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Shape control of Au nanostructures using peptides for
biotechnological applications

Au nanostructure fabrication has attracted attention in
various fields because of their optical properties. In this
highlight, we focused on the shape of the nanostructures
with respect to the fabrication of Au nanostructures using
peptides, including our own research.
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Metallic gold (Au) nanostructures have attracted attentions in various fields of materials science and
electrical science in terms of catalysts, sensing systems, photonic devices, and drug delivery systems
because of their characteristic physical, chemical, and biocompatible properties. Recently, Au nanostructures
with near-infrared light absorbing properties have shown potential for applications such as biological
imaging and thermotherapy in biotechnological fields. However, fabrication of Au nanostructures with
complex shapes often requires the use of highly biotoxic substances such as surfactants and reducing
agents. Peptides are promising compounds for controlling the shape of Au nanostructures by mineralization
with several advantages for this purpose. In this highlight, we focus on the shapes with respect to the

Received 1st September 2023, fabrication of Au nanostructures using biocompatible peptides. We classify the peptides that form Au

Accepted 25th September 2023 nanostructures into three broad categories: those that bind Au ions, those that reduce Au ions, and those
that control the direction of Au crystal growth. Then, we briefly summarize the correlations between

peptide sequences and their roles, and propose future strategies for fabricating Au nanostructures using
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peptides for biotechnological applications.

1. Introduction

Metallic gold (Au) nanostructures have been actively applied in
the fields of materials science and electrical science.* In recent
years, studies have been conducted on nanosized Au structures
for applications in the biotechnology field, such as photother-
mal therapy®® and in vivo sensing and imaging.”'® These Au
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nanostructures had surface plasmon resonance (SPR) properties' ">
especially at near infrared (NIR; > 800 nm) absorption wavelengths.
The desired optical properties can be imparted by precisely
controlling the shape of the Au nanostructures.'*™** For example,
one of Au nanostructures, Au nanorods, have SPR-derived absorp-
tion in the NIR region, which offers high optical permeability in
the body*® and is expected to enable photothermal therapy.'”"®
Some specific properties, such as chirality, can be influenced by
the shapes of Au nanostructures, such as Au nanocube.'® Several
review articles discussing shape control and fabrication methods
of Au nanoparticles (AuNPs) have been published.*® Although
many studies have been conducted to control the shapes of Au
nanostructures®* as described above, some problems remain to
be solved for the development of biotechnological applications.
The problems are as follows: (I) conventional methods have
difficulty in strictly controlling the complicated shapes of nano-
structures at the nanoscale; (II) conventional methods can use
reducing agents, strong acids and bases, surfactants, and other
substances that have high environmental impacts and biotoxicity
levels; and (III) it is difficult to add functions that nanoparticles
cannot exhibit. For example, the nanoparticles must be biocom-
patible and deliverable to target organs and cells."®

Mimicking biomineralization is a powerful method for
fabricating Au nanostructures to overcome these problems. Bio-
mineralization is a synthetic reaction by which certain bio-
molecules, such as proteins and peptides, precipitate inorganic
materials with high reproducibility and accuracy. In Au miner-
alization processes using such biomolecules, the procedure con-
sists of Au ions binding to the molecules, reduction of Au ions, and
growth of Au crystals. Peptides are promising compounds for
controlling the shape of Au nanostructures by mineralization
because they confer several advantages. (1) Sequences for produ-
cing Au nanostructures® can be efficiently obtained by screening
systems such as phage display. (2) The affinity for Au ions can be
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easily adjusted by changing the amino acid sequence.” (3) Certain
peptides can reduce Au ions without reducing agents, which are
environmentally hazardous. Thus, the reduction process mini-
mally burdens the environment. (4) Specific peptides used as
cell culture substrates and certain peptides with membrane
permeability and cell organelle transferability have been
reported.'”****?* In addition, in vivo, inorganic structures with
various shapes and morphologies have been fabricated by densely
arranging inorganic ions using peptides as templates.”® Peptides
are found to form various structures, such as fibres,” tubes,?®
vesicles®® and more.?® These structures can be used artificially as
templates to control the shapes of Au nanostructures. These
biocompatible functions, which inorganic nanostructures gen-
erally lack, can be added to shape-controlled Au nanostructures
by conjugation of these sequences with those for producing Au
nanostructures.

