
RESEARCH ARTICLE
www.small-journal.com

Bioinspired Zwitterionic Nanowires with Simultaneous
Biofouling Reduction and Release

Jing Wang, Brian Macdonald, Tae H. Cho, Taylor Repetto, Kai Sun, Anish Tuteja,*
and Neil P. Dasgupta*

Marine biofouling is a complex and dynamic process that significantly
increases the carbon emissions from the maritime industry by increasing
drag losses. However, there are no existing non-toxic marine paints that can
achieve both effective fouling reduction and efficient fouling release. Inspired
by antifouling strategies in nature, herein, a superoleophobic zwitterionic
nanowire coating with a nanostructured hydration layer is introduced,
which exhibits simultaneous fouling reduction and release performance.
The zwitterionic nanowires demonstrate >25% improvement in fouling
reduction compared to state-of-the-art antifouling nanostructures, and four
times higher fouling-release compared to conventional zwitterionic coatings.
Fouling release is successfully achieved under a wall shear force that is four
orders of magnitude lower than regular water jet cleaning. The mechanism of
this simultaneous fouling reduction and release behavior is explored, and it is
found that a combination of 1) a mechanical biocidal effect from the nanowire
geometry, and 2) low interfacial adhesion resulting from the nanostructured
hydration layer, are the major contributing factors. These findings provide
insights into the design of nanostructured coatings with simultaneous
fouling reduction and release. The newly established synthesis procedure
for the zwitterionic nanowires opens new pathways for implementation
as antifouling coatings in the maritime industry and biomedical devices.
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1. Introduction

Marine biofouling has remained a persis-
tent problem throughout human history.[1]

It not only inhibits deep-ocean exploration
and costs billions of dollars per year,[1b]

but also increases the greenhouse gas
emission from ships by at least 20%,
which represents ≈80% of global trade
by volume.[2] Marine fouling is a com-
plex and dynamic process, where various
species accrete, compete, and cooperate
during their attachment to the exposed
surfaces, forming living and developing
biofilms with a variety of multi-scale adhe-
sion mechanisms.[1] Biofilms can disrupt
the performance of antifouling coatings by
changing their surface chemistry and bury-
ing their surface micro/nano structures,[3]

adhering strongly to their surfaces, and fur-
ther dynamically adapting to shear flow
environments.[1a,4] In particular, it is chal-
lenging to simultaneously achieve both a
large reduction in the rate of marine foul-
ing and easy removal of the accumulated
biofilms using a single antifouling coating.
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Figure 1. Bioinspired zwitterionic nanowire coatings that are capable of simultaneous fouling reduction and fouling release. a) Schematics of the bioin-
spired antifouling strategies employed in thus study. b) Comparison of various state-of-the-art antifouling coatings with respect to fouling reduction and
fouling release performance. The control samples studied in this work include oil-infused slippery surfaces, zwitterionic polymer coatings, hydrophobic
polydimethylsiloxane (PDMS) coatings,[21] and functionalized ZnO nanowire structures. Toxic marine paints, which are prohibited, are also included in
this chart. ZNWs demonstrate the highest simultaneous levels of fouling reduction and release.

The current design strategies for marine coatings aim toward
either fouling reduction or fouling release.[1b] Fouling reduction
attempts to significantly delay the biofilm growth, while fouling
release results in the easier removal of accumulated biofilms.
Over the past century, only highly toxic marine paints have
proven to be effective in simultaneously reducing and releasing
marine fouling.[5] After a ban was placed on these paints in 2008
because of their environmental issues,[5b,c] a variety of non-toxic
marine coatings have been developed in the past decade. These
non-toxic coatings have mainly applied two strategies to achieve
antifouling performance: 1) creating a physical barrier for at-
tachment (for example, by forming a lubricant layer),[6] and 2)
killing marine microbes through the use of either naturally bio-
cidal chemicals[7] or via the mechanical biocidal effect, which is
inspired by cicada wing surfaces.[8] However, to date, these strate-
gies have not achieved effective simultaneous fouling reduction
and release behavior that is comparable to the prohibited toxic
paints.
Current coatings that employ physical barriers or mild bio-

cides have suffered from significant limitations when they are
used for marine antifouling. For example, a physical barrier com-
posed of air generally exists on superhydrophobic surfaces that
are inspired by the Lotus leaf, which can effectively prevent foul-

ing for a short period of time (e.g., 1–10 days).[8a,9] However,
once the water breaks through the quasi-stable air layer, foul-
ing species can freely settle and strongly adhere to the surface.
As a result of this strong adhesion after water breakthrough, su-
perhydrophobic surfaces typically only reduce fouling and do not
promote fouling release. Another recently developed strategy in-
volves the use of liquids (oils or water) as a physical barrier.[6]

Inspired by the Nepenthes pitcher plant rim,[10] lubricant-infused
surfaces with an oil layer on the surface have demonstrated sig-
nificant fouling release performance because of their poor ad-
hesion to biofilms,[6] but they cannot prevent a variety of fouling
species from settling and accumulating on the surface (Figure 1).
They also lose their lubrication layer easily under applied shear
stress.[11]

