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amphiphilic superstructures forming a hydrogel biomaterial
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We report the rational design of a heterochiral hydrophobic
tripeptide self-assembling into amphiphilic D-superstructures that
yield a self-supportive hydrogel at physiological pH. The material
endures cell culture conditions and fibroblast
proliferation. Tripeptide superstructures are thoroughly analysed
by several techniques.

sustains

There is tremendous interest in the development of soft
biomaterials through the hierarchical self-organisation of
peptides, as hydrogels are an elected choice for a biomaterial
to interface with, or even reconstitute, living tissue.l 2
Supramolecular  hydrogels based on peptides
revolutionising medicine, as they are bringing innovation in

are

areas spanning from new therapeutic paradigms used to direct
cell fate,3 4 to improved immune response to vaccines® ¢, and
to new tools to assist surgical procedures.” Peptides as short as
three amino acids are attractive for biological use in light of
their ability to encode powerful messages to cells, e.g. to
induce adhesion, migration or differentiation.® Besides, such
simple molecules are very convenient to prepare also by solid
phase peptide synthesis, and at relatively low cost when
compared to longer peptides.?

A popular approach to obtain supramolecular hydrogels
consists of peptide derivatisation with aromatic, rigid units
(e.g., Fmoc, Nap, Cbz, etc.) that exert m- m stacking
interactions.1% 11 Phenylalanine plays a unique role in self-
assembly: the amino acid forms fibrils,12 13 and the Phe-Phe
dipeptide self-assembles on its own!% 15 or when inserted
within defined peptides.1® 17 Yet, formation of macroscopic
hydrogels is a different matter, and prediction of gelation of
short peptides is still far from trivial.13 12 Even more difficult to
foresee is the self-assembly behaviour of tripeptides devoid of
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synthetic appendages, due to their flexible nature and ability
to adopt many conformations. In 2015 an intense
computational study screened all 8,000 combinations of the 20
natural amino acids as tripeptides and identified only four new
sequences able to gel in water.29 The elegant work correlated
hydrophobicity with self-assembly behaviour, and highlighted
how disparate supramolecular outcomes arise from subtle
differences, such as the order of amino acids along the
sequence. The authors ranked the top 20 triplets according to
their aggregation propensity, based on two different
indicators, for a total of 40 tripeptides. Interestingly, Phe-Leu-
Phe was not amongst the identified 40 hits, which featured the
two aromatic amino acids rather frequently. Besides, it was
noted that hydrophobic tripeptides may be challenging to
handle, due to their poor solubility in water. Therefore,
introduction of a hydrophilic amino acid (e.g., Lys) next to two
aromatic residues (e.g., Phe-Phe) offered a convenient strategy
to identify the new four self-assembling motifs in water (i.e.,
Lys-Phe-Phe, Lys-Tyr-Phe, Lys-Tyr-Trp, and Lys-Tyr-Tyr). 20

A subsequent work analysed the conformations adopted by
Phe-X-Phe amphiphiles, where X is a hydrophilic residue, and
confirmed the high stabilisation exerted by the terminal
aromatic amino acids for the formation of anti-parallel beta
sheets. A series of compounds was assessed for gelation.
Amongst the unprotected tripeptides, Phe-Glu-Phe, Phe-Thr-
Phe, and Phe-Cys-Phe could gel, although only in the presence
of 10% hexafluoroisopropanol, which poses a serious
limitation for biological use. In one case, Phe-Lys-Phe could gel
without the organic solvent, yet all the reported
supramolecular gels displayed an acidic pH within the range
3.5-5.21 Clearly, these scientific efforts emphasise the inherent
difficulties to achieve hydrogels for biological use from the
self-organisation of simple tripeptides in water at neutral pH.
We reported the use of chirality as a new tool to favour
(unprotected) tripeptide self-assembly into hydrogels at
physiological conditions.?? Introduction of a D-amino acid at
the N-terminal of Phe-Phe bearing tripeptides resulted in the
rapid formation of self-supporting hydrogels in phosphate
buffer at pH 7.4, whilst their homochiral L-analogues did not
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gel.22. 23 This concept can be extended to similar tripeptide
sequences in the D-L-L stereoconfiguration.z® 24 Subsequent
studies on complete stereoisomer series of hydrophobic
tripeptides confirmed the pronounced self-organisation of the
heterochiral compounds in the D-L-L stereoconfiguration, and a
limited self-assembling propensity for L-D-L isomers.25 26 |n the
latter case, only Val-°Phe-Phe (or its enantiomer) formed a gel,
albeit with a low level of supramolecular order, due to the
presence of various peptide conformations. As a result, the
soft material displayed modest rheological properties, and
rapid dissolution in cell culture.26

