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The establishment of the bond of sessile marine organisms such as barnacles,
mussels, and algae in the marine environment starts with the secretion and the
adsorption of the adhesive biopolymers to the substrate. Subsequently, this is
followed by the formation of cohesive interactions with the next layer of adhesive
biopolymers that are deposited /adsorbed on top of the first layer. These two funda-
mental processes for the adhesive plaque buildup have been subjected to several
investigations in recent years using model molecules, especially Mefp-1 extracted
from the blue mussel Mytilus edulis. With the introduction of optical surface-
sensitive methods such as ellipsometry, surface plasmon resonance (SPR), and
infrared spectroscopy (IR), it has been possible to elucidate both the kinetics of
adsorption and structure of the Mefp-1 film. In contrast to adsorption, the cohesive
interactions or the cross-linking are not easily followed with these optical methods
and new approaches and techniques are required. One such technique that has
been useful is the quartz-crystal microbalance with dissipation monitoring
(QCM-D), which has been used for cross-linking studies of a variety of biopolymers
including bioadhesives from mussel and algae.
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INTRODUCTION

Inspired by biomimetic research, there has been a growing interest in
the molecular explanation of the adhesive bonding of sessile marine
organisms. From a technological standpoint it is easy to understand
such interest because of the differences in mode of function between
synthetic adhesives and marine bioadhesives. For example, marine
bioadhesives do not need surface cleaning or pretreatment before
bonding [1] and they form adhesive interactions with a multitude of
surfaces [2]. Moreover, the bond formation takes place with a wet sur-
face in high ionic-strength environment and it has been shown to
display self-healing capabilities and high toughness [3]. Thus, if we
want to improve the performance of synthetic adhesives in situations
where water is a natural component, it is the differences between
synthetic and biological adhesives that should be studied and charac-
terized in detail. This was obvious three hundred years ago when
Sir Isaac Newton wrote, “There are agents in Nature able to make
particles of joints stick together by a very strong attraction, and it is
the business of experimental philosophy to find them out” [4].

The establishment of the adhesive joint in the marine environment
starts with the secretion and the adsorption of multilayers of biopoly-
mers at the substrate. After adsorption the adhesive biopolymers must
undergo some sort of curing or cross-linking to make the adhesive joint
functional. These two fundamental processes in the formation of the
adhesive joint have been subjected to several investigations in recent
years using a wide variety of surface-sensitive methods. For the inves-
tigations’ model molecules, particularly Mefp-1, extracted from the
blue mussel Mytilus edulis, has been used. In this review, we discuss
how the introduction of surface-sensitive methods has increased the
understanding of the dynamical function of marine bioadhesives, with
emphasis on Mefp-1.

ADHESIVE PLAQUE OF THE BLUE MUSSEL, Mytilus edulis

The adhesive plaque of the blue mussel, Mytilus edulis, has been
extensively studied and at least five different adhesive proteins
involved in plaque formation have been identified [5]. Mytilus edulis
foot protein-1 (Mefp-1) forms a protective coating around the adhesive
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FIGURE 1 Schematic image of the attachment organ of the blue mussel, the
byssus. Shown are the root, stem, thread, and plaque. The thread can be
divided into proximal thread and distal thread. The building blocks in the
plaque are 3,4-dihydroxy phenylalanine (DOPA)-rich proteins (Mytilus edulis
foot protein, Mefp).

plaque and the byssus thread, which is the biological structure synthe-
sized by the mussel for the attachment (Figure 1). Mefp-2 and Mefp-4
are believed to stabilize the foam-like structure of the adhesive and,
finally, Mefp-3 and Mefp-5 are believed to form the adhesive interac-
tions with the solid substrate [6]. The characterization of the adhesive
proteins from the mussel began with the pioneering work of Waite and
Tanzer, who isolated the 130-kD alkaline Mefp-1 protein from phe-
nolic glands of the blue mussel [7]. It was later shown that the domi-
nant features of Mefp-1 are a tandemly repeated decapeptide with up
to 80 repeats and a variety of posttranslational modifications [8]. The
modifications include the hydroxylation of proline to 4-hydroxyproline,
3,4-dihydroxyproline, and tyrosine to 3,4-dihydroxyphenyl alanine
(DOPA) [9].

