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ABSTRACT: Wetting of surfaces plays a vital role in many biological and industrial
processes. There are several phenomena closely related to wetting such as biofouling and
corrosion that cause the deterioration of materials, while the efforts to prevent the
degradation of surface functionality have spread over several millennia. Antifouling
coatings have been developed to prevent/delay both corrosion and biofouling, but the
problems remain unsolved, influencing the everyday life of the modern society in terms of
safety and expenses. In this study, liquid-infused slippery surfaces (LISSs), a recently
developed nontoxic repellent technology, that is, a flat variation of omniphobic slippery
liquid-infused porous surfaces (SLIPSs), were studied for their anti-corrosion and marine
anti-biofouling characteristics on metallic substrates under damaged and plain undamaged
conditions. Austenitic stainless steel was chosen as a model due to its wide application in
aquatic environments. Our LISS coating effectively prevents biofouling adhesion and
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decays corrosion of metallic surfaces even if they are severely damaged. The mechanically
robust LISS reported in this study significantly extends the SLIPS technology, prompting their application in the marine
environment due to the synergy between the facile fabrication process, rapid binding kinetics, nontoxic, ecofriendly, and low-cost

applied materials together with excellent repellent characteristics.
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B INTRODUCTION

Any surface immersed in water is subjected to the settlement of
aquatic organisms, which is called biofouling." Biofouling is a
serious and undesirable problem for various industrial sectors
and, in particular, maritime ones. It is a worldwide problem
involved in almost every water-based process, such as the food
industry, potable water storage, cooling towers, heat exchangers,
underwater constructions, membrane technology,2 and ship
hulls, causing incredible annual expenses and being responsible
for an increase of ~40% emissions of CO,/SO, during transport
alone.” The direct economic costs of managing biofouling in the
aquaculture industry are estimated to be ~10% of production
costs, which was around 2.5 X 10'' USD in 2018 and at an
annual growth rate of 5.8%."

Biofouling is a multistage process initiated by the formation of
a “conditioning layer” of microfoulers, that is, bacteria, diatoms,
and/or microalgae.5 The attached cells adsorb organic
molecules on the surface, thus promoting the formation of a
biofilm matrix on which multicellular micro- and macrofoulers
develop.6 Since ancient times, anti-biofouling surfaces have been
designed to reduce the extent of bacteria attachment and
proliferation of biofilms by either killing them locally or slowing
down their growth.7 Antifouling (AF) coatings (mainly paints)
have been developed to prevent the attachment of marine
organisms. The earliest coatings contained toxic compounds
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such as arsenic or tin, acting as a broad-spectrum biocide.®
However, the environmental effects of these compounds
became apparent on aquatic life and, more specifically, on
non-targeted fouling organisms, which finally led to their ban in
2008.° Currently, anti-biofouling coatings involve two main
strategies: (i) chemically active biocide coatings based on Cu or
Zn, organic complexes, and enzymes, which act on marine
organisms,” while the release rate of soluble species from AF
paints is now regulated in several countries including the US and
EU.® (ii) Nontoxic AF coatings, which act either to inhibit the
settlement of organisms or enhance the release of settled
organisms [fouling release (FR)] without involving chemical
reactions or toxic chemicals.”*'" The nontoxic AF strategy is
inspired by natural organisms such as shark skin'' or mollusk
shells'* in their defense against biofouling. Several material
properties/approaches have been tailored to facilitate a
nontoxic, surface-associated FR character such as a low modulus
of elasticity, a low surface energy, amphiphilicity, texturing, and
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so forth to interfere with or stymie organism attachment and
interfacial adhesive bonding.”'”'* One of the FR strategies is
based on minimizing the adhesion between fouling organisms
and the surface by introducing additive oil to enhance their
slipperiness; hence, fouling can be removed by simple
mechanical cleaning such as a water jet or by hydrodynamic
stress during the navigation of sea vessels.

During the last decades, several strategies have been
developed to combat biofouling. Superhydrophobic surfaces
(SHSs), inspired by the lotus leaf architecture, emerged as a
potential solution for creating AF surfaces.'” However, the
“Achilles heel” of the SHS is the poor mechanical and pressure
stability of the hierarchical micro-/nanoscaled surface top-
ography that is essential for obtaining high water contact angles
(WCAs) from one side'®'” and metastability of the plastron
underwater (the thin air film that separates the solid substrate
from contact with water) from another side.'® Although the
poor mechanical durability can be im';)roved by structuring
surfaces at two different length scales,'” the restricted under-
water plastron stability limits their scope for commercial
applications.'®

Slippery liquid-infused porous surfaces (SLIPSs) have
recently been introduced as an alternative approach to the
conventional SHS.”” Inspired by Nephenthes pitcher, the slippery
surface concept is based on the infusion of a porous substrate
with a lubricating fluid that has a strong chemical affinity to the
underlying substrate, creating a stable, inert, and extremely
smooth lubricant overlayer on the surface. The premise of
slippery coatings is that a liquid surface is intrinsically smooth
and defect free down to the molecular scale, thus reducing drag
and the strength of adhesion of contaminants. SLIPS can
function under harsh conditions suitable for a wide range of
applications,”*~*° while the major and substantial limitations of
the SLIPS approach remain: the mechanical weakness due to the
basic requirement for rough/porous surfaces’’ and the
numerous steps in the preparation process.”

Recently, we have developed a facile one-pot process to alter
plain substrates made of metals, metal oxides, ceramics, and
silicones into LISSs.”® No pre- or post-modification treatments
are needed to adopt such solid substrates to LISSs in a matter of
minutes. The coating consists solely of polydimethylsiloxane
(PDMS), the most common silicone material, which is eco-
friendly and nontoxic to aquatic life.””*" The coating can
successfully repel complex fluids such as blood and substantially
reduce the attachment of Gram-positive and Gram-negative
bacteria. Our LISS substrates are as mechanically robust as their
plain counterparts because the procedure does not require any
surface structuring, making them advantageous over conven-
tional SLIPS substrates.

