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ABSTRACT: Characterization of marine biological adhesives
are teaching us how nature makes materials and providing new
ideas for synthetic systems. One of the most widely studied
adhering animals is the marine mussel. This mollusk bonds to
wet rocks by producing an adhesive from cross-linked proteins.
Several laboratories are now making synthetic mimics of mussel
adhesive proteins, with 3,4-dihydroxyphenylalanine (DOPA) or
similar molecules pendant from polymer chains. In select cases,
appreciable bulk bonding results, with strengths as high as
commercial glues. Polymer molecular weight is amongst several
parameters that need to be examined in order to both understand biomimetic adhesion as well as to maximize performance.
Experiments presented here explore how the bulk adhesion of a mussel mimetic polymer varies as a function of molecular weight.
Systematic structure−function studies were carried out both with and without the presence of an oxidative cross-linker. Without
cross-linking, higher molecular weights generally afforded higher adhesion. When a [N(C4H9)4](IO4) cross-linker was added,
adhesion peaked at molecular weights of ∼50 000−65 000 g/mol. These data help to illustrate how changes to the balance of
cohesion versus adhesion influence bulk bonding. Mussel adhesive plaques achieve this balance by incorporating several proteins
with molecular weights ranging from 6000 to 110 000 g/mol. To mimic these varied proteins we made a blend of polymers
containing a range of molecular weights. Interestingly, this blend adhered more strongly than any of the individual polymers
when cross-linked with [N(C4H9)4](IO4). These results are helping us to both understand the origins of biological materials as
well as design high performance polymers.
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■ INTRODUCTION

Mimics of Mussel Adhesives. We can learn a great deal
about materials design when looking to the seas. Marine
organisms such as mussels, oysters, barnacles, and sandcastle
worms all use specialized adhesives in order to affix themselves
to wet surfaces. Most synthetic glues, by contrast, fail at wet
bonding. Perhaps the most well studied bioadhesive is that
produced by marine mussels (Figure 1). This adhesive is
comprised of several proteins, each containing the 3,4-
dihydroxyphenylalanine (DOPA) amino acid for cross-linking
and curing.1−4

Shellfish have become the inspiration for many biomimetic
polymers, which place the cross-linking chemistry of mussels
into polypeptides,5−7 polyamides,8 polyacrylates,9−14 poly-
ethylene glycols,15−20 polyurethanes,21 and polystyrenes.22−27

Incorporation of DOPA chemistry into synthetic polymers is
now being pursued by dozens of laboratories.28−30 Con-
sequently, we seek to determine the most important factors that
give rise to the strongest adhesion possible.
Several DOPA containing proteins are combined by the

animal’s foot to generate an adhesive plaque.31,32 Each of these
mussel foot proteins (Mfps) is tailored to play a specific role.
The lower molecular weight proteins, Mfp-3 at ∼6000 g/mol,
Mfp-5 at ∼9000 g/mol, and Mfp-6 at ∼11 000 g/mol,32 are at

the interface of the substrate and the plaque.33 Presumably,
these low molecular weight proteins are bringing about
wettability. Intermediate molecular weight proteins, Mfp-2 at
∼45 000 g/mol and Mfp-4 at ∼90 000 g/mol, compose the
bulk portion of the plaque.32 The highest molecular weight
protein, Mfp-1 at ∼110 000 g/mol, provides a protective
coating for a high strength exterior.31,32 These six proteins
come together to form one assembly able to adhere to nearly
any surface.
Any given synthetic polymer mimic may be called upon to

reproduce the function of the six different proteins produced by
mussels. With a wide range of molecular weights found for
mussel adhesive proteins (∼6000 g/mol to ∼110 000 g/mol),32
it is difficult to predict which single polymer chain length will
yield the strongest adhesion. For the studies described herein,
we used poly[(3,4-dihydroxystyrene)-co-styrene] (Scheme 1).22

