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Gold nanoparticles (Au NPs) attract significant research attention due to their unique
chemical, physical and biological properties, which make them promising candidates for various
applications in electronics, catalysis, sensing, and therapeutics. When gold nanoparticles are
organized into superstructures, new collective properties emerge, leading to a large expansion to
their existing properties and applications. Of particular interest are peptide-based Au NP
superstructures, in which peptides and peptide conjugates serve both as structure directing agents
and Au NP capping agents.

While many previous research advances focused on assembling Au NPs into a certain
superstructure using peptide or peptide conjugate molecules, an emerging area of research focuses
on introducing dynamics to these peptide-based Au NP superstructures and tailoring their
properties. Stimuli-based tunable handles can expand the horizon of applications of Au NP
superstructures. Some intuitive but interesting questions can be asked: What stimuli can we use?
How does the material behave when the stimuli are applied? How do we systematically tune the
responsive behavior?

Many potential nanomaterial applications require that they be stable and durable. It is thus
equally important to study and analyze peptide-based Au NP superstructures under various
conditions. What destabilizes peptide-based Au NP superstructures? What factors influence the

stability of the NP assembly? How can the stability of the assembly be enhanced?

v



This dissertation describes several research projects aimed at answering these compelling
questions. First, a review of Au NP superstructures, in particular those fabricated using peptide-
based precursors, is provided, which is followed by previous examples of stimuli-responsive
materials and stability studies of NP assemblies. Second, I introduce a photo-responsive moiety to
the peptide conjugate, which enables reversible changes to the morphology of both the peptide
assembly and peptide-directed Au NP superstructures. By systematically tuning structural
parameters of the peptide conjugate, an optimized morphology transition is realized upon light
irradiation. Additionally, a new strategy for controlling photo-induced superstructure
transformations based on host-guest chemistry is presented. Finally, I investigate the factors
impacting the stability of Au NP single helices and determine strategies for enhancing their

stability under different environmental conditions.
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1.0 Introduction to Peptide-Directed Gold Nanoparticle Assembly

PARTS OF THIS CHAPTER are under review as a book chapter entitled “Peptide-based
methods for the assembly of plasmonic nanostructures.”

Nanostructures are a family of materials that have at least one dimension between 1 and
100 nm.! Compared to bulk materials, nanostructures are particularly exciting to researchers
because they exhibit unique and exceptional chemical,? physical,® and/or biological*® properties
due to the fact that at least one dimension is confined to the nanometer regime. Control over the
size, shape, and composition of nanostructures allows for control over the fundamental properties
of the material.” Furthermore, ensembles of nanostructures give rise to the emergence of new
collective and complex properties when the nanostructures are organized in a hierarchical manner.
Nanostructures, along with their assemblies, are promising building blocks for materials with
advanced functional capabilities.®!!

Peptides are a family of linear biomolecules composed of sequences of amino acids linked
via amide bonds. As a result, many properties of peptides, such as self-assembly and surface
recognition, are sequence-specific. Therefore, tuning the sequence of amino acid residues within
a peptide could lead to precise control of the overall properties of the peptide, which, of course,
includes control of self-assembly architecture and inorganic surface binding. Based on the unique
properties of peptides, their ability to direct and regulate the assembly of nanoparticles, especially
gold nanoparticles (Au NPs), is attracting much research interest.!>* By rationally designing the
peptide, the morphology and properties of the resulting Au NP assemblies can be systematically
modified, which exemplifies the capability of peptides as excellent assembly agents for

constructing complex Au NP superstructures.



Introducing reversibility to nanoparticle assemblies is of great importance in material
science as it serves a new route toward the development of stimuli-responsive materials. In

particular, stimuli-responsive Au NPs, which have many unique properties such as drug delivery

35-37 38-39

or bio-sensing, are probably one of the most studied nanomaterials. Precisely controlling
the reversible morphological transitions of AuNP assemblies is very important, because many
physical and chemical properties of these assemblies are governed by their morphology and/or
metrics. Our aim is to adapt design methodology developed for constructing morphologically-
tunable peptide-based assemblies to prepare and study structurally-responsive nanoparticle
superstructures.

The structural stability of Au NP superstructures should be a controllable feature. Some
downstream applications may require highly robust materials while others may require
intermediate stability. It is important to examine the stability of peptide-based NP superstructures
under a wide range of conditions, such as at elevated temperatures, under photo-irradiation, at
acidic/neutral/basic pHs, within biofluids, and in the presence of other biomolecules. More
broadly, understanding the factors impacting the NP and NP assembly stability is important for
developing safe, durable, and effective materials for biosensing, therapeutics, and electronic
devices.

Motivated by the discussion above, in this chapter I will first set the stage by introducing
and reviewing plasmonic nanoparticles and their assemblies. Discussion will then be focused on
peptide-based Au NP superstructures in particular. Next, I will present advances made in
controlling NP assembly in the presence of external stimuli and in controlling the colloidal stability

of NPs. Finally, a brief introduction to the three projects I have completed in my Ph.D. studies will

be provided.



1.1 Plasmonic Nanoparticles

Inorganic nanostructures have attracted widespread attention over the last several decades.
For example, research on metallic nanoparticles, semiconducting nanoparticles,*’ and metal oxide
nanoparticles are abundant and expanding constantly due to their capabilities as bio-imaging

5:2642.48-49 and catalysts.>>*>3 The performance

tools,!*!42 drug delivery vehicles,**” bio-sensors,
and properties of inorganic nanomaterials can be tuned and optimized through systematic tuning
of their composition, size, and assembly architecture.

To construct a specific nanostructured material, two common strategies are used: the “top-
down” approach or the “bottom-up” approach (Figure 1.1). The first approach usually starts from
a bulk material and one or more dimensions of the material is gradually reduced to nanometer
scale. This process resembles how a sculpture is carved from bulk marble. Control over the size
and shape of the resulting product can be precise; however, hierarchy or complexity of the material,
such as composition mixing or layer-by-layer arrangement, may present a challenge. On the
contrary, the “bottom-up” approach often involves hierarchical manipulation of atomic, molecular,
and nanoparticle building units. This approach is flexible, and the chemical or physical properties

of the final nanostructure can be tailored through rational design and synthesis of the constituent

building blocks.
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Figure 1.1. Two strategies of constructing nanostructured materials: (a) “top-down” approach and (b)

“bottom-up” approach.

Plasmonic nanostructured materials, in particular, have attracted considerable attention
because they exhibit unique size- and shape-dependent optical properties. The dimensions of the
material lead to geometric confinement of electrons. When the oscillation of conduction electrons
matches the frequency of incident light, a phenomenon called localized surface plasmon resonance
(LSPR) occurs (Figure 1.2).*>** Based on the composition, size, shape, dielectric environment,
and/or assembly/aggregation state of the metallic NPs,*>" the position of the LSPR varies from
the visible to near infrared (NIR) regime in the spectrum, which allows for a wide variety of

applications, especially in optical sensing.*?
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Figure 1.2. (a) Schematic representation of localized surface plasmon resonance (LSPR) of nanoparticle. (b)

Example of Au NPs of different sizes exhibit different LSPR effect. Reproduced with permission.>” Copyright

2007, Nature Publishing Group.



One way of uncovering new and unusual plasmonic optical properties of nanoparticles is
to assemble them into structurally well-defined superstructures which will exhibit collective
optical properties that depend on the arrangement of the constituent nanoparticles. There are many
biomolecules such as nucleic acids, carbohydrates, proteins,’® and peptides® that are themselves
“nanoscale” and can be used to impact nanomaterial properties and influence their assembly. We
focus exclusively on peptides as directing agents for nanoparticle synthesis and assembly. Peptides
are excellent candidates for this task due to their unique sequence-specific self-assembly and

inorganic surface recognition capabilities.

1.2 Peptide-Based Au NP Superstructures

1.2.1 Peptide Assembly

Peptides have multiple levels of structure, with the simplest being the primary structure —
the sequence of amino acids in a polypeptide chain. The next level of structure is the secondary
structure, which is due to interactions between atoms along the peptide backbone. Depending on
the sequence, conformation, and stereo-configuration of the constituent amino acids, peptides may
exhibit many different secondary structures, with a-helix and S-sheet being the most common. In
terms of self-assembly of peptides, extensive effort has been invested in studying the f-sheet
secondary structure due to its ability to direct and form a variety of structures, as well as its critical

role in peptide fibrilization in Alzheimer’s disease.5%¢!



Intra- or inter-peptide hydrogen bonding is the driving force for forming the secondary
structure, which is essentially the interaction between different amino acid residues. However,
forming a designated structure could 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 assembly, thus expanding the possibilities of assembled structure.
The resulting peptide-base molecules are often termed “peptide conjugates.” They can assemble

into various well-defined nanoscale structures, such as spherical or tubular micelles or vesicles,®*

64-65 22,66

83 twisted or coiled nanoribbons, and two dimensional nanosheets, often via non-covalent
interactions, such as hydrophobic/hydrophilic interactions, electrostatic interactions, hydrogen
bonding, and m-m stacking. Not only do these conjugated moieties facilitate the formation of
superstructures, but they also introduce new functionalities, such as cell recognition,®’ stimuli

8

responsiveness,®® and fluorescence labeling.® Conjugation of peptides with other molecules

greatly expands their capabilities both as directing agents for self-assembled nanostructures and as

biocompatible functional materials.?"*7!

1.2.2 Recognition Abilities of Peptides

In addition to the self-assembly properties of peptides, peptides are also widely used based
on their sequence-specific recognition abilities to both biological*>’*7* and non-biological
materials.”* 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.’”>””” 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.”®” For my work, I will focus on the role and capability of peptides to recognize, bind,
and influence the synthesis and assembly of inorganic, specifically plasmonic, nanomaterials.
Although both peptides and proteins exist in natural systems and can promote the formation

80-81 peptides are obviously less complex in terms of sequence,

of functional inorganic materials,
synthesis, and purification, and peptides could possess the same recognition sequence for inorganic
materials as proteins. There are many peptide sequences (Table 1.1) that bind exclusively to a

certain inorganic surface which have been identified, selected, and isolated both in natural systems

and through laboratory in vitro selection.

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

Nanoparticles Sequence References

Au AYSSGAPPMPPF 14,82
DYKDDDDKP 14
AHHAHHAAD 83-84

WAGAKRLVLRRE V7

WALRRSIRRQSY 17

MHGKTQATSGTIQS 3%

Ag AYSSGAPPMPPF 82

NPSSLRRYLPSD 82,86

SLTATQPPRTPPV 82

Cu HGGGHGHGGGHG ¥

A good example of selection from a natural system is a sequence AHHAHHAAD (HRE)
from the histidine-rich protein II of Plasmodium falciparum (a unicellular protozoan parasite of

humans)®* which has been found to mediate the aqueous assembly of Ag and Au clusters, in

8



addition to several other metal sulfide and metal oxide materials.®® Matsui and coworkers showed
that the Au precursor-HRE complex forms initially, followed by nanocrystals nucleation.®

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,® which is illustrated in Figure 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® and Au,”>*? but to other inorganic materials including
7Zn0,%>%* GaAs,* Pt,389° Pd,%8 CdS,”® ZnS,”® FePt,” and Ti.!%1°! It should be noted that many
of the peptides listed above are able to mineralize inorganic materials at room temperature, where
preparation of the corresponding inorganic nanomaterials can be easily conducted at mild

conditions.
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Figure 1.3. Phage display and cell-surface display. Reproduced with permission from ref.?’ Copyright 2003,

Nature Publishing Group.

1.2.3 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. I will present each of these methods in the following sections.
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1.2.3.1 Step-wise Assembly of Nanoparticles

Starting from early examples, research on assemblies of plasmonic NPs mediated by
peptide molecules focused on two directions: 1) discovery of new peptide candidates for new
structures, and 2) control over structure parameters based on rational design and modification of
peptide molecules.

One of the earliest examples of one-dimensional AuNP single chain assembly was
demonstrated by Matsui and co-workers in 2002 (Figure 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, CIAuMej3, 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.

11



0

d

—0
S e
\O

b o}

g

/Z—n--.ze//z—'
NI.'
() O—=
E : S

ot

uv./s — sequenced histidine-rich peptide

Figure 1.4. Au nanowire by histidine-rich peptide nanotubules. Reproduced with permission from ref.%

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 (Figure 1.5).!2
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.
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Figure 1.5. Double helical Au NP assembly based on peptides. TEM images of (a) T1 peptide fibrils, (b) Au
colloidal NPs, and (c) double helical assembly of Au NPs directed by T1 peptide at pH = 6. Reproduced with
permission from ref.!”> Copyright 2003, Wiley-VCH.

Stupp et al. described the preparation of a new 1-D assembly of Au NPs via co-assembly
of a tripeptide fiber-forming amphiphilic molecule and a thymine containing molecule (Figure
1.6).%* The co-assembly of the two molecules in the organic solvent CCly afforded nanofibers,
which were then decorated by diaminopyridine (DAP) functionalized Au NPs, forming a 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,®® and it has been
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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

103

organizing for Ag and Au NPs.

d

Figure 1.6. Schematic (a) and TEM images (b) of a tripeptide, fiber-forming amphiphile assisted linear
assembly of Au NPs. Reproduced with permission from ref.%> 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.'> 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.

It should be emphasized that there exists a multitude of natural and non-natural peptide-
and protein-based fiber nano-assemblies, and the examples detailed above serve as proof of
principle that such fibers can serve as templates for the deposition of inorganic NPs. However,

14



such methods do not allow for a sufficient level of synthetic control necessary for fine-tuning

structures and optimizing properties.!'%*

1.2.3.2 One-Pot Synthesis of NP Superstructures

In the previous section, I 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 reduce the complexity of sample preparation.

Our group developed a one-pot peptide-based strategy for synthesizing and assembling NP
into structurally well-defined NP superstructures (Figure 1.7). We 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,'**? AYSSGAPPMPPF (termed A3 or PEPa,, 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-PEPay) 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-PEPau. In essence, all of the structural features of the product NP

15



superstructure can be programmed into R-PEPa, at the design stage. R-PEPa, is 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 PEPa, sequence can also be modified. Members from our
group realized that the N-terminal amino acids of PEPay (AYSSGA) engage in -sheet formation,
which facilitates the assembly of some R-PEP4, into twisted amyloid-like fibers. This -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, I highlight some of the unique materials

prepared using this methodology.
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Figure 1.7. 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 conjugates is dissolved in HEPES buffer

in the presence of an Au precursor, various Au NP superstructures are obtained depending on the kind of

peptide conjugate chosen.
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As a first demonstration of the utility of this synthetic method, Ci2-PEPay (a 12-carbon
aliphatic chain conjugated to PEPay) was used to direct the synthesis and assembly of AuNP
double helices (Figure 1.8a-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 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 (Figure 1.8d-f).'% A molecular model for the
peptide conjugates was proposed which was then used for the design and rational construction of

future superstructures.