In this study, we extend the application of LISS-coating
technology by exposing LISS-coated stainless steel substrates to
aquatic organisms such as freshwater green algae and seawater
diatoms. Although green algal biofilms have proven to be
remarkable indicators for the effectiveness of continuous,
immobilized lubricant layers, that is, intrinsic characteristics of
the slippery surface technology,””*"** diatoms are known as
early surface colonizers.*”** Here, we demonstrate that LISS,
prepared on flat (nonporous) substrates, repels adhesion of such
living organisms and inhibits pitting corrosion of steel substrates.
Furthermore, we examined the influence of mechanical damage
on LISSs on their anti-corrosion and anti-biofouling character-
istics. Within the framework of short-term laboratory studies,
the performance of damaged LISS surfaces was found

comparable to that of SLIPSs, which is the state-of-the-art
nontoxic repellent technology, while from the technological/
engineering perspective, the preparation of LISS is considerably
simpler.

B EXPERIMENTAL SECTION

Materials. Stainless steel 316L was purchased from Outokumpu,
Finland. Before surface functionalization, the substrates were ultra-
sonically degreased in acetone and ethanol for 10 min and then dried
under a stream of N,. PDMS (silicone oil), toluene, ethanol, and
acetone were purchased from Carl Roth, Germany, and used as
received.

Surface Functionalization and Lubrication. Stainless steel AISI
316L cut into 1 X 30 X 30 mm sized specimens were used as substrates.
The surface was ground up to 1200 SiC, subsequently polished up toa 1
pm diamond suspension, and cleaned by ultrasonication with acetone
and ethanol. The polished samples were horizontally placed in a Petri
dish under a quartz cover. Approximately 20 L cm ™2 silicone PDMS oil
was then pipetted on to cover the entire sample surface, and uniform
coverage was achieved by tilting the sample. The samples were
illuminated using a medium-pressure ultraviolet (UV) (Hg) lamp at 1
kW (UVAPRINT HPV, Hoenle AG, Germany). The emission maxima
of this type of lamp are in the UV range, thatis, A = 320 and 365 nm. The
working distance between the lamp and the sample was ~20 cm. The
UV light power density was measured using a 1830-C Newport optical
power meter, equipped with an 818-UV/DB optical power detector and
a 1% Newport ND filter. The power density at the working distance was
~100 mW cm™ For further characterization of the UV-grafted PDMS
layers, the remnant oil was dissolved by an extensive rinse in toluene
and then dried under a stream of N,.

Anodization of Stainless Steel to Form SLIPS Samples. The
electrochemical anodization was performed in a standard two-electrode
cell using a LAB/SM 7300 DC power supply (ET System, Germany),
316L grade stainless steel as an anode, and Pt foil as a cathode. Stainless
steel samples were anodized in a two-step procedure as previously
reported by us.**** Briefly, an ethylene glycol solution containing 0.1 M
of NH,F and 0.2 M H, O was used as an electrolyte, and the anodization
was performed at 20 °C at an applied potential of 90 V. The first step of
anodization was performed for 20 min. Then, the porous anodic layer
was removed using a UP100H ultrasonic processor (Hielscher,
Germany) in water for S min and dried under a stream of N,.
Thereafter, a second anodization step was performed for 10 min in a
similar electrolyte. After the second-step anodization, the samples were
extensively rinsed with a 20:80 (v/v) water—ethanol mixture, and then
kept in ethanol until annealed in air at 400 °C for 1 h.

Freshwater Green Algae Laboratory Assay. The stock solutions
of green algae such as Chlamydomonas reinhardtii (C. reinhardtii, CCAP
11/32B) or Chlorella sorokiniana (C. sorokiniana, CCAP 211/8K) were
purchased from the Scottish Association for Marine Science (CCAP)
and used as model organisms to explore the biofilm adhesion on LISS
surfaces. C. reinhardtii and C. sorokiniana were grown in a 3N-BBM+V
medium (CCAP FA3N-C) solution under nonaxenic conditions. The
stock culture solutions were placed under a fluorescent daylight (Philips
TLSHO) fixture and continuously grown at 16 h on and 8 h off light
cycles at room temperature (18—20 °C) under rocking conditions.

Seawater Diatom Laboratory Assay. The seawater diatom of the
type Cyclotella cryptica (C. cryptica, CCAP 1070/2) purchased from the
Scottish Association for Marine Science (CCAP) was used as a model
organism to explore the biofilm adhesion on LISS and control samples.
C. cryptica was grown in a f/2 + Si seawater medium (CCAP MAF2S—
C) under nonaxenic conditions. The stock culture solutions were
placed under a fluorescent light (Philips TLSHO) fixture at room
temperature (18—20 °C) and were continuously grown at 16 onand 8 h
off light cycles under rocking conditions. The seawater was prepared
according to the following reference.*®

Contact Angle Measurements. The WCA measurements were
performed by a contact angle measuring system (DSA100, Kruss,
Germany) at room temperature. The droplet volume for the
measurements was 10 uL, unless otherwise specified, and the

https://doi.org/10.1021/acsami.2c04960
ACS Appl. Mater. Interfaces 2022, 14, 29386—29397


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c04960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a UV-grafted UV-grafted only
/ Infised o
S , ¢
@ N 8 . ° /\{
6’0 K o S S
‘< o ﬂ ; N z ~
1. Slllcone oil 3 Exposure

Solid substrate

b WCA WCA

2. UV light

to aquatic
organisms

b Blofoullni

CAH 4100
v Za0
Re]
cla: —_ 15 |d —15° © 60 —
°|1Si, w10, 4 T S Si
3 € 40 ——Fe
s =)
<
2 20
5
= 0
15
Thlckness nm)
106 104 102 100 98 540 535 530 525 100
Binding energy (eV) Binding energy (eV) h
e C —5° | f — 15 80 \'
1s — 75 — 7| 8 F
S & 260
S = 0
> c
g a0
g 53
£ 320
|
ol s
290 285 280 700 1 10 100 1000
Binding energy (eV) Blndmg energy (eV) Kinematic Viscosity (cSt)

