ChemComm

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.
ChemComm

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

g;HEm 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 SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


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 4

Journal Name

COMMUNICATION

ChemComm

RSCPublishing

A Designer Peptide as a Template for Growing Au

Nanoclusters

Cite this: DOI: 10.1039/X0XX00000X

Roberto de la Rica,** Lesley W. Chow,” Christine-Maria Horejs," Manuel Mazo,"
Ciro Chiappini,* E. Thomas Pashuck, Ronit Bitton,” Molly M. Stevens®*

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

A peptide was designed to generate a sub-nanometric
template that guides the growth of fluorescent gold
nanoclusters. The peptide was endorsed with nucleating
moieties and a three-dimensional structure that arrests the
growth of ultrasmall nanoparticles. The nanoclusters are not
cytotoxic and can be found in the cytosol of cells.

The growth of inorganic crystals with controlled nanoscale
dimensions is a well-documented phenomenon in biomineralization
and bio-inspired crystal growth processes.! Among these, the
formation of nanoparticles inside the protein ferritin has drawn much
attention due to its potential for generating functional nanomaterials
of controlled size for nanotechnology applications.” In this peptide
template, amino acids with affinity for metal ions concentrate the
precursor of the reaction and facilitate the nucleation of nanocrystals.
Seed growth is then arrested by a peptide cage of well-defined
dimensions to yield nanoparticles of controlled size. Although the
protein can be engineered to grow different functional materials,’ the
choice of nanoparticle sizes available using this biotemplate may not
be adequate for some applications. For example, it would be
desirable to find a peptide template for generating sub-nanometric
metal nanoparticles, also known as metal nanoclusters. These
nanoclusters possess intriguing catalytic, photoluminescent and
magnetic properties that are intimately related to the number of
constituent atoms.* Although several proteins have been reported to
enable the growth of metal nanoclusters,’ the role of protein
composition and conformation in the growth process has not been
fully described yet. In this context, the utilization of a small
synthetic peptide with well-known composition and three-
dimensional structure may unravel the key features of peptide
templates for the growth of sub-nanometric nanoparticles.

Here, we report on the design of the peptide C(GRP);
(Cys-Gly-Arg-Pro-Gly-Arg-Pro-Gly-Arg-Pro) that mimics
biological templates for crystal growth such as ferritin and guides the
formation of Au nanoclusters with an exact number of constituent
atoms. The Cys amino acid in C(GRP); was added to concentrate
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metal ion precursors and nucleate the growth of the nanocrystals.
The conformation of minimum energy of the Pro-rich sequence Gly-
Arg-Pro-Gly-Arg-Pro-Gly-Arg-Pro can adopt a helical structure
whose groove defines a sub-nanometric cage that limits the growth
of nanoclusters, similar to the templating effect of ferritin (Fig. 1).
Furthermore, the utilization of a synthetic designer peptide allows
for the easy incorporation of other functions within the template. For
example, it has been reported that positively charged nanoparticles
have cell-penetrating properties.® Here, three Arg amino acids are
added to facilitate the uptake of the resulting peptide-caged Au
nanoclusters inside cells for potential nanomedicine applications.
The growth of sub-nanometric Au nanoclusters can be achieved by
simply triggering the reduction of Au ions with NaBH, in the
presence of C(GRP); (Fig.1). The resulting water-soluble Au
nanoclusters emit in the near-infrared (NIR) region and are not toxic
to cells, which are promising features for their use in vivo, in the
context of bioimaging and drug delivery.
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Figure 1. Schematic representation of the growth of Au nanoclusters
with the peptide template C(GRP);; the three-dimensional structure
of peptide can generate a cage that arrests the growth of Au
nanoclusters.

