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Abstract

Anisotropic plasmonic noble metallic nanoparticles (APMNS) have received enormous
attention due to their distinct geometric features and fascinating physicochemical properties.
Owing in large part to their tailored localized surface plasmon resonance (LSPR) and the
intensive electromagnetic field at the sharp corners and edges, APMNs are exceptionally well
suited for biomedical applications such as biosensing, bioimaging, diagnostics and therapeutics.
Although a rich variety of surfactant-assisted colloidal routes have been developed to prepare
well-defined APMNs, biomedical applications necessitate tedious and rigorous purification
processes for the complete removal of toxic surfactants. In this dissertation, we aim to develop
generic bioenabled green synthetic methodologies towards APMNSs. By applying a series of
thermodynamic, kinetic and seed quality control, a series of APMNs with varied morphologies
such as branched nanostars and triangular nanoprisms have been successfully prepared.

We first presented the preparation of gold nanostars (Au NSTs) through a two-step
approach utilizing a common Good’s buffer, HEPES, as a weak reducing agent. Single
crystalline Au NSTs with tunable branches up to 30 nm in length were produced and the halide
ions rather than the ionic strength played a significant roles on the length of the branches of Au
NSTs. Then consensus sequence tetratricopetide repeat (CTPR) proteins with increasing number
of repeats were used as model proteins to probe the effects of concentration as well as the protein
shape on the morphology and resulting physicochemical properties of plasmonic gold

nanoparticles.



Since the underlying growth mechanism for the biomimetic synthesis of APMNSs remains
elusive and controversial, the other objective is to elucidate the molecular interactions between
inorganic species and biopolymers during the course of NP evolution. Fluorescent quenching and
2D NMR experiments have confirmed the moderate binding affinity of CTPR to the Au(0) and
Au(lll). We observed that the initial complexation step between gold ions and CTPR3 is ionic
strength dependent. Furthermore, we also found that NPs preferentially interact with the
negatively charged face of CTPR3 as observed in 2D NMR. Knowledge of binding behavior
between biospecies and metal ions/NPs will facilitate rational deign of proteins for biomimetic
synthesis of metallic NPs.

A modified seed-mediated synthetic strategy was also developed for the growth of silver
nanoprisms with low shape polydispersity, narrow size distribution and tailored plasmonic
absorbance. During the seed nucleation step, CTPR proteins are utilized as potent stabilizers to
facilitate the formation of planar-twinned Ag seeds. Ag nanoprisms were produced in high yield
in a growth solution containing ascorbic acid and CTPR-stabilized Ag seeds. From the time-
course UV-Vis and transmission electron microscopy (TEM) studies, we postulate that the
growth mechanism is the combination of facet selective lateral growth and thermodynamically
driven Ostwald ripening.

By incorporation of seeded growth and biomimetic synthesis, gold nanotriangles (Au
NTSs) with tunable edge length were synthesized via a green chemical route in the presence of the
designed CTPR protein, halide anions (Br') and CTPR-stabilized Ag seeds. The well-defined
morphologies, tailored plasmonic absorbance from visible-light to the near infrared (NIR)
region, colloidal stability and biocompatibility are attributed to the synergistic action of CTPR,

halide ions, and CTPR-stabilized Ag seeds.



We also ascertained that a vast array of biosustainable materials including negatively
charged lignin and cellulose derivatives can serve as both a potent stabilizers and an efficient
nanocrystal modifiers to regulate the growth of well-defined Ag nanoprisms using a one-pot or
seeded growth strategy. The influential effects of reactants and additives including the
concentration of sodium lignosulfonate, H.O> and NaBH4 were studied in great detail. It implies
that appropriate physicochemical properties rather than the specific binding sequence of
biomaterials are critical for the shaped-controlled growth of Ag NTs and new synthetic
paradigms could be proposed based on these findings.

Last but not the least, we have demonstrated the resulting APMNSs, particularly, Au NSTs
and Ag NTs exhibit remarkable colloidal stability, enhanced SERS performance, making them
promising materials for biosensing and photothermal therapy. Since the Ag nanoprisms are
susceptible to morphological deformation in the presence of strong oxidant, they also hold great

potential for the colorimetric sensing of oxidative metal cation species such as Fe*" Cr3" etc.
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When a beam of light impinges on the surface of noble metallic nanoparticle (NP),
particularly gold (Au) and silver (Ag), the conduction electrons are excited which induces a
collective oscillatory motion, resulting in an intense localized surface plasmon resonance (LSPR)
absorbance as well as the amplified localized electromagnetic filed. Owing in large part to the
tailored LSPR and the intensive electromagnetic field at the sharp corners and edges, anisotropic
plasmonic noble metallic nanoparticles (APMNSs) can be utilized to span an array of applications
such as biosensing, bioimaging, diagnostics and therapeutics. Although great advancement has
been made to prepare well-defined APMNs through versatile surfactant-assisted colloidal
methodologies, biomedical applications necessitate tedious and rigorous purification processes
for the complete removal of toxic surfactants. To address this ubiquitous challenge, biomimetic
and bioinspired green synthesis have been extensively explored to fabricate APMNs under mild
and ambient conditions.

In this dissertation, we aim to develop generic bioenabled synthetic strategies towards
APMNSs, particularly, Au nanostars and Au/Ag nanoprisms. Herein, protein mediated shape-
selective synthesis of APMNs were presented, in which consensus sequence tetratricopetide
repeat (CTPR) proteins and biological Good’s buffers were employed as nanocrystal growth
modifiers and mild reducing agents, respectively. The dramatic implications of repeat proteins on
the morphological and optical properties of the Au NPs were explicitly discussed. The other
objective of this dissertation is to elucidate the molecular interactions between inorganic species

and biopolymers to further unravel the underlying growth mechanism during the course of



APMNs evolution. By incorporation of seeded growth and biomimetic synthesis, Ag/Au
nanotriangles (Au NTs) with tunable edge length were synthesized in the presence of the
designed CTPR protein, halide anions (Br-) and CTPR-stabilized Ag seeds. The well-defined
morphologies, tailored plasmonic absorbance from visible-light to the near infrared (NIR)
region, colloidal stability and biocompatibility are attributed to the synergistic action of each
components in the synthetic system. Last but not the least, we have demonstrated the resulting
NPs exhibit remarkable colloidal stability, mitigated cytotoxicity and surface enhanced Raman
spectroscopy (SERS) performance, making them good candidates for biosensing and
photothermal therapy. This work might shed light on the roles biomolecules play in green
synthesis of APMNSs, along with rationalizing the design of biomimetic systems to bridge the gap

between the bioenabled technique and traditional colloidal synthesis.
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Chapter 1. Introduction

1.1 Overview

Anisotropic plasmonic noble metallic nanoparticles (APMNSs) have received enormous
attention due to their distinct geometric features and fascinating physicochemical properties.
Owing in large part to their tailored localized surface plasmon resonance (LSPR) and the
intensive electromagnetic field at the sharp corners and edges, APMNs are exceptionally well
suited for biomedical applications such as biosensing, bioimaging, diagnostics and therapeutics.
To date, a rich variety of surfactant-assisted colloidal routes have been developed to prepare
well-defined APMNSs. Given that biomedical applications necessitate tedious and rigorous
purification processes for the complete removal of toxic surfactants, extensive research has been
conducted on the green synthesis of APMNSs. In this dissertation, we aim to develop generic
bioenabled synthetic methodologies towards APMNSs, particularly, nanostars and nanoprisms.
The other objective is to elucidate the molecular interactions between inorganic species and
biopolymers to further unravel the underlying growth mechanism during the course of APMNs
evolution. Last but not the least, we have demonstrated the resulting NPs exhibit remarkable
colloidal stability, mitigated cytotoxicity and enhanced SERS performance, making them
promising materials for biosensing and photothermal therapy.

Recent advances in the synthesis and the variety of applications of APMNs are briefly
reviewed in the first chapter, focusing on the bioenabled colloidal synthesis of two dimensional
(2D) nanoplates. In Chapter 2, a two-step approach is presented for the preparation of gold
nanostars (Au NSTSs), in which Good’s buffer plays the dual roles of a mild reducing agent and a
shape directing agent. In Chapter 3, we explicitly discuss the implications of repeat proteins on

the morphology and plasmon absorbance of the Au NPs synthesized through a protein-mediated



procedure. It is followed by the meticulous investigation on the molecular interactions between
protein and Au ions/Au NPs in Chapter 4. This research provided a foundation for the successful
incorporation of seed-mediated synthetic strategies into biomimetic approaches, by which well-
defined triangular Ag/Au nanoprisms are produced in high yield. The details about the synthetic
protocols along with the growth mechanism of Ag and Au nanoprisms are presented in Chapter 5
- Chapter 7. In Chapter 8, additional biopolymer, lignin derivatives, were found to facilitate the
formation of Ag nanoprisms through either seeded growth or H>O> induced one pot synthesis
indicating that a broad spectrum of sustainable biomaterials can be employed for governing the
shape-controlled synthesis of APMNs. This work aims to lay the groundwork in better
understanding the roles biomolecules play in green synthesis, along with demonstrating the need
for rational design of biomimetic systems to bridge the gap between the bioenabled technique

and traditional colloidal synthesis.
1.2 Plasmonic nanoparticles

Colloidal noble metallic nanoparticle (NP) solutions, particularly gold (Au) and silver
(Ag), have been found to display spectacular colors, dating back to the Roman times.! The
underlying mechanism of this intensive light absorbance remains elusive until the dawn of the
20th century. Mie and Gan provided seminal work to quantitatively describe the size and shape-
dependent localized surface plasmon resonance (LSPR) and predict the optical properties for
noble metal NPs.! When a beam of light impinges on a NP surface, the conduction electrons are
excited which induces a collective oscillatory motion, resulting in an intense LSPR absorbance
as well as the amplified localized electromagnetic filed (Figure 1.14).> Indeed, SPR also takes
place on the bulk metal and metal thin film. The LSPR bands of metallic NPs are narrow, well-

defined and remarkably sensitive to the local dielectric environment, which holds great promises



for their use in molecular sensing, bioimaging and therapeutic applications.>* Additionally, the
coupling of electromagnetic fields between adjacent NPs brings about the further amplification
of the spectroscopic signals allowing for the implementation of plasmon-enhanced spectroscopic

tools and other advanced optoelectronic devices.”>”’
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Figure 1.1 Schematic representation of the LSPR involved in metallic (A) nanospheres (NSPs)*®
(Reprinted with permission from refl3, copyright (2014) Multidisciplinary Digital Publishing
Institute) (B) the dipolar in-plane and out-of-plane modes of nanoprisms are represented in (i)
and (ii), respectively. The corresponding in-plane and out-of-plane quadrupolar modes are
represented in (iii) and (iv), respectively.® (Reprinted with permission from ref8, Copyright
[2008] the Royal Society of Chemistry) (C) EELS mapping of Ag nanoprisms.'? (Reprinted with
permission from ref 12, Copyright [2007] Nature Publishing Group)

Generally, the LSPR of NPs is determined by their composition, geometric features, and
their ensemble assembly patterns.®® For instance, the representative LSPR band of spherical or
quasi-globular Au and Ag NPs typically absorbs at 520 and 400 nm, respectively, which
undergoes a slight red shift as the size increases. In sharp contrast, the LSPR band of anisotropic
plasmonic noble metallic nanoparticles (APMNs) is more sensitive to the variation of shapes,
and can be readily tailored from ultraviolet (UV) to near infrared (NIR) regions.>® Despite the
fact that other metals including Cu, Pt, Pd, Al also possess LSPR bands, they have attracted less
attention owing to the relatively low intensity absorbance in the UV region. Theoretical

approaches like discrete dipole approximation (DDA) simulation can serve as a powerful tool to

predict the plasmonic behavior of the noble metallic NPs. For instance both DDA simulations
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and UV-Vis spectral investigations have unambiguously confirmed the dual LSPR modes
corresponding to a dipole and a quadrupole (Figure 1.1B),'*'! while the electron energy-loss
spectroscopy (EELS) mapping identified the plasmonic hot spots at the sharp tips of the

nanoprisms (Figure 1.1C).*?

