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ABSTRACT: Interaction forces of adhesive proteins employed by
cyprid larvae of Amphibalanus amphitrite for temporary attachment
during surface exploration in marine fouling were studied by AFM
force spectroscopy using chemically modified, reactive colloidal
probes. The proteins were covalently attached to the surfaces of the
probes by incubation in the protein deposits (footprints) left behind
at the surface by the cyprids. This covalent coupling enabled robust
and reproducible probing of adhesion of the attachment proteins to
model surfaces with variable hydrophilicity. Three model monolayer
surfaces were designed and prepared that exhibited different
wettabilities derived from variations in the monolayer chemical
composition. The morphology and size of cyprid protein deposits
was imaged by AFM. The deposits showed larger area of spreading
on more hydrophobic surfaces, whereas the overall volume of the secreted proteins exhibited no significant variation. Notable
difference in adhesion forces was found among the surfaces by force spectroscopy, with substantially higher values measured on
the hydrophobic surface (21 + 2 nN) than that measured on the more hydrophilic surface (7.2 + 1 nN). The same surfaces were
also tested in laboratory essays. Rather surprisingly, no significant differences were found in values of fractional cyprid settlement
among the surfaces studied, indicating that variations of surface wettability and adhesion strength of settlement proteins may be
insufficient to explain settlement trends.
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1. INTRODUCTION

Marine biofouling refers to the undesirable accumulation of
marine organisms on surfaces submerged in seawater environ-
ments. This process seriously impacts marine industries, with
profound economic and environmental consequences.' Bar-
nacles are considered as one of the most problematic hard
macrofoulers because of their size, gregarious nature, and ability
to colonize nearly any man-made structure.”

The lifecycle of the barnacle, Amphibalanus amphitrite
(Darwin, 1854), includes six planktonic naupliar stages, a
nonfeeding cyprid larval stage, and a sessile adult stage. The

bipedal “walking”, probing the substrate for surface texture,
material properties, chemical clues, and presence of adult or
cyprid nonspecific proteins.* During surface exploration,
temporary adhesive proteins are deposited as “footprints”
through the antennular attachment discs. These proteins form
temporary anchoring points for the migrating cyprids,s’6 and
have been implicated to act as settlement cues for other exploring
cyprids. The exact physiochemical nature of the temporary
adhesive proteins remains largely unknown. However, a
settlement-inducing protein complex (SIPC), which also

cyprid, the penultimate stage of barnacle, explores the location
for settlement, assesses suitability of site for the adult
development and following attachment metamorphoses into
the adult animal.® Surface exploration is performed using the
adhesive discs on the paired antennules, in a form of reversible
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functions as a settlement cue, has been found.””® Therefore, in
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addition to serving as a putative temporary adhesive, the
secretion also acts as a conspecific pheromone for other cyprids.

One of the approaches toward reducing the fouling impact of
barnacles is to discourage cyprids from settlement during the
exploratory stage. This may be achieved by the fine-tuning of
temporary adhesive/surface interactions through tailoring the
chemical and physicochemical surface properties.'"’ To design
effective antifouling surfaces, we require a better understanding
of the interactions between the temporary adhesive proteins and
different surfaces.

Deposits of cyprid temporary adhesives proteins were
visualized by scanning electron microscopy imaging.'" As these
images were captured under dry conditions, these observations
likely have not been characteristic for the hydrated condition of
the adhesive material deposited. Indirect footprint observations
have been described using staining the areas explored by cyprids
by coomassie blue Bio-Rad protein dye reagent (CBB) or anti-76
kDa antiserum. The measured footprint sizes were in good
agreement with the antennular disc diameters of cyprids.”'* The
proteinaceous footprints can also be visualized using surface
plasmon resonance imaging."> Although the discovery of the
adhesive secretion and “footprint” deposition was a significant
step toward a better understanding of barnacle attachment,
corresponding studies have not provided information on the fine
structures of the footprint proteins and have not included
examination of the adhesive behavior associated with reversible
cyprids attachment. The use of atomic force microscopy (AFM)
enabled the morphology of the deposited temporary adhesives of
cyprids to be clearly visualized.'*"

