JOURNAL

OF

Interface

rsif.royalsocietypublishing.org

RESea rCh CrossMark

click for updates

Cite this article: Cheng Y, Koh L-D, Li D, Ji B,
Han M-Y, Zhang Y-W. 2014 On the strength of
[3-sheet crystallites of Bombyx mori silk fibroin.
J. R. Soc. Interface 11: 20140305.
http://dx.doi.org/10.1098/rsif.2014.0305

Received: 26 March 2014
Accepted: 8 April 2014

Subject Areas:
biomechanics, computational biology

Keywords:
biomechanics, silk fibroin, crystallite,
molecular dynamics, water effect

Authors for correspondence:
Ming-Yong Han

e-mail: my-han@imre.a-star.edu.sg
Yong-Wei Zhang

e-mail: zhangyw@ihpc.a-star.edu.sg

%’Royal Society Publishing

On the strength of (3-sheet crystallites
of Bombyx mori silk fibroin

Yuan Cheng', Leng-Duei Koh%3, Dechang Li*, Baohua Ji*, Ming-Yong Han%3
and Yong-Wei Zhang'

Unstitute of High Performance Computing, A*STAR, Singapore 138632, Republic of Singapore

2Institute of Materials Research and Engineering, A*STAR, Singapore 117602, Republic of Singapore
SDepartment of Biomedical Engineering, National University of Singapore, Singapore 117576,

Republic of Singapore

“Biomechanics and Biomaterials Laboratory, Department of Applied Mechanics, Beijing Institute of Technology,
Beijing 100081, People’s Republic of China

Silk fibroin, a natural multi-domain protein, has attracted great attention due to
its superior mechanical properties such as ultra-high strength and stretchability,
biocompeatibility, as well as its versatile biodegradability and processability. It is
mainly composed of B-sheet crystallites and amorphous domains. Although its
strength is well known to be controlled by the dissociation of protein chains
from B-sheet crystallites, the way that water as the solvent affects its strength
and the reason that its theoretically predicted strength is several times higher
than experimental measurement remain unclear. We perform all-atom molecu-
lar dynamics simulations on a B-sheet crystallite of Bombyx mori silk. We find
that water solvent reduces the number and strength of hydrogen bonds between
B-chains, and thus greatly weakens the strength of silk fibroin. By dissociating
protein chains at different locations from the crystallite, we also find that the
pulling strength for the interior chains is several times higher than that for
the surface/corner chains, with the former being consistent with the theore-
tically predicted value, while the latter on par with the experimental value.
It is shown that the weakest rupture strength controls the failure strength of
silk fibre. Hence, this work sheds light on the role of water in the strength
of silk fibroin and also provides clues on the origin of the strength difference
between theory and experiment.

1. Introduction

Being produced in silk glands under benign aqueous condition, silk fibroin exhibits
impressive mechanical, chemical and biological properties, which are superior
to most of synthetic and natural polymers. For example, the unique combination of
high strength /ductility, biocompatibility and biodegradability enables its wide use
in structural and biomedical applications [1]. Silk fibroin is composed of B-sheet
crystallites (hereafter simply referred to as crystallites) and amorphous domains
[2,3]. The mechanical characteristics of silk fibroin predominantly originate from
the interactions between and within these building blocks. As shown in figure 1,
the crystallite domains are hydrophobic and they are embedded in the amorphous
regions, which are hydrophilic and hold moisture. The main structural components
of the crystallite domains are the polypeptide chains mainly made of the amino
acids glycine (Gly) and alanine (Ala), and adjacent chains are held together by
strong hydrogen bonds in an anti-parallel arrangement to form B-sheets [4]. The
strong inter-chain interactions contribute to the superior strength of the silk fibroin.
The amorphous domains are largely disordered and play the role of a soft matrix in
the silk fibroin [5—7]. To explore the correlation between the structure and mechan-
ical properties of the silk fibroin, the influence of several experimental conditions
has been investigated. As an example, it was shown that with increased reeling
speed, there was a decrease in the size of the B-sheet crystallites in the polypeptide
chain network, and as a result, the mechanical properties of silk were enhanced
[8,9]. For instance, at the reeling speed of 1 mm s the crystallite size is 3.5 nm
in width, 7.3 nm in length and 2.4 nm in thickness. At the reeling speed of
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amorphous domain