In an article by Deacon and coworkers, the structure of Mefp-1
was investigated by sedimentation equilibrium studies [10]. Their
semiflexible rod model for the structure of Mefp-1 consisted of a globu-
lar region with a nonrepetitive amino acid sequence and a region
consisting of repeated sequences of amino acids with alternating stiff
and flexible segments. This structure is advantageous for adhesion
and cohesion. A flexible structure allows the establishment of many
contact points with the substrate, neighboring Mefp-1 molecules, or
other proteins in close proximity. As pointed out previously, Mefp-1
is the main component of the varnish that covers the byssal thread
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and plaque but it has been used as a model adhesive molecule to better
understand marine bioadhesion. The rational for using Mefp-1 is the
similarity in chemical composition and structure between Mefp-1
and Mefp-3 and the fact that Mefp-1 is easier to extract from the
mussel and gives reasonable yields. However, it should be stressed
that Mefp-3 probably is a better adhesive than Mefp-1 because of
the fact that Mefp-1 has only one substrate, i.e., the byssus thread,
whereas Mefp-3 forms interactions with a multitude of surfaces
depending on where the mussel decides to settle.

ADSORPTION STUDIES OF Mytilus edulis FOOT PROTEIN-1
(Mefp-1)

The chemistry of industrial adhesive bonding is generally of two types:
highly energetic (covalent or chelate) or a collection of weaker, non-
covalent interactions. In the marine environment, it is most likely that
the adhesives are dependent on the weaker noncovalent interactions
across the interface. These interactions include charge—charge, hydro-
gen bond, dipole—dipole, induced dipole—dipole, and nonpolar coupling,
among others. The latter three are more commonly known as the van
der Waals forces. These interactions are very short ranged and good
adsorption is mandatory for a strong adhesive joint. During the
adsorption, the formation of an adhesive bond starts with the estab-
lishment of interfacial molecular contact by wetting [11]. The mole-
cules will undergo motions toward preferred configurations at the
interface and try to reach adsorption equilibrium. Thus, from an
adhesive perspective, adsorption studies can reveal a preliminary
indication if the molecules are able to form interactions and what type
of interactions are formed with a substrate.

In this context it can be interesting to note that all surfaces in
the marine environment obtain a conditioning film consisting of
organic polymers such as glycoproteins and polysaccharides, which
rapidly is followed by the colonization of bacteria and algae [12].
With out any cleaning of the surface the bioadhesives must form
interactions with this “fuzzy” hydrated layer. The secret of this inter-
action must be found in the chemistry and structure of the marine
bioadhesives.

The importance of the modification of Tyrosine to DOPA in Mefp-1
for the interaction with surfaces has been stressed [13]. Even though
Mefp-1 has a lower molar ratio of DOPA as compared with, for
example, Mefp-3, it has been demonstrated in several studies that
Mefp-1 shows good adsorption to both hydrophilic and hydrophobic
surfaces [14-22]. The good adsorption to hydrophilic surfaces from a
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water solution needs some attention because that is attractive from an
adhesive perspective. The high concentration of DOPA and hydroxyar-
ginine gives the protein an extensive H-bonding potential. Conse-
quently, the Mefp-1 molecule is able to displace water from a
hydrophilic interface. The displacement of water has two conse-
quences. First, it makes the adhesive bond stronger because water
itself can be considered a “weak boundary layer” [5]. Second, the
driving force for adsorption is enhanced by the release of water. The
entropy increase when water is released results in a decreased Gibbs
free energy, which promotes adsorption [23]. The displacement of
water and adsorption of proteins to a hydrophobic surface is a more
general phenomenon even though it is still not fully understood. This
results in hydrophobic surfaces generally accumulating more proteins
[24-26]. This holds true even for Mefp-1, which has been shown to
adsorb readily on hydrophobic surfaces [14]. A full description of
adsorption theories is not within the scope of this paper but it is
interesting to note the multifunctionality of Mefp-1.

ADSORPTION STUDIES WITH SURFACE-SENSITIVE
METHODS

For the adsorption studies a wide range of surface-sensitive analytical
techniques including surface plasmon resonance (SPR), ellipsometry,
attenuated total reflection infrared spectroscopy (ATR-FTIR), quartz-
crystal microbalance with dissipation (QCM-D), and X-ray photoelec-
tron spectroscopy (XPS) have been used. The different methods are
able to extract different information concerning adsorption of Mefp-1.

