Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Nanoscale

COMMUNICATION

Nanoscale

RSCPublishing

Mechanics of single peptide hydrogelator fibrils'

Cite this: DOI: 10.1039/x0xx00000x

Ying Li*** Yang Sun®’, Meng Qin’, Yi Cao*” and Wei Wang*”

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

The rigidity of peptide fibers is essential to their chemical
and biological functions, despite that it remains largely
unexplored. Here, we present the first direct measurement
of the mechanics of individual fibers in peptide hydrogels
by AFM imaging and statistical analysis and find that the
intermolecular interactions play a considerable role.

Protein fibrils are important structural constituents of living
organisms. ' Inside the cell, actin fibrils and microtubules are
the major components of cytoskeleton. > Outside the cell,
collagen fibers are abundant in the extracellular matrices. °
Nature has designed many fibril-forming proteins that could
give rise to fibrils of distinct mechanical properties essential for
the structure and activity of living systems. * On the opposite,
functional proteins can also form amyloid-like fibrils under
pathological conditions, which may lead to many severe

and Alzheimer’s. > °

diseases, such as Parkinson’s
Nanomechanical properties of those amyloid fibrils are
important to their toxicity: Both the conversion of the amyloid
proteins from the soluble form to their fibrillar state and their
transmissibility are directly related to the mechanical properties
of amyloid fibrils. "

Inspired by the protein fibrils found in nature, many de novo
designed short peptides that are capable of forming fibrous
structures have been designed for biological applications. '2%°
These peptides have attracted significant attention because of
their great designability in structure and chemical functionality
as well as broad biomedical applications. >’*” Despite that great
efforts have been devoted to the development of novel peptide
fibers, our knowledge to the intrinsic mechanical properties of
these fibers is still limited. >® Herein, we extended the studies of
the mechanical properties of protein fibrils to the de novo
designed peptide hydrogelator fibers. It was found that many de
novo designed peptide fibers could form hydrogels under

certain conditions. Mechanical properties of the hydrogels have

This journal is © The Royal Society of Chemistry 2012

been recognized as an important factor that dictates their
biological applications. *>*' Especially for cell culture, the
mechanical properties of the hydrogels could directly control
cell growth, spreading and differentiation. 424 However, it is
unclear whether the mechanical properties of individual fibrils
are also related to their function. On the more fundamental
level, it is also intriguing whether the mechanical properties of
the peptide fibers affect their hydrogel forming capability. In
order to answer these questions, the mechanical properties of
individual de novo designed peptide hydrogelator fibrils should
be measured.
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Fig. 1 Chemical structures of designed peptide hydrogelators
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We focused on a class of peptide fibrils containing the
diphenylalanine (FF) motif, which has been recognized as the
minimum core recognition motif of the f-amyloid polypeptide
that forms tubular structures in vivo. > Inspired by such nature,
many FF containing short peptides with different N-terminal
capping groups were found to be able to form hydrogels,
despite that the sizes and structures of the resulting fibrils are
distinct. *>**° In this paper, we studied five peptide gelators

with the same peptide sequence of GFFY (glycine-
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phenylalanine-phenylalanine-tyrosine) but different N-terminal
capping groups as Fmoc-, 1-Nap-, 2-Nap-, Und- and Cin-
(Figure 1). As the formation of hydrogels is mainly kinetically
controlled, we used a method that allows hydrogels being
formed in a reproducible fashion by dispersing the DMSO
solution of the peptide into PBS buffer (pH ~ 7.4). The
formation of hydrogels was confirmed by both the tube
inverting method and the rheology measurement (Figure S5 and
Figure S6).
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Fig. 2 AFM images of single peptide hydrogelator fibrils and statistical analysis to obtain their mechanical properties. (A) Representative AFM height images of five
peptide hydrogelator fibrils. (B) Height distribution of the fibrils. (C) Contour trajectories of fibrils aligned to the first tangent. (D) Mean square fluctuation of fibrils

at different arc lengths.
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We then used the atomic force microscopy (AFM) based
imaging method to capture the mechanical properties of the
individual hydrogel fibrils. '"°"? To avoid the entanglement
of the fibrils in AFM images, hydrogel samples (5 mg mL'l)
were diluted 10 times with deionized water, deposited on the
mica surface and nitrogen gas-dried for the measurement. The
dilution and drying process did not change the shape and width
of the fibrils, as confirmed by the Cryo-EM images of the
hydrogels (Figure S7). Representative fibrils of these peptides
are shown in Figure 2A. We imaged ~ 50 individual fibrils of
each sample. The heights (#) were summarized in Figure 2B.
The 2-Nap- fibrils show the lowest height of ~1.5 nm and the
Cin- fibrils showed the highest height of ~4.9 nm. The cross-
sectional moments of area (/) for the fibrils could be calculated
from the heights of the sample by using a tubular model, in
which /= (Tth4)/4. 5354 The tubular model may overestimate /,
as the self-assembled may adopt helical ribbon or hollow tube
structures. >> The diverse cross-sectional moments of area
suggest that the
stabilizing these hydrogelator fibrils are distinct and the N-

underlying intermolecular interactions
terminal capping groups play an important role in the self-
assembly process.

