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Self-Assembled Organic Nanostructures with Metallic-Like Stiffness**
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Organic nanostructures produced by a process of “bottom-
up” molecular recognition and self-assembly are key elements
in nanotechnology applications. This use of synthetic building
blocks with tailored reactivities is highly important for the
production of advanced “smart” materials. While these
building blocks possess many advantages in terms of syn-
thesis, functionality, and chemical diversity, they usually have
inferior mechanical properties compared to metallic nano-
structures. Herein we report how indentation-type experi-
ments conducted with an AFM using a diamond-tip cantilever
demonstrated remarkable metallic-like point stiffness of up to
885 Nm�1 and a Young�s modulus of up to 275 GPa for
aromatic dipeptide nanospheres. This exceptional value
makes these nanostructures the stiffest organic materials
reported to date (they are even stiffer than macroscopic
aramids), thus making them attractive building blocks for the
design and assembly of ultrarigid materials with tailored
molecular properties. The remarkable stiffness of these
assemblies and their transparent optical properties make
them ideal elements for the reinforcement of composite
materials.

The use of nanostructures for materials reinforcement is
one of the most intriguing applications of nanotechnology.

This includes far-fetched ideas such as the “space elevator” [1]

to realistic objects including reinforced plastic for medical
implants or dental materials. Biological material with nano-
scale dimensions may have unique mechanical properties, as
was demonstrated with spider silk that has a toughness 25
times larger per weight than that of steel.[2] While there has
been much effort in the development of self-assembled
protein and peptide nanomaterials,[3] these bioinspired assem-
blies are usually significantly less rigid than metallic struc-
tures.

We probed the mechanical properties of nanospheres,
which are formed by the self assembly of the Boc-Phe-Phe-
OH peptide (Boc = tert-butoxycarbonyl, Phe = phenylala-
nine), a member of the aromatic dipeptide structural family
that can form various nanoscale structures.[4] A phase diagram
of the Boc-Phe-Phe-OH building block defines its assembly
into a homogeneous population of either spherical or tubular
nanostructures.[4c,5] We used indentation-type experiments
with AFM to study the mechanical properties of the spheres
as this technique has a combination of low penetration depths
and high lateral precision, which make it a powerful and
attractive tool to measure the mechanical properties of
nanoscale biological structures.[6] AFM has indeed been
used to study the specific interactions of biomolecules at the
single-molecule level by utilizing antibody–antigen interac-
tions.[7]

The Boc-Phe-Phe-OH peptide was dissolved in hexa-
fluoro-2-propanol at a concentration of 100 mgmL�1 and then
diluted with ethanol to form the spheres. The spheres were
deposited on a mica surface and imaged using AFM (Fig-
ure 1a) and SEM (Figure 1b). We analyzed the size distribu-
tion of nearly 15000 spheres from the SEM images. The
spheres� size varied from 30 nm to 2 mm in diameter and was
distributed as shown in Figure 1c.

The mechanical properties of the peptide nanospheres
were measured by positioning the AFM tip at the center of a
single sphere surface and acquiring force–distance curves at
that position. The first experiment carried out with a metallic
AFM cantilever already demonstrated the remarkable
rigidity of these structures, as no deformation could be
observed. Therefore, force–distance experiments were con-
ducted after switching to a diamond cantilever with a spring
constant of more than 350 N m�1. A typical force–distance
curve and a corresponding cantilever deflection curve are
shown in Figure 2a. The cantilever deflection graph is
obtained by measuring a force–distance curve for mica, and
the loading force is calculated by multiplying the cantilever
deflection reading by the cantilever spring constant. The
difference for a given loading force between the z displace-
ments of the tip on the peptide nanospheres and on the mica is
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the indentation of the nanospheres by the AFM probe. The
point stiffness was calculated as previously described.[8]

To exclude possible irreversible deformation of the nano-
spheres during around 100 repeated force–distance curves,
the measured point stiffness was plotted as a function of the
measurement number (Figure 2a, inset). During each experi-
ment, the stiffness values obtained from the individual force
curves were found to distribute normally around a mean

value, thus suggesting that the nanosphere did not undergo
irreversible deformation. In addition, calculation of the
spheres� stiffness using the loading or unloading curves results
in a small average difference of 15 %, which further supports
the elastic nature of the indentation experiment.

