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Abstract: Chitin-protein composite is the structural material of many marine animals including
lobster, squid and sponge. The relationship between mechanical performance and hierarchical
nanostructure in those composites attracts extensive research interests. In order to study the
molecular mechanism behind, we construct atomistic models of chitin-protein composite and
conduct computational tensile tests through molecular dynamics simulations. The effects of
water content and chitin fiber length on the stiffness are examined. The result reveals the
detrimental effect on the stiffness of chitin-protein composite due to the presence of water
molecules. Meanwhile, it is found that the chitin-protein composite becomes stiffer as the
embedded chitin fiber is longer. As the tensile deformation proceeds, the stress-strain curve
features a saw-tooth appearance, which can be explained by the interlocked zigzag nanostructure
between adjacent chitin fibers. These interlocked sites can sacrificially break for energy
dissipation when the system undergoes large deformation, leading to an improvement of

ductility.
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1. Introduction

Chitin is a most abundant biological polymer in the kingdom of animals, especially marine
animals and insects [1]. Crystalline chitin fiber possesses good mechanical properties so that it
can serve as a load-bearing scaffold for the entire bio-composite material [2], in which the other
component is usually protein. The remarkable affinity [3] between chitin and protein is probably
one of the main reasons why such composite system can be readily found in nature. Lots of
biological materials, such as the exoskeleton of sponges, the cuticles of crustaceans and insects,
the beaks of squids and the fangs of spiders, are made of chitin and protein [4-8]. Those chitin-
protein materials present diverse mechanical behaviors and serve for multiple functions among
different species and even among different parts of the body of one species like lobster [9-11].
With the composition of lobster cuticle resolved, it is shown that the diverse mechanical
performance could arise from adaptive variations in composition [12]. Moreover, it is found that
the lobster cuticles are constructed in a hierarchical manner and such hierarchical structure plays
a critical role in tuning the mechanical properties [13,14]. Multi-scale modeling techniques have
been used to investigate the molecular mechanics at chitin-protein interface and illustrate the
hierarchical architectures formed by chitin fibers, protein sheets and mineral [15-18]. Viewing at
different length scales, one should notice that the chitin-protein composites are quite different in
mechanical performance and material morphology. In such chitin-protein systems the
hierarchical structures and the resulting mechanical properties attract extensive research interests
[19-22]. Though, most of chitin-related studies reside on either extremely small length scale (~

several A) or micro-scale (~ 1 pum), whereas the studies on the nanostructures (with the size of



around 10 nm) formed in the chitin-protein composite and how the nanostructures is related to
the mechanical properties are limited. In order to study the molecular mechanism behind the
mechanical properties, we design an atomic model representing nanostructure of the chitin-
protein composite and conduct investigations on its mechanical performance. The tension-shear
chain (TSC) model, which is firstly used to describe the structure of bone and is later found to be
a generic model for biological nanocomposites [23-25], provides a possible pattern to combine
chitin fibers and protein sheets at the length scale of tens of nanometer. The constituents of TSC
model are the hard inclusions and the amorphous matrix, which are either too brittle or too
flexible to form stable materials [26]. However, in TSC model, their astute combination in a
staggered manner can optimize both the strength and the stiffness of the composite [23,27].
Mechanical properties of TSC-type composites are closely related to the geometry of the hard
inclusions (the length of chitin fiber in our case) as well as the interface between the hard

inclusions and the amorphous matrix (the chitin-protein interface) [25].

