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with 7 at a steeper rate than the measurement
result (Fig. 4). In comparison, at the lower limit
OfKLATA: 0, KZA= 0.73 N/m, ands=d=30 nm,
the BTE solution obtains a k¥ — 7 curve in good
agreement with the measurement (Fig. 4). In this
case, the ZA contribution to k¥ becomes smaller
than the corresponding TA and LA contributions
(13), which are reduced only by the suppression
of the ZA +ZA — LA or TA mode conversions
because of leakage of ZA phonons.

In 2D and at the low 7 limit, if the scattering
rate T; ~!is proportional to ®, the k contribution is
proportional to 7°* for j = TA, LA, or ZA
polarization. For Ki xta = Kz =0.46 N/m, 7; “Lof
all the three polarizations is dominated by T, ; -
for which the o exponent is negative and results in
an increased x with 7. In comparison, for Kj ata =
0 and K74 = 0.73 N/m, boundary scattering with
o = 0 and isotope and umklapp scatterings with
positive o exponents play an increased role for
the dominant in-plane polarizations at low and
intermediate 7, respectively, so that the calculated
« — T'slope in this 7 range is relatively small, in
agreement with the measured data. On the other
hand, we have also fit the measured «k at 300 K by
including substrate scattering of Kj a4 = 0.8 N/m
in the RTA model (/8) that neglects the ZA
contribution (/3). The as-calculated k increases
with 7 at a much more rapid rate than both the
BTE results and the experimental data (Fig. 4),
because of the negative a exponent of the dom-
inant substrate scattering rate for the LA and TA
phonons and the high zone-boundary frequencies
of these two branches.

The theoretical analysis suggests that the ZA
contribution to x is large in suspended SLG and
that the measured « — T relation can be explained
by much stronger substrate scattering of ZA pho-

nons than LA and TA phonons. Although the
strong ZA scattering can be caused by the ex-
pected behavior of Kz > Kj ata, another pos-
sibility is that umklapp scattering of ZA phonons
can be enhanced by the substrate interaction,
which breaks the reflection symmetry. Indeed,
our calculations show that the ZA contribution is
reduced in suspended bilayer graphene because
of interlayer interactions. Although future theo-
retical work is needed to clarify this issue, our
experimental results clearly show that graphene
exfoliated on SiO, still conducts heat rather
efficiently despite phonon-substrate interaction.
However, the substrate effect could be quite
different for few-layer graphene or SLG grown
by thermal decomposition (27) or chemical vapor
deposition (28, 29) on other substrates because of
different interface interactions. These intriguing
questions are expected to stimulate further experi-
mental and theoretical investigations of phonon
transport in suspended, supported, and embedded

graphene.
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Iron-Clad Fibers: A Metal-Based
Biological Strategy for Hard

Flexible Coatings

Matthew J. Harrington,™*t Admir Masic,"1 Niels Holten-Andersen,?3

]. Herbert Waite,>* Peter Fratzl*

The extensible byssal threads of marine mussels are shielded from abrasion in wave-swept habitats
by an outer cuticle that is largely proteinaceous and approximately fivefold harder than the thread
core. Threads from several species exhibit granular cuticles containing a protein that is rich in
the catecholic amino acid 3,4-dihydroxyphenylalanine (dopa) as well as inorganic ions, notably
Fe3*. Granular cuticles exhibit a remarkable combination of high hardness and high extensibility.
We explored byssus cuticle chemistry by means of in situ resonance Raman spectroscopy and
demonstrated that the cuticle is a polymeric scaffold stabilized by catecholato-iron chelate
complexes having an unusual clustered distribution. Consistent with byssal cuticle chemistry and
mechanics, we present a model in which dense cross-linking in the granules provides hardness,
whereas the less cross-linked matrix provides extensibility.

etal complexation in biological and
Mbioengineered load-bearing structures
is emerging as a versatile cross-linking
strategy for assembling and mechanically re-

inforcing polymeric materials (/—6). Coordina-
tion complexes form cross-links when two or
more ligands each donate a nonbonding electron
pair to empty orbitals in a transition metal ion.