X-Ray Photoelectron Spectroscopy (XPS)

Analysis with XPS is performed in vacuum and is used to quantify the
elemental composition with a depth of the upper 90 A of the surface.
Thus, the substrate must be removed from the protein solution and
dried before analysis and no time-resolved analysis of adsorption can
be performed. Nevertheless, XPS has been used to elucidate the
structure of Mefp-1 upon adsorption. Baty et al. used two different
polymeric surfaces, i.e., polystyrene (PS) and poly(octadecyl)methacry-
late (POMA), and they concluded that the differences found in the
nitrogen signal as observed with XPS upon dehydration could be
attributed to the strength of the interactions between Mefp-1 and
the two surfaces. The adsorbed Mefp-1 was stabilized on the surface
of the PS through interactions that prevent the protein layer from
being disrupted upon dehydration. On the POMA surface, Mefp-1
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was representative of a loosely bound protein layer that was trans-
formed to a highly perturbed layer upon dehydration [15].

Quartz-Crystal Microbalance with Dissipation (QCM-D)

Differences in structure of Mefp-1 upon adsorption were found using
QCM-D. In summary, the QCM-D is an acoustic technique where a
quartz crystal is set in lateral resonance oscillation with a predefined
frequency (f). Simultaneous frequency (f) and dissipation (D) measure-
ments are made by periodically switching on and off the AC voltage
over the crystal with a repetition rate of ~1Hz. The sensor decay sig-
nal is recorded and fitted to an exponentially damped sinusoidal curve
[27, 28]. An acoustic evanescent wave exists at the interface between
the sensor crystal and the protein solution. The magnitude of this
acoustic evanescent wave decays exponentially in the direction normal
to the sensor surface with a decay length dependent on the viscosity of
the protein solution. For water the decay length is on the order of
200nm, which increases with increased viscosity. The adsorbed
amount can be calculated from the frequency shift (Af) using the
Saurbrey equation [29], provided that the mass is evenly distributed,
does not slip on the sensor surface, and is sufficiently rigid and/or thin
to have negligible internal friction. However, in the case of protein
adsorption it has been shown that the Saurbrey equation over-
estimates the adsorbed amount because it includes the water hydrody-
namically coupled to the adsorbed film [30]. In addition, the decay
time (1) of the sensor crystal is measured and is used to calculate
the dissipation (d). The dissipation gives valuable information about
the mechanical properties of the adsorbed layer. A very rigid material
will have an increased decay time, and consequently, low dissipation.
Vice versa, a viscoelastic material will result in fast damping of the
sensor crystal, i.e., a short decay time and higher dissipation, as sche-
matically illustrated in Figure 2. Thus, the dissipation signal could be
used to reveal differences in protein structure upon adsorption as
shown by Fant et al. where Mefp-1 formed an elongated, flexible film
with substantial amounts of hydrodynamically coupled water on a
—CHj; terminated surface, whereas Mefp-1 formed a rigidly attached
adlayer with little hydrodynamically coupled water on a SiO,
surface [14].

Ellipsometry

Ellipsometry is an optical method based on the shift in refractive index
close to the sensor surface upon protein adsorption [31]. In brief, the
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FIGURE 2 Schematic illustration of the QCM-D setup and measurement
principle. The attachment of a viscoelastic layer on the gold-coated quartz
sensor results in fast damping of the crystal when the electric power is shut
off. When a rigid, elastic layer is interacting with the sensor surface it results
in little damping of the crystal when the electric power is shut off.
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detection principle is based on the fact that the polarization of a light
beam that is reflected at the surface changes because of changes in
refractive index at the solid-liquid interface. The change in polariza-
tion is mathematically related to both the change in refractive index
and the thickness of the thin organic layer. Using the thickness with
the refractive index increment (the change in refractive index per unit
of protein concentration) the adsorbed mass can be calculated. The
drawback is that the refractive-index increment is protein specific
and must be known, determined, or assumed. The advantage is the
possibility to calculate the thickness of the adlayer. Ellipsometry has
been used to study the adsorption kinetics and thickness of a satu-
rated layer of adsorbed Mefp-1 [30]. The ellipsometry measurements
suggested that the Mefp-1 layer is extended (~20nm), water-rich,
and hydrogel-like on a hydrophobic surface.

