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Aerophilic surfaces immersed underwater trap films of air known as
plastrons. Plastrons have typically been considered impractical for
underwater engineering applications due to their metastable performance.
Here, we describe aerophilic titanium alloy (Ti) surfaces with extended
plastron lifetimes that are conserved for months underwater. Long-term
stability is achieved by the formation of highly rough hierarchically
structured surfaces via electrochemical anodization combined with a
low-surface-energy coating produced by a fluorinated surfactant. Aerophilic
Tisurfaces drastically reduce blood adhesion and, when submerged in
water, prevent adhesion of bacteria and marine organisms such as barnacles
and mussels. Overall, we demonstrate a general strategy to achieve the
long-term stability of plastrons on aerophilic surfaces for previously
unattainable underwater applications.

Wetting describes the ability of liquids to maintain contact with a
solid surface, a phenomenon that is ubiquitous in nature’. However,
in engineering and medical applications, the contact of a solid sur-
face with water can lead to undesirable phenomena such as corro-
sion, chemofouling and biofouling?, which have extremely negative
economic, health and environmental impacts®*. Therefore, control-
ling wetting on solid surfaces is key to mitigating its detrimental
effects. Although wetting is a macroscopic process, it is sensitive to
surface properties at the molecular level. Thus, wettingis also strongly
influenced by surface topography. High surface roughness in com-
bination with low-surface-energy materials leads to the formation

of non-wettable, so-called super-hydrophobic surfaces (SHS)®. SHS,
which combine a microscale/nanoscale rough surface topography
with low-surface-energy chemistry, cantrap air between their protru-
sionswhenimmersed inwater, asituation termed a plastron, and such
surfaces are also called aerophilic surfaces (APhS)°. SHS have been
researched for decades to overcome wetting challenges’; however,
they are still rarely used in engineering applications mainly due to
two drawbacks. First, highly textured rough surfaces are mechani-
cally weaker than their smooth analogues and thus easily abraded?®.
This drawback of SHS has recently been addressed by various strate-
gies® ™. Second, amuch less resolved drawback is that the non-wetting

'Department of Materials Science and Engineering, Institute for Surface Science and Corrosion WW4-LKO, Friedrich-Alexander-Universitat
Erlangen-Nirnberg, Erlangen, Germany. Wyss Institute for Biologically Inspired Engineering, Harvard University, Cambridge, MA, USA. ®John

A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA. “Department of Physics, Biophysics Institute,
Friedrich-Alexander-Universitat Erlangen-Niirnberg, Erlangen, Germany. *Department of Applied Physics, School of Science, Aalto University,

Espoo, Finland. ®Department of Coatings and Polymeric Materials, North Dakota State University, Fargo, ND, USA. Advanced Institute for Materials
Research (AIMR), National University Corporation Tohoku University (TU), Sendai, Japan. ®Department of Operative Dentistry and Periodontology,
Friedrich-Alexander-Universitat Erlangen-Niirnberg, Erlangen, Germany. °Regional Centre of Advanced Technologies and Materials, Palacky University,
Olomouc, Czech Republic. ’Department of Bioproducts and Biosystems, School of Chemical Engineering, Aalto University, Espoo, Finland.

e-mail: alexander.tesler@fau.de; wolfgang.goldmann@fau.de

Nature Materials


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-023-01670-6
http://orcid.org/0000-0003-3425-7667
http://orcid.org/0000-0003-2024-9690
http://orcid.org/0000-0002-6311-5601
http://orcid.org/0000-0003-4501-8872
http://orcid.org/0000-0002-4229-4890
http://orcid.org/0000-0001-8273-2077
http://orcid.org/0000-0002-5060-158X
http://orcid.org/0000-0001-7434-3880
http://orcid.org/0000-0002-5499-1482
http://orcid.org/0000-0002-9092-9053
http://orcid.org/0000-0002-4836-946X
http://orcid.org/0000-0002-9862-0886
http://orcid.org/0000-0002-7179-7593
http://orcid.org/0000-0003-1737-0465
http://orcid.org/0000-0002-9208-5771
http://orcid.org/0000-0002-2076-242X
http://orcid.org/0000-0002-2343-8705
http://orcid.org/0000-0003-0738-2665
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-023-01670-6&domain=pdf
mailto:alexander.tesler@fau.de
mailto:wolfgang.goldmann@fau.de

Article

https://doi.org/10.1038/s41563-023-01670-6

Height (um) d
1.91 Sample -
colour in air ai—
1.50 -
1.00
0.50
Mirror-like reflectance of sample
0.08 surface underwater
9
Cls 6oof ® S =S .7
A A
285.4 eV = S: Sz %‘
Adv.C £ e S © Sg 4
[0}
S 400 f_ /D
5 3
“— /,
S ,i }P‘ .-
3 200 %‘ : P
i NG
e L -
P F/D=(0.37£0.15) nN ym”'
o]

e f
Ti Bare
FsC 0 Mo CF. N
c e c 3 As-anodized
Foliog O F2) )
-~ 59 ) - Ti-APhS
S Ti S
< o <
~IC F A P Tiaphs =
2z Na z 291.5 eV
] z
= C
9] 9]
E As-anodized E
Bare
o] 0.2 0.4 0.6 300 296 292
Energy (keV)

Fig.1| Physicochemical characteristics of Ti-APhS. a,b, High-resolution
top-view SEM images (a; increasing magnification from left to right) and AFM
images (b) of Ti-APhS. ¢,d, Digital images of Ti-APhS prepared on sheets (c) and
rods (d) show mirror-like reflectivity underwater. The rod Ti-APhS are 2 mmin
diameter. e,f, EDS spectra (e) and high-resolution XPS C1sspectra (f) of bare,
as-anodized and Ti-APhS samples. g, Sliding friction force (F,) as a function of
drop contactarea diameter (D; for water drops of different sizes) on Ti-APhS was
probed on both sides of the samples and obtained by the MFS. The abbreviations

Binding energy (eV)

288 284 400 800 1,200

Contact area diameter (um)

S,;and S;grepresent the front and back of sample1(of 3), respectively. Each data
point corresponds to one MFS measurement, where the kinetic friction force has
been averaged over aminimum of 1 cm of the sample scanning, corresponding
toaminimum of 600 data points. The error for the friction force is the standard
deviation (s.d.) of the force data calculated in the same region as the average, and
the error for the contact area diameter is the s.d. of the contact area diameter
during the scanning experiment. Adv. C, adventitious carbon.

properties degrade over time due to the metastable performance of
the plastron, which arises from the coexistence of different energy
states'>®. Such a metastable performance is even more critical when
APhS are submerged in water, since the air trapped between the pro-
trusions disappears over time'. As a result, the long-term stability of
such surfaces underwater has been considered inadequate for many
engineering applications, especially for biofouling prevention'. Thus,
the long-term stability of a plastron remains the ‘Achilles heel’ in the
implementation of technology involving SHS or APhS”. Furthermore,
itisevenmore challenging to produce mechanically robust SHS/APhS
with a stable plastron by a facile, inexpensive and scalable process.
However, in biology, several species have evolved unique approaches
to maintain entrapped air underwater for long periods'®™.

