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Antibiofouling Slippery Liquid Impregnated Pulsed Plasma
Poly(styrene) Surfaces

Joe M. Rawlinson, Harrison J. Cox, Grant Hopkins, Patrick Cahill, and Jas Pal S. Badyal*

Biofouling is a major global environmental and economic challenge wherein
organisms settle on solid surfaces submerged in natural waters. This leads to
the spread of invasive marine species around the globe, accelerates surface
deterioration through microbially-induced corrosion, and inflates maritime
vessel fuel consumption which leads to greater greenhouse gas emissions. In
this study, pulsed plasma poly(styrene) nanocoatings impregnated with
eco-friendly liquids are produced that yield slippery surfaces through
aromatic–aliphatic intermolecular interactions (water droplet contact angle
hysteresis and sliding angle values ≈1–2°). The antibiofouling performance of
these slippery surfaces is demonstrated using laboratory-based marine
bioassays and real-world field trials in freshwater (pond water) and seawater
(ocean) environments. Low-cost and substrate-independent pulsed
plasmachemical deposition combined with eco-friendly liquid impregnation
provides a sustainable approach to tackling environmental biofouling.

1. Introduction

The settlement and growth of microscopic and macroscopic
organisms on solid surfaces submerged in seawater (ma-
rine biofouling) is a major challenge for maritime industries
due to its multitude of negative impacts, including: facilitat-
ing the spread of invasive species around the globe (consid-
ered a major threat to the conservation of biodiversity in the
world’s oceans),[1] accelerated deterioration of surfaces through
microbially-induced corrosion,[2] added biofoulant weight caus-
ing mechanical stresses on static structures,[3] and greater
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hydrodynamic drag increasing vessel fuel
consumption to generate higher green-
house gas emissions.[4,5]

Liquid-repellent surfaces inspired
by the Nepenthes pitcher plant (which
entraps liquid within a textured sur-
face to capture arthropod prey) have
previously been fabricated through
liquid impregnation of roughened or
porous surfaces.[6–10] Careful matching
of the solid and impregnation liquid
chemistries can produce stable tightly
bound slippery fluidic film at the sub-
strate surface (water droplet contact
angle hysteresis and sliding angle values
≈1–5°).[11] This retained liquid film
acts as a physical barrier preventing
direct contact of chemical or biologi-
cal moieties with the solid underlying
material[12]—blocking the attachment

of biofouling organisms (antibiofouling) and providing pro-
tection against corrosion (anticorrosion).[13–17] Other tech-
nological applications for slippery liquid-impregnated sur-
faces include water repellency,[18] icephobicity,[19] antifogging,[20]

fog harvesting,[21,22] biomedical applications,[23,24] and drag
reduction.[25–27] For marine antibiofouling applications, these
systems offer great promise given that the incompressible
trapped liquid layers are resistant toward changes in hydro-
static pressure (a common flaw of trapped gas layers within su-
perhydrophobic structures).[10,28–31] Superhydrophobic surfaces
are also susceptible to failure due to gas diffusion from
the trapped gas layer into the surrounding water, and con-
tamination by low surface tension oils—which is not an is-
sue for slippery surfaces impregnated with water immiscible
liquids.[29,32]

However, previous liquid-impregnated slippery surfaces have
been reliant upon roughened or porous substrates which lim-
its their more widespread application with respect to the range
and geometries of suitable materials (due to the substrate-
dependence of roughening or creation of porosity). Whereas the
plasmachemical approach is substrate-independent (due to in-
herent electrical discharge activation of the substrate) and there-
fore more widely applicable. Surface roughness can also acceler-
ate biofouling due to microscopic organisms preferentially set-
tling into microtextures to maximize the interfacial contact area
for adhesion.[33–36] Furthermore, many liquid-impregnated sur-
faces displaying marine antibiofouling properties utilize envi-
ronmentally harmful synthetic/fluorinated oils.[16,37–41] Although
eco-friendly liquids such as oleic acid and natural blackseed oil
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impregnated into suitable solid substrates have been shown to
reduce the settlement of marine biofouling organisms (such
as mussels), they still require large quantities of solvent or
multi-step, complex, and lengthy fabrication techniques.[42,43]

Likewise, slippery non-porous/untextured polydimethylsiloxane
(PDMS) surfaces impregnated with fluorinated oils, silicone oils,
or ionic liquids have been reported for marine antibiofouling
applications;[15,44–48] but the adherence of low surface energy bulk
PDMS coatings are limited to specific types of underlying sub-
strate, as well as inherent non-biodegradability, and multi-step,
complex and lengthy coating procedures.[49–51]

Plasmachemical deposition has previously been used to
produce liquid-impregnated porous coatings for slippery
applications.[52,53] More recently, slippery surfaces have
been fabricated utilizing favorable intermolecular aromatic–
aliphatic interactions, for example between pulsed plasma de-
posited poly(styrene) nanocoatings and impregnated oils.[54–56]