Previous studies suggest that colonization of the substrate by
cyprids is affected by the adhesion between the temporary
adhesive and substrate surface. Measurements of the temporary
adhesives strength of cyprids larvae of Balanus balanoide were
conducted first using a sensitive balance.” The live cyprid was
attached to a thin metal wire using a cyanoacrylate adhesive, and
once the animal started walking on the submerged surface, the
surface was gently lowered and the detachment force was
measured. However, this study was empirical and did not involve
the direct measurement of adhesion between the protein
deposits and the substrate surfaces. Thus, the adhesive process
was not directly reflected by the data.'® Interaction forces of
proteinaceous footprint proteins (FP) have been also studied
using AFM.'* In this work, the interaction force between the
AFM tip and the FP materials was measured and the adhesion
forces were estimated by scaling up the interaction forces of FP
materials and AFM tip to the size of footprints. As a model
investigation, Schén et al.'” reported AFM-based force spec-
troscopy studies using colloidal probes functionalized with
adhesion proteins (fibronectin). In this study, the authors
explored adhesion forces at nonfouling and fouling protein brush
surfaces and demonstrated substantial suppression of protein
adsorption on zwitterionic sulfobetain brushes by AFM force
spectroscopy. The AFM force spectroscopy has been also used to
study the adhesion properties of mussel bioadhesive using
DOPA functionalized AFM tip.'®

Protein—surface interactions are affected by the protein’s
properties as well as by the properties of the surfaces, including
surface energy, polarity, charge and morphology.”*° Surface
affinity to water defined by its hydrophobic or hydrophilic
character and generally referred as wettability, is an important
parameter affecting the biological response of exposing the
materials to the environment. The effect of surface wettability on
protein adhesion has been extensively studied.*'>* Surface

wettability has also been reported as an important parameter
affecting the attachment of barnacle cyprids and the widely held
view has been that cyprids have a preference for “high-energy”/
hydrophilic surfaces.”>~>° However, different opinions have also
been presented, highlighting that surface chemistry and
specifically charge, rather than the surface wettability, is
responsible for the choice of cyprid settlement.>*~* Separating
the influence of surface charge from other interactions that cause
a variation in wettability is particularly important since in
previous studies various surface parameters e.g. wettability and
surface charge were not sufficiently decoupled from each other.
Hence conclusions about the individual contributions of the
various interactions to adhesion forces could not have been
obtained.

In this work, we evaluated a series of model surfaces and their
interactions with cyprid temporary adhesive proteins using AFM
experiments. A series of custom-made monolayers with different
affinity to water were designed and synthesized with the specific
aim to avoid Coulombic charge interactions. These model
surfaces were used to study the influence of surface wettability on
the secretion of barnacle proteins. The interaction of cyprid
footprint proteins with surfaces were evaluated using colloidal
probe based AFM force spectroscopy. Footprint proteins were
covalently attached by chemical coupling to previously chemi-
cally activated colloidal AFM probe. This allowed us to perform
direct measurements of adhesion forces between substrate and
proteins to provide new insights into adhesion in the seawater
environment.

2. MATERIAL AND METHODS

2.1. Materials. Tromethamine, dimethylaminopyridine (DMAP),
and N-diisopropylethylamine (DIPEA) were purchased from Sigma-
Aldrich. Dimethyl sulfoxide (DMSO), acetone, and isopropanol were
supplied by Tedia and were used directly without further purification;
11-Pentafluorophenylundecanoatetrimethoxysilane was bought from
Sikemia. Silicon wafers (Latech Scientific Supply Pte. Ltd.) and glass
coverslips (Deckglaser, Germany) were used for surface preparation of
the substrates. Deionized (DI) water with resistivity of 18 MQ cm™" was
obtained from a Millipore Nanopure system.

Silicon wafers (2 cm X 2 cm) and glass coverslips were cleaned using
acetone and isopropanol in ultra sonicator for 10 min each, followed by
rinsing with deionized (DI) water and nitrogen gas drying.
Subsequently, the surfaces were treated with oxygen plasma (Duratek,
Taiwan) at 200 W for S min to create a surface rich in hydroxyl groups at
the oxide surface to facilitate the subsequent silanization process.
Hydroxyl-covered glass and silicon substrates were placed in a desiccator
and exposed to 1l-pentafluorophenylundecanoatetrimethoxysilane
under vacuum at 150 °C for 3 h. The surfaces terminated with
pentafluoro activated ester were named as PFP terminated monolayers.

The PFP-terminated surfaces were exposed to a solution of 250 mM
tromethamine in dry dimethyl sulfoxide (DMSO) for 48 and 72 h at 60
°C in the presence of DMAP and DIPEA. The samples were rinsed and
sonicated subsequently in DMSO and acetone prior to the surface
analysis. See Figure 1 for illustration of the preparation process.

