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ABSTRACT

ABSTRACT

Protein-metal coordination complexes are well known to function as active centers in
enzymatic catalysis and to contribute to signal transduction, gas transport and hormone
function. Additionally, they are now known to contribute as load-bearing cross-links to the
mechanical properties of a handful of biological materials, including the jaws of Nereis
worms and the byssal threads of marine mussels. The primary aim of this thesis work is to
better understand the contribution of protein-metal cross-links to the mechanical properties
of biological materials, using the mussel byssus as a model system. Specifically, the focus is
on the role of histidine-metal cross-links as sacrificial bonds in the fibrous core of the byssal
thread (chapter 4) and L-3,4-dihydroxyphenylalanine (DOPA)-metal bonds in the protective
thread cuticle (chapter 5).

Byssal threads are protein fibers, which mussels use to attach to various substrates at the
seashore. These relatively stiff fibers have the ability to extend up to about 100% strain,
dissipating large amounts of mechanical energy from crashing waves. Remarkably, following
damage from cyclic loading, initial mechanical properties are subsequently recovered by a
material-intrinsic self-healing capability. Histidine residues coordinated to transition metal
ions in the proteins comprising the fibrous thread core have been suggested as reversible
sacrificial bonds that contribute to self-healing; however, this remains to be substantiated in
situ. In the first part of this thesis, the role of metal coordination bonds in the thread core
was investigated using several spectroscopic methods. In particular, X-ray absorption
spectroscopy (XAS) was applied to probe the coordination environment of zinc in Mytilus
californianus threads at various stages during stretching and subsequent healing. Analysis of
the extended X-ray absorption fine structure (EXAFS) suggests that tensile deformation of
threads is correlated with the rupture of Zn-coordination bonds and that self-healing is
connected with the re-organization of Zn-coordination bond topologies rather than the mere
re-formation of ruptured Zn-coordination bonds. These findings have interesting
implications for the design of self-healing metallopolymers.

The byssus cuticle is a protective coating surrounding the fibrous thread core that is both as
hard as an epoxy and extensible up to 100% strain before cracking. It was shown previously
that cuticle stiffness and hardness largely depend on the presence of Fe-DOPA coordination
bonds. However, the byssus is known to concentrate a large variety of metals from
seawater, some of which are also capable of binding DOPA (e.g. V). Therefore, the question
arises whether natural variation of metal composition can affect the mechanical
performance of the byssal thread cuticle. To investigate this hypothesis, nanoindentation
and confocal Raman spectroscopy were applied to the cuticle of native threads, threads with
metals removed (EDTA treated), and threads in which the metal ions in the native tissue
were replaced by either Fe or V. Interestingly, replacement of metal ions with either Fe or V
leads to the full recovery of native mechanical properties with no statistical difference
between each other or the native properties. This likely indicates that a fixed number of
metal coordination sites are maintained within the byssal thread cuticle — possibly achieved
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during thread formation — which may provide an evolutionarily relevant mechanism for
maintaining reliable mechanics in an unpredictable environment.

While the dynamic exchange of bonds plays a vital role in the mechanical behavior and self-
healing in the thread core by allowing them to act as reversible sacrificial bonds, the
compatibility of DOPA with other metals allows an inherent adaptability of the thread cuticle
to changing circumstances. The requirements of both of these materials can be met by the
dynamic nature of the protein-metal cross-links, whereas covalent cross-linking would fail to
provide the adaptability of the cuticle and the self-healing of the core. In summary, these
studies of the thread core and the thread cuticle serve to underline the important and
dynamic roles of protein-metal coordination in the mechanical function of load-bearing
protein fibers, such as the mussel byssus.
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INTRODUCTION

1 INTRODUCTION

Biological materials such as silk and nacre have fascinated humans since recorded history;
however, in the last decades there has been a strong research effort to better understand
the structure-function relationships which define them. A major driving force for this work is
the hope of biomimetic and bio-inspired materials that integrate useful design principles
from natural materials for improved performance, as well as green production processes [1].

Although biological materials are very diverse with respect to their material properties, only
a limited selection of building blocks is available to organisms for their construction. The
most common building blocks available to organisms are biologically synthesized
components such as lipids, sugars, and proteins and inorganic components, such as mineral
phases and inorganic ions. In spite of the limitations on building blocks used to construct the
materials, these different components can be combined in many ways with different
structures and hierarchies to achieve a quite broad range of mechanical performance [2-4].
A good example for this effect is the mother-of-pearl or nacre, found in the shells of certain
mollusks. It consists of hard and brittle mineral platelets which are embedded in a softer and
resilient protein matrix. Each of these components by itself would not have the desirable
properties for a tough armor, which is supposed to protect the animals from a range of
threatening scenarios. However, by combining both components in a specific hierarchically
structured way, the resulting material can be hard, yet resistant to the inevitable formation
of cracks in the mineral platelets.[5]

The example of nacre points to even more crucial aspects in the behavior of biological
materials — namely, hierarchical structure and interfacial bonding. In other words, the
material function of nacre depends largely on the spatial organization of the components.
Additionally, the mineral platelets and proteins themselves possess specific nanoscale
structures (e.g. the crystal lattice structure of the mineral phase and the folded
conformation of the protein) that influence the properties of each respective building block.
This seems to be a universal concept, and thus, structural and hierarchical organization of
materials building blocks at multiple length scales is one of the main means of altering
materials properties in nature [6]. The interface where the platelets connect to the matrix
material is another vital point determining the mechanical properties of nacre. If the
platelets were poorly connected to the matrix, their hardness and rigidity could not affect
the mechanics of nacre in the same way [7]. In fact, the issue of interfacial properties and
bonding is not only important in biomaterials — it is of utmost significance in the design of
every composite material [8].

The main focus of this thesis work is the mussel byssus — a fibrous structure employed by
mussels for the secure attachment to various substrates on the bottom and shore of the sea,
which is composed almost entirely of proteins and a small amount of inorganic ions (Figure
1). Proteins are very diverse in terms of their functions. Enzymes and hormones, such as
alcohol dehydrogenases and insulin, are probably the most commonly known group of
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proteins; however, proteins are not limited to catalytic and signaling roles. In fact, there is a
large group of proteins, including actins and collagens, which maintain the structural stability
of the cellular cytoskeleton and the extracellular matrix [9,10]. Additionally, proteins are
used to build extra-organismic materials such as silk [11-15], various marine egg cases
[16,17] and as pertains to this thesis, the mussel byssus [18—-20]. Frequently, proteins with
physiologically relevant roles require the binding of co-factors to fulfill their functions. Such
co-factors can be of proteinaceous or non-proteinaceous nature. The function of
approximately one third of all proteins relies on metal ions such as Ca, Zn, Cu or Fe, as co-
factors [21]. Thus, metal ions play crucial roles in the mechanisms of enzymatic catalysis, as
well as signal transduction and gas transport [22]. For example, in insulin, a central pair of
zinc ions binds six insulin monomers by formation of tetrahedral histidine (His)-zinc
complexes. The structural changes within the monomers, induced by the binding of Zn, are
thought to have consequences for the activity of insulin [23]. This example points to the
tremendous influence, which metal based cross-links can have on the structure and stability
of proteins.

Figure 1 Mussel of the species Mytilus californianus with attached byssal threads.

The example of Zn-binding in insulin demonstrates that small amounts of metal ions can
have significant effects on the structure and stability of individual proteins, due to the
special properties of metal coordination bonds. This is because metal coordination cross-
links offer several advantages over other kinds of chemical bonds. For example, protein-
metal coordination bonds such as His-Zn or L-3,4-dihydroxyphenylalanine (DOPA)-Fe possess
near-covalent bond strengths [24], while providing faster reassociation rates [25]. For
comparison, other non-covalent bonds (i.e. hydrogen bonding, etc.) would provide similar
kinetic lability to metal coordination bonds, but at the cost of a much weaker bond. Thus, in
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certain scenarios, the very special properties of metal coordination bonds can act as a means
to satisfy the rather conflicting requirements of high strength and high lability.

The strategy of protein cross-linking by metal ions, however, is not restricted only to
enzymes and hormones — it is also used in nature to assemble stable proteinaceous
structures and materials on much larger scales and to enhance materials properties. Recent
investigations, for example, have revealed insulin-like coordination of Zn via histidine and
chlorine to be responsible for the hardening of the jaws of Nereis virens, a marine
polychaete worm.[26—28] A similar cross-linking complex is proposed to be present in the
hard tips of the fangs of the wandering spider Cupiennius salei [29] and in another marine
worm, Glycera sp., which utilizes Cu coordination rather than Zn. However, the hardening of
proteinaceous materials by metal ion cross-linking is not limited to the use of histidine-based
metal coordination complexes. In the thin outer cuticle of byssal threads, produced by the
marine mussel genus Mytilus, DOPA — a post-translational modification of tyrosine - was
found to form complexes with Fe ions to produce a hardened protective layer.[30-32] While
the role of cross-linking by metal ions in hardening proteinaceous materials has become
evident by the above mentioned investigations, the combination of high strength and high
lability of metal-complex cross-links was recently proposed to play an important role in the
self-healing capability of Mytilus byssal threads where they act as so-called reversible
sacrificial bonds [33,34]. However, direct evidence for this involvement remains to be
substantiated in situ.

Based on initial studies of the role of metal coordination in the byssus, several research
groups have developed mussel-inspired metallopolymers with the intention of mimicking
desirable properties of byssal threads (e.g. self-healing, underwater adhesion) [35,25,36].
While these initial studies are showing great promise, they do not adequately replicate the
behaviors of the natural materials, likely due to an incomplete understanding of the defining
biological structure-function relationships. The aim of this thesis is to improve this
understanding by generating a more complete view of the specific roles of metal ions. In
order to achieve a full understanding of these roles, it is essential to consider the byssus in
the context of the environment in which it is adapted to function. Different Mytilus species
have evolved to occupy a variety of habitats, varying in the amount of mechanical loading
and the supply of trace elements. Since mussels are broadcast spawners, they cannot
actively choose their habitat. The reliable function of their holdfast structure in a variety of
environments is therefore vital to these organisms. Previously, much research was focused
on the suitability of byssal threads as indicator for metal pollution in the sea.[37-42]
Interestingly these investigations showed large variations in the metal content of byssal
threads within the same species from different locations. As pointed out in the last
paragraph, the hardening of the protective cuticle of Mytilus byssal threads, for example,
relies on cross-linking via DOPA-Fe coordination. With this central role of metal-ions in the
mechanics of the byssus cuticle, the question arises whether the observed varying
concentrations of metals in the byssus affect the mechanical performance of the protective
cuticle.
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2 STATE OF THE ART
2.1 MYyTILUS BYSSAL THREADS

2.1.1 Byssus Morphology and Function

The byssus is a holdfast structure produced by many marine bivalves, which functions to
secure the organism during post-larval metamorphosis and, in some species, it is retained
into the adult state [20]. The byssus of marine mussels is made almost entirely of protein
with up to 1% metal ions by dry weight and consists of many threads, which are connected
to the mussels’ soft tissue on the proximal end via a structure called the stem (Figure 2A). An
adhesive plaque on the distal end of each thread attaches the byssus to various substrates in
the animals’ marine habitats (Figure 2A). The plague has been the subject of much research
since it comprises a glue, which is able to provide secure attachment under wet conditions
to various surfaces, including stone, wood, the shells of other mussels, and even man-made
materials such as Teflon [43,44]. The portion of the byssus between the stem and the
adhesive plaque is the actual byssal thread. The byssal thread is morphologically divided into
a fibrous core and a protective cuticle (Figure 3) [45,46,32]. In the genus Mytilus, the byssal
threads can be divided into two parts, namely the proximal region (close to the animal) and
the distal region (close to the plaque), based on differing morphology, composition and most
notably tensile mechanical behavior — the proximal region is soft and very extensible up to
200% strain [47], and the distal portion is much stiffer while remaining remarkably
extensible up to strains of approximately 100% [48]. The primary focus of this dissertation
work is on the fibrous core and cuticle of the distal region of the thread.
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Figure 2 Schematic drawing of the Mytilus byssus (A), and the structural organization
of preCols within the distal byssal thread (B, C). (C) Three preCols assemble into a
triplet, forming a central collagenous triple helix with flanking domains and histidine
rich domains (HRDs) on either end. The preCol triplets assemble into laterally aligned
6+1 bundles. (B) The 6+1 bundles are stacked end to end to form fibrils. These fibrils
form fibrils in which they are axially staggered. (A) The preCol fibrils align along the
threads long axis in the core of the distal thread portion. (modified from Krauss et al.
[49])

2.1.2 The Core of Byssal Threads

The most striking property of the distal thread portion is arguably its ability to recover initial
material properties following plastic deformation (i.e. self-healing). Figure 4 shows the
typical mechanical behavior of the distal byssal thread portion under cyclic tensile loading. In
the first cycle, threads show an initially stiff response, which is followed by a plateau region
up to 40% strain of more or less constant stress following yield. A large hysteresis,
dissipating up to 70% of the applied mechanical energy, is observed when relaxing the
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thread after this first cycle of cyclic tensile loading. When stretched again immediately after
this first cycle, threads display a tensile behavior with significantly reduced initial stiffness
and no observable yield and plateau. However, if the threads are allowed to rest for some
time (e.g. hours to days), a regeneration of mechanical performance towards the initial state
is observed.[50] This self-healing capability is an impressive feature, considering that the
threads lack any active cellular metabolism. Recent publications have suggested, that
histidine-metal complexes in the fibrous thread core may be responsible for this behavior
[33,34]; however, this will be discussed in more detail further on.

Figure 3 ESEM micrograph of a M. galloprovincialis byssal thread ruptured
during tensile loading. The pulled-out fibers bundle from the core can clearly be
distinguished from the granular structure of the cuticle.

The core of the distal thread region consists of protein fibers embedded in approximately
0.5-2% of dry mass of a matrix of proteins called TMP (thread matrix protein) (Figure 3)
[51]. The fibers of the core are made of a group of proteins called preCols (prepepsinized
Collagenous proteins) that comprise approximately 90% of the distal thread by dry weight
(Figure 2B,C) [52]. In the distal part of the thread, the predominant forms of these proteins
are preCol-NG (non-gradient) and preCol-D (distal). Both preCols consist of a central kinked
collagen domain, which is surrounded by so-called flanking domains on both sides. Each end
of each of these preCol variants is terminated at the N- and C-terminal ends by a histidine-
rich domain (HRD) of 21 to 80 amino acids length which contains approximately 20 mol% of
histidine. The two forms of preCols present in the distal core differ mainly in their flanking
domains.[34] The flanking domain of preCol-NG is rich in the amino acid glycine, while the
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same region of preCol-D possesses strong homology to alanine-rich silk-like B-sheet
motifs.[34]
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Figure 4 Stress vs. strain plot of cyclic tensile loading of the distal byssal thread
portion of M. californianus. The first cycle (black line) shows the mechanical
behavior of the native distal thread portion with an initially elastic response and a
distinct plateau region after the yield point. When loaded a second time (red line)
immediately after the first cycle, the material behaves less stiff, which is indicative
of internal damaging resulting from the first loading cycle. However, when rested
for one hour in distilled water, the threads are able to recover towards their initial
mechanical performance (blue line). (modified from Harrington et al. [33])

The matrix of the core, in which the preCol fibers are embedded, is made of a group of
proteins known collectively as TMP. Interestingly, non-enzymatic spontaneous deamidation
of the TMP-1 variant has been shown to occur in byssal threads, resulting in the formation of
significant amounts of (iso)aspartic acid over time periods of days.[51] This indicates a
maturing process of TMP-1 and possibly a functional switch, after its co-secretion with the
other thread components during thread formation [53]; however, the relevance of this to
thread maturation or function is still unclear.

Due to the presence of the central collagen domain, the preCols have been demonstrated to
form triple helices, which further assemble into hexagonal bundles of 6+1 (i.e. 7 triple
helices or 21 individual preCol molecules) (Figure 2C) [54,49]. These 6+1 bundles connect
end to end to form elongated fibrils, which are staggered axially by approximately 13 nm to
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form semi-crystalline fibers, as opposed to the 64 - 67 nm stagger of fibrillar type | collagen
(Figure 2B) [49]. A wide angle x-ray diffraction (WAXD) study has shown that the collagen
domains of the preCols in the distal thread portion are only stretched by approximately 2%
at thread strains up to 60%, indicating that the majority of the observed thread strain arises
from the unfolding of the flanking and histidine-rich domains [33]. In a small angle x-ray
scattering (SAXS) study, these domains were confirmed to unfold during tensile loading and
to refold quickly after the load is removed. However, the mechanical recovery (i.e. self-
healing) takes place over much longer time scales, which has been suggested to be due to
the slow reformation of strong sacrificial cross-links. It has been proposed based on these
studies that the elastic framework of the core provides a means of bringing these sacrificial
cross-link sites back together close enough so they can reform easier, aiding the ‘mechanical
healing’ of the core material.[49]

Several candidates for sacrificial bonds in the distal core have been suggested in the
literature. FT-IR measurements of threads during stretching suggest that the B-sheet rich
flanking domains of preCol-D unfold during stretching.[55]; however, predicted fast
reformation of intra-sheet B-strand hydrogen bonding [56—-58] and the immediate recovery
of the overall structure of the elastic preCol framework following removal of load [49] would
argue against B-sheet refolding being solely responsible for thread healing. Alternatively,
increasing evidence points to the possibility that histidine-metal coordination bonds may act
as sacrificial cross-links in the byssus core [33,34]. The presence of highly conserved His
residues in the HRDs of Mytilus species [34,59] and the elevated content of His-binding
metal ions in the thread (e.g. Zn and Cu) [38] are highly suggestive of the presence of His-
metal coordination, as first suggested by Waite [19]. This hypothesis is further supported by
the observation that EDTA-, pH- and DEPC-treatments, aimed at the disruption of histidine-
metal bonds result in perturbed mechanics and the absence of the healing ability [33,34,50].
Another recent study used soft-colloidal probe measurements to investigate the mechanical
behavior of a peptide derived from the preCol HRD. The results highlight the strong
reversible properties of the metal-mediated histidine cross-links, which further strengthens
the argument for their possible role as a sacrificial bond in thread mechanics [60]. These
data present compelling evidence for the presence and mechanical role of the metal-binding
via the HRDs; however, direct evidence confirming this hypothesis is still lacking. A major
focus of this thesis work is to further probe the contribution of His-metal coordination to
thread mechanical function, which is addressed in chapter 4.