Because of their high stability and rates of for-
mation (7-9), coordination-based cross-links
have been proposed to endow certain biological
structures with a number of desirable material
properties, including triggered self-assembly, in-
creased toughness, self-repair, adhesion, high
hardness in the absence of mineralization, and
mechanical tunability (/—4, 7). Spectroscopic ev-
idence for the presence of coordination complexes
in these various materials is often quite com-
pelling (10, 11), and the loss of material stiffness
and hardness upon metal removal is strongly
suggestive of a cross-linking role (7, 2, 12, 13).
Precise localization of coordination complexes
in situ has remained elusive but is essential in
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defining structure-function relations. Here, we
report on the precise localization of metal-protein
complexes in mussel byssus by use of Raman
MiCroscopy.

The byssus, a shock-absorbing fibrous hold-
fast made by marine mussels (Fig. 1A), is a
treasure trove of metal-polymer complexes, mak-
ing it a suitable model system for investigating the
load-bearing properties of metal coordination
cross-links (3, 4, 10, 13). Mussels use the byssus,
a bundle of 50 to 100 individual threads that are
extensible up to >100% strain, to fasten them-
selves to accessible surfaces of the rocky sea-
shore (Fig. 1A) (14). Threads are formed one
at a time by a secretion of soluble precursors
(primarily protein) into a narrow groove of the
thread-forming organ known as the foot. After
assembly of the fibrous interior, a 2- to 5—um-
thick protective cuticle is applied as a separate
secretion (Fig. 1, B and C) (/5). Mechanically,
the cuticle exhibits a hardness four- to fivefold
higher than the fibrous core while maintaining,
depending on the species, a breaking strain as
high as 100% (Fig. 1B) (16, 7). High cuticle
failure strains are correlated with the presence of
interspersed granules (Fig. 1C) that hinder crack
propagation at high strains via the formation of
numerous dispersed microcracks within the
continuous intergranular matrix (16, /7). Tradi-
tional engineering coatings with comparable
hardness fail catastrophically long before reach-
ing such strains.

Mussel foot protein 1 (mfp-1) is the only
protein known to be present in the cuticle and
is characterized by a high isoelectric point (pI)
(~10), minimal secondary structure, and on
average 10 to 15 mole percent (mol %) of a
posttranslational modification of tyrosine known
as 3,4-dihydroxyphenylalanine (dopa) (18-20).
Mip-1 consists largely of a tandemly repeated
decapeptide x;Lys,x3x4Tyrsxsx,xgTyroLys o, in
which Lys; o and Tyrso are completely con-
served and the differential hydroxylation of
tyrosine to dopa leads to the accumulation of
two mfp-1 populations: (i) one with dopa limited
to Tyrg and (ii) another with dopa at both Tyrs
and Tyrg (21). The inorganic cuticle component,
which comprises ~1% of the dry weight, includes
metal ions, particularly iron and calcium, but
mineralization is absent (/3). The colocalization
of Fe and dopa in the cuticle combined with the
unusually high stability of catecholato-Fe** com-
plexes has led to the proposition that dopa-Fe
complexes provide cross-links between mfp-1
chains (Fig. 1D) (10, 13, 22-24). Taylor et al.
(23) demonstrated the ability of mfp-1 to bind
Fe®" ions via dopa ligands in vitro using reso-
nance Raman spectroscopy; however, dopa-metal
cross-links have not been detected within the cu-
ticle. We investigated the presence and distribu-
tion of dopa-dependent metal coordination within
the cuticle in situ by exploiting the sub-micrometer
resolution of confocal Raman spectroscopy. Re-
sults offer revealing insights into the spatial or-
ganization of dopa-Fe complexes in the cuticle

and support an integral role of metal coordination
chemistry in mechanical performance.

