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Abstract: While nanoscale nipple arrays are expected to reduce light reflection and/or dust contam-
ination in some insects, similar structures have been reported in various marine invertebrates. To
evaluate the anti-contamination property of the structure in aquatic regimes, we measured the ad-
sorption and adhesion forces on the flat surface and MOSMITE™ (Mitsubishi Chemical Corporation,
Tokyo, Japan), a synthetic material mimicking the nipple array, under water. A small force toward
the surface occurred when the probe approached the substrate surface. This adsorption force was
significantly smaller on MOSMITE™ than on the flat surface. The adhesion force toward the surface
occurred when the probe was detached from the surface, and it was also significantly smaller on
MOSMITE™ than on the flat surface. The adhesion force in the air was much greater than the force
under water, and the force was also significantly smaller on MOSMITE™ than on the flat surface. In
the aquatic regime, the nipple array provides less adsorption/adhesion properties for the surface
and thus, the organisms would have less contamination of microparticles on their body surface. As
the adsorption and adhesion forces are also involved in the attachment of cells, tissue, and larvae,
less adhesive body surfaces should be beneficial for survival in aquatic environments, as well as
land environments.

Keywords: adhesion force; adsorption force; anti-contamination; aquatic regime; Atomic Force
Microscope (AFM); colloidal probe; moth-eye structure; MOSMITE™

1. Introduction

Some microscopic structures of biological surfaces are known to provide amazing
functions for various organisms, such as self-cleaning [1], water capture [2], reduction in
fluid friction [3], and super-hydrophobicity for floating on the water surface [4,5]. These
structures and functions have attracted attention as resources for biomimetic applications.
Nanoscale nipple arrays (or “moth-eye structures”) were originally reported from the
cornea of the compound eyes of a night moth [6] and this surface structure forms a gradient
of refractivity, resulting in the reduction in light reflection and the increase in light trans-
mittance [6,7]. This structure can be regarded as a multifunctional structure; the nipple
array on the cicada wing and the cornea of some insects was shown to reduce adhesion
and water wettability and may serve anti-contamination and anti-wetting purposes, re-
spectively [8,9]. Furthermore, Ivanova et al. [10,11] proposed the bactericidal properties
of the nipple array. Nanoscale nipple arrays and similar structures have been found in
terrestrial insects as well as various invertebrate taxa inhabiting aquatic environments, such
as annelids, echinoderms, sessile and pelagic tunicates, and endoparasitic copepods [12-19].
The convergent evolution of similar structures may imply their functional importance in
the survival of organisms. However, the major functions of the structure may not always
be the same among organisms as the structures occur in organisms of various sizes, life
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histories, and habitats. However, there are few studies on the potential functions of nipple
arrays in aquatic environments. The simulation, based on the rigorous coupled wave
analysis, supported the assertion that the nipple array reduces surface reflectance under
water, but the reduction effect is estimated to be much smaller than that in terrestrial
environments because of the smaller difference in refractive indices between water and the
body surface [20,21].

The following potential underwater functions were evaluated using synthetic mate-
rials, i.e., nanopillar sheets and MOSMITE™ (Mitsubishi Chemical Corporation, Tokyo,
Japan), as a mimetic model for nipple arrays compared to a flat surface made of the same
material: the inhibition of bubble attachment [22]; the suppression of cell spreading and
phagocytic activity [23]; and the reduction in larval settlements [23,24]. The results suggest
that the nipple array is less adhesive than a flat surface. Aquatic organisms are exposed
to fine mud grains and other microscale particles that are usually suspended in water,
and the adhesion of these particles may reduce the structural and chemical functions of
the body surface. Therefore, a reduction in surface adhesiveness would be beneficial for
aquatic organisms. Under atmospheric conditions, the measurement of the adhesion force
using Atomic Force Microscopy (AFM) demonstrated that nanoscale nipple arrays reduce
surface adhesiveness [8,9]. In the measurements in the aerobic regime, a thin water film
is supposed to exist between the substrate surface and the AFM probe and the water film
forms a meniscus that generates a large adhesion force owing to the surface tension. On
the other hand, the adhesion force on the surface under water is expected to be much
smaller than that under atmospheric conditions because the meniscus is not formed in the
aquatic regime. Therefore, it is necessary to measure the adhesion force on the nipple array
structure in aquatic conditions to elucidate the biological functions of this nanostructure. In
the present study, we measured the surface adhesiveness of MOSMITE™ and the flat film
under water using AFM with a SiO; colloidal probe, assuming a clay particle. The present
study aimed to clarify whether the nanoscale nipple array adheres less to microparticles
than a flat surface under water as is known to happen in the air. Additionally, by using
a cone probe, we also confirmed that the surface structures of MOSMITE™ are the same
underwater as under atmospheric conditions.