In terms of chemical functionalities, this system may be the
simplest of all the mussel adhesive mimics, thus making it a
good subject to investigate the relationship between molecular
structure and macroscopic function. In a prior study, we
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determined that a polymer composition of ∼33 mol % 3,4-
dihydroxystyrene and ∼67 mol % styrene yielded the strongest
bonding, comparable to the adhesion strength of a commercial
cyanoacrylate (Krazy Glue).34 At this time, we do not know
how the molecular weight of a mussel mimetic polymer will
impact adhesion. Here we seek to determine which, if any,
molecular weight may provide the strongest bulk bonding for a
biomimetic copolymer system.
Molecular Weight and Adhesion. Adhesive materials are

generated from a variety of synthetic polymers including
epoxies, poly(urethanes), poly(vinyl acetates), and cyanoacry-
lates. Although those materials are in wide use for both
industrial manufacturing and biomedical repairs, higher bond
strengths are often in demand. Several parameters have been
examined extensively to enhance adhesion; however, the effect
of the molecular weight on bulk adhesion has not been
explored in great detail and offers opportunities to improve
performance.35−37

Molecular weight impacts polymer properties including the
glass transition temperature (Tg), melting temperature (Tm),
stiffness, strength, viscoelasticity, toughness, and viscosity.38−40

Increases in molecular weights provide additional chain
entanglements and reduced free volumes, causing restricted
movement of the chains, subsequently raising the Tg, Tm, and
viscosity.38,39 Other properties that can be altered with
molecular weight include strength, tackiness, and toughness,
each increasing with higher molecular weights.36,38,41 Crazing
and wetting decrease with lower molecular weights.38 Chain

entanglement, interdiffusion, and interfacial interactions, all of
which are affected by molecular weight, also affect polymer
adhesion.36,41,42

Prior studies have examined the influence of polymer
molecular weight upon adhesion. Typically, however, only a
relatively narrow range of molecular weights have been studied
within a single polymer family.5,36,41,43−46 For appreciable bulk
bonding to be present, a minimum of 5000 g/mol appears
necessary.47 However, an optimal molecular weight for the
highest bond strength remains unknown. Most likely, differ-
ences between the many classes of polymeric adhesives and
varied testing methods prevent us from finding a single, ideal
molecular weight.
Poly(vinyl alcohol),48,49 epoxidized natural rubber,43−45 and

poly(isobutylene)50 have each been explored with regard to the
influence of molecular weight upon adhesion. An intermediate
molecular weight was found to yield the strongest bonds with
each polymer.43−45,48−50 For poly(vinyl alcohol) blends, the
tensile strength peaked at a molecular weight of ∼100 000 g/
mol.48,49 The peel strength of epoxidized natural rubber was
maximized at a lower molecular weight of 39 000−68 000 g/
mol.43−45 In the case of poly(isobutylene), the molecular
weight providing the best shear strength was much higher, at
∼700 000 g/mol, whereas the tack strength decreased when the
molecular weight increased.50 Work with other polymeric
systems such as poly(dimethylsiloxanes), however, has noted
that stronger adhesion corresponds directly to higher molecular
weights.36,41,46

In general, a balance between wettability and strength is
required to achieve the strongest bonding possible.43−45

Adhesive failure modes also vary with molecular weight.
Below the optimum molecular weight for adhesion, failure
was cohesive, indicating that a higher strength, higher molecular
weight polymer may enhance bonding.44 Above the peak
molecular weight, however, failure was mostly adhesive, likely
due to lower wettability preventing the polymer from
interacting well with the surface.44

Lower molecular weight polymers, or even monomers and
oligomers, can allow for more interactions with a surface due to
high mobility. The resulting wettability provides many contact
points between the polymer and surface.41 This mobility also
enables flow, aiding in the dissipation of energy when a bond is
being stressed. High surface wetting is necessary for contact
between the polymer and substrate prior to bond setting.51

Such wettability from low molecular weights, however, comes
at the expense of cohesion. To overcome surface wetting
problems with high molecular weight polymers, testing can be
carried out near the Tg, thus enhancing mobility for
improved surface interactions.41,52 Once attached to a surface,
higher molecular weight polymers can provide strong cohesive
interactions to help resist bond failure.41 Higher molecular
weights also provide a route for dissipating energy when the
bond is under strain. Chain entanglements and elongation prior
to breaking may aid high strength bonding with high molecular
weight polymers.41,46

Additional polymer−polymer interactions including hydro-
gen bonds or other types of cross-links may influence the
interplay between molecular weight and adhesion. The degree
of cross-linking can be coupled to polymer molecular weight,
influencing both the bulk and surface interactions.36,41,46 For
example, in the epoxidized natural rubber system, the presence
of hydrogen bonding motifs yields optimized adhesion at lower
molecular weights.35−43 An analogous trend can be accom-

Figure 1. Photograph of a marine mussel clinging to a glass sheet with
adhesive plaques.

