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ABSTRACT: Studies reveal that biomolecules can form intriguing
molecular structures with fascinating functionalities upon inter-
action with graphene. Then, interesting questions arise. How does
silk fibroin interact with graphene? Does such interaction lead to
an enhancement in its mechanical properties? In this study, using
large-scale molecular dynamics simulations, we first examine the
interaction of graphene with several typical peptide structures of
silk fibroin extracted from different domains of silk fibroin,
including pure amorphous (P1), pure crystalline (P2), a segment
from N-terminal (P3), and a combined amorphous and crystalline
segment (P4), aiming to reveal their structural modifications. Our
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study shows that graphene can have intriguing influences on the structures formed by the peptides with sequences representing
different domains of silk fibroin. In general, for protein domains with stable structure and strong intramolecular interaction (e.g,,
f-sheets), graphene tends to compete with the intramolecular interactions and thus weaken the interchain interaction and reduce
the contents of S-sheets. For the silk domains with random or less ordered secondary structures and weak intramolecular
interactions, graphene tends to enhance the stability of peptide structures; in particular, it increases the contents of helical
structures. Thereafter, tensile simulations were further performed on the representative peptides to investigate how such
structure modifications affect their mechanical properties. It was found that the strength and resilience of the peptides are
enhanced through their interaction with graphene. The present work reveals interesting insights into the interactions between silk
peptides and graphene, and contributes in the efforts to enhance the mechanical properties of silk fibroin.
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1. INTRODUCTION

Silkworm silk fibroin exhibits a number of superior properties
in strength, toughness, biocompatibility, and biodegradability,
and its versatile processability further allows its fabrication into
various forms such as sponges, hydrogels, films, mats, and
particles. These amazing characteristics have enabled a wide
range of applications in apparel/medical textiles, surgical
sutures, tissue engineering scaffolds, drug/gene carriers, optical
components, and sensors.'~® As a semicrystalline biopolymer,
silk fibroin is composed of nanosized P-sheet crystallites
embedded in an amorphous matrix,”'® as shown in Figure 1,
panels a and b. The crystalline domains are hydrophobic (i.e.,
water-hating), while the amorphous domains are hydrophilic
(ie, water loving). It is now known that the mechanical
characteristics of silk fibroin are predominantly dictated by the
interactions within and between the two types of domains as
building blocks and are also influenced by their hydration
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levels.'"' ~'* Inspired by the world’s strongest and toughest
natural silk, that is, the spider dragline silk with a similar
hierarchical structure to silkworm silk, a great deal of research
effort has been made to enhance the mechanical properties of
silkworm silk. So far, various physical, chemical, and biological
approaches have been proposed and implemented to enhance
the mechanical properties of silkworm silk by manipulating its
molecular structures and molecular bonding interactions. 16
For example, silk fibroin structures were modulated by
controlling the reeling speed for improving their mechanical
properties.’” The coexpression of spider silk proteins via gene
transfection also led to the enhancement in mechanical
properties via tuning interchain interactions of silk fibroin."®
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Figure 1. Schematics of (a) a full-length silk protein covering both C
and N termini, (b) the silk fibroin structure, and (c) the silk—graphene
interaction.

Graphene and its derivatives have been widely used as fillers
to reinforce polymer composites due to their outstanding
mechanical properties, 1ar§e surface area, high flexibility, and
remarkable processability.~>> Studies have further revealed
that graphene and its derivatives can form various noncovalent
bindings to biomolecules,** ™’ and such interactions can lead
to the secondary structure changes of biomolecules. Silk fibroin
is a multiblock copolymer with backbones comprising
alternating hydrophilic and hydrophobic domains at nanoscale,
facilitating various hydrogen bond, polar—polar, and hydro-
phobic—hydrophobic interactions. Then, several questions arise
naturally. How does graphene interact with silk fibroin? What
changes occur in the structure and conformation of silk fibroin
upon the interactions? In what way do the interactions change
the mechanical properties? It is clear that insightful answers to
the questions provide not only significant scientific value to
understand the fundamental interactions between biomolecules
and graphene, but also great engineering impact to modulate
the mechanical properties of silk fibroin.