[B-sheet crystallite domain

Figure 1. The illustration of B-sheet crystallite embedded in the amorphous
matrix. Water molecules are represented by blue dots.

100 mms ™}, the crystallite size is decreased to 2.7 nm in width,
6.4 nm in length and 2.1 nm in thickness [9], showing the influ-
ence of the reeling speed on the crystallite size. Besides the
reeling speed, the mechanical properties of silk were also
found to be negatively influenced by humidity [10]. These
studies show that one is able to tune and improve the mechanical
properties of silk by controlling the silk harvesting or processing
conditions.

Given the challenges in the experimental access to the struc-
tures and mechanical properties of silk fibroin at the nanoscale
[11], atomistic simulations fill in the gap in our understanding
at this scale. In an earlier study, an energy minimization
method was first used to evaluate the B-sheet crystallite struc-
ture [12]. All-atom molecular dynamics simulation was then
performed on silk crystallite units with both parallel and
anti-parallel arrangements by Xiao et al. [13]. It was found
that in terms of strength, anti-parallel B-sheet crystallites out-
perform their parallel counterparts. Recently, with strong
interest in the size effect of B-sheet crystallite on the mechanical
properties of silk, all-atom molecular dynamics simulations
were performed to study the stiffness, strength and toughness
of silk [14]. It was found by Keten et al. that when B-sheet crys-
tallites are confined within a few nanometres, much higher
stiffness and strength can be achieved. This work presented
an interesting analysis on the crystallite size effect and pro-
vided a useful guideline for the design of silk-based and
other bioinspired materials with superior mechanical proper-
ties. It is also interesting to note that the predicted strength
from their simulations is a few times higher than the estimated
experimental value [14]. This discrepancy is compelling and
certainly deserves research attention.

When silk fibre is subjected to tensile loading, the fracture
should be dictated by the weakest rupture strength. An impor-
tant question naturally follows: what failure process dictates
the strength of silk fibre? Another important question is: how
do water molecules affect the structure and failure strength of
silk fibre? Despite great interest in the effect of moisture on
the structure and strength of silk fibroin, previous efforts
only focused on the effect of moisture on the amorphous
domains or the silk fibroin as whole [10,15]. There has been
no systematic experimental or modelling analysis focusing on
the effect of moisture on the mechanical behaviour of the crys-
tallite domains. In this study, we perform molecular dynamics
simulations on a silk crystallite unit in environments with
different degrees of hydration to investigate the effect of
water molecules on its structure and strength. Pull-out tests

for a B-chain within a typical crystallite unit were also carried n

out to investigate the chain-location-dependent strength with
the aim of identifying the critical process that dictates the fail-
ure strength. We find that water molecules have the effect
of hindering the formation of hydrogen bonds between
B-chains in the crystallite domains. In addition, the ultimate
tensile force (UTF) for pulling out a B-chain from a crystallite
unit is strongly chain-location-dependent, from which we
identify the weakest link that dictates the failure process.

