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Chapter 1

Peptide-based methods for the
assembly of plasmonic
nanostructures

1.1 Introduction

Nanostructures are a family of materials that have at least one dimension
between 1 and 100 nm [1]. Compared to bulk materials, nanostructures are
particularly exciting because they exhibit unique and sometimes
exceptional size-dependent chemical [2], physical [3], and/or biological
[4-6] properties. Control over the size, shape, and composition of
nanostructures allows for fine-tuning their fundamental properties [7].
Furthermore, ensembles of nanostructures gives rise to the emergence of
new collective properties, especially when they are precisely organized
with respect to one another in a hierarchical manner. In summary,
nanostructures and their assemblies are immensely promising materials
having exciting complex functional capabilities [8-11].

Inorganic nanostructures, in particular have attracted intense attention
over the last two decades. For example, research on metallic nanoparticles,
semiconducting nanoparticles [12], and metal oxide nanoparticles is
expanding constantly due to their potential in bio-imaging [11, 13, 14],
drug delivery [15-19], bio-sensing [5, 14, 20-22], and catalysis [2, 23-26].
Their performance and properties can be tuned and optimized by rational
design and systematic tuning of their composition, size, and assembly
architecture.
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To construct a specific nanostructured material, two common strategies
are used: the “top-down” approach or the “bottom-up” approach (Fig. 1.1).
The first approach usually starts from a bulk material and one or more
dimensions of the material are gradually reduced to the nanometer scale.
This process is analogous to how a sculpture is carved from bulk marble.
While this process enables precise control over the size and shape of the
resulting product, control over the hierarchy or complexity of the material,
such as composition mixing or layer-by-layer arrangement, is more
challenging. On the contrary, the “bottom-up” approach involves
assembly of atomic, molecular, and nanoscale building blocks. This
approach is simple and flexible, and the chemical and physical properties
of the final nanostructure can be easily tailored by rational design and
synthesis of the constituent building blocks.

The “bottom-up” approach is essentially based on the self-assembly of
building blocks. Many complex systems are constructed via self-assembly.
Living organisms are composed of ordered organization of cells; cells are
composed of ordered organization of DNA, proteins, and many functional
compartments; and even proteins are ordered organization of 20 naturally
existing amino acids. These complex systems — living organisms, cells,
DNA, and proteins — are functional structures assembled from only a few
fundamental building blocks. Inspired by these biological precedents,
materials chemists carefully fabricate building blocks and devise methods

for assembling them into complex architectures.
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Fig. 1.1. Two strategies of constructing nanostructured materials: (a) “top-down’ approach
and (b) “Bottom-up” approach.
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Plasmonic nanostructured materials, in particular, have been and will
continue to be centerpiece materials in nanoscience research because they
exhibit unique optical properties. Reducing the dimensions of certain
materials to the nanoscale leads to geometric confinement of conducting
electrons. When the collective oscillation of surface electrons matches the
frequency of the incident light, a phenomenon called localized surface
plasmon resonance (LSPR) occurs [22, 27]. Based on the composition,
size, shape, dielectric environment, and/or assembly/aggregation state of
the nanoparticles (NPs) [28, 29], the position of the LSPR can vary from
the visible to near infrared (NIR) region of the spectrum, which allows for
a wide variety of applications, especially in optical sensing [14].
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Fig. 1.2. (a) Schematic representation of localized surface plasmon resonance (LSPR) of
nanoparticle. (b) Au NPs of different sizes exhibit different LSPR effect. Reproduced with
permission from ref. [30]. Copyright 2007, Nature Publishing Group.
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Many biomolecules, such as nucleic acids, carbohydrates, proteins [31],
and peptides [32], have been used to direct the assembly of inorganic
nanostructures. Biomolecules are useful in this regard, because their size
is commensurate with nanoparticle building blocks and because their
assembly can be controlled by carefully programming their sequence. In
this chapter, we showcase the use of peptides for directing nanoparticle
assembly and building complex plasmonic nanostructures with unusual
and often useful collective optical properties. Peptides are sequences of
amino acids, and their assembly behavior and functionality is highly
sequence-specific; as a result, researchers can program and optimize the
properties and performance of the nanostructure by tailoring the amino
acid sequence [33]. We will highlight aspects of peptides that make them
ideal for assembling nanoparticles, including their inherent ability to self-
assemble and their sequence-specific inorganic recognition capability. We
will examine how the field of peptide-directed nanoparticle assembly has
evolved and developed over the course of the last several decades. We
emphasize that this chapter is not intended to be an exhaustive review of
all examples of peptide-based nanoparticle assembly. As such, we had to
pick and choose examples that we feel best showcase the unique
capabilities of peptides and peptide-based constructs for nanoparticle
assembly.

