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Chapter 1

General introduction

1.1 General introduction

Marine biofouling is a costly and long-standing problem for the maritime industry.
Current solutions to prevent biofouling, mainly in the form of fouling resistant marine
coatings, are biocidal in nature. Hence, an effective and environmentally benign solution is in
high demand to tackle the fouling problems.? ® Barnacles, green algae, diatoms, and mussels
are particularly notorious for their attachment to and/or damage of man-made structures. The
growth of fouling assemblages on ship hulls causes increased drag, reduces its
maneuverability, increases fuel consumption and greenhouse gas emissions, which
contributed to significant economic and environmental costs.” Barnacle is a particular
problematic biofouler due to its large size and gregarious nature. Hence, in this Thesis we
shall focus on fouling caused by barnacles.

A generalized barnacle life-history involves six planktotrophic (i.e. feeding) nauplius
stages, a non-feeding cypris stage and the adult.® ” The cyprid is the settlement stage, whose
sole purpose is to locate and attach to a suitable surface for adult growth. Historically, adult
barnacles have been the primary focus of (barnacle related) antifouling research, probably
due to their obviously troublesome presence on ship hulls and the fact that they are large and
easy to manipulate in experiments. Combating a problem such as biofouling only once it has
become established, however, seems counter-intuitive. A more preferable strategy is the
prevention of larval settlement, or promotion of detachment of larval forms at an early stage.?
We have chosen this strategy in our collaborative efforts involving biologists (University of
Newcastle, UK and Tropical Marine Science Institute, Singapore), our group working in
materials science, and our industrial collaborators (DOW Chemical Co.).

Although biologists have demonstrated, by chemical staining, that the temporary
adhesive is deposited as ‘footprints’ on some surfaces during the cyprid larva exploration®
and that it acts a settlement cue for subsequently exploring cyprids, its morphology and
mechanical properties have never been investigated.® ' Any data regarding the
nanomechanical properties of this secretion would provide a useful insight into how such

natural adhesives function and, more importantly, how to prevent their function. Hence, to
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study the larva settlement behavior and the bioadhesive properties on a surface, a nanoscale
characterization technique is needed.*?

Over the last decade, nanoscale testing and characterization techniques have slowly
proliferated from the field of materials science, where they were once viewed by many in
other disciplines as arcane and unapproachable, and are now easily accessible to those in the
broader scientific arena. In the present context, atomic force microscopy (AFM)* based force
spectroscopy™* has allowed the ‘scaling down’ of traditional mechanical materials testing by
several orders of magnitude. Where fibers of material were once required to be on at least the
centimeter scale for testing, nanofibers consisting of thin bundles of molecules, or even single
proteins, can now be manipulated mechanically, allowing detailed investigation of
nanoscopic samples, and single macromolecules.’ ** One of the main advantages of AFM in
this area of science is its ability to first locate objects to be “interrogated” on the nanoscale,
and then measure nano-scale properties of natural bioadhesive materials and adhesive
interfaces in native conditions, i.e. hydrated in a saline solution.'” The information that this
mode of study provides, regarding the structure and function of adhesive proteins in situ will,
undoubtedly, encourage more informed surface design leading to novel methods of
interfering with the bioadhesive/substratum interface. Furthermore, the ability of AFM to
map specific surface interactions would allow us to shed light on the specific composition of
cyprid footprints.'®

1.2 Concept/scope of this Thesis

This Thesis describes the study of barnacle cyprid larvae adhesion system by atomic
force microscopy (AFM), which is a powerful nano-scale characterization technique. The aim
is to obtain better fundamental understanding of marine biofouling, especially regarding the
formation, structure and properties of bioadhesive-interfaces, across the length scales, down
to the molecular level, under native environment.

This Thesis consists of three major parts. First we focused on the visualization of the
morphology of footprints, which is studied by AFM imaging. The second aim is to study the
nanomechanical properties of the footprint proteins by the AFM based force-spectroscopy
and chemical force microscopy, using chemically functionalized tips. The last focus is on the
behavior of the barnacle cyprid larva adhesives in different environment. This allows an in-
depth understanding of adhesives properties subjected to different environment parameters.

Chapter 2 provides a literature review regarding marine biofouling. This Chapter

describes the impact of marine fouling, the fouling process and gives a short overview of the
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fouling organisms. In particular, the life cycle of barnacle and its adhesion processes are
extensively reviewed. A short introduction to the history of antifouling coatings, current
antifouling solutions and other solutions in development are introduced. Antifouling coating
assessment methods are also discussed. The last section of this Chapter is dedicated to the
principle of the atomic force microscopy and its applications as nanoscale testing and
characterization technique.

Chapter 3 presents the observation on the microscopic morphology of footprints
deposited by cyprid larva of Semibalanus balanoide. The goal is observe in situ the
bioadhesives left behind by cyprid larva during surface exploration, in native conditions.
Glass surfaces with different chemical functionalities are used for the comparison of footprint
morphology.

Chapter 4 studies the footprint deposited by cyprid larva of Balanus ampbhitrite by
AFM imaging and force spectroscopy. Force spectroscopy allows in situ mechanical
stretching of bundles of footprint proteins, or single chains of the corresponding protein, in a
native form. In this way, the nanomechanical properties of the footprint adhesives, in the
presence of single and/or bundles of protein(s) can be measured. In particular, the footprint
protein segment reformation and energy dissipation are measured by applying the stretching
at different relaxation time scale. The force-extension behavior of the footprint proteins is
simulated with a classical polymer model to gain more insight into the molecular behavior of
the footprint proteins.

In Chapter 5, a chemical force microscopy approach utilizing AFM tips with
controlled surface chemistry is used to study the specific footprint protein-surface
interactions. The footprints are allowed to be deposited on surfaces functionalized with
silanes on glass, featuring amino-end groups at the exposed surface. Commercial SizN4 and
chemically-functionalized AFM tips are used to probe the (bioadhesives) interfacial,
specifically the interface of footprint protein and AFM tip. Force-extension curves obtained
from footprints deposited are analyzed.

In Chapter 6, the settlement inducing behaviour of cyprid footprints is examined and
compared by three different experiments, i.e. (a) AFM, (b) settlement assays and (c) field
tests. The aim of the study is to combine the structural and macroscopic settlement
information obtained from these three experiments, and to correlate the influence of
settlement inducing protein complex deposited on surfaces to the barnacle cyprid larva

conspecies settlement behaviour as derived in the previous Chapters. In addition, the results
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from laboratory observations to panel immersion test where actual marine biofouling occurs
is also compared.

The study of the effect of the enzyme-serine protease, Alcalase®, on the adhesives of
barnacle cyprids is studied in Chapter 7. The efficacy of this commercially available serine
endopeptidase, Alcalase® as an antifoulant and its mode of action on barnacle cypris larvae
are investigated. AFM is used to monitor the in situ enzymatic degradation of footprints
adhesives of barnacle cyprid adhesives during the exposure to Alcalase®.

In Chapter 8, the curing process of the permanent cement, which is used by cyprid
larvae to attach permanently under water once it found the favor location, is extensively
examined with force spectroscopy. The nanomechanical properties of permanent cement of
cyprid larva are monitored in situ over the course of its curing process. The curing of the
permanent cement can be manifested in the distribution of the pull-off force and molecular
stretch length over time. The correlation between maximum pull-off force and molecular
stretch length obtained from the force curves provides a monitoring platform for the ‘curing’

of the adhesive.
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Chapter 2

An introduction to marine biofouling and antifouling assessment
2.1 An introduction to marine biofouling

Marine biofouling is the undesirable building up of microorganisms, plants, and
animals on manmade surfaces immersed in sea water. It has been a major problem in several
industries, in particular in the shipping industry where fouling causes severe negative
effects.” The biological colony on the ship hull results in higher frictional resistance and
substantially reduces speed and maneuverability. This results in higher fuel consumption and
more frequent need of dry docking services causing enormous economic loss. Several
environmental issues such as an increase of green house gas emission due to higher fuel
consumption; production of large quantities of organic waste during the cleaning and
repainting process, and introduction of organisms into new environments must also be
considered. Figure 2.1 shows an example of a heavily fouled ship and the cleaning processing
by dry docking. It is estimated that the fouling problem costs the US Navy $150 million
dollars per year for excess fuel consumption and cleaning costs.> * Moreover, recent
estimation showed direct and indirect annual savings from reduction of fouling on the world
fleet is estimated to about US $30 billion worldwide.> *

Figure 2.1. Example of heavily fouled hulls and the removal of fouling layer from the ship at
dry dock.!

‘A general review has been published as: I. Y. Phang, N. Aldred, A. S. Clare, G. J. Vancso. NanoS
2007, 01, 34-39.
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The fouling problem is not only restricted to vessels traveling across the globe. It is
also commonly found in offshore structures, oilrigs and water-cooling pipes in power
plants.>® Fouling obscures sensors used in monitoring the coastal environment, corrodes the
surfaces of harbor installations and blocks (membrane) filtration processes with obvious
detrimental consequences.® The heavily fouled surfaces increase the wave loading and reduce
the stability of offshore platforms. Fouling of sea water intake structures in vessels or cooling
water systems of power plant reduces the effective diameter of the pipe and therefore reduces

the cooling capacity.

2.2 The process of fouling

Fouling occurs in two main forms, microfouling and macrofouling, both lead to
corrosion of surfaces.’® ** Microfouling that includes slime (bacterial and diatoms) and other
microscopic algae usually occurs first, and is followed by macrofouling, e.g. by barnacles,
mussels and hydroids. The fouling process has been generally categorized into four stages:
i.e., formation of organic film, primary colony, secondary colony and tertiary colony. The
first stage involves rapid accumulation of organic molecules, such as polysaccharides,
proteins, proteoglycans, and possibly inorganic compounds on surfaces in contact with
seawater, forming a so-called conditioning film (Table 2.1). Physical forces such as
electrostatics interactions and van der Waals forces between surface and adsorbates govern
the initial formation of conditioning film. Secondly, bacteria and single cell diatoms settle on
the conditioning film, forming a primary colony. A microbial biofilm (microfouling) is
formed as bacterial, diatom, protozoa and rotifiers adhere physically on the conditioning film.
The presence of bioadhesives and proteins on the surface and the roughness created by the
primary colony help to trap more particles and organisms, and create an environment suitable
for the formation of irregular microbial colonies. A transition from conditioning film to a
more complex secondary colonial community starts to form on the surface, when settlements
of algal spores, barnacle cyprid, marine fungi and protozoa happen.? The growth of
microfouling colony provides better protection from the predators, and environmental
changes for easier capture of necessary nutrients. The final stage involves settlement and
growth of larger marine macroorganisms, which arrive later and settle as macrofoulers. These
macrofouling communities consist of organism that secrete hard calcium carbonate tubes,
shells or skeleton (e.g. barnacles, mussels, tubeworms, bryozoans and corals), and soft

organisms (e.g. algae, hydroids, sponges).



Literature review: from marine fouling to coating technology

Table 2.1. Temporal structure of fouling settlements.*

Microfouling Macrofouling
Time 1 min 1-24 h 1 week 2-3 weeks
Tertiary colonizers

Secondary colonizers

Substrate Primary colonizers

Organic film

Adhesion of
organic particles
(e.g. protein)

Bacteria Spores of macroalgae Larvae of
Diatoms Protozoa macrofoulers

It is known that the conditioning biofilm plays an important role in influencing the
tenacity of the attachment organisms because it serves as food for young superior organisms
and changes the free energy of the surface. In addition, it is widely accepted that the presence
of different molecules and organisms on the film influences the settlement of subsequent
organisms.*® In order to circumvent the fouling problem, an effective and promising strategy
should be based on the development of antifouling techniques that interfere with the initial
settlement of superior organisms such as barnacle, mussel, at the early stage. Hence to
achieve an efficient antifouling solution, more research should be focused on the fundamental
studies of the bioadhesion in the early stage (larva) of species development and the

interactions between different organisms.**

2.3 Fouling organisms

All marine biofoulers use special underwater “glues” to attach themselves temporarily
or permanently to surfaces. The interactions between the corresponding adhesive materials
and the substrate involve two main mechanisms, i.e. wetting of the substrate by the adhesives
and curing of the adhesives on the surface. However, the physiochemical nature of these
underwater adhesives remained largely unknown.**” The production of extracellular
polymeric substances (EPS) by microorganisms is unequivocally accepted as a key
mechanism facilitating the irreversible attachment of microorganisms in aqueous
environment. It is now generally acknowledged that microbial EPS is a complex mixture of
macromolecules such as proteins, polysaccharides, lipids, and nucleic acids.’® Their
composition and properties are affected by the microbial species and its physiological status
and a wide range of environmental factors.'® In this section, the adhesion proteins of several

fouling organisms and the physiochemical nature of their adhesives are discussed. These
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fouling organisms include diatom, alga, mussels and adult barnacles, as shown in Figure 2.2.
19-23

Figure 2.2. Different fouling organisms commonly found on ship hull, (A) diatom,** (B)
|25

alga,"* (C) mussel® and (D) barnacle.

2.3.1 Diatom

Diatom is a significant component of marine biofilms formed on all wetted and
illuminated surfaces. They are unicellular microalgae encased in siliceous cell wall, called the
frustule. Diatoms exist in nature as benthic (organism that attach to a sediment surface)
and/or planktonic (free-floating) forms. Some diatoms adhere to the substratum by releasing
bioadhesive through a distinct slit in the frustule called the raphe. The attached cells divide,
rapidly giving rise to colonies that eventually coalesce to form a compact biofilm, with
maximum achievable thickness of 500 um (Figure 2.2A).18 24 26-30

The adhesion of benthic diatoms is associated with the secretion of mucilaginous
materials or extracellular polymeric substances (EPS) which are complex and multi-
component materials. Early studies revealed the carbohydrates dominating in diatom EPS.
These studies suggested that the carbohydrates comprise of complex, anionic polysaccharides
with heterogeneous monosaccharide composition, sulfate ester, and/or uronic acids. Neutral
monosaccharides that have been identified include hexoses, pentoses, 6-deoxyhexoses, and o-
methylated sugars. The structures, properties, and compositions of diatom EPS vary
according to the function. The composition and properties of the adhesives also vary between

diatom species.?* 2+ 273!

2.3.2 Alga

The green alga Ulva is known as the slippery grass-like plant that covers rocks in the
intertidal zone. Enteromorpha colonises new surfaces through the production of vast
quantities of microscopic motile spores (Figure 2.2B). Swimming spores attach rapidly once

they have ‘detected’ a suitable surface for settlement, resulting in firm attachment to the
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substratum. This is followed by an irreversible adhesion that involved withdrawal of flagella

and the secretion of a powerful adhesive. ' 323

2.3.3 Mussel

Mussels (Mytilus, Dreissena and Perna) cause a serious and persistent fouling
problem concerning particular aquaculture nets, off-shore rigs and industrial coolant outflows
(Figure 2.2C).% * % Mussels produce threads to attach themselves to solid surfaces in the
intertidal zone. Individual adhesive proteins from mussels are produced by the foot organ of
the animal, where it forms a strong underwater attachment. The underwater adhesion is
formed by reactive and oxidized form of 3,4-dihydroxyphenylalanine (DOPA) to provide the
water-resistance characteristic.>’*® DOPA is formed by the hydroxylation of tyrosine
residues by a polyphenoloxidase (tyrosinase). It has been shown that DOPA can complex
with metal ions and oxides (Fe**, Mn**) and thus explaining its ability to adhere to rocks and
glass.***? The catecholic content of mussel adhesive proteins has been linked by hydrogen-

bonding and strong metal-ligand chelating.'® 2 4041 43-46

2.3.4 Barnacle

Barnacles are of particular concern because of their large size that causes vast
increase in hydrodynamic drag on vessels; significant increase in fuel costs and the necessity
for costly cleaning procedures (Figure 2.2D).*” Prior to the attachment on surface, the cyprids
larvae of barnacles explore surfaces by using a pair of attachment organs ‘antennules’ (see
next section for more details). In this exploratory phase, the cyprids are capable of
temporarily attaching onto and detaching from surfaces. To complete the transition to adult
life, the cyprid form of barnacle larvae must permanently attach to a hard substrate.**>3

The adult barnacle cement fixing the barnacles permanently to substrates is
substantially different from mussel adhesives. They comprise of three groups of proteins that
contain high levels of the amino acids serine, threonine, glycine, and alanine.?> ** The adult
barnacle cement is layered between the calcareous base and foreign substrate, which can be
>5 um in thickness, depending on the surface energy of the substrate.”® *® The cement is
highly proteinaceous with more than 90% of its content is multiproteins complexes
proteins.”> ¥ 2 %% |n addition, the cement composed of more than 10 different cement
proteins (CPs), of which four have not yet been identified. Five of six identified CPs (Cp-
100k, Cp-52k, CP-68k, CP20k, and CP-19Kk) are novel in respect of their primary structure,
and the six CPs (CP-16Kk) is kind of enzyme.** %
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Charged amino acid-rich: Calcareous base
cp-20k

Hvdrophobic:
cp-100k, -52k

P \'-;

Six amino acid-biased: Ly

cp-68k, -191/

Unknowns: £ /
= Cnzvme:

cp-165k, -130k, ———— \H

-89k, -14k cp-16k Substratum

a few microns

Cement

Substratum

Figure 2.3. Cross-section of the acorn barnacle. The cement is biosynthesized in the cement
gland and is transported via a duct to the narrow gap between the animal’s own calcareous
base and the foreign substratum. The thickness of the cement layer is generally only a few
microns. The cement, which is a multiprotein complex, joins the two different materials in

water.?

The instantaneous functions of barnacle cement would include the displacement of
water bound to the surface, and promote spreading of adult cement and coupling the secreted
cement to the surface after the extrusion of cement (Figure 2.3). Several cement proteins, i.e.
CP-19k, CP-20k and CP-68k are candidates for these functions. CP-16k is probably a
lysozyme, which is responsible for removing the biofilm and protecting the cement from
microbial degradation, may also help on the spreading and adsorption to the surface.'
Almost simultaneously or immediately after successful coupling between the substratum and
its own calcerous base, cement proteins (CP-52k and CP-100Kk) self-assemble together to join
the two materials through intermolecular hydrophobic interaction or by another mechanism.**
Following this self-assembly process, curing may occur to make the holdfast stiff and tough,

whereby further intermolecular cross-linking may be involved in the process.

2.3.4.1 Life cycle of barnacle

In this Thesis, we focus on the barnacle biofouling and hence a short introduction to
the biology of barnacles is discussed here. Barnacles exhibit a metamorphic life-cycle
consisting of several stages. Figure 2.4 shows the life history of barnacle. A generalized
barnacle life-history includes 6 planktotrophic “nauplius” stages, a non-feeding “cyprid”
stage and an adult stage. After fertilization, the eggs are reared on the mantle cavity until the
release as free swimming planktonic nauplius larvae. During the moult from the sixth stage
nauplius to the cyprid, the structure of the body is reorganized to a bi-valved carapace. The

antennules of the cyprid are much altered in structure and function from those of the nauplius

10
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stage (Figure 2.5). It is the cyprid that is of most interest to anti-biofouling studies, as this is
the stage that involves the exploration of submerged surfaces in search of appropriate
settlement sites. The cyprid depends on its ability to attach to solid surface for survival. The
reason for this is simple: the roughest waters may challenge the animal’s tenacity but,
succeeding in this, the cyprid profits directly from the abundance of dissolved nutrients and
rapid rate of gas exchange. Failing in attachment on surface, the cyprid is to be dislodged and

crushed by the waves.**

During exploration, the cyprid scrutinizes the substrata by using a paired antennules
to walk in a bi-pedal fashion. The antennules of the cyprid become adapted as walking
appendages and are equipped with unicells secreting temporary glycoproteinaceous adhesive.
The third segment of the antennule has become adapted both as an adhesive disc and as a
sensory probe with the sensory fourth segment arising laterally. A combination of
electrostatic adhesion and a glycoproteinaceous secretion, originating from unicellular glands
within the antennules, are thought to be the mechanisms allowing cyprids to temporarily
attach to surfaces under water.”” It has been observed that cyrid test substrate surfaces by
placing the disc and then attempting to withdraw it. When the substrate is favorable the disc
is less easily detached and the force of adhesion may play a role in the recognition on a
suitable settlement site.*

Once a settlement site has been selected, permanent cyprid cement is released from
each of a pair of cement glands in the body of the larva. **®* The glands consist of two cell
types which produce protein and protein with phenols and polyphenol oxidase respectively.®
The secretions mix after exudation and the presence of phenols and polyphenol oxidase
indicate that quinine tanning (cross-linking of proteins) resulted in permanent setting of the
cement. The cyprid adhesive cures rapidly with maximum strength obtained within 3 hours.
Cyprid permanent cement may only be exuded once and serves to maintain the attachment of
the metamorphose barnacle until the adult cement system has developed sufficiently to

produce new cement, about 40 days in Balanus amphitrite (Figure 2.6).%% %
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Figure 2.5. (A) The optical micrograph of a barnacle cyprid, (B) SEM montage taken from

|65

Glenner et al.™ and (C) the ultrastructure of the antennular attachment disc from B.

amphitrite. Scale bars: B =100 um and C = 10 um.
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Figure 2.6. Fluoresceinamine label cyprid permanent cement (A) cyprid and (B) juvenile

barnacle. (C) Optical micrograph of juvenile barnacle. (All scale bars are100 pum)

12



Literature review: from marine fouling to coating technology

2.3.4.2 Cyprid larva culture and collection

B. amphitrite cyprids were cultured as described by Hellio et al. for this study.®®
Briefly, adult B. amphitrite, collected from North Carolina (USA) and Japan, were
maintained in ~26 °C aquaria at Newcastle University in natural sea water (Figure 2.7). The
water was changed once per day; prior to the barnacles being fed with freshly hatched
Artemia sp. nauplii (Artemia International, USA). Barnacle nauplii were released by adults
after aerial exposure of ~14 hours. During exposure, adults were kept moist using damp
laboratory roll. On re-immersion, nauplii released by the barnacles were attracted towards a
fibre-optic ‘cold’ light source where they were collected and placed immediately into 10 um
filtered seawater containing Skeletonema costatum. Ten thousand nauplii were cultured at 1
larva mI™ in a single 10-litre bucket where the seawater was constantly aerated and 750 ml S.
costatum solution was added every day. Nauplii were incubated at 28 °C and usually
metamorphosed into cyprids in 5 days under these conditions. Following metamorphosis,
cyprids were collected by filtration and stored at 6 °C until use. S. balanoides cyprids were
collected by plankton tow from the wild population at Cullercoats, NE UK (55.1N 1.26W)
and were also stored at 6 °C prior to use.** cyprid larvae were stored in a 50 ml sterile culture
tube and post it to Twente in a cold box. Cyprid used for the experiment were generally from
day 3 onwards and most of the time the experiment finished with cyprid of day 6. Culturing

and collection was performed by Dr. Nick Aldred in University of Newcastle.

Figure 2.7. B. amphitrite culture at Newcastle University (blue light was not used during

culture).®*
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2.3.4.3 Barnacle gregarious settlement and settlement inducing protein complex (SIPC)

Nature appears to have developed strategies to encourage gregarious and associated
settlements, i.e. group settlement behavior. Barnacle gregarious settlement is induced by
specific surface or waterborne chemical cues from the exploring cyprid or adult barnacle
(conspecifics). Whereas associated settlement is the response of larvae to chemical cues from
food, hosts, symbionts, and specific substances prior to permanent settlement.

The chemical basis of gregarious settlement of barnacles has been studied for the past
five decades.® *® 7% studies have shown that cyprid larva of barnacles is able to distinguish
between adults of their own and other species. The extracts of barnacles applied to slate
surfaces promoted the settlement of larger numbers of cyprids than the untreated controls. A
surface associated factor “arthropodin”,** “® extracted from adults shells of Balanus
balanoides, was shown to be able to induce barnacle gregarious settlement. Arthropodin
extract from conspecies showed stronger stimulus for settlement of cyprid larva than
arthropodin from other species. The arthropodin was not unique to each species but belongs
to a class of glycoprotein.”” ™ Larman et al.”® presented a physicochemical characterization
of the settlement factor of S. balanoides. The settlement factor in the adult extract was
identified as a polymorphic system of a closely related protein derived from subunits of
molecular mass between 5000 to 6000 and 18000 daltons. The settlement inducer of B.
amphitrite has been purified and termed the settlement inducing protein complex (SIPC).”
The SIPC is a glycoprotein of high molecular mass, consisting of three major subunits of 76,
88 and 98 kDa, all with lentil lectin (Lens culinaris agglutinin, LCA)-binding sugar chains.”®
" Recently, Dreanno showed that SIPC is a glycoprotein complex, i.e. a,-macroglobulin-like

protein, present in or comprise entirely of barnacle cyprid footprint materials.”

2.3.4.4 Barnacle adhesion processes

There are at least four distinct adhesion mechanisms occurring in the entire life
history of barnacle, i.e. temporary adhesive during cyprid exploration, cyprid permanent
cement for settled cyprid larva, “pinhead” seta adhesion (see Figure 2.6C) at juvenile
barnacle and finally adult barnacle cement at adult stage. During the pre-settlement
exploratory phase, cypris larvae “walk” on its two antennules (see Figure 2.5C) which adhere
temporarily on surface by antennules consisting of a dense cloak of minute cuticular villi
(Figure 2.5C for Balanus amphitrite and Figure 2.8B for Semibalanus balaniode) with typical
dimensions of 0.2 um x 2 um. A thin layer of glycoproteinaceous secretion is secreted via the

cuticular hairs (Figure 2.8A). It subsequently provides a firm adhesion that allows the cyprid
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to temporarily attach to surfaces underwater. Once settled, a relatively large volume of larval
permanent cement is discharged immediately through pores in the attachment disc from the
major cement glands (See Figure 2.5A) on either side of the body. This large blob of
permanent cement embeds both antennules to prevent further translation. Approximately a
week after metamorphosis, the basal area of the “pinhead” adheres to the substratum by a
mechanism that is not yet understood. As the adult barnacle develops, the secondary cement
glands are formed, adult cement is spread between the base and the substratum. Adult
barnacle cement is largely proteinaceous, which probably cross links on curing. It also
contains a high proportion of amino acids with hydroxyl groups, characteristics of many
tacky materials,*> 1% >4 69.79.80
2.3.4.5 Barnacle cyprid larva footprints

As mentioned in the previous section, cyprid larvae utilize footprint secretions to
facilitate temporary attachment to the surface. Walker et al. showed that the antennular discs
were covered with footprint materials in glutaraldehyde treated cyprid (Figure 2.8).%’
However, there was no trace of secretion found when individual cyprid were monitored under
optical microscope and scanning electron microscope (SEM). % Any evidence of the
presence of a footprint secretion would suggest that thin film adhesive was used to trap the
disc to the substratum and to facilitate a stronger adhesion with surface. Nevertheless,
indirect footprint visualization can be achieved ex situ by staining the cyprid explored area
with coomassie blue Bio-Rad protein dye reagent (CBB).>” The size of the blue color stained
area by CBB was in close agreement with the antennular size of the Semibalanus balanoide.
Clare et al. adopted similar staining procedures to visualize the footprints of Balanus
amphitrite. The footprint sizes were about 34 um, which is in good agreement with the
antennular disc diameter (d = 30 um) of B. amphitrite.*® # Another more specific staining
method was developed by Matsumura et al., which ultilized anti-76 kDa antiserum to target
toward B. amphitrite footprints (Figure 2.9).™
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Figure 2.8. (A) Scanning electron micrograph of the secretion on the antennular discs. Scale
bar is 20 um. (B) Scanning electron micrograph of the antennular disc of larva. The secretion

has been lost, hence exposing the cuticular villi.>” Scale bar = 20 um.

Figure 2.9. Footprints (marked as circle) stained with (A) CBB and (B) anti-76-kDa

antiserum on nitrocellulose membrane. Scale bar = 200 pm."