From these points of view, research on peptide-based miner-
alization for the fabrication of nanostructures has been active
since the 2000s.>' However, no systematic summary of the roles
of peptides in the fabrication of Au nanostructures (binding,
reduction and crystal growth) has been reported. In this high-
light, we focus on the roles of peptides in the fabrication of
peptide-based Au nanostructures and the morphology of Au
nanostructures reported thus far. We classify the peptides that
form Au nanostructures into three broad categories: those that
bind Au ions, those that reduce Au ions, and those that control
the direction of Au crystal growth. Then, we briefly summarize
the correlations between peptide sequences and their roles, and
propose future strategies for fabricating Au nanostructures
using peptides for biotechnological applications.

2. Au ion-binding peptides

To fabricate Au nanostructures, Au ion binding and accumulat-
ing are first needed. We have summarized the representative Au
ion-binding peptides reported thus far in Table 1. The Au
nanostructures fabricated with Au ion-binding peptides formed
spheres, ribbons and superstructures. Review articles discuss-
ing superstructures have been published by other authors (see a
representative review>?).

One of the Au ion-binding peptides that forms spherical Au
nanostructures is A3.%* A3 was identified from a phage peptide
display library. A3 has methionine (Met) in the sequence, as

Table 1 Peptides that bind Au ions

Pepetide : Au

Name Sequence ion (mol) Ref.
Spherical structure

A3 1-AYSSGAPPMPPF-o 1:3 33
ABos_as 1-GSNKGAIIGLM-o 1:100 35
GBP1 -MHGKTQATSGTIQS-oi1 1:3 37
71 - KHKHWHW-oiq 1:2 34
R8-AuBP  -RRRRRRRR-AYSSGAPPMPPF-yy, 1:100 38
Ribbon-like structure

ABas a5 -GSNKGAIIGLM-o i 1:100 35
R8-AuBP  -RRRRRRRR-AYSSGAPPMPPF-yy, 1:50 38

This journal is © The Royal Society of Chemistry 2023
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Fig.1 TEM images of the mineralized Au nanostructures obtained using
(a) A3, (b) AB2s-3s, and (c) and (d) R8-AuBP. (c) 10 uM R8-AuBP containing
0.5 mM HAuCly; and (d) 1 uM R8-AuBP containing 0.5 mM HAuUCl,.
Modified and reproduced from ref. 33, 35 and 38 with permission, copy-
right 2005, 2018 and 2021, from Wiley-VCH GmbH, American Chemical
Society and the Royal Society of Chemistry, respectively.

shown by phage display to strongly interact with the zerovalent
Au surface. A3 forms hydrophobic interactions and hydrogen
bonds on the Au surface. Detailed analysis revealed that Met
bound to Au ions. When Au ions were added to A3 peptides in the
presence of buffer solution, spherical Au particles formed
(Fig. 1a).*® Peptides that bind Au ions, such as A3 peptides, must
reduce Au ions by buffer addition conditions,® reducing agent
addition conditions,* and ultraviolet (UV) irradiation conditions®
to fabricate Au nanostructures because the peptides do not have
reducing abilities. In addition to Met, these peptides contain
serine (Ser), threonine (Thr), lysine (Lys), glutamine (Gln), and
histidine (His), which have been shown to form hydrogen
bonds with Au® and Au ions.**”*” For GBP-1, KTQATS, especially
QAT, is important for binding to Au ions.?” For AB,s_35, amines
in the peptide sequence, are used to capture Au ions.*> AuNPs
fabricated using A3 exhibited a relatively uniform particle size,
and absorbed SPR at approximately 520 nm. However, these
AuNPs have no absorption in the NIR region, hindering their
biological applications. Consequently, highly complex nano-
structures are required.

Table 2 Peptides that reduce Au ions
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Peptides that can be fabricated in non-spherical shapes have
been reported. One Au nanostructure that can be fabricated using
peptides is the ribbon-like structure. A ribbon-like structure has
been prepared using AB,s_3s, which is a partial sequence of the
aggregating protein amyloid beta (AB). In AB,s 35, ribbon-like
structures of Au are prepared using a two-step reaction involving
peptide self-assembly and a reduction process.*® The shape of the
peptide structures formed by A,s_;5 varies depending on the
self-assembly reaction time and solvent conditions. The Au
nanostructures are prepared using these peptide structures as
templates. First, AB,s 35 was self-assembled to produce peptide
ribbon-like structures. Then, Au ions were added to the self-
assembled peptide structures, and the amines of the peptides
were used to place the Au ions on the peptides. The Au nano-
ribbon structure was then fabricated by adding a reducing agent
to reduce the Au ions (Fig. 1b). SPR absorption was observed at
520 nm for Au nanoribbons fabricated with AB,s_3s, although the
shape changed. That is, SPR absorption derived from ribbon-like
structures cannot be confirmed. Thus reducing agents should be
required, which makes biological applications difficult. In addi-
tion, in 2021, we reported the use of R8-AuBP (the AuBP sequence
was same as that of A3**), a complex of the cell-permeable peptide
R8 and the Au ion-binding peptide (AuBP), to fabricate ribbon-like
structures directly in cells.*® The Au nanoribbons could be fabri-
cated directly into the cell using the intracellular reducing environ-
ment. We attempted to control Au mineralization in cells by
changing the peptide concentrations. The lower peptide concen-
tration showed only spherical particles (Fig. 1c and d). The shape of
the peptide-only structures that formed extracellularly was consis-
tent with the Au nanostructures in cells. Thus, Au nanostructures
are formed using the peptide as a template. However, none of the
Au nanostructures are sufficiently crystalline to be applied to
photothermal therapy. To improve their crystallinity and utilize
them in certain biofield applications, such as photothermal therapy
in the future, it is necessary to adjust their reduction ability using
Au ion reduction peptides.