Another physical barrier, which is inspired by blood vessel cell
walls, is the stable layer of interfacial water[12] that is formed on
the surfaces of hydrophilic polymers, for example, polyethylene
glycol, zwitterionic, and other hydrophilic polymers.[13] In partic-
ular, zwitterionic polymers can form hydration layers in salt wa-
ter and have been reported to exhibit more efficient antifouling
performance than polyethylene glycol and other hydrophilic poly-
mer modified surfaces.[14] This hydration layer has been particu-
larly effective in preventing protein adsorption,[15] a problematic

Small 2024, 2400784 © 2024 The Authors. Small published by Wiley-VCH GmbH2400784 (2 of 11)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202400784, W
iley O

nline Library on [26/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

early-stage fouling species.[1] In contrast to surfaces with an in-
terfacial oil layer, surfaces with a hydration layer have demon-
strated mild effectiveness in both fouling reduction and release
(Figure 1).[16]

In addition to these physical and chemical barrier layers,
another strategy that has been shown to prevent or reduce
fouling is the mechanical biocidal effect. This effect kills mi-
crobes by mechanically damaging their cell membranes.[17] In
our recent work,[8a] we demonstrated the ability to limit the
attachment and accelerate the death of complex marine al-
gae foulants using hydrothermally grown ZnO nanowire ar-
rays with tunable geometries; however, these mechanical bioci-
dal properties alone were not able to simultaneously achieve a
high fouling release performance.[8a] In addition to these pas-
sive anti-fouling and fouling-release strategies, recent studies[18]

have developed an active fouling-release method through sweep-
ing micrometer or millimeter scale structures. These struc-
tures generate turbulent flow and remove the accumulated
biofilms.
Herein, we report a bioinspired zwitterionic nanowire (ZNW)

surface layer (Figure 1a) that employs two synergistic an-
tifouling strategies: 1) incorporation of an interfacial hydra-
tion layer as a result of the zwitterionic chemistry, and 2) a
mechanical biocidal effect from the nanostructure geometry.
These ZNW surfaces form a nanostructured hydration layer
that enables simultaneous fouling reduction and fouling release,
outperforming the state-of-the-art non-toxic marine coatings
(Figure 1b).
ZNWs were fabricated using a hydrothermal synthesis pro-

cess that was seeded by atomic layer deposition (ALD) films. The
NW growth was followed by surface-initiated atom transfer rad-
ical polymerization (si-ATRP), which resulted in the formation
of core-shell nanostructures with precise dimensional control at
the nanometer scale. The fabricated ZNWs exhibited underwa-
ter superoleophobicity and under-oil superhydrophilicity, which
indicates the formation of a hydration layer.[19]

We tested the ZNWs together with various control surfaces
in a marine algae fouling environment, and performed fouling-
release tests under low levels of shear flow. The ZNW surfaces
exhibited a 70% reduction in the rate of fouling in a static ma-
rine environment compared to uncoated planar control surfaces,
which is a>25% improvement over our previously report of ZnO
NW coatings without a zwitterionic polymer layer.[8a] In addi-
tion, the ZNWs achieved 60% fouling release under an applied
shear flow that is at least four orders of magnitude lower than
the shear stress applied during regular water jet cleaning.[20] This
low shear stress can be realized at a cruising speed in a marine
vessel, which enables the self-removal of accumulated biofilms
on ZNW surfaces. The self-cleaning properties of the ZNW array
can enable less frequent cleaning and longer usage time of ship
hulls. We explored the synergistic antifouling and fouling-release
mechanisms of these coatings with a combination ofmicroscopic
imaging and a theoretical adhesion analysis. These newly devel-
oped ZNW coatings, which include a nanostructured hydration
layer, will inspire new applications inmaritime applications, deep
ocean exploration, and the biomedical industry. Furthermore, the
synergetic design method described herein provides a new de-
sign framework for non-toxic antifouling coatings.

2. Fabrication of Zwitterionic Nanowires and Their
Mechanical Durability

The nanowire (NW) arrays used in this study were fabricated us-
ing a hydrothermal synthesis process that was seeded by ALD
seed layers (Figure 2a), as reported in our previous works.[8a,22]

The use of ALD seed layers allows for tunable inter-NW spacing,
NW diameter, and angular orientation of the NWs relative to the
substrate surface.[8a,22] In this study, high-density ZnONWarrays
were fabricated with a diameter of ≈50 nm, inter-NW distance of
≈40 nm, and NW length of ≈800 nm (Figure S1, Supporting In-
formation). Because the bare ZnO nanowires were observed to
be relatively unstable in a saline solution, they were conformally
coated with a protective layer of 10-nm Al2O3 by ALD to form a
ZnO@Al2O3 core-shell NW geometry.[8a]