Attenuated Total Reflection Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR is an optical method that can be used for obtaining spectro-
scopic information regarding adsorbed proteins [32]. In brief, IR radi-
ation traverses through an ATR crystal and undergoes total internal
reflection several times. Under total reflection, a nonradiative electric
field or an evanescent wave exists at the interface between the crystal
and the protein solution. The magnitude of this nonradiative field
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decays exponentially in the direction normal to the ATR surface with
a decay length similar to the wavelength of the light (1-2 um). Thus,
if there is something within the evanescent wave, it can interact with
the IR light beam. If the frequency of the IR beam harmonizes with the
frequency of the vibrational and rotational motions of the atoms, the
bonds are excited, i.e., the IR light is absorbed. The characteristic
frequencies of such absorption are proportional to discrete energy dif-
ferences between vibrational or rotational ground states and allowed
excited states. These energy differences, or band gaps, are further
determined by the relative motions and masses of the connected
atoms, the force constant of the bonds, and their molecular geometries.
An advantage of the ATR technique is the possibility to coat the ATR
crystal and by this to make controlled changes of the interfacial
chemistry.

Proteins have two characteristic absorption bands in the infrared
spectrum, amide I (~1620-1680 cm ') and amide II (~ 1520-1580 cm ™ 1).
Both originate from the peptide backbone, C=0O stretching and
N-H bending, respectively. The ATR-FTIR methodology has been
used for measuring protein adsorption [33-36]. The absorbance mea-
surements can be used to calculate the actual amount of adsorbed
protein on the surface. These calculations require molar absorptivity
of the protein, which can be obtained from transmission IR experi-
ments. Another plus of the ATR-FTIR methodology is that it can
be used to study changes in protein secondary structure during
adsorption [37]. It has been suggested that these types of structural
changes significantly enhance adsorption [23, 38]. The structural
rearrangement increases the rotational freedom along the polypep-
tide chain. Even a small release of amino acids leads to a significant
rotational freedom, increased entropy, and enhanced adsorption.

The ATR-FTIR methodology has been used to measure the adsorp-
tion of Mefp-1 [18]. The IR spectra of hydrated adsorbed Mefp-1
revealed significant differences in the amide II region and in two other
bands when adsorbed to PS and POMA. This result indicated that the
chemistry of the substrate film influenced the structure of Mefp-1
upon adsorption.

Surface Plasmon Resonance (SPR)

The method is based on a collective electromagnetic motion that
propagates along a metal surface, associated with which there is
a localized evanescent wave with a decay length of ~200nm. The
surface sensing is due to the fact that the excitation of the surface
plasmon is very sensitive to changes in the refractive index of the
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medium sensed by the evanescent wave in close proximity to the metal
surface. The SPR is excited using monochromatic and plane-polarized
light that, under total-internal-reflection conditions, is directed
through a quartz prism at the interface between the quartz and a thin
layer (~50nm) of metal, usually gold. The SPR signal is excited at a
certain angle of incidence and if the refractive index outside the gold
surface changes by protein adsorption, there is a proportional change
in the angle at which the SPR is generated. The SPR technique, thus,
allows time-resolved measurements of mass uptake during protein
adsorption. It is possible to achieve the optical thickness by more
advanced analysis of the SPR response curve but for that purpose
the more established ellipsometry technique is more suited.

The adsorption behavior of Mefp-1 on a hydrophilic surface was
studied by SPR by Heamers and coworkers [39]. Using the SPR
technique, they found that the initial rate of aggregation in solution
determined the adsorption plateau value of Mefp-1 and the aggre-
gation in solution could be increased by increased pH. Step-like
adsorption curves were found, which were interpreted as the adsorp-
tion of an adlayer of Mefp-1 aggregates onto the initially adsorbed
Mefp-1 layer on the surface. The rate of formation of this second
layer increased with increasing pH. Thus, Mefp-1 is able to form
multilayers upon adsorption, which is crucial for the adhesive plaque
formation.