Figure 1. (a) Schematic representation of UV-grafting procedure of PDMS to solid substrates and biofouling experiments. (b) WCA of the cleaned
polished stainless steel substrate (left image), the UV-grafted PDMS on the polished stainless steel substrate (middle image), and the WCA and CAH
of the LISS PDMS on the polished stainless steel substrate (right image). (c—f) High-resolution angle-resolved XPS spectra of the UV-grafted 500 cSt
PDMS oil on polished stainless steel substrates: (c) Si2p, (d) O 1s, (e) C 1s, and (f) Fe 2p. (g) XPS depth profile of Si and Fe UV-grafted PDMS oil on
the polished stainless steel substrate. The unbound PDMS molecules were dissolved in toluene. (h) Lubricant (PDMS) layer thickness was measured

on LISS substrates using confocal microscopy imaging.

macroscopic droplet profile was captured on camera. The droplet
profile was fitted using a Drop Shape Analysis computer program
provided by the manufacturer. Contact angle hysteresis (CAH) was
measured by increasing and decreasing the droplet volume and video
recordings to determine the advancing and receding contact angles. All
the contact angle values specified in the text were averaged by at least
three independent measurements.

Open-Circuit Potential and Potentiodynamic Polarization
Measurements. Corrosion experiments were performed in a 3.5 wt %
NaCl electrolyte with a three-electrode configuration, where the sample
was connected as the working electrode, a platinum electrode as a
counter electrode, and an Ag/AgCl (3 M KCl) as a reference electrode.
The sample was in contact with the solution through a circular O-ring
sealed opening in the cell wall, exposing a circular area of 10 mm in
diameter in the case of bare and grafted substrates and 20 mm in the
case of the LISS sample. For each sample, open-circuit potential (OCP)
measurements (Zahner Zennium Electrochemical Workstation) were
performed until reaching a stable OCP value; subsequently, a diamond
scraper was used to scratch the surface of the substrate. As soon as the
OCP measurement was concluded, potentiodynamic polarization was
conducted at room temperature at a 3 mV s~' scanning rate, from —300
mV versus OCP until 2 V in the anodic direction.

Morphology and Physicochemical Characterization. For
morphological characterization, a field-emission scanning electron
microscope (Hitachi FE-SEM S$4800) was used, equipped with an
energy-dispersive X-ray spectroscope (Genesis, Oxford Instruments).
To obtain green algae and diatom images, the scanning electron
microscopy (SEM) voltage was adjusted to 2 kV to reduce surface
charging. The composition and the chemical state of the films were
characterized using X-ray photoelectron spectroscopy (XPS, PHI 5600,
US), and the spectra were shifted according to the C 1s signal at 284.8

29388

eV, and the peaks were fitted using MultiPak software. Depth profiling
was carried out using the instrument’s Ar* sputter source operated at 3
KV and 15 nA, rastered over a 3 X 3 mm? area at a sputtering angle of
45° to the surface normal. Sputter steps of 1 min were repeated until the
Si substrate. The atomic composition was determined between
consecutive sputtering intervals by evaluating the photoelectron peak
area using MultiPak processing software. The sputtering rate was
calibrated using commercial Si/SiO, wafers [3 in. Si(100) p-type with
100 nm SiO,, yChemicals, Germany] and found to be 2 nm min™". The
thickness of the UV-grafted PDMS layers was determined using a
phase-modulated ellipsometer equipped with a 633 nm He—Ne laser
source (Picometer Ellipsometer; Beaglehole Instruments, New
Zealand). To achieve sufficient sensitivity for the detection of thin
silicone layers, angle scans were performed around the Brewster angle
of Si (i.e., 76°)*” from 70 to 80° at a step width of 1° at three different
positions of the sample surface. Angle-resolved data from ellipsometry
were fitted assuming a four-layer model by refractive indices of n;, =

1.00, nppys = 1.403, 150, = 1.457, ng; = 3.4, and kg; = 0.03 for air, PDMS

layers, native silicon oxide, and silicon wafer, respectively, while a plane
Si wafer [with a native oxide layer, p-type Si wafer (uChemicals,
Germany)] was used as reference.

Algae and Diatom Biofilm Adhesion. Bare polished, PDMS UV-
grafted (hydrophobic), LISS, and anodized-porous SLIPS stainless
steel samples were placed horizontally in a 10 cm polystyrene Petri dish
with three samples of 2 cm? each per dish. The freshwater green algae
(C. reinhardtii or C. sorokiniana) and seawater diatom (C. cryptica) were
used to explore biofilm retention on all the surfaces. The stock solution
was diluted 1:5 with the appropriate growth medium. Thereafter, the
surface of each sample was covered with ~80 mL of the aquatic
organism solution (approximately 1 cm thick above the substrate
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surface). All the samples were incubated at ~23 °C (room temperature)
for 8 days at 16 h/8 h daylight/dark illumination cycles to allow proper
biofilm growth. After 8 days, the samples were photographed, then
immersed in a large dish of tap water and pulled out of the culture
medium at a controlled rate of 0.5 mm s~ using a dip coater (RDC15,
Bungard, Germany). The treated substrates were photographed
immediately after removal from the culture to avoid biofilm retraction.
The images were then analyzed using Image] to assess the remaining
biofilm coverage after the air—water interface transition. Triplicates
were used in all the biofouling experiments. Furthermore, images were
captured by confocal microscopy (Leica, Wetzlar, Germany), bright-
field optical microscopy (Nikon, Japan), and SEM (Hitachi, Japan)
without any additional pre-treatments using a 2 kV working voltage and
10 A working current.

