrylate)
[P4VP-co-HFBA] copolymers were synthesized at various
compositions. Fineman—Ross analysis proved the formation of
statistical copolymers without microphase separation with
domain size that is equivalent to monomer length, which was
corroborated experimentally using atomic force microscopy
(AFM). Pseudomonas aeruginosa (PAO1) was used as a model
strain to test the antibiofilm performance of the amphiphilic
copolymers, which is a prolific biofilm former at the triple
interface in nutrient-rich laboratory media like lysogeny broth
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Figure 1. (a) Schematic of the substrate preparation steps. (b) Schematic illustration of the iCVD reactor. Reproduced with permission from ref.
75. Copyright 2021 Frontiers. (c) 3D structures of 4VP, HFBA, and PFOA monomers with respective perfluorinated side chain lengths. (d)
Reaction of 1,3-propane sultone with P4VP-co-HFBA and P4VP-co-PFOA copolymers to produce their versions with zwitterionic moieties. (e)
Scheme of the experimental steps for testing bacterial adhesion. (a) and (e) were prepared using BioRender.

(LB).*® While this choice is motivated by our goal to assess
and compare the performance of the statistical amphiphilic
copolymers, it is important to note that PAO1 is not an ideal
strain to assess biofilm formation under natural environments
like seawater.’” Against PAO1 biofilms, the amphiphilic
copolymers with short, fluorinated chains demonstrated
comparable effectiveness as their long-chain counterparts,
pointing to their potential to be broadly adopted in the food
processing industry, ship hull, water purification, medical
implants, to mitigate biofilm formation without causing
significant health and/or environmental detriments.

B MATERIALS AND METHODS

Chemicals and Materials. The monomers 4VP (>95%), HFBA
(95%), divinylbenzene (DVB, 80%), and initiator tert-butyl peroxide
(TBPO, 98%) were acquired from Sigma-Aldrich. The monomer
PFOA (97%) was obtained from Synquest Laboratories. Trichlor-
ovinylsilane (TCVS, 97%) and 1,3-propanesultone (PS, 98%) were
acquired from Sigma-Aldrich. The 18 X 18 mm glass cover slips
(12542A) were purchased from Fischer Scientific. The silicon (Si)

wafer substrates were acquired from Pure Wafer. For biofilm
attachment experiments, crystal violet (CV, Alfa Aesar), acetic acid
(AA, 100%, Merck), and LB (240230, Difco) were used. All chemicals
were used as purchased without further purification. A Milli-Q unit
(Millipore) was used to produce deionized water with a resistivity of
18.2 MQ-cm at 25 °C for all experiments.

Substrate Preparation. The schematic for substrate preparation
is depicted in Figure la. Prior to deposition, glass cover slips and a Si
wafer were cleaned in a PDC-001-HP plasma cleaner (Harrick
Plasma) for 2—3 min at a pressure below 100 mTorr and a high RF
setting of 45 W. After this treatment, the substrates were exposed to
TCVS under vacuum for 5 min to chemically bond the iCVD
copolymer thin film to the substrate to prevent film delamination.*®

iCVD Synthesis. The scheme of the experimental setup for iCVD
depositions is shown in Figure 1b with the respective monomer 3D
structures of 4VP, HFBA, and PFOA in Figure lc. The copolymers as
well as their corresponding homopolymers were deposited in the
custom-built reactor with a 2.5 cm thick glass lid to allow in situ laser
interferometry (He—Ne laser, JDSU, USA) for visual observation and
coating thickness control. The pressure was maintained at the
specified set point by a throttle butterfly valve (MKS Instruments,
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USA), and it was measured by a capacitance manometer (Baratron,
MKS Instruments, USA). The stage temperature was set by an Accel
500 LC chiller (Thermo Fisher, USA) and measured by a type K
thermocouple (Omega Engineering, USA). The TBPO initiator
decomposition was enabled by the filament array, which consisted of
copper/nickel wire (2.8 cm above the stage) that was resistively
heated by a DC power supply (B&K Precision, USA). The filament
temperature was also measured by a type K thermocouple. For P4VP-
co-HFBA depositions, the deposition flow rates are summarized in
Table 1. The reactor pressure was maintained at 1.1 Torr.”* Both

Table 1. Flow Rates for P4VP-co-HFBA Depositions”

4VP flow rate HFBA flow rate TBPO flow rate argon flow rate fyyp

(scem) (sccm) (sccm) (sccm) (%)
0.15 2.45 1.0 3.4 10.8
0.2 2.0 1.0 3.8 17.9
0.5 2.5 3.0 1.0 289
1.0 2.0 1.0 3.0 49.8
2.0 2.0 1.0 2.0 66.4
3.0 1.5 1.0 1.5 80.0

“fvp represents the 4VP monomer concentration (mole fraction) at
the substrate surface.

monomers were fed into the reactor through needle valves (Swagelok,
USA), and the monomer jar temperatures were maintained at 25 °C
for HFBA and 50 °C for 4VP, respectively. The flow rate range for
4VP (vapor pressure of 1.68 Torr at 25 °C) was 0.1—3.0 sccm, while
the HFBA (vapor pressure of 3.5 Torr at 25 °C) flow rate was 1.5—
2.5 sccm. The initiator was kept at room temperature and delivered
into the reactor at 1 sccm through the mass flow controller (MKS
Instruments, USA). The total flow rate was kept constant at 7.0 + 0.1
sccm to maintain a similar residence time in the reactor. The filament
temperature was maintained at 250 °C, while the stage temperature
was fixed at 27.1 + 2.9 °C. The monomer feed gas fraction of 4VP
(fovp) was calculated at the surface by correcting the monomer partial
pressure of 4VP in the feed by its saturation vapor pressure (see
Supporting Information).”> Once the thickness of copolymer thin
films reached 100 nm, the cover slips were flipped and coated with
approximately 100 nm on the opposite side.