2.3.4.6 Barnacle cyprid larva adhesion strength

The adhesion strength between the cyprid larvae of S. Balanoide were measured by
Yule at al..**>* The authors attached the cyprid to a nickel-chromium wire by acrylate glue,
in which the cyprid remained robust and alive. The cyprids were then allowed to walk on the
surface. Once the cyprids started exploration on the surface, the surface was gently lowered
and the detachment force was measured using a microbalance. The detachment force was
determined as a function of season of settlement.*® Their studies showed that the average
adhesion force of cyprid footprint to the surface was comparatively higher (0.2 — 0.4 MPa)
during the main settlement period (mid April to early May) as compared to non-settlement
period, i.e. lower than 0.1 MPa. Their finding showed that cyprid employ an adhesion
equivalent to 2 - 3 atmosphere pressure for the temporary attachment on the surface during
exploration, which excludes the suction mechanism used during temporary attachment.
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2.4 History and development of antifouling systems

The problem of marine biofouling has been recognized and tackled for more than
2000 years. Antifouling activities have been dated back to the Greek and Roman times when
copper sheathing was used to prevent fouling. This sheathing technique later became widely
used in vessels around the world. The first record on the use of copper as an antifoulant is a
lethal recipe with the combination of arsenic; copper and gunpowder. It is a British patent
filed by William Beale in 1625.% ® Around 18™ century, copper sheathing was the most
efficient resistance to biofouling in wooden ship and was used in the British Navy. England
even forbid the export of copper and it was labeled as “war material” in the 1780s. The
antifouling mechanism of copper sheathing became known only in the 19" century when Sir
Humphry Davy studied the cathodic protection of ship hull and found the dissolution of
copper in seawater which prevented biofouling.®* ®

In 1841, Mallet patented an antifouling paint with slightly water soluble poisonous
materials. However this paint lacked the control of the abrasion and solubility rate in
seawater. A century later, in 1958, Montermoso and co-workers' suggested the possibilities
of using tributyltin (organotin) acrylate ester as an antifouling coating. In their protocol,
organotins were initially used as co-toxicants in copper paints. (Table 2.2).! In 1970s, the
introduction of self polishing copolymers (SPCs) containing copper, tin and other metallic
compounds was widely accepted as a effective and cheap “silver bullet” for combating
fouling.*® Highly poisonous metal containing paints, i.e. tributyl tin SPC (TBT-SPC paints)
covers approximately 70% of the present world fleet. It is the most successful approach
nowadays to prevent biofouling on ships and has led to huge economic benefits.?® The direct
and indirect annual savings due to the reduction of fouling on world fleet is estimated to

about US $3 billion worldwide and an annual fuel saving of 7 million tones.?
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Table 2.2. Historical development of antifouling systems in chronological order.*

Year

2000 years ago

5" century B.C.

3" century B.C.

10 AD.

13" to 15™
century

1618
1625

1758

1841

1860

1863

1906

mid 1950s

Early 1960s

1974

1987

1990

Early Phoenicians and Carthaginians

Greeks

Vikings

Danish King Christian IV
William Beale

HMS Alarm

Mallet

James Mclnness

Jame Tarr and Augustus Wonson

US Navy

Van de Kerks et al.

Milne and Hails

International Coatings

Copper sheathing on ship’s bottoms
Arsenic and sulphur mixed with oil
Tar, wax and even lead sheathing

Seal tar

Pitch, pitch and tallow

First underwater use of copper
First British patent of copper as an antifoulant
First authenticated use of copper sheating

Patented a slightly soluble coating s of
poisonous materials

Hot-plastic paint, used copper sulphate as
antifoulant in a metallic soap composition

US patent for A/F paint using copper oxide in
tar with naphtha or benzene

Tested hot-plastic and othe A/F paints at
Norfolk Navy Yard

AJ/F possibilities of high toxicity TBT-
containing compounds

Excellent A/F properties of the TBT moiety
were discovered and commercialized

Patented TBT-self polishing paints (TBT-
SPC)

Foul release coating, ,Intersleek was applied
to company yacht Artemis

Tin-free antifoulants
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2.4.1 Tributyltin self polishing copolymer paints (TBT-SPC)

Montermoso and co-workers first suggested the possibility of using TBT acrylate
esters as antifouling coatings in 1958.' Later, TBT self-polishing copolymer technology
patented by Milne and Hails®” in 1974, revolutionized the antifouling paints and achieved
worldwide acceptance quickly by the shipping industries. These tributyl tin self-polishing
antifouling paints are based on an acrylic polymer (usually hydrophobic polymer such as
methyl methacrylate) with TBT groups bonded onto the polymer backbone by an ester
linkage (Figure 2.10). At the beginning, ZnO was used as a biocide together with insoluble
pigments. The poor antifouling activity of zinc ions was compensated for by high removal
rates. The shift to cuprous oxide (Cu,O) made it possible to reduce the removal rate and

attain a better efficiency against algae fouling. > %%

MMA-TBTM o,
e, ) %CH;\ | MMA TBTM
&}

o:< CH CH CH CH
e i e - I e + N
o LN H,C—C H,C—C ~——tH,Cc—C H,C—C + mSn(C,H,); + mCl
_CH5CH; ZSn—CH, 3 oiLOCH /\ C:O/ o#OCH /\ C=0 /
CH, 3 /n m 3 /n m
AN

Seawater ions + H,O Sn(C,Hy),
Figure 2.10. Chemical formula of a repeating unit of a copolymer of tributyltin methacrylate
(TBTM) and methyl methacrylate (MMA). Controlled release mechanism of TBT copolymer
by hydrolysis.®

After immersion, the soluble pigment particles in contact with sea water begin to
dissolve and leach into seawater. The copolymer of TBT methacrylate and methyl
methacrylate in the paint are hydrophobic, which prevents sea water from penetrating into the
paint film. Thus, sea water can only fill the voids created after the dissolution of the soluble
pigment particles. The carboxyl-TBT linkage is hydrolytically unstable under slightly
alkaline conditions. This is usually the case in marine waters, and results in a slow, controlled
hydrolysis that cleaves the TBT moiety form the copolymer. This hydrolysis reaction takes
place, to varying extent throughout the leached layer (Figure 2.10).%

With time, the seawater slowly dissolves more pigment particles and extends the
reacting zone (the leached layer). Once a sufficient number of TBT moieties have been
released from the paint film surface, the partially reacted brittle polymer backbone can be
easily eroded by the moving sea water and exposes a less reacted paint surface (self-polishing

effect). This antifouling coating is easy to apply and could provide protection against
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biofouling for several years. The roughness of end coating is not exceeding 100 pum in
average hull roughness which ensures low levels of the hydrodynamic drag. The dissolution
of biocides (copper) provide wide range of protection particularly effective against animal
fouling, whereas the TBT, which is released through hydrolysis, is effective against copper-
resistant slime and weed fouling.™*

However the success of TBT-SPC was not long-lasting. Marine biologists have
assembled the evidence of the negative effects of TBT on coastal marine life. The main
reason for the adverse effects may be due to the direct dumping of organic waste containing
tin during dry docking.*>*® The toxic compounds accumulated in the marine environment
was found to be severely harmful to the non-targeted organisms.*® It has been shown that
extremely low concentrations of tributyltin moiety (TBT) can cause defective shell growth in
the oyster and imposex. As a result, a worldwide ban on the use of TBT was implemented
effectively from 1 January 2003, and the presence of such paints on the surface of the vessel
from 1 January 2008. The ban of TBT has prompted an increase in research into funding
sustainable antifouling alternatives. The paint industry has been urged to develop TBT-free
products that yield the same economic benefits and cause less harmful effects on the
environment. Currently, new environmentally friendly approaches are based on other
biocidals (coppers) or non-toxic solutions such as natural antifoulants in the coatings or the
design of surfaces with microstructures to mimic nature to prevent the settlement of marine
organisms.”” %

2.4.2 Development of tin-free antifouling systems

After an International Convention held on 5 October 2001 in London, parties are
required to ban the application of TBT-based antifouling (A/F) paints from 1 January 2003,
and the presence of such paints on the surface of the vessel from 1 January 2008. Therefore,
news designs of antifouling coatings are urgently needed. The following section introduces
several different alternative designs that might be suitable for the future requirements.™ % %
The future challenges include developing a polymer system, which may acts as a controlled
release vehicle for suitable antifouling biocides but having no side effects to non-target
organisms and no accumulation potential in the environment.** Other approaches to
engineering designer surfaces with controlled chemical composition, surface pattern, and
surface mechanical properties (passive protection) have also been considered.

Though TBT-containing paints are facing bans, the TBT-SPC paint system with its
unique features provides a basis for the development of new, non-toxin SPC paints to be used
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as delivery systems for environmentally non-hazardous biocides. However, developing a
product with similar characteristics as TBT-based paints is not an easy assignment. To
achieve a controllable biocide release system in the acrylic polymer backbone, factors should
take into accounts such as steric and electronic interaction with the complex chemical

neighborhood (co-binder, additives, pigments and etc.).*

2.4.3 Biocidal antifoulings

Biocidal antifoulings depend for their effectiveness on both the biocide itself and on
the technology used to control the biocide release, or leaching rate. Copper is one of the main
biocide used in TBT free antifoulings, together with rapidly degrading boosting biocides
which do not accumulate in the marine environment.*® * The release of the biocides is
typically controlled using high Rosin product, which slowly dissolves in sea water over time.
This product is referred to as controlled depletion polymer (CDP). The deliver of biocide
could be achieved by using self-polishing polymer or combination of CDP and SPC
technologies.

As chemical companies developed these new resins, they upgraded and improved
soluble matrix antifoulings, i.e. the main polymer binder must be soluble in water, providing
increased film integrity and toughness. Continuing improvement has resulted in Controlled
Depletion Polymer (CDP) antifoulings available today. Most marine paint companies market
their own versions of CDP antifoulings, and use a wide variety of nomenclatures to describe
them. Typical of these are “Eroding”, “Ablative”, “Polishing”, “Hydration”, “lon Exchange”,
“Hydrolysable Activated” and “Self-Polishing”. The common feature in all of these products
is the high proportion (> 50 %) of Rosin, or Rosin derivatives, in the binder component. The
main biocide used in CDP antifoulings is copper oxide, together with boosting biocides. Over
the past decades, the following tin-free antifouling paint systems have been introduced

commercially to replace the TBT-SPC:'%*

A) Copper-acrylates (Nippon Paint: Ecoloflex SPC I, International Paint: Intersmooth Ecoloflex)'%?

cl o + RCOO, Na°
hydrolysis o
C—0—Cu- —_— c
I N ooy )
o) ‘\_/ O Na + basic copper carbonate soluble
+
Na
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It is questionable whether this highly polar system works kinetically in the same way as the
TBT-SPC system. In this system, the release of copper compounds is insufficient to provide
biocidal efficacy; thus, booster biocides and high loadings of copper compounds are

necessary.

(B) lonexchange copolymers (Kansai Paint: Exion)'®’

cl
i O 4+ R-Zn-X
ion exchange 4 n
C—0—Zn-R C
Il N - +
O O Na
Na

It is postulated that the ion exchange mechanism is a one step mechanism and works
differently than the TBT-SPC mechanism. Further biocide loading is necessary if the paint is

to maintain its efficacy.

(C) Silane functionalized methacrylates (Chugoku Marine Paint: Sea Grand Prix)***

hydrolysis Z + R-Si-Cl or R3-Si-O -

This class, in which the tin atom is substituted by silicone, is chemically quite similar
to the TBT system. However, the alkyl substituents must be carefully selected and the entire
system must be combined with internal or external plasticizers to create the desired
hydrolysis rate. Since the Si-C bond is stronger than the Sn-C bond, it is expected that the
released alkylsilanes might be persistent in the environment. If these systems are introduced
on a large scale, it must be proven that there are no effects to the marine ecosystem. Also

these paints are effective only with combinations of copper compounds and booster biocides.
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2.4.4 Fouling release coatings (FRC)

Another alternative to biocides-based paints under development is the foul release
paint which is the only non-toxic method of fouling control. This is a form of nonstick
coating, based on silicone, which provides a very smooth, slippery surface, often called
fouling release coatings.®” 1% 1% 1% Qyer the past twenty years, the fouling release
technology has progressed from a novel concept, to feasible solutions for a range of marine
applications. The design of coating materials are largely based on low-modulus, lubricious

87,199,119 or fluoropolymers. It is important to

silicone polymers (e.g. polydimethylsiloxane)
distinguish the modes of fouling control between the FRC and the toxic antifouling paints.
The FRC relies on the easy release of accumulated foulings from the coating under
hydrodynamic shear, i.e., when the vessels are moving. The fouling release property of the
coatings can be further improved by the incorporation of low molecular weight silicone

elastomers.

Figure 2.11. Fouling release panel (Intersleek 425) (A) after exposed in field test for 3 weeks
and (B) after cleaning with water jet. (Courtesy by Dr. Serena Teo, Tropical Marine Science
Institute, National University of Singapore, Singapore.)

Fouling release coatings are non-toxic, hence the coating will most probably still
fouled, on vessels that are mostly moored. However, the fouling organisms are only weakly
attached, and much of the fouling will be ‘released’ in response to hydrodynamic forces when
the vessel moves in the water. For vessels that operate regularly at high speed, the
hydrodynamic shear forces will keep the hull in a foul-free condition. Macroalgae and some
hard foulers such as barnacles can be detached relatively easily from such surfaces. But
diatom slimes,?* oysters and tubeworms become attached tenaciously on surfaces. Hence they
cannot be easily removed at high speed. To keep the surface in pristine condition, the coating
may also require some cleaning (see Figure 2.11). Silicone elastomers are also expensive and

prone to tearing, so are only employed at the present time for specific applications, such as on
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high speed vessels (around 30 knots) (where release of biofouling is effective) and in
locations where toxic paints are prohibited.

To circumvent the diatom fouling on FRC surface, Ober et al. have prepared comb-
like block-copolymers with amphiphilic side-chains of ethylene oxide and fluorinated
methacrylate."**"*** This unique block-copolymer structure allows environment dependent
surface reconstruction by simple flipping of the side chains. The thin layer of ethoxylated
fluoroalkyl side chains allows a uniform change throughout the surface, without complex
topographic changes. Surfaces of the comblike block copolymers with ethoxylated
fluoroalkyl side chains are unique because they show a high removal of both green alga Ulva

and diatom Navicula .

2.4.5 Enzyme based antifouling coating

The low surface energy fouling release surface is not the “silver bullet” for the marine
biofouling solution.**? Currently, fouling release coatings only occupy a small portion of the
marine coating market (~ 5%) owing to its relatively high cost and low durability. The boat
owners often opt for a cheaper and biocidal alternative. The mode of action of FRCs also
restricts their applicability to the relatively fast-moving vessels.

Enzymes are environmental friendly due to its rapid biodegradibility. Enzymatic
antifouling is used to interfere directly with the adhering fouling organisms by degrading the
adhesives and reducing the ability of the fouling organisms attachments. Commercial
enzymatic products have been shown to be harmless to the environment, they are the
potential candidates to replace biocides as AF additive. However, to obtain an effective and
general enzyme-based industrial coatings based on single or a few enzymes is still far
fetched."* 1> Thus, more efforts are needed to develop a universally applicable antifouling
solution for vessels of all kinds that against a broad range of fouling organism. The most
widely held view is that the preferred future antifouling system includes a bioactive
ingredient, with moderate non-target toxic effect, incorporated in a marine paint to deter
colonization rather than killing the established foulers.”” %116 17
2.4.6 Surface topology control

In marine environment, the evolution of fouling prevention involves different
strategies and different antifouling mechanisms.™*® In particular, the physical defenses of
natural organisms such as surface roughness and different surface topology have inspired a
different perspective in coatings design. In this section, we will focus on the effect of surface

topology that hinders the fouling process. In nature, several marine organisms, plant and
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animals have shown specific surface structures that prevent or inhibit fouling. These

119-121 2 k123-125
i)

organisms include mussels, sea star,"?? shar etc.. These types of natural

antifouling surfaces have been subject of growing interest over the past decades. Surface

roughness and micro-topological features of artificial surfaces and their influence on cell,***

129-131

128 |arva settlement and accumulation***™*" have been under intensive investigation.

Figure 2.12. AutoCad sketches of proposed topographies of Sharklet™. (A) 2 um diameter,
2 um spaced pillars; (B) triangles and 2 um pillars; (C) 4 um wide, 2 um spaced stars; (D) 2
um wide, 1 um spaced square pillars; (E) Rings with 2 um inner diameter and 6 um outer
diameter, spaced 2 um apart; (F) 4 and 2 um wide stars; (G) 2 um diameter pillars spaced 1,
2 and 4 um apart in a gradient array (repeat unit designated by triangle); (H) Hexagons with
12 um long sides and spaced 2 um apart; (1) 2 um wide, 2 um spaced channels. Scale bars =
20 um.m

Current strategies exploit the surface topology based on the consideration of the

length scale of settling body of each target fouling organisms.**> Micro- and nano-scale
topology could be tailored across the length scales to tackle from bacterial (< 1 um), green

algae (5-7 um) and up to barnacle cypris larvae (~ 500 um for Balanus amphitrite).**® For
example, Callow et al.**® created artificial topology inspired by the skin of shark (Sharklet™)
with different arrangements combining of pillars and ridges as shown in Figure 2.12. These
artificial topological surfaces were replicated with low surface energy coating, i.e.

polydimethylsilane (PDMS) elastomer. The settlement of zoospore was reduced by 85% on
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the finer (i.e. 2 um) and more complex topology. This result demonstrated that engineering
micro-topology could inhibit the settlement of spores of a marine alga via biomimetic surface

design inspired by nature,****%

2.5 Antifouling coating assessment methods

Tests are performed on the antifouling paints/coatings to evaluate the design and to
improve the paints/coatings formulations. These tests can be applied to the entire group of
formulations such that inferior coatings with poor physical qualities and poor fouling release
properties can be eliminated. These tests include accelerated laboratory tests which can be
performed quickly on a large number of samples, settlement assays which evaluate the
antifouling performance towards certain species, and field tests or service tests that evaluate

the coating performance on ship hulls.

2.5.1 Atomic force microscopy (AFM)

Over the last decade, nanoscale testing and characterization techniques have slowly
proliferated from the field of materials science,*® where they were once viewed by many in
other disciplines as arcane and unapproachable, and are now easily accessible to those in the
broader scientific arena. In the present context, atomic force microscopy (AFM) based force
spectroscopy has allowed the ‘scaling down’ of traditional mechanical materials testing by
several orders of magnitude.’*** Where fibers of material were once required to be on at
least the cm scale for testing, nanofibres, or single proteins, can now be manipulated
mechanically, allowing detailed investigation of nanoscopic samples.?* 2" 2% %

For the purposes of the biofouling research, however, one of the main advantages of
AFM is its ability to measure nano-scale properties of natural bioadhesive materials and
adhesive interfaces in native conditions; i.e. hydrated in a saline solution. The information
that this mode of study provides, regarding the structure and function of adhesive proteins in
situ will, undoubtedly, encourage more informed surface design leading to novel methods of
interfering with the bioadhesive/substratum interface.

AFM utilises a sharp probe for imaging (with a tip radius typically on the order of 10-
50 nm), whose position is controlled by electronic feedback, to measure surface morphology.
The tip is attached to the edge of a microcantilever beam, which serves as a force-sensing
spring. The position and deflection of the cantilever-tip assembly is monitored by an optical
position sensing unit, where a low-noise laser light is shined to, and reflected from the back

of the gold coated silicone nitride cantilever. The relative position between tip and sample
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surface is controlled via a piezoelectric positioning system whereby, most often, the sample is
moved and scanned with respect to a stationary tip (there are also instruments available
which utilize scanned tips and stationary sample.). The tip deflection (i.e. force between tip
and sample, vs, tip-sample distance and tip position) is measured by reflection of the laser
beam onto a quadruple photodiode detector (Figure 2.13A). Here, movement of the laser
signal is detected as voltage potential and subsequently calibrated into distance/force units
for analysis. Topological images of surfaces are obtained from the variation of force vs. tip
position (x,y,z) with respect to the sample surface.
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Figure 2.13. Schematic (A) shows the principle of atomic force microscopy, (B) a typical

raw signal obtained from a force-spectroscopy experiment and (C) a typical force-separation
curve — calculated from the raw data.
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Unlike electron microscopy, for example, AFM provides three-dimensional
information of the surface topology as well as allowing determination of material properties
from affinity of the tip to the substrate. Such force measurements can be performed as the tip
approaches, contacts and retracts from the surface. Within a short time in contact with the tip,
polymer chains or molecules such as proteins may adsorb to the tip surface and their
mechanical properties can be measured in tension as the tip is retracted. Adsorbed molecules
are stretched and elongated under this retraction force. The photodiode signal (Figure 2.13B,
recorded raw signal) is converted to cantilever deflection by correction for sensitivity (in
volts per meter) as determined from the slope of the indentation part of the curve. Force is
then determined by multiplying cantilever deflection by the spring constant of the tip.
Scanner displacement is converted to separation between the tip and sample by selecting
contact points in the approach force curve and retraction force curves.**® Figure 2.13C is
typical force-extension curve containing information related to force experienced during pull-
off and molecular pull-off length.

Nanoindentation and probe-based techniques such as AFM have been successfully
applied to the study of biological samples and are now sensitive enough as to allow
measurement of localized nanomechanical properties in, for example, plant cell-walls.*%*2
Since the AFM instrument was first reported two decades ago, it has demonstrated its
flexibility as an analytical tool and is now highly pervasive, being used in fields as diverse as

153, 154

material science and biology, including even chemically sensitive imaging of polymer

surfaces, via mapping of local variations in adhesion forces on the nanoscale.™® AFM has

truly opened the door to the “nanoworld”**®

157, 158

with geologists using the technique to investigate
bacteria-mineral interactions and botanists studying the nanostructure and adhesive
properties of diatoms.?” 2 3! Probe-based techniques confer significant advantages to the
experimenter, such as the ability to control surface modification by selective deposition of
organic molecules, or even performance of ‘nano-surgery’ to gain insights into the internal

structure of collagen fibers.'>****

2.5.2 Settlement assay

Several laboratory cultured cyprid larvae of fouling species, for example alga,
barnacle and diatom, are generally used in settlement assay to study their preferences for
designed coating surfaces. The settlement assay can be used as a small-scale evaluation of the
antifouling coating surface performance prior to field test. The settlement assay of barnacle is

usually performed with the cyprid larvae of barnacle B. amphitrite.!®* B. amphitrite has
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become widely used in laboratory testing because its ability to release larvae all-year round
and also its tendency to settle in static water assay. Coating can be prepared on the glass slide
and a drop of solution contained hundred of cyprid are allowed to incubate for overnight. The
numbers of cyprid larvae settlements on the surfaces are compared with control surface.
Another type of assay is the choice assay where target species are allowed to choose between

different coatings overnight in the dark.

2.5.3 Panel test (field test)

The panel test of the resistance of coating to fouling is perhaps the most traditional
antifouling assessment. Yet, it is still widely used and viewed as the most important and
valuable test, provided it is performed under proper and well controlled conditions. For
example, Figure 2.14 shows the raft of field test conducted by Tropical Marine Science
Institute (TMSI) in Singapore in part discussed in this Thesis. It evaluates the formulation of
antifouling coatings in two ways: the ability of the coating to prevent fouling, and the
physical performance of the coating when exposed to natural conditions in the sea. To ensure
accuracy, the water temperature, pH, salinity, oxygen level should be constantly monitored.
Field tests can be carried out at different locations worldwide but the test results can be
varied according to local fouling community and fouling conditions. In addition, the fouling
condition is very dependence on the physical environments during the field test, such as
salinity, temperature, current flow that will affect the test outcome significantly. Hence, the

test result will be different if they are carried out at different times of the year.

Figure 2.14. Raft placed in Royal Singapore Yacht Club (RSYC), Singapore (A) and test
panels were located at 0.5 m to 1 m under the seawater level and facing the wave (B).
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2.5.4 Service test

The selection of the coating with best formulation always depends upon the
performance of the respective coatings/paints on the type of applied vessel and under the
conditions of service. Such service tests are the most expensive and time-consuming of all.
Therefore, all unsatisfactory formulations must be eliminated before service tests are
attempted. Two coatings/paints can be compared on the same vessel by applying them to the
opposing sections of the hull of the ship. This system provides large area coating
assessments, hence eliminating the positional effects. In order to obtain statistically reliable
results, several vessels must be used at each assessment, providing an antifouling quality
check such as fouling species and fouling condition on the respective paint under different

conditions of service and exposure.™

2.6 Summary

A brief accounts on marine biofouling process, fouling organisms, antifouling coating
history, type of antifouling coatings and antifouling coating assessment method were
presented in this chapter. To improve the design of antifouling surface, the understanding and
knowledge should be advanced in all dimensions concurrently. Currently, antifouling coating
industries rely on the empirical trial and error methods to improve the antifouling coating or
paints system. The new approach to solve the problem of marine antifouling should involve
meticulous effort that coordinated between marine biologists, materials scientific and coating
engineers. To circumvent the problem of fouling organisms attached on the surface, the
antifouling surfaces should target on the earlier stage, i.e. hindered settlement of larva, rather
than Killing the fouling organisms. However, the larva and surface interactions were confined
to a small interface which is usually tens of micrometers in its native environment. This
interface was difficult to assess by conventional microscopy such as optical microscopy or
scanning electron microscopy. In the following chapters, a nanoscale characterization
technique — AFM was applied to study the nanoscale interface between the cyprid larva and
surfaces in the native environment. The knowledge acquired from AFM study was with
enormous success which enables us to bridge the understanding gap between microscopic

events and macroscopic world.
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Chapter 3

Towards a nanomechanical basis for temporary adhesion in

barnacle cyprids (Semibalanus balanoides)”

Cypris larvae of barnacles are able to use a rapidly reversible adhesion mechanism for exploring
immersed surfaces and selecting a location for permanent attachment, metamorphosis and growth into
an adult. Barnacles are thus of considerable interest for the development of biomimetic adhesives and
also to the marine coatings industry that strives to develop the means by which barnacle settlement,
and associated economic costs, can be reduced. How barnacle cyprids temporarily attach to immersed
surfaces is, however, poorly understood. In this Chapter, we investigate cyprid temporary adhesion
and provide the first published data concerning a natural adhesion system that combines ‘dry’ and
‘wet’ mechanisms in an aqueous medium. Present data were acquired using atomic force microscopy
(AFM). “Footprints’ of a glycoproteinaceous secretion, deposited by exploring cyprids (Semibalanus
balanoides), were probed in artificial seawater on silane-modified glass surfaces. AFM imaging of
footprints revealed the fibrillar nature of the adhesive, suggesting that these deposits are composed of
single proteins or bundles of proteinaceous nanofibrils with height varying between 7 nm and 150 nm.
Estimation of dry and wet adhesion forces allowed calculation of a total tenacity value that closely
approximated force data obtained empirically in earlier studies. Results suggest that previously
proposed mechanisms of cyprid adhesion do not explain the great tenacity with which these
organisms stick and that cyprids likely require a combination of both ‘wet’ and ‘dry’ adhesion
mechanisms for temporary attachment.

“Parts of this Chapter have been published as: I. Y. Phang, N. Aldred, A. S. Clare, G. J. Vancso. J. R.
Soc. Interface 2008, 5, 397-401.



Chapter 3

3.1 Introduction

Biofouling, resulting from the settlement of propagules (pelagic larvae or spores)
from marine invertebrates, has received much interest of late,’ particularly with regard to
larval settlement on surfaces with differing chemical and physical characteristics. The
reasons behind the preferences of settling propagules are, however, still largely unknown.
More importantly, there remains a considerable dearth of information on the composition of
the adhesives themselves and, in many cases, the fundamental mechanisms by which
adhesion occurs have yet to be identified. These deficiencies are particularly apparent in the
case of barnacles. Barnacles are the most important marine fouling organisms due to their
large size, hard, calcareous body form? and generally gregarious nature.® They settle readily
on man-made structures, increasing hydrodynamic drag and damaging protective coatings.*
In fact, the prevention and remediation of marine fouling is a multi-billion dollar (US$)
industry and improved knowledge regarding marine bioadhesives would undoubtedly aid the
development of more effective fouling-resistant coatings.’