CROSS-LINKING STUDIES OF MUSSEL ADHESIVE
PROTEINS AND ANALOGUES

From a surface-science point of view, two processes must take place for
an adhesive bond to function. First, as discussed previously, the bio-
polymers must form interactions with the underlying substrate.
Second is the formation of interactions to the next layer of adhesive
molecules that is deposited on top of the first layer. This strengthening
of the matrix or the formation of cohesive interactions can be of a
chemical nature such as covalent cross-links or of a physical nature
such as entanglements or filler particles. For example, Mefp-1 is able
to form aggregates and multilayers during adsorption [16]. The multi-
layer adsorption is a prerequisite to be able to form the micrometer-
thick layers of adhesive material necessary to bond the organism to
the substrate. It was shown that the multilayer formation was not
diffusion controlled as the primary adsorption but determined by the
establishment of specific covalent cross-links between the arriving
Mefp-1 molecules and the preadsorbed layer. Thus, cross-linking
was required not only for strengthening of the matrix but also for
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the formation of the matrix itself. The cross-linking reaction is, there-
fore, fundamental to study if we want to increase the understanding of
the mode of function of marine bioadhesives.

CROSS-LINKING STUDIES WITH BULK METHODS

It has been shown in vitro that the DOPA residue, found in varying
amounts in the different mussel adhesive proteins, can be cross-linked
through autooxidation, chemically using NalO4 or other simple
oxidants, via transition metals, and enzymatically using, for example,
Tyrosinase [30, 40-43]. The methods used for the analysis of the cross-
linking include NMR, SDS-PAGE, penetration tests, and MALDI-TOF
MS. These methods are not “surface sensitive” but because the cross-
linking mainly is a bulk phenomenon, these methods have been used
to elucidate the cross-linking mechanism of mussel adhesive proteins
and analogues. As presented later, with the introduction of surface-
sensitive methods, the insight into the kinetics and dynamic function
of the process can be greatly enhanced.

Nuclear Magnetic Resonance (NMR)

Rotational echo double-resonance NMR was used in a study to confirm
the formation of quinone-derived cross-links in mussel byssal plaques
[44]. In that study, a mussel exposed to a shear stress exhibited signifi-
cantly enhanced levels of 5,5'-dihydroxyphenylalanine (di-DOPA)
cross-links in the byssus plaque. However, the number of cross-links
could only be studied after harvest of the plaque, i.e., there is no possi-
bility to study the formation of cross-links as a function of time.

Sodium Dodecylsulphate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

One common way to determine the molecular mass of proteins is by
SDS-PAGE. For example, the increase in molecular mass of polyphe-
nolic peptides extracted from the mussels Aulacomya ater, Mytilus
edulis chilensis, and Choromytilus chorus after exposure to Tyrosinase
was studied with SDS-PAGE [40]. A significant increase in molecular
mass was observed after the Tyrosinase treatment, which was inter-
preted as formation of intermolecular cross-links between the polyphe-
nolic proteins. The cross-linking of model peptides based on the Mefp-1
chemistry has also been studied using SDS-PAGE [45]. The “smear”
detected on the SDS-PAGE gels after Tyrosinse treatments was
an indication of the progressive increase in molecular mass as
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polymerization proceeded. If the cross-linking reaction is under enzy-
matic control, the in vivo enzymatic oxidation might take place via
schleroenzymes such as catechol oxidases, which are found in
considerable amounts in the byssus thread [46].

Matrix-Assisted Laser Desorption lonization Time of Flight
Mass Spectroscopy (MALDI-TOF MS)

Low molecular mass analogues of the mussel adhesive peptides have
been used to rule out the chemistry of the cross-linking reaction. For
example, MALDI-TOF MS has been used to show the polymerization
of N-Boc-DOPA and synthetic variants of the Mefp-1 decapeptide
[47, 48]. In the latter study, free Lysine and DOPA-like o-diphenols
were added during the reaction. Interestingly, Lysine had no effect
on the cross-linking whereas o-diphenol stopped the polymer forma-
tion. Thus, formation of di-DOPA residues seems to be the general
cross-linking mechanism of mussel adhesive proteins.