It is well established that when the size of Au
nanoparticles decreases below 2 nm their characteristic localized
surface plasmon resonance (LSPR) disappears and the nanoparticles
become fluorescent, a phenomenon that can be used to recognize the
growth of Au nanoclusters.” With this in mind, we tested the ability
of C(GRP); to template the growth of Au nanoclusters by studying
the optical properties of nanoparticle solutions grown in the presence
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and the absence of the peptide. In the absence of the peptide, red-
coloured solutions were obtained that showed the typical LSPR of
spherical Au nanoparticles with a diameter of ca. 5 nm (Fig. 2a (i)
and Fig. S2 online). No fluorescence was observed in this solution.
However, in the presence of the peptide template C(GRP); the
solution turned brown and no LSPR was observed (Fig. 2a (ii)).
Fluorescence spectroscopy revealed an emission peak centred at 680
nm (Fig. 2b). The absence of LSPR and the observation of NIR
emission demonstrate the growth of gold nanoclusters with the
peptide template (see also Figure S1 online).”
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Figure 2. Optical characterization of nanoparticle solutions; (a) UV-
Vis spectra and photographs of nanoparticle solutions grown (i) in
the absence of peptide; (ii) with the peptide template C(GRP);; (iii)
with Cys-free (GRP);; (iv) with Pro-free C(GRG)s; (b) Fluorescence
spectrum of Au nanoclusters grown with the template C(GRP); (red)
and of C(GRP); alone (green) (excitation wavelength 440 nm).

Figure 3. Molecular dynamics simulations of (a) the Pro-rich
peptide template C(GRP); and (b) the Pro-free control peptide
C(GRG);. The dotted line (0.6 nm) shows the diameter of the groove
of the helical conformation.

After demonstrating the growth of Au nanoclusters, the
relevance of the different parts of the peptide design for obtaining
sub-nanometric nanoparticles was explored. In the proposed design,
the presence of a nucleating moiety was essential to mimic the
templating effect of ferritin. In Fig. 2a (iii) the importance of the Cys
amino acid in the nucleation of the nanoclusters was studied by
repeating the growth process with the peptide (GRP); (Gly-Arg-Pro-
Gly-Arg-Pro-Gly-Arg-Pro), which contains the same sequence as
C(GRP); but without Cys. This experiment resulted in the generation
of blue-coloured solutions containing nanoparticle aggregates that
were not fluorescent (Fig. 2a (iii) and Fig. S3 online). The growth of
aggregated gold nanoparticles and not nanoclusters can be attributed
to nucleation and growth happening outside of the biotemplate.
Under this condition the only role of the peptide is to act as a
polycation that induces the aggregation of the negatively charged
gold nanoparticles.® Thus, these results prove that the presence of a
nucleating amino acid is vital in the growth of Au nanoclusters.
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Next, we studied the relevance of the three-dimensional
structure of the peptide in creating a cage that limits the growth of
nanocrystals and yields sub-nanometric nanoparticles of controlled
size. Figure 3a shows a snapshot of a molecular dynamics
simulation of the peptide template C(GRP);. The conformation of
minimum energy is a helical structure that defines a groove with a
diameter of ca. 0.6 nm (dotted lines in Fig. 3a). This groove could
act as a cage inside which sub-nanometric nanoparticles could grow,
as previously seen in ferritin. As a control, we also studied the
conformation of the Pro-free peptide C(GRG); (Cys-Gly-Arg-Gly-
Gly-Arg-Gly-Gly-Arg-Gly). This peptide does not adopt a helical
conformation and can exist in solution in multiple local free energy
minima, one of which is shown in Fig. 3b. Nanoparticle growth in
the presence of Pro-free C(GRG); yielded red-coloured nanoparticle
solutions that showed an LSPR centred at 523 nm and no
fluorescence (Fig. 2a (iv)). The observation of plasmonic
nanoparticles but not nanoclusters is attributed to the growth of
peptide-decorated nanoparticles with the Pro-free peptide. In other
words, this peptide acts as a mere ligand and not as a true template.
The aforementioned results demonstrate that the presence of a Pro-
rich conformation that can adopt a helical structure is essential to
grow Au nanoclusters in the presence of the nucleating amino acid
Cys.
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Figure 4. Analysis of the size of Au nanoclusters grown with
C(GRP)3; (a) MALDI MS reveals a single peak corresponding to 16
atoms of gold and one peptide; Inset: PAGE of the crude; (b)
experimental scattering pattern and (c) lognormal size distribution of
the nanoclusters grown with C(GRP);.