The bioadhesion mechanisms of many sessile marine organisms such as algae,
mussels and echinoderms involve initial surface exploration and reversible attachment
followed by secretion of a permanent adhesive for final, irreversible, settlement.®® Barnacles
are no different.” The barnacle cypris larva (Figure 3.1A - B [Balanus amphitrite]), has two
discreet adhesion systems; one temporary and one permanent (both unrelated to the well-
studied adult cement system). Prior to permanent attachment, cyprids explore surfaces using
a form of bi-pedal ‘walking’. It has been suggested, although never proven experimentally,
that cyprid temporary adhesion is facilitated by a glycoproteinaceous secretion derived from
modified hypodermal glands within the antennules.'® ** This secretion is expressed externally
onto the antennular attachment disc (Figure 3.1C) and, during surface exploration,
‘footprints’ are deposited by cyprids serving as a settlement cue for subsequently exploring
larvae.**™ In fact, the cyprid’s mode of attachment seems to share more in common with
‘wet/dry-adhesive’ systems from terrestrial organisms such as flies that use a principally
‘dry” system, enhanced by delivery of an oily secretion into the interface.'® This is a common
mode of improving adhesion by organisms that use unbranched setae for attachment. The
thousands of cuticular villi (Figure 3.1C) present on the cyprid attachment disc are not
branched like those of spiders, beetles and geckos and, as a result, it is hypothesized that
cyprids require a liquid adhesive for additional tenacity.?’** Cyprids would not achieve
anything like maximal theoretical tenacity for ‘dry” adhesion since their cuticular villi are not

orientated in an ordered way — as appears to be a common theme across all studied
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Nanomechanical basis of barnacle cyprid temporary adhesive

organisms. This could be because, unlike insects, arachnids and lizards, cyprids are bi-pedal
and, therefore, have no central point to draw towards.?* Further, forces in the marine
environment are much stronger and directionally unpredictable than on land, requiring a
system that is sturdy in all directions. A system that manifests tenacity in all directions,

however, raises interesting questions regarding detachment.

Figure 3.1. The ultrastructure and morphology of the cyprid temporary adhesive system. (A)
Cyprid exploration with footprints made visible by immunostaining on nitrocellulose
membrane (B) a light micrograph of a Balanus amphitrite cyprid (similar, but larger, cyprids
of S. balanoides were used in experiments) and (C) the ultrastucture of the antennular

attachment disk from Balanus amphitrite.

For two decades, researchers have attempted to isolate cyprid footprints in a form that
would permit investigation by scanning electron microscopy (SEM), environmental SEM
(ESEM) and other techniques, without any notable success.’® Nitrocellulose membrane
retains cyprid footprints due to its high protein binding capability (Figure 3.1C), but is not a
suitable substratum for atomic force microscopy (AFM).'* 8 Previously, AFM has been used
to investigate adhesion of low motility organisms such as bacteria, diatoms and algae,
however, barnacle adhesives are less conducive to AFM study being heterogeneous, dynamic

and, in the case of the footprint material, difficult to locate on surfaces.’* Despite these
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technical difficulties, this Chapter present the first mechanistic study of cyprid temporary
adhesion, drawing conclusions about the nature and function of the deposited footprint
material as well as speculating on the contribution of the antennular structure itself to overall
adhesion. Natively ‘sticky’ materials have been the focus of considerable study in recent
years, and a mechanism that also worked in aqueous conditions would have a range of

technical applications, from adhesive tape to microgrippers.? 2"

3.2 Results and discussion
3.2.1 Morphology of cyprid footprints

By using AFM, footprints of S. balanoides antennular secretion (Figure 3.2) were
probed on glass surfaces with different wettabilities.?* ***® Footprints deposited onto -CHs
(Guav = 85°; G, = 55°) (Figure 3.2A) or -NH, functionalized surfaces (6,4 = 60°; 6... = 25°)
(Figure 3.2B & Table 3.1) appeared to have different dimensions, with greater spreading on -
CHs (mean area 2.2x10° um?) than -NH, (mean area 1.9x10® um?). This difference could be
the result of a simple balance of thermodynamic forces, as described by the Young-Dupré
equation and would, theoretically, be consistent with passive spreading of a non-polar

adhesive in a three- phase aqueous system.**
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Figure 3.2. AFM micrograph (deflection mode image) of a cyprid (S. balanoides) footprint
on silanized glass (A) terminated by CHs; group and (B) terminated by NH, group. Cross-
sectional plots from height along the dashed line are shown in different colors respectively.
(C) High magnification AFM image (height) of the footprint material (z-scale from 0-100

nm).
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Table 3.1. Information regarding cyprid footprints and their adhesive strength calculated

from AFM measurements of the footprint material.

Glass surface Mean footprint ~ RMS thickness Volume Estimated
functionalization area (um’) (nm) (um’) exploration steps
NH; (Baqv = 60°) 1928 + 259 18.9+3.0 36.7 £10.7 535
CHs (0aav = 85°) 2157 + 201 53%1.0 114+1.1 1663

More obvious was the difference in volume of footprints deposited on the different
surfaces. Route-mean-square thickness of the footprints, calculated from AFM results, was
used to determine footprint volume giving a mean of 11.4 um? for -CH; and 36.7 pm? for -
NH; functional group. Again, the limited number of samples precluded statistical analysis,
however this three-fold difference is considerable. Assuming finite production, Walker &
Yule estimated that hypodermal glands responsible for adhesive synthesis could produce up
to 1.9x10* um® of the material. Using the footprint volume data, a finite resource would limit
the number of footprints to 530 + 20 on -NH, terminated glass and 1600 + 40 on -CHjs
terminated glass from a single S. balanoides cyprid, which corresponds to a distance
traversed of between 35 cm and 110 cm, respectively, assuming an individual pace distance
of 660 pm (pace distance estimated from observation of cyprid behaviour).*

High-resolution imaging revealed that the antennular secretion is fibrillar (Figure
3.2C) and that the appearance of footprints on the micrometer scale corresponds well to the
surface texture of the antennular disc. The heights of nanofibrils varied between 7 nm and
150 nm as estimated by AFM height section (Figure 3.2B bottom). These measurements
indicated that isolated protein chains, as well as bundles of protein aggregates, were
deposited during exploration. Diagnostic ‘fingerprint’ signatures of self-assembled adhesive
nanofibers have been observed by AFM-force spectroscopy in the mucilage of diatoms and
have recently been shown to be amyloid fibrils in the terrestrial alga Prasiola linearis >>* %
In these organisms the adhesive proteins are able to self-assemble into web-like network
structures in a co-operative effort to provide mechanical toughness that enhances the
adhesive’s ability to resist deformation under shear forces.*

In isolating footprints consistently on -NH; terminated glass, we discovered a surface
that appeared to retain the footprint material well, and which is also conducive to study by
AFM. It seemed clear that the antennular secretion (which is currently of unknown
composition)* had a stronger affinity to -NH, terminated surfaces than to -CHs, resulting in

more material remaining on those surfaces after detachment and a preference of cyprids for -
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NH; terminated surfaces (unpublished data). In addition, the interfacial energies between the
footprint material and the glass surface, and also between the footprint material and the
antennular disc, govern the frequency with which footprints remain on the test surfaces. The
fact that more footprints were observed on -NH, terminated surfaces suggests higher
adherence on this surface, since when the adhesive joint was broken, the adhesive remained
on the surface more often than on -CHs; terminated surfaces. In other words, on failure of the
adhesive joint, whether water enters between the surface and glycoprotein interface or the
glycoprotein and antennular disc interface depends on their respective surface tensions, and
could explain the differences in footprint morphologies on different wettability surfaces, as
well as the propensity for more footprints to be deposited on high wettability -NH,
terminated surfaces. Importantly, since the footprints are also settlement inducing (containing
or comprising settlement-inducing protein complex (SIPC)),"® less footprint material
deposited on -CHj; terminated surfaces would correlate directly to potential reduction of
con/allospecific settlement on those surfaces.

For many analytical techniques, it is necessary to first visualize a sample by staining
in order to locate it. Staining was avoided here in order to garner more accurate information
regarding the native material, although this came at a cost of low replication for this part of
the study. The experiment can, in summary, be considered to have taken place in vitro and in

native conditions.

3.2.2 Adhesion strength and drag estimation

A visco-adhesive mechanism, involving the antennular secretion as an adhesive,
became the generally accepted theory regarding cyprid temporary adhesion, primarily
through the exclusion of other possibilities.*” Empirical estimates of adhesion were not made
until the mid-1980’s,*"*° but demonstrated the strength of S. balanoides temporary adhesion
to be in the order of 0.068-0.076 MPa on clean glass, precluding the earlier suggestion that
attachment may be due to suction developed by the disc-encircling cuticular velum (Figure
3.1C).*! If adhesion relies on the viscose resistance of a proteinaceous secretion, it seemed
remarkable that cyprids could utilize such a tiny amount of adhesive (3.7x10™ 7 on NH,-
terminated glass and 1.1x10™* / on CHs-terminated glass for each footprint) to secure

themselves so tenaciously.
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Figure 3.3. A frequency histogram representing the pull-off forces measured on different
surfaces by force spectroscopy. Inset is a typical example of a force curve obtained
throughout the experiments. The orange shaded area under the force-separation curve
represents the energy dissipated by the system.

The hypothesis that attachment is facilitated only by visco-adhesive properties of the
antennular secretion (wet adhesion) was tested. Pull-off forces were obtained by AFM for 3
different footprints (Figure 3.3) with a mean force of 0.41 + 0.20 nN (n = 2500). This force
was scaled from an AFM tip, with apex diameter 100 nm, to the area of two antennular discs,
including an estimated 50 % porosity (Figure 3.4). From this estimation, it was clear that
cyprids would only be able to achieve a tenacity of 0.026 MPa if the protein alone were
responsible for adhesion; one-third of the empirical value (0.068 - 0.076 MPa on glass®).
Tenacity to silicone nitrile AFM tips would differ from that on glass although, clearly,
additional mechanisms must play a role in this adhesion process. The porous nature of the
footprint’s morphology, as shown in Figure 3.2C, correlated well with the dimensions of
individual cuticular villi of the adhesive disc (diameter of individual cuticular villus, @..icuiar
vitles ~ 200 nm). The porosity of the adhesive deposit might, it was hypothesized, result from
individual setae contacting the surface in different orientations, suggesting the possibility that
interactions between the villi and the surface could serve to enhance adhesion. Previously,
the cuticular villi had been thought to serve only as a retention mechanism for the antennular

secretion.*?

41



Chapter 3

Figure 3.4. Enlarged image of footprint material showing the porous nature of the footprint’s

morphology that correlated well with the dimensions of individual cuticular villi of the

adhesive disc (¢cuticu1ar villus ~ 200 nm)'

Taking account of villus-surface interactions, putative van der Waals contributions to
adhesion were then estimated from literature values (F,s» = 2.40 £ 0.80 nN for Gecko gecko
spatula pull-off force, measured on glass in water),*® accounting for surface area, density and
number of exposed cuticular villi on the attachment disc (Table 3.1). In combination with
measured ‘wet’ adhesion forces, ‘dry’ adhesion resulted in a total tenacity value of 0.063
MPa. Electrostatic interactions from the cuticular villi alone contributed an estimated 0.037
MPa to total tenacity. In fact, these model values closely approximate (with only 7 - 20 %
discrepancy) empirical values.*® Evidence that cyprids, in fact, use a combination of both
‘wet” and ‘dry” adhesion mechanisms for their temporary attachment seemed convincing, yet
the exact integration of ‘wet’ and ‘dry’ systems was still not understood. By varying the
porosity parameter in the adhesion calculation, we modeled the full range of potential
tenacity values, based on a spectrum of contributions from both adhesion components. The

results are presented in Figure 3.5.
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Figure 3.5. Total adhesion strength calculated from the scaled-up area of tip contact. Two
separate adhesion mechanisms are involved, i.e. wet adhesion involving the proteinaceous
secretion and dry adhesion between the cuticular villi and the surface. The shaded area is the
optimal region for attachment, satisfying both mechanisms. Inset cartoon illustrates the

interface between attachment disc and the surface.

From Figure 3.5, as the porosity of the deposited material increases, total tenacity
increases slightly due to contributions from “dry’ adhesion alone. “Wet’ adhesion decreases
with increasing porosity as would be expected. It is reasonable to assume that the cuticular
villi would not be in 100% contact with the surface so, at some stage (higher porosity), the
contribution from *dry’ adhesion will no longer increase in a linear fashion but will reach a
plateau, resulting in reduction of total tenacity at higher porosity. This relationship could be
the primary factor controlling evolutionary development of the cuticular villi — particularly
with regard to their density. The shaded region in Figure 3.5 highlights the range of porosity
that appears to be used by cyprids, based on AFM images of 3 footprints (e.g. Figure 3.4).
The calculation, however, assumes that water is completely excluded from the interface and
that the contact area is either occupied by cuticular villi or antennular secretion. This is
probably not an unreasonable assumption;*® especially considering the potentially
superhydrophobic architecture of the adhesive disc.

Finally, by modeling the cyprid as an airfoil (approximating the organism’s
hydrodynamic body shape) and disregarding lift, boundary layer and turbulence effects, we

calculated a generalized estimate of the potential drag resistance of a barnacle cyprid in
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natural conditions, based on our tenacity estimates (Figure 3.6). Calculations suggested that
the tenacity of a cyprid, as previously derived, would allow attachment to be maintained in a
‘jet-flow’-like stream of up to 5 m/s (18 km/hr); tenacity approaching this magnitude would
certainly be required during surface exploration by this temperate water, intertidal
organism.* This is, of course, simply estimation, with hydrodynamics poorly understood at
this micro-scale. On a smooth surface in flow, a cyprid would usually be protected within the
surface boundary layer; however, this calculation is considered relevant to the high-force
turbulent conditions of the intertidal, unlikely to manifest a stable boundary layer of any

appreciable thickness.**
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Figure 3.6. Estimation of the resistance of a cyprid to water flow. Inset is the air foil-shaped
model of a cyprid with a drag coefficient (Cp) of 0.045. Tenacity estimation allows a cyprid

to withstand flow speed of ~ 5 m/s.

As mentioned earlier, a large number of organisms across several phyla use viscous,
protein-based adhesives for surface attachment. This system must, therefore, confer benefits
over and above other potential methods of attachment. Smith,* suggested that ‘wet’ adhesion
could only develop forces twenty times less (~ 1 MPa) than purely ‘dry’ systems** because
the development of negative capillary pressures in an adhesive secretion under stress would
invoke spontaneous fluid cavitation, interfering with adhesion. If true, this would seriously
compromise the adhesion of barnacle cyprids. In reality, cavitation may well occur, but Singh
et al.*® recently proved experimentally that this process (on the micro scale at least)

conversely serves to significantly enhance adhesion.
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According to the sacrificial chain model proposed by smith et al.,** *’ the failure of a
sacrificial bond, usually leading to unfolding of a protein domain or loop, prevents damage to
the backbone of adhesive proteins, providing extreme toughness. This mechanism has been
found to operate in many natural materials such as abalone shell, bone and diatom adhesive
and is effective at dissipating large amounts of energy.? * % A sacrificial chain operates by
preventing the propagation of microcracks that appear in adhesive deposits when a shear
force is applied. This system could well operate in cyprid temporary adhesion.
Nanomechanical information from this study suggests that the proteins comprising the cyprid
antennular secretion are able to form nanofibers and provide modest adhesion, whilst
aggregation and network formation increases total energy dissipation in order to resist
deformation. However, adhesion by viscosity alone was not sufficient to explain observed
adherence of exploring cyprids. By estimation of van der Waals interactions, we showed that
overall adhesion must include a ‘dry’ adhesion aspect, similar to that of flies and geckos. The
first time that such a phenomenon has been observed to occur in the aquatic environment.
From this data we suggest a mechanism for cyprid temporary adhesion:

It is proposed that the natively hydrophobic nature of cyprid antennular discs,
possibly aided by the properties of the antennular secretion, displaces water from the
adhesion interface followed by glycoprotein secretion being delivered to the surface; sealing
the adhesive joint from the aqueous medium. The resulting viscous capillary layer of protein,
formed between the adhesive disc and the surface, contributes to high capillary forces and a
lower dielectric constant in the joint, thus strengthening electrostatic forces between the
cuticular villi and the surface.*® Voluntary detachment could be facilitated by re-orientation
of the villi, reducing the number of van der Waals interactions, breaking the capillary seal

and allowing water into the interface.

3.3 Conclusions

Barnacle cyprids have evolved a method of attaching rapidly and reversibly to almost
any immersed solid object, although exactly how they do so remains a mystery. The authors
struggle to accept that the cuticular villi, with their diverse morphology between genera of
barnacles, serve only as a retention mechanism for footprint material on the antennule*? and if
the villi can be shown to contribute to adhesion through surface interaction, cyprids would be
the first organism documented to use such a mechanism under-water. Valuable insight into
the mechanism of cyprid temporary adhesion has been presented here and it is hoped that

future work will directly challenge this intriguing and complex system.
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3.4 Experimental

Animals. S. balanoides cyprids were collected by plankton tow from the wild population at
Cullercoats, UK (55.1 N 1.26 W) during April 2006 and were stored in 2 [ glass containers, at 1
cyprid/ml, filled with artificial sea water (ASW; Tropic Marin™) at 6 °C prior to use. Feeding was not
necessary as cyprids are lecithotrophic.

Surface preparation. Glass microscopy cover slips were sonicated in ethanol for 5 min and then
immersed in piranha solution (a mixture of concentrated sulphuric acid and 33 % hydrogen peroxide
in a 3:1 ratio) for 15 mins. The surfaces were rinsed with nanopure water and dried under N,. Amino
(-NH,) and alkyl (-CH3) terminated surfaces were obtained by gas-phase evaporation of 3-
aminopropyl triethoxysilane (APTES) and dodecyltriethoxysilane (DTES) in a desiccator under
vacuum. APTES and DTES were obtained from Sigma Aldrich. All chemicals were used as received,
unless otherwise stated. Surfaces were incubated for several hours and then carefully rinsed with 99 %
ethanol and nanopure water.

Immuno-staining of footprints. Footprints were Immunoblotted following the protocol of
Matsumura et al.** Briefly, cyprids were washed and allowed to explore on 0.45 pm pore size
nitrocellulose membrane. The membrane was then immersed in TBS, blocking buffer and incubated
with a 1 % solution of the antibody to the 76 kDa subunit of barnacle settlement inducing protein
complex (SIPC). Incubation with a secondary goat anti-mouse antibody (alkaline phosphatase
conjugate) was followed by staining with a BCIP/NBT solution until footprints became obvious. The
membrane was allowed to dry out before imaging to improve contrast.

AFM experiments. AFM measurements were carried out using a Dimension D3100 atomic force
microscope equipped with NanoScope 1Va controller and a hybrid scanner (H-153) with x-, y- z-
feedbacks from Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA). Triangular-shaped
silicon nitride cantilevers (Veeco/Digital Instruments (DI), Santa Barbara, CA) were used throughout
the study and cantilever spring constants were calibrated using the thermal noise method.”® The
cantilever used for acquisition of the present results had a spring constant range from 0.062 to 0.100
Nm™. For experiments, cyprids were stored, prior to use, in 33 parts per thousand ASW and were then
deposited onto prepared surfaces by micro-pipette. Surfaces were mounted in glass Petri-dishes prior
to experimentation. Typically, cyprids would attach and begin exploration when stimulated by small
water currents. Explored areas of the glass were marked on the base of the cover slip and cyprids were
then removed from the Petri-dishes. Surfaces were flushed with large amount of filtered ASW to
minimize contamination. Petri-dishes were then transferred to the AFM and the search for footprints
was focused on the marked regions. Custom programmed software for LABVIEW™ was used for
data analysis throughout to transform the raw data to force-separation curves according to method
described by Janshoff et al.*

Estimation of cyprid drag resistance. A standard hydrodynamics expression was invoked to
calculate the detachment forces that an attached cyprid could withstand in nature. The estimated drag
coefficient (Cp) of a three-dimensional airfoil shape is 0.045, so the force per unit area (Fp) required
for a cyprid with antennular disc area 2.0x10° m? to remain attached in flow was calculated using:™

F =%chv2A

Where:
p  =1025 kgm™ (density of seawater)
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V2 =velocity squared

A =’ where r = 0.00025. Cross sectional area of S. balanoides = 1.9635 x 107 m?

This delivered an approximate detachment force value, disregarding lift and boundary layer effects.
How these physical parameters would affect an object as small as a barnacle cyprid (500 um for S.
balanoides) is impossible to predict with any degree of certainty.
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Chapter 4

Glycoprotein  “footprints” of the barnacle cypris larva:
Morphology and mechanical behavior at the nanoscale assessed
by AFM’

Barnacles are among the most important biofoulers of man-made underwater structures having
significant environmental and economic impact. Settlement-stage cypris larvae explore surfaces prior
to settlement by reversible attachment effected by a ‘temporary adhesive’. During this exploratory
behavior the cyprid may deposit glycoproteinaceous ‘footprints’ of a putatively adhesive material.
The deposition of footprint is dependent on the wettability of the surface. In this Chapter, footprints
deposited by Balanus amphitrite cyprids were probed by atomic force microscopy (AFM) in artificial
seawater on silane-modified glass surfaces. AFM imaging revealed the fibrillar nature of the secretion,
suggesting that the deposits were composed of single proteinaceous nanofibrils, or bundles of fibrils.
The force curves generated in pull-off force experiments consisted of sections of gradually increasing
force, separated by sharp drops in the extension force, which gave a characteristic saw-tooth
appearance. Following relaxation of fibrils stretched to high strains, force—distance curves in reverse
stretching experiments could be described by the entropic elasticity model of a polymer chain. When
subjected to relaxation exceeding 500 ms, extended footprint glycoproteins refolded and again
showed saw-tooth unfolding peaks in subsequent force cycles. Observed rupture and hysteresis
behavior was explained by the “sacrificial bond” model introduced by Hansma. Longer durations of
relaxation (>5 s) allowed more sacrificial bond reformation and contributed to enhanced energy
dissipation (higher toughness). The persistence length for the protein chains (Lp) was obtained by
fitting a classical worm-like chain model to the force-extension curves. At high elongation, following
repeated stretching up to increasing upper strain limits, a conspicuous step in the force curve was
observed, resembling conformation transition observed during pulling of a polysaccharide. We
attribute this to the presence of sugar units in the footprint glycoprotein.

“Parts of this Chapter have been submitted for publication.



Chapter 4

4.1 Introduction

Biological organisms in seawater often attach themselves to solid surfaces for various
reasons, e.g. to form colonies and improve their chances of survival.' Attachment is
facilitated by an underwater glue - usually an adhesive protein® or, in the case of adult

barnacles®’ and mussels,®*!

a complex mixture of a number of different proteins or peptides.
Two interfaces are involved, the substratum and the adhesive and the adhesive organ and its
secretion. Beyond fundamental interest in the adhesion of fouling organisms, a strong driving
force behind research into their bioadhesives has been to understand the adhesives in
sufficient detail so as to aid the design of artificial water-tolerant adhesive formulations.** '3

An additional incentive in the case of barnacles, however, is to use improved
knowledge of their adhesives to design fouling-resistant surfaces for use on immersed
structures.** ' Preventing the attachment of various marine organisms, including e.g.
barnacles, tubeworms and mussels poses a serious challenge for contemporary marine
technology.*® Biofouling of ship hull surfaces results in reduces maneuverability, enhances
frictional resistance in seawater, which increases fuel consumption.'” Fouling also obscures
sensors , enhances corrosion and blocks filtration processes.’® Thus, in addition to a
motivation in biology and materials science to better understand the biological and chemical
processes of marine foulant attachment, the economics of biofouling provide an immediate
incentive to develop novel, effective antifouling technologies. Solutions offered so far that
render surfaces biofouling-resistant (i.e. antifouling) have often relied on the release of a
biocide.’® Accumulation of high level of biocide may pose an unacceptable hazard to the
environment through effects on non-target orgsanisms.™® ° With increasing environmental
awareness and a drive for ‘green’ technologies, supported by environmental legislation, there
is considerable interest in developing non-toxic antifouling surfaces. If progress is to be made
in this area, a fuller understanding of the fouling process is necessary, which would
eventually allow one to derive design criteria for coating materials selection and surface
engineering.”*

The barnacle Balanus amphitrite (B. amphitrite = Amphibalanus amphitrite)?* has
been chosen as a representative marine fouling species in this study. Barnacles cause a
significant fouling problem due to their large size and hard calcareous shell. The life cycle of
B. amphitrite comprises six planktonic nauplius stages, all bar the first of which are
planktotrophic (feeding), a lecithotrophic (non-feeding) cyprid stage and the adult form.
Settlement on solid surfaces occurs at the cyprid stage. To achieve the objective of designing
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truly antifouling surface technologies, intervention must happen at the earliest stage of the
attachment process to prevent barnacle colonisation.?

Cyprids (Figure 4.1A) are highly discriminating in their choice of settlement site®*
which they explore, prior to settlement, using a pair of specialized antennules (Figure
4.1B).” The antennules are terminated at the 31 segment with adhesion organs (Figure 4.1C),
reminiscent of the pulvilli of flies.?® During surface exploration, the cyprid uses a rapidly
reversible temporary adhesion mechanism to walk across surfaces in a ‘bipedal’ fashion.?’ It
has been suggested that this temporary adhesion is facilitated, in part at least,’” ® by a
proteinaceous secretion putatively derived from hypodermal glands in the 2" antennular
segment.”** During surface exploration a small amount of this protein, hereafter referred to
as “footprint’, is deposited by the cyprid. The morphology and size of deposited footprint is
dependent on the wettability of the surface.®* This secretion serves a secondary function as a
settlement cue for subsequently exploring larvae (Figure 4.1D).** These footprints, their
morphology, nanomechanical properties and deformability were studied using atomic force
microscopy (AFM) both for imaging and for ‘force spectroscopy’ experiments. Our aim was
to garner structural and mechanical information from footprint deposits that may elucidate
their composition and inform us as to the interactions that occur at the interface between the

adhesive organs of cypris larvae and immersed surfaces.

Antennules _—
100 um 50 um 10 um 10 um

Figure 4.1. False color micrograph of a barnacle, Balanus amphitrite, cyprid (A), antennule

of a cyprid (B), microstructure of the antennular attachment disc (C) and a deposited footprint

(D).

AFM is well suited to imaging the surface morphology of soft matter across the
nanometers to hundreds of micrometers length scale and was, therefore, ideally suited to this
task.***° In addition, AFM allows the micro- and nano-scale mechanical properties of
synthetic and biological macromolecules to be examined in situ.*”*® Previously, AFM has

been used to investigate adhesion of low motility organisms such as bacteria,>® diatoms®*®
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and algae,® however barnacle adhesives, especially those of the cyprid, are less conducive to
AFM study as they are heterogeneous and dynamic.®> ® AFM can also be used to stretch
single macromolecule chains, or bundles of polymers, and measure force extension
relationships by the so called AFM-based force spectroscopy (AFM-FS) technique.®”"® The
advantage of AFM-FS is that it allows the study of nanomechanical or mechano-chemical
properties, such as the strength, elasticity and toughness of individual biomacromolecules, at
the single chain level.”*"® Useful information from these experiments is, at present, restricted
to several purified proteins or engineered proteins. This limitation is related to the
hierarchical structure of protein, which breaks up during extension in a highly complex
manner. The complexity of natural materials is not restricted to the single molecule level™
since larger molecules network through linked biomolecules into larger superstructures such
as nanofibers.®

In most natural materials, especially natural bioadhesives, so called sacrificial bonds
can prevent the breakdown of the main structure under an applied stress. Sacrificial bonds are
those linkages that fail, by design, before severe damage is done to the main structure
(usually the backbone of the biomacromolecule).?* When a force is applied to bioadhesives,
sacrificial bonds break and energy becomes dissipated by chain fracture. The hidden length
that is protected by the sacrificial bond unravels under these circumstances. Incorporation of
sacrificial bonds in bioadhesives creates a very resilient system capable of dissipating large
amounts of energy. Consequentially, many naturally occurring bioadhesives are unusually
tough by synthetic adhesive standards.®* The sacrificial bond model was first demonstrated in
az-macroglobulin (A2M) and later in the muscle protein - titin**** by AFM-based single
molecule force spectroscopy (SMFS) (Scheme 4.1).2° Titin functions as a ‘damper’ to absorb
most of the energy applied to its bioadhesive system.”> *® In fact, sacrificial bonds are

838 spider silk,®°

65, 66, 88

abundant in nature and can be found in many biomaterials such as bone,

60-63 and adult barnacle cement.

natural adhesives from algae,®* ® ® diatom mucilage
We anticipated that sacrificial bonds would also be present in cyprid temporary adhesive as
this secretion has been shown to be related to the settlement-inducing protein complex - an

a2M-like protein - of B. amphitrite.*"**
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Scheme 4.1. The pickup of footprint molecules with interconnected sacrificial bonds by an
AFM tip.