Scheme 1. Poly[(3,4-dihydroxystyrene)-co-styrene], A
Functional Mimic of Mussel Adhesive Proteins
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plished by cross-linking the polymer, effectively increasing the
molecular weights.38 Cross-linking decreases the number of free
polymer chain ends, observed with poly(dimethyl-
siloxanes).37,41,46 A greater extent of cross-linking resulted in
reduced poly(dimethylsiloxane) wetting and thus decreased
adhesion.41,52 Results presented below investigate how
molecular weight dictates the adhesion of a biomimetic
polymer system, both with and without cross-linking agents.

■ EXPERIMENTAL SECTION
Materials. Chemicals and solvents were purchased from Sigma

Aldrich. Tetrabutylammonium periodate [N(C4H9)4](IO4) was made
following a literature procedure53 and confirmed by ultraviolet−visible
absorption spectroscopy, 1H NMR spectroscopy, and melting point
determinations. A sheet of aluminum 6061-T6 was purchased from
Farmer’s Copper and cut into adherends (8.9 cm × 1.3 cm). These
substrates were cleaned following the ASTM D2651-01 standard
method.54

Polymer Synthesis. The biomimetic polymers were synthesized
following a procedure from our laboratory described previously.34

Briefly, an anionic polymerization was conducted by copolymerizing
styrene and 3,4-dimethoxystyrene with n-BuLi initiator to form
poly[(3,4-dimethoxystyrene)-co-styrene]. A typical synthesis included
5.8 mL (51 mmol) of styrene, 5.3 mL (35 mmol) of 3,4-
dimethoxystyrene, 0.45 mL of n-BuLi, 2.5 M in hexanes, (1.1
mmol), and 80 mL of anhydrous toluene solvent. The polymer was
deprotected to form poly[(3,4-dihydroxystyrene)-co-styrene] using
BBr3, 1 M in hexanes.34 The reaction was quenched with methanol,
and then the polymer solution was precipitated and washed with a
solution of 1% (v/v) HCl in water. The polymer was dried by rotary
evaporation, yielding a light brown solid.
Polymer Characterization. To confirm the structure and

determine the catechol content of each poly[(3,4-dimethoxy
styrene)-co-styrene] derivative, 1H NMR spectra were recorded on a
Varian Inova-300 MHz spectrometer. Gel permeation chromatography
(GPC) was run in THF on a Polymer Laboratories PL-GPC20 to
provide the molecular weights and polydispersity indices (PDIs). A
previous study from our laboratory showed optimized adhesion of
poly[(3,4-dihydroxystyrene)-co-styrene] at a 33% 3,4-dihydroxystyrene
and 67% styrene monomer content.34 Consequently, we targeted
∼33% 3,4-dihydroxystyrene content for the polymers used in this
study.
Adhesion Studies. Bulk lap shear adhesion bonding was carried

out with a modified version of the ASTM D1002 standard
method.22,55 Poly[(3,4-dihydroxystyrene)-co-styrene] was dissolved
at 0.300 g/mL in 1:1 acetone:dichloromethane. Then 22.5 μL of this
polymer solution was spread onto each aluminum adherend. When
used, a tetrabutylammonium periodate [N(C4H9)4](IO4) cross-linker
solution was prepared by dissolving 0.341 g of [N(C4H9)4](IO4) into
1.00 mL of 1:1 acetone:dichloromethane for a typical experiment. A
1:3 [N(C4H9)4](IO4):3,4-dihydroxystyrene molar ratio was chosen for
cross-linking to mimic the ratio of iron:DOPA proposed to be present
in mussel adhesive plaques.2,3,56 This ratio has yielded some of the
strongest adhesion observed with any synthetic polymer mimic of
mussel adhesive proteins and made for an obvious choice here.34 Prior
studies have varied periodate:catechol ratios; however, the effects
examined were with regard to gelation rather than adhesion.57,58

