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Rapid self-assembly of complex biomolecular
architectures during mussel byssus biofabrication
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Protein-based biogenic materials provide important inspiration for the development of

high-performance polymers. The fibrous mussel byssus, for instance, exhibits exceptional

wet adhesion, abrasion resistance, toughness and self-healing capacity–properties that

arise from an intricate hierarchical organization formed in minutes from a fluid secretion

of over 10 different protein precursors. However, a poor understanding of this dynamic

biofabrication process has hindered effective translation of byssus design principles into

synthetic materials. Here, we explore mussel byssus assembly in Mytilus edulis using

a synergistic combination of histological staining and confocal Raman microspectroscopy,

enabling in situ tracking of specific proteins during induced thread formation from soluble

precursors to solid fibres. Our findings reveal critical insights into this complex biological

manufacturing process, showing that protein precursors spontaneously self-assemble into

complex architectures, while maturation proceeds in subsequent regulated steps. Beyond

their biological importance, these findings may guide development of advanced materials

with biomedical and industrial relevance.
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H
ow do living organisms fabricate complex polymeric
materials from proteins? In systems from silk to tendon
to hagfish slime, answering this complex question has

the potential to transform the way humans manufacture
polymers. Unlike current polymer processing methods, biological
organisms employ bottom-up biomolecular assembly processes to
produce a broad range of elaborate nano- and micro-architec-
tured proteinaceous materials, the structural complexity
of which is linked to their impressive performance1–3. However,
there are still enormous gaps in our knowledge of the processing
steps involved in the manufacture of complex biomolecular
architectures and the relative roles of active and passive assembly
processes. This mainly stems from the exceptional technical
challenges inherent to observing in situ the rapid, localized
processes in living biological tissues as they occur. In the present
study, we overcome these obstacles by utilizing an innovative
experimental approach combining traditional histology and
confocal Raman spectroscopic imaging to investigate assembly
of the byssus of marine mussels (Mytilus edulis).

The mussel byssus is a high-performance fibrous anchor that
provides a hedge against dislodgement from crashing waves and
hungry predators (Fig. 1)4. The byssus represents an ideal model
system for investigating biofabrication due to the fact that it is
acellular, it assembles and functions outside the body, its
formation can be artificially induced to study active assembly
processes5 and because a great deal is already known about byssus
protein composition, structure and function6–8. Importantly,
development of polymers inspired by the mussel byssus is
a fast-emerging field8; however, as of yet, these polymers do not
match the structural or mechanical complexity of the natural
archetype – providing the potential for significant future advances
if byssus biofabrication is understood.

A single byssal thread consists of three regions – the core,
cuticle and plaque – that are integrated into a cohesive
macroscopic fibre, yet possess completely distinct compositions,
structural organization and functions (Fig. 1)6–8. The byssus
core is an energy damping fibrous biopolymer comprised
of a semi-crystalline array of collagenous proteins known as
preCols (refs 9,10). The core possesses an initial stiffness
comparable to vertebrate tendon (nearly 900 MPa in some
species)11; however, due to distinctive non-collagenous
preCol domains, it is far more tough and extensible, and most
notably, exhibits intrinsic self-healing capacity during cyclic
loading12,13. The cuticle, which surrounds the stretchy core, is
thought to play a protective role against abrasion due to
its unusual combination of high hardness (H¼ 100 MPa for
Mytilus galloprovincialis similar to an engineering epoxy) and
high extensibility (eult¼ 70–100%)14. The cuticle exhibits
a granular morphology resembling that of a particle-reinforced
composite14,15 and is composed largely of mussel foot protein-1
(mfp-1), a repetitive protein rich in a rare post-translational
modification of tyrosine called 3,4-dihydroxyphenylalanine
(DOPA), which forms metal coordination cross-links with
Fe3þ ions that contribute more than 80% of the material
stiffness and hardness16. The plaque, which is also composed
of a number of DOPA-rich proteins (mfp-2, -3, -4, -5 and -6)
organized into an open-cell foam17, is able to adhere under wet
conditions to almost any surface chemistry with enough strength
to resist the forces produced by crashing waves–a feat unmatched
by current industrial glues8.

The byssus as a whole functions as an effective anchoring
holdfast due to the characteristic material properties of the core,
cuticle and plaque, which are dependent on the exact localization,
organization and cross-linking of specific protein building blocks
into complex hierarchical structures across many length scales6–8.
Remarkably, each byssal thread is formed in a 3–5 min process,

in which more than 10 different types of protein building
blocks are secreted and assembled ex vivo (Fig. 1)7,18. Currently,
however, the mechanistic understanding of this
dynamic assembly process is extremely limited and has
advanced little in the last 30 years, aside from recent elegant
studies on the formation of the plaque adhesive interface19,20. The
little we do know about this process is principally based on
histological and transmission electron microscopy (TEM)
investigations, which identified three secretory glands within
the mussel foot, each with vesicles of distinctive shape, size and
texture5,21–25. During thread assembly, these three glands,
which have accumulated an excessive number of names over
time, presumably secrete the 11 known protein building blocks
of the byssus26. However, there has been little direct correlation
between the proteins identified in the threads and those
present in the glands. At this point, we know only the
ingredients and not the full recipe: it remains unclear how the
protein building blocks assemble into native thread structure and
cross-link within minutes.

Here, we reconcile the decades-old concept of byssus assembly
‘machinery’ with the current well-established understanding
of byssus structure-function relationships by using traditional
histological studies to guide cutting-edge confocal Raman
microspectroscopy. Armed with this novel approach, we
first localize byssus proteins in the foot tissue glands and then
track morphological and chemical changes as they transit from
soluble precursors to solid materials during artificially induced
thread formation. Our findings reveal a biological workflow of
regulated and non-regulated steps: spontaneous self-assembly of
complex micro- and nano-scale biomolecular architectures
from specific protein building blocks, followed by biologically
controlled steps that function during thread maturation
(for example, cross-link formation, macroscale molecular
alignment). These insights into the byssus manufacturing
process clarify the complementary roles and interactions of
physically driven versus biologically controlled processing steps
in natural material fabrication, with clear potential implications
for the production of man-made polymers.

Results
Histological staining of foot glands. Byssal threads are produced
by a specialized organ called the mussel foot (Figs 1 and 2,
Supplementary Movie 1). The tongue-shaped foot from M. edulis
is 1–1.5 cm in length in the resting state, but during thread
assembly can extend several times its original length (Fig. 1a,b).
The ventral groove is a trench-like channel running from the base
to the tip along the topside of the foot, where it terminates into a
small divot, known as the distal depression (Fig. 1b). The ventral
groove provides the mold in which the core and cuticle
are formed, whereas the distal depression is the site of plaque
formation18. Aside from the musculature, the bulk of the
foot tissue is comprised of secretory glands surrounding the
ventral groove and distal depression, in which the thread proteins
are stored in secretory vesicles (Figs 1b and 2).