Figure 1.8. 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 C12-PEPau.
Structural parameters such as constituent NP size (d-f) could be tuned for Au NP double helices. (a-c)
Reproduced with permission from ref.'® Copyright 2008, American Chemical Society. (d-f) Reproduced with

permission from ref.!’ 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
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acids. It was then demonstrated that conjugates consisting of all L-amino acid residues yielded
left-handed helices and D-amino acid right-handed,'% and mirrored CD signals were observed for
these two assemblies, respectively (Figure 1.9). 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.

Circular Dichroism (milldegree)

400 450 500 550 600 650
Wavelength (nm)

Left-handed Right-handed

Figure 1.9. Chirality of the Au NP double helices could be dictated by using all L- or D-amino acids for Ciz-
PEPau conjugates. (a) Left- and (b) right-handed Au NP double helices are observed under TEM. Scale bar =
20 nm. (¢) Mirrored chiroptical signals are observed for the two superstructures respectively. Reproduced with

permission from ref.!% 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 PEPa, instead of the Ci2 aliphatic.!”’” It was reasoned that
peptide assembly could be promoted due to the n-n stacking interactions of the biphenyl groups.

The biphenyl-PEPay promoted formation of 1-D AuNP assemblies along the peptide fibers.
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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.!® 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
PEPAu spaced by two additional alanine residues) (Figure 1.10a-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.>*
The resulting Au NP spheres 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 (Figure 1.10d).!” 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.

—=— Madium spheras
——Large spheres

B2l
-
e

Figure 1.10. Spherical Au NP superstructures constructed using Ce-AA-PEPau. (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.2’ Copyright 2010, American Chemical Society. (d) Cumulative release profile of
DOX-loaded Au NP spheres. Reproduced with permission from ref.!” Copyright 2015, Royal Society of
Chemistry.
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In 2016, a new class of single-helical superstructure with tunable features was constructed
using Cx-(PEPAM ), (x = 16-22, M-ox indicates methionine sulfoxide), in which two PEPay
sequences were tethered to the same aliphatic tail (Figure 1.11a-f).2>?7-28 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 Cis to Cao,
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 C22. The CD
response of the single helices formed using Ci6-(PEPAM ), and Cis-(PEPAM )2, as 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.
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Figure 1.11. 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 Cis-(PEPAJM)2. (¢) 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.”” 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%)2
(x = 16-22). (f) TEM images of single helical Au NP assembly directed by conjugates Cx-(PEP.*%); (x = 16-
22). Reproduced with permission from ref.?® 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.''” Copyright 2018, Wiley-VCH.

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.'®1% Likewise, it was recently

demonstrated that adding an external surfactant, cetyltrimethylammonium bromide (CTAB), could
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promote anisotropy in the Au NPs within the single-helical superstructures,'!® where hexagonal
and prismatic particles were observed within the superstructure (Figure 1.11g).

As detailed above, this one-pot, single-step methodology is a straightforward and highly
tunable approach for 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.

1.3 Reversible Assemblies of NPs

The nanoparticle assemblies described above are static in that they do not undergo any
significant morphological transitions once they are fabricated. The fabrication and study of
dynamic nanoparticle assemblies that are programmed to undergo switchable morphological
transitions is a frontier in nanoparticle assembly research. The complex and sophisticated functions

of many natural materials are due to some form of responsiveness or reorganization of building

blocks in response to external stimuli. These functions and behaviors, such as phototaxis,!!!-!1?

113-115 117-118 119-121

camouflage, self-healing,!'® homeostasis, and signal amplification, usually
originate from dynamic responses of constituent building blocks of biological systems: amino
acids, peptides and proteins. Although it is still premature for chemists to fully reproduce the
complexity and delicacy delivered by natural systems, research has never stopped toward

122-123 in order to

introducing nature-inspired stimuli-responsiveness to existing building blocks
impart switchable optical, catalytic, and electronic properties. Among these building blocks, NPs

are particularly attractive. As discussed above, the NPs could be synthesized with different sizes,

shapes and compositions, each with unique properties. In addition, by carefully tuning the surface
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chemistry of NPs, it is easy to control the degree of aggregation/assembly, which could further
impact the chemical and physical properties.
Many different external stimuli could be used to initiate a morphological transition for a

nanoparticle superstructure. Common stimuli include light,*>33124136 temperature, 136-14! pH,*7:14>-

143 18,144-145 127,146-147 148-150 151-153

metal ions, gases, electric fields, magnetic fields, and

biomacromolecules (DNA,'*® protein,”® enzyme,""!>*

etc.). Sometimes, one nanostructured
material can even simultaneously respond to more than one type of stimuli. In the following
subsections, I will present a selection of these stimuli and how they impact the NP and their

assemblies, which will ultimately lead to my motivation to study dynamic Au NP assemblies using

photo-responsive peptide conjugates.

1.3.1 Light

Among the abovementioned stimuli, light is probably the most popular one due to several
reasons: 1) it is an external stimulus which can be delivered remotely; 2) one can precisely control
the location where the photo-irradiation is applied; 3) the degree of response could be controlled
by the time length of irradiation; and 4) different reactions could be triggered based on the
wavelength of the light selected. A common model for constructing dynamic NP assemblies is to
introduce photo-responsive moieties, such as azobenzenes, to the capping ligands of metallic NP
building blocks. As shown in Figure 1.12, upon UV irradiation, the stable trans azobenzene rapidly
isomerizes into the relatively unstable cis conformation, resulting in changes in two aspects —
geometry and polarity: the linear, non-polar trans azobenzene isomerizes into the bent, polar cis
conformation. Either visible light irradiation or thermal relaxation could induce the cis 2trans
isomerization. Consequently, for the NP building blocks, the distances between capping ligands
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or between NPs and the surface polarity of NPs can be adjusted and tuned, leading to the
disassembly, aggregation, or reorganization of NP building blocks depending on the capping
ligand and solvent used.'*>!3> Moreover, the assembly-disassembly can be often repeated for
multiple times due to the chemical robustness of azobenzene.
R4
N=N

N=N ———
Ry R,

R,

Figure 1.12. Photo-isomerization of azobenzene.

As mentioned in previous sections, one of the most interesting properties of plasmonic NPs
and their assembly is the LSPR. Thus, controlling the assembly or disassembly of these NPs leads
to a change in color. An early endeavor to control the assembly/disassembly of NPs was made by
Prasad and coworkers.!>® As shown in Figure 1.13a, they prepared a Au NP network linked by an
azobenzene thiolated ligand. The linkage ligand consists of two thiols “arms” connected by an
azobenzene moiety. Upon UV or visible light irradiation, interparticle distances decreased or
increased, respectively, due to the trams-cis photo-isomerization of azobenzene. The resulting
change in interparticle distances induced a red or blue shift in the LSPR peak of the Au NP
network. Klajn and coworkers presented a similar work to control the LSPR of NPs, however, with
more precise control of NP — creating crystal-like NP assembly (Figure 1.13b).!3! Using a dithiol
ligand, upon light irradiation, NPs could assemble into highly-ordered, three dimensional
reversible or irreversible superstructures: light-reversible or irreversible crystals or NP

superspheres of various sizes. They can also control the degree of crystal formation based on the
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strength of the light applied, the dipole-dipole interactions between the NPs, and the ligand
coverage on the NPs. Not only do these assembly morphologies exhibit different LSPR bands, but
for some the reversible assembly could be repeated multiple times. Klajn et al. also prepared a
self-erasable nanoparticle “ink”.'”* An organogel-based film was soaked with Au or Ag NPs
functionalized with thiolated azobenzene ligands (Figure 1.13c). Upon UV irradiation, the color
of the NP embedded film turned purple, which later turned back to pink after illumination by
visible light or thermal relaxation. If a certain area of the film was covered by a mask pattern, only
the exposed area of the film to would be irradiated by UV light, leading to customized patterning
of the film. It should also be noted that the lifetime of the pattern could be easily controlled by

adjusting the coverage ratio of the azobenzene ligand on the surface of the nanoparticle.
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Figure 1.13. Controlling NP assembly using light. (a) An early example of controlling aggregation of Au NPs
by functionalizing the surface of Au NPs with a dithioliated azobenzene ligand. Reproduced with permission
from ref.!>> Copyright 2005, American Chemical Society. (b) Assembling Au NPs into well-defined crytaline

superstructures using light. Reproduced with permission from ref.'>! Copyright 2007, The National Academy
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of Sciences of the USA. (¢) Light-induced self-erasable film doped with photo-responsive Au NP. Reproduced
with permission from ref.'”” Copyright 2009, Wiley-VCH. (d) Catalysis that can be turned “on” and “off” by
using photo-responsive Au NPs. Reproduced with permission from ref.> Copyright 2010, American Chemical
Society. (¢) Tuning Au NP assembly and disassembly based on azobenzene-f-CD host-guest interactions.

Reproduced with permission from ref.'® Copyright 2016, American Chemical Society.

One other interesting feature of NPs is their catalytic activity. Researchers from
Grzybowski’s group designed a photoswitchable catalytic system induced by dynamic aggregation
of Au NPs (Figure 1.13d).>* A hydrosilylation reaction could be turned “on” and “off” based on
active, disassembled Au NPs and inactive, aggregated Au NPs, respectively. As the Au NPs were
functionalized by azobenzene thiolated ligands, the transition between disassembled and
aggregated Au NPs was easily induced by shining UV and visible light, respectively.

In addition to using azobenzene alone for reversible assembly of NPs, researchers from
Ravoo’s group designed an azobenzene-cyclodextrin host-guest system to access reversible self-
assembly by light (Figure 1.13e).!°® Azobenzene is known to interact with cyclodextrin molecules,
with the trans isomer residing inside the cyclodextrin (in this case, f-cyclodextrin or f-CD) cavity;
whereas the cis isomer becomes detached from the f-CD molecule. By using bis-arylazopyrazole
as the non-covalent, photo-responsive “glue”, they were able to construct assemblies with Au NP
functionalized with f-CD. Similar to azobenzene, arylazopyrazole can be toggled between trans
and cis conformations by illuminating samples with UV or visible light; however, arylazopyrazole
showed higher efficiency in photo-isomerization and higher thermal stability in cis isomer than
azobenzene. The disassembly-reassembly cycle could, thus, be repeated for multiple times without

observable fatigue.
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1.3.2 Other Stimuli

1.3.2.1 Temperature

Apart from light, other triggers are also widely studied and utilized in preparing dynamic
NP assemblies. For example, temperature is a readily accessible stimulus that can be delivered
universally to a sample. A common strategy is to use elevated temperatures to induce NP
disassembly. Lewandowski, Goérecka et al. synthesized thermally responsive Ag NPs, whose
surfaces were fabricated with liquid-crystal-like molecules.!*® Capitalizing on the temperature
dependent phase transitions of liquid crystals, they were able to manipulate the ordered or
amorphous assembly of Ag NPs by cooling or heating the sample, respectively. In some cases,
increasing the temperature can also induce assembly of NPs. Bishop and coworkers found that
equal amounts of positively and negatively charged Au NPs were stable as a colloidal solution in
a high ionic strength solution at 10 °C, but the Au NP started to aggregate when the temperature
was elevated to 40 °C.!*® The charge-driven assembly was attributed to the desorption of
stabilizing ions which was responsible for the colloidal stability of Au NPs at low temperatures.
When temperature increased, the Au NPs with positive and negative charged aggregated due to

Coulombic interactions.

1.3.2.2 Biomolecules

Biomolecules can also trigger assembly or disassembly, which is one of the underlying
driving forces for living systems. An early example using DNA as the input switch was
demonstrated by Hazarika and coworkers.!*’ The aggregation of two kinds of Au NPs modified
with two distinct DNA sequences (A and B) was initiated by inputting a DNA strand, Fj,
complementary to both A and B. The reverse process — disassembly — was triggered by inputting
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a DNA strand, F4, complementary to F,. Furthermore, the assembly-disassembly cycle could be
repeated for several cycles, only leaving the F,-Fy DNA duplex as the chemical waste. Proteins
are also potentially useful for controlling the reversible assembly of NPs. Gurunatha et al.
succeeded in assemble Au NPs based on artificial repeat proteins.’® The strong pairing of two
proteins, A3 and a2, induced Au NPs functionalized with these two proteins to co-assemble upon
mixing. The degree of co-assembly could be easily controlled by the ratio of the protein to the

NPs.

1.3.2.3 pH

Another popular stimulus among researchers is pH. Since the colloidal stability of NPs is
largely dependent on the NP surface charge, it is only natural for chemists to assemble or
disassemble NPs by changing the pH of the solution. By grafting the NPs with pH-responsive
ligands, assembly or disassembly can occur in acidic or basic environments. Grzybowski and
coworkers modified Au NP with a 2-fluoro-4-mercaptophenol ligand, whose protonation and
deprotonation took place around neutral pH.'>” When the pH decreased from ~9 to ~7,
deprotonation of the terminal -O" groups led to assembly of Au NPs, while the reverse process of

assembly occurred for NPs modified with basic ligand.

1.4 Objectives of the Dissertation

My research has focused on the development of peptide-based methods for building NP

superstructures that can undergo morphological transitions in response to light and elucidating the
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factors that influence the stability of peptide-based nanoparticle superstructures in various
conditions.

In Chapter 2, I introduce an azobenzene moiety, a photo-responsive switch, to a gold-
binding peptide conjugate to induce light-triggered reversible assembly of one-dimensional Au NP
superstructures. A family of peptide conjugates were synthesized with systematically tuning of
organic tail and f-sheet sections of the conjugates, allowing for systematic tuning of reversible
morphology transitions of Au NP superstructures upon UV or visible light irradiation.
Hydrophobic-hydrophobic interactions and S-sheet hydrogen bonding interactions are adjusted to
carefully control the transitions between one-dimensional and spherical Au NP superstructures.

Inspired by the findings in Chapter 2, I continue to explore other possibilities based on the
azobenzene peptide conjugates. In Chapter 3, I utilized the photo-induced host-guest interaction
between azobenzene and f-cyclodextrin (#-CD) to establish a novel strategy for directing the
assembly of discrete Au NPs into one-dimensional superstructures using UV irradiation. Discrete
Au NPs were first synthesized using the azobenzene/~CD conjugates, where the bulky
azobenzene/-CD conjugate inhibited assembly of Au NPs into a well-defined superstructure.
Upon UV light irradiation, the f-CD was released from the peptide conjugates, allowing for
assembly of one-dimensional Au NP superstructures.

Chapter 4 describes a systematic study of the stability of Au NP single helices in the
presence of three environmental conditions: elevated temperature, and two peptide denaturants,
protease K (ProK) and urea. I found that the stability of the Au NP single helices could be enhanced

by increasing the constituent NP size within the Au NP single helices.
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2.0 Design and Preparation of Photo-Responsive Peptide Conjugates for the Construction
of Gold Nanoparticle Superstructures Having Photo-Regulated Morphological

Transitions

This work is completed with collaboration with Andrea D. Merg, Dapeng Sun, Zhengyi
Yang, Peijun Zhang and Nathaniel L. Rosi. A manuscript is in the final stages of preparation.