Molecular simulations and theoretical analyses have been
widely utilized to investigate the interactions of various types of
nanoscale materials with proteins or peptides’®™>> such as the
adhesion of low dimensional carbon nanomaterials to F-actin
networks.>® In this research, we investigate the interaction of
graphene with silk fibroin using molecular dynamics (MD)
simulations. We first choose representative sequences of
peptides from the crystalline domain, amorphous domain and
N-terminal of silk fibroin, and one segment of silk fibroin
combining both amorphous and crystalline domains, as
illustrated in Figure 1, panel ¢, to study their interactions
with graphene and examine the effects on the structural changes
of silk fibroin. Our simulation results show that graphene exerts
remarkable effects on the molecular conformation of these
representative sequences of silk fibroin. Subsequently, tensile
tests are performed to examine the mechanical properties of the
selected sequences in terms of strength and resilience of these
typical silk fibroin segments with and without interaction with
graphene. Our research not only provides in-depth under-
standings in their interacting mechanisms, but also offers a
possible route for engineering the molecular structure of silk
fibroin to greatly enhance its mechanical properties.

2. MODELS AND METHODS

2.1. Peptides from the Different Domains of Silk Fibroin.
Silkworm silk fibroin heavy chain protein includes 5000+ residues of

amino acids,*” and thus it is not computationally feasible to obtain the
native structure of the whole molecule and investigate the protein—
graphene interaction via MD simulations. Hence, we select four
representative peptide sequences of silk fibroin to study the interaction
between silk fibroin and graphene substrate. In the following, we
describe the molecular sequences of the four peptides labeled as PI,
P2, P3, and P4, the first three of which are from the crystalline domain,
amorphous domain, and N-terminal of silk fibroin, respectively, while
P4 is a combination of the amorphous and crystalline domains.

As shown in Figure 2, panel a, P1 consists of four identical
sequences of GAGAGAGAGAGTGS, which is a common component
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Figure 2. Initial peptide structures: (a) P1, (b) P2, (c) P3, and (d) P4.
These initial structures of peptides are adopted for our simulations
with and without graphene substrate in a water environment. (e) Pre-
equilibrated structure of P4 adopted for simulating its interaction with
graphene substrate in explicit water solvent.

in a helical or coil form in the amorphous domain of silk fibroin.*”
Here, we adopt the helical form as the initial structure, which is
constructed using Software package SYBYL 8.0 (Tripos Associates,
Inc.).

As shown in Figure 2, panel b, P2 is a two-layer f-sheet crystallite,
which is extracted from the structure of Protein Data Bank entry:
2SLK.*® In each layer, there are five peptide chains, with each having
the same sequence of GAGAGA.

As shown in Figure 2, panel ¢, P3 is extracted from the N-terminal
of silk fibroin, which is known to play an important role in the
structural assembly as well as the mechanical properties of silk
fibroin.>* The molecular structure is available in Protein Data Bank
with the entry: 3UA0.*” The initial configuration of P3 includes both
P-sheet and random coil configurations. The residue numbers are 81—
101 with the sequence of IKTFVITTDSDGNESIVEDV.

As shown in Figure 2, panel e, P4 is a multidomain silk peptide
consisting of two amorphous domains and one crystalline domain, and
its complete sequence is provided in the Supporting Information. The
crystalline domain includes repeating units of poly(GA) and GAGAS,
while there are two amorphous domains (also known as linkers) on
each side of the crystalline domain. These three different parts were
named as linker S, domain 6.5, and linker 6 in the literature.’” It
should be noted that the equilibrium molecular structure of P4 is not
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available in Protein Data Bank. Therefore, the initial structure is built
based on an extended initial structure, which contains two antiparallel
fully extended chains with an initial distance of S A between them, as
shown in Figure 2, panel d. To obtain the initial structure, we first
carry out stochastic dynamics simulation for 50 ns within an implicit
water solvent environment. Subsequently, the pre-equilibrated
configuration is solvated in a water box, and equilibrated MD
simulation is carried out for another 20 ns to obtain the initial
structure, as shown in Figure 2, panel e.