2.2. Surface Characterization. Static water contact angle measure-
ments were carried out using a KSV CAM 200 goniometer (KSV
Instruments). Drops of § L of DI water were automatically dispensed at
the surface of the specimens, and the water contact angles were
determined with a CCD camera using a tangential method. For each
measurement, five readings were taken using different spots and an
average was calculated.

X-ray photoelectron spectroscopy (XPS) scans were obtained from a
VG ESCALAB 250i-XL spectrometer using an Al Ka X-ray source
(1486.6 eV photons). The core-level signals were obtained at a
photoelectron take off angle of 90° (with respect to the sample surface).
The X-ray source was run at a reduced power of 150 W. The pressure in
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Figure 1. Schematic of substrate surface preparation.

the analysis chamber was maintained at 1 X 107° Pa or lower during each
measurement. Binding energies were calibrated with carbon (C 1s, 285
eV). Survey spectra were run in the binding-energy range of 0—1000 eV,
and the high-resolution spectra of C 1s, N Is, and F 1s were collected.

The surface morphology of the model surfaces was visualized by
tapping mode AFM imaging under ambient conditions using standard
silicon probes (k ~ 40 N/m, Tap 300AL-G, Budget sensors).

2.3. Cyprid Culture. Barnacle cyprids were reared at the Marine
Laboratory of the Tropical Marine Science Institute (TMSI), National
University of Singapore. Larvae spawned from the adults were collected
from the Kranji mangrove area, Singapore, and were fed by an algal
mixture of 1:1 (v/v) of Tetraselmis suecica and Chaetoceros muelleri at 26
°C, at a density of 5 X 10° cells/mL approximately.*® Barnacle larvae
developed into the cyprid stage within 5—7 days. The cyprids were
stored at 4 °C and used for AFM experiments within S days. Cyprids
were acclimated to room temperature for 10 min before experiments
were initiated.

2.4. Characterization of FP Proteins by AFM. A Nanowizard I1I
instrument (JPK Instruments AG, Berlin, Germany) equipped with the
NanoWizard head and controller was used in all AFM experiments. To
remove any possible contamination, we first cleaned the AFM tips using
freshly prepared piranha solutions (mixture of 70% H,0, and 30%
H,S0,) for 5 min, followed by oxygen plasma (Duratek, Taiwan)
treatment at 100 W for 90 s. The morphology of cyprid temporary
adhesive proteins (FPs) was imaged using triangularly shaped silicon
nitride cantilevers (Nano World, PNP-TR) in autoclaved filtered
seawater (FSW, filtered 0.2 ym) condition. The spring constant of the
cantilevers was calibrated using the thermal noise method,** and values
found were in the range of 0.07—0.09 N/m. The quantitative imaging
(QI) mode, which is a force spectroscopy based imaging mode used by
JPK Instruments, was used to image the FPs. To evaluate the effect of
surface wettability on the secretion of cyprid FPs, 12 FPs for each surface
were imaged. Every FP was obtained from a different individual animal.

The location of multiple FPs in situ was found through optical
observation of the cyprid exploration prior to the AFM measurements.
The method is schematically shown in Figure 2. The investigated glass
coverslip substrate (1 cm X 1 cm) was first glued on a larger glass slide
(25 cm X 76 cm), sealed with the AFM liquid cell and fixed on the AFM
stage. Cyprids were first introduced into a polystyrene Petri dish, and the
behavior of cyprids was observed. Once an active cyprid was detected, it
was collected and transferred carefully onto the sample surface
(chemically modified glass coverslip) using a micropipette. The cyprid
behavior was observed by the video capture software which is
incorporated in the JPK AFM system. When the cyprid started to
explore the surface, the areas with the FPs deposits were marked on the
image. (A typical video depicting this process is available as Supporting
Information.) The surface explored was gently washed using FSW, and
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Figure 2. Process of cyprid FPs detection. (A) Cyprids were introduced
at model surfaces in FSW; (B) cyprid walking behavior was observed
and the explored area was marked; (C) cyprid footprint was scanned in
FSW condition using AFM.

the AFM liquid cell was filled with fresh FSW. Finally, the AFM scan
head was assembled and the cantilever was positioned to the areas where
FPs were previously found and marked.