3. Au ion-reducing peptides

Peptides that can both bind and reduce Au ions have been
reported. We describe Au nanostructures fabricated using
peptides that can reduce Au ions. We have summarized
the representative Au ion-reducing peptides reported thus far
in Table 2. The Au nanostructures fabricated with
Au ion-reducing peptides formed spheres and ribbons and
superstructures.

Name Sequence Pepetide : Au ion (mol) Ref.
Spherical structure

AuBP1 +-WAGAKRLVLRRE-o 1:1-5 39
AuBP1 kyn u-kyn-AGAKRLVLRRE-qy (kyn = ;-kynurenine) 1:1-5 39
AuBP2 -WALRRSIRRQSY-01 1:1-5 39
Ribbon-like structure

RU006 AcAIAKA-X-KIA-yy, (X = 1-2-naphthylalanine) 4:1 44-46

This journal is © The Royal Society of Chemistry 2023
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An Au-ion-reducing peptide that forms spherical Au nanos-
tructures is AuBP1.*° The sequence of AuBP1 was isolated by
phage display. AuBP1 contains tryptophan (Trp) in the sequence
and can reduce Au ions without using a reducing agent.**°
Furthermore, the Au spherical particles reduced by AuBP1
exhibited catalytic activity and excellent dispersibility"**"*>
(Fig. 2a). In experiments where the number of Trp residues in
AuBP1 was increased, the diameters of the AuNPs decreased as
the number of Trp residues in the sequences increased." Thus,
the reducing power of Au ions can be controlled by the number
of m-electrons in the aromatic ring of the Trp residue in the
peptide sequence. That is, by changing the number and type of
aromatic rings in the array, the nucleation rate of Au ions can be
varied, and the size of the AuNPs can be controlled. AuNPs
prepared using AuBP1 have relatively uniform particle sizes and
exhibit SPR absorption at approximately 545 nm. However,
these AuNPs do not absorb light in the NIR region, making
their biological applications as challenging as those using Au
ion-binding peptides.

Other Au ion-reduced peptides have also been used to create
superstructures. C. Pigliacelli et al. used a peptide structure as a
template to place AuNPs via iodine substitution of phenylala-
nine in the cohesive peptide sequence DFNKF (Fig. 2b).** This
superstructure has an absorption at approximately 580 nm and
experiences a red-shift greater than that of single spherical
AuNPs. In addition, observations of the shape of the structures
formed at different peptide concentrations were performed at
[DF(I)NKF] = 125, 250, and 500 uM and [HAuCl,] = 500 uM. The
results showed that under the lowest peptide concentration
condition, single Au NPs of 5-10 nm could be identified and
that the AuNPs assembled as the peptide concentration
increases. However, although the superstructures fabricated in
this report used the peptide structure as a template, a difference
was present in the shape of the Au structure and the peptide-
only structure.>” Therefore, it is difficult to fabricate Au nanos-
tructures with arbitrary shapes for biotechnology applications.
In the future, it will be necessary to elucidate certain mechan-
isms, such as the accumulation of Au ions on the peptides to
control the shape.