It has been previously demonstrated that zwitterionic poly-
mers can be grafted onto the surface of silica-based materials
through surface-initiated atom transfer radical polymerization
(si-ATRP) process.[23] This si-ATRP process usually requires the
use of an acid or base catalyst to effectively graft the initia-
tor molecules onto the substrate.[23] In our initial attempts to
apply an acid-catalyzed process to the ZnO@Al2O3 core-shell
NWs, we observed that the inner ZnO core was etched, result-
ing in the formation of hollow Al2O3 nanotubes (Figure S2,
Supporting Information). To overcome this chemical instability,
we modified the surface initiation reaction by utilizing a small
amount of water under mild heating conditions as the catalyst
to hydrolyze the initiator silane, prior to the subsequent poly-
sulfobetaine methacrylate (pSBMA) ATRP polymerization. This
modified polymer grafting method successfully avoids the par-
tial dissolution of the underlying ZnO/Al2O3 NW template, and
the zwitterionic polymerization yields a conformal pSBMAbrush
layer onto the ZnO/Al2O3 core-shell NW surface (Figure 2b,c).
One advantage of this synthesis procedure is the ability to pre-

cisely control the growth of core-shell NWs with tunable geomet-
ric parameters on a variety of substrates, including convex and
concave surface topologies, polymers, fibers, and even biological
templates.[22b] The areal coverage of the ZNW coating can be eas-
ily scaled from 10 to>100mm2 and applied to various substrates.
Therefore, the synthesis approach introduced here for ZNWs has
the potential to form antifouling surfaces on a wide range of sur-
faces for various end-use applications.
The fabricated ZNWs can withstand high fluid shear (70 MPa)

under 20 kHz sonication[24] for 10 min (Figure S3, Supporting
Information). We also performed a harsh Taber mechanical abra-
sion test on the ZNWs (Figure S4a, Supporting Information and
Experimental Section), and found that the ZNWs were mostly
fractured at the middle of their length, rather than being com-
pletely detached from the surface (Figure S4b, Supporting In-
formation). These durability results indicate that ZNWs are me-
chanically durable under high-pressure fluid environments and
can partially withstand harshmechanical abrasion conditions. In
addition, the ZNW surface architectures grown on glass slides
were highly transparent (Figure S5, Supporting Information),
which can enable marine applications that requiring high opti-
cal transmittance, such as underwater sensors and windows. In
contrast, we note that all commercial anti-fouling paints are op-
tically opaque.
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Figure 2. Fabrication and chemical characterization of ZNWs. a) Schematic of the fabrication process and the formation of a hydration layer on ZNWs
that are submerged in water. b) SEM image of a ZNW array after polymer grafting, showing that the underlying NW template geometry is maintained.
c) STEM image of a ZNW, demonstrating the core-shell-shell architecture. d) XPS spectrum of a ZNWarray grown on a silicon substrate, and the chemical
structure of SBMA.

3. Materials Characterization of the Zwitterionic
Nanowires

3.1. Chemical Characterization

To confirm that the geometry of the underlying NW template
remained intact after fabrication of the ZnO/Al2O3/zwitterionic
polymer core-shell-shell architecture, cross-sectional scanning
electron microscope (SEM) analysis was performed. As shown
in Figure 2b, the resulting ZNWs were closely packed with an as-
pect ratio of≈16. This high-aspect ratio nanostructured geometry
enables the ZNWs to puncture through cell membrane and me-
chanically cause death of the bacteria, which is in agreement with
model predictions that mechanical biocide can occur in nanos-
tructures with an aspect ratio >10.[25]

The ZNWs were analyzed by scanning transmission elec-
tron microscopy (STEM) with elemental mapping (Figure 2c;
Figure S6, Supporting Information). The STEM image in
Figure 2c clearly shows the core-shell-shell structure of the
nanowires with a single-crystalline ZnO core, an amorphous
ALD Al2O3 inner shell, and a pSBMA outer shell. Elemental
maps of Zn, Al, and S also confirmed the distinct chemical
composition of these three layers (Figure S6, Supporting In-
formation). In particular, the geometry is confirmed by the lo-
calization of the Zn, Al, and S signals in the core ZnO NW,
Al2O3 inner shell, and pSBMA outer shell regions, respec-

tively (Figure S6b, Supporting Information). Additional STEM-
EDS element mapping is provided in Figure S7 (Supporting
Information).
X-ray photoelectron spectroscopy (XPS) analysis was also per-

formed to characterize the surface chemistry of the ZNWs, to
confirm the chemical composition of the outer zwitterionic poly-
mer shell. The XPS spectrum exhibited the presence of all the
constituent elements (Zn, Al, S, C, and N) in the zwitterionic
NWs. As expected for pSBMA, the ratio of the atomic percent-
age of sulfur to nitrogen was ≈1-to-1 (Table S1, Supporting Infor-
mation). Collectively, these data provide evidence of the success-
ful grafting of pSBMA onto the underlying ZnO/Al2O3 core-shell
NW template.