It has been reported that some thiolated peptides can
generate Au nanoclusters by forming a stabilizing corona around
sub-nanometric nanoparticles.” This behavior deviates from the
templating effect expected from C(GRP);, which limits the growth
of nanoclusters inside the cage defined by its three-dimensional
structure. When peptides act as stabilizing ligands, more than one
peptide is found interacting with the nanocluster.” However, if
C(GRP); is a true template, only one peptide should be encaging the
nanoclusters. In Fig. 4a, analyses of the samples with matrix-assisted
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laser desorption/ionization (MALDI) revealed a single peak
attributable to Au nanoclusters that corresponded to the molecular
weight of a single peptide and 16 atoms of gold. This result, along
with the fact that the thiolated Pro-free peptide C(GRG); does not
generate Au nanoclusters, demonstrates that C(GRP); acts as a
peptide cage and not as a mere stabilizing ligand during the growth
process. Another good experiment to prove the templating effect of
the peptide is to compare the size of the nanoclusters with the size of
the peptide cage in Fig. 3a, since both values should match when the
peptide is acting as a template. With this in mind, we evaluated the
size of the nanoclusters with small angle X-ray scattering (SAXS).
Figure 4b shows the experimental scattering pattern of the
nanoclusters grown with C(GRP);. The data was fitted to a model of
spheres with a lognormal size distribution (Fig. 4c). The best fit to
the model, represented by the solid line, yielded an average radius of
3.7 A, which is in good agreement with the size of the peptide cage
shown in Fig. 3a. This outcome further proves that the peptide is a
real template and not a stabilizing ligand. Furthermore, it suggests
that the 3D structure of the template is crucial to obtain nanoclusters
with a particular number of constituent atoms. Finally, it is worth
mentioning that the observation of a single peak with MALDI also
suggests that the Au nanoclusters containing 16 atoms are the most
abundant species in solution.'” This outcome was further
demonstrated by polyacrylamide gel electrophoresis (PAGE, inset in
Fig. 4a), which rendered a single band when the nanocluster solution
was run in acidic conditions."" The nanoclusters did not show any
electrophoretic mobility in basic media, which demonstrates that
they are positively charged, as expected from the presence of Arg
amino acids in the peptide template. Repulsion between positively
charged nanoclusters is believed to be the main factor to avoid the
aggregation of the nanoclusters in aqueous solutions.

After demonstrating that C(GRP); encages Au
nanoclusters, we studied the ability of the nanomaterials to penetrate
cells for potential nanomedicine applications. To this end, we
incubated the positively charged nanoclusters with human primary
fibroblasts for 24 h and tested cell viability and biological
distribution. To mimic physiological conditions, the nanoclusters
were diluted with serum- containing medium, since serum proteins
interact with nanoparticles to form a protein corona that determines
their interaction with cells, potentially altering their cell-penetrating
properties.'? In Figure S3 online, the nanoclusters were detected by
their intrinsic NIR emission with confocal microscopy (red color).
They were found inside the cells diffused throughout the cytosol.
The presence of nanoclusters in the cytosol is promising for their use
as carriers in drug delivery, since most drugs must be present in
active form in the cell cytosol in order to exert their therapeutic
effect. The nanoclusters did not kill the cells, affect their metabolic
activity or change their morphology even when incubated at a very
high concentration (1 mg-mL™' peptide concentration), which all are
essential requirements to translate these nanomaterials in vivo.

Conclusions

In conclusion, we designed the peptide C(GRP); that acts
as a template for growing Au nanoclusters with exact number of
constituent atoms by drawing inspiration from naturally-occurring
peptide cages such as ferritin. The key features of the proposed
template are the presence of a nucleating amino acid, Cys, and a
sequence that adopts a helical conformation whose groove
determines the size of the sub-nanometric nanocrystals. In the future,
nanoclusters of different sizes could be obtained by redesigning the
template, for example, by using longer B- or y-amino acids.
Moreover, similar peptide templates could be used to obtain other
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sub-nanometric materials such as semiconducting '* and magnetic '
nanoclusters. The resulting peptide-templated Au nanoclusters are
internalized by cells and do not show any cytotoxicity, which is
promising for the translation of these nanomaterials in vivo.
Moreover, amino acids with functional groups could potentially be
added to attach cargoes for intracellular delivery. These features,
along with their intrinsic NIR emission, make these nanomaterials
promising for next-generation nanomedicine and theranostic
applications.

Notes and references

“ Department of Materials, Department of Bioengineering and Institute
for Biomedical Engineering, Imperial College London, Exhibition Road,
London SW7 2AZ.