In force spectroscopy experiments, colloidal contact probes with SiO,
sphere (with a diameter of S yum) (NT-MDT, Russia) were used. Prior
to modification, the probe was first incubated in ethanol for 1 h followed
by rinsing with Millipore water and drying with N, gas. Subsequently the
probe was treated using oxygen plasma (Duratek, Taiwan) at 120 W for
90 s to remove possible organic contamination and to create a surface
rich in hydroxyl groups. The pretreated probe was amino-functionalized
with aminopropyl trlmethoxysﬂane (APTMS) using vapor deposition as
described previously.>>

The NH,-terminated probe was immersed in an aqueous solution of
2.5% glutaraldehyde and reacted with it. The thus formed layer was used
as the binding agent to attach the proteins of interest to the colloidal
probe.*”~*° The probe was then gently rinsed using Millipore water after
2 h immersion (Figure 3). The colloidal probe was immersed in FPs
consisting of cyprid temporary adhesive proteins, detected as described
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Figure 3. Chemical modification process of the colloidal probe using
cyprid temporary adhesive proteins.
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Figure 4. AFM topography and XPS F 1s and N 1s spectra for the high (panels A, D, and H), medium (panels B, E, and I) and low (C, G, and ), contact

angle surfaces, respectively. Counts/s represents counts/second.

in section 2.4, for 3 h and subsequently rinsed gently using FSW to
remove the physical adsorbed material. Cyprid FP modified probes
(FPCP) were used immediately following probe functionalization for
the adhesion experiments. Before and after the experiments the spring
constant of the cantilevers were calibrated using the thermal noise
method (0.07—0.1 N/m). All force curve measurements between FPCP
and surfaces were performed in FSW, using a fluid cell and allowing the
system to equilibrate for 30—60 min.

2.5. Settlement Assay. Cyprid settlement assays were conducted to
evaluate the effect of surface wettability on the preferences of cyprid
attachment. Nine replicates of every substrate surface were evaluated.
The “droplet” assay was carried out with 300 uL of seawater containing
approximately 20—30 cyprids used for each surface.*' The substrates
were kept inside a 35 mm Petri dish with lid on to minimize evaporation
of FSW droplet in a humidity chamber. The assay was incubated at 26—
28 °C for 24 h, on a 12 h light and 12 h dark period. The cyprids were
then examined under a stereo microscope (Nikon SMZ 1500, Japan),
and all settled cyprids were counted, including those that were
permanently attached, but not metamorphosed. Fouling performance
is calculated as the fraction of settled cyprids against all animals in the
experiment.

2.6. Statistical Analysis. Statistical comparisons were performed
using GraphPad Prism 5 (GraphPad Software Inc.). Data of surface
wettability on the cyprid FP sizes, adhesive forces and settlement were
analyzed with a one-way analysis of variance (one-way ANOVA),
followed by a Tukey post-test. All data were reported as mean +
standard error (SE). For all comparisons, p < 0.05 were considered as
statistically significant.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Substrates.
Earlier studies probing the influence of surface wettability in
protein adhesion and biofilm formation have employed short or
long chain self-assembled monolayers with specific, well-defined

functional groups.”**"** In this work, we used three different
molecular monolayers which display an increasing affinity to
water across the series. This was achieved by deposition of 11-
Pentafluorophenylundecanoate- trimethoxysilane (PFP) as the
base monolayer followed by subsequent chemical modification
by the reaction of ester with tromethamine (Figure 1). Chemical
groups with permanent ions in water were intentionally excluded
for this design. As a consequence, the series of monolayers
provided surfaces characterized by minimal Coulombic charge
component (ion—ion interactions) and allowed us to investigate
adhesion forces predominantly derived from hydrophobic
interactions of footprint proteins with substrates.

3.2. Characterization of the Model Surfaces. Static water
contact angle values of silicon/glass surfaces after oxygen plasma
cleaning were <10°, which indicated a very hydrophilic surface.
PFP modified surfaces showed contact angles in the range of 90—
95° these values are consistent with the literature.*> The
presence of the alcohol groups were clearly shown by significant
changes in the wettability of the substrates. The contact angle of
the PFP monolayer decreased from 90—95° to 65—70° and 40—
45° after immersion in tromethamine solutions for 48 and 72 h,
respectively. The wettability results indicate successful reaction
between the amine groups of tromethamine and activated ester
of pentafluorophenyl ester silane at the surfaces. Developed
materials with contact angles of 90—95°, 65—70°, and 40—45°
are referred to as high (95°), medium (65°), and low (40°)
contact angle surfaces, respectively. The schematic illustration of
the primary and secondary modification of silicon/glass surfaces
is shown in Figure 1.