3.2. Wetting Characterization

Zwitterionic polymers are known for their high affinity to water
molecules because they incorporate both positive and negative
charges in their structures.[26] Water molecules are strongly at-
tracted to the charged functional groups and form a thermody-
namically stable water layer, resulting in the repellency of vari-
ous proteins from the polymer surface.[15a] This water layer also
serves as a lubricating layer, which blocks not only other immis-
cible liquids such as oils, but also larger biofouling species that
may come into contact with the solid zwitterionic polymer.[23a]
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Figure 3. Contact angle measurements on ZNWs and uncoated NWs using different combinations of water and oils as the bath and droplet liquids. a)
Contact angle measurement of water droplets on different surfaces after various exposure times to oil vapor. The inset photos present water droplets
on NWs and ZNWs after 4 weeks exposing to air. b) Advancing and receding contact angle measurements underwater using different oils as the droplet
(orange data points), and under different oils, using water as the droplet (blue data points). The oils tested included perfluorohexane, Krytox 100, silicone
oil with a viscosity of 25 cSt, dodecane, and hexadecane. The error bars were obtained from at least three independent measurements. c) Perfluorohexane
and silicone oil drops on ZNWs in water environment and water drops on ZNWs in silicone oil and dodecane environments.

Before the fabricated zwitterionic NWs were submerged in a
marine fouling environment for testing, their wetting properties
were characterized under three different conditions. First, the
ZNWs were tested to determine the stability of their wetting be-
havior under an oil-vapor environment and were compared to
other surfaces, including a zwitterionic planar surface, uncoated
NWs (i.e., ZnO/Al2O3), and a planar Al2O3 surface (not coated
by the zwitterionic polymer). A pool of oil was heated to a tem-
perature of 60 °C in close proximity to the testing surfaces, so
that the oil vapor could gradually adsorb onto the adjacent sur-
faces. Subsequently, water contact anglemeasurements were per-
formed on these surfaces once-per-week for 4 weeks. As shown
in Figure 3a, the contact angles of uncoated surfaces with and
without NWs increased by ≈20° after 4 weeks. In contrast, the
zwitterionic pSBMA coated surfaces with and without NWs did
not show any changes in their water contact angle. This is a result
of the strong affinity of zwitterionic polymers to water molecules,
becausemacroscopically, water can easily displace the oil contam-
inant layer on the zwitterionic surfaces.
Second, we measured the underwater contact angles of vari-

ous oils with different surface tensions on the surfaces of the
zwitterionic NWs and uncoated NWs. In these experiments, oil
droplets were placed on the testing surfaces in a bath of water.
On the zwitterionic NW surfaces, the measured underwater con-
tact angles for the various oils were all above 150°, and the un-
derwater contact angle hysteresis of the oils was consistently be-
low 5° (Figures 3b and 3c; Video S1, Supporting Information).
This indicates that the zwitterionic NWs are superoleophobic
underwater when they are placed in contact with oils with sur-
face tensions ranging from 12 to 27 mN m−1. In contrast, the
oils tested on the uncoated NWs were all in the Wenzel state,
with a contact angle hysteresis >25° (Figure S8a, Supporting
Information).
Finally, the reverse experiment was performed to measure wa-

ter contact angles in an oil bath for the zwitterionic NW and un-
coated NW samples. None of the surfaces were pre-wetted be-

fore submerging them into separate oil baths. The probing liq-
uid in this case was water, while a variety of oils were used as
environmental liquids. As shown in Figures 3b and 3c, the zwit-
terionic NWs were superhydrophilic when immersed inmultiple
oils (the water droplet spread onto the ZNW surfaces in the oil
bath). In comparison, the uncoated NWs were hydrophobic and
were observed to be in the Wenzel state for most of the oils, with
the exceptions of dodecane and silicone oil (Figure S8b, Support-
ing Information). To study the effects of salinity, we tested the
wetting behavior of salt water (3.5% sodium chloride) on ZNWs,
which demonstrated similar underwater superoleophobicity and
underoil superhydrophilicity (see in Table S2, Supporting Infor-
mation). The results of these underwater and under-oil contact
angle measurements further prove that the zwitterionic coated
surfaces can form a stable water layer once in contact with wa-
ter and can repel hydrocarbon-based organic liquids, indicating
that the zwitterionic coated NW surfaces possess the ideal wet-
ting properties to prevent the adhesion of hydrocarbonmolecules
secreted from marine biofoulants.

4. Marine Fouling Reduction and Release

In the maritime industry, effectively preventing or reducing foul-
ing in static (non-flow) conditions, as well as efficiently remov-
ing fouling under an applied shear force (fluid flow or mechani-
cal scraping), are both desirable.[1a] Therefore, in this section, we
present the results of both fouling-reduction and fouling-release
experiments on a variety of technologically relevant coatings, in-
cluding ZNWs, and further reveal the underlying mechanisms
that enable the simultaneous fouling reduction and release on
ZNW surfaces. In particular, algae mixtures that originally col-
lected from the Atlantic Ocean (Florida, USA), were used in this
study as a model marine fouling system, because they are one of
the most common and wide-spread biofoulants found in marine
fouling environments.[6c,8a]
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Figure 4. Algae fouling release tests on ZNWs and other coatings. a) Optical microscopy images of the tested surfaces after two weeks of fouling and
after 30-min of shear flow. b) Algae coverage area fraction on the tested surfaces after two weeks of fouling and after 30-min of shear flow. c) Optical
density measurements of the samples after 30-min of shear flow. d) Percent removal on the tested surfaces as a function of shear flow time. The error
bars were obtained from at least three independent measurements.