Aromatic–aliphatic liquid impregnated slippery surfaces negate
the requirement for porous structures associated with con-
ventional SLIPS (Slippery Liquid Infused Porous Surfaces),
which can be costly and complex to fabricate. Key advan-
tages of pulsed plasmachemical deposition include rapid
single-step, ambient conditions, solventless, 3D conformal
coatings, substrate-independent, strong adhesion, low en-
ergy consumption, minimal waste products, and industrial
scalability.[57–61]

In this article, pulsed plasma poly(styrene) nanocoatings are
impregnated with a variety of liquids to create aromatic–aliphatic
interaction slippery liquid-repellent surfaces, Figure 1. Environ-
mentally friendly liquids utilized in this study include squalane
(which can be easily derived from olive oil or sugar cane),[62,63]

and essential oils (2-methylundecanal and decanal) found in the
peel of various fruits.[64,65] Other impregnation liquids tested in-
clude hexadecane (non-polar) and 1-undecanol (polar) which are
commonly used as food flavorings,[66,67] and readily available mix-
tures of commercial oils (olive oil, rapeseed oil, and mineral oil).
Antibiofouling tests have been conducted on these pulsed plasma
poly(styrene)–impregnated liquid surfaces in natural pond water
and the ocean.

Figure 1. Chemical structures of impregnation liquids used to produce
slippery surfaces on pulsed plasma poly(styrene) nanocoatings. Olive oil,
rapeseed oil, and mineral oil are not shown given that they are mixtures of
chemical structures.

2. Experimental Section

2.1. Pulsed Plasmachemical Deposition

A cylindrical glass reactor (5.5 cm diameter, 475 cm3 volume,
base pressure < 2 × 10−3 mbar, and air leak rate better than
6 × 10−9 mol s−1) housed within a Faraday cage was used for plas-
machemical deposition.[58,68] The reactor was attached to a rotary
pump (model E2M2, Edwards Vacuum Ltd.) via a liquid nitro-
gen cold trap. A copper coil wound around the reactor (4 mm
diameter, 10 turns, located 6 cm downstream from the gas in-
let) was connected to a custom-built 13.56 MHz radio frequency
(RF) power supply via an inductance–capacitance (L–C) matching
network to minimize the standing wave ratio for power transmis-
sion. An external pulse signal generator was used to trigger the
RF power supply. Prior to each plasmachemical deposition, the
reaction chamber was thoroughly scrubbed with hot water and
detergent, rinsed with propan-2-ol (+99.5%, Fisher Scientific UK
Ltd.) and acetone (+99%, Fisher Scientific Ltd.), and oven dried
at 150 °C for at least 1 h, followed by 50 W continuous-wave air
plasma cleaning at 0.2 mbar for 30 min. Poly(ethylene terephtha-
late) (PET, 50 mm × 80 mm, Mylar A 125, DuPont Teijin Films
UK Ltd.) and Petri dish (Part no. Titan-02048493, Shanghai Titan
Scientific Co. Ltd.) substrates were cleaned by placement into a
50/50 v/v solvent mixture of hexane (+99.5%, Fisher Scientific
UK Ltd.) and propan-2-ol for 15 min and then dried in air at
ambient temperature for at least 30 min. Silicon wafers (orien-
tation: <100>, resistivity: 5–20 Ω cm, thickness: 525 ± 25 μm,
front surface: polished, back surface: etched, Silicon Valley Mi-
croelectronics Inc.) substrates were cleaned by sonication in a
50/50 v/v solvent mixture of hexane and propan-2-ol for 15 min
and then dried in air at ambient temperature for at least 30 min.
Cleaned substrates were then placed into the center of the plasma
chamber copper coils and the system was pumped to base pres-
sure. Styrene monomer precursor (+99%, Sigma-Aldrich Ltd.)
was loaded into a sealable glass tube, degassed via multiple liquid
nitrogen freeze–pump–thaw cycles, and attached to the plasma
reactor. Monomer vapor was then allowed to purge through the
system at a pressure of 0.2 mbar for 10 min followed by electri-
cal discharge ignition. An initial 40 W continuous wave plasma
was run for 5 s and then switched to pulsed mode conditions
(Pon = 40 W; ton = 100 μs; toff = 4 ms) for 10 min. Upon extinc-
tion of the electrical discharge, the monomer vapor was allowed
to continue to pass through the system for a further 10 min be-
fore the chamber was evacuated to base pressure and vented to
atmosphere.