Similarly, Table 2 shows the summary of deposition flow rates for
P4VP-co-PFOA. The reactor pressure was kept at 0.25 Torr to avoid

Table 2. Flow Rates for P4VP-co-PFOA Depositions

4VP flow rate PFOA flow rate TBPO flow rate argon flow rate fyyp

(sccm) (scem) (sccm) (scem) (%)
0.3 0.3 0.5 0.2 16.8
0.3 0.2 0.5 0.2 30.3
0.6 0.2 0.5 0 339
0.5 0.1 0.5 0.2 524

condensation due to the low vapor pressure of PFOA (0.332 Torr at
25 °C).>° PFOA was heated to 60 °C and metered through a needle
valve. The total flow rate was kept constant at 1.2 + 0.1 sccm. The
filament temperature was maintained at 250 °C, while the stage
temperature was kept at 28.1 + 1.1 °C. To compare the performance
of amphiphilic thin films (P4VP-co-HFBA and P4VP-co-PFOA) to
conventional zwitterionic coating, zwitterionic 4VP films crosslinked
with DVB were synthesized (P4VPz) (See Supporting Information for
deposition conditions).

Vapor-Phase Derivatization. The reaction schemes for the
subsequent vapor-phase derivatization of P4VP-co-HFBA and P4VP-
c0-PFOA copolymers are shown in Figure 1d. After iCVD deposition,
the coated substrates were exposed to PS vapor to make pyridinium-
based sulfobetaine zwitterionic functional groups.”” 1 g of PS was
added to the crystallizing dish (VWR), while the specimens were fixed
on the top of the dish. The dish was wrapped in aluminum foil and

placed into a vacuum oven (VivTek, FVL-A30) with a medium level
of vacuum (10 Torr) at 60 °C for 6 h.

Characterization. The thickness of the thin films on flat Si wafer
substrates was measured by a J.A. Woollam Alpha-SE ellipsometer
(Lincoln, NE) at incidence angles of 65°, 70° and 75° using 190
wavelengths from 315 to 718 nm.>®* A Cauchy-Urbach model was
used to fit the data and calculate the coating thickness and refractive
index. A Bruker Vertex V80V (Billerica, MA) Fourier-transform
infrared (FTIR) spectrometer with a cooled mercury cadmium
telluride detector was used to determine the composition of thin films.
The spectra were obtained from 450 to 4000 cm™ with 4 cm™
resolution and 128 total scans. The background spectrum of a Si wafer
was subtracted from all samples, and the baseline was corrected using
Origin Lab (Northampton, MA). Then, the spectra were normalized
by the film thickness of each sample. X-ray photoelectron spectros-
copy (XPS) was done using a Scienta Omicron ESCA 2SR (Uppsala,
Sweden) under ultra-high operating pressure of 1 X 10° Torr. X-rays
were generated from Al Ka at 300 W (15 kV; 20 mA) with an analysis
spot size of 2 mm in diameter. A flood gun was used to neutralize
nonconductive copolymer samples. Survey and high-resolution N(1s)
and C(1s) scans were collected for all samples. The analysis of the
spectra to determine film composition and correct background was
performed with CasaXPS software. An Asylum MFP-3D (Goleta, CA)
atomic force microscope was used to measure the surface roughness
in AC air-tapping mode. At least two images at different locations
were taken by scanning S X S um regions at a frequency of 0.5 Hz.
Dynamic contact angles, that is, advancing and receding contact
angles, were measured with the sessile drop method by using a
goniometer equipped with an automatic dispenser (Model 500,
Rame-Hart). A droplet of 1 uL was deposited on the surface and
increased up to 10 uL, and then, it was retracted. The advancing
contact angle (6,) was recorded as the plateau angle during the
increase in drop size, while the receding angle () was the angle at
which the angle plateaued while the volume was reduced from 10 to 3
UL.> At least three measurements were performed on each sample
and averages were reported. The Bruker D8 powder diffractometer
(Billerica, MA) was used to confirm the absence of crystallinity of the
copolymers.

Calculation of Monomer Size and Perfluorinated Chain
Length. Chem3D version 20.1.1 was used to develop a model for
each monomer, and the distance between the two farthest points was
measured to estimate the monomer size, and the distance between the
farthest fluorine atom and nearest fluorine-free carbon was calculated
to determine the length of the perfluorinated chain.

Biofilm Formation Experiments. The schematic of the main
experimental steps to culture biofilm is shown in Figure le.** PAOI
strain of P. aeruginosa was used. A single colony of PAO1 was added
to S mL of LB medium and incubated overnight until the ODgg
reached 0.5—0.6. The absorbance was measured by a Tecan Infinite
M1000 PRO. Then, this culture media was diluted 1:100 into fresh
LB medium. A 12-well plate (3513, Corning) with attached coated
cover slips was exposed to UV for disinfection for at least 30 min. 3
mL of the diluted culture media was added to each well along with
two LB control wells. The lid with cover slips was placed on top of the
well plate, such that samples stay vertical in the medium to ensure
biofilm growth at the solid—liquid—air interface, and then incubated
for 8 h at 37 °C. This 8-h incubation was selected because it allows P.
aeruginosa biofilm to reach stage III of its lifecycle, leading to the
formation of vertical and linear biofilms, the qualification of which is
known to be reliable.’”®" Similar conditions have been used in the
past to assess the biofilm formation on amphiphilic copolymers.*®
After the incubation, the cover slips were washed with Milli-Q water
and then submerged into 0.5% (w/v) CV solution for 15 min. The
samples were dried overnight and then submerged into 33% (v/v) AA
for 1S min to dissolve the stained biofilm. Finally, the ODgs, was
recorded for each sample as well as two control samples of AA for
background correction.
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Figure 2. (a) FTIR of P4VP-co-HFBA copolymers with different 4VP gas fractions (fyp) and their corresponding homopolymers. The
characteristic adsorption of HFBA is highlighted in yellow and corresponds to the C=0 peak located at 1757 cm™". The characteristic adsorption
of 4VP is highlighted with blue and corresponds to a peak due to the pyridine ring located at 1599 cm™". (b) FTIR of homopolymers of 4VP and
PFOA, and their corresponding copolymers with various fyp. The characteristic adsorption of PFOA is highlighted in orange and corresponds to
the C=0 peak located at 1743 cm™'. The characteristic adsorption of 4VP is highlighted with green and corresponds to the peak due to the

-1

pyridine ring located at 1599 cm™".