Penetration Test

The principle behind the penetration test is simple, i.e., with
increased degree of cross-linking the resistance against penetration
increases. This method was used extensively to investigate the
effect of different metal ions and oxidants on the cross-linking of
a mussel adhesive extract [49]. Interestingly, the effect of oxidation
transition metals, Mn®* and Fe®*, on the increased penetration
resistance was striking. It was also interesting to note that no
increased resistance against penetration was observed using Tyro-
sinase. Thus, it can be speculated if chelation and oxidation of
DOPA residues via oxidative transition metals is the main reaction
mechanism in the adhesive plaque and not an enzymatic tempering
as has been suggested as the in vivo cross-linking process. The
advantage of using metal ions instead of an enzyme is the reversi-
bility (in case of chelation) and faster kinetics as compared with the
enzymatic reaction.

CROSS-LINKING STUDIES WITH SURFACE-SENSITIVE
METHODS

These methods all lack the capability to investigate the time-resolved
cross-linking. This is a very important factor to study because
the cross-linking reaction is under precise control by the organisms.
Cross-linking in the glands would prevent the release of the glue
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and with slow cross-linking after release water currents would wash
away the water-soluble adhesive polymers. This precise control over
the cross-linking reaction must then be transferred when it comes to
the development of a synthetic water-resistant adhesive.

QCM-D

The time-resolved cross-linking reaction of Mefp-1 can be studied by
using the surface-sensitive QCM-D methodology [30, 50]. The
increased rigidity during cross-linking is followed as a decrease in
dissipation. A typical QCM-D cross-linking experiment is shown in
Figure 3 (top). The experiment was carried out as follows: (1) A base-
line was established with degassed buffer, (2) Mefp-1 was added to the
sample chamber, (3) the adsorption was studied, (4) it was washed
with buffer, (5) the cross-linking agents was added, which in this case
was NalO,4. Upon addition of the cross-linking agent we observed a
gradual decrease in dissipation. Note that the frequency increased
concomitantly with the decrease in dissipation during the cross-link-
ing. This suggests that the cross-linking reaction is accompanied by
the loss of a reaction product, loss of the water binding capacity, or
both. The strength of the QCM-D methodology is the simplicity and
sensitivity on a variety of supports. The sensor surface is coated with
gold, which makes the self-assembly monolayer (SAM) methodology
an attractive technique for the change of sensor chemistry [25]. The
sensor surface chemistry can also easily be changed by means of spin
coating [51].

The advantage of the QCM-D technology is evident when compari-
son is made with a surface-sensitive optical method such as ellipsome-
try. Ellipsometry measures the “optical mass” and is not able to detect
any changes in mechanical properties of the adlayer as discussed
previously. In Figure 3 (bottom) the time vs. adsorbed mass during
cross-linking of a monolayer of Mefp-1 with NalO, is shown. The ellip-
sometry signal was almost stable following the addition of NalO4 as
compared with the major decrease in dissipation as measured with
QCM-D.

EXAMPLES OF OTHER MARINE BIOADHESIVE SYSTEMS
AND FUTURE PROSPECTS

Algal Adhesion

The chemical composition and mode of function of the bioadhesive
systems used by algae is unknown. To date, the adhesive system used
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FIGURE 3 An illustration of the use of surface-sensitive methods for studying
hydrodynamic effects of molecular cross-linking of Mefp-1 initiated by NalOy.
Hydrophobic solid surfaces were coated with Mefp-1 (25 ug/ml) followed by
rinsing with buffer (R) and exposure to 1mM of NalO,4. Upper: Continuous
registration of the surface interaction was made with QCM-D, an acoustic
method sensitive to the adsorbed mass and structural water of the Mefp-1
adlayer (Af) and viscoelastic changes (AD) of the adsorbed layer. Adsorption
of Mefp-1 could be followed continuously from time zero. Induction of molecu-
lar cross-linking with NalO, resulted in an increase of frequency that is
interpreted as that structural water disappears from the Mepf-1 layer. The
D-factor decreased dramatically at cross-linking induced by NalO,4. Bottom:
Ellipsometry measurements of the cross-linking with NalO, of the Mefp-1
layer did not result in much change of the adsorbed optical mass at the surface.

by swimming spores of the green alga, Ulva intestinalis (formerly
named Enteromorpha intestinalis), during settlement has been
most extensively studied [52-56]. The spores secrete an adhesive
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glycoprotein from Golgi-derived membrane-bounded vesicles. The
adhesive material undergoes rapid swelling after the release followed
by a fast hardening, and a firm anchorage to the solid substrate is
formed. After the curing, considerable force is needed for the detach-
ment of the spores from both hydrophilic and hydrophobic surfaces
[67-59]. After settling, a continued biosynthesis of the same, or at least
a related, adhesive glycoprotein in the developing cell wall of the
settled spore takes place. The adhesive-bond formation and curing
process of both the primary and the secondary adhesive is, yet, still
very unclear. Thus, it can be speculated whether the surface-sensitive
methods could be used for the study of the attachment of the spores and
the curing of the adhesive material.