In previous Chapter, the morphology of barnacle, Semibalanus balanoides, cyprid
footprints was studied by AFM.*? The study suggested that the footprint deposits of that
species are composed of bundles of proteinaceous nanofibrils with heights varying between 7
nm and 150 nm. Macro-morphology of the footprints differed on glass surfaces treated with
silanes depending on substrate wettability. This Chapter focuses on the fine morphology and
nanomechanical behavior of footprint protein deposits of B. amphitrite. Once the footprints
were located, force extension curves of protein nanofibrils were recorded. When the footprint
proteins were attached to the AFM tip, they could be stretched in a reversible way, allowing
us to study related dynamic properties. Force-extension curves were recorded until contact
failure occurred at the weakest point in the system. Different pulling rates and delay times
were applied between pulling cycles to study the reforming ability of sacrificial bonds. The
worm-like chain polymer elasticity model was used to determine the persistence length and

contour length of the footprint fibrils.

4.2 Results
4.2.1 Morphology of Balanus amphitrite footprints

AFM for surface imaging was used to observe the morphology of the adhesive
footprints of B. amphitrite cyprids. Footprints of the glycoproteinaceous secretion deposited
by cyprids during surface exploration were probed under ASW on silane-modified glass
surfaces. Typically, footprint images (Figure 4.2A) were taken using tapping mode in air

(height image, z-range 100 nm). Footprints were elliptical in shape, as has been described
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previously, with diameters of about 30 um.?* ® The total surface coverage of an average
footprint was 4.140.6 x 10™° m? (n = 19). The footprint size roughly corresponded to the
diameter of the antennular disc of the cyprid (Figure 4.1C).3* The microtexture of the
footprint was porous in nature with individual nanofibrils observable across the contacted
surface as shown in Figure 4.2. In Figure 4.2A-D, a series of AFM micrographs, of
increasing magnification, are presented to show the morphological details of footprint
deposits. A high resolution AFM image (Figure 4.2B) (magnified section labeled by the blue
color box in Figure 4.2A) shows the conformation of the nanofibrils. Figure 4.2C shows a
high resolution scan of the boxed region in Figure 4.2B. Several extended fibrils, as
identified by the white arrows, likely correspond to single adhesive protein chains or bundles
of a small number of chains.

Figure 4.2. AFM micrograph (tapping mode amplitude image) of a cyprid, Balanus
amphitrite, footprint on NH, terminated silanized glass (A). High magnification image of
highlighted area in Figure 4.2(A) which shows the extended conformation of nanofibrils
across the surface (B) and high magnification images of single nanofibrils (C [highlighted
area in Figure 4.2B] & D).
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As shown in Figure 4.2B, the individual fibrils of the footprint protein adhesive
(thickness approximately 20 nm, including broadening by tip convolution) exhibited
anisotropic properties across the area of the footprint deposit. The fibrils generally exhibited
circumferential orientation (parallel with the footprint circumference; Figure 4.2A). These
nanofibrils were connected in their perpendicular direction by thicker fibrous proteins (Figure
4.2B). Several possibilities can be suggested to explain this morphology. It is likely that
during attachment of the antennules, the proteinaceous footprint material was forced, under
pressure, into the interface between the adhesive disc and the surface resulting in radial shear
of the deposited proteins. In addition, when the walking larvae detach from a surface there is
likely some cohesive failure within the footprint material. Thus a new protein-water interface
is created and this process may govern the morphology of the resulting deposits. The larger
protein aggregates, arising vertically from the surface of the deposit, probably corresponded
to the areas of adhesive failure between the deposit and the antennular disc (see Figure 4.2B).
Similar fiber-like adhesives are commonly found in nature, as in spiders, silkworms, diatoms

and flies larvae.%% 84 9091

4.2.2 Reversible unfolding-refolding, elasticity and dynamics of footprint nanofibrils

In order to understand the nanomechanical properties of footprints under tensile
deformation, AFM-based force spectroscopy was used to stretch footprint proteins.
Corresponding experiments were carried out by first allowing the tip to be ‘immersed’ in the
footprint. Once the footprint molecules were attached to the tip, the cantilever was retracted
from the surface. The force-extension curves of microfibrils ‘picked up’ by the tip (Figure
4.3), exhibited typical ‘saw-tooth’ fingerprints.* ** The force curves consisted of sections of
gradually increasing force, separated by sharp drops in the force. Similar force-extension
curves can also be observed in single protein AFM force spectroscopy, where the sharp drops
in force correspond to the breaking up of domains within single proteins.*> ** ™ However, in
the present case, the initial force extension curves did not represent single protein pulling.
Rather, it is likely that we observed the stretching of bundles of protein aggregates and
nanofibers, connected via sacrificial bonds.®*® Once a sacrificial bond was broken, the
shielded polypeptide chain of the protein unfolded, resulting in a sharp reduction in tension.
The rupture forces of the sacrificial bonds ranged between 220 pN to 580 pN. At a given
maximum extension, without breaking tip-protein-surface contact, the relative motion of the
tip was reversed and the fibrils were allowed to relax by fully removing the stress. As the tip

re-approached the surface, nanofibrils exhibited a monotonic relaxation (black curve in
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Figure 4.3A) showing entropic-elastic behavior. The shaded area under the force separation
curves represents the energy required to break the sacrificial bonds (~ 120 x 1078 J). This
process was designed to simulate the interactions that take place when an external force
separates sections of the footprints from the surface. The rupture of sacrificial bonds
functions as a natural damping process to dissipate large quantities of energy.®* Some of the
observed ‘sawteeth’ could be related to breaking up of the protein internal superstructure (the
mechanical denaturing of footprint protein). However, due to the complex unfolding
pathway, it is not possible to assign such intermolecular events with certainty.

The response of footprint proteins to different magnitudes of mechanical strain
(extension) was examined by subjecting the attached footprint nanofibrils to different stretch
lengths in successive elongation-relaxation experiments. Figure 4.3B (1) shows three force
separation curves for the same protein bundle with saw-tooth characteristics. The peak forces
varied from 250 pN to 1000 pN, possibly due to stretching two or more protein chains in
parallel. When the fibrils were extended to the contour length of 560 nm in the first cycle, a
sharp drop in force was observed, probably due to complete unfolding or detachment of
segments of proteins from the nanofibrils. The reforming of footprint domains during the
retraction cycle occurred quickly. Reforming of footprint domains was indicated by repeated
unfolding peaks observed (orange color line; Figure 3B) in the subsequent cycles of the same
protein(s). Figure 4.3B (Curve 3) shows the third stretching-relaxation cycle, with a sharp
increase in force at the end of a 1100 nm extension. The force-extension curves showed that
the footprint nanofibrils could be stretched and relaxed in a repetitive manner. The pull-off
force curves showed similar features, after repeated extend-retract cycles, to those in first
cycle. Footprint nanofibrils underwent bond reformation when allowed to relax as the tip
moved towards the surface. In the next force separation curve, the rupturing of sacrificial
bonds was again observed, suggesting that footprint protein(s) possesses ‘self-healing’
ability, similar to those reported in titin, silk, diatom adhesives and other proteins.** 60 8.8
The network appearance observed in Figure 4.2 supported the idea that the fibrils are
composed of complex and interconnected smaller macromolecular subunits. Hence, it is not
surprising that several molecules were stretched simultaneously in pulling experiments. Due
to the complexity of the system, force-separation experiments did not yield regular and
reproducible curves with uniform unfolding force as have been produced for rabbit muscle

titin molecules and engineered proteins.** %
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Figure 4.3. Force spectra recorded from a footprint of a Balanus amphitrite cyprid.
Mechanical unfolding of footprint nanofibrils, which shows a saw-tooth characteristic with
multiple progressive unfolding peaks (red arrow) and monotonic entropic elasticity in the

relaxation curve (A). The footprint response under different mechanical strains (extension)

(B).

In the experiments described so far, the piezoelectric scanner eventually reached its
vertical z-direction limit (~ 2600 nm) during stretching of the nanofibrils. In order to further
increase elongation, the scanner was raised manually by 2 preset values of 278 nm and 556
nm. Figure 4 shows the corresponding force-extension curves. Curve 1 in Figure 4.4 displays
a force-separation curve with two distinct patterns, namely, saw-tooth characteristics at low
extension (up to 700 nm) and predominantly elastic behavior at high extension (> 700 nm).
Once all sacrificial bonds were broken, the tensile energy was stored elastically at higher
extension.?* When the tip was moved away from the surface, the saw-tooth characteristic
gradually disappeared (see Figure 4.4, curve 5). Curve 5 showed a monotonic chain elasticity
type behavior throughout the entire stretched length in the extension and retraction cycles. A
transition flattening (plateau) force was observed at a stretch length of 3000 nm. This
transition remained visible in Figure 4.4, curve 5, until the final detachment of the nanofibrils
(at curve 16). The inset in Figure 4.4 shows another plot of such a transition found in another
footprint. We suggest that this transition has a similar origin to that of chair-boat transitions
of pyranose rings in polysaccharides.’® " %% The value of the transition force was

approximately 1000 pN. This force corresponds to conformational change equivalent to a
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single dextran ring, or deformation of three parallel amylose rings where the transition force
is around 300 pN. The maximum force values observed in subsequent curves varied due to
variation in segment detachment, rupture of sacrificial bonds and structure break-up in the
complex molecular bundles. At curve 16, complete rupture of contact was observed. This
rupture, presumably, took place at the weakest point, which could be anywhere between the
tip and the surface. Prior to rupture, the pull-off force rose sharply to about 2000 pN followed
by a sharp drop of tension to the baseline. In the next cycle, no signal from the stretching of
footprint molecules was observed in the force-separation curve. Thus the nanofibrils detached

completely before a total stretching length of 10 um.
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Figure 4.4. Force spectra recorded from a footprint of a Balanus amphitrite cyprid.
Mechanical unfolding of footprint nanofibrils, which shows a saw-tooth characteristic with
multiple progressive unfolding peaks (red arrow) and monotonic entropic elasticity in the

relaxation curve (A). The footprint response under different mechanical strains (extension)

(B).

Comparison of these results to those from a-macroglobulin®® #

may prove to be
particularly enlightening given the similarities of this molecule to the barnacle settlement-
inducing protein complex (SIPC); a glycoprotein complex (o-macroglobulin-like protein)

known to be present in, or comprise entirely, barnacle cyprid footprint material.*

Therefore,
it is possible that both stretched a,-macroglobulin molecules and footprint proteins possess
similar mechanical responses. Ikai et al. first reported the use of AFM-FS to investigate the

mechanical unfolding of a-macroglobulin (725 kDa) purified from human blood serum on a
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gold surface.”> *! Force curves from the stretched a,-macroglobulin molecule showed a saw-
tooth characteristic with irregular force peaks. The stretched forces varied from 0.25 nN to
2.5 nN, with a maximum peak at 0.75 nN. The sacrificial bond unfolding force of footprints
is 0.53 nN + 0.18 nN. The difference in stretched force here may due to the gold-coated tip
used in the previous study, where the formation or influence of Au-sulfide bonds is
inevitable.”” *® The maximum stretched length of a,-macroglobulin from human blood serum
is distributed between 100 - 200 nm, for pulling of a single subunit and 400 nm, for pulling of
2 subunits connected in serial. The stretched length of footprints varied from a few hundreds
of nanometers to > 2 um, dependent on the quantity of footprint protein that was picked up
by cantilever. Despite the difference in materials used in both cases, i.e. purified individual
molecules vs. nanofibrils in footprint protein, the similarity in their respective stretching
behaviors may allow direct comparison of the nanomechanical properties of these proteins.
More significantly, it could provide further insight into the composition of the cyprid
footprint.

4.2.3 Refolding dynamic of footprint protein segments

During the period of dependence on temporary attachment, the cyprid experiences
significant mechanical stress in the form of hydrodynamic shear. The mechanical pulses
invoked in this way apply a corresponding stress on the sacrificial bonds in footprints and
eventually may detach the cyprid from the surface if their magnitude is sufficient. However,
it is likely that the periodicity of these forces and their irregular application allows sacrificial
bonds to reform in the footprint material before failure occurs at the substratum-protein or
protein-cyprid interface. To mimic the stress-relaxation behavior of footprint nanofibrils,
isolated nanofibrils were subjected to repeated AFM extension-relaxation cycles and allowed
to relax over different delay periods. Figure 4.5A shows a series of force separation curves
with different delay times. The first force curve obtained immediately following a stretch-
relax cycle, without delay, is shown at the top of the force extension diagram in Figure 4.5A.
This force extension curve shows predominantly elastic behavior, with only a few force
peaks during extension, and smooth relaxation to the unstretched state. When a delay of 500
us was applied between the pulling cycles, several force peaks were observed in the resulting
force-extension trace. This trend continued for longer delays, i.e. enhancement of the saw-
tooth characteristic and hysteresis was observed with increasing delay time. Moreover, the

maximum pull-off distance also increased with increasing delay. These observations imply
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that more energy was dissipated when a longer delay time was applied. Hansma et al.
reported similar observations on the stretching of collagen.®* They proposed that the longer
delay provided more time for sacrificial bonds to reform and thus more energy could be
dissipated in the next pulling cycle.

Figure 4.5B shows the energy dissipated during the pull cycle calculated from the
hysteresis of the force-extension curves and the length of the extension section for which
hysteresis behavior was demonstrated. This length is referred to as ‘hysteresis length’ and is
related to the break up of all sacrificial bonds during extension. When the delay time was
increased from 2 s to 10 s, sharp increases in the number of local peaks showing the saw-
tooth pattern, hysteresis length and amount of dissipated energy, were observed. This
indicates the onset of reforming sacrificial bonds during this delay period. We noted that
similar trends were observed in several extension-delay cycles obtained for different

footprints. The energy dissipation for 2 s and 10 s delays were 60 + 30 x 10™® J and 230 +
150 x 108 J, respectively. The hysteresis length varied from 540 + 120 nm to 800 + 300 nm

for 2 s and 10 s delay, respectively. A sharp increase in energy dissipation due to force cycle
delays from 2 s to 5 s indicates the recovery time for the sacrificial bonds is about 5 s. This
recovery rate is faster than the reported 10 s rebonding time for bone adhesive,® 30 s for
diatom Eunotia sudetica adhesive,”® and more than 100 s for bone collagen in calcium
buffer.®® The necessity for a rapid recovery of strength in cyprid footprints is important when
one considers the size of the cyprid (B. amphitrite = ~ 500 um length) compared to that of a
diatom or algal spore (generally an order of magnitude smaller). Even considering the
streamlined ‘airfoil” shape of cyprids, their coefficient of drag would likely be significantly
greater than that of a smaller organism and they would, therefore, require a correspondingly
stronger adhesion system. With only a tiny amount (approximately 2 x 10™ L on NH,-
terminated glass surface) of footprint utilized in temporary attachment (for each step), the
footprints must be able to reform and recover quickly. The last pulling cycle shown in Figure
5A was captured without delay immediately following the previous cycle. Although some
recovery of the sacrificial bonds can be observed, these indications disappeared after several
cycles and, from there onwards, the trace is qualitatively similar to that of the first pulling

cycle.
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Figure 4.5. The refolding dynamics of nanofibrils allowed different relaxation times (delay
time from O s to 10 s) (A) Energy dissipation and hysteresis length calculated from the force-
extension curves with different delay time (B).

In order to check possible loading rate effects, we calculated the average rupture force
observed in one pulling cycle and plotted it as a function of stretching rate (piezo retraction
rate). The average rupture force is determined as the arithmetic mean of each local rupture at
a sacrificial bond observed in the sawtooth pattern. Figure 4.6 shows the results of the
stretch-rate experiments observed without delay and following 1 sec delay between cycles.
No differences in pull-off force with respect to stretching rate could be observed. The
absence of stretching rate dependence indicates that the system fluctuates between the bound
and unbound states on a time scale that is much faster than that of the pulling experiment.'**
102 Again, this is a necessary scenario given the abundance of instantaneous forces that would
act on an attached larva in the turbulent intertidal environment.
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Figure 4.6. Stretch-rate dependence experiments with and without relaxation between the

pulling cycles.

4.2.4 Segment elasticity of footprint protein chains

The force-extension relationship of footprint nanofibrils was described using the
wormlike chain model (WLC)®® in this manner (for quantitative expression see the
experimental section). Fitting the WLC model involves the persistence length (Lp) and
contour length (Lc) data of the footprint subunits which are measured under tension. We
recognise that in an ideal situation this model would be applied to stretching of a single chain
segment, however, the WLC model can also be used to describe the stretching of chain
segments in parallel and this is the likely scenario in many of the present experiments. Figure
4.7 shows a representative force extension curve with saw-tooth characteristics including the
fitted lines (orange) obtained from the WLC model. The Lp and Lc values were included in
Figure 4.7to illustrate the relationship between the information obtained from the force
separation curves and simulation results from the WLC model. The effective persistence
length is shown and numbered for each curve fitted. The Lp obtained for the individual ‘saw-
teeth’ (Figure 4.7) varied between 0.06 nm to 0.22 nm. Lp is closely related to the number of
segments stretched.® % Persistence length values Lp < 0.14 nm were considered ‘non-
physical’ since they are smaller than an atomic radius.®™ # 1% However, such non-physical
values did occur and could be due, in this case, to the stretching and overlapping of multiple
parallel molecules in the footprint nanofibrils.: # %2 1% The unfolding peak force increased
from peak 1 to peak 3 but the corresponding Lp values were reduced. In contrast, the
reduction of unfolding peak forces from peaks 3 to 5 gave an increase in simulated Lp. The Lp
remained relatively constant from peak 6 onwards. The unfolding force for peaks 9 to 11 is
760 pN which is higher than the 640 pN to unfold peaks 6 to 8. The Lp from peak 6 to peak
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11 could imply that the stretched footprint nanofibrils were segments originating from one
common backbone. The different unfolding forces could relate to the mechanical hierarchy
present in the footprint nanofibrils and also to the fluctuating number of sacrificial bonds. Li
et al. showed that in engineered giant titin molecules, the extension of segments proceeds
from least stable to more stable domains.*® It is likely that this sequential extension of

subunits also occurs in footprint protein bundles.
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Figure 4.7. The description of saw-tooth unfolding peaks by worm-like chain (WLC) model

(red line) and the obtained contour length (Lc) plot versus persistence length (Lp).

The number of tethered molecules (n) can be calculated from the value of the persistence
length (Lp) using n = Leo/Lp 2 if the longest apparent persistence length (Lpo) can be
identified from the distribution of Lp.®" ® This is similar to the stretching of n-parallel springs
at one time, where nF is required to stretch n individual springs with force F. Recently,
Sarkar et al '® demonstrated that the unfolding force and the persistence length value
required to stretch two polyproteins in parallel was double and one half that for single
polyproteins respectively.

4.3 Conclusions

Footprints of barnacle cypris larvae (B. amphitrite) were studied using AFM. Images
revealed a network-like morphology of footprint proteins, consisting of aggregated and
interconnected nanofibrils. Molecular scale mechanical properties of the fibrillar aggregates
were accessed by force spectroscopy experiments. Characteristic saw-tooth force extension
curves and entropic-elastic stretch behavior were observed depending on the degree of
extension and deformation history. Hysteresis behavior was observed in repeated elongation-
relaxation cycles. We interpreted this behavior in terms of a sacrificial bond model arising

from intra/intermolecular loading and unloading. Delay/recovery time prior to testing of
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individual fibrils was found to be important. For the section of force-extension curves
exhibiting entropy-like spring behavior, the WLC model was applied to estimate the effective
persistence and contour lengths. The change in persistence length with repeated testing was
an indication of the breaking of sacrificial bonds between proteinaceous segments connected
either in a parallel or in a serial fashion in the protein nanofibrils. The effective time needed
to reform sacrificial bonds was estimated from experiments with controlled delay. Typical
values were between 2 to 5 s. This behavior provides a dynamic binding mechanism for
cyprids to resist water currents and instantaneous stress in a marine environment. At high
elongation, following repeated stretching up to high strain, the corresponding force extension
diagrams showed the signature of sugar rings within the glycoprotein which could be
originated from the SIPC.

This detailed study of molecular nanomechanical properties by AFM has enabled a
systematic approach to be taken towards future characterization of a large glycoprotein used
in cyprid temporary adhesion. This material has properties that are desirable in synthetic
adhesives, although it is likely that the actual mechanism of temporary adhesion in cyprids is
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more complex than reliance on a single glycoprotein deposit.” This material, however, must

first be understood before a full understanding of how cyprids attach with such tenacity
underwater can be claimed. Only when we understand this adhesion system, which facilitates
initial colonization of surfaces by barnacles, will we be adequately armed to engage in

hypothesis-driven development of specifically targeted antifouling marine coatings.

4.4 Experimental

Animals. B. amphitrite cyprids were batch cultured in the laboratory. Nauplii were released by
adult B. amphitrite and raised on a diet of Skeletonema costatum according to Hellio et al.*®
Metamorphosis into cyprids occurred within 5 days. Cyprids were stored at 6°C to prevent settlement
and used for AFM experiments within 5 days following the final nauplius molt to the cyprid.'”’

Surface preparation. Glass microscopy cover slips were sonicated in ethanol for 5 min and then
immersed in piranha solution (a mixture of concentrated sulphuric acid and 33% hydrogen peroxide in
a 3:1 ratio) for 15 mins. The surfaces were rinsed with Milli-Q water (Ultrapure Water system) and
dried under N,. Amino (NH,-) terminated surfaces were obtained by gas-phase evaporation of 3-
aminopropy! triethoxysilane (APTES) in a desiccator under vacuum.'® APTES was obtained from
Sigma Aldrich and used as received. Surfaces were incubated for several hours and then carefully
rinsed with 99% ethanol and Milli-Q water.

AFM experiments. AFM measurements were carried out using a Dimension D3100 atomic force
microscope equipped with a NanoScope IVVa controller and a hybrid scanner (H-153) with x-, y- z-
feedbacks from Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA). Triangular-shaped
silicon nitride cantilevers (Veeco/Digital Instruments (DI), Santa Barbara, CA) were used throughout
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the study and cantilever spring constants were calibrated using the thermal noise method.'®® The
spring constant values obtained were in the range of 80 to 90 pN/nm. The cyprids were stored, prior to
use, in 33 parts per thousand artificial seawater (ASW, Tropical Marine) and were then deposited onto
prepared surfaces by micro-pipette. The modified glass cover slips were mounted in polystyrene Petri
dishes prior to experiments. Typically, cyprids would attach to the glass surface and begin exploration
when stimulated by small water currents. Explored areas of the modified glass were marked on the
base of the Petri dishes and cyprids were then removed. Surfaces were flushed with large amounts of
filtered ASW to minimize contamination. Petri dishes were then transferred to the AFM and the
search for footprints was focused on the marked regions. Footprint images were obtained in contact
mode with minimal force. Force-tip separation curves were subsequently obtained on preselected
locations of the footprints. For imaging in air, samples were rinsed again with ASW and with Milli-Q
water and dried in a stream of nitrogen gas. Silicon cantilevers, PointProbe®Plus Non-Contact High
resonance frequency (PPP-NCH) from Nanosensors (Nanosensors, Wetzlar, Germany) were used for
intermittent contact (tapping) mode operation to obtain high resolution images of the samples. Scan
rates were varied from 0.3 Hz to 1 Hz and the free amplitude set-point value was around 1.5V.
Nanoscope® software version 613026 was used for data analysis.

Worm-like chain (WLC) polymer elasticity model. Polymer elasticity was described by the
Worm-Like Chain (WLC) model.** The WLC model described the relationship between the chain
extension x and entropic force F(x) generated in the form: F(x)=(kT/L,)[0.25(1-x/Lc)? -0.25+x/ L]
where k is the Boltzmann’s constant; T is the temperature; L, is the persistence length of the molecule
and L. is the contour length.*’
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Chapter 5

Interfacial forces with chemical specificity of barnacle cyprid
“footprints” proteins by AFM"

Cyprid larvae of the barnacle Semibalanus balanoides leave footprint proteins at surfaces immersed in
marine environment during pre-settlement exploration. This is considered as a very essential step in
biofouling processes, hence the relevant interfaces, i.e. protein-substrate and protein seawater (or
other contacting body) should be understood. The nanomechanical properties of such temporary
adhesive “footprints” secreted by barnacle cyprid larva were probed by atomic force microscopy
(AFM). Freshly secreted footprint adhesives at hydrophilic -NH, terminated surfaces were studied by
imaging and force spectroscopy. In this Chapter, we used commercial, hydrophilic SizN,4 tips and
chemically functionalized tips featuring —CHs functional groups to mimic the interfacial interaction
with hydrophobic and hydrophilic surfaces. Force-extension curves of protein bundles picked up by
AFM tips exhibited a characteristic saw-tooth appearance, and showed characteristic differences for
the two different tip surface chemistries. These differences were evident from the pull-off force and
pull-off length plots. All pull-off force histograms showed forces in the range of 0 - 2 nN, with a
maximum at ca. 0.9 nN, which was attributed to breaking “sacrificial” intermolecular bonds. Data
from —CHj; functionalized tips showed an additional pull-off force (~ 6 nN) arising from hydrophobic
interactions.

“Parts of this Chapter have been submitted for publication.



Chapter 5

5.1 Introduction

Barnacles, are perhaps the most notorious marine fouling species, being commonly
found attached to the hulls of ships and other artificial structures. The accumulation of
fouling on manmade surfaces has the principal effect of increasing surface roughness and,
therefore, increasing the hydrodynamic drag experienced by the immersed object. Depending
on the structure in question, this process can variously enhance corrosion,' increase
greenhouse gas emissions, reduce propulsion efficiency and increase fuel costs by as much
as 86%.% In marine fouling research, most effort is currently directed towards understanding
the release of adult barnacles from surfaces,” however, there is an alternate perspective and
barnacles have historically received much attention from those wishing to exploit their
adhesives commercially.® In the latter regard, the cyprid larvae of barnacles, which have
discrete adhesives of their own, have received surprisingly little attention.

The cyprid larva of barnacles is responsible for surface exploration, selection and
settlement.® Cyprids, in this case of the barnacle Semibalanus balanoides (S. balanoides), are
capable of temporary or rapidly reversible adhesion; a process that is used during their initial
exploration of surfaces.” Using two specialized antennules, laden with sensory structures® and
terminated in an adhesive disc,’ cyprids walk across surfaces in a bi-pedal fashion and at a
maximum rate of two body lengths per second. During surface exploration, ‘footprints’ of a
glycoproteinaceous material are deposited and this material has an assumed role in the
temporary adhesion of the organism; in some cases being termed ‘temporary adhesive’.’

10 is secreted

Once the cyprid commits to settlement, a rapidly curing “permanent cement
through the antennules, embedding them and fixing the cyprid permanently to the surface.
The permanent cement, which is not discussed any further in this study, is thought to be
different in composition and function to both the temporary adhesive and the adult barnacle
cement.'! Metamorphosis from a settled cyprid to a juvenile barnacle is then completed
within 5 — 8 h in B. amphitrite.

Understanding the adhesives of barnacles and their larvae is a necessary step in the
development of biomimetic adhesives that are capable of functioning underwater. This
problem includes two interfaces, i.e. protein - substrate, and protein - sea water contacts.
Clearly the little known and poorly understood ‘temporary’ and ‘permanent’ adhesives of
cyprids present an opportunity to study the properties and composition of adhesives that have
evolved to function in a liquid medium. It is likely that inspiration from materials such as
these will direct future adhesives formulation. The present study concentrates on the cyprid

temporary adhesive and builds on information presented in recent publications.**™* We
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explore, with chemical specificity, using the recently developed molecular force spectroscopy
by Atomic Force Microscopy (AFM), the adherence strength of the exposed footprint surface
to AFM tips bearing hydrophilic, or hydrophobic surfaces.