1.2 Why Peptides?

Peptides are a family of linear biomolecules composed of amino acids.
There are 20 naturally occurring amino acids and numerous non-natural
amino acids that can be incorporated into a peptide. Many properties of
peptides, such as their self-assembly and surface recognition properties,
are sequence-specific. Tuning the sequence of amino acid residues within
a peptide can lead to precise control of the overall properties of the peptide,
which includes control of self-assembly architecture and inorganic surface
binding.
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1.2.1 Self-Assembly of Peptides

Peptides, along with proteins, have multiple levels of structure, with the
simplest being the primary structure — the sequence of amino acids in a
peptide chain. The next level of structure is the secondary structure, which
is due to interactions between atoms along peptide backbone. Depending
on the sequence, conformation, and stereo-configuration of the constituent
amino acids, peptides can exhibit many different secondary structures,
such as a-helices and 3-sheets. In the context nanoparticle assembly, inter-
peptide B-sheets have played an important role, especially for directing the
assembly of extended linear nanoparticle assemblies (vide infra), because
they play a key role in directing peptide fibrilization (e.g. in Alzheimer’s
disease [34, 35]).

Intra- or inter-peptide hydrogen bonding is the driving force for
forming secondary structure. However, forming a target structure may still
be challenging based solely on interactions between amino acid residues.
To address this challenge, various molecules can be attached to peptides
to further adjust and affect their self-assembly, thus expanding the palette
of possible structures. The resulting peptide-based molecules are often
called “peptide conjugates”. They can assemble into various well-defined
nanoscale structures such as spherical or tubular micelles or vesicles [36,
37], twisted or coiled nanoribbons [38, 39], and two dimensional
nanosheets [40, 41]. Non-covalent interactions, such as
hydrophobic/hydrophilic interactions, electrostatic interactions, hydrogen
bonding, and m-m stacking, help drive the assembly. Not only do the
conjugated moieties facilitate the formation of superstructures, but they
can also introduce new functionalities, such as cell recognition [42],
stimuli responsiveness [43], fluorescence labeling [44], and surface
enhanced Raman resonance (SERS) applications [45], to the self-
assembled structures. The conjugation of peptides with other molecules
greatly expands the capabilities of peptides both as building blocks for
self-assembled nanostructures and as biocompatible functional materials
[46-48].
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1.2.2 Inorganic Recognition Capability of Peptides

In addition to their self-assembly properties, peptides are also widely used
for their sequence-specific recognition abilities of both biological [48-50]
and non-biological materials [51]. For example, a short peptide sequence,
Arg-Gly-Asp (RGD), was identified as the minimal recognition sequence
within proteins in the extracellular matrix (ECM) required for cell
attachment [52-54]. The RGD sequence, or sometimes a longer sequence,
Arg-Gly-Asp-Ser (RGDS), has been incorporated into a variety of
synthetic materials to promote cell interaction and adhesion [55, 56]. Here
we focus on the role and capability of peptides to recognize, bind, promote,
and direct the formation, growth, and assembly of inorganic, specifically
plasmonic, nanomaterials.

Although peptides and proteins both exist in natural systems and can
promote the formation of highly functional inorganic materials [57, 58],
peptides are obviously less complex than proteins in terms of sequence,
synthesis, and purification, and properly designed peptides could possess
the same recognition sequence for inorganic materials as proteins. Indeed,
many peptides (Table 1.1) that bind specifically to particular inorganic
surface have been selected, identified, and isolated both in natural systems
and through non-natural laboratory panning and selection methods.

Table 1.1. Examples of peptide sequences that
are known to bind to plasmonic nanoparticles.