4.1. Marine Fouling Tests on the Zwitterionic Nanowires and
Control Surfaces

In the fouling tests, various surface coatings were submerged
into a concentrated algae fouling solution and were maintained
in a static position for 14 days, after which time 100% of the pla-
nar control surface was covered by foulants. The surfaces that
were tested included ZNWs, uncoated NWs, zwitterionic planar
surfaces, uncoated planar surfaces, zwitterionicmicropillars, and
uncoated micropillars (further details in the Experimental Sec-
tion). The micropillars represented surfaces with a sufficiently
large feature size that mechanical biocide would be negligible,[8a]

which allowed for an evaluation of the effectiveness in fouling re-
duction for the smaller-diameter NWs. The fouled surfaces were
analyzed using optical microscopy to obtain the fouling area cov-
erage fraction, which is defined as the areal coverage of visi-
ble foulants expressed as a percentage of the total sample area
measured.[8a]

As shown in the optical microscopy images in Figure 4a,
ZNWs exhibited the lowest amount of fouling among all of the
surfaces tested, showing significantly less fouling than the planar
surfaces, as well as the micropillar samples that were both with
andwithout a zwitterionic polymer coating. Quantitatively,<30%
of the surface area of the ZNWs was covered with marine algae
(Figure 4b), while 100% of the surface area was covered by algae
on uncoated planar and micropillar surfaces. In addition, >75%
of the surface area was covered by algae on zwitterionic planar
and micropillar surfaces, and 55% of the surface area was cov-
ered by algae on uncoated NWs (detailed area coverage fraction
values are provided in Table S3, Supporting Information). Over-

all, the ZNWs exhibited>25% improvement in fouling reduction
compared to the state-of-the-art anti-fouling nanostructures after
14 days.

4.2. Fouling Release on the Zwitterionic Nanowires and Control
Surfaces

Fouling release tests were performed using an open-channel flow
configuration (Figure S9, Supporting Information) to generate
a controllable wall shear to study the removal of the attached
biofilms. This open-channel flow setup can generate a shear
stress of 0.4 Pa (detailed discussion in the Supporting Informa-
tion and Table S4, Supporting Information). Thirty minutes of
shear flow was applied on the fouled surfaces. Under these mild
flow conditions, only the surfaces coated with zwitterionic poly-
mers successfully demonstrated fouling release (Figure 4a,b).
Three different characterization methods were applied to quan-
tify the fouling release performance: area coverage, biofilm vol-
ume, and biofilm removal rate.
The total area that remained covered by algae after the flow

tests wasmeasured using opticalmicroscopy.[8a] In particular, the
fouling coverage fraction on the ZNWs dropped from28% to 10%
(Figure 4b), which can be seen in the optical microscopy images
(Figure 4a). The zwitterionic-coated planar and micropillar sur-
faces also displayed a lower extent of algal fouling coverage after
30 min of shear flow; however, their final coverage fractions were
still six times higher than ZNWs (Figure 4b).
To quantify the total volume of foulants that remained on

the surface, optical density measurements were performed after
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30min of shear flow. The optical densitymeasurement technique
is a destructive method used to quantitatively characterize the
fouling coverage in a 3D manner.[8a] The optical absorbance of
a biological stain is measured with UV–vis spectrometry after re-
moval of the adhered biofilm from the surface, which provides a
measurement of the total volume of attached cells on the surface
(further details in Experimental Section). From the optical den-
sity measurements shown in Figure 4c, the uncoated micropillar
surfaces exhibited nearly twice the volume of attached cells com-
pared to that of the uncoated planar surfaces, which could not be
fully captured by the 2D opticalmicroscopymeasurements. Inter-
estingly, the optical density of the uncoated planar surfaces was
only four times larger than the ZNWs after 30 min of shear flow,
while their areal coverage fraction was >ten times higher than
ZNWs (Figure 4b). This indicates that algae cells tend to grow in
a horizontal direction on favorable planar surfaces. In contrast,
they tend to grow more vertically on unfavorable surfaces (e.g.,
ZNWs), because they cannot settle and attach easily onto these
substrates.
To quantify the fouling release rate, we also characterized the

fouling release performance based on the percentage of algae re-
moval as a function of the time of applied shear flow. The per-
cent removal is defined as the ratio (in percentage) of surface
area cleaned by shear flow compared to the surface area that was
fouled prior to applying the shear flow. As shown in Figure 4d, the
percent removal on the ZNWs continually increased as the shear
flow time increased throughout a 30-min shear flow test until
it reached >60%. In contrast, the percent removal plateaued at
≈15% after 10min of shear flow on the zwitterionic coated planar
and micropillar surfaces. To contextualize these results, we note
that the value of shear stress applied in this study is at least four
orders of magnitude lower than the shear stress generated by the
high-pressure water jets currently for ship hull cleaning.[23a] It is
also lower than the shear stress generated from a typical boat at
its cruise speed,[27] indicating that the accumulated marine foul-
ing in static condition could be removed when driving a boat in
the marine environment.