2. Models and methods

An anti-parallel B-sheet crystallite unit was selected as a model
system to represent the crystallite domains of Bombyx mori silk.
The initial coordinates for the atomistic model of the crystallites
were obtained from Protein Data Bank with entry 2slk and
the sequence of poly (Gly—Ala) [12]. Figure 24 illustrates each
layer of the crystallite unit consisting of five peptide chains,
where Ala residues are displayed in blue and Gly residues
in yellow. Figure 2b illustrates the structure of the crystallite
unit consisting of four layers of anti-parallel B-sheets. Figure 2c
shows the side view of the four-layer crystallite, where the
targeted B-chains to be pulled out are labelled as surface layer
(SL), middle layer (ML), surface layer-middle chain (SLMC),
surface layer-corner chain (SLCC) and middle layer-middle
chain (MLMC). The figures were generated using the visual
molecular dynamics (VMD) code [16]. Amber force field
[17] was used to parametrize the protein. To simulate the
mechanical response of the crystallite unit in a water environ-
ment, the system was solvated in a TIP3P water box [18]
with dimensions of approximately 6.0 x 6.5 x 6.8 nm?,
as shown in figure 1d. The system consisted of approximately
25000 atoms. All simulations were carried out using the pack-
age GromACs v. 4.5.5 [19]. Energy minimization was carried
out first, followed by molecular dynamics simulation for up
to 5 ns to obtain the equilibrium structure of the system. Peri-
odic boundary conditions and a time step of 0.001 ps were
adopted. Molecular dynamics simulations were performed
using the NPT ensemble at the temperature of T =300 K and
a pressure of P =1 bar. The particle mesh Ewald method was
used to calculate the long-range electrostatic interactions [20].

The equilibrated structure was adopted as the starting con-
figuration for mechanical tests. Pull-out tests were carried out
using steered molecular dynamics (SMD) simulations [21].
For the targeted chain (or chains) to be pulled out from the unit,
the terminal residues were subjected to a force along the chain
direction by pulling a spring with a constant velocity. A counter
force was applied to the rest of the chains. Specifically, if one
layer of the B-chains is pulled away from the unit, the pulling
force is applied to the end residues of all the chains on this layer,
whereas a counter force is applied to all the rest chains. A pulling
rate of 0.5 nmns ™! with a spring constant of 830 pN nm ! was
used for SMD simulations. Note that a similar loading condi-
tion was also adopted in previous work for simulation of the
mechanical response of silk crystallite domains [13].

3. Results
3.1. Water effect on strength of the crystallite

Although water environment has been known to have signifi-
cant impact on the mechanical properties of the amorphous
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Figure 2. Crystallite structure and simulation set-up. (@) Structure of one layer of silk (3-sheet crystallite, which consists of five single peptide chains. The residues
displayed in blue represent Ala residues while those in yellow represent Gly residues. Cap residues are coloured in grey. (b) Structure of a four-layer [3-sheet
aystallite. (c) Side view of the (-sheet crystallite structure. SL and ML are labelled, respectively. Representative chains are highlighted in red circles:
(1) SLMC, (2) SLCC and (3) MLMC. (d) B-sheet crystallite structure solvated in the water box.

domain of silk [15], its effect on the crystallite domain remains
unexplored. Equilibrium simulation was performed on the
crystallite domain in both vacuum and explicit water solvent.
It is found that the root-mean-square deviation (RMSD) of
the B-chains is within 2 A without unreasonable fluctuations.

3.1.1. Reduced number of hydrogen bonds

Hydrogen bond formation and strength are important in
determining the stability and the failure strength of the
B-sheet crystallite. Our simulations allow us to examine
the different behaviour of hydrogen bonds in vacuum and in
water. Figure 3a and b displays the hydrogen bond formation
on the SL of the representative equilibrium structures exposed
to vacuum and water, respectively. In order to analyse the
hydrogen bonds, we tracked the N-O distance and set the
criteria for hydrogen bond by following the VMD default defi-
nition for hydrogen bonds, i.e. the bond length cut-off of 3.5 A
and the angle cut-off of 20°. Based on these conditions, there
are 22 hydrogen bonds in vacuum and eight in water in the
SL. The interaction configurations of two B-chains on the SL
interacting with water molecules are also shown in figure 3c.