B RESULTS AND DISCUSSION

Figure la shows the schematic representation of the LISS
substrates prepared by the UV grafting of the PDMS (i.e.,
silicone oil) process, which were applied to prevent corrosion
and repel fouling of aquatic organisms. Previously, LISSs were
applied to various ceramic and metallic substrates,”® while in this
study, austenitic stainless steel was chosen as a substrate due to
its wide application in marine environments, owing to good
corrosion resistance, easy formability, and excellent mechanical
properties.”® The coating was applied on austenitic stainless
steel of the AISI 316L grade, utilized in coastal service
environments, splash zone agoplications, and submersion in
seawater, to name but a few.*>*’ In this study, the stainless steel
substrates were polished before being modified by LISS coating
for better color contrast between the substrate and contaminat-
ing fouling species, while the same process can be equally
applied to plain steel substrates.

These plain polished samples are hydrophilic, displaying a
WCA of 47.9° + 1.1° (Figure 1b, left image). They were placed
horizontally in a Pyrex Petri dish, and a thin layer of silicone oil
was dropped on the substrates, allowing them to spread over the
entire sample surface area (Figure 1a, step 1). The samples were
illuminated by UV light for 30 min, resulting in the formation of
PDMS LISS substrates (Figure 1a, step 2). In this study, the
medium-pressure mercury UV lamp was used to irradiate all the
substrates, while the typical spectrum of such lamps is presented
in Figure S1, Supporting Information. As shown, two main
intensity peaks are observed at 4 = 320 and 370 nm. Previously,
we demonstrated that the dissociation enthalpy for Si—CHj
bonds within the PDMS chain is the smallest; therefore, these
bonds are generally weaker and more likely to break. UV light of
317 < A < 321 nm (UVA) is required for the specific
photodissociation of trimethylsilyl bonds at the PDMS end
groups, while much stronger UV light is needed for Si—O
bonds.”® The latter indicates that the lamp with sufficient energy
at A = 321 nm is required to activate PDMS oil at Si—CHj; end
group bonds, which are grafted to the surfaces via silicon.

The LISS substrates are hydrophobic with a WCA of 106 & 1°
and a WCA hysteresis of 2.6 + 0.8° (Figure 1b, right image). To
study the UV-grafted PDMS layers, the LISS substrates were
prepared on a Si wafer. The remnant oil was removed by
extensively rinsing it with toluene,”’ followed by a wash in
ethanol, and finally dried under a stream of N,. The UV-grafting
reaction yields a 9.4 + 0.2 nm thick coating on a flat Si wafer
measured by ellipsometry for 500 cSt (M,, = 17.3 kDa) silicone
oil, corresponding to a grafting density of 2.5 X 107 PDMS
molecules per m*.

The chemical composition and surface coverage of UV-
grafted PDMS layers were studied by angle-resolved XPS. In this

case, silicone oil was grafted onto polished austenitic stainless
steel substrates. The high-resolution XPS spectra are shown in
Figure lc—f. The XPS spectra of polished stainless steel
consisted of Fe, Cr, Mo, O, and C peaks that were associated
with an austenitic stainless steel alloy, native oxide film, and
adventitious carbon (Figure S2, Supporting Information).>”
When UV grafted, the survey XPS spectra consist of Si, O, and C
peaks associated with the PDMS, while the Fe 2p peak from the
substrate is barely noticeable (Figure S2a, Supporting
Information). The high-resolution XPS spectrum of Si 2p
consists of a single peak at the binding energy of 102.4 eV
(Figure 1c), which can be deconvoluted into two main
components at 102.3 and 103.0 eV, corresponding to Si—C
and Si—O bonds (Figure S3a, Supporting Information).>” The
high-resolution O 1s spectra (Figure 1d) reveal the main O Is
peak centered at 532.4 eV and a shoulder at 530.5 eV, which can
be deconvoluted into three components (Figure S3b, Support-
ing Information), namely (i) the shoulder at 530.2 eV attributed
to Me—O—Me bonds, where Me represents Fe, Ni, and Cr
components of the substrate,”" (ii) the main peak at 532.4 eV
corresponding to the Si—O—Si bond,”* and (iii) the peak at
533.1 eV to the O—Si—O bond (Figure S3b, Supporting
Information).” Note that the shoulder at 530.2 eV is clearly
observed at a measured angle of 75° (Figure 1d, red spectrum),
but disappears when the angle is reduced to 15°, indicating
complete coverage of the surface by the grafted PDMS
molecules (Figure 1d, blue spectrum). The C s spectrum
displays a single peak at 284.8 eV, which is associated with Si—C
bonds in silicone oil (Figure le).*® The high-resolution XPS Fe
2p signal is barely noticeable at a 75° angle and disappears
completely when measured at a 15° angle (Figure 1f); the latter
further corroborates that the PDMS grafted layer covers the
substrate entirely. The Si and Fe XPS sputter profiles of UV-
grafted PDMS are presented in Figure 1g. The thickness of the
UV-grafted PDMS oil of 500 cSt viscosity, obtained by XPS
measurements, was ~9 nm (when the bulk polished stainless
steel is reached), correlating well with ellipsometric measure-
ments. However, the overlayer of unbound silicone oil is much
thicker, varying as a function of oil viscosity. Here, we examined
the overlayer thicknesses of silicon oil with viscosities starting
from 2 to 1000 cSt using confocal microscopy; the results are
presented in Figure lh. As shown, the overlayer thickness
increases from a single to tens of microns in this range of
viscosities. This can be attributed to untangling and higher
mobility of the grafted PDMS molecules in the presence of
silicone oil due to complete miscibility and matching interfacial
energies.57 Furthermore, it is common knowledge that silicones
tend to stick to surfaces,”® and it is not an easy task to remove
silicon oil even by its dissolution in a good solvent such as
toluene.**>’

The corrosion of metals is a wetting-associated phenomenon
that occurs due to the intimate contact of corrosive liquids with a
solid substrate, affecting numerous industries, domestic
applications, and public sectors worldwide. Effective corrosion
inhibition has a high economic value as annual corrosion
expenses are estimated to reach ~4% of GDP in developed
countries.’” Austenitic grade stainless steels are commonly used
as a construction and storage material due to their very good
corrosion resistance, that is, tanks, storage vessels, and pipes in
various fields and industries including electrical, construction,
nuclear power, petrochemical, oil, gas, food processing,
pharmaceutical, and transportation.61 Marine applications are
extremely demanding, while it is common knowledge by far that

https://doi.org/10.1021/acsami.2c04960
ACS Appl. Mater. Interfaces 2022, 14, 29386—29397