4.3. Mechanism of Simultaneous Fouling Reduction and Release
of ZNWs

Because the ZNWs simultaneously exhibited excellent fouling-
reduction and fouling-release performance, an improved under-
standing of the underlying mechanisms that produce these phe-
nomena would provide novel design principles for future an-
tifouling surfaces. Therefore, in this section, we separately ex-
plored the mechanisms of fouling-reduction and fouling-release
behavior on ZNWs through experimental observations and inter-
face adhesion models.
First, we examine the mechanism of the fouling-reduction on

ZNWs. As we have shown in our previous study,[8a] the foul-
ing reduction on the uncoated NWs was mainly attributed to the
mechanical biocidal effects from the high-aspect-ratio NW struc-
tures (>95% death rate).[25] Therefore, to explore the biocidal ca-
pability of ZNWs, we applied a live/dead stain to the accumu-
lated algal film on uncoated NWs and ZNWs, and found that both
uncoated NWs and ZNWs observed a significant biocidal effect
(≈97% death rate), as shown in Figure 5a–c. Interestingly, the

rate of fouling reduction on ZNWs (>72% relative to uncoated
planar control) is >1.6 × faster than that of the uncoated NWs
(45% relative to uncoated planar control) (Figure 4b), although
they have similar mechanical biocidal rates. Since the only differ-
ence between the uncoated NWs and ZNWs is the surface chem-
istry, this enhancement in fouling-reduction on ZNWs could be
attributed to the zwitterionic polymer layer.
As shown in previous studies,[15a,26b] the physicochemical

properties of the zwitterionic polymers result in mild fouling-
reduction performance. In particular, zwitterionic polymers can
form a hydration layer to reduce the adhesion from the pro-
teins secreted by the marine species. This reduced adhesion also
slightly delays the settlement and nucleation of marine species
(Figure 4a–c), but it does not cause them to die, as shown by the
lack of dead cells accumulated on the surface (Figure 5a,b). In
contrast, zwitterionic NWs can form a nanostructured hydration
layer that conformally covers the NWs. This nanostructured hy-
dration synergistically leverages both mechanisms: the mechan-
ical biocidal effect from the NW geometry, and the surface chem-
istry effect of the zwitterionic polymer to achieve enhanced foul-
ing reduction performance, leading to an enhanced fouling re-
duction.
Next, we examine the contributions of the ZNW geometry

on the fouling release behavior. Through cross-sectional SEM
images of biofilms on uncoated NWs and ZNWs (Figure 5d;
Figure S10, Supporting Information), the biofilms that formed
were observed to be localized on top of the NW structures on both
surfaces, rather than conformally penetrating into the inter-NW
spacing. As a result, only the tips of the NWs were in contact with
the biofilm. This results in a reduction in the substrate-biofilm
contact area by a factor of ≈33% compared to the total projected
substrate area, since the biofilms do not contact the substrate in
the gap regions between the NW tips (see detailed discussion in
the Supporting Information and Figure S11, Supporting Infor-
mation). This reduced contact area can result in a reduction in
the total adhesion energy, as the adhesion energy (W) is linearly
proportional to contact area and work of adhesion, expressed as:

W = wa × A (1)

where wa is the work of adhesion and A is the contact area.
As shown in Figure 4d, uncoated NWs did not exhibit any

fouling-release performance, while ZNWs demonstrated signif-
icant fouling release. This difference in fouling-release perfor-
mance indicates that the zwitterionic chemistry is the main con-
tributor to fouling release. On the other hand, zwitterionic pla-
nar surfaces and zwitterionic micropillars, which have a larger
contact area with the biofilms (Figure 5d), showed less fouling
release (Figure 4d) than ZNWs. This phenomenon reveals the
importance of reducing contact area to achieve efficient fouling-
release. These experimental and theoretical analyses indicate that
the NW geometry can effectively reduce the contact area to the
biofilms by only contacting the tips of the NWs, and that the zwit-
terionic surface chemistry can reduce the work of adhesion.
To understand the origins of the observed reduction in contact

area between the NWs and the biofilms that are attached on the
top surface, we applied theDahlquist criterion.[28] Marine-fouling
biofilms are largely composed of viscoelastic bio-adhesives,
which have awide range of elasticmodulii from1 kPa to 1GPa.[29]
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Figure 5. Mechanisms of the simultaneous fouling reduction and fouling release on ZNWs. a) Schematic illustrating the algae activity on hydrated
or lubricated surfaces, uncoated NWs, and ZNWs. b) Live/dead cell fluorescent microscopy images of zwitterionic planar, uncoated NW, and ZNW
surfaces after 5-day algal fouling. c) Ratio of dead algae cells to total cells on various tested surfaces. d) Cross-sectional SEM images and corresponding
schematics showing the contact area of biofilms on different surfaces. e) Schematics illustrating the work of adhesion on different surfaces. The error
bars were obtained from at least three independent measurements.