1.3 General properties and applications of anisotropic plasmonic noble

metallic nanoparticles (APMNs)

1.3.1 Geometric features and crystal structures

Anisotropy at the nanoscale results in the unprecedented physical and chemical properties
of NPs. Over the past two decades, NPs with a wide array of shapes have been fabricated
including polyhedral, one dimensional nanowires,’** nanorods (NRs),}® 2D nanoplates (also
termed as nanodisks and nanoprisms),'®!” 3D branched NPs,*®2° and a diverse set of high-index

concave and convex polyhedral nanocrystals.?!?2

hexagonal plates triangular plates

nanorods
@10 @00y @111}

octahedron tetrahedron

Figure 1.2 Schematic representation of the single-crystalline polyhedrons (nanocube, truncated
nanocubes, octahedron, truncated octahedron, tetrahedron), hexagonal and triangular nanoplates,
24 and nanorods with different ends (five-fold twinned, rectangular and octagonal cross-
section).?® (Reprinted with permission from ref 24, Copyright [2008] Wiley and from ref 25,
Copyright [2011] the Royal Society of Chemistry)



The shape of APMNSs are primarily determined by two structural factors, including
crystallinity and surface facets. In terms of crystallinity, Ag and Au NPs typically exist in the
form of face centered cubic (fcc) single-crystalline or polycrystalline structures. Aside from that,
planar-twinned (possessing one or more parallel twin defects), penta-twinned (possessing five
twins radiating from a center), multiply twinned (possessing 20 intersecting twin planes) and
stacking faults are conventionally found for fcc Ag and Au NPs due to the low energy barrier.?®

The facets stand for the exposed surface of polyhedral nanocrystals, consisting of a
specific ordered arrangement of atoms. By convention, facets can be represented by a set of
index, called Miller indices (h, I, k). For instance, single crystalline polyhedrons, 1D nanorods
and 2D nanoplates are, respectively, enclosed by a set of facets as shown in the Figure 1.2.

1.3.2 Catalytic performance

Large surface area and abundant surface defects (edges, corners, steps, kinks) result in the
superior catalytic performance of APMNs as compared with their isotropic counterparts. The
catalytic activity and selectivity is largely dependent upon the size, shape and surface facets of
APMNSs. For example, shape-dependent electrocatalytic behavior has been uncovered through
cyclic voltammetry and chronoamperometry studies.?® Ag nanoprisms rich in hcp lamellar
defects outperformed Ag nanospheres and Ag nanocubes toward hydrazine and formaldehyde
oxidation and hydrogen peroxide reduction.?® By and large, APMNs with high-index facets,
particularly concave and convex polyhedrons, showcase remarkably high catalytic activity?? but
suffer the major drawback of the structural instability originated from their high surface energy.?*
1.3.3 Tunable spectral properties

One striking advantage of APMNSs is that the in-plane dipole LSPR can be regulated by

their aspect ratio. For instance, the LSPR of Ag nanoprisms could be conveniently tuned to span



a broad spectral range, from visible to the NIR region, through the variation of the quantities of
Ag seeds used during the growth step (Figure 1.34-B).?" An linear relationship has also been
identified between Amax and the aspect ratio, expressed by the empirical equation (1),

Amax = 33.8 7| + 418.8 (1)
where L and T refers to edge length and thickness, respectively. For the gold nanorods (NRs),
the aspect ratio could be adjusted by the size of the seeds as well as the concentration of Ag ions
additives (Figure 1.3C).%%° Regardless of the shape of the NPs, the larger aspect ratio produces
a longer Amax. The generic trend also holds for the branched gold nanostars (NSTs), the Amax Of

which is primarily determined by the length of the tips.?°
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Figure 1.3 (A) Photograph of a series of Ag nanoprisms colloidal solutions illustrating range of
colors obtained. (B) Normalized UV-Vis spectra of a series of as-prepared samples obtained
using different volumes of seed solution.?” (Reprinted with permission from ref 27, Copyright
[2008] Wiley) (C) UV—vis—NIR extinction spectra of Au NRs with aspect ratio (AR) of 1.5-3.5,
AR are indicated above the absorbance spectrum of each sample.?® (Reprinted with permission
from ref29, Copyright [2013] American Chemical Society)

1.3.4 Plasmonic sensing



Owing to the high extinction coefficient in the visible-light region, functionalized
APMNSs have been widely used as colorimetric sensors. Their LSPR bands undergo dramatic
variation in response to the environmental change.3*23 The design principle can be illustrated by
the following example.®® Au NRs capped with MC-LR antibody could conjugate with their
analogues anchored by MC-LR-OVA antigen either in a side-by-side or an end-to-end fashion
(Figure 1.4A). Once the MC-LR toxin is added, the ordered self-assembly of Au NRs is
disrupted due to the competitive interaction between the toxin and MC-LR-OVA antigen. The
net effect can be envisioned as the shortening of a supramolecular assembled Au nanowire. The
dramatic intensity and wavelength changes caused by the decrease in the aspect ratio (Figure
1.4A) can be used as a plasmonic probe to identify the MC-LR concentration and the detection

limit was estimated to be 0.3 ng-mI™* and 0.06 ng-ml, respectively (Figure 1.4B).
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Figure 1.4 (A) schematic illustration of toxin detection method with side-by-side and end-to-end
Au NR assemblies (B) Evolution of LSPR of the Au NRs upon increasing concentrations of
microcystin-LR (MC-LR).2°(Reprinted with permission from ref30, Copyright [2010] Wiley)

Triangular Ag nanoprisms (or nanotriangles, NTs) are featured by their sharp vertices and
intense NIR absorbance located at approximately 800 nm. The dipole LSPR of Ag NTs is subject
to a noticeable blue shift as the corner tips are rounded in the presence of strong oxidant.? This
sharp plasmonic response confers the ultra-high chemical sensitivity upon Ag nanoprisms
towards chemical and biological sensing of glucose, Hg*, and DNA 3133
1.3.5 Surface enhanced Raman scattering (SERS)

SERS has been demonstrated as a powerful spectroscopic technique for the detection of
trace amount of biomolecules and hazardous substance.®* APMNSs, especially Ag and Au-based
NSTs and nanoprisms exhibit remarkable SERS activities, which is mainly attributed to the sharp
tips, corners and edges.?>* In a recent study by Qin et al., Ag nanoplates with either straight or
wavy edges were prepared through a PVP mediated hydrothermal method followed by the
solvothermal treatment in ethanol.®® At the fixed concentration of Ag nanoplates, the SERS
enhancement factors were found in the following order: wavy edge > straight edge > curvy edge.
On the basis of massive field enhancement (e.g. plasmonic hot spots) originated from the
plasmonic coupling of neighboring APMNSs, bow-tie Ag NTs pairs and Au NSTs heterodimers
have been fabricated as highly active SERS substrate and SERS probe.> 3’

1.3.6 Other biomedical applications

Due to the long circulation time, enhanced permeability and retention (EPR) effect and
strong LSPR absorbance in the NIR region, APMNs have also been applied in the development
of targeted drug-delivery systems for controlled cargo release and photothermal therapy.>®4° By

covalent immobilization of Cys-Leu-Pro-Phe-Phe-Asp (CLPFFD) peptide onto the Au NRs,



improved cell viability and specific biorecognition capabilities toward B-amyloid are imparted to
the Au NRs-peptide conjugates, which have great potential in therapeutics for Alzheimer’s
disease.® Additionally, a diverse set of APMNs such as Au NRs, nanoshells and branched
nanohexapods have been demonstrated as high-performance photothermal transducers for the

ablation of breast cancer tumors.*
1.4 Colloidal synthesis of APMNs

It is well known that well-defined nanostructures can be fabricated through top-down and
bottom-up method. For noble-metal systems, bottom up techniques, especially colloidal
synthesis is advantageous due to the following reasons: (i) cost-efficient: no specialized and
extravagant instruments are necessary (ii) high throughput: solution-based processing can be
readily implemented for scale up synthesis (iii) versatile: diverse shaped nanostructures can be
realized through the rational design of synthetic procedures. In a general sense, solution-phase
synthesis of colloidal nanocrystals with a specific shape is carried out by reducing metal
precursors in the presence of stabilizers and shape-directing agents. The key to the exquisite size
and shape control lies in the precise tuning of nucleation and the subsequent growth step aiming
for the specific crystallographic structure.

Owing to the enormous efforts and pioneering work done by numerous scientists all over
the world, shape-controlled synthesis of APMNs is no longer regarded as a fortuitous discovery.
Instead, a set of guidelines have been developed in this respect, which can be briefly summarized
as below:

(i) Appropriate thermodynamic and kinetic control over the nucleation and growth

(i) Seed-mediated growth as a versatile toolbox

(iii) Seeds with desirable crystal structure



(iv) Diverse ligands as facet-selective adsorbate

(v) Self-assembled scaffolds as potent templates
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Figure 1.5 (A) Plot of atomic concentration against time, illustrating the generation of atoms,
nucleation, and subsequent growth.** (Reprinted with permission from ref41, Copyright [2015]
American Chemical Society) (B) LaMer model of rapid nucleation vs slow nucleation.?*
(Reprinted with permission from ref24, Copyright [2008] Wiley)

The synthesis reactions are essentially governed by the combination of multiple
thermodynamic (e.g. reduction potential, interfacial energy) and kinetic (e.g. concentration of
reactants, diffusion rate, temperature, pH) factors. The total Gibbs free energy can be described
in the following equation:

AGiotar = dGpyy + vdA 1)
where Gouik is the bulk Gibbs free energy, v is the specific surface energy and A is the surface
area. Nanocrystal take equilibrium shape under the condition that the total surface energy is
minimized. Due to the intrinsic anisotropic atomic arrangement on the different crystallographic
planes, the equilibrium shape of nanocrystal is typically polyhedron that can be predicted using
Wulff Construction. For fcc metal, the order of surface energy for different faces is as follows: y

(111) < y(100) < y(110). Additionally, the surface energy can be finely tailored with the aid of

capping agent so that a wide diversity of shapes deviated from the Wullf thereom can be
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synthesized. As for kinetics control, the most efficient tools include the variation of
concentrations, adjustment of temperature and addition of ligands. Note that in many cases, these
thermodynamic and kinetic influential parameters are intertwined which make the situation even
complicated. Controversial conclusions are often made by different research groups using similar
synthetic protocols, even with consistent experimental observations.® Hence a profound
understanding and application of these principles is so vital for the rational design and
development of APMNs with controlled morphologies.

Since the crystal’s free Gibbs energy is negative whereas the surface energy is positive,
there is a critical size when dAGueta/dr=0 (r = radius of size of nucleus). The critical size r
corresponds to the minimum size at which the particle can survive without being redissolved into
the solution. The LaMer model is conventionally adopted to describe the homogenous nucleation
of seed as well as the growth of nanocrystals. At the initial stage, a rapid increases in the
concentration of M(0) (M stands for metal) happens and reaches the critical value. Then burst-
nucleation process will consume a large quantity of M(0) so that new nuclei can hardly be
formed beyond this point. The follow-up growth step is generally described by the slow
deposition of monomers(metal atoms) onto the pre-existing nuclei (Figure 1.5A).*! As shown in
the Figure 1.5B, if there are abundant free M(0) atoms that are not depleted rapidly, a mixture of
varied-shaped NPs with broad size distribution are formed due to the concurrent homogenous
nucleation and growth.?*

Seed-mediated growth, proposed by Murphy et al. in their pioneering work on the gold
nanorods and nanospheres with tunable size,'®*? has been successfully extended to prepare a rich
variety of different shaped APMNs with low shape and size polydispersity. 17274346 Although

multi-step protocols sacrifice the convenience of the traditional one-pot synthesis, the exquisite
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control over the growth kinetics, and thus shape and size, is achieved by isolating the growth step
from the initial nucleation of seeds. *4” The underlying reasons for the growth to proceed along
one favourable orientation over another have not been indisputably addressed. Seeded growth is

believed to boost the symmetry breaking event during the course of the shape evolution.*’

— &

Octahedron
® @ —.8
— & Decahedron
Single Cuboctahedron
Stotal Crystal Multiply L, @
eta : L5 ' or Twinned
-+ Nuclei —
Precursor ol Icosahedron
—a — @Y
@ ’ Plate With Hexagonal or
Stacking Faults Triangular Plate
Singly  Right Bipyramid

Twinned
Figure 1.6 Growth of APMNs using seeds with varied crystal structure. Yellow indicates (111)
facets and green represents (100) facets. *84° (Reprinted with permission from ref48, ref49,
Copyright [2013] American Chemical Society)