Recent studies have shown that the dimension of constituent in biological composites is closely
related to their mechanical properties [28-30]. For instance, the fracture energy of cellulose
nanocrystals (CNCs) is maximized at certain width (ranging from 6.2—7.3 nm) and thickness
(ranging 4.8-5.6 nm) [28]. In silk material, properly sized protein crystals can offer optimal load
bearing capacity [29,30]. In bone, mineral particles with the critical size become insensitive to
defects and have strength close to theoretical limit [24]. In the structures of bone and shell, a
theoretical study has pointed out the existence of characteristic length of mineral constituents
that accounts for the optimized stress transfer efficiency [31]. Considering that the modelled
chitin-protein system shares a similar tension-shear chain structure with that of bone and shell,

we expect that mechanical properties of the chitin-protein composite could be critically linked



with length of the embedded chitin fiber. Meanwhile, as the modelled composite encompasses
many chitin-protein interfaces, effect from water could play an important role in tuning the
mechanical properties, like many materials with bilayer interfaces [15,17,32,33]. At the chitin-
protein interface, water molecules interfere in the bilayer connection and reduce the adhesion
strength [15]. However, the hydration effect towards the mechanical properties of the entire

chitin-protein composite remains undiscovered.

As introduced above, the length of embedded chitin fibers and the presence of water molecules
may influence mechanical properties of the chitin-protein composite. In this paper we are
answering the question about how these two factors control the stiffness of the chitin-protein
composite. We firstly construct an atomistic model of chitin-protein composite following the
design of tension-shear chain model. Then, we perform computational tensile testing to obtain
elastic modulus and strength of chitin-protein composites with varied chitin fiber length in dry
and wet environments. Through analyzing of the stress-strain curves during large deformation,
we examine the dependence of ductility towards the length of chitin fiber. A special remark in
the stress-strain curve is noted, which could be related to energy dissipation and stress relaxation

mechanisms in the chitin-protein composite system.

2. Method

2.1. Model construction




Fig. 1 a 3-d snapshot of a single chitin fiber with all atoms in gray. b ¢ d Snapshots of the chitin fiber from three
angles of view, with carbon atom, oxygen atom, nitrogen atom and hydrogen atom in gray, red, blue and white
respectively

Chitin (#-(1—4)-N-acetyl-D-glucosamine) is an acetylated polysaccharide akin to cellulose.

Similar to cellulose crystallization, chitin also adopts several types of crystalline structures

including a-, - and y-chitin. Among these crystalline chitin structures, a-chitin accounts for the

major amount [19]. Previous studies have resolved the conformation of a-chitin unit cell

[35,19]. Replication of this unit cell along the backbone direction results in a pair of antiparallel

chains. Four pairs of antiparallel chains constitute one chitin fiber with a cross section of 2x2
2

nm*. Snapshots of such chitin fiber show the details of the model in Fig. 1. Snapshots are

captured using VMD [36].
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Fig. 2 a Three-dimensional snapshot of chitin-protein composite consisting of four chitin-protein fibers. The solid
lines point out one repeating unit, the dashed lines point out one chitin-protein fiber. b ¢ d Snapshots of the chitin-
protein fiber viewing from three angles



Protein sheet is a three-strand f-sheet composed of 40 glycine. The f-sheet is 2 nm in width and
can cover the lateral section of one chitin fiber. Glycine is the dominant kind of amino acids in
natural chitin-based materials such as squid beaks [7]. Despite that the detailed information
about the protein sequence is lacking, glycine is chosen to construct the protein as a simplified
treatment, which is able to capture the basic features of protein backbone without any side-chain.
The C- and N-termini of these proteins are in neutral state (-COOH and -NH;). Two pieces of
protein S-sheets covering the lateral sections, together with one chitin fiber embedded inside,
constitute one chitin-protein fiber as outlined by dashed lines in Fig. 2a. The thickness of the
protein sheets and chitin fibers are around 0.5 nm and 2 nm respectively. As a result, the fraction
volume of the chitin fibers is 0.64. Chitin fibers and protein sheets form structure like tension-
shear chain model [23], where chitin fibers act as hard inclusions and proteins are soft matrices
wrapping around. Four chitin-protein fibers assembly in an interconnected and staggered
manner to form the chitin-protein composite, as shown in Fig. 2b, ¢ d. These snapshots
demonstrate the staggered assemblage from three view angles. Along the backbone direction (x
axis), the length of simulation box is set to the length of one chitin-protein fiber, as outlined by
the solid lines in Fig. 2a, where the opaque part is the original image and the relatively
transparent part is the periodic image. Hence, the constitutively interconnected chitin-protein
fibers are modeled and simulated under the periodic boundary condition. We vary the length of
embedded chitin fibers in chitin-protein composite and construct 7 samples with the fiber length
ranging from 5 nm to 35 nm, as the 5-35 nm range is suggested by experimental study [7]. In the
5 nm-long chitin fiber case the chitin-protein model contains 11000 atoms and the number of