The Dahlquist criterion[28] reveals that a viscoelastic adhesive can
conformally attach to the surface if itsmodulus (G) is below a crit-
ical modulus value (Gc), which is defined as:

Gc = Wa ×
√

R
h3

(2)

whereWa is the work of adhesion, R is the tip radius of the NWs,
and h is half of the average height of NWs. In other words, we
can reduce the contact area by reducing Gc so that it is less than
G, which will result in the viscoelastic biofilm only attaching on
the tips of the NW structures. The algae foulants used in this
work have a modulus ≈10 kPa.[29] Based on this information, we
found that our NW structure (h = 0.8 μm and R = 25 nm) meets
the Dahlquist criterion,[28] for a given work of adhesionWa of 100
mJ m−2 (see detailed discussion in the Supporting Information
and Figure S12, Supporting Information).
To estimate the work of adhesion of the surfaces used in this

study, it can be expressed as wa = 𝛾bl + 𝛾 sl − 𝛾bs for solid-to-solid
adhesion,[30] where 𝛾bl, 𝛾 sl, and 𝛾bs are the interfacial energy at

the biofilm-to-liquid, surface-to-liquid, and biofilm-to-substrate
interfaces, respectively. For a zwitterionic polymer surface with a
hydration layer (Figure 5e), the interfacial energy of the hydration
layer to liquid (hydration layer-water: 0.4 mJ m−2) is significantly
lower than that of the underlying inorganic substrate surface-to-
liquid (Al2O3-water: 972 mJ m−2) (see detailed discussion in the
Supporting Information and Table S5, Supporting Information).
This results in a significant decrease in the work of adhesion af-
ter polymer grafting, from 16 to 0.8 mJ m−2, which improves
the resistance of the zwitterionic hydration layer to protein set-
tlement and attachment.[15] In our previous study on superhy-
drophobic NW arrays that were coated with a low-surface-energy
perfluorosilane (16 mJ m−2), the silanized surface still has a rela-
tively higher work of adhesion (18mJm−2) with the algal biofilms
(Figure 5e; Table S5, Supporting Information) compared to the
ZNW surface. This illustrates the advantage of using a hydration
layer to replace the solid-to-solid interface with a liquid-to-solid
interface, to promote improved fouling release.
Combining the effects of a low contact area and low work of

adhesion, the ZNWs are estimated to have 60 times lower total
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adhesion energy than uncoated planar surfaces toward algae
biofilms, based on a 3× reduction in the contact area, combined
with a 20× reduction in the work of adhesion. In addition, we
note that the hydration layer provides a 6× larger contribution to
the observed reduction in adhesion energy (i.e., fouling release)
than the contact area reduction using ZNWs in this work.

5. Conclusion

In summary, inspired by the complimentary antifouling strate-
gies found in different species in nature, we introduced a trans-
parent zwitterionic nanowire coating that is superoleophobic un-
derwater, and simultaneously displays outstanding marine foul-
ing reduction and release. The zwitterionic nanowire coating in
aqueous environment is composed a ZnO nanowire core and
three concentric shell layers, from the inside to outside: 1) an
Al2O3 protection layer; 2) a zwitterionic polymer layer; and 3) a hy-
dration layer formed on the surface of the zwitterionic polymers.
The presence of the nanostructured hydration layer enabled the
zwitterionic nanowire coatings to achieve a >75% reduction in
the rate of algae fouling compared to uncoated planar surfaces.
The ZNWs further enabled>60% of the remaining foulants to be
easily released under a low wall shear stress, which is four orders
of magnitude lower than the levels of water jet flow used in com-
mercial ship hull cleaning. The mechanism of this simultaneous
fouling reduction and release is attributed to the synergistic ef-
fects of mechanical biocide and the poor adhesion of biofilms
to the nanostructured hydration layer. In the future, these ZNW
coatings have significant potential applications in the maritime
industry, deep ocean exploration, and biomedical industry. Fur-
thermore, the mechanistic insights provided by this work on the
simultaneous fouling reduction and fouling release behavior of
ZNWs will provide critical insights for the design of future an-
tifouling marine coatings.

6. Experimental Section
Materials and Fabrication: Core-shell ZnO@Al2O3 NW arrays were

fabricated following previous reports.[8a,22a] First, a 20 nm seed layer of
ZnO was coated on the substrate using ALD, followed by 60 min of hy-
drothermal synthesis of ZnO nanowires. This resulted in nanowires with
a length of ≈1 μm. The ZnO nanowires were subsequently coated with
10 nm of Al2O3 by ALD, to form the chemically protective inner shell.
This NW fabrication process can be scaled up by a manufacturing plat-
form for larger macroscopic and non-planar objects, using a flow-reactor
that improves process throughput and reduces chemical waste.[31] Be-
fore zwitterionic polymer grafting, the NW substrates were treated with
a 50 W oxygen plasma (Plasm Etch Inc.) for 20 min to remove any
organic contaminent. The plasma treated substrates were submerged
into a 8 mg mL−1 [(3-trimethoxysilyl)propyl 2-bromo-2-methylpropionate]
(Gelest) in 1% H2O/Ethanol (Sigma–Aldrich) solution. The solution and
substrate were then heated on a hotplate at 85 °C for 2 days, followed by
heating at 110 °C for 12 h. Once complete, the samples were rinsed with
2-propanol (Sigma–Aldrich) and gently blown dry with nitrogen.

