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Bioinspired Flexible and Tough Layered Peptide Crystals

Lihi Adler-Abramovich,* Zohar A. Arnon, XiaoMeng Sui, Ido Azuri, Hadar Cohen,
Oded Hod, Leeor Kronik, Linda J. W. Shimon, H. Daniel Wagner, and Ehud Gazit*

One major challenge of functional material fabrication is combining flexibility,
strength, and toughness. In several biological and artificial systems, these
desired mechanical properties are achieved by hierarchical architectures

and various forms of anisotropy, as found in bones and nacre. Here, it is
reported that crystals of N-capped diphenylalanine, one of the most studied
self-assembling systems in nanotechnology, exhibit well-ordered packing and
diffraction of sub-A resolution, yet display an exceptionally flexible nature.

To explore this flexibility, the mechanical properties of individual crystals are
evaluated, assisted by density functional theory calculations. High-resolution
scanning electron microscopy reveals that the crystals are composed of lay-
ered self-assembled structures. The observed combination of strength, tough-
ness, and flexibility can therefore be explained in terms of weak interactions
between rigid layers. These crystals represent a novel class of self-assembled
layered materials, which can be utilized for various technological applica-
tions, where a combination of usually contradictory mechanical properties is

combined into multilayer 3D structures as
found in various biological organic—inor-
ganic composites, including bones!!? and
nacrel’! (Table 1). This multilayer approach
has been technologically adopted in ancient
alloys of superior mechanical properties,
such as Damascus steel” and Japanese
Katana (Table 1).”) Unlike a homogeneous
material, laminated structures with rela-
tively weak interactions between the layers
show high toughness by an interfacial
crack deflection mechanism;® the weak
interlayer interfaces may also contribute
to a degree of flexibility in the case of
forces applied perpendicularly to the plane
of the layers, as was previously shown in
crystalline systems.”] In order to allow
the formation of such lamination, com-

desired.

The development of materials exhibiting both high flexibility
and high toughness often involves hierarchical designs, such
as laminated organization—one of the simplest hierarchical
forms. In several biological and artificial systems, these desired
mechanical properties are obtained by the combination of hier-
archical arrangements and structural anisotropy. The simplest
form of anisotropy results from unidirectional organization of
building blocks at the microscopic level, which can be further

bined with strength and toughness, it is
of special interest to identify and employ
simple building blocks by simple and con-
ventional fabrication methods, with no
need for complicated procedures. Hence, molecular crystals
may provide an attractive route to replace laminated materials
in various technological applications. A central method for the
production of molecular crystals is molecular self-assembly, in
which molecules spontaneously arrange to form well-ordered
structures.
Diphenylalanine (FF) is one

molecular crystal building Dblocks,

of the most studied
9 mainly due to the
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Table 1. Laminated materials.

www.advmat.de

Material Significant components Characteristics Reference
Bone Collagen and hydroxyapatite Strong and flexible m
Nacre Elastic proteins and calcium carbonate Tough 3]
Damascus steel Steel of altering carbon percentage Tough and stiff [4]
Japanese Katana Steel of altering carbon percentage Tough and stiff [5]
Laminated armor Unidirectionally oriented olefin polymer films High impact resistance and high resistance to shattering [8]
Polymeric laminates Polycarbonate resin and interlayers of elastomeric resin Efficient energy absorption [9]

exceptional properties of the assembled structures, including
piezoelectricity"! pyroelectricity,') semiconductivity,'} and
photoluminescence.' Some of the unique mechanical char-
acteristics of FF assemblies were attributed to noncentrosym-
metric crystalline organization at the microscopic level.'! Inter-
estingly, the FF dipeptide self-assembles into tubular structures
with a Young’s modulus of 19 GPa in its hydrated state,['® com-
parable to human cortical bone.'”! A related N-capped dipep-
tide, N-(t-butoxycarbonyl)-i-Phe-1-Phe-COOH (Boc-FF), can
associate into distinct nanoscale morphologies depending on
variations in the assembly conditions, such as solvent composi-
tion or peptide concentration.'¥l A direct set of measurements
of the mechanical properties of the spherical Boc-FF structures,
conducted using an atomic force microscope (AFM) diamond-
tip cantilever, demonstrated a remarkable metallic-like Young’s
modulus.["’]

To comprehensively study the molecular interactions that
facilitate the formation of ordered nanostructures by Boc-FF,
we set out to crystallize the peptide and acquire single-crystal
X-ray diffraction data. Boc-FF was dissolved to a final concen-
tration of 5 mg mL™! in 50% ethanol and incubated at room
temperature for crystallization. After =2 months, crystals were
visibly ubiquitous inside the tube, with several nucleation sites
on the solution-tube surface and numerous rod-shaped crystals
propagating from each nucleation site.