B RESULTS AND DISCUSSION

Synthesis of the Amphiphilic Copolymer Thin Films.
The all-dry iCVD synthesis approach was employed to
synthesize amphiphilic copolymer thin films. iCVD is a
solvent-free, free-radical polymerization technique known for
its conformality, versatility, substrate independence, and
nanoscale thickness control through in situ laser interferom-
etry.”> This technique allows researchers to deposit polymers
with a wide range of functionalities, including hydrophilic and
hydrophobic, hence creating amphiphilic coatings for antifoul-
ing application on any kind of substrate. iCVD enables the
synthesis of amphiphilic copolymers with molecular hetero-
geneities for biofouling prevention.*’

During iCVD, the monomer(s), inert gas, and initiator were
metered into the reactor chamber under medium vacuum.
After that, the physisorption of monomer(s) occurred at the
cooled substrate. Once the filament array was turned on,
TBPO decomposed to form tert-butoxy free radicals. Finally,
once the radicals chemisorbed to the surface-adsorbed
monomers, free-radical golymerization began, following the
Eley—Rideal mechanism.> The sulfobetaine-based amphiphilic
copolymers were fabricated by performing a post-deposition
reaction with PS, in which the tertiary amine was converted to
the quaternary ammonium group.

The homopolymers P4VP, PHFBA, PPFOA, P4VP-co-
HFBA, and P4VP-co-PFOA thin films were also deposited by
iCVD. The monomer gas fraction, fup, was adjusted by
changing P /P, which is the ratio of monomer partial
pressure over its saturated pressure at the specific stage
temperature. Hence, P,,/P, is indicative of monomer surface
concentration. All copolymers had a Puyp/Psypg, range
between 0.01 and 0.15 to avoid condensation and preserve
coating conformality.

Characterization of the Amphiphilic Copolymer Thin
Films. The successful synthesis of P4VP-co-HFBA and P4VP-
co-PFOA copolymers was confirmed using FTIR spectroscopy
and XPS. The FTIR spectra of homopolymers PHFBA and
P4VP and copolymers with varying monomer gas fractions,
favps are depicted in Figure 2a. The spectra for all samples were
baseline-corrected and normalized by the film thickness. In
Figure 2a, one of the characteristic peaks for PHFBA was the

C=0O stretching peak located at 1757 cm™". The absorption in
the range of 1292—1190 cm™" corresponded to the symmetric
and asymmetric vibration of the CF, moiety, and the sharp
peak at 1109 cm™' was due to the CF; end group. The
characteristic peaks for the P4VP homopolymer included the
vibrations due to the pyridine ring from 1599 to 1415 cm™
and the broad absorption at around 3000 cm™" corresponding
to alkyl C—H bonds, confirming the successful incorporation
of 4VP into the polymer films.”* The spectra of P4VP-co-
HFBA copolymers with the 4VP surface composition
(calculated using P,,/Pg, of 4VP and HFBA) ranging from
10.8 to 80.0% are also shown in Figure 2a. The presence of the
characteristic absorptions of both the pyridine ring (at ~1599
cm™') and the carbonyl group (at 1757 cm™') showed the
incorporation of both 4VP and HFBA through the all-dry
polymerization technique. It is also important to note that
there was a slight shift in the peak position of the carbonyl
group, that is, from 1757 cm™" (for homopolymer PHFBA) to
1753 cm™' (for the copolymers), confirming successful
copolymerization rather than physical mixing of the homopol-
ymers.*®

Similarly, Figure 2b shows the FTIR spectra of P4VP-co-
PFOA copolymers, with f,yp ranging from 16.8 to 52.4%, and
the corresponding homopolymers. PPFOA absorption peaks
consisted of the carbonyl group (C=O0) stretching at 1744
cm™" and the asymmetric and symmetric stretching of CF, at
1238 cm™! and 1203 cm™’, respectively. Like PHFBA, there
was a strong peak at 1146 cm™' due to the CF; end group.
P4VP-co-PFOA copolymers had characteristic peaks of both
PFOA at 1740 cm™' and 4VP at 1599 cm™’, with C=0
shifting from 1743 cm™" (for homopolymer PPFOA) to 1740
cm™" (for the copolymers), confirming copolymerization of
P4VP-co-PFOA via iCVD.

The molar fraction of 4VP (F,yp) in the copolymer (ie.,
after the polymerization) differed from the feed composition
(e.g, fayp) due to different reactivities of each monomer.”® To
calculate film composition from FTIR, Beer—Lambert’s law
was utilized with the assumption that the molar adsorption
coefficients of the same characteristic peaks remained
unchanged irrespective of the homopolymer or copolymer
states.”” Specifically, the copolymer compositions were
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calculated using the area under the peak at 1599 cm™" for the
pyridine ring and the absorption at 1740—1757 cm™" for the
carbonyl group (see Supporting Information for details). From
FTIR, the molar fraction for 4VP was calculated to be in the
range of 35.4—85.1% for copolymers of P4VP-co-HFBA and
23.3—65.6% for copolymers of P4VP-co-PFOA (see Table 3).