Furthermore, peptides that can be fabricated in non-
spherical shapes have been reported. Au ion-reducing peptides
formed ribbon-like structures, similarily to the Au ion-binding
peptides described above. First, we discuss peptides that can

s & 100 nm
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L —
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Fig. 2 (a)-(c) TEM images of mineralized Au nanostructures obtained
using (a) AuBP1, (b) DF()NKF, and (c) RU0O06. Modified and reproduced
from ref. 13, 44 and 43 with permission, copyright 2020, 2019 and 2014,
from the Royal Society of Chemistry and American Chemical Society,
respectively.
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reduce Au ions, such as RU006 reported by our group.** RU006
was designed to provide the driving force for self-assembly into
a B-sheet conformation via hydrophobic interactions and t—n
stacking. When Au ions were added, the peptides assembled
into ribbon-shaped nanostructures by entrapment of Au ions
during self-assembly. By using the assembled ribbon-shaped
nanostructure as a template, the aromatic amino acids in the
sequence reduced the Au ions to form ribbon-like Au structures
(Fig. 2c). UV-visible (Vis)-NIR measurements of this ribbon-like
structure provided absorption spectra with a broad Vis-near IR
band. Given the extensive research on Au nanorods, this result
suggests that ribbon-like AuNPs with NIR absorption can be
applied to photothermal therapy.

Furthermore, we demonstrated selective Au recovery from an
aqueous mixture of HAuCl, and H,PtCl (5.0 x 10> M each) by
using (Ant®)-RU006 (2.0 x 10~* M), in which 1-2-naphthylalanine
in RU006 was replaced with 1-2-anthrylalanine. We found that
(Ant®)-RU006 selectively reduced and recovered Au with an atomic
ratio (Au/Pt) of 7.5.*> With these interesting results in hand, we
downsized (Ant®)-RU006 for industrialization from both the N-
and C-termini by deleting amino acids individually. The fragment
from the 4th to the 8th positions of (Ant®)-RU006 reduced and
recovered Au with the same as the original (Ant®-RU006. It
features an anthracene ring as an electron source, two positive
charges, moderate hydropathy, and forms hydrogen bonds to
reduce Au ions and densify the resulting metallic Au particles,
enabling facile separation from a mixture of Au and platinum ions
via centrifugation.*® These findings might facilitate the design of
low-cost nonpeptidyl molecules for a novel selective Au recovery
process.

From the above, the Au nanostructures fabricated with
peptides that reduce Au ions exhibit spherical and ribbon-like
structures. However, each structure is problematic. The spherical
structure is not anisotropic and has no absorption in the NIR
region. The ribbon-like structure has an aspect ratio but is less
crystalline and does not exhibit SPR-derived absorption. The
following studies addressed these issues. CH3;~(CH,);4,~-WWA-qy
and CH3—(CH,);4-WWV-gy reported by V. Kumar et al. successfully
fabricated Au nanorods by irradiation with a 532 nm laser after
spherical AuNP formation.*” The Au nanorods shift in SPR absorp-
tion towards longer wavelengths and have a more uniform shape
than the ribbon-like structures. Furthermore, after preparing
AuNPs using the same peptides, they are irradiated with sunlight;
it is confirmed that AuNPs bind to each other.*® Thus, in recent
years, examples of the fabrication of anisotropic Au nanostructures
by providing light irradiation have been reported.”*>° In the
future, it is expected that by controlling the arrangement of AuNPs
and by using peptide structures as templates, it is possible to
produce anisotropic Au nanostructures using peptides.

4. Au crystal growth-controlling
peptides

We describe cysteine (Cys)-containing short-chain peptides that
were not used as templates but were used as reagents to control

This journal is © The Royal Society of Chemistry 2023
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Table 3 Peptide sequences that control Au crystal growth

Au crystal growth controlling peptides

Name Sequence Peptide : Au ion (mol) Ref.
GSH 1-GCE-on 1:200 52
p-GSH aGPCPE-o 1:200 52
v-Glu-Cys uE(C)on 1:100 53
Glu-Cys uEC-ou 1:1333 53

the direction of Au crystal growth. Begining with a study
reported in 2018, attempts have been made to fabricate Au
nanostructures with complex geometries on their surfaces
(Table 3).*'~* In the fabrication of these Au nanostructures,
peptides that could control the direction of Au crystal growth
were used. At first, a 5-residue peptide was found in 2018, but it
could not completely control the shapes.>® Subsequently, even
shorter peptides were used to achieve complete shape control.
Herein we discuss these 3- and 2-residue peptides in detail.*>>*
Scholars demonstrated the fabrication of helicoidal structures,
reported in 2018 and 2020. Helicoidal structures were cubic Au
nanostructures with regular helical planes on their surface.
Helicoidal structures were shown to possess chirality, and were
expected to have applications in biotechnology, such as sensing
and imaging, using the differences in optical rotation.>*
Although scholars could manufacture Au nanostructures
with a few complex shapes, many of these peptides required
reducing agents.