The [N(C4H9)4](IO4) solution (15.0 μL) was added to the
polymer solution on one of the adherends before they were
overlapped at 1.20 cm × 1.20 cm. Adherends were allowed to set
for 1 h at room temperature before heating at 55 °C for 22 h, followed
by an additional 1 h of cooling at room temperature. Lap shear bond
strengths were quantified at a loading rate of 2 mm/min using an
Instron 5544 Materials Testing System with a 2000 N load cell.
Maximum force was divided by the overlap area to determine the
adhesion strength of each polymer (Supporting Information Figure
S1). Conditions for testing were chosen to be consistent with previous
studies with this polymer system.22,23,26,34 Subsequent, minor
modifications have been made to the experimental setup including

an ASTM D2651-01 method for adherend cleaning54 and the
machining of an alternate testing bracket (Supporting Information
Figure S1). Consequently, adhesion data presented here may vary
slightly from work reported previously. The ASTM cleaning method
includes degreasing the substrates in trichloroethylene followed by
washes in hot base and acid baths. Additional washes and scraping had
to be employed to remove the insoluble, cross-linked polymers. Each
data point is the average of at least 10 samples, and error bars show the
90% confidence intervals.

■ RESULTS AND DISCUSSION
Polymer Synthesis. Polymers with a variety of molecular

weights were made by altering the n-BuLi:monomer ratio
during synthesis. The n-BuLi:monomer ratios were varied from
0.7 to 5.7 mol %. A family of 10 polymers was prepared ranging
from number average molecular weights (Mn) of 22 000 to
84 000 g/mol and weight average molecular weights (Mw) of
27 000 to 105 000 g/mol. The synthesis of higher molecular
weights was attempted without success. Table 1 provides details

on the specifics of each polymer. The characterization data in
Table 1 are shown for the protected intermediate poly[(3,4-
dimethoxystyrene)-co-styrene)] due to visibility of the methoxy
peaks in 1H NMR spectra to provide composition data and to
prevent adhesion to the high surface area GPC column. We
targeted ∼33 mol % 3,4-dihydroxystyrene to be in each
polymer owing to prior results showing strong adhesion.34 The
polymers made here displayed final 3,4-dihydroxystyrene
contents within a range of 27−34 mol %. Representative 1H
NMR spectra of poly[(3,4-dihydroxystyrene)-co-styrene)] are
provided in the Supporting Information. Figures S2 and S3 are
the polymer before and after cross-linking with [N(C4H9)4]-
(IO4), respectively. Typical yields were ∼75%. A relatively
narrow range of polydispersities (PDIs) were found at 1.2 to
1.5.

Adhesion and Molecular Weight. Adhesion was
measured for each polymer in Table 1. Lap shear bonding
with aluminum was chosen to provide a common substrate
bonded together in a standard configuration. These selections
also facilitate direct comparisons with prior results.22,23,26,34

Supporting Information Figure S1 shows a typical force-versus-
extension curve obtained during an adhesion test. The sharp
break at failure is indicative of brittle fracture. Maximum
adhesion strength data are presented in Figures 2 and 3 and
work of adhesion data are in Supporting Information Table S1.
Molecular weight imparted a strong influence upon the

adhesion of this biomimetic system. Adhesion increased directly
with molecular weight in the Mn and Mw ranges of ∼20 000 to
∼100 000 g/mol examined here. These data appear to agree
with prior reports with other polymer systems in that higher

Table 1. Synthesis and Characterization Data for Poly[(3,4-
dimethoxystyrene)-co-styrene] Copolymers

final styrene
content (%)

final 3,4-dimethoxystyrene
content (%)

Mn
(g/mol)

Mw
(g/mol) PDI

69 31 22 000 27 000 1.2
70 30 30 000 41 000 1.4
66 34 35 000 48 000 1.4
73 27 37 000 54 000 1.5
70 30 40 000 50 000 1.2
69 31 50 000 65 000 1.3
73 27 57 000 79 000 1.4
71 29 61 000 92 000 1.5
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molecular weight polymers can provide greater cohesive
polymer−polymer interactions. With the polymer alone, the
cohesion−adhesion balance appears to lie more toward
adhesion at lower molecular weights. Higher molecular weights
introduce more cohesion, more interpenetration, and con-
sequently, greater bulk adhesive performance. To provide a
point of reference, the maximum adhesion seen in Figrue 3, at
∼6 MPa, approaches the ∼7 MPa performance measured for
ethylcyanoacrylate, Krazy Glue, when tested under similar
conditions.34