Nanoparticles  Sequence References

Au AYSSGAPPMPPF [59, 60]
DYKDDDDKP [60]
AHHAHHAAD [61, 62]
WAGAKRLVLRRE  [63]
WALRRSIRRQSY [63]
MHGKTQATSGTIQS  [64, 65]

Ag AYSSGAPPMPPF [59]
NPSSLRRYLPSD [59, 66]
SLTATQPPRTPPV [59]

Cu HGGGHGHGGGHG  [67]

A good example of selection from a natural system is a sequence
AHHAHHAAD (HRE) from the histidine-rich protein II of Plasmodium
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falciparum (a unicellular protozoan parasite of humans) [62], which has
been found to mediate the aqueous assembly of Ag and Au clusters, in
addition to several other metal sulfide and metal oxide [68] materials.
Matsui and coworkers showed that the Au precursor-HRE complex forms
initially, followed by nanocrystals nucleation [61].
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Fig. 1.3. Phage display and cell-surface display. Reproduced with permission from ref.
[69]. Copyright 2003, Nature Publishing Group.

In addition to peptide sequences found in natural systems, a wider
variety of peptide sequences with inorganic surface binding capabilities
have been identified and selected by the phage-display method [69], which
is illustrated in Fig. 1.3. This bio-panning strategy is used to isolate peptide
sequences that bind strongly to the inorganic surface of interest.
Apparently, the possible peptide sequences selected via phage display are
only limited to the number of inorganic surfaces that are tested, thus
leading to discovery of peptides having high affinity not only to plasmonic
nanoparticles, such as Ag [59] and Au [70-72], but to other inorganic
materials including ZnO [73, 74], GaAs [12], Pt [68, 75], Pd [68], CdS
[76-78], ZnS [78], FePt [79], and Ti [80, 81]. It should be noted that many
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of the peptides listed above are able to direct the mineralization of
inorganic materials at room temperature and in aqueous conditions.

1.3 Peptide Scaffolds for Nanoparticle Superstructures

As discussed above, peptides are ideal candidates for constructing
nanoparticle superstructures due to their unique self-assembly and surface-
recognition capabilities. The process of constructing nanostructures using
peptide-based materials usually involves the following steps: 1) peptides
assemble into a defined template structure such as one-dimensional linear
fibers or spherical vesicles; 2) synthesis and purification of constituent
plasmonic nanoparticles (NPs); and 3) assembly of NPs onto constructed
peptide scaffolds. Alternatively, the assembly of the peptide scaffold and
the nucleation and growth of the NPs can be combined in a one-pot
synthesis to yield a NP superstructure. We will present each of these
methods in the following sections.

1.3.1 Stepwise Assembly of NP Superstructures

One of the earliest examples of peptide-directed assembly of one-
dimensional AuNP superstructures was reported by Matsui and co-
workers in 2002 [61] (Fig. 1.4). They showed that a histidine-rich peptide
with the sequence AHHAHHAAD could be immobilized at the amide
binding sites of 1-D fibers assembled using a heptane dicarboxylate
molecule derivative. After incubating with a gold precursor, Cl1AuMes;,
nucleation of Au nanocrystals occurred on the surface of the fiber upon
addition of a reducing agent NaBH4, leading to formation of Au NP-coated
nanowires. Although the peptide itself was not integral to the structure of
the 1-D fiber, this unique result showcased the capability of peptides as
agents for directing NP assembly onto 1-D scaffolds.
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Fig. 1.4. Au nanowire templated by histidine-rich peptide nanotubules. Reproduced with
permission from ref. [61]. Copyright 2002, American Chemical Society.

A short time later, in 2003, Fu et al. reported the preparation of double-
helical arrays and single-chain arrays of Au and Pd nanoparticles based on
peptide fibrilization [82] (Fig. 1.5). Peptide fibrils assembled using a
synthetic 12-mer peptide, T1, served as a template for depositing pre-
synthesized Au or Pd nanoparticles. The NPs anchored onto the peptide
fibrils through electrostatic interactions between the positively charged
peptide scaffold and the negatively charged Au or Pd NPs. It was found
that the structure of the assemblies could be influenced by the pH of the
reaction media and the size of the Au or Pd NPs.

Fig. 1.5. Double-helical Au NP assembly based on peptides. TEM images of (a) T1 peptide
fibrils, (b) colloidal Au NPs, and (c) double-helical assembly of Au NPs directed by T1
peptide at pH = 6. Reproduced with permission from ref. [82]. Copyright 2003, Wiley-
VCH.
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In addition to linear one-dimensional structures, Wong, Cha, and
coworkers reported a hollow spherical assembly of silica and Au NPs
using block copolypeptides [83]. The nanospheres consisted of a hollow
interior, an inner layer of Au NPs, and an outer layer of silica NPs. The
overall structure was mediated by a large peptide Lys»00Cys3o, in which the
cystine section was found to be responsible for Au NP binding.
Incorporation of silica enabled the assembled superstructure to exhibit
exceptional robustness, hinting at possible application of the material as
encapsulation agents.