atoms are almost proportional to the length of chitin fiber in larger systems.

2.2. Simulation Details



Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is the platform for
performing molecular dynamics simulations [37]. CHARMM36 additive all-atom biomolecule
force field is used to define the atomic potential of a-chitin fiber and the protein f-sheet [38,39].
The interaction between chitin and protein encompasses van der Waals and Columbic forces.
Following the standard CHARMM force field principles, there is no specific definition for
hydrogen bonds, instead, the hydrogen-bond effect is taken into consideration by CHARMM
force field via specific assignment of atomic charges. Therefore, the number of hydrogen bonds
can be regarded as a qualitative indicator of the interaction strength [15]. The criteria for
detecting hydrogen bonds are set to that the cutoff of donor-acceptor distance is 4 A and the
donor-hydrogen-acceptor angle is set to 35°. The cutoff of non-bonded interactions is 10 A. The
SHAKE algorithm is applied to fix hydrogen-related energy terms. The particle-particle particle-
mesh (PPPM) method is used to compute long-range Coulomb interactions. Periodic boundary

condition is set to all three directions.

The equilibration procedures follow a previous study [40]. Firstly, the system energy is
minimized using conjugate gradient algorithm. Next, the system is heated from 50 K to 300 K in
200 ps in NVT ensemble. The Nose-Hoover thermostat and anisotropic barostat are applied to
control the temperature and the pressure, which are set to 300 K and 1 atm respectively. The
system is then equilibrated for 1 ns in NPT ensemble. The standard deviation of RMSD during
the latter 0.5 ns is less than 0.2, proving that the equilibration has been achieved after this set of
simulation procedures. After equilibration, we immerse these chitin-protein composite models
into water box. Water molecules constitutes around 14.6% in weight of the entire system. For
the 5 nm-long chitin fiber case, the water box consists of 4400 water molecules, while in larger

systems the number of water molecules are proportional to the chitin fiber length. In Fig. 3, we



present the periodic images of the equilibrated systems and plot a contour of hydrogen-bond
distribution. Tensile tests are performed in both dry and wet cases. The tensile test with a
smaller strain rate is conducted to obtain the elastic modulus of the bonded system. The strain
rate is 0.002 per nanosecond and every 500 ps the size of the simulation box in the backbone
direction is enlarged by 0.001. Using this setting, the system undergoes a 500-ps equilibration at
each strain state so that the rate-dependent effect can be minimized [15]. Within each 500 ps, the
stress average over the latter 250 ps is calculated as the stress at this strain. The tensile test lasts
for 10 ns. As a result, the strain will eventually reach to 0.02. Considering that the strain rate is
a general concern in molecular dynamics studies, we have also performed a series of tensile tests
with strain rate ranging from high (0.2/ns) to low (0.0005/ns) values and simulations with the
strain rate lower than 0.005/ns can provide comparable estimations on elastic modulus. A larger-
strain tensile test is performed and stress-strain response of the system to large deformation is

obtained. The strain rate increases to 0.05 per nanosecond and the maximum strain goes up to

0.5 for the large deformation.