The distributions of calculated point stiffness values for
nanospheres with a diameter of approximately 200 nm (n =

30) and 1 mm (n = 20) are shown in Figure 2b and c,
respectively. The average stiffness of a 200 nm sphere was
calculated to be 430 Nm�1, and the average stiffness of a 1 mm
sphere was calculated to be 885 N m�1. The difference
between these stiffness values is likely due to the known
dependency of point stiffness on sample dimensions rather
than representing a difference in the inherent properties of
the material related to the multiwalled structure of the
nanospheres. An imprint of the indenter at the nanosphere
surface or a complete collapse of the structure were rarely
detected in the images taken at the end of the indentation
experiment (Figure S3 in the Supporting Information). While
these particular experiments were not used for calculating the
nanospheres� stiffness, they excluded the possibility of
deposition of the tip to the surface.

Figure 1. Analysis of Boc-Phe-Phe-OH peptide spheres of different
sizes. a) AFM images of nanospheres deposited on freshly cleaved
mica (scan area 10 � 10 mm, 512 � 512 pixels). b) SEM micrograph of
the nanospheres exhibits their size distribution. Scale bar 20 mm.
c) Size distribution of 14885 peptide spheres.

Figure 2. Measurements of the point stiffness of the peptide spheres.
a) Typical force–distance curve of a peptide nanosphere (gray curve) in
reference to the cantilever deflection curve (black curve). The inset
shows a scatter plot of the individual measured point stiffness values
obtained for the sphere as a function of the experimental number
(count). Sphere stiffness distribution b) columns show the spheres
with diameters of approximately 200 nm (mean = 430; n = 30); c) col-
umns show spheres with diameters of approximately 1 mm
(mean = 885; n = 20).
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To further support our stiffness results, we performed
indentation measurements inside a high-resolution scanning
electron microscope (HR-SEM) equipped with a nanomani-
pulator.[9] The deformation of the nanosphere can be directly
visualized with this setup. No deformation was observed when
a 40 N m�1 cantilever was applied with maximum pressure to
the spheres, as is consistent with our AFM measurements.

Unfortunately, there is no suitable mathematical model
that can be used to convert the measured stiffness to Young�s
modulus. We therefore performed finite-element simulations
to estimate the spheres� material properties from their
stiffness values. In the simulation, a model sphere was
indented and the corresponding stiffness was derived from
the ratio between the applied force and the displacement. We
assumed that the mechanical behavior of the spheres can be
described as linear elastic, which is a good approximation for
solids under small strains. The Young�s modulus of the
simulated sphere was changed consistently until the simulated
stiffness was in good agreement with its experimental
counterpart. The results are dependent to a large extent on
the accurate modeling of the geometry of the spheres, that is,
size and internal structure. The size distribution of the spheres
was determined from SEM images and two representative
size values were chosen accordingly (200 nm and 1 mm). The
internal structure of the spheres contains a cavity, as was
confirmed by electron microscopy images that show the
inclusion of nanoparticles during self-assembly in the pres-
ence of those smaller particles (data not shown).

We were unable to determine the size of the inner cavity
and therefore modeled two extreme cases. In the first model,
the spheres� shells had thickness comprising 80% of its radius.
In the second model, the shell thickness was reduced to 20%
of the spheres� radii. Figure 3 shows the deformed and
undeformed shapes of the two models. The fitting of the
elastic moduli for the simulated thick shell sphere gives a
Young�s modulus of E� 230 GPa for the particle with a
diameter of 200 nm, and a value of approximately 275 GPa,
for the 1 mm sphere. For a thin-walled sphere, the fitting yields

a Young�s modulus of E� 140 GPa and approximately
230 GPa for the 200 nm and 1 mm spheres respectively
(Table 1). Regardless of sphere size, the Young�s modulus
obtained for the thin shell is lower than the corresponding

thick-shell value. This result is primarily due to the larger
contribution of the overall structural deformation to its
stiffness in the case of the thin shell (Figure 3). In the case of
the thick shell, deformation and stresses are local in nature,
however, in the case of the thin shell, a large segment of the
entire structure moves during the indentation process. Part of
the applied load is diverted into this movement giving the
appearance of a stiffer response than would be expected
based on the mechanical properties of the shell alone. Thus a
lower Young�s modulus value is required for these experi-
ments.

An important question that must be addressed is related
to the effect that the content of the nanospheres� cavities may
have on their Young�s modulus. We therefore modeled these
nanospheres as empty particles or filled with noncompressible
water. Regardless of whether the cavity is empty or water-
filled, the obtained Young�s modulus remained unchanged.
This result is expected for a sphere made from a material with
such an extremely high stiffness.