Peptides could also be used to assemble Au NPs of different sizes [84].
It was reported by Langer’s group that co-assembly of Au NPs of 8.5 nm
and 53 nm was directed by two artificial leucine zipper-like peptides. Each
peptide was engineered with a cysteine residue, which allowed the
peptides to bind to Au NPs via a gold-thiolate bond (Fig. 1.6 a). By mixing
the pre-synthesized NPs with the peptides, a corona-like assembly was
observed, with the larger 53-nm Au NP residing in the center which were
decorated with several smaller 8.5-nm NPs (Fig. 1.6 b). The assembly
could be further tuned by adjusting the pH and the temperature of the
solvent.

Nod ==

Fig. 1.6. (a) TEM image of Au NPs of 8.5 nm capped with cysteine-engineered peptide. (b)
TEM images of corona-like superstructures co-assembled by two different sized Au NPs
of 8.5 nm and 53 nm. Reproduced with permission from ref. [84]. Copyright 2004, Wiley-
VCH.

Stupp et al. described the preparation of a new 1-D assembly of AuNPs
via co-assembly of a tripeptide fiber-forming amphiphilic molecule and a
thymine containing molecule [37] (Fig. 1.7). The co-assembly of the two
molecules in organic solvent afforded nanofibers, which were then
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decorated by diaminopyridine (DAP) functionalized Au NPs to yield long
linear chain-like superstructures of assembled Au NPs. Diphenylalanine
(FF) peptide is a popular dipeptide sequence that exhibits strong capability
to assemble into nanofibers [34], and it has been employed in many cases
as a nanofiber promoting moiety. Gazit’s group proposed a strategy of co-
assembling several FF containing short peptides into nanotubes, which
served as scaffold organizing for Ag and Au NPs. [85].

Fig. 1.7. Schematic (a) and TEM images (b) of a tripeptide, fiber-forming amphiphile
assisted linear assembly of Au NPs. Reproduced with permission from ref. [37]. Copyright
2005, Wiley-VCH.

In addition to the static assemblies described above, peptides have also
been used to prepare dynamic assembly systems. Liedberg et al. presented
an example of controlling the aggregation state of peptide-capped Au NPs
via Zn*" ion-induced peptide folding [86] (Fig. 1.8). Upon addition of Zn**
ions, the polypeptides JR2E, immobilized on the surface of Au NPs,
experienced dimerization and folding between two different peptides
located on separate particles, thus leading to aggregation of particles. This
example provides a new strategy for designing peptide-based Au NP
superstructures in a dynamic manner based on responsive behavior of the
capping peptides.
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Fig. 1.8. Zn**-induced aggregation of Au NPs via dimerization of JR2E polypeptides. Scale
bar = 50 nm. Reproduced with permission from ref. [86]. Copyright 2008, American
Chemical Society.

Ultimately, the goal of assembling NPs is to build new materials that
exhibit unique emergent properties based on the organization of the
component nanopsrticles. Chiral plasmonic NPs are an interesting
subclass of plasmonic nanomaterials, which have many novel optical
applications. George et al. found that Au nanoparticles grown on FF
peptide nanotubes exhibit a bisignated CD signal at their surface plasmon
frequency [87] (Fig. 1.9). By changing the chirality of constituent FF
peptide used, the overall chirality of Au NP superstructure could be tuned
accordingly. The authors found that the chiral peptide nanotube affected
the nucleation and growth of Au NPs on the surface of the nanotube, and
thus the Au NPs were organized in a chiral manner. It was proposed that
these Au nanoparticle assemblies may have potential application in optical
devices.
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Fig. 1.9. (a) CD signals of Au NP decorated diphenylalanine (FF). (b) Schematic
representation of Au NP peptide nanotubes using L- (top) and D-isomers (bottom) of FF
peptide nanotube. Reproduced with permission from ref. [87]. Copyright 2010, American
Chemical Society.