2.2. Simulation Methods for Peptide—Graphene Interac-
tions. The AMBER99 force field** is adopted to parametrize the
peptides and the nonbonded interactions between the peptides and
graphene. The interaction between the carbon atoms in graphene is
described by a Morse potential, a harmonic cosine of the bending
angle, a two-fold torsion potential, and a van der Waals (VDW)
interaction with an equilibrium distance of o, = 3.40 A and potential
well depth of &, = 0.086 kcal mol™, corresponding to sp* carbons in
the AMBER99 force field. VDW parameters between different types of
atoms are calculated from the parameters of the pure atoms using
combination rules.*' The potential functions and parameters adopted
here are well-accepted and have been validated by many studies,
including those on carbon nanotubes in water,”* and on interactions
between carbon nanotube/graphene and biomolecules.>"** Similar
parameters and simulation approaches have also been utilized to
investigate the mechanical properties of silk crystalline in earlier
studies.>”'**

All simulations are carried out using the package Gromacs 4.5.4.*
Periodic boundary conditions and a time step of 0.001 ps are adopted.
MD simulations are performed using the NPT ensemble at
temperature of T = 300 K and pressure of P = 1 bar. The particle
mesh Ewald (PME) method is used to calculate the long-range
electrostatic interactions.”’” The figures for peptides and graphene
structures are generated using the visual molecular dynamics (VMD)
code.*® To analyze the simulation results, protein secondary structures
are calculated using the STRIDE algorithm,* which is a built-in
module in the VMD Molecular Graphics Viewer.

To study the interactions of the peptide—graphene complex, for
each case in a water environment, MD simulations are performed on
the peptide—graphene complex in a water box. In all the simulations,
the TIP3P water box is adopted.*® Initially, the peptides are placed
very close to graphene with a distance of around $ A, thus to allow
spontaneous adsorption of the peptides onto the surface of graphene.
To study the interactions of peptide—graphene complex for each case,
energy minimization is carried out first on the whole system, then the
backbone of the peptide is restrained and MD simulations were carried
out for 1 ns, and water molecules are equilibrated simultaneously.
Subsequently, MD simulations are performed with no restrain applied
on the peptides. The graphene substrate is fixed throughout the
simulations.

The graphene substrate with the dimensions of 8.2 X 4.0 nm? is
used for P1, P2, and P3. For P4, a larger graphene substrate with
dimensions of 11.31 X 6.00 nm? is used. When solvated in water boxes
with graphene, the systems of P1, P2, P3, and P4 consist of 23 665,
21782, 30783, and 53 309 atoms, respectively.

2.3. Simulation Method for Mechanical Testing. Since the
interaction between silk fibroin and graphene may lead to changes in
silk fibroin molecular structures, we would like to examine this effect
on the mechanical behavior of silk peptide structures. Because of the
large size of P4, it is not feasible to perform mechanical testing
simulation on this system. Instead, tensile tests are carried out for P1
and P3, and pull-out tests for P2 using steered molecular dynamics
(SMD) simulations.”" For pull-out tests on P2, to pull the targeted
chain away, the terminal residues are subjected to a force along the
chain direction by pulling a spring with a constant velocity. A counter
force is applied to the rest of the chains. A pulling rate of 0.2 nm/ns
with a spring constant of 830 pN/nm is used for all the SMD
simulations.

3. RESULTS AND DISCUSSION

3.1. Influence of Graphene Substrate on Peptide
Structures. 3.1.1. Representative Peptide-P1. MD simula-
tions are performed to examine the molecular structural change
of P1 in the absence or presence of graphene substrate in the
explicit water box. The respective configurations of P1 after 50
ns of equilibration are shown in Figure 3, panels a and b,
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Figure 3. Snapshots of P1 peptide structure after SO ns of equilibration
(a) in water and (b) on graphene in water. (c) Hydrogen-bond
number as a function of simulation time. (d) Helical structure content
without and with the presence of graphene substrate. The rest of the
components are mainly random coil structures.

respectively. A quantitative examination of the number of
hydrogen bonds shows that the mean number of hydrogen
bonds in P1 with graphene is higher than that without
graphene, as shown in Figure 3, panel c. Also, as shown in the
table in Figure 3, panel d, the percentage of helical structure
without graphene is only 1.79%; however, the value increases to
48.21% with graphene. Hence, the presence of graphene
promotes the formation of helical structures. Here, it should be
noted that the helical structures includes both a-helix (ie., 4
residues per helical turn) and the 3,5-helix (i.e., 3 residues per
helical turn). This observation is consistent with a previous
study,”® in which a dodecamer peptide was found to
predominantly adopt 3,4-helical conformation upon adsorption
to graphene surface.