4.1. Glutathione for fabrication of helicoidal structures

In 2018, H.-E. Lee et al. reported that the addition of glutathione
(GSH) consisting of three amino acid residues, Au ions, and
reducing agents to a presynthesized cubic Au nanostructure resulted
in the formation of Au helicoidal structures® (Fig. 3a and b). When
GSH was added, Au crystal growth proceeded in a fan-like fashion,
forming 432 helicoid I (Fig. 3a). This phenomenon was consistent
with the fact that Cys affected the Au crystal structure, as reported by
A. Kiihnle et al in 2005.> The interaction of the thiol groups of Cys
with the Au surface controlled the direction in which the Au ions
were supplied, forming a helicoidal structure with a unique surface
structure. Scholars performed an experiment in which they added
the © and b forms of a single residue of the amino acid Cys instead
of GSH to produce a helicoidal structure. Therefore, the Au helicoi-
dal structure was altered by the chirality of Cys to form 432 helicoid
II (Fig. 3b). These results suggested that the surface morphologies of
Au nanostructures could be controlled by using optical isomeric
amino acids to fabricate peptide-based Au nanostructures. Further-
more, since nanostructures with surface structures twisted by
T. Greber et al. could identify enantiomers of organic compounds
interacting with the nanostructure surface, the Au helicoidal struc-
tures were expected to be applied to enantiomer identification. That
is, the precise control of the surface structure would be necessary to
give Au nanostructures substance specificity.

4.2. Dipeptides for fabrication of helicoidal structures

In 2020, dipeptides forming helicoidal structures with a shape
different from that reported by H.-e. Lee et al. were identified

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 SEM image and illustration of 432 helicoids. (a) 432 helicoid |
fabricated by L-GSH. (b) 432 helicoid Il fabricated by pb-GSH. (c) 432 helicoid
| fabricated by y-Glu-Cys. (d) 432 helicoid V fabricated by Cys-Gly. Modified
and reproduced from ref. 52 and 53 with permission, copyright 2018 and
2020, from Nature Publishing Group and Wiley-VCH GmbH, respectively.

(Fig. 3c and d).”* In the report by H. Kim et al., two different
dipeptides were used to create a helicoidal structure. The
dipeptides were each GSH minus glycine and formed amide
bonds at the «- and y-positions. Therefore, two types of heli-
coidal structures were formed, as shown in Fig. 3c and d. Fig. 3¢
shows 432 helicoid I prepared with y-Glu-Cys, and Fig. 3d
shows 432 helicoid V prepared with Glu-Cys. Due to the
difference in the position of the amide bond, the strain position
in which Cys could interact changed, forming helicoidal struc-
tures with different shapes. There have been an increasing
number of reports on the use of peptides to control the
direction of Au crystal growth. If the specificity of molecules
that could interact with each structure surface shape could be
improved, these controls could be achieved more effectively
and the Au nanostructures could have potential applications in
sensing. While it was proposed that these short peptides
interacted simultaneously with Au ions and their nucleus to
form cubic Au nanostructures, the details of their interactions
have not yet been clarified, and analyses at the atomic and ionic
levels are needed in the future. In addition, these peptides
could not reduce Au ions; therefore, the addition of a reducing
agent would be needed. Consequently, the addition of reducing
ability to the peptides is an issue to be addressed in the future.

Conclusions

We discussed peptides capable of producing AuNPs of various
shapes, and we discussed the role of each peptide. We classi-
fied the peptides into three broad categories: those that
bound to Au ions, those that reduced Au ions, and those that
controlled the direction of Au crystal growth. However, the
formed AuNPs had low aspect ratios to prepare spherical

Chem. Commun., 2023, 59, 13239-13244 | 13243
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particles, low crystallinity in ribbon-like structures, and form-
ing helicoids required reducing agents. These characteristics
could pose problems for biological applications in terms of SPR
properties especially at NIR (> 800 nm) absorption wavelengths.
Therefore, we hypothesized that the combination of these
peptides could solve these problems. For example, anisotropic
Au nanostructures with high crystallinity could be fabricated by
combining certain peptide sequences that could form spherical
structures to enhance the crystallinity and that form ribbon-like
structures.

In the future, better shape-controlled Au nanostructures
could be fabricated by combining such peptide sequences play-
ing the three roles. Thus, with the advancement of research on
the fabrication of Au nanostructures by peptide-based miner-
alization and with the improved understanding of the atomic
and ionic levels, the shape control of Au nanostructures and
their applications in the biotechnology field, including photo-
thermal therapy and sensing, would be developed.
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