Azobenzene-based peptide conjugates have been used to control the reversible assembly
of gold nanoparticles. A series of peptide conjugates, Azo-(CH2)m-An-PEPaAy (m = 1-3; n = 0-2;
PEPau = AYSSGAPPMPPF), with varied hydrophobic and f-sheet interactions were designed to
systematically tune the assembly structure and control the reversibility behavior (Figure 2.1). By
increasing the length of the aliphatic spacer or the number alanine residues between the azobenzene
moiety and the peptide section, the resulting gold nanoparticle superstructure shifts from spherical
to linear and becomes less responsive to UV or visible light irradiation. The results provide new

methods for switching the morphology of Au nanoparticle superstructures using light.
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Figure 2.1. Schematic representation of controlling peptide-based photoresponsive Au NP superstructure by

systematically modifying peptide conjugates.

2.1 Introduction

Introducing reversibility to nanoparticle superstructures is of great importance in material
science as it serves a new route toward development of new stimuli-responsive materials.
Nanoparticle superstructures that can undergo a reversible morphological change in response to
an external input could potentially be used for a variety of applications including sensing*? and

drug delivery.***” Compared to other stimuli such as pH*'>%!5° and temperature,!3”!
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light!2%:131.155.161-162 §¢ nrobably the most thoroughly investigated and most broadly used stimulus

because it can be controlled remotely at precise location and duration. While there exist many

125-127.31 e are not aware of

examples of photo-induced aggregation/dispersion of nanoparticles,
examples that report photo-induced transitions between different well-defined superstructure
morphologies. It is well-established that the properties of a NP superstructure depend on the 3-D
structure and the organization of nanoparticles within the structure; therefore, creating shape-
shifting NP superstructures that can interconvert between different morphologies upon input of a
stimulus may allow one to switch the properties of the superstructure on demand. For example, an
ultimate goal may be to create superstructures that can switch between chiral and achiral 3-D
structure; such materials could be used for chiral sensing or as ‘on/off’ negative index
metamaterials.

We have established a peptide-based method to assemble AuNPs into various
morphologies and fine-tune their optical and chiro-optical response by systematically modifying
the underlying peptide conjugates.!®?7-2%163 The peptide conjugate serves as a structure-directing
agent that directs the assembly of AuNPs into target superstructures. Previous reports from the
literature show that azobenzene moieties are useful and efficient for controlling the assembly
behavior of peptide assemblies.'**'% We reasoned that a photo-responsive organic moiety could
be appended to the peptide to create photo-responsive peptide conjugates that might be used to
create photo-responsive NP superstructures: the n-m stacking between azobenzene moieties would
facilitate assembly of the conjugates and, upon UV irradiation, the linear trans azobenzene would

isomerize into the bent cis azobenzene, which could disrupt conjugate packing and assembly and

thus affect the assembly and structure of the NP superstructures.
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2.2 Results and Discussion

Herein, we report a family of photo-reversible peptide conjugate molecules termed Azo-
(CH2)m-An-PEPaAy (m = 1-3, n = 0-2, Figure 2.2a). In addition to the cis/trans switching of the
azobenzene moiety, the conjugates feature two other tunable features: the number of methylene
spacers (m) between the peptide and the azobenzene and the number of alanine residues (n) at the
N-terminus of PEPa,. The additional methylene groups both increase the distance between the
peptide and the photoresponsive azobenzene and increase the length and hydrophobicity of the
‘organic tail’ portion of the conjugate, which could affect assembly morphology and propensity.
Additional alanine residues can affect the hydrophobicity of the N-terminus and inter-peptide
hydrogen bonding, two factors that can also influence assembly propensity and morphology. By
systematically adjusting each component of the peptide conjugates, we envision that the assembly

morphology and photo-responsiveness could be carefully modulated.
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Figure 2.2. (a) Schematic representation of the Azo-(CH2)m-An-PEPau (m = 1-3, n = 0-2). (b-j) TEM images of
peptide assemblies as a function of number of methylene groups and number of alanine residues: (b) Azo-
(CH2)1-Ao-PEPau, (¢) Azo-(CH2)2-Ao-PEPau, (d) Azo-(CH2)3-Ao-PEPau, () Azo-(CH2)1-A1-PEPau, (f) Azo-
(CH2)2-A1-PEPauy, (g) Azo-(CH2)3-A1-PEPau, (h) Azo-(CH2)1-A2-PEPay, (i) Azo-(CH2)2-A2-PEPau and (j) Azo-
(CH2)3-A2-PEPau. (k-p) FT-IR and CD spectra of Azo-(CH2)m-An-PEPau: (k) and (n), n = 0; (I) and (0), n = 1;

(m) and (p), n =2; green line, m = 1; red line, m = 2; blue line, m = 3.

The family of peptide conjugates were synthesized and purified according to established

methods, '’

and their identities were confirmed by mass spectroscopy (see Supporting Information,
Figure 2.11 and Figure 2.15 for detail). We first investigated conjugate assembly in 0.1 M HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) aqueous buffer. These conditions were
chosen because they are used for the nanoparticle synthesis and assembly experiments. Additional
Ca?" ions were added to the assembly solution to promote conjugate assembly.!®® Transmission
electron microscopy (TEM) was used to characterize the assemblies (Figure 2.2b-j). Depending
on the number of methylene spacers and additional alanine residues in each conjugate, either
spherical assemblies or 1-D fibers were observed. More specifically, in terms of number of
additional alanine residues, a clear trend of transition from nanospheres to 1-D fibers was
observed: for conjugates with no additional alanine, Azo-(CH2)m-Ao-PEPay (m = 1 — 3), only
spherical structures were observed (Figure 2.2b-d); when one alanine was added, both spherical
and fibrous assemblies were observed (Figure 2.2e-g); however, only 1-D nanofibers were formed
for conjugates with two additional alanine residues, Azo-(CH2)m-A2-PEPay (Figure 2.2h-j). It was
observed that the methylene spacer also plays an important role in assembly. For the Azo-(CH2)m-
A1-PEPau subset of conjugates, a structure shift from discrete spheres to 1-D fibers occurs when
the number of methylene groups is increased. We concluded from these assembly studies that the
propensity for a conjugate to assemble into fibers is determined by both the hydrophobic (organic

tail) and hydrophilic (peptide) components. We continued to characterize the conjugate assemblies
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with Fourier transform infrared (FT-IR) spectrum and circular dichroism (CD) to gain insight into
the molecular interactions underlying the formation of the assemblies. For the spherical structures
formed using Azo-(CH2)i1-Ao-PEPau, Azo-(CH2)2-Ao-PEPau, Azo-(CH2)3-Ao-PEPay, and Azo-
(CHa)1-A1-PEPay, a broad band around 1650 cm™ is observed in the FT-IR spectra (Figure 2.2k
and 1). However, for the rest of the samples, which formed nanofibers, a sharp peak at 1627 cm™!
is observed (Figure 2.21 and m), indicating f-sheet secondary structure. Interestingly, we do not
observe the characteristic f-sheet signal in CD spectra for conjugates which assemble into fiber
structures. All CD spectra showed a negative maximum at around 205 nm (Figure 2.2n-p),
indicating a polyproline II (PPII) structure, which is commonly observed with PEPay and its
derivatives containing proline residues.!®”"'%® For fiber assemblies, a broad peak at approximately
320 nm associated with the azobenzene group was observed for the nanofibers (Figure 2.20),
indicating that azobenzene is in a chiral environment within the fiber assemblies, whereas no signal
is observed in the same region for nanospheres. The observation that different assembled
nanostructures exhibit different CD profiles can help us spectroscopically determine the
morphology of the peptide conjugate assembly. We concluded from these results that if the
hydrophobic segment in the conjugate is too short, the likelihood of forming spherical structures
increases due to weaker hydrophobic interactions. Likewise, the additional alanine residues
provide additional hydrogen bonding sites between peptide strands, promoting conjugates to pack
more closely with one another and helping form nanofibers.

We next examined how these assembled nanospheres and nanofibers responded to UV or
visible light irradiation. We hypothesize that due to the geometrical differences between trans and
cis isomers of azobenzene, the bent cis isomer would be less favorable for dense conjugate

packing. This would lead to a structural disruption for spherical and fibrous assemblies. After
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incubating in 0.1 M HEPES buffer for 4 hours, each sample was transferred to a quartz cuvette
and irradiated with 355 nm laser for 30 min. TEM studies revealed that conjugates Azo-(CH2):-
Ao-PEPAu, Az0-(CH2)2-Ao-PEPau, Azo-(CH2)3-Ao-PEPau, and Azo-(CH2)i-Ai-PEPay, which
formed nanospheres before UV-irradiation, disassemble upon UV irradiation, with no obvious
assembly observed (Figure 2.3a-d). These samples were next left undisturbed under room light for
18 hours. After visible light treatment, the spherical assemblies reformed (Figure 2.4a-d). For the
nanofiber samples, such as those formed from conjugates with two additional alanine residues, UV
irradiation does not induce any obvious change in morphology (Figure 2.3f-1 and Figure 2.4f-1).
Interestingly, however, a transition of sphere—>fiber>sphere was observed for Azo-(CH2)2-Aj-
PEPau, which has two methylene groups and one alanine residue (Figure 2.3e, Figure 2.4e and
Figure 2.5a-c). To confirm this process, CD spectra were recorded (Figure 2.5d). Disappearance
of the azobenzene peak at 300 nm clearly indicated the disassembly of nanofibers upon UV
irradiation and formation of spherical structures. In addition, through dynamic light scattering
(DLS) measurements, we observed a transition from multiple peaks (before irradiation,
nanofibers), to single peak (after UV irradiation, 304 nm, nanospheres) and then to multiple peaks
(after Vis irradiation, nanofibers, Figure 2.6). From these data, it is clear that the reversibility and
the assembly morphologies of the conjugates can be gradually tuned by inserting methylene groups
and alanine residues. Evidence from Forood et al. showed that alanine residues are important in
forming intermolecular hydrogen bonding, thus leading to stronger binding between peptide

conjugates. '’
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Figure 2.3. TEM images of Azo-(CH2)m-An-PEPau (m = 1-3, n = 0-2) assemblies after UV irradiation for 30 min

(a—1), and corresponding CD spectra (j —I). Black: m =1; red: m = 2; blue: m = 3.
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Figure 2.5. UV and visible irradiation of peptide assemblies and NP assemblies formed using Azo-(CH2)2-A1-
PEPau. Top row: peptide assembly before UV irradiation (a), after UV irradiation for 30 min (b) and after
visible light irradiation for 18 hrs (c), and corresponding CD signal (d) (Green: before UV irradiation; red:
after UV irradiation; blue: after visible light irradiation). Bottom row: NP assembly before UV irradiation (e),
after UV irradiation for 30 min (f) and after visible light irradiation for 18 hrs (g), and corresponding UV-Vis

spectra (h) (Green: before UV irradiation; red: after UV irradiation; blue: after visible light irradiation).
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Figure 2.6. Dynamic light scattering results of Azo-(CH2)2-A1-PEPau, assemblies before UV irradiation (black),

o

after UV irradiation for 30 min (red) and after visible light irradiation (blue).

Having explored the peptide conjugate assembly and their responsive behavior to photo-
stimulus, we proceeded to prepare nanoparticle assemblies and examine their photo-responsive
behavior. The peptide conjugates were dissolved in 0.1 M HEPES buffer, which functions as the
primary reducing agent for gold ions and assists in dissolving the conjugates. An aliquot of a
solution consisting of HAuCls and triethylammonium acetate (TEAA) buffer was added, and the
resulting solution was vortexed and then left undisturbed at room temperature for 4 hours. Because

170

gold ions could also be reduced by UV irradiation, ™ the samples were centrifuged prior to
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irradiation to remove excess gold ions. Nanoparticle assemblies were imaged by TEM (Figure
2.5e-g, Figure 2.7, Figure 2.8, and Figure 2.9). The morphology of the nanoparticle assemblies
formed from different peptide conjugates corresponds to the morphology of the respective peptide
assembly. For Azo-(CH2)m-Ao-PEPay (m =1 — 3) and Azo-(CH2)1-A1-PEPau, gold nanoparticles
formed pseudo-spherical assemblies and discrete NPs (Figure 2.7), while 1-D nanoparticle
superstructures were observed for Azo-(CHz)2-A1-PEPau Azo-(CH2)3-A1-PEPau, Azo-(CH2)1-Ax-
PEPAu, Azo-(CH2)2-A2-PEPay, and Azo-(CH2)3-A2-PEPay. The morphology of the NP assemblies

correlates well with the peptide conjugate assemblies.
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Figure 2.8. TEM images of NP assemblies directed by Azo-(CH2)m-An-PEPaAu (m = 1-3, n = 0-2) after UV

irradiation for 30 min (a —i).
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Figure 2.9. TEM images of NP assemblies directed by Azo-(CH2)m-An-PEPau (m = 1-3, n = 0-2) after visible
light irradiation for 18 hrs (a —i).

We continued to investigate how these assemblies responded to UV and visible light
irradiation. After 30 min UV irradiation, spherical assemblies with Azo-(CH2)m-Ao-PEPay (m =1
—3) and Azo-(CHz)1-A1-PEPau disassembled and formed either discrete nanoparticles or irregular

aggregates (Figure 2.8Error! Reference source not found.a-d). When these samples were further
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treated with visible light, no obvious further changes could be observed via TEM (Figure 2.9a-d).
From peptide assembly, we know that nanospheres disassemble and recover upon UV and visible
light treatment, respectively (Figure 2.3a-d). However, the nanoparticle assembly does not
reassemble.

Irradiation of 1-D nanoparticle superstructures yielded similar results to those of peptide
assembly. Upon 30 min UV irradiation, TEM images showed that no obvious changes occurred to
assemblies produced using Azo-(CH2)3-A1-PEPau, Azo-(CH2)1-A2-PEPau, Azo-(CH2)2-A2-PEP Ay,
and Azo-(CH2)3-A2-PEPay; that is, the 1-D assembly remained mostly intact upon UV treatment
(Figure 2.8f-1). Subsequently, no further changes could be recorded upon visible light irradiation
(Figure 2.91f-1). Even when the superstructures are irradiated with UV for up to 4 hours, no obvious
changes can be observed. The nanoparticle assembly results correspond well to the peptide
assembly data, indicating that strong intermolecular interactions between the peptide conjugates
within the structure.

