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Nanoconfinement controls stiffness, strength and
mechanical toughness of 3-sheet crystals in silk

Sinan Keten', Zhiping Xu'?, Britni lhle' and Markus J. Buehler"?3*

Silk features exceptional mechanical properties such as high tensile strength and great extensibility, making it one of the
toughest materials known. The exceptional strength of silkworm and spider silks, exceeding that of steel, arises from f}-sheet
nanocrystals that universally consist of highly conserved poly-(Gly-Ala) and poly-Ala domains. This is counterintuitive because
the key molecular interactions in f}-sheet nanocrystals are hydrogen bonds, one of the weakest chemical bonds known. Here
we report a series of large-scale molecular dynamics simulations, revealing that f}-sheet nanocrystals confined to a few
nanometres achieve higher stiffness, strength and mechanical toughness than larger nanocrystals. We illustrate that through
nanoconfinement, a combination of uniform shear deformation that makes most efficient use of hydrogen bonds and the
emergence of dissipative molecular stick-slip deformation leads to significantly enhanced mechanical properties. Our findings
explain how size effects can be exploited to create bioinspired materials with superior mechanical properties in spite of relying

on mechanically inferior, weak hydrogen bonds.

mechanical properties such as high tensile strength and

great extensibility, making it one of the toughest and most
versatile materials known'~. Since its development in China
thousands of years ago, silk has been used throughout history
not only as luxury fabrics but also in various technological
applications including parachutes, medical sutures and, more
recently, tissue regeneration®. Variations in synthesis conditions
such as temperature, reeling speed and pH lead to silk-based peptide
fibrils or protein aggregates with rather different structural and
mechanical properties®. However, despite decades of research in
silk production and mechanical properties, the mass production
of silk and biomimetic materials remains a challenge, particularly
because of silk’s unique features that can be achieved only by the
controlled self-assembly of the macromolecular constructs with
molecular precision at the nanoscale.

Recent investigations revealed that antiparallel B-sheet crystals
at the nanoscale, consisting of highly conserved poly-(Gly-Ala) and
poly-Ala repeats found in both commercial and spider silk’, have a
key role in defining the mechanical properties of silk by providing
stiff orderly crosslinking domains embedded in a semi-amorphous
matrix that consists predominantly of less orderly (3-structures,
3, helices and B-turns'®'? (Fig. 1a). B-sheet nanocrystals, bonded
by means of assemblies of hydrogen bonds'>!*, have dimensions
of a few nanometres and constitute roughly 10-15% of the silk
volume, whereas with less orderly extended structures the f-sheet
content can exceed 50% for spider and silkworm silks®'>!°. When
silk fibres are exposed to stretch, 3-sheet nanocrystals reinforce
the partially extended and oriented macromolecular chains by
forming interlocking regions that transfer the load between chains
under lateral loading, similar to their function in other mechanical
proteins'®7-2*, Thereby, B-sheet nanocrystals provide cohesion
between the long polypeptide strands, enabling the amorphous
domains to stretch significantly. Eventually, fracture of B-sheet
nanocrystals occurs at large deformation and large loads, where
the typical loading at individual B-sheet nanocrystals is lateral’.

Sﬂk is a biological protein fibre with exceptional tunable

Recent experiments demonstrated that when the size of [3-sheet
nanocrystals is reduced by moderating the reeling speed or by metal
infiltration, silk shows enhanced toughness and greater ultimate
strength®”, exceeding that of steel and other engineered materials.
This is particularly intriguing because hydrogen bonds comprise
the chemical bonds that underlie the 3-sheet nanocrystal structures,
and are one of the weakest chemical bonds known. The issue of
how hydrogen-bonded silk threads can reach such great strength
and toughness to overcome the limitations of their inferior building
blocks is a question of fundamental importance to understanding
the behaviour of a broader class of 3-sheet-rich biological protein
materials (for example, amyloids, 3-solenoids, virulence factors).