To further understand the structure changes in P1 upon
interaction with graphene, we examine the time-evolution of
structure components without and with the presence of the
graphene substrate, and the results are depicted in Figure 4,
panels a and b, respectively. It can be seen that the graphene
substrate plays the role of promoting the formation of 3,
-helices. For each peptide sequence, approximately three 3 ;-
helical turns per peptide sequence were formed. Compared to
the system without graphene where P1 mainly adopted the
turns and coils structure with occasional transient formation of
helices (i.e, both a- and 3y helices), in the presence of
graphene substrate, P1 mainly adopted the conformation of 3 -
helices throughout the 50 ns of equilibrium simulation. Note
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Figure 4. Time-evolution of the P1 secondary structures (a) without
graphene and (b) with graphene. Different colors in the time-evolution
graphics represent different types of secondary structures. In particular,
the continuous blue color bars in panel b demonstrate the stable
helical structure in P1 throughout the equilibrium simulation. (c) Side
view of the interaction between P1 and graphene, where Ala residues
are displayed in blue, Gly in yellow, Thr in red, and Ser in green.

that the 3,-helix is defined by i + 3 — i hydrogen bonding (i.e.,
the N—H group of the amino acid residue forms a hydrogen
bond with the C=0O group of the amino acid three residues
earlier), as compared to i + 4 — i hydrogen bonding in an a-
helix. Hence, the structural changes from coils and transient
helices to stable 3;,-helices account for the increase in the

number of hydrogen bond in P1 upon the adsorption onto
graphene.

At equilibrium, the average VDW interaction energy between
P1 and graphene substrate is about —1250 kJ/mol, as shown in
Figure 5, with P1 binding to graphene mainly via the
hydrophobic side chains on Ala or Thr residue. As shown in
the structure time-evolution (Figure 4b), the 3,,-helices are
consistently formed from the sequences Ala-Gly-Ala (ie.,
residue no. 2—4, 6—8) or Ala-Gly-Thr (i.e., residue no. 10—12).
Necessarily, the binding of both methyl groups (i.e., Ala side
chains) in the sequence (e.g,, Ala-Gly-Ala) to graphene (while
the methyl-deficient Gly is left unbound) gives rise to a helical
turn (in this case, a 3;o-helical turn). It was observed that a
sequence having a methyl-deficient amino acid (e.g, Ser) in
place of one of the methyl-containing Ala/Thr does not form
any helical structure, that is, the last three residues in the P1
sequence (i.e., Thr-Gly-Ser) have not formed helical structure
at all time during its interaction with the graphene substrate
(Figure 4c). The hydrophobic methyl (—CH,) group in the
side chains of these amino acid residues appears to be the main
factor that drives the formation of the 3,j-helices via its
hydrophobic interaction with graphene substrate, which is also
hydrophobic in nature. Such hydrophobic interactions could be
critical to the formation of the helices on graphene substrate.

Because of the higher number of hydrogen bonds, the higher
percentage, and also the more stable helical structures arising
from the VDW interaction between P1 and graphene, it is
expected that the modified molecular structure of the fibroin
peptide be more stable and thus exhibit enhanced mechanical
properties.

3.1.2. Representative Peptide-P2. 1t is known that the
crystalline domain of silk fibroin, which mainly consists of -
sheets crystallite structure, dictates the strength of the silk
fibroin."®> Representative snapshots of P2 adsorbed onto
graphene substrate at equilibrium are shown in Figure 6,
panels a and b. It can be seen that overall the f-sheet
configuration is well maintained. A previous study'” showed
that the interchain interaction between f-chains in the
crystallite is strong. Upon the adsorption of P2 on graphene
substrate, the VDW interactions between P2 and graphene
compete with the interactions between peptide chains. As
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Figure 5. VDW interaction energies between P1 and graphene (black curve), between both layers of P2 and graphene (red curve), and between the
bottom layer of P2 and graphene (blue curve) as a function of simulation time.
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Figure 6. Snapshots of P2 on graphene after 50 ns of equilibration. (a)
Top view and (b) side view. Attracted on the graphene substrate, one
of the f-chains on the top layer moves down to the bottom layer
(highlighted in red circle). (c) Number of hydrogen bonds in the
bottom layer with (blue curve) and without (red curve) graphene as a
function of simulation time.

shown in Figure 6, panel b, attracted by the graphene substrate,
one of the f-chains (highlighted by red circle) on the top layer
moves down to the bottom layer during equilibrium.
Corresponding to the change in the p-chain position, the
total VDW energy between the peptide structure and graphene
is reduced, indicating a stronger binding affinity between them,
as shown in red curve in Figure 5.