Among this family of conjugates, Azo-(CH2)>-Ai-PEPay remains the most unique
conjugate in terms of its reversible photoresponsive behavior. After 30 min of UV irradiation, the
1-D nanoparticle superstructures formed using Azo-(CH2)>-A1-PEPau were no longer observable;
instead, spherical assemblies and discrete nanoparticles were the major products (Figure 2.5f).
After subsequent irradiation under visible light for 18 hours, the 1-D nanoparticle superstructures
could be observed again (Figure 2.5g). To better understand the process, we first monitored the
process with extinction spectra (Figure 2.5h). Upon UV irradiation, the plasmon band of assembled
1-D superstructures blue-shifted from 557 nm to 525 nm. After visible light irradiation, a red-shift
from 525 nm to 545 nm was observed. The extinction spectra could be correlated to the

transformation between 1-D and spherical nanoparticle superstructures. We prepared an analogous
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biphenyl-based peptide conjugate and compared its behavior to Azo-(CH2)2-A1-PEPau. BP-AA-
PEPay also assembles into nanofibers and also directs the formation of 1-D nanoparticle
superstructures. When these assemblies and superstructures were irradiated with UV or visible
light, no morphologial changes were observed for either the peptide conjugate assembly or the NP
superstructure (Figure 2.18).

In addition, we measured the individual nanoparticle sizes in each stage of the process, and
the data indicated the particle sizes remained unchanged, from 6.9 +£ 0.9 nm to 7.2 £+ 1.3 nm and
then to 7.9 £ 1.6 nm before irradiation and upon UV and visible irradiation respectively (Figure
2.19). In addition, no nanoprisms or large (diameter > 20 nm) particles were present, which are the
main products from gold ions reduced directly by UV irradiation'”° (Figure 2.20). This suggested
that no additional (at least observable) nanoparticles were formed upon UV irradiation.
Furthermore, to rule out the possibility that the change in morphology was not induced by the heat
from laser irradiation, we monitored the temperature change for each sample during UV
irradiation. The temperature of each sample increased from 2 to 4 °C after irradiation (see Table
2.2). While these samples were incubated at elevated temperature, no obvious change can be
identified. This indicated that morphological shifts were not caused by temperature variation.

We next examined the NP superstructures formed using Azo-(CH2)>-A1-PEPau in more
detail. In order to gain insight into the structure transition process, TEM images at different stages
of transformation were recorded (Figure 2.10). The 1-D superstructures (Figure 2.10a) was
irradiated with UV light for 5 min (Figure 2.10b), 10 min (Figure 2.10c), 15 min (Figure 2.10d)
and 30 min (Figure 2.10e), resulting ultimately in a final spherical morphology. During this
process, linear structures disassembled and spherical structure gradually formed at the same time.

For the reverse process (visible light irradiation), spherical assemblies gradually disassembled and
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linear assemblies were recovered following visible irradiation for 2 hrs (Figure 2.10f), 4 hrs
(Figure 2.10g), 6 hrs (Figure 2.10h), 8 hrs (Figure 2.101) and 12 hrs (Figure 2.10j). The TEM

studies indicated that the morphology transformation is a gradual transition between 1-D and

spherical superstructures.

Figure 2.10. UV and visible light irradiation on Azo-(CH:2)2-A1-PEPau directed assemblies as a function of time.
Top row: UV irradiation of Azo-(CH2)2-A1-PEPau directed assemblies for (a) 0 min, (b) 5 min, (¢) 10 min, (d)
15 min and (e) 30 min. Bottom row: visible light irradiation of Azo-(CH2):-A1-PEPau directed assemblies for (f)
2h,(g)4h,(h)6h,(i)8hand(j)12h.

2.3 Conclusion

In summary, we designed and synthesized a family of photo-responsive peptide conjugates,
Az0-(CH2)m-An-PEPA, (m = 1-3, n = 0-2), with modulated response to photo stimulus based on
the number of additional methylene groups and additional alanine residues between the
photoresponsive azobenzene moiety and the gold binding peptide sequence. Both hydrophobic

interactions (affected by the number of additional methylene groups) and hydrogen bonding
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interactions (affected by the number of additional alanine residues) play key roles in 1) controlling
the morphology of peptide and Au NP assemblies, and 2) governing the photo responses of peptide
assemblies and Au NP assemblies. Reversible, gradual transition between 1-D and spherical
structures were observed for peptide assemblies and Au NP assemblies directed by conjugate Azo-
(CH2)2-A1-PEPay, which has moderate hydrophobic and hydrogen bonding interactions. We
envision that this photo-reversible peptide method may lead to new strategies for designing and
developing novel stimuli-active nanomaterials with switchable optical, electrical, and catalytic

properties.

2.4 Supplementary Information

2.4.1 General Information

All chemicals were purchased from Sigma-Aldrich and used without any further
purification unless otherwise specified. Peptide conjugate were synthesized using typical solid-
state peptide synthesis. 'TH-NMR spectra were recorded on a Bruker DRX 300 spectrometer.
Chemical shifts were recorded in ppm (parts per million) based on residual solvent peaks as
internal reference (de-DMSO &: 2.54 ('H)). Reverse-phase high pressure liquid chromatography
(RP-HPLC) was performed at ambient temperature with an Agilent 1200 liquid chromatographic
system equipped with an Agilent Zorbax 300SB-Cis column. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were obtained on a Bruker ultrafleXtreme
TM MALDI-TOF/TOF mass spectrometer (Grant from National Science Foundation CHE-

1625002) using a-cyano-4-hydroxy cinnamic acid (CHCA) as the ionizing matrix. Transmission
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election microscopy (TEM) samples were prepared by pipetting 5 uL of solution onto a 3-mm-
diameter copper grid with carbon film; 2% aqueous uranyl acetate solution (pH adjusted to 7.0 by
adding 0.1 M NaOH) was used for negative staining. TEM was conducted on a FEI Morgagni 268
operated at 80 kV and equipped with an AMT side mount CCD camera system. UV-vis spectra
were collected using an Agilent 8453 UV-Vis Spectrometer with a quartz cuvette (10 mm path
length) at room temperature. Attenuated total reflectance Fourier transform infrared spectra (ATR-
FTIR) were collected on a PerkinElmer Spectrum 100 FTIR instrument with a universal attenuated
total reflectance sampling accessory coupled to a computer using PerkinElmer Spectrum Express
software. The sample was back-corrected in air. Peptide conjugate was dissolved and sonicated in
0.1 M HEPES buffer (100 uM). After 1 day, the assembled spheres or fibers were dialyzed against
NP H>O using D-Tube Dialyzer Midi (Millipore Novagen, MWCO 3.5 kDa) to remove the buffer,
and the spheres or fibers were concentrated. The concentrated solution was then drop-cast onto the
ATR-FTIR substrate and allowed to air-dry. Circular dichroism spectra were collected using an
Olis DSM 17 CD spectrometer. The scan rate was 8 nm/min with a bandwidth of 2 nm. All CD
measurements were carried out in 10 mM HEPES (peptide assembly) or 0.1 M HEPES
(nanoparticle assembly) with a 1 mm path length quartz cuvette at 20 °C. UV irradiation was
conducted on a laser with wavelength of 355 nm. Either peptide assembly samples or NP assembly
samples was transferred to a quartz cuvette with 1 cm path length, and irradiated with laser for
certain amount of time. 0.1 M HEPES (4-(2-hydroxyethyl)-piperazinethanesulfonic acid) buffer

was prepared by directly diluting 1.0 M HEPES buffer (pH = 7.3 + 0.1, Fisher Scientific) with

water (NANOpure, Barnstead Diamond™ System, 18.2 MQ).
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2.4.2 Syntheses of Azo-(CH2)m-An-PEPAu (m =1-3, n = 0-2)

2.4.2.1 Synthesis of Azobenzene Carboxylic Acids

NO OH
OH O/ m
m — = N % N O
o Glacial acetic acid

HN

Figure 2.11. Schematic for synthesis of azobenzene carboxylic acids.

All azobenzene carboxylic acids were synthesized using reported method.!”!

2.42.1.1 2-(4-(Phenyldiazenyl)phenyl)acetic Acid (MW = 240.15 g/mol)

2-(4-aminophenyl)acetic acid (3 mmol, 455.1 mg) was dissolved in 5 mL warm glacial

acetic acid. Then the mixture was cooled to room temperature. To the cooled solution,

nitrosobenzene (3 mmol, 321.3 mg) was added and the reaction vial was vortexed to yield a dark

orange solution. The mixture was left undisturbed for 12 hours, during which time orange crystals

were precipitated. The orange crystal was filtered, washed by water and recrystallized in ethanol.

Yield = 47%. '"H-NMR spectrum of the product is shown in Figure 2.12, using ds-DMSO (8: 2.54

('H)) as solvent.
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Figure 2.12. "H-NMR spectrum of 2-(4-aminophenyl)acetic acid.

2.4.2.1.2 3-(4-(Phenyldiazenyl)phenyl)propanoic Acid (MW = 254.29 g/mol)

OH

V/4

3-(4-aminophenyl)propanoic acid (3 mmol, 495.6 mg) was dissolved in 5 mL warm glacial
acetic acid. Then the mixture was cooled to room temperature. To the cooled solution,

nitrosobenzene (3 mmol, 321.3 mg) was added and the reaction vial was vortexed to yield a dark

54



orange solution. The mixture was left undisturbed for 12 hours, during which time orange crystals
were precipitated. The orange crystal was filtered, washed by water and recrystallized in ethanol.

Yield = 66%.'H-NMR spectrum of the product is shown in Figure 2.13, using ds-DMSO (8: 2.54

(‘H)) as solvent.
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Figure 2.13. 'TH-NMR spectrum of 3-(4-aminophenyl)propanoic acid.

2.4.2.1.3 4-(4-(Phenyldiazenyl)phenyl)butanoic Acid (MW = 268.32 g/mol)

OH
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4-(4-Aminophenyl)butanoic acid (1.5 mmol, 268.83 mg) was dissolved in 5 mL warm
glacial acetic acid. Then the mixture was cooled to room temperature. To the cooled solution,
nitrosobenzene (1.5 mmol, 160.7 mg) was added and the reaction vial was vortexed to yield a dark
orange solution. After it was then left undisturbed for 12 hours, 5 mL water was added to
precipitate an orange crude product (370 mg, 1.37 mmol, yield = 91.9%). The solid was re-
dissolved in warm ethanol, cooled to room temperature, and re-precipitated with water. The solid
was then filtered, oven-dried, and dried in vacuo (1.34 mmol, yield = 89.4%). '"H-NMR spectrum

of the product is shown in Figure 2.14, using ds-DMSO (3: 2.54 ('H)) as solvent.
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Figure 2.14. 'TH-NMR spectrum of 4-(4-Aminophenyl)butanoic acid.
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2.4.2.2 Syntheses of Peptide Conjugates Azo-(CH2)m-An-PEPAu (m = 1-3, n = 0-2)

2.4.2.2.1 General Information

All reagents were purchased from Sigma-Aldrich unless specified otherwise. All Fmoc-
protected amino acids and Fmoc-protected resin were purchased from Novabiochem. O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) was

purchased from Oakwood Chemical. Formic acid was purchased from J.T. Baker.

2.4.2.2.2 Peptide Synthesis and Purification

All peptide conjugates were synthesized by manual microwave-assisted Fmoc solid phase
methods using a CEM MARS microwave and NovaSyn TGA resin. Typical coupling reactions
were performed with a 1 min ramp from room temperature to 75 °C followed by a 5 min hold at
75 °C, and Fmoc deprotections performed with a 1 min ramp to 75 °C followed by a 2 min hold at
that temperature.

Coupling solutions were composed of Fmoc-protected amino acid (5 equiv relative to
resin), HCTU (5 equiv), and DIEA (7 equiv) in I-methyl-2-pyrrolidinone (NMP). Fmoc
deprotections used 20% v/v 4- methylpiperidine in DMF. The resin was washed three times with
DMF between each reaction. After the last Fmoc-Ala was coupled and deprotected, corresponding
azobenzene carboxylic acid (5 equiv) was activated and coupled following the same procedure
described above.

After coupling, the resin was washed three times each with DMF, dichloromethane (DCM)

and methanol, and then air-dried. Peptides were cleaved from resin by treatment with TFA and
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scavengers for 3.5 hours. Specific cleavage solution was as follows: TFA/H,O/EDT/TIS
(92.5/3/3/1.5 by volume, 2 mL in total volume). (TFA: trifluoroacetic acid. EDT: 1,2-
ethanedithiol. TIS: triisopropylsilane.) After filtration, crude peptide in TFA was precipitated in
10 mL cold Et:O. It was then centrifuged and washed with cold Et,O for three times. The pallet
was then dissolved in 10 mL ACN/H>O (1/1 by volume) and kept at 4 °C until purification.
Peptides were purified via reverse phase HPLC (RP-HPLC) on a C18 column using
gradients between 0.1% TFA in water and 0.05% TFA in acetonitrile (95/5 to 5/95 over 30 min).
The identity was confirmed on a Bruker Ultraflextreme MALDI-TOF mass spectrometer (National

Science Foundation, CHE-1625002) with CHCA as ionizing matrix.
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2.4.3 Supporting Figures and Tables
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Figure 2.15. MALDI-TOF spectra of Azo-(CH2)m-An-PEPau (m = 1-3, n = 0-2). (a)-(c) m =1-3, n =0; (d)-(f) m =
1-3, n =1, (g)-(i) m = 1-3, n =2.

Table 2.1. Molar masses of conjugates Azo-(CH2)m-An-PEPau

Az0-(CH2)m-An-PEPAu

m=1

m=2

m=3

n=_0
n=1

n=2

1442.6
1513.7
1584.7
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Figure 2.16. Metrics of peptide assemblies formed using Azo-(CH:z)m-An-PEPau. For spherical peptide
assemblies (a) Azo-(CH2)1-Ao-PEPay, (b) Azo-(CHz2)2-Ao-PEPauy, (¢) Azo-(CH2)3-Ao-PEPay, and (d) Azo-(CH2)2-
A1-PEPay, diameters are measured based on at least 100 counts. For fiber assemblies (e) Azo-(CH2)2-A1-PEPau,

(f) Azo-(CH2)3-A1-PEPau, (g) Azo-(CH2)1-A2-PEPau, (h) Azo-(CH2)2-A2-PEPau, and (i) Azo-(CHz)3-A2-PEPau,
widths of fibers are measured based on at least 100 counts.
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Figure 2.17. UV-Vis spectra of NP assemblies formed using Azo-(CHz2)m-An-PEPau (m = 1-3, n = 0) before

irradiation (black), after UV irradiation (red) and after visible light irradiation (blue).
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Figure 2.18. TEM images of peptide (a-c) and AuNP assembly (d-f) upon UV and visible light irradiation
directed by conjugate BP-AA-PEPau (BP = biphenyl). (a) and (d): before UV irradiation; (b) and (e) after UV
irradiation for 30 min; (c) and (f) after visible light irradiation for 18 hrs.
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Figure 2.19. NP size measurement in assemblies formed using Azo-(CH2)2-A1-PEPau before UV irradiation (a),

after UV irradiation for 30 min (b) and after visible light irradiation for 18 hrs (c).
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Figure 2.20. TEM images of a sample without addition of any peptide conjugates irradiated by UV light for 30

min.