Other than the common linear fibrils, peptides can also direct the
assembly of 2-D arrays of Au NPs. Nonoyama and coworkers designed
ordered patterns of Au NPs on a fsheet peptide template [41] (Fig. 1.10).
Adenine-functionalized Au NPs were anchored onto the peptide template
via hydrogen bonding with complementary thymine components in the
peptide template. Patterning of the Au NPs was easily prepared through
the variation of the amino acid sequence to afford a unique 2-D array of
Au NPs.
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Fig. 1.10. (a) Schematic representation of fabricating 2-D assembly of AuNPs on a f#sheet
peptide template. (b, ¢) Atomic force microscopy (AFM) images of Au NPs assembled on

peptide with (b) and without (¢) thyminyl groups. Reproduced with permission from ref.
[41]. Copyright 2011, American Chemical Society.

Ag NPs, like Au NPs, also exhibit distinct plasmonic resonance
properties. Song and coworkers demonstrated that a glutathione-based
oligopeptide, Fmoc-GCE, could assemble into nanofibers and promote the
incorporation of Ag NPs [88] (Fig. 1.11). Peptide fibrilization was initiated
by coordination of Ag" ions and the n-w stacking of fluorenyl groups. After
adding a proper concentration of reducing agent NaBH4, a linear assembly
of Ag NPs were synthesized along the nanofibers. The assembled
nanofibers showed high mechanical strength when an appropriate pH of
the incubating solvent was reached.
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Fig. 1.11. (a) Proposed mechanism for using Fmoc-GCE peptides for assembling Ag NPs.
(b) TEM image of assembled Ag NPs assembled along the nanofibers formed by Fmoc-
GCE peptides. Reproduced with permission from ref. [88]. Copyright 2015, American
Chemical Society.

As peptide-based NP assembly methods continue to evolve, researchers
are using them to develop increasingly sophisticated materials. Li and
coworkers designed an elegant peptide-mediated Au NP “logic gate”, in
which the aggregation state of Au NPs could be controlled by the presence
of certain enzymes and metal ions [89] (Fig. 1.12). Two functional peptide
motifs, i.e. the Zn®" chelating peptide and the protease substrate peptide
(chymotrypsin or Chy), were employed as responsive units to Zn*" and
enzyme input, respectively. They then capped AuNPs with a carefully
designed peptide sequence having a specific response to Zn>* or enzyme.
Both the stimuli could affect the aggregation state of Au NPs, leading to
the color change of the Au NP colloidal solution. Representative basic
binary logic gates such as AND, OR, IMPLICATION, and INHIBIT were
developed via this peptide-mediated Au NP assembly system.
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Fig. 1.12. (a) Mechanism of peptide logic gate: the resulting aggregated or dispersed Au
NPs shows different colors upon using different combinations of peptides. (b) Aggregation
states of Au NPs are controlled by different responses to Zn?>" and Chy. (c) The constitution
of four logic gates dictated by peptides. Reproduced with permission from ref. [89].
Copyright 2016, American Chemical Society.

More recently, Rodriguez, Rice and coworkers demonstrated Ag NP
decorated peptide nanotubes could induce surface-enhanced Raman
spectroscopy (SERS) upon UV irradiation [45] (Fig. 1.13). The authors
employed the FF peptide nanotube as a scaffold for immobilizing Ag NPs,
which were previously proved to support SERS active substrates. When
UV irradiation was applied on the Ag NPs aligned on the semiconducting
peptide nanotube, SERS from the Ag NPs was significantly enhanced up
to 10-fold. This method allowed the detection of many small molecules at
concentrations as low as 10"° M. Furthermore, the Ag NP-peptide
nanotube prevented photodegradation of the analyte small molecules as
the Ag NP superstructure acted as a heat sink upon UV irradiation.
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Fig. 1.13. (a, b) SEM images of Ag NPs assembled via diphenylalanine (FF) based peptide
nanotubes at two magnifications. (c) Intensity of SERS signal as a function of time
following UV irradiation, relaxation after UV irradiation, and in the absence of UV
irradiation. Reproduced with permission from ref. [45]. Copyright 2018, Nature Publishing
Group.

Peptide-based methods of assembling nanoparticles have also been
used for electronic applications. Kang and coworkers used a peptide to
mediate programmed deposition of AuPt alloyed NPs on carbon nanotubes
(CNTs) that exhibit distinct electrocatalytic activity [90] (Fig. 1.14). A 30-
mer peptide, termed HexCoil-Ala, which was designed in a previous study
for specific recognition for Au NPs, was used for coating the surfaces of
chiral single-walled carbon nanotubes (SWNTs). The positions of the NP
binding sites were carefully programmed, which allowed for the helical
arrangements of the AuPt NPs. The assembled helical AuPt NPs showed
potential in electrocatalytic applications, such as oxygen reduction
reactions.