Here, we report aerophilic surfaces formed on a widely used
titanium alloy (Ti-6Al-4V, composed of 90% titanium, 6% aluminium
and 4% vanadium) and referred to as Ti-APhS that result in an unprec-
edented plastron stability exceeding 208 days of continuous submer-
sion underwater. Our Ti-APhS are produced by an industry-standard
electrochemical anodization technique followed by modification with
acommercially available fluorinated surfactant. We demonstrate that
Ti-APhS are extremely blood repellent and drastically reduce or prevent
the adhesion of bacteria and marine organisms such as mussels and
barnacles. Theresulting surface roughness and interfacial energy give
rise to athermodynamically stable aerophilic regime, as predicted by
existing theories?* %, This work provides experimental evidence and
confirmation of the theory, demonstrating that long-term entrapment
of airon engineered SHS is feasible for a wide range of applications.

Physicochemical characteristics of Ti-APhS

Ti-APhS were prepared by electrochemical anodization of the Ti-6Al-4V
alloy. The anodization cell consists of stainless steel as the counter
electrode, Ti alloy as the working electrode and an aqueous solution

of NaOH/H,0, as the electrolyte. Ti substrates were used as received
without any pretreatment other than cleaning (Methods). To obtain a
TiO, layer of high roughness, two reactions should occur simultane-
ously: (1) electrochemical oxidation of the metal surface to form an
oxidelayer, and (2) chemical dissolution of the formed oxide in the same
electrochemical environment toincrease porosity and create nanoscale
roughness (Supplementary Fig. 1 and Supplementary Section 1)*.
Scanning electron microscopy (SEM), atomic force microscopy (AFM)
and transmission electron microscopy (TEM) of Ti-APhS confirm
the hierarchical structure of randomly oriented, irregularly shaped
micrometre-scale protrusions with a subtle, nanoscale rough surface
ofanodized TiO, (Fig.1a,b and Supplementary Figs. 2 and 3). The bare
andas-anodized Tisubstrates are shownin Supplementary Figs.4 and 5.
X-ray diffraction spectroscopy and high-resolution TEM confirm the
formation of arough amorphous TiO, layer (Supplementary Fig. 6). The
APhS coating can be deposited on both flat and curved Ti substrates
suchas sheets, foils, rods and coils (Fig. 1c,d).

A water droplet deposited on the as-anodized Ti substrate com-
pletely wets it with a water contact angle (WCA) of 0°; that is, it is
super-hydrophilic (Supplementary Video 1). Super-hydrophobic (in
Cassie-Baxter wetting regime, that is, aerophilic) Ti surfaces (that is,
Ti-APhS) were obtained by immersing the as-anodized Tisubstratesina
container of 1 wt% commercial phosphate ester fluorinated alkyl chain
surfactant (FS) solution under ambient conditions". Polyfluoroalkyl
and perfluoroalkyl substances are regulated due to their chemical
stability, which leads to bioaccumulation®. Therefore, to minimize the
waste of fluorinated compounds, the FS solution was used several times
for aperiod of >3.5 years without showing any signs of degradationin
its coating performance. Energy-dispersive X-ray spectroscopy (EDS;
Fig.1leand Supplementary Figs.2 and 3) and X-ray photoelectron spec-
troscopy (XPS; Fig. 1f, Supplementary Figs. 7and 8 and Supplementary
Table 1) show the typical peaks attributed to bare, as-anodized and
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Fig.2| Quantifying the wetting regime of Ti-APhS. a-c, Top-view laser confocal
image (a) and SEM image (b), and corresponding advancing and receding CAs

(c) measured on the polished FS-modified Ti alloy (p-TiHS). Theimageincisa
composite of advancing and receding CA measurements. Insetin ais a digital
image of the polished FS-modified Ti alloy with mirror-like reflectance. d, Typical
three-dimensional (3D) reconstruction image of the roughness of Ti-APhS

(ry;) obtained by AFM. e, A typical bright-field reflectance microscopy image

of Ti-APhS underwater. f, A confocal cross-sectional image of the plastron on
Ti-APhS underwater. g, The apparent WCA (cos(6*)) predicted by the Wenzel

and Cassie-Baxter (C-B) models as a function of the most stable WCA (cos(6))
based on the solid-liquid area fraction as measured on Ti-APhS. The stable
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Cassie-Baxter wetting regime (red line) changes at the critical CA (cos(6,)) to
astable Wenzel regime (blue line) or metastable Cassie-Baxter regime (red
dashed line). The shaded green area represents the possible wetting regimes of
Ti-APhS measured on p-TiHS and compared to the FS-modified Si/SiO, wetting
system (Si/SiO,/FS, yellow area). h, Minimum roughness (r;,), measured by AFM
(raem), optical profilometer (rp,ofiometer) @and laser confocal microscopy (ricy) on
Ti-APhS, required for a stable underwater plastron for amaximum ¢, = 0.011
(corresponding to the upper limit of the liquid-solid area fraction) as a function
of the most stable WCA (). The most stable advancing and receding CAs and
roughness parameter were measured on N = 3independent samples, while the
datarepresent the measured average value and the s.d.

Ti-APhS samples, confirming the binding of the fluorinated surfactant
to the anodized TiO,. Interestingly, the as-anodized Ti samples do
not show an adventitious carbon peak even after months of ageing in
ambientatmosphere (Fig. 2f), as is commonly observed on TiO, nano-
structures due to the adsorption of contaminating molecules from air?.