Previous studies presented the mechanical strength of the
diphenylalanine peptide nanotubes. Direct AFM measure-
ments had indicated an average point stiffness of 160 Nm�1

and Young�s modulus of about 20 GPa for peptide nano-
tubular assemblies.[8] A similar Young�s modulus value ((27�
4) GPa) was obtained in an independent study.[10] Therefore,
we suggest that a novel method for material reinforcement
could be achieved by the combination of the peptide nano-
spheres, which possess the notable mechanical characteristics
that were presented in this study, together with the peptide
nanotubes. Aligned peptide nanotubes could increase the
bending rigidity while the nanospheres could increase the
pressing rigidity similar to the role of aligned metal bars and
crushed stones in concrete.

The calculated Young�s modulus is significantly higher
than calculated for any organic material. As a reference, the
calculated Young�s moduli for protein structures of the
dragline spider silk and the silkworm Bombyx mori silk
mentioned above is 10 GPa and 8 GPa respectively.[2c] These
spherical structures are also stiff compared to steel
(ca. 200 GPa) and carbon fibers (ca. 300 GPa).[2a]

To investigate the structural basis for the rigidity of the
spherical nanostructures, we carried out X-ray diffraction
(XRD) analysis. Data collection was performed in the q/2q

mode (Figure S1 in the Supporting Information). The XRD
patterns of the spheres exhibit a number of relatively weak

Figure 3. Finite element simulation for indentation of a sphere.
a,b) Deformed and undeformed shape of a thick (t/R = 0.8) wall
sphere respectively, where t is the wall thickness and R is the external
radius of the sphere. c, d) Deformed and undeformed shape of a (t/
R = 0.2) thin-wall sphere respectively. The contours of the sphere prior
to the indentation are shown by white lines.

Table 1: Finite element analysis.

Particle diameter Stiffness [N/m] E [GPa][a]

10% 40%

200 nm 430 140 230
1 mm 885 230 275

[a] Assuming inner-shell thickness of 10 % or 40%.
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diffraction peaks, which indicate that the Boc-Phe-Phe-OH
peptide spheres display some degree of crystalline order,
although the degree of crystallinity is lower than that of the
diphenylalanine peptide nanotubes reported previously.[11]

Electron diffraction measurements were carried out at
approximately �180 8C on the nanospheres (Figure S2 in
the Supporting Information). The results revealed diffuse
rings rather than discrete diffraction peaks and are consistent
with a lower degree of order than that of the nanotubes.[11b]

This result is quite remarkable when taking into account that
the Young�s modulus of the nanospheres is at least tenfold
higher than that of the nanotubes. The molecular basis for this
phenomenon is intriguing, and may be related to the
observation of increased rigidity in amorphous steel as
compared to more ordered metals and alloys.[12] The
marked increase in rigidity of the spherical assemblies could
not be based only on the geometry of nanoassemblies but
should reflect additional bonding that stabilizes the supra-
molecular systems. As was previously suggested for cationic
systems, additional bond between headgroups (such as a
hydrogen bond between parallel carboxylate groups)[13] could
provide further bending rigidity by a lateral interaction
network.[14] Indeed, in the case of Boc-Phe-Phe-OH, in
which the amine moiety is blocked and only the carboxyl
group is available for further interactions, the geometrically
restricted orientation of the building blocks that results from
p–p interactions[4a,b, 15] may lead to a parallel orientation of the
Boc-Phe-Phe-OH building blocks and the formation of a
surface in which the carboxylate moieties form a network of
lateral hydrogen bonds. As was previously suggested, such a
network at could be modeled at the mesoscopic scale as a
spring network that provides additional bending rigidity.[14b]

The remarkable rigidity of both tubular and spherical
aromatic dipeptide nanostructures resembles that of the
polymeric aramids such as Kevlar. As with the aromatic
polyamides, the combination of the geometrically restricted
p–p interactions between the aromatic moieties[11a] together
with the planar nature of the amide bond may provide the
unique mechanical properties so rarely observed in organic
materials. If Kevlar is compared to its non-aromatic polyam-
ide analogues, such as nylon, the role of the aromatic
interactions is evident.[16] As with the aromatic Kevlar, we
expect that the peptide nanostructures described here may
open new directions towards the development of organic
nanotechnology. As a reference, Kevlar 49 fibers have a
Young�s modulus of around 130 GPa.[17]

We have demonstrated the remarkable and unprece-
dented rigidity of organic self-assembled nanostructures with
a Young�s modulus in the range of hundreds of GPa. The
mechanical properties of these spherical assemblies and their
transparent optical properties suggest that they will be ideal
elements for the reinforcement of various materials such as
composite materials.[18] The combination of the tubular and
spherical assemblies will enable reinforcement of both bend-
ing and pressing rigidity for applications in a wide range of

fields including plastics reinforcement, biomaterials for
implant and dental applications, aviation, space, and other
applications that require inexpensive, lightweight organic
materials with remarkable rigidity and exceptional stability.
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