To address this issue, the investigation of the properties of
silk [3-sheet nanocrystals requires an accurate representation of
the protein’s amino-acid sequence and chemical interactions from
a bottom-up perspective. This renders explicit water molecular
dynamics a suitable tool, as it provides an accurate description
of the physical mechanisms governing self-assembly (association)
and failure (dissociation) of polypeptide chains at submicrometre
length scales®?’. Here we focus on B-sheet nanocrystals using
the sequence from Bombyx mori silk?®® as a model system, which
is representative of the structure of nanocrystals found in silks
from most spider and silkworm species because of the extremely
high sequence conservation of the crystalline regions (consisting of
(Gly—Ala)y or (Ala)y repeats with 6-10 residues).

To examine the key mechanical parameters of the silk 3-sheet
nanocrystals as a function of size, we carry out two sets
of computational experiments, namely bending and pull-out
simulations. The choice of this set-up is motivated by our desire
to create a model system to quantify the size-dependent lateral
stiffness of silk B-sheet nanocrystals under lateral loading, which is
the key loading condition of nanocrystals in silk**-!. In the bending
scenario (Fig. 1b), a constant lateral force is applied at one end
of the nanocrystal while the other end remains fixed, resembling
a cantilever beam with tip loading (see Fig.1la). This set-up
mimics biological assays used in single-molecule experiments to
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Figure 1| Hierarchical structure of spider silk, simulation set-up and theoretical considerations. a, Schematic of the hierarchical spider silk structure that
ranges from nano to macro. a displays key structural features of silk, including the electron density at the Angstrom scale, hydrogen bonded {3-strands,
B-sheet nanocrystals, a hetero-nanocomposite of stiff nanocrystals embedded in a softer semi-amorphous phase and silk fibrils, which assembles into
macroscopic silk fibres. b, The atomistic structure of the silk 3-sheet nanocrystal obtained from the Protein Data Bank (identification code 2slk) and
replicated to build 3-sheet nanocrystals of different sizes. In the first set of simulations, the f-sheet nanocrystal is subject to loading conditions similar to a
cantilever beam with a constant tip loading, used to identify the bending rigidity and other structural properties. This loading mimics the characteristic
lateral loading relevant to silk mechanics. ¢, Schematic representation of the 3-sheet nanocrystal and definition of coordinates used here (upper part,
where parameters b and h describe geometric parameters related to the number of sheets and the length of strands in the nanocrystal, and L is the size of
the nanocrystal in the y direction). The lower part shows the geometry of the bending study and defines the displacement variable. d, Set-up for pull-out
simulations, where to characterize fracture resistance of the nanocrystals, the central strand of the middle sheet is pulled out with constant velocity, while

the top and bottom strands are restrained.

assess mechanical properties (for example, elastic moduli) or the
persistence length of biofilaments>*. In the pull-out scenario
(Fig. 1d), the centre strand of the assembly is pulled out while
the outermost ends of the nanocrystal are fixed, to assess the
deformation and fracture behaviour of the system at large forces.
The pull-out set-up complements the first one by revealing the
strength, fracture toughness and molecular failure mechanisms of
nanocrystals as a function of their size.

Figure 2a shows snapshots from bending studies where the
constant force applied laterally at the tip of the 3-sheet nanocrystal
scales with its size. Forces of F =375pN,F =215pN, F = 135pN
and F = 100 pN are applied for the smallest to largest nanocrystal
sizes L =1.87nm,L = 3.31nm,L = 5.18nm and L = 7.04 nm,
to obtain reasonable displacements in each case. A softening
of the system in larger nanocrystals is evident from snapshots
of deformation, which increases as the size of the nanocrystal
increases. The scaling of the stiffness is first compared with a
classical Euler—Bernoulli beam theory (equation (2)) commonly

of the nanocrystal is plotted against size, and thus fails to
properly describe the simulation results shown in Fig. 3a. This is
because shear deformations are neglected in this classical beam
theory, as it considers only tensile and compressive stresses in
a beam’s cross-section. On inclusion of shear contributions*
(equations (3) and (4)), the agreement between simulation and
beam theory is excellent, as shown in Fig.3a (for details,
see the Methods section and Supplementary Information). The
comparison of the simulation results with the two models suggests
that the disagreement arises from the shear contribution to
deformation, which is neglected in the conventional theory but is
apparently critical in describing the deformation mechanisms in
[-sheet nanocrystals.