The resonance Raman spectra of Mytilus
californianus and M. galloprovincialis thread cu-
ticles are nearly identical (Fig. 2A) despite slight
differences in the primary sequence of their re-
spective mfp-1s and the average granule size
(M. californianus, 200 = 80 nm; M. galloprovin-
cialis, 750 £ 200 nm) (7). Nearly all peaks can
be attributed to the resonance enhanced inter-
action of iron (or a related transition-metal ion)
with the catecholic moiety of dopa (Fig. 2A
and table S1) (23, 25). The peaks at 550, 596,
and 637 cm ! are assigned specifically to bi-
dentate chelation of the metal ion by the phenolic
oxygens of dopa and will be used throughout as
an indicator of the presence of dopa-metal com-
plexation (26). The peak at 415 cm ' did not
appear in previous in vitro spectra of mfp-1-Fe*
solutions and therefore could not be confidently
assigned (23); however, possible assignments
based on similar chemical systems, particularly
didopa cross-linking, are discussed in the sup-
porting online material (SOM) text (table S2).
The resonance Raman spectra are stable and per-
sist in cuticles even after 15 days in raw seawater
(fig. S1). There were no observable changes in
the spectra of the cuticle during or after tensile
strains of 100% (SOM text).

The specific enhancement of resonance peaks
allows us to localize sites of dopa-metal coordi-
nation within the thread. Raman spectroscopic
imaging was performed on freshly cut transverse
cross-sections of M. californianus threads, and
peak distribution maps were generated by the
integration of the intensity of specific assigned
peaks (Fig. 2B). The region corresponding to
aliphatic CH vibrations, which is not resonance-

Fig. 1. Mussel byssus cu-
ticle. (A) Mussels produce a
byssus composed of nu-
merous extensible, shock-
absorbing byssal threads.
Threads are made one at a
time by the mussel foot and
attached to hard surfaces
by adhesive plaques. (B)
Mytilid threads are covered
by a thin (~5 um) cuticle
with a granular morpholo-
gy. Strain-induced macro-
tearing of cuticle exposing
the underlying fibrous core
is evident in the SEM. The
onset of macroscopic cuticle
failure in some species
requires strains as high as
70 to 100% despite the
four- to fivefold greater
hardness of cuticle vis-a-
vis the extensible interior.
(C) Granular microstructure
as revealed by means of

A
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dependent, is evenly distributed between the
coating and core of the thread, indicating a con-
stant distribution of organic material. In contrast,
resonance peaks from catechol-metal interac-
tions and catechol ring vibrations are localized
exclusively within the outer cuticle of the thread
(Fig. 2B).

It has been previously observed that EDTA
depletes iron and calcium ions in the cuticle and
results in a ~50% reduction in hardness of the
material (/3). Consistent with this observation,
Raman spectra from EDTA-treated thread cu-
ticles show a nearly complete loss of the metal-
associated resonance peaks (Fig. 2C). When
EDTA-treated threads are then soaked in a 1-mM
solution of FeCl; for 1 hour, catechol-metal res-
onance is largely recovered; spectral differences
between native and treated cuticles are minor
(Fig. 2C). The most striking difference is the dis-
appearance of the 415 cm ! peak and the ap-
pearance of a group of peaks centered around
330 cm™ . Treatment with FeCl; alone was suffi-
cient to regenerate spectra; inclusion of CaCl, in
the solution was not necessary.