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04960/suppl_file/am2c04960_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c04960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

0.0 "1 —— Polished b
' N
€»0.3 {
o 0.0 —— UV-grafted |
£ 0.0}— o~
S-03 f’"_r"’l’
o
1 1 —LISS
0'.@4 l 0'~\r\[‘»~—-
" 0184 019 9 e
0.0 05 1.0 15 F
Time (h)
e 2.0}~ LISS: before scratch |

—— LISS: after scratch

Potential (V)
o o -
o (%] o

-0.5

10™10™10°10° 10* 107 10°
20— UV-graf: before scratch i
7| —— UV-graf: after scratch

Potential (V)
c O =2 A
o »_ o

-0.5

10" 10° 10° 10* 10% 10

m 20— Polish: before scratch
“7| ——Polish: after scratch

©

10° 107 10° 10° 10"
Current density (A cm?)

Figure 2. (a) OCP measurements as a function of time in 3.5 wt % NaCl aqueous solution of as-polished (top pattern, black line), UV-grafted (middle
pattern, red line), and PDMS LISS (bottom pattern, blue line) measured during scratching. The inset in the bottom plot represents part of the chart
inside the red frame. (b—d) Digital still images, (e,im) corresponding potentiodynamic polarization patterns, and (f—h,j—L,n—p) bright-field optical
microscopy images (various magnifications) of PDMS LISS (b,e—h), PDMS UV-grafted (c,i—1), and as-polished bare (d,m—p) stainless steel samples
after scratching and the potentiodynamic polarization measurements. (fj,n) Images display area outside of the scratch, while (gh,kL0,p) display the

scratched area after the potentiodynamic polarization measurements.

stainless steels are susceptible to localized corrosion in seawater
ranging from the AISI 300 series and up to superduplex grade
steels.®”

Because corrosion of metals in a marine environment is a vital
problem, the hydrophobic coating may protect metallic
substrates against corrosive media by minimizing their direct
contact.’® Previously, we demonstrated that LISS prepared on
bare flat substrates can successfully delay corrosion of metals
such as Al, Cu, and steel demonstrating so far the best anti-
corrosion performance under neat conditions.”® However,
mechanical damage of surfaces occurs, commonly exposing
unprotected areas, which can potentially initiate corrosion,
finally leading to the failure of the protected area. Therefore, in
this study, we examined the corrosion characteristics of PDMS-
based LISS samples prepared on polished 316L grade stainless
steel substrates while the surface was gradually damaged (Figure
2). The damage was produced by scratching the polished LISS
substrates using a diamond scraper, forming torn rough-edge
scratches of an average width of 50—100 ym and a typical depth
of ca. 6 ym (Figure S4, Supporting Information).

Figure 2a shows a continued measurement of the OCP in the
3.5 wt % NaCl aqueous solution, while bare-polished, UV-
grafted, and LISS substrates were damaged using a diamond
scraper. The bare substrate shows an initial OCP value 0of 0.15V
that is reduced abruptly after scratching, that is, by exposing the
plain metallic surface to the corrosive medium. Subsequently,
the formation of a new passive oxide layer (repassivation
process) leads to a progressive increase of OCP until reaching a
stable value of —0.035 V. The same procedure was repeated
several times, confirming the reproducibility of this tendency.
The UV-grafted sample demonstrated a similar tendency to
return to the original value of —0.025 V after each scratch, again
due to the repassivation of the exposed plain metallic substrate
with similar kinetics to the bare substrate. In contrast, the LISS
samples presented in the case of the first two scratches an almost
immediate return to the initial OCP 0.18 V value, produced by
the self-healing capabilities of LISS surfaces by re-sealing the
damaged area with faster kinetics than the repassivation of the
scratched surface, that is, due to the presence of the lubricating
liquid layer that is immiscible in corrosive medium (in this case,
the aqueous NaCl solution) (see also Figure S5, Supporting
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Information).”” Such a self-healing process can be envisioned by
water droplets sliding on the bare and damaged LISS substrates
tilted at ~60° (Movie S1, Supporting Information). As shown,
droplets slide down identically on the undamaged LISS
substrate and on the damaged LISS a few seconds after the
scratching. However, in the case of the third scratch, the trend
was similar to the bare and UV-grafted samples, indicating an
insufficient recovery of the lubricant layer on this scratch. To
confirm this hypothesis and identify regions of the scratches that
were re-sealed and non-sealed, potentiodynamic polarizations
were performed on the samples after concluding the scratches
and OCP measurements. As shown in Figure 2m—p, the bare
substrate shows typical characteristics of stainless steel AISI
316L in a chloride-containing electrolyte with an OCP value of
—0.05 V and the onset for pitting corrosion at approximately 0.4
V. After the scratch, the OCP value is cathodically shifted to
—0.2 V, the passive current increases, showing current peaks
(transients), which are likely due to metastable pitting, while the
pitting potential is maintained. Figure 2d shows that the surface
is homogeneously covered by pits, both in the scratch and the
rest of the surface, covering approx. 13% of the corroded area.
The UV-grafted sample shows similar values to that obtained on
the bare substrate with an OCP of —0.07 V and a pitting
potential of 0.4 V, while after scratching the surface the OCP was
reduced to —0.12 V, the onset of pitting corrosion was slightly
increased to 0.48 V, and the passive current was significantly
increased (Figure 2i). Here, the sample also displays pits in both
the scratched and unscratched surfaces, displaying approx. 16%
of the corroded area (Figure 2j—1). The highest difference
occurs with the LISS sample, where the initial polarization curve
demonstrates very low current densities prior to passivity
breakdown at very high anodic potentials (pitting potential at
1.25 V) due to the low conductivity of the infused lubricating
layer, which separates the corrosive medium from touching a
metallic surface (Figure 2e). The noise in the i/E plot of the
LISS sample stems from the low conductivity of the liquid-
infused coating and, thus, very low anodic and cathodic currents
through a wide range of potentials (Figure 2e, blue curve). After
scratching, the part of the damaged area that was not re-sealed by
the lubricant was exposed to the aggressive electrolyte
concentrating corrosion under anodic polarization. As observed
in Figure 2b and f—h, the scratches were mainly corrosion-free,
except for the upper half of the left scratch (as indicated by a red
arrow) and a localized region on the right side of the sample (as
indicated by a blue arrow), possibly due to a defect in the
coating, while both corroded pits represent ~ 3% of the overall
area. The latter demonstrates again the importance of the self-
healing characteristics of the LISS to improve corrosion
resistance, while the defect sites, such as scratches of tens of
micrometers, were resealed with the liquid lubricant, contribu-
ting to the enhanced corrosion protection, similarly to the
SLIPS.**