AFM is a simple but versatile instrument® and, in its most simple application, it
employs a sharp probe to image surface topology on the micro-/nano-scale. Most commonly,
the surface of interest is raster scanned in relation to a static tip — a process controlled by
electronic feedback. Reflection of a laser beam from the AFM tip is detected and this
information can be interpreted into X, y, z data, allowing real-time compilation of high-
resolution three-dimensional topological maps. Force distance interactions between the tip
and the surface can also be measured with high accuracy, providing that the spring constant
of the cantilever (on which the tip is mounted) is known. Single chains can be stretched, and
force extension curves be measured quantitatively [for a recent review see e.g. Giannotti &
Vancso (2007)].'* The advantages of AFM over other microscopic techniques have

17,18

historically been exploited to measure surface topology in “quasi” 3 dimensions, surface

physical/chemical properties™® %°

and physical properties of (bio)macromolecules at the nano-
scale and in different environments.?*® In particular, there is growing interest in using AFM-
based techniques to measure the mechanical properties of single molecules in singulo, so as
to study the static and dynamic molecular properties of engineered proteins, measure specific
antigen-antibody interactions and determine the energy dissipation associated with bond
rupturing. %

Throughout their development, the above techniques have been used extensively to
study the complex nanomechanical properties of natural bio-materials. For example,

measurement of the modulus of alga adhesive,* %

4143 44, 45

the energy dissipation mechanisms of

spider sil or bone glue, and single modular protein unfolding in diatom mucilage*®
%30 have been explored. By studying the energy dissipation mechanisms of different
bioadhesives, Hansma et al. (1999) proposed that the toughness present in most bioadhesives
originates from the repetitive breaking of intermediate “sacrificial bonds” that prevent severe
damage of the protein backbone under applied stress. **** The incorporation of sacrificial
bonds in bioadhesives creates a very resilient system capable of dissipating large amounts of
energy. In addition, the surface of the AFM tip can be tailored, by chemical functionalization,
for applications that require experimentation using specific chemical end-groups. Chemical
force microscopy (CFM) utilizes tips with different chemistries, produced through covalent
attachment of thin monolayers of alkane-silane or alkane-thiols.***® Moreover, by using live

bioprobe such as bacteria,**° live ditaom®’ attached to the tip, which term biological force
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microscopy, has been used to measure the adhesion force of the respective species respect to
different surfaces.

Study of the nanomechanical properties of barnacle cyprid (S. balanoides) footprints
by AFM aimed to further elucidate the role of this material in the reversible adhesion of

cyprids. We have carried out similar work previously*® *®

and some preliminary data
pertaining to footprints was gleamed, however the majority of analytical work of this type (in
the sphere of barnacles) has focused on the adult stage. For example, Sun et. al. (2004)
studied the elastic modulus of adult barnacle cement by indenting the adhesives with an AFM
tip. They concluded that the barnacle adhesive plaque is a multilayered structure.™

The cyprids deposited footprints of a glycoproteinaceous secretion while exploring on
chemically functionalized surfaces. Footprints of S. balanoides (Figure 5.1A-B) have been
observed previously on -NH, and -CHjs functionalized glass surfaces.”® Representative AFM
height images of the footprint morphology are shown in Figure 5.1. Figure 5.1A displays a
single footprint on an —NH,, while Figure 5.1B captures a footprint on a —CHg substrate.
High-resolution imaging revealed that the adhesive is porous and fibrillar in nature on -NH;
glass. The dimensions of the footprints depend on the polarity (water contact angle) of the
substrate and vary between 50-60 microns, which were noted to be significantly larger on the
hydrophobic surface than on -NH; glass. Isolated chains and bundles of protein aggregates
were observed in the network structure of footprints (Figure 5.1C).>* ** *® Figure 5.1C
exhibits a perspectivic view of a section of a footprint. It can be seen that footprints have an
oval appearance, and consist of thin fibrils with a variation in their diameter, which were
identified as protein chain bundles, or even single chain proteins.*® However, a quantitative
understanding of the interactions between footprint proteins and surfaces still remains
unknown. Data of this type are necessary before biomimetic adhesives akin to the cyprid FP
can be formulated.

With this in mind, the aim of this Chapter is to probe the relevant interfacial forces of
footprints at the protein-substrate and protein-seawater (or protein surface-contacting body)
interfaces with chemical specificity. This Chapter reports on the results of the protein
deposits on the hydrophilic substrates featuring —NH, groups tested using commercial
untreated, and chemically modified AFM probes at the seawater-protein side of the relevant
interfaces. This allows us to better understand the interactions of footprint proteins with

different chemically terminated surfaces.
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Figure 5.1. Atomic force microscopy (AFM) micrographs (deflection) of cyprid larva
footprints deposited on (A) NH»- and (B) CHs-chemically functionalized surfaces. (C) High
resolution 3D AFM micrograph of protein adhesive in an aggregated fibrillar structure (scan

size: 1 um x 1 um and z-range = 50 nm).

5.2 Results and discusssion

Figure 5.2 shows typical force-extension curves obtained from AFM force
measurements of footprints on -NH, functionalized glass surfaces (abbreviated as FP-NH,)
using either commercial, untreated SisN, tips, or tips featuring an alkanethiol monolayer,
terminated by -CHj; functions (CHs-tip hereafter). Force spectroscopy measurements were
performed by allowing the AFM tip to contact and subsequently withdraw from the footprint
surface. The appearance of force-extension curves (Figure 5.2A and B) showed marked
differences depending on the tip surface chemistry. For example, in Figure 5.2, when
footprint proteins adhered to the AFM tip, pull-off events were observed in the retraction
cycle, which rendered a saw-tooth appearance to the force-extension curve. Representative
force curves consisted of sections of gradually increasing upward slopes, as the protein
chains experienced an increasing elongation towards their maximum extension. Eventually a
sacrificial bond, presumably involved in maintaining the tertiary structure of the protein,
would yield and, as a consequence, the tension within the stretched chain dropped to
minimum, manifesting a ‘pull-off’ event in the force extension curve.®® The sacrificial chain
“hidden length” within the folded proteins unraveled as the sacrificial bond was broken,
which contributed to an increase in total extension of the protein. As the piezoelectric scanner
was retracted further from the surface, the tip continued to stretch and unravel more
sacrificial bonds.>® Thus, as the stretching process continued, distinctive saw-tooth force
curves were obtained, which are known to be diagnostic of this type of unfolding behavior.
This process of sacrificial bond rupturing continued until the last bond was broken. The saw-

tooth characteristic was observed in both force extension curves obtained from SizN4 and
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CHs-tip, respectively. However, for hydrophobic tips, initially large pull-off forces were
typically observed with a pull-off length of 100-200 nm, prior to the onset of the saw-tooth
pattern with pull-off peaks at much more moderate forces. The pull-off force of CHs-tip
experienced larger pull-off events with adhesion forces measured up to several nanoNewton
(NN, 10° N) at the first part of the force-extension curve, followed by the saw-tooth
characteristic with pull-off force of several hundreds of picoNewton (pN, 10 N). The force
and length recorded for each individual pull-off event (as shown in Figure 5.2A, labels 1-6)

were considered as individual pull-off force and pull-off length events in the subsequent

analysis.
6
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Figure 5.2. Representative force-separation curves between FP-NH, and SisNs-tip (A) and
CHs-tip (B). Only retraction cycle is shown in this figure. Note the difference in the scale of
the pull-off force axis. Schematic of SizN, tip (C) and CHs-tip (D) interacted with footprints
found in NH- glass.

In our study, the footprint proteins were freshly secreted by cyprids with neither
additional treatment nor purification. Thus, it is likely that at least some of the observed
stretching events were the result of bundles of protein aggregates binding to the AFM tip,
connected to each other via sacrificial bonds. In the present context, therefore, ‘sacrificial
bond’ refers to all of the possible supramolecular intra- and intermolecular (non-covalent)

bonds within the footprint material that maintain its conformation in native conditions. ** **

45, 47,51-53
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The pull-off force measurements from control experiments on NH,-glass (without
footprints) were obtained by using CHs-tip as well as Si3Ny, tip. All the force-distance curves
showed a single adhesion pull-off peak in the control experiments. The respective histograms
of the pull-off forces (see supporting information) indicated adhesion forces of 1.1 + 0.2 nN
and 2.2 £ 0.4 nN, for Si3N4 and CHs-tips, respectively. This trend is in line with CFM in
water [see review by Noy et al. (1997)].%® As these single-peaked adhesion-force curves were
observed at very low pull off lengths (in comparison with the footprint proteins), tip-surface
pull-off contributions can be neglected in the following discussion.

Figure 5.2C-D shows the mechanism that is believed to operate during pulling of FP
proteins with the SizN4 and CHs-tip, respectively. For a hydrophilic tip the nonspecific pull-
off forces are moderate, and the pull-off cycle is dominated by rupturing sacrificial bonds.
We believe (see later) that when hydrophobic tips are used, first large, non-specific
hydrophobic-hydrophobic forces in water should be broken between tip and hydrophobic
sections of the FP protein.*® Then, remaining fibrils, or chains should be broken up following
the sacrificial rupture model, until contact between FP protein and tip is disconnected.
Eventually, in the final rupture event (in Figure 5.2A, e.g. 6) the weakest link gets ruptured.
If this is between protein-tip, then the tip will break loose of the protein surface. However,
depending on the number and strength of the supramolecular bonds between tip-protein and
protein-substrate, also the protein-substrate contact may also yield (adhesive rupture). The
force of the physisorption can range from hundreds of piconewtons (pN) to as strong as
several nanonewtons (nN) before the molecule detaches from the tip (or from the surface).®®
%2 As Figure 5.2A-B shows, the footprint proteins were securely anchored to the tip prior to
detachment; hence the individual sacrificial bond strength and the interactions between
footprint proteins and substratum can be examined. As the pulling process continued, the
sacrificial bonds broke (blue open circle) and the chain is stretched further until it is finally
detached from the tip (Figure 5.2C-D).

The force curves displaying the nanomechanical properties of footprint proteins are
statistically analyzed and summarized in Figure 5.3. Figure 5.3A-C shows the histograms of
the pull-off force, the pull-off length and pull-off force versus pull-off length measured from
SizNy4 tip from FP-NH,, respectively. The pull-off forces required to stretch proteins for FP-
NH; substrates as shown in Figure 5.3A were broadly distributed centered at one Lorentzian
peak, at 0.7 nN, using a single Lorentzian fit. The corresponding pull-off lengths presented in
Figure 5.3B showed a narrowly distributed population, with an average length at 40 nm and a

very broad population peaked at ~280 nm, respectively. The force histograms obtained with
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CHgs-tips showed in Figure 5.3D exhibit a distribution with two Lorentzian peaks with
maxima at 0.9 nN and 6 nN, respectively. In particular, the high pull-off force peak exhibited
a very broad distribution, ranging from 2 - 8 nN. The histogram of the pull-off length from
CHs-tips is shown in Figure 5.3E. Again, a sharp maximum at short pull-off lengths (ca. 40
nm), and a broad distribution centered around 400 nm can be observed.
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Figure 5.3. Histograms of pull-off force, pull-off length and pull-off force versus pull-off
length correlation plots from footprints found in NH,-SAMs glass with SizN, tip (A - C) and
CHs-tip (D - E). All peaks were fitted with Lorentzian functions.

The study of the correlation between pull-off force and pull-off length provided better
understanding to footprint proteins as adhesives that bind to the surface. In one single force
cycle several pull-offs can be observed at different rupture lengths, until the final pull-off
event. It is interesting to display pull-off forces and the corresponding statistical pull-off
lengths in form of “cross-correlation” plots. Figure 5.3C shows that the rupture forces
observed are between 0 - 2 nN while for all corresponding rupture the pull-off length is
varied between 0 - 800 nm. This means that there is no preferencial length at which rupture
should take place for SizN4 tip and FP protein. This gives us support to assume that the
corresponding molecular rupture events belong to breaking sacrificial bonds. Figure 5.3F
shows the correlation diagram of pull-off force versus pull-off length with respect to the -CHs
functionalized tips on the FP-NH,. Here we see clearly two populations, i.e. a horizontal band
similar to the SizNg tip (Figure 5.3C) and a vertical one at short pull-off lengths, however to
very high rupture forces (up to 8 - 10 nN). This large population of high pull-off forces are
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related to the high adhesion forces observed in Figure 5.3B. The low pull-off force observed
in both CHs-tip (0.9 nN) are in the same order of magnitude of pull-off force observed in
Si3N4 (0.7 nN) and hence we ascribe these to the stretching of sacrificial chains and breaking
of sacrificial bonds.®®

The correlation plot of pull-off force vs. pull-off length showed that high pull-off
force events were mostly concentrated at low pull-off length. The high adhesion force at low
pull off length, i.e. population “1” in Figure 5.3F, hints at a different and additional
interaction between the hydrophobic and the FP proteins. The average pull-off force of CHs-
tip (~ 6 nN) observed is approximately one order of magnitude higher than the average pull-
off force of hydrophilic tip (SizNg4tip). This strong adhesion from the CHs-tip could not arise
from the specific interactions between the disulfide groups in the footprint proteins and the
gold surface because the tip is densely covered by the hydrophobic self-assembled
molecules.** We explain this by assuming that when CHa-tip is in contact with footprint
proteins in aqueous environment, the surrounding water molecules must be excluded from the
footprint proteins and CHs-tip interface as a result of the presence of hydrophobic tip. This
change of water distribution in the local environment does consequently affect the footprint
protein conformation, resulting in higher adhesion forces via strong hydrophobic-
hydrophobic interactions in water observed in Figure 5.3F. % 3 %% |n sypport of this
observation, in a review on CFM of chemically functionalized surfaces pull-off forces
between -CHj3 terminated surfaces in water were reported to be 10 - 20 times higher as

compared to pull-off forces between two —CH,OH terminated surfaces. ®

5.3 Conclusions

The mechanical behavior of barnacle cyprid (Semibalanus balanoide) footprint
proteins were probed from specific surfaces. Footprints deposited on the CHs-glass and NH,-
glass were imaged in situ by AFM. Footprint proteins deposited on the NH,-glass were
measured by force spectroscopy with hydrophilic, as well as chemically functionalized
hydrophobic tips in order to determine the chemically specific tip surface- footprint protein
interaction in aqueous media (artificial seawater). The different chemically functionalized
tips provide an important pathway to investigate in situ the interface of the footprint and
surface. While the footprint proteins experienced elongation between the AFM tip and the
different surfaces, the individual sacrificial bond strength and the interactions between
footprint proteins and substratum were examined. The rupture force of sacrificial bonds was

independent on the tip surface chemistry. When the CHjs-tip is separating from the footprint
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protein, the effect of water exclusion in the local environment resulted in a higher adhesion
force than that observed for hydrophilic tips. The use of AFM force measurements with
chemically specificity would be beneficial for future studies in in situ characterization of

bioadhesives - interface interactions.

5.4 Experimental
Animals. S. balanoides cyprids were collected by plankton tow from the wild population at

Cullercoats, UK (55.1N 1.26W) during April 2006 and were stored in 2l glass containers, at 1
cyprid/ml, filled with artificial sea water (ASW; Tropic Marin™) at 6°C prior to use. Feeding was not
necessary as cyprids are lecithotrophic.

Chemicals. 1-Octadecanethiol (ODT, CH3(CH,);;SH) and 3-aminopropyl triethoxysilane
(APTES) were purchased from Sigma Aldrich. All chemicals were used as received, unless otherwise
stated.

Surface preparation. Glass microscopy cover slips were sonicated in ethanol for 5 min and then
immersed in piranha solution (a mixture of concentrated sulphuric acid and 33% hydrogen peroxide in
a 3:1 ratio) for 15 mins. The surfaces were rinsed with nanopure water and dried under N,. Amino
(NH,) terminated surfaces were obtained by gas-phase evaporation of 3-aminopropyl triethoxysilane
(APTES) in a desiccator under vacuum. All chemicals were used as received, unless otherwise stated.
Surfaces were incubated for several hours and then carefully rinsed with 99% ethanol and nanopure
water. Contact angle measurements were carried out to characterized the functionalized surfaces
immediately after completion of the silanization. The values of contact angles for NH2-functionalized
glass was 60°.

Preparation of functionalized tips. Triangular shaped silicon nitride tips and silicon nitride tips
(Digital Instruments (DI), Santa Barbara, CA) were coated with ca. 2 nm Ti and ca. 50 nm Au in high
vacuum (SSENS b.v. Hengelo NL). The cantilever functionalization was carried out as described
earlier ®°. Briefly, the tips were sonicated in ethanol solution and rinse with excess ethanol and DI
water to remove contamination. Then, the tips were rinsed overnight in the thiolated solution
containing 1mM of 1-octadecanethiol. The functionalized tips were rinsed thoroughly with ethanol
and DI water under nitrogen stream. The surfaces ranged in wettability as defined using advancing
water contact angles (0aw) from 11-mercapto-1-undecanol is 15°and from 1-octadecanethiol is 107°.

Atomic force microscopy (AFM). AFM measurements were carried out using a Dimension
D3100 atomic force microscope equipped with a NanoScope IVa controller and a hybrid scanner (H-
153) with x-, y- z- feedbacks from Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA).
Triangular-shaped silicon nitride cantilevers (Veeco/Digital Instruments (DI), Santa Barbara, CA)
were used throughout the study and cantilever spring constants were calibrated using the thermal
noise method.” The cantilevers used for acquisition of the present results had a spring constant range
from 0.062 to 0.100 Nm™. Cyprids were stored, prior to use, in 33 parts per thousand artificial sea

78



Interfacial and surface forces with chemical specificity at footprint proteins

water (ASW) and were then deposited onto prepared surfaces by micro-pipette. Surfaces were
mounted in glass Petri-dishes prior to experimentation. Typically, cyprids would attach and begin
exploration of the surfaces when stimulated by small water currents. Explored areas of the glass were
marked on the base of the cover slip and cyprids were then removed from the Petri-dishes. Surfaces
were flushed with large amount of filtered ASW to minimize contamination. Petri-dishes were then
transferred to the AFM and the search for footprints was focused on the marked regions. Custom
programmed software for LABVIEW™ was used for data analysis throughout to transform the raw
data to force-separation curves according to method described by Janshoff et al. % There were a total
of 3860 pull-off events detected in 899 force extension curves from FP-NH, and 880 events were
detected in 295 force-separation curves for statistical histogram presented in Figure 3. Different
chemically modified tips were used to measure the adhesion force of footprints deposited on NH,-
glass. All peaks were fitted with Lorentzian functions.
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Chapter 6

Marine biofouling field tests, settlement assay and footprint
morphology by AFM, of cyprid larvae of Balanus amphitrite on

model surfaces”

In this Chapter, AFM, settlement assay and field tests were used to correlate the morphology of cyprid
footprints with the settlement behaviour of cyprids on different substrates. AFM imaging under
laboratory conditions revealed that footprints found on glass coated with alkane silane, exposing a
CH;- surface, are more porous and larger than the footprints observed on aminosilane, NH,-
functionalized surfaces. The overall footprint volume secreted on both substrates is found to be the
same (2.1 - 2.6 um’). In addition to AFM imaging, laboratory cyprid larva settlement assays and
marine field tests were used to study the settlement behavior of cyprid larvae. In these studies three
substrates were used: untreated clean glass and the two silanized glass surfaces used in AFM
experiments, featuring CHs- and NH,- terminal groups. The results distinguish a settlement preference
on the NH,-glass and untreated glass, as compared to CH;- terminated surfaces. This result suggests
that barnacle cyprid larvae favor settlement on hydrophilic over hydrophobic surfaces. Combining the
observations from all experiments at different length scales, we speculate that the confined footprint
size on NH,-glass may contribute to a higher concentration of the settlement inducing protein
complex (SIPC). Settlement may be further facilitated by stronger adherence of FP adhesives to the
NH,-surface via Coulombic interactions.

"Parts of this Chapter have been accepted as: I. Y. Phang, K. C. Chaw, S. S. H.Choo, R. K. C. Kang,
S.S.C. Lee, W. R. Birch, S. L. M. Teo, G. J. Vancso. Biofouling, 2008, accepted.



Chapter 6

6.1 Introduction

Earlier in this Thesis various aspects of the biofouling of barnacles, at the early stages
of the fouling process, have been discussed. It has been shown, that cypris larvae explore
surfaces in a bipedal walking prior to settlement. During this process they extract
glycoproteinaceous material in contact with substrates, in form of “footprints”. We
investigated the morphology of these footprint proteins by AFM imaging, and their
micro/nanomechanical properties by AFM based force spectroscopy. We have also looked at
the influence of the surface chemistry of the substrates on the footprint characteristics. These
results provided new insights into the cyprid attachment process from a fundamental point of
view. In order to make the first steps towards utilization, we have undertaken “real” field test
studies, using model substrates which possess the same types of functional groups, as used in
our fundamental AFM work. The field studies have been performed in Singapore, in close
collaboration with scientists of the Tropical Marine Science Institute of the National
University of Singapore, jointly with colleagues from the Institute of Materials Research and
Engineering (IMRE, A*STAR). We believe that the combination of this field test study,
together with the outcome of our fundamental AFM experiments of the footprints, will
provide industries with additional concepts for future materials design to obtain new and
advanced antifouling coatings. In the forthcoming Chapter the corresponding results of this
field test research are summarized.

Marine biofouling is a long-standing issue with economic and environmental impact.
Biofouling on ship hulls costs billions of dollars in fuel consumption and maintenance. This
increased fuel consumption contributes to greenhouse gas emissions. The undesirable
attachment of marine organisms, such as barnacles, green algae, diatoms, and mussels
compromises the functioning of man-made structures immersed in sea water. This fouling
degrades the performance of high added-value marine structures, such as buoy sensors and
harbour installations. Among fouling organisms, barnacles represent a significant nuisance,
due to their size and gregarious nature.” A barnacle evolves through planktotrophic nauplius
stages, leading to a non-feeding cypris stage, which metamorphoses into adulthood. Cyprids
have sole mission to explore and select the permanent settling site, where the adult barnacle
will remain fixed.> Cyprids use a temporary adhesion, generated by a protein extract to
facilitate their reversible attachment to surfaces.”” As they explore the surface, they leave
“footprints.” The exact physiochemical nature of the footprint adhesive material remains
largely unknown. However, a settlement inducing protein complex (SIPC), which functions

. . . . 5.7
as a conspecies settlement cue, can be found in footprint adhesive.
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Significant efforts are being made to design new, environmentally benign solutions
that prevent and tackle marine fouling. Concerted action is needed by materials scientists,
biologists, chemists, and coatings specialists to deliver significant improvements. Despite our
need to understand the settlement process to implement coating design, the relevant behavior
of marine organisms remains poorly understood.®*!

The antifouling performance characteristics of current antifouling coatings are
generally evaluated by settlement assays of bacteria or macrofoulers. These tests are
corroborated by field tests that evaluate the performance of the coatings in marine
environments. While the majority of barnacle biofouling studies focus on the settlement of
adult barnacles from field tests, studies on the exploration stage of cyprid larvae remain
elusive. We note that permanent, cured proteinaceous adhesives (barnacle “cement”) used by
adult barnacles for attachment are intriguing materials. They exhibit a very high adhesion
strength and consist of initially water-soluble proteins, which cure underwater.”> It is
generally considered that footprint proteins are different from those in the permanent

cement23’ 2

and that their adhesive performance is also different. Although they may be
inferior adhesives, the role they play in the settlement process is crucial. We believe that if
progress is to be made in designing and preparing new antifouling surfaces, the first steps of
the fouling process, including the deposition of footprint proteins at the microscopic larval
stage, must be understood. This understanding would then help to devise antifouling
strategies as opposed to making empirical efforts to optimize antifouling coating formulations
by “hit-or-miss” or “empirical” approaches.

Previously, we studied the morphology of the footprints of barnacle (Semibalanus
balanoide) cyprid larva by atomic force microscopy (AFM) at the micro- and nanoscopic
length scales.”>?” Our studies find that footprint adhesives deposited in situ at hydrophobic
and hydrophilic surfaces show significant differences in footprint size and morphology,
consisting of thin nanofibrils and protein fibers. Studies of footprint morphology and
settlement behaviour of cyprids may provide information on the relationship between the
spreading and adhesion of footprint adhesive and settlement behaviour.

In this Chapter, we examine the morphology of cyprid footprints using AFM,
comparing it with laboratory cyprid settlement tests and marine biofouling field tests. AFM
provides detailed morphological information on individual footprints with micron and nano
scale resolution. Settlement assays and field tests determine the settlement preferences of
single species cyprid larvae. Field tests generate quantitative species population data in a

marine environment. Comparing AFM-based studies with larval settlement and marine
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biofouling may provide an indication of how footprint adhesive interactions with model
surfaces may be used to regulate the recruitment of barnacles and other macrofouling

organisms.

6.2 Results
6.2.1 Footprint morphology by AFM imaging

The morphology of barnacle cyprid footprints (FPs) was studied by AFM on different
substrates, including hydrophobic and hydrophilic surfaces (CHs-glass NH;-glass,
respectively). Figure 6.1 shows representative AFM height images of FPs obtained from
different surfaces (CHs- and NH,-glass) in air by tapping mode AFM (TM-AFM). Entire
footprints and sections of footprints at higher magnification were imaged. The morphology
and size of FPs on the CH3- and NH,- terminated surfaces exhibit significant differences. The
footprints on CHj-glass are generally larger in size and have a broader shape variations. They
exhibit an oval shape and a porous structure (Figure 6.1). At the edge of the FPs fiber-like
structures can be seen. These are spread in a radial pattern and probably represent adhesive
material, as shown in Figure 6.1(B - C). The size of a typical FP on CHj3-glass (CH3-FP) is
approximately 60 um in length by 50 pum wide. In contrast, footprints deposited on NH;-glass
(NH»-FP) have a well-defined size and shape. The three NH,-FPs shown in Figure 6.1D are
imaged with lower magnification. The NH,-FPs are less porous than CH;-FPs. Large areas of
the NH,-FPs are densely covered with a homogeneous layer of adhesive, composed of fibres.
Their layer thickness (Figure 6.1(E - F)), is much thinner than that on CHs-glass. The shape
of these footprints was also oval. However, as stated earlier, the size of the NH,-FPs is

smaller, typically 30 um in length by 20 um wide.

86



Field tests, settlement assay and footprint morphology by AFM

50.0 nm

Figure 6.1. The morphogies of footprints secreted by barnacle cyprid larva on CHs- (A — C)
and NH,-(D — F) functionalized glass surfaces.

The outlines of all FPs collected over an 18 month period on CH3- and NH;-glass are
compiled in Figure 6.2. There were more FPs obtained on NH»-glass (19 FPs) than on CHj3-
glass (6 FPs). Table 6.1shows the geometrical data extracted from the footprint contours on
NH;- and CHs-glass. The average surface area of CH3-FPs is 5 times larger than NH,-FPs.
The size of the NH,-FPs is similar to that of the attachment pad, reported to be about 20 um
in diameter.”” The thickness and volume of the FP adhesive layer deposited on the two
surfaces also differs. FP adhesive spread on CHj-glass consisted of thick nano-fibers, with a
height of 15 - 40 nm. On NH;-glass, the thickness ranged from 5 to 15 nm. However, the
average thickness for the FPs is similar if the porous area on the footprints is factored into the
total volume (6.5 nm for CH3-FPs and 8.4 nm for NH,-FPs, respectively). The porosity of
CH;-FPs is 80 %, and that of NH»-FPs is 40%. Taking this porosity into account, the
footprints deposited on CHjs-glass and NH;-glass have similar volumes, of 2.6 ;,Lm3 and 2.0

pm’, respectively.
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Figure 6.2. The outline of all FPs collected over a period of 18 months on (A) CHs- and (B)

NH,-terminated glass surfaces.

Table 6.1. The morphological information of footprints obtained by AFM.

