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The field of peptide based supramolecular biomaterials is fast evolving.
These types of constructs have been shown to find applications in the
fields of bioimaging, drug delivery and scaffolds for chemical reac-
tions. However, the community typically focuses on the use of two
specific classes of structured peptides: a-helices and B-sheets, clearly
neglecting a unique peptide secondary structure: the polyproline helix.
Herein, we report the first design, synthesis and characterization of
polyproline based metallo-peptide nanoparticles. We demonstrate
that rationally engineered polyproline helices can assemble in
a divergent manner, into two types of nanoparticles. We also
demonstrate that the primary sequence of the functionalised poly-
proline peptide is crucial to ensure a controlled assembly. This work
clearly demonstrates that polyproline helices can be a powerful tool to
achieve supramolecular assemblies of complex and responsive bio-
inspired nanomaterials.

Introduction

The field of supramolecular bioinspired materials has grown
immensely in recent years. Biomolecules such as peptides,
proteins, lipids and DNA/RNA, have been used as supramolec-
ular building blocks in the synthesis of novel supramolecular
biomaterials.*® Within this area of research, a considerable
amount of effort has been dedicated towards creating reliable,
rational methods for designing hierarchical supramolecular
constructs using structured peptides (i.e. peptides with defined
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secondary structures).*”® These peptide-based supramolecular
assemblies have found application in the field of bioimaging,
drug delivery and scaffolds for chemical reactions.®™ As the
field developed, efforts have been made to move from an
empirical and observation design to a rational and predictive
one.'” The works of Nowick on B-sheet self-assembly, Woolfson
on o-helix bundles and Gazit on super-helical structures are
elegant examples of this type of rational design approach.***
However, while a-helices and B-sheets have been extensively
used as supramolecular building blocks, the polyproline helix's
secondary structure has been largely overlooked."*® Polyproline
helices are secondary structures which appear in most proteins.
They have a similar occurrence in nature to 3;, and m-helices.
We have recently demonstrated that polyproline helices can be
rationally designed and functionalized, allowing predictable
tuning of supramolecular interactions, to engineer the forma-
tion of supramolecular peptide frameworks for guests encap-
sulation and chiral separation, as well as Pd,L, type cages."”™*°
Excellent work in the field of supramolecular chemistry using
polyproline has been done by the Wennemer's team with
examples of polyproline MOF based systems and polyproline
based supramolecular catalysts.>*?** Unique to this type of
peptide, is its ability to interconvert between two different stable
conformations as a function of the environment it is exposed to
i.e. temperature, solvent polarity and pH (Fig. 1a, polyproline II,
left-handed helix with all trans conformations of the amide
bonds and polyproline I, right-handed helix with all cis
conformations of the amide bonds).”® This interconversion
occurs via cis-trans isomerisation of the amide bonds and leads
to a change in the chirality (left-vs. right-handed helix) and size
of the biopolymer (polyproline II is =1.6 times longer than
polyproline I). Moreover, similarly to a-helices, polyproline I
and II have three faces which can be accurately functionalised
to induce the desired controllable self-assembly (Fig. 1a).
Several reports have appeared in the literature in which the
controlled self-assembly or metal-driven assembly of a-helices,
have been used to yield 2D and 3D supramolecular
constructs.***° The ability for polyproline helices to interconvert
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(a) Side and top view of a polyproline Il, left-handed helix with all trans conformations of the amide bonds and polyproline |, right-handed

helix with all cis conformations of the amide bonds. Comparison with an a-helix, a secondary structure commonly used in supramolecular
chemistry; (b) polyproline 1 with the three faces of the helix colour coded. On each face there are two chemical handles (i.e. carboxylic acids)
spaced ati + 3;i + 6 and i + 9 respectively; (c) Divergent Supramolecular Assembly: schematic representation of the metal driven divergent
supramolecular assembly of 1 in the polyproline | and Il forms into nanoparticles via a narcissistic metal-driven and face-selective approach.

into two stable and distinct secondary structures, combined
with the presence of three faces for both polyproline forms,
similar to a-helices (Fig. 1a), inspired the idea to exploit this
class of peptides as powerful supramolecular building blocks.
In this work, we take advantage of their high level of resilience
to functionalization, to demonstrate that rationally engineered
polyproline helices can assemble in a divergent manner,
demonstrating that polyproline helices are powerful and
versatile supramolecular building blocks.