2.2. Liquid Impregnated Slippery Surfaces

Oils for impregnation into the pulsed plasma poly(styrene)
nanocoatings were selected according to their chemical struc-
tures to match aromatic–aliphatic intermolecular interactions
(aliphatic containing groups) and physical properties (low volatil-
ity and water immiscibility): squalane (96%, Sigma-Aldrich Ltd.),
2-methylundecanal (>98%, Mystic Moments Madar Corporation
Ltd.), decanal (>98%, Mystic Moments Madar Corporation Ltd.),
hexadecane (99%, Sigma-Aldrich Ltd.), 1-undecanol (98%, Arcos
Organics brand, Fisher Scientific UK Ltd.), olive oil (Olive oil,
Tesco plc.), rapeseed oil (Vegetable oil, Tesco plc.), and mineral
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oil (HE-175 Vacuum Pump Oil, Leybold Vacuum Products Inc.),
Figure 1. Substrates were submerged into neat liquid at room
temperature for 15 min. They were then carefully removed from
the liquid using tweezers, placed into 50 mL of deionized water,
and shaken vigorously for 5 min. Finally, the samples were dried
in air for at least 3 h in a vertical orientation to allow any remnant
excess liquid to drip off the surface onto tissue paper.

2.3. Surface Characterisation

2.3.1. Infrared Spectroscopy

Fourier transform infrared (FTIR) analysis of pulsed plasma
poly(styrene) surfaces was carried out using an FTIR spectrom-
eter (model Spectrum One, Perkin Elmer Inc.) equipped with
a liquid nitrogen-cooled mercury–cadmium–telluride (MCT) de-
tector. The spectra were averaged over 100 scans at a resolution
of 4 cm−1 across the 450–4000 cm−1 wavenumber range. Attenu-
ated total reflectance (ATR) infrared spectra were obtained using
a diamond ATR accessory (model Golden Gate, Graseby Specac
Ltd.). Reflection–absorption (RAIRS) measurements utilized a
variable-angle accessory (Graseby Specac Ltd.) fitted with a KRS-5
polarizer (to remove the s-polarized component) set at 66° to the
surface normal.

2.3.2. Coating Thickness

Pulsed plasma polymer coating thickness was measured us-
ing a spectrophotometer (model nkd-6000, Aquila Instruments
Ltd.). Transmittance–reflectance spectra (350–1000 nm wave-
length range and a parallel (p) polarized light source at a 30°

incident angle) were acquired and fitted to a Cauchy model for
dielectric materials using a modified Levenberg–Marquardt al-
gorithm (version 2.2 software, Pro-Optix, Aquila Instruments
Ltd.).[69] 10 min of pulsed plasma poly(styrene) deposition onto
silicon wafers yielded an average thickness of 262 ± 86 nm (depo-
sition rate= 8.7 ± 2.9 nm min−1). This value was calculated using
(n = 6) coated silicon wafer substrates and the standard deviation
was taken for the error value.

A mass balance (model AJ 150 L, Mettler-Toledo LLC.) was
used to weigh pulsed plasma poly(styrene) coated PET film be-
fore and after squalane liquid impregnation (rinsed in high-
purity water and dried). The thickness of the impregnated
liquid layer was calculated using the measured increase in
mass, the wetted area, and the density of squalane (0.81 g
cm−3).[70] The thickness of the impregnated squalane liquid
layer on pulsed plasma poly(styrene) was calculated to be 1.9 ±
0.2 μm—this value was comparable to previously reported val-
ues for slippery surfaces which had been prepared using alter-
native methods.[10,71] Measurements were made for at least three
(n = 3) separate samples and the calculated standard deviation
for the error value.

2.3.3. Atomic Force Microscopy

Atomic force microscopy (AFM) images were obtained using a
scanning probe microscope (Peakforce QNM mode, model Mul-

tiMode 8-HR, Bruker Corp.). Scans with at least 256-line resolu-
tion were acquired using AFM probes with a nominal force con-
stant of 0.4 N m−1 (ScanAsyst Air, Bruker Corp.) operating at a
cantilever frequency of 1 kHz in the vertical direction. Nanoscope
analysis v1.50 software was employed for image processing in-
cluding second-order polynomials to remove natural curvature
due to sample movement relative to the cantilever. Surface rough-
ness measurements were calculated from at least three (n = 3)
samples with the standard deviation taken for the error value.

2.3.4. Water Repellency

Water contact angle measurements at 20 °C used high-purity
water (BS 3978 grade 1) and a video contact angle goniometer
fitted with a motorized syringe (VCA 2500 XE, AST Products
Ltd.). A 2.0 μL water droplet was used for the static contact angle
value. Dynamic contact angle values were measured by increas-
ing the dispensed 2.0 μL water droplet by a further 2.0 μL at a
rate of 0.1 μL s−1 (advancing) and then subsequently decreasing
the droplet volume by 2.0 μL at a rate of 0.1 μL s−1 (receding).[72]

Droplet images were analyzed using ImageJ software in conjunc-
tion with the Dropsnake plugin.[73] Static and dynamic water con-
tact angle values were calculated from measurements taken on at
least three or more random locations on each of three (n = 3) sep-
arate samples, and the average standard deviation was taken for
the error value. No significant difference in water contact angle
or water contact angle hysteresis values were measured for con-
trol or squalane-impregnated pulsed plasma poly(styrene) coated
PET using larger (8 μL) droplets, Table S1 (Supporting Informa-
tion).