A key first step in elucidating the dynamic byssus assembly
process is the localization of specific byssus proteins in
the different foot glands (Table 1). For this purpose, mussel foot
cryo-sections were treated with histological stains with affinities
for certain byssus proteins (Fig. 2). For example, we utilized two
common stains for connective tissues–namely, Masson’s tri-
chrome and Sirius red–as preCols, comprising the majority of the
thread core by weight, are B50% collagen by sequence10.
Masson’s trichrome stains collagen bright blue and most
other proteins red27, whereas Sirius red stains collagen bright
red with high specificity and enhances birefringence of aligned
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collagen molecules in polarized light microscopy (PLM)28.
Because most of the cuticle and plaque proteins contain
elevated concentrations of DOPA (Table 1), foot sections were
also treated with nitro-blue tetrazolium chloride (NBT)-glycinate
stain, which turns dark blue in the presence of quinone
moieties (for example, oxidized DOPA)29 and was previously
used to identify DOPA-rich proteins in mussel foot extractions30.

Trichrome stained transverse cryo-sections of the distal
mussel foot (Fig. 2a) revealed three glands with distinct
staining signatures, similar in location to descriptions given in
previous studies5,21–23. We provide evidence, however, that
directly links the protein contents of each of the three glands to
the core, cuticle or plaque of the thread. As gland names from
previous studies26 have little correspondence to the functional
roles we demonstrate in this study (Table 1), we designate
the glands here as the core, cuticle and plaque glands,
respectively, and use these names throughout the paper
(Fig. 2a, Table 1).

Serial stained cryo-sections made along the entire mussel
foot every 200 mm were digitally reconstructed into a high-
resolution three-dimensional rendering, where each gland is
arbitrarily assigned a specific colour that will be used throughout
the paper (Fig. 2b, Supplementary Fig. 1). The plaque gland
(shown in green; formerly phenol gland or purple gland) is
localized near the distal depression, where the plaque is formed5.
The core gland (blue; formerly collagen gland or white gland),
believed to form the fibrous inner region of the thread22–24, is
present along the entire length of the foot and comprises
the largest volume. The cuticle gland(s) (red; formerly enzyme
gland or accessory gland), which was originally thought to
contain enzymes necessary for thread sclerotization23,31, but is
now believed to form the cuticle25, is interdigitated with the
core gland, confined to two thin strips on either side of the
ventral foot groove. This three-dimensional (3D) rendering

presents a more accurate and detailed depiction than previous
hand-drawn illustrations21,22, but also provides a critical
roadmap for the Raman imaging experiments described in the
next sections.

Each gland contains specific secretory vesicles with distinctive
sizes and morphologies, shown in Fig. 2a. The ovoid core
gland vesicles stain bright blue with Masson’s trichrome and
bright red with Sirius red, indicating the presence of collagenous
proteins, likely the preCols27,28. The underlying cytoplasmic
material is identified by its light pink colour, while fibrous
collagen in the connective tissue also stains red, but is easily
differentiated from the vesicles10. Strong birefringence in
PLM indicates that the collagenous molecules in the core
vesicles are well-aligned (Fig. 2d,h), which is consistent with
previous TEM micrographs5,24 and supports the hypothesis
that preCols are stored as a smectic liquid crystalline phase
(that is, a fluid phase in which molecules are aligned as books on
a shelf)7,32,33.

In contrast to the core vesicles, the spherical cuticle and
plaque vesicles contain non-collagenous proteins that are not
well-aligned, based on the fact that they stain red with
Masson’s trichrome, do not stain with Sirius red and do not
exhibit birefringence (Fig. 2c–j). Consistent with previous
TEM studies23,25, the spherical vesicles of the plaque gland
have a larger diameter (1–2 mm) than the cuticle gland vesicles
(0.5–1 mm; Fig. 2a). Core, plaque and cuticle vesicles all stained
positive with the NBT-glycinate assay indicating the presence of
quinone moieties, likely arising from oxidized DOPA-containing
proteins (Fig. 2f,j). Notably, however, the core gland
vesicles stained the darkest with NBT, followed by the
plaque gland and the cuticle gland. This was unexpected
considering that the preCol and TMP-1 proteins thought to
be in the core vesicles have a lower DOPA content (1–5 mol%)
compared to the proteins comprising the cuticle (15 mol%) and
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Figure 1 | Morphology and fabrication of the mussel byssus. (a) Photo of a mussel in the process of extruding threads onto a plexiglass surface with

its foot. Note the many threads already deposited. (b) m-CT image of the ventral surface of an iodine-stained mussel foot with two sections cut out to

show the inner gland and groove structure in the middle of the foot and near the distal depression. Byssal threads are synthesized one at a time,

by secreting protein building blocks into the groove on the ventral side of the mussel foot. (c) Schematic of a single byssal thread, with scanning electron

microscopy images highlighting the complex micron-scale morphologies of the protective cuticle (scale bar, 3 mm), fibrous core (scale bar, 5 mm) and the

adhesive plaque (scale bar, 50mm).
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plaque (between 2 and 30 mol%) (Table 1). However, because
the intensity of NBT-glycinate staining depends on the amount of
the oxidized quinone form of DOPA29,34 and not just total
DOPA content, we posit that the cuticle and plaque vesicles may
possess lower levels of DOPA oxidation, perhaps the result of
different local conditions. In support, there is strong evidence that
in the plaque secretion, the oxidation of DOPA is actively
hindered both by the low ambient pHB2 (ref. 35) and
the presence of the thiol-rich anti-oxidant protein mfp-6 (refs
20,36); however, verification of this hypothesis, also in the other
vesicle types, requires further investigation.

Raman spectroscopy of foot glands. Histology provides
important determination of the boundaries of glands and locali-
zation of their vesicles in the mussel foot. To obtain specific
chemical and structural information about proteins within the
glands, we utilized confocal Raman microspectroscopy, a form of
vibrational spectroscopy that has been critical for elucidating
structure-function relationships in the native byssus15,37. Here,

Raman measurements enabled acquisition of spectral fingerprints
from protein molecules in the foot tissue with sub-micron
resolution. The combination of spectroscopic and histological
maps of the foot enables assignment of specific byssus proteins to
the different vesicles – information, which is crucial for studying
dynamic assembly processes.

Because Raman measurements must be performed on unstained
sections in which it is difficult to identify specific glands, an
adjacent serial section from the same mussel foot was first stained
with Sirius red to locate regions of interest at the core/plaque gland
and core/cuticle gland interfaces (Fig. 3a,c). Raman spectra were
acquired from each pixel of analogous regions of interest in the
unstained serial section with 0.5mm resolution. Examination of
individual spectra from the Raman maps revealed distinctive
spectral fingerprints in different regions, consistent with
both collagenous proteins (for example, core proteins) and
Tyr-rich proteins (for example, cuticle and plaque proteins). By
integrating the intensity of Raman bands specific for collagenous
proteins and Tyr-rich proteins in each spectrum, we generated
composite two-dimensional maps showing their localization in the
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Figure 2 | Histological investigation of mussel foot secretory glands. (a) Trichrome stained transverse cross-section of the mussel foot tissue

(left; scale bar, 1 mm) and accompanying colour-coded illustration showing localization of the three secretory glands (right). High magnification light

microscopy images of the vesicles in each gland are shown on the far right (scale bar, 3mm for all three images). (b) 3D reconstruction of a mussel foot in

the resting state made from serial trichrome stained transverse foot sections showing gland distribution using the same colour scheme shown in a.