Results and discussion

Our aim is to assemble the polyprolines in a controlled manner
via a narcissistic metal-driven and face-selective approach (i.e.
the same face of two different polyproline helices interacting
together, Fig. 1c). This face-to-face assembly mode aims to
mimic the supramolecular behaviour of engineered o-helices
which engage intramolecularly to yield extended 3D
nanostructures.”** To achieve this goal, polyproline 1, with two
chemical handles per face on its backbone was designed and
synthesised. By design, these chemical handles have different
spacing on each of the three faces of the polyproline helix, to
promote a narcissistic face-to-face self-sorting (Fig. 1b). The
chemical handle selected for this study is a carboxylic acid,
introduced on the proline via facile functionalisation of
commercially available trans-4-Hydroxyl-i-proline (Scheme
SI1t). Addition of appropriate metal ions to 1, induces the
formation of a series of metalorganic nodes between polypro-
line helices, promoting an extended assembly.

Peptide 1 was synthesised using solid phase peptide
synthesis (SPPS) using a Rink amide resin. After cleavage the
peptide was purified using reverse phase HPLC. 1 was incubated

© 2025 The Author(s). Published by the Royal Society of Chemistry

for fourteen days in water, methanol, ethanol and propanol,
and circular dichroism (CD) spectra were recorded. These
solvents were selected as we intend to investigate the ability of 1
to switch between polyproline form II, typically favoured by
water and methanol, and polyproline form I typically found in
aliphatic alcohols such as propanol and in certain cases
ethanol.>° The water, methanol and ethanol solutions showed
that 1 was found predominantly in the polyproline II form (min
at 206 nm and max at 225 nm for methanol; min at 204 nm and
max at 224 nm for ethanol), while the propanol solution showed
a minimum at 200 nm and a maximum at 216 nm typical of
polyproline I (Fig. SI177). As the metal driven assembly requires
the carboxylate form of the carboxylic acids, triethylamine was
selected as a base. CD spectra of 1 incubated in the same
solvents with triethylamine, clearly showed the adoption of the
polyproline I helix for the propanol solution while the methanol
solution showed mainly 1 in the polyproline II form (Fig. SI187).
Interestingly, the triethylamine ethanolic solution gave a CD
indicative of a partial conversion of 1 into the polyproline I form
(min at 203 nm and max at 220 nm for ethanol, Fig. SI18%).
These results are quite remarkable as they highlight the resil-
ience of the polyproline secondary structure, as we were able to
insert six non-natural amino acids (i.e. 46% of the backbone for
1) without altering its' secondary structures nor the ability of 1
to interconvert between the I and II forms. With these results in
hand, we had a defined set of solvents to use in our attempt to
perform a divergent supramolecular assembly of 1 into nano-
particles. Stock solutions of 1 in water, methanol, ethanol and
propanol, with triethylamine (1:1 ratio of carboxylic acids to
NEt;) were treated with zinc nitrate (6 : 3 ratio of carboxylic acids
to zinc ions) at room temperature to trigger the metal driven
assembly. The solutions obtained (= 0.4 mg ml~") were initially
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analysed with dynamic light scattering (DLS). DLS for the water
solution 1Zn,q indicated the presence of particles with an
average size of 211 nm and an Average Polydispersity Index (PdI)
of 0.407 (Fig. SI1t). Subsequent AFM analysis of this sample
showed the presence of small nanoparticles as well as regions
with large aggregates (Fig. SI18f). Despite the poor poly-
dispersity and the presence of aggregates, we were pleased to
see that the polyproline 1 assembled as expected into nano-
particles. To address the polydispersity issue encountered with
the aqueous solution, we decided to use methanol as, 1 was also
in the desirable polyproline II conformation in this solvent. DLS
analysis of 1Zny.on, Showed the presence of nanoparticles with
an improved dispersity (Average size 98.2 nm; Average PdI
0.190, Fig. SI2t). To assess how 1 in a mix conformation of
polyproline I and II forms, would impact the supramolecular
assembly process, the basic ethanol solution of 1 was also
treated with zinc nitrate. DLS analysis of 1Zngon showed the
presence of nanoparticles with an improved dispersity
compared to the aqueous solution (average size 208.7 nmy;
Average PdI 0.217, Fig. SI4t). The polydispersity of these
samples was indicative of defects in the supramolecular
network. Treatment of these solutions with a limiting amount
of a modulator such as benzoic acid (6 : 1 ratio of carboxylic acid
to benzoic acid) improved the dispersity for both samples
(Fig. SI3f average size 139.2 nm; average PdI 0.122 for 1Zn-
BzZyeon and Fig. SI5T Average size 208.6 nm; average PdI 0.095
for 1Zn-Bzg,on).*® These solutions were analysed using atomic
force microscopy (AFM) in tapping mode. 1Zn-Bzyeon pre-
sented nanoparticles with a diameter ranging between 233 nm
and 330 nm (Fig. 2a). Maximum height for these particles
ranged between 8 nm and 16 nm, indicating these were
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flattened disks and in some cases buckling was clearly visible
(Fig. SI12t), suggesting a hollow structure assembled via
narcissistic face-to-face interactions, similar to the one
observed for a-helices nanoparticles.”* 1Zn-Bzg,on also pre-
sented nanoparticles when analysed using AFM, however, the
nanoparticles diameter range was considerably larger than
observed for the methanol sample (Fig. 2d and SI137). While the
maximum height observed was still suggesting flattened parti-
cles, we found a correlation between diameter of the nano-
particle and its thickness (Fig. 2c). This was in contrast with
1Zn-Bzy.on for which the particles thickness was independent
from their size. We believe that these differences are likely due
to 1 presenting both polyproline I and II conformations in
ethanol-triethyl amine as evidenced by the CD study
(Fig. SI187), likely impacting on the desired metal driven
assembly. Finally, as for the other two samples, 1Zn-Bzp,on Was
prepared and analysed by DLS and AFM. We anticipated that 1
in the polyproline I form (i.e. in propanol) will still be able to
assemble into metallo-peptide nanoparticles as this helical
from, despite having a different chirality compared to the pol-
yproline II, still presents a similar topology to an a-helix
(Fig. 1a). DLS analysis for this sample showed the presence of
nanoparticles of average size 205.3 nm and with an average PdI
of 0.119 (Fig. SI6t). Analysis of this sample by AFM, presented
nanoparticles with a diameter ranging from 140 nm to 190 nm
(Fig. 2e and SI14%). The particles showed maximum heights
between 2 nm and 4 nm, consistent with hollow, flattened
nanoparticles. The difference in thickness between 1Zn-Bzp,on
and 1Zn-Bzyon could be attributed to the reduced length of 1
in the polyproline I form (i.e. 1 would be 1.6 time shorter in the
polyproline I form). Transmission electron microscopy (TEM)
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(a) AFM of 1Zn-Bzpmeon; (b) DF-STEM of 1Zn-Bzpeon. Sample is not stained; (c) AFM of 1Zn-Bzgon; (d) TEM of 1Zn-Bzgyon. Sample is not