The influence of polymer molecular weight upon adhesion
changes dramatically with introduction of the oxidative cross-
linker tetrabutylammonium periodate. Figure 3 shows that the
maximum adhesion for the cross-linked polymers is found at
intermediate chain lengths. Peak adhesion of ∼5.5 MPa
occurred in the ranges of Mn ≈ 37 000−50 000 g/mol and
Mw ≈ 50 000−65 000 g/mol.
Cross-linking provides an effective means of increasing

polymer chain lengths. Oxidative cross-linking of catechol-
containing molecules proceeds via one electron oxidation to
seminquinones, two electron oxidation to quinones, or a

combinaton thereof.59,60 Subsequent Michael addition, with
nucleophiles adding to the oxidized species, brings about
covalent cross-links. In the case of poly[(3,4-dihydroxystyrene)-
co-styrene], phenolic oxygens are the only obvious nucleophile
present in the polymers for such reactions. Cross-linking may
be a result of oxidized 3,4-dihydroxystyrene, in the form of
semiquinones and/or quinones, coupling with aromatic
hydroxyl groups.
Polymer−polymer and polymer−surface interactions change

as a result of cross-linking. The copolymers described here
became insoluble after cross-linking. Various organic solvents,
hot acid, and hot base were all used to attempt dissolution
without significant success. Extraction of cross-linked polymers
with THF, followed by examination with gel permeation
chromatography, showed only low concentrations of small
fragments. The molecular weight observed (Mw < 5000 g/mol)
was lower than that of the starting polymer (Mw = 27 000 g/
mol). Extraction of a cross-linked polymer with DMSO-d6 and
investigation by 1H NMR spectroscopy found prominent
tetrabutylammonium resonances from [N(C4H9)4(IO4)] as
well as lower intensity polymer signals (Supporting Information
Figure S3). Cross-linked polymeric solids were also subjected
to solid state matrix assisted laser desoprtion and ionization
mass spectrometry without obtaining any appreciable signals.
Consequently, we can surmise that cross-linking increases
molecular weights at least to the point of insolubility. However,
the insoluble nature of this system precludes us from providing
specific details on molecular weights after cross-linking.
In terms of the adhesive−cohesive balance, cross-linking

appears to show where the optimum resides. Below Mn ≈
37 000 g/mol (Mw ≈ 50 000 g/mol) there is not sufficient
cohesive bonding to yield the strongest bulk adhesion possible.
Going beyond Mn ≈ 50 000 g/mol (Mw ≈ 65 000 g/mol), the
added cohesion comes at the expense of surface adhesive
interactions and bulk bonding suffers.
The polymers, both with and without [N(C4H9)4](IO4)

cross-linking, gave the least bulk adhesion when molecular
weights were low. Typically, low molecular weights allow for
higher surface wetting. However, this effect may not be relevant
here, given that the polymers were dissolved in solvent prior to
application onto the substrates. Heating then evaporated away
this solvent. Dissolution allows high surface wetting regardless
of the polymer molecular weight.

Comparisons to Other Polymers. The data in Figure 2
for poly[(3,4-dihydroxystyrene)-co-styrene], alone, indicate
behavior similar to poly(dimethylsiloxanes) in that bulk
adhesion increases directly with molecular weight.36,41,46 We
can imagine that, with both poly(dimethylsiloxane) and our
biomimetic system, there may well be a point at which adhesion
drops with molecular weights higher than those accessible
synthetically. When poly[(3,4-dihydroxystyrene)-co-styrene]
was cross-linked, the behavior became similar to both
epoxidized natural rubber and poly(vinyl alcohol) for which
there was a peak molecular weight corresponding to maximum
bulk adhesion. With epoxidized natural rubber, hydrogen
bonding motifs enhance polymer interactions and, conse-
quently, lower molecular weights can give rise to appreciable
adhesion.43−45 Even without [N(C4H9)4](IO4) cross-linking,
hydrogen bonding between pendent catechol groups may be
part of the poly[(3,4-dihydroxystyrene)-co-styrene] copoly-
mers.

Perspectives from Marine Biology. Given that mussel
adhesive proteins are known to be cross-linked extensively, the

Figure 2. Effect of molecular weight upon adhesion for poly[(3,4-
dihydroxystyrene)-co-styrene]. The number average molecular weight
(Mn) is shown in red and the weight average molecular weight (Mw) is
depicted in black. Adhesion testing was conducted in shear on
aluminum substrates.