Encouraged by these results, we reasoned that the order of
supramolecular assemblies of L-D-L isomers could be improved
by design assisted by computer simulations. First, we
substituted valine with the more bulky leucine, recurrent in
self-assembling motifs, to promote peptide interlocking
through increased steric hindrance. This is confirmed by PLeu-
Phe-Phe gelling within seconds?® as opposed to minutes for
DVal-Phe-Phe.?2 Second, we introduced leucine at the centre of
the sequence to space the two Phe residues further apart. This
is because presence of the aromatic amino acid at both termini
should favour interaction between adjacent beta-sheets?!
through the formation of Phe-zippers.?3 27 Stabilisation of
beta-sheets?® 2° and steric zippers3® are both crucial
parameters to improve the rheological properties of amyloid-
based supramolecular materials. An added benefit for
biological use is avoiding having two adjacent Phe residues
that are a key amyloid motif in pathological states.4

It should be noted that despite Phe-X-Phe amphiphiles’
tendency towards lateral association into assemblies, no
hydrogel has been reported thus far for sequences where X is
either a hydrophobic amino acid, or a D-amino acid, or both. In
our rationale, X is not required to be hydrophilic to achieve
amphiphilic superstructures, as long as it is a D-amino acid
sandwiched between two L-residues. As a result, the
supramolecular beta-sheets display the amide bonds exposed
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on the opposite surface relative to the hydrophobic side
chains, effectively creating an amphiphilic superstructure with
a hydrophilic and a hydrophobic surface, as confirmed by
modelling (Fig. 1A-C). This is effectively the first amphiphilic
superstructure reported to arise from a heterochiral tripeptide
composed of hydrophobic amino acids. Remarkably, the
average inter-strand distance of 5.0 A is in very good
agreement with the observed XRD signal at 4.9 A that is a
typical value for similar beta-strands (see ESI).23. 25,26
Molecular dynamics simulations in explicit water confirmed a
propensity towards aggregation leading to fibrils (Fig. 1D-F),
whilst maintaining the antiparallel beta-sheet organisation in
amphiphilic superstructures (see Fig. S4, page S8 of ESI for
details). Phe-PLeu-Phe is the first unprotected tripeptide in the
L-D-L stereoconfiguration to yield self-supportive hydrogels at
physiological conditions. Following a pH-trigger method,?2 the
compound is dissolved at alkaline pH as anion, thanks to the
repulsion between the carboxylates. As the pH is lowered to
7.4, the zwitterion immediately gels reaching a storage
modulus G’ of 7 kPa and a loss modulus G” of 0.9 kPa within
an hour (see ESI for rheometric analyses). The minimal gelling
concentration is 5 mM or 0.2 wt %. The gel has also a
remarkable stability to temperature as assessed by DSC (see
ESI), with the transition to a solution starting at 70 + 2 °C, as
confirmed by visual observation in separate tests. Extended
hydrogen bonding between peptide termini likely plays a role,
as suggested by FT-IR data (see ESI) for the amide Il region,
with a signal centred at 1550 cm™..22 In the amide | region,
maxima at 1645 cm™ and 1685 cm™ indicate the formation of
antiparallel beta-sheets, as expected for a Phe-X-Phe
tripeptide.?! Secondary conformation was confirmed by
fluorescent amyloid-stain microscopy imaging (Fig. 2A), and
circular dichroism (see ESI). The latter revealed a D-type
supramolecular chirality due to the D-amino acid in position

Fig.1. Antiparallel B-sheets of Phe- PLeu-Phe (A) display a hydrophobic (B) and a
hydrophilic (C) surface. Molecular dynamics simulations (D-F) of hundreds of
tripeptides in explicit water (grey box) reveal propensity for the peptide
(backbone in red superposed to stick model, D) to form aggregates (surface
rendered in red, white or green in E,F) that self-assemble to form fibrils (F).
Repetition of aggregates is shown in white or green along different directions.
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Fig. 2. Fluorescence (A), Atomic Force (B), and Transmission Electron (C-D)
microscopy images of tripeptide superstructures forming the hydrogel. D is a 10x
magnification of the red square in C. Thicker fibers derive from the convergence
of multiple fibrils (D).
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two.2> The CD signal at 227 nm can be ascribed to m-m
interactions,?123 and the maximum in the near-UV region (240-
280 nm) was observed for self-assembling tripeptides bearing
Phe with tertiary structure.??2 Microscopy data revealed
numerous fibrils converging in bundles to form thicker fibers
(Fig. 2), suggesting lateral interaction between sheets.