Table 3. Comparison of Compositions of Copolymer Thin
Films Obtained from FTIR and XPS

copolymer Jave [%] Fayp (XPS) [%] Fyp (FTIR) [%]

P4VP-co-HFBA 10.8 39.8 354
17.9 55.2 S1.5
29.8 63.2 57.8
49.8 76.3 70.8
66.4 81.1 77.8
80.0 90.5 85.1

P4VP-co-PFOA 16.8 28.6 23.3
30.3 S51.9 45.4
33.9 54.0 49.6
52.4 67.1 65.6

To confirm those chemical compositions, XPS survey scans
of P4VP-co-HFBA and P4VP-co-PFOA copolymer thin films
with varying fiyp were collected, as shown in Figure S1. All
spectra captured peaks of C(1s) at 287 eV, O(1s) at 533 eV,
N(1s) at 400 eV, and F(1s) at 690 eV. Compositions of the
copolymer thin films were calculated using the ratio of the
atomic percentage of fluorine to that of nitrogen to avoid the
influence of adventitious carbon and oxygen (see Supporting

Information for details). The surface compositions (because
XPS is a surface-sensitive technique) of P4VP-co-HFBA
copolymers were calculated to be in the range of 39.8—
90.5%, with differences from those calculated using the FTIR
spectra that were up to 5.5% (Table 3). Similarly, compositions
of the P4VP-co-PFOA copolymers were calculated using the
XPS results (Table 3), which were up to 6.5% different from
the compositions obtained using the FTIR results. F,yp (XPS)
was consistently higher than F,p (FTIR) potentially due to
the adventitious nitrogen. The composition results calculated
using XPS were utilized to characterize the polymer thin films
for biofilm quantification because the surface composition is
the most relevant to antifouling applications.*®

The high-resolution C(1s) spectra of the P4VP-co-HFBA
copolymer thin films are shown in Figure 3a, with peak
deconvolution shown in Figure 3b. The high-resolution C(1s)
spectra of P4VP-co-HFBA copolymers could be fitted with six
characteristic Gaussian peaks, located at 292.9, 290.4, 288.8,
285.6,285.1, and 284.8 eV, corresponding to C—F;, C—F,, C—
F, C=0, C—N, and C=C or C—C, respectively (Figure 3b).
With the increasing 4VP content, the intensity of C—F, peaks
decreased, confirming the decrease in the amount of HFBA in
the copolymers. The high-resolution C(1ls) spectra of the
P4VP-co-PFOA copolymer thin films and their peak
deconvolution are shown in Figure 3c,d, respectively. The
characteristic binding energies at 293.3, 291.1, 288.8, 2854,
and 284.8 eV corresponded to C—F;, C—F, C=0, C—N, and
C=C or C—C, respectively. The slight difference in binding
energies of C—F, peaks could be explained by the different
chemical bonding environments in P4VP-co-PFOA versus
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Figure 3. XPS high-resolution C(1s) spectra for (a) P4VP-co-HFBA copolymer thin films with varying f,yp; (b) a P4VP-co-HFBA spectrum with
favp of 10.8% and peaks deconvoluted; (c) P4VP-co-PFOA copolymer thin films with varying f,yp, and (d) a P4VP-co-PFOA spectrum with f,yp of
16.8% and peaks deconvoluted. The samples were calibrated to the standard of 284.8 eV for C—C.
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Figure 4. Copolymer analysis of P4VP-co-HFBA and P4VP-co-PFOA. The plot of the molar fraction of 4VP repeat units in the copolymers (Fyyp)
as a function of the fraction of 4VP monomer at the substrate surface (f;yp) for (a) P4VP-co-HFBA and (b) P4VP-co-PFOA copolymers. The
Fineman—Ross copolymerization plot for (c) P4VP-co-HFBA and (d) P4VP-co-PFOA copolymer thin films.

P4VP-co-HFBA, that is, the absence of the C—F bond and
additional C—C bond between the fluorinated chain and the
ester group in the PFOA repeat units compared to HFBA.

Hence, polymer thin films of P4VP-co-HFBA and P4VP-co-
PFOA were obtained via iCVD, the chemical compositions of
which were adjusted across a wide range simply by varying the
flow rate of each monomer.

Fineman—Ross Copolymerization Analysis and For-
mation of Nanodomains. To demonstrate that the
copolymers P4VP-co-HFBA and P4VP-co-PFOA were stat-
istical copolymers and hence have domain sizes on the
nanoscale, reactivities of each co-monomer pairs were
detegnined using the Fineman—Ross copolymerization anal-
ysis.

The film compositions, indicated by the F,yp values obtained
from FTIR and thus representative of bulk film composition,
were correlated with the monomer compositions at the
substrate surface (f;yp), where the polymerization occurred
(Figure 4a,b). Interestingly, the compositions of 4VP in the
copolymer thin films were slightly greater than its surface
concentrations as monomers, hinting at a preference for the
incorporation of 4VP into the copolymer compared to HFBA
or PFOA. The Fineman—Ross equation was used to capture
that preference quantitatively by correlating the film
compositions with the surface monomer compositions. Take
HFBA as an example, the Fineman—Ross equation is as follows

fop (1 = 2Eyp) SovoBop = 1)
Fpyp(1 _f4VP) Fyyp(1 _pr)z (1)

where ryp and rypgy were the reactivity ratios of 4VP and
HFBA, respectively, which were obtained via linear regression

= rupsa T T4vp

of the compositional data (Figure 4a), as discussed below. If
the resultant value of ryp is less than unity, it would suggest
that a growing chain ending with a 4VP unit preferentially adds
the HFBA monomer unit, while r,yp > 1 would be indicative of
a preference for self-addition. Hence, if r4yp and rypp, are close
to zero or ruyp X rypga~0, it would indicate that alternative
copolymerization is likely, whereas rup > 1 with rygpgs > 1
implies block-like growth of chains.”’