3.1.2. Reduced hydrogen bond lifetime/strength

To quantitatively investigate the stability of the B-chain struc-
tures [22,23], we calculate the lifetimes of hydrogen bonds on
the SL and ML in water and in vacuum, respectively [24].
Long time molecular dynamics simulations up to 50 ns for
each system were carried out in order to calculate the hydrogen
bond lifetimes. As shown in table 1, the hydrogen bond life-
times of the SL and ML in water are both lower than that in
vacuum. For example, the hydrogen bond lifetime of the SL
is 212.52 ps in vacuum, but decreases to 43.36 ps in water.
Therefore compared to those in vacuum, both the number
and strength of the hydrogen bonds between B-chains are
reduced in water.

To simulate the conditions with different degrees of
hydration, in addition to vacuum and the fully solvated
water environment (100%), we also considered two intermedi-
ate systems with 10 and 50% of the water content used for the
fully solvated water environment. The hydrogen bond acti-
vation energies of these systems were compared. Hydrogen
bond activation energy is able to reflect the strength of the
bond through a kinetic procedure [25]. A higher hydrogen
bond activation energy corresponds to a higher bond strength.
One representative hydrogen bond N—-O located in the SL was
selected as highlighted in figure 3a. The hydrogen bond energy
was obtained by calculating the mean first passage time 7,
[25]. Molecular dynamics simulation was carried out for each
system at 300 and 350 K for 1 ns, respectively, and the acti-
vation energy barrier is calculated via 1/ 7mg = A exp(—(Ea/
kgT)), where A is the attempting frequency, and E, is the acti-
vation energy. As shown in table 2, the hydrogen bond
energy is 1.02 kcal mol ™" in water, while the value increases
to 2.86 kcal mol ! in vacuum. Hydrogen bond energies in sys-
tems with 50 and 10% of the water content take intermediate
values, showing that the higher the degree of hydration, the
weaker the hydrogen bond strength.

3.1.3. Reduced peak rupture force

To prove that water molecules weaken the mechanical prop-
erties and stability of the silk B-sheet crystallites, we perform
pull-out tests on the targeted peptide chains from the crystal-
lite unit in vacuum and in water. The pull-out of the SLMC is
selected as the representative case for comparison. For each
system, we define the UTF as the peak rupture force when
the targeted B-chain is pulled away from the crystallite
unit. Figure 4 shows the force versus extension curves for
the pull-out tests in the two environments. It is seen
that the UTF in vacuum is much higher than that in water.
A similar trend in UTF variation is also observed for chains
at different locations.
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Figure 3. Hydrogen bond analysis on the representative [3-sheet crystallite
structures at equilibrium. (a) Snapshot of the (3-sheet chains on the SL in
vacuum. (b) Snapshot of the [3-sheet chains on the SL in water. Hydrogen
bonds are illustrated in blue and those located among the top three chains
are highlighted. (c) Snapshot of two representative [3-chains on the SL inter-
acting with water molecules. [3-chains are displayed in yellow, and water
molecules are displayed in purple.

3.1.4. Increased specific interaction energy

To further understand the mechanical properties and stability
of the crystallite in water, we also compute the specific inter-
action energy, which is defined as the interaction energy
between the targeted B-chain(s) and the rest of the crystallite
divided by the length of the peptide. Table 3 illustrates the
specific interaction energy for all the cases. It should be
noted that the specific interaction energies are calculated
based on the equilibrium structure of the crystallite, and con-
sist of both electrostatic interaction energy and the van der
Waals energy. From table 3, it is seen that for each repre-
sentative system, the specific interaction energy in vacuum
is stronger than that in water, confirming that the B-sheet
structure is more stable in vacuum.
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Figure 4. Force—displacement curves for pulling out the SLMC from the crys-
tallite in vacuum and in explicit water solvent environment, respectively.
(Online version in colour.)