Table 2.2. Temperature change of AuNP assemblies in HEPES buffer upon UV irradiation for 30 min and 1
hr.

Conjugates Before After UV Irradiation After UV Irradiation
irradiation (30 min) (1h)
Az0-(CH2)1-A1-PEPau 22.16 24.85 25.33
Azo-(CH2)1-A2-PEPau 23.07 24.77 23.55
Azo-(CH2)1-A3-PEPau 22.09 26.05 25.12
Az0-(CH2)2-A1-PEPau 23.13 25.12 25.68
Az0-(CH2)2-A2-PEPau 22.75 24.98 25.79
Azo-(CH2)2-A3-PEPAu 22.55 25.35 25.21
Azo-(CH2)3-A1-PEPAu 23.31 24.65 25.24
Az0-(CH2)3-A2-PEPAau 22.45 23.56 24.79
Az0-(CH2)3-A3-PEPau 23.55 25.19 24.87
H20 21.55 22.37 22.88
0.1 M HEPES 20.54 22.54 23.17
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Figure 2.21. Additional TEM images of NP assemblies formed using Azo-(CH2)2-A1-PEPay after UV irradiation

for 30 min.

Figure 2.22. Additional TEM images for NP assemblies formed using Azo-(CH:):-A1-PEPau before UV

irradiation.
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Figure 2.23. Additional TEM images for NP assemblies formed using Azo-(CH:):-A1-PEPau after UV

irradiation for 5 min.

.~

« %
: .
: o ot
‘}’ o W“" i .‘}!
2 i‘u : e joe
3 * w
i sl :
e g
Tl
2 Ay
) 2 L
400 nm

Figure 2.24. Additional TEM images for NP assemblies formed using Azo-(CH:):-A1-PEPauy after UV

irradiation for 10 min.
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Figure 2.25. Additional TEM images for NP assemblies formed using Azo-(CH:):-A1-PEPaus after UV

irradiation for 15 min.
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Figure 2.26. Additional TEM images for NP assemblies formed using Azo-(CH:):-A1-PEPaus after UV

irradiation for 30 min.
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Figure 2.27. Additional TEM images for NP assemblies formed using Azo-(CH2)2-A1-PEPau after visible light

irradiation for 2 h.

Figure 2.28. Additional TEM images for NP assemblies formed using Azo-(CH:2)2-A1-PEPau after visible light

irradiation for 4 h.
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Figure 2.29. Additional TEM images for NP assemblies formed using Azo-(CH2)2-A1-PEPau after visible light

irradiation for 6 h.
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Figure 2.30. Additional TEM images for NP assemblies formed using Azo-(CH2)2-A1-PEPau after visible light
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Figure 2.31. Additional TEM images for NP assemblies formed using Azo-(CH2)2-A1-PEPau after visible light
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3.0 Photo-induced Assembly of One-Dimensional Au NP Superstructures Based on

Azobenzene-Cyclodextrin Host-Guest Interactions

This Chapter is based on a manuscript in the final stages of preparation.

3.1 Introduction

In the previous chapter, I described a new photo-responsive strategy for reversibly
controlling the 3-D morphology of Au NP superstructures. To be more specific, a series of peptide
conjugates, Azo-(CH2)m-An-PEPay (m = 1-3, n = 0-2), with varied hydrophobic and S-sheet
interactions were designed to systematically tune the assembly structure and control the
reversibility behavior. By tuning the length of the aliphatic spacer or the number of alanine residues
between the azobenzene moiety and the peptide section, I designed a Au NP superstructure that
could reversibly shift between linear and spherical morphology. Further, by adjusting conjugate
composition, I was able to design conjugates that were more or less responsive to UV or visible
light irradiation. It was also revealed that some superstructures exhibited no change in morphology
upon irradiation, because the hydrophobic-hydrophobic and f-sheet hydrogen bonding
interactions enable the assembly to remain as one-dimensional fibers regardless of irradiation time.
These observations led to the following question: could we design a molecular “lock” that prevents
peptide conjugate assembly and, upon release of the lock, could the peptide conjugate assemble?

Further, could this strategy enable ‘turn-on’ assembly of Au NPs, where release of the lock would
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induce assembly of discrete, dispersed Au NP? We envision that this sort of system could be useful
for on-demand triggered assembly of functional NP superstructures at specific times and locations.

My attention was drawn to cyclodextrin (CD), which can form host-guest complexes with
azobenzene (Azo) groups.'’””!'’ When in the frans conformation, Azo can reside in the

hydrophobic cavity of the CD molecule;!”*

upon UV irradiation, the cis Azo isomer is released
from the hydrophobic cavity, resulting in dissociation of the two molecules. This interesting host-
guest mechanism served as the basis of many stimuli-responsive materials which can be controlled
by irradiating UV or visible light,'”> many of which are potentially useful for optical sensing,'”
cell recognition,!’® and drug release.!”’"!"8

Here, I introduce a new strategy of assembling discrete, dispersed Au NPs into one-
dimensional superstructures using Azo/CD-functionalized peptide conjugates upon UV light
irradiation (Figure 3.1). The peptide conjugate, termed Azo-(CHz3)3-A-PEPay, which was found in
Chapter 2 to direct assembly of non-photoresponsive 1-D Au NP superstructures, is functionalized
with a f~CD molecule. The modified conjugate, Azo/CD-(CH3)3-A-PEPay, 1s not capable of
directing Au NP assembly into any well-defined morphology; however, upon UV irradiation, the
F-CD molecule is released from the conjugate, prompting the Au NPs to assemble into one-
dimensional structure directed by Azo-(CH3)3-A-PEPau. The results exemplify the versatility of

the peptide conjugate-based platform for Au NP assembly and point toward remote-controlled NP

colloids that can assemble into target superstructures upon input of stimulus.
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Figure 3.1. Schematic representation of light-triggered peptide fiber assembly and one-dimensional Au NP

superstructures by UV-induced #-CD removal from azobenzene incorporated peptide conjugate.

3.2 Results and Discussions

3.2.1 Stability of Azo/CD-(CH3)3-PEPau

The synthesis of peptide conjugate Azo/CD-(CH3)3-PEPau was completed using the
previously reported method using microwave-assisted solid-phase peptide synthesis protocol.
Purification of the conjugate via a reverse-phase high-performance liquid chromatography (RP-
HPLC) revealed two neighboring peaks in the chromatograph, with the first being Azo/CD-(CH3);3-
A-PEPa, (Figure 3.2), as confirmed by MALDI-TOF mass spectroscopy (Figure 3.3); the second
peak corresponded to Azo-(CH3)3-A-PEPau. The results from HPLC and mass spectroscopy
indicated that the S-CD molecule may not be strongly associated with the Azo peptide conjugate
during purification. It is therefore critical to confirm that S-CD remains associated with Azo-

(CH3)3-A-PEPau, in particular in the buffer solutions used during preparation of the Au NP
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superstructures. Because previous results showed that Azo-(CH3)3-A-PEPau assembles into stable,
one-dimensional fibers, even after both UV or visible light irradiation, an ‘unstable’ Azo/CD-
(CH3)3-A-PEPay peptide conjugate would very likely form one-dimensional fibers prior to

attempting photo-induced removal of /~CD.
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Figure 3.2. RP-HPLC elution of Azo/CD-(CH3)3-A-PEPau
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Figure 3.3. MALDI-TOF spectra of (a) Azo/CD-(CH3)3-A-PEPau (calc. 2676, found [M+Na]* = 2699) and (b)
Az0-(CH3)3-A-PEPau (calc. 1564, found [M]* = 1564).

We performed several tests to examine the equilibrium between associated and dissociated
Az0o/CD-(CH3)3-A-PEPay. Purified Azo/CD-(CH3)3-A-PEPay was dissolved in 200 uL 0.1 M 4-

(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer. After 30 min, negatively
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stained TEM images showed a mixture of both spherical and fiber structures (Figure 3.4a, b and
Figure 3.5). Our previous studies showed that Azo-(CH3)3-A-PEPay rapidly assembles in HEPES
buffer into one-dimensional fibers (Figure 3.16), which suggests that the observed fibers result
from dissociation of /~CD from Azo/CD-(CH3)3-A-PEPay. To further confirm fiber formation,
dynamic light scattering (DLS) and thioflavin-T (ThT) fluorescence staining were used to monitor
the assembly process over time. For DLS studies, as shown in Figure 3.4c, two significant peaks
were observed starting at 5 min, a peak corresponding to spherical structures (~200 nm) and
another peak at ~6000 nm, which is likely due to anisotropic fiber structures within the sample.
ThT fluorescence assays can also be used to monitor amyloid fiber formation. ThT is a fluorescent
dye which is commonly used as an indicator for amyloid fibers, especially S-sheet secondary
structure in peptide fibers. When excited at 450 nm, ThT emission at 485 nm can be recorded in
the presence of peptide fibers. For Azo/CD-(CH3)3-A-PEPay assemblies in 0.1 M HEPES buffer
and 5 mM ThT, significant emissions at 485 nm were observed at early stages of assembly (Figure
3.4d), which confirms the formation of peptide fibers. Taken together, the findings from TEM,
DLS, and fluorescence studies indicate non-negligible dissociation of S-CD from the conjugate,
which could potentially affect our target studies on photo-induced induction of both peptide and

NP assembly.
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Figure 3.4. Assembly studies of Azo/CD-(CH3)3-A-PEPau in the absence (a-d) and presence (e-h) of additional
F-CD in HEPES buffer. (a, b) Negatively stained TEM images of Azo/CD-(CH3)3-A-PEPay assemblies in 0.1 M
HEPES buffer at 5 min (a) and 30 min (b). (¢c) DLS data of Azo/CD-(CH3)3-A-PEPau assemblies in 0.1 M HEPES
buffer over a period of 20 hrs. (d) ThT emissions of Azo/CD-(CHz)3-A-PEPau assemblies in 0.1 M HEPES buffer
recorded up to 2 d. (e, f) Negatively stained TEM images of Azo/CD-(CHs3)3-A-PEPau assemblies in 0.1 M
HEPES/£CD mixed buffer at 30 min (e) and 1 d (f). (g) DLS data of Azo/CD-(CH3)3-A-PEPau assemblies in 0.1
M HEPES/S-CD mixed buffer over a period of 1 d. (h) ThT emissions of Azo/CD-(CH3)3-A-PEPau assemblies
in 0.1 M HEPES/£-CD mixed buffer recorded up to 2 d. Scale bar = 200 nm.
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Figure 3.5. Negatively stained TEM images of assemblies of Azo/CD-(CH3)3-A-PEPau in 0.1 M HEPES buffer

at 5 min.

To help reduce dissociation of S~CD, we decided to carry out the assembly in the presence
of /-CD saturated HEPES buffer. We predicted that a higher concentration /~CD in HEPES buffer
would prevent S-CD from dissociating from the conjugate, i.e., shifting the equilibrium toward
formation of Azo/CD-(CH3);-A-PEPa,. We conducted the same Azo/CD-(CH3)3-A-PEPay
assembly experiments described previously, except now in f-CD saturated 0.1 M HEPES buffer.
Negatively stained TEM images revealed that at 30 min incubation time (Figure 3.4¢), no fiber
assembly was observed. In fact, fiber assembly was only observable after incubating with 0.1 M
HEPES/A-CD mixed buffer for 1 d (Figure 3.4f). Furthermore, the DLS data revealed that only
one peak (~200 nm), corresponding to spherical structures, was present at early stages of assembly
in the HEPES/A-CD mixed buffer. For incubation up to 1 d, a second peak emerged (~6000 nm),
indicating peptide fiber formations. Additionally, ThT emission experiments showed that the ThT

fluorescence signal intensity remained relatively low for assemblies in the HEPES/A-CD mixed
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buffer, which suggests that the peptide fiber formation is prohibited because additional S-CD in
the solution inhibited the dissociation of S-CD from Azo/CD-(CHz3)3-A-PEPau conjugate. To
summarize the results thus far, we demonstrated that by adding extra S-CD to the HEPES buffer
can prevent S-CD from dissociating from the Azo/CD-(CH3)3-A-PEPay conjugate. Due to its bulky

organic head, Azo/CD-(CHz3)3-A-PEPay does not assemble into fiber structures and, we would

therefore predict that it likewise would not direct the assembly of 1-D NP superstructures.

3.2.2 UV-Induced Peptide Conjugate Assembly

Based on the results presented in the previous section, we continued to study the assembly
of Azo/CD-(CH3)3-A-PEPa, in the f-CD saturated HEPES buffer in the presence of UV light.
First, 20 nmol of Azo/CD-(CH3)3-A-PEPa, was dissolved in 200 pL f-CD saturated 0.1 M HEPES
buffer. After 30 min, spherical assemblies were observed via TEM (Figure 3.6a). At this time, the
sample was irradiated with UV light (355 nm) using a laser source for 30 min. After irradiation,
peptide fiber assemblies were observed via TEM imaging (Figure 3.6b), and the fibers remained
intact after exposure to ambient light for up to 1 d (Figure 3.7). To confirm the formation of fiber
assemblies, DLS was employed to monitor the irradiation process. As shown in Figure 3.6¢c, a
hydrodynamic diameter at ~ 200 nm was recorded before UV irradiation. Upon UV irradiation for
30 min, the peak at ~ 200 nm started to disappear and peaks corresponding to larger hydrodynamic
diameters were observed. The emergence of larger hydrodynamic diameters might suggest the
formation of fiber structures of different lengths, as shown in TEM images in Figure 3.6b. (It
should be noted that DLS is most reliable on isotropic samples.) When the sample was left

undisturbed after UV irradiation (e.g., for 1 hr), the peak corresponding to smaller spherical
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assemblies was not observed, suggesting that the formed fiber structures remain intact after UV is
applied. To further examine whether irradiation time affects the degree of the fiber formation, we
selected three different time lengths for UV irradiation: 5 min, 30 min and 2 h. The irradiation
process was monitored by ThT fluorescence (Figure 3.6d). Before irradiation, no significant
emission peak was observed for the sample, indicating the absence of fibers in the solution. Upon
UV irradiation for 5 min, the ThT emission peak at 485 nm appeared. Irradiation of the sample for
30 min further increased ThT emission, indicating fiber formation. After 2 h of irradiation, the
ThT emission intensity did not increase any further, indicating that the photo-isomerization of
azobenzene is complete at 5 to 30 min of irradiation. Based on this result, setting the UV irradiation
time at 30 min could ensure complete photo-isomerization. To summarize, the results from these
conjugate assembly studies reveal that the photo-induced transition of azobenzene leads to the
formation of fiber assemblies by Azo-(CH3)3-A-PEPau due to the dissociation of S-CD from the

conjugate.
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Figure 3.6. UV irradiation of assemblies of Azo/CD-(CH3)3-A-PEPau in f-CD saturated 0.1 M HEPES buffer.
(a, b) Negatively stained TEM images of assemblies of Azo/CD-(CH3)3-A-PEPay in 0.1 M HEPES buffer
saturated by S-CD before (a) and after (b) UV irradiation for 30 min. (c) DLS data recorded before and after

UV irradiation of the sample for 30 min. (d) Effect of the time lengths of UV irradiation monitored via ThT
emission spectra.