stained; (e) AFM of 1Zn-Bzp,on; (f) TEM of 1Zn-Bzp,on. Sample is not stained.
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Fig. 3 Peptide 2 assembled in methanol and propanol in the same
conditions as 1 (i.e. triethylamine and zinc nitrate). Bottom left panel:
AFM of 2Znmeon; bottom right panel AFM of 2Znp,on.

analysis of these samples was performed. As the samples con-
tained zinc metal ions, we analysed them without any staining.
All samples contained the expected morphologies with nano-
particles of similar sizes as observed via AFM (Fig. 2b, d and f).
To the best of our knowledge this is the first example of a pol-
yproline peptide divergent supramolecular assembly into
nanoparticles. The polydispersity observed for some of these
samples is probably due to the introduction of defects in the
supramolecular network. In fact, while the design of 1 aims to
promote a narcissistic assembly between different peptides (i.e.
with the same faces), there are still two possible orientations the
peptides could take while assembling; one in which the two
polyprolines are parallel to each other and one in which they are
antiparallel. We believe these two possible approaches will have
an impact on the supramolecular assembly of 1 and its poly-
dispersity. To test our hypothesis that narcissistic facial recog-
nition and self-sorting was crucial to assembly of 1 into
nanoparticles, peptide 2 was synthesised. Polyproline 2 simi-
larly to 1 has two carboxylic acids on each face, however, in this
peptide the two carboxylic acid groups are equidistant on all
faces (Fig. 3).