2.1.3 The Cuticle of Byssal Threads

Surrounding the fibrous distal byssal thread core is a hard and flexible outer cuticle of about
2 - 10 um, which protects the core from the surrounding environment [46]. Interestingly,
despite its higher hardness and stiffness, the cuticle of certain Mytilus species is able to
tolerate the large extensions of the fibrous core (up to ~100% in M. californianus, for
example) without catastrophic failure [46,32]. This has been suggested to be due to the
peculiar structure of the cuticle. Figure 5 shows a cross-section of a M. californianus byssal
thread cuticle. The cuticle morphology resembles a particle-reinforced composite — i.e. a
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material in which spherical granules are embedded in a matrix. Under tensile loading the
matrix was observed to deform significantly in M. galloprovincialis, while the embedded
granules reacted much stiffer to the applied load. At very high strains, micro-cracking was
observed in the matrix and proposed to function as a means of redistributing the damage,
thus avoiding the formation of large cracks. Thus, it has been hypothesized that the softer
matrix provides damage tolerance in tensile loading, while the supposedly harder granules
protect the byssal threads from abrasion damage.[46]

Similar to the core, current evidence suggests that the cuticle is composed almost entirely of
protein and a small proportion of metal ions, primarily Fe [53]. The cuticle has been
suggested to possibly contain lipids [61], but up to now there is no clear experimental
evidence supporting this claim. Currently, the only identified protein building-block of the
cuticle is MFP-1 (mussel foot protein-1). In contrast to the highly structured preCols of the
core, MFP-1 has been reported to lack well-defined structure [62]; however, recent evidence
from circular dichroism (CD) spectroscopy shows a notable degree of polyproline Il (PPII)
structure in MFP-1 under certain conditions [63]. Perhaps the most notable feature of MFP-1
is that many of the tyrosine residues of this protein are post-translationally modified to
DOPA. The content of DOPA in native MFP-1 is about 10 to 15 mol%. Interestingly, two
populations of MFP-1 were identified, differing only in the degree of post-translational
modification of tyrosine to DOPA.[53]

The interaction of DOPA with metal ions or metal oxide surfaces has been shown to result in
strong, but reversible cross-links in a previous study. Lee et al. showed with AFM based
experiments that DOPA is critical to adhesion, whereas tyrosine showed no interaction, and
that the binding mechanism is not hydrogen bond formation. The same investigation found
the metal-DOPA based cross-linking to be of surprisingly high strength yet fully
reversible.[24] The specific localization of iron in the cuticle and the presence of high DOPA
content, led researchers to hypothesize the presence of DOPA-Fe complexation within the
cuticle [64]. Confocal Raman spectroscopic imaging of the cuticle confirmed the presence of
DOPA-Fe cross-linking in the cuticle and further demonstrated that the granules contained a
higher DOPA-metal cross-link density than the matrix [30].The removal of metals with EDTA
removed the DOPA-metal resonance Raman signal and resulted in the reduction of thread
hardness by approximately 50% [31]. Collectively, these results led to the current model of
cuticle structure—function relationship and the role of metal ions. This model assigns the
abrasion resistance and hardness of the cuticle granules to be due to a higher degree of
cross-linking. The lower degree of metal-DOPA based cross-linking of the cuticle matrix
enables the material to follow the large extensions of the core. The reversibility of the metal-
DOPA cross-links has also been suggested to possibly enable self-healing of cuticle micro-
cracks formed during extensive tensile deformation of byssal threads [46].
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Figure 5 TEM micrograph of a transverse cross section of a M. californianus
byssal thread cuticle. The denser granules can clearly be distinguished from the
surrounding matrix.

2.1.4 The Byssal Thread Formation Process

Bearing in mind the rich morphological and ultra-structural features of the byssal thread
core and cuticle, the formation process employed for their production appears to be rather
coarse. The byssal threads are produced one by one in the ventral groove along the mussel’s
foot, by a process resembling injection molding [65,66]. The main protein building-blocks of
the thread core, the preCols, are produced and stored in the secretory vesicles of specialized
glands, along the foot groove [65,66]. Within the vesicles the preCols are stored at a pH of
approximately 4 and form organized liquid crystal phases [67,66]. When a thread is formed,
the content of the secretory vesicles is secreted into the foot groove and eventually the
newly assembled thread is released into the seawater environment. The pre-production and
storage of the thread materials allows relatively short thread production times of several
minutes, enabling the mussels to quickly attach new threads when necessary. During this
secretion process the proteins undergo a pH change up to about pH 8. At low pH values,
both nitrogen atoms of the histidine ring are protonated, while at higher pH values (pK,=6.6)
one of the nitrogen atoms is deprotonated [34], allowing it to bind to metal ions. It is
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thought that the pH step during the secretion process induces metal-mediated cross-linking
of the threads protein building blocks, essentially acting as a pH-trigger for self-assembly
[34,19]. In fact, this pH dependent production method was successfully applied in vitro to
form fibers from extracted preCol solutions [68].

It has been proposed that after the formation of the fibrous core, the vesicles containing the
cuticle protein MFP-1 are secreted [18]. A similar pH-induced mechanism was proposed for
the cross-linking of MFP-1, and a system of DOPA-Fe complexes has been shown to act as
cross-link for the hardening of the cuticle [46,31,32]. In fact, the suggested pH-induced
cross-linking mechanism via DOPA-metal complexes was shown in vitro to enhance
mechanics, when introduced into PEG-based hydrogels [25]. It has been hypothesized, that a
heterogeneous distribution of the two MFP-1 species could be the basis for the observed
structure of the cuticle — granules contain DOPA-rich MFP-1 whereas the matrix contains
MFP-1 with a lower DOPA content [30]. The differences in the DOPA content of the granules
and the matrix may result in a different degree of metal-DOPA cross-linking. This would
explain the different intensities of metal-DOPA resonance bands of the granules and the
matrix, previously observed in a Raman imaging study of the thread cuticle. Alternatively,
the granular structure of the cuticle could be the result of a maturation process of MFP-1
within the secretory vesicles prior to thread secretion.[30] During this maturation process
the proteins undergo a phase separation within the secretory vesicles, forming granules
surrounded by a matrix.[69] However, the two possible explanations for the granular
structure of the cuticle could be interconnected. The differential cross-linking of the two
MFP-1 species could well be the basis for the observed phase separation within the
secretory vesicles.[30]

One significant open question concerning thread formation is how the metal ions in the
cuticle and core are incorporated. This may occur via passive diffusion of metal ions into the
threads or through an active uptake by the mussel followed by co-secretion of metals during
thread formation. Since mussels are sessile filter feeders in the adult phase, a lot of research
effort has been dedicated into the investigation of the suitability of mussels (or parts of
them) as markers for environmental pollution [37,38,70-72,39-42,73]. Radiolabeling of
metal ions such as V, Fe and Ni has demonstrated that metal ions are ingested and pass
through the soft tissue before being integrated into the byssus — suggesting an active
process for the uptake of metal ions by mussels [70,74—76]. While Zn, Cu and Fe are known
to dominate the transition metal content of byssal threads, numerous other metals can be
integrated in the byssus, including V, Ni, Co, and even Ur, Pu and Pb [37,38,71]. As specified
above, mussels heavily depend on the presence of metal ions to form load-bearing cross-
links for the function of the byssus holdfast structure. Together with the observed variability
of metals in the byssus, this raises questions about the effect of introducing other metals
capable of binding to byssus metal coordination sites on the mechanical performance of the
material. In other words, can the introduction or exchange of metal ions be “toxic” to the
materials mechanical function? This is a second major focus of this thesis, which will be
addressed in chapter 5.
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2.1.5 Byssal Threads as a Model Material for the Study of Metal-Based Cross-Linking

In the last paragraphs, the molecular structure and the formation process of the two
proteinaceous materials of the distal byssal threads (i.e. the core and cuticle) were
described. Both situations require the pre-production of protein building blocks, which are
cross-linked to form the highly structured fibrous core and the somewhat less structured
cuticle. For both materials a cross-linking strategy via metal-protein complexes has been
identified. The proposed histidine-metal cross-links in the core seem to act as reversible
sacrificial bonds enabling the recovery from plastic deformation [34,50]. However, the
example of Nereis jaws shows that the very same Zn-mediated cross-linking strategy via
histidine can act to produce a hardened rigid material [27]. In the cuticle of byssal threads
the DOPA-Fe cross-links are utilized to achieve both the hardening of the material and
possibly self-healing of the cuticle matrix via the reformation of these sacrificial bonds
[30].The byssal threads of the Mytilus species, therefore, provide an ideal model material to
study the versatile effects of cross-linking via protein-metal complexes on the mechanics of a
proteinaceous material, which is the major focus of this thesis work.

2.1.6 Mussel-Inspired Polymers

The findings about the role of metal-based cross-linking in the mussel byssus have inspired
several research groups to develop self-healing metallopolymers based on DOPA-metal and
His-metal complexes [35,25,36]. The characterization of the obtained PEG-based hydrogels
has shown that the metal-coordination-based gelation strongly depends on the pH, which is
consistent with the findings about the byssal thread formation process. However, while
these materials are certainly capable of self-healing, they exhibit a 10° — 10’ lower stiffness
than observed in the byssal thread core or cuticle (comparing storage modulus G’ of the gels
and reduced elastic modulus E, of the core and cuticle).[35,46,25,36] One of the possible
reasons for this could be that the obtained materials lack the hierarchical structuring found
in the byssal threads. Therefore, further investigations on the design principles in the core
and cuticle have the potential to inspire the production of new and improved self-healing
polymeric materials with enhanced mechanical properties.
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2.2 THEORY OF APPLIED METHODS

2.2.1 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a technique widely used to obtain information about
the short range environment and chemical state of an elemental species in a sample. It is
element specific and depends on the emission of electrons upon absorption of X-rays.

X-Ray Absorption and Relaxation Processes

Figure 6A shows the Bohr model of a calcium atom. In its center is the nucleus and around it
are the electron shells. The closer an electron shell is to the nucleus the higher is its binding
energy, i.e. the energy needed to remove the electron from the atom. The electrons in the
outer orbitals are called valence electrons. These electrons take part in chemical bonds. The
closely bound electrons of the inner orbitals are called core electrons.[77]
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Figure 6 Summary of events taking place when x-rays are absorbed by
an atom. (A) A Bohr model of a calcium atom showing the creation of a
core hole, in the K-shell of the atom, by absorption of an X-ray. (B) The
core hole is filled by the relaxation of electrons from shells with higher
energy. The energy which is released during this relaxation can be
emitted in the form of fluorescence radiation, emission of Auger
electrons or the emission of secondary electrons. In the latter two cases
the energy from one electron’s relaxation is absorbed by another
electron, which is then excited to a higher orbital or is emitted into the
continuum. (modified from Kelly et al. and Teo [78,79])
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When an incoming X-ray has enough energy to excite an electron to a higher unoccupied
orbital or into the continuum (i.e. its binding energy), it is absorbed. If the X-ray energy is
higher than the binding energy, the difference between X-ray energy and the electrons
binding energy is equal to the kinetic energy of the emitted electron [78]. This process is
called photoionization and as described above, it depends on the energy of the incident X-
ray. The excited electrons are called photoelectrons. If the photoelectron was a core
electron, the empty orbitals they leave are called core holes. The excited ionized state of an
atom with a core hole is very unstable, and usually within femtoseconds the core hole is
filled by relaxation of an electron from an energetically higher orbital. The relaxation of this
electron causes the emission of energy.[78] Figure 6B summarizes the ways in which the
energy can be emitted. It can be in form of fluorescence radiation, emission of Auger
electrons or emission of secondary electrons [79]. In the case of Auger and secondary
electron emission, the energy of the relaxation of one electron excites another electron,
which is then emitted [77]. If the energy is emitted as fluorescence, the energy of the
fluorescence radiation is the same as the energy difference between the electron’s orbital of
origin and the orbital with the core hole. Since the energies of the electron orbitals are
distinct for every element, the energy of the fluorescence radiation is unique for each
element [77,78].

The X-ray Absorption Coefficient and Absorption Edges
The intensity of X-rays transmitted I; through a sample decreases exponentially with the
samples thickness x and the X-ray absorption coefficient p of the material [78].

Iy = Ipe™¥ (1)

The X-ray absorption coefficient p is the probability of an X-ray being absorbed by a sample
[78]. It depends on the atomic number Z and the atomic mass A of an element, and the
density p of a material. Denser materials and higher-Z elements have a higher X-ray
absorption coefficient. As described in the previous section the absorption of X-rays also
depends on their energy E.[80] Thus, the X-ray absorption coefficient p can be
approximated as

pZ*

1l
If Equation (1) is solved for px it is possible to determine the X-ray absorption coefficient by
measurement of the X-rays incident intensity I, and the transmitted intensity /.

Iy
w(E)x = lnz. (3)

As explained above, X-ray fluorescence depends on the creation of core holes. The more X-
rays are absorbed, the more core holes are produced and thus more X-ray fluorescence
occurs. The X-ray absorption coefficient p is therefore proportional to the intensity I¢ of
fluorescence lines
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Iy
u(E)x x 1— (4)
0
The measurement of transmitted X-rays (/) and fluorescence X-rays (I¢) are the two most

common detection methods used in XAS.

As mentioned above, the probability for an X-ray to be absorbed increases dramatically
when its energy matches the binding energy of an electron in one of the atoms orbitals.
These steps in the function of the X-ray absorption coefficient are called absorption
edges.[78] An example of such an absorption edge is shown in Figure 7. The absorption
edges are named after the shell that the photoelectron occupied in its unexcited ground
state, so in the case of Figure 6A one would speak of the “Ca K-edge”. Like the fluorescence
radiation following the absorption of an X-ray, the absorption edges are element specific and
can be used to identify and quantify the elements present in a sample. By tuning the incident
X-ray’s energy, it is possible to select the element to be monitored.

154 XANES
__—White Line — HE)
Ho(E)

EXAFS

1.0 4 M
\

0-5 4 Auo(E)

004 Y J

T
9600

X-Ray Absorption Coefficient u(E)

| T T |
9800 10000 10200 10400

Incident X-Ray Energy (eV)

Figure 7 X-ray absorption spectrum of ZnO at the Zn K-edge. The black line
shows the measured signal u(E). The smooth red background function py(E)
describes the absorption of an isolated Zn atom. Apgy(E) is the edge step of
the absorption coefficient. The white line, XANES and EXAFS region are
marked.

X-Ray Absorption Fine Structure (XAFS)

Absorption spectra, like the one in Figure 7, are divided into two regions namely the X-Ray
Absorption Near Edge Structure (XANES) and the Extended X-Ray Absorption Fine Structure
(EXAFS). Each region contains information about different aspects of the environment of the
absorbing elemental species. In the framework of scattering theory, the same basic physical



STATE OF THE ART

description applies to both regions. However, due to the influence of other physical effects,
like resonances and electronic transitions to unoccupied energetic states, on the XANES, the
current theoretical understanding allows a more quantitative analysis of the EXAFS than is
possible for XANES [80]. Due to these circumstances and the comparative approach of the
XANES analysis in this study, the following theoretical description of XANES spectra will be of
a more qualitative nature than the description of EXAFS. An exhaustive theoretical
description is given in the literature [78,79,81]. A very comprehensible introduction to the
theory of EXAFS is given in [80]. The latter is the source for the following basic theoretical
description of the source of XAFS.

From a quantum mechanics point of view, the absorption of X-rays and the subsequent
excitation of a core level electron is a transition from an initial state (before the interaction
of the X-ray and the electron) to a final state (with the created core hole and the
photoelectron). Quantum mechanically these states can be described as wave functions of
the core electron. These wave functions describe the probability for the electron to be at a
certain point in space. With the picture drawn by this concept, u(E) can be written as

w(E) < [(i[HIf)I%, (5)

with the initial state (i|, the final state |f), and the interaction term H, leading from the
initial to the final state. In the initial state, the core electron is tightly bound by the nucleus
of the absorbing atom and the surrounding atoms have no effect on it. Thus, the wave
function (i| contains no information about the environment of the absorbing atom. This
changes with the creation of the photoelectron. The photoelectron can interact with the
neighboring atoms e.g. by scattering from them. Due to this interaction the electron wave
function |f) now contains information about the neighboring atoms. As stated above, |f) is
an electron wave function describing the probability distribution of the photoelectron in
space. If just the point of origin of the photoelectron, i.e. its initial orbital around the
absorbing atom, is observed, the function |f) describes the probability for the photoelectron
to be where it was before the interaction with the X-ray, i.e. in the initial state (i].
Depending on the distance from the absorbing atom to the neighboring atoms, this
probability is either adding to or subtracting from p(E) (which was defined above as the
probability of an X-ray being absorbed at the energy E). This is the source of the oscillations
in XAFS.

The two regions of XAFS, XANES and EXAFS, are best distinguished by the variation of kinetic
energy of the emitted photoelectrons. As the sample is irradiated by scanning the incident X-
ray over an energy range, with higher X-ray energies an increasing amount of kinetic energy
Ey is given to the photoelectron. Ey is the difference between the energy of the incident X-
ray E, and binding energy of the electron E, (i.e. the absorption edge energy)[78].

EKzE_EO (6)
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The kinetic energy of the emitted photoelectron influences the probability of it being
scattered by the surrounding atoms. At the high kinetic energies of the EXAFS region this
probability is so low that mostly single scattering paths are contributing to the signal. At the
low kinetic energies of the XANES region, the contribution of multiple scattering paths is
increasing.[81] This has consequences for the type of information contained in the signal of
the two regions, which will be discussed in the following two sections.

The high probability of scattering at low kinetic energies of the photoelectron, and the low
probability of interaction with surrounding atoms at high kinetic energies of the
photoelectron, point to XAS being a very localized probe of the environment of the
absorbing element. The short life time of the core hole, i.e. the time until the empty core
orbital is filled by relaxation processes, also limits the range probed by XAS. However, it is
important to emphasize, that even though XAS is probing only a limited range around the
absorber, the extracted information still represents the average of all environments around
the absorbing element, present in the total sample volume illuminated by the X-ray beam.

X-Ray Absorption Near Edge Structure (XANES)

The portion of XAFS spectra attributed to XANES depends on the observed element and also
varies in literature, but generally the range from about -50 to +50 eV (from the edge energy)
is considered in XANES analysis [78]. The energy at which the emitted photoelectron has a
wavelength equal to the distance between the absorbing atom and its nearest neighbor, is
frequently used to divide the two regions [82,81].

As mentioned in the last section, multiple scattering of the photoelectron dominates the
XANES signal. It therefore contains information about the spatial arrangement and geometry
of the atoms surrounding the absorbing atom [81]. The edge energy, the energy of the
steepest increase in absorption [82], varies with the oxidation state of the absorbing atom,
with a higher (positive) oxidation number shifting the edge position a few electronvolts to
higher energies. This is due to the electrons, of an atom in a higher oxidation state, being
more tightly bound, and thus, having a higher binding energy [78]. The opposite case applies
to atoms with a lower (negative) oxidation number. Additionally, the availability of
unoccupied electron orbitals, to which the photoelectron can be excited, influences the
shape of the absorption edge. These influences show up in the XANES spectrum as
decorations like isolated peaks, shoulders or so-called white lines.[78] A white line is a strong
peak on top of the absorption edge like the one shown in Figure 7.

Since there are a lot of physical phenomena which influence the XANES, a full theoretical
description has not yet been achieved. This makes the interpretation more complicated, and
the use of well-chosen standards is of high importance in the analysis of XANES
spectra.[82,81]

Extended X-Ray Absorption Fine Structure (EXAFS)
The EXAFS is usually observable in the region from just above the absorption edge up to
about +1000 eV, depending on signal quality. With the increase in kinetic energy towards the
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end of the EXAFS region, the scattering of the photoelectron by the surrounding atoms
becomes more and more unlikely. This is the reason for the decay of the EXAFS oscillations
in Figure 7. Above, the source of the XAFS was explained, and it was stated that the
photoelectron in the final excited state influences the probability of X-ray absorption. An
important deduction from this is that, in order to take part in the EXAFS, the photoelectron
has to be scattered elastically from the surrounding atoms and return to its initial position
before the core hole has been filled again by relaxation of the exited absorber atom.
Compared to the XANES, the EXAFS is influenced by fewer physical phenomena. This,
together with some approximations, enables a full theoretical description and allows a more
guantitative interpretation of the EXAFS.[80] In particular, the EXAFS region provides
information about the type and number of atoms surrounding an absorbing atom, as well as
the interatomic distances and the degree of local molecular bonding disorder [78].