77



%
|
;
{

1

\
B
P
%
E >

>
3

SN

Figure 3.7. Negatively stained TEM images of assemblies of Azo/CD-(CHz)3-A-PEPau in 0.1 M HEPES buffer

(a) before irradiation, (b) after UV irradiation for 30 min, and (c) after visible light irradiation for 4 hrs.

3.2.3 NP Assembly

Having explored the assembly of Azo/CD-(CH3)3-A-PEPay, we proceeded to investigate
whether Azo/CD-(CH3)3-A-PEPay could be used to as a ‘photo-triggered’ molecular agent for
directing the assembly of 1-D nanoparticle superstructures. As we have showed in our previous
studies (Ch. 2), Azo-(CHz3)3-A-PEPay can direct the assembly of 1-D AuNP superstructures. Based
on the assembly data of Azo/CD-(CH3)3-A-PEPau, we predicted that Azo/CD-(CHz3)3-A-PEPay
would yield spherical NP superstructures that, upon UV irradiation, would transition to linear NP
superstructures. We used our established procedures for preparing NP superstructures (see
Supporting Information for details). Briefly, 20 nmol of Azo/CD-(CH3)3-A-PEPau was dissolved
in 200 pL of S-CD saturated 0.1 M HEPES buffer for 30 min, at which time a gold precursor
consisting HAuCls and triethylammonium acetate (TEAA) was injected into the peptide solution
to initiate particle growth. TEM images of the product revealed primarily discrete non-assembled

Au NPs and a few NP clusters but no well-defined spherical superstructures (Figure 3.8a, Figure
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3.9a-d). The Au NPs remained as discrete NPs for up to 1 d (Figure 3.10a-b). In contrast, the
Azo/CD-(CH3)3-A-PEPay would assemble into spherical structures without any Au precursor
added as shown in the previous section. However, when the Au NP sample was irradiated with
UV light for 30 min, a clear transition in Au NP assembly morphology from discrete NP to linear
NP assembly was observed (Figure 3.8b and Figure 3.9). We also noted that there was also a large

number of discrete NPs present in the samples after UV irradiation as shown in the TEM images.
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Figure 3.8. UV irradiation of Au NPs directed by Azo/CD-(CH3):-A-PEPau. (a, b) TEM images of Au NPs
directed by Azo/CD-(CHs3)3-A-PEPau before (a) and after (b) irradiation for 30 min. (c) UV-Vis spectra of the
Au NPs before and after UV irradiation for 30 min. (d) ThT fluorescence emission spectra (ex. 450 nm) of Au

NPs before and after UV irradiation for 30 min.
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Figure 3.9. Additional TEM images of Au NPs directed by Azo/CD-(CH3)3-A-PEPau in 0.1 M HEPES buffer
saturated by S-CD before (a-d) and after (e, f) UV irradiation for 30 min.

- ™
& . z ., . .
a. . . o b = . Ak »
. % %y : *
3 e,
. & w
.. . i . -._‘_.".;:" -
. 3o o
; 5
. ’ :
» . SR 5
. : .
IR X :
. ; 100 nm 4100 nm.
et B0 |
10000
—1d
:: 8000 -
<
~ 6000
S
8 4000 -
£
- 2000 -M
0

460 480 500 520 540 560 580 600
Wavelength (nm)

Figure 3.10. (a, b) TEM images and (¢) ThT fluorescence of Au NPs directed by Azo/CD-(CHs3)3-A-PEPau after
incubating in 0.1 M HEPES saturated with #-CD for 1 d.

To confirm the morphological transition, we recorded the UV-Vis spectra of the sample
before and after UV irradiation. Upon UV irradiation, the LSPR band of the Au NPs red-shifted
from 533 nm to 561 nm, indicating plasmon coupling in the one-dimensional assembly of Au NPs.
It should also be noted that the broadening of the LSPR band also indicates the presence of both

discrete NPs and one-dimensional assemblies in the solution.
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To verify that the assembly of 1-D superstructures is due to photo-triggering of the
Azo/CD-(CH3)3-A-PEPau  conjugate, we replaced Azo/CD-(CH3)3-A-PEPau with PEPau
(AYSSGAPPMPPF). PEPa, directs formation of discrete NPs in the presence of HEPES and the
Au** precursor (Figure 3.11a). PEPay caps the surface of the Au particles. We mixed these particles
with equimolar Azo -(CHz)3-A-PEPay (Figure 3.11b) or Azo/CD-(CH3)3-A-PEPau (Figure 3.11¢).
Negatively stained TEM images showed a clear distinction between Au NPs and the one-
dimensional fiber assemblies. UV irradiation did not induce re-organization of Au NPs to form
any well-defined superstructures (Figure 3.11d). These results indicate that the morphological
transition from discrete NPs to one-dimensional superstructures is due to the photo-transition of

the Azo/CD-(CHj3)3-A-PEPau conjugate capping the Au NPs.
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Figure 3.11. (a) TEM image of Au NPs synthesized using PEPau. (b, ¢) Negatively stained TEM images of PEPu
capped Au NPs in the presence of equimolar Azo-(CH3):-A-PEPau (b) or Azo/CD-(CH3)3-A-PEPau (¢). (d)

Negatively stained TEM image of Au NPs sample in (c) after UV irradiation for 30 min.
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3.3 Conclusion

In this study, we have described and demonstrated a new strategy to form one-dimensional
Au NP assemblies from discrete NPs by capitalizing on the host-guest interaction between
azobenzene and S-CD. Upon removal of f-CD by UV light irradiation, the remaining Azo-(CH3)3-
A-PEPau is capable of reorganizing the Au NPs into one-dimensional assemblies. f~CD molecule
works as “lock” for Au NPs and UV irradiation “unlocks” the one-dimensional superstructure.
Although optimization of the yield of the resulting 1-D superstructures is still ongoing, we envision
that this new strategy could lead to the development of similar photo-induced NP assembly
systems could enable on-demand assembly of nanoparticle superstructures from precursor Au

colloidal solutions.

3.4 Supplementary Information

3.4.1 General Methods

All chemicals were purchased from commercially available sources and used as received
unless otherwise specified. Nanopure water (18.2 mQ) was obtained using a Barnstead Diamond™
water purification system. 'H-NMR spectra were recorded on a Bruker DRX 300 spectrometer.
Chemical shifts were recorded in ppm (parts per million) based on residual solvent peaks as
internal reference (de-DMSO §: 2.54 ('H)). Peptide and peptide conjugate syntheses were carried
out on a CEM MARS 6™ synthesis microwave reactor. Peptide and peptide conjugates were

purified using an Agilent 1200 reverse-phase high-performance liquid chromatography (RP-
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HPLC) system equipped with multiple wavelength detectors and a Zorbax-300SB Cig column. A
linear gradient of 5-95% acetonitrile (with 1% formic acid) over 30 min was used to elute peptide
samples. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra
were obtained on a Bruker ultrafleXtreme TM MALDI-TOF/TOF mass spectrometer (Grant from
National Science Foundation CHE-1625002) using a.-cyano-4-hydroxy cinnamic acid (CHCA) as
the ionizing matrix. Agilent 8453 UV-vis spectrometer with quartz cuvette (10 mm path length)
was used to quantify peptide conjugate based on tyrosine absorbance at 280 nm. All microscopy
measurements were performed using Image] software. Dynamic light scattering (DLS) was
performed using a Brookhaven 90+ quasi-elastic light scattering spectrometer using with a

disposable plastic cuvette.

3.4.2 Synthetic Scheme for Peptide Conjugate Azo/CD-(CH3)3-PEPau

NO OH
OH O/
N (]
2
m N
H,N >

Glaclal acetic acid AzZo{CH3);COOH
p-CD
DMF
Solid-phase peptide synthesis Y
AZOICDH{CH3);-A-PEP,, - Azo/CD{CH3);-COOH

Figure 3.12. Synthetic scheme for peptide conjugate Azo/CD-(CH3)3-PEPau.
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3.4.3 Synthesis of Azo-(CH3):-COOH

OH

\
N
N

4-(4-Aminophenyl)butanoic acid (Azo-(CH3);-COOH, 1.5 mmol, 268.83 mg) was
dissolved in 5 mL warm glacial acetic acid. Then the mixture was cooled to room temperature. To
the cooled solution, nitrosobenzene (1.5 mmol, 160.7 mg) was added and the reaction vial was
vortexed to yield a dark orange solution. After it was then left undisturbed for 12 hours, 5 mL
water was added to precipitate an orange crude product (370 mg, 1.37 mmol, yield = 91.9%). The
solid was re-dissolved in warm ethanol, cooled to room temperature, and re-precipitated with
water. The solid was then filtered, oven-dried, and dried in vacuo (1.34 mmol, yield = 89.4%). 'H-

NMR spectrum of the product is shown in Figure 3.13, using de-DMSO (8: 2.54 (‘*H)) as solvent.
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Figure 3.13. 'TH-NMR spectrum of 4-(4-Aminophenyl)butanoic acid.

3.4.4 Solid-Phase Peptide Synthesis of Azo/CD-(CH3)3-AA-PEPau

Azo/CD-(CH3)3-A-PEPay was synthesized following a similar procedure used to
synthesize Azo-(CH3)3-A-PEPau. It is completed by manual microwave-assisted Fmoc solid phase
methods using a CEM MARS microwave and NovaSyn TGA Fmoc-Phe resin (Milipore catalog
number: 8560340001). The resin was first soaked in dimethylformamide (DMF) for 15 minutes
and a 2 mL Fmoc-deprotection solution consisting of 20% 4-methylpiperidine in DMF was added.
Fmoc deprotections were performed with a 1 min ramp to 75 °C, followed by a 2 min hold at that

temperature with stirring. Thereafter, excess solution was drained using a filtration manifold and
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washed with 2 mL DMF for three times. Thereafter, a 1.25 mL coupling solution consisting of 0.1
M HCTU (O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate,
5 eq. to resin) in NMP (1-methyl-2-pyrrolidinone), vortexed with Fmoc-protected amino acid (5
eq. to resin) and DIEA (N,N-diisopropylethylamine, 7 eq. to resin), was added. Coupling reactions
were then performed with a 1 min ramp to 75 °C, followed by a 5 min hold at that temperature
while stirring. Thereafter, excess reagent was drained and the residue was washed with DMF for
three time. This coupling-deprotection cycle was repeated for every amino acid. Proline and
adjacent amino acids were coupled twice to ensure complete reaction of secondary amide group.
N-terminus was capped with a 0.1 M DMF solution of equimolar of f-CD and Azo-(CH3)3;-COOH
of the same volume as the coupling solution, 1.25 mL, which was incubated at 50 °C overnight
before coupling. The resin was then washed with DMF, methylene chloride, and methanol. The
peptide was then cleaved from resin using a 2 mL cleavage cocktail (95/2.5/2.5 trifluoroacetic
acid/triisopropylsilane/H>0). Crude peptide was precipitated by adding the resin-cleavage cocktail
to cold EtcO and washed by Et;O for two times. The peptide was then dissolved in 1/1

acetonitrile/water, and stored at 4 °C, before further purified with RP-HPLC.
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3.4.5 Molecular Structure of Azo-(CH3)3-A-PEPau

Figure 3.14. Molecular Structure of Azo-(CH3)3-A-PEPau.

3.4.6 Molecular Structure of f-Cyclodextrin (f-CD)

HO

Figure 3.15. Molecular structure of f-cyclodextrin (4-CD).
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3.4.7 Assembly of Peptide Conjugate Azo/CD-(CH3)3-A-PEPau in HEPES Buffer and UV

Irradiation

20 nmol of Azo/CD-(CH3)3-A-PEPay was dissolved in 200 uL 0.1 M HEPES buffer in a
plastic vial either in the presence or absence of saturated /~CD. The vial was sonicated for 5 min
to ensure complete solubilization, and the left undisturbed for 25 min. UV light irradiation was
conducted using a Continuum Minilite Nd:YAG 1080 laser operated at 355 nm. The sample was
loaded in a quartz cuvette with a path length of 10 mm and irradiated with UV laser at 355 nm for

5 min, 30 min or 2 h. The solution was then immediately spotted on a TEM for imaging.

3.4.8 Synthesis of NPs Directed by Azo/CD-(CH3)3-A-PEPauw and UV Irradiation

NP superstructures were prepared using established methods with minor modifications.?”
28 Briefly, 20 nmol of lyophilized Azo/CD-(CH3)3-A-PEPay was dissolved in 200 pL 0.1 M
HEPES buffer saturated with S-CD. Next, the sample was sonicated for 5 min, before it was left
undisturbed at room temperature for 25 min. Toward the end of the 25 min incubation, a gold
precursor solution was freshly prepared by vortexing 0.1 M HAuCls in HO and 1 M
triethylammonium acetate (TEAA) buffer for 1 min. After the 25 min, 2 pL of the gold precursor
solution was added to the peptide buffer solution. Upon observing a black precipitate, the reaction
vial was vortexed and left at room temperature for 18 hours. The sample was then centrifuged (5
krpm, 10 min) and re-dispersed in 200 uL 0.1 M HEPES buffer saturated with /~CD. For UV
irradiation, the sample was loaded in a quartz cuvette with a path length of 10 mm and was then

irradiated with UV laser at 355 nm.
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3.4.9 Transmission Electron Microscopy (TEM)

TEM imaging was performed on a FEI Morgagni 268 operated at 80 kV and equipped with
an advanced microscopy techniques (AMT) side mount charge-coupled device (CCD) camera
system. TEM samples were prepared by drop-casting 5 uL of sample onto a 3 mm diameter copper
grid with Formvar coating. After 5 min, excess solution was removed by filter paper and the sample
was air-dried for 1 min. And 5 pL of H,O was applied to the grid to remove excess solvent. After
1 min, the HoO was removed, and the grid was left to air dry for 5 min. Negatively stained TEM
samples were prepared by adding 5 pL 2% uranyl acetate solution to the grid after it was air dried
for 5 min. Next, after 5 min, the excess staining solution was removed by filter paper and the grid

was left to air dry for 5 min.
3.4.10 Fluorescence Studies

3.4.10.1 Molecular Structure of Thioflavin T (ThT)

CH,

N + CH3
@ \
H3c wit CH3

cr

3.4.10.2 ThT Fluorescence Studies for Peptide Assemblies
ThT fluorescence were recorded on a Horiba Jobin Yvon (HJY) Fluoromax 3

spectrofluorimeter using a quartz cuvette. Each sample was allowed to incubate with ThT (5 uM)
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overnight and was excited at 450 nm while emission was recorded from 460 to 600 nm at room

temperature in a quartz cuvette.