To gain atomic resolution insights into the assembly pro-
cess and the stability of the nanostructures, single-crystal
X-ray diffraction analysis was performed to determine the
molecular packing. The crystal structure was found to exhibit
a monoclinic space group C2 with two independent molecules
per asymmetric unit (Figure 1a) for a total of eight molecules
per unit cell (Figure 1b,c). Complete crystallographic details
are given in Table S1 in the Supporting Information. The
packing is facilitated by a network of aromatic interactions and
hydrogen bonds. Surprisingly, unlike most molecular crys-
tals, which form rigid structures, Boc-FF crystals demonstrate
unique elastic flexibility (Figure 1d,e; Video S1, Supporting
Information).

To further examine the structure of the crystals, sam-
ples were characterized by high-resolution scanning electron
microscopy (HRSEM; Figure S1, Supporting Information).
The microscopic analysis revealed that each individual crystal
is composed of a stack of 2D sheets, resulting in a rod-shaped
multilayer, with a nearly rectangular cross section (Figure 2a).
We also observed an anisotropy of the crystal, as the rod is
made of parallel continuous layers running through its longitu-
dinal direction. Based on the correlation between the HRSEM
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and X-ray structure, we could determine that the long axis of
the crystal is always aligned with the b axis (y Cartesian direc-
tion), the other lamellar plane axis is ¢ (z Cartesian direction),
and the direction in which the layers are stacked is the projec-
tion of the a axis along the x Cartesian direction.

To explore the mechanical properties that mediate this
remarkable anisotropy and flexibility, a set of tests were per-
formed using bending and tensile manipulations. Due to the
high flexibility of the crystal, the bending force is very small and
traditional load cells cannot fulfill the task of force measure-
ment with satisfactory resolution. Therefore, we used an AFM
tip and a cantilever configuration (Figure 2b). The movement
of the nanomanipulator perpendicular to the cantilever resulted
in both deflection of the peptide rod and bending of the AFM
cantilever. Provided that the spring constant of the cantilever
is known, the deflection of the cantilever can be translated to
a force. Here, an AFM cantilever with a spring constant of
~3 N m™! was used to push the crystal rod at different posi-
tions along the longitudinal axis (b axis) for three to six times
as presented in Table S2 in the Supporting Information. When
the force is applied at an arbitrary position, the deflection of the
free end of the crystal can be expressed as

o

§=—1(30—1
6EI( )

1)

where 0 is the crystal deflection at its edge, P is the bending
force, E is the bending modulus, I is the second moment of
inertia, L is the total length of the crystal, and /; is the distance
from the fixed end to the point where the force is applied.?"!
Due to the anisotropic nature of the laminated structure, dif-
ferent bending properties are expected when the force is exerted
in different directions, parallel or perpendicular to the layering
basal plane. Following the bending test, the geometry of each
sample was examined using HRSEM. Since all peptide crystals
exhibited a nearly rectangular cross section, the expression of
the moment of inertia of a perfect rectangular prism was used.
The bending test results are summarized in Table S2 in the
Supporting Information. Clearly, the crystal shows anisotropic
mechanical stiffness, with average bending moduli of 15.9 *
4.1 GPa in the z Cartesian direction (c axis, similar to human
cortical bone, about 18 GPa) and 5.5 + 1.2 GPa in the x direc-
tion (similar to Nylon 6, about 3 GPa), in correlation with the
laminated structure of the crystal. As the z direction is within
the lamellar plane, bending in the z direction means applying
force in the lateral direction of the plane, while bending in
the x direction means applying force in the direction of the

(2 of 6) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Crystal structure and mechanical flexibility of Boc-FF. a) Boc-FF ORTEP figure drawn with 50% probability ellipsoids, obtained via single-
crystal X-ray structure determination at a resolution of 0.8 A. Hydrogens have been omitted for clarity. b,c) Crystal packing down the ¢ and b axes,
respectively. For more information, see Table S1 in the Supporting Information. d,e) Demonstration of the extraordinary mechanical flexibility of the
Boc-FF crystal using light microscopy. A single crystal rod is bent when force is applied using tweezers. The scale bar is 0.5 mm.

plane’s normal vector (Figure 2c). It is important to note that
no decrease in the modulus was observed upon repeated appli-
cations of force (Table S2, Supporting Information). Whereas
within a single layer the Boc-FF molecules are closely packed,
between the lamellae there are weak van der Waals interactions
and hydrogen bonds. In-plane bending will therefore result in
a higher modulus than out-of-plane bending. We also observed
that in each direction of the same sample, pushing at different
positions of the crystal (/; in Figure 2b) yields similar moduli
(Table S2, Supporting Information), which validates the method
of modulus determination of the thin crystal rods by the AFM
cantilever. When bending in the z direction of sample 2, we
did not observe any deflection of the cantilever. This is due to
the fact that the force exerted from the bending of the crystal,
which was too thin in the z direction, was below the detection
limit of the measurement device. Therefore, we avoided crystals
that were too thin.