To further understand their interactions, we mainly focus on
the behaviors of the bottom layer of P2 adsorbed directly to the
graphene surface, excluding the shifted peptide chain from the
top layer. On the basis of the data shown in Figure 6, panel c,
the mean number of hydrogen bonds without graphene
substrate is 25.99 + 1.36, while that with graphene is 25.60
+ 1.23 (both are averaged over the last 10 ns of simulation
time). At the initial stage of the interaction, the hydrogen-bond
number in the bottom layer dropped slightly and then
maintained at a lower value with small fluctuation. The
standard deviation of the hydrogen bond number with
graphene is smaller than that without graphene. Thus, the
mean number of the hydrogen bonds in the bottom layer is
relatively insensitive to the presence of graphene, albeit with
smaller fluctuations in the number of hydrogen bonds with
graphene. Hence, these results clearly show that the S-sheets
crystallite is a very stable configuration, and the influence of
graphene substrate on its molecular structure is insignificant.

21791

3.1.3. Representative Peptide-P3. The initial structure of P3
in this case includes both f-sheet and random coil
configurations, and the representative snapshots of the
equilibrium structure of P3 without and with the presence of
graphene substrate are shown in Figure 7, panels a and b. It can
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d P3:
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P3-graphene:
IKTFVITTDSDGNESIVEDV

lle
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Number of hydrogen bonds

20

I
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Figure 7. Representative snapshots of P3 at equilibrium (a) in water
only and (b) on graphene in water. The green arrows highlight the
domains dominated by random coil structures in water, while on
graphene substrate, the fS-sheet domain is still maintained. Residues
Thr, Glu, and Phe are highlighted. (c) Side view of P3 adsorbed to the
graphene. (d) Illustration of the sequence of P3 representative
structures, where residues in blue denote those in f-sheet
configuration, those in red represent helical structure, while those in
black are in other types of secondary configuration. (e) Hydrogen-
bond numbers with and without graphene as a function of the
simulation time.

be seen from Figure 7, panel a that P3 predominantly forms
random coils in water despite containing f-sheet forming
sequences. However, the graphene substrate helps in retaining
some fraction of B-sheet configuration in water, as shown in
Figure 7, panels b—d. As an example, the locations of the same
residue (ILE16) are highlighted with green arrows in Figure 7,
panels a and b, where a random coil structure is adopted
without the graphene substrate (Figure 7a), while the same
residue remains in f-sheet configuration with the graphene
substrate (Figure 7b,c). The secondary structures of the
residues in each case are represented by different colors, as
shown in Figure 7, panel d. The residues in red represent the
helical domain of P3 in water without the presence of graphene
substrate, while those in blue represent the residues in f-sheet
structures in the presence of graphene substrate. Residues in
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other types of secondary structures are displayed in black. The
residues that may have strong binding affinities to the graphene
substrate are also illustrated in Figure 7, panels b and ¢ (e.g,
methyl-containing side chain of Thr, the —CH,CH,— group of
Glu, and the aromatic ring on Phe), and all bind strongly to the
graphene (Figure 7c).

The hydrogen-bond numbers in P3 for the cases with and
without graphene as a function of time are illustrated in Figure
7, panel e. The mean value of hydrogen-bond number
calculated during the last 10 ns of simulation increases from
9.97 + 2.09 (without graphene) to 1320 + 1.63 (with
graphene). Therefore, the P3-graphene interaction also plays
the role of maintaining the hydrogen bonds, thus partially
keeping the f-sheet structure of P3 from being denatured by
thermal fluctuations in water solvent. With the enhanced
structural stability, P3 is also expected to have stronger
mechanical properties upon adsorption onto the graphene
substrate.