Fig. 3 a b Snapshots showing the cross section of the periodic chitin-protein systems without and with water
respectively. The dashed red rectangle outlines the original image and the surrounding parts are periodic images. ¢
d Contour plots of distribution of hydrogen bonds formed between chitin and protein in dry and wet cases

respectively. Dry sample contains more hydrogen bonds than wet sample does, especially in the region outlined by

red lines

3. Results

3.1. The elastic moduli of chitin and chitin-protein composite
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Fig. 4 a The scheme showing the tensile test on chitin fiber. b The stress-strain curve for chitin fiber. ¢ The scheme
of tensile test on chitin-protein composite. d The stress-strain curve for chitin-protein composite with 25 nm-long
chitin fiber embedded (without water molecules)

Tensile test with small strain rate is conducted on crystalline chitin fiber as schematically shown
in Fig. 4a. The stress-strain relationship and the linear fitting series are plotted in Fig. 4b. The
backbone elastic modulus of a-chitin fiber is 92.26 GPa. Such high elastic modulus is resulted
from the strong covalent bonds that connect chitin monomers tightly along the backbone
direction, making chitin fiber the reinforcing phase in chitin-protein composite materials. The

result is comparable to the results from other numerical studies [15,16].

Tensile deformation tests are conducted on chitin-protein composites with varied chitin fiber

lengths (from 5 nm to 35 nm). We have also performed steered molecular dynamics simulations



(which can be regarded as load-control mechanical test) in 10 nm cases and found that the results
from both simulations are close. The stress-strain curves yield the value of elastic modulus. As
shown in Fig. 4c, relatively weak non-bonded interactions are responsible for the stress. The
stress-strain curve and the linear fitting are plotted in Fig. 4b and d. For the chitin-protein
composite with 25-nm long chitin fiber embedded, the elastic modulus is 36.39 GPa, lower than
the modulus of pure chitin fiber. Because the dominant interactions for adjacent chitin-protein
components are relatively weak van der Waals and Coulomb interactions instead of the strong
covalent bonds, it is reasonable that the composite system possesses lower elastic modulus than
that of pure chitin fiber. The elastic moduli of chitin-protein composites with varied chitin fiber
length are shown in Fig. 5. In dry cases, the elastic moduli range from around 15 GPa to 35 GPa,
while in wet cases the range is from 10 GPa to 25 GPa, around 10 GPa lower compared to the

dry cases.
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Fig. 5 Bar chart presenting the elastic moduli of all chitin-protein composites under dry (bars in black) and wet (bars
in gray) conditions

3.2. The cycling stress-strain curves in large deformation
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Fig. 6 a-g The stress-strain curves of chitin-protein composite subjected to large deformation. Dashed lines point
out the spacing between adjacent peak.

While small strain tensile tests provide accurate result of elastic modulus, the large strain (up to
0.5) tensile tests give more complete information about strength (stress at the first peak) and
ductility of chitin-protein composite. We obtain the stress-strain curves via large-strain tensile
testing. As shown in Fig. 6, the stress-strain curves feature a cycling increase-decrease
appearance, i.e., the stress increases to the peak, quickly drops down and then increases again,
repeating for several turns. When chitin fiber length is smaller than 20 nm, the stress falls to a
low value after the first peak, whereas in the cases of 25 nm, 30nm and 35 nm, the stress
maintains after several increase-decrease cycles. Such phenomenon indicates that the ductility of
chitin-protein composite benefits from the increased length of embedded chitin fibers. Noticing
the saw-tooth appearance, we define the interval between neighbor peaks as “spacing strain”, as
displayed in the Fig. 6. The spacing strain decreases as the chitin fiber length increases,
suggesting a reciprocal relationship. The product of strain times the chitin fiber length may
correspond to the dimension of a special nanostructure formed by interlocked chitin fibers, which

will be discussed in section 4.2.