Additional tensile tests were performed using a tailor-made
small-scale testing apparatus (Figure 2d). Following each test,
the samples were examined using HRSEM for precise meas-
urements of the specimen cross-sectional dimensions. The

Adv. Mater. 2018, 30, 1704551
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tensile tests and the stress—strain curves for 11 samples are
shown in Figure 2e,f. The results are summarized in Table S3
in the Supporting Information.

The outcome of a typical tensile test is often presented as
a stress—strain curve. Stress is the force applied to the sample
normalized by the cross-sectional area (units: N m™, or Pa),
whereas strain is the displacement caused by the external force,
normalized by the initial length of the sample (m m™, thus
either no units or % if this is multiplied by 100). The stress—
strain curves of the Boc-FF peptide specimens (Figure 2e)
revealed an elastic behavior, contrary to other organic systems.]
The average strain to failure of Boc-FF crystals was about 5%,
while one exceptional specimen had a strain closer to 10%. The
average strength and Young’'s modulus were 104 MPa and 3.1
GPa, respectively. Toward the end of the stress—strain curve,
some specimens showed kinks, but the stress continued to rise
before final failure (Figure 2f). The kinks sometimes occurred
repeatedly, indicating that the rods fail gradually rather than
abruptly. This fracture behavior was confirmed by video
recording during the test (Video S2, Supporting Information)
and postfailure HRSEM images of the samples following the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(i

e 250 f gzso ha
200 / 160 20} %
& | -~ © we
© © o ] -9
a a = =
< .
Z 150 Z = 150 =
") w 120 - -
[} [} o =4}
[ o c 3 L]
5100 5 Q 100" un B |a
n 0 - ] -
] an =
80 @ 2k :-.
P i ' L L
3 6

ol—
0 50 100 150 200 250 0 50 100 150 200 250
Cross-section area (um<) Cross-section area (pm<)

0 I
0 2 4 6 8 10 12
Strain (%)

4 5
Strain (%)
Figure 2. Mechanical measurements. a) HRSEM images of the laminated Boc-FF crystal (scale bars are 2 um). b) Bending test experimental setup. P
is the bending force, L is the total length of the crystal, and [ is the distance from the fixed end to the point where the force is applied. c) lllustration
of the laminated crystals relative to the testing direction. d) Tensile test experimental setup. e) Stress—strain curves of the tensile test normalized to
the cross section of the sample and f) curves that present kinks before failure. g,h) The relationship between cross-sectional area and tensile strength

or Young's modulus, respectively.

tensile tests (Figure 2a). The HRSEM images clearly showed
that the fracture surfaces were rough. The rods are made of
parallel 2D layers, and the adhesion between two neighboring
sheets is most likely not strong. Due to the weak van der Waals
interactions and hydrogen bonds between the crystal layers,
there is insufficient local stress sharing between them. Under
stress, each layer of such a laminated specimen breaks at its
own weakest point, leading to cracks zigzagging through the
specimen bulk. This anisotropic fracture behavior is a direct
manifestation of the layered structure of the crystal.
Interestingly, the tensile strength and Young’s modulus
decreased as the cross-sectional area increased (Figure 2gh).
This has been previously observed for a number of micro- and
nanofiber samples.?!] We believe that a larger cross section has

more weak interactions between layers, which do not contribute
to the load sharing, resulting in lower strength and modulus of
the bulk. The actual strength and modulus of a single layer are
therefore expected to be much higher than the average meas-
ured values, as shown in the bending tests.

To further examine this hypothesis, we performed first-prin-
ciples calculations for the structural and mechanical properties
of the pristine Boc-FF molecular crystal using dispersion-
corrected density functional theory (DFT) calculations (see
“Density Functional Theory Calculations” in the “Methods” sec-
tion in the Supporting Information). Importantly, this approach
has been previously shown to be a reliable method for com-
puting and predicting structural and mechanical properties of
amino acid and peptide-based molecular crystals.?22% Lattice