Glass surface Mean footprint Average . Volume
. o 2 . Porosity 3
functionalization area (um®) thickness (nm) (um’)
CH3; (Bagy = 106°) 1980 + 500 6.5 0.8 2.6+0.7
NH; (0aqy = 60°) 410+ 60 8.4 0.4 2.1+03

6.2.2 Cyprid larvae settlement assay

In addition to the morphology observations of footprints, a laboratory scale settlement
choice assay was performed using Balanus amphitritae larvae on CHj-glass and NH;-glass,
respectively. The settlement assay provides a preliminary study of the settlement preferences
of barnacle cyprid larva under see water in a single fouling species environment. Cyprid
larvae were incubated in the trough containing glasses, NH;-glasses and CHjs-glasses,
respectively where clean glass slides were used as reference. There were a total of 5 slides for
each substrates tested for the respective settlement assay. Cyprid larvae were allowed to
explore freely on the surfaces in the trough for 24 h. The number of settled cyprids found on
each surfaces were counted and the statistics were shown in Figure 6.3. The highest number
of settled cyprid larva was found on untreated borosilicate glass, with 14 £ 16 settlements,
followed by 8 * 5 settlements on NH;-glass and the least settlements found on CHjs-glass
surfaces with 1 £ 1 settlements. The large standard variation observed is probably due to the
gregarious settlement nature of cyprid larvae. Once the cyprid started to settle on the surface,
it fouls relatively quicker than those surfaces without settlement,” resulting in a large

variation in certain samples. Hence, a statistical analysis, i.e. Wilcoxon 2 sample test is used
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to differentiate the samples. The Wilcoxon-Mann-Whitney test (Wilcoxon test) in statistics is
a non-parametic test for assessing whether two statistical samples of observations originate
from the same distribution. A statistical parameter p can be calculated to characterize the
overlap between two distributions. P can have values between 0 and 1. Both extreme values
represent complete separation of the distributions, while a p of 0.5 represents complete

overlap.

40

30 <

20 -

Settlement count

10

BI CH3 NH2

Figure 6.3. The 24 h laboratory settlement assay of barnacle cyprid larva on blank glass
surface (Bl), CHs- and NH,-glass surfaces.

Wilcoxon 2 sample tests performed on the CHj3-glass and NH,-glass yielded a p <
0.008, which showed a clear difference in cyprid settlement preferences on these surfaces. In
addition, CH3-glass and borosilicate glass also lead to differences in the settlement, with p <
0.02, whereas the settlement of cyprid on glass and NH,-glass surfaces are not
distinguishable (p < 0.81). The results of settlement assay suggest the preference of cyprid to
settle on the hydrophilic surfaces (glass, NH,-glass) over the hydrophobic surface (CHs-
glass).

6.2.3 Field assessment

Panel immersion tests were carried out to assess the fouling conditions on CHs- and
NH;-surfaces, as well as untreated glass, in a macroscopic marine environment. The aim was
to compare the result from panel immersion to the choice settlement assays, and to try to
correlate these with AFM observations. We prepared alkyl- (CH3-) and amino-terminated
monolayers (NH;-) on glasses and silicon surfaces, i.e. CHs-glass, NH,-glass, CH3-Si0; and
NH,-SiO, by vapour phase deposition for panel immersion test. There were 4 silicon

substrates and 5 glass slides for each type of surface. Glass slides and silicon wafers were
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subjected to the panel immersion test simultaneously for comparison. All the test samples
were accessed and recorded by photography twice per week. The field assessment was
completed when 40% of the surface was covered with fouling organisms. Prior to the
evaluation, we trimmed away 2.5 cm and 0.5 cm from the edge of the images taken from the
silicon and glass samples, respectively to remove the edge effect. The evaluation of the
surfaces was performed by commercial software Photogrid 1.0. The pictures obtained from
the panel immersion test were imported to Photogrid and 100 points were randomly assigned

across the surface. Fouling species found on these points was identified manually.

Glass CH.-glass NH,-glass

)

a

Figure 6.4. Representative photographs of three microscope slides from each of the model
surfaces: glass, CHjs-glass, and NH,-glass. Slides were exposed to a tropical marine

environment for 25 days.

The glass slides exposed to marine environment after 25 days were fouled with
species like barnacle, (soft and hard) tubeworm, cnidaria (hydroids) and bryozoan. From the
optical micrographs presented in Figure 6.4, the field test results show a similar trend in
macrofoulers recruitment, i.e. less fouling observed in CHj3-glass than glass and NH,-glass
surfaces. Image analysis and statistical evaluation provide a quantitative foundation to
differentiate the behavior of the surface with different functionalities. To compare with the
laboratory settlement choice assay, the quantity of barnacle on the test surface was illustrated
separately in comparison to total macrofoulers. Figure 6.5 shows the number of scores of
fouling organisms obtained from the respective fouled glass surfaces. The results show that
the NH,-glass has the highest score in barnacle with 30 * 6, followed by glass with 19 £ 11
and CHs-glass score the least of 6 + 4 barnacles, respectively. Similar trend was observed for
other macrofouler organisms where NH;-glass attracted the highest surface coverage of
macrofoulers, followed by glass and CHs-glass, with NH,-glass have the highest score of 50
+ 8, followed by glass with score of 26 + 13 and CHj-glass with the score of 13 + 6. The

\O
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analysis on the barnacle settlement behavior in marine environment clearly indicates a sharp
differentiation between NH;-glass and CHj3-glass, with p < 0.0001. Glass and CH;-glass are
barely distinct, with p < 0.04. Glass and NH,-glass are not distinguishable (p < 0.11). The
tubeworms (not shown) did not show significant differences in recruitment on glass, CHs-
glass and NH,-glass surfaces. Bryozoan settlement is low on all but NH,-glass. The total
settlements by other macrofoulers were considerably higher for NH,-glass over CH3-glass (p

< 0.0001) and glass (p < 0.007).

80
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Figure 6.5. The fouling of barnacles and total macrofoulers on different glass surfaces over a

25-days marine field test.

Panel immersion test of different silicon (wafer) surfaces were performed together
with the glass slides. The results of fouling assessment from silanized silicon samples after 25
days were shown in Figure 6.6. Similar trend was found on the fouling condition on the
silicon surfaces as to glass. No barnacle was found on the SiO, and CH3-SiO, surfaces.
Barnacle was only found on the NH,-SiO, surfaces with the score of 1 + 1. The total
macrofoulers mostly fouled on NH,-Si0O, with the average scored of 10 £ 5, followed by SiO,
with score of 6 = 1 and the least on 1 + 2 for CH;3-SiO,. The difference in settlement quantity
on silicon and glass surfaces could be attributed by the difference in surface area. Silicon
surface has a larger surface compared to glass slides. Hence, cyprid larvae and other
macrofoulers may spend more time to explore on the silicon surfaces before settlement,
resulting in lower settlement counts within the experimental time scale. The fouling on
silicon surfaces has similar outcomes as that from glass, i.e., CH3-Si0, samples have the

lowest score on all fouling species. In general, barnacle prefers to settle on the hydrophilic
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surface than hydrophobic surface. The results from panel immersion test are consistent with

the results from choice settlement assay.

16

I Barnacle
Total macrofoulers

12

Average score

0 ||

T T T
Glass CH3-glass NH2-glass

Figure 6.6. The fouling of barnacles and total macrofoulers on different silicon surfaces over

a 25-days marine field test.

6.3 Discussion

The observed differences in footprint morphology on model hydrophobic and
hydrophilic surfaces may explain the lower ability of hydrophobic surfaces to recruit
macrofoulers in a marine environment. The AFM morphological study of cyprid footprints
provides insight into the interaction of the footprint adhesive material with model surface
chemistries. The size of the footprints found on CHjs-glass is systematically larger than on
NH,- glass, which have dimensions comparable to those of the antennule’s attachment pad.*”
** The larger size observed on CH;-glass indicates an additional spreading of this material or
a possible sliding of the antennule while in contact with the substrate. The estimated volume
of the material composing a footprint on NH,-glass and CH3-glass is approximately the same,
implying that the larger surface area is generated a spreading of the footprint adhesive. This
observation is in agreement with Crisp et al.,> who suggested that a highly charged
bioadhesive can displace water and spread more easily on a hydrophobic surface.® * ¥
Moreover, the thick micrometer adhesive fiber observed on CHj-glass (Figure 6.1) may
indicate a different conformation, adopted from a reorganization and self-assembly of the
molecules in the footprint adhesive material. Footprint proteins are expected to interact with
the hydrophobic surface by excluding water between their hydrophobic segments and the
substrate. Studies have shown that the configuration of the adsorbed protein molecules can be

altered by their interactions with the substrate.”®*’
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The morphology of the adsorbed footprint protein and the size of the footprints
combine to suggest an enhanced protein adsorption to the NH,-glass surface, as compared to
hydrophobic glass. This surface has been shown to expose a high density of both positively
charged -NH;" and negatively charged —SiO™ moieties in the vicinity of neutral pH.>® The
surface charge present on the target surface is important, leading to a strong adsorption from
the aggregated influence of multiple Coulombic interactions with the substrate.”

We should note that not all proteins are able to induce the conspecies settlement of
barnacle larva. It is generally accepted that conspecies surface-bound chemical cues, as
isolated from barnacle adult extract, are responsible for inducing and mediating the
gregarious settlement of cyprids.*” These cues are referred to as the settlement inducing

protein complexes (SIPC),”" ** #

They consist of glycoprotein complexes (o-
macroglobulin-like protein) found in the cyprid adhesive material. Studies have shown SIPC
to be present in footprint proteins adsorbed to the substrate following cyprid exploration.® We
may surmise that the spreading of footprints on CHj3-glass contributes to a lower
concentration of settlement cue (SIPC) per unit area than in footprints found on NH»-glass.
This, in turn, may reduce the ability of cyprid larva to settle on hydrophobic surfaces,
accounting for the observed trends in the settlement assay and field test.

Settlement behavior distinguishes surfaces of different wettabilities, as proven in the
settlement assay and marine field test. Results show a clear preference for NH,-glass, as
compared to a hydrophobic glass surface. Similar settlement preferences were observed for
other macrofouling species, with a higher macrofouler colonization on NH;-glass versus
hydrophobic CHs-glass.

The settlement assay and field test observations suggest that barnacle cyprid larva
settlement behavior may correlate with the difference in FP morphology observed by AFM.
These morphologies may give rise to differences in the surface density of conspecies
settlement cues (SIPC). It has been established that footprints function as settlement cue for
conspecies settlement. Thus, the preferred settlement of barnacle cyprids on NH;-glass could
be explained by the higher concentration of SIPC, facilitated by an enhanced adsorption of
footprint proteins on NHj-glass. This would attract other cyprid larvae for settlement. In
contrast, a hydrophobic surface with its reduced SIPC surface density may be less attractive
to Cyprid settlement. The lower concentration of settlement cues may also contribute to
lower recruitment in the settlement assay and generate slower fouling in the field test. The
combined AFM, settlement assay, and field test results indicate a direct correlation of surface

wettability with the settlement behaviour of barnacle cyprid larvae.
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6.4 Conclusions

The microscopic morphology of the cyprid footprints on surfaces with different
wettabilities was examined. This is compared with the settlement behaviour of cyprids of
Balanus amphitritae. Results show a correlation between the bioadhesive interface, which is
determined by surface characteristics, and the settlement behaviour of cyprid larvae, both in
the laboratory and in a marine field test. The footprint morphology on CH3-glass obtained by
AFM was larger in size and porous, with thick microsized fibers spreading across the surface.
The footprints on NH;-glass were found to be more confined and rather densely packed with
proteinaceous fibers at the micrometer and naometer length scales. This morphological
difference may result in a difference in concentration of the chemical cues on differing
surface chemistries. The clearly distinguishable settlement behaviour from the laboratory
settlement assay and panel immersion test showed that the barnacle cyprids prefer to settle on
hydrophilic surfaces than on hydrophobic substrates. By combining the observations from all
experiments at different length scales, we speculate that higher concentrations of settlement-
inducing cues (SIPC) present on the NHj-surface may contribute to barnacle fouling
behaviour on this surface. Charge adsorption enhances the adhesion of footprint proteins on a
hydrophilic surface. Thus, the limited settlement behaviour found on CHjs-glass might be
induced by a lower concentration of SIPC per unit area. We anticipate, that by studying the
bioadhesive morphology of cyprids (or of other macrofoulers), one could deduce the
physiochemical properties of the adhesive and better understand the settlement behaviour on
different chemically functionalized surfaces. In the future, chemical force microscope (CFM)
with different, chemically functionalized tips will be applied to probe specific protein-surface
interactions.*”** A library of these physiochemical properties of macrofoulers should be

established and utilized in the design of new antifouling surfaces.

6.5 Experimental

Surface preparation. Glass microscopy cover slips (24 mm x 24 mm, Menzel-Glaser) were
sonicated in ethanol for 5 min and then immersed in piranha solution (a mixture of concentrated
sulphuric acid and 33% hydrogen peroxide in a 3:1 ratio) for 15 mins. The surfaces were rinsed with
nanopure water and dried under a stream of compressed nitrogen gas. Amino (NH;) and alkyl (CH3) -
terminated surfaces were obtained by gas-phase evaporation of 3-aminopropyl triethoxysilane
(APTES) and dodecyltriethoxysilane (DTES) in a desiccator under vacuum, respectively.” These
glass microscopy cover slips were used for footprint deposition in AFM microscopy studies. APTES
was obtained from Sigma Aldrich and used as received. Surfaces were incubated for several hours and
then carefully rinsed with 99% ethanol and nanopure water.
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Microscope slides (75 mm x 25 mm, Sail Brand reference 7101) were stripped of adsorbed
organic contaminants with pyrolysis, by heating them to 500 °C followed by cooling to room
temperature. Vapour deposition of aminosilane (Fluka reference 09324) was performed by enclosing
liquid silane with the clean slides and heating to 60 °C for two hours. n-Octadecyltriethoxy silane,
OTE, (Alfa Aesar reference 230-995-9) was deposited in solution using a procedure adapted from
Peanasky et al..*® A pre-hydrolysis solution of OTE was prepared by mixing 0.42 g of OTE and 0.25
g of 1.31 N aqueous hydrochloric acid into 50ml of tetrahydrofuran (Sigma). This solution was left at
room temperature for four hours and then stored in a refrigerator at 4 °C. Silanisation was achieved
by immersing the clean slides in cyclohexane (Aldrich, reference 34855) and then adding the pre-
hydrolysis solution in a ratio of 1.11 g per 18.6 grams of cyclohexane. The slides were incubated
overnight in the silanisation solution and then rinsed by ultrasonication in cyclohexane.

To check the surface properties of these model surfaces, one glass slide from every ten was
subjected to a basic quality control. For the bare glass, cleanliness was verified by the wetting and
spreading, including zero degree recede contact angle, of a two microlitre water drop. Aminosilane-
coated glass was stained overnight using colloidal gold (Bio-Rad reference 170-6527). After rinsing,
blow-drying, and cleaning off the lower surface, the presence and uniformity of the stain indicated the
presence of aminosilane on the glass surface. The wettability of these slides gave sessile water drop
contact angles in the range between 21 to 23 degrees. For OTE, ten sessile water drops were
measured. The criteria for acceptance were an average in the range 107 to 110 degrees and standard
deviation of one degree across each slide. As for aminosilane-coating contact angle measurements, at
least three sessile drops of water were applied for each sample.

Cyprid culture. Barnacle larvae from field-collected adults were reared on an algal mixture of 1:
1 v/v of Tetraselmis suecica and Chaetoceros muelleri at 25°C, at approximately 5 x 10> cells per ml
density. On this regime, larvae metamorphose to cyprids in 5 days. These cyprids were aged at 4° C
for 2-3 days prior to use and 45-70% settlement observed after 24 hours."’

Cyprid settlement assay. The settlement assay for Cypris larvae of B. amphitrite, referred to as
Cyprids, was conducted in laboratory conditions. Glass slides with NH,-terminated and CHj;-
terminated chemical functionalities were used for cyprid settlement assays. The glass slides were cut
in half, yielding pieces of 2.5 x 3.5 cm. Glass slides were suspended vertically using steel paper clip
in small trough (15x15x3 c¢m’) containing filtered seawater. Area of slide immersed in the filter
seawater was approximately 2.5 x 2 cm®. Glass slides were arranged in rows with 5 slides per row and
each row was approximated 1 cm apart. Five replicates were used for each surfaces. Approximately
seven hundred cyprids were introduced into the trough in 1 liter of filtered seawater and incubated for
24 hrs in the dark. The Cyprids attached to each glass surface were counted, classifying them as
exploring (lying on their side) or settled/metamorphosed (perpendicular to the glass surface). The
latter ones were counted and subjected to a Wilcoxon Sum of Rank (Wilcoxon-Mann-Whitney)
statistical analysis. This is a non-parametric test for assessing whether two statistical samples of
observations originate from the same distribution.* The parameter output from this calculation, p,
represents the probability of overlap between two data sets. Its value ranges from 0 to 1, with a value
of 0.05 representing the cutoff point, above which the data sets are not considered as distinguishable.

Atomic force microscopy (AFM). AFM measurements were carried out using a Dimension
D3100 atomic force microscope equipped with a NanoScope [Va controller and a hybrid scanner (H-
153) with x-, y- z- feedbacks, housed at the University of Twente. A Dimension D3100 with
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NanoScope IV controller and a 188CL scanner in NUS-SNI, were used in Singapore. Both
instruments are manufactured by Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA).
Triangular-shaped silicon nitride cantilevers (Veeco/Digital Instruments (DI), Santa Barbara, CA)
were used throughout the study and cantilever spring constants were calibrated using the thermal
noise method. The cantilevers used had spring constants in a range from 48 to 54 pN/nm. Cyprids
used in experiments were stored in 33 parts per thousand artificial sea water (ASW, Tropic Marin).
They were deposited onto prepared silanized glass surfaces by micro-pipette. Glass samples with
different surface functionalities (CHj-glasses and NH,-glasses) were fixed to the bottom of
polystyrene petri-dishes with double-sided carbon tape prior to experimentation. Cyprid larvae were
introduced into a Petri dish containing artificial seawater (ASW), with glass substrates at the bottom,
facing up. The larval exploration was monitored visually by an optical stereo microscope. When a FP
was deposited, its location was marked. The cyprid was subsequently removed and the surface was
transferred to AFM for measurement in air or under ASW. Typically, cyprids would attach and begin
exploration when stimulated by small water currents. Explored areas of the glass were marked on the
base of the cover slip and cyprids were then removed from the petri-dishes. The surfaces used were
rinsed with filtered ASW to minimize surface contamination. The Petri-dishes were transferred to the
AFM and its search for footprints was focused on the marked regions. Once the footprint was located,
imaging was performed in contact mode, using a minimal force. The footprint samples were rinsed
with ASW and dried under stream of nitrogen. AFM images were taken in air using the intermittent-
contact mode with Silicon cantilevers (PointProbe®Plus Non-Contact High resonance frequency
(PPP-NCH) from Nanosensors, Wetzlar, Germany). The porosity of deposited footprint adhesive
material is estimated using a filling-box construct. A grid is superposed onto the AFM footprint and
each grid box is evaluated. If the grid box is covered by less than 50 % FP adhesives, it is marked as a
void. The porosity is estimated by summing all the void boxes and dividing by total number of boxes.
Field test by panel immersion. The marine biofouling field test was run by placing samples at
constant depth on a raft moored at a test site on the West Coast of Singapore, situated in a tropical
estuarine marine coastal environment. The area is relatively protected, with waves primarily generated
by ferries accessing a nearby harbor and recreational boats. Test samples were immersed from 20™
July 2007 to 14™ Sept 2007. The water temperature, pH, salinity, oxygen level was monitored every
fortnight. Water temperature varied from 27.9°C to 31.7°C and pH fluctuated between 7.81 and 8.15.
Five glass slides of each type: bare glass (B), amino-silane (N) coated glass and hydrophobic (C) glass
were held with their surfaces horizontal in a PVC frame, laid out in sequence (BCNBCN etc.) in two
parallel rows (Figure 6.7). All the test samples were accessed and recorded by photography twice per
week. After the field test, the slides were rinsed in fresh water and dried and then photographed.
Evaluation of surfaces was done by commercial software Photogrid 1.0. The pictures obtained from
the panel immersion test were imported to Photogrid. To avoid edge effects, a 0.5 cm wide border was
excluded for each slide. The central portion was subjected to analysis with PhotoGrid software using
100 points per slide. Briefly, one hundred points are placed at random over the image. The fouling
species present at each of these points was identified visually by the operator. At each point, if a
macrofouler is present, it is scored into one of the following categories: barnacle, tubeworm (serpulid
and spirorbid), and bryozoa (arborescent and encrusting). The raw data were processed using the
Student’s t Test, determining the statistical probability of differentiating between surface chemistries.

For the Wilcoxon Sum of Rank and the Student’s t Test, the analysis compares two sets of data,
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providing the probability that the two sets (over all samples) are independent. Following convention,
we consider p < 0.05 as indicating that the two data sets are distinguishable. Conversely p > 0.05
indicates that the two data sets are not statistically differentiated by this analysis.

Figure 6.7. Sample holders for (A) glass slides and (B) silicon wafers.
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Chapter 7

The effect of a serine protease, Alcalase®, on the adhesives of

barnacle cyprids (Balanus amphitrite)”

Barnacles are a persistent fouling problem in the marine environment, however their effects (e.g.
reduced fuel efficiency, increased corrosion) can be reduced through the application of antifouling or
fouling-release coatings to marine structures. It is necessary to develop future fouling resistant
coatings that are more facile, cost-effective and that are not deleterious to the marine environment.
The incorporation of proteolytic enzymes into coatings has been suggested as one potential option. In
this Chapter, we assess the efficacy of a commercially available serine endopeptidase, Alcalase®, as
an antifoulant and investigate its mode of action on barnacle cypris larvae. In situ atomic force
microscopy (AFM) of barnacle cyprid adhesives during exposure to Alcalase® supported the
hypothesis that Alcalase® reduces the effectiveness of the cyprid adhesives, rather than deterring the
organisms from settling. Quantitative behavioural tracking of cyprids, using Ethovision™ 3.1, further
supported this observation. Alcalase® removed cyprid “footprint” deposits from glass surfaces within
26 min, but cyprid permanent cement became resistant to attack by Alcalase® within 15 h of
expression, acquiring a crystalline appearance in its cured state. It is concluded, on the basis of its
effects on cyprid footprints, un-cured permanent cement and its non-toxic action, that Alcalase® has
real antifouling efficacy providing that it can be successfully incorporated into a commercial coating.

“This Chapter has been published as: N. Aldred, I. Y. Phang, S. L. Conlan, A. S. Clare, G. J. Vancso.
Biofouling 2008, 24, 97-107.
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7.1 Introduction

Protease enzymes have a multitude of commercial uses, ranging from their
incorporation in common detergents to industrial processes. Significant effort has been
directed towards immobilization of enzymes in PDMS films®™ since, in that form, they can be
used as reactive surfaces or catalysts in industrial applications. Although controllable release
of biologically active compounds from coatings remains a challenge, the incorporation of
such catalysts into synthetic coatings is becoming routine in industry. Production of coating
films containing delicate macromolecules must currently involve ‘sol-gel’ processes and low
temperature hydrolysis of the necessary biological monomers." ® This method has become
commonplace for coatings containing sensitive biological materials since it tends to preserve
large, fragile molecules such as enzymes more effectively than the traditional melting of
silica® in silica-based film production. Although cost-effective, enzyme-based industrial
coatings have not yet reached the market place, the efficacy of enzymes as cleaning agents
against strongly adhered protein films has been demonstrated repeatedly.” It has been
suggested®™ that serine proteases could be included in novel fouling-resistant coatings to
prevent the attachment of marine fouling organisms, such as B. amphitrite ** through lysis of
their adhesive proteins on contact with the active surface. In fact, the efficacy of enzymes in
this role has already been alluded to in the antifouling strategy of pilot whales.*?

Effective fouling resistant coatings, whether they are based on antifouling®*™ or

1618 are high value commodities since the international ban on the

fouling release technology,
use of TBT (tributyltin) based paints.** The economic costs associated with marine fouling
run into billions of U. S. dollars annually’® and barnacles®® are particularly pervasive
foulers” due to their relatively large size, hard-calcareous form* and gregarious nature.”® 2
Removal of large adult barnacles has historically been the focus of antifouling studies with
regard to these species, however more attention is now being given to the dispersal and
settlement stages of barnacles - the planktonic larvae.

The settlement stage of barnacles is a cypris larva (= cyprid) that actively explores
immersed surfaces using a poorly understood method of reversible attachment known as
temporary adhesion. Temporary adhesion is facilitated, at least in part,”>? by the secretion
of a glycoproteinaceous material from glands within specialised antennular structures that
cyprids use for walking.?® This material has often been referred to in the literature as the
cyprid temporary adhesive. During exploration, cyprids deposit ‘footprints’ of glycoprotein
that act as a conspecific settlement cue for subsequently exploring larvae.?® 2% % 3! Once a

suitable settlement location has been selected, cyprids use a second, discrete, adhesive for
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permanent attachment.®® 3 This permanent adhesive, or cement, is derived from a pair of
specialised glands within the cyprid’s body where it is stored in secretory granules.
Following neurotransmitter stimulation,® two cement precursors are released via exocytosis
and expressed by an unknown control mechanism through the antennules.?® The precursors

cure, when mixed, 3 %

into a globular disc embedding the cyprid’s antennules and
attaching it permanently to the selected surface.®* Metamorphosis into a juvenile occurs
within hours in B. amphitrite and the adult adhesive develops some time thereafter.

Pettittt et al.? screened twenty-five enzymes for antifouling activity including lipases,
cellulases, glucoamylases and multi-enzyme complexes. Of these, the serine-proteases
(specifically the enzyme preparation, ‘Alcalase®) were found to be most effective in
preventing settlement of spores of Ulva sp. and cyprids of Balanus amphitrite. Alcalase®
(Novozymes, Denmark) is a commercial preparation of the serine endopeptidase Subtilisin,
an enzyme initially obtained from Bacillus subtilis and the Alcalase® formulation is marketed
as offering, “Increased savings due to less fouling and the need to clean equipment”. It is this
putative antifouling action that is of interest to the present study.

Unpublished data®” suggested that the reduction of barnacle cyprid settlement in
response to Alcalase® was due, at least in part, to the effects of the enzyme on the adhesives
of barnacle cyprids. Serine proteases catalyse hydrolysis of the covalent peptide bonds
between amino acids within proteins.®® Although modes of action vary, these enzymes
generally facilitate proteolytic cleavage through nucleophilic attack of the targeted peptide
bond by a serine; aligned side chains of serine, histidine and aspartate are common to most
serine proteases.>® “° It appears from Pettitt et al.® and from personal observation, that
Alcalase® directly affects the ability of cyprids to attach rather than reduce their willingness
to attach. No direct evidence for this was presented, however Pettitt et al.® demonstrated a
weakening effect of Alcalase® on the permanent adhesive of cyprids.

This Chapter examines the hypothesis that the principal mode of action of Alcalase®,
in its role as an antifoulant, is its ability to attack the adhesive proteins of barnacle cyprids.
This is explored using a combination of settlement assays, behavioural assays and direct
observation of the cyprid temporary and permanent adhesives. Atomic force microscopy
(AFM) was used to study the cyprids’ adhesives in response to proteolytic attack. AFM is
able to measure nano-scale properties of natural bioadhesive materials and adhesive
interfaces in native conditions,** i.e. hydrated in a saline solution, making it well suited to
studies of this type. In fact, AFM has been used previously in similar studies, for example, to

observe the enzymatic degradation of spin-coated poly(trimethylene carbonate) films by
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lipase solutions from Thermomyces lanuginosus.*”? Zhang et al.*? observed a reduction in the
thickness of their films using AFM and also demonstrated that the enzyme significantly
affected film roughness over the duration of their study. The AFM results presented here
demonstrate the fine structure of both types of barnacle cyprid adhesive on the nano-scale
and report modulation of adhesive force and corresponding changes in morphology for
“footprint” deposits exposed to Alcalase®.