3.4.11 Supporting Figures

Figure 3.16. Negatively stained TEM image of assembly of Azo-(CHs3)3-A-PEPau in 0.1 M HEPES buffer at 2 h.
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Figure 3.17. Diameter distribution (based on 100 counts) of NPs directed by conjugate Azo/CD-(CH3)3-A-PEPau

(a) before and (b) after UV irradiation for 30 min. The average diameters before and after UV irradiation are

7.7+ 0.9 nm and 8.3 £+ 1.5 nm, respectively.
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4.0 Investigating the Stability of Peptide-based Gold Nanoparticle Single Helices

This work is the subject of a manuscript in preparation.

We have been able to construct a wide variety of structurally-complex nanoparticle
superstructures using our peptide-based methodology. Some of these superstructures exhibit NIR
optical properties that could be exploited for biological applications and others exhibit unusual
plasmonic chiroptical properties that are of interest for sensing and the creation of negative index
materials. It is critical that we study and understand the stability of these superstructures in various
environments and examine factors that influence their structural robustness. In this study, I
examine the stability of single-helical nanoparticle superstructures. I evaluate their stability at
different temperatures and in the presence of urea, a denaturant, and proteinase K (ProK), an
enzyme that digests peptides. I demonstrate that structural stability positively correlates with

increasing size of the component nanoparticles within the superstructures.

4.1 Introduction

Chiral and helical NP superstructures are a novel class of material because they have wide

61,179

variety of potential applications in chemical sensing and catalysis'®" and are a promising class

of metamaterials.'®!"1® We focus our attention on the peptide-based single helical gold
nanoparticle (AuNP) superstructures, which exhibit strong plasmonic chiroptical response.?>-?"28

We have established and developed this peptide-based methodology, which is very powerful and

versatile for synthesizing and assembling NPs. By designing the peptide conjugates and fine-
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tuning reaction conditions, we were able to systematically modify the superstructure
morphologies,'® control the pitch of helical superstructures,® and control the size and shape of
constituent NPs, 2110

Our prior efforts focused on carefully designing and tuning the molecular structures of
peptide conjugates, and subsequently controlling the morphology, metrics and properties of the
superstructure. However, we have not rigorously examined the stability of the NP superstructures.
The structural integrity and stability are not only important for application of these assembled NP
superstructures, but also constitute a fundamental property of the material. In a typical synthesis,
a specific peptide conjugate and Au precursor are incubated in the presence of a reducing reagent.
The peptide conjugates associate with in situ formed AuNPs and incorporate them into an
assembled superstructure. As the reaction proceeds, Au NPs grow in size and their optical signal
intensifies. In the final superstructures, individual NPs are embedded and anchored onto the
peptide scaffold. We reason that further growth of the individual NPs would lead to intergrowth
and fusing of the NPs, which could improve structural stability and prevent disassembly under
conditions that promote peptide conjugate disassembly. For the single-helical NP superstructures,
in particular, a more robust and stable fused helical structure, rather than a superstructure
comprising discrete particles, could exhibit a stronger chiroptical signal and could be sufficiently
robust for more wide-spread applications. '3

Here, we take a first step toward increasing the stability of single-helical Au NP
superstructures by increasing the constituent NP sizes, with the goal of ultimately forming a fused
single helix (Figure 4.1). We study and examine the stability of these single-helical superstructures
with increasing NP sizes under three different environments: elevated temperature, and in the

presence of two peptide denaturants, proteinase K (ProK) and urea. By gradually increasing the
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size of the constituent NPs, the single-helical superstructures become more stable under these

conditions.

0l ks 530,
— —. Heat, ProK or U“rea Q
0500 S0

Figure 4.1. Schematic representation of increasing the satbility of peptide-based Au NP single helices against

NP Size

Assembly Stability

0

heat, urea or ProK by increasing the constiuent NP sizes.

4.2 Results and Discussion

We synthesized the single-helical AuNP superstructures using Cis-(PEPa,M %), (PEPu:
NH>-AYSSGAPPMPPF; M-ox indicates oxidized methionine residue), according to our
previously reported methods.?”?® Briefly, purified and lyophilized peptide conjugates were
dissolved in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH = 7.3)
before an aliquot of HAuCl4 precursor was added to the reaction mixture. The resulting AuNP
single helices were purified via centrifugation and imaged with transmission electron microscopy
(TEM). Au NP single helices with larger particle sizes were obtained by adding growth solution
of HAuCls and hydroquinone according to a previously reported method (See Supporting
Information for experimental details).!% In the syntheses of AuNP superstructures, we noticed the
presence of a large amount of peptide assemblies without any AuNP attached. To eliminate the

interference of these peptide assemblies, as-synthesized samples were centrifuged to yield pure
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AuNP single helices. AuNP single helices comprising particles of three different sizes were
obtained (Table 4.1 and Figure 4.2), and they are hereafter referred to as small, medium and large
AuNP single helices, respectively. It should be noted that the shape of the NP is oblong instead of
spherical. We then proceeded to examine the stability of this family of AuNP single helices under
three different conditions: 1) elevated temperature, 2) presence of proteinase K (ProK) and 3)

presence of urea.

Table 4.1. Metrics of Au NP single helices comprising of three different NP sizes.

Au NP single helices Small Medium Large
NP length (nm) 13.5+3.5 155+4.1 179+5.2
NP width (nm) 7.8+£2.4 9.5+32 11.0+£3.7
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Figure 4.2. Characterization of AuNP single helices of increasing NP sizes. TEM images and metrics
measurements of small (a, d), medium (b, e), and large (c, f) Au NP single helices. Scale bar, 50 nm.

Measurements are based on at least 100 counts.
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4.2.1 Elevated Temperature

As previously described, the peptide conjugate assembly serves as an underlying scaffold
onto which Au NPs are assembled, and its structure dictates the structure of the NP assembly. It is
therefore very important to examine the stability of the peptide scaffold before we begin to study
the stability of AuNP superstructures. The peptide itself assembles into a coiled-ribbon
morphology at room temperature in HEPES buffer.?’ Peptide conjugates were dissolved in HEPES
buffer and allowed to assemble. Samples were incubated for 5 min at every 5 °C from 25 °C to 90
°C. Negatively-stained TEM images show that the peptide fibers gradually disassemble as the
temperature increases from 25 °C to 90 °C. Specifically, the peptide assembly remains as a one-
dimensional fiber below 40 °C and gradually transitions into amorphous aggregates as the

temperature reaches above 50 °C (Figure 4.3).

Figure 4.3. Negatively stained TEM images of assemblies of conjugate Cis-(PEPA.™%)2 in 0.1 M HEPES buffer

as temperature increases from 25 °C to 90 °C.
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To confirm this observation, circular dichroism (CD) spectroscopy, which is commonly
used to characterize the secondary structure of peptides and proteins, was employed to monitor the
fiber melting process. The intensity of the CD signal at 208 nm was plotted against the temperature,
and the signal decreases as the temperature is above 40 °C, indicating disruption of the ordered
secondary structure (Figure 4.4).'%5 We further used a fluorescent dye thioflavin T (ThT), which

186-188

is found to bind to amyloid fibers, as an indicator for assembly morphology. When excited

at 450 nm, strong emission is observed at 485 nm when ThT binds to fA-sheet structure, whereas
emission diminishes when no f-sheet structure is present. Despite the fact that Au NPs could
potentially quench the fluorescence of some dyes in close range with themselves, the results from
this control experiments suggest otherwise that, in our case, ThT fluorescence of Cis-(PEPa M%),
was not quenched even in the presence of Au NPs, and we can use ThT to monitor Au NP single
helices. We then examined the fluorescence of Cis-(PEPAM ), conjugates as the temperature
increases. A drastic decrease of the fluorescence signal of peptide fiber assemblies can be observed

at around 40 °C, which follows the same trend as observed in TEM images and CD measurements

(Figure 4.5).
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Figure 4.4. (a) CD spectra of assemblies of conjugate Cis-(PEPs.™%); in 0.1 M HEPES buffer as temperature
increases from 25 °C to 90 °C. (b) CD intensity at 208 nm (black), 220 nm (red), and 237 nm (blue) as

temperature increases from from 25 °C to 90 °C.

a b
T T T 1.6x10° T T T T T T T
6
1.4x10°1 ——25°C——30°C|]
1.2x10° ——35°C——40°C || —
’ ——45°C——50°C > 1.2x10° y
= 1.0x10° ——55°C——60°C | =]
. ——65°C——70°C <
o 8.0x10°+ ——75°C——80°C|] g 8.0x10° 7
= 6.0x10° ——85°C——90°C| | g
£ 4.0x1 o° E 4.0x10° b
s w
2.0x10
"~
0.0 0.0 e s
T T T 1 T T T T T T T
480 520 560 600 20 30 40 50 60 70 80 90

Wavelength (nm) Temperature (°C)

Figure 4.5. (a) ThT emissions upon excitation at 450 nm as a function of temperature. (b) Emission intensity at

485 nm as a function of temperature.

We next proceeded to investigate the AuNP single helices at elevated temperatures. In all
three cases, the AuNP single helices remained intact at low temperatures (below 40 °C) and
disassembled at high temperatures (above 70 °C). Interestingly, the temperature at which the AuNP
single helices start to disassemble increases as the size of the NP increases. Specifically, from

TEM images, small, medium and large Au NP single helices disassemble at different temperatures,
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around 40 °C, 50 °C and 60 °C, respectively. To confirm the findings in TEM images, we
performed melting experiments monitored with CD spectroscopy (Figure 4.6 and Figure 4.7). For
an as-synthesized sample (without any further treatment), the AuNP single helices exhibit a
plasmonic chiroptical signal at around 560 nm (Figure 4.7a) due to the chiral arrangement of
AuNPs along the peptide fiber assembly. A closer look at the CD melting profiles of these samples
confirmed the findings observed in TEM images. For small single helices, a transition from single-
helical assembly to disassembled NPs can be observed when the temperature increases from 40 °C
to 50 °C (Figure 4.6e). For medium and large single helices, the transition takes place when
temperature increases from 50 °C to 60 °C (Figure 4.6j) and from 60 °C to 70 °C (Figure 4.60),
respectively. Although the superstructures disassembled completely at high temperature,
increasing the size of the constituent NPs resulted in shifting the melting temperature higher,

indicating the superstructure becomes more stable.
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Figure 4.6. Effect of temperature on Au NP single helices. TEM images and CD intensity at 560 nm of small

(top row), medium (middle row), and large (bottom) Au NP single helices at different temperatures. Scale bar

=100 nm. CD intensity data were collected using three parallel measurements.
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Figure 4.7. CD spectra of small (a), medium (b), and large (c) Au NP single helices when temperatures were

increased from 25 °C to 90 °C.
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4.2.2 Treatment with Proteinase K (ProK)

ProK is a non-specific, broad-spectrum protease, which is commonly used to digest
peptides or proteins.'®*® We have previously succeeded in using ProK to digest spherical AuNP
superstructures.’* To first determine a suitable concentration for the digestion experiment,
lyophilized Cis-(PEPaM %), peptide conjugates were dissolved in 0.1 M HEPES buffer and
incubated for 30 min at 37 °C. At this temperature, peptide fibers remain intact as shown in the
previous section and ProK is active. The peptide fibers were then incubated in the presence of
ProK with concentrations ranging from 0.02 to 0.8 mg/mL at 37 °C. The final concentrations for
each component were as follows: 20 uM peptide conjugate, 0.1 M HEPES, 5 uM ThT, and 0.02
to 0.8 mg/mL ProK. Results from ThT fluorescence (Figure 4.8) and TEM imaging (Figure 4.9)
showed that peptide fibers were intact after being incubated at the lower ProK concentration, 0.02
mg/mL, for up to 18 hrs, but were digested at the higher ProK concentrations, 0.1, 0.2, 0.4 and 0.8
mg/mL, in less than 2 min. After screening a series of ProK of different concentrations, two sets
of concentrations of ProK, 0.02 mg/mL and 0.4 mg/mL, were selected to be used in ProK digestion
experiments: these two concentrations represent two conditions in which peptide conjugate would

stay intact (0.02 mg/mL) and disassemble (0.4 mg/mL).

104



a 16000 . . . b 16000

(=——0 min
[——2min
~ 12000 — 12000 i -
= S5 —30 min
s <' |——60 min
S ——2h
5 80004 5 8000+ —18h
‘® 2
@2 a
€ 4000 ‘E 4000
’ Y=
0 : T T 0 T T ;
480 520 560 600 480 520 560 600
Wavelength (nm) Wavelength (nm)
c . . . d 16000 . . . e 16000
12000 -|
—_ 12000 12000
2 = 2
< 8000+ < <
c = 8000 1 c 8000+
° ° o
a 8 a
g 4000 'E 40004 E ‘E 4000
w w w
0 . : : 0 M : 0 : , .
480 520 560 600 480 520 560 600 480 520 560 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.8. ThT emission spectra (excited at 450 nm) recorded at different time points when incubated with
Cis-(PEP M%)z (20 nmol) in 0.1 M HEPES buffer at 37 °C in the presence of different concentrations of ProK:
(a) 0.02 mg/mL, (b) 0.1 mg/mL, (¢) 0.2 mg/mL, (d) 0.4 mg/mL, (e) 0.8 mg/mL.

0.02 mg/mL 0.1 mg/m

Before ProK
Treatment

After ProK
Treatment

Figure 4.9. Negatively stained TEM images of C1s-(PEPa.™")2 (20 nmol) assemblies before (top row) and after

(bottom row) ProK was added. ProK concentrations: (a, b) 0.02 mg/mL, (¢, d) 0.1 mg/mL, (e, f) 0.2 mg/mL, (g,
h) 0.4 mg/mL, (i, j) 0.8 mg/mL. For 0.02 mg/mL ProK, TEM images were taken after 18 hours incubation; for

all other concentrations, TEM images were taken after 30 min incubation. Scale bar = 100 nm.
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Next, we examined AuNP single helices in the presence of ProK. As-synthesized small,
medium, and large AuNP single helices were incubated with 0.02 or 0.4 mg/mL ProK at 37 °C.
For the lower concentration (0.02 mg/mL) of ProK, no obvious changes were observed in
morphology for small, medium and large single helices after incubation with ProK for up to 18 hrs
(Figure 4.11). At higher ProK concentration, 0.4 mg/mL, after incubating for 30 min, shorter
AuNP single helices and discrete NPs were observed for small and medium single helices samples,
as shown in Figure 4.10d and Figure 4.10e, respectively. Interestingly, large AuNP single helices
remained intact longer after treatment with ProK, as shown in Figure 4.10f. To confirm that the
peptide fiber scaffold was digested by ProK, we negatively stained TEM samples with 2% uranyl
acetate. For as-synthesized AuNP single helices, a clear fiber backbone could be observed (Figure
4.12). However, for large AuNP single helices after incubation with ProK, we cannot clearly

observe the fiber backbone (Figure 4.12).
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Figure 4.10. TEM images and ThT fluorescence spectra of small (left column), medium (middle column), and

large (right column) Au NP single helices before (top row) and after (middle row) mixing with ProK. Scale bar
=100 nm.
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Figure 4.11. TEM images of small (a, d), medium (b, e), and large (¢, f) Au NP single helices before (top row)
and after (bottom row) incubating with 0.02 mg/mL ProK. Scale bar =100 nm.
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Figure 4.12. Negatively stained TEM images of small (a, d), medium (b, e), and large (c, f) Au NP single helices

before (top row) and after (bottom row) mixing with ProK. Scale bar = 100 nm.