Water droplet sliding angle measurements were undertaken at
20 °C using a V-block adjustable angle gauge (model Adjustable
Angle Gauge/Tilting Vee Blocks small, Arc Euro Trade Ltd.). This
entailed fixing samples onto the tilt stage at an initial angle of 0°

and dispensing a 50 μL droplet onto a random point of the sur-
face. The inclination of the stage was then slowly increased by
1° every 15 s until the water droplet movement was observed.[74]

The measurements were repeated on three separate samples
(n = 3) and the standard deviation was taken as the error value.

2.4. Antibiofouling Testing

2.4.1. Natural Pond Water

Preliminary antibiofouling performance of liquid-impregnated
pulsed plasma poly(styrene) surfaces was assessed locally within
the UK by placement into an outdoor plastic tank (volume = 115
L, temperature range: 12–20 °C) which had been filled with natu-
ral water collected from a nearby pond and fitted with two metal
rods to suspend samples, Figure S1 (Supporting Information).
The water temperature at a depth of ≈15 cm was monitored us-
ing a thermometer. Algal growth was sustained by adding 15 mL
of water-soluble fertilizer (Miracle-Gro All Purpose Plant Food,
Scotts Miracle-Gro Co.) to the biofouling tank water every two
weeks.[75]

Samples were fixed in plastic projector slide mounts (70 mm
× 70 mm, part no. M-9425, Matin International Co.) and attached
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to the top of a plastic box (model no. HPL822B, Locknlock Co.)
to form a sample–mount–box assembly in which samples could
be held horizontally in the water, Figure S1 (Supporting Informa-
tion). Samples were photographed at the beginning of the experi-
ment (12-megapixel, model A1688, Apple Inc.), and the sample–
mount–box assembly was then submerged into the pond water
tank at a depth of ≈15 cm for 7 days. After removal from the
tank, the sample–mount sections were detached from the plastic
box and gently dipped twice into fresh tap water to remove any
unadhered fouling material from the surface and photographed
again.

A colorimeter (model PCE-CSM 4, PCE Instruments UK Ltd.)
was used to measure the color of the surfaces before (pristine)
and after pond submersion to provide a rapid quantitative mea-
sure of outdoor biofouling accumulation onto surfaces, with
larger color changes indicating greater levels of adhered foul-
ing biological material.[76,77] Color measurements of each sample
were taken both before and after pond water submersion under
fixed lighting conditions with a constant backing color. The color
change was calculated for the CIELAB color space using Equa-
tion (1), where L* is the lightness of the color, a* is the position
between red and green, and b* is the position between blue and
yellow.[78] The measurements were repeated at least three times
(n ≥ 3) at random locations for each sample and the standard
deviation was taken as the error value.

ΔE =
√
ΔL∗2 + Δa∗2 + Δb∗2 (1)

2.4.2. Marine Bioassay

Subsequently for the best performing natural pond water an-
tibiofouling samples, bioassays were undertaken using pulsed
plasma poly(styrene) coated Petri dish substrates (Part no. Titan-
02048493, Shanghai Titan Scientific Co. Ltd.) impregnated with
squalane (slippery behavior was re-confirmed after transporta-
tion of samples from UK to New Zealand, by water droplets
rapidly rolling off the coated substrate). These experiments took
place in a purpose-built chamber that consisted of a polyethylene
tub (30 cm wide, 30 cm long, 15 cm deep) with horizontal rails
on two of the vertical sides, Figure S2 (Supporting Information).
These rails held a polycarbonate backing plate to which three (n
= 3) replicate treated Petri dish samples and three (n = 3) control
Petri dishes (untreated polystyrene, Corning CoStar) were affixed
using adhesive Velcro dots. The slippery samples and controls
were randomly arranged on the backing plate.

The samples were assessed for antibiofouling activity against
three model biofouling taxa: the Pacific transparent sea squirt
(Ciona savignyi), the blue mussel (Mytilus galloprovincialis), and
the blue tubeworm (Spirobranchus caraniferus). Broodstock of
these species sourced from coastal populations in the Nelson re-
gion of New Zealand were held in a recirculating seawater sys-
tem (18.0 ± 1.0 °C, 33 ± 1 PSU) and fed bulk cultured Isochrysis
galbana until ready to spawn. Spawning and larval culture fol-
lowed previously described methodologies.[79–81] Larval compe-
tence was assessed prior to experiments as follows: Ciona savignyi
– the species was lecithotrophic and competent to settle upon
hatching.[79] Mytlius galloprovincialis – during larval culture, lar-
vae were inspected daily to assess developmental stage; larvae are

considered competent to settle when they reach the “pediveliger”
stage and had developed a functional foot and eye spot (≈18–
20 days post fertilization).[82] Spirobranchus cariniferus – during
larval culture, larvae were inspected daily to assess body size;
larvae were considered competent to settle when they reached
300–330 μm body length (≈15 days); due to the conspecific settle-
ment characteristic of this species, fully grown larvae were then
exposed to 10−3 M 3-isobutyl-1-methylxanthine for 4 h imme-
diately prior to use in the experiment to induce settlement.[83]

During experiments, the competence of larvae was assessed
directly via the controls (i.e., the settlement of larvae on the
blank controls demonstrated that the larvae were competent to
settle).