Moreover, the series of nanomechanical experiments enables us
to identify the distribution of strains in the nanocrystal. The relative
importance of shear contributions in the deformation of a 3-sheet
nanocrystal of size L is given by the shear contribution ratio

applied to biological filaments and nanostructures®™. We observe (L) = 3Ds _1ER* I (1)
that this model shows a significant disagreement when the stiffness T I)Dy 4GL* L2
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Figure 2 | Snapshots of deformation profiles and failure mechanisms of silk -sheet nanocrystals at different sizes. a, Size-dependent elastic
deformation of -sheet nanocrystals, based on simulations in the bending set-up under lateral loading (Fig. 1b,c). Smaller structures show a linear
displacement profile, in line with shear-governed deformation, whereas a nonlinear profile with a significantly higher curvature is observed for longer
structures, illustrating a transition from shear- to bending-governed deformation. b,c, Fracture mechanism during pull-out simulations (lateral loading
condition shown in Fig. 1d). The B-sheet nanocrystal sizes investigated here range from 2 to 7 nm. b shows a visualization of the failure mechanismin a
B-sheet nanocrystal using seven strands (L =2.83 nm), with snapshots taken just before and after failure by rupture of hydrogen bonds. ¢ depicts the
molecular failure mechanism of the largest -sheet nanocrystal studied (L = 6.56 nm), with snapshots taken just before and after failure by rupture of
hydrogen bonds. The main difference in the failure mechanism between the cases shown in b and c is that longer structures fail by significant bending,
which leads to a crack-like flaw formation owing to non-uniform tensile deformation of hydrogen bonds. In the case of shorter structures as shown in b, the
system responds more rigidly (stiffer), and hydrogen bonds break by means of a stick-slip motion owing to uniform shear loading. The stick-slip failure
mode leads to significantly enhanced energy dissipation and multiple force peaks in the force-displacement curve (see Fig. 4a).

where the terms Dy = EI and Dy = GA; denote the bending and
shear rigidity, respectively. In this notation, E and G stand for elastic
and shear moduli, respectively, and A; is the cross-sectional area.
For a rectangular cross-section (Fig. 1c), the moment of inertia
I=0bh’/12 and A, =bh, where b is the base length (related here to the
number of sheets) and 4 is the height of the cross-section (related
here to the length of a f-strand). The shear contribution ratio s
plotted as a function of size shown in Fig. 3b illustrates that as the
size of the nanocrystal gets smaller, the loading scenario becomes
predominantly shear (s > 1), whereas for large $-sheet nanocrystals
pure bending controls deformation (s < 1). The existence of this
important size effect is independent of the particular boundary
conditions and is a result purely of the geometry and the material
properties of 3-sheet nanocrystals.

This change in stress distribution inside the nanocrystal
has significant implications on how individual hydrogen bonds
are loaded. When s < 1, hydrogen bonds are stretched in
tension (that is, pulled in the bonding direction). In contrast,
when s > 1, hydrogen bonds are being sheared (that is, pulled
orthogonal to the bonding direction). For the smallest system
considered here (L = 1.87nm), the shear contribution is twice
that of bending, whereas for the largest system (L = 7.04nm),
shear contributes less than 10% to the total deformation. By
defining a critical shear contribution ratio s* = 1, we identify
a critical shear transition length scale L* ~ 2.5nm. As both
Dy and Dy scale linearly with the number of sheets (that is,

the dimension b along the x axis as shown in Fig. 1lc), the
shear contribution ratio s is independent of variations of b.
Figure 3¢ shows displacement profiles for each case, where the
continuous curves illustrate the continuum theory predictions that
include both bending and shear. The inset shows the deviation
of the tip displacement by considering the difference between the
model that incorporates shear and bending, and a model that
incorporates only shear. This analysis directly shows that bending
dominates deformation for large (-sheet nanocrystals, and shear
dominates deformation for small 3-sheet nanocrystals, confirming
the results discussed above.