The plot for Fineman—Ross copolymerization equation for
the copolymers P4VP-co-HFBA (Figure 4c) was used to
determine the r,yp and rypga, which were found to be 1.20 and
0.02 (R* = 0.99), respectively, under the conditions detailed in
Table 1. The ryyp value of 1.20 indicated that statistically 4VP
was more likely to react with itself, whereas the rypg, value of
0.02 indicated that HFBA was more likely to react with 4VP
over another HFBA monomer. The preference for 4VP
addition could be explained by its compact size and thus
reduced steric hindrance compared to HFBA.”® Furthermore,
this preference for 4VP addition further implied that the
fluorinated repeat unit was more likely to be surrounded by
4VP repeat units than to form a fluorinated block, hinting at a
hydrophobic domain size that is close to the size of an HFBA
monomer (estimated to be 1.2 nm for HFBA; see Figure S2).
The fact that ryyp X ryppa~0.024 > 0 suggests that iCVD
polymerization followed a random behavior. Hence, the
monomer residues were located randomly in the polymer
molecule.

These reactivity ratios can be understood via the Q-e
scheme, which is commonly used to predict reactivity ratios for
liquid-phase free radical polymerization”' based on the
monomer resonance stabilization, Q,, and a measure of
monomer polar properties, e;,. For 4VP, Qup was estimated to
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Figure S. Chemical characterization of zwitterionic moieties in the amphiphilic copolymers. FTIR spectra of the copolymer before and after the PS
reaction for (a) P4VP-co-HFBA and (c) P4VP-co-PFOA. XPS N(1s) high-resolution scans of (b) P4VP-co-HFBA and P4VPz-co-HFBA and (d)

P4VP-co-PFOA and P4VPz-co-PFOA.

be 1.00 and eyp to be —0.28 using a database included in
Odian’s Principles of Polymerization;*’ while for HFBA, these
parameters were estimated using the values for 2,2,3,4,4,4-
hexafluorobutyl methacrylate (HFBMA),”” due to unavail-
ability of the data for HFBA (Qupgpma = 1.70, epppma = 1.24).
Hence, the resultant predicted value for r,yp was 0.38, while
rursma Was 0.26 for liquid-phase free radical polymerization.
These values still pointed to the formation of random
copolymers and the product of reactivity ratios: ruyp X fyppa
= 0.10, remained close to zero. That discrepancy between the
experimentally derived r,yp and the one predicted by the Q-e
scheme could be attributed to the greater hydrophobicity of
HFBA than HFBMA. The average water contact angle (WCA)
for HFBMA is 114°,”* and for HFBA, it is 121°.”* In addition,
kinetic rate constants of iCVD polymerization and those for
solution-phase polymerization could differ,”> which may also
contribute to that discrepancy.

A similar analysis was performed on copolymers of 4VP and
PFOA. Figure 4d shows the Fineman—Ross copolymerization
plot for P4VP-co-PFOA copolymers, from which the reactivity
ratios of 4VP and PFOA, that is, rup and rppos, were
determined to be 1.79 and 0.57, respectively (R* = 0.94),
indicating the formation of random copolymers with a
preference for 4VP addition, similar to P4VP-co-HFBA
copolymers. The higher values for rup and rppos in P4VP-
co-PFOA than those in P4VP-co-HFBA can be attributed to
the higher hydrophobicity of PFOA. Nevertheless, the
implication remains that a fluorinated repeat unit was likely
surrounded by 4VP repeat units, giving rise to random

heterogeneous copolymers and hydrophobic nanodomains
(estimated to be 1.9 nm; see Figure S2).

The ampbhiphilic random copolymers, P4VP-co-HFBA and
P4VP-co-PFOA, are novel chemistries enabled by the iCVD
technique. The all-dry synthesis conditions circumvented
microphase separation to achieve heterogeneities on the
molecular level without the need for a common solvent.”

Formation of Zwitterionic Moieties. 4VP has been used
to produce zwitterionic moieties via a vapor-phase reaction
with PS.””~7% The reaction proceeded through a ring-opening
mechanism, in which the pyridine nitrogen was quaternized
and a pyridinium-based sulfobetaine group was formed. It is
beneficial to have amphiphilic copolymers with zwitterionic
groups to increase the contrast in surface energy between the
hydrophilic and hydrophobic repeat units in amphiphilic
chemistry, an effective approach to improve the antifouling
performance at the air—liquid—solid interface.

The vapor-phase ring-opening reaction was first performed
on a P4VP polymer, which was lightly crosslinked with DVB
(with a DVB content of 7.5% to render the zwitterionic
polymer stable and insoluble in water), using an established
procedure.””~”? To confirm that the PS reaction was
successful, FTIR and XPS high-resolution N(1s) spectra
were collected before and after the reaction. Figure S3 depicts
FTIR spectra for P4VP and its zwitterionic derivative (P4VPz).
New peaks were observed at 1194 and 1036 cm™', which
corresponded to the SO;™ group in the pyridinium-based
zwitterionic moieties. In addition, a new peak formed at 1641
cm™" corresponding to the quaternized pyridinium nitrogen.
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Figure 6. Atomic force microscopy height images of a S X S ym view of iCVD polymer coatings of (a) P4VP, (b) PHFBA, (c) PPFOA, and (d—f)
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surface roughness is shown under each image. Data = Mean + SD, n = 2.