Table 1. The hydrogen bond lifetimes of the SL and ML in vacuum and in
water, respectively, calculated according to the Luzar & Chandler [24].

hydrogen bond lifetime (ps)

targeted chains in water in vacuum

SL 43.36 + 2.84

21252 + 13.40
ML 58.56 + 9.37

286.16 + 28.47

Table 2. Hydrogen bond energy for the representative hydrogen bond on
SL of the crystallite in different degrees of hydration. A is the attempting
frequency, and £, denotes the activation energy.

degree of hydration Aps™ E, (kcal/mol)
full water 5.84 1.02
50% water 9.23 2.21
10% water 16.47 2.58
2434 2.86

vacuum

3.2. (ritical process governing the tensile strength
of crystallite in water solvent

Since almost all the experimental tests on silk fibre were car-
ried out in certain moisture environments [26], here we
perform the pull-out simulations in water solvent to identify
the critical process that governs the failure strength of B-sheet
crystallite in silk fibre. The representative snapshots during
the pull-out tests are illustrated in figure 5 for five selected
locations: (a) SL, (b) ML, (c) SLMC, (d) MLMC and (e) SLCC.

3.2.1. Middle layer versus surface layer pull-out

In the case of pulling out one layer of B-chains, the force—
displacement curves at two different pulling locations, that
is, ML and SL, are shown in figure 6. It is seen that the
UTF for pulling out ML is 2550.03 pN. The configuration of
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chains being pulled out are displayed in yellow, while the rest are displayed in purple.

Table 3. Specific interaction energies between selected (3-chains and the
rest of the chains in the crystallite unit.

interaction energy per length
(kJ/(mol nm))

targeted chain(s) in water in vacuum

St —367.55 —47.74

ML —543.98 —582.94

SLCC —92.47 — 125 32
MLM( SR ..v._275 R —283 26 .

the crystallite corresponding to UTF is also given in the inset
of figure 6. Right after the peak force, the bonds between the
pulled layer and its two adjacent layers are broken, leading to
the ultimate failure of the crystallite. The abrupt decrease in
the force—displacement curve indicates the brittle nature of
the ML failure. In the case of the SL being pulled out, the
first peak in the force—displacement curve corresponds to
the initial rupture (see the inset of figure 6), subsequently
during the sliding of the peptide chains, bonds are able to
reform. The snapshot of the crystal configuration correspond-
ing to the second peak is also shown in the inset of figure 6.
Compared to the ML, the UTF for pulling out the SL is much
lower, that is, 708.88 pN, occurring at the second peak.

In order to quantitatively analyse the mechanical behav-
iour of different layers in the crystallite unit, the resilience
of the targeted layer of B-chains for the pull-out tests is also
calculated. The resilience of the system is defined as the
energy stored before the rupture of hydrogen bonds at UTFE.
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Figure 6. Force—displacement curves for pulling out the ML and the SL,
respectively. Snapshots of the crystallite unit corresponding to the rupture
force at peaks are also provided. Residues of the peptides in the targeted
layer are displayed in blue and yellow, while the rest are displayed in purple.

Based on this definition, the resilience of the SL is 19.04 +
1.31 kJ/(mol nm?), while that of the ML is 16.75 + 1.36 kJ/
(mol nm?®). The mean value and standard deviations are cal-
culated based on three separate simulations for each case,
respectively.

3.2.2. Single chain pull-out

The force—displacement curves for pulling out a single chain
from three different locations in the crystallite are shown in
figure 7. The UTF for pulling out the MLMC is 1613.52 pN,
which is the highest among the three cases; the UTF for SLMC
is weaker, which is 691.90 pN; and that of the SLCC is the

¢) SLMG, (d) MLMC and (e) SLCC. The
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Figure 7. Force—displacement curves for pulling out one single chain from three different locations of the crystallite unit. Snapshots for pulling out the SLCC are
also shown. The -chain with residues displayed in blue and yellow is the targeted peptide chain, while the rest are displayed in purple.

weakest, with the value of 557.11 pN. From table 3, it is also seen
that the specific interaction energy between MLMC and the rest
of the crystallite in the water environment is —275.43 kJ/(mol
nm), which is the strongest. Representative snapshots for pulling
out SLCC from the crystallite unit are also shown in figure 7.