3.1.4. Representative Peptide-P4. For proteins with larger
size and involving different types of domains, protein—
graphene interactions can be much more complicated. For
example, there can be multiple layers of protein adsorbed onto
the graphene substrate, and the influence of the substrate on
protein subdomains located on different layers of adsorbed
protein can also be different. In the present work, the P4
peptide structure, which is extracted from silk fibroin molecule
with a much larger size that contains both the crystalline and
amorphous domain sequences, is selected to investigate the
influence of graphene substrate on the changes of peptide
structural contents when adsorbed onto the graphene substrate.

The representative equilibrium configurations of P4 without
and with the presence of the graphene substrate are shown in
Figure 8, panels a and b, respectively. Compared to P4 without
the graphene substrate, more helical structures are observed in
the presence of the graphene substrate. Note that helical
structures are mainly formed in the amorphous domains
located at the two ends of P4 (as shown in the highlighted
domains in Figure 8a,b), and the mechanism is similar to that

Figure 8. Representative snapshots of P4 structure at equilibrium (a)
in water only and (b) on graphene in water. The inset shows the side
view of water molecules intercalating between P4 and graphene in the
domain highlighted with an arrow. Helical secondary structures are

highlighted in red and by green circles.

discussed in the Pl-graphene interaction. The percentages of
different types of structural components are listed in Table 1,

Table 1. Secondary Structure Contents of P4 without and
with the Graphene Substrates

structure types

contents of secondary structure (%) P4 P4-graphene
P-sheets 23.78 + 6.14 18.70 + 1.66
helices 1.40 + 0.40 4.07 + 1.10
turns 36.82 + 3.33 37.09 + 3.20
random coils 36.47 + 6.00 36.87 + 3.33

which are obtained based on the configuration data collected
during the last 10 ns of simulation time. As shown in Table 1,
the percentage of helical structures in the presence of graphene
substrate is 4.07%, slightly higher than that without the
graphene, which is 1.40%. On the other hand, the content of -
sheet drops from 23.78% to 18.70% in the presence of
graphene substrate. We find that without the presence of
graphene substrate, the crystalline domain located in the central
part of P4 has a compact and stable configuration. Upon the
adsorption to the substrate, the f-sheet content drops slightly
due to the competition between P4-graphene interaction and
the inter-#-chain interaction within P4. These observations are
consistent with our findings in the earlier section.

3.1.5. Discussion. Our study clearly demonstrates that the
influence of the graphene substrate on the adsorbed peptide
structures depends on the stability of the peptide structures and
the peptide—graphene binding strength as well. For example,
both P1 and P3 peptide structures exhibit a random
configuration in water solvent, implying that these structures
have relatively weak structural stability. For such peptide
domain with random structure and weak intramolecular
interaction, graphene tends to enhance their stability and
increase the number of hydrogen bonds within peptides, that is,
both P1 and P3 attain ordered structures when adsorbed onto
the substrate, either in helical or f-sheet configuration, which
increases their number of hydrogen bonds. However, crystalline
domain of P2 has a very stable structure in water environment,
and their stability is only perturbed slightly by the P2—
graphene interaction. Correspondingly, there is a slight drop in
the number of hydrogen bonds within P2. Considering the
interactions between the whole silk fibroin and graphene,
graphene has hydrophobic interaction especially with the
hydrophobic domains, and the hydrophilic domains of silk
fibroin get closer and thus increase the number of hydrogen
bonds within protein.”” Overall, the influence of graphene on
peptides extracted from different domains of silk fibroin varies
with the sequence, hydrophobicity, and the structure of the
peptides. For silk fibroin, the amorphous domain is more
sensitive to the influence of the graphene substrate, the
crystalline domain was less affected by the substrate, and the N-
terminal is in the intermediate.

All simulations are carried out in water environment,
equivalent to solution state, to take into account the effect of
water since the loading of silk fibroin to graphene is usually
performed with a wet process. The water environment does
play an important role in promoting the interaction of protein
with graphene to form their aggregates, especially between the
hydrophobic domains of proteins and graphene.>”

With the hydrophobic nature of the graphene, the peptides
interact with the graphene mainly via the hydrophobic side
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chains of their amino acids. The density of water molecules
around the peptide at the interface is much lower than that in
bulk water, indicating negligible hydration at the interface. It is
possible that water molecules can intercalate at the peptide—
graphene interface, at certain regions, especially when the
protein has hydrophilic amino acids in the sequence. It is more
obvious for a larger sized peptide domain (Figure 8b). For
those peptide domains that are not directly adsorbed to
graphene surface, the space between graphene and peptide
domain indicated by the arrow in the inset of Figure 8, panel b
is filled with water molecules. For silk fibroin, hydrating water
serves as a plasticizer,”> which enhances its flexibility and
plasticity by promoting chain mobility while reducmg its
strength by weakening interchain hydrogen bonds."> Owing to
the peptide—graphene interaction, the weakening effect of
hydration on the hydrogen bonds in silk was not observed.
Conversely, the silk structures show increased number of
hydrogen bonds due to more ordered structures induced by the
interaction with graphene.”