Prior reports have demonstrated that for random amphi-
philic copolymers, the composition of 50% hydrophilic and
50% hydrophobic repeat units leads to the greatest antifouling
performance.”®*” Therefore, we chose the amphiphilic
copolymers with compositions of around 50% of each
monomer to perform the vapor-phase PS reaction to convert
the 4VP repeat units into zwitterionic moieties. Figure Sa
depicts the FTIR spectra of amphiphilic P4VP-co-HFBA
(55.2% 4VP) and its zwitterionic derivative. Again, the new
peak at 1037 cm™" corresponded to the sulfonate group, and
the peak shift of the pyridine ring from 1601 to 1645 cm™
indicated that all nitrogens were fully quaternized. Figure Sb
depicts XPS spectra of high-resolution N(1s) before and after
PS treatment. N(1s) in P4VP-co-HFBA had a binding energy
of 398.8 eV, which was representative of the pyridine ring. It
shifted to 401.4 eV for P4VPz-co-HFBA due to the
quaternization of the pyridine nitrogen. Figure Sc depicts the
FTIR spectra of P4VP-co-PFOA (54.0% 4VP) and P4VPz-co-
PFOA. Similar to P4VP-co-HFBA, near-complete reaction
conversion was confirmed through the presence of a sulfonate
peak at 1037 cm ™" and a pyridinium peak at 1643 cm™". Lastly,
Figure 5Sd shows high-resolution N(1s) spectra for P4VP-co-
PFOA and P4VPz-co-PFOA, where the peak shift from 398.4
to 401.3 eV confirmed the successful creation of zwitterionic
moieties. Therefore, FTIR and XPS analyses confirmed
successful syntheses of amphiphilic copolymers made of repeat
units bearing zwitterionic moieties and fluorinated side chains.

Lastly, to confirm the insolubility of the amphiphilic
coatings, the reacted samples were soaked in Milli-Q_ water
over a period of 8 h at 37 °C, and the polymer thin film
thickness before and after the incubation was measured using
ellipsometry. The results are summarized in Table S1. The
thickness change was below 10% for all samples despite small
reductions (e.g, 6.4% for P4VPz-co-HFBA and 2.1% for
P4VPz-co-PFOA), which was likely a result of chain
reorganizations (e.g, reduction of free volume) during the
soaking and drying procedures. Thus, the aforementioned
characterizations confirmed the successful synthesis of stable
and insoluble amphiphilic thin films.

Surface Topography of the iCVD Thin Films. Surface
topography is known to play a crucial yet controversial role in
bacterial adhesion and biofilm formation.*” While most of the
existing antibiofouling reports focus on surface roughness on
the micrometer scale, we refer the readers to the rich body of
literature® =’ for a detailed discussion on that topic and focus
our discussion here on the length scale that is relevant to iCVD
coatings, that is, on the order of 0.1 nm to 100 nm.2&387588 A
this length scale, lower surface roughness has been considered
desirable for reducing biofilm formation. A recent report has
made the observation that a hydrophobic surface with a root
mean square (RMS) roughness of 1 nm led to an amount of S.
aureus adhesion that was merely 2% that of a surface with an
RMS roughness of 205 nm.” Hydrophobic surfaces with
nanoroughness ranging from 2.28 to 28.35 nm have been
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Figure 7. Advancing and receding WCA measurements for (a) PHFBA and P4VP-co-HFBA copolymers; (b) PPFOA and P4VP-co-PFOA
copolymers; and (c) P4VPz-co-HFBA and P4VPz-co-PFOA. The receding WCA was zero for these two copolymers. (d) Biofilm formation on the
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perfluorinated side chain (P4VPz-co-HFBA, P4VPz-co-PFOA, and P4VPz-co-PFDA). P4VPz-co-PFDA data were reproduced with permission from

ref 38. Copyright 2021 Wiley.

shown to deter the attachment of Cellulophaga lytica, Ulva, and
Navicula incerta.”® Similar observations have been made and
attributed to the Cassie-Baxter wetting state,”" which reduced
the contact area between the surface and bacteria foulants.
Nevertheless, that preference for lower surface roughness in
antibiofilm applications is by no means a consensus, as
numerous reports have observed increased bacterial adhesion
at lower roughness for hydrophilic titanium surfaces,” "
which has been attributed to enhanced production of the
extracellular polymeric substance on smooth hydrophilic
surfaces.” In one study, an RMS roughness of 0.16 um was
discovered to be optimum (in the range of 0.03—0.89 ym) for
hydrophilic surfaces to achieve biofilm reduction when tested
using D. desulfuricans, P. putida, P. aeruginosa, and Rhodococ-
cus.”® With that controversy in mind, it is important to evaluate
surface roughness of the iCVD amphiphilic copolymers to add
more data points to the observations of possible impacts of
surface morphology on bacterial biofilm formation. To
characterize the surface topography of the polymer thin
films, AFM was used in AC air mode, and Figure 6 depicts
height images of P4VP, PHFBA, and PPFOA homopolymers,
P4VP-co-HFBA copolymers with varying 4VP compositions,
and the polymers bearing zwitterionic side groups (i.e., P4VPz,
P4VPz-co-HFBA, and P4VPz-co-PFOA).

Homopolymers depicted in Figure 6a—c were extremely
smooth with RMS roughness below 1 nm, confirming the
smoothness of the iCVD polymers.”> While perfluorinated
polymers with long chains synthesized by iCVD, for example,
PPFDA, tend to form crystalline structures with RMS
roughness >30 nm,”’ "’ thus creating rough surfaces, as

compared to more common iCVD polymer thin films with
surface roughness <1 nm.”>'%”'" The fluorinated polymers
synthesized here, with their fluorinated chain lengths of 3
(HFBA) and 6 (PFOA) did not show any crystallinity,** as
demonstrated by X-ray diffraction (XRD) (Figure S4).'**

For the P4VP-co-HFBA copolymers, the RMS roughness
was 0.544 + 0.067 nm for Fyyp of 63.2%, 1.042 + 0.097 nm for
Fyyp of 76.3%, and 0.627 + 0.062 nm for F,yp of 90.5% 4VP
(Figure 6d—f). The greater roughness for the copolymer
samples than that of homopolymer samples could be attributed
to the instability caused by the copolymerization of monomers
with contrasting surface energies.”””” The surface roughness
demonstrated by the iCVD copolymers was still much smaller
than the counterparts synthesized using solution-based
methods." "'