In addition to the analysis of the significance of shear
contributions as a function of the nanocrystal size, the elastic and
shear moduli of the material can be estimated from Dy and Dy. We
find that the shear modulus G = 4.6 GPa and the elastic modulus
E = 22.6GPa. We carry out density functional theory (DFT)
calculations that confirm this result, leading to G =10.32 GPa and
E = 36.45GPa. The DFT results are slightly higher, as expected
for static calculations at zero temperature. Most importantly, our
findings agree very well with reported experimental values of the
elastic modulus of spider-silk nanocrystals, where values in the
range of E = 16-28 GPa have been reported®*® (see Table 1 for an
overview). This direct comparison between our simulation results
and experiments provides validation for our simulation approach.
The shear modulus of silk (3-sheet nanocrystals has not been
tested directly, but results from torsion experiments on silk fibres
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Figure 3 | Size dependence of the stiffness, and bending versus shear contributions as a function of }-sheet nanocrystal size. a, Effective stiffness of
the beam, calculated from the ratio of force applied to the observed time average of displacement at the tip. When only bending deformation is taken into
account, large deviations between the model and simulation results are observed. When shear contributions to deformation are incorporated into the
model (combined bending/shear model), the agreement of the overall data with continuum theory is significantly improved. b, Ratio of bending to shear
contributions (defined as the shear contribution ratio s), as a function of 3-sheet nanocrystal size L. For the smallest system studied, the shear contribution
is twice that of bending, whereas for the longest system, shear contributes less than 10% to the total deformation. ¢, Displacement profiles for each case,
where the continuous curves illustrate the continuum theory calculations that include both bending and shear and have been fitted to each profile with
refinements to the estimated material constants. The discrete data points in b show the s ratios obtained for each case, based on the refined Dg and Dt
parameters extracted from entire displacement profile curves (see Methods and Supplementary Information for details). Good agreement of the shear
contribution ratio s with the fit from Fig. 3a (red curve in b) with refined values (discrete points in b) is found, suggesting that the shear contribution ratios s
do not vary significantly whether a refined fit or an overall fit is used. The inset in € shows the deviation of the tip displacement, by considering the
difference between the model that considers shear and bending, and the model that incorporates only shear. The plots show that the deviation approaches
zero for the small nanocrystals where shear displacement dominates. In contrast, the deviation increases for large nanocrystals, showing that once the
crystal size exceeds a critical size, bending deformation becomes more important.

suggested shear moduli of 2.38 GPa for Nephila clavipes dragline silk
and 3.81 GPa for B. morisilk’’, in a similar range as our findings.
The change in the distribution of strains in a nanocrystal as a
function of its size is expected to have important repercussions on
its ultimate fracture behaviour under extreme loads. This is due to
the fact that hydrogen bonds are loaded in tension in large crystals,
whereas they are loaded in shear in small nanocrystals. As hydrogen
bonds are known to be significantly weaker in non-uniform tension
than in uniform shear?, they consequently feature a greatly varied
capacity to withstand deformation. To test this hypothesis, we assess
the failure mechanisms of (3-sheet nanocrystals by carrying out
pull-out simulations (Fig. 1d), used here to examine the ultimate
strength, elastic energy storage (resilience) and energy dissipation
(toughness) capacity of B-sheet nanocrystals under variations of
the [-sheet nanocrystal size L. Force—displacement curves are

shown in Fig. 4a for varying nanocrystal sizes. As can be inferred
from Fig. 4a,b, both the initial stiffness and the ultimate strength
(maximum force peak) reach significantly larger values as the
system size decreases below roughly 3 nm. Notably, the toughness
is also maximized for systems beyond roughly 3nm as shown
in Fig. 4c. The length scale at which the changes in the material
behaviour occur is strikingly similar to the critical crystal size
estimated above, L* & 2.5 nm, corroborating our hypothesis that the
change in the strain distribution in the nanocrystals has significant
implications on their fracture behaviour as the capacity of hydrogen
bonds to resist mechanical loads is altered.