Figure 7 shows the X-ray absorption spectrum (L(E)) of ZnO at the Zn K-edge. The red line is
the calculated absorption spectrum of an isolated Zn-atom (uo(E)). After the absorption
edge step Apg(E) is subtracted from p(E), the only differences in the two spectra are the
oscillations of n(E). As explained above, these oscillations arise from the superposition of
the emitted photoelectron wave and the photoelectron wave backscattered from the atoms
surrounding the absorbing Zn-atom and the absorbing Zn-atom itself. It is this part of the
data which contains the information about the environment of the absorbing atom (in case
of Figure 7, Zn). From the information above, the EXAFS function is defined as

_ H(E) — po(E)

x(E) = NG (7)

As we saw above, the EXAFS is best described in terms of the wave behavior of the
photoelectron. Therefore, the X-ray energy is usually converted to the photoelectron wave
number

(8)

with the photoelectron mass m, the X-ray energy E, the absorption edge energy E, and
Planck’s constant h. Each of the frequencies, which contribute to the oscillations in EXAFS,
corresponds to the interaction of the photoelectron with different neighboring atoms. The
scattering caused by one pair of absorbing and scattering atom is called a scattering path
and the surrounding atoms at similar distance from the absorbing atom belong to one
coordination shell.[80] The EXAFS equation is the sum of all scattering paths from each
coordination shell
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with the number of neighboring atoms N at the distance R from the absorbing atom and o2
the disorder of R. For multiple scattering, R represents half the length of the full scattering
path. The amplitude f(k) and the phase-shift §(k) are determined by the scattering
properties of the neighboring atoms.[82] These scattering properties can be calculated by
analysis software like FEFF provided in the Demeter XAS analysis package [83]. The mean
free path A(k) of the photoelectron is the mean distance the photoelectron travels before it
scatters inelastically and before the core hole is filled again. It is on the order of 5 to 30 A
and, together with the R~2 term, it limits the environment probed by XAFS to about 5 A. By
knowing the scattering amplitude f (k) and the phase-shift §(k) the EXAFS equation can be
used to determine N, R and 2 of the surrounding atoms, within this range.[80]

The XAFS Measurement

XAFS requires a high intensity X-ray beam tunable over a large energy range. Therefore,
usually a synchrotron is used as an X-ray source. The beam energy is selected by a tunable
silicon monochromator. The monochromators used for XAFS have to provide a stable beam
of high purity, with respect to higher harmonics, as well as a high energy resolution of about
1 eV or better. Frequently monochromator stabilization devices are used to overcome
instabilities caused by the optical elements of the monochromator itself. The most common
ways to detect the XAFS are the detection of the transmitted or the fluorescent X-rays. For
transmission measurements the sample needs to be uniform in terms of X-ray transmission
and of the right thickness. Usually thick samples or samples with low concentrations of the
absorbing element require the detection of the fluorescence signal, but other factors like
sample geometry and sample inhomogeneity also influence the choice of detection
method.[80,82]
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Figure 8 The standard XAS setup for measurements of samples in transmission (I;)
or fluorescence (Iy), and the simultaneous measurement of a standard reference in
transmission (I,.ef). The X-rays are tuned to a specific energy by the monochromator
optics and the incident x-ray intensity is measured by an ion chamber (I). The sample
signal can be measured either with an energy dispersive fluorescence detector (I5) at
90° to the x-ray beam or in transmission by a second ion chamber (I;) after the
sample, in line with the x-ray beam. The reference standard is usually measured in
transmission by either an ionization chamber or a photosensitive diode (I;.¢).

The standard setup is shown in Figure 8. It consists of three detectors in line, to measure I,
Iy and I,..¢, and a detector for the measurement of I at right angle to the incident beam.
The sample is placed between [, and I; and a standard sample is placed between I; and I,..¢.
The measurement of standard samples is necessary for energy calibration, to identify
structural features in the XANES and for the evaluation and constraint of EXAFS fitting
parameters [82]. I, and I; are ionization chambers and I..; can either be measured by the
same kind of detector or a photosensitive diode. The detectors for the fluorescence
measurement are usually energy dispersive, which enables the selection of single
fluorescent lines in multi-element samples.[82] For a fluorescence measurement, the
detector is placed at 90° to the incident beam and the sample is oriented at 45° to the
incident beam and the detector. This is done since the influence of elastic scatter is reduced
at 90° due to the polarization of synchrotron radiation.[80] The time needed for a
fluorescence measurement is mainly determined by the counting time the detector needs to
count enough photons of the fluorescence of the studied element in order to obtain a
suitable signal to noise ratio. Another aspect, of fluorescence detectors, to consider is the
saturation of it by an overload of the signal. This happens when the detectors count rate too
low to count all the incoming photons and results in the so-called dead time of the detector.
If this dead time is too high it can significantly distort the XAFS signal.[82]

Generally, XAFS can be applied to a wide range of samples, since it probes only a small
volume around the selected element and is very flexible in terms of the sample environment
[82]. Usually little to no sample preparation is necessary. However, especially for biological
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samples, a reasonable amount of consideration has to be given to the issue of radiation
damage. The long measurements at high beam intensities can result for example in photo-
reduction and —oxidation, and the formation of free radicals in organic and hydrated
materials. While radiation damage cannot be prevented, precautions like measuring at low
temperatures or scanning along the sample may reduce the effect on the measurement.[82]
The careful inspection of several subsequent scans of the same sample can be used to
evaluate the occurrence of radiation damage. Another issue with the measurement of XAFS
can be the occurrence of self-absorption. For standards, which usually contain high
concentrations of the absorbing element, it is sometimes necessary to measure finely
ground powders or thin films with grain sizes or thicknesses below the calculated absorption
length of the material (or thin films etc), in order to prevent influences of self-absorption.
Many biological materials, however, contain only very low concentrations of inorganic
absorbers in an organic matrix of lighter elements, so self-absorption for this kind of sample
is usually not an issue.

Data Analysis

A more elaborate overview of data analysis can be found in the literature [78,82]. Here, only
the most important aspects for the analysis involved in this study will be considered. All
described steps are drawn from the above mentioned literature.

Before the XAFS data can be analyzed and interpreted, a considerable amount of pre-
processing is necessary. The spectra need to be cleaned from instrumental noise and over-
sampling, and the data range for analysis is determined. Before all scans of a sample can be
averaged, the energies of all scans have to be aligned to a reference standard. After merging
all scans, the EXAFS function y(E) can be extracted from the measured spectrum p(E).
From Equation (7) we can see that this involves the subtraction of a background function
Wo(E), describing the absorption of an isolated atom, and the normalization to the edge step
Apy(E). Additionally a smooth pre-edge function is subtracted to remove the absorption
from other edges and any instrumental noise. The data in Figure 7 has already been treated
in this way. Now the value of the absorption edge energy E, can be determined by the
global maximum of the first derivative of the spectrum.

The next step is to convert the data to a function of k using the description of EXAFS from
Equation (9). Since also in k-space the EXAFS oscillations are damped for higher values of k,
the data is commonly multiplied by k to the power of 2 — 3. Using a Fourier transform, it is
now possible to extract the frequencies the EXAFS oscillations consist of, and transfer them
into r-space. However, the peak positions in r-space do not correspond directly to the bond
lengths since there is still a phase shift and other factors involved.

In order to obtain the bond lengths and other information about the environment of the
absorbing element, a model for the extracted data in r-space has to be built and fitting
analysis has to be applied. Usually, techniques other than XAS are applied to gain some
initial knowledge about the material in question. In the case of proteins one can then
browse the protein data base (PDB) as a source for crystal structures of proteins which have
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similar components. The next step is to generate scattering paths from PDB data. This
involves the calculation of the parameters describing the scattering properties (f;(k), 8; (k)
and A(k)) and distances (R;) of the atoms thought to surround the absorbing element. The
scattering paths are used to assemble a model to describe the experimental data. The
theoretical model is then evaluated by fitting the EXAFS equation from the model to the
experimental data. For this evaluation of the EXAFS model, two parameters are added to the
EXAFS function in Equation (9), to obtain

—ZRj
SZN, f:(k)e 2K*%] o7
x(k) = Z oNiJ; (F) 5 sin[Zk(Ar + Rj)
7 k(A +Refy)) (10)
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SZ is the amplitude reduction factor, accounting for amplitude reductions due intra-atomic
processes of the absorber atom. It is determined by the measurement of a standard at the
same conditions as the sample measurement. SZ only depends on the elemental species of
the absorber atom and is the same for each scattering path included. The absorber-scatterer
distance R; is now defined as Ar + R.fr ;. Refrj is the calculated absorber-scatterer
distance determined from the PDB data and Ar is the change of this distance determined by
fitting of the model to the measurement data. For each scattering path j, selected from the
PDB data, fj(k), 6;(k) and (R.ss ;) are calculated. N;, Ar, ajz and AE, are parameters
determined during the fit of the model to the data. N; is the degeneracy of a path (i.e. the
number of times this path occurs). ajz is the mean square variation of the absorber-scatterer
distance R;. It describes the thermal and structural disorder of the atoms involved in this
path. AE, is a small edge energy shift, which allows the alignment of the theoretical model
to the measured data.

As with every measurement technique, the analysis of EXAFS also has its limitations. For
example, it is important to note that there is a maximum for the number of fitting
parameters, which can be used in a fit of a certain data range. This is determined by the
number of independent points (degrees of freedom) of the measurement data within the
range by N, = TARA. Also, the fitting parameters form two groups, namely the ones
which add to the amplitude of the EXAFS spectrum (Sg, N; and ajz) and the ones which
determine the phase (AE, and R;). Especially within these groups there is considerable
correlation between the fitting parameters. Resulting from this, the maximum accuracy of
the determined coordination number and the bond lengths is estimated to be about 10%
and 1%, respectively.[82] A further limitation of the technique concerns the differentiation
between scattering paths of atoms with similar atomic weights at similar distances from the
central absorbing atom. Since the scattering properties of these atoms are very similar, they
are virtually indistinguishable from each other by means of EXAFS analysis.
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2.2.2 Raman Spectroscopy

Raman spectroscopy is a technique widely used to observe modes of vibration and rotation
in molecules. It exploits the phenomenon of inelastic scattering of photons during the
interaction of light with matter. It enables one to identify the characteristics of chemical
bonds and furthermore can provide information about the orientation and conformation of
molecules in a sample.

The Frequency of Light and the Energy Levels of Molecules

According to quantum mechanics, a bound particle can only occupy discrete energy levels.
This model of quantized energy levels can be applied to electrons in the electronic cloud
around an atomic nucleus, but it also applies to the energy of larger molecules. In this case,
the energy levels refer to the vibrational, rotational and translational modes possible in a
molecule. Each of these modes occupies a discrete energy level. In order to transfer from
one of these levels to another, the molecule needs to absorb or emit a quantum of energy.

The quantum of light is called a photon, and its energy can be described by a linear
correlation to its frequency

E=hv (11)

with the energy E, the frequency v and a linear factor h known as Planck’s constant. If
Equation (11) is applied to the difference between two energy levels of a molecule we get

hc
AE=En—Em=hv=7

(12)
with E,, and E,,, the energies of the excited and initial state of the molecule, ¢ the speed of
light and A its wavelength. In other words, the energy needed to promote the molecule from
its initial energy state to the excited state can be written in terms of the frequency or
wavelength of the electromagnetic radiation. With this, it is possible to calculate the
frequency that an incoming photon needs to possess in order to promote the molecule to
the higher energy level. In the case of molecular vibrations and rotations, this frequency
corresponds to the infrared range of electromagnetic spectrum.

Interaction of Light and Matter

When light interacts with matter, its photons may either be absorbed or scattered (Figure 9).
If the energy of the incoming photon has the energy needed to promote the molecule from
its ground energy state to a higher vibrational energy state, it is absorbed and the molecule
now occupies the corresponding higher vibrational state. This is the base of infra-red (IR)
absorption spectroscopy, where a broad range of IR radiation is sent through the sample and
the transmitted radiation spectrum is collected and analyzed.

However, as stated above, it is also possible for the incoming photon to be scattered from
the molecule. The incoming photon, in this case, has an energy that does not match any of
the energy differences between the discrete vibrational energy states of the molecule. The
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molecule is, thus, not excited to a higher state of vibrational energy, but rather the electron
cloud around the atomic nuclei of the molecule is distorted (polarized), resulting in a virtual
energy state of the molecule. The incoming and the emitted photon can have the same
energy (elastic or Rayleigh scattering) or slightly differ in energy (inelastic or Stokes
scattering). The inelastic scattering constitutes what is known as the Raman scattering.
While the majority of scattered photons undergo Rayleigh scattering, only one in every 10° -
108 photons is inelastically scattered, which means that the Raman signal only has about 10™
of the incident beam intensity [84,85]. The weakness of the inelastically scattered light was
one of the main reasons why Raman spectroscopy was marginally used in materials
characterization before lasers, intense monochromatic light sources, had been discovered.
As pictured in Figure 9 anti-Stokes scattering requires molecules to be in an excited
vibrational state, but the Maxwell-Boltzmann distribution law states that (at room
temperature) most molecules will be in the vibrational ground state. Therefore, Stokes
scattering makes up for most of the Raman signal (at room temperature). In either case of
inelastic scattering, the energy difference of the incoming and emitted photon results in a
frequency shift of the emitted light compared to the incoming light. It is this frequency shift
(also called Raman shift) that Raman spectroscopy detects (Figure 9).

\ excited
E electronic
level
Y N Y N _
virtual levels
TR
h(VO_Vm) h(VO+Vm)
hvg hv, hv, hvg
v=1 Y
ground
Thvml vibrational
v=0 Y Y levels
IR absorption Rayleigh Stokes anti-Stokes
and emission scattering scattering scattering

Figure 9 Diagram of transitions between vibrational energy levels
corresponding to the process of IR absorption/emission, Rayleigh and Raman
scattering. (modified from Chalmers and Griffith [86])

The Frequency of Molecular Vibrations

From Figure 9, we can see that the energy difference between the incoming and emitted
photon in Raman scattering matches the energy difference between two vibrational states
of the molecule. In the previous section, it was observed that this energy difference is
connected to the frequency shift of the incoming to the emitted light. However, the energy
of the molecule is also connected to the frequency of vibration of the molecule.
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The vibration of a diatomic molecule can be described by a model of two masses connected
by a spring representing the chemical bond between the molecules atoms. The displacement
q of the two particles can be described by

q = qo COS 2TV, t (13)

with g, the maximum displacement and v,,, the frequency of the vibration given by

1 K

:% E (14)

Un

Here K is the force constant of the spring representing the strength of the chemical bond
mim;

and p the reduced mass of the system, with u = [84] Since the energy difference AE

mi+m,
between two vibrational states of the molecule can be measured as explained in the last
section, the frequency v,,, of the molecular vibration can now be calculated by Equation (11).
Equation (14) shows that the frequency v,, of the vibrating system will be higher for light
atoms connected by strong bonds and lower for heavy atoms with weak bonds. From this
theoretical understanding, it is possible to assign certain Raman shifts to specific vibrational
levels of molecules.

The next section will give a theoretical explanation of how the excitation light interacts with
these molecular vibrations to give rise to the Raman signal.

The Origin of Raman Spectra According to Classical Theory

The incoming light from the laser source can be described as an electromagnetic wave. Since
the magnetic component of this wave is not involved in the scattering, it is sufficient to
consider only the electric field strength E of the incident light. It oscillates with time t and
can be described by

E = E, cos 2mu,t (15)

with E, the vibrational amplitude and v, the frequency of the incident laser light. The
electric dipole moment P of a diatomic molecule irradiated by light is

P = aF = aE,cos 2nuyt (16)

with a proportionality constant a called the polarizability of the vibration. The nuclear
displacement g of the molecule vibrating at a frequency v,, is stated in Equation (13). For
small vibrational amplitudes & @ g, so @ can be stated as a linear function of g,

a=ay+ (Z—Z)O q—+.. (17)
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with a the polarizability at the equilibrium position and (Z—Z) the rate of change of alpha
0

with respect to the rate of change of g, at the equilibrium position. By combination of
Equations (13), (16) and (17) we obtain

da
P = ayE, cos 2muyt + <%> qE, cos 2myyt
0

Ja
= ayE, cos2myyt + <%) qoE, cos 2muyt cos 2mu,,t .
0

cos(x+y)+cos(x—y)
2

we can write

And with cosx cosy =
P = ayE, cos 2mvyt
1/0a
+ 5 <%) qoEolcos{2m(vy + vp,) t} + cos{2m(vy — vy t}]
0

(18)

with the first term describing the Rayleigh scattered light with the frequency v, and the
second term corresponding to Raman scattered light with frequency vy + v,, (anti-Stokes)
and v, — v, (Stokes) (also see Figure 9). As Equation (18) shows, there is no Raman
scattering term if the rate of change of polarizability (Z—Z) is zero. In other words, Raman-
0

activity of a vibration depends on a change in its polarizability.[84]

Types of Molecular Vibrations and Their Raman Activity

In a non-linear molecule with N atoms, there are 3N — 6 vibrational degrees of freedom and
for linear molecules, there are 3N — 5 [85]. For a triatomic molecule, these degrees of
freedom (vibrational modes) are symmetric- and asymmetric stretching and bending or
deformation of the bonds. Table 1 shows the three modes of vibration for a linear triatomic
molecule and their corresponding activities in IR and Raman spectroscopy. Since the
symmetric stretching mode of this molecule produces large changes in polarizability, it gives
strong Raman scattering and low IR absorption (which relies on changes in dipole moment).
On the other hand, the asymmetric stretching and the bending mode have almost no
polarization change, but rather a high change in dipole moment. They therefore produce
strong IR signal, but the Raman signal is almost non-existent.[86]
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Table 1 Factors determining the IR and Raman activity of vibrations for a linear
triatomic molecule. (modified from Chalmers and Griffith [86])

symmetric asymmetric bending
stretch stretch deformation
normal mode o0 o NP
of vibration
dipole moment 0 > ¢
IR activity - + +
polarizability
ellipsoid
Raman activity + - -

Polarization Dependence of Raman Scattering

In addition to chemical information about a sample, Raman scattering can also provide
information about the orientation of molecules. This is done by exploiting the polarization
dependence of Raman scattering.

As described above, Raman scattering depends on the polarizability a of the electron cloud
of a bond by the excitation light. The dipole moment of a molecule, irradiated by light, is
given in Equation (16). The polarizability of the electron cloud depends on the polarization of
the incoming light. Linearly polarized light affects the electron cloud of the molecule in all
possible polarization planes. The intensity of the interaction, however, depends on the
relative orientation of the electron cloud and incoming light [85]. To describe this, the simple
expression in Equation (16) needs to be expanded to account for the dipole change along the
X-, y- and z-axis of space. The dipole change along the x-axis is

P = ay Ex + ayy By + ay,E, (19)

with the first subscript referring to the direction of polarizability of the molecule, and the
second to the polarization of the excitation light. To account for the change along all three
axes, the polarizability is expressed as a tensor

Uxx Oxy Oz

P
B[ =1%x Qyy Qyg
P,

Ey

Eyl. (20)
Azx Ozy Az E,
The strength of the polarizability of a vibration varies along each of the three axes. This is
called the shape of the Raman tensor (polarizability). The shape of the tensor defines the

relationship between the incoming and the (Raman-)scattered light, such that the
polarization of the incoming and scattered light does not necessarily have to be the
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same.[85] These differences in polarizability can be utilized to identify the orientation of
bonds in larger samples.