7.2 Results
7.2.1 Settlement and behaviour of cyprids

Previous work by Pettitt et al. were exposed to concentrations of Alcalase® between
1: 400 and 1: 30 000 of the original stock solution.? The concentration at which Alcalase®
was found to be acutely toxic to cyprids of B. amphitrite was in excess of 1: 400. Pettitt et al.?
did not, however, determine the effects of Alcalase® on pre-settlement behaviour in cyprids.
Here, remote video tracking of day 3 cyprids in 1: 800 and 1: 400 dilutions of Alcalase®
demonstrated no significant differences in any behavioral parameter (see experimental
details) between cyprids in Alcalase® and those in ASW or heat denatured Alcalase® (Figure
7.1). Exposure to non-toxic concentrations of Alcalase®, which elicited significantly reduced
settlement, did not, therefore, alter the general behaviour of B. amphitrite cyprids when
measured in this way.
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Figure 7.1. Behavioural data acquired by remote video tracking of B. amphitrite cyprids in
Alcalase® solutions. 1: 400 and 1: 800 dilutions Alcalase® do not significantly affect the

overall behaviour of cyprids
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7.2.2 Temporary adhesion of cyprids

Footprints were enumerated on nitrocellulose membrane that had been explored by
cyprids and subsequently washed with either 1: 400 Alcalase®, heat denatured Alcalase® or
ASW. No significant reduction in footprint density was detected after treatment with ASW
(mean density = 9.1 + 1.2 SE footprints cm™ (n = 30)) and heat denatured Alcalase® (mean
density = 11.6 + 1.4 SE footprints cm™ (n = 30)), however, no footprints were observed on
membrane that had been treated with active 1: 400 Alcalase®.

To determine whether enzymic removal of footprints negated their inductive
(pheromonal) effect on settlement of cyprids, a choice assay was performed between clean
(control) and previously explored (footprint-treated) surfaces that had been exposed either to
Alcalase® or ASW. When 3-day-old B. amphitrite cyprids were used, there was a significant
bias towards settlement on footprint-treated surfaces that had not been exposed to Alcalase®

(x?=10.89 P = 0.012). Settlement on the other test surfaces appeared equal (Figure 7.2).

50

40 -

30 -

]lil

Footprints ~ Enz. Footprints Blank Enz. Blank

Number of attached

Figure 7.2. The number of B. amphitrite day 3 cyprids settled in a 24 h choice assay.
Cyprids were allowed a choice between nitrocellulose surfaces with previously deposited
footprints (“footprints™), blank control nitrocellulose surfaces (“blank™) and those two types
of surface that had also been exposed, prior to the assay, to 1: 400 Alcalase® (namely “enz.

Footprints” and “enz. Blank” respectively).

AFM provided direct evidence for enzymic proteolysis of cyprid footprints. In ASW
individual footprints could be scanned in contact mode for hours consecutively and their
nanomechanical properties investigated both before and after the introduction of a 1: 400
Alcalase® solution. The technical difficulty of locating and scanning footprint deposits with

AFM precluded the desired replication, nevertheless, on three occasions footprints were
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noted to be entirely removed from a glass substratum twenty to twenty-five minutes after the
introduction of 1: 400 Alcalase® (Figure 7.3). No morphological changes were detected in
footprints exposed to ASW or heat denatured Alcalase® for the duration of the experiments.
AFM observation of footprints on glass suggested that in the absence of external influence,
footprints would persist unmodified for days in either ASW or hear denatured Alcalase®.

Figure 7.3. The proteolytic removal of a B. amphitrite footprint from a glass surface over the

course of 26 min. Images are AFM cantilever deflection traces.

Figure 7.4 shows the effect of Alcalase® on the morphology of the cyprid footprint in
Figure 7.3. Before addition of Alcalase®, B. amphitrite footprints deposited on glass were of
the order of 30 um diameter and 5 nm thick. The thickness of the footprint deposits varied
depending on surface chemistry/hydrophobicity.** From Figure 7.3 and Figure 7.4, it is clear
that footprint deposits were ‘doughnut’ shaped, with a central circular area of ~10 um
diameter that contained very little glycoprotein secretion.** The surface structure of the
footprints suggested that the proteinaceous material was drawn into fibrils on removal of the

antennular disc from the surface.

Before introduction
of Alcalase

| 5nm
0 min
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M
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Figure 7.4. AFM cross section height profiles of the footprint in Figure 7.3 recorded over the

course of 26 min.
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Figure 7.5. Data from AFM analysis of B. amphitrite footprints before and during exposure
to Alcalase®. A, a plot of pull-off force between the AFM tip and the footprint over time, B. a
plot of pull-off length — the distance from the footprint over which proteins remained
attached to the AFM tip, over time. The dark line in both curves is a 5-point average and the
blue rectangle highlights a series of unusually high pull-off length events around 1800 s (30

min).

Figure 7.5 presents data acquired from one cyprid footprint during enzymic
proteolysis. The pull-off force of individual protein fibrils (Figure 7.5A) that had adhered to
the cantilever tip and the length that fibrils reached before detaching from the tip (Figure
7.5B) were highly variable, but constant over the duration of testing in ASW. Although only
10 minutes of ASW control period are presented in Figure 7.5, this control period lasted, in
reality, for several hours. Only after the introduction of Alcalase® was there any change in
either of these two parameters. Even though Figure 7.3 and Figure 7.5 represent different
footprints, the time frame in which the enzyme solution acts is similar for both. Three
minutes after the addition of Alcalase® (at 1450 s in Figure 7.5A & B), the pull-off force
began to decrease with a concurrent reduction in variability of the pull-off force distribution
(Figure 7.5A). The variability of pull-off length data also decreased. There was, however, a
series of unusually high pull-off length events throughout the time course of the experiment
that suggested some fibrils were still being drawn out to considerable lengths until the
footprint had been removed completely (highlighted blue in Figure 7.5B). After a 16 min
exposure to Alcalase®, only a trace of the footprint shown Figure 7.5 remained on the

substratum with few pull-off events evident from 2000 s onwards in Figure 7.5A & B.
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Alcalase®, introduced at 564 s, reduced the pull-off force (Figure 7.7A) in a step-wise
manner. The pull-off force dropped from 340 pN (between 600 and 1400 s) to a plateau at
150 pN before dropping again to virtually zero — the native force of the glass substratum.

7.2.3 Permanent adhesion of cyprids

After 48 h in ASW, B. amphitrite permanent cement appeared to be totally resistant to
Alcalase®. The AFM tip did not pick up any proteins at the surface of the cement plaque
either before or after addition of the enzyme. Adhesion of surface proteins to the tip was
common in uncured cement.®* ** Figure 7.6 shows the structure of cured permanent cement
from B. amphitrite prior to Alcalase® exposure and this surface structure remained unchanged
after 3 h Alcalase® exposure. High resolution scans of the permanent cement were possible in

this cured state where they were not possible for newly deposited cement in Phang et al.*

1\\“

Figure 7.6. AFM images of cured (3-d-old) and hydrated B. amphitrite cyprid permanent

cement. This cement had not been exposed to Alcalase®. Cement of the same age that was
exposed to Alcalase® appeared identical when viewed by AFM suggesting that cured cement

is resistant to Alcalase® attack.
In contrast, uncured cement (~1 h old) was highly susceptible to Alcalase® (Figure

7.7), as in Pettitt et al.,® and was visibly thinned over the course of 5-h exposure. If the

cyprid was attached to the cement plaque during this period then its movements invariably
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caused it to dislodge from the surface. Only when the cyprid had been manually removed did
the adhesive plague remain attached to the surface on exposure to Alcalase®. This thinning of
the adhesive plaque did not occur if the cement was first stained with a fixing protein dye

such as Coomassie Brilliant Blue (acetic acid and methanol preparation).

Zero hours Five hours
aSS
100um

Figure 7.7. Cyprid permanent cement that is not fully cured visibly thins during exposure to

a 1: 400 solution of Alcalase®.

7.3 Discussion

The present study aimed to extend the scope of Pettitt et al.,® using surface topology
imaging and nanomechanical probing by AFM, to provide a mechanistic understanding of the
non-toxic inhibitory action of Alcalase® on barnacle cyprid settlement. It is important to
mention that since Alcalase® is a commercial preparation of Subtilisin it is impossible to
attribute the findings of this study entirely to the action of Subtilisin. There remains a
possibility, albeit unlikely, that another undisclosed element of Alcalase®, which can also be
heat inactivated, is responsible for the present observations. Therefore replication using pure
Subtilisin will be the next phase of study. Alcalase® was used here only to further illustrate
and directly expand upon previous observations.®

The hypothesis that modulation of cyprid settlement by the enzyme was principally
driven by its proteolysing effect on cyprid adhesives seemed to be vindicated by AFM
analysis and immunostaining. It was shown that the cyprid antennular secretion (in the form
of footprints), critical to surface exploration, did not persist for more than a few minutes in a
concentrated solution of Alcalase®. Although antibody staining of explored surfaces appeared
to show total removal of cyprid footprints by Alcalase®, it is recognised that the enzyme
could interfere with the immunostaining technique by blocking the binding sites of the 76
kDa peptide-specific antibody. The ability of Alcalase® to completely remove cyprid
footprints however, as demonstrated by AFM (Figure 7.3), suggests that the disappearance of
footprints from nitrocellulose membrane was a result of Alcalase® exposure rather than a

failure of the staining method. Dissolution of the cyprids’ glycoproteinaceous antennular
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secretion would reduce the attachment tenacity of cyprids during exploration®® and, therefore,
the likelihood of their settlement;** even if the cyprids were still physically capable of
settling. Remote video tracking suggested that an aqueous solution of Alcalase®, of a
sufficiently high concentration to reduce settlement, did not affect pre-settlement behaviour
of cyprids in any measurable way. This result suggests that the inhibitory action of Alcalase®
on cyprid settlement is via non-toxic action — an important environmental consideration.

Interestingly, the material properties of cyprid footprints did not change over the
duration of exposure to ASW and the inductive properties of footprints are known to persist
for days to weeks in the natural environment®® An implication is that the adhesive/de-
adhesive “duo-gland” hypothesis proposed by some for temporary adhesion in starfish® is
unlikely to be applicable to cyprid antennule detachment. If the cyprid secreted its own
enzymes to break down the antennular secretion and facilitate release, the progressive effects
of those enzymes would be detected by AFM. Moreover, the glycoprotein that is thought to
comprise footprints®® 33! had significant topography (Figure 7.4) after removal of the cyprid
antennule from the surface, suggesting that the adhesive was still connected to the antennular
disc during detachment. It was not possible to discern whether the adhesive failure was
cohesive within the cyprid footprint itself, or adhesive between the footprint and the
antennular disc. However, maintaining as much material on the adhesive disc as possible
would reduce the necessity for costly production and would be an advantageous evolutionary
trait for cyprids.

The reductions in both pull-off force and pull-off length of footprint proteins after the
addition of Alcalase® (Figure 7.5) may be directly linked. If a protein fibril was not
effectively attached to the AFM tip, if it was removed by Alcalase® during extension, or lysed
along its length, it would predictably have a low pull-off length and force. The drawing out of
footprint protein fibrils by the AFM tip** would have exposed more sites to Alcalase® making
proteolysis more likely. The longer the footprint was exposed to Alcalase® the more
proteolysis events would have occurred, continually reducing the mean length of protein
fibrils in the deposits and also reducing the mean pull-off length. The high pull-off length
events (Figure 7.5B) that persisted until the end of the experiment suggested that even until
late in the time series some full-length protein fibrils remained.

It was not the intention of the present study to provide a mechanistic explanation for
cyprid temporary adhesion. An interesting observation, however, was that cyprid footprints
were ‘hollow’ (Figure 7.4) when viewed from above by AFM. The authors certainly do not

propose suction to be important to cyprid attachment* - Nott and Foster® and Yule and
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Walker*’ disproved that hypothesis - but this void may still play an important role in
attachment or detachment. Alternatively it could provide an uncontaminated area for surface
sensation by the axial sense organ® in the centre of the adhesive disc.

Pettitt et al.® noted that fresh permanently attached cyprids (Figure 7.8) became
quickly detached from their settlement surface after exposure to 1: 400 Alcalase®. After ~15
h post-settlement, however, Pettitt et al.®> observed that Alcalase® no longer facilitated
removal and suggested that either a new, Alcalase®-resistant adhesive was produced at this
time, or that the cyprid cement had fully cross-linked® and was therefore impervious to
attack by the enzyme. Further evidence for curing of cyprid cement was provided here in that
no effect of exposure to Alcalase® was detectable in 48-h old cement. This result suggests
that in the early post-metamorphosis stage of barnacles it is the fully cross-linked cyprid
cement that mediates attachment rather than a discreet juvenile adhesive system. The cyprid
cement persists, viewable from beneath the basis, throughout adulthood in barnacles.*” It was
something of a surprise, in the light of previous results,® that cement curing, as defined by
Alcalase® resistance, should take up to 15 h from the time of expression. Phang et al.*
provided evidence that B. ampbhitrite cyprid cement cures within 70 min of release to the
substratum. The measurements in the first study were made, however, only on the outermost
layer of cement, where curing may be catalyzed by available trace metals, oxygen or water.
Both observations are, therefore, valid.

The permanent cyprid cement (Figure 7.6) had a distinctly crystalline appearance
when cured that had not been observed in the only other AFM study by Phang et al.* It is not
known if these features were crystals in the true sense, only close study using X-ray
techniques could confirm that hypothesis, however it is known that the cement likely self-
assembles via quinone tanning from the peptide monomers kept in granular form within o
and B cells in the cyprid cement glands.*® The permanent adhesive apparatus of cyprids
could, hypothetically, be similar in this regard to the silk production system of spiders, albeit
simplified. Silk-spinning in spiders*® works by a mechanism of storage and secretion, from
specialised glands, of a water-soluble material (the *spinning-dope’) that is added to during
extrusion to form a water resistant crystalline-matrix thread. Much of the spider’s elaborate
silk-spinning machinery is involved in formation of a usable thread. This is not required by
cyprids, so their mechanism for simply expressing a volume of cured crystal-matrix material
need not be so complex. Requisites would be water-soluble precursors,® a collecting duct

where curing agents could be added®® and the ability to express the material before it cures.*
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The cyprid cement in Figure 7.6 is morphologically different to the adult barnacle

cement, 5!

allaying the debate surrounding whether or not the two may be the same or
related. Walker (pers. com.) first observed that material from the cyprid cement glands
migrates during metamorphosis and is included in the adult cement glands, although it seems
that the product of the adult adhesive machinery is quite distinct from that of its cyprid
counterpart. Further, Kamino et al.’®> demonstrated that genes encoding adult cement
production were not expressed in the cyprid, making any biochemical similarity in the
adhesives unlikely.

The exact mechanisms by which artificial chemical fixation (shown here using
Coomassie Brilliant Blue) and putative quinone cross-linking (a natural process in cyprid
cement curing) invoke Alcalase® resistance in cyprid permanent cement are unknown, but are
probably similar in effect since artificial fixation generally occurs via covalent cross-linking
of proteins. Covalent bonds formed during fixation are not the common peptide bond that
Alcalase® acts on and, therefore, remain unaffected by the presence of Alcalase®. Quinone
cross-linking is highly variable and not completely understood. Bonds formed during the
tanning of insect cuticle, for example, are highly complex. Quinones of N-acylated
catecholamines, such as N-acetyldopamine (NADA) or N-b-alanyldopamine (NBAD) are
known to undergo nucleophilic addition with amino acids such as histidine, resulting in
bonds that would also be resistant to Alcalase®.>® Given the potent effects of Alcalase® on
barnacle cyprid adhesives, as well as on the adhesives of algae and diatoms,® it would seem
that proteolytic enzymes of this type have considerable antifouling potential. Now that their
efficacy has been proven, it is the task of coatings manufacturers to incorporate enzymes into
affordable systems that maintain their biological activity over a long operational period (at
least 1 yr). If this is accomplished, enzyme-based coatings could find wide application

wherever underwater fouling is an issue.

7.4 Conclusions

In this Chapter, AFM was used to provide direct evidence for enzymic proteolysis of
cyprid footprints. Typically entirely footprints were removed from a glass substratum twenty
to twenty-five minutes after the introduction of 1: 400 Alcalase®. Force extension curves
obtained after the introduction of Alcalase® showed change in the pull-off force and pull-off
length events. After a 16 min exposure to Alcalase®, only a trace of the footprint remained on
the substratum with few pull-off events evident from 2000 s onwards. The effect of Alcalase®
was shown with no effect on cured B. amphitrite permanent cement. However, in contrast,

uncured cement was highly susceptible to Alcalase®.

110



Effect of Alcalase® on barnacle cyprid temporary adhesive

7.5 Experimental

Cyprid culture. B. amphitrite cyprids were cultured as described by Hellio et al..>*

Preparation of Alcalase® solutions. The Alcalase®solution (4.4 % protein, specific activity:
0.057 umoles glycine.ug protein™ h™; ®) was provided by Novozymes and was stored at 6°C. This
starting solution was then diluted 1: 400 (equivalent to 100 ug ml™ pure Subtilisin) or 1: 800 in
artificial seawater for use in assays. Alcalase® retained 90 % of its original activity after 48 h at 28
°C, although all assays presented here were completed within 24 h. Total protein content was
determined by the Bradford method,” although estimated protein content of the stock solution
differed considerably from the quoted concentration. This discrepancy was probably due to the lack
of an appropriate control solution (i.e. the carrier solution with no enzyme) in the total protein assay.
As a result, all enzyme solutions are referred to as dilutions of the stock. Heat denatured Alcalase®
was produced by boiling 500 ul aliquots of the stock enzyme solution in a water bath for 1 h,
followed by cooling to 4 °C and 1 h centrifugation at 8000 g. The supernatant was removed and
diluted for assays as described above.

Cyprid settlement and tracking assays. Behavioural tracking of cyprids using Noldus
Ethovision 3.1 followed the protocol of Marechal et al..*® The parameters used in analysis are defined
in Table 7.1.

Table 7.1. The definitions of parameters used to compare the behaviour of cyprids in different
experimental treatments.

Parameter Unit Definition

Total distance moved cm Cumulative distance travelled by a cyprid in 5 minutes
Mean meander degreescm™  Sinuosity of the track — deviation from linear movement
Mean velocity cmst Mean directional speed over 5 minutes

Total turn angle degrees Cumulative directional change taken 12 times/second

The effects of Alcalase® on cyprid footprints as a settlement cue were ascertained using settlement
assays. Nitrocellulose membrane (0.45 um pore size, Advantec MFS Inc., USA) was fixed to both
sides of acid-washed (10% Nitric) microscope slides (Fisherbrand, Fisher Scientific) using high
modulus, aquarium-grade silicone sealant. Slides prepared in this way were used in sets of two. One
side of each slide was conditioned with cyprid footprints by allowing ~100 B. amphitrite cyprids to
explore over the surface for 6 h in the dark at 28 °C. This time period varied slightly between replicate
experiments since cyprids needed to be removed from the nitrocellulose surfaces as soon as they were
likely to begin settlement. Following footprint deposition, one slide of each pair was exposed to a 1:
400 dilution of Alcalase® for 1 h with gentle agitation, followed by a brief rinse with distilled water.
The other slide of the pair was treated in the same way but using artificial seawater (ASW; Tropic
Marin™) rather than Alcalase® solution.

Slides were arranged vertically using plastic-coated steel wire in polypropylene Hi-Pack (As One
corp., Japan) containers - a surface that inhibits cyprid settlement when new. Two hundred cyprids
were introduced into each Hi-Pack container in 300 ml ASW and incubated for 24 h in the dark at 28
°C. Three replicate containers were used. Mean numbers of settled cyprids on: a) footprint-treated b)
blank c) Alcalase®-treated blank and d) Alcalase®-treated footprints were calculated and compared to
a control distribution using y*analysis.
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For footprint enumeration studies, cyprids were allowed to explore a 10 x 5 cm piece of 0.45 um
pore size nitrocellulose membrane, adhered to the base of a Hi-Pack container using conductive
carbon tape. Two hundred cyprids were used in 100 ml ASW. These assays were incubated for 16 h
at 22°C in the dark. Following incubation the membrane was removed and rinsed for 1 h in either
nanopure water, 1: 400 Alcalase® or heat denatured 1:400 Alcalase®. The membrane was then
immunoblotted following the protocol of Matsumura et al..*® Briefly, the membrane was rinsed in
Tris-buffered saline (TBS), immersed in blocking buffer (3% gelatine in TBS) and incubated with a
1% solution of the antibody to the 76 kDa subunit of B. amphitrite settlement-inducing protein
complex (SIPC). Incubation with a secondary goat anti-mouse antibody (alkaline phosphatase
conjugate) was followed by staining with a BCIP/NBT solution until footprints became obvious. The
membrane was allowed to dry out before footprint enumeration, which greatly enhanced the contrast
of the stained footprints.

Collection of cyprid permanent cement. Three-day-old cyprids (B. amphitrite) were settled in 1
ml beads of 33 parts per thousand (ppt) ASW onto acetone-washed glass microscopy cover-slips (2
cm x 2 cm). Typically, they would begin to settle in numbers after ~ 8 h at 28 °C * and permanent
cement was then expressed over the course of a few minutes (Figure 7.8). The adhesive was allowed
to cure for 2 h before the cyprid’s body was excised using fine tungsten needles and the remaining
cement mass, with embedded antennules, was stored at 4 °C in ASW during delivery from Newcastle
to Twente. In Twente, the cement samples were loaded into the AFM ‘wet-cell” and probed in
artificial seawater. Imaging and force measurements were conducted for at least 1 h before addition of
Alcalase®. After Alcalase® had been introduced, AFM probing continued for up to 5 h.

~ «\i/

Figure 7.8. A settled B. amphitrite cyprid viewed from beneath. Note that the cement plaque with
embedded antennules has been artificially accentuated.

Atomic force microscopy. AFM measurements were carried out using a Dimension D3100
atomic force microscope equipped with NanoScope IVa controller and a hybrid scanner (H-153) with
X-, y- and z- feedbacks from Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA).
Triangular-shaped silicon nitride cantilevers (Veeco / Digital Instruments (DI), Santa Barbara, CA)
were used throughout the study and cantilever spring constants were calibrated using the thermal
noise method. The cantilever used for acquisition of the present results had a spring constant range
from 48 to 54 pN nm™. For experiments, cyprids were stored, prior to use, in 33 ppt ASW and were
then deposited onto prepared silanized glass surfaces by micro-pipette. Amine-functionalized glass
samples® were adhered with carbon tape in polystyrene Petri dishes prior to experiments. Typically,
cyprids would attach and begin exploration when stimulated by small water currents. Explored areas
of the glass were marked on the base of the cover slips and cyprids were then removed from the Petri
dishes. Surfaces were flushed with filtered ASW to minimize surface contamination. Petri dishes were
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then transferred to the AFM and the search for footprints was focused on the marked regions. Once
footprints were located, the ASW was replaced with a 1: 400 Alcalase® or heat denatured 1: 400
Alcalase® solution. Images were taken in contact mode at 1 Hz scan rate. Nanoscope software
v6.13b25 was used to transform the raw data to force-separation curves. Pull-off events occurred on
these curves whenever individual proteins/protein fibrils adhered to the AFM tip on its retraction
cycle. When the protein chain reached maximum extension or, alternatively, when the energy stored
by extension of the protein exceeded the energy in the adhesive interaction between the tip and the
protein, sharp ‘pull-off” events manifested on the force-separation curve. The location of these events
on the force-separation curve allowed estimation of the adhesive force between tip and substrate
protein. The data (pull-off force and pull-off length) obtained from the corresponding peaks of the
force-separation curves were plotted in a time-lapse fashion to demonstrate the effects of Alcalase®.
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Chapter 8

An in situ study of the nanomechanical properties of barnacle
(Balanus amphitrite) cyprid cement using AFM™

Cyprids are the final planktonic stage in the larval dispersal of barnacles and are responsible for
surface exploration and attachment to appropriate substrata. The nanomechanical properties of
barnacle (Balanus amphitrite) cyprid permanent cement were studied in situ using atomic force
microscopy (AFM). Force curves were recorded from the cement disc continually over the course of
its curing and were subsequently analysed using custom software. Results showed a narrowing of the
pull-off force distribution with time, as well as a reduction in molecular stretch length over time. In
addition, there was a strong correlation between maximum pull-off force and molecular stretch length
for the cement, suggesting ‘curing’ of the adhesive; some force curves also contained a ‘fingerprint’
of modular protein unfolding. This Chapter provides the first direct experimental evidence in support
of a putative “tanning” mechanism in barnacle cyprid cement.

“This Chapter has been published as: I. Y. Phang, N. Aldred, A. S. Clare, G. J. Vancso. Biofouling
2006, 22, 245-250.



Chapter 8

8.1 Introduction

Sessile marine organisms such as barnacles,® mussels > and green algae,* cause
serious damage to the protective coatings of man-made marine structures> ° the
consequences of which have an economic impact running into billions of U.S. dollars
annually.” This is a direct result of their accumulation in a process referred to generally as
“biofouling”. Barnacles are of particular concern because their large size causes vastly
increased hydrodynamic drag on vessels; significantly increasing fuel costs and the necessity
for costly cleaning procedures.® ° Further, the cypris larvae of barnacles such as Semibalanus
balanoides and Balanus amphitrite (the species discussed here) readily attach to moving
objects and settle gregariously,* exacerbating their impact. It is hoped that, by studying the
bioadhesion of barnacles, mussels, algae and diatoms, technology-based solutions to this
problem will be forthcoming, such as the development of non-toxic, fouling-resistant marine
coatings.?

A generalized barnacle life-history incudes six planktotrophic nauplius stages, a non-
feeding cypris stage and the adult. It is the cyprid that is of most interest to anti-biofouling
studies, as this is the stage that explores submerged surfaces in search of appropriate
settlement sites. This surface exploration is thought to be facilitated by the use of a
glycoproteinaceous secretion originating from unicellular glands within the antennules.** The

12 and also acts as a settlement

secretion is commonly referred to as the “temporary adhesive
cue to subsequently exploring larvae.*® * Once settled, the cyprid uses another distinct
proteinaceous cement, originating from glands within its body, to attach permanently.
Although the adult cement system has been well studied,™ *° the cyprid system has
been somewhat neglected. There is presently no evidence to suggest that either the apparatus
used in the production and delivery of cyprid and adult permanent cements, or the adhesives
themselves, are in any way related. Given the economic importance of these processes it is,
perhaps, surprising that dedicated studies of the cyprid permanent cement amount to one
paper, now in excess of 30 years old, studying its composition’’ and two studying its
delivery.’® *® The former used basic histological techniques to ascertain that the cement
originated from two different cell types within the cement glands, where it is stored in
secretory granules® and released to collecting ducts under neurotransmitter control.*® From
this observation, it was postulated that the adhesive was probably dual-component in nature -
a hypothesis substantiated somewhat by the identification of diphenols and the enzyme
polyphenoloxidase in the cement apparatus, suggesting a dual component adhesive that cures,

when mixed, via quinone cross linking (tanning). The present study is, therefore, designed as
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a logical extension from this conclusion since, at present, no convincing case has been
proposed in support of any mechanism other than quinone tanning.

On expression, this adhesive is delivered through the antennular cement ducts?* and is
deposited in a globular disc measuring <100 pum in diameter (B. amphitrite). From this
moment, the antennules are embedded and the cyprid permanently attached during
metamorphosis into an adult; at which point the adult adhesive systems take over. It is likely
that permanent adhesion in cyprids is a single, irreversible event, resulting in total release of
all the organism’s store of adhesive.?’ Observation of secretory granules with partial content
loss™® suggests, however, that failed adhesion attempts or some involuntary stimulus may
result in partial secretion of the permanent adhesive prior to settlement.

Since its development in 1986, Atomic Force Microscopy (AFM) has become a
widely used tool for the characterization of materials and polymer structures. Moreover,
AFM has an advantage over conventional “optical” microscopic techniques (SEM, ESEM,
TEM) since it also enables the study of processes in situ, providing information about surface
chemical composition and nanomechnical properties. Force spectroscopy has been used
widely for the study of bond-rupturing and to quantify the unfolding forces of modular
proteins.??> However, due to the technical difficulty of using the AFM ‘wet cell’ to image
fresh and hydrated samples, only recently has it become widely embraced for the study of
biological materials. Dedicated studies have used AFM to investigate the properties of

natural bio-materials and bio-adhesives as varied as abalone shell ?

spider silk,? adult
barnacle cement,® gecko spatulae,”® algae® and diatoms.** Presented here are the results
from a recent AFM study intended to provide preliminary data describing the post-expression
curing of cyprid permanent cement, thus, beginning the elucidation of this complex system in
B. amphitrite. The nanomechanical properties of the permanent cement were recorded over
the course of its curing and the findings support the hypothesis that cyprid permanent cement

indeed hardens over time, putatively via a quinone tanning mechanism.