Lastly, the surface roughness of the reacted copolymers
remained low (Figure 6g—i), with RMS roughness values
below 1 nm, which represents some of the smoothest
amphiphilic copolymers produced via iCVD. In the previous
studies, the lowest RMS roughness was ~21.6 nm for P4VPz-
co-PFDA** and ~2—5 nm for PHEMA-co-PFDA.*’ This
exceptional smoothness of the P4VPz-co-HFBA and P4VPz-
co-PFOA could be explained by the absence of crystallinity of
the hydrophobic monomers and improved mixing of the
hydrophobic monomer and the precursor monomer (i.e., 4VP,
as a precursor for the zwitterionic moiety) during iCVD. The
absence of crystallinity was confirmed by performing XRD on
the P4VPz-co-HFBA and P4VPz-co-PFOA copolymers (Figure
SS), which demonstrated no discernable crystal structures.
This minimal surface roughness is beneficial for antifouling
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effectiveness because it prevents the roughness-induced
adhesion strength of marine organisms.'*®

Dynamic WCA Evaluation. The dynamic wetting
behavior, which has been shown to be critical for achievin
antibiofouling effectiveness at the air—liquid—solid interface,’
was assessed via dynamic WCA measurements. Figure 7a
depicts advancing and receding WCA for P4VP-co-HFBA thin
films with varying F,yp. The homopolymer of HFBA had an
advancing WCA of 123.6 + 1.5° with a receding WCA of 70.0
+ 5.5° confirming the hydrophobicity of HFBA with
significant hysteresis of 53.6 °. Such a large hysteresis was
attributed to the reorientation of the fluorinated side chains
when transitioning from a dry state (with the fluorinated side
chains pointing to the topmost surface) to a wetted state (with
the fluorinated side chains buried in the bulk film to minimize
interfacial energy).65 With the increase of F4yp from 39.8 to
90.5%, the advancing WCA decreased from 123.6 + 1.5° to
54.3 + 0.4° due to the presence of more hydrophilic domains;
the receding WCA similarly dropped from 44.3 + 0.8° to 26.6
+ 1.4°. The receding WCA was below 40° for samples with
Fupp > 39.8%. The large WCA hysteresis confirmed the
amphiphilic nature of P4VP-co-HFBA, which could reorient
the fluorinated side chains based on the wetting condition, that
is, demonstrating hydrophobicity at the liquid—air interface
and hydrophilicity at the liquid—solid interface.

Figure 7b shows dynamic WCA measurement for P4VP-co-
PFOA copolymers with varying F,yp. The homopolymer of
PFOA had an advancing WCA of 130.7 + 1.2°, which was
slightly larger than that of PHFBA due to PFOA’s longer
fluorinated chain. The receding WCA was 45.0 + 7.3° and the
hysteresis was 85.7°, which could be explained by the facile
chain reorientation of PFOA, likely enabled by the flexible
—C,H,— linker connecting the fluorinated moieties to the
acrylate backbone. With the increase of Fyp from 41.9 to
67.1%, the advancing WCA dropped from 130.7 + 1.2° to 82.0
+ 0.8° and the receding WCA decreased from 57.0 & 2.1° to
35.9 + 4.5°. The WCA hysteresis reduced to 46.1° upon the
incorporation of 4VP at Fyyp of 33.9%, which was likely due to
the reduced amount of the fluorinated side chains that can
reorient quickly. The WCA hysteresis subsequently increased
to 62.8° for Fyp of 58.1%, which was a result of the molecular-
level heterogeneity that was maximized around this composi-
tion.

Lastly, Figure 7c¢ depicts the dynamic WCA for the reacted
amphiphilic copolymers, that is, P4VPz-co-HFBA (Fp of
55.2%) and P4VPz-co-PFOA (Euyp of 54.0%). The advancing
WCA was 91.5 + 3.2° for P4VPz-co-HFBA and 95.6 + 4.6° for
P4VPz-co-PFOA, comparable to those of the unreacted P4VP-
co-HFBA and P4VP-co-PFOA (85.7 + 2.3° and 104.7 + 2.0°,
respectively). The change in the advancing WCA was
insignificant (<10°), thus indicating that the copolymers
retained similar hydrophobicity at the solid—air interface
after the treatment, further corroborating the facile surface
chain reorientation. The receding WCA values for both reacted
samples were close to zero, confirming the superhydrophilicity
of zwitterionic moieties at the solid—liquid interface.

Antifouling Performance at the Solid—Liquid—Air
Interface. The antifouling performance of the amphiphilic
thin films was tested using P. aeruginosa, strain PAO1, because
it is one of the most common strains used to form a biofilm,'*®
and it is known for the tendency to grow a biofilm at the
solid—liquid—air interface. Figure 7d depicts the results of
biofilm formation on the amphiphilic copolymers with

different hydrophobic chain lengths ranging from 0.5 to 1.1
nm: P4VPz-co-HFBA, P4VPz-co-PFOA, and P4VPz-co-PFDA
(reproduced from the previous study).’® The zwitterionic
coating P4VPz was used as a point of comparison for its well-
established fouling resistance. The absorbance of the biofilm at
550 nm (ODysg, obtained by CV straining and subsequent
biofilm solubilization) was normalized by the ODy, of the
culture to account for potential variations in the inoculation
density and culture conditions (i.e., Ags5o/Aggo). That
absorbance was further normalized by the ODs5,/ODgy, of
clean unmodified glass slides (i.e.,, A%;5o/A%¥¢q0) to prevent any
potential variations in the substrate conditions to obtain the
final value of A**,. It is important to note that we chose glass
as the benchmark of comparison based on its exceptional
antifouling performance.””'"” However, glass is also unlikely to
be used as a versatile antifouling coating and its inclusion here
is merely for benchmarking.