In addition to contact angle measurements, XPS was used to
characterize the high, medium and low contact angle surfaces.
Presence of F 1s and absence of N 1s peaks after the surface
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modification with PFP silane were indicative of the successful
monolayer attachment to the surface (Figure 4D, H). The F 1s
XPS spectrum decreased for the medium contact angle surface
(Figure 4E), and disappeared entirely for the low contact angle
surfaces (Figure 4G). The evolution of N 1s spectrum (Figure
4]) upon reaction with tromethamine proved the successful
formation amide bonds. The stronger N 1s peak and the absence
of F 1s peak showed that there was quantitative conversion of
fluorinated activated ester to alcohol terminated surfaces through
amide bonding (Figure 4G, J). The atomic composition for all
elements is presented in the Supporting Information (Table S1).

The model surfaces were visualized in air using tapping mode
AFM. The morphologies are shown in Figure 4A—C. The
monolayer modified surfaces were flat with the similar average
roughness (Rq) values around 200 pm (Table 1). Therefore, the

Table 1. Characterization of Different Wettability Surfaces

chemically modified surfaces low medium high
static water contact angles (deg) 40—45 65-70 90-95
roughness (R,) (pm) 190 + 27 200 + 19 185 +£22

effect of surface roughness on cyprid FPs secretion across the
different treatments may be assumed to be the same. All AFM
measurements were collected using a scan area of 5 ym X S pm.

3.3. Comparison of FP Morphology at Surfaces with
Different Wettability. Visualization of the morphology of FPs
by AFM provides clues to better understand interactions of
adhesion proteins with the confining materials at their interfaces
with the substrate and seawater, as well as molecular organization
within the proteinaceous layer. Morphology maps of the cyprid
FPs at the modified glass surfaces were obtained in FSW (0.2 ym
autoclaved filtered seawater) immediately following removal of
the cyprids after exploration steps. Imaging of the entire
footprints in FSW provides a fairly realistic picture of the actual
morphology and FP size. All FPs observed in this study were
elliptical in shape, with diameters of approximately 20—40 pum.
The morphologles observed in this study confirm earlier
observations,** which displayed a microfibrillar protein structure
with fibers of varying diameter, deposited in a somewhat ordered
fashion following the circumference of the footprint ellipse. The
central region of the ellipse showed a depletion in proteins
(Figure SA-C), which can be related to the contact process
between the cyprid antennules and substrate during withdrawal
of the organ at the end of the protein secretion. The heights of
nanofibrils of FPs as estimated by AFM height section (Figure
SE—G) varied between 10 and 100 nm, indicating the presence
of bundles of proteins aggregates that were secreted during
surface exploration. The height of FPs on the high contact angle
surfaces was found larger that on the medium and low contact
angle surfaces.

The morphologies of FPs deposited at substrate surfaces with
different wettabilities appeared to have different dimensions,
with the largest spread on the hydrophobic surfaces as compared
with the medium and hydrophilic surfaces (Figure SA-C).
However, the thickness of FPs on the high contact angle surface
was smaller, which was reflected from the cross section of the
FPs. The geometrical information on FPs at surfaces with
different wettability is displayed in Figure 6. The average value of
the FP area on the low contact angle surface was 287 + 60 ym?®.
This is much smaller than the values observed at surfaces with
high contact angles, which were 465 =+ 90 um?” (Figure 6). This
observation is consistent with previous findings'*** that the
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Figure S. Representative AFM images of cyprid FPs deposited on
different wettability surfaces. (A) The FPs on the low contact angle
surface; (B, C) FPs on the medium and high contact angle surfaces; (D—
F) cross-sectional plot of FP from height along the dashed line for
surfaces A—C, respectively.

temporary adhesive proteins, both from B. improvisus and B.
amphitrite cyrids, spread over a larger area on the hydrophobic
surfaces (CHjy-terminated). The FPs deposited on the lowest
contact angle surfaces consisted of thick protein aggregates, with
a height of 22 + 5 nm, which is approximately two times thicker
than the values found for FPs deposited on the medium and high
contact angle surfaces. The overall volume of FPs, representing
the total amount of proteins deposited is similar and is in the
range of 4.7—6.5 um® for all substrate surfaces imaged. The
volume of FPs in the native hydrated condition was found to be
twice as large as that obtained during imaging in dry condition.**

The largest deposit area observed for hydrophobic model
monolayer surface indicates that footprint proteins are
predominantly hydrophobic or experience conformational
changes leading to exposure of hydrophobic domains when in
contact with hydrophobic surface. Studies have shown that many
proteins undergo conformational changes during the adsorption
to a solid surface and tend to maximize their area of contact by
conformational reorganization.”*** Surface wettability is an
important parameter that affects protein adsorption, and proteins
tend to adsorb on the hydrophobic surface by hydrophobic
patches of residues present in the structures.*® Generally proteins
adhere stronger to hydrophobic surfaces with the adsorbed
protems tend to occupy a greater area of the substrate
surface.”**