2. Materials and Methods
2.1. Materials

MOSMITE™ (E075M2N) and flat film were generously provided by Mitsubishi Chem-
ical Corporation (Tokyo, Japan). In these films, acrylic resin was coated onto the base films
of polyethylene terephthalate to form nanostructures. One side of MOSMITE™ film has
a ‘moth-eye structure’ that is a nipple array about 100 nm in height, while there were no
structures on the flat film (Figure 1). The other side of the film was covered with a layer
of adhesives. The MOSMITE™ films and flat films were cut into approximately 5 mm
squares. To calibrate the AFM probe in the same environment with geometrical observation
and adhesion force measurement, a pair of MOSMITE™ and flat films was pasted on a
glass-bottom dish, 60 mm in diameter (P60G-1.5-30-F, MatTek Co., Ashland, MA, USA).
The dish was filled with distilled water for the underwater measurement.

2.2. AFM Measurement of Surface Structure

The geometrical properties of the MOSMITE™ were examined using AFM (NanoWiz-
ard IV AFM, Bruker Nano GmbH, Berlin, Germany). The AFM was mounted on top of an
inverted optical microscope (IX73, Olympus, Japan), equipped with a digital CMOS camera
(Zyla, Andor Technology Ltd., Belfast, UK). We applied the AFM quantitative imaging
(QI) mode [25] and obtained a force—displacement curve at each pixel of 128 x 128 pixels
(1 x 1 pm of measured area). A precisely controlled contact scanning test was employed
with triangular silicon nitride cantilevers and a cone probe (DNP-10 (cantilever C), Bruker
Co., Billerica, MA, USA) at a pre-calibrated spring constant (0.321 N/m in the air and
0.349 N/m under water) and a nominal tip radius of 20 nm (typical value).
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Figure 1. Ultrastructure of the film surface in scanning electron microscopy (SEM: (a,b)) and trans-
mission electron microscopy (TEM: (c)). (a), flat film; (b,c), MOSMITE™. Scale bars: 0.5 um in (a,b);
0.1 um in (c).

The scanning observations were carried out in the air and then carried out under water.
Prior to scanning, the probe was dehydrated and decontaminated by plasma exposure
(atmospheric pressure, 10 Pa; current, 5 mA; exposure time, 2 min x 3 times) with soft
plasma etching equipment (SEDE-GE, Meiwafosis Co., Ltd., Tokyo, Japan). Before the
force measurement in the air, the static electricity of the sample was eliminated using a
fan-type ionizer (KD-750B-1, Kasuga Denki, Ink., Kawasaki, Japan). In the scanning tests,
each indentation of the probe was performed until the indentation force reached 3 nN.
The obtained force curves were integrated into the AFM images and the profiles of the
cross sections using the data processing software (JPK Data Processing Version spm-6.1.110,
Bruker Nano GmbH, Berlin, Germany). Due to the high aspect ratio of the nipples and the
short pitch between the nipples, the tip of the probe did not reach the bottom of the nipple
array. Therefore, the measured values were reliable for the pitch and apical shape of the
nipples, but not for the height of the nipples.

2.3. AFM Measurement of Adsorption and Adhesion Force

The same AFM system was employed for the measurements to compare the forces
on the MOSMITE™ and flat surfaces. We applied the AFM contact mode and obtained
a force—displacement curve at each pixel of 8 x 8 pixels (1 x 1 pum of measured area). A
rectangular silicon nitride cantilever with a colloidal probe (4-um diameter) attached by
the manufacture (SD-Sphere-CONT-L, NanoWorld-AG, Neuchatel, Switzerland) was used
for the measurements. The pre-calibrated spring constants were 0.206 N/m in the air and
0.216 N/m under water. In this study, we aimed to estimate the adhesion force between a
particle of clay drifting in a water column and the marine organisms, with or without nipple
array structures, and we used a 4-um sphere colloidal probe whose surface material was
SiO,, due to the following reasons. Clay is generally composed of two basic components, a
silica tetrahedral sheet and an aluminum octahedron sheet [26,27], and SiO; is one of the
main theoretical components of clay without interlayer materials. The diameter of clay is
defined as less than 5 um [28].