To vary the polarization of the excitation and scattered light, many Raman spectroscopy
setups are equipped with a polarizer and an analyzer (Figure 10). By adjusting the settings of
these polarization optics to the change of polarization of incoming light to the scattered
light, it is possible to identify the average orientation of bonds in the sample. To clarify this,
consider a fibrous sample. Fibers have a very anisotropic distribution of bonds. To find the
orientation of this bond in the sample, one would orient it as in Figure 10, and set the
polarizer to a certain angle and the analyzer to the same setting (assuming there is no
polarization shift from incoming to scattered light). The setting is determined by the
orientation of the polarization tensor of the (Raman-active) bond vibration. Starting from
this setting, spectra would be acquired in steps over 180°, changing the polarizer and
analyzer setting after each step. If there was a preferred orientation of this bond in the
sample, the peaks assigned to this bond vibration would reach a maximum, somewhere
along the 180°. By knowing the orientation of the Raman tensor of this bond vibration, and
therefore its polarizability, the orientation of the bond itself can be obtained by these
measurements.

to
spectrometer

analyzer

beam
splitter

laser
source

polarizer

X =90°

Y = 0°(fiber axis)

Figure 10 Definition of coordinate system and
sample orientation applied in Raman
measurements. The path of excitation light is
indicated by the black triangles, the path of
scattered light by the white ones. (Modified from
Lefévre et al. [4]).
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Orientation-Insensitive Raman Spectra

The available setup for Raman microspectroscopy in our lab only allows for excitation with a
polarized laser beam. It is therefore necessary to account for the fact that only bonds with
their Raman tensor parallel to the polarization plane of the incident light are excited and
thus, measurable with this setup. Recently an elegant solution to this issue has been
provided by Frisk et al.[87], and was adapted to the use with spectra acquired by Raman
microspectroscopy by Lefevre et al.[88]. It enables one to calculate orientation-insensitive
spectra (also called isotropic spectra) from the measurement of four polarized spectra by

I°(3 + 6Rys0) = Ly + 2Ly + 4Ly + 21, (21)

with I'° the isotropic intensity, R;s, the depolarization ratio and I;; the intensities of the
four measured polarized spectra. The first subscript i in this notation refers to the
polarization plane of the incident laser light and the second subscript j to that of the
scattered light (Figure 10). The depolarization ratio R;,, can be obtained from measuring the
depolarization ration of an isotropic sample.[88] A detailed description of the theory is given
in the above mentioned publications.

Resonance Raman Scattering

Figure 9 shows the excitation and emission energy profile in the case of normal Raman
spectroscopy. Note that in this case the frequency of the excitation laser is chosen so that its
energy is far below the energy necessary to promote the molecule to its first excited
electronic state. This is done to prevent sample decomposition through photodecomposition
or heating and the occurrence of fluorescence, which produces a much stronger signal than
Raman scattering making it impossible to measure a Raman spectrum [85]. In resonance
Raman spectroscopy, the excitation frequency is chosen to be close to that of the electronic
transition of a particular chromophoric group in a molecule (Figure 11). The result is that the
Raman bands corresponding to this chromophoric group are enhanced by 10° to 10°.[84] In
the case of the byssal threads this enables measurements of the modes of DOPA metal
interaction even though there is a large fluorescence background.
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Figure 11 Diagram of the basic process of resonance Raman scattering (modified from
Smith and Dent [85]).

2.2.3 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

ICP-OES is a method for the quantitative elemental analysis of a sample. It is based on the
emission of photons of characteristic wavelengths, when atoms and their ions are excited to
higher electronic energy levels.

Usually all atoms of a sample at room temperature are in an energetic ground state. For the
valence electrons of an atom this means that they occupy the available orbitals with the
lowest possible energy. When a sample is heated, the valence electrons can absorb energy
and are elevated to higher orbitals i.e. energetic levels. This is referred to as an excited
electronic state. The lifetime of this excited state is short and the electron relaxes to lower
open orbitals. During this process electromagnetic radiation of a specific wavelength is
emitted. Figure 12 shows the possible transitions of excited valence electrons for hydrogen.
Similar diagrams can be drawn for more complex atoms. As depicted in Figure 12, the
wavelength of the emitted radiation depends on the transition the electron undergoes
during the relaxation. The emitted radiation of a certain wavelength is called an emission
line. Every element has its specific emission lines, by which it can be identified.[77,89]

The first step of elemental analysis by ICP-OES is usually to dissolve the sample in a liquid
solvent. This solution is converted to a fine mist by pumping it, together with a gas (nitrogen
or argon), through a nebulizer. The sample mist is then transported, by the gas flow, to a
heated region. As the name of the technique indicates, a plasma torch, usually with an Argon
source, is applied in this area. The interaction of the mist with the plasma results in the
atomization of the sample. Throughout the process of atomization, the solvent is separated
from the sample spray by vaporization. This produces a fine molecular aerosol of the sample.
The molecules then dissociate into their atoms resulting in an atomic gas. The atoms of the
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gas are ionized and electronically excited by collision with the electrons and ions of the

plasma.
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Figure 12 The Grotrian diagram of atomic
hydrogen. The arrows indicate allowed
relaxations of excited electrons. The
thicker the arrow, the more likely the
particular relaxation path. The numbers
give the wavenumbers of the
electromagnetic radiation emitted during
the electrons relaxation. (modified from
Atkins [77])

It is important to note that in each step of atomization, not all molecules and atoms are
dissociated or ionized. This leads to a mix of electronically excited molecules, excited single
atoms and excited ions. Therefore, the emission spectrum consists of a molecular as well as
two atomic components. However, due to the high temperature of the applied plasma (4000
— 8000 K), the degree of atomization in ICP-OES is higher as compared to other atomization
methods used in optical emission spectroscopy. Thus, the molecular component will have
only a very small influence on the spectrum. Since the atomization takes place in a
chemically inert environment, ICP-OES is also less prone to chemical perturbations, such as
oxidation of the analyte. The few chemical interferences in ICP may be overcome by dilution
of samples, adjustment of the plasma source or other instrumental conditions.[90,89]
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The emitted radiation from the plasma is usually detected axial to the plasma flow direction.
For the detection of one element at a time, the emitted radiation is directed into a
monochromator, which selects the required wavelengths to detect the element to be
measured. Modern setups are capable of measuring many elements at the same time. One
of the ways to accomplish this is the use of a two part polychromator. A prism and an échelle
grating are positioned in line, so that their directions of dispersion and diffraction of light are
perpendicular to each other. The result is that the emitted radiation is split up in two-
dimensions, one over different orders of diffraction and the other over a range of
wavelengths. This signal is then focused on a two-dimensional CCD-array which detects the
samples emission spectrum.[90,89]

The most common problem in ICP is spectral interference of emission lines, when many
elements are present in the sample. The use of high-resolution CCD-detectors counteracts
this problem. However, in some cases it is necessary to apply advanced background
correction techniques or choose a different analytical wavelength.[90]

2.2.4 Amino Acid Analysis

The term amino acid analysis stands for several methods applied to quantify the amounts of
individual amino acids in protein-containing samples. In this study, post-column ninhydrin
derivatization amino acid analysis was performed. The first step of this procedure is to
hydrolyze the sample at 110 °C in 6 M HCI in an oxygen-free environment to cleave the
protein into the individual amino acids. The free amino acids are then separated by ion-
exchange chromatography.[91-93] The amino acid analyzer used in this study is a high
pressure liquid chromatograph separating the amino acids by pH and cationic strength
gradients. Separation is enhanced by a temperature gradient, which changes during the
course of the run. After the separation step, the amino acids react with ninhydrin, forming
colored compounds which absorb at 440 nm and 570 nm wavelength. An integrated dual-
channel photometer detects the absorbance at these wavelengths. A linear correlation of
area to concentration is established from standard amino acid solutions with known
concentrations. With this correlation, it is then possible to derive the concentration of
individual amino acids within samples and thus, also the percent mole (mol%) composition
of each amino acid [93].

As with all measurement techniques, certain limitations also apply to the form of amino acid
analysis used in this study. One significant drawback is that the amino acid Tryptophan
cannot be detected by this setup. Furthermore, during hydrolysis, Asparagine (Asn) and
Glutamine (GlIn) are converted to Aspartic Acid (Asp) and Glutamic Acid (Glu), respectively. It
is, therefore, only possible to detect the sum of each of these amino acid pairs as Asx (Asn
and Asp) and GlIx (GIn and Glu). In the present study, this is of little importance, since the
method was only applied to measure the concentration of DOPA in the distal part of the
thread. Since DOPA is unstable under protein hydrolysis conditions, it is necessary to protect
it by the addition of phenol to the hydrolysis solution. While it is unknown how exactly this
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DOPA instability is caused, it is presumed to be due to the elevated levels of chlorine atoms
in the hydrolysis solution.[94]

2.2.5 Nanoindentation

The technique of nanoindentation enables the local mechanical characterization of samples
with sub-micron resolution. As in larger scale indentation, an indenter tip, usually a diamond
of a specific geometry, is pressed into a sample while the resulting force on the tip and its
displacement are recorded. From the load displacement curve, one can obtain the local
elastic modulus E and hardness H. The following section gives an outline of the method to
determine the elastic modulus E and the hardness H, provided by Oliver and Pharr [95]. A
load displacement curve of a typical indentation experiment is shown in Figure 13.
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Figure 13 Load displacement diagram of a typical indentation
experiment (modified from Oliver and Pharr [95]).

To obtain the elastic modulus E, first the contact stiffness S of the sample-indenter tip
configuration and the reduced elastic modulus E,. of the sample are determined. The contact
stiffness S is derived from the upper (linear) portion of the unloading data (Figure 13). In this

part of the unloading curve S can be approximated as Z_Z' the change of load (P) with the

change of displacement h. The contact stiffness S is related to the reduced elastic modulus
E, and the projected area of elastic contact A by

oP 2 (22)

Szﬁz\/_EEr\/Z.
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This can be rewritten as

E _\/ES
r_zﬂ’

to obtain an expression by which the reduced modulus E, can be determined through

(23)

measurement of the stiffness S.

The area itself is a function of the penetration depth h. of the tip into the sample (Figure
14), so

A=F(h). (24)

This tip area function F needs to be established experimentally from indentations of a
standard material.

initial
surface

indenter  surface after
R / load removal

surface
under load

Figure 14 Side view of a typical indentation experiment. During the indentation
the surface of the sample deflects under the load P, and relaxes again after the
load is removed. The maximum displacement h,,,, of the indenter tip is the sum
of the displacement of the sample surface hg, and the penetration depth h, of the
tip into the sample. (modified from Oliver and Pharr [95])

Since the displacement h,,,, of the indenter tip is the sum of the displacement of the
sample surface hg, and the penetration depth h, of the tip into the sample (Figure 14), h, is
determined by

he = hypax — hs . (25)

h. also depends on the geometry of the used indenter tip.
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Equation (22) and Figure 13 show that S is the slope of the initial unloading curve. With the
relation of displacements given in Equation (25), it is possible to deduce that the
displacement of the sample surface is

hs — epmax (26)

with the maximum load P,,, and the constant € depending on the geometry of the
indenting tip. With the definition of these parameters it is now possible to obtain the
reduced elastic modulus E,. by measurement of P4, and S.

If the Poisson’s ratio of the material is known, the elastic modulus can be derived from the
reduced elastic modulus by

1 _(1—v2)+(1—vi2)

E. E E;

with E and v the elastic modulus and Poisson’s ratio of the sample, and E; and v; the same
for the indenter.

As indicated above, the reduced elastic modulus is determined by the elastic part of the
unloading curve of the indentation experiment. The elastic relaxation of the material is
driven by the relaxation of strained chemical bonds, and not by bonds broken during the
loading phase. The reduced elastic modulus therefore provides a measure of the number of
strained bonds, rather than one of the strength of chemical bonds of a material.

The second mechanical parameter which can be measured by this method is the hardness H
of the material. It is

P
H — max ) (28)

with A the projected area of contact from Equation (24). Unlike the (reduced) elastic
modulus, the hardness measures the resistance of a material to plastic deformation, due to
the indenter being pressed into it.
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3 MATERIALS

3.1 BYSSAL THREADS

Byssal threads of Mytilus californianus were supplied from the laboratory of J. Herbert Waite
at the Marine Science Institute of the University of California (Santa Barbara, CA 93106,
USA). The mussels were collected from Goleta Pier (Goleta, CA, USA) and kept at 12 — 15°C in
tanks with flowing sea water. Mussels were allowed to produce byssal threads for up to 3
weeks. The threads were then collected, washed thoroughly in distilled water and stored in
distilled water at about 4°C until testing.

3.2 STANDARDS AND OTHER CHEMICALS

The calibration standard foils for XAS were purchased from Goodfellow GmbH (Bad
Nauheim, Germany). The standard solution for amino acid analysis was from purchased from
Sykam GmbH (Eresing, Germany). For ICP a 28 element standard solution from Carl Roth
GmbH & Co. (Karlsruhe, Germany) was used. All other chemicals were purchased from
Sigma-Aldrich (Karlsruhe, Germany).
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4 CORE

4.1 AIMS OF THIS STUDY

Previous studies have suggested that histidine-metal coordination bonds play a primary role
in the self-healing capability of Mytilus byssal threads (see chapter 2, state of the art);
however, this was based on exposing threads to treatments known to disrupt His-metal
bonding (e.g. EDTA metal chelation, acidic conditions, diethylpyrocarbonate) and observing
the mechanical consequences [33,34,50]. Direct proof of the role of metal coordination
remains to be substantiated. This study is, therefore, focused on two main goals: (i) the
identification of histidine-metal coordination bonds within the core of M. californianus
byssal threads, and (ii) the tracking of changes in the metal coordination structure
throughout tensile loading and healing of the threads. The results of these spectroscopic
investigations provide new insights into the self-healing mechanism of the byssus, which will
aid in the design of self-healing polymeric materials [35,25,36].

The presence of metals in the thread known to bind to histidine was tested by ICP-OES, and
XRF was used to confirm their specific presence in the core of the distal byssal thread
portion. In an attempt to identify the binding of metals by histidine, Raman
microspectroscopy was applied to longitudinal cross-sections of the M. californianus byssal
thread core. Lastly, XAS was used to probe the coordination environment of Zn in byssal
threads at rest, under tensile loading, after relaxation from tensile loading and after healing
from tensile loading followed by analysis of the XANES and EXAFS regions. Taken together,
these measurements provide substantial direct evidence for the role of metal coordination
in the deformation and self-healing behavior of Mytilus byssal threads.
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4.2 EXPERIMENTAL PROCEDURES

4.2.1 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

The distal portions of 25 M. californianus byssal threads were dissected from the rest of the
thread. From these, 5 groups of 5 threads were pooled as one sample for ICP-OES. The
samples were freeze dried and then weighed. Subsequently, they were dissolved in 500 pl
aqua regia (167 pl HNOs + 333 pul HCI) at 40°C for 24h. The resulting solutions were diluted at
a 1:10 ratio with Millipore H,O and emission spectra were recorded with an ICP-OES analyzer
(Optima 8000, Perkin-Elmer). A concentric glass nebulizer (type A, Meinhard, Golden, CO,
USA) equipped with a glass cyclonic spray chamber (Meinhard, Golden, CO, USA) was used,
together with an Argon plasma torch, to atomize the sample solutions. The setup uses a dual
échelle polychromator in combination with a CCD detector, as described above, to record
sample spectra. Each sample was measured two times. Standard solutions, containing the
elements in question at a number of different concentrations, were measured to obtain the
correlation of element concentration and intensity of spectral lines. Analysis was done with
the devices measurement software WinLab32 for ICP-OES.

4.2.2 X-Ray Fluorescence (XRF)

For the XRF measurement, the core region of the distal portion of 3 threads was separated
from its cuticle using a cryo-microtome (HM560, Microm) and a micro laser dissection device
(P.A.L.M. Microlaser Technologies GmbH, Germany, with a pulsed UV-A laser at 355 nm,
CryLas GmbH, Germany). XRF measurements were carried out at the KMC-2 beamline at
BESSYIIl (Berlin-Adlershof, Germany) with an x-ray energy of 11000 eV, using a SiGe(111)
double-crystal monochromator. The fluorescence of the samples was detected with an
energy-dispersive detector (Rontec X-Flash). Beamline KMC-2 operates on a bending magnet
and high-order harmonics are removed by harmonic rejection mirrors in front of the
monochromator. The ring current was between 150 and 300 mA during measurements.

4.2.3 Raman Spectroscopy

Distal byssal thread portions from M. californianus were cut longitudinally to 10 um thick
sections using a cryo-microtome (HM560, Microm). Spectra of the byssus core were
obtained with a Confocal Raman Microscope (alpha300, WITec, Germany) equipped with a
piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany). The frequency doubled
linearly polarized Nd: YAG laser (A = 532 nm, WITec, Germany) was focused on the sample
through a 60x water immersed objective (Nikon, NA = 1.0). The laser power on the sample
was set to 15mW. The spectra were acquired using a thermoelectrically cooled CCD detector
(DU401A-BV, Andor, Belfast, North Ireland) behind a 600 g mm™ grating spectrograph (UHTS
300, WITec, Ulm, Germany) with a spectral resolution of 3 cm™. The spatial resolution of the
setup is calculated to 325 nm using the simplified Rayleigh criterion

A
— 29
r = 0.61 N (29)

with numerical aperture NA and excitation laser wavelength A.
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The ScanCtriISpectroscopyPlus software (Version 1.38, WITec, Ulm, Germany) was used for
measurement setup. The core was identified visually and the sections were aligned as
depicted in Figure 10. At least 3 measurements were taken from different spots within the
core area for each setting of the polarizer and analyzer. These settings were chosen as
described above and as depicted in Figure 10 to be 0°- 0°, 90°- 90°, 90°- 0° and 0°- 90°
(polarizer- analyzer). A polynomial background was removed from the spectrum with the
OPUS software package version 7.0 (Bruker Optik GmbH). The calculation of the isotropic
spectrum was performed with the OriginPro Software version 8.6 (OriginLab Corporation,
Northampton, MA 01060 USA), according to the method described above and in Lefévre et
al. [88]. The depolarization ratio R;,,, appearing in Equation (21), was determined to be 0.21
by measurements of gelatin.