Mpytilus byssus cuticle is not a homogenous
structure; rather, it resembles a particle-reinforced
composite (Fig. 1C). To further investigate dopa-
metal complex distribution within the composite
cuticle, microtomed thin sections of M. gallo-
provincialis threads were prepared and imaged
with Raman spectroscopy. Light microscopy of
cuticle sections (with thicknesses of ~3 um) re-
vealed a dark granular consistency (Fig. 3A). A
two-dimensional (2D) Raman image of the same
region integrated for the catechol-metal resonance
peak shows that the granular inclusions seen in
Fig. 3A appear as regions of high signal intensity
and that the matrix shows a weak but measurable

transmission electron microscopy (TEM) in an osmium-stained cuticle. (D) The hexadentate mononuclear
tris dopa-iron coordination complex proposed to cross-link mfp-1 in the byssus coating.
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signal (Fig. 3B). To further verify that the dis-
tribution of dopa-metal signal stems from varia-
tion in sample composition and not topography or
thickness, a depth scan (in the z plane) was per-
formed across a region in which the granules
were particularly well-resolved, confirming that
granules are regions of high intrinsic signal in-
tensity (Fig. 3C). Analysis of the region within
the highlighted box in Fig. 3C indicates that the
maximum granule and minimum matrix inten-
sities of the integrated catechol-metal peak differ
by a factor of ~2 to 3.

From these data, we infer that the granules
contain a higher dopa-metal cross-link density
than the surrounding matrix. By extension, a
reasonable prediction would be that the me-
chanical behavior of the granules differs from
that of the matrix. Previous atomic force mi-
croscopy (AFM)-based studies have shown

A

that during elongation of M. galloprovincialis
cuticle, the granule aspect ratio increases up to
~30% in proportion to cuticle strain, indicating
that the matrix and granules behave essentially
as a single phase (/6). However, above ~30%
strain the granules essentially stop deforming,
shifting further strain to the surrounding matrix
(16). Microcrack formation is consequently ob-
served in the cuticle, but not within the granules
(16). Furthermore, by returning stretched threads
(50% strain) to their initial length and then im-
mediately measuring aspect ratios, we observed
that whereas granule elongation is instantane-
ously reversible, recovery from microcracks is
not (Fig. 3D and fig. S3). Cuticle microcracking
qualitatively resembles the large-scale cavitation
observed in synthetic nanocomposites in which
hard inclusions are embedded in a softer poly-
mer (27), suggesting that past 30% strain gra-

nules behave more stiffly and are less compliant
than the matrix.

Several findings of this study point toward
a key role of metal cross-links within the
cuticle polymer: (i) Cuticle cohesion is based
on the presence of dopa-metal cross-links. (ii)
The non-covalent and reversible nature of this
bonding structure, evident from EDTA and
FeCl; recovery experiments, demonstrates its
inherent versatility as compared with that of
covalent cross-links (Fig. 2C). (iii) In light of
previous nanoindentation-based studies (/3),
the results of EDTA treatment strongly sup-
port the role that dopa-iron cross-linking plays
in modulating cuticle mechanical properties.
And (iv), granules were shown to have a higher
relative resonance signal than the matrix, which
is indicative of a higher density of dopa-metal—
based cross-linking within the granules.

ea7em™! [T M-caliornianus ! 10Xrel. | C — Native Goxel A '
—— M. galloprovincialis 1476 cmi' ICH stretch |ntenS|ty1 — Fe recovery rintensity
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Fig. 2. Raman spectroscopy of byssus cuticles. (A) Resonance Raman spectra
from M. californianus and M. galloprovincialis cuticles. The cuticle spectra
correspond closely to spectra of mefp-1 and Fe3* in vitro (23). Despite dif-
ferences in cuticle morphology and mfp-1 sequence in the two species, the
spectra are barely distinguishable. (Inset) The nonresonance peak for aliphatic
CH stretching from M. californianus cuticle magnified 10x the relative intensity.
According to the assignments, the most prominent peaks can be attributed to
the interaction of metal with the catecholic oxygens and to the vibrations of the
carbon bonds in the catechol ring, respectively. (B) 2D Raman imaging of the