The colour scheme is arbitrary and is used throughout the paper to identify the specific glands and their contents. (c–j) Microscopy images of histologically

stained mussel foot sections from regions approximately indicated by the numbered white dashed boxes in a. Panels c–f show regions from the interface

between the cuticle (Ct) and core (C) glands (box 1), while panels g–j show regions from interface of the plaque (P) and core (C) glands (box 2).

(c,g) Sirius red stains collagen bright red. (d,h) PLM imaging of the same region in c and g, respectively, showing the birefringence of the vesicles in the

core gland indicating collagen alignment. (e,i) Masson’s trichrome stains the core gland vesicles blue indicating presence of collagen, whereas the cuticle

and plaque vesicles are stained red. (f,j) Positive, purple-blue coloration with NBT-glycinate staining indicates the presence of oxidized DOPA groups

(that is, DOPA-quinone). Scale bars for c–j are 10 mm.
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image–essentially, creating a spectroscopic histological image
(Fig. 3b,d). Notably, spectra of collagen versus Tyr-rich proteins
showed analogous distribution to staining patterns for the core
gland and the cuticle/plaque glands, respectively, in adjacent Sirius
red-stained sections, thus validating the approach. From these
maps, averaged Raman spectra of the three different vesicles and
underlying tissue were extracted (Fig. 3e), establishing the chemical
identity of each gland’s vesicles.

By comparing the specific features of the Raman spectra
from the different vesicles, we can extract important information
about the biochemistry and structure of the contents and, by
linking this to the existing knowledge of thread proteins, the
destiny of the vesicles in the thread manufacture process.
All major bands observed in the Raman spectra from the three
vesicle types are consistent with a primarily proteinaceous
composition, especially the amide I (1,630–1,700 cm� 1) and
amide III (1,200–1,350 cm� 1) bands, which provide information
about protein backbone conformation38,39. All three gland
spectra indicate extended backbone structure based on their

similar amide I band position (B1,667 cm� 1); however,
a higher degree of conformational order in the proteins of the
core gland is indicated by the sharper peak shape38. Variations in
the relative intensities of the four roughly defined peaks present
in the amide III band (B1,243, 1,269, 1,315 and 1,340 cm� 1) also
indicate protein structural differences. Specifically, core gland
proteins exhibit a primarily collagen triple helical or b-sheet
conformation consistent with known preCol secondary
structures40,41 based on the higher intensity of the peaks at
1,243 and 1,269 cm� 1 relative to the other two peaks. In
contrast, a less ordered protein conformation in the plaque
and cuticle vesicles is indicated by the lower relative intensity
of these peaks39,42,43. In light of the histological evidence,
the Raman measurements confirm the presence of aligned
preCol proteins in the core vesicles and are consistent with
the predicted structural disorder of the plaque and cuticle
proteins (that is, mfp-1 – mfp-6)44.

Aside from being disordered, the proteins that comprise the
plaque and cuticle are distinctive because of their elevated
composition of the amino acid tyrosine (Tyr), some of which is
post-translationally converted to DOPA (Table 1)8. Thus, based
on the notable Tyr (1,615 cm� 1, a doublet at 829 and 850 and
643 cm� 1) and DOPA (785 cm� 1) Raman peaks observed in the
respective spectra, we deduce the presence of DOPA-rich proteins
and their precursors in the cuticle (mfp-1) and plaque (mfp-2–6)
vesicles. Furthermore, the additional presence of the amino acid
phenylalanine (Phe) in plaque vesicles based on the strong peak at
1,006 cm� 1 specifically indicates the presence of mfp-2, which is
the most abundant component of the plaque foam37.

Considering that interactions between DOPA residues and
metal ions in the plaque and cuticle are critical for byssus
function15,37, the absence in plaque and cuticle vesicle spectra of
the distinctive and intense DOPA-metal resonance Raman peaks
characteristic of the native plaque and cuticle15,37 is highly
conspicuous, especially considering that both glands stained
positive for DOPA with NBT (Fig. 2f,j). Because of the extremely
high sensitivity of this Raman resonance signal to even very small

Table 1 | Mussel foot glands and protein contents.

New gland
names

Former gland
names

Vesicle
morphology

Potentially associated proteins

Name Mass
(kDa)

Dopa
(mol %)

Core gland White gland Ovoid shape preCol-D65 250 o1
Collagen gland 1–2 mm preCol-NG66 250 o1

(long axis) preCol-P67 250 o1
ptmp-168 250 3
tmp-147 35 5

Cuticle gland Enzyme gland
Accessory gland

Round
0.5–1 mm

mfp-169 100 15

Plaque gland Purple gland Round mfp-270 45 5
Phenol gland 1–2 mm mfp-371 5–7 10–20

mfp-472 80 2
mfp-573 10 30
mfp-655 11 5
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Figure 3 | Raman confocal microspectroscopy of mussel foot glands. (a) Sirius red staining and (b) composite Raman image of an analogous region of

the core/plaque gland interface. The composite Raman confocal spectroscopic image was integrated over three spectral regions, which were found to

correspond to the core gland (CG) (Blue; ratio of integration of 1,200–1,292 cm� 1 to 1,292–1,377 cm� 1), the plaque gland (PG; green; 1,600–1,631 cm� 1)

and surrounding tissue (T; violet; 1,550–1,600 cm� 1). (c) Sirius red staining and (d) composite Raman image of an analogous region of the core/cuticle

gland interface The composite Raman confocal spectroscopic image was integrated over three spectral regions corresponding to the cuticle gland

(CtG; red; 1,600–1,631 cm� 1), core gland (CG; blue; ratio of integration of 1,200–1,292 cm� 1 to 1,292–1,377 cm� 1) and surrounding tissue (T; violet;

1,550–1,600 cm� 1). Scale bar is 8mm for panels a and b, and 3mm for c and d. (e) Average spectra from each of the secretory glands showing a distinctive

spectral fingerprint and thus, different protein composition.
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amounts of DOPA-metal complexes over a large pH range45, we
conclude that the metal ions that normally interact with DOPA in
native thread cuticle and plaque (for example, Fe and V)16 are not
stored together with the DOPA-rich proteins in the gland
vesicles. In fact, it was previously predicted that cuticle and
plaque proteins would not be stored together with metal ions,
based on the observation that DOPA residues in purified
plaque proteins undergo spontaneous oxidation and covalent
cross-linking, when mixed in vitro with Fe3þ under acidic
conditions similar to those in the secretory vesicles35,46. This has
important implications for the way that the plaque and cuticle
assemble, which will be discussed later.