The byssus core isotropic Raman spectrum was deconvoluted into individual peaks in the
region from 1520 - 1730 cm™ using a previously described method [96]. Initial assessment of
number and position of peaks was determined by second derivative spectra, as well as
previous knowledge of expected secondary structures and side chains based on protein
sequence [34] and related materials (e.g. silk and collagen). During fitting, efforts were made
to minimize the number of components, while avoiding excessive peak widths (e.g. >35 cm’
). If wider peaks were observed, another peak was added in the region. Fitting was
performed using the OPUS software package. Based on initial assessment criteria, the
spectrum was determined to consist of eight individual peaks centered at 1550, 1570, 1587,
1608, 1630, 1650, 1667 and 1685 cm™. The eight bands were entered into the fitting
software with an initial width of 20 cm™ and were permitted to assume a mixture of
Gaussian and Lorentzian functions. Fitting was performed using the Levenberg-Marquardt
method through numerous iterations until a reasonable fit was achieved.

4.2.4 X-Ray Absorption Spectroscopy (XAS)

Sample Preparation

Prior to the XAFS measurements threads were dried and for each sample the ends of 5
threads were glued side by side to plastic strips. On top of each plastic strip, another strip
was glued to maintain good fixing of the threads from top and bottom (Figure 15). The
sample length between the gluing points was 4mm. After gluing, the samples were allowed
to cure for 24 hours under a fume hood. During this time the open thread parts were
covered by a plastic foil, to prevent the deposition of glue fumes on the thread surface.

Before stretching each sample to its respective length, the samples were allowed to
rehydrate for at least one hour in Millipore water. The samples were clamped with the
plastic strips and fully submerged in Millipore water throughout tensile testing. The tensile
testing was carried out on a custom built motorized tensile tester, equipped with a 50N load
cell. The applied strain rate was 5 x 10*s™ and the strain was measured by video
extensiometry. The samples for measurements on strained threads were dried (at least 3
days at room temperature) keeping the strain fixed at 10%, 25% and 40%. These samples
were glued to plastic frames to prevent them from relaxing during the XAFS measurements.
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The 25% strained and relaxed samples were dried after being relaxed and unclamped. The
25% strained and healed samples were relaxed and unclamped and rested in Millipore water
for 5 days at RT. After this time, these samples were also dried to stop any additional
healing. An assessment of the effects of drying and (wet) relaxation on the stress in distal
byssal threads stretched to 10%, 25% and 40% strain is given in Appendix 8.1

proximal distal plaque

plastic strip

Z S
\_,/ M

Figure 15 Schematic drawing of the sample preparation for tensile testing and
subsequent XAS measurements.

Data Acquisition

The XAFS measurements were carried out at the Zn K-edge (9659 eV) on the KMC-2
beamline at the BESSY Il synchrotron (Berlin-Adlershof, Germany), using a SiGe(111) double-
crystal monochromator. Beamline KMC-2 operates on a bending magnet and high-order
harmonics are removed by harmonic rejection mirrors in front of the monochromator. The
ring current was between 150 and 300 mA during measurements. Throughout the
measurement the beam intensity was kept stable at 70% of the maximum beam intensity (at
10300 eV) with MOSTAB electronics. The beam intensity, before and after the sample, was
recorded with ionization chambers. Simultaneous to the fluorescence measurement of the
samples with an energy-dispersive detector (Rontec X-Flash), a zinc standard was measured
in transmission with a Si-PIN photodiode. The beam size on the sample was approximately
0.5x0.5 mm?®. The EXAFS data was collected in the range from 9550 to 10400 eV with the
following settings (energies relative to edge position): the pre-edge region from -110 to -
20 eV was sampled with steps of 10 eV, the pre-edge region from —20 to -15 eV was sampled
with steps of 1 eV, the edge region from -15 to +5 eV was recorded in steps of 0.2 eV, the
post-edge XANES region from +5 to +20 eV was collected in steps of 0.5 eV and the EXAFS
region from +20 to +800 eV was sampled with steps of 2 eV. For each data point the
exposure time of the fluorescence detector was 6 s. At least 6 spectra were recorded for
each sample to test the reproducibility of the spectra and to ensure that no radiation
damage occurred. All scans of a single sample were averaged to improve the signal to noise
ratio.

Data Reduction

The XAFS spectra were deglitched, energy calibrated, aligned, averaged and background
corrected with the Athena module of the Demeter XAS software package [83]. The edge
position of each spectrum was set to the energy at the first maximum of the first derivative.
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For each spectrum the energy calibration was performed according to the simultaneously
collected spectrum of a Zn foil standard. The edge step Apy(E) for normalization was
determined by fitting a linear function to the pre-edge region and a quadratic polynomial to
the post edge data. The background function p,(E) was modelled with a spline function
using the autobk algorithm of Athena. The signal below 1 A in r-space was minimized by
setting the cutoff parameter Ry, = 1.05 A. After conversion to k-space the usable data

range was determined to be from 2 t0 9.5 At
Data Analysis

XANES

A comparative approach to the analysis of the XANES region was applied in this study. For
this, the spectral region from -20 eV to +80 eV (with respect to the edge energy EO) of the
byssal thread spectra in the unstrained state was compared to inorganic and organic
standards containing Zn. These standards were finely powdered samples of ZnO, ZnCl,,
insulin, Nereis virens jaws, and mixtures of imidazole and a poly-histidine peptide with Zn in
the ratio 3:1. The acquired spectra were pre-treated as described before and then examined
for common features and shifts of the edge energy. The XANES data was analyzed using the
Athena module of the Demeter XAS software package [83].

EXAFS

The EXAFS data was analyzed using the Artemis module of the Demeter XAS software
package [83]. Based on the previous knowledge about the protein composition of the core,
the protein data base (PDB) was searched for proteins known to coordinate Zn by histidine
(His) and aspartate (Asp). Based on a previous publication on the classification of Zn
coordination sites in proteins, the expected number of 1% shell ligands (coordination
number) was between 3 and 6 [97]. However, as discussed below, the results of the XANES
analysis indicated the maximum possible coordination number to be between 4 and 5.
Therefore, the fitting attempts were limited to coordination numbers within this range.
Using Artemis, theoretical model data was constructed from the crystallographic data in the
protein data base (PDB) of the Zn sites in numerous proteins. However, the crystallographic
data of one of the zinc sites in human collagenase 3 (MMP-13, PDB entry 4fu4), containing 3
His and 1 Asp, was selected out of all tested structures, since it allowed the best fit of the
theoretical model to the data. For the construction of models, the coordinates of all atoms
within 6 A from the Zn atom were extracted from the PDB data with PyMol [98], using a
previously described procedure [99]. The program FEFF (with Artemis) was used to calculate
the theoretical scattering amplitudes f (k) and the phase-shifts § (k). The theoretical model
was built from the most important scattering paths contributing to the r-range of interest.
All fits were performed with Artemis applying a Hanning-shape window function. Typical
measurement uncertainty in R is 0.2 A. The value of the amplitude factor s¢ = 0.926 was
determined from the fit of a ZnO standard. The number of the closest nitrogen atoms (i.e.
the degeneracies of the corresponding scattering paths) of His-residues was fit. The number
of the closest carbon atoms of His-residues and the closest oxygen and carbon atoms of Asp-
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residues were defined relative to the number of the closest nitrogen atoms of His-residues.
This was done to test the initial hypothesis that the Zn-coordination environment is not
changing in the course of tensile deformation. After a stable fit was obtained, the defined
degeneracies were tested for stability by allowing them to vary. However, if this procedure
did not produce a stable fit of the respective degeneracy, it was allowed to vary throughout
the fit. All other fitting parameters were first allowed to vary with the fit, and were then
either left to vary during the fitting procedure, or stepped in the fixed state until a good fit
was obtained. Throughout the whole fitting procedure, the maximum allowed number of
variables was two-thirds of the number of independent points of the data in the fitting
window. After a good fit for the first shell was established, the second shell paths were
added. All obtained parameters were tested for stability by variation of the initial guess
values.
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4.3 RESULTS
4.3.1 Resting State

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)
ICP-OES was performed to confirm the presence of Cu and Zn in the distal byssal threads
used for the XAS measurements. The content of these metals was 0.37 + 0.17 umol/g of Cu

and 1.04 £ 0.12 umol/g of Zn.

Concentration (umol/g)

Element

Figure 16 Concentrations of copper (Cu) and zinc (Zn) in native
byssal threads from M. californianus. Values are the means of 2
measurements per sample, with 5 samples measured. The error
bars are standard deviations of all measurements grouped
together.
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X-Ray Fluorescence
The XRF spectrum of the byssus core (Figure 17) shows the presence of Cu, Zn, Cl and S in
the core. The Ar peak comes from the air surrounding the sample.
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Figure 17 XRF spectrum of the M. californianus byssal thread
core with an x-ray excitation energy of 11000 eV. The spectrum
shows the presence of Cu, Zn, Cl and S in the core. The Ar peak
comes from the air surrounding the sample.

Raman Spectroscopy

Raman fitting analysis of the amide | and Il region from the byssal thread core (Figure 18) led
to the identification of bands at 1570 cm'l, 1587 cm ™ and 1608 cm'l, which could be related
to the metal free N-H, N His-tautomer and metal binding via the N-H, N-M and the N-M,
N.-H His-tautomers, respectively [100,101]. The assignment of these bands, based on the
currently available literature, will be further touched upon in the discussion. Other bands,
unrelated to His, were located at 1550 cm'l, 1630 cm'l, 1650 cm'l, 1667 cm™* and 1685 cm™.
All of these bands can be related to protein secondary structures. Bands in the region of
1550 cm™ can be assigned to a-helical [102] or B-sheet [103] structures. Previously, bands
around 1636 cm™ have been observed in gelatin [104]. Therefore, the fitted band at
1630 cm™ could potentially be related to vibrations of the collagen-like domain in the
preCols. The peak at 1650 cm™ is most commonly assigned to a-helical structures [105,102].
Both, C=C stretching of the collagen triple helix [106] and C=0 stretching of beta-sheet
structures [96] give rise to bonds close to or at 1667 cm™. The band at 1685 cm™ has
previously been assigned to disordered, non-hydrogen-bonded structures [106] and beta-
turns [96].
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Figure 18 Isotropic Raman spectrum and second derivative of
the amide I/l region of the core of native M. californianus
distal byssal threads. The grey peaks and the red line are the
result of the fitting procedure described in the experimental
section. The dotted vertical lines indicate peak positions as
determined by minima of the second derivative. For the second
derivative minima at about 1565 cm™ and 1635 cm™ the fitted
peaks exceeded the width limit, so each had to be split into two
individual peaks.

X-Ray Absorption Spectroscopy

XANES

The coordination geometry of the Zn sites in byssal threads was investigated by the
gualitative analysis of the XANES region. Figure 19 shows a comparison of the byssal thread
Zn K-edge XANES region with other organic materials, which coordinate Zn by histidine or
imidazole. The intensity of the Zn K-edge spectra white line has been shown to be indicative
of the coordination number of Zn, with values of 1.5 or greater associated with octahedral
coordination and values less than 1.5 associated with tetrahedral Zn-coordination [107]. The
white line intensity of the byssal thread spectrum was about 1.4, whereas the intensities of
the other measured samples were 1.3 or below — including insulin, which is known to exhibit
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tetrahedral Zn coordination. Thus, Zn in the byssal threads appears to possess a coordination
number between 4 and 6 atoms in the first coordination shell. In the spectra of the organic
standards, a double peak was observed, which is missing in the spectrum of the byssal
threads. The intensity ratio of this double peak was shown to be sensitive to the angle
between the Zn-N bond and the N-C bonds in the histidine-based Zn coordination in insulin
[107]. The Zn K-edge position of the byssal thread spectrum was determined to E, =
9662.4.

3.0 4
2.5
2.0

154

Normalized p(E)
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poly His peptide
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] byssal thread
0.0 T . T r T T T
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Figure 19 XANES spectra at the Zn K-edge (9659 eV) of
unstretched byssal threads and organic materials coordinating
Zn by histidine or imidazole.

EXAFS

Based on the XANES white line intensity and the most probable Zn-binding amino acids
found in the byssus core, EXAFS models were fitted with both 4 (Table 7 in Appendix 8.2) and
5 (Table 2) first shell N/O ligands, corresponding to a mixture of His and Asp amino acid
ligands. Models with 4 first shell ligands were not preferred, as they necessitated a change
the amplitude reduction factor 53 obtained from the ZnO standard. In contrast, satisfactory
fitting models with 5 first shell N/O ligands were achieved while restricting the value of s§ to
the one obtained from the standard. After screening numerous models based on
crystallographic data of Zn binding sites with 5 ligands from the PDB, the most reasonable fit
was obtained with a model based on the collagenase, MMP-13. This model possessed 2.4 N
and 2.6 O atoms in the first coordination shell and C atoms in the second shell at distances
correlating to His and Asp residues. A summary of parameters derived from this EXAFS fitting
analysis is displayed in Table 2, and the fit in r-space and k-space is given in Figure 21. It must
be noted that due to their similar atomic number, it is nearly impossible to distinguish
between scattering resulting from N and O atoms. Therefore, the actual number of N and O
in the first coordination shell could vary from the ones determined by the fit. Nonetheless,
the speciation of longer Zn-N/O bonds and shorter Zn-N/O bonds in the first coordination



CORE

shell is significant and noteworthy. The bond lengths of these two groups are in agreement
with literature values for Zn-bonds of His, Asp/Glu and H,0 [108].

As described in the experimental section, the initial model for the unstrained threads was
deduced from theoretical data for Zn coordination by histidine and aspartate. The numbers
of second shell C atoms were therefore constrained to values fitting with this model initially.
To test this assumption, the dependencies of long and short distance second shell C atoms
were switched; however, this resulted in a concurrent switch in the distances of the two
groups of C atoms - supporting the initial assignment of dependencies of the number of
second shell C atoms.

4.3.2 Tensile Loading

XANES

The XANES spectra of byssal threads during tensile loading, after relaxation and after healing
also have a white line intensity of about 1.4 and lack any additional features, correlating to
the coordination geometry around the Zn atoms within the samples (Figure 20). Notably,
however, significant shifts of the Zn K-edge position compared to the edge position of the
unstrained sample were observed. The shifts, compared to the edge position of the
unstrained sample, at the given thread conditions were as follows: AE,(10%) = +0.55 eV,
AEy(25%) = —0.97 eV, AE,(40%) = -2 €V, AE,(relaxed) = —1.36 eV and
AE,(healed) = —1.18 eV. Shifts in the edge position occur due to variations of the core
electron energy levels, which are caused by changes in the charge distribution in the
coordination environment of the absorbing atom [81]. Therefore, the observed edge energy
shifts indicate changes in the coordination environment, affecting the charge distribution
around the central Zn atoms.



CORE

A 3.0-
2.5
= |
= 2.0
EB |
N 1.5 4
f_EU ]
5 1.0
c ]
0.5 -
0'0 T T T T T T T
9660 9680 9700 9720
B 071

healed after 25% strain

relaxed after 25% strain

40% strain

25% strain

10% strain

deriv. normalized p(E)

0% strain

T T | — T T T T T T
9650 9660 9670 9680 9690
E (eV)

Figure 20 XANES spectra at the Zn K-edge (9659 eV) of byssal
threads at 0%, 10%, 25% and 40% strain, as well as threads
stretched to 25% and relaxed, and stretched to 25% and healed for
5 days. A) Normalized p(E) spectra - all spectra have white line
intensities below 1.5. B) First derivative of normalized p(E) - the
edge energy (E) shifts significantly during stretching and healing
(absolute shift values are given in the text above the figure).

EXAFS

The coordination environment of Zn in the thread was probed for mechanically induced
changes by applying EXAFS fitting analysis to the XAFS spectra of byssal thread samples
during tensile loading, after relaxation and after healing. As described in chapter 4.2.4, the
approach for fitting the stretched, relaxed and healed threads was to begin with the same
model used in the native state (i.e. assume no changes), and if this did not produce a
satisfactory fit, the fitting parameters were freed until a reasonable and logically consistent
fit was achieved. At 10% thread strain, the model of the unstrained threads could be
maintained by including second shell C atoms at distances and numbers in agreement with
those of histidine and aspartate — thus, justifying this approach. However, beginning from
25% strain this initial model had to be altered, indicating changes to the Zn coordination
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environment (also supported by the XANES edge shift (Figure 20)). The most reasonable
fitted models of the data are displayed in r-space and k-space in Figure 21 and the
parameters of the fitted models are summarized in Table 2. The fitted lengths of Zn-N/O
bonds are all in agreement with the literature values for Zn-coordination bonds of His,
Asp/Glu and H,0 [108]. In the stretched, relaxed and healed thread samples, clear changes
are observed in the bond lengths, the relative amount of short and long Zn-N/O bonds
(N/Oiong:N/Oshort) and the ratio of second shell C to first shell N/O atoms (C:N/O). The trends
in these data are summarized in Table 3 and visualized in Figure 22-24. Figure 23 and 24
indicate that during thread stretching, the average Zn-N/O bond length increases by up to
1.5%, remains increased in relaxed threads, but returns to near native levels in healed
threads. More specifically, Figure 22A-B reveals that the shorter Zn-N/O bonds increase in
length at 10% strain, but decrease to near native levels in all other samples. The longer Zn-
N/O bonds, on the other hand, do not increase in length at 10% strain, but increase
significantly at 25% and exhibit even higher lengths in relaxed threads. Notably, the length of
the longer Zn-N/O bond returns to near native levels in healed threads. Changes in the
N/Oiong:N/Oshort ratio followed a similar trend to bond length — namely, the relative number
of longer bonds increases at 25% strain, remains elevated in relaxed threads, and drops to
near-native levels in healed threads. As indicated in Figure 23B and 24B, the C:N/O ratio
remained essentially constant through stretching, relaxing and healing, with the notable
exception of the 40% strained threads, which exhibited a sharp drop in the number of
second shell C atoms (associated with AA ligands) — likely due to exchange of AA ligands with
H,O molecules. It is also worth mentioning that at 40% strain, fitting was no longer able to
distinguish between groups of long and short bonds; hence, the 40% strain data is absent
from Figure 22C.
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Table 2 EXAFS fitting results for Zn K-edge spectra of M. californianus byssal threads
prior to and during tensile loading, after relaxation and after healing.

EXAFS fitting results

1% coordination shell

N/O|0ng N/Oshort
sample Eo (eV) = - I o
R (A) N o’ (A?) R (A) N o’ (A?)
0%strain  5.08 f 2.03 (0.01) 2.4  (0.1) 0.010  (0.001) 1.94 (<0.01) 2.6 5-N/Opng 0.004 (<0.001)
10%strain 526 f 2.03 (0.01) 23  (02) 0013 (0.002) 197 (<0.01) 2.7 5-N/Opns 0.003 (<0.001)
25%strain  5.26 f 2.06 (0.01) 2.9  (0.4) 0.006 (<0.001) 1.95 (<0.01) 2.1 5-N/Opng 0.006 (<0.001)
40%strain  5.46 f 2.017(0.01) 477 (0.2) 0.006 (<0.001) - - - - - -
r L4 r
relaxed (25%) 5.44 f 2.07 (0.01) 2.8  (0.4) 0.006 " (0.001) 195 (<0.01) 2.2 5-N/Opns 0.005 (<0.001)
healed (25%) 541 f 204 (0.01) 18 (02) 0008 (0.002) 1.96 (<0.01) 3.2 5-N/Ojny 0.010 (<0.001)
2" coordination shell
C Csh
sample Eo (eV) - - - short
R (A) N o® (A% R (A) N o” (A%
0%strain ~ 5.08 f 2.89 (0.01) 4.8 2xN/Ojng 0.013  (0.002) 2.57 (0.02) 1.3 %xN/Ogpon 0.008 (0.003)
r r r r
10%strain 526 f 291 (0.01) 4.6 2xN/Oing 0.010 ' (0.002) 258 (0.02) 1.3 %xN/Ogorx 0.008  (0.004)
25%strain  5.26 f 2.957(0.01) 41" (0.9) 0.013 7(0.003) 2.66 "(0.01) 237 (0.3) 0.003 "(0.003)
40% strain  5.46 f 2.917(0.02) 2.4 (1.2) 0.014 7(0.005) 2.54 "(0.02) 10" (0.4) 0.010 7(0.005)
r r r r r
relaxed (25%) 5.24 f 2.85 (0.01) 4.1  (0.9) 0.014 ' (0.004) 2.52 (0.02) 1.1 %xN/Ognorx 0.006  (0.004)
healed (25%) 541 f 2.90 (0.01) 3.7 2xN/Opn; 0.003  (0.002) 2.58 (0.01) 1.6 %xN/O.pox 0.003 (0.001)

so> was set to 0.926 according to the fits of the standards. The overall degeneracy of 1% shell paths (N/O) was setto 5. f
indicates fixed parameters. Numbers in parentheses are fit uncertainties. If no uncertainty is given, the formula for the

calculation of the parameter is stated.