same transverse M. californianus thread section integrated over three different
wave-number ranges as indicated. Organic material is uniformly distributed;
however, dopa-Fe* resonance is confined to the outer coating. Scale bars,
5 um. (C) Resonance Raman spectra of thread cuticles from M. californianus
in the native state, after EDTA treatment, and after re-exposure to Fe in a
depleted thread. The nearly complete loss of resonance peaks after EDTA
treatment is reversed by a nearly complete restoration by means of incubation
in 1 mM FeCls (pH3.2). The three spectra were normalized to the area under
the aliphatic CH peak [2850 to 3010 cm™ (inset)].
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Fig. 3. High-resolution
Raman imaging of byssus
cuticle. (A) Light micro-
graph of a thin section
(~3 um) of M. gallopro-
vincialis proximal cuticle
with granules evident as
dark spots (100x oil im-
mersion). (B) 2D Raman
image of (A) integrated
for the Fe-catechol peak
(490 to 696 cm™) re-
veals that granules have
higher intensity than
matrix. (C) Raman depth
scan along trajectory
(dashed box) in (B) fur-
ther accentuates the
strong difference in the
Raman resonance signal
between the granules and
the matrix. The elongated
shape of the granules in
the z axis is an artifact

resulting from the verti-

REPORTS I

Although amino acid-metal complexes,
particularly those involving dopa or histidine
as ligands, are less than half as strong as covalent
bonds, they are reversibly breakable through
hundreds of cycles (7, 9). Two different me-
chanical roles have been attributed to these cross-
links in biological structures. First, in several
damage-tolerant biological structures, low den-
sities of metal complexes are believed to function
as reversible sacrificial bonds. For instance, the
collagenous core of byssal threads, which ex-
hibits remarkable toughness and self-healing, is
stabilized by histidine-metal complexes as op-
posed to typical collagen cross-linking chemistry
(4). Similarly, spider silk infiltrated with transi-
tion metal ions acquires a substantial increase in
toughness, probably because of the formation of
coordination complexes (5). Second, in contrast
to this proposed sacrificial role, the high density
of histidine-zinc complexes in the jaws of marine
worms (Nereis sp.) is adapted to fashion a light-
weight material as hard as dentin in the absence
of a mineral phase (7).

Conceivably, the byssus cuticle combines

cal resolution limit of the confocal Raman microscope. The relative intensity (mean + SD) at each point ~ both of these cross-linking strategies to achieve
along the x axis averaged over the height (z axis) of the highlighted box is plotted below the scan. (D) AFM its unique blend of hardness and extensibility.
amplitude image of a relaxed thread (recovered after 50% strain) showing the recovered shape of the ~ Consider a view of the cuticle as a continuous
granules and widespread cuticle microcracking (white arrows). network of loosely folded mfp-1 chains with

Fig. 4. Basic model illustrating the cohesive Core Matrix Granule
role of dopa-Fe complexes in the byssus cuticle. |
Granules contain a higher cross-link density
than matrix. When the cuticle is stretched to less
than 30% strain, the randomly coiled mfp-1 chains
begin to unravel, and the granule and matrix
deform equivalently. However, when stretched
beyond 30% strain mfp-1 chains are largely
unraveled, and microcracks form outside the
granules because of the difference in cross-link
density. When relaxed, the granule returns to its
initial shape, whereas microcracks do not exhibit
immediate recovery.
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dopa-metal cross-link density that alternates from
high (granules) to low (matrix) (Fig. 4). This
model assumes that mfp-1 is the primary struc-
tural component of the coating, and although
other types of bonding are expected to contribute
to the overall stabilization of the structure, we
focus here only on the potential role of dopa-Fe
cross-linking (/8). At the onset of cuticle strain,
mfp-1 chains [which at rest are random coils and
short bent helices (20)] straighten out. Within this
range, the granules and matrix exhibit similar
(high) compliance; however, at ~30% strain most
of the coiled protein domains are unraveled, and
the load is transferred to the metal-based cross-
links. Because of their higher cross-link density,
the granules oppose further deformation at the
expense of the less cross-linked matrix (Fig. 4).
This is perhaps the point at which the lability of
dopa-Fe complexes becomes instrumental to cu-
ticle function by facilitating the formation of dis-
persed microcracks and sparing the cuticle from
catastrophic failure. The relatively low forces re-
quired to completely unfold noncovalently stabi-
lized random coil domains [~100 pN for the
PEVK domain of the muscle protein titin (28)]
versus those required to break a dopa-metal bond
[~800 pN (7)] support the sequence of sacrificial
bond breakage put forward in this model; how-
ever, alternative interpretations should still be
considered.