The wetting properties of Ti-APhS were investigated. Ti-APhS
exhibit mirror-like uniformreflectance underwater due to the air plas-
tron (Fig. 1c,d), in contrast to their as-anodized counterparts, which
arenon-reflective (Supplementary Fig. 9). They are ultra-slippery, with
anapparent WCA of170.0° + 8.6° and asliding angle of 0.7° + 0.3°. The
data were obtained using a conventional goniometer. However, the
measurements were not reliable simply because water droplets tend
to roll off Ti-APhS quickly (Supplementary Video 2). It has also been
shown that for ultra-slippery surfaces, a substantial change in the
measured WCA values occurs when the fitting baseline is shifted by

evenasingle pixel*®. Here, alternative approaches were used to confirm
and estimate the ultra-slipperiness of Ti-APhS with greater accuracy. A
micropipette force sensor (MFS), which measures the frictional force
of water droplets onultra-slippery SHS (Fig. 1g, Supplementary Fig.10a
and Supplementary Video 3)%, and an oscillating droplet tribometer
(ODT), which measures the frictional force between the SHS and the
test droplet over a centimetre range®, confirm the ultra-slipperiness
of Ti-APhS. We also compared Ti-APhS to state-of-the-art SHS, and the
dimensionless friction force measurements placed Ti-APhS among the
most slippery of the engineered SHS studied, demonstrating uniform-
ity over the entire sample area (Supplementary Fig.10b).

Typically, non-wettable surfaces are described by an apparent
contact angle (CA) and CA hysteresis. However, this approach is not
accurate enough to describe ultra-slippery surfaces and especially
their plastronstability underwater. Therefore, another methodology
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Fig.3|Bloodrepellency of Ti-APhS. a,b, CA of fresh blood on as-anodized
sample (a) and Ti-APhS (b). ¢, Advancing and receding CA measurements on
Ti-APhS. Inset images show droplet shape with increasing and decreasing blood
droplet volume. d, Snapshot digital images of the blood droplet wiped off
Ti-APhS with atissue. e, Digitalimages of Ti-APhS before, during and after

600

Back
side

99 times of immersion in fresh blood. f, Blood dropped on the Ti-APhS shown in
e.g h, Ti-APhS after immersion in fresh blood for 10 s (g) and 60 s (h). i,j, Still
digitalimages of the sample immersed in fresh blood for 3,600 s (i) followed

by abriefrinse in water (j).

shouldbe applied to accurately characterize the wetting regime of such
materials. This has been proposed by Lafuma and Quéré for SHS?, and
theoretically calculated by Marmur for underwater aerophilicity***.In
bothapproaches, each non-wettable surface should be described by (1)
the Young's CA, estimated by measuring the most stable CAonasmooth
substrate of the same hydrophobic origin, (2) the surface roughness
(the ratio of actual to projected surface area) and (3) the solid-liquid
area fraction (the actual contact area between water and the solid
surface, that is, the pinning points). To be useful for real engineering
applications, such SHS/APhS should also be mechanically robust".
Ti-APhS were studied by bothapproachesto characterize their wet-
tingregime. First, we estimated the most stable WCA (6) on FS-modified
Tialloy substrates polished to amirror-like state (p-TiHS). Note that it is
impossible to polish metallic samples to atomicresolution. The rough-
ness of p-TiHS was evaluated by laser confocal microscopy and found
tobe1.005 + 0.001 (Fig. 2a,b). The most stable WCA is the apparent CA
related to the lowest Gibbs energy for a given system?’, where the CAs

arebelieved to approach Young’s values. However, there isnocommon
method to accurately measure the most stable CA, while ameasurable
CA couldbe any value between the advancing and receding CAs, which
arethe highest and lowest metastable apparent CAs. Here, the most sta-
ble WCA of the p-TiHS lies between the advancing (0,4, = 124.4° + 0.8°)
and receding (0,.. = 82.9° + 4.0°) CAs (Fig. 2c and Supplementary
Fig.11.1). Forexample, when a water droplet was deposited on p-TiHS,
the apparent WCA was 119.3° + 2.6°. By comparison, the advancing and
receding WCAs on the FS-modified 100-nm-thick SiO, on a Si wafer with
nanoscale roughness were 122.6° + 1.4° and 97.0° + 3.6°, respectively
(Supplementary Fig. 11.1g-i).

The surface roughness (r) of Ti-APhS was obtained by laser con-
focal microscopy and further confirmed by AFM and an optical con-
focal white-light sensor profilometer (Fig. 2d and Supplementary
Fig. 11.2). While all techniques confirm a similar roughness within
standard deviation measurements, the lowest value 0f2.388 + 0.35was
obtained by AFM. Finally, we measured the solid-liquid area fraction
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Fig. 4 |Bacterial repellence of Ti-APhS. a, Time-lapse images of non-motile
live GFP-expressing E. coli on bare, as-anodized and Ti-APhS samples. Scale
bars, 10 pm. b, Surface coverage on the samples shownin a. Line width
(shading) indicates mean + s.d. measured from three independent biological
replicates. c¢,d, Images (c, right) and surface coverage (d) of non-motile

bacteria on the samples shown in a after 4 h of bacterial exposure and
subsequent washing (depicted in the schematics on the leftin ¢; ***P < 0.001
(P=1.4 x107%) obtained by the Welch’s t-test). The statistical analysis was
obtained from N =3 independent samples, while five fields of view per sample
were stored and analysed. Scale bars, 10 pm.

(¢,) using bright-field reflectance microscopy, while the Ti-APhS were
immersed underwater. The solid-liquid area fraction was found to
be 0.0054 + 0.0047, indicating that the plastron covers ~99% of the
surface (Fig. 2e and Supplementary Fig. 11.3). Cross-sectional confocal
microscopy images confirmed the presence of the plastron (Fig. 2f).
The wetting of liquids on rough solid surfaces is described in
terms of the balance of the interfacial Gibbs energies of the solid,
liquid and vapour phases. Two wetting regimes, that is, Wenzel
(homogeneous or fully wetted, also known as the pinning regime) and
Cassie-Baxter (heterogeneous or composite surface of vapour and
solid, thatis, aerophilic, also known as the slippery regime), can coex-
ist on the same substrate (Fig. 2g, blue and dashed red lines), while
therelative value of the Gibbs energy minima and the barrier between
them depends on the chemical nature of the surface, the particular
surface topography and the wetting liquid**. It is generally accepted
that plastrons on artificial SHS are metastable. This means that a
transition from the Cassie-Baxter to the Wenzel wetting regime often
occurs, especially underwater'?. To adequately evaluate the wetting
regime as well as the stability of the plastron underwater, we applied
the methods proposed by Lafuma and Quéré* and Marmur?**, In the
first case, the critical (threshold) CA (6,) between the two wetting
regimes was calculated from cos(8,) = (¢, - 1)/(r - ¢,) and was found
tobe 6. =114.5° + 4.5° (Fig. 2g)*. Any value of Young’s WCA higher than
6.indicates the formation of the stable Cassie-Baxter wetting regime,
while SHS with values lower than 8. may exhibit either stable Wenzel
or metastable Cassie-Baxter wetting. Based on the calculations and
considering the limitations of the most stable CA measurements,

itissuggested that Ti-APhS may exhibit a stable Cassie-Baxter wetting
regime (Fig. 2g, shaded green rectangular area). To validate the under-
water stability of the plastron, calculations proposed by Marmur
were applied, where thermodynamic equilibrium and stability condi-
tions were formulated to minimize the solid-liquid contact area®. It
was postulated that for a sufficiently high roughness ratio (r;,), the
plastron is feasible and thermodynamically stable. The results are
shown in Fig. 2h for the upper limit of the measured ¢ for Ti-APhS,
thatis, 1.1% of the solid-liquid area fraction. This methodology also
shows that the obtained roughness of Ti-APhS, as well as the hydro-
phobic nature of the surfactant, can raise Ti-APhS above the mini-
mum roughness condition required for astable plastron underwater
(further discussionis in Supplementary Section 11).