Tracking thread assembly with induced threads. The combined
histological and Raman-based investigations of the vesicles bridge
older TEM/histological studies with more recent biochemical
investigations of byssus proteins; however, they still present a very
static perspective of assembly. To obtain a more dynamic view,
we employed our combined histological/Raman spectroscopic
approach to investigate artificially induced thread formation, which
can be achieved by injecting 0.56 M KCl into the pedal nerve at the
base of the foot5,47, leading to muscle contraction and vesicle
secretion into the foot groove (Fig. 4a). This procedure was recently
exploited to investigate the adhesive secretion in various mussel
species19,20. Figure 4b shows that induced threads are severely
morphologically impaired compared to native threads. Considering
that the foot is essentially paralyzed during induction, we assume,
as previous authors have17, that induced thread formation
represents spontaneous rather than biologically regulated aspects
of the assembly process. By investigating artificially induced thread
formation, we are able to observe transport and changes in
microstructure of vesicles (via histological staining), as well as

chemical and nano-structural changes in byssal thread proteins
(via Raman spectroscopy) as vesicle-bound soluble precursors
transition to organized tissues. Whereas examination of induced
thread formation provides information about unregulated
self-assembly of byssal proteins, comparison with native threads
highlights biologically regulated steps, allowing dissection of the
relative contributions of biological versus physicochemical forces
driving byssus manufacture.

By flash freezing dissected mussel feet within 5–10 min after
induction with KCl, we were able to capture the thread formation
process in progress (in comparison, previous studies collected fully
formed induced threads after 30 min47). Trichrome-stained
cryo-sections from within the ventral groove and from the distal
depression of induced feet reveal formation of a nascent induced
thread in which core and cuticle (Fig. 4c) and core and plaque
(Fig. 4d) assembly are observed. Notably, the individual secretory
vesicles in both regions can be seen coalescing to form tissues with
microstructured morphologies resembling native thread tissues
(Fig. 4c,d), indicating that much of the complexity of byssal thread
tissue architecture is formed by unregulated and spontaneous
self-assembly. The fact that vesicles coalesce only within the
ventral groove or distal depression and not in the glands where
they are densely packed supports the hypothesis that the
physical conditions (for example, pH, ionic strength)
within the groove help initiate assembly7,32,33,35. In the
following sections, we address assembly of the induced core,
cuticle and plaque separately and at a higher resolution, as a means
of elucidating the finer scale aspects of composition and structure
relevant for byssus fabrication.

Core assembly. The native byssal thread core consists of a semi-
crystalline array of preCol molecules aligned over a length scale of
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Figure 4 | Induced thread formation. (a) Injection of KCl into the foot induces secretion of byssal thread secretory vesicles. (b) Induced thread

morphology is impaired compared to native threads (scale bar, 1 mm). (c) Trichrome-stained section of an induced foot within the ventral groove (VG)

showing the self-assembly of the induced thread core (IC) and cuticle (ICt). Small arrows indicate vesicles from the cuticle gland in the ventral groove prior

to assembly on the core surface (scale bar, 10 mm). (d) Trichrome-stained section of an induced foot within the distal depression (DD) showing the

self-assembly of the induced thread plaque foam (IP) and core (IC) with cross-sectional morphology similar to that of a native thread. Small arrows

indicate secretory vesicles from the core gland (CG) and plaque gland (PG) in the distal depression as they move towards the tissue assembly point

(scale bar, 10mm).
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centimeters9, leading to strong birefringence in PLM (Fig. 5c).
The induced thread core also exhibits birefringence (Fig. 5d);
however, it is patchy and restricted to regions of tens of
microns, suggesting that local self-assembly of preCols into
nano-architectured arrays is spontaneous, likely dictated by
the liquid crystalline pre-ordering of molecules in the secretory
vesicles24,32,33, whereas longer scale molecular ordering
requires biologically regulated processing. Compared to the
Raman spectra of the induced thread core, native thread
core spectra indicate an increased content of collagen and/or
b-sheet conformation based on the higher relative intensity of
amide III bands at 1,240 and 1,270 cm� 1 and the presence
of a shoulder at B1,630 cm� 1 in the amide I band42,43 (Fig. 5e).
Furthermore, polarized Raman spectra of induced threads
also indicate lower molecular alignment of preCol proteins
within the induced threads relative to native threads based on
the smaller dependence of laser polarization on the intensity
of the amide I band (Supplementary Fig. 2).

These data suggest that induced thread formation lacks certain
regulated steps critical for attaining native preCol conformation
and alignment. Fibrous biological materials, such as silk
and collagen, require careful control of ambient conditions
(pH and ionic strength) or application of mechanical forces to
attain native structure48,49. Along these lines, peptides based on
terminal preCol cross-linking domains were found to undergo
a sudden transition from disordered to highly ordered protein
structure when brought from the acidic pH at which the preCols
are thought to be stored (pH B4) up to the slightly basic
pH of seawater (pH B8)50. This suggests that proper core
self-assembly may depend on changes in the ambient
environment during protein secretion.

Given that the foot is essentially paralyzed during the thread
induction, it is highly feasible that mechanical forces are also
necessary to facilitate proper folding and alignment of preCol
molecules (for example, from peristaltic foot contractions or
mechanical loading) as suggested by Waite18. In fact, careful
observation of the natural formation process reveals that the
mussel foot undergoes distinct muscular contractions during
thread formation and immediately prior to releasing the nascent
thread from the foot groove (Supplementary Movie 1). The
role of mechanical force in aligning preCols during assembly is

also supported by studies showing that dilute solutions of purified
preCol proteins can be easily hand-drawn into aligned fibres32,51.
Similarly, poly-aramid polymer fibre formation from liquid
crystalline solutions also requires mechanical drawing, with the
degree of alignment and mechanical performance closely
correlated to the draw ratio (that is, the degree to which it is
pre-stretched during fabrication)52,53. In any case, while our
findings do support an important role for the liquid crystalline
pre-organization of preCol molecules for self-assembly, this
alone is clearly not sufficient to create centimetre scale ordered
polymer fibres.

Cuticle assembly. In native threads, the fibrous core is sheathed
by the protective cuticle, which exhibits a knobby structure
comprised of hard granules embedded in a softer matrix material,
shown to be critical to the cuticle’s hard, yet extensible material
performance (Fig. 6a)14,15. Our histological investigations provide
evidence that the cuticle vesicles spontaneously coalesce into
a continuous, granular surface layer on the induced core
resembling a native thread (Fig. 6b,c). Notably, the cuticle
vesicles begin coalescing within the ventral groove then spread
over the surface of the already assembled core, indicating a clear
temporal sequence of assembly. This also suggests that a specific
interaction between core and cuticle vesicles might initiate
assembly of the thin cuticle and that cuticle vesicle clusters may
possess a low interfacial energy allowing them to spread in a fluid
environment; however, presently almost nothing is known about
the core-cuticle interface of native threads.

Whereas Raman spectra from cuticle vesicles and induced
cuticles are rather similar, the spectrum of the native thread
cuticle is strikingly dissimilar, due primarily to the presence of
strong DOPA-metal coordination resonance bands (Fig. 6d).
DOPA-metal interactions are critical load-bearing cross-links in
the cuticle that account for more than 80% of its stiffness
and hardness16. Thus, their notable absence in the induced
thread cuticle indicates that during native thread assembly,
a separate step must occur, whereby metals are infiltrated into
the already assembled cuticle. Coalescence of cuticle vesicles in
the absence of metal ions is contrary to the current hypothesis
that DOPA-metal interactions are necessary for cuticle
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assembly45. This is a critical finding of this study, since
the protein-metal co-mixing hypothesis provides the basis of
current methods for producing mussel-inspired DOPA-rich
metallopolymers45,54.