The molecular mechanisms that lead to this behaviour are
evident from force—displacement graphs and an analysis of the
molecular trajectories. In the case of small systems, the molecular
assembly is stiff, and the initial rupture is followed by a stick—slip
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Figure 4 | Strength, toughness, resilience and strain distribution in f-sheet nanocrystals as a function of crystal size. Here we present results from

pull-out simulations. a, Force-displacement profiles. b, Variation of pull-out strength as a function of 3-sheet nanocrystal size L. ¢, Toughness and resilience
as a function of -sheet nanocrystal size L. As shown in a, smaller nanocrystals show multiple force peaks owing to a slip-stick motion that can take place
only when the interacting surfaces in -sheet nanocrystals, adjacent 3-strands, are rigidly stabilized and act cooperatively. The position of the initial force
peak depends not only on absolute deformation of the hydrogen-bonds but also on the total deflection of the system, which increases slightly with
increasing nanocrystal size (as the effective stiffness decreases following the trend shown in Fig. 3a). The distance between the force peaks confirms that
the stick-slip mechanism occurs by breaking and reformation of hydrogen-bond rings, corresponding to either approximately 0.38 nm or 0.75 nm distance
between multiple force peaks. The force peak distance of 0.38 nm occurs when the strand rotates and forms new bonds, and the force peak distance of
0.75 nm corresponds to the case where the -strand shifts to the next hydrogen-bond ring while preserving the direction of side chains. The stiffer
response of the system leads to higher pull-out forces and thus greater strengths (b) and significantly enhanced energy dissipation owing to the slip-stick
failure mechanism (c). The significance of this atomistic mechanism is evident from ¢, where the representative toughness of the system is calculated as
the area under the force-displacement curve. The results suggest that smaller $-sheet nanocrystals are capable of dissipating significantly more energy
during failure, which results in a high fracture toughness. Similarly, the resilience of the system—defined as the energy stored just before the initial rupture
of hydrogen bonds—is also greater for smaller sized systems. d, Analysis of internal strain distribution in the $-sheet nanocrystal, as a function of crystal
size. The plot shows the normalized hydrogen-bond strain over z/h, for different nanocrystal dimensions (load applied at z/h=0). These data clearly show
that the strain distribution becomes more homogeneous for small nanocrystals, but show significant strain localization in large nanocrystals. The dashed
lines illustrate the length scales below which cooperation of the hydrogen bonds is ensured through shear-dominated loading, in agreement with bending

simulations presented in Fig. 3. The smooth lines in b,c,d are spline fits to the data for guidance.

motion as the strand slides and reforms hydrogen bonds. The
distances between force peaks confirm that hydrogen bonds break
and reform at the adjacent hydrogen-bond ring, either preserving
the side-chain orientation and shifting approximately 0.75 nm, or
by rotating and forming an opposite side-chain orientation by
shifting approximately 0.38 nm. This leads to several force peaks in
the mechanical response (see Fig. 4a), which significantly increases
the total dissipated energy. Similarly, the resilience of the system,
defined here as the elastic energy stored in the linear regime
preceding the first rupture event, also becomes greater as the size
is decreased, as shown in Fig. 4c. The molecular mechanism that
leads to this change is directly evident from Fig. 4d, which shows the
strain distribution of hydrogen bonds along the section of the pulled
strand preceding failure. As the size of the nanocrystal is reduced
below roughly 3 nm, the strain distribution becomes increasingly

uniform and approaches an almost constant value throughout
the entire section of the nanocrystal. The constant level of strain
throughout small nanocrystals leads to homogeneous shear failure,
in agreement with the observations reported in Fig. 2b. In contrast,
the strain concentration that emerges at the loading point in large
nanocrystals results in the formation of crack-like flaws that initiate
catastrophic failure even at small loads, as shown in Fig. 2c.