The aerophilic lifetime of Ti-APhS was evaluated as follows: (1)
Ti-APhS trapped air bubbles for more than 208 days of continuous
submersion; this experiment is still ongoing as of this writing, with
nosigns of degradation (Supplementary Fig.11.4 and Supplementary
Video 4). (2) When submerged ata 50 cm depth, Ti-APhS exhibited an
aerophilic Cassie-Baxter regime for 14 days, while after 67 days, ~-10%
oftheareahad changed to the Wenzel regime (Supplementary Fig.11.5
and Supplementary Video 5). The latter is 36 times longer than any
state-of-the-art APhS submerged at 50 cm depth (assuming at least
50% plastron failure; Supplementary Table 2). A plastron lifetime of
30 days has previously been reported as ultra-stable®, while periods
longer than 50 days have been defined as aninfinite plastron lifetime™.
(3) Ti-APhS floated on water for 133 days due to the plastron, while with-
outaplastron, thesample sankimmediately (Supplementary Fig.11.6).
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Fig. 5|Marine anti-biofouling characteristics of Ti-APhS. a, Mussel

(G. demissa) adhesion test to determine the forces required to remove the mussel
from the substrate. b, Mean mussel adhesion strength on bare, as-anodized
(super-hydrophilic), Ti-APhS and polyurethane (PU) control samples. The blue
star indicates that the mussels failed to adhere to the coating surface. Error bars
shows.d.; N=6.c, Adult barnacle (A. amphitrite) reattachment test set-up.d, Mean
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adultbarnacle adhesion to bare, as-anodized (super-hydrophilic), Ti-APhS and
polyurethane control samples, as well as samples with commercial anti-biofouling
coatings (Intersleek 700,900 and 1100SR). The blue star indicates that the
barnacles did not reattach to the coating surface; the red starsindicate that the
barnacle shell and/or base plate broke during the test and remained on the coating
surface, thatis, a coating failure. Error bars shows.d.; N=6.

These results demonstrate that APhS with sufficient roughness can
effectively trap and retain an air plastron underwater for months.

The excellent water repellency of Ti-APhS is mainly due to the
stable plastron. Yet, mechanical robustness is essential for their usein
engineeringapplications, especially underwater. The mechanical dura-
bility of Ti-APhS has been studied by water jetimpact (70 psi), bending,
linear abrasion’ and sand*? abrasion, mimicking harsh outdoor condi-
tions. Ti-APhS retain their wetting properties under hot-water and
cold-waterjets (the calculated water jet force was 8.98 N, equivalent to
~900 g of mass impacting the surface; Supplementary Video 6), bend-
ing, twisting (Supplementary Video 7) and sand abrasion by hard and
heavy particles (Supplementary Fig. 12 and Supplementary Video 8).
Ti-APhS retaina CA greater than 150° after 20 cycles of linear abrasion
by astainless steel block, although the sliding angle increases (Supple-
mentary Fig. 13). The combination of a chemically bonded (intrinsic)
TiO,withirregularly shaped amorphous protrusions minimizes dam-
age propagation over alarge area, allowing Ti-APhS to exhibit excellent
resistance to compressive and tensile stresses'.

Blood repellency of Ti-APhS

Blood is a highly challenging fluid to repel due to its tendency to acti-
vate intrinsic haemostatic mechanisms, induction of coagulation and
platelet activation upon contact with a foreign body™®. Imbalanced
activation of coagulation influences the formation of blood clots
(thrombogenesis), which can obstruct blood flow and expose tissues
to ischaemia and infarction. Blood-repellent SHS aim to reduce the
thrombogenicity of blood-contacting devices and implants by mini-
mizing their contact with blood. The main challenge is the long-term
stability of the slippery wetting regime under physiological conditions
asthe plastron tends to disappear.

Since the Tialloy used in this study is the most widely used mate-
rial for implants, we investigated the blood-repellent properties of
Ti-APhSbyimmersingtheminacontainer ofblood (Fig.3).Asshownin
Fig. 3a-c, the Ti-APhS have an apparent blood CA 0f 169.6° + 6.4°
and a CA hysteresis of ~-14°, indicating very low blood adhesion
(Supplementary Video 9). Sessile blood droplets on Ti-APhS can
be easily removed with a paper wipe, leaving a clean surface free of
blood traces (Fig. 3d and Supplementary Video 10). We performed
asequentialimmersion of Ti-APhS in blood 99 times, keeping them
immersed for 1s during each cycle (Fig. 3e). The bare Ti surface
(control) was completely covered by blood after the first immer-
sion (Supplementary Fig.14a,b and Supplementary Video 11). Here,
the Ti-APhS are evenly coated on both sides and edges due to the
preparation process. Potentiostatic current transients confirmed the
continuity of the plastron (details are in Supplementary Section 15,
Supplementary Fig. 15 and Supplementary Video 12). Ti-APhS
immersed 99 times were completely free of blood on both sides
and edges (Fig. 3e and Supplementary Fig. 14c,d). Figure 3f shows
blood droplets rolling off on the Ti-APhS sample after 99 immersions,
confirming the stability of the plastron (Supplementary Video 13).
By comparison, FS-modified aluminium SHS, which had similar
wetting characteristics but a different morphology and mechanical
robustness, lost the plastron after only afew seconds of exposure to
blood (Supplementary Video 14).

The blood-repellent longevity of Ti-APhS was assessed by the
subsequent immersion in a container of blood for different lengths
of time (Fig. 3g-i). Ti-APhS were completely free of blood after 0.8 h
of immersion, while several small blood spots were observed after
1.8 hand removed by a brief rinse in water (Fig. 3j and Supplementary
Fig. 14e-g). The unique blood repellency of Ti-APhS is attributed to
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the synergy between plastron stability (enabled by surface topography
and chemistry) and mechanical robustness.