Plaque formation. The byssal thread plaque has received the
most attention from researchers due to its key role in mediating
underwater adhesion, which if mimicked successfully, would
precipitate a number a breakthroughs in technical and biomedical
applications (for example, surgical adhesives)8. The native
plaque has a complex micro- and nano-porous architecture
resembling an open-cell foam (Fig. 7a), which is believed to
be a critical design feature contributing to byssus toughness
and adhesive strength17. The plaque is comprised of at least
five protein families (Table 1) that are spatially arranged through
a temporal sequence of secretion19,55, with certain plaque
proteins secreted directly at the surface where they initiate
adhesion (mfp-3, mfp-5 and mfp-6), whereas others comprise the
foamy interior (mfp-2 and mfp-4)8. Additionally, preCol fibres
from the core are anchored into the plaque foam, creating finger-
like extensions (Fig. 7a). Although previous scanning electron
microscopy-based studies indicated that plaque nano-structure
is not present in induced threads forcibly removed from the
mussel foot17, we observed with histological staining of
cryo-sectioned induced mussel feet that the spherical plaque
vesicles spontaneously coalesce within the distal depression into
a tissue with a distinctive foamy microstructure resembling the
native thread plaque (Fig. 7b). Furthermore, the highly intricate,
branched plaque-core interface forms spontaneously as the
plaque and core vesicles interact (Fig. 7b).

Raman mapping of the plaque (Fig. 7c) reveals that the core
and plaque vesicles do not mix as they coalesce – rather, they
remain completely separate, with distinctive Raman spectra
resembling those obtained from the core and plaque glands
(Fig. 7e). The immiscibility of the core and plaque proteins is
noteworthy and consistent with the hypothesis that they are
stored in densely packed phases (for example, liquid crystal32,33

and coacervate56, respectively). Notably, the characteristic
root-like morphology of the interface qualitatively resembles the

phenomenon of viscous finger formation57, suggesting
a difference in the viscosity of the phases and likely also their
interfacial energies. Regardless of the mechanism, the
spontaneous self-assembly of this complex interface likely plays
a critical role in anchoring the core into the plaque as the vesicles
coalesce and then solidify.

In addition to the morphological transformation observed in
the plaque vesicles during plaque formation, a concomitant
molecular level transformation is indicated by Raman
spectral analysis of the intensity ratio of the two peaks of the
Tyr doublet (I850/I830), which provides information about
the local environment of Tyr residues present in the plaque
proteins58. The increase in the I850/I830 ratio from 1.1 in the
plaque vesicles to 1.7 in the induced plaque tissue indicates
that Tyr residues transition from a primarily hydrophobic
to a hydrophilic environment during thread formation58.
This suggests that a significant conformational transformation
in the plaque proteins accompanies the physical transition from
a fluid vesicular phase to a solid open-cell foam, which may be
relevant to the hypothesis that plaque proteins are stored in vivo
as dense fluid phases, known as coacervates56. However,
this possibility must be further investigated.

Comparison of induced and native plaque foam Raman spectra
both reveal the presence of a strong Phe signal (1,006 cm� 1)
indicating that mfp-2 is a major component; however, the
similarities end there (Fig. 7d). As with the native cuticle, the
native plaque spectrum is dominated by resonance Raman
bands for DOPA-metal coordination, whereas these are clearly
absent in induced plaque spectra. This indicates that the
vesicle-bound proteins comprising the plaque spontaneously
self-assemble into a complex foamy architecture without
metal coordination, contradicting existing hypotheses of byssus
assembly7,45. Rather, it appears that the tendency to self-assemble
is a function of the environment and structure of the proteins and
that metals are added in a later finishing step (as with the cuticle),
to fortify the foamy structure with intermolecular cross-links37.
In fact, it seems likely that premature metal binding would
hamper proper assembly of such complex hierarchical structures
and, as recently shown with bio-inspired adhesives, would
interfere with DOPA-based adhesion to surfaces59. Future
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studies will focus on better understanding how and when metal
ions are introduced into the native byssus.

Integrative model of byssus assembly. The rapid fabrication of
mussel byssus hierarchical structure is an extraordinary feat of
sustainable bottom-up manufacturing, which offers an excellent
model system for investigating biological material assembly. Our
findings indicate that spatially organized vesicles in the mussel
foot containing pre-packaged byssal thread precursor proteins
spontaneously coalesce and self-assemble into elaborate biomo-
lecular micro- and nano-architectures during thread biofabrica-
tion. Integrating the insights gained from our novel experimental
approach with what is already known about byssal thread
structure-function relationships, we propose a model of the
thread assembly process, illustrated in Fig. 8.

The most important finding from the current work is the clear
indication that a significant portion of the byssus assembly
process is governed by basic chemical and physical phenomena–
including viscosity differences, interfacial tension and liquid
crystalline alignment – which can be distilled and transferred
readily to the lab bench56. On the other hand, careful comparison
of induced versus native thread structure and chemistry reveals
that additional biologically regulated steps are also required for
thread curing and maturation. For example, centimetre scale
alignment of preCols in the core may require physical loading of
fibres to align liquid crystal domains, similar to what occurs in the
processing of silk48 or poly-aramid fibres52,53. In addition,
mechanical fortification of the thread via protein-metal intera-
ctions plausibly proceeds via infiltration of metal ions following
structural assembly, similar to cuticle sclerotization in certain

arthropods60, but in stark contrast to current methods of
fabricating mussel-inspired metallopolymers45,54. This multi-
step curing process – reminiscent of the way a baker defines
bread’s internal structure by kneading and shaping the dough
before baking the loaf – may be a subtle, but critical feature of the
biofabrication process for achieving the remarkable structural
organization and material performance of the byssus.

The interplay of physically and biologically driven processing
steps in byssus formation has much to teach us about how to
rapidly manufacture high-performance polymers with complex
hierarchical structure under environmentally friendly conditions.
These insights are especially relevant in the rapidly growing field
of mussel-inspired polymers8,45,54, but are also broadly
applicable. Once the physicochemical driving forces of assembly
are better understood, for example, the fluid-to-solid
transformation of byssal thread vesicles and subsequent time-
dependent cross-linking in a physiological environment could
inspire the development of injectable, self-assembling soft matter
scaffolds (for example, for tissue repair or drug delivery61–63).
Additionally, the phenomenon proposed for core-plaque interface
formation, involving self-structuring of immiscible phases with
different viscosities, could guide creation of complex
3D compositional and structural gradients at the interfaces of
two polymeric materials. In this respect, the current study
provides not only new insights into a complex and fascinating
biological process, but also lays important foundation for the
manufacture of next-generation polymeric material.

Methods
Sample preparation. Blue mussels (M. edulis) from the North Sea were purchased
and maintained at 16 �C in an aquarium with artificial salt water. Experiments were
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performed in accordance with regulations of the European commission. For
histological and Raman spectroscopic investigation, adult mussels of 5–8 cm length
were used. Whole feet were dissected from mussels and either immediately
mounted in OCT medium (VWR International) and frozen in isopentane
pre-cooled with liquid nitrogen (for Raman spectroscopy) or fixed in
4% paraformaldehyde overnight before freezing (for histological staining). Using
a cryo microtome (Microm HM 560) at � 18 �C, 5 mm sections of frozen mussel
feet were cut and then post-fixed with methanol or Buin’s solution depending on
the staining procedure. To investigate the dynamic thread formation process,
thread production was induced by injecting a 0.56 M KCl solution in the base of the
foot, as described previously in the literature5,47. Mussel feet were dissected
between 5 and 10 min following induction and treated as described above to
capture thread formation in progress. Histological and Raman spectroscopic
investigations were each performed on eight different individual mussels with
reproducible results.