4. Discussion
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4.1. The dependence of stiffness on chitin fiber length and water

The elastic moduli of chitin-protein composite range from 15-35 GPa. Previous study has
defined a representative volume element (RVE) of chitin-protein fiber and derived a reasonable
elastic modulus (around 16 GPa) from Mori-Tanaka scheme [16,41]. In our models, elastic
moduli are equal to or higher than 16 GPa. The difference mainly originates from the difference
in the volume fraction of chitin fiber. According to the tension-shear chain model [25], elastic
modulus of the composite (E) is a function of volume fraction (®), stiffness (Em) and length (L)
of the hard inclusion (the chitin fiber in the current study) as shown in Eq. (1). Original tension-
shear chain formula encompasses more variables, which is grouped into a constant term « here
because the only varied parameter among our chitin-protein samples is the chitin fiber length.
We simplify the formula by using the term a combining extra variables in order to put the focal

point on the fiber length (L).

1_ 1 +a 1
E ®E, I2 (1)

The present atomistic model contains more chitin fiber (volume fraction is 0.64) compared to the
aforementioned RVE model (volume fraction is equal or less than 0.2), in accordance to the fact
that in the dispersed system [42], higher volume fraction of the dispersed hard inclusions (the
chitin fiber here) leads to a stiffer system [16,43]. It is also observable in Fig. 5 that the elastic
moduli of chitin-protein composites are dependent on the length of chitin fiber in both dry and
wet cases. As the length of chitin fiber increases from 5 nm to 20 nm, the elastic modulus of the
composite system increases, corresponding to Eq. (1). Afterwards the elastic modulus reaches to
a plateau (around 35 GPa in dry case and 25 GPa in wet case) as the length exceeds 20 nm,

which is out of the description of Eq. (1). This phenomenon indicates a critical length of chitin

12



fiber for our composite model at around 20 nm. According to the scaling law in shear lag model
[31], the critical stress should increase with length linearly when the length is shorter than critical
length. Afterwards, when the length exceeds the critical length, the stress varies little. From
large deformation test, we obtain that the strength (first peak stress during deformation) increases
from 0.49 GPa to 1.14 GPa with 5 to 25 nm fiber length and finally hits the plateau of around
1.20 GPa with fiber length of 30 nm and 35 nm, as shown in Fig. 6. Our results fit well with this
description. In reference to our chitin-protein composite model, the critical length of chitin
fibers is within the range of 20-30 nm and the corresponding aspect ratio (length to width ratio)

is around 12.

When water molecules occupy the space between chitin and protein, either positive or negative
effect may be resulted. On one hand, the water molecules may act as the bridge to refine the
hydrogen bond network, thus improving the integrity of the system [32]. On the other hand,
water may block the bilayer interactions and diminish the adhesion strength [33]. How water
molecules affect the system depends on the nature of the constituents of the system and the
quantity of water molecules [32]. Here, we find that the number of hydrogen bonds formed
between chitin and protein decreases as water molecules diffuse into the bilayer structure. From
Fig. 3c and d, it is obvious that the dry sample contains more hydrogen bonds than the wet
sample does in the outlined region, where the chitin-protein interaction is blocked by water
molecules. Meanwhile, the bar chart in Fig. 5 shows the elastic modulus of dry samples are
higher than that of wet case. This comparison corresponds to the study on the natural chitin-
protein composite, the squid beaks. According to the experimental works on jumbo squid beaks
[34,44], the dehydrated chitin-protein bio-composite exhibits higher elastic modulus compared to

that in the hydrated state. In accordance with those studies, our simulations show that water
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molecules have a negative effect on the elastic modulus of chitin-protein composite when the
water content is around 16% in weight. Moreover, combining our simulations with the studies
on chitin-protein interface [15,17], it is a reasonable inference that the lowered stiffness of the
hydrated composite can be attributed to the weakening of the chitin-protein interface when water
molecules are present. Nevertheless, noticing that the bilayer integrity can benefit from certain
amount of water molecules [32], together with the fact that most natural chitin-based materials
contain water, we expect that an optimal amount of water molecules may result a positive effect
towards the chitin-protein system. It requires further examination on whether the water can act
as the refining phase and what criteria makes water the refining phase in the chitin-protein

composite system.