Bacterial repellency of Ti-APhS

Duetotheincreasein human life expectancy, metallicimplants made
of Ti-6Al-4V have become common practice in orthopaedic and dental
surgery**. However, the implant surfaces are prone to bacterial fouling
and biofilm formation, which are difficult to remove even with antibiot-
ics, potentially leading to severe postoperative surgical site infections™.
Biofilms grow onasolid surface covered by fluid*; therefore, reducing
the contact between a solid surface and a fluid containing bacteria,
such as APhS, is expected to affect biofilm formation and growth. We
investigated bacterial adhesion by exposing Ti-APhS to green fluo-
rescent protein (GFP)-expressing Escherichia coli (E. coli), while using
bare, as-anodized (super-hydrophilic) and bare-FS-modified (hydro-
phobic) substrates as controls. It has been shown that E. coli flagel-
lar filaments facilitate adhesion to wetted rough surfaces, allowing
them to penetrate crevices and form a dense, fibrous network within
ashort period of time'*”. Live confocal microscopy revealed a steady
increase in bacterial coverage on all control surfaces but coverage to
amuchlesser extent on Ti-APhS (Fig. 4a,b, Supplementary Fig.16 and
Supplementary Video15). Sliding time window analysis was applied to
identify non-motile bacteria as opposed to floating bacteria captured
onasingleimage. Thisrevealed a consistentincrease insurface cover-
age of the controls, while Ti-APhS showed little bacterial accumulation
(Fig. 4a). Quantification of bacterial surface coverage confirmed a
similar increase on all control substrates, while Ti-APhS showed only
asmallincrease (Fig. 4b).

To investigate whether the non-motile E. coli represent bacteria
adheringto the surface rather than bacteria trappedin the developing
biofilm, all of the examined surfaces were washed and analysed using a
shortsliding time window (Fig. 4¢). As shown, bacteria covered alarge
portion of the control samples even after washing, confirming that
our assay detected adherent bacteria. By contrast, the few bacteria
covering Ti-APhS after the exposure period were almost completely
removed after washing (Fig. 4d). This demonstrates the inability of
bacteriatoinfiltrate and adhere to Ti-APhS due to the stable air plas-
tron caused by a very small liquid-solid area fraction. Furthermore,
these data confirm that (1) prolonged immersion of rough surfaces
underwater promotes bacterial adhesion during long-term exposure,
(2) the fluorinated surfactant is generally non-toxic to bacteria and
allows comparable biofilm formation as demonstrated on bare Ti
surfaces and (3) Ti-APhS with their stable plastron retard bacterial
biofilm formation of E. coli.

Marine anti-biofouling performance of Ti-APhS

Preventing marine organismadhesionis considered a particularly chal-
lenging application for non-adhesive surfaces due to the short life of
the plastron (Supplementary Table 2)*. Here, we assess the protective
nature of the stable plastron of Ti-APhS underwater when exposed to
some of the most challenging marine organisms, such as mussels and
barnacles, knownas hard foulers. Thisis because marine mussels are able
toadhere firmly towet organic and inorganic surfaces through the secre-
tion of mussel foot proteins®®, while barnacles secrete a multi-protein
complex called biocement that hardens at the adhesion site and is
insoluble in water®’. The marine biofouling set-ups and results are
summarized in Fig. 5. As shown, mussel (Geukensia demissa) adhesion
was completely prevented by Ti-APhS over the three-day experimental
immersion period (Fig. 5a,b). Adult barnacle (Amphibalanus amphitrite)
re-adhesion occurred on Ti-APhS; however, the adhesion strength of the
barnacles was remarkably lower on Ti-APhS than on untreated controls
and comparableto the fouling release treatment Intersleek 700, that is, a
commercial anti-biofouling paint, over the 14-day experimentalimmer-
sionperiod (Fig. 5c,d). These results demonstrate that Ti-APhS prevent
biofouling over a prolonged period ofimmersion due tothe long-lasting

stable plastron, even in the presence of macro-fouling organisms that
use proteinaceous adhesives (mussels) and biocement (barnacles).
Theseresults further suggest that FS surfactant is non-toxic to marine
organisms, as evidenced by asimilaramount of barnacle reattachment
compared to non-toxic commercial paints.

In conclusion, despite intensive studies of super-hydrophobic
(aerophilic) surfaces in the past, the focus of research needs to be
adjusted todevelop long-lasting stable aerophilic surfaces underwater.
While the mechanical robustness of SHS has recently been demon-
strated, the metastability of the plastron has not been sufficiently
addressed. The transition from a heterogeneous wetting (Cassie—
Baxter) regime to a fully wetted (Wenzel) regime within a relatively
short period is primarily responsible for the failure of SHS/APhS in
general andin particular underwater, promoting undesirable processes
such as corrosion, chemofouling and biofouling due to their large
surface areas. Here, WCA and CA hysteresis, two main reported quanti-
ties, do not provide direct information on plastron stability, making it
difficult to predict the aerophilic performance of surfaces underwater.
Therefore, characteristics such as surface roughness, solid-liquid
area fraction and the most stable CA measured on a smooth surface
of the same hydrophobic origin are crucial parameters to shed light
onwhether the developed APhS are in a stable or metastable slippery
wetting regime. Despite decades of research, the study of aerophilic
surfaces still requires advanced characterization methods to obtain
and ensure an unambiguous interpretation of all the aforementioned
parameters. As we show, by determining the plastron stability infor-
mation, it is possible to extend the performance of APhS underwater
for months, inhibiting the attachment of blood, bacteria and marine
organisms. Our Ti-APhS demonstrate a similar marine biofouling reten-
tion compared to state-of-the-art commercial anti-biofouling paints.
The simple and scalable fabrication of uniformly rough Ti-6Al-4V
alloy surfaces of various geometries using inexpensive materials and
industrial electrochemical techniques, together with a facile approach
to surface energy reduction and mechanical robustness, makes this
method feasible for biomedical applications. Finally, our approach
to creating highly rough Ti surfaces with well-defined uniform mor-
phology can serve as an excellent scientific model for investigating
plastron stability to maintain aerophilicity over months to years for
highly demanding applications.
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Methods

Titanium electrochemical anodization

Tialloy sheets were cut to the following sizes: 25 x 25,40 x 50,50 x 60,
50 % 75,100 x 100, 10 x 200 and 100 x 200 mm. Before anodization,
the substrates were cleaned ultrasonically in acetone and ethanol for
10 min to remove contamination. The electrochemical cell consists
of a stainless steel (either 304 or 316 grade) counter electrode of
similar size to the Ti alloy sheet, a Ti alloy sheet/rod/coil used as a
working electrode and a 1.5 M NaOH aqueous solution used as the
electrolyte. Then 1vol% H,0, was added to the NaOH electrolyte
just before anodization. The counter and working electrodes were
placed10-20 mm away from each other depending onthe samplessize.
Anodization was carried out atan applied potential of 15V for 30 min.
When using large samples, the cell was keptin abig reservoir of water
atroom temperature. The anodization process could be repeated up
to three times with the same electrolyte. As-anodized samples were
thenremoved from the electrolyte, rinsed with deionized water and
dried under astream of N,.