Competent larvae of each species were used separately in
bioassays to quantify settlement and adherence to the liquid-
impregnated pulsed plasma poly(styrene) coatings. In each in-
stance, the bioassay chamber was filled with seawater, and ≈5000
larvae were added. The chamber was left for 5 days (18.0 ± 1.0 °C,
33 ± 1 PSU, 12 h:12 h light:dark). After 5 days, the backing
plate with attached samples was removed from the chamber
and the number of larvae that had successfully settled and at-
tached to each sample and control Petri dish were counted us-
ing a binocular microscope. For any larvae that did attach to the
liquid-impregnated surface, their attachment structures were in-
spected visually for differences in appearance relative to larvae
on the control surfaces using a compound microscope (Olym-
pus CKX41, Olympus, Japan). For C. savignyi, the surface area of
attachment structures was measured using image analysis soft-
ware (CellSens, Olympus) and compared using two-tailed t-tests.
Measurement did not occur for S. caraniferus because no larvae
settled on the squalane surface (therefore, there was nothing to
measure). Measurement of attachment area for M. galloprovin-
cialis was technically not possible at the settlement stage because
they attach by mucous threads, which were diffuse and highly
transparent.

2.4.3. Marine Field Trial

Pulsed plasma poly(styrene) coated Petri dish substrates impreg-
nated with squalane (slippery behavior was re-confirmed by water
droplets rapidly rolling off the substrate) were deployed in Nelson
Marina, Nelson, New Zealand (−41.258996° S, 173.281478° E)
from 25/10/22 to 8/12/22 to determine antibiofouling efficacy
in the marine environment, Figure 2. Three (n = 3) squalane-
impregnated pulsed plasma poly(styrene) coated substrates and
three (n = 3) control substrates (untreated polystyrene, Corning
CoStar, Sigma-Aldrich Ltd.) were affixed in a random arrange-
ment to a 1 m2 polycarbonate backing plate using adhesive Vel-
cro dots. The backing plate was immersed upside down ≈1.5 m
below the ocean surface. After 2, 4, and 6 weeks, the plate was re-
trieved and a high-resolution photograph was taken of each Petri
dish. These images were analyzed for percentage cover of bio-
fouling using Coral Point Count (CPCe V4.1).[84] Each image had
25 points overlaid in a stratified random design. Each point was
assessed visually and assigned as “bare space” (i.e., no visible bio-
fouling), “biofilm”, or a macrofouling organism. The latter were
identified to the lowest possible taxonomic resolution (species
level in many instances) but data were pooled to “Bryozoans”,
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Figure 2. Location of test samples in Nelson Marina, Nelson, New Zealand (−41.258996° S, 173.281478° E) from 25/10/22 to 8/12/22 to determine
antibiofouling efficacy in the marine environment.

“Filamentous seaweeds”, “Hydroids”, and “Ascidians” for calcu-
lation of percentage cover.

The deployment occurred during austral spring (see dates
above) when biofouling pressure (inoculation) was significant
and increased at the study location. The timing of this deploy-
ment during spring was considered to be a “hard” test of the
squalane-impregnated pulsed plasma poly(styrene) coating’s per-
formance.

3. Result

3.1. Infrared Spectroscopy

Liquid styrene monomer exhibits the following characteristic in-
frared absorption bands: C─H stretching (2965–3100 cm−1), aro-
matic ring summations (1700–2000 cm−1), vinyl C═C stretching
( 994 and 1629 cm−1), and aromatic ring stretching (1451, 1492,
and 1600 cm−1), Figure 3. Pulsed plasma deposited poly(styrene)
retains the aforementioned aromatic ring features, whilst disap-
pearance of the vinyl band absorbances confirms that high selec-
tivity plasmachemical polymerization of styrene has taken place
via the opening of the vinyl carbon–carbon double bond.

3.2. Coating Surface Morphology

Atomic force microscopy (AFM) analysis showed that the pulsed
plasma poly(styrene) nanocoatings were smooth (RoughnessRMS
= 0.83 ± 0.50 nm for 5 μm × 5 μm scan area) and large scale
porosity was absent, Figure S3 (Supporting Information). This
lack of surface roughness is consistent with aromatic–aliphatic
intermolecular interactions underpinning the observed slippery
behavior.