3.4. Adhesion between Footprint Proteins and
Surfaces of Variable Hydrophilicity. To measure interaction
forces between the cyprid temporary adhesive proteins and the
surfaces with different wettability prepared in this study, we

dx.doi.org/10.1021/am503147m | ACS Appl. Mater. Interfaces 2014, 6, 13667—13676
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Figure 6. Geometric data of FPs at substrate surfaces with different
wettability values. Water contact angle value for each surface is provided
above the bars. The low, medium, and high contact angle surface is
represented by the symbols I, II, III, respectively. (A) Average FP area vs
contact angle; (B) average FP thickness vs contact angle; (C) average FP
volume vs contact angle. Error bars correspond to standard errors. The
area and thickness values of cyprid FPs are significantly affected by
surface wettability (one-way ANOVA, p < 0.0001). The FP areas on the
high contact angle surfaces (95°) are significantly larger than the values
on the low contact angle surfaces (40°) (Tukey test, p < 0.05), whereas
the largest FP thickness is found on the low contact angle surface (40°)
(Tukey test, p < 0.05). No significant difference in FP areas and
thickness is found between medium (65°) and high contact angle
surfaces (Tukey test, p > 0.05). Also, there is no significant difference in
the FP volumes among the surfaces (Tukey test, p > 0.05).

performed AFM-based force spectroscopy experiments using
colloidal probes functionalized with FP proteins (FPCP). The
schematic of the experimental process is shown in Figure 7. The
colloidal probe (Figure 7A) was first chemically treated, as
described in detail in the experimental section, and subsequently
modified by incubation in the footprint deposits to covalently
attach proteins to the probe (Figure 7B). The aldehyde groups of
glutaraldehyde at the colloid surfaces form imine links between
primary amine groups of the protein and those at the tip
surface,"’é"m’47 which ensures covalent attachment.

The force curve measurements were conducted at a vertical
scan rate of 0.5 Hz with a z ramp size of 1 ym; the “set point” of
the loading force was kept the same at 2.9 nN for the three
surfaces. Force data were collected using the force mapping
imaging mode (as defined by JPK) resulting in a 14 X 14 array of
force curves over a scan area of 10 gm X 10 pm, with 196 force
curves acquired. Three different areas selected resulting in a total
number of 500 curves analyzed for each surface with specific
wettability (see the Supporting Information)

During the experiments, the FPCP is repeatedly approached
and retracted by a piezo scanner as it moves across the different
areas of the investigated substrates (Figure 7C). No protein
transfer occurred during the measurement from the probe to the
substrate, which was verified by the consistent force curves

obtained on each surface (for a representative collection of force
curves, see the Supporting Information). Thus, the glutaralde-
hyde linkages provide strong binding between proteins and
probe, ensuring no protein desorption from the probe during
force measurements.

The force curve capturing process of FPCP with a surface is
shown in Figure 7D and typical force distance curves (approach
and retraction) between FPCP and the surfaces are shown in
Figure 7E—G. When the probe is being separated from the
surface, the usually weaker noncovalent bonds between the
protein and the surface are compromised. The bonds are
terminated as sacrificial bonds as introduced by Hansma et al,,
which include hydrogen bonds, hydrophobic and electrostatic
protein interactions.*® The combination of chemical and
mechanical factors leads to the observed “pull-off” or adhesion
force when the probe withdraws from the surface. When the
piezo scanner was retracted from the substrate, the probe
continued to stretch and detach more sacrificial bonds.*”*°
Sawtooth shaped retraction force curves were observed (Figure
7E—G), suggesting multiple interactions within protein secon-
dary structure and between protein and the substrates during tip
separation from the surfaces, as a result of the sacrificial bond
rupturing,

During retraction, the force curves exhibit an overall
maximum, which we defined as adhesion force. Because energy
dissipation related to changes of protein molecular conforma-
tion, viscoelastic effects and other processed is also taking place
during the experiment, the retraction events provide information
about the combination of adhesion and adherence (adherence
referring to dissipative processes). For simplicity, and in line with
most literature references, we use the terminology “adhesion” for
the combined effects observed.