Theoretical helix model

AuPt NP

Fig. 1.14. Characterization of AuPt NPs coating the SWNT using the HexCoil-Ala peptides.
(a) TEM image. (b) STEM-EDS elemental mapping. (c) 3-D reconstruction of rendered
tomographic volume through electron tomography. Reproduced with permission from ref.
[90]. Copyright 2018, American Chemical Society.
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1.3.2 One-Pot Synthesis of NP Superstructures

In the previous section, we discussed how plasmonic NP superstructures
were designed and constructed via step-wise syntheses, and we
highlighted some of their potential applications. The assembly strategy
usually involves 1) peptide template construction, 2) NP synthesis and
purification, and 3) NP superstructure formation on the peptide template.
It should also be noted that sometimes steps 1) and 2) may occur in a single
step where peptide template formation is mediated by a metal precursor.
However, combining all of the synthetic steps in a single one-pot
procedure may be simpler in practice and reduces the complexity of
sample preparation.
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Fig. 1.15. Schematic representation of examples of modification of peptide conjugates and
some resulting Au NP superstructures directed by peptide conjugates. (a) Many aspects of
peptide conjugates can be systematically modified such as aliphatic tails, valencies, amino
acid sequences and chirality, and oxidation state of single amino acid residue. (b) When a
certain type of peptide conjugate is dissolved in HEPES buffer in the presence of an Au
precursor, various Au NP superstructures are obtained depending on the chosen peptide
conjugate.
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Rosi and coworkers developed a one-pot peptide-based strategy for
synthesizing and assembling NP into structurally well-defined NP
superstructures (Fig. 1.15). They have used this strategy to prepare diverse
classes of Au NP superstructures, including hollow spheres, double
helices, and single helices. These materials were constructed using peptide
conjugate molecules that incorporate the Au binding peptide [59, 60],
AYSSGAPPMPPF (termed A3 or PEP,,, identified and isolated via phage
display method). The peptide conjugates are designed in such a way that
they will assemble into a target assembly, such as a 1-D fiber or a spherical
vesicle. In a typical NP superstructure synthesis, a specific Au-binding
peptide conjugate molecule (R-PEP,,) is dissolved in a mild reducing
buffer 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
Then an aliquot of dissolved Au salt is added. During the synthesis, the
Au salt is reduced by the HEPES buffer, forming Au NP. Simultaneously,
the Au-binding peptide conjugates bind to the Au particles and direct their
assembly into a superstructure. The morphology of the NP superstructure
is dictated by the assembly of R-PEP4,. In essence, all of the structural
features of the product NP superstructure can be programmed into R-
PEPx, at the design stage. R-PEPauis highly tailorable. The ‘R’ group can
be any organic molecule (e.g. aliphatic, aromatic, etc.) and can be designed
to be responsive to external stimuli. The PEPay sequence can also be
modified. Rosi and coworkers realized that the N-terminal amino acids of
PEPAs (AYSSGA) engage in [(-sheet formation, which facilitates the
assembly of some R-PEP,, into twisted amyloid-like fibers. This B-sheet
region can be modified to adjust the assembly propensity by adding
additional hydrophobic amino acids, for example. Finally, the chirality of
the amino acids themselves can be either R or S, which can impact the
chirality of the resulting assembly. Below, we highlight some of the
unique materials prepared using this methodology.

As a first demonstration of the utility of this synthetic method, Ci»-
PEPa, (a 12-carbon aliphatic chain conjugated to PEP4y) was used to direct
the synthesis and assembly of AuNP double helices [91] (Fig. 1.16 a-c). It
should be highlighted that the assembled Au NP double helices exhibited
exceptional structural fidelity; that is, the Au NPs were fairly mono-
dispersed (~8 nm), the helical pitch was consistent (~83 nm), and the
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predominant product in the synthesis was Au NP double helices. Many
structural features, such as NP size and interparticle distances, could be
further tuned by adjusting synthetic conditions [92] (Fig. 1.16 d-f). A
molecular model for the peptide conjugates was proposed which was then
used for the design and rational construction of future superstructures.