Figure 3. Infrared spectra of a) styrene monomer (ATR); and b) pulsed
plasma poly(styrene) films deposited onto a silicon wafer (RAIRS). Vinyl
group absorbances (dashes: A = 994 cm−1 and B = 1629 cm−1); and
aromatic ring absorbances (dots: C = 1451 cm−1, D = 1492 cm−1, and
E = 1600 cm−1).

3.3. Water Repellency

Pulsed plasma poly(styrene) coatings display a higher water
contact angle value, and lower water contact angle hysteresis
and sliding angle values compared to uncoated PET substrate,
Figure 4. Liquid impregnation into the pulsed plasma deposited
poly(styrene) nanocoating gave rise to slippery behavior (wa-
ter contact angle hysteresis and sliding angle values < 5° for
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Figure 4. Water repellency of control PET and pulsed plasma poly(styrene)
coated PET substrates following impregnation with a variety of liquids:
a) water droplet contact angle; b) water droplet contact angle hystere-
sis; and c) water droplet sliding angle (Table S2, Supporting Information).
Mean values (n ≥ 3) ± average standard deviation.

a wide range of liquids (squalane, 2-methylundecanal, decanal,
hexadecane,1-undecanol, olive oil, rapeseed oil, mineral oil).
These low water contact angle hysteresis and sliding angle val-
ues can be attributed to the favorable aromatic surface–aliphatic
oil molecular interactions which underpin slippery behavior. For

the control PET substrate, slippery behavior was only observed
for decanal and 1-undecanol, Figure 4. Water droplets did not
slide readily over uncoated PET substrate, whilst easily glided at
low inclinations over the surface of squalane-impregnated pulsed
plasma poly(styrene) coated PET, Supporting Information Videos
S1 and S2.

3.4. Biofouling

3.4.1. Natural Pond Water

Submersion of pulsed plasma poly(styrene) coated PET substrate
(control) in pond water for 7 days gave rise to light green algal
material adhered to the surface, Figure 5.

Compared to the pulsed plasma poly(styrene) coated PET sub-
strate (control), an increase in surface biofouling was observed
for slippery pulsed plasma poly(styrene) impregnated with four
of the liquids (decanal, 1-undecanol, olive oil, and rapeseed oil).
Hexadecane impregnated into pulsed plasma poly(styrene) crys-
tallized upon submersion into natural pond water and therefore
was not investigated further (surface color changed from clear
to white, 18 °C melting point of hexadecane compared to the

Figure 5. Pulsed plasma poly(styrene) coated PET impregnated with vari-
ous liquids before and after 7 days of submersion in natural pond water: a)
photographs; and b) color change (ΔE). Control corresponds to no liquid
impregnation into pulsed plasma poly(styrene) coated PET. Mean values
(n ≥ 3) ± average standard deviation.

Adv. Mater. Interfaces 2023, 2300284 2300284 (6 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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pond water temperature of 12–20 °C).[85] A relative reduction in
surface biofouling was noted for three of the impregnated liq-
uids (squalane, 2-methylundecanal, and mineral oil), Figure 5.
Squalane-impregnated pulsed plasma poly(styrene) coated PET
gave rise to the lowest color change value (ΔE = 1.4 ± 1.0), fol-
lowing 7 days of submersion into pond water.

Following 7-day pond water submersion, the water contact
angle value for the control pulsed plasma poly(styrene) coated
PET substrate (no liquid impregnation) decreased significantly
(from 88 ± 1° to 46 ± 8°), whilst water contact angle hystere-
sis and sliding angle values increased—this can be attributed
to biofoulants adhering to the surface, Figure 6.[86] For the
liquid-impregnated pulsed plasma poly(styrene) coated PET sur-
faces which had displayed lower color change (antibiofouling)
compared to the control sample (squalane, 2-methylundecanal,
and mineral oil, Figure 5), smaller water contact angle hystere-
sis and sliding angle values were retained after 7 days sub-
mersion into pond water, Figure 6. The extremely low water
solubility of these hydrocarbon oils prevents their dissolution
into the surrounding water, thereby creating a stable slippery
interface deterring biofouling.[87] Squalane-impregnated pulsed
plasma poly(styrene) coated PET surfaces exhibited the lowest
water droplet contact angle hysteresis and sliding angle val-
ues following 7-day pond water submersion—which correlates
to its best performance for natural pond water antibiofouling,
Figure 5.