We proceeded to examine the small, medium and large AuNP single helices in the presence
of ThT dye and ProK. When the Au NP single helices samples were incubated with 0.4 mg/mL
ProK, ThT emission decreased drastically and fairly quickly (within 30 min) for small (Figure
4.10g), and medium (Figure 4.10h) AuNP single helices, indicating digestion of the peptide
scaffold. For the large AuNP single helices, ThT fluorescence signal decreased slightly (Figure
4.101). This result shows that helices with large constituent NPs can maintain their structure in the
presence of ProK treatment. Further, the data show that the fibers remain intact, indicating that the

larger Au NPs provide protection against ProK digestion.
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4.2.3 Treatment with Urea

As shown in the previous section, AuNP single helices were able to maintain their stability
(to a certain degree) when the size of the constituent NPs increased. I chose to study urea as a non-
destructive denaturant for peptides and proteins. Urea denatures peptides and proteins via its strong
H-bonding interaction with amino acid residues, thus it may serve to disassemble peptide
backbone.

To find an optimal concentration of urea for testing Au NP single helices stability, we first
tested the stability of the peptide assembly in the presence of a range of urea concentrations.
Peptide conjugates were first incubated in HEPES buffer in the presence of ThT as a f-sheet
indicator for at least one day to allow for complete one-dimensional assembly. Different
concentrations of urea were then added to the assemblies. The final concentrations for each
component were as follows: 20 uM peptide conjugate, 0.1 M HEPES, 5 uM ThT, and 0.005 to 10
M urea. From the fluorescence responses of ThT upon mixing urea with the peptide conjugate
assemblies (Figure 4.13), it is clear that urea concentrations higher than 2 M led to loss of ThT
fluorescence, whereas urea concentrations lower than 2 M caused ThT fluorescence signal to
decrease to a certain degree. TEM images fiber assemblies were consistent with the data from the
ThT studies: amorphous aggregates were observed for samples with higher urea concentration (2
M or higher, Figure 4.14), and 1-D fibers were observed for samples with lower concentrations of
urea (1M or lower, Figure 4.14). We decided to focus on three different concentrations of urea:
0.5 M, 1 M, and 2 M. At these concentrations, peptide fibers would remain intact or disassemble,

and we could examine the stability of Au NP single helices as a function of urea concentration.
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Figure 4.14. Negatively stained TEM images of C1s-(PEPau°*)2 assembly after incubating with urea of different

concentrations. Urea concentrations: (a) 0.5 M, (b) 1 M, and (c¢) 2 M.
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We then studied the stability of small, medium, and large Au NP single helices in the
presence of urea at the three different concentrations. Upon incubating with urea at the selected
concentrations (0.5 M, 1 M, and 2 M), small, medium, and large Au NP single helices exhibited
different responses to urea. Specifically, as shown in the TEM images in Figure 4.15, small helices
were more likely to disassemble when urea concentrations increased from 0.5 M to 2 M: single
helices were observable at 0.5 M urea (Figure 4.15a); at 1 M urea, segmentation of single helices
was observed (Figure 4.15b); at the highest concentration of urea, 2 M, only discrete NPs were
present in TEM images (Figure 4.15¢). For medium helices, the segmentation of helices occurred
at higher urea concentration (e-g). For large helices, more complete helices could be observed at
higher urea concentrations such as 1 M or 2 M (Figure 4.15i-k). The TEM images revealed that
increasing the size of constituent NPs leads to more robust single helices. To further examine the
process, each sample was also monitored with ThT fluorescence using the method described
previously (Figure 4.16). For all samples, ThT emissions decreased instantly upon addition of urea,
indicating denaturization of the peptide fibers. However, the decrease in ThT emission varied for
small, medium, and large helices, as well as for different urea concentrations. For example, for
small helices, the ThT emission decreased significantly at 2 M urea after 2 h incubation (Figure
4.15d). The observation suggests that the majority of the helices disassembled into discrete NPs,
as shown in the corresponding TEM images (Figure 4.15¢). As the size of the NPs increases, the
degree to which ThT emission decreases becomes smaller (Figure 4.15h and Figure 4.15]),
suggesting the single helices with larger NP sizes are in some way protected from denaturization

by urea. To highlight this difference, at 2 M urea, emission for large helices was recorded to be
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around 50 % of the starting intensity; however, for small helices, the ThT fluorescence decreased

almost completely.
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Figure 4.15. Effects of different concentrations of urea on Au NP single helices of increasing constituent NP

sizes. TEM images of small (a, b, ¢), medium (e, f, g), and large (i, j, k) Au NP single helices after incubating

with different urea concentrations (a, e, i: 0.5 M. b, f, j: 1 M. ¢, g, k: 2 M) for 1 d. Normalized ThT emissions

for small (d), medium (h), and large (I) Au NP single helices at 480 nm recorded for up to 1 d (urea
concentrations: black, 0.5 M; red, 1 M; blue, 2 M). See Fig. S12 for full ThT emission spectra.
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Figure 4.16. ThT emission spectra excited at 450 nm of small, medium, and large Au NP single helices upon

incubating with different concentrations of urea. NP sizes: (a, b, ¢) small, (d, e, f) medium, (g, h, i) large. Urea

concentrations: (a, d, g) 0.5M, (b, e, h) 1 M, (¢, f, i) 2 M.

4.3 Conclusion

In summary, we examined the stability of Au NP single helices formed using Cis-

(PEPAu")2. We studied the stability at elevated temperatures and in the presence of two peptide

denaturants, ProK and urea.

Our data indicate that helices with larger particles are more

structurally robust in the presence of increased temperature and in the presence of ProK and urea.
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We reason that as the particles become larger, the peptide fiber becomes more shielded and less
accessible to ProK. Urea, however, is a small molecule, and should easily be able to penetrate into
the fiber scaffold, regardless of the NP dimensions. The larger particles may also impart greater
stability because they ‘weld’ the structure together, preventing disassembly of the underlying
peptide fibers. Inspired by the results in this study, we envision that the stability of single helices
could be enhanced even further with further NP growth that ultimately leads to NP fusion and
formation of 1D helical gold wires, which could potentially show interesting electromagnetic

properties.

4.4 Supplementary Information

4.4.1 General Methods

All chemicals were purchased from commercial suppliers and used as received unless

d™ water

otherwise specified. Nanopure water (18.2 m€2) was obtained using a Barnstead Diamon
purification system. Peptide and peptide conjugate syntheses were carried out on a CEM MARS
6™ synthesis microwave reactor. Peptide and peptide conjugates were purified using an Agilent
1200 reverse-phase high-performance liquid chromatography (RP-HPLC) system equipped with
multiple wavelength detectors and a Zorbax-300SB Cis column. A linear gradient of 5-95%
acetonitrile (with 1% formic acid) over 30 min was used to elute peptide samples. Molecular mass

of purified peptides and peptide conjugates were confirmed on a Shimadzu liquid chromatography-

mass spectroscopy (LC-MS) 2020 system. Agilent 8453 UV-vis spectrometer with quartz cuvette
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(10 mm path length) was used to quantify peptide conjugate based on tyrosine absorbance at 280

nm. All microscopy measurements were performed using ImageJ software.

o 0 OH
(] o]
b — A — L
15 OH 15 O 15 H
(v}
-~
BI' /
N3-PEP, Mox o /Iio/ P
Cig{PEP{ M%), ~«——— /\(\/)ﬂ\ o #
5N \/

Figure 4.17 Synthetic scheme for peptide conjugate Cis-(PEP s %)2.

4.4.2 Solid-Phase Peptide Synthesis of PEPau and N3-PEPau

N3-PEPa, was synthesized by manual microwave-assisted Fmoc solid phase methods using
a CEM MARS microwave and NovaSyn TGA Fmoc-Phe resin (Milipore catalog number:
8560340001). The resin was first soaked in dimethylformamide (DMF) for 15 minutes and a 2 mL
Fmoc-deprotection solution consisting of 20% 4-methylpiperidine in DMF was added. Fmoc
deprotections were performed with a 1 min ramp to 75 °C, followed by a 2 min hold at that
temperature with stirring. Thereafter, excess solution was drained using a filtration manifold and
washed with 2 mL DMF for three times. Thereafter, a 1.25 mL coupling solution consisting of 0.1

M HCTU (O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate,
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5 eq. to resin) in NMP (1-methyl-2-pyrrolidinone), vortexed with Fmoc-protected amino acid (5
eq. to resin) and DIEA (N,N-diisopropylethylamine, 7 eq. to resin), was added. Coupling reactions
were then performed with a 1 min ramp to 75 °C, followed by a 5 min hold at that temperature
while stirring. Thereafter, excess reagent was drained and the residue was washed with DMF for
three time. This coupling-deprotection cycle was repeated for every amino acid. Proline and
adjacent amino acids were coupled twice to ensure complete reaction of secondary amide group.
At this step, crude PEPay was cleaved from resin after the final deprotection step; whereas for Ns-
PEPau, the N-terminus was capped with 5-azido pentanoic acid (4 eq. to resin). The resin was then
washed with DMF, methylene chloride, and methanol. The peptides was then cleaved from resin
using a 2 mL cleavage cocktail (95/2.5/2.5 trifluoroacetic acid/triisopropylsilane/H>0O). Crude
peptide was precipitated by adding the resin-cleavage cocktail to cold Et;O and washed by Et,O
for two times. The peptide was then dissolved in 1/1 acetonitrile/water, and stored at 4 °C, before

further purified with RP-HPLC.

4.4.3 Preparation of N3-PEPAJM* and Cis-(PEPAJM-*%),

Details of oxidation of N3-PEPa,, synthesis of Cis-dialkyne, and copper assisted “click”
coupling of Cis-dialkyne to N3-PEPA,* to yield Cis-(PEPa,™ %), were described in our previous

publications.?’?
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Figure 4.18. Molecular structure of Cis-(PEPAJM);

4.4.4 Synthesis of Small Au NP Single Helices

Small helical Au NP superstructures were prepared using established methods with minor
modifications.?’-?® Briefly, 20 nmol of lyophilized Cis-(PEPa,™ %), was dissolved in 200 uL 0.1
M HEPES buffer. Next, the sample was sonicated for 5 min, before it was left undisturbed at room
temperature for 25 min. Toward the end of the 25 min incubation, a gold precursor solution was
freshly prepared by vortexing 0.1 M HAuCl4 in H>O and 1 M triethylammonium acetate (TEAA)
buffer for 1 min. After the 25 min, 2 pL of the gold precursor solution was added to the peptide
buffer solution. Upon observing a black precipitate, the reaction vial was vortexed and left at room
temperature for 18 hours. The sample was then centrifuged (5 krpm, 10 min) and re-dispersed in

200 pL 0.1 M HEPES buffer.
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4.4.5 Synthesis of Medium and Large Au NP Single Helices

Medium Au NP single helices were prepared following a previously reported procedure
with slight modification.!” First, small Au NP helices were synthesized using the method
described in the previous section, where the 200 uLL 0.1 M HEPES was replaced with 200 uL 0.08
M HEPES/0.02 M citrate buffer. After incubated for 18 hours, 1 pl of 0.1M HAuCls was added
and then the vial was vortexed for 5 seconds. After incubation of the above mixture solution for 1
minute, 100 ul 0.01 M Hydroquinone, 0.08 M HEPES and 0.02 M citrate buffer was added. The
mixture solution was vortexed for 3 minutes and the color became dark purple. Precipitate was
also observed. After 1 h, the solution was centrifuged (5 krpm, 10 min) and re-dispersed in 200
pnL 0.1 M HEPES.

For large Au NP single helices, a second round of growth process was carried out based on
medium Au NP single helices. And the large Au NP single helices was centrifuged and re-

dispersed in 200 uL 0.1 M HEPES as well.

4.4.6 Transmission Electron Microscopy (TEM)

TEM imaging was performed on a FEI Morgagni 268 operated at 80 kV and equipped with
an advanced microscopy techniques (AMT) side mount charge-coupled device (CCD) camera
system. TEM samples were prepared by drop-casting 5 uLL of sample onto a 3 mm diameter copper
grid with Formvar coating. After 5 min, excess solution was removed by filter paper and the sample
was air-dried for 1 min. And 5 pL of H,O was applied to the grid to remove excess solvent. After
I min, the H,O was removed and the grid was left to air dry for 5 min. Negatively stained TEM

samples were prepared by adding 5 nL 2% uranyl acetate solution to the grid after it was air dried
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for 5 min. Next, after 5 min, the excess staining solution was removed by filter paper and the grid

was left to air dry for 5 min.
4.4.7 Circular Dichroism (CD) Spectroscopy

CD studies of Au NP single helices were conducted on an Olis DSM 17 CD spectrometer
with a quartz cuvette (path length 0.1 cm). For temperature studies, each sample was loaded in the
cuvette and incubated according to the temperature ramp described in the manuscript. For ProK

studies, the cuvette was held at 37 °C. For urea studies, the cuvette was held at room temperature.
4.4.8 Fluorescence Studies

4.4.8.1 Molecular Structure of Thioflavin T (ThT)

1

N + CH3

\> < > N

- \

HiC = CH3
cr

Figure 4.19. Molecular strucuture of thioflavin T (ThT)

4.4.8.2 ThT Fluorescence Studies for Peptide Assemblies

ThT fluorescence were recorded on a Horiba Jobin Yvon (HJY) Fluoromax 3
spectrofluorimeter using a quartz cuvette. Each sample was allowed to incubate with ThT (5 uM)
overnight, and was excited at 450 nm while emission was recorded from 460 to 600 nm. For

temperature studies, each sample was loaded in the cuvette and incubated according to the
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temperature ramp described in the manuscript. For ProK studies, the cuvette was held at 37 °C.

For urea studies, the cuvette was held at room temperature.
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