Table 3 Measures derived from the EXAFS fitting
results prior to and during tensile loading, after
relaxation and after healing.

Measures derived from the EXAFS fitting results

sample avg. Rygishen _ C:N/O  N/Oiong : N/Oshort
0% strain - 122 (0.1) 0.92 = (0.1)
10% strain 059 (0.44) 1.19 (0.2) 0.86 _ (0.1)
25%strain  1.47 (0.94) 1.27(0.2) 1.40 ' (0.5)
40%strain 1.13 ' (0.5) 0.71'(0.3) -
relaxed (25%) 1.72 " (0.98) 1.0570.1) 1.28 " (0.4)
healed (25%) 0.127(0.66) 1.05'(0.2) 0.8 " (0.1)
For the calculation of C N/O ratios the overall

degeneracies of C and N/O, determined by the EXAFS fits,
were used. At 40 % strain it was not possible to distinguish
between N/Ojgng and N/Ogpory, therefore, no N/Ojgng : N/Oshort
ratio was calculated. Calculated SD values for the ratios are

given

in parenthesis.

The average

(weighted by path

degeneracy) of 1°' shell bond lengths was used for the
calculation of the avg. ARig shen- Uncertainties calculated
from the uncertainties of the fit parameters are given in

parenthesis.
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Figure 22 Visualization of EXAFS fitting results for Zn K-edge spectra of M.
californianus byssal threads prior to and during tensile loading, after relaxation and
after healing. Relaxed and healed refer to samples relaxed and healed respectively,
after being strained to 25%. A) Length of long Zn-N/O bonds. B) Length of short Zn-N/O
bonds. C) The ratio of long to short 1* shell ligand-Zn bonds. Error bars in A and B are
fit uncertainties. Error bars in C are uncertainties calculated from the uncertainties of
fit parameters.
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Figure 23 Visualization of EXAFS fitting results for Zn K-edge spectra
of M. californianus byssal threads prior to and during tensile
loading. A) The average strain on 1% shell ligand-Zn bonds. B) The
ratio of 2™ shell C atoms to 1% shell N and O metal ligands provides a
measure of the relative number of ligands arising from amino acids
vs. water. Error bars are uncertainties calculated from the
uncertainties of the fit parameters.
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Figure 24 Visualization of EXAFS fitting results for Zn K-edge spectra
of M. californianus byssal threads prior to and during tensile
loading, after relaxation and after healing. Relaxed and healed refer
to samples relaxed and healed respectively, after being strained to
25%. A) The average strain on 1* shell ligand-Zn bonds. B) The ratio
of 2™ shell C atoms to 1% shell N and O metal ligands provides a
measure of the relative number of ligands arising from amino acids
vs. water. Error bars are uncertainties calculated from the
uncertainties of the fit parameters.
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4.4 DISCUSSION

As outlined in the state of the art section, several previous studies support the existence of
His-metal coordination in the core of mussel byssal threads and highlight their possible role
as load-bearing sacrificial bonds [33,34,49,60,50]. The ICP-OES and XRF measurements in this
study confirm the existence of elevated amounts of Cu and Zn in the core of byssal threads,
both of which are known to bind His. Previous measurements on peptides derived from the
HRDs from preCols demonstrated the propensity to coordinate transition metal ions as
characterized by distinctive peaks in Raman spectroscopy [60]. The Raman spectrum of the
core (Figure 18), however, is more complex and had to be deconvoluted by a peak fitting
procedure. Peaks were fitted at 1608 cm™ and 1587 cm™, which possibly correspond to the
NM, N-H and N-H, N,-M metal-bound histidine tautomers, respectively [101]. However,
while suggestive, definitive assignments are not possible due to interference from other
amino acids including Tyr and Phe in this spectral region.

As mentioned in the results section (Section 4.3.1), the XANES white line intensity confines
the average number of first coordination shell Zn-ligands in the byssus core to a number
larger than 4 and smaller than 6 [107]. While it was possible to fit the byssal thread Zn-EXAFS
by models including 4 and 5 N/O ligands in the first shell (Table 2 and appendix Table 7), fits
including 4 ligands required the re-evaluation of the amplitude parameter so’, previously
determined by the fits of the standards, and thus, the most probable coordination number
of Zn ions in the byssal thread core is 5. The ratio of second coordination shell C to first
coordination shell N/O (Table 3 and Figure 23C), as determined by the EXAFS fitting analysis,
is indicative of Zn-coordination primarily by amino acid (AA) ligands rather than by water,
which does not add C atoms to the second coordination shell of Zn. Based on the sequence
of known thread core proteins (i.e. preCol-NG, preCol-D and TMP-1), possible AA ligands are
His, Asp and Glu [34]; however, it is worth noting that analysis of the protein data base (PDB)
shows that Zn is 6 times more often observed bound to His than to Asp and Glu taken
together [109]. Since the atomic weights of N and O are very close, they are virtually
indistinguishable by means of EXAFS fitting analysis, making a definite assignment of the Zn-
ligands in the byssus nearly impossible. This is additionally complicated by the fact that XAS
measures all Zn coordination sites illuminated by the X-ray beam, providing an average of all
coordination structures sampled. Whether the structure fitted by the model represents the
exact structure of all Zn ions in the core or only provides an averaged structure representing
a mixture of several different possible coordination geometries cannot be distinguished;
however, the present results support the hypothesis that Zn ions in the unstretched thread
core are coordinated primarily by His residues, with likely contributions from Asp residues as
well.

Regardless of the exact coordination in the threads, the observed changes in the bond
geometry and ligands occurring during mechanical loading and healing provide important
information on the role of metal coordination in byssus mechanics. The shift in edge position
(Figure 20) upon stretching of threads implies changes in the total effective charge of the
absorbing Zn atoms. These shifts could be due to the change of bond lengths induced by
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thread strain, or the exchange of ligands. However, from the current data and knowledge of
the system, it is not possible to deduce more information from this observation. Several
trends have emerged from the EXAFS fitting models of the stretched, relaxed and healed
threads, which taken in light of previous measurements help illuminate the role of metal ion
cross-linking in the mechanisms of thread deformation and healing [33,49]. For example, the
observation that the sole difference in the EXAFS fitting of the unstrained and 10% strained
threads is an increase of the average bond length (Figure 23) limited to the group of short
Zn-N/O bonds (Figure 22B) suggests an initial elastic response of AA-Zn bonds to tensile
deformation, which is consistent with previous mechanical observations [34,49]. These
observations implicate a load-bearing role of His-Zn bonds in the material and therefore, a
contribution of these cross-links to the initial thread stiffness. At the other extreme, the
sharp drop in second shell C atoms at 40% thread strain (Figure 23B) implies the loss of AA
Zn-ligands, which are replaced by H,0 atoms and further supports the view that these load-
bearing AA-Zn bonds are sacrificial cross-links that, in fact, rupture during the yield plateau,
releasing hidden length and dissipating energy.

Threads stretched to 25% strain fall in the middle of the yield plateau, in which previous
results showed an intermediate level of stiffness loss [34] and SAXS studies observed a
mixture of folded and unfolded extendable domains [49]. Thus, the EXAFS data are likely to
represent a mixture of ruptured and intact AA-Zn bonds. At 25% strain, the length and
portion of longer first shell bonds (N/Ojong in Table 2, Figure 23B) increases, while strain on
the shorter first shell bonds (N/Oghort in Table 2) decreases. The shortening of the Zn-N/Ogport
bonds may suggest the relaxation of previously strained bonds of the short group, due to
AA-Zn bond rupture, whereas the increase of Zn-N/Ojong bond length and portion of N/Ojong
may be due to the further elastic stretching of bonds or alternatively, the breaking of
strained bonds and the subsequent re-formation of longer bonds with other nearby AA
ligands (Figure 25). However, the fact that bond lengths are not recovered in relaxed threads
following removal of load (Figure 22 andFigure 24) supports the hypothesis that the
increased length of Zn-N/Ojong bonds at 25% strain does not arise from elastic stretching of
bonds, but rather from bond exchange following rupture of AA-Zn bonds. Such a slip-stick
mechanism, in which AA-Zn bonds immediately re-form bonds with new AA ligands following
rupture, also seems very likely if the protein chains are not highly extended (in contrast to
40% strain) and is supported by the results of a simulation study on the mechanical behavior
of polymer chains containing sacrificial bonding sites [110]. This interpretation is consistent
with the aforementioned mixture of folded and unfolded extensible domains and the
assumption that sacrificial His-metal bonds must break before the extensible domains can
unfold [49].

The study on the self-healing capability of the distal byssal threads was carried out on
samples previously loaded to 25% strain and relaxed, and samples which had time to heal for
5 days after being loaded to 25% strain. Interestingly, in spite of removing the load, the
average bond length remains higher than in the native state, and the ratio of long to short
first shell Zn-N/O bonds remains at a higher than native level. This indicates Zn-AA bonds
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remaining in a state similar to 25% thread strain upon thread relaxation, and thus, further
supports that the changes in the Zn-coordination environment at 25% thread strain (i.e.
bond rupture and ligand exchange) are irreversible on short time scales (i.e. minutes). After
healing for five days, the C:N/O ratio stays at the level of the relaxed state; however, the
ratio of long to short Zn-N/O bonds decreases over time and the average bond length is
lowered close to the initial level in the native unstrained threads. The healing process,
therefore, cannot simply be the re-formation of AA-Zn coordination bonds, as proposed
previously, but rather must involve the reorganization process of the complex unfolded
(denatured) extensible preCol domains and the strengthening of AA-Zn bonds due to a
reduction of their bond lengths over time.

Based on in situ SAXS measurements performed during cyclic mechanical deformation,
Krauss et al. [49] previously proposed that upon relaxation of strained byssal threads, two
processes set in — namely, a fast elastic recovery of structural order and a slow recovery of
mechanical properties. The former was attributed to the rapid refolding of protein
secondary structure, while the latter was ascribed to the slower re-formation of broken
sacrificial bonds.[49] The results of XAS in the present study indicate that AA-Zn bonds are
present immediately following thread unloading and thus, that the mere re-formation of
sacrificial bonds is not sufficient for self-healing. Rather, the recovery of mechanical
properties is correlated with a global decrease in the length of the sacrificial AA-Zn bonds
over time — possibly, mediated via ligand interchange. In a recent computer simulation
study, Nabavi et al. showed that increased backbone vibrations lead to an increase in
sacrificial bond length and a decrease in effective bond strength with the bonds sometimes
spontaneously rupturing before load was even applied [111] — an effect that could be
countered through proper bond topologies (i.e. backbone structure and bond pairing) [110].
This is consistent with single molecule force spectroscopy experiments on small protein
domains, which showed that the unfolding force strongly depends on the location of an
engineered His-metal bond within the protein fold [112]. These effects of sacrificial bond
topology very likely play an important role for the strengthening of sacrificial bonds in the
extensible preCol domains as well. This may occur, for example, via factors such as backbone
conformation [113,114], bond pairing [110,111], as well as secondary ligand interactions
(e.g. hydrogen bonding of primary ligands by other AA [115,116]).
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Figure 25 Model of the events taking place during tensile deformation, relaxing and
healing of byssal threads, as derived from the combination of XAS results and the
current knowledge of the system. The model of the events on the scale of sacrificial
bonds (black boxes) is compared to the previously published model of events on the scale
of higher order structure (grey boxes) [49]. The unstrained state probably represents the
most stable thermodynamic minimum in the folding energy landscape of the extensible
preCol domains. The initial sacrificial bond topology is stabilizing this state. At
intermediate thread strains, neighboring peptide chains are likely still entangled to some
extent. Some of the sacrificial bonds have broken due to excessive bond strains, but the
ligands have reformed bonds with other partners while sliding along the entangled chains
(slip-stick mechanism). This breaking and reforming of sacrificial bonds is continued until,
in the fully extended state, only some of the bonds can reform cross-links, while others
are hindered from this and the missing AA-ligands are replaced by water. Upon relaxation
of threads, cross-linking bonds are recovered as AA-ligand sites slide past each other (slip-
stick mechanism). However, the resulting bond topology differs from the native state.
Assuming that the native state represents a most stable thermodynamic minimum in the
folding energy landscape, the bond topology in relaxed threads is in a non-equilibrium
condition. Thus, the sacrificial bonds break and reform, which spontaneously moves the
system towards the native thermodynamic minimum of the unstrained state over time.
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Based on these considerations, a new model is proposed here to describe the molecular
mechanism of self-healing in mussel byssal threads (Figure 25). Upon removal of load from a
strained thread, the elastic framework recoils back to the original length [49] and
simultaneously, the unfolded (denatured) extensible preCol domains will begin to explore
the protein folding energy landscape [117]. The flanking domains are known to consist
primarily of B-sheet conformation [55,118,34], which should refold on the order of
nanoseconds to milliseconds [56-58], and therefore, could potentially drive the fast elastic
recovery of structural order. However, at the onset of the healing process, sacrificial metal
bonds are longer than in their native state and sacrificial bond topology presumably remains
compromised and thus, less effective at resisting load. Assuming that the native state
represents a most stable thermodynamic minimum in the folding energy landscape, the
bond topology in relaxed threads is in a non-equilibrium condition, which spontaneously
moves towards this minimum over time. As suggested by the decrease of the ratio of long to
short Zn-N/O bonds in the healed threads as compared to the relaxed threads, this most
likely occurs via interchange of metal bonds from weak topologies to stronger ones. In this
non-equilibrium state, the weaker, longer bonds are more likely to break spontaneously with
the possibility to re-form again in an energetically more favorable topology. Over time, the
presumed collective effect of numerous breaking and re-forming interchanges is the
progressive formation of shorter, stronger bonds. The end result is a slow,
thermodynamically driven self-healing process that relies on the inherent lability and
dynamicity of AA-Zn bonds and the possibility to tune the thermodynamic and kinetic
properties of the bond via topology.
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5.1 AIMS OF THIS STUDY

Recent studies have indicated that DOPA-Fe complexes play a crucial role in the mechanics
of the byssus cuticle [30,31]. With the reports of large variations of metal concentrations in
the byssus depending on the site of collection [38—41], the question arises whether a
correlation between the mechanical performance of the cuticle and the specific metals
present exists. The focus of this study is therefore on two particular questions: To what
extent do DOPA-metal coordination bonds contribute to the mechanical properties of the
cuticle? And is there a mechanical effect, if metals besides Fe are integrated into the cuticle
via DOPA-binding? Answering these questions will have important implications for mussel
ecology and evolution, as well for the design of mussel-inspired metallopolymers [119,120].

In the present study, ICP-OES was used to monitor the concentrations of metals within the
distal byssal threads in the native and metal depleted state, as well as in threads treated
with different metal solutions. At the same time, the concentration of DOPA was monitored
by amino acid analysis. Resonance Raman microspectroscopy was applied to assess and
localize the interaction of DOPA with the different metals. Finally, the effects of metal
removal and incorporation of different metals into the cuticle on the hardness and stiffness
of the cuticle were assessed by nanoindentation. The results provide important insights into
the opportunistic and possibly adaptive use of various metal ions by the mussel to fortify
mechanical structures.
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5.2 EXPERIMENTAL PROCEDURES

5.2.1 Sample Preparation

A total of 144 distal thread parts from the same tank and collection date were split into 3
batches of 48 threads each (Figure 26). Each batch of threads was treated separately for the
sake of repetition of measurements. 12 threads of each batch were left untreated (native).
The remaining 36 threads of each batch were first stirred for 1 day in citrate buffer at pH
3.86. Afterwards, EDTA treatment was done for 3 days with exchanging EDTA solution every
day. The solution consisted of 200mM EDTA and 10mM TRIS-buffer with a pH of 4.34.The
threads were washed (stirred) in a 0.1 mM EDTA solution 2 times for 1h each after the last
EDTA treatment. 12 threads treated in this way were stored in 0.1 mM EDTA until
measurement. The remaining 24 threads were again split into 2 groups of 12 threads. One
group was incubated in a 1mM FeCls solution and the other in a 1mM VCls solution for 1h
(stirred). The pH of FeCls solution was 2.33, pH of the VCl; solution was 2.53. After metal
treatment, threads were washed (stirred) in Millipore H,O 2 times for 1h. The 12 threads
from each of the 4 treatment groups of a batch were then each cut into 3 parts. 2 of these
parts, each from a different thread, were picked randomly for the nano indentation
measurements. This was done to make sure that not always the same region of threads was
used for one measurement; however all were from the distal region. A small part of each
indentation sample was cut off for Raman measurements. The remaining parts of each
thread were split into two groups of 17 pieces for ICP and AAA measurements (Figure 26).

A

proximal distal plaque

144 X ARAAA <|

48 x 48 x 48 X

\ \ \

36 X 12 x 36 x 12 x 36 x 12 x
EDTA native EDTA native EDTA native
12 x 12 x 12 x 12 x 12 x 12 x 12 x 12 x 12 x
EDTA FeCI3 VCI3 EDTA FeCIl3 VCI3 EDTA FeCl3 VCI3
B
17 x 2 X 17 x

ICP-OES Raman Nanoindentation AAA

Figure 26 Schematic representation of (A) the grouping of samples used in
the cuticle study, and (B) how individual threads were split for the different
measurements. Dotted lines represent the points where cuts were made.
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5.2.2 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

After general sample preparation described above, samples for ICP-OES were freeze dried
and then weighed. Subsequently, they were dissolved in 500ul aqua regia (167ul HNO3 +
333ul HCI) at 40°C for 24h. The resulting solutions were diluted at a 1:10 ratio with Millipore
H,O and emission spectra were recorded with an ICP-OES analyzer (Optima 8000, Perkin-
Elmer). A concentric glass nebulizer (type A, Meinhard, Golden, CO, USA) equipped with a
glass cyclonic spray chamber (Meinhard, Golden, CO, USA) was used, together with an Argon
plasma torch, to atomize the sample solutions. The setup uses a dual échelle polychromator
in combination with a CCD detector, as described above, to record sample spectra. Standard
solutions, containing the elements in question at a number of different concentrations, were
measured to obtain the correlation of element concentration and intensity of spectral lines.
Analysis was done with the devices measurement software WinLab32 for ICP-OES.