a b c
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N [CANY G 0
-10 > N 0
-10 )
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R 4 20 0 20 -20 0 20
Y [GPa] a0 0 X [GPa] X [GPa]
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Figure 3. Computed rendering of Young’s modulus of Boc-FF single crystal. a) 3D surface, constructed by setting the distance from the origin to each
point on the surface to the value of Young’s modulus in the direction of the vector pointing from the origin to that point. The axes are given in GPa
and negative signs indicate the direction. b,c) 2D rendering of Young’s modulus projection on the x-y and x-z planes, respectively. The distance from
the origin to each point on the line is the value of Young’s modulus in the direction of the vector pointing from the origin to that point. Purple arrows
designate directions for minimum and maximum values of Young’s modulus for the crystal. The dashed arrow in panel (b) designates the projection
of the lattice vector a on x. In all plots, the lattice vector ¢ is aligned with the z axis, a is on the x—z plane, and b is on the y axis.
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Figure 4. Lamination in various natural biological systems and manmade materials. a—f) Scanning electron microscopy images (lower panels) illus-
trating the lamination of each material (upper panels). a) Cortical bone.l'l b) Hexagonal platelets of calcium carbonate crystals in nacre.’l ¢) Cross
section of bone biomimetic composites.?’ d) Layered polymer nanocomposite film.[?¢l e) Microfolding of Japanese swords.F! f) Boc-FF crystals growing

from a mutual nucleation site.

parameters of the optimized crystal structure are given in
Table S4 in the Supporting Information, showing good agree-
ment between the experimental and computational values, thus
validating the calculated mechanical properties.

Elastic constants were extracted from computed stress—strain
curves?¥! (Figure S2, Supporting Information) and used to cal-
culate Young’s moduli. Along the ¢/z direction, on which the
layered nature of the structure has the least significant effect,
the calculated Young’'s modulus is B, = 17.2 GPa, which is
within experimental error margins of the measured value,
15.9 £ 4.1 GPa. For the x and b/y directions, the calculated
values for the ideal crystal (E, = 16.0 GPa and Ej, = 15.9 GPa)
are indeed substantially larger than the measured values
[5.5 GPa (bending) and 3.1 GPa (tensile)]. This is fully in line
with the above hypothesis, namely that the large measured ani-
sotropy in Young’s modulus values is not an intrinsic property
of the pristine single crystal, but rather is acquired by virtue
of the layered structure. We note that a complete 3D ren-
dering of the orientational dependence of Young's modulus
(Figure 3) does reveal some anisotropy, from a minimum value
of 13.0 GPa (in the x—y plane) to a maximum value of 21.4 GPa
(in the x—z plane). Previous studies of amino acid crystals often
found a significantly higher degree of anisotropy (e.g., for gly-
cine- and alanine-based crystals), which has been associated
with significant anisotropy in the direction of the hydrogen
bond network in these solids.?l For Boc-FF, a hydrogen bond
analysis reveals five relevant hydrogen bonds, that is, with sig-
nificant projection along the x and/or z axis, in each molecular
dimer. Of those, detailed projection shows a contribution of
=60% along the z axis and =40% along the x axis. The varia-
tion is relatively small, in agreement with the modest Young’s
modulus anisotropy.

The Boc-FF system thus provides a vivid example for the
spontaneous assembly of remarkably simple building blocks
into crystalline structures of laminated organization. In spite of
the fact that comparable or even higher Young’'s moduli were
calculated for FF derivatives, the mechanical anisotropy of the
crystals described in this work results in notable flexibility,
rarely observed in such ordered crystals. Beyond this very inter-
esting phenomenon, this laminated system is very attractive

Adv. Mater. 2018, 30, 1704551 1704551

from the technological point of view. Layered structures are
commonly found in the biological world (Figure 4a,b). Some
notable cases include vertebrate bones and nacre, in which car-
bonated hydroxyapatite and calcium carbonate minerals, respec-
tively, are organized in a lamellar manner. Lamination is also
used in materials engineering. One such example is the pro-
duction of laminated bone biomimetic composites of amyloids
and hydroxyapatitel?®! (Figure 4c). Another elegant approach in
the organic world includes the engineering of polymeric sys-
tems to produce an ultrastrong and stiff layered polymer nano-
composite made of polyvinyl alcohol and montmorillonitel2®!
(Figure 4d). In addition, for centuries, lamination was an effec-
tive way to achieve toughness and flexibility of various alloys,
including Damascus steel and Japanese Katana (Figure 4e). For
these reasons, we suggest the Boc-FF system as an attractive
candidate for biomedical engineering as a reinforcement for
bone and bone substitutes, as well as a bioinspired composite
material, similar to the application of graphene.

The newly described peptide system (Figure 4f) combines
the remarkable advantage of lamination of a single component
together with notable bottom-up self-assembly and unique
physical properties of the FF system. FF dipeptides have been
utilized for numerous applications, ranging from energy
generation and storagel'!! to prototypes of biomedical and
bioengineering devices.””! Hence, the stability, processability,
and compatibility with standard manufacturing procedures
make this family of building blocks especially attractive.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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