4. Discussion

4.1. Water effects on crystallite domain

It was indicated that the hydrogen bond energy is about
42kcalmol ™' in vacuum, while the value dropped to
0.5 kcal mol " in water solvent [27]. In our study, hydrogen
bond lifetime is calculated as the reflection for the stability
of the B-chain structures. As shown in table 1, compared
to the vacuum environment, there is a 79.59% drop in hydro-
gen bond lifetime in the SL, and a 79.53% drop in the ML in
water. In addition, the snapshot of B-chains interacting with
water molecules as shown in figure 3¢ suggests that the inter-
actions between B-chains and water molecules are competing
with the inter-chain hydrogen bond interaction in solution.
These simulation results are also consistent with previous
simulations [24] carried out on short secondary structures,
including o-helices and B-sheets, indicating that these struc-
Our
simulation results show that water molecules have a weaken-
ing effect on hydrogen bond formation and strength in the
crystallite, and therefore the stability of B-sheet crystallite
is reduced.

The crystallite size adopted in our simulation is 2.44 nm in
width, 1.77 nm in thickness and 2.64 nm in length. The width
and thickness of the crystallite in our simulation is comparable
to that of the experimental reported size (3.2 nm in width,
3.82 nm in thickness) [28], while a much smaller length than
that of the experimental one (10.76 nm in length) is adopted
due to limitation of computational capability. Keten et al. [14]
reported that beyond the length of about four amino acids
(i.e. approx. 1.4 nm calculated based on peptide bond length

tures are more stable in vacuum than in water.

of 35 A), the length plays little effect on the mechanical prop-
erty of the crystallite. Thus, our model is able to reproduce the
mechanical properties of the crystallite.

4.2. Water effects on the whole silk fibroin

Water has been reported to play an important role in the
mechanical properties of silk. Dehydration has been cited
to be a major cause of brittleness, rigidity and decreased
softness in silk (e.g. excavated silk) [29,30].

Structurally, silk fibroin is composed of B-sheet cry-
stallite domains that are embedded in a matrix of
amorphous domains (figure 1). The fibroin molecule itself
is a hydrophilic-hydrophobic—hydrophilic polymer, consist-
ing of alternate hydrophobic crystallite and hydrophilic
amorphous blocks [26]. The molecule has a more extended
chain structure at the initial production stage. Upon in vivo
processing, the hydrophobic blocks begin to assemble and
organize to form micelles, then liquid crystals. Upon spin-
ning, they eventually form B-sheet crystallites. Meanwhile,
the hydrophilic blocks promote silk solubility in water and
also have the function of preventing the premature formation
of B-sheets during in vivo assembly. With the presence of
hydrophilic domains, silk fibroin not only retains a certain
amount of water even after spinning and drying in air but
also easily absorbs water from the environment [31].

Considering silk fibroin as a whole, water influences both
the crystallite and amorphous domains. On the one hand,
water plays the role as a plasticizer [30], which helps to
enhance chain mobility in the amorphous region of silk, in
this way it increases the flexibility and plasticity, and thus
reduces the brittleness of the silk fibroin. Hence, dehydrated
silk, which lacks water as plasticizers in the amorphous
region, will be brittle, and water is thus beneficial in the amor-
phous region. On the other hand, concerning the B-sheet
crystallite, which mainly dictates the strength of silk, in this
study, we have shown via molecule dynamics simulation
that water weakens the strength of the B-sheet crystallite.
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Previous experimental studies also showed that moisture
reduces Young's modulus of silk fibroin [10,15].