All amphiphilic copolymers outperformed the zwitterionic
coating, with an average improvement of 45% compared to
P4VPz. Despite the small variations in terms of their
antibiofilm performance among the amphiphilic copolymers
(i.e., P4VPz-co-HFBA, P4VPz-co-PFOA, and P4VPz-co-
PFDA), there was no statistical significance to those variations,
as indicated by the large p-value labeled in Figure 7d. On
average, P4VPz-co-PFDA (with a perfluorinated chain length
of ~1.1 nm) led to biofilm growth that was 47.9 + 27.7% that
of P4VPz, whereas P4VPz-co-HFBA (with a perfluorinated
chain length of ~0.5 nm) and P4VPz-co-PFOA (with a
perfluorinated chain length of ~0.9 nm) resulted in biofilm
growth that was 60.7 + 22.9% and 562 + 16.5% that of
P4VPz, respectively. While the excellent antifouling perform-
ance of p4VPz at the liquid—solid interface has been well
established in the literature,'*™'*! P4VPz incurred an amount
of the PAO1 biofilm that was near twice the amount on glass at
the solid—liquid—air interface. In contrast, the statistical
amphiphilic copolymers, P4VPz-co-HFBA, P4VPz-co-PFOA,
and P4VPz-co-PFDA, demonstrated comparable antibiofilm
performance as glass, indicating good fouling resistance.””"%”
Hence, it could be concluded that the length of the fluorinated
chain in statistical amphiphilic copolymers did not modify their
antibiofilm effectiveness significantly when varied in the range
of 0.5—1.1 nm. Thus, it was possible to achieve similar
antibiofilm performance with a shorter fluorinated side chain
like that of HFBA, while reducing the environmental impact of
fluorine-based ampbhiphilic antifouling coatings. Furthermore,
the RMS roughness of P4VPz-co-PFDA has been reported to
be ~21.6 nm,® while its antibiofilm performance was found to
be comparable to that of P4VPz-co-HFBA and of P4VPz-co-
PFOA (Figure 7d), thus corroborating the insignificant impact
of nanometer-scale surface roughness of the statistical
amphiphilic coatings on PAO1 biofilm formation.

To demonstrate that the good antibiofilm performance was
not a result of the leaching of toxic constituents from the iCVD
thin films, we incubated PHFBA and PPFOA in LB medium
for 8 h at 37 °C. FTIR spectra were taken before and after the
8-h incubation (Figure S6). Reduction of peak intensities in
FTIR was undetectable, indicating very little release of
constituents from the iCVD amphiphilic thin films into LB
medium over the course of 8 h. The slight increase in the
intensities of a few peaks (e.g, the peak at 1757/1743 cm™")
can be explained by (i) reorientation of the fluorinated side
chains, which is known to occur upon wetting and drying of
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the thin film® and (i) adsorption of constituents of the LB
medium into the thin film.

B CONCLUSIONS

In this study, amphiphilic copolymers were synthesized using a
hydrophilic pyridinium-based zwitterionic monomer and a
hydrophobic monomer bearing a fluorinated size chain with
less than 7 fluorocarbons, that is, HFBA or PFOA. The short-
chain fluorinated monomers were selected because the
chemicals containing long-chain perfluoroalkyl groups
(C,Fy,.1, 1> 7) are known to be global contaminants, causing
bioaccumulation, toxicity, and persistent distribution in the
environment." ' Statistical copolymers of 4VP, the precursor of
the pyridinium-based zwitterionic moieties, and HFBA or
PFOA were obtained by a solvent-free vapor deposition
technique, iCVD. The random copolymerization was deduced
from the Fineman—Ross analysis, hinting at hydrophobic
domains at the nanoscale and the absence of microphase
separation. The copolymers of 4VP and HFBA or PFOA were
subsequently converted to amphiphilic copolymers by a vapor
treatment with PS, turning the pyridine rings in 4VP into
pyridinium-based zwitterionic moieties. We hypothesized that
the amphiphilic copolymers could resist biofilm formation at
the air—liquid—solid interface because of the facile chain
reorientation at the triple interface, presenting a hydrophobic
surface at the air—solid interface and a hydrophilic one at the
liquid—solid interface. That facile chain reorientation was
proven by dynamic WCA measurements, where the advancing
WCA remained unchanged upon converting 4VP into
zwitterions (which is more hydrophilic than 4VP), indicating
that the dry-state surface energy was dictated by the fluorinated
side chains. The good antibiofilm antifouling performance of
the two amphiphilic copolymers at the triple interface was
demonstrated using P. aeruginosa strain PAOI1. Even the
amphiphilic copolymer made with HFBA (with three
fluorinated carbon atoms) outperformed a purely zwitterionic
coating by 39.3%, as evaluated by the quantity of biofilms
formed on each surface; whereas the one made with PFOA had
merely 56.2 + 16.5% the amount of biofilm on the purely
zwitterionic coating. As such, less bioaccumulative and less
toxic amphiphilic coatings have been successfully synthesized
and demonstrated to be antibiofilm, greatly accelerating the
deployment of similar chemistries in a broad cross-section of
industries ranging from food manufacturing to healthcare. Our
future research will focus on the development of fluorine-free
ampbhiphilic coatings to further reduce the potential side effects
of fluorocarbon chemistry. Research into biofouling prevention
at the triple interface is still in its infancy and many critical
questions remain to be answered, including the relative impact
of the triple interface with respect to hydrodynamic drag, larval
recruitment, and cleanability/sloughing potential. We believe
that these questions are instrumental for the continued
development of biofouling prevention measures at the triple
interface and predict that the impact of biofouling prevention
at the triple interface is significant, especially §iven its
prevalence in propellers and heat exchangers.''” Future
evaluation of antifouling performance under natural or
environmental conditions like seawater would provide a
realistic assessment of the performance and durability of the
amphiphilic copolymer coatings. Those tests would likely
require careful examination and selection of the model strains
like V. cyclitrophicus, which has been used in antibiofouling

studies due to its prevalence in coastal seawater and consistent
growth under laboratory conditions.>”
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