An important implication of the model involves the length of
individual B-strands, represented by the parameter h (see Fig. 1c).
The strand length h is proportional to the number of amino acids
in a B-strand, as h = NL, (where Ly ~ 3A is the C,-distance
along a f-strand and N denotes the number of amino acids in
a B-strand). As s~ h*/L* (equation (1)), the shear contribution
ratio s is expected to be higher for nanocrystals composed of
longer B-strands, leading to a greater shear contribution for a
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Figure 5 | Hierarchical effects in the architecture of spider silk nanocrystals. The formation of confined B-sheet nanocrystals with critical strand length
h* and critical nanocrystal size L* provides maximum strength, toughness and stiffness. a, Schematic phase diagram to show the interplay of the
parameters h and L in defining the properties of nanocrystals (S = schematic plot of the strength of a 3-strand as a function of strand length h (for details,
see refs 13, 38), F = strength of nanocrystal as a function of crystal size L, T=toughness of nanocrystal as a function of crystal size L; both plotted
schematically based on the results shown in Fig. 4). Although increasing the number of hydrogen bonds in a 3-strand increases its mechanical stability for
small numbers of hydrogen bonds, the effect does not continue for 3-strands that contain more than roughly 4 hydrogen bonds, resulting in a plateau of the
strength S for lengths in excess of h*. The physics behind this observation is a localization of deformation, similar to localization of shear slip in a crystal
when dislocations are formed'®38-42 b, Schematic illustration of how hierarchical structure formation in the strand length h and nanocrystal size L lead to
the formation of high-performance p-sheet nanocrystals that combine strength, toughness and resilience despite being composed of structurally inferior,

weak building blocks, hydrogen bonds.

Table 1| Elastic properties of 3-sheet nanocrystals as
obtained from classical molecular dynamics, experimental
results and DFT calculations.

Approach Young's modulus (GPa) Shear modulus (GPa)

Molecular dynamics  22.6 4.6
(this study)
Experiment3°36
(combination of
tensile tests, torsion
tests and X-ray
diffraction)

Density functional
theory (this study)

16-28 2-4*

36.45 10.32

*Experimental measurements of the shear modulus not carried out on individual B-sheet
nanocrystals in silk.

given nanocrystal size L. This scaling implies that modulating the
[B-strand length could result in more rigid, tougher and more
resilient structures. Specifically, the model predicts that for any
given nanocrystal length L, a minimum strand length h could be
found to reach a desired high level of s.

However, as shown in earlier studies, the effectiveness of each
[-strand to carry homogeneous load under shear is limited, and by
itself is a function of the strand length h (refs 13, 38). Although
small groups of hydrogen bonds in f-strands can indeed work
cooperatively under homogeneous shear, this mechanism breaks
down beyond a critical number of hydrogen bonds, at N* ~ 4
(or equivalently, a critical strand length h* = N*L;), owing to
a competition between entropic elasticity of the chain and the
energetics of hydrogen bonds that will lead to localized failure
within each (3-strand'*?* (Fig. 5a and Supplementary Fig. S2 for a
visualization of this effect). Most importantly, noting this limitation

on h, the nanocrystal size cannot be increased arbitrarily, and a
critical nanocrystal size L* that provides the best overall mechanical
performance emerges. We estimate critical dimensions #* ~ 1-2 nm
and L* & 2—-4 nm, defining length scales at which all hydrogen bonds
in the nanocrystal gain a strong character through cooperativity
(Fig. 5). Notably, these critical dimensions are in agreement with
experimental evidence that suggests that poly-Ala and poly-(Gly-
Ala) repeats typically span 4-12 amino acids (that is, in the range of
h=1-3nm). We note that cooperativity of hydrogen bonds during
the formation of B-sheet nanocrystals differs from cooperativity
of hydrogen bonds under mechanical load. This is due to the
fact that the latter depends strictly on the stress state of the
hydrogen bonds as shown here, which is also true for other -sheet
protein structures'>?,