In the presence of seed nanocrystals, the deposition of metal atoms onto the pre-existing
seeds is more favorable than homogenous nucleation due to the lower activation energy.?* More
important, the crystal structure including its twining defects plays a leading role in determining
the shape evolution during the growth stage. For instance, single crystalline seed is the
prerequisite for the synthesis of platonic NPs, such as octahedrons and cubes. Decahedrons and
icosahedrons are favorable products when multiply twinned seeds are utilized (Figure 1.6). As
for the 2D hexagonal nanoplates and nanoprisms, planar twining and inherent stacking faults are
considered as one of the key driving forces.*® Note that the crystallinity of seeds is significantly

affected by the choice of surfactant or stabilizer. Multiply twinned and planar-twinned seeds are

typically produced in the presence of citrate whereas single-crystalline seeds are generated by
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using cetyltrimethylammonium bromide (CTAB), which is attributed to oxidative etching of less

stable twin defects.*®4°
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Figure 1.7 Schematic representation of the two primary growth pathways of Au NPs: (A) kinetic
control and (B) selective surface passivation (in this case, by Ag(0)).>° (Reprinted with
permission from ref50, Copyright [2012] American Chemical Society)

A high degree of shape control and tailorability is realized through a kinetic control and
selective surface passivation during the growth stage. As shown in the Figure 1.7A, more
thermodynamically favored octahedrons bounded with (111) facets are produced at slower
reduction rate, whereas fast reduction rates are in favor of high-index trisooctahedra with (221)
facets. Additionally, a rich variety of adsorbates including the atomic adsorbate, Ag(0), small-
molecule surfactant, CTAB, and polymeric stabilizer, PVP, can be used for the selective
suppression of specific facet on the nanocrystal to maneuver the overgrowth process.?* Taking
into account the Ag underpotential deposition (UPD), the higher density of Ag deposition on Au
NPs results in the formation of high-index products with more open facets, as shown in the
Figure 1.7B.%

Other thermodynamic driven processes, particularly, Ostwald ripening also get involved
during the course of the nanocrystal formation. Ostwald ripening is a spontaneous
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thermaldynamically-driven phenomenon which can be attributed to the reason that large particles
are energetically favorable than the smaller counterparts. As demonstrated in the Chapter 6, both
small nanoclusters and anisotropic nanoplates are generated at the initial seeded-growth stage. In
order to minimize the total energy of the system, the small nanoclusters with high surface energy

are dissolved and condensed onto the large Ag nanoplates over time.
1.5 Bioenabled synthesis of APMNs

Despite high-precision control over the morphology of NPs, harsh experimental
conditions and energy-consuming processes, including the elevated temperatures and hazardous
chemicals, are often involved. Furthermore, biomedical applications require tedious and stringent
purification processes for the complete removal of toxic cationic surfactants.>'*> An area of
growing interest is the harnessing of biomolecules for the synthesis and assembly of NPs under
mild ambient conditions for biosensing and catalysis (Figure 1.8).>*** Bioenabled strategies
draw inspiration from nature where materials with unique structures, compositions, and functions
are achieved through the process of biomineralization, where bio-scaffolds such as peptides, >
proteins®2®8 and nucleic acids®®" interact strongly with inorganic materials. In particular,
extensive research has focused on the biomimetic synthesis of Au/Ag NPs as the fundamental
building blocks for the construction of catalytic, optoelectronic and biosensing devices.®*’®"" In
the following section, the state of the art in bioenabled synthesis of APMNSs, especially Ag and

Au nanoprisms, will be briefly reviewed.
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Figure 1.8 Potential capabilities of proteins and peptides to control different characteristics of
inorganic nanomaterials, including the size, shape, composition, and function.” (Reprinted with
permission from ref78, Copyright [2012] American Chemical Society)
1.5.1 Bio-mediated in-situ synthesis

Bio-assisted approaches have recently opened up the potential of the green-synthesis of
APMNs at ambient conditions. >>7%8 For instance, biological Good’s buffers have been reported
to generate branched gold nanocrystals at room temperature and neutral pH.'®2° The tip length
along with the LSPR band of the Au NSTs could be readily tailored by adding varied amount of
halide ions and repeat proteins.?%8! In previous studies, plant extracts,828 amino acids,® bovine
serum albumin (BSA)®% amyloid fibril®” and other shape directing proteins® have
demonstrated dual functions as stabilizers and reducing agents to produce anisotropic Au
nanoplates with distinctive triangular or hexagonal shapes.

Since one-pot biomimetic strategies typically generate APMNSs with broad morphological
distribution. Bio-assisted seeded-growth along with the addition of halides has been invoked as

the potent tools for the production of the Au and Ag nanoplates with improved morphological

yield.3>889 Aside from serving as efficient stabilizer, the presence of sustainable biopolymers
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such as repeat protein and cellulose derivatives facilitate the formation of planar-twinned Ag
seeds at the initial stage and control the growth kinetics of Ag/Au nanoprisms during the
subsequent process. As demonstrated in our recent work, the incorporation of seed-mediated
techniques into conventional biomineralizaton has the potential to provide unprecedented control
over NP size and shape while maintaining biocompatibility requirements.%

Design of Pt NCs shape through targeted control of both nucleation and growth
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Figure 1.9 Schematic Illustration on the rational design of Pt nanocrystals shapes through
targeted control over both nucleation and growth using specific peptides.®>% (Reprinted with
permission from ref9l, Copyright [2011] American Chemical Society and from Ref 92,
Copyright [2014] American Chemical Society)

Bioenabled approaches are not restricted to the 2D and branched morphologies. Recently
APMNs with intriguing shapes, such as platonic cubes, tetrahedrons and bipyramids, have also
been reported. Bio-combinatorial techniques such as phage display have been extensively

employed for the screening and identification of a myriad of peptide sequences with specific

binding affinity onto surface of inorganic materials.’® In the innovative synthesis presented by
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Huang’s group,”*? a specific Pt-binding peptide BP7A was selected to stabilize and mediate the
synthesis of single-twinned seeds, which was shaped into the right bipyramid and (111)
bipyramid, respectively with the aid of T7 and S7 peptides(Figure 1.9). In sharp contrast, single
crystalline seeds are produced in the absence of BP7A, which will evolve into tetrahedrons and
nanocubes under the identical growth condition. Taken together, the rational design of
biomimetic approach towards APMNs takes full advantage of the biopolymers’ binding motifs to
regulate the crystal structure of seed as well as the subsequent facet growth through selective
surface passivation.
1.5.2 Bio-templated ex-situ synthesis

A rich variety of natural and recombinant proteins have so far been explored as
biotemplates for the synthesis of Au NPs with highly ordered structures.®2-%%7 In a representative
example, anisotropic Au NPs arrays have been integrated on the self-assembled protein clathrin
Hub-His6 through a two-step, seed-mediated growth process.®* In another study, a tetrapod
shaped Au-protein supramolecular nanostructure is achieved through the coordination of as-
prepared Au nanoclusters with the trimeric gp5-His6 protein.? Notably, rationally designed
complex plasmonic nanostructures with well-defined shapes including polyhedral and extended
1D, 2D and 3D ordered arrays have been constructed with the aid of DNA origami.’? During the
synthesis, a precise number of NPs are patterned regularly on the specific sites of the
sophisticated DNA motifs, the shape and size of which can be finely tuned using programmable
molecular linkers and spacers. Similarly, Rosi and colleagues have developed a new paradigm
for the construction of helical Au NPs chains and hollow Au globular superstructures using self-

assembled peptide building blocks (Figure 1.10),58:59.78.93.94
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(A)

Figure 1.10 Peptide-based formation of nanoparticle superstructures. (A) Formation scheme of a
peptide double helix using the Ci-PEPay sequence (B, C) TEM images of Au nanoparticle
double helices using the peptide (D) Representative 3D image of the assembled structure
achieved via tomography®® (Reprinted with permission from ref29, Copyright [2010] Wiley) (E)
Peptide-based assembly of Au nanoparticles to form hollow spherical superstructures using the
C6-AA-PEPAU peptide (F) TEM analysis of the hollow nanospheres (G) 3D surface rendering of
the tomographic volume.®® (Reprinted with permission from ref58, Copyright [2010] American
Chemical Society)
1.5.3 Biopolymer mediated overgrowth

It is well established that intricate hierarchical structures and bimetallic core-shell hetero-
structures can be achieved by drawing on the seeded overgrowth method. Simply put, the
crystallographic orientation of the well-facet seeds governs the post-deposition of either identical
or secondary metal elements.?* By harnessing different shaped seeds and fine-tuning of the
experimental conditions, dumbbell shaped nanorods,®® polyhedral Au@PdPt® and dendritic Pt

NPs on Au NTs% have been previously synthesized.
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Mechanism of DNA encoded growth of nanoparticles
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Figure 1.11 (A) A proposed mechanism of overgrowth of AuNRs by homooligomeric DNA with
different sequences® (Reprinted with permission from ref98, Copyright [2015] Wiley) (B)
schematic representation of DNA-encoded growth of Au nanoprisms seeds into four shapes
using different DNA strands (A20, T20, C20 and G20).*°® (Reprinted with permission from ref99,
Copyright [2015] American Chemical Society)

Nevertheless, biomolecules mediated overgrowth are scarcely investigated until very
recently. Lu’s group employed nucleotides as sequence-programmable ligands to direct the
overgrowth of Au NRs and Ag NTs.%% In one case as shown in Figure 1.11A, two distinctive
shape evolution pathways are uncovered through Kinetics study, leading to the formation of
nanodumbbell and nanooctahedron.®® When the overgrowth was performed in the presence of
T20 or C20, intermediate products were obtained. This DNA-encoded overgrowth strategy
allows for the fine-tuning of LSPR from visible to NIR region beyond 1000 nm. In an analogous
synthesis, Au nanoprisms are used as the pristine seeds for the mechanistic investigation of the
role of the DNA plays during the course of shape evolution.®® A two-stage growth mechanism
including the initial epitaxial growth and the followed-up thickening process was proposed
(Figure 1.11B). In the first stage, a transition from nanoprisms to the nonagonal nanoplates,
followed by hexagons, and eventually to six-pointed stars are strongly correlated to the binding
affinity as well as the concentration of DNA ligands. In the second stage, the residual Au

precursors along with the mobility of DNA bounded on the (111) facet have decisive

implications for the thickening and roughing process.*
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1.6 Distinctive properties of Bio-NPs hybrid system

1.6.1 Adsorption at the bio/abio interface

There has been a growing interest in the protein-coronas on the surface of NPs. Research
conducted by Murphy’s group reveals that the surface charge of NPs plays a significant role in
dictating the protein adsorption on the NPs. As shown in the Figure 1.12A, proteins from the
simple cell culture media adsorb spontaneously to the surface of cationic Au NPs and the surface
charge flips from positive to negative.’®® Notably, this adsorption process is reversible and the
inherent dynamic feature as well as the composition of the protein corona further regulates the
cellular uptake.
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Figure 1.12 (A) Cartoon demonstrating the adsorption of protein from biological media to the
surface of initially cationic GNPs, and the resulting alteration of the surface charge in cellular
media to a negative value, as measured by ¢ potential analysis.’?® (Reprinted with permission
from ref100, Copyright [2013] American Chemical Society) (B) Binding process of peptide onto
gold surfaces.'? (Reprinted with permission from ref102, Copyright [2012] American Chemical
Society)
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In additional to the surface charge, the shape of Au NPs affects the binding affinity of
proteins onto NPs dramatically. For instance, BSA was used as the model protein to examine the
binding strength onto the citrate-stabilized Au nanospheres (NSPs), Au NTs and Au NRs.
Among these three types of Au NPs, Au NSPs show the highest binding affinity whereas the Au
NTs rank the lowest.!% Consistent results have also been found by probing the interaction
between BSA and Au NSPs/Au NRs through fluorescence quenching and LSPR band shift
indicating that BSA is prone to bind onto the ends of the GNRs.1%4

Due to the existence of resourceful peptides and proteins with versatile structures and
functionalities, it is very challenging to find a set of widely accepted principles to delineate the
adsorption behavior of biomolecules onto the NPs. Molecular dynamic simulation (MDS) is
regarded as a powerful tool to study the binding process of peptides onto the gold surface,10210°
Unlike the strong non-specific sulfur-gold bonding, the specific and high binding affinities
originate from the cooperative interaction of the multiple amino acid residues. MDS results
reveal that the overall binding process can be separated into four regimes: diffusion, anchoring,
crawling and binding (Figure 1.12B). Accordingly, tyrosine, methionine, and phenylalanine are
found to be the strong binding residues; serine and proline serve as anchoring sites, while glycine
and alanine impart the flexibility to the peptide backbones and make them more amenable to
conformational changes.%?