8.2 Results and discussion

The results of this Chapter present statistically significant trends, as well as
considerable anecdotal evidence to support previous observations.”> The frequency of
observed pull-off events taken over the 45 min time course is presented in Figure 8.1. This
frequency distribution consists of 2800 tip-adhesive interaction events in total, with 523

allowing the acquisition of a clear and reliable force curve, therefore termed ‘successful’. It
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appears from Figure 8.1 that the frequency of successful events decreased over time,

anecdotally suggesting curing of the permanent cement.*

TOTAL EVENTS

Detect

No Event [ T L T 1 I e 1 T T
0:08:20 0:16:54 0:25:20 0:33:46 0:42:11

Time Lapse (min)

Figure 8.1. The distribution of total pull off events detected over the course of the

investigation.

All 523 successful pull-off curves were subsequently analysed individually and the
resulting information is presented in Figure 8.2B - D. A typical pull-off curve is shown in
Figure 8.2A, displaying a force profile containing information related to force experienced
during pull off and molecular pull-off length. The data extracted from each of these force-
separation curves were plotted onto graphs to demonstrate trends in pull off force and length
independently. Figure 8.2B and C summarize the information obtained and analyzed from
AFM force curves over the curing period. Maximum force fluctuated between the ranges of
few hundred picoNewtons (pN) to a few nanoNewtons (nN) during the experiment as shown
in Figure 8.2B and this heterogeneity presents the likelihood that the putative dual-
component cement is not thoroughly mixed on expression, with different constituents
presenting different pull off characteristics. No significant trend of either increasing or
decreasing force with time was obvious.

Over all strong pull-off forces suggest that, on expulsion from the glands, native
cement is very sticky and adheres strongly to the cantilever. In addition, this range begins to
narrow as curing progresses, although accurate quantification of this narrowing is difficult.
The significant reduction of maximum pull-off length with time (regression ANOVA F =
132.43 P= < 0.001 Figure 8.2C) provided further evidence that molecular chain cross-linking

was occurring in the permanent cement.
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Figure 8.2 (A) A typical force-separation curve from barnacle cyprid permanent cement
showing multiple pull-offs. (B) Pull-off force at maximum pull-off length. (C) Maximum
pull-off length. (D) The correlation between the maximum force and length. (E) An example

of a force curve demonstrating a “saw-tooth” modular protein unfolding characteristic (inset).

From Figure 8.2C, extrapolation of the molecular pull-off length to zero suggested
that cement would be totally cured ~71 min after the on set of data acquisition. This
suggested a total curing time of ~116 mi and, from that, we estimate that fully cured cement
would require a pull-off force of ~2.5 nN. Note that these numbers are, however, only valid
for the outer layer of cement, and that it is not yet clear what effects factors such as salinity
and the availability of oxygen may have on cement curing®® and the properties of the bulk
adhesive.
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Finally, Figure 8.2D demonstrates a significant linear increase of pull-off force with
pull-off length (regression ANOVA F = 128.82 P = < 0.001), suggesting that the observed
“curing” of the adhesive is directly related to changes in protein conformation. Analysis of
individual force curves revealed an unusual characteristic in individual curves, and this is
highlighted in Figure 8.2E.

In summary, this study takes a first step forwards towards better understanding the
nanomechanical properties of barnacle cyprid adhesives through the use of atomic force
microscopy. It was clear from the results that the properties of this proteinaceous adhesive
change significantly with time, providing the first experimental evidence of a curing process
in cyprid permanent cement. In ecological terms, it is important that once the cyprid has
committed itself to permanent attachment, the process of irreversible permanent adhesion
occurs rapidly. This prevents dislodgement of the cyprid from its chosen settlement location
by adverse physical environmental conditions and allows metamorphosis into an adult to
occur rapidly after tidal exposure; preventing desiccation.

This larval stage, which is an obvious point of attack for novel antifouling strategies,
has, thus far, been neglected in deference to studies of the adult barnacle adhesion systems.?®
Although Sun et al.”® provided useful data, comprehensively describing the processes
involved in the adhesion and removal of adult barnacles to commercial silicone coatings,
these results are not directly transferable to the adhesion of barnacle larvae and separate study
is clearly required. This applies not only to adhesion studies, but also to removal studies
where conventionally applied crack propagation theory® is unlikely to apply to the micro-
scale of planktonic larvae. It seems to the authors that the prevention of settlement/easy
release of larvae is equally as important, if not more so, than the removal of adult foulers, and
that better knowledge of the adhesives used by the propagules of fouling organisms (larvae
and spores) will aid the development of coatings intended to prevent the initial colonisation
of surfaces by fouling communities.

These data clearly suggest that there is a significant and distinct change in the
material properties of the cement over time, with a significant decrease in pull off length
(Figure 8.2C) over the course of the 45 min study. This is, theoretically, what would be
expected if the system operates as proposed by Walker.?® As crosslinking within the adhesive
commenced, the proteins will have recoiled, becoming constrained within a network resulting
in shorter pull-off lengths (Figure 8.2C). This will also have resulted in fewer free chains
available at the surface, and, therefore, presenting the trend in Figure 8.1 where fewer pull-

off events are observed over time. Clear bimodality of force/separation curves would have
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supported the accepted hypothesis of a two-phase system, however, discreet differences in
behaviour between proteins were not identifiable during this study. These minor differences
in behaviour between the two component proteins were most probably masked by
progressive conformational changes occurring inconsistently throughout the material,
manifest in the high variability in Figure 8.2B.

As well as demonstrating time dependent ‘curing’ in B. amphitrite cyprid cement,
interpretation of the present data also suggests some fundamental properties of the adhesive.
Cyprid cement is known to be proteinaceous in nature, being easily stained with laboratory
protein reagents?® and Figure 8.2E is a force curve representative of those believed to show
modular protein unfolding under tension. Although similar trends are provided by protein
complexes undergoing reversible crosslinking, this is highly unlikely to be the case for a
progressively hardening, quinnone tanned protein complex. Unfolding behaviour is
highlighted in the inset Figure 8.2E and shows a regular saw-tooth characteristic, strikingly
similar to that detected from glycoproteinaceouos diatom adhesive.> Although firm
conclusions are difficult to draw from preliminary data of this type, it is suggested that the
initial stretch length of up to 400 nm in Figure 8.2E is probably representative of the semi-
cured protein’s tertiary structure unfolding under a force of up to 4 nN. In addition, the
unfolding behaviour as the proteins are stretched further could represent the breaking of
quinone cross-links between phenolic amino acids. Extraction of individual proteins from the
cement glands of B. amphitrite followed by AFM investigation would assist in this area,
however, this presents a daunting challenge to the experimenter. Indeed, such work was
attempted during the present study by microdissection of cement glands from B. amphitrite,
however, variability in the results rendered them inconclusive.

The study of systems on this microscale presents significant difficulties and,
unfortunately, the information provided by AFM was insufficient to exactly determine the
permanent cement curing mechanism on this occasion; it is believed that this capability will
be developed in the future. However, variability in force and separation suggest the presence
of multiple components in this adhesive, supporting the hypothesis that the cyprid permanent
cement is a dual component adhesive that cures over time. Interference with this curing
process by the incorporation of commercial enzymes in coatings,** for example, may be one
effective method of disrupting the attachment process in cyprids, however, not all target
species will be affected by this method of attack in a similar way. The extracellular
adhesives of diatoms, U. linza spores and, indeed, the *“footprint’ secretion of barnacle

cyprids are glycoproteinaceous in nature and have been shown to be susceptible to enzymatic

121



Chapter 8

attack by serine proteases,*? whereas the byssal adhesive of M. edulis is not.** This is but one
example, suggesting why the study of bioadhesive composition and mode of action in many
different fouling species is of crucial importance to coatings development in the anti-

biofouling sector.

8.3 Conclusions

The present data allowed rough estimation of an ecologically relevant total curing
time for the cement, similar to the one to three hours inferred from pull-off measurements for
Semibalanus balanoides.'” Rapid curing of this permanent cement is essential for intertidal
barnacles since it is only with a secure attachment to the settlement surface that successful
metamorphosis can occur, prior to potential desiccation on the ebb tide. On the basis of this
research, we strongly believe that development of the AFM technique can provide a
fundamental understanding of the nanomechanical properties of these materials that, in turn,
will be invaluable to the development/evaluation of sustainable, non-biocidal, fouling
resistant marine coatings,’ as well as the furtherance of ecological understanding with regard

to these organisms.

8.4 Experimental

Cyprid Culture. Barnacle cyprids were batch cultured in the laboratory at Newcastle University.
Nauplii were released by adult B. amphitrite and raised on Skeletonema costatum according to Hellio
et al.;* metamorphosis into cyprids occurred within 5 days. Cyprids were aged at 6 °C and used for
experiments 5 days after metamorphosis.

Cyprid settlement. For experiments, cyprids were settled in a 1 cm? bead of artificial sea water
(ASW [Tropic Marine]) onto acetone washed glass microscopy cover slips; 20 cyprids per bead.
Typically, they would begin to settle in numbers after ~ 8 h at 25 °C. Permanent settlement behaviour
in cyprids generally involves dorso-ventral arrangement of the body flat to the settlement surface. All
thoracic flicking ceases and the cyprids adopt a state of apparent quiescence. This behaviour is
accompanied by the expression of permanent cement over the course of a few minutes.

Immediately after permanent settlement behaviour was observed in an individual, the cyprid’s
antennules were incised using fine tungsten needles and the cement was transferred to the AFM
(Figure 8.3). This process involved delicate lifting of the cyprid’s 500 um body at the anterior end
using one needle, whilst simultaneously incising the antennules close to the body with a second
needle. Rough handling at this stage can easily remove the cyprid and adhesive from the surface
entirely, or else damage the adhesive plague and render results equivocal. Time spent removing the
cyprid, arranging cement within the AFM and successfully contacting the surface, meant that readings
usually began ~ 45 min after cement expression. The AFM cantilever was positioned and engaged
over the permanent cement and force-distance curves were taken continuously over a 45 min period.
After this time, it was noted that evaporation of seawater within the wet cell began to diminish the
laser signal due to refractive index changes. This suggested that salinity would also be increasing and
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could possibly begin to affect the cement/measurements, however, it is not believed that this effect
was significant before warming/evaporation began at ~ 45 min.

Figure 8.3. An AFM cantilever approaching the glass surface. Cyprid permanent cement plaque with
embedded antennules is clearly visible.

Atomic force microscopy. AFM measurements were carried out using a NanoScope llla
multimode AFM with J-scanner in 33 parts per thousand ASW. ‘Wet’ measurements were made using
a liquid cell and triangular shaped silicon nitride cantilevers (Veeco/Digital Instruments (DI), Santa
Barbara, CA). Cantilever spring constants were calibrated using the thermal noise method (Hutter and
Bechhoefer, 1993) and the cantilever used for acquisition of the present results had a spring constant
of 0.096 + 0.013 Nm™. Both loading and unloading rates were fixed to 1.90 x 10? pNs™. Raw data
was transformed and expressed as force-separation curves according to Janshoff et al..*®
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Summary

The understanding of biointerfaces in contact with seawater is crucially important in
tackling the problems of marine biofouling. Such biointerfaces involve the bioadhesives used
by marine organisms to attach temporary or permanently to the surfaces immersed in water.
The aim of this Thesis is to address a particular problem, i.e. barnacle adhesion, to the
biointerface and the corresponding fouling process. We try to understand the first steps of the
fouling process of this species, and help to set up design criteria for surfaces to suppress, or
prevent, corresponding biofouling. The focus in this Thesis is on AFM-based nanoscale
characterization of marine bio-interfaces created by barnacle cyprid larva during surface
exploration. The application of AFM has the advantages of first visualizing the fouling
interface (also in situ), and to measure its nano-scale properties featuring bioadhesives and
adhesives in native environments. The morphology and nanomechanical properties of the
cyprid temporary adhesive - “footprints” deposited on the surfaces were extensively studied.
In addition, bio-interfaces created on surfaces with different wettabilities were used to
investigate the settlement behavior of cyprid larvae in laboratory settlement assays and
marine field tests. In-depth investigations of barnacle adhesive properties were performed by
in situ monitoring of the enzymatic proteolysis degradation of footprint and the in situ curing
process of cyprid permanent cement.

Chapter 1 provides a general introduction to this Thesis. Chapter 2 is a general
introduction to marine biofouling and anti-fouling systems. The first part of Chapter 2
focuses on the fouling organisms, particularly barnacles and its life cycle. In addition, the
adhesion process and the temporary adhesives used by cyprid larvae are discussed. The
second part of Chapter 2 presents the essential elements of the “chain of knowledge” relevant
for fouling, from the currently available antifouling systems to the assessment methods of
antifouling coating, including nanoscale characterization technique (AFM), laboratory
settlement assays, and marine environment field tests to study settlement behavior.

Chapter 3 reveals the first microscopic morphology of native footprints deposited by
cyprid larva of Semibalanus balanoide on hydrophobic and hydrophilic surface. The footprint
adhesives consisted of nanofibrils and microfibers, and the size of footprints on the
micrometer scale corresponded well to the surface texture of the antennular disc of the

settling larvae. Footprints showed a greater spreading on hydrophobic surfaces, with three
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times less volume of material deposited as compared to hydrophilic (-NH, terminated) glass.
Calculations suggested that for the cyprid to prevent detachment during exploration, both
“footprint” and “nanohair” (i.e. dry adhesion via van der Waals forces) adhesion mechanisms
were required to achieve maximal tenacity of the attachment by the cyprids.

In Chapter 4, the nanomechanical properties of footprints deposited by cyprid larva of
Balanus amphitrite are tested by AFM-based force spectroscopy. Characteristic saw-tooth
force extension curves and entropy-elastic stretch behavior were observed, depending on the
degree of extension and deformation history. Hysteresis behavior was observed in repeated
elongation-relaxation cycles. The sacrificial bond model (as introduced by P. Hansma) was
proposed to explain the intra/intermolecular loading and unloading process. Delay/recovery
time prior to testing of individual fibrils was found to be important. The effective time needed
to reform sacrificial bonds was typically between 2 to 5 s, as estimated from stretching
experiments with controlled delay. The force-extension curves were simulated by the
classical worm-like chain polymer model to estimate the effective persistence and contour
lengths. The change in persistence length with repeated testing indicated the breaking of
sacrificial bonds between proteinaceous segments connected either in a parallel or in a serial
fashion in the protein nanofibrils.

Chapter 5 exploits the interfacial properties of footprint and chemically-functionalized
surfaces by AFM-based chemical force microscopy using chemically modified AFM tips.
Force extension curves obtained from the footprints deposited on NH,-functionalized glass
by commercial untreated SizNy4 tip and CH3-functionalized tips were investigated. All pull-off
force histograms showed forces in the range of 0 - 2 nN, with a maximum at ca. 0.9 nN,
which was attributed to breaking of sacrificial intermolecular bonds. Functionalized tips with
CHs-terminal chemistry gave an additional higher adhesion force as compared to untreated
SisNg4 tips. This high force was attributed to changes in water distribution in the local
environment of the protein, in contact by hydrophobic surfaces promoting hydrophobic
interactions, which consequently affected the footprint protein conformation. The chemical
force allowed mimicking and in situ monitoring of the deposition and interactions between
footprints and surfaces at the molecular level.

Chapter 6 combined molecular information obtained from morphology and
nanomechanical studies with the settlement behavior of cyprid larvae observed in laboratory
and marine field tests. The footprint morphology appeared different, and the size of the oval
shaped footprints obtained from CHs-glass was five times larger and more porous than those

found on NH,-glass. The differences in footprint morphology on surfaces with different
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wettabilities might indicate a difference in concentration of chemical cues near the different
surfaces, “used” by the cyprids during surface exploration. The clearly distinguishable
settlement behavior from the laboratory settlement assay and panel immersion test showed
that the barnacle cyprids preferred to settle on the CHs-glass rather than on NH,-glass or
borosilicate glass surfaces. By combining the observations from all the experiments at
different length scales, it is believed that higher concentrations of settlement inducing cues,
i.e. settlement inducing protein complex (SIPC), present on the NH,-surface contribute to the
preferred settlement of barnacle on amine-terminated surfaces.

Chapter 7 describes a study of the effect of an enzyme-serine protease, Alcalase®, on
the adhesives of barnacle cyprids. The settlement assay results indicate cyprid preferred
settled on surface treated with footprint. However, once these surfaces were treated with
Alcalase®, the settlement of cyprid reduced. AFM results provided direct evidence of
enzymatic proteolysis of cyprid footprints. After introduction of Alcalase®, the footprints
were removed over the course of 30 mins. Force spectroscopy was used to monitor the in situ
enzymatic proteolysis process. After a 16 mins exposure to Alcalase®, only a trace of the
footprint remained on the substratum with fewer pull-off events from 2000 s onwards.
Alcalase® showed no effect on the cured permanent cement. In contrast, uncured permanent
cement was thinning over the course of 5 hours, which is highly susceptible to Alcalase®.

Chapter 8 indicates the first experimental step towards better understanding of the
nanomechanical properties of barnacle cyprid permanent cement by AFM. Force extension
curves were collected over the time of the permanent cement curing. The results showed a
narrowing of the pull-off force distribution with time, as well as a reduction in molecular
stretch length over time. It was clear that the properties of the proteinaceous permanent
cement change significantly with time. In addition, there was a strong correlation between
maximum pull-off force and molecular stretch length for the cement, suggesting “curing’ of
the adhesive. This study provides the first direct experimental evidence in support of a
putative ‘tanning” mechanism in barnacle cyprid cement.

This Thesis demonstrates the versatility of AFM in the study of nano-mechanical
properties of bioadhesives, which otherwise is inaccessible by other conventional
characterization techniques. It also covers a broad range of assessment methods and
measurements that would benefit the understanding of barnacle cyprid larva adhesion
process. Morphological studies and nanomechanical property measurements uncover the

“secrets” of the barnacle cyprid temporary and reversible attachment. We expect that the
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knowledge acquired in this work will benefit an overall understanding of the fouling biology,
the “interface” between materials science and biology, as well as materials science and

coatings industry, and will eventually help in the design of a better antifouling surface.
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Een gedetailleerd inzicht in het gedrag en de eigenschappen van biogrensvlakken die
in contact staan met zeewater is van cruciaal belang voor het oplossen van het probleem van
ongewenste biologische aangroei op zee. Deze biogrensvlakken bevatten biokleefstoffen die
gebruikt worden door zeeorganismen om zich tijdelijk of permanent te hechten aan
onderwateropperviakken. Het doel van dit Proefschrift is om een specifiek probleem,
namelijk barnacle aanhechting aan biogrensvlakken en het bijbehorende aangroeiproces, te
bestuderen. We proberen om de eerste stappen in het aanhechtingsproces van dit dier te
begrijpen en willen ontwerpcriteria voor oppervlakken vaststellen om dit aanhechtingsproces
te onderdrukken of om aanhechting te voorkomen. De nadruk ligt in dit Proefschrift op AFM-
gebaseerde nanometerschaal karakterisering van biogrensvlakken zoals die op zee worden
gecreéerd door barnacle cyprid larvae tijdens hun oppervlakteverkenning. Het toepassen van
AFM heeft als voordeel dat het aangroeigrensvlak kan worden gevisualiseerd (ook in situ) en
dat de nanoschaal eigenschappen van het oppervlak met biokleefstoffen in de oorspronkelijke
omgeving kunnen worden bestudeerd. De morfologie en nanomechanische eigenschappen
van de tijdelijke kleefstof-“voetafdrukken” die door de cyprids op de oppervlakken werden
achtergelaten werden uitvoerig bestudeerd. Bovendien werden biogrensvlakken, gecreéerd op
oppervilakken met verschillende oppervlakteenergie, gebruikt om het aanhechtingsgedrag van
cyprid larvae in laboratorium aangroeitests en in dergelijke tests op zee te bestuderen. De
eigenschappen van barnacle kleefstof werden diepgaand bestudeerd door het in situ volgen
van de enzymatische proteolyse degradatie van voetafdrukken en het in situ
uithardingsproces van permanent cyprid cement.

Hoofdstuk 1 geeft een algemene inleiding van het Proefschrift. Hoofdstuk 2 is een
algemene inleiding over biologische aangroei op zee en over aangroeiwerende systemen. Het
eerste deel van Hoofdtsuk 2 is gericht op de aangroeiende organismen, met name de
barnacles, en hun levenscyclus. Bovendien worden het adhesieproces en de tijdelijke
kleefstoffen, gebruikt door de cyprid larvae, besproken. Het tweede deel van Hoofdstuk 2
presenteert de essentiéle elementen van de “chain of knowledge” relevant voor ongewenste

bioaangroei, van de huidige beschikbare antiaangroeisystemen tot beoordelingsmethoden van
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aangroeiwerende coatings, inclusief nanoschaal karakteriseringstechnieken (AFM),
laboratorium aangroeistudies, en veldtesten op zee om aangroeigedrag te bestuderen.

Hoofdstuk 3 onthult de eerste microscopische morfologie van oorspronkelijke
voetafdrukken, afgezet door Semibalanus balanoide cyprid larvae op hydrofobe en hydrofiele
oppervlakken. De kleefstoffen uit de voetafdruk bestonden uit nanofibrillen en microvezels,
en de grootte van de voetadrukken op micrometerschaal kwam goed overeen met de
oppervlaktetextuur van de antennular disk van de zich vasthechtende larvae. VVoetafdrukken
vertoonden een grotere spreiding op hydrofobe opperviakken, met een drie maal kleiner
volume aan afgezet materiaal ten opzichte van hydrofiel (-NH, getermineerd) glas.
Berekeningen suggereerden dat ter voorkoming van loslaten tijdens verkenning, zowel
“voetafdruk”- en “nanohaar”- (droge adhesie door van der Waalskrachten)
adhesiemechanismen noodzakelijk waren om een maximale hechtkracht van de cyprids te
bereiken.

In Hoofdstuk 4 worden de nanomechanische eigenschappen van de voetafdrukken,
achtergelaten door Balanus amphitrite cyprid larvae, onderzocht door middel van AFM-
gebaseerde force spectroscopy. Karakteristieke zaagtand kracht-extensie curves en entropie-
elastisch verstrekkingsgedrag werden waargenomen, afhankelijk van de mate van
verstrekking en van de vervormingsgeschiedenis. Hysteresegedrag werd waargenomen in
herhaalde verlenging-relaxatie cycli. Het sacrificial bond model (geintroduceerd door P.
Hansma) werd voorgesteld om het intra/intermoleculaire beladings- en ontladingsproces te
beschrijven. De wachttijd voorafgaand aan het testen van individuele fibrillen bleek van
belang te zijn. De effectieve tijd benodigd om sacrificial bonds weer opnieuw te vormen was
typisch tussen 2 en 5 s, zoals werd geschat uit verstrekkingsexperimenten met een bepaalde
wachttijd. De kracht-extensiecurves werden gesimuleerd met het klassieke worm-achtige
polymeerketenmodel om de effectieve persistentie- en contourlengtes te schatten. De
verandering in persistentielengte bij herhaald testen duidde op het breken van sacrificial
bonds tussen of parallel of in serie verbonden eiwit segmenten in de eiwit nanofibrillen.

Hoofdstuk 5 onderzoekt de grensvlakeigenschappen van voetafdrukken en chemisch
gefunctionaliseerde opperviakken door AFM-gebaseerde chemical force microscopy waarbij
chemisch gemodificeerde AFM tips worden gebruikt. Kracht-extensiecurves, verkregen van
voetafdrukken die waren geplaatst op NH,-gefunctionaliseerd glas, en gemeten met behulp
van commerciéle onbehandelde SisN,4 tips en met CHs-gefunctionaliseerde tips, werden
onderzocht. Alle pull-off kracht histogrammen lieten krachten in het gebied van 0 - 2 nN zien

met een maximum bij ca. 0.9 nN, welke werd toegeschreven aan het breken van sacrificial
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intermoleculaire bindingen. Gefunctionaliseerde tips met CH3 eindgroepen gaven een hogere
adhesiekracht in vergelijking tot onbehandelde SisN, tips. Deze hoge kracht werd
toegeschreven aan veranderingen in de waterverdeling in de locale omgeving van het eiwit,
dat in contact met hydrofobe oppervlakken hydrofobe interacties daarmee aanging, welke
vervolgens de eiwitconformatie van de voetafdruk beinvloedde. De chemical force
microscopy maakte het mogelijk om de afzetting en interacties tussen voetafdrukken en
oppervilakken op moleculair niveau na te bootsen en in situ te observeren.

Hoofdstuk 6 combineert moleculaire informatie verkregen uit morfologie- en
nanomechanische studies met het aanhechtingsgedrag van cyprid larvae zoals waargenomen
in laboratoriumtests en in veldtests op zee. De voetafdrukmorfologie leek anders en de
afmeting van de ovaalvormige voetafdrukken gemeten op CHs-gefunctionaliseerd glas was
vijf maal groter en meer poreus dan die gevonden op NH,-gefunctionaliseerd glas. Het
verschil in voetafdrukmorfologie op opperviakken met verschillende bevochtigbaarheid kan
duiden op een verschil in concentratie van chemische signalen voor de diverse oppervilakken
die de cyprids gebruiken tijdens hun oppervlakteverkenning. Bij combineren van de
waarnemingen van alle experimenten op verschillende lengteschaal lijkt het dat hogere
concentraties van aanhechting inducerende chemische signalen, ofwel settlement inducing
protein complex (SIPC), aanwezig op het NH, oppervlak, bijdragen aan de voorkeur voor
aanhechting van barnacle op amine-getermineerde oppervlakken.

Hoofdstuk 7 beschrijft een studie naar de invloed van een enzym-serine protease,
Alcalase®, op de kleefstof van barnacle cyprids. De aanhechtingstestresultaten laten zien dat
de cyprids zich bij voorkeur hechten aan met voetafdruk behandelde oppervlakken. Echter,
bij behandeling van deze oppervlakken met Alcalase® nam de aanhechting van cyprids af.
AFM resultaten gaven direct bewijs van enzymatische proteolyse van cyprid voetafdrukken.
Na toevoegen van Alcalase® waren de voetafdrukken in 30 min verwijderd. Force
spectroscopy werd gebruikt om het enzymatische proteolyseproces in situ te volgen. Na een
16 min durende blootstelling aan Alcalase® bleef slechts een zeer klein deel van de
voetafdruk achter op het substraat met minder pull-off events vanaf 2000 s. Alcalase® had
geen invioed op het uitgeharde permanente cement. In tegenstelling hiermee werd niet
uitgehard permanent cement, wat heel gevoelig is voor Alcalase®, dunner in een tijdsbestek
van 5 h.

Hoofdstuk 8 beschrijft de eerste experimentele stap richting een beter begrip van de

nanomechanische eigenschappen van barnacle cyprid permanent cement door AFM. Kracht-
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extensiecurves werden verzameld gedurende de uitharding van het permanente cement. De
resultaten lieten een versmalling van de pull-off force verdeling in de tijd zien, en een afname
in moleculaire verstrekkingslengte in de tijd. Het was duidelijk dat de eigenschappen van het
eiwit-bevattende permanente cement aanzienlijk veranderen in de tijd. Bovendien was er een
sterke correlatie tussen de maximale pull-off force en de moleculaire verstrekkingslengte van
het cement, wat “uitharden” van de kleefstof suggereert. Deze studie verschaft het eerste
directe experimentele bewijs voor een verondersteld “tanning” mechanisme in barnacle
cyprid cement.

Dit Proefschrift demonstreert de veelzijdigheid van AFM in het bestuderen van
nanomechanische eigenschappen van biokleefstoffen. Met conventionele
karakteriseringstechnieken zijn dergelijke studies moeilijk uitvoerbaar. AFM verschaft ons
een breed scala aan testmethoden en metingen die het begrip van het barnacle cyprid larvae
adhesieproces verdiepen. Morfologische studies en metingen aan nanomechanische
eigenschappen onthullen de *“geheimen” van de tijdelijke en reversibele aanhechting van
barnacle cyprids. We verwachten dat de kennis die is opgebouwd in deze studie zal bijdragen
aan een algemeen inzicht in de biologie van ongewenste bioaangroei, het “grensvlak” tussen
materiaalkunde en biologie, materiaalkunde en de coatingsindustrie, en uiteindelijk zal
bijdragen aan het ontwerpen van betere aangroeiafstotende oppervlakken.
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