The main conclusion from the materiomics studies put forth
here is that the nanoscale confinement of (3-sheet nanocrystals in
silks has a fundamental role in achieving great stiffness, resilience
and fracture toughness at the molecular level of the structural
hierarchy of silks, suggesting that smaller nanocrystals are stronger
and tougher. In contrast to conventional belief, cooperative failure
of hydrogen bonds cannot be presumed a priori. Rather, the
existence of cooperativity depends quite strongly on the size of the
crystals and breaks down once 3-sheet nanocrystals exceed a critical
size. Smaller B-strand nanocrystals provide a greater stiffness and
fracture resistance, as they are predominantly loaded in uniform
shear, which leads to cooperative rupture of hydrogen bonds and
stick—slip energy dissipation mechanisms (Fig. 4). Similar stick—
slip mechanisms exist in other biological materials (for example,
wood or bone), and are also observed in metals in the form of
dislocations that provide ductility!***#2, Further contributions to
the macroscale behaviour of silk could arise from higher-order
effects owing to the hierarchical structure of the material®>**#*42,
As bending is a fundamental mode of deformation of f-sheet
nanocrystals that can be thermally excited, our findings could also
be important for their thermodynamical stability.
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From a slightly different point of view, the generation of a
nanocomposite structure (Fig. 5b) can be regarded as the deliberate
placement of defects, which effectively results in flaw tolerance®.
Larger [-sheet nanocrystals are softer and fail catastrophically
at much lower forces owing to crack-like flaw formation, as
visualized directly in Fig. 2. This catastrophic breakdown leads
to rapid disintegration of silk fibres, which is further enhanced
owing to easier access of competing water molecules to hydrogen
bonds that facilitate rupture**. This implies that silks with larger
nanocrystals are weaker, in agreement with experimental studies®.
Specifically, our results explain experimental findings that the
reduction of the nanocrystal dimensions below 3 nm increases the
ultimate strength and the modulus multiple-fold®. The mechanism
underlying these experimental observations could be the brittle
nature of larger -sheet nanocrystals. Initiating failure of small
[3-sheet nanocrystals requires much higher forces and a significantly
larger amount of mechanical energy. Furthermore, smaller crystals
feature a self-healing ability until complete rupture occurs, which
is attributed to the capacity of hydrogen bonds to reform during
stick—slip deformation. This mechanism protects hydrogen bonds
from exposure to surrounding water. In the overall mechanical
behaviour of silk, strong, tough and mechanically resilient 3-sheet
nanocrystals provide effective crosslinks that contribute to the
extraordinary macroscopic tensile strength and toughness of silks.

We have presented a general method for predicting material
properties of macromolecular nanocrystals and the shear transition
length scale directly from atomistic simulation. The method uses
generic parameters that can be calculated from experiments or
atomistic simulations, and is in principle applicable to a broad
range of nanostructures, including synthetic materials (for example,
polymer, ceramic or metal fibres). Moreover, the values for the
stiffness, bending rigidity and shear contribution presented here
for B-sheet nanocrystals are also relevant to protein fibres with a
similar chemical make-up, such as amyloids, $-solenoids, protein
nanotubes or other fibrous f-proteins that consist of assemblies
of B-strands and have very high bending rigidity*’. Indeed, there
is evidence that shear effects are important in other biological
filaments such as actin bundles and microtubules®**. The stiffness
and stability may be improved slightly by controlling side-chain
packing and steric zipper formation (for example, poly-Ala versus
Gly—Ala repeats). However, the scaling of the shear contributions is
not expected to vary considerably because Gly-to-Ala substitutions
have been shown to have marginal influence on the mechanical
properties of silk nanocrystals*.

The size effect revealed here explains an efficient strategy to
overcome the intrinsic brittleness and mechanical weakness of
hydrogen bonds by confining structures at controlled length scales,
which guarantees uniform deformation and concerted failure
(Fig. 5). Another consideration is that, given the seemingly simple
nature of the amino-acid composition of silk $-sheet nanocrystals,
their capacity to resist mechanical perturbation arises not from
their specific chemical features but rather from universal features
of the protein backbone combined with the high level of control
over their structural dimensions. The utilization of weak hydrogen
bonds under nanoconfinement illustrates how a weakness is turned
into a strength. Most engineered materials rely on strong (for
example, covalent) bonding, which requires considerable energy
use during material synthesis that can also lead to catastrophic
failure once bonds break. In contrast, the use of weak hydrogen
bonding facilitates self-assembly at moderate temperatures and
provides a built-in capacity to self-heal because broken hydrogen
bonds can be reformed.