1.6.2 Colloidal and morphological stability

APMNs are conventionally produced in the presence of charged surfactants, which
significantly enhance their colloidal stability due to the elastic repulsion between adjacent NPs.
Similarly, biopolymers bearing abundant polar moieties such as amines and carboxylate groups

are able to efficiently prevent the agglomeration of NPs by conferring the net charges onto the
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surface of APMNs and meanwhile lower their surface energy. The remarkable colloidal stability
of Au and Ag nanoprisms prepared in the presence of repeat proteins or lignosulfonate has been
confirmed through TEM, DLS and UV-Vis observations (Chapter 6 & Chapter 8).%°

APMNs have a strong propensity to undergo shape transformation in response to the
variations of temperature and the surrounding environment.%® The thermodynamic driving force
behind the shape change can be explained by the requirement to minimize the interfacial free
energy at a fixed volume. For fcc metal NPs, the most thermodynamic favorable product is
quasi-globular Wulff polyhedrons, such as truncated octahedron and cuboctahedron enclosed by
a mixture of (100) and (111) facets.!®” APMNs can be considered to be trapped at the meta-stable
states stabilized by the surface capping agent. Once the adsorbed surfactant is removed, the
facets with lower surface energy will emerge at the cost of the high-energy facets so that the total
interfacial energy reaches the minimum. Take Ag nanocubes as an example, the sharp corner will
be rounded at elevated temperature. It is mainly because the original (100) facet is converted to
(111) facet when surface capping agent, PVP, is released to the environment.!® By the
analogous mechanism, Ag nanobars will turn into Ag nanorices®® after long-term storage.

Shape transformation can also be expedited by kinetics factors such as refluxing, heating
and selective oxidative etching. For instance, Au NRs are shortened when exposed to HCI,%
while Ag NTs will transform into round disks in the presence of halides ions.!'' The
aforementioned shape evolution could be effectively circumvented by adding a sufficient amount
of biopolymer stabilizers. On the other hand, the selective binding of biomolecules onto the
specific facets is capable of driving the shape transformation towards desirable orientation,
which may offer a compelling alternative for the synthesis of APMNSs as well as a platform for

plasmonic sensing of biomolecules.
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1.6.3 Cytotoxicity and biocompatibility

Despite the fact that APMNs have great potentials in diagnostic and therapeutic
applications, a comprehensive cytotoxicity profile need to be established before clinic
implementations. In fact, the Au NPs cores are inert to the cells indicated by a number of in vitro
studies.''? However, the surface charge may cause many adverse effects, such as denaturation of
proteins or severe cytotoxicity. Although there was an early concern that Au NPs with small
diameter (<2 nm) may exhibit significant toxicity due to the high redox reactivity, recent in vitro
and in vivo investigations demonstrated that Au NPs are not acutely toxic regardless of their
size.13 A toxicity assessment was then conducted by Murphy et al. in which Au NRs with
different aspect ratio (1.5 - 4) and varied surface modification were studied as the model
system.>! They argue that the surface functionalization predominately affects the cytotoxicity
rather than the morphology of the NPs. Moreover, it is found that the molecular origin of
cytotoxicity mainly stemmed from the surface capping agent CTAB as compared with other
positively charged polymeric surfactants.%

Considering the biosafety of NPs, it is of great importance to carefully design the surface
chemistry. For instance, pre-treatment of NPs with a dense layer of fetal bovine serum (FBS)
protein can remarkably reduce the cytotoxicity caused by nutriment depletion.!** Recently,
reactive oxygen species (ROS) on NPs has been found to trigger the cytotoxicity,''®> which could
also be mitigated by protein coating to passivate the surface defects. Note that NPs with
hydrophobic surfaces can raise potential biosafety hazard, i.e., cause damage to the cell
membranes by interacting with the hydrophobic lipid bilayer. Functionalization of NPs with

hydrophilic protein could therefore improve the biocompatibility. 114
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As the subject of nanotoxicity has been extensively investigated, more standard
evaluation protocols revolving about the concerns such as dosage, operation, and impurity, is
demanded so that toxicity profile obtained from individual labs could be accurately compared.®
1.6.4 Chiroptical properties

Biomolecules are optically active in the UV-region which is far from the LSPR band of
Au and Ag NPs.1% Intriguingly, when achiral NPs are functionalized with chiral biomolecule
ligands such as helical peptides and double strand DNAs, a moderate and reproducible CD
response was identified in the plasmon resonance region (Figure 1.13A).°"!" Experimental
observation and theoretical calculation presumes that the detected ellipticity of biomolecule-Au
NPs complex in the visible region mainly derives from the dipolar interaction between chiral
ligands and the plasmonic NPs.!® In a broad sense, the chiroptical activity could be detected
under the following circumstances (1) in-situ formation of an intrinsic chiral Au nanocluster in
the presence of chiral ligands (2) electronic interaction between the chiral ligands and achiral
metal core electrons, and (3) chiral arrangement of the ligands on an achiral metal core. *°

In addition to that, a highly ordered biopolymer templates, particularly, DNA origami has
enabled the construction of chiral plasmonic nanostructures composed of Au NPs arranged in a
helical manner (Figure 1.13B).}*® The intensive CD signal is presumably attributed to the
collective plasmonic coupling of Au NPs ensemble. The CD peak position along with the
enhancement factor can be in turn finely tailored by adjusting the size of NPs as well as the
distance between spacers. Moreover, a mirror CD profile can be observed for left-handed and

right-handed assembly of Au NPs arrays, respectively.
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Figure 1.13 (A) Chiroptical characterization of the FIgA3 binding to Au nanoparticles: CD
spectra of the individual components (peptides and Au NPs), as well as the peptide-capped Au
NPs.*® (Reprinted with permission from ref56, Copyright [2011] American Chemical Society)
(B) Circular dichroism of left-handed (red line) and right-handed (blue line) self-assembled gold
nanohelices (16 nm) using DNA origami.!*® (Reprinted with permission from ref118, Copyright
[2012] Nature Publishing Group)
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2.1 Abstract

Gold nanoparticles have shown promise as effective tools in biomedicine for drug
delivery, imaging, and photo thermal therapy. We present the preparation of gold nanostars (Au
NSTs) through a two-step approach utilizing a common Good’s buffer, HEPES, as a weak
reducing agent. Au NSTs with tunable branches up to 30 nm in length were produced in a two-
step synthesis. We have investigated the effect of the ionic strength on the Au NST growth and
branch length. Au NSTs were found to be near-infrared responsive and provide an augmented
SERS signal, with an enhancement factor, defined as the magnitude of SERS signal
amplification, of approximately 10°. The unique branched morphology of Au NSTs confers

optical properties advantageous for in vivo biomedical applications.

2.2 Introduction
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Gold nanoparticles are studied for their localized surface plasmon resonance (LSPR), and
the collective resonant electron oscillations that may be excited by exposure to an
electromagnetic field.! LSPR is tunable through nanoparticles’ size, shape, and composition.
LSPR in the near-infrared (NIR) region, where the absorbance of biomolecules reaches a
minimum?? is advantageous for in vivo imaging because of a deeper tissue penetration and a
better signal to noise ratio.*” Noble metal nanostructures demonstrate a phenomenon known as
surface-enhanced Raman scattering (SERS) that results in an enhanced Raman scattering signal
for surface associated molecules by several orders of magnitude.®1° This capability is due to the
excitation of the surface plasmon of nanoparticles and an increased polarizability of the target
molecules under incident radiation as new chemical bonds are formed with the metallic surface.®-
11 As a result, much attention has been placed into tuning nanoparticles’ shape-dependent optical
properties and creating “hot spots” (areas with strongly enhanced electromagnetic fields) typical
at junctions and sharp tips.%112

Gold star-shaped nanoparticles, nanostars (Au NSTs), have received attention as capable
platforms for NIR and infrared absorption and SERS applications due to their many branches
and sharp tips.3*1112 Particles with a greater number of longer branches produce enhanced peak
resonance.>** Many studies have been conducted utilizing Au NSTs’ unique properties.
Notably Yuan et al. fabricated strong NIR resonant SERS Au NST probes and Gao et al.
designed multifunctional Au NST based nanocomposites for NIR, SERS and magnetic resonance
techniques.'>1°

Au NSTs are commonly synthesized in a buffer composed of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) through one-pot methods.®>217-1 HEPES buffer is a

zwitterionic organic buffer agent, utilized in cell culture, desired for its maximal solubility in
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water, low permeability to cell membranes, and minimal salt and temperature effects.* Based on
the original published procedure, HEPES-mediated Au NSTs were reported to have a peak at
688 nm.* Although the entire IR region consists of wavelengths between 700 nm and 2500
nm.220:2 for biomedical purposes we are interested in the biological NIR window. This window
extends between 650 nm and 900-950 nm dependent upon tissue type,>’ a range in which water
and hemoglobin have their lowest absorption. Thus, it stands to reason that reported HEPES-
mediated Au NSTs are minimally NIR sensitive.

To serve as effective biomedical tools, nanoparticles must be well-characterized.'”?2 One-
pot reactions, valued for simplicity and use of weak reducing agents, do not offer sufficient
precision in controlling branch growth, thus yielding effectively highly polydisperse samples. It
is critical to optimize methods to yield suspensions with low polydispersity to maintain
performance and predictability in nanoparticle use.!’?? Seed-mediated approaches reported to
date have overcome this inconsistency of one-pot reactions. However, they often require adding
surfactants such as cetrimonium bromide, dimethylformamide, polyvinyl pyrrolidone, some of
which are known to be cytotoxic, that need to be removed prior to application 3414152324
Therefore, there is a need for a robust biocompatible method for Au NST synthesis. Towards this
goal, we report a tunable and green synthesis of NIR-sensitive and SERS-functional Au NSTSs.
Both nanoparticle size and branch length can be controlled in this simple, two-step approach.

Herein, we describe a two-step synthesis of Au NSTs that resembles seed-mediated
approaches while making no effort to separate gold seeds and the growth solution. In this two-
step procedure, gold nuclei are introduced at low precursor concentrations after which gold ions
is increased through addition of the fresh precursor to promote growth on existing particles. We

investigate the effect of solution ionic strength and consider the halide’s effects on Au NST

32



formation and stability. Lastly, we investigate the SERS properties of these Au NSTs using the

conventional Raman reporter, 4-mercaptobenzoic acid (4-MBA).
2.3 Experimental

2.3.1 Gold nanostar synthesis

A 2 mM hydrogen tetrachloroaurate trinydrate (HAuCls-3H20, Sigma Aldrich) stock
solution was prepared in Milli-Q water in amber bottles and allowed to age for 3 days prior to
synthesis. HEPES buffer was prepared fresh with Milli-Q water at a final concentration of 150
mM and the pH adjusted to 7.4 through the addition of 1 M sodium hydroxide (NaOH) solution.
In a typical experiment, 666 puL of HEPES was mixed with 333 uL of 0.15 mM HAuUCI4 solution,
with no stirring at room temperature (25 <C) and was allowed to react for 80 minutes. At this
time, 833 pL of 0.15 mM HAuUCIs was added under the same conditions to the reaction and
allowed to react overnight. The process was scalable up to ten times volume. Resulting
suspensions were centrifuged at 4,000 rpm for 15 min to remove excess HEPES solution. The
one-step procedure is identical to that previously described,* with modified amount of HAUCI4
added to constitute the total volume (1.166 mL) and allowed to react overnight. In ionic strength
studies, 6 M solutions of NaCl and NaNOs in Milli-Q water were added to prepared HEPES
buffer at different concentrations (5, 10, 25, 50 mM) prior to synthesis under similar two-step
conditions.
2.3.2 Nanoparticle characterization

UV-vis spectrophotometry analysis was performed using a Cary 60 UV-vis
spectrophotometer (Agilent). Transmission electron microscopy (TEM) analysis was performed
on a Philips EM420 at an accelerating voltage of 120 kV. TEM samples were prepared by

applying 10 pL of nanoparticle suspension (0.5 mg/mL) onto 200 mesh carbon-coated Cu grids
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(Ted Pella), followed by drying overnight prior to imaging. The particle-size distribution was
estimated by measuring the size of approximately 100 nanoparticles in different grid regions
using ImageJ software. Crystal structure of Au NSTs were examined using JEOL 2100 field
thermionic emission high resolution (HR-TEM) equipped with a silicon drifted detector-based
EDS system, where 300 mesh ultrathin grids (EM Science) were used as sample supports.
2.3.3 Colloidal stability

Nanoparticles were suspended in Milli-Q water at an OD of 0.3. Colloidal stability was
monitored weekly, over 3 weeks, using a UV-vis spectrophotometer. Sample absorbance spectra
were normalized to the initial spectra, post synthesis.
2.3.4 AMBA-tagged SERS preparation

Au NSTs were conjugated to 4-mercaptobenzoic acid (4-MBA) according to a modified
protocol adapted from Li et al.'* Briefly, 20 pL of 10 mM 4-MBA dissolved in ethanol was
added to a solution of the above mentioned Au NSTs and the resultant solution was agitated for
five hours (Rotoflex). The solution was then centrifuged at 9000 rpm for 30 min to remove
excess 4-MBA and re-suspended in Milli-Q water. Although SERS signal form as prepared
NSTs was greatly enhanced, it was impossible to quantify the enhancement factor (EF). Since
Au NSTs are anisotropic, it is difficult to accurately estimate number and density of 4-MBA
molecules attached to the NSTs’ surface. Assembling NSTs into SERS substrates circumvents
that uncertainty and we went ahead with that strategy to measure EF.
2.3.5 SERS measurement
The purified Au NST colloidal suspension was drop-casted onto an aluminum foil substrate and
dried overnight to form a thin layer of Au NST substrate. Then, 10 i of 0.1 mM 4-MBA ethanol

solution was applied onto the as-prepared Au NST substrate and dried overnight before use.
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SERS spectra were collected with a WITec alpha 500R using a 785 nm excitation source.
Backscattered light was collected using 10X and 100X objectives at integration times ranging
from 50 ms to 1 s. The signal was dispersed using a 300 groove/mm grating and the dispersed
light was collected by a Peltier cooled charge coupled device (CCD). We assumed that a
monolayer of 4-MBA was attached onto the surface of the Au NST substrate.