The pSBMA-ATRP solution was prepared following previous work;[32]

3.75 g of [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide (SBMA) was purchased from Sigma–Aldrich, and was dissolved
in a mixture of 6.75 mL deionized water and 18.25 mL of Methanol (Fis-
cher). The solution was mixed in a two-neck 100 mL round-bottom flask
under nitrogen bubbling for 3 h. 166.25 mg of 2,2′-Bipyridyl (Sigma–
Aldrich) wasmixed into the solution for 30min, then 76.25mg of CuBr and

30mg of CuBr2 were added andmixed for an additional 30 min under con-
stant nitrogen bubbling and stirring. The solution turned from transparent
to a dark red/brown after copper catalyst was added. With the surface-
initiated substrates placed at the bottom of a 50 mL glass septa-jar (Fis-
cher), the ATRP solution was quickly poured into the jar and the cap was
closed. Nitrogen was then bubbled for the duration of the reaction. Once
the reaction was finished (1 h), the samples were removed and rinsed with
DI water, followed by sonication in DI water until all residual polymer was
removed.

The uncoated micropillars samples were fabricated using photolithog-
raphy and reactive ion etching, resulting in pillars with a diameter of 80 μm,
a height of 50 μm, and pillar-to-pillar spacing of 100 μm. This was followed
by a 10 nm overcoat of ALD Al2O3 to form a consistent surface composi-
tion to the ALD-coated NWs. The zwitterionic micropillars were fabricated
using a similar zwitterionic polymer grafting process as described above
fort the ZNWs.

Mechanical Abrasion: The Taber abrasion test was performed using
5750 linear abrasion. A maximum abrasion speed of 60 cycles min−1 with
a travel distance of 100 mm per cycle was applied using a CS-10 abrader
and a loading weight of 350 grams.

TEM Imaging: A Thermo-Fisher Talos F200 was used for imaging and
elemental mapping. The microscope was operated in scanning transmis-
sion electron microscopy (STEM) mode, and the Velos software was used
for collecting STEM images including high-angle annular dark-field imag-
ing (HAADF), low angle annular dark field (LAADF) and bright-field (BF)
images, and energy-dispersive X-ray spectroscopy (EDS) element maps.
Three different zwitterionic NW coatings were analyzed.

Contact Angle Measurements: The underwater and underoil contact
angle measurements were performed with a Ramé-Hart 200-F1 contact
angle goniometer using the sessile drop method. Advancing and receding
contact angles were obtained by measuring the angle while the liquid was
slowly added to or removed by a micro-syringe from a ≈5 μL droplet in
contact with the surface.

Algae Fouling Experiments: Algaemixtures containingmultiple species
of diatoms and cyanobacteria were used as the fouling species. The
algal fouling tests were performed in a manner similar to the previ-
ous reports.[6c,8a] Specifically, 2 grams of biomass (i.e., algae biofilm)
was weighed using an analytical balance with a resolution of 0.0001 g
and was introduced to a petri dish (diameter: 100 mm) with 50 mL of
seawater and a F/2 (purchased from https://www.amazon.com/) mix-
ture. Samples were submerged into the algae culture environment for 14
days. Optical microscopy images were taken on these fouled surfaces us-
ing a Nikon LV150N Optical Microscope. The algae coverage area frac-
tion was quantified with obtained microscopic images through ImageJ
analysis.

Optical Density Measurements: The fouled surfaces were first rinsed
by saltwater (0.8 m NaCl) to remove unattached algae, followed by soak-
ing in dimethyl sulfoxide (DMSO) (Sigma–Aldrich, Inc.) for 15 min to re-
move the chlorophyll in the algae. Then the samples were gently rinsed
by saltwater again and stained with trypan blue (from Thermo Fisher Sci-
entific) for 15 min. Next the excess dye was rinsed off using a saline
solution. Finally, 10 mL of DMSO was used for each sample to extract
the blue stain, and absorbance of the liquid was measured with UV–vis
spectrometry.

Live/Dead Cell Microscopic Fluorescent Imaging: The coatings were all
submerged in the algal culture solution for 5 days, followed by clean-
ing in sodium chloride (NaCl) solution (0.85%) with gentle stirring for
15min. A LIVE/DEADBacLight Bacterial Viabilty Kit (Thermo Fisher Scien-
tific L7012) was used to stain the fouled samples. The fouled coatings were
all stained with the dye solution for 15 min in dark environment. Fluores-
cent microscope images of each sample were taken using a Nikon A1RSi
confocal laser scanning microscope fitted with a Plan Apo Lambda 20×
objective. The SYTO 9 and propidium iodide were excited using Coherent
OBIS LX/LS 488 nm and Coherent Sapphire 561 nm lasers, respectively.
The emissions were collected using the FITC (490–525 nm) and Texas Red
(570–620 nm) filters, respectively.

Statistical Analysis: At least three independent measurements were
taken for each statistical analysis.
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