5.2.3 Amino Acid Analysis

The samples for amino acid analysis were prepared as described above in section 5.2.1. The
thread samples were hydrolyzed for 24h in vacuo at 110 °C in 6M HCl with 10% phenol. An
Amino Acid Analyzer S433 (Sykam, Eresing, Germany) was used to determine the amino acid
composition by ion-exchange chromatography coupled with post-column derivatization of
amino acids with ninhydrin. Calibration was performed with a number of differently
concentrated amino acid standards containing DOPA and all amino acids except Trp, Asn and
GIn. The peaks of the chromatogram were assigned to the individual amino acids based on
elution time. From the different areas under each peak at the various standard
concentrations, a linear function of area to concentration was extracted. This function was
used to determine the amino acid concentrations of the thread samples.

5.2.4 Raman Spectroscopy

Spectra were acquired with a Confocal Raman Microscope (CRM200, WITec, Germany)
equipped with a piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany). The diode-
pumped near infra-red (NIR) laser (A = 785 nm, Toptica Photonics AG, Graefelfing, Germany)
was focused on the sample through a 60x water immersed objective (Nikon, NA = 1.0). The
laser power on sample was set to 15mW. The spectra were acquired using an air-cooled CCD
(DU401A-DR-DD, Andor, Belfast, North Ireland) behind a 300gmm™ grating spectrograph
(Acton, Princeton Instruments Inc., Trenton, NJ, USA) with a spectral resolution of 6 cm ™. The
lateral spatial resolution of the setup is calculated to 479nm using the simplified Rayleigh
criterion

A
— 30
r = 0.61 N (30)

with numerical aperture NA and excitation laser wavelength A.

The ScanCtriISpectroscopyPlus software (Version 1.38, WITec, Ulm, Germany) was used for
measurement setup. The cut cuticle surface was localized using the “fast image” option of
the software. After localization of the cuticle, 2D spectral images were acquired.
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Additionally, at least 5 single measurements were taken from different regions within the
cuticle area and averaged. Spectra were exported from ScanCtrISpectroscopyPlus software
and the OPUS software package version 7.0 (Bruker Optik GmbH) was used to subtract a
polynomial background and normalize spectra to the area under the aliphatic CH peak (2850
-3010 cm).

5.2.5 Nanoindentation

Samples for nano- indentation were embedded in Epofix, after the general sample
preparation described above, and cured overnight. An ultra-microtome (PowerTome XL,
RMC Products) was used to obtain smooth transverse cross-section surfaces.

All indentation experiments were carried out according to the protocol previously
established by Holten-Andersen et al. [46]. During measurements, the samples were fully
submerged in either Millipore H,0O or 0.1mM EDTA. Testing was performed on a TriboScan
UBI-1 (Hysitron, Minneapolis, MN, USA) equipped with a Berkovich tip. The location of each
indent was chosen after obtaining an image of the sample surface via scanning probe
microscopy (SPM). 60 to 90 indents of the cuticle were performed per sample. Two different
threads per sample treatment were tested. All indentations were performed in the open
loop mode and the loading and unloading rate was 100uN/s. The peak load of about
~1000uN was held for 30s to eliminate creep effects. A PMMA standard was used to obtain
the tip area function. Hardness and reduced elastic modulus were obtained with the method
described above by Oliver and Pharr [95], using the TriboScan measurement software
(Hysitron, Minneapolis, MN, USA).

The obtained values of hardness and elastic modulus were statistically analyzed with the R
software for statistical computing [121], using the libraries Remdr [122] and pgirmess [123].
The applied statistical testing procedures were the Shapiro-Wilk test for normality of
distribution within single samples and treatment groups, Wilcoxon-Mann-Whitney test for
comparing samples of the same treatment group, Levene’s test for homogeneity of variance
between treatment groups, the Kruskal-Wallis rank sum test for analysis of variance of
treatment groups with post-hoc multiple comparisons according to Siegel and Castellan
[124] with Dunn-Siddk correction for analysis of specific pairs of treatment groups for
significant differences. The Wilcoxon-Mann-Whitney test and the Kruskal-Wallis rank sum
test were applied, since not all distributions passed the Shapiro-Wilk test, and Levene’s test
rejected homoscedasticity between treatment groups.
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5.3 RESULTS

5.3.1 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

ICP-OES was performed to track the amount of metals in native threads, threads treated
with EDTA and threads treated with EDTA, which were subsequently soaked in aqueous
solutions of FeCl; and VCls. First the native threads were screened for metals with the ability
to form tris-DOPA complexes [125]. Figure 27 shows the results of this first screening. Based
on these results, the following ICP-OES measurements were limited to the detection of Ca,
Fe and V. Figure 28 shows the levels of these metals in the native and EDTA-treated samples.
In native samples iron and vanadium had a concentration of 0.91 * 0.25umol/g and 0.58 +
0.10umol/g of thread, respectively. Calcium was present at a level of 2.05 + 0.03umol/g.
EDTA treatment substantially lowered the concentrations of iron and vanadium to 0.33 £
0.10umol/g and 0.04 + 0.01umol/g, while calcium was only reduced to 1.64 + 0.03umol/g.
Figure 29 compares the metal concentrations of metal recovery samples, with the
concentrations in the native and EDTA-treated state. Treatment with FeCl; and VCl; resulted
in increased levels of iron 3.14 + 0.36umol/g and vanadium 7.44 * 2.00umol/g. The
concentrations of metals, which were not present in the metal recovery solutions, stayed at
the levels of EDTA treatment. It has to be noted that the measurement of calcium
concentrations was only performed on one sample per treatment, while the concentrations
of other metals were measured for 3 to 5 samples per treatment.
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Figure 27 ICP-OES screening of M. californianus byssal threads for
metals with known ability to form tris-DOPA-metal complexes.
Error bars are standard deviations from 2 samples each measured 6
times.
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Figure 28 Concentrations of iron (Fe), vanadium (V) and calcium
(Ca) in native threads and threads treated with EDTA. Values of Fe
and V are the means of 5 measurements. Ca values are means of 2
measurements. The error bars are standard deviations.
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Figure 29 Concentrations of iron (Fe), vanadium (V) and calcium (Ca)
in native threads, threads treated with EDTA and EDTA treated
threads subsequently soaked in a FeCls or VCl3 solution. Values of Fe
and V are the means of 5 measurements. Ca values are means of 2
measurements. The error bars are standard deviations.
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5.3.2 Amino Acid Analysis

Amino acid analysis was conducted in order to obtain the concentration of DOPA in the
distal portion of byssal threads. Figure 30 shows an elution profile detected at a wavelength
of 570nm of a distal byssal thread sample.
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Figure 30 Amino acid analysis elution profile of the distal portion of
byssal threads from the species M. californianus, collected at a
wavelength of 570nm. The amino acids are separated by elution time,
so each peak corresponds to the elution of one kind of amino acid. The
integral is calculated by subtracting a straight line background (red
line) from each individual peak. Peak overlaps are separated by a
straight vertical line. To distinguish between Hyp and Pro data was
simultaneously collected at a wavelength of 440nm (elution profile not
shown).

It was not possible to measure the amino acid composition of only one piece of a distal
portion of a byssal thread. To obtain enough signal, it was necessary to use several pieces of
thread for one measurement as described in section 5.2.1. Therefore, the results of all
measurements were averaged and are compared to published amino acid compositions
(from [59,53]) of closely related mussel species in Table 4. The relative concentration of
DOPA, in the distal portion of M. californianus byssal threads, was found to be 0.82 +
0.16mol% (mean * SD), resulting in an absolute concentration of 78 + 18umol/g of thread
sample.
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Table 4 Amino acid composition of distal thread portions of M. californianus compared
to M. galloprovincialis and M. edulis.

Interspecies Comparison of Amino Acid Composition of Distal Threads

M. californianus M. galloprovincialis [53,59] M. edulis [59]

. Absolute Relative Relative Relative Relative

Amino . . . . -

. Concentration Concentration Concentration Concentration Concentration

Acid [umol /g] [mol %] [mol %] [mol %] [mol %]
ASX 482 + 87 5.07 £ 0.15 4.67 7.2 5.17
THR 332+ 60 3.49+ 0.10 2.57 2.8 3.09
SER 461 + 81 4.86 + 0.10 4.50 6.1 4.75
GLX 496 + 89 5.22 + 0.15 5.16 4.4 5.21
GLY 3167 + 562 33.34+ 0.77 34.04 28 34.17
ALA 1407 + 267 14.79 £+ 0.57 19.58 16.8 16.21
CYs 20+ 7 0.22 £+ 0.08 0.09 0.2 0.13
VAL 272 + 54 2.85+ 0.22 2.58 3.3 2.44
MET 45 + 11 0.47 £ 0.06 0.56 0.0 0.63
ILE 160 + 33 1.68 £ 0.16 1.06 14 1.01
LEU 205 + 37 2.16 + 0.06 2.39 2.1 291
DOPA 78 £ 18 0.83 + 0.16 0.30 1.5 0.18
TYR 176 + 34 1.85 % 0.08 1.37 2.1 1.50
PHE 166 + 29 1.75 £ 0.06 1.09 1.1 1.09
HIS 311+ 61 3.27 £ 0.20 2.64 1.0 2.19
LYS 373 + 64 3.94+0.11 3.19 3.9 3.76
ARG 333+ 58 3.52 + 0.22 3.39 2.8 2.00
HYP 561+ 101 5.91 + 0.27 4.03 8.2 5.80
PRO 457 + 84 4.80+ 0.13 6.80 4.9 7.74

Amino acids are listed by elution time. Values represent the average of 2 measurements of 11 samples +
standard deviation. Relative concentrations do not add up to 100 due to rounding of average values.
The unit of mol% refers to residues per 100 residues. The absolute concentration unit is pmol of amino
acid per g of thread. ASX and GLX refers to Asp and Asn, and Glu and GIn respectively. Values for M.
galloprovincialis and M. edulis are taken from [53,59].

5.3.3 Raman Spectroscopy

Raman spectra of native threads, threads treated with EDTA and threads treated with EDTA,
which were subsequently soaked in aqueous solutions of FeCl; and VCls, were recorded to
detect the interaction of metals with DOPA. Figure 31A shows the averaged spectra of at
least 5 measurements per sample. The major peaks, indicated by the vertical lines, are
assigned according to [126,30,127,128], and are compared for the different sample
treatments in Table 5. Resonance Raman spectra obtained from native thread cuticles are
consistent with those previously reported, exhibiting a triad of peaks between 500 - 700 cm™
corresponding to the oxygen-metal interaction and four peaks between 1150 - 1450 cm™
corresponding to vibrations in the catechol ring. The treatment with EDTA results in the loss
of the resonance signal assigned to metal-DOPA interaction. Depending on the efficacy of
the EDTA treatment, remnants of the low energy peaks may be observed, but significantly
reduced. Upon treatment with the metal solutions this resonance signal is recovered.
However, there are differences in the spectra of the Fe- and V-recovered samples. The
resonance peaks between 250 cm™ and 900 cm™ shift to lower wavenumbers for the Fe-
treatment compared to the native and V-treated samples. This is also the case for the v C-O
mode peak around 1270 cm™, which is recovered at a slightly lower 1266 cm™ in the Fe-
treated sample. The v C-C coupled to & C-H mode peak at 1472 cm™ is shifted to 1480 cm™
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for the Fe-recovery and is recovered at the position of the native sample upon treatment
with V.

It was not possible to normalize the intensity of the cuticle spectra relative to one another
due to the combined effects of resonance and fluorescence; therefore, 2D-mapping of the
cuticle was performed in which it was possible to compare the intensity of the metal-O
coordination band of the core to the cuticle (Figure 31B). Relative to the native signal, there
is a massive loss in cuticle signal intensity in the EDTA-treated sample such that there is no
apparent difference to the core signal intensity. The elevated intensity of the cuticle, relative
to the core, is recovered in the Fe-rescue threads; however, the intensity is much lower than
observed in the native threads. V-rescue threads on the other hands show a much higher
intensity in the cuticle signal relative to the core, when compared to the native state. It is
worth emphasizing here that absolute intensity levels between Fe- and V-rescue threads do
not provide quantitative information about the relative amount of cross-linking because
resonance intensity is highly dependent on the incident laser wavelength and the absorption
maxima of the respective metal complex. Nonetheless, these data confirm that both, Fe and
V, are capable of DOPA coordination localized in the byssus cuticle.

Table 5 Assignments of observed Raman shifts and
comparison with literature values. All values
represent wavenumbers in cm™

native’ native® Fe-recovery® V-recovery® assignment®“%®
418 415 315 418 v metal-O
550 550 533 547 8,v-chelate
603 596 586 601 v metal-O (Cs)
635 637 632 635 v metal-0 (Cy)
824 824 818 824 ring breathing
1270 1270 1266 1271 v C-O
1321 1322 1321 1321 v C-C
1421 1423 1422 1423 v C-C
1472 1476 1480 1472 vC-C+8 C-H

this study; ? [30]; €[126]; ¢[127]; ®[128]
v = stretching; 6 = out-of-plane bending
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Figure 31 Summary of the Raman investigations on the DOPA-metal interaction of
native threads, threads treated with EDTA and EDTA-treated threads subsequently
soaked in metal solutions. (A) A comparison of the Raman spectra of the samples
described above. All spectra are background corrected but only roughly normalized to the
amide | band. The vertical lines indicate the peak positions in the native threads. The
resonance signal of metal-DOPA interaction is reduced when metals are removed by
EDTA-treatment. Metal recovery leads to recovery of the resonance signal, with the peaks
between 250 cm™ and 900 cm™ shifting to lower wavenumbers for the Fe-treatment
compared to the native and V-treated samples. (B) 2D Raman images of transverse M.
californianus thread sections, integrated over the 490 — 696 cm™ wavenumber range. The
core intensity provides an internal normalization in this spectral range because it is not
expected to be affected by any of the treatments.

5.3.4 Nanoindentation

Nano-indentation was employed in order to investigate the role of metal ions (specifically,
Fe and V) in influencing the mechanical properties of the cuticle. Results are summarized in
Figure 32 and Figure 33 and Table 6. The cuticles of native samples exhibited reduced elastic
modulus (E;) and hardness (H) values of about 1.2 + 0.3 and 0.04 + 0.01GPa, respectively.
Metal removal via EDTA treatment resulted in a reduction of E, and H values of about 85%.
The EDTA-treated threads, which were subsequently soaked in metal solutions, exhibited a
recovery of E, to 1.2 + 0.2GPa (mean + SD) and H to 38 + 7MPa (FeCls) and 1.1 + 0.2GPa and
37 + 8MPa (VCls3). Using the Kruskal-Wallis rank sum test, it was determined that native
threads and both FeCl; and VCl; metal recovery threads exhibited statistically
indistinguishable H and E, values, whereas all three groups were significantly different from
the EDTA treated threads (Figure 32). It is worth noting that a Wilcoxon-Mann-Whitney test
revealed small, but statistically significant differences (at the p<0.02 level) between threads
from each batch containing metal ions; however, the two EDTA treated threads stripped of
metals showed identical performance (Figure 33). This has interesting implications for the
natural biological variation in thread performance. The mechanical data is correlated to the
concentrations of iron and vanadium in Figure 34.
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Figure 32 Comparison of measured reduced elastic modulus (E;) and
hardness (H) values. Each boxplot presents the measured distribution
of values per treatment group. Lines and stars indicate statistically

significant differences at the 0.01 level (Kruskal-Wallis-Test).
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Figure 33 Comparison of measured reduced elastic modulus (E;) and
hardness (H) values. Each boxplot presents the measured distribution
of values per sample. Lines and stars indicate statistically significant
differences (p-values: ***<0.001, **<0.01, *<0.02; Wilcoxon-Mann-

Whitney-Test).
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Table 6 Mean values of elastic
modulus E, and hardness H of
measurements grouped by

treatment.

E.(GPa) H (MPa)

Sample N Mean SD Mean SD

native 148 1.2 0.3 38
EDTA 145 0.2 0.1 6
FeCI3 166 1.2 0.2 38

vci3 135 1.1 0.2 37

13

2

7

8

native EDTA FeCl3
Sample Treatment

VCI3

~0.6

Figure 34 Correlation between the concentration of iron and vanadium
and the mechanical performance determined by nanoindentation for
native cuticles, cuticles treated with EDTA and EDTA-treated cuticles
subsequently soaked in metal solutions. The removal of metals results in
a reduction of 85% of the mechanical performance. Even though metals

are recovered to higher levels than in the native threads, the mechanical
properties are only recovered to the level of the native upon metal
recovery treatments. Error bars represent standard deviations of the

measurements.
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5.4 DISCUSSION

Oil contamination of seawater is known to result in elevated levels of V in mussel tissues,
including the byssus [37]. The M. californianus mussels, used in this study, were grown in
seawater from a region rich in natural oil seeps, and ICP-OES measurements detected
elevated amounts of V in their byssal threads (Figure 28). The comparison of the resonance
Raman spectra of the native and V-recovered thread cuticles clearly shows the coordination
of V by DOPA (Figure 31 and Table 5). While the EDTA treatments resulted in an efficient
removal of Fe and V from the byssal threads, the Ca concentration was largely unaffected
(Figure 28). Nevertheless, hardness and reduced elastic modulus of the cuticle were reduced
by over 80% by EDTA treatment (Figure 32). Both metal recovery treatments, with aqueous
solutions of either FeCl; or VCls, resulted in the full recovery of the cuticle’s native
mechanical performance as measured by nanoindentation (Figure 32). No statistical
differences in mechanical performance of the two metal recoveries were observed.
Interestingly, this suggests that different metals can be used interchangeably as reinforcing
cross-link agents in the cuticle of mussel byssal threads.

The interchangeability of V and Fe with respect to the mechanical performance of the byssus
cuticle is surprising. In the jaws of the marine worm Nereis virens, another biological
material based on cross-linking via metal complexes, it was demonstrated that exchanging of
metal ions does result in the change the mechanical performance of the material [129]. Both
materials, the byssus cuticle and the Nereis jaws, depend on the formation of metal
complexes for cross-linking. As opposed to the byssus cuticle, in Nereis jaws these cross-links
are formed by a system of histidine-zn** complexes. This could indicate that cross-linking via
histidine functions differently than cross-linking via DOPA. However, a study on hydrogels
based on cross-linking by DOPA-metal complexes, also demonstrated control over network
mechanics by variation of the metal ions present in the material. It was demonstrated that at
pH 8, V induces tris-DOPA coordination resulting in a stiffer material when compared to the
bis-DOPA-Fe based hydrogel, which formed at the same pH resulting in an altered
mechanical performance.[120] This is contrary to the apparent indifference of the byssus
cuticle, in terms of the mechanical behavior, to the type of metal ion present in the DOPA-
metal complex. Furthermore, the chemistry of V in seawater is rather complex, and it can
exist in many dissolved and particulate forms [130,131]. The form of V present in the DOPA-
V complexes is likely to influence the stability of the complex. With this variability of metal
complex stability the question arises what mechanism is stabilizing the properties of DOPA-
metal cross-links in order to accomplish stable mechanics in the byssus cuticle, using
different metal ions.