Low-surface-energy coating

The fluorinated surfactant FS-100 (10 g) was dissolved in110f 95:5 vol%
ethanol/H,0 by ultrasonication and then kept in a closed container
under ambient conditions. As-anodized samples were immersed in
the FS solution. A plastic cover to prevent ethanol evaporation was
used to seal the surfactant container. A container with the samples
was placed in a muffle furnace preheated to +60 °C for 30 min. The
low-surface-energy Ti substrates (Ti-APhS) were then removed from
the FS solution, rinsed with ethanol and dried under a stream of N,.
To obtain the most stable CA, one that is most close to Young’s CA, Ti
samples were ground with SiC grinding paper (up to 1,200) and then
polished with anup to1 pm diamond suspension. After polishing, the
samples were cleaned in an ultrasonication bath with acetone and
ethanol. Subsequently, the polished Ti samples were anodized for 5 s
atanapplied potential of 15 Vin NaOH/H,0, electrolyte to form a thin
dense TiO, layer followed by the standard FS modification procedure.

Characterization techniques

Wetting characterizations. WCA measurements. The apparent WCA
measurements, when possible, for Ti-APhS were carried out using an
Attension Theta CA goniometer (Biolin Scientific). A small drop was
deposited on the surface, its volume was increased to ~10 pl and the
WCA was measured. An error of +5° was added to the obtained s.d.
values to include the measurement inaccuracies based on a model,
where the droplet baseline is deviated by +1 pixel level®. For roll-off
measurements, the drop volume was 10 pl. The tilting speed was 10°
per minute, and the image recording was performed at 2.3 frames
persecond (f.p.s.). All values specified in the text were averaged from
atleast threeindependent measurements.

Most stable CA measurements. The most stable WCA measure-
ments were performed using polished (mirror-like) Ti alloy surfaces,
anodized forashorttimeintheregularelectrolyte toformathindense
TiO, layer followed by the FS modification (p-TiHS). Since there is no
common methodology to determine the most stable CA, we measured
advancing and receding CAs, which are the maximum and minimum
apparent CA values, respectively. An apparent CA could then be any
value between these two limiting values®. The advancing and receding
WCAs were measured using the DSA100 CA goniometer (KRUSS) as fol-
lows: adrop of 20 plvolume wasinfused on p-TiHS atarate of 0.05 pls™,
the drop of 40 pl was withdrawn on p-TiHS at a rate of 0.05 pls™ and
image recording was performed. The shape of a sessile drop was cal-
culated using the Ellipse method (Tangent-1) by KRUSS Drop Shape
Analysis software. All values specified in the text were averaged from at
least three independent measurements. Since it is not possible to pol-
ish ametallic surface to atomically smooth topography, we compared
the advancing and receding WCA values obtained from p-TiHS with

the FS-modified Si/SiO, substrates (MicroChemicals GmbH, Si(100)
p-type +100 nm SiO,) with nanometre-scale roughness.

CAand hysteresis measurements of Ti-APhS immersed long term
underwater. The apparent WCA measurements of Ti-APhS immersed
at 50 cm depth underwater were carried out using a DSA100 CA goni-
ometer (KRUSS). Drop Shape Analysis software provided by KRUSS
was applied to fit the droplet profile. The WCA was calculated using the
Laplace-Young method of sessile drop. The drop volume was ~10 pl.
An error of £5° was added to the obtained s.d. values to include the
measurement inaccuracies based onamodel®. For CA hysteresis, the
drop volume of 10 pl was increased and decreased at arate of 0.05 pl s™,
and a video was taken. The fitting was performed using the Ellipse
method (Tangent-1) using the KRUSS Drop Shape Analysis software.
The calculated values obtained by the Ellipse fitting algorithm for
CA hysteresis are lower than those calculated by the Laplace-Young
fitting algorithm for the apparent CA; therefore, the difference in the
apparentand receding CAs should be considered only as CA hysteresis
(notthe absolute calculated value). All values specified in the text were
averaged from at least three independent measurements.

Confocal microscopy imaging of plastron. Confocal imaging of
the plastron was done as described previously with small changes?.
Briefly, Ti-APhS were imaged using a x20, 1.0 W (Zeiss) objective lens
with adeionized water droplet between Ti-APhS and an objectivelens.
Z-stacks were collected at 200 nm steps while recording reflection
images (458 nm laser line) from the sample using a regular upright
confocal microscope (Zeiss Examiner LSM710). The confocal pinhole
was closed to ~0.1 Airy units to maximize the resolution.

Morphology and physicochemical characterization. For morpho-
logical characterization, a field-emission SEM instrument (Hitachi
FE-SEM S4800) was used equipped with EDS (EDAX Genesis). X-ray
diffraction analysis (X'pert Philips MPD with a Panalytical X'celerator
detector) using graphite monochromized CuKa radiation (wavelength,
1.54056 A) was applied for determining the crystallographic com-
position of the samples. The composition and the chemical state of
the films were characterized using XPS (PHI 5600), the spectra were
shifted according to the C 1s signal at 284.8 eV and peaks were fitted
by Multipak software.

Surface roughness measurements. Atomic force microscopy. An
AFM NanoWizard from JPK with uMasch HQ:NSC18/Al BS cantile-
vers was used to obtain the roughness parameters of the samples
of Ti-APhS. All images were taken in a.c. mode at a high resolution
0f1,024 pixel x 1,024 pixel and a slow line scan rate of ~0.05 Hz. The
images were analysed using the Gwyddion software as suggested by
the manufacturer. Statistical analysis of the roughness of Ti-APhS was
determined fromatleast three spots and threeindependent samples.

Optical profilometer. To obtain surface roughness, a
high-resolution non-contact white-light profilometer CyberScan CT
100 equipped with aP-CHR-600 sensor that provides a height resolu-
tion of 20 nm (Cyber Technologies) was used.

Laser confocal microscopy. A laser confocal microscope
(VK-X3100, Keyence) equipped with a laser of A = 404 nm wavelength
was applied. The laser confocal microscope provides a resolution
of 0.1nm in height and width, and an accuracy of <2% from meas-
ured values. An optical aperture of x150 was used to measure spots
0f1,000 x 1,000 pm. In all cases, at least four independent spots were
measured to obtain statistically relevant values of the roughness.