Table 1. SERS Analysis Parameters

Parameter Value Description
d\2 Excitation volume of the 785nm laser
\Y T X (—) x h .
2 (diameter and focal depth dependent)
p 1.5gcm™3 Density of 4-MBA
hjox 17.4 um Focal depth of laser at 10X
hygox 1.9 um Focal depth of laser at 100X
diox 1.6 um Diameter of laser spot size at 10X
d100x 0.5 pm Diameter of laser spot size at 100X
M 154.2 gmol™? Molecular weight of 4-MBA
N, 6.02 X 1023 mol™? Avogadro constant
f 0.5 Occupation factor for assumed monolayer of 4-MBA molecules
A 0.54 nm? Footprint of the 4-MBA molecule

The pure 4-MBA control spectrum was obtained through the drop casting of 4-MBA in
ethanol in similar manner described above. All reported SERS data is an average of 100
collected spectra over a 2000 <500 pm scan area of the substrate. The enhancement factor (EF)
was calculated using the following equation: EF = (Isgrs/Ipuik) X (Nguik/Nsgrs), Where the
peak at 1590 cm™ was selected for the EF evaluation.!*?® The terms Isers and lguk are the

intensities of the same Raman band in the SERS and bulk Raman spectra, respectively.! We

. . Vxp d\?
further define the terms Nguik and Nsers as: Ngyx = (T) X Np and Nggrs = (f X 1 X (E) )/

A, respectively. Further experimental parameters can be found in Table 1.

2.4 Results and Discussion
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Figure 2.1a shows the typical absorption spectra of Au NSTs synthesized through one-
step or two-step method. Both spectra feature an absorption peak near 530 nm and a NIR
absorption peak above 740 nm. The two-step procedure resulted in red-shifted NIR peaks
between 760 and 815 nm whereas one-step methods yielded particles with a range between 720-
780 nm. Particle size and aspect ratio are known to govern the optical properties of
nanoparticles.>+2%27 Gold nanoparticles with elongated features present a longitudinal plasmon
resonance that red-shifts relative to the LSPR of spherical gold nanoparticles (520 nm).2*2¢ TEM
analysis of the recovered Au NSTs show that the two-step approach produced particles with a
greater number of branches of increased length compared to the one-step synthesis (Figure
2.1b,c). The two-step method produced Au NSTs with average branch length of 20.7 nm £7.7
nm compared to the one-step with average branches of 14.4 nm 4.5 nm (Figure S1). However,
TEM analysis considers a limited sample size and can misrepresent particle homogeneity. To
address this, the quality of NST preparation and procedure repeatability was evaluated from
LSPR peaks. From DLS measurements, an average estimated hydrodynamic diameter of Au
NSTs is 61 nm (Figure S2), consistent with the measurement of Au NSTs from tip to tip in TEM
images. The synthetic procedure is very robust and the yield could reach up to 80%, which
means 80% of the total number falls into the category of branched Au NSTs. Additionally, the
synthesis could be further scale up to 100 mL without compromising the quality of Au NSTs.

We next investigated the mechanism of Au NST formation. Gold seeds were prepared
through a first addition of a low concentration (0.15 mM) of HAuUCI4 to prepared HEPES buffer.
The second addition was introduced after 80 minutes of reaction time, after which typical Au
NST structures were formed over the course of the day as observed in TEM images (Figure

S3b). We surmise that upon the second addition of precursor, the gold seed to gold precursor
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ratio is achieved that favors deposition upon already present particles. After one-day, Au NSTs
exhibited characteristic long branches. A kinetic scan of the typical reaction over one-day is
shown in Figure S3a. We hypothesize that low concentrations and a low gold seed to gold
precursor ratios deter the production of additional nuclei, favoring deposition upon existing
nuclei and growth of anisotropic nanoparticles. Operating within the confines of the slow growth
rate, Au NSTs were synthesized without the need of additional surfactants or coordinating

ligands.
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Figure 2.1 (a) LSPR of Au NSTs prepared using one-step and two-step procedures. (b) TEM
images of Au NSTs prepared using the one-step synthesis approach and (c) Au NSTs prepared
using the two-step approach (Scale bar = 50 nm).

Colloidal stability of Au NSTs in D.l. water was analyzed over three weeks by observing
changes in LSPR peaks, as these are more informative measures of physical changes to
particles.?® Au NSTs are strikingly stable experiencing only a minor (18%) loss in absorbance
intensity (Figure S4a) over the three-week period while maintaining branched morphology
without any significant agglomeration and change in branch length (Figure S4b). Similarly,
incubation of as-prepared Au NSTs in 1x PBS over six hours resulted in a loss of only 6%
absorbance intensity (Figure S5). It is important to note that surface of these NSTs has not been
altered and that for any biological application PEG or targeting ligand would be added to the
surface through standard coupling strategies. Nevertheless, presented data indicate that Au NSTs

are fairly stable in solution without any surface functionalization.

Y

Figure 2.2 (a) HR-TEM image of representative Au NST (inset = FFT diffraction pattern). (b)
HR-TEM image of the inverse FFT, from corresponding diffraction pattern. (scale bar = 20 nm)

In the fast Fournier Transform (FFT) patterns from HR-TEM images two symmetrical
diffraction spots are observed (Figure 2.2a), consistent with the single crystalline structure of Au
NSTs. The lattice spacing between the (111) planes is about 0.236 nm, which is similar that of

bulk gold.?° The inverse FFT image in Figure 2.2b is equivalent to the image in the Figure 2.2a
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suggesting that the entire Au NST, including the four tips and the central region of the NST, are
contributing to the FFT pattern. Identical FFT patterns for different tips can be seen in Figure
S6.

The effects of the ionic strength on nanoparticle stability and aggregation are well
described and understood.3%*3 In particular, the addition of salt is a particle independent method
to affect the repulsive forces between charged particles.! Notably, increases in ionic strength
through salt addition have been shown to increase particles’ hydrodynamic diameter as well as,
increase aggregation, and decrease stability.3%3233 Herein, we investigate the effects of varying
ionic strengths through salt additions during Au NST synthesis. We observed a modest shift in
particle LSPR with increasing concentrations of NaNOs (Figure 2.3a). Additionally, for the
highest concentration tested, Au NST branch length increased as seen in Figure 2.3a. Against
our chemical intuition, the increase in the ionic strength does not give rise to significant

aggregation.
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Figure 2.3 (a) The LSPR of Au NSTs synthesized through the two-step approach in the presence
of NaNO3 at: 0, 10, 25, 50, 75, 100, 500 mM from left to right. TEM images (i, ii) correspond to
0 and 50 mM NaNOs respectively. (scale bar = 50 nm). (b) The LSPR of Au NSTs synthesized
through the two-step approach in the presence of NaCl at: 0, 10, 25, 50, 75, 100 mM from right
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to left. TEM images (i-v) correspond to 0, 10, 25, 50, 75 mM of NaCl respectively (scale bar =
> nm)-To pinpoint the effector ion, we conducted a similar study with sodium chloride (NaCl)
salt. Figure 2.3b shows the result of NaCl addition to reaction mixture. Increasing concentrations
of NaCl elicited blue-shifting in particle’s LSPR. Particles formed in the presence of high
concentrations of NaCl have a NIR peak near 615 nm. TEM images show the length of Au NSTs
arms could be modulated by the concentration of NaCl, indicating that sodium or chloride ions
had an effect in precursor deposition on gold seeds (Figure 2.3b). Comparing results from
NaNOs and NaCl additions in the same ionic strength range, we conclude that the chloride ions
dominate the morphological evolution of nanoparticles rather than the effect of ionic strength.
This is consistent with published reports that the addition of halides such as chloride and
bromide may significantly slow the growth kinetics which may also hinder the elongation of
braches on the <111> direction.® Thus in the case of NaCl addition, the preferential binding of
chloride ions onto the gold surfaces inhibits tip growth resulting in the blue-shifting of the NIR
peak and LSPR consistent with less anisotropic morphologies. At the same time, although

sodium and nitrate ions affect the ionic strength, they do not impart any specific ion effect and

thus may only impose minor influence onto the morphology of Au NSTs.
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Figure 2.4 The baseline corrected SERS spectroscopy of 4-MBA tagged Au NSTs at 5 different
locations.
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The SERS performance of the Au NSTs was examined through measurement of the
Raman spectra of 4-MBA deposited onto self-assembled Au NST substrate (Figure 2.4). For
comparison, the Raman spectrum of pure 4-MBA is shown in Figure S7. The EF value is
estimated to 10°. Details of calculation are presented in Section 2.2.5. We attribute this
enhancement to the well-defined tips of Au NSTs as observed in TEM images. The value of EF
is likely underestimated because of the incomplete surface coverage. Nevertheless, SERS signal
of 4-MBA in several locations on the substrate is highly reproducible indicating the homogenous

self-assembly of Au NSTs and 4-MBA deposition.

2.5 Conclusions

We demonstrate the facile, green synthesis of Au NSTs for SERS applications. The
absorption peak of Au NSTs can be tuned between 615 nm and 815 nm by simply adjusting
reaction conditions. The HR-TEM analysis confirms the formation of monocrystalline particles
with multiple branches up to 30 nm in length. We investigated the effect of ionic strength upon
Au NST growth, noting the undesirable effects of chloride ions. Au NSTs were found to exhibit
enhanced SERS performance, with an enhancement factor of approximately 9.8x10°. By virtue
of their exhibited sensitivity to both NIR and SERS, these prepared Au NSTs could be well
suited as biosensors, reporters or targeted biomedical treatments. Further studies to evaluate
performance of these NSTs in SERS imaging and photo thermal therapy are undergoing in our

laboratories.
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Figure S1. Histograms depicting Au NST branch length from TEM analysis of (a) one-step and
(b) two-step reactions.
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Figure S2. Hydrodynamic size of the Au NSTs prepared through the two-step reaction.
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Figure S3. (a) Evaluation of the LSPR during Au NST formation. Values indicate elapsed time
since the first addition of HAuCIs to HEPES. The second addition occurs 80 minutes after the
start of the reaction. (b) TEM images of Au NSTs prepared using a two step approach. Images
correspond to time after the start of the reaction: (i) 75 mins (ii) 105 mins (iii) 135 mins (iv) one
day (scale bar =50 nm).
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Figure S4. (a) UV-Vis spectra of Au NSTs in D.I. water. Reported values are normalized by the
O.D. of the nanoparticle suspension. (b) Representative TEM image of Au NSTs sample,
prepared using two-step synthesis, after three-week suspension in D.l. water (scale bar = 50 nm).
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Figure S5. UV-Vis spectra of Au NSTs re-suspended in 1x PSB. Reported values are
normalized by the O.D. of the nanoparticle suspension.

Figure S6. FFT diffraction of single Au NST at its four arms. Each arm exhibits an identical
FFT pattern.
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3.1 Abstract

Repeat proteins have recently emerged as promising candidates for the modular design of
biohybrid platforms with a high degree of tunability. Consensus sequence tetratricopetide repeat
(CTPR) proteins with increasing number of repeats were designed to probe the effects of protein
shape on the morphology and resulting physicochemical properties of plasmonic gold
nanoparticles. In a synthetic procedure analogous to the biomineralization processes in nature,
CTPRs with 3, 6, or 18 tandem repeats were used as both the stabilizing and shape-directing
agent. The electronic microscopy and spectroscopic studies indicate that both the
[HAUCL)/[CTPR] ratio and the CTPR shape have dramatic implications on the morphology and
plasmon absorbance of the as-synthesized Au NPs. Induced plasmon ellipticity and fluorescence
quenching data provide further evidence for the molecular interaction between CTPR and Au
NPs or HAuUCI4 species. Overall, this work elucidated the effects of CTPR protein shape on the
morphology and plasmonic properties of Au NPs, which will further guide the rational design of

modular protein based bioconjugate frameworks for colorimetric and enantiomeric biosensors.