We anticipated that the peptide 2 sequence will prevent the
same degree of self-sorting during supramolecular assembly,
drastically impacting the morphology obtained, hence sup-
porting that the peptide 1 sequence is driving the controlled
assembly into nanoparticles. Peptide 2 was dissolved in meth-
anol and propanol, and incubated with and without triethyl-
amine. CD analysis was performed and, surprisingly we found
that 2 in propanol did not switch into polyproline I but retained
a stable polyproline II conformation (Fig. SI19 and SI207). This
was the first indication of the effect of sequence editing 1. When
AFM analysis was performed for 2Znyeon and 2Znp,oyx NO
nanoparticles could be identified for these samples. In the case
of 2Znyeon, short worm-like metallo-peptide structures were
found, while for 2Znp,oy a ridged continuous film was found
(Fig. 3). AFM of peptide 1 and 2 in all solvents and triethylamine
were recorded as a control experiment and no nanoparticles or
other morphologies could be identified in these samples (See

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ESIT). These results support our hypothesis that the polyproline
sequence play a key role in this controlled divergent supramo-
lecular assembly process.

Conclusions

In conclusion, we have demonstrated that the unique ability of
polyproline peptides to interconvert into two stable and distinct
secondary structures, can be used to access divergent supra-
molecular assemblies. We have shown that akin to other
secondary structures used in supramolecular chemistry, the
sequence of polyproline peptides can be rationally engineered
without compromising their stability or periodicity, properties
crucial in the rational design of novel supramolecular
constructs. This work takes advantage of the unique properties
associated with the polyproline secondary structures and uses
them as powerful supramolecular building blocks. Our aim is to
further expand the toolbox of structured peptides available to
the community to assemble complex and responsive bio-
inspired supramolecular materials. Future work within our
team, will focus on new polyproline systems capable of self-
assembly in aqueous environments with potential applica-
tions in molecular transport and will be reported in due time.

Data availability

The data supporting this article have been included as part of
the ESIt file available online.

Author contributions

AP, DFB, performed the synthesis purification and data analysis
for all species synthesized herein. DFB and KS performed the
AFM studies and analysis. JAW and MWF performed the TEM
studies and data analysis for this work. The manuscript was
written through contributions of all authors. All authors have
given approval to the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

AP, KS and DFB thank the EPSRC (grant no. EP/T016140/1) for
their generous financial support. AP thanks Dr Jimmy Muldoon
and the Comprehensive Molecular Analysis Platform (CMAP)
initiative under the SFI Research Infrastructure Programme in
2019 (grant 18/RI/5702) and BiOrbic, the SFI Bioeconomy
Research Centre, and with the support of the School of Chem-
istry and UCD. The authors thank the EPSRC (EP/L022494/1)
and the University of Nottingham for funding access to the
TEM instrumentation.

Notes and references

1 J.-L. Mergny and D. Sen, Chem. Rev., 2019, 119, 6290-9325.

Nanoscale Adv., 2025, 7, 94-98 | 97


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00762j

Open Access Article. Published on 05 December 2024. Downloaded on 1/28/2026 6:18:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

2 J. Bos, W. R. Browne, A. J. M. Driessen and G. Roelfes, J. Am.
Chem. Soc., 2015, 137, 9796-9799.

3 A. Grenha, C. Remunan-Lopez, E. L. S. Carvalho and B. Seijo,
Eur. J. Pharm. Biopharm., 2008, 69, 83-93.

4 C. Lv, X. Zhang, Y. Liu, T. Zhang, H. Chen, J. Zang, B. Zheng
and G. Zhao, Chem. Soc. Rev., 2021, 50, 3957-3989.

5 Y. T. Lai, E. Reading, G. L. Hura, K. L. Tsai, A. Laganowsky,
F. J. Asturias, J. A. Tainer, C. V. Robinson and T. O. Yeates,
Nat. Chem., 2014, 612(6), 1065-1071.

6 D. Han, X. Qi, C. Myhrvold, B. Wang, M. Dai, S. Jiang,
M. Bates, Y. Liu, B. An, F. Zhang, H. Yan and P. Yin,
Science, 2017, 358, DOI: 10.1126/science.aa02648.

7 F. Sheehan, D. Sementa, A. Jain, M. Kumar, M. Tayarani-
Najjaran, D. Kroiss and R. V. Ulijn, Chem. Rev., 2021, 121,
13869-13914.