3.2. Effects of Graphene Substrate on Mechanical
Properties. 3.2.1. Influence on the Mechanical Properties of
P1 and P3. To quantitatively evaluate the influence of graphene
substrate on the mechanical properties of P1, tensile tests were
carried out on one representative peptide strand in P1 using the
equilibrated configuration as the initial structure, and three
independent tests were carried out on each case, respectively.
Figure 9, panel a shows the comparison of the force versus the
end-to-end distance curves for P1 with and without the
graphene substrate. Under the mechanical loading, the peptide
in helical structure twisted, and the hydrogen bonds along the
a-helix ruptured, which caused a sudden unfolding of helical
turns. The rupture force is defined as the force when a sudden
structural change occurs. It is seen from Table 2 that when the
peptide is adsorbed onto the graphene substrate, the average
rupture force increases from 2185.11 pN to 4646.17 pN.
Hence, from both our structural analysis and mechanical test
simulations, P1 shows improved mechanical properties with the
graphene substrate, possessing higher rupture force and
resilience. For example, without the graphene substrate, the
resilience is found to be 18.88 kJ/ (mol nm®). This value is
found to increase to 58.07 kJ/ (mol nm®) with the graphene
substrate. Here, we define the resilience of the system as the
energy stored before the rupture of hydrogen bonds. The
influence on P3 is found to behave in a similar way, where both
the rupture force and resilience increase when P3 is adsorbed to
the graphene substrate (Figure 9c and Table 2). However,
compared to P1, the increases in both the rupture force and the
resilience of P3 are less significant (e.g, for P1, the rupture
force is increased by 112.63% and the resilience by 207.57%;
while for P3, the rupture force is increased by 46.82% and the
resilience by 17.30%).

3.2.2. Influence on the Mechanical Properties of P2. The
crystalline domain exhibits very stiff and brittle mechanical
properties, and the pull-out test is an efﬁc1ent way to evaluate
the strength of the crystalline domain."> On the basis of the
equilibrated structure, the strength of P2 is also evaluated by
pulling out the central strand from the bottom layer away from
the crystallite; the pull-out force versus the displacement curves
for P2 is shown in Figure 9, panel b. The rupture force for
pulling out the B-chain without graphene is 2114.67 pN, while
with graphene, it is 2431.9 pN. These results are illustrated in
Figure 9, panel b and Table 2. Although the graphene substrate
perturbs the structural stability of the crystallite, its interaction
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Figure 9. (a) Pulling force versus the end-to-end distance during
tensile test of one of peptide strands in P1. (b) Pull-out force as the
function of the displacement of P2. Side view and top view of the
crystalline unit, with the $-chain to be pulled-out highlighted with an
arrow. (c) Pulling force versus the end-to-end distance during tensile
test of P3.
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Table 2. Rupture Force and the Resilience Calculated from the Tensile Tests on P1 and P3, and Pull-out Test for P2

structure
mechanical properties P1 P1-graphene P2 P2-graphene P3 P3-graphene
rupture force (pN) 2185.112 4646.17 2114.67 2431.90 1837.00 2697.05
resilience (kJ/mol nm?) 18.88 58.07 14.12 19.60 83.32 97.74

with the graphene substrate enhances the strength of P2.
Apparently, this enhancement in strength arises from the VDW
interactions between the crystallite and the graphene substrate.