Histological staining. Histological staining on cryo-sections of native and induced
mussel feet was performed using three different stains – namely, Sirius red,
Masson’s Trichrome and NBT. Sirius red staining, which is specific for collagen,
was performed according to previous protocols28 in which sections were stained for
1 h in 0.1% solution of Sirius red in saturated picric acid and then washed in
0.5% acetic acid. Staining with Masson’s Trichrome (Sigma Aldrich) was
performed according to the manufacturer’s protocol, which involved staining
sections stepwise in separate solutions of Weigert’s Iron Hematoxylin, Biebrich
Scarlet-Acid Fuchsin, phosphomolybdic-phosphotungstic acid and aniline blue
(5 min in each solution). NBT-glycinate staining, which is used traditionally to
detect the presence of quinone groups (for example, oxidized DOPA residues) was
performed by incubating sections in a freshly made solution of NBT (0.2 mg ml� 1)
in 2 M potassium glycinate (pH 10) for 40 min in the dark at room temperature,
according to existing protocols29. Following staining, all sections were washed in
water, dehydrated through an ascending alcohol series, cleared in Roti-Histol and
mounted in Canada balsam.

3D model of byssus gland distribution. To construct a 3D model of gland
localization in mussel feet, cryo-sections of a single mussel foot were cut every
200mm along the length of a foot and subsequently stained with Masson’s
trichrome to distinguish the different glands. Using Adobe Photoshop the
individual glands in the image files of each section were digitally highlighted with
different grey values. The isoSurf software (version 1.5d by Graham Treece)
was used to interpolate between sections generating a 3D object of the mussel
foot and its glands. This 3D object was further processed with Amira software64

(Amira ZIB edition 2016.14, Zuse Institute Berlin). The steps of the reconstruction
are illustrated in Supplementary Fig. 1.

CT-scan. For the microCT-scan, a whole foot was dissected from a mussel, fixed in
4% paraformaldehyde overnight and stained in Lugol’s solution (3.4 mg ml� 1

iodine (I2) and 6.8 mg ml� 1 potassium iodide) for 1 day. Scans were performed
using a laboratory microCT (Skyscan-1072) at 80 keV, with an effective pixel size of
10 mm.

Raman spectroscopy. Raman spectroscopy of mussel tissue and induced threads
was performed on dried and unstained mussel foot cryo-sections (5 mm thickness)
before and after induction with KCl. A green laser (Nd:YAG laser, l¼ 532 nm) was
focused using a Confocal Raman Microscope (Alpha300, Witec, Ulm, Germany)
equipped with a piezo scanner (P-500, Physik Instrumente, Karlsruhe, Germany).
The scattered light was detected by a thermoelectrically cooled CCD detector
(DU401A-BV, Andor, Belfast, North Ireland) placed behind the spectrometer
(UHTS 300, WITec, Ulm, Germany). At least five spectra from different
spots inside one gland were collected with an integration time of 60 s using
a 100� objective (Nikon, numerical aperture (NA)¼ 0.9) and averaged. Image
scans were performed at an integration time of 5 s per point. To measure the
orientation of proteins in the induced thread core, image scans with polarization
angles of 0� (perpendicular of the fibre axis) and 90� (parallel to the fibre axis) of
the incident laser light were performed at an integration time of 3 s per point. The
native core of a byssal thread was measured using hydrated 5 mm sections, and
spectra from different spots were collected with an integration time of 60 s using
a 60� objective (Nikon, NA¼ 0.8). Raman spectra of the native plaque and native
cuticle were measured using hydrated 20 mm-thick thread sections; however, due to
high fluorescence using the green laser, a near-infrared laser (l¼ 785 nm, Toptica
Photonics AG, Graefelfing, Germany) was used in combination with a confocal
Raman microscope (CRM200, WITec, Ulm, Germany) and a 60� objective
(Nikon, NA¼ 0.8). The spectra were acquired using a CCD detector
(PI-MAX, Princeton Instruments Inc., Trenton, NJ) placed behind a spectrograph
(Acton, Princeton Instruments Inc., Trenton, NJ). ScanCtrlSpectroscopyPlus
software (version 1.60, Witec) was used for collecting data and the OPUS software
(Bruker, Germany) for spectral processing of all Raman data.

Data availability. The data supporting the findings of this study are available from
the authors upon reasonable request.

Core
gland

Cuticle
gland

Plaque
gland

PASSIVE

PASSIVE

Poorly aligned Highly aligned Uncrosslinked Crosslinked
Distal

depression Self-assembly
Foot

groove

ACTIVE PASSIVE ACTIVE

Core vesicle Cuticle vesicle Plaque vesicle 

Figure 8 | Illustrative model of passive and active aspects of byssus assembly. Byssus assembly proceeds in a manner similar to polymer injection

moudling in which proteins organized in specific secretory vesicles are released into foot groove where they coalesce and spontaneously organize into

native-like structures. The preCol proteins in the core vesicles are pre-organized into a liquid crystal phase, which facilitates the local organization of

proteins during assembly; however, larger scale alignment of the semi-crystalline core structure likely proceeds through biologically regulated mechanical

drawing. Plaque vesicle proteins are stored as a dense fluid phase that spontaneously acquires the native foam-like structure as vesicles coalesce and

envelops the fibrous core, creating a root-like structure. Likewise, cuticle proteins spontaneously coalesce and spread over the core surface, creating

a granular coating. Although, the cuticle and plaque require DOPA-based metal coordination for mechanical integrity, they acquire native-like structure

spontaneously in the absence of metal coordination, suggesting that metal ions are likely infiltrated into the structure in a subsequent biologically regulated

processing step.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms14539

10 NATURE COMMUNICATIONS | 8:14539 | DOI: 10.1038/ncomms14539 | www.nature.com/naturecommunications

http://www.nature.com/naturecommunications


References
1. Cranford, S. W., de Boer, J., van Blitterswijk, C. & Buehler, M. J. Materiomics:

an-omics approach to biomaterials research. Adv. Mater. 25, 802–824
ð2013Þ:

2. Fratzl, P. & Weinkamer, R. Nature’s hierarchical materials. Prog. Mater. Sci. 52,
1263–1334 (2007).

3. Keten, S., Xu, Z., Ihle, B. & Buehler, M. J. Nanoconfinement controls stiffness,
strength and mechanical toughness of beta-sheet crystals in silk. Nat. Mater. 9,
359–367 (2010).

4. Denny, M. W. & Gaylord, B. Marine ecomechanics. Ann. Rev. Mar. Sci. 2,
89–114 (2010).

5. Tamarin, A., Lewis, P. & Askey, J. Structure and formation of byssus
attachment plaque in Mytilus. J. Morphol. 149, 199–221 (1976).