The application of our findings to the design of synthetic
materials could provide us with new material concepts based on
inexpensive, abundant constituents and facilitate the development
of effective crosslinking domains. As we are not limited techno-

logically by natural building blocks, it may be possible to improve
biological materials beyond their natural capacity. For example,
protein structures such as -sheet nanocrystals could be combined
with carbon nanostructures such as graphene or carbon nanotubes,
and may thereby enable us to develop more effective nanocompos-
ite structures that make excellent nanoscopic properties usable at
larger length scales. Other opportunities include the incorporation
of mutability, to develop materials with mechanical properties
that can be controlled by external cues such as temperature, pH,
magnetic or electric fields. In such mechanomutable materials,
external cues are used to control the structure of a material at
distinct hierarchy levels and thereby switch a material’s properties.

Methods

Molecular dynamics model. The coordinates for the molecular model of silk are
obtained from the Protein Data Bank with identification code 2slk (ref. 28), where
different sized nanocrystals used here are built by truncating the system to four
strands and replicating the system by shifting the molecules at a proper distance?.
The protein structure and coordinate files are created using the psfgen tool in
Nanoscale Molecular Dynamics (NAMD)* using Chemistry at Harvard Molecular
Mechanics (CHARMM) topology and force-field parameter files*®. The assembly
is then minimized and equilibrated in a transferable intermolecular potential 3P
explicit water box. Simulations are carried out in an NPT (isothermal—isobaric)
ensemble (Langevin piston Nosé—Hoover method). The piston target pressure

is set to 1.01325 bar (1atm) and the temperature is 300 K. The stability of

the B-sheet nanocrystal without load applied is verified from hydrogen-bond
dynamics as well as root mean squared deviation data obtained from the molecular
dynamics trajectory.

Application of boundary conditions. Simulations under lateral loading (Fig. 1b)
are carried out using the constant force module in NAMD. One end of the
nanocrystal is fixed by constraining the motion of the C, atoms at the bottom
strand of each sheet. The other end of the nanocrystal is deformed by tip loading,
where a constant force is applied to the terminal C, atom of each strand at the
top. For simulating the pull-out scenario (Fig. 1d), we use steered molecular
dynamics® (SMD) with a constant pulling velocity. The boundary conditions
consist of fixing C, -atoms on the top and bottom strands with an SMD spring
constant k= 10 kcalmol~' A2 and a displacement rate x = 0.0005 A ps~!, in line
with other recent SMD studies®. For the pull-out simulations, the absolute value
of the force levels will differ from experimental studies owing to rate effects. On
the basis of earlier studies comparing molecular dynamics simulations of -sheets
with single-molecule experiments'*?*, we estimate that the strength values are
lowered by a factor of six at experimental rates, leading to pull-out strengths in the
range of 250—400 pN. Indeed, the values incorporating rate effects are in agreement
with atomic force microscopy experimental results of the strength of spider silk
nanofibres®. The comparison of the influence of the crystal size on strength and
toughness, the focus of the study reported in this article, is independent of the
specific rate as confirmed by further simulations carried out at varying SMD
deformation rates (v = 0.0005 —0.02 A ps~!). Whereas the measured values of the
rupture force vary with rate, the length scale in which the stick—slip mechanism
emerges is observed to be rate independent.

Continuum theory. Considering pure bending, the deformation of the tip is:

PI?
S0 = 3 @
where P is the total applied force, E is the elastic modulus and I is the second
moment of area around the bending axis. By defining an effective stiffness
kegr = P /8y, we compare the size dependence of the stiffness with the results
obtained from atomistic simulations (for small forces, ke is independent of
the force value). As the pure bending theory fails to describe the results of our
simulations, we consider an extended beam model that includes the effects of shear
deformation®. Incorporating shear effects, equation (2) becomes:

5 = PL " PL’ 3)
¥ Dy 3Dy
The effective stiffness is given as:
P L L\
keg(l)= — = —+ — 4
etf(L) 5 <DT + 3DB> 4)

The ratio of the first and second terms in equation (3) quantifies the relative
importance of shear contributions in the deformation for a given beam with
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