The hydrogel was tested for fibroblast cell culture over 3 days
(Fig. 3). Remarkably, no significant difference was observed in
terms of cell viability between control and gel of unnatural D-
type supramolecular chirality. Cells penetrated within the
hydrogel and instances of spreading were present (Fig.3F, 3J,
3H, 3L). Overall, cell spreading occurred to a notably minor
extent in the soft gel relative to tissue-culture plastics (TCPS,
G’ ~ 10°% Pa), in accordance to previous works where soft, non-
adhesive substrates led to less spread, or even round,
fibroblasts, albeit with high viability.31 32 It is worth noting that
culture on soft gels of Young modulus ~ 7 kPa, as opposed to
stiffer gels, can serve the scope to de-activate fibroblasts from
a reactive type that, if persistent, can lead to fibrosis.33

In our cell culture experiments, the hydrogel mass did not
deteriorate (Fig. 3M), in contrast with the only other L-D-L
peptide gel reported,2® which rapidly dissolved. No cytotoxicity
was apparent for the peptide in solution, with no effect on
fibroblast adhesion to TCPS (see ESI), although it should be
noted that this test was possible only at lower peptide
amounts (i.e., up to 1 mg/ml) relative to the critical gelling
concentration (i.e., 2 mg/ml). Indeed, we cannot exclude that
peptide higher concentrations may lead to cytotoxicity, and
future investigations call for further analysis in this sense.

In conclusion, the emerging principles of chirality dictating self-
assembly behaviour of unprotected tripeptides can be applied
hydrogel

ctrl ctrl

Fig.3. Fibroblast cell culture on the hydrogel. Bright-field (left) and fluorescence
(right) imaging confirmed cell proliferation and instances of spreading (circles).
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for the rational design of supramolecular hydrogels that persist
in cell culture and support fibroblast cell growth. Rational
design allows the generation of supramolecular amphiphiles
from hydrophobic amino acids, as long as D- and L-amino acids
are appropriately positioned. We believe this approach can be
extended to other sequences towards a platform of simple and
convenient building blocks for supramolecular materials. It will
be interesting to peptide with
supramolecular and rheological behaviour. Current studies in

correlate sequence
our laboratories are proceeding in this direction, and are also
motivated by the advantages that may follow the introduction
of D-amino acids in biomaterial building blocks.34

The authors acknowledge Liz Goodall (CSIRO, Australia) for
XRD acquisition, and funding from the Italian Ministry of
Education, University and Research (MIUR) SIR program under
grant agreement n. RBSI14A7PL, HOT-SPOT project.

References

1. B. V. Slaughter, S. S. Khurshid, O. Z. Fisher, A.
Khademhosseini and N. A. Peppas, Adv. Mater., 2009, 21,
3307-3329.

2. X. Du, J. Zhou, J. Shi and B. Xu, Chem. Rev., 2015, 115,
13165-13307.

3. J. Shi and B. Xu, Nano Today, 2015, 10, 615-630.

4. J. Li, Y. Kuang, J. Shi, J. Zhou, J. E. Medina, R. Zhou, D.

Yuan, C. Yang, H. Wang, Z. Yang, J. Liu, D. M. Dinulescu
and B. Xu, Angew. Chem. Int. Ed., 2015, 54, 13307-13311.

5. Y. Liu, H. Wang, D. Li, Y. Tian, W. Liu, L. Zhang, W. Zheng,
Y. Hao, J. Liu, Z. Yang, Y. Shao and X. Jiang, Nanoscale
Horiz., 2016, 1, 135-143.

6. Y. Tian, H. Wang, Y. Liu, L. Mao, W. Chen, Z. Zhu, W. Liu,
W. Zheng, Y. Zhao, D. Kong, Z. Yang, W. Zhang, Y. Shao
and X. Jiang, Nano Lett., 2014, 14, 1439-1445.

7. D. J. Smith, G. A. Brat, S. H. Medina, D. Tong, Y. Huang, J.
Grahammer, G. J. Furtmdiller, B. C. Oh, K. J. Nagy-Smith, P.
Walczak, G. Brandacher and J. P. Schneider, Nat. Nano.,
2016, 11, 95-102.