8 N.J. Sinha, M. G. Langenstein, D. J. Pochan, C. J. Kloxin and
J. G. Saven, Chem. Rev., 2021, 121, 13915-13935.

9 W. M. Rink and F. Thomas, Chem.-Eur. J., 2019, 25, 1665—
1677.

10 M. Nepal, M. J. Sheedlo, C. Das and J. Chmielewski, J. Am.
Chem. Soc., 2016, 138, 11051-11057.

11 J. Utterstrom, S. Naeimipour, R. Selegard and D. Aili, Adv.
Drug Delivery Rev., 2021, 170, 26-43.

12 C. J. Wilson, A. S. Bommarius, ]J. A. Champion,
Y. O. Chernoff, D. G. Lynn, A. K. Paravastu, C. Liang,
M. C. Hsieh and J. M. Heemstra, Chem. Rev., 2018, 118,
11519-11574.

13 P. N. Cheng, J. D. Pham and J. S. Nowick, J. Am. Chem. Soc.,
2013, 135, 5477-5492.

14 K. R. Mahendran, A. Niitsu, L. Kong, A. R. Thomson,
R. B. Sessions, D. N. Woolfson and H. Bayley, Nat. Chem.,
2017, 9, 411-419.

15 S. Mondal, L. Adler-Abramovich, A. Lampel, Y. Bram,
S. Lipstman and E. Gazit, Nat. Commun., 2015, 6, 8615.

16 E. De Santis and M. G. Ryadnov, Chem. Soc. Rev., 2015, 44,
8288.

98 | Nanoscale Adv., 2025, 7, 94-98

View Article Online

Communication

17 D. F. Brightwell, G. Truccolo, K. Samanta, E. J. Fenn,
S. J. Holder, H. J. Shepherd, C. S. Hawes and A. Palma,
Chem.-Eur. J., 2022, 28, €202202368.

18 D.F. Brightwell, G. Truccolo, K. Samanta, H. J. Shepherd and
A. Palma, ACS Macro Lett., 2023, 12, 908-914.

19 D. F. Brightwell, K. Samanta, ]J. Muldoon, P. C. Fleming,
Y. Ortin, L. Mardiana, P. G. Waddell, M. J. Hall,
E. R. Clark, F. Fantuzzi and A. Palma, ChemistryEurope,
2024, DOI: 10.1002/CEUR.202400050.

20 U. Lewandowska, W. Zajaczkowski, S. Corra, J. Tanabe,
R. Borrmann, E. M. Benetti, S. Stappert, K. Watanabe,
N. A. K. Ochs, R. Schaeublin, C. Li, E. Yashima, W. Pisula,
K. Miillen and H. Wennemers, Nat. Chem., 2017, 9, 1068-
1072.

21 T. Schnitzer, E. Paenurk, N. Trapp, R. Gershoni-Poranne and
H. Wennemers, J. Am. Chem. Soc., 2021, 143, 644-648.

22 B. M. Lewandowski, D. Schmid, R. Borrmann, D. Zetschok,
M. Schnurr and H. Wennemers, Nat. Synth., 2023, 2023, 1-7.

23 S. Dobitz, M. R. Aronoff and H. Wennemers, Acc. Chem. Res.,
2017, 50, 2420-2428.

24 J. M. Fletcher, R. L. Harniman, F. R. H. Barnes, A. L. Boyle,
A. Collins, J. Mantell, T. H. Sharp, M. Antognozzi,
P. J. Booth, N. Linden, M. ]J. Miles, R. B. Sessions,
P. Verkade and D. N. Woolfson, Science, 2013, 340, 595-599.

25 T. A. P. F. Doll, R. Dey and P. Burkhard, J. Nanobiotechnol.,
2015, 13, 1-12.

26 N. A. Tavenor, M. J. Murnin and W. S. Horne, J. Am. Chem.
Soc., 2017, 139, 2212-2215.

27 L. Shi, A. E. Holliday, H. Shi, F. Zhu, M. A. Ewing,
D. H. Russell and D. E. Clemmer, J. Am. Chem. Soc., 2014,
136, 12702-12711.

28 P. R. Schimmel and P. J. Flory, Proc. Natl. Acad. Sci. U. S. A.,
1967, 58, 52-59.

29 T. J. El-Baba, D. R. Fuller, D. A. Hales, D. H. Russell and
D. E. Clemmer, J. Am. Soc. Mass Spectrom., 2019, 30, 77-84.

30 W. Morris, S. Wang, D. Cho, E. Auyeung, P. Li, O. K. Farha
and C. A. Mirkin, ACS Appl. Mater. Interfaces, 2017, 9,
33413-33418.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1126/science.aao2648
https://doi.org/10.1002/CEUR.202400050
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00762j

	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j
	Sequence-controlled divergent supramolecular assembly of polyproline helices into metallo-peptide nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00762j