Moreover, there has been speculation about the role of phenolic
polymers and oxidases as key components in algal adhesion. For
example, it has been shown in Fucus zygotes that the secretion of
phenolic polymers correlated with the attachment process [6]. The
secretion started a few hours after fertilization of the egg. Later, after
germination, phenolic-polymer (PP) secretion was localized at the site
of attachment. Based on this hypothesis the enzymatic cross-linking of
a PP extracted from Fucus serratus was investigated using a
vanadium-dependent bromoperoxidase (BPO) [60]. The methanol-
extracted PP was adsorbed to a quartz-crystal sensor and the cross-
linking was initiated by the addition of BPO, KBr, and Hy0,. The
decreased dissipation upon addition of the cross-linking agents, as
measured with QCM-D, was interpreted as the formation of intramol-
ecular cross-links between different phloroglucinol units in the PP
(Figure 4). Thus, the QCM-D method is a versatile tool that can be
used to elucidate the cross-linking kinetics of other bioadhesive
systems.

Barnacle Adhesion

Barnacles are another notorious macrofouler found worldwide but,
in contrast to the mussel adhesive system, the adhesive system used
by barnacles has been relatively little studied. The adhesion system
of the adult barnacle, which was first described by Darwin [61], con-
sists of secretory cells interlinked by a duct system, which leads in
balanomorphs to a number of openings in the base. The adult cement
has been analyzed and, based on the data available, it appears that
the proteins involved in adhesion are significantly different from
those of the blue mussel [62-65]. For example, no evidence of DOPA-
containing proteins was reported. The difficulties with the solubiliza-
tion of barnacle-cement proteins have long hampered the possibility of
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FIGURE 4 Representative QCM-D experiment showing the shift in dissi-
pation during the adsorption and the oxidative enzymatic cross-linking of a
high molecular-mass phenolic polymer (PP) extracted from the algae Fucus
serratus. As expected, the dissipation increases during the adsorption. After
adsorption and washing, the cross-linking agents vanadium-dependent bromo-
peroxidase (BPO), Hy;Op (1mM), and KBr (1mM) were added. Upon the
addition of the cross-linking agents we first observed a sharp rise in dissi-
pation. This was interpreted as the enzyme binding to the PP film. The fast
attachment of the enzyme to the substrate is notable. About a minute after
the addition of BPO, KBr, and Hy0,, we observed a gradual decrease in dissi-
pation that continued for about 15 min before reaching steady state, i.e., no
more cross-linking could be observed.

carrying out any in vitro adsorption or cross-linking studies. Even
though no in vitro studies of the adsorption and cross-linking of
barnacle-adhesive proteins have been done, it is most likely that
barnacle-adhesive proteins are able to form interactions with a variety
of substrates based on the considerable force needed to detach
barnacles from both hydrophilic and hydrophobic substrates as well
as from release coatings [66—69]. Recently, cement from Megabalanus
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rosa was solubilized [70, 71], which makes future adsorption and
cross-linking studies feasible using the surface-sensitive techniques
described previously.

CONCLUSIONS

The introduction of surface-sensitive techniques such as SPR, ATR-
FTIR, ellipsometry, and QCM-D have greatly facilitated the adsorp-
tion and cross-linking studies of several marine adhesive molecules
such as Mefp-1 and algal bioadhesives. For example, the time-resolved
kinetic aspects of both adhesion and the enzymatic or chemical cross-
linking together with the structural changes taking place during the
processes can now easily be studied. A fundamental understanding
of adsorption and cross-linking of marine bioadhesives is required to
be able to adopt strategies both for the development of new synthetic
adhesives and for the development of new antifouling coatings.
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