8. P. Ung and D. A. Winkler, J. Med. Chem., 2011, 54, 1111-
1125.

9. D. J. Adams, Macromol. Biosci., 2011, 11, 160-173.

10. S. Fleming and R. V. Ulijn, Chem. Soc. Rev., 2014, 43, 8150-
8177.

11. A. D. Martin, A. B. Robinson and P. Thordarson, J. Mater.
Chem. B, 2015, 3, 2277-2280.

12. L. Adler-Abramovich, L. Vaks, O. Carny, D. Trudler, A.

Magno, A. Caflisch, D. Frenkel and E. Gazit, Nat. Chem.
Biol., 8, 701-706.

13. T. D. Do, W. M. Kincannon and M. T. Bowers, J. Am. Chem.
Soc., 2015, 137, 10080-10083.

14. M. Reches and E. Gazit, Science, 2003, 300, 625-627.

15. C. Guo, Y. Luo, R. Zhou and G. Wei, ACS Nano, 2012, 6,
3907-3918.

16. X. Yan, P. Zhu and J. Li, Chem. Soc. Rev., 2010, 39, 1877-
1890.

17. S. Marchesan, A. V. Vargiu and K. E. Styan, Molecules,
2015, 20, 19775-19788.

18. J. Raeburn, A. Zamith Cardoso and D. J. Adams, Chem. Soc.

Rev., 2013, 42, 5143-5156.

J. Name., 2013, 00, 1-3 | 3



HEEEE cChemEommir =l clns

COMMUNICATION Journal Name
19. H. Wang, Z. Yang and D. J. Adams, Mater. Today, 2012, 15,

500-507.
20. P. W. Frederix, G. G. Scott, Y. M. Abul-Haija, D.

Kalafatovic, C. G. Pappas, N. Javid, N. T. Hunt, R. V. Ulijn
and T. Tuttle, Nat. Chem., 2015, 7, 30-37.

21. S. Zarzhitsky, T. P. Vinod, R. Jelinek and H. Rapaport,
Chem. Commun., 2015, 51, 3154-3157.

22. S. Marchesan, C. D. Easton, F. Kushkaki, L. Waddington
and P. G. Hartley, Chem. Commun., 2012, 48, 2195-2197.

23. S. Marchesan, L. Waddington, C. D. Easton, D. A. Winkler,

L. Goodall, J. Forsythe and P. G. Hartley, Nanoscale, 2012,
4, 6752-6760.

24, C. G. Pappas, P. W. J. M. Frederix, T. Mutasa, S. Fleming, Y.
M. Abul-Haija, S. M. Kelly, A. Gachagan, D. Kalafatovic, J.
Trevino, R. V. Ulijn and S. Bai, Chem. Commun., 2015, 51,
8465-8468.

25. S. Marchesan, C. D. Easton, K. Styan, L. Waddington, K.
Kushkaki, L. Goodall, K. McLean, J. S. Forsythe and P. G.
Hartley, Nanoscale, 2014, 6, 5172-5180.

26. S. Marchesan, K. E. Styan, C. D. Easton, L. Waddington and
A. V. Vargiu, J. Mater. Chem. B, 2015, 3, 8123-8132.
27. S. Mondal, L. Adler-Abramovich, A. Lampel, Y. Bram, S.

Lipstman and E. Gazit, Nat. Commun., 2015, 6,
doi:10.1038/ncomms9615.

28. F. S. Ruggeri, J. Adamcik, J. S. Jeong, H. A. Lashuel, R.
Mezzenga and G. Dietler, Angew. Chem. Int. Ed., 2015, 54,
2462-2466.

29. I. Usov and R. Mezzenga, ACS nano, 2014, 8, 11035-
11041.

30. M. R. Sawaya, S. Sambashivan, R. Nelson, M. I. lvanova, S.

A. Sievers, M. |. Apostol, M. J. Thompson, M. Balbirnie, J.
J. W. Wiltzius, H. T. McFarlane, A. O. Madsen, C. Riekel
and D. Eisenberg, Nature, 2007, 447, 453-457.

31. V. A. Schulte, M. Diez, M. Méller and M. C. Lensen,
Biomacromolecules, 2009, 10, 2795-2801.

32. R. Sunyer, A. J. Jin, R. Nossal and D. L. Sackett, PLoS ONE,
2012, 7, e46107.

33. M. E. Smithmyer, L. A. Sawicki and A. M. Kloxin, Biomater.
Sci., 2014, 2, 634-650.

34, M. Melchionna, K. E. Styan and S. Marchesan, Curr. Top.

Med. Chem., 2016, 6, doi:
10.2174/1568026616999160212120302.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