> Department of Chemical Engineering and the Ilze Katz Institute for
Nanoscale Science &Technology, Ben-Gurion University of the Negev,
Beer-Sheva 84105, Israel

* m.stevens@imperial.ac.uk; *roberto.delarica@gmail.com

Electronic Supplementary Information (ESI) available: [Figs. S1-S3 and
Materials and methods]. See DOI: 10.1039/c000000x/

1 H.Y.Bai, K. Xu, Y. J. Xu, H. Matsui, Angew. Chem. Int. Ed., 2007,
46, 3319; R. Coppage, J. M. Slocik, B. D. Briggs, A. 1. Frenkel, R.
R.Naik, M. R.Knecht, ACS Nano, 2012, 6, 1625.

2 M. A. Kostiainen, P. Hiekkataipale, A. Laiho, V. Lemieux, J.
Seitsonen, J. Ruokolainen, P. Ceci, Nat. Nanotechnol., 2013, 8, 52;
K. Fan, C. Cao, Y. Pan, D. Lu, D. Yang, J. Feng, L. Song, M. Liang,
X. Yan, Nat. Nanotechnol., 2012, 7, 459.

3 L. Zhang, L. Laug, W. Munchgesang, E. Pippel, U. Gosele, M.
Brandsch, M. Knez, Nano Lett., 2010, 10, 219.

4 R. S. McCoy, S. Choi, G. Collins, B. J. Ackerson, C. J. Ackerson,
ACS Nano, 2013, 7, 2610; J. T. Petty, J. Zheng, N. V. Hud, R. M.
Dickson, J. Am. Chem. Soc., 2004, 126, 5207.

5 Y. Kong, J. Chen, F. Gao, R. Brydson, B. Johnson, G. Heath, Y.
Zhang, L. Wua, D. Zhou, Nanoscale, 2013, 5, 1009; K. Chaudhari, P.
L. Xavier, T. Pradeep, ACS Nano, 2011, 11, 8816.

6 1. Ojea-Jimenez, L. Garcia-Fernandez, J. Lorenzo, V. F. Puntes, ACS
Nano, 2012, 6, 7692; E. Oh et al, ACS Nano, 2011, 5, 6434.

7 Y. Wang, Y. Cui, Y. Zhao, R. Liu, Z. Sun, W. Li, X. Gao, Chem.
Comm., 2012, 48, 871; J. Xie, Y. Zheng, J. Y. Ying, J. Am. Chem.
Soc., 2009, 131, 888.

8 T. I Kim, J, Park, Y. Kim, Chem. Eur. J., 2011, 17, 11978; M.
Stobiecka, M. Hepel, Biomaterials, 2011, 32, 3312.

9 Y. Yu, X. Chen, Q. Yao, Y. Yu, N. Yan, J. Xie, Chem. Mater., 2013,
25, 946; Y. Negishi, Y. Takasugi, S. Sato, H. Yao, K. Kimura, T.
Tsukuda, J. Am. Chem. Soc., 2004, 126, 6518; L. Fabris, S.
Antonello, L. Armelao, R. L. Donkers, F. Polo, C. Toniolo, F. Maran,
J. Am. Chem. Soc., 2006, 128, 326.

10 X. Yang, Y. Su, M. Chin Paau, M. M. F. Choi, 4nal. Chem., 2012,
84, 17650.

11 K. Kimura, N. Sugimoto, S. Sato, H. Yao, Y. Negishi, T. Tsukuda, J.
Phys. Chem. C, 2009, 113, 14076.

12 E. Casals, T. Pfaller, A. Duschl, G. J. Oostingh, V. Puntes, ACS
Nano, 2010, 7, 3623; J. C. Y. Kah, J. Chen, A. Zubieta, K. Hamad-
Schifferli, ACS Nano, 2012, 6, 7692.

13 J. Chen, Z. Feng, P. Ying, C. Li, J. Phys. Chem. B, 2004, 108, 12669.

14 E. Barea, X. Batlle, P. Bourges, A. Corma, V. Fornes, A. Labarta, V.
F. Puntes, J. Am. Chem. Soc., 2005, 127, 18026.

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



ChemComm Page 4 of 4
COMMUNICATION Journal Name

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