6. Carrington, E., Waite, J. H., Sara, G. & Sebens, K. P. Mussels as a model system
for integrative ecomechanics. Ann. Rev. Mar. Sci. 7, 443–469 (2015).

7. Degtyar, E., Harrington, M. J., Politi, Y. & Fratzl, P. The mechanical role of
metal ions in biogenic protein-based materials. Angew. Chem. Int. Ed. 53,
12026–12044 (2014).

8. Lee, B. P., Messersmith, P. B., Israelachvili, J. N. & Waite, J. H. Ann. Rev. Mater.
Res. 41, 99–132 (2011).

9. Krauss, S., Metzger, T. H., Fratzl, P. & Harrington, M. J. Self-repair of a
biological fiber guided by an ordered elastic framework. Biomacromolecules 14,
1520–1528 (2013).

10. Waite, J. H., Qin, X. X. & Coyne, K. J. The peculiar collagens of mussel byssus.
Matrix Biol. 17, 93–106 (1998).

11. Gosline, J. et al. Elastic proteins: biological roles and mechanical properties.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 357, 121–132 (2002).

12. Reinecke, A., Bertinetti, L., Fratzl, P. & Harrington, M. J. Cooperative behavior
of a sacrificial bond network and elastic framework in providing self-healing
capacity in mussel byssal threads. J. Struct. Biol. 196, 329–339 (2016).

13. Schmitt, C. N. Z., Politi, Y., Reinecke, A. & Harrington, M. J. Role of sacrificial
protein-metal bond exchange in mussel byssal thread self-healing.
Biomacromolecules 16, 2852–2861 (2015).

14. Holten-Andersen, N., Fantner, G. E., Hohlbauch, S., Waite, J. H. & Zok, F. W.
Protective coatings on extensible biofibres. Nat. Mater. 6, 669–672 (2007).

15. Harrington, M. J., Masic, A., Holten-Andersen, N., Waite, J. H. & Fratzl, P.
Iron-clad fibers: a metal-based biological strategy for hard flexible coatings.
Science 328, 216–220 (2010).

16. Schmitt, C. N. Z. et al. Mechanical homeostasis of a DOPA-enriched biological
coating from mussels in response to metal variation. J. R. Soc. Interface 12,
20150466 (2015).

17. Filippidi, E. et al. The microscopic network structure of mussel (Mytilus)
adhesive plaques. J. R. Soc. Interface 12, 20150827 (2015).

18. Waite, J. H. The formation of mussel byssus: anatomy of a natural
manufacturing process. Results Probl. Cell Differ. 19, 27–54 (1992).

19. Petrone, L. et al. Mussel adhesion is dictated by time-regulated secretion and
molecular conformation of mussel adhesive proteins. Nat. Commun. 6, 8737
(2015).

20. Yu, J. et al. Mussel protein adhesion depends on interprotein thiol-mediated
redox modulation. Nat. Chem. Biol. 7, 588–590 (2011).

21. Brown, C. H. Some structural protein of Mytilus edulis. Q. J. Microsc. Sci. 93,
487–502 (1952).

22. Pujol, J. P. Formation of byssus in common mussel (Mytilus edulis). Nature
214, 204 -& (1967).

23. Tamarin, A. & Keller, P. J. Ultrastructural study of byssal thread forming
system in Mytilus. J. Ultrastruct. Res. 40, 401–416 (1972).

24. Vitellaro-Zuccarello, L. The collagen gland of Mytilus galloprovincialis: an
ultrastructural and cytochemical study on secretory granules. J. Ultrastruct. Res.
73, 135–147 (1980).

25. Vitellaro-Zuccarello, L. Ultrastructural and cytochemical study on the enzyme
gland of the foot of a mollusk. Tissue Cell 13, 701–713 (1981).

26. Silverman, H. G. & Roberto, F. F. in Biological Adhesive Systems
(eds Von Byern, J. & Grunwald, I.) 273–283 (Springer, 2010).

27. Lillie, R. D. Further experiments with the Masson trichrome modification of
Mallory’s connective tissue stain. Stain Technol. 15, 17–22 (1940).

28. Junqueira, L. C. U., Bignolas, G. & Brentani, R. R. Picosirius staining plus
polarization microscopy, a method for collagen detection in tissue sections.
Histochem. J. 11, 447–455 (1979).

29. Paz, M. A. et al. Specific detection of quinoproteins by redox-cycling staining.
J. Biol. Chem. 266, 689–692 (1991).

30. Benedict, C. V. & Waite, J. H. Location and analysis of byssal structural
proteins of Mytilus edulis. J. Morphol. 189, 171–181 (1986).

31. Smyth, J. D. A technique for the histochemical demonstration of polyphenol
oxidase and its application to egg-shell formation in helminths and byssus
formation in Mytilus. Q. J. Microsc. Sci. 95, 139–152 (1954).

32. Harrington, M. J. & Waite, J. H. pH-dependent locking of giant mesogens in
fibers drawn from mussel byssal collagens. Biomacromolecules 9, 1480–1486
(2008).

33. Hassenkam, T., Gutsmann, T., Hansma, P., Sagert, J. & Waite, J. H. Giant bent-
core mesogens in the thread forming process of marine mussels.
Biomacromolecules 5, 1351–1354 (2004).

34. Flückiger, R., Paz, M. A. & Gallop, P. M. Redox-cycling detection of dialyzable
pyrroloquinoline quinone and quinoproteins. Methods Enzymol. 258, 140–149
(1995).

35. Rodriguez, N. R. M., Das, S., Kaufman, Y., Israelachvili, J. N. & Waite, J. H.
Interfacial pH during mussel adhesive plaque formation. Biofouling 31,
221–227 (2015).

36. Nicklisch, S. C. T., Spahn, J. E., Zhou, H., Gruian, C. M. & Waite, J. H. Redox
capacity of an extracellular matrix protein associated with adhesion in Mytilus
californianus. Biochemistry 55, 2022–2030 (2016).

37. Hwang, D. S. et al. Protein- and metal-dependent interactions of a prominent
protein in mussel adhesive plaques. J. Biol. Chem. 285, 25850–25858 (2010).

38. Lefevre, T., Paquet-Mercier, F., Rioux-Dube, J.-F. & Pezolet, M. Structure of silk
by raman spectromicroscopy: from the spinning glands to the fibers.
Biopolymers 97, 322–336 (2012).

39. Monti, P., Freddi, G., Bertoluzza, A., Kasai, N. & Tsukada, M. Raman
spectroscopic studies of silk fibroin from Bombyx mori. J. Raman Spectrosc. 29,
297–304 (1998).

40. Arnold, A. A. et al. Solid-state NMR structure determination of whole
anchoring threads from the blue mussel Mytilus edulis. Biomacromolecules 14,
132–141 (2013).

41. Harrington, M. J., Gupta, H. S., Fratzl, P. & Waite, J. H. Collagen insulated from
tensile damage by domains that unfold reversibly: in situ X-ray investigation of
mechanical yield and damage repair in the mussel byssus. J. Struct. Biol. 167,
47–54 (2009).