In order to investigate the water effect on the mechanical
properties of silk fibroin, we chose four cases for investigating
the strength of hydrogen bonds between B-chains: the crystal-
lite unit fully solvated in (i) vacuum (ii) 10% water (iii) 50%
water and (iv) 100% water box, as shown in table 2. The
vacuum state reflects the extreme case when the silk fibroin is
fully-dehydrated (e.g. excavated silk). Comparing these differ-
ent solvation states demonstrates that water has a weakening
effect on the mechanical properties of silk. This finding provides
useful insights to potentially tune the mechanical properties of
silk, for example by controlling the humidity during silk spin-
ning or by feeding suitable molecules to the silkworms to
control the degree of hydration in the produced silk.

4.3. Middle layer versus surface layer pull-out

As listed in table 3, in water solvent, the specific interaction
energy between ML and the rest of the crystallite unit is
—543.98 kJ/(mol nm), while the SL has a weaker specific inter-
action energy of —367.55 kJ/(mol nm) with the crystallite unit.
The higher energy barrier explains the larger UTF needed to
pull-out the ML from the crystallite unit, when compared with
SL pull-out. In addition, the difference in the specific interaction
energies (ML versus SL) is greater in the water environment
(176.43 kJ/(mol nm)) than in vacuum (165.2 kJ/(mol nm)).
This is because from the molecular structure point of view, the
ML has much less access to water molecules. As a result, the
hydrogen bonds formed between the ML and neighbouring
layers are less affected by the water molecules. However,
owing to the re-bonding process, the resilience of the SL is com-
parable to that of the ML, despite its much lower UTF than the
ML. Therefore within one crystallite unit, the ML shows more
brittle behaviour while the SL exhibits more ductile behaviour.

4.4, Single chain pull-out

Similarly, the UTF for SLCC is only one-third of that for
MLMC due to much less confinement by inter-chain hydro-
gen bonds, and after the initial rupture during the pull-out
process, the specific interaction between this chain and
the rest of the crystallite is too weak so that no obvious
re-bonding process is observed.

It is noted that the UTF for MLMC obtained by previous
molecular dynamics simulation [14] is about 1500-2300 pN
for crystallites with sizes of approximately 6.56—1.87 nm, in
good agreement with the present value of MLMC
(1613.52 pN). This high UTF arises from the higher number

References

of hydrogen bonds between MLMC and the rest of the crys-
tallite than that of the peptide chains in the corner location.

Considering silk fibroin as a whole, the amorphous regions
will unravel first during tensile loading, and the load will then
be passed on to the B-sheet crystallites [32], which are linked to
the amorphous regions via surface/interior B-chains. There-
after, tensile fracture most probably happens in the surface of
crystallite domains, since our findings show that rupture
force of B-chains on the surface of the crystallites is much
weaker than the interior ones. Based on the present structural
and energetic analyses, it is concluded that when the silk
fibre is subjected to tensile loading, the fracture should start
from the pulling of the corner chain in the silk fibroin, which
is the weakest link that dictates the failure strength.

5. Conclusion

In summary, we have investigated the mechanical response
of a B-sheet crystallite unit subjected to pull-out tests via mol-
ecular dynamics simulations. It is found that water molecules
play a weakening role in the formation of hydrogen bonds
between [-chains, thus decreasing the stability of the
B-sheet crystallite compared with that in vacuum. The rup-
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The force required for pulling out the MLMC is about three
times that of the SLCC. This work also shows that the pulling
of the SLCC has the lowest UTF. Hence, it is the weakest link
that controls the failure strength of silk fibre, clarifying the
inconsistency between experimental and theoretical failure
strengths of silk fibre. The understanding gained in this
work regarding the moisture effect and location-dependent
mechanical response of the B-sheet crystallite will be helpful
in efforts to enhance the mechanical properties of silk fibroin.
For example, functional moieties can be incorporated into silk
to form a protective shield around the B-sheet crystallite such
that the weakening effect of water is eliminated, thereby
leading to stronger and tougher silk.
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