PRSI '?-‘Fo}'&&%
®
*

I

50 nm
]

[
-

Fig. 1.16. Double helical Au NP superstructures. TEM image (a), rendered tomographic
reconstruction image (b), and schematic model (c) of Au NP double helical superstructures
directed by peptide conjugate Ci2-PEPa,. Structural parameters such as constituent NP
dimensions (d-f) could be tuned for Au NP double helices. (a-c) Reproduced with
permission from ref. [91]. Copyright 2008, American Chemical Society. (d-f) Reproduced
with permission from ref. [92]. Copyright 2010, American Chemical Society.

Due to the helical nature of the superstructure, the Au NP double
helices exhibited circular dichroism (CD) at the plasmon frequency. As a
result, it could be rationally proposed that the handedness of the
superstructures could be tuned by using left- or right-handed constituent
amino acids. It was then demonstrated that conjugates consisting of all L-
amino acid residues yielded left-handed helices and D-amino acid right-
handed [93], and mirrored CD signals were observed for these two
assemblies, respectively (Fig. 1.17). The experimental CD signals also
corresponded well with computational results. These findings
demonstrated that rational molecular level modification of the peptide
conjugate could be used to control the assembly and chiroptical properties
of the helical superstructure.
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Fig. 1.17. Chirality of the Au NP double helices could be dictated by using all L- or D-
amino acids for C,-PEP4, conjugates. (a) Left- and (b) right-handed Au NP double helices
are observed under TEM. Scale bar = 20 nm. (c) Mirrored chiroptical signals are observed
for the two superstructures respectively. Reproduced with permission from ref [93].
Copyright 2013, American Chemical Society.

A variety of other superstructures were also prepared by systematically
modifying the composition of the peptide conjugate. These modifications
focus on the following aspects of the conjugates: 1) R-group, 2) the
valency of the conjugate (number of the peptides attached to one R-group),
and 3) amino acid residues. For example, as an early attempt to explore
this strategy, biphenyl groups were conjugated to PEP4, instead of the Cy»
aliphatic chain [94]. It was reasoned that peptide assembly could be
promoted due to the -7 stacking interactions of the biphenyl groups. The
biphenyl-PEP4, promoted formation of 1-D AuNP assemblies along the
peptide fibers.

Based on known design principles for amphiphile assembly, it was
known that the length of the aliphatic component could potentially affect
the assembly morphology of a peptide conjugate [95]. Thus, tuning the
length of the aliphatic chain could lead to variation in the morphology of
Au NP superstructures. Following this strategy, spherical Au NP
superstructures were prepared by using the peptide conjugate, Cs-AA-
PEPay (a 6-carbon chain conjugated to PEPa, spaced by two additional
alanine residues) [96] (Fig. 1.18 a-c). A shorter aliphatic chain allowed for
the formation of peptide vesicles instead of peptide fibers. Furthermore,
the size of the spherical Au NP superstructure could be tuned by carefully
adjusting the synthetic conditions [97]. The resulting Au NP spheres
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exhibit a hollow interior. Taking advantage of this feature, it was further
shown that these spherical superstructures had potential application in
drug-loading and release [98] (Fig. 1.18 d). More specifically, it was
demonstrated that the Au NP spheres could take up a common drug
doxorubicin (DOX), and upon addition of proteinase K, a non-specific
peptidase, large Au NP superstructures (~150 nm in diameter) started to
release DOX upon digestion of the peptide scaffold. Additionally, in the
presence of light irradiation at 805 nm, both large and medium (~70 nm in
diameter) Au NP spheres showed degradation behavior which led to the
release of DOX.

Fig. 1.18. Spherical Au NP superstructures constructed using Cs-AA-PEPa,. (a, b) TEM
images of Au NP spherical superstructures. (c) 3-D surface rendering of the tomographic
volume of Au NP spheres Reproduced with permission from ref [96]. Copyright 2010,
American Chemical Society. (d) Cumulative release profile of DOX-loaded Au NP spheres
upon irradiation with 805 nm light. Reproduced with permission from ref [98]. Copyright
2015, Royal Society of Chemistry.