As with the measurement of the surface structures, the force measurements were
carried out in the air and then carried out under water. Prior to the measurements, the probe
was dehydrated and decontaminated by plasma exposure. Before the force measurement
in the air, the static electricity of the sample was eliminated using an ionizer in the air. In
the measurements, each indentation of the probe was performed until the indentation force
reached 20 nN. The range of the vertical movement of the cantilever was 1 um, and each
indentation was carried out at a speed of 0.2 um/s. The force measurement comprised two
phases: extension and retraction. At the beginning of the measurement, the probe was fully
separated from the sample (a flat film or MOSMITE™). The force applied on the probe was
measured as the vertical deflection and the value was zero at this original position. In the
extension phase, the probe was extended toward the substrate surface until the distance
between the probe and the surface reached zero and the probe was slightly pushed against



J. Mar. Sci. Eng. 2022, 10, 81

40f 10

the surface. The probe was then retracted to its original position in the retraction phase.
The data were analyzed using data processing software to obtain the force curves.

2.4. Statistics

The measured values under water and in the air or on MOSMITE™ and the flat film
were compared using the Student t-test or Mann-Whitney U-test, following the Shapiro—-
Wilk test for normality and F-test for equal variances, in R version 3.5.1 (RRID:SCR_001905)
and RStudio (RRID:SCR_000432).

3. Results
3.1. Surface Structure

The AFM images of the MOSMITE™ surface measured under water and in the air were
similar to each other (Figure 2a,b). The pitches of the measured nipples were 82.8 £ 28.3 nm
(average £ SD, N = 10) under water and 92.9 &+ 16.8 nm (N = 9) in the air (Figure 2¢,d).
Significant difference was not supported between them (Student ¢-test, p = 0.365). The
heights under water (22.6 £ 10.9 nm, N = 11) were significantly greater than those in air
(12.9 £ 5.0 nm, N = 10) (Mann-Whitney U-test, p < 0.05) (Figure 2c,d), but the values
of the height measurements were not reliable as explained in the method section. The
noise (deformations of the baseline of the force curves) caused by static electricity was
occasionally observed in the measurements in the air.

AN

V)o 600 | sod| 1000
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Distance (nm)

Figure 2. AFM images of the MOSMITE™ surface under water (a,c) and in the air (b,d). The profiles
(c,d) are the cross sections along the blue lines in (a,b), respectively.

3.2. Adsorption and Adhesion Force

Figure 3 shows a case of the measurement on the flat surface (a) and on the MOSMITE™
(b) under water. In the graphs, the extension phase begins at the right end of the graph
and moves leftward, and the value of the vertical deflection rises sharply when the probe
touches and presses the substrate (blue line). The retraction phase begins at the left end
(distance = 0), where the probe presses the substrate and moves rightward (red line).
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Figure 3. Measurement of adsorption force and adhesive force on the flat surface (a) and MOSMITE™
surface (b) under water. The probe was extended toward the film surface (blue lines), slightly pressed
on the film, and then retracted (red lines). When the probe just touched the surface, the distance from
the surface was zero. The arrowheads indicate the adsorption force. The two-way arrow indicates the
adhesion force on the surface.

In the extension phase of the measurement under water, the force curve shows jump-in
behavior when the probe approached the flat surface. This force applied on the probe
toward the surface was called the adsorption force in this study. In Figure 3a, the adsorption
force occurred within approximately 30 nm of the surface and was 0.6 nN at the maximum;
these values were slightly variable among the measurements. The forces were small or
undetectable on MOSMITE™ (Figure 3b). In 64 measurements for each of the substrates
under water, the adsorption force was 0.91 & 0.33 nN (average =+ standard deviation) on
the flat surface and 0.20 & 0.15 nN on the MOSMITE™. The adsorption force on the flat
surface was significantly greater than that on the MOSMITE™ (Mann-Whitney U-test,
p <0.001) (Figure 4a). Besides the adsorption force, in some measurements, small repulsive
forces were recorded just before the probe snapped onto the surface during the extension
phase (Figure 3). The considerable noise due to static electricity made it impossible to
measure the adsorption force in the air reliably.