3.2.3. Discussion. The magnitude of the pulling rate used in
this study (0.2 nm/ns) is relevant in many applications of the
silk. In bioapplications, the speeds as high as ~1 nm/ns are
common to human body for running, throwing, jumping, etc.>®
The pulling rate and the spring constant adopted in the current
study are reasonable and have been validated by earlier work."’
Comparable values for these two parameters have also been
adopted by previous works on mechanical properties of
crystalline structures by several groups.'”™'* In particular, Xu
et al."* investigated the influence of the pulling rate and the
spring constant on the results of mechanical tests. It was
reported that although the rupture force is slightly influenced
by both the pulling rate and the spring constant, the rupture
mechanisms of the crystallite observed at one pulling rate/
spring constant repeated consistently across different pulling
rates/spring constants. It was also reported in an earlier work
that the unfolding mechanism of integrin ayf; ectodomain
remained unchanged by using the different pullinég parameters
(including pulling rate and the spring constant).’

It is known that amorphous domains of silk fibroin, which are
mainly composed of helical and random coil structures,
contribute to the toughness of silk fibroin, while the crystalline
domains play the dominant role in determining the strength of
silk fibroin.®” In this study, graphene is found to enhance both
the strength and resilience of the protein. The enhancement in
the mechanical properties of protein through interacting with
graphene substrate depends on the sequence and structure of
the protein. The present work suggests that the influence of
graphene on the structural and mechanical properties of flexible
domains such as helical and coil structures is more significant
than that on stiff domains, such as f-sheets.

In the earlier works, Ou et al. showed that the dimers of a
peptide experienced unfolding during their adsorption to
graphene surfaces due to strong interactions between graphene
and the peptide.’® Katoch et al. demonstrated the complicated
changes in the conformation of a dodecamer peptide during
noncovalent interactions with graphene by usin§ a combination
of experimental and computational approach.”® Zhang et al.
reported that the stability of biological materials such as
proteins and DNA could be enhanced significantly through
their immobilization, interaction, or catalysis using graphene.”’
In our study, we examine the structural behavior of peptides at
equilibrium states upon adsorption on graphene and their
resulting changes in mechanical properties. Our study comple-
ments the earlier studies by providing new insights into the
enhancement in the mechanical properties of peptides induced
by graphene. It is hoped that our present study will inspire
more researchers to work in this field and provide more
numerical and experimental results.

It should be noted that the graphene could deform upon
interaction with the peptides, and the graphene deformation
could also be important in affecting structural and mechanical
properties of the peptides. Considering the fact that simulating

the deformability of the graphene and its interaction with the
whole silk molecule requires tremendous computational
resource, in the present work, we have chosen to fix the
graphene and focus on the structural and mechanical behavior
of silk fibroin. Our preliminary MD simulation on equilibrium
runs of P4—graphene interaction without fixing the graphene
shows that the trends in the changes of the secondary structure
contents remain the same, that is, there is a drop in the f-sheet
content and a slight increase in the helix content, indicating that
whether the graphene is fixed or not will not affect the major
conclusion of the present work.

In the present study, we have investigated the binding energy
of peptides from different domains of silk fibroin to graphene as
well as the changes in hydrogen-bond number and secondary
structures of the peptides upon the adsorption. These results
provide valuable information for the understanding of silk—
graphene interaction at an equilibrium state. By performing
tensile and pull-out tests, we have studied the effects induced by
the graphene surface on the strength and resilience of the
peptides, which provides valuable information about the
mechanical behavior at the interface between the peptides
and graphene substrate.

Our study demonstrated that complicated processes are
involved when graphene interacts with different domains of silk
fibroin. The understanding gained here regarding the changes
in the conformational and mechanical properties of different
domains of silk fibroin upon adsorption to graphene is a
significant step toward understanding and manipulating their
hybrid structures so as to further enhance the mechanical
properties of silk fibroin.

4. CONCLUSION

We have performed MD simulations to investigate the effect of
graphene substrate on the structure and mechanical properties
of silk peptides. For protein domains with stable structure and
strong intramolecular interactions (e.g., f-sheets), the graphene
substrate tends to compete with the intramolecular interactions
and thus may weaken the interchain interaction strength. For
random or less ordered secondary structures and weak
intramolecular interaction, the graphene substrate tends to
enhance the stability of the peptide structures and increases/
maintains the contents of more ordered structures (e.g., helical
or f-sheet structures). It is also shown that the graphene
substrate has the effect of enhancing the strength and resilience
of different domains of silk fibroin. Both the structure and
mechanical properties of amorphous/less ordered domains are
more sensitive to the influence of graphene substrate. Our
study provides a valuable reference for the rational design of
bioinspired materials with enhanced mechanical properties.
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