In 2016, a new class of single-helical superstructure with tunable
features was constructed using Cx-(PEPA,™%), (x = 16-22, M-ox indicates
methionine sulfoxide), in which two PEP, sequences were tethered to the
same aliphatic tail [99-101] (Fig. 1.19 a-f). This family of peptide
conjugates assemble into helical ribbons and the Au NPs decorating the
helical ribbons were consequently assembled in a single-helical fashion.
As the tail length increases from Ci¢ to Ca, the pitch length of the Au NP
helices increases from ~80 nm to ~128 nm, while the size of the constituent
Au NPs decreases from ~14 nm to ~6 nm. Meanwhile, the intensity of the
corresponding chiroptical signals of the Au NP single helices, which was
predicted to be inversely proportional to pitch length, decrease as the
aliphatic tail length increases from Cis to Cz. The CD response of the
single helices formed using Ci6-(PEPA,""), and Cis-(PEPA,M %), as
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quantified by the g-factor (anisotropic factor), were the highest not only
among this family but also among the highest reported for helical NP
assemblies (~0.02-0.04). This example demonstrated that simple chemical
modifications could be employed to control the helical pitch, the
nanoparticle size, and the chiroptical properties within a family of helical
nanoparticle superstructures.

Some features of the assembled structures, such as metrics and
morphology, could be further adjusted by introducing external reagents.
Citrate, another particle capping agent, could be used to affect the
dimensions of the NP within the superstructures. [92, 93]. Likewise, it was
recently demonstrated that adding an external surfactant,
cetyltrimethylammonium bromide (CTAB), could promote anisotropy in
the Au NPs within the single-helical superstructures [102], where
hexagonal and prismatic particles were observed within the superstructure
(Fig. 1.19 g).
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Fig. 1.19. Single helical Au NP superstructures. (a) TEM image and (b) 3-D rendering of
tomographic rendering of single helical Au NP superstructures directed by peptide
conjugate Cjs-(PEPA,M%). (c) AFM mapping and schematics representation of the
underlying coiled ribbon assembly of peptide conjugate. (d) The resulting Au NP single
helices showed enhanced chiroptical response with a g-factor of 0.02. Reproduced with
permission from ref. [100]. Copyright 2016, American Chemical Society. (¢) Schematic
illustration of tuning structural features of single helix assembly by modifying the aliphatic
tail of peptide conjugate Cx-(PEPA,M %), (x = 16-22). (f) TEM images of single helical Au
NP assembly directed by conjugates Cx-(PEPA,M), (x = 16-22). Reproduced with
permission from ref. [100]. Copyright 2017, American Chemical Society. (g) Adding
auxiliary particle capping agents to the synthesis of Au NP single helices introduced
anisotropy to constituent particles. Reproduced with permission from ref. [102]. Copyright
2018, Wiley-VCH.
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As detailed above, this one-pot, single-step methodology presents an
easy, simple, and highly tunable approach toward building well-defined
Au NP superstructures. Programmable control over the molecular
structure of the peptide conjugates allows one to design a diverse
collection of superstructures and fine tune their morphology, structural
parameters, and physical properties.

1.4 Conclusions and Outlook

The representative examples described in this chapter showcase the
versatile role that peptides play in the synthesis and assembly of plasmonic
NP. Many challenges and opportunities remain in this exciting field. For
example, it remains difficult to predict the assembly and binding capability
of a specific peptide based on a given sequence. In contrast, DNA origami
can be engineered to access a desired geometry based solely on the design
of the base-pair sequence [103]. Many peptide sequences, as mentioned
above, are selected via the phage-display method, where a given inorganic
surface is provided as a target. Even though this method can isolate
peptides that bind to different facets of a NP of the same composition [75],
we are still building NP superstructures based on known sequences of
peptides. In many cases, the known inorganic-binding peptides may not
assemble into target structures. Therefore, it would be ideal if one could
rationally modify the peptide sequence to promote its assembly without
detrimentally affecting its inorganic recognition capability. Computational
studies that examine the role played by individual amino acids for NP
binding are helping us understand the assembly and recognition behavior
of peptides [104], and may ultimately allow us to rationally design
peptides that both bind NP and direct their assembly.

Opportunities also exist in the preparation of dynamic assemblies that
respond to external stimuli such as light, pH, ionic strength, pressure, etc.
Given the molecular tunability of peptide sequences and peptide
conjugates, responsive behavior can potentially be built into the NP
superstructures at the molecular level. For example, peptide sequences
could be design to bind specific target molecules. Upon binding, the
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morphology of the peptide assembly may change, which would lead to a
structural change in the NP superstructure and an accompanying
perturbation to its plasmonic signal. In this way, sensors for specific
molecules could be designed.
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