3.2 Introduction
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Over the past few decades, versatile synthetic approaches towards inorganic nanoparticles
with well-defined structures and precisely tailored physicochemical properties have been
extensively studied and developed.! An area of growing interest is the harnessing of
biomolecules for the synthesis and assembly of nanoparticles under mild ambient conditions for
biosensing and catalysis.?® Bioenabled strategies draw inspiration from nature where materials
with unique structures, compositions, and functions are achieved in the process of
biomineralization through the interaction of inorganic material with bioscaffold such as
peptides*2©, proteins**’ and nucleic acids.!8-2*

In particular, extensive research has focused on the biomimetic synthesis of Au NPs as
the fundamental building blocks for the construction of catalytic, optoelectronic and biosensing
devices.12%2 To date, a broad spectrum of natural and recombinant proteins were exploited as
biotemplates for the synthesis of Au NPs with tailored structures.!#1® In a representative
example, anisotropic Au NPs arrays have been integrated on the self-assembled protein clathrin
Hub-His6 through a two-step, seed-mediated growth process. In another study, a tetrapod shape
was achieved through the coordination of in-situ prepared Au nanoclusters with the trimeric gp5-
His6 protein.!! More recently, proteins were used for the directed growth of highly fluorescent
Au nanoclusters with discrete sizes.?” While these examples illustrate new avenues for the
synthesis of inorganic nanoparticles and their assemblies, a thorough understanding of the
structure and function of proteins as well as the interactions at the bio-abio interface is one of the
key steps to tuning the size, shape, composition, and functionality of the final biohybrid
nanomaterials.

In this work we exploit designed repeat proteins for bioenabled synthesis of chirooptical

Au NPs. Repeat proteins are composed of multiple tandem repeats of small structural motif.
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Their modular architecture is based on well-defined local interactions between neighboring
repeats. The structure, stability, and function of repeat proteins can be modulated in a predictable
manner by simple combination of repeats with desired properties,?® making this class of proteins
especially well-suited for biotechnological applications.

Protein arrays consisting of multiple repeats of the 34 amino acid helix-turn-helix
consensus sequence tetratricopeptide repeat, CTPR, have recently emerged as promising
candidates for the modular design of biohybrid platforms with a high degree of tunability.?%-3*
The simplest repeat protein system is one in which all the repeats within a protein are identical,
such as the CTPRn protein array, where n stands for the number of tandem repeats. Such CTPRn
protein can therefore be treated as a simple homopolymeric molecule, where the monomer is a
single repeat helix-turn-helix motif 34 amino acids in length. CTPRn arrays form a superhelical
structure, where eight repeats (n=8) comprise one full turn of the superhelix.®

The advantage of the modular architecture is that it is possible to design proteins that are
chemically identical but differ in size and shape. Herein, we use this property of repeat proteins
to explore the effects of protein shape on size distribution, morphology, and plasmonic optical
properties of Au NPs. Although much is known about how protein and peptide primary
sequences affect the nucleation and growth of Au NPs,® the influence of protein structure and
shape is not well understood. To this end, we engineered CTPRn arrays, where n= 3, 6, or 18,
with identical surface chemistry, but distinct shapes expressed as aspect ratio (Figure 3.1c).
These proteins were then used in the one-step synthesis of CTPR-Au NPs conjugates.

In this report, we present a green synthesis strategy for the fabrication of repeat protein-
stabilized Au NPs. CTPR proteins with varied number of repeating units were employed as both

the stabilizer and structure-directing agent for the construction of protein-Au NPs conjugates.
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Direct interactions between protein and Au precursor were observed in fluorescence quenching
experiments. The shape and particle size of Au NPs is closely correlated to the concentration and
the length of the CTPRn array as seen in TEM images.

Accordingly, the plasmon absorption of the resultant CTPR-stabilized Au NPs could be
tuned spanning a wide wavelength range. Circular dichroism analysis further demonstrated that
CTPR proteins retained their secondary structure after conjugation with Au NPs. Interestingly,

induced chirality was also detected in the region of the plasmonic absorption of CTPR-Au NPs.
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Figure 3.1 (a) Schematic illustration of the synthesis of CTPR stabilized Au NPs. Gold precursor
ions are mixed with CTPR protein at predefined concentration ratios followed by the addition of
the reducing agent. (b) Photograph of CTPR3 stabilized Au colloids. Localized surface plasma
resonance (LSPR) blue-shifts with increasing [CTPR3]:[Au(ll1)] ratio. (c) Cartoon representation
of CTPR3, 6 and 18 with different aspect ratios but identical surface residues. This cartoon was
prepared from X-ray coordinates® using Pymol. (http://www.pymol.org/)

3.3 Experimental

3.3.1 Chemicals
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Chloroauric acid (99.9%) was purchased from Strem Chemicals Inc. 3-(N-
morpholino)propanesulfonic acid (MOPS) were acquired from MP biomedicals, LLC. Other
reagents were purchased from Sigma-Aldrich and Fisher Chemicals. All reagents were used as
received without further purification. Deionized water (18 MQ/cm, Millipore Milli-Q) was
exclusively used for preparing all aqueous solutions and for all the rinsing procedures.

3.3.2 Expression of CTPR proteins

CTPR proteins with 3, 6 and 18 tandem repeating units were synthesized through
recombinant bacterial expression technology as described previously (Figure S1).2%3 Synthetic
genes for the desired protein in pPROEX vector, coding for N-terminal (His)s tag and ampicillin
resistance, were transformed into E.Coli BL21(DE3) cells and cultured overnight at 37<C on
agar plates. One single colony was selected and incubated overnight in 50 mL of Luria—Bertani
(LB) media containing 100 pg/mL of ampicillin. 10ml of overnight cultures were then dispensed
into 1 L of LB media supplemented with 100 pg/mL ampicillin. The cells were grown in an
incubator-shaker (250 rpm) at 37 <C until the optical density (ODeoo) reached 0.6-0.8. Expression
of CTPR3 was induced with 1mM isopropyl B-D-thiogalactoside (IPTG) followed by 5 h
expression at 37 <C, whereas CTPR6 and 18 were expressed at 18 <C for 16 h in an analogous
manner. The cells were harvested by centrifugation at 5,000 rpm for 20 min and the pellets were
frozen at -80 <C until purification.

3.3.3 Purification of CTPR proteins

The cell pellets were resuspended in lysis buffer consisting of 50 mM Tris, 300mM
sodium chloride and 0.1 wt% Tween 20. After 2 min sonication at 30% power using a microtip
and Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and the protein

supernatant was purified using standard Ni-NTA affinity purification protocol. The N-terminal
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hexahistidine tag was then cleaved from the CTPR proteins using TEV protease. The collected
proteins were further purified by Akta Prime Plus size exclusion chromatography using Superdex
75 16/600 or 200 16/600 Prep Grade column in 150mM sodium chloride and 50 mM sodium
phosphate buffer at pH 8 with a flow rate of 0.5ml/min. As a final step, the aqueous solutions of
CTPRs were dialyzed against 10mM phosphate buffer three times at 4 <C using a dialysis
membrane with molecular weight cutoff of 3k or 10k Da.
3.3.4 Preparation of CTPR-stabilized gold nanoparticles

The protein-Au NP conjugates were synthesized via the approach depicted in Figure
3.1a. In a typical procedure, 100ul of 10mM phosphate buffer solution of CTPRn was added into
0.5 ml of 0.4 mM aqueous solution of chloroauric acid. Subsequently, 0.4 ml of 100 mM MOPS
pH 7.4 was added to the solution at ambient conditions. A series of CTPR-Au NPs samples were
prepared in the same way where the concentration of HAuCl4s and MOPS was held constant,
while the ratio of [HAuUCI,)/ [CTPR] was adjusted to 1000, 400, 100 and 20. The samples are
denoted as CTPRn-Au-m, where n is the number of tandem CTPR repeats and m is the ratio of
[HAUCI4)/[CTPR] (n =3, 6, 18; m = 1k, 400, 100, 20).
3.3.5 Instrumentations

The transmission electron microscopy (TEM) analysis was performed on a Philips
EMA420 at an accelerating voltage of 120 kV. TEM samples were prepared by applying a 7 ul
sample solution on 300 mesh carbon-coated Cu grids (EM Science), followed by drying
overnight before observation. The particle-size distribution was estimated by measuring the size
of approximately 100 NPs at different regions using Image J.

The UV-Vis spectra of CTPR-Au NPs were monitored using an Agilent Cary 100 Bio

UV-Vis spectrophotometer. All UV-vis measurements were conducted in 1cm path length quartz
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cuvette at room temperature. The fluorescence quenching experiments were carried out at room
temperature and 50 <C on an Agilent Cary Eclipse fluorimeter using the 1 cm path length quartz
cuvette. Briefly, 2 M CTPR3 protein was titrated every 10min with 2 4 of 2 mM HAUCI,
aqueous solution.

Circular dichroism data were acquired using samples containing 0.5-2 uM protein on a
Jasco J-815 CD spectrometer. Far UV CD (190nm-280nm) spectra were recorded at 25 <C to
assess the secondary structure of CTPR proteins. Each sample was recorded three times from
190-260 nm in a 2 mm pathlength quartz cuvette, and averaged. Data were collected using a 1
nm bandwidth, 2 nm data pitch, and a data integration time of 1 s. The CD intensities are
expressed in terms of [0] and were normalized to units of mean residue ellipticity for all samples
(deg>cm?>dmol™?). The induced chirality of CTPR-Au samples was recorded by monitoring the

ellipticity in the visible region (400 nm - 650 nm) using a 10 mm pathlength cuvette.
3.4 Results and Discussion

3.4.1 Design and construction of CTPR stabilized Au NPs

Our strategy for repeat-protein enabled synthesis of Au NPs is illustrated in Figure 3.1.
In this work we exploit the modular construction of CTPR proteins to explore the effects of
protein shape and concentration on size distribution and morphology of plasmonic Au NPs.
CTPRn arrays are composed of tandem repeats of a basic structural unit, 34 amino acids in
length. In contrast to globular proteins, repeat proteins have no interactions between residues at
large distance in the primary structure, which makes them much easier to engineer. The stability
of individual CTPR units can be rationally manipulated, and the stability of CTPRn arrays can be
predicted based on the behavior of the units from which they are composed.?3! This

unprecedented level of control and predictability of both the structure and thermodynamic
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stability means that CTPR units can be mixed and matched in a modular and predetermined
fashion to design proteins with the desired properties.®® CTPRn arrays (n=3, 6, or 18, Figure
3.1c) were used in one-pot synthesis of Au NP under ambient conditions. This synthetic scheme
in Figure 3.1a is analogous to the typical biomineralization process in nature where the metal
ions are first sequestered with a bioscaffold at predefined concentration ratios. As observed in
photographs in Figure 1b, colloidal plasmonic Au NPs are formed upon addition of a mild
reducing agent, MOPS.

In a typical protein-directed synthesis, Au ions are reduced either by a strong reducing
agent or by the reductive functional groups in proteins which are typically activated by
increasing the pH of the solutions to alkaline. %%’ However, the harsh reaction conditions
involved in these processes often lead to an irreversible conformational change of the proteins.*’
A milder synthetic method is therefore required to preserve the structure of the proteins in the
protein-directed approach. Notably, the use of Good’s buffers has been explored for Au NPs
synthesis that could be performed under extremely mild conditions.®38-41 This is crucial for one-
step synthesis and functionalization of NPs with biomolecules that often do not tolerate organic
solvents, wide pH range, and elevated temperatures. In the absence of CTPR protein, flower-like
Au nanoparticles were generated using MOPS as the reducing agent (Figure 3.2a). The mean
particle size was estimated to be 33.349.7 nm. It has been observed previously that the tertiary
amine of either the piperazine or the morpholine group is capable of reducing the metal ions
through formation of nitrogen centered radicals.** Despite the reports that piperazine ring is
essential for the surface ligand mediated growth of highly branched nanoparticles, it is evident
from our data that the morpholine group serves as a shape-directing agent to promote the

agglomeration of primary Au seeds and the ensuing branched NP growth.
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Figure 3.2 TEM images. Au NPs synthesized as described using [HAUCIl4] = 0.2 mM and (a) no
CTPR3 added (b) CTPR3-Au-1k (c) CTPR3-Au-100 (d) CTPR3-Au-20. (Scale bar = 200 nm)
Inset: magnified TEM images with scale bar = 50 nm.