3.4.2. Marine Bioassay

The best performing antibiofouling surface identified for
pond water (squalane-impregnated pulsed plasma poly(styrene)
nanocoating) was tested further against selected model marine
fouling organisms. Larval settlement rates were high on the con-
trol uncoated Petri dishes, Figure 7. By comparison, very few lar-
vae settled and attached to the slippery squalane-impregnated
pulsed plasma poly(styrene) coated Petri dishes. S. caraniferus
larvae did not adhere to the squalane-impregnated samples,
representing 100% antifouling efficacy against this taxon. A
few C. savignyi and M. galloprovincialis larvae attached to the
squalane-impregnated samples yielding antifouling efficacy ex-
ceeding 97% for both taxa. For the latter, any attached larvae were
observed in discrete clusters near the edge of only one of the
three replicate Petri dishes for each taxon (C. savignyi and M.
galloprovincialis. When attachment structures were inspected and
measured for Ciona savignyi, there were no detectable differences
in the surface area or visual morphology between the squalane
coating and controls, thereby confirming non-toxicity, Table S3
(Supporting Information). Attachment structures were not quan-
tified for M. galloprovincialis due to their attachment mechanism
via mucous threads, which is technically difficult to visualize.

3.4.3. Marine Field Trial

Control samples developed extensive biofouling coverage within
2 to 4 weeks of submersion in the ocean, with relatively uniform
biofilm layers succeeded by macrofouling communities compris-
ing filamentous seaweeds, hydroids, and bryozoans, Figure 8.

Figure 6. Antibiofouling pulsed plasma poly(styrene) coated PET impreg-
nated with various liquids (squalane, 2-methylundecanal, and mineral oil)
before and after submersion in natural pond water for 7 days: a) water
droplet contact angle; b) water droplet contact angle hysteresis; and c)
water droplet sliding angle. Control corresponds to no liquid impregna-
tion into pulsed plasma poly(styrene) coated PET. Mean values (n ≥ 3) ±
average standard deviation.

By comparison, biofouling development was strongly inhib-
ited for at least 6 weeks on pulsed plasma poly(styrene) coated
Petri dishes impregnated with squalane—thereby demonstrat-
ing the durability of the slippery coatings in real-world ocean

Adv. Mater. Interfaces 2023, 2300284 2300284 (7 of 11) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Number of marine larvae settled on uncoated Petri dishes
(control) and slippery squalane-impregnated pulsed plasma poly(styrene)
coated Petri dishes after 5 days. Mean values (n = 3) ± standard error.

environments, Figure 8. Bare space (i.e., no biofouling) ac-
counted for 100 ± 0%, 83 ± 9%, and 81 ± 18% of available space
after 2, 4, and 6 weeks, respectively.

4. Discussion

Aromatic–aliphatic molecular interactions between pulsed
plasma poly(styrene) nanocoatings and various aliphatic group
containing liquids leads to slippery behavior (water contact
angle hysteresis and sliding angle values < 5°), Figure 4. This
slipperiness is not due to excess liquid remaining on the surface
given that there is no visible wetting ridge for water droplets
resting on the liquid-impregnated surfaces, Figure S4 (Support-
ing Information).[88–90] The low water contact angle hysteresis
values observed for decanal and 1-undecanol-impregnated un-
coated PET (control) are most likely due to additional polar or
hydrogen bonding interactions between the aldehyde (decanal)
or hydroxyl (1-undecanol) groups respectively of these impreg-
nation liquids and the PET substrate.[91,92] The wettability of
the liquid-impregnated pulsed plasma poly(styrene) coatings
can be varied from 32 ± 2° (for 1-undecanol) to 100 ± 1° (for
hexadecane) depending on the choice of impregnation liquid,
Figure 4. The use of hydrophilic slippery liquid-impregnated
surfaces rather than hydrophobic surfaces provides potential
scope for enhanced performance benefits relative to hydrophobic
surfaces for water harvesting,[22] anti-icing,[93] and underwa-
ter oil-repellency.[94] In particular, the water contact angle
value for the slippery 1-undecanol impregnated pulsed plasma
poly(styrene) surface (32 ± 2°) is lower than previously reported
hydrophilic liquid-impregnated slippery surfaces.[22,93,94]

The most effective antibiofouling slippery surface in natu-
ral pond water was found to be squalane-impregnated pulsed
plasma poly(styrene) yielding minimal visible fouling material af-
ter 7 days as well as displaying the lowest color change value (ΔE
= 1.4 ± 1.0), Figure 5. Water contact angle, water contact angle
hysteresis, and sliding angle values did not change significantly
for this coating or the mineral oil-impregnated surface following
7-day submersion in pond water, thereby confirming the stabil-

Figure 8. Biofouling control and squalane-impregnated pulsed plasma
poly(styrene) dishes at the 2, 4, and 6-week sampling times: a) represen-
tative images (the adhesive white disk used to fix the Petri dish into the
marina is on the backside of each Petri dish (below) and therefore its top
views can be taken as an indication of the lack of biofouling, and b) mean
percentage cover (n = 3) of major taxonomic components of biofouling
communities. Surface areas of attachment are reported in Table S3 (Sup-
porting Information).