Solid-liquid area fraction measurements. A polystyrene Petri dish
was filled with deionized water to a height of -1 cm. The samples of
Ti-APhS were thenimmersed underwater and forced to sink to the bot-
tom. The solid-liquid area fraction was obtained using a Nikon Eclipse
LV150 microscope equipped with a Nikon DS-Fil camerain bright-field
reflectance mode.
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Mechanical robustness. Linear abrasion test. ATABER Linear Abraser
(Abrader) Model 5750 was used with a steel block (AISI 316) as the
abradant. The steel block was in contact with the surface of Ti-APhS
(contactareaof1.5 x 10 mm) and moved linearly, producing an abraded
area of 13 x 10 mm. The force applied was 2.4 N, resulting in a pres-
sure of 0.16 MPa. The speed at the centre of the abraded region was
27 mm ™. The steel block was moved for 20 cycles to obtain the final
abradedregion.

Sand abrasiontest. Yttria-stabilized zirconia particles (total mass
of35g,>16,000 particles) with adiameter of 0.8 mm (2.1 mg) impinged
the surface from a height of 0.4 m, corresponding to an impinging
energy density of 7.8 x107®J, which is two orders of magnitude higher
than sandsilica particles, and at a velocity of 2.8 m s™ per particle.

Water jetting. Hot or cold water was injected through a 3.9 mm
nozzle faucet at 70 psi pressure, equivalent to a water jet velocity of
31.07 ms™. Theimpinging force was calculated as follows: F=p x A x U?,
where p is the water density, A is the nozzle area and Uis the jet veloc-
ity. The calculated impinging force was 8.98 N, which is equivalent to
~900 g of impinging mass.

Bending and twisting of Ti-APhS. Ti-APhS prepared onfoil withan
areaof of 10 x 200 mm and thickness of 250 pm were soldered to hard
handles atbothends, which enabled us tobend and twist it underwater
to identify plastron stability (the reflectivity of the surface due to the
plastron) under compressive and tensile stresses.

Micropipette force sensor measurements. The contact-line friction
of water drops moving on the samples of Ti with SHS/APhS was probed
using MFS according to a previously developed protocol”. In short,
straight micropipette cantilevers were manufactured from thick glass
capillaries (inner diameter/outer diameter, 0.75 mm:1 mm; World Preci-
sionInstruments) using a micropipette puller (Narishige) and cutting it
withamicroforge (Narishige). The cantilevers were calibrated using a
water droplet of different volumes as a control weight*’. The MFS used
in this work had a spring constant of k,=12.0 £ 0.2 nN pm™, where p
means pipette. In friction experiments, the sample to be probed was
placed onamotorized xyzstage, and the MFS cantilever was vertically
mounted above the sample. The entire set-up was mounted onanactive
anti-vibration table (Halcyonics_i4large, Accurion) to damp the noise.
A Canon 90D camera with a Canon MP-E macro lens was mounted at
the side toimage the drop and micropipette at 60 f.p.s. At first, aMilliQ
water drop was placed on the glass micropipette also to rest onthe sur-
face. The sample was shifted inthe y direction (away from the camera)
to place the micropipette in its equilibrium (F= 0 nN) position. The
camerawasthentriggered (tofirst capture the F = 0 nN position of the
MFS) and -4 s later, the motor started moving at velocity v=0.1mms™
inthexdirection (tothe side, as viewed from the camera). The sample
was scanned for ~20 s before the camerawas turned off and the motor
stopped. Analysing the deflection (Ax) of the force-calibrated micro-
pipette, the force was calculated as F = k,Ax. The contact-line friction
(F,) was determined by taking an average of the force datain thesliding
friction regime (Supplementary Fig. 10a). MFS friction experiments
were performed on both sides of three different samples using dif-
ferent drop volumes (V'=1-10 pl). The friction force was compared
to the contact area diameter (D), which was measured with side-view
videos. The resulting F, versus D graph is shown in Fig. 1g of the main
manuscript, where the linear F,/D slope represents the slipperiness
of the sample, that is, a lower slope indicates higher slipperiness. As
shownin Supplementary Fig.10b, F,/yD (y, surface tension) is plotted
for different samples to show how Ti-APhS compared to other SHS.

Oscillating droplet tribometer measurements. ODT measurements
on samples of Ti-APhS were performed using a previously described
protocol*. The ODT measures the friction and the viscous forces
affecting a water-like ferrofluid droplet from the oscillation motion
ofthedroplet. The ferrofluid droplet oscillates in a harmonic magnetic

potential well at zero vertical component formed with two perma-
nent magnets. The oscillation of the droplet is caused by moving the
permanent magnets in a sinusoidal fashion for two oscillations near
the resonance frequency of the ferrofluid droplet. The motion of the
droplet was captured using a Phantom V1610 high-speed camera at
1,000 f.p.s., and the droplet location was determined as the droplet
centroid using Matlab script. The droplet centroid motion was then
fitted to an analytical model of the general harmonic oscillator by
viscous and friction force®®. The viscous coefficient and friction force
were obtained from the fit. The Ti-APhS were characterized using 5 pl
ferrofluid droplets with an iron oxide nanoparticle concentration of
0.2vol%. Three different Ti-APhS were measured ten times onthe same
spot. The ODT measures aslightly larger dimensionless friction (F,/yD)
compared to MFS (Supplementary Fig. 10b). This is due to the ODT
measurement scanning a region of centimetre scale, averaging over
all different pinning sites at varying friction force values.

Blood adhesion experiments. Fresh pig’s blood was provided by
Unifleisch. Sodium citrate (0.5 vol%) was added to the fresh blood
to prevent clotting. The tubes were then placed on acircular rotator
at 20 r.p.m. for 5 min to homogenize the content prior to experi-
mentation. Ti-APhS were sequentially immersed 99 times (RDC 15
Dip Coater, Bungard Elektronik) in the container containing blood
and holdingitfor1severycycle. For time dependent measurements,
the Ti-APhS were sequentiallyimmersed in the container containing
bloodforl,5,10,30, 60,300, 600,1,800 and 3,600 s. After 3,600 sin
blood, the sample was immersed in the container with water. Blood
CA measurements were performed by a CA measurement system
(DSA100, KRUSS) at room temperature. The droplet volume for the
measurements was 5-10 pl, and the macroscopic droplet profile was
captured on camera. The droplet profile was fitted by Drop Shape
Analysis software provided by KRUSS. The apparent blood CA was
calculated using the Laplace-Young method for asessile droplet. Note
that the blood droplet shape is asymmetrical; therefore, an error of
+5°wasadded to the obtained s.d. values toinclude the measurement
inaccuracies based onthe Laplace-Young fitting model. All CA values
specified in the text were averaged from at least three independent
measurements. The CA hysteresis of the blood droplet was analysed
using a custom CA analysis algorithm, which has been validated
against commercial software for super-hydrophobic surfaces?*%*.
The code analyses the CAs with the polynomial tangent method,
whichis one of the commonly used methods among Laplace-Young
and circular fit***, In the analysis, a frame of the video is initially
cropped so that only the droplet and its reflection are visible. This
cropped image is turned black and white by thresholding the illumi-
nation value such that the droplet and its reflection are white, and
thebackground is black. Thisallows oneto search for the edge of the
droplet as the points where the pixels change from black to white or
white to black. The baseline is found as the thinnest part between
the droplet and its shadow. A fourth-degree polynomial is fitted to
the edge points of the droplet on each side separately, and the CA is
calculated as the tangent of the polynomial at the baseline level. The
baseline is assumed horizontal to the video, which causes errorsin
the measurement if the sampleis tilted.