The TEM images of CTPR3-stabilized Au NPs prepared with different
[HAUCI4])/[CTPR3] ratios in MOPS buffer are shown in the Figure 3.2b-d. In the presence of the
low concentration of CTPR3, branched or multipod-like Au NPs were produced (Figure 3.2b).
As the concentration of protein increases, nanoparticles become less agglomerated and more
spherical (Figure 3.2d). We speculate that the Au(l11) ions are coordinated by the protein surface
residues to form stable CTPR3-HAuUCIs complexes thereby providing potential nucleation sites
for the in-situ reduction of Au by MOPS.*?> Subsequently, the growth of Au NPs is partially
suppressed by capping the Au core with CTPR3 corona. However, the excess amount of Au(lll)
ions located in the vicinity of the initial Au-CTPR3 complex favors the rapid growth of

individual Au NPs as well as the inevitable aggregation of adjacent small Au NPs formed at the

initial stage of the reaction. Although the mean particle size does not change dramatically as a
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Figure 3.3 Histograms of the size distribution of (a) Au NPs in the absence of CTPR3 (b)
CTPR3-Au-1k (c) CTPR3-Au-100 (d) CTPR3-Au-20 (e) Mean particle size and standard

deviation of CTPR3-Au NPs.
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function of protein concentration, the size distribution becomes much narrower (Figure 3.3e).
Agglomerated nanoclusters and highly branched NPs gradually disappeared, whereas the Au
polyhedron and nanospheres are produced as CTPR3 concentration increases. We propose that
increasing the amount of CTPR3 depletes the Au(lll) at individual nucleation sites and hampers
the overgrowth of Au NPs. In addition, CTPR protein also acts as an efficient stabilizer to inhibit
the secondary nucleation and the agglomeration of Au NPs. It is noteworthy that CTPR3
template does not contain cysteine (thiols) or histidine (imidazole) residues that have been
previously observed to bind metal NP surfaces.**** However, Hill et al. reported that resilin-
mimetic protein uses tyrosine (Tyr) residues for organization of Au NPs on its surface.'® Recent
molecular dynamics simulations also revealed strong binding affinity of Tyr for Au NPs.*® Thus
we reasoned that CTPR protein, where each repeat contains seven aromatic Tyr and one
tryptophan (Trp) residues, will interact with gold species during the biomimetic synthesis. To
gain more insight into the molecular level interactions of CTPRn arrays and gold, we have

performed fluorescence quenching experiments.

3.4.2 Molecular interaction between CTPR and Au(l11) and Au NPs

Each CTPR repeat contains six tyrosine and one tryptophan for total of 21, 42, and 126
surface-exposed aromatic residues for CTPR3, CTPR6, and CTPR18 respectively. Thus all
CTPR proteins exhibit excitation and emission peaks at 275 and 338 nm respectively.
Conveniently, these aromatic side-chains are built-in fluorescent probes of protein-ligand
interactions. The pronounced quenching of CTPR3 fluorescence (Figure 3.4a) confirms that
both Au(lll) ions and Au NP interact with the protein surface, consistent with the proposed
reaction scheme in Figure 3.1a. To closer inspect the molecular mechanism of fluorescence

quenching, we titrated Au(lll) ions into the solution of CTPR3 and observed fluorescence
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guenching as a function of Au(lll) concentration Figure 3.4b. The fluorescence signal was
corrected due to the inner filter effect by multiplying the observed fluorescence Fobs with

appropriate factors as shown in the equation:
Fideal O\ex: }\em) = Fobs ()‘ex' )‘em)CFp O\ex) CF.'S' O\em) (l)
= Fops(Aexs Aem) 10Mex+dem)/2

where CFp , CFs represents the correction factors for the total absorbance Aex and emission Aem at

the wavelength of Aex, Zem, respectively.*®
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Figure 3.4 Fluorescence spectra of (a) CTPR3, CTPR3-HAuCls; (100:1), CTPR3-Au-100
colloidal solution (b) Corrected fluorescence quenching profile of CTPR3 by HAUCl4 in 10mM
PBS at 25<C and 50 <C. (Error bars are smaller than symbols.)

Because CTPR proteins are stable under a relatively broad range of temperatures,® we
can readily change the solution conditions to further probe binding of Au(lll) to CTPR. To
distinguish between a collisional and static mechanism of fluorescence quenching, we performed
identical titration experiments at room temperature and 50 <C. For a purely collisional
mechanism of fluorescence quenching we expected to observe a steeper quenching curve due to
the faster diffusion rate at elevated temperatures. Conversely, for purely static fluorescence

quenching, the quenching curve will have a flattened slope arising from the dissociation of
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weekly bound fluorophore-quencher complex at elevated temperatures.*’” The slope of the
quenching curve does not change with the temperature implying that the interaction of Au(lll)
with CTPR could be explained by a combination of static and dynamic quenching.

The Stern-Volmer quenching constant, Ksy, was estimated to be 2.7>10* M by fitting
the data in Figure 3.4b to equation (2). Approximating that the fluorescence lifetime, to, for
biomacromolecules is around 5x107° s,1¢ the bimolecular quenching constant, kq for CTPR3 and
Au(l1l) ions was calculated to be 5.3x10*2 Ms™. This value is two orders of magnitude higher
than 2>10*° Ms? for a typical diffusion controlled quenching process consistent with the

formation of the complex between CTPR3 and Au(lll) species.

[%] =1+ K[Q], Ks, = quO[Q] (2

3.4.3 Effects of increasing length of CTPRn array on the growth and optical properties of
Au NPs

One may make an argument that extending a protein sequence could simply increase the
number of Au binding sites. Indeed, studies of the mechanism and kinetics of NP formation
using tyrosine-based oligopeptides clearly showed that with increasing number of amino acid
residues, the size of the NPs increased and polydispersity decreased.*® However, the relationship
between protein length and morphologies of NPs is more elusive. For this purpose, CTPR arrays
with increasing numbers of repeats were used in the synthesis of Au NPs. Previous
hydrodynamic studies of CTPR arrays established that these proteins behave as rigid rods in
solution, i.e. their molecular dimensions in solutions are identical to that observed in the high-
resolution crystal structure.* Thus we will describe the protein shape with the aspect ratio

calculated from the X-ray coordinates.
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Increasing the protein concentration in the reaction mixture results in a transition of NP
morphology from larger branched aggregates towards smaller globular particles regardless of
CTPR array aspect ratio (Figure S2). However, distinct oligomeric nanostructures including
fused dimer and trimers are observed for CTPR6-Au-20 samples (Figure 3.5). These
morphologies were not observed in the presence of same concentration of CTPR3 or CTPR18.
This result implies that CTPR6 may serve as a scaffold for the controlled arrangement of one-
dimensional nanostructures analogous to what has been previously achieved with the DNA
origami.’®2021 Additionally, we also observed that further increase in the concentration of the
total amount of CTPR repeat does not lead to the smaller particle size and narrower size
distribution for CTPR18-Au-100 as compared to CTPR3-Au-100, and CTPR6-Au-100 (Table

S2).
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Figure 3.5 CTPR6-Au-20 oligomers. (Inset: fused CTPR-Au NPs, scale bar = 10 nm).

UV-vis spectroscopy was used to monitor the surface plasmon resonance band of CTPR-
Au NP. A bathochromic shift was observed as the protein concentration decreases (Figure 3.6).
For instance, CTPR3-Au-1k displayed a wavelength of maximum absorbance Amax at 591 nm.
Upon the addition of an increased amount of CTPR3, the Amax changed to 532 nm for CTPR3-

Au-20, which is the characteristic absorption of spherical Au NPs. It is well-established that the
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longitudinal localized surface plasmon resonance (LSPR) is determined by the size as well as the
aspect ratio of anisotropic NPs.*® *® The substantial LSPR red-shift for Au prepared in the
presence of low concentration of CTPR could be ascribed to the morphological features such as
elongated shapes, branched tips, etc.®® This result is in good agreement with the representative
TEM images showing branched or agglomerated morphologies at low protein concentrations.
Likewise, the Amax Of CTPR6 or CTPR18 capped Au followed a similar concentration
dependence trend. As shown in Figure 3.6a-b and S3, narrower SPR peaks and substantial
decrease in Amax Were obtained when the Au NPs were prepared under the condition of low

[HAUCI4])/[CTPR] ratio, i.e. increased protein concentration.
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Figure 3.6 (a) Normalized UV-vis spectra of Au NPs synthesized in the presence of CTPRS3:

CTPR3-Au-1k, CTPR3-Au-400, CTPR3-Au-100 and CTPR3-Au-20 NPs (b) Maximum plasmon

absorption wavelength of CTPR-Au NPs as a function of [HAuUCI4]/[CTPR] and (c) as a function

of [HAUCI4]/[number of CTPR repeats]. (e.g. the concentration of [number of CTPR repeats]

equals 3 fold of [CTPR3], since each CTPRS3 protein is composed of 3 repeats.)
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We further investigated the influence of the protein aspect ratio on the SPR of Au NPs by
plotting the Amax as a function of the ratio of [HAUCI4)/[CTPR repeats]. If variation in
morphology and UV-Vis spectra are due only to increased number of nucleation sites, we expect
the normalized data to follow an identical concentration trend for CTPR3, CTPRG6, and CTPR18.
However, two different trends of LSPR band variation were identified. As seen in the Figure
3.6¢, Amax IS more sensitive to the protein concentration for CTPR18 in comparison with CTPR3
and CTPR6. This SPR shift dependence for CTPR18-Au may be correlated to the large aspect
ratio of 4.6 and the elongated superhelical structure adopted by CTPR18.3° We propose that more
spherical CTPR3 and 6, aspect ratio of 1.1 and 1.9 respectively, are anchored in a more efficient
manner onto the surface of Au NPs to suppress rapid growth and aggregation.

3.4.4 Long term colloidal stability of CTPR-stabilized Au NPs

The colloidal stability of the CTPR-decorated Au NPs was evaluated by monitoring the
UV-vis spectra of CTPR3-Au-100 samples placed at 4 °C for 3 months. As shown in the Figure
S4a, only a minor loss in the LSPR intensity was identified whereas no noticeable shift or
broadening of LSPR peak occurred. In addition, TEM analysis also confirmed that the Au NPs
were well-dispersed and no self-aggregation behavior was found for the CTPR3-Au-100 sample
(Figure S4b). Thus, CTPR proteins stabilized Au NPs exhibited remarkably high colloidal
stability in MOPS buffer.

3.4.5 Circular dichroism measurements

CTPRn arrays displayed the characteristic CD spectrum of an a-helical protein, with
minimum at 222 nm and 208 nm (Figure 3.7a). The mean residue ellipticity (MRE) remains
nearly constant upon addition of HAuCls or addition of MOPS. More importantly, no signals

characteristic of f-sheet or random coil structures were identified in the CD spectrum. This result
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suggests that the metal ion coordination does not cause distortion of the secondary structure
implying that the bioactivity of CTPR could be kept intact during the Au NP synthesis and

finally when bound to the nanoparticle surface.
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Figure 3.7 CD spectra of (a) CTPR3, CTPR3-HAuUClI4(1:100), CTPR3-Au-100 in the UV region
and (b) CTPR3 control, CTPR3-Au-100, CTPR6-Au-100 and CTPR18-Au-100 samples in the
visible light region.