Figure 3. Effect of molecular weight upon adhesion for poly[(3,4-
dihydroxystyrene)-co-styrene] when cross-linked with [N(C4H9)4]-
(IO4). The number average molecular weight (Mn) is shown in red
and the weight average molecular weight (Mw) is depicted in black.
Adhesion testing was conducted in shear on aluminum substrates.
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most appropriate comparisons to make here may be with our
cross-linked polymers (Figure 3). The optimized adhesion of
cross-linked poly[(3,4-dihydroxystyrene)-co-styrene] at Mn ≈
37 000 to 50 000 g/mol (Mw ≈ 50 000 to 65 000 g/mol) is
similar to the molecular weight of the Mfp-2 at ∼45 000 g/
mol.32 This protein happens to be the most abundant
constituent of mussel plaques.31 However, it is possible that
these similarities are coincidence. Poly[(3,4-dihydroxystyrene)-
co-styrene] is a single polymer doing the job of six proteins of
quite varied molecular weights. Perhaps it is not surprising that
the best adhesion for cross-linked poly[(3,4-dihydroxystyrene)-
co-styrene] was found to reside between the molecular weight
extremes of Mfp-3 at ∼6000 g/mol and Mfp-1 at ∼110 000 g/
mol.
When considering the range of protein molecular weights in

mussel plaques, we wondered if there may be some benefit
conferred by the mixture. Consequently, we prepared 1:1:1
blends by weight of three poly[(3,4-dihydroxystyrene)-co-
styrene] polymers with Mw’s of 27 000, 54 000, and 105 000
g/mol. This range spans that of our shortest polymer to our
longest polymer and contains one in the middle.
Bulk adhesion was measured for this blend of three polymers

both with and without [N(C4H9)4](IO4) cross-linking. Data are
provided in Table 2. For the polymer blend alone, adhesion at

2.9 ± 0.6 MPa appeared to be a simple average of the three
constituents with the 27 000 g/mol polymer at 0.8 ± 0.2 MPa,
54 000 g/mol at 2.5 ± 0.3 MPa, and 105 000 g/mol at 5.0 ± 0.4
MPa. The story changed significantly with cross-linking. The
polymer blend cross-linked with [N(C4H9)4](IO4) adhered at
7.8 ± 0.7 MPa. Such adhesion is stronger than what was found
for the individual polymers when cross-linked, with the 27 000
g/mol polymer adhering at 2.2 ± 0.3 MPa, 54 000 g/mol at 5.5
± 0.8 MPa, and 105 000 g/mol at 4.0 ± 0.9 MPa. This
unexpected result may help us to understand why mussel
plaques are comprised of a mixture of proteins with molecular
weights of such a wide range.
In the case of our experiments, the different polymers are

deposited from a homogeneous solution, rather than being
spatially separated in an arrangement analogous to how mussels
create their adhesive plaques. Nonetheless, each synthetic
polymer may bring a unique property to the system. The lowest
molecular weight polymer could reside at the surface providing
adhesive bonding. An intermediate molecular weight polymer
may be improving cohesive bonding. The highest molecular
weight polymer then brings about an initial, high strength
network. Mobility of the lower molecular weight species allows
for interpenetration and formation of a network. Incorporation
of cross-linking is then likely to lock this network together,
forming covalent bonds and, effectively, increasing molecular
weights. Increasing polydispersity is known to improve adhesive
strengths when tested in shear.50 Ultimately, the blend of
multiple molecular weights may allow each component to fulfill

different rolls of adhesive and cohesive bonding, much like the
various mussel adhesive proteins.

■ CONCLUSIONS
Data presented here show that molecular weight has a major
impact on the bulk adhesion of a polymer system mimicking
the DOPA-containing proteins produced by mussels. Results
differed when the polymer was examined alone versus with an
added cross-linker. The strongest bonding for cross-linked
polymers was observed at molecular weights roughly
corresponding to the middle range of protein molecular
weights used by mussels. Interestingly, a blend of polymers
with differing molecular weights adhered stronger than any of
the individual components contained within. Perhaps this
enhanced bonding with a polymer blend helps to explain why
mussels use such a wide range of molecular weights when
building their adhesive plaques. Systematic studies like those
presented here are helping us to understand the evolution of
biological materials and how to use such insights when
designing high performance materials.
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