Anti-bacterial characterizations. Bacterial stock preparation.
E. coli (DH-5alpha) expressing cytoplasmic GFP were generated using
the pGLO bacterial transformation kit (Bio-Rad). The stock culture
was generated from an agar stock plate, from which one or two colo-
nies were transferred to growth medium. All cultures were incubated
overnight at 37 °C in 5 ml Tryptic Soy Broth growth medium (Becton
Dickinson) and kept shaking continuously in an orbital shaker at a
speed of 150 turns min~’. The concentration of bacteria was meas-
ured by UV-visible spectroscopy at a wavelength of 600 nm (opti-
cal density, OD¢gonm) Versus pure medium (control) and calculated
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according to the following equation:1.000 OD¢ynm = 8 X 108 CFU ml™
(CFU, colony-forming unit; ref. 45).

Confocal microscopy analysis of bacterial attachment. Bare
(untreated) samples, as-anodized samples and Ti-APhS (25 x 25 mm)
were imaged using an upright laser scanning confocal microscope
system (Leica, SP5) using a x20, 1.0 numerical aperture, dip-in objec-
tive lens. Material samples for all surfaces were mounted in a10 cm
cell culture dish and immersed in 30 ml LB medium (Carl Roth). Five
fields of view per material sample were stored for time-lapse imag-
ing before substitution of 15 ml LB medium by 15 ml GFP-expressing
E. colibacteria suspension in 0.5% L-arabinose at an optical density
of ~1.000. Subsequently, fluorescent image stacks (74 x 74 pm and
6-20 um depth) were recorded at each position over 3.5-4.5 h (frame
rate, 3-7 min). Image stacks were maximum projected prior to analysis
using Python-based image processing*. Non-motile bacteria were
distinguished from diffusive bacteria using a sliding time window
analysis. Non-motile bacteriawere determined for each time window by
calculating the lower quartile of the pixelintensity distribution across
thetimestepsincludedinthe respective time window (23-30 min, cor-
responding to 3-7 consecutive frames), resulting in images in which
pixels are bright only when the original signal is high over time, that s,
non-motile bacteria. Yen thresholding across the last images of every
surface was used to segment non-motile bacteria with one common
threshold for each experiment”. After time-lapse imaging, the bacteria
suspension was removed and samples were washed three times with
phosphate-buffered saline, followed by short time-lapse imaging for
three consecutive frames, which were maximum projected and ana-
lysed again by single time window analysis of the lower quartile pixel
intensity distribution as described above. Welch'’s t-test, which assumes
unequal variances, was applied to calculate statistical significance.

Marine anti-biofouling characterizations. Barnacle reattachment
and adhesion. The bare samples, as-anodized (super-hydrophilic)
samples, Ti-APhS, polyurethane control (polyurethane standard pre-
pared at North Dakota State University**) and commercially available
anti-biofouling paints Intersleek 700, 900 and 1100SR were used to
assess the reattachment and adhesion of barnacles. Five adult barna-
cles (A. amphitrite) of testable size (>5 mm basal diameter) were dis-
lodged from glass panels coated with Silastic T2 and placed on coated
100 x 200 mm Ti-APhS and control plates. Immobilization templates
were then applied to each panel to anchor barnacles to the coated
surfaces and then transferred to an artificial saltwater aquarium tank
system. The reattached barnacles were fed daily with freshly hatched
brine shrimp nauplii (Artemia sp.). After 14 days of reattachment in
the aquarium system, the samples were removed from an artificial
seawater aquarium tank and mounted on a semi-automated push-off
deviceto measure the peak adhesion force of thereattached barnacles
during release from the surface. The area of the barnacle base plates
was measured using SigmaScan Pro software package (SigmaScan Pro
5.0, Systat Software). The adhesion strength was calculated by normal-
izingthe detachment shear force to the basal area. Barnacle adhesion
foreach coating was reported as the mean value of the total number of
barnacles that had ameasurable detachment force. Barnacles that had
no measurable force for detachment were counted as ‘not attached’
and notincluded in adhesion calculations.

Marine mussel attachment and adhesion. Freshly collected adults
of the ribbed mussel G. demissa (3-5 cm in size) were obtained from
Duke University Marine Laboratory in Beaufort, North Carolina, USA,
and housedin an Aquarium Society of Winnipeg (ASW) aquarium tank
system with continuous monitoring and maintenance of pH (8.0-
8.2) and salinity (35 ppt). Prior to attachment studies, a 4 cm section
of acetal plastic rod (product no. 98873A105, McMaster-Carr) was
adheredto the shell of each mussel, perpendicular to the ventral edge,
using a 3M acrylic adhesive (product no. 7467A135, McMaster-Carr).
Custom-designed templates fabricated from polyvinyl chloride

sheets were then used toimmobilize six mussels each onto the coated
100 x 200 mm Ti-APhS and control plates, using set-screws to firmly
secure the adhered, plastic rods. The samples were placed in the ASW
aquarium system, and the mussels were fed daily with live marine
phytoplankton (DTs Premium Reef Blend Phytoplankton). After three
days ofimmersion, the mussels were removed from the ASW aquarium
tank system, and the total number of mussels exhibiting attachment of
byssus threads wasrecorded for each surface. The rod of each attached
mussel was then secured to anindividual 5 Nload cell of acustom-built,
tensile force gauge outfitted with six loads of cells to enable simultane-
ous measurements of allattached mussels. The total force required to
detach the byssus threads for eachmussel was recorded (1mm s pull
rate) and the average pull-off force value (in newtons) for all attached
mussels was calculated for each coating surface.

Data availability

All data are available in the main text or Supplementary Information.
All relevant data are available from the corresponding authors upon
reasonable request.
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