ity of these coatings (due to the extremely low water solubility
of these liquids), Figure 6.[95,96] These observations correlate to
better antibiofouling performances, Figure 5. 1-undecanol, olive
oil, and rapeseed oil-impregnated pulsed plasma poly(styrene)
nanocoatings acquired greater coverage of green biofouling ma-
terial after 7 days of submersion in pond water compared with
the control PET substrate, Figure 5. This is likely to be due to
these impregnation liquids providing nutrients for adhered or-
ganisms, thereby promoting growth near the surface (greater
biofouling).[97,98] Such surfaces may be useful in applications
where biological adherence and growth are desirable (e.g., aqua-
culture bioreactors using benthic algae).[99–101]

The best performing antibiofouling slippery surface for
pond water (squalane impregnated pulsed plasma poly(styrene))
was tested further using marine bioassay experiments—where
it again demonstrated excellent antibiofouling performance,
Figure 7. The surface-trapped oil layer acts as a physical barrier
to biofoulant attachment leading to interference with larvae ad-
hesion and/or larval behavioral avoidance/rejection of the sur-
face, Table S3 (Supporting Information). The marine antibio-
fouling potential of squalane-impregnated pulsed plasma poly-
mer surfaces were further validated through ocean field tri-
als where visibly more biofouling material accumulated on the
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uncoated Petri dish sample (control) compared to the squalane-
impregnated pulsed plasma poly(styrene) surfaces, Figure 8. An-
tifouling efficacy was maintained for at least 6 weeks in the ocean,
a timeframe that matches/exceeds previous reports for slippery
surfaces utilizing impregnation of natural liquids.[42] This effec-
tive timeframe has immediate potential for materials/structures
with short deployment times, such as environmental monitor-
ing equipment or sensors.[102] Other applications, for example,
ship hull antifouling, require effective timeframes in the order
of 1 year or longer.[103] The observed biofouling on the treated
dishes comprised primarily of colonial ascidians, which expand
laterally across surfaces as part of their normal growth and
development.[104] Further optimization or development of meth-
ods for periodic replenishment of squalane-impregnated pulsed
plasma poly(styrene) could conceivably extend efficacy to target a
broader range of potential applications. Regardless, the observed
antifouling efficacy is highly promising for a natural antifouling
material with low collateral environmental risks.

Previously reported antibiofouling liquid impregnated tex-
tured/porous surfaces for real-world marine environments uti-
lized fluorinated oils (e.g., Krytox). However, due to their chemi-
cal persistence and potential to bioaccumulate, there are serious
environmental concerns relating to the toxic effects of these oils
impacting marine life.[12,37,105–108] Alternative silicone oils consid-
ered to be more environmentally friendly, are still derived from
non-renewable resources.[94,109] In contrast, the best-performing
impregnation liquid in this study (squalane) is generally derived
from natural plant-based sources, and widely recognized as a
sustainable component, for example in cosmetics and disease
management.[110,111]

Conventional slippery surface strategies based on the swelling
of bulk polydimethylsiloxane (PDMS) involve time-consuming
and multi-step processes including intermediary coating steps
(due to the weak adhesion of the silicone material to underlying
substrates).[44,47,48,51,112–114] Whilst liquid-impregnated surfaces
fabricated through partial UV-grafting of silicone oil are limited
to flat substrate geometries due to the inherent directionality of
the UV irradiation (non-conformal). Commercial foul-release an-
tibiofouling coatings have previously utilized natural oils (e.g.,
lanolin oil) but such strategies do not make use of slippery liquid
interfaces and require multi-steps including primer/tie coats.[115]

In contrast, the plasmachemical aromatic coatings outlined in
the current study are substrate-independent, solventless, and
produce minimal waste. The slippery aromatic–aliphatic inter-
molecular interactions combined with environmentally friendly
and rapid scalable processing holds significant potential for real-
world applications. For example, the use of slippery squalane-
impregnated pulsed plasma poly(styrene) coatings in conjunc-
tion with bubble diffusers could provide synergistic antibiofoul-
ing benefits due to the additive cleaning effect of the bubble
stream.[28,116]

5. Conclusions

Aliphatic liquid impregnation into pulsed plasma poly(styrene)
nanocoatings produces slippery surfaces with extremely low wa-
ter contact angle hysteresis and sliding angle values (≈1–2°). This
can be attributed to stabilizing aromatic–aliphatic intermolecu-
lar interactions. Surface wettability can be tailored through care-

ful choice of impregnation liquid (water contact angle values
ranging from 30° to 99°), whilst still retaining slippery behavior.
Squalane-impregnated pulsed plasma poly(styrene) nanocoating
is found to be the best performing antibiofouling slippery sur-
face in natural pond water. It also hinders the settlement of three
model marine biofouling taxa larvae (C. savignyi, M. galloprovin-
cialis, and S. caraniferus), and resists biofouling in the ocean for
at least 6 weeks. This combination of scalable and substrate-
independent pulsed plasmachemical deposition combined with
natural product liquid compound impregnation offers significant
potential for eco-friendly antibiofouling surfaces without causing
collateral harm to the environment

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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