In the retraction phase of the measurement under water, the force toward the sur-
face was applied to the probe when the probe was detached from the surface (Figure 3).
This force was called adhesion force in this study. Under water, the adhesion force was
3.9 £ 0.33 nN (average =+ standard deviation, N = 64) on the flat surface and 1.0 £ 0.26 nN
(N = 61) on the MOSMITE™. In the air, the adhesion force was much larger than the force
under water: 105 + 31 nN (average =+ standard deviation, N = 58) on the flat surface and
13 £+ 4.6 nN (N = 64) on the MOSMITE™. The adhesion force on the flat surface was
significantly greater than that on the MOSMITE™ under water (Mann-Whitney U-test,
p <0.001) (Figure 4b) as well as in the air (Mann-Whitney U-test, p < 0.001) (Figure 4c).
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Figure 4. Comparison of the adsorption force and adhesion force on the flat surface and the
MOSMITE™ surface. (a), Adsorption force under water. (b), Adhesion force under water. (c), Adhe-
sion force in the air. Significant differences were tested using the Mann-Whitney U-test.

4. Discussion

Underwater AFM measurements with a cone probe with a 20-nm tip confirmed the
size and shape of the nanoscale nipple array of the MOSMITE™ in the air. Measurements
with the colloidal probe under water also showed that the MOSMITE™ adsorbs less and
adheres less to the microparticles than the flat film, indicating the anti-contamination
property of the nipple array in the aquatic regime, as reported in the aerobic regime. In
addition, the surface properties of the MOSMITE™ under water may expand the potential
applications of this biomimetic material that can be mass produced.

In the AFM images obtained under atmospheric and aquatic conditions, the shapes of
the apical parts of the nipples on the MOSMITE™ were similar to each other (Figure 2a,b)
and were consistent with the scanning and transmission electron micrographs of the
MOSMITE™ (Figure 1b,c). The pitch of the nipples was almost the same as the pitch in the
electron micrographs. Therefore, it is considered that the nipple-like structures were not
deformed, swollen, or shirked under water. The height of the structure was much shorter
in the AFM measurements (Figure 2c,d) than in the electron micrographs (Figure 1b,c)
because the probe tip did not reach the bottom of the nipple array due to the high aspect
ratio of the structure. Moreover, the measured height in the air was shorter than that under
water, likely due to electrostatic interference in the measurements.

In AFM measurements with a 4-um diameter colloidal probe under water, a small
force toward the surface was exerted on the probe when the probe came within several
dozen nanometers of the substrate surface. Accordingly, the microparticle approaching the
surface would be pulled and attached to the surface by this force, which was assigned as
the adsorption force. While the force was only approximately 1 nN on the flat surface, it
may facilitate the attachment of the particles. On the MOSMITE™, the adsorption force
was significantly smaller than the force on the flat surface (Figure 4a), indicating that
the nipple array suppresses the adsorption of the particles on the surface in the aquatic
regime. The adsorption force recorded in our measurements was so small that we could
not measure the force in the air due to fluctuations in the measured values caused by
electrostatic interference. A small repulsion force was also recorded in some underwater
measurements, suggesting that a small electrostatic repulsion may occur even in the aquatic
regime. This small force was overcome by a larger adsorption force that snapped the probe
onto the surface.

When the colloidal probe was detached from the flat surface, a force toward the surface
was exerted on the probe. This force was assigned as an adhesion force that would operate
on the particle to fix it onto the surface. On the MOSMITE™, the adhesion force was
significantly smaller than the force on the flat surface (Figure 4b), indicating that the nipple
array facilitates the detachment of the particles from the surfaces in the aquatic regime. The
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adhesion force was much greater in the measurements in the air, likely because the surface
tension of the water meniscus formed between the particle and the surface generates an
adhesion force in the aerobic regime but not in the aquatic regime. In the air, the force on
the flat surface was significantly greater than the force on the MOSMITE™ (Figure 4c), as
reported in previous studies in which the colloidal probes were different in size from the
probe used in the present study [8,9]. On the immobilized nanoparticles (26, 44, 53, 98, and
152 nm in diameter), the adhesion force between the nanoparticles and the probe coated
with Escherichia coli cells was the smallest on the 98-nm particles, and the size effects on
the adhesion forces was considered to be due to the difference in local effective contact
area [29]. Whereas the values of the adhesion force would be variable depending on the
particle size, material hardness, and other parameters, it may be interesting that the nipple
array approximately 100 nm high is common in both terrestrial and aquatic invertebrates,
such as the lepidopterans [30] and the ascidians [16]. The shape of the nipples is also
linked with their functional properties. Several patterns and various transitions have been
described in the corneal nanostructures in insects [31], and partially merged protrusions are
less adhesive and more reflective than individual protrusions in the corneal nipple array of
fruit flies Drosophila spp. [32].