4.2. The zigzag structure between adjacent chitin layers

The periodic saw-tooth appearance is visible from the curves in Fig. 6. Such saw-tooth
appearance becomes more obvious when the length of chitin fiber is longer than 15 nm. The
stress increases to the peak, then quickly drops down and increases again. We plot the spacing
displacement against chitin fiber length in Fig. 7. The displacement between adjacent stress
peaks is around 1 nm, which could be regarded as a uniform feature for all modeled chitin-

protein composites.
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Fig. 7 The plot of spacing displacement against the length of chitin fiber. The upper and lower limits of y values in

the shadowed region is 0.94 and 1.22 respectively.

The snapshots of adjacent chitin layers are captured during the large-strain deformation on 10
nm-chitin-fiber composite, as presented in Fig. 8. There exist many tooth-like structures, which
are N-acetyl groups in chitin fibers as outlined in rectangles and the spacing distance between

neighboring “teeth” is 1.04 nm.
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a  strain = 0.0, low stress b strain = 0,05, high stress

N
@ ..

Fig. 8 a b ¢ d Snapshots of adjacent chitin layers in chitin-protein composite, captured during large-strain tensile
testing. Rectangles outline the “teeth” in chitin fibers, which are the acetyl group. Protein sheets that exist in

between chitin fibers are eliminated

As shown in Fig. 8, the tooth-like structures interlock with each other at the initial state (i.e.
strain is 0) where the stress and the potential energy are low. In Fig. 8b, these “teeth” face
against each other in a tip-to-tip manner, leading to a high-stress state. Next in Fig. 8c the
interlocked connections of adjacent chitin fibers are achieved again, corresponding to a low-
energy state and the stress is relaxed. These snapshots illustrate that the composite undergoes
low-to-high-stress (from Fig. 8a to Fig. 8b) and high-to-low-stress (from Fig. 8b to Fig. 8c)
processes alternatively (from Fig. 8c to Fig. 8d) during the tensile testing. As the deformation
proceeds, chitin fibers are pulled, stress increases and work of the external load is firstly stored in
the elongated chitin fibers, afterwards, sliding between adjacent fibers occurs, the stored energy
dissipates and stress in chitin fibers drops down. This relaxation process is achieved by losing

one interlocked site as shown in Fig. 8a and c. These interlocked sites are similar to the
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sacrificial bonds in biomaterials such as nacres, diatoms and bones [45-48]. In those materials
the sacrificial bonds are folded proteins, which will unfold in response to pulling force, thus
avoiding the fracture of other strong bonds in the material [45]. Here, in between the adjacent
parallel chitin surfaces, the interlocked sites break sacrificially, which limits the stress

accumulation in chitin fibers and therefore the chitin fibers are protected against fracture.

5. Conclusion

Atomistic models representing the chitin-protein nanocomposites are constructed following the
design of tension-shear chain model. By performing molecular dynamics simulations, we
conduct tensile tests and obtain elastic modulus and strength of these chitin-protein samples.
The elastic modulus of chitin-protein composites drops by around 10 GPa (from 16-35 GPa to 9-
25 GPa) with the presence of water (the water content is 16% in weight). Generally, longer
embedded chitin fibers result in better mechanical performance for chitin-protein composite.
Stiffness, strength and ductility of chitin-protein composites are optimized when the embedded
chitin fibers are longer than 20 nm. Aside from that, we notice that the acetyl group in chitin
acts as an interlocking unit between adjacent parallel chitin fibers, a pair of acetyl groups can
combine together to form the interlocked site. When the composite is subjected to external
loading, the binding sites can break sacrificially and protect the chitin fibers from fracture.
Those interlocked sites are similar to the sacrificial bonds, which account for the strength and
stiffness in many biological materials. The present molecular dynamics study on chitin-protein
nanostructure is primarily based on the atomistic model. Future studies on larger-scale structures
could be conducted using multi-scale modeling techniques (such as coarse grain modeling or
finite element method) as well as advanced experimental programs, thus establish a linkage

between structures and material properties at macroscopic length scale.
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