An open question concerns the mechanism
of local control over the cross-link density by
the organism. There are two plausible explana-
tions: (i) Granules represent a condensed pro-
tein phase with higher mfp-1, and consequently
dopa density, than the matrix. High-resolution
electron micrographs of cuticle-forming cells
reveal that secretory vesicles undergo a matu-
ration process that resembles phase separation
to form a prefabricated granule surrounded by
matrix (/5). Or (ii), granules have more cross-
links per protein chain (for example, mfp-1 within
the granules could have more Tyr modified to dopa
residues). Two populations of mfp-1 differing
only in the degree of dopa modification have
been identified (/8, 217). It should be added that
the two explanations are not mutually exclusive.

The use of dopa-Fe complexes to “ironclad”
a polymeric coating is also notable considering
the costly cellular processing required. What is
the adaptive benefit of forming redox-active dopa
by means of posttranslational processing when
histidine could be used for metal cross-linking
at lower cost? Possibilities include using post-
translational modifications to tune cross-link
density [as exemplified by the two mfp-1 popula-
tions (27)], linking dopa-Fe redox exchange to
didopa cross-link formation (table S2) (10), and
exploiting the remarkable affinity of the dopa-Fe**
complex in iron-limited marine environments
(SOM text) (24, 29).

This study provides in situ evidence for the
peculiar metallopolymeric structures used to stabi-
lize the load-bearing network in the byssus cuticle.
In light of previous mechanical studies, these data

support the notion that density and organization of
metal complexation in functional biopolymers can
be fine-tuned for desirable material properties. The
adaptive design of the byssal cuticle is unusual in
this regard because the density of metal complex-
ation is strategically varied within the polymeric
structure at the sub-micrometer scale in order to
create a material that is both hard and extensible—
an ideal coating for compliant substrates.
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Solvent-Mediated Electron Hopping:
Long-Range Charge Transfer
in IBr(CO,) Photodissociation

Leonid Sheps,* Elisa M. Miller,* Samantha Horvath,? Matthew A. Thompson,** Robert Parson,*t

Anne B. McCoy,?t W. Carl Lineberger*t

Chemical bond breaking involves coupled electronic and nuclear dynamics that can take place

on multiple electronic surfaces. Here we report a time-resolved experimental and theoretical
investigation of nonadiabatic dynamics during photodissociation of a complex of iodine monobromide
anion with carbon dioxide [IBr(CO,)] on the second excited (A’) electronic state. Previous experimental
work showed that the dissociation of bare IBr~ yields only I” + Br products. However, in IBr (CO,),
time-resolved photoelectron spectroscopy reveals that a subset of the dissociating molecules undergoes
an electron transfer from iodine to bromine 350 femtoseconds after the initial excitation. Ab initio
calculations and molecular dynamics simulations elucidate the mechanism for this charge hop and
highlight the crucial role of the carbon dioxide molecule. The charge transfer between two recoiling
atoms, assisted by a single solvent-like molecule, provides a notable limiting case of solvent-driven

electron transfer over a distance of 7 angstroms.

hemical transformations involve the cou-
pling of electronic and nuclear motions
as reactants evolve into products, and a
central goal of chemical physics is to obtain a

molecular-level picture of the underlying funda-
mental rules that govern reaction dynamics. Such
detailed understanding requires the knowledge of
reactive potential-energy surfaces, and many in-
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