Another phenomenon associated with the wetting of solid
surfaces in marine environments is the formation of biofilms,
commonly called “biofouling”. Biofilms contain a diverse variety
of micro-organisms. Within minutes of immersing a clean
surface in water, it adsorbs organic materials named the
“conditioning film”. As a next step, bacteria colonize within
hours, and unicellular algae and cyanobacteria (blue-green
algae).65 Fouling organisms that settle on and adhere to the
immersed surfaces induce corrosion and drag, reducing the
speed of ships, and simultaneously raising significantly their fuel
consumption; therefore, the attachment of biofilms should be

prevented. For the diversity, we used two freshwater green algae
strains such as (i) Chlorella sorokiniana (C. sorokiniana)—a
nonmotile thermotolerant unicellular algae with a high growth
rate, being one of the most promising strains for industrial
cultivation of microalgae;66 and (ii) Chlamydomonas reinhardtii
(C. reinhardtii)—a biflagellated motile unicellular algae that uses
flagella as an effective tool for providing contact and cell
adhesion to surfaces’” as a model for aquatic organisms to
explore the growth and adhesion of such algae biofilms on LISS
and controlled substrates (Figure 3a). It should be noted,
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Figure 3. (a) SEM image of the freshwater green algae biofilm of type C.
sorokiniana. Bright-field reflectance and confocal fluorescent (insets)
images of polished 316L grade stainless steel substrates (b) before
biofouling exposure and after 8 days of exposure to (c—e) freshwater
green algae (C. sorokiniana). Austenitic stainless steel substrates of the
following modifications were examined: (c) plain-polished, (d)
polished PDMS UV-grafted, and (e) polished LISS. (f) Surface
coverage area fraction calculated from fluorescent confocal microscopy
images. Triplets were used for statistical analysis, and 10 independent
images were measured for every sample.

however, that to the best of our knowledge, the relationship
between individual cell adhesion and biofilm formation is still
quite limited, whereas we and others have shown previously that
such green algal biofilms, grown on treated surfaces, have proven
to be remarkable indicators of the presence and effectiveness of a
continuous, immobilized lubricant layer.27’41’42 We, therefore,
immersed the LISS and controls, that is, plain-polished and UV-
grafted, stainless steel samples in freshwater growth media with
green algae for 8 days under 16 h/8 h daylight/dark illumination
cycles; the results are summarized in Figure 3b—f. Over the
growth period, there was a notable increase in algae density with
no sign of substrate-related growth reduction or mortality,
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indicating the nontoxic nature of the coating (Figure S6,
Supporting Information).

As shown in Figure 3c—e, green freshwater algae of type C.
sorokiniana grow uniformly in Petri dishes and on stainless steel
samples. When the PDMS LISS samples were pulled through an
air—water interface, 98.5 + 0.4% of the attached biofilm was
spontaneously delaminated, leaving behind clean, polished, and
highly reflective steel surfaces (Figure 3e—f, and Movie S2,
Supporting Information). The delamination of an intercon-
nected, intact algae biofilm indicates its poor adhesion to the
LISS-coated steel substrates, allowing passive easy shedding of
the attached algae during air—water interface transition. In
contrast, biofilms were firmly attached to both untreated and
UV-grafted steel surfaces during the removal process, leaving
behind 98.5 + 1.5 and 63.1 + 41.6% fouled surfaces, respectively
(Figure 3c—d,f, and Movie S3, Supporting Information). Yet,
there is a substantial difference in biofilm organization between
bare and UV-grafted samples. Although green algae biofilms,
grown on the bare polished steel samples, cover continuously
the entire area (Figure 3c and Movie S3, Supporting
Information), they show an uneven growth mode on the UV-
grafted steel samples (Figure 3d and Movie S3, Supporting
Information). The latter can be ascribed to weaker adhesion to
the PDMS UV-grafted layer, as observed in several samples by
biofilm sliding as soon as they pass through the air—water
interface. This can be observed on the right sample in Figure 3d
by the appearance of the intense green color. Statistical analysis
was performed to determine the significance of the resistance of
coated samples to aquatic biofouling, demonstrating a p-value of
0.028 and <0.005 for UV-grafted and LISS samples,
respectively (Figure 3f).

To date, we have demonstrated that LISS substrates can
prevent aquatic organism attachment. However, AF functions
may readily be interfered with and finally lost due to detachment
of the coating or damage commonly occurring through
operation in water.’® Although the problem of detached
fragments of loosely bound porous coating, as required for
SLIPS, was solved by infusing the lubricating liquid on a bare flat
substrate, mechanical scratches still normally occur during the
operation. Therefore, it is important to examine how robust the
anti-biofouling characteristics of LISS substrates are. Here, we
applied gradual scratching of LISS and control, that is, as-
polished and UV-grafted substrates just before their exposure to
the aquatic organisms’ environment. In addition, the stainless
steel SLIPS samples were also examined and compared to their
LISS counterparts. Defects were produced by damaging the
polished steel surfaces using a diamond scraper. Two, four, and
six lines were scratched over the entire sample width and length
(Figure S7, and Movie S4, Supporting Information). Immedi-
ately after the scratching, all the samples were immersed in a
Petri dish with freshwater green algae of type C. reinhardtii for an
8 day incubation period. Here, the adhesion strength of both
green algae strains is of the same order of mexgnitutie:,67’69 while
C. reinhardtii is a biflagellated algae strain, that is, motile algal
cells, can migrate in the aquatic environment searching for
nutrients and optimal light exposure but also the damaged but
non-self-healed areas serving as adhesion points for algal
attachment.