Next, we estimated the bending rigidity (Cg) of the fibrils by
measuring their shape fluctuations. The fluctuation of fibrils led
to the decay of tangent correlation along the fibril. The faster
the decay, the softer the fibril is, as described by theories of
semi-flexible polymers. >* We therefore analyzed the tangent
angles of these fibrils by aligning the fibrils of each peptide
along the first tangent (Figure 2C). Then, the mean square
fluctuation (<u*>) at different arc length (L) was calculated and
shown in Figure 2D, based on the statistical model,
<u?>=kpTL*/48Cp, where kg is the Boltzmann constant and 7 is
temperature. > >* Fitting this model to the experimental data
yielded the bending rigidity for all five types of hydrogelator
fibrils. Interestingly, although these fibrils are of distinct cross-
sectional moment of area, their bending rigidities are similar
and in the range of 4.8 x 107* ~ 3.0 x 10?7 N m% The Young’s
moduli (Y) for the fibrils can also be calculated (¥ = Cg/I) and
are quite diverse, ranging from 1.7 x 10’ Pa for Cin-GFFY to
1.1 x 10" Pa for 2-Nap-GFFY.

In order to understand whether such mechanical properties are
suitable for biological applications, we then set to compare
them with those for other biomacromolecular or synthetic
fibrils. As summarized in Figure 3, the bending rigidity of the
hydrogelator fibrils (filled squares) is more than one order of
magnitude lower than that of amyloid fibrils (open squares) but
higher than that of protofibrils (open circles). This indicates that
they may not have any tendencies to form amyloid-like toxic
species in vivo. Comparing with native biological fibrils (open
triangles), the bending rigidity of hydrogelator fibrils is lower
than many cytoskeleton fibrils, such as actin and tubulin, and is
similar to that of individual collagen fibrils of extracellular
matrix. '° This explains why cytoskeleton exists as a viscous
fluid instead of a gel even in the presence of higher protein
concentrations. Formation of peptide hydrogelator fibrils inside
cells could lead to cell death. ™7 It is possible that low
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Fig. 3 Comparison of the mechanical properties of peptide hydrogelator fibrils
with naturally occurring protein fibrils and other macromolecule or carbon
materials. The shield areas with different color scheme have been adapted from
Knowles et al. for comparison °'. The gray band represents materials made of
covalent or metal bonding interactions. The light blue band represents non-
covalent fibrils with ordered hydrogen bonding network. The light green band
represents non-covalent fibrils without ordered hydrogen bonding network, and
the light yellow band corresponds to materials of pure entropic elasticity. Most
peptide hydrogelator fibrils show ordered structures with hydrogen bonding
network. The calculated moment of inertia of Cin- fibril may be a bit
overestimated due to the presence of hollow structures.

bending rigidity is beneficial for the formation of inter-fibrillar
entanglements and therefore facilitates the construction of
hydrogel matrix. Such unique mechanical feature may suggest
that they are suitable to serve as artificial extracellular matrix
for cell culture and regenerative medicine. Although more
systematic studies are required, this study paves the way for the
understanding of mechanics of individual hydrogelator fibers
on the cell-substrate interactions and the subsequent cellular
responses. Moreover, there is no direct correlation between the
mechanics of individual fibrils and that of the hydrogels (Figure
4). Given that receptors (e.g. focal adhesion proteins) on cell
surfaces can only sense the local mechanical properties of
extracellular matrix, it will be interesting to study the effects of
the mechanics of hydrogel fibrils on the cellular response.

It is also important to understand the molecular origin of such
different mechanics of these fibrils. We characterized the
structures of these fibrils using XRD (Figure 5A) and Infrared
spectroscopy (Figure 5B). Surprisingly, although these fibrils
show distinct mechanical properties, they all adopt similar -
sheet structures. As shown in the XRD data, all major peaks are
at the same positions, indicating that the molecular packing of
these peptide fibrils is similar. Moreover, the relative IR
absorbance for amide I and amide II regions of all peptides is
also similar, featuring an anti-parallel S-sheet structure. This
suggests that the N-terminal capping groups do not significantly
affect the arrangement of the hydrogen bonds in the GFFY
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Fig. 4 Relationship between Young’s moduli of the hydrogelator fibrils and the
storage moduli of the hydrogels. Peptide concentration: 5 mg mL™".

region. Therefore, the diverse mechanical properties of the
hydrogelator fibrils may mainly stem from the intermolecular
interactions between the N-terminal capping groups. This
finding is in good agreement with previous studies on amyloid
fibrils, in which it was found that the mechanical properties of
amyloid fibrils are mainly determined by the strength of
intermolecular interactions. °' However, understanding the
molecular determinant of the mechanical stability of fibrils will
require more accurate structural characterization and molecular

dynamics simulations. >*
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Fig. 5 Characterization of the molecular arrangement of peptides in the fibrils.

Peptide concentration: 5 mg mL™". (A) XRD spectra of the lyophilized peptide

hydrogelator fibrils. (B) FTIR spectra of the peptide hydrogelator fibrils measured
in D,0 solution.

Conclusions

In summary, we present the first direct measurement of the
mechanical properties of individual fibers in peptide hydrogels
by AFM imaging and statistical analysis. Our results indicate

4 | J. Name., 2012, 00, 1-3

that the hydrogelator fibrils containing the GFFY motif show
low bending rigidity and Young’s moduli similar to that of
individual collagen fibrils from extracellular matrix. We
propose that such mechanical properties may make them of
strong gelation capability and suitable for the applications in
cell culture and tissue engineering. Based on the structural
analysis of the fibrils, we suggest that the intermolecular
factor for the
mechanical stability of individual fibrils. It will be interesting to
extend this study to other peptide hydrogelator fibrils and to
reveal more general principles for the peptide fibril mechanics.

interaction strength is the deterministic

Recent studies have established direct link between the overall
properties substrate and the
differentiation of stem cells. °*** However, it is largely

mechanical of hydrogel
unexplored whether local mechanical environment provided by
individual fibrils also affect the stem cell differentiation. This
study paves the way for the understanding of local mechanical
properties of substrates to cell behaviors at the single fibril
level.
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