42. Frushour, B. G. & Koenig, J. L. Raman scattering of collagen, gelatin and elastin.
Biopolymers 14, 379–391 (1975).

43. Wopenka, B., Kent, A., Pasteris, J. D., Yoon, Y. & Thomopoulos, S. The tendon-
to-bone transition of the rotator cuff: a preliminary Raman spectroscopic study
documenting the gradual mineralization across the insertion in rat tissue
samples. Appl. Spectrosc. 62, 1285–1294 (2008).

44. Hwang, D. S. & Waite, J. H. Three intrinsically unstructured mussel adhesive
proteins, mfp-1, mfp-2, and mfp-3: analysis by circular dichroism. Protein Sci.
21, 1689–1695 (2012).

45. Holten-Andersen, N. et al. pH-induced mussel metal-ligand cross-links yield
self-healing polymer networks with near-covalent elastic moduli. Proc. Natl
Acad. Sci. USA 108, 2651–2655 (2011).

46. Fullenkamp, D. E., Barrett, D. G., Miller, D. R., Kurutz, J. W. & Messersmith, P. B.
pH-dependent cross-linking of catechols through oxidation via Fe3þ and
potential implications for mussel adhesion. RSC Adv. 4, 25127–25134 (2014).

47. Sagert, J. & Waite, J. H. Hyperunstable matrix proteins in the byssus of Mytilus
galloprovincialis. J. Exp. Biol. 212, 2224–2236 (2009).

48. Heim, M., Keerl, D. & Scheibel, T. Spider silk: from soluble protein to
extraordinary fiber. Angew. Chem. Int. Ed. 48, 3584–3596 (2009).

49. Mouw, J. K., Ou, G. & Weaver, V. M. Extracellular matrix assembly: a
multiscale deconstruction. Nat. Rev. Mol. Cell Biol. 15, 771–785 (2014).

50. Reinecke, A., Brezesinski, G. & Harrington, M. J. pH-responsive self-
organization of metal-binding protein motifs from biomolecular junctions in
mussel byssus. Adv. Mater. Interfaces 4, 1600416 (2017).

51. Harrington, M. J. & Waite, J. H. How nature modulates a fiber’s mechanical
properties: mechanically distinct fibers drawn from natural mesogenic block
copolymer variants. Adv. Mater. 21, 440–444 (2009).

52. Picken, S. J., Sikkema, D. J., Boerstoel, H., Dingemans, T. J. & van der Zwaag, S.
Liquid crystal main-chain polymers for high-performance fibre applications.
Liq. Cryst. 38, 1591–1605 (2011).

53. Picken, S. J., van der Zwaag, S. & Northolt, M. G. Molecular and macroscopic
orientational order in aramid solution - a model to explain the influence of
some spinning parameters on the modulus of aramid yarns. Polymer. (Guildf)
33, 2998–3006 (1992).

54. Krogsgaard, M., Nue, V. & Birkedal, H. Mussel-inspired materials: self-healing
through coordination chemistry. Chem. Eur. J. 22, 844–857 (2016).

55. Zhao, H. & Waite, J. H. Linking adhesive and structural proteins in the
attachment plaque of Mytilus californianus. J. Biol. Chem. 281, 26150–26158
(2006).

56. Wei, W. et al. A mussel-derived one component adhesive coacervate. Acta
Biomater. 10, 1663–1670 (2014).

57. Bonn, D., Kellay, H., Benamar, M. & Meunier, J. Viscous finger widening with
surfactants and polymers. Phys. Rev. Lett. 75, 2132–2135 (1995).

58. Hernandez, B., Coic, Y.-M., Pflueger, F., Kruglik, S. G. & Ghomi, M. All
characteristic Raman markers of tyrosine and tyrosinate originate from phenol
ring fundamental vibrations. J. Raman Spectrosc. 47, 210–220 (2016).

59. Zhao, Q. et al. Underwater contact adhesion and microarchitecture in
polyelectrolyte complexes actuated by solvent exchange. Nat. Mater. 15,
407–412 (2016).

60. Schofield, R. M. S., Nesson, M. H., Richardson, K. A. & Wyeth, P. Zinc is
incorporated into cuticular "tools" after ecdysis: the time course of the zinc

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms14539 ARTICLE

NATURE COMMUNICATIONS | 8:14539 | DOI: 10.1038/ncomms14539 | www.nature.com/naturecommunications 11

http://www.nature.com/naturecommunications


distribution in "tools" and whole bodies of an ant and a scorpion. J. Insect
Physiol. 49, 31–44 (2003).

61. Drury, J. L. & Mooney, D. J. Hydrogels for tissue engineering: scaffold design
variables and applications. Biomaterials 24, 4337–4351 (2003).

62. Hou, Q. P., De Bank, P. A. & Shakesheff, K. M. Injectable scaffolds for tissue
regeneration. J. Mater. Chem. 14, 1915–1923 (2004).

63. Kretlow, J. D., Klouda, L. & Mikos, A. G. Injectable matrices and scaffolds for
drug delivery in tissue engineering. Adv. Drug Deliv. Rev. 59, 263–273 (2007).

64. Stalling, D., Westerhoff, M. & Hege, H. C. The Visualization Handbook
749–767 (Elsevier, 2005).

65. Qin, X. X., Coyne, K. J. & Waite, J. H. Tough tendons-mussel byssus has
collagen with silk-like domains. J. Biol. Chem. 272, 32623–32627 (1997).

66. Qin, X.X. & Waite, J. H. A potential mediator of collagenous block copolymer
gradients in mussel byssal threads. Proc. Natl Acad. Sci. USA 95, 10517–10522
(1998).

67. Coyne, K. J., Qin, X.-X. & Waite, J. H. Extensible collagen in mussel byssus:
a natural block copolymer. Science 277, 1830–1832 (1997).

68. Sun, C., Lucas, J. M. & Waite, J. H. Collagen-binding matrix proteins from
elastomeric extraorganismic byssal fibers. Biomacromolecules 3, 1240–1248
(2002).

69. Sun, C. J. & Waite, J. H. Mapping chemical gradients within and along a fibrous
structural tissue, mussel byssal threads. J. Biol. Chem. 280, 39332–39336 (2005).

70. Rzepecki, L. M., Hansen, K. M. & Waite, J. H. Characterization of a cystine-rich
polyphenolic protein family for the blue mussel Mytilus edulis. Biol. Bull. 183,
123–137 (1992).

71. Papov, V. V., Diamond, T. V., Biemann, K. & Waite, J. H. Hydroxyarginine
containing polyphenolic proteins in the adhesive plaques of the marine mussel
Mytilus edulis. J. Biol. Chem. 270, 20183–20192 (1995).

72. Zhao, H. & Waite, J. H. Proteins in load-bearing junctions: the histidine-rich
metal-binding protein of mussel byssus. Biochemistry 45, 14223–14231 (2006).

73. Waite, J. H. & Qin, X. X. Polyphosphoprotein from the adhesive pads of
Mytilus edulis. Biochemistry 40, 2887–2893 (2001).

Acknowledgements
We acknowledge support from the Deutsche Forschungsgemeinschaft (DFG) through
SPP-1568 (promotion of young researchers) and an Individual DFG Research Grant

(HA6369/3-1), as well as from the Max Planck Society. We thank V. Schöppler for
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