The adhesion force in the aquatic regime (= 4 nN on the flat surface, ~ 1 nN on
MOSMITE™) was much smaller than the force in the aerobic regime (~ 105 nN on the flat
surface, ~ 13 nN on MOSMITE™), and the adsorption force (= 1 nN on the flat surface,
~ 0.2 nN on MOSMITE™) was even smaller than the adhesion force. However, these forces
are much more effective for particle attachment than relative gravity. Here, we propose
a simple mechanical model of the forces that are exerted on a clay particle close to the
surface. Kaolinite is one of the most common clay minerals in sedimentary and residual
soils, and its relative density to water is about 2.6 Mg/m? [26] while the relative density
of water and surface seawater is 1 and 1.02-1.03, respectively. Accordingly, the relative
gravity force exerted on a kaolinite sphere with a 4 pm diameter is estimated to be about
0.53 pN in water and 0.52 pN in seawater. As the relative gravity force is negligibly small,
reducing the adhesion and adsorption forces on the nanoscale nipple array is expected to
be effective for anti-contamination. The forces lodging a sphere with a diameter of 4 pm
are summarized in Figure 5, with approximate estimates of the values.

d Close to the surfaces b On the surfaces
« 4 ym R ) 4 um R
Relative gravity force* Relative gravity force*
0.5pN | 0.5pN |
Adsorption Force Adhesion Force
1nN 0.2nN 4nN 1nN

;

Figure 5. Summary of the forces lodging a 4-um particle. An approximate value is shown for each
force. (a), A sphere coming close to the surface of the flat film and MOSMITE™. (b), A sphere
adhering to the surfaces. *, Values for kaolinite.

Flat film Flat film

Fluid friction is known to be reduced on the surface of microstructures [33] and the
friction reduction effect on water flow may be another possible function of the nipple array
that needs to be considered. This effect may synergistically facilitate anti-contamination by
reducing adsorption and adhesion forces. The flow velocity is generally attenuated by the
friction resistance near a smooth solid surface (moderate velocity gradient near the surface).
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On the other hand, the flow near the nipple array will be less attenuated than the flow
near the flat surface (rapid velocity gradient near the surface) owing to the mixed effect of
turbulence flow. As the drag force on the object becomes greater in a faster flow, particles
on the nipple array will be carried away from the surface more easily than particles on the
flat surface. Hydrodynamic analyses are required to evaluate this possibility. In the present
study, we could not conclude which process, such as the reduction in effective contact area
and reduction in the flow attenuation, predominantly causes the lower adhesion on the
nipple array than the flat surface.

The use of synthetic materials enabled us to compare the difference in adhesion
between the same material with and without the nanostructure. However, we cannot
ignore the fact that the MOSMITE™, made of acrylic resin and a biological surface, would
have different chemical properties because the chemical interaction between materials is
also important for adhesion. It is necessary to measure the adhesion force of the biological
body surfaces of live specimens in a future study.

5. Conclusions

The present study indicated that the nanoscale nipple array provides less adsorption
and less adhesion to the surface in the aquatic regime and thus, the organisms with
the nipple array would be less contaminated with microparticles on their body surface
than would those with a flat surface. Whereas the forces exerted on the particle under
water are much smaller than are those in the air, the particles floating in water are much
greater in number, size, and variation than the particles suspended in the air. Therefore,
the substantial role of anti-contamination would be different in aquatic and terrestrial
organisms. The contamination of the body surface may reduce its structural and chemical
functions. In addition to mud grains, the particles under water include microbial and
organic materials that form a primary biofilm on the surface. A biofilm changes the
properties of the surface, such as wettability [34], and mask the nanostructures on the
surface and thus, the control of the formation and reduction in the primary biofilm would be
a pivotal key to biofouling and the success of the community [35]. Adsorption and adhesion
forces are also involved in the attachment of cells, tissue, and larvae; the nipple arrays on the
body surfaces may reduce infections from parasites and fouling on the body [24,36] and may
mitigate cellular attacks from the host organisms in parasitic animals [23]. Therefore, less
adhesive body surfaces served by the nanoscale nipple array should be beneficial for aquatic
organisms as well as terrestrial organisms. This anti-adhesive property under water also
indicates that the MOSMITE™ film could be used as an underwater antifouling material.
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