As previously shown, green algae biofilms grow uniformly in a
Petri dish and on stainless steel samples (Figure 4a—d), while a
noticeable increase in color intensity was observed for control
and LISS/SLIPS samples (Figure S8, Supporting Information).
When the PDMS LISS samples were pulled through an air—
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Figure 4. (a—d) Digital images of the samples before (left image), just
after the harvesting (middle image), and after drying at an ambient
atmosphere (right image). (f—j) Bright-field reflectance microscopy
images of the samples after damage with a diamond scraper (e), and
after exposure for 8 days to (f—j) freshwater motile green algae of type
C. reinhardtii. Austenitic 316L stainless steel substrates of the following
modifications were examined: (f) as-polished, (g) polished PDMS UV-
grafted, (h) polished PDMS LISS, and (j) anodized PDMS SLIPS.
Insets in (i) are top-view and cross-sectional high-resolution SEM
images of as-anodized 316L stainless steel substrates. (k) Calculated
surface coverage area fraction of just-harvested and dried samples.
Triplets were used in all the experiments for statistical analysis.

water interface, 73.5 + 10.6% of the attached biofilm was
spontaneously delaminated leaving behind a clean, polished
steel surface and scratched areas (Figure 4c, middle image, h-
panel, k, and Movie SS, Supporting Information). The latter
emphasizes the self-healing characteristics of LISS substrates in
which the infused mobile lubricant re-seals the damaged area,
protecting it from the organism attaching. Such delamination of
the algae biofilm indicates again its poor adhesion to the LISS-
coated underlying steel substrates, allowing easy shedding
during the air—water interface pulling. However, as shown in
Figure 4c, middle image, the algae biofilm ruptured at scratches,
which can be attributed mainly to the torn rough scratched
edges. It should be noted that individual algae were observed
within the scratched area, mainly near the intersection of two
scratches (Figure S9, Supporting Information). The latter may
be attributed to the fact that the self-healing kinetics (and
particularly underwater) may take a longer time than that
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required for a motile individual alga to settle on a heavily
damaged (intersection) unprotected surface. Yet, the appear-
ance of individual alga cells may indicate that the self-healing
process occurs underwater as well, further preventing the
development of a biofilm. In contrast, biofilms attached firmly to
both polished and UV-grafted steel substrates during the
removal process, leaving 96.8 + 1.7 and 87.1 + 8.6% fouled
surfaces, respectively (Figure 4a,b,k). It should be noticed that
the green color intensity was more pronounced on the plain-
polished samples compared to the UV-grafted ones, that is, due
to higher reflectance, indicating that the thickness of biofilm
grown on the UV-grafted samples is thinner (Figure 4a,b, right
images). Furthermore, the formation of stable bubbles on the
UV-grafted samples was also observed near the scratches,
leaving behind almost biofouling-free areas (Figure 4b, the right
image, and Figure S10, Supporting Information).

Finally, for the comparison of the biofouling characteristics of
LISS substrates, we used state-of-the-art SLIPS,” prepared by
electrochemical anodization of stainless steel samples to form a
porous oxide layer followed by UV-grafting of PDMS (Figure 4i,
inset images).”* Here, the ym thick porous oxide layer was
obtained with nanometer-scale porosity. We and others
demonstrated excellent repellent characteristics of SLIPS
substrates prepared by various techniques; however, these
characteristics were mainly obtained on plain, undamaged
SLIPS substrates.">>*7*8°73879=72 Hare  SLIPS substrates
were damaged similarly to LISS substrates and then examined
for their anti-biofouling characteristics; the results are
summarized in Figure 4d,j,k. As shown, the damaged SLIPS
substrates demonstrate an intact morphology, that is, there was
no detachment or delamination of the oxide porous layer, while
only a smashed area indicates that the oxide layer adheres well to
the underlying metallic substrate. The as-harvested SLIPS
samples demonstrated 42.9 + 30.4% fouled surface coverage,
while the biofilms ruptured during the pulling through an air—
water interface mainly at the scratches, that is, on the torn rough
scratch edges (Figure 4d, and Movie SS, Supporting
Information).

The as-harvested samples were dried at an ambient
atmosphere. As shown in Figure 4a—dk, right images, the
biofilm retracts further on LISS and SLIPS samples. Such
retraction of algae biofilms on slippery surfaces upon drying may
be attributed to the dehydration of green algae, leading primarily
to a shrinkage process of the intact biofilm.”” The dehydration
process occurs in all the samples, while in the case of LISS/
SLIPS, such stresses overwhelm the weak adhesion of the
biofilms, causing their shrinkage. Furthermore, such retraction
performance may be an indicator of the broadscale FR
performance of the anti-biofouling coatings.”””> The fouled
surface coverage on the dried samples decreased to 10.3 + 1.3
and 7.2 £ 6.9% of the total area for LISS and SLIPS substrates,
respectively, indicating comparable biofouling repellent charac-
teristics (Figure 4k). It should be noted that the non-anodized
area of the SLIPS samples, that is, the area outside of the brown
circle, was also completely clean from the biofilm. This indicates
that the area outside of the brown circle is the LISS one, differing
from the regularly prepared LISS samples only by the annealing
in air at 450 °C for 1 h before the UV-grafting process. In
contrast, no further retraction of the algae biofilm was observed
in both the plain-polished and UV-grafted substrates (Figure
4a,b, right images). These results demonstrate that LISS
substrates compete well with the state-of-the-art SLIPS
substrates while the preparation processes of LISS are facile

and their mechanical durability is similar to the substrate bulk
material.