The probing process is shown in Figure 7E—G. Values of the
maximum magnitude of pull-off forces were used to obtain force
histograms for the different substrates. The distributions are
shown in Figure 8A—C, and the values of the average adhesion
forces are summarized in Figure 8D. From these data we
conclude that the adhesion force of FPs has a very sensitive
response to the surface wettability. The adhesion forces show a
clear shift toward larger values when the experiments were
conducted on the more hydrophobic surfaces.

On the low contact angle surface (40°), smaller average
rupture forces with values around 7.2 + 1 nN were recorded.
Higher values were observed on the larger contact angle surfaces.
The forces obtained from the medium contact angles surface
(65°) were 11 + 1.3 nN. The values of the highest forces on the
hydrophobic surfaces (95°) exhibited values in the excess of 20
nN. A similar trend was observed for the adhesion energy, which
was computed as the area under the force—distance retraction
curve with the baseline taken at zero force to subtract the area
under the force—distance approaching section®' (see the
Supporting Information, Figure S1). The adhesion energy on
the low, medium, and high contact angle surfaces are 1.2 + 0.4,
1.5+ 04,and 3.9 + 0.6 X 107°], respectively. More energy was
required to retract the FPs material from the hydrophobic
surfaces. However, no significant difference was observed
between low and medium contact angle surfaces.

Protein adhesion is affected by a combined effect of van der
Waals, hydrophobic, ionic interactions and hydrogen bonding.*
Although surface—protein interactions are complex in nature, the
properties of surfaces have been reported to play a fundamental
role in protein adhesion.'”*® Surface wettability is a vital
parameter that affects the adhesive strength of proteins.****
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Figure 7. Schematic of the force spectroscopy experiment. (A) SEM image of colloidal probe. (B) Probe modified with FP proteins. (C) Force
measurements were conducted using the force imaging mode (as defined by JPK), resulting in a 14 X 14 array of force curves over a scan area of 10 ym X
10 pm. Three different areas were selected on each surface with a chosen wettability. (D) Probe—substrate interaction during force curve measurements.
(E) Representative force curve of FPs with low contact angle surface (40°). The red continuous curves represent the approach and the blue dashed line is
the retraction curve. The maximum force magnitude during withdrawal with respect to the zero force baseline is defined as the adhesion force. (F)
Force—distance curve of FPs with medium contact angle surface (65°) and (G) with high contact angle surface (95°).

Although observations regarding the effects of surface wettability
on protein adhesion have not always been consistent, in general,
higher adhesion forces were observed on hydrophobic surfaces
due to strong hydrophobic forces. Increased adhesion strength
on the low wettability surfaces was reported by observing seven
proteins tested in an earlier study.”> The effect of surface
wettability on the adhesion of the mussel proteins has also been
reported,” and the mussel foot proteins were found to have a
unique array of hydrophobic amino acid residues that contribute
to the hydrophobic adhesion to hydrophobic surfaces.

The interaction of hydrophobic (—CH, terminated) as well as
hydrophilic tips (—OH terminated) with the FP materials was
studied and strong forces were found for hydrophobic tips.*’
This was explained by assuming that the hydrophobic tip
excluded the water molecules from the contact area and changed
the conformation of FP proteins, resulting in strong adhesive
forces via hydrophobic—hydrophobic interactions.

Current findings also support view that FPs are predominately
hydrophobic in nature. However, at this stage, we are unable to
conclude if FP proteins are entirely hydrophobic as released from
the cyprids gland, or achieved their hydrophobic nature through
conformational changes and exposure of hydrophobic domains
upon contact with surfaces.

Presented results allow us to conclude that the observed
increase of adhesion strength in the substrate series covered here
between hydrophilic (40°) and hydrophobic (95°) surfaces is
mainly driven by hydrophobic interactions of FP proteins with
substrate. Surfaces discussed in this work eliminated direct
Coulombic charge to charge interactions by design. Dipol-dipol
or dipol-ion interactions cannot be entirely excluded from

consideration, but because observed adhesion was lower on dipol
rich hydrophilic surface (40°) it can be expected that those
interactions are not playing a significant role. Finally hydrogen
bonds are also listed as an important factor affecting the protein
adhesion strength.**>* This effect also seems not to be
prominent for the FP proteins. For the low contact angle surface
with large number of OH groups the adhesion is substantially
lower than on the hydrophobic surface. Because this surface is
expected to promote hydrogen bonding, it may be deduced that
hydrogen bonds are not playing an essential role here and forces
derived from hydrophobicity are dominant particularly for
experiments carried out in seawater environment. Similar results
were found on BSA proteins, which showed weaker attraction to
the hydrophilic surface modified with OH groups (hydro;)hilic)
than hydrophobic surface modified with CH; groups.'**