The reduced elastic modulus (E;.) of a non-rigid polymeric material strongly depends on the
degree of cross-linking within the material [132]. Therefore, the identical values of E,. in the
native and metal-recovered states indicate a stable degree of cross-linking in the cuticle
before and after exchange of the metal ions. The number of possible cross-links in the cuticle
depends on the number of DOPA residues and the amount of metal ions capable of DOPA-
metal complex formation. Assuming bis- or tris-DOPA-metal coordination in the native
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cuticle, the expected ratio of DOPA to metal would be 2:1 or 3:1. Yet, the DOPA and metal
concentrations observed in this study indicate a 50:1 ratio of DOPA to metals (V plus Fe) in
the native state. The metal recovery samples show higher metal concentrations than in the
native threads. This results in a decrease of the DOPA to metal ratio from 50:1 in the native
case to 25:1 in the case of iron recovery and 10:1 for the vanadium recovery. Since other
metals with known ability to form stable tris-DOPA-metal complexes were not detected at
significant amounts in the byssal threads (Figure 27), the nanoindentation measurements of
the native and metal recovery samples show that the presence of Fe or V is sufficient to
fulfill the role of metal ion cross-linker. Furthermore, the excess metal, which is taken up in
the metal recovery experiments, does not lead to an increase of reduced elastic modulus
and hardness. This indicates, that while the excess metal could (and probably does) bind to
DOPA residues, these DOPA residues are not capable of forming additional cross-links in the
material. Therefore, there seem to be two populations of DOPA residues in the thread
cuticle. One population is able to participate in the cross-linking via formation of bis- and
tris-DOPA-metal complexes, while the other is limited to the formation of the mono-
complex.

One possible mechanism for this separation of DOPA populations is spatial separation and
steric hindrance, due to secondary protein conformation within the thread cuticle. While
initially believed to be unstructured, recent evidence using circular dichroism (CD)
spectroscopy has demonstrated that MFP-1 possesses a notable degree of polyproline I
(PPI) structure, which is an extended protein conformation similar to that observed in a
single chain of a collagen triple helix [63]. Another mechanism by which the species of the
formed metal-DOPA complex can be influenced is the control of the local pH. While at low
pH the formation of the mono-Dopa-metal complex is favored, this shifts to the bis- and
finally the tris-DOPA-metal complex with rising pH.[125] This pH dependence has been
shown to lead to different mechanics of hydrogels, depending on the species of DOPA-metal
cross-linking [25]. Control over the local pH is widely known from the active sites of
enzymes, where distinct structuring and shielding of substrate binding pockets from the
environment is often used to create a specific pH. Possibly the same strategy applies to the
DOPA-metal cross-linking sites within the protein structure of the cuticle.

As previously described, the cuticle is produced by a seemingly coarse secretion process. The
details of this process are not well investigated; however, it is known that during the
secretion, the proteins undergo a pH shift from about 4 - 5.5 within the ventral foot groove
to approximately 8 in the seawater [67,133]. The pH does not only control the species of the
formed metal-DOPA complex, it has also been shown that the pH regulates the metal-
mediated formation of covalent catechol cross-links in PEG-based hydrogels [134], and a
similar mechanism has been suggested to contribute to the curing of the byssus adhesive
plague [135]. At low pH values the reduction of Fe** to Fe®" leads to the creation of o-
guinones and their subsequent reaction to covalent catechol-catechol bonds, whereas
increasing the pH favors the Fe**-catechol coordination bonds. In the production of the
mussel byssal threads, this pH dependence is suggested to form covalent diDOPA cross-links
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during the time the thread spends in the ventral foot groove.[134,67] Covalent cross-linking,
prior to the formation of DOPA-metal complexes at higher pH values, may fix the structural
arrangement of MFP-1 within the cuticle, and therefore predetermine which DOPA residues
can take part in the formation of bis- and tris-DOPA-metal complexes and which ones are
limited to the mono-DOPA-complex. In this model of thread cross-linking, the time the
threads spend in the ventral foot groove determines the degree of covalent cross-linking in
the thread cuticle. The covalent cross-linking provides the cuticle with some initial stiffness,
which is then enhanced by the DOPA-metal cross-links — in the present case by nearly an
order of magnitude increase in hardness and stiffness. In a previous study the removal of
metals resulted in an only 50% reduction of the cuticle hardness [31]. This smaller decrease
in residual hardness following metal removal could be due to differences in the degree of
covalent cross-linking as predetermined by the thread formation process. Along these lines,
the native properties of the threads in this previous study were higher than measured in the
present study [31]. The single difference in the conditions of metal removal between the
present study and the previously mentioned was a somewhat higher pH of 5.5 in the latter.
Interestingly, this was accompanied by a complete removal of Ca, as opposed to this study
where Ca was largely unaffected by the EDTA-treatment. However, the recovery of native Ca
levels was not necessary in this study to recover native mechanics. From the current
knowledge, the role of Ca in cuticle mechanics remains unanswered and should be the topic
of future investigations.

Regardless of the mechanisms responsible, this study clearly shows that a stable mechanical
performance of the byssal threads cuticle is not limited to the availability of a single type of
metal ion, i.e. Fe. These observations are especially significant when considering the
evolutionary fitness of this organism. Mussels are sessile organisms, which reproduce via
broadcast spawning. This means that a mussel has little control over the choice of habitat,
and once it has settled in a place it has to deal with the present circumstances. Considering
the natural variation of metal concentrations in ocean waters, at present and on an
evolutionary timescale, the DOPA-metal cross-linking strategy provides a versatile means for
the mussel to achieve stable and reliable mechanics in a variety of environments. In other
words, the ability of the mussels to utilize various metals without a loss of material
performance may well be an adaptation to the unpredictable metal availability.
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6 CONCLUSIONS AND OUTLOOK

The present study was focused on protein-metal coordination interactions as a versatile
approach for cross-linking and mechanically reinforcing biological materials — employing the
mussel byssus as a model material. Biological organisms utilize numerous different cross-
linking strategies in order to build mechanically diverse protein-based biological materials,
including relatively stiff materials such as silk and tendon, as well as softer materials like
whelk egg capsules, elastin or resilin. Within this group of materials, covalent bonds and
non-covalent interactions are found to serve different mechanical functions. Covalent bonds
provide essentially permanent cross-links with high stability, typically used to reinforce the
protein network. Non-covalent interactions (e.g. hydrogen bonds), on the other hand, are
transient and weak interactions that provide a flexible and dynamic linkage when isolated,
but which can be combined in large numbers to stabilize more complex topologies and
secondary structures (e.g. H-bond stabilization of B-sheet structures in silks, or a-helices in
keratinous materials) [136,137]. Metal coordination bonds, on the other hand, are a class of
chemical interactions with properties that fall in the middle of the spectrum of covalent and
non-covalent interactions. They combine high strength with increased lability, making them
a unique stable, yet dynamic cross-link. The mechanical properties of materials, however,
are not only determined by the type of cross-linking in the material, but are found to depend
in a large part on the topology (i.e. combination and arrangement) of the cross-links [111].
Additionally, factors such as protein backbone structure and the hierarchical structuring of a
material and its building-blocks are frequently found to play a major role in the
determination of the material properties.

The current study uses the mussel byssus as a model system for understanding how metal
coordination bonds can be harnessed in biological materials to achieve specific properties.
Specifically, the investigations on the thread core explored the hypothesis that His-Zn bonds
function as sacrificial bonds in the yield and self-healing behavior of the material. The cuticle
study, on the other hand, focused on the contribution of DOPA-metal cross-linking to the
mechanical integrity of the hard yet extensible coating, and attempted to understand how
tolerant the complex is to variation in metal composition — as can occur in natural
environments. The findings of these two projects highlight the importance of the dynamic
nature of metal coordination bonds in both cases and perhaps, even provide clues as to why
these types of bonds might have been selected for during evolution in the mussel byssus.
From a more technological and industrial perspective, the present results may also have
implications for the design of mussel mimetic polymers.

The spectroscopic investigation of the fibrous core described in chapter 4 provides strong
support for the hypothesis that rupturing load-bearing sacrificial Zn coordination bonds,
most likely mediated via His residues in the HRDs, play a vital role in the tensile behavior of
threads, including yield and dissipation of mechanical energy during cyclic loading.
Furthermore, the findings indicate that the thread healing process, contrary to previously
proposed models, is not due simply to the re-formation of broken AA-Zn bonds, but rather
involves a higher order reorganization process towards more stable bond topologies. The
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inherently labile and dynamic AA-Zn bonds appear to provide the basis for this slow,
thermodynamically driven self-healing process, due to their ability to exchange ligand
partners until a lower energy state is attained. In light of previous investigations, this study
further underlines the importance of the organization of the protein building blocks and
their various stabilizing cross-links at multiple length scales to the mechanical behavior of
the byssal threads. These findings have potential to improve the current mechanical
properties of man-made, self-healing polymers, which will be discussed in the final
paragraph.

While the present study provides a more thorough understanding of the mechanisms
involved in the tensile deformation and self-healing of byssal threads, many important
guestions still remain. XAS provided strong evidence for the presence of coordinated Zn ions
in the thread core, likely via His ligands; however, their localization at the nano-scale would
represent another important milestone in our understanding. One potential approach to
resolve this matter would be tip enhanced Raman spectroscopy (TERS). Since previous AFM
studies were able to resolve individual preCol domains within the thread core [54], TERS
could potentially be able to focus the excitation of Raman spectra to the HRD, which would
reduce the occurrence of overlapping bands and provide a means of localizing the metal
bonds. Another pending question concerns the (mechanical) role of other metals (e.g. Cu
and Ni) detected in the byssal threads, which are capable of binding to His. Possibly, similar
to the cuticle, an opportunistic adaptability to the changing availability of ocean metal ions is
also maintained in the core. Therefore, XAS experiments focusing on the x-ray absorption
edges of these metals could provide additional insights into the working principles of metal-
mediated sacrificial bonds. The current XAS experiments suggest the involvement of Asp or
Glu in the coordination of Zn; however, the only sufficient source of Asp or (iso)Asp in byssal
threads is formed over several days after thread formation by non-enzymatic spontaneous
deamidation of TMP-1 [51]. This revives the question of the mechanical contribution of the
TMP-1 matrix in the thread core, as it indicates a possible change of Zn-coordination over
time, which would certainly be relevant to the thread maturation process and its mechanical
function.

The investigation of the thread cuticle presented in chapter 5 clearly demonstrates that
DOPA-metal cross-links via Fe or V are sufficient to account for more than 80% of the
modulus and hardness of the epoxy-like biological coating. More importantly from a
biological perspective, cuticles reinforced by Fe are mechanically indistinguishable from V-
fortified cuticles, further highlighting the opportunistic and adaptive features of the
material. The current studies were limited to investigation of the contribution of Fe and V;
however, the results suggest that any metals able to bind to DOPA with a high enough
affinity could fulfill the role as cross-linking agent. Based on these findings, it is tempting to
speculate that the stiffening and hardening of the cuticle via metal-DOPA-based cross-linking
could be the evolutionary outcome resulting from a life as a sessile organism in a constantly
varying and unpredictable environment. Thus, an interesting follow-up study would be to
investigate the mechanical recovery of the cuticle properties following rescue with other
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metal ions with known affinity to DOPA (e.g. Al, Ti, Cr and Mn). Furthermore, calcium is
found in the thread cuticle in high concentration, but is not known to have a strong affinity
for DOPA. Future studies should aim at determining what, if any, contribution Ca makes to
the cuticle mechanical properties. As a final point, the transient nature of the DOPA-metal
cross-links in the cuticle have previously been proposed to enable cuticle self-healing
following the propagation of micro cracks in between granules due to extensive tensile
deformation [46]; however, this has not been confirmed. Future, studies should focus on
clarifying this matter, perhaps by indenting thread cuticles and monitoring cuticle indents
over time or by performing tensile testing on the cuticle within an environmental SEM.

The lessons from the combined investigation of the thread core and cuticle highlight the
versatility of metal-protein cross-links in influencing the mechanical properties of
(bio)polymeric materials. For example, the dynamic nature of metal-protein cross-links
allows them to act as reversible sacrificial bonds in the self-healing thread core, whereas in
the cuticle it provides the compatibility of the cross-link with other metals necessary for the
adaptability of this protective layer to various circumstances (i.e. constantly changing metal
availability). Other types of non-covalent interactions may provide similar dynamics, and
covalent bonds may be able to provide superior strength of cross-links; however, metal-
coordination based cross-links are uniquely capable of providing both features
simultaneously. It is perhaps for this reason that the list of biological materials discovered to
utilize metal coordination for various specific functions continues to grow [138]. Clearly, the
current work demonstrates the validity and potential for expanding the search for new
materials.

Following the discovery of metal-protein bonds in the byssus and their proposed roles in
underwater adhesion and self-healing, polymer scientists were quick to follow suit by
developing so-called “mussel-inspired” metallopolymers that mimic the metal-binding
chemistry of either the DOPA-metal or His-metal cross-links [35,25,36]. The current
generation of polymeric mimics consists primarily of soft hydrogels based on PEG chains
functionalized with either catechol or imidazole and stabilized with appropriate metal ions
(e.g. Fe, V, Zn, Cu, Co and Ni). While the metallopolymeric gels are able to reform after being
fractured (i.e. self-heal), they exhibit stiffness properties that are 10° to 10’-fold lower than
the core and cuticle, respectively (comparing storage modulus G’ of the gels and reduced
elastic modulus E,. of the core and cuticle) [35,46,25,36]. Thus, while these materials are
certainly capable of healing catastrophic failure, they inherently lack the security features of
the byssal threads for preventing the occurrence of catastrophic failure in the first place. The
byssal threads, therefore, still hold a remarkable amount of information on how to build not
only a self-healing but also a damage-tolerant material that is capable of self-healing. The
incorporation of metal-mediated cross-links into polymer systems represents a major step
towards the development of self-healing damage-tolerant materials. However, this study
strengthens the hypothesis that the topology and organization of the incorporated cross-
links at multiple length scales plays a major role in their function as reversible sacrificial
bonds. For example, as described by Krauss et al. [49], the addition of an elastic framework
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(i.e. hierarchy) as present in the mussel byssal threads is beneficial for initiating the recoil of
the released hidden length, which is necessary to enable the healing of metal-mediated
cross-links. The incorporation of these concepts should enable the development of the
longed-for self-healing and damage-tolerant polymers.
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APPENDIX

8 APPENDIX

8.1 ASSESSMENT OF THE EFFECTS OF DRYING AND RELAXATION ON BYSSAL THREADS

To test the mechanical effect of the sample preparation procedure for the XAS study on M.
californianus byssal threads, threads were stretched under wet conditions (i.e.
approximately 95% rel. humidity) and rested in the strained state under wet or dry (i.e.
approximately 5% rel. humidity) conditions. For this test, a tensile stage equipped with a
climate chamber was used. The relative humidity of the climate chamber could be adjusted
by flushing with water saturated air and nitrogen. This test was carried out for samples
loaded to 10% (Figure 35), 25% (Figure 36) and 40% (Figure 37). The resting of strained
threads under wet conditions accounts for an approximate 50% decrease in stress over time
for all three strain states. When strained wet to 25% or 40% and rested dry, the initial stress
decrease (which is due to the time delay until the relative humidity of the climate chamber
has been adjusted to the set value) is outbalanced by drying effects. In case of the threads
loaded to 10% strain the initial stress is not only recovered, but the stress measured in the
fully dried thread exceeds the initial level by approximately 5 MPa. Hence, drying of threads
at 10% strain results in stresses which are most likely closer to the stresses at approximately
15% thread strain.
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Figure 35 Stress reduction of a byssal thread under wet conditions after
deformation to 10% strain (blue) and stress increase of a thread
stretched under wet conditions to 10% strain and subsequently dried
(red). The thick lines represent the mechanical data and the thin lines the
corresponding relative humidity.
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Figure 36 Stress reduction of a byssal thread under wet conditions after
deformation to 25% strain (blue) and stress increase of a thread stretched
under wet conditions to 25% strain and subsequently dried (red). The thick
lines represent the mechanical data and the thin lines the corresponding
relative humidity.
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Figure 37 Stress reduction of a byssal thread under wet conditions after
deformation to 40% strain (blue) and stress increase of a thread stretched
under wet conditions to 40% strain and subsequently dried (red). The thick
lines represent the mechanical data and the thin lines the corresponding
relative humidity.
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8.2 ALTERNATIVE EXAFS FITTING RESULTS FORN =4

Table 7 Alternative EXAFS fitting results for Zn K-edge spectra of M. californianus byssal
threads during tensile loading, relaxation and healing.

EXAFS fitting results

1°' coordination shell

sample Soz Eo (eV) - N/olong - N/Oshort
R (A) N o® (A?) R (A) N o” (A?)
0%strain 113 f 5.02 f 2.01(0.01) 2.0 (0.1) 0.010 (0.001) 1.95 (<0.01) 2.0 4-N/Ojng 0.004 (<0.001)
10%strain  1.09 f 526 f 2.02(0.02) 2.0  (0.2) 0.008(0.002) 1.97 (<0.01) 2.0 4-N/Ojop; 0.003 (<0.001)
25%strain 1.12 f 5.26 f 2.05(0.01) 2.5  (0.7) 0.006(<0.001) 1.96 (<0.01) 1.5 4-N/Ojong 0.006 (<0.001)
40% strain  1.15 f 5.46 f 2.0170.01) 3.87 (0.2) 0.006(<0.001) - . - - - -
relaxed (25%) 1.18 f 5.26 f 2.05(0.02) 2.3  (0.5) 0.013°(0.002) 1.98 (<0.01) 1.7 4-N/Ojong 0.004 (<0.001)
healed (25%) 1.11 f 537 f 2.04(0.02) 1.6 (0.2) 0.008 (0.001) 1.96 (<0.01) 2.4 4-N/Oj,,, 0.010 (<0.001)
2" coordination shell
sample so>  Eo(eV) - Clons - Cehor
R (A) N o’ (A?) R (A) N o’ (A?)
0%strain 113 f 5.02 f 2.89(0.01) 3.9 2xN/Ojong 0.014 (0.002) 2.57 (0.02) 1.0 %xN/Ogphorx 0.008 (0.002)
10% strain  1.09 f 526 f 2.92(0.01) 4.0 2xN/Ojpng 0.007 (0.002) 2.58 (0.01) 1.0 %xN/Oghorx 0.011 (0.003)
25%strain  1.12 f 5.26 f 2.9570.01) 3.5 (1.0) 0.01270.003) 2.66 (0.02) 2.0° (0.4)  0.0047(0.004)
40% strain  1.15 f 5.46 f 2.9170.02) 197 (1.1) 0.01470.005) 2.547(0.02) 0.8" (0.3) 0.0117(0.005)
relaxed (25%) 1.18 f 5.26 f 2.85(0.01) 3.7  (0.9) 0.015(0.004) 2.52"(0.01) 1.0 %xN/Osnor 0.007 (0.004)
healed (25%) 1.11 f 537 f 2.90(0.01) 3.2 2xN/Ojyn; 0.003 (0.002) 2.58 (0.02) 1.2 %xN/Ogpon 0.003 (0.002)

The overall degeneracy of

1% shell paths (N/O) was set to 4. so2 was allowed to vary from the experimentally

determined value from the fits of the standards. Numbers in parentheses are fit uncertainties. If no uncertainty is
given, the formula for the calculation of the parameter is stated.
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