Although bacteria are usually associated with primary biofilm
communities, other microscopic organisms such as diatoms are
also known as early colonizers.*”** Diatoms are the world’s most
diverse group of algae, comprising more than 10° species.76
Diatoms are unicellular algae in which the protoplast is enclosed
in an elaborately ornamented silica case (the frustule) composed
of overlapping halves or “valves” (Figure Sa).”” Diatoms adhere
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Figure S. (a) SEM image of seawater diatom biofilms of type C. cryptica.
Bright-field reflectance and confocal fluorescent (insets) images of
polished 316L grade stainless steel substrates (b) before biofouling
exposure and after 8 days of exposure to (c—e) seawater diatoms (C.
cryptica). Austenitic stainless steel substrates of the following
modifications were examined: (c) plain-polished, (d) polished PDMS
UV-grafted, and (e) polished LISS. (f) Surface coverage area fraction
calculated from fluorescent confocal microscope images. Triplets were
used for statistical analysis, and 10 independent images were measured
for every sample.

to surfaces through the production of sticky extracellular
polymeric substances (Figure Sa), which are secreted through
an elongate slit in one or both valves, while the division of
attached cells rapidly gives rise to colonies, which eventually
coalesce to form a compact biofilm.”®

The demand for nontoxic AF coatings has led to an increased
interest in silicone elastomers, which “release” fouling organisms
under hydrodynamic conditions. Previous experiments on
PDMS elastomers demonstrated that diatoms can hardly be
released even at high-speed operating conditions (>30
knots).*””® Hence, it is vital to examine the developed LISS
coating on its FR properties versus early colonizers such as
seawater diatoms of the type Cyclotella cryptica (C. cryptica)
(Figure Sa).”” Within 8 days of immersion, growth of diatoms in
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LISS and control samples was observed (Figure Sc—e, still
images). It should be noted that surface coverage of the diatom
biofilm calculations is challenging using digital and reflectance
microscopy images due to low color contrast (Figure Sc—e, still
digital, optical microscope images, and Movie S6, Supporting
Information). Here, the calculations were performed using
confocal fluorescence microscopy images, in which surface
coverage was obtained by means of the average fluorescent
signal (Figure Sc—e, inset images). Both plain-polished and UV-
grafted samples were pulled through an air—water interface,
demonstrating surface coverage of 8.6 + 1.8 and 7.3 + 1.2%,
respectively (Figure Sc,d,f). At the same time, the surface
coverage of the LISS samples was 0.4 + 0.2%, indicating a
significant difference (p << 0.005) compared to bare and UV-
grafted samples (Figure Se,f). Again, passive shedding, that is, no
external energy/stimuli were applied to remove the biofilm from
the surface while the sample was pulled through an air—water
interface, points out poor adhesion of the diatom biofilms to the
LISS-coated steel substrates.

B CONCLUSIONS

In this study, we further explored a one-pot approach of UV-
grafting of PDMS to adopt the surface of virtually any solid
material to liquid-infused slippery substrates (LISS). To form
LISS substrates, PDMS was covalently grafted to a substrate by
UV light of a specific wavelength, while PDMS serves as a
reducing surface energy agent and infuses lubricants simulta-
neously. The proposed approach is simple to implement, rapid,
nontoxic, environmentally friendly, easily scalable, and low-cost,
yet forms a stable liquid-infused slippery coating. Furthermore,
no pre-/post-grafting treatments, or harsh treatment conditions,
and micro- or hierarchical micro-/nanosurface structuring are
required to form LISS for industrial applications, making it
advantageous over superhydrophobic and SLIPS surfaces; that
is, the LISS substrates are as mechanically robust as the bare bulk
material. Previously, we demonstrated that LISSs display
enhanced corrosion resistance, reduced friction, and excellent
repellency to complex fluids such as blood and both Gram-
positive and Gram-negative bacteria biofilm adhesion. Here, we
extended the study by gradually damaging LISS and control
substrates by scratching the surface, creating microscale grooves
that mimic damage that commonly occurs under operating
conditions. We showed that the self-healing properties of the
liquid-infused lubricating layer allow effective resealing of such
microscale grooves, protecting the metallic surface from direct
contact with the corrosive medium.

Because of the nontoxicity of silicone-based compounds, a
UV-grafted process was applied on marine-applicable stainless
steel substrates. We demonstrate that LISS substrates can
successfully prevent the adhesion of aquatic organisms such as
freshwater green algae and seawater diatoms after 8 days of
exposure in laboratory conditions. Furthermore, we examined
the influence of mechanical damage of LISS and controlled
surfaces on the adhesion of biofilms. For that, the polished steel
surface was damaged gradually by microscopic size scratches,
and thereafter immersed for 8 days in aquatic culture. The
damaged LISS surfaces were then compared to state-of-the-art
SLIPS surfaces, which were damaged in the same way.
Comparable results were obtained on both types of slippery
surfaces, while from the technological point of view, the
formation of LISS samples is much simpler. This is due to the
fact that the formation of SLIPS substrates requires a three-step
procedure (i.e., structuring of the substrate surface to form a

porous coating, surface functionalization to reduce the surface
energy of the developed porous coating, and finally lubrication),
while the formation of LISS substrates consists only of a single
step, that is, lubrication of the surface by silicon oil utilized for
surface modification (UV grafting) with the remnant oil used for
lubrication. It should be noted, however, that the underwater
anti-biofouling performance of our LISS coating was examined
during short-term laboratory conditions, while to compare it to
SLIPS technology,80 the long-term experiments, that is, field
studies, should be performed in various geographical places
under different temperatures and salinity conditions. Given all
the aforementioned advances, and considering that our LISSs
can be applied to various materials such as metals, metal oxides,
ceramics, glasses, and so forth, we envision that our UV-grafting
approach of the PDMS-based LISS will push forward the
development of nontoxic repellent coating technology toward
challenging and extremely desirable marine anti-biofouling
applications.
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