To check the possible loading rate effects, we investigated the
magnitude of rupture forces as a function of pulling velocity
(piezo retraction rate). The loading rate effects was investigated
at 0.2, 0.5, and 1 pm/s. Twenty force curves were obtained in
each scan area of 10 ym X 10 ym with a fixed z ramp length.
Three surface areas were selected, with a total of 60
measurements taken from different locations for each pulling
velocity. The experiments were performed on the fixed delay of
0.5 s between cycles for all the pulling velocities tested. No
differences in pull-off force (adhesion force) regarding the
pulling velocity were observed for all the surfaces tested (see the
Supporting Information, Figure S2). The results are consistent
with previous finding which also reported that scan rate did not
affect FP adhesion forces in the experimentally accessible loading
rate range."” The absence of the scan rate indicates that
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Figure 8. Distributions of pull-off adhesion forces of cyprid FP modified
colloidal probes in contact with surfaces showing different wettability.
(A—C) Force distributions of FP adhesive forces on low (40°), medium
(65°), and high (95°) contact angle surface; (D) average adhesive forces
of FPs on low, medium, and high contact angle surfaces; and (E)
adhesion energy. The error bars correspond to standard errors. Surface
wettability significantly affects FP adhesion force and energy (one-way
ANOVA, p < 0.001). The adhesion force and energy measured on the
low and medium surfaces are significantly lower than the values obtained
on the high contact angle surfaces (Tukey test, p < 0.05).

unbir;(slir;% of the proteins was probed in the quasi-equilibrium
state.

3.5. Cyprid Settlement Assays on the Model Surfaces
with Different Wettability. Laboratory settlement tests were
carried out to correlate the observed FP-surface interactions with
the settlement behavior of cyprids. No significant difference in
cyprid settlement was observed among the surfaces from the
laboratory tests as similar fraction of organisms was colonizing all
investigated substrates (Figure 9). As demonstrated in this study,
surface wettability showed great impact on the morphology and
adhesive strength of cyprid FP proteins. However, apparently, it
did not affect cyprid settlement. Because the observable
differences in adhesion of FP protein forces are significant, we
may speculate that cyprids should be able to sense these
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Figure 9. 24 h settlement assay of barnacle cyprid on different contact
angle surfaces. The error bars correspond to standard errors. No
significant difference in cyprid settlement is found among the surfaces of
different wettability (one-way ANOVA, p > 0.0S).

differences during the exploration stage. However, this has not
led to a difference in the final settlement choice.

Current views about settlement behavior in relation to surface
wettability and surface energy are conflicting. Some reports state
that cyprids have a preference for “high-energy” surfaces.”>*>*
However, hydrophilic zwitterionic surfaces, possessing high
surface energy, inhibit cyprid settlement, suggesting that high
surface energy alone is not the decisive parameter determining
settlement.”® % There are also reports suggesting,>">* no
correlation between surface wettability and settlement and
propose that surface chemistry, or charge, rather than the surface
wettability, may be responsible for choices in cyprid settlement.
These observations emphasize the importance of careful design
of model surfaces for settlement studies, in particular paying
attention to a clear separation of contributions from different
types of interactions.

4. CONCLUSIONS

Model surfaces fabricated by modification of silane monolayers
were used to study the effect of surface wettability on barnacle
cyprid exploratory behavior and settlement habits. Cyprid FP
proteins were investigated with AFM, and different morpholo-
gies were detected on the silane monolayer modified surfaces
with variable hydrophilicity and the contact angles in the range of
40—90°. Largest FP spreading areas were observed on the high
contact angle surfaces, but the thickness of the FPs was the
smallest among the surfaces. The adhesion forces of FPs were
first evaluated using colloidal probe-based AFM force spectros-
copy directly in seawater. The strongest adhesion was found on
the hydrophobic surfaces as compared to the medium and
hydrophilic surfaces indicating strong hydrophobic character of
the FP protein. Low adhesion to hydrophilic, hydroxyl rich,
surfaces suggests that hydrogen bonding is not playing an
important role in FP interactions with surfaces. Although surface
wettability affected the morphology and adhesion properties of
FPs, it did not affect cyprid settlement behavior. Thus, for the
design of antifouling materials, surface wettability alone may not
be considered as the single key parameter to prevent settlement.
Surface charge, which was reported to play more important role
on the barnacle cyprid settlement, will be explored using the
AFM-based force spectroscopy method in future.
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