In addition, the complexation of Au NPs with CTPR-3, 6, 18 induced a CD response at
the plasmon resonance frequency region (ca. 550nm) as shown in the Figure 3.7b. As suggested
previously,> the optical activity of Au NPs capped with chiral ligands is generally attributed to
three reasons: (1) in-situ formation of an intrinsic chiral Au nanocluster in the presence of chiral
ligands (2) electronic interaction between the chiral ligands and achiral metal core electrons, and
(3) chiral arrangement of the ligands on an achiral metal core. Since the plasmonic CD bands of
CTPR-Au NPs disappear after ligand exchange with achiral 2-mercaptoethanol, we ruled out in-
situ formation of chiral Au nanoclusters. We surmise that the negative ellipticity of CTPR-Au
NPs complex in the visible spectrum region may result from the dipolar interaction between
chiral protein ligands and the plasmonic NPs.*®%? Induced CD signals at the plasmonic
absorption region have been previously demonstrated for peptides with specific Au binding

affinity.® Exploration of CTPR-Au NPs for the development of biosensors based on the
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plasmonic chirality is currently underway in our group. It is important to note that the application
of these functionalized NPs is limited to aqueous solutions with physiological pH and ambient
conditions. And further study of the environmental impacts on the stability and optical properties

of CTPR-Au NPs is also of great interest to us.
3.5 Conclusions

In summary, we have developed a green-chemistry route for the preparation of Au NPs
using Good’s buffer and modular repeat proteins. TEM and UV-vis analysis indicated that the
morphology as well as the LSPR absorbance of Au NPs can be adjusted by varying the ratio of
[HAuCl4])/[CTPR] in conjunction with the protein length. This study exemplifies the pivotal role
of protein shape in tuning the morphology-dependent optical properties of protein-stabilized Au
NPs. CD spectroscopic studies suggested that CTPR retained its secondary structure after
coordinating with Au (III) or Au NPs. Moreover, the obtained CTPR-Au conjugates exhibited
chirality in the visible light region indicating the strong molecular interaction between the CTPR
proteins and Au NPs. This repeat protein-directed synthetic method enabled the facile fabrication
of Au NPs with tailored morphology, LSPR and optical activity and may find potential
applications in chiral biosensing and catalysis.
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3.8 Supplemental Information

Table S1. Molecular design of recombinant CTPRn proteins with different lengths and aspect
ratios but same surface exposed residues.

Consensus sequence of CTPR protein: 34 amino acid residues
AEAWYNLGNAYYKQGDYQKAIEYYQKALELDPNN

Recombinant | # of amino acid

CTPRS residues Mw (kDa) Aspect ratio
n=3 107 12.5 11
n=6 213 25 1.9
n=18 629 74.1 4.6

Table S2. Particle size of Au NPs synthesized in the presence of CTPR3 protein with different
ratios of [HAuUCIs)/[CTPR].

Au sample [HAUCI4]):[CTPR] Size (nm)
MOPS-Au 0 33.319.7
CTPR3-Au-1000 1000:1 18.8+11.7
CTPR3-Au-400 400:1 15.948.8
CTPR3-Au-100 100:1 14.646.5
CTPR3-Au-20 20:1 14.145.6
CTPR6-Au-1000 1000:1 16.947.6
CTPR6-Au-400 400:1 13.945.7
CTPR6-Au-100 100:1 12.345.1
CTPR6-Au-20 20:1 11.2#4.1
CTPR18-Au-1000 1000:1 N/A
CTPR18-Au-400 400:1 16.548.8
CTPR18-Au-100 100:1 13.848.3
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Figure S1. SDS-PAGE gel of CTPR3, 6, 18 stained with coomassie blue.
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Figure S2. TEM images (a) CTPR6-Au-1k (b) CTPR6-Au-400 (c) CTPR6-Au-100 (d) CTPR6-
Au-20 (e) CTPR18-Au-1k (f) CTPR18-Au-400 (g) CTPR18-Au-100.Scale bar = 200 nm. (inset
showing magnified CTPR-Au NPs, scale bar = 50 nm)
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Chapter 4. Bioinorganic interface: mechanistic studies of protein-directed
nanomaterial synthesis

Kristina L. Roth, Xi Geng and Tijana Z. Grove

Reprinted with permission from K. L. Roth, X. Geng, and T. Z. Grove, J. Phys. Chem. C, 2016,
120, 10951-10960. Copyright 2016 American Chemical Society.
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4.1 Abstract

Proteins and peptides have attracted much attention as templates for one-pot synthesis of
biocompatible gold nanoparticles. While numerous natural and de novo protein sequences have
been used, the actual mechanism of nanoparticle nucleation and growth from the protein matrix
is not well understood. In this study we utilized engineered consensus tetratricopeptide repeat
protein (CTPR) to probe the bioinorganic interface during gold nanoparticle synthesis. The
binding of CTPR to gold ions and the gold nanoparticle surface was investigated using
fluorescence spectroscopy and heteronuclear single quantum coherence NMR spectroscopy to
provide residue-specific measurements. This work provides a foundation for the rational design
of proteins for synthesis of tailored functional nanomaterials for biological, medical, and optical

applications.

4.2 Introduction
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In the past two decades, much scientific interest has focused on gold nanoparticles (NPs)
due to their optical and electronic properties attractive for biological and medical applications,
including imaging, diagnostics, and phototherapy.>? Since optical and electronic properties of
NPs depend on size, shape, composition, and surface functionalization, the synthetic procedures
that produce gold NPs in a variety of shapes with tunable sizes have been at the forefront of
research interest.>® It is now widely recognized that in addition to size and shape, the surface
chemistry of gold NPs is crucial for specific biomedical requirements such as cellular uptake,
targeting capabilities, and cytotoxicity.® Thus, synthetic methods that allow for simultaneous
control over NP size, shape, and biocompatible surface chemistries are of great interest for
nanomedicine. Synthetic approaches that utilize biopolymers are one possible solution. Plant
extracts, polysaccharides, proteins, and peptides have all been used to synthesize metallic NPs in
vitro.”1% Such syntheses are performed under mild aqueous conditions, eliminating the need for
aggressive reducing agents, high temperatures, and polymeric surfactants.!* These advantages
have led to a growing interest in the rational design of biomolecules that allow for control in
synthesis and assembly of gold NPs.

In nature, inorganic materials are synthesized and assembled in the process of
biomineralization, which consists of crystal nucleation followed by the crystal growth in a
biomolecular matrix, most often proteins.”*2 However, the complex process of biomineralization
is not fully understood.”® Mimicking the biomineralization process, the Mann group synthesized
various inorganic NPs (iron sulphide, manganese oxide, and uranyl oxyhydroxide) in vitro using
a cage protein, ferritin, as a template.™® Since then the use of peptides'*!® and proteins!® in NP
synthesis have been an active area of research. A one-pot synthesis of gold nanoplates performed

using algal extract demonstrated that a 28k Da protein found in the extract acted as both the
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reducing and shape-directing agent, albeit sequence and identity of this protein are unknown,.t’
Common proteins like BSA have also been employed in biomimetic gold NP synthesis.'8
Recently, our group has reported the use of a consensus tetratricopeptide repeat protein (CTPR)
in a bio-enabled synthesis strategy to form gold NPs.?° Due to their modular structure and ease of
engineering, repeat proteins have attracted the interest of the biotechnology community.?-°

Further investigations into the nucleation, growth, and morphogenesis steps occurring
during biomineralization will allow for development and control over NPs synthesized using
protein scaffolds. ldentifying the role of protein sequence®3°-32 and protein secondary structure®*
% on biomineralization has been an ongoing task. The Aldinger group found that the kinetics and
thermodynamics of crystalline oxide growth is dependent on amino acid identity, with glutamic
acid demonstrating the slowest crystal growth.® The ability of the aromatic rings on tryptophan
and tyrosine to reduce metal ions has been clearly demonstrated by Mandal and colleagues.®*-
BAlong with identity the sequence of amino acid residues play a role in NP size, shape, and
aggregation.®® Additionally, studies of specific peptide motifs, important in calcification, found
that the secondary structure of a bioscaffold is important for biomineraliazation.®® Understanding
the components and molecular mechanisms that initiate and promote hierarchical deposition of
metal ions has significant implications for the development of a variety of nanotechnologies.

In this work, we use a designed repeat protein, CTPR3, as a model biomineralization
matrix (Figure 4.1). We investigate molecular details of the initial binding step between CTPR3
and chloroauric acid (complexation step in Figure 4.2) along with the protein orientation and
interaction with the gold NP surface. Gold NPs were selected for their interesting optical
properties and significant biomedical applications. The CTPR scaffold is a de novo (i.e. synthetic

sequence not present in nature) protein with a 34 amino acid helix-turn-helix motif (Figure 4.1).
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The advantage of engineered proteins is that the synthetic sequence can be tuned for a particular
application, while a well-defined protein fold is preserved. 2021232426 The simplest repeat protein
system is one in which all the repeats within a protein are identical as in CTPR3, which has three
CTPR repeats in tandem for a total of 3*34 amino acids. In the process of NP synthesis, CTPR3
has a dual role — it acts as a template by binding gold ions in the nucleation step, but it is also a

surfactant that binds to the NP surface to prevent further growth and agglomeration (Figure 4.2).

CTPR unit CTPR3

CTPR3 surface charge

Figure 4.1 Top: One helix-turn-helix unit of CTPR is shown in red along with the structure of
CTPR3 with tryptophan side chains displayed in black for each repeat. Bottom: An electrostatic
potential map of CTPR3 with the surface charge shown, color range deep red to deep blue
corresponds to an electrostatic potential range from -108 to + 108 kT/e, where k is Boltzmann’s
constant, T is absolute temperature, and e is the charge of a proton. All figures were prepared
from X-ray coordinates (PDB 1NAO) using Pymol.

The sequence of CTPR3 contains no histidine, methionine, or cysteine amino acids,
which are known strong binders for gold and are commonly used to immobilize proteins to gold
surfaces.*%* The repeating structure of CTPR3 allowed us to probe effects of amino acid
identity versus their surrounding chemical environments. Since each repeat contains exactly the
same sequence, the same positions in the primary and secondary protein structure for each repeat
will be the same. However, in different repeats the same residues will experience different

chemical surroundings due to the repeat packing. For example, CTPR3 contains one tryptophan
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residue per repeat (Figure 4.1). In the structure of CTPR3, each one of the tryptophan residues is
in a different environment. Therefore, the CTPR3 scaffold allows for the analysis of the effect of

both identity and chemical environment of the amino acid and their importance in nucleation and

NP growth.
Au(IIT) CTPR3 Reduction to Au(0)
K Reducing
Agent
—
Complexation Nucleation Growth

Figure 4.2 Scheme of gold nanoparticle synthesis using protein as a template.
4.3 Experimental Methods

4.3.1 CTPR3 and ®*N-CTPR3 expression and purification

The CTPR3 and ®N-CTPR3 proteins were expressed and purified using a previously
reported method.***® Briefly, the plasmid pProExHtam containing genes coding for CTPR3, N-
terminal Hise-tag, and a TEV protease cleavage site, were transformed into BL21 (DE3) cells
and cultured overnight at 37 <C on an agar plate. A single colony was cultured overnight in 50
mL of LB media at 37 <C. A 1:100 dilution of the overnight culture was added to 1 L of LB
media. The cells were grown to an ODeoo 0f 0.6-0.8 and then induced with 1mM isopropyl B-D-
1-thiogalactopyranoside (IPTG) followed by expression for 5 hours at 30<C. The cells were
collected by centrifugation and resuspended in lysis buffer containing 50 mM Tris, 300 mM
sodium chloride, and 0.1 wt% Tween20. Half a tablet of Complete EDTA-free protease inhibitor
cocktail (Roche, Basel, Switzerland) and lysozyme (1 mg/mL) was added to the suspension and
incubated for 30 min at 0 <C, then microtip sonicated (Branson) at 30% power for 1 min with 10

second pulses. Lysed cells were centrifuged and the supernatant was collected and purified using
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standard Ni-NTA affinity purification techniques. The eluted CTPR3 was incubated with TEV
protease in 50 mM Tris-HCI, 1 mM BME pH 7.6 buffer at 4 <C overnight to cleave the Hise-tag.
The Hise-tag free CTPR3 was collected through a Ni-NTA column as a flow-through fraction.
CTPR3 was further purified using size exclusion chromatography using a HiLoad 16/600
Superdex 75 (GE Healthcare Life Sciences) column. The protein was dialyzed into 10 mM
Na2HPO4 pH 7.6 for further experiments.

Similar expression and purification methods were used for °N-CTPR3. Minimal media
containing °NH4Cl was used in place of LB media. At the final purification step with size
exclusion chromatography 150 mM NaCl, 50 mM Na:HPO4 pH 6.3 buffer was used to eliminate
the need for dialysis.

4.3.2 Fluorescence spectroscopy

Fluorescence spectra were recorded on a Cary Eclipse Fluorometer using Aex = 275nm,
excitation slit 5 nm and emission slit 10 nm. All of HAuCls into CTPR3 titrations were
performed using 5 pM CTPR3 in 10 mM NaxHPO4 pH 7.6 in a 10 mm path-length cuvette. lonic
strengths of the solutions were adjusted using NaCl. A 1 mM HAuCI4 in 10 mM NaxHPO4 pH
7.6 solution was titrated into the protein, mixed, and equilibrated for 10 min before recording the
fluorescence. To account for the inner filter effect Equation 1 was used to correct each observed
fluorescence intensity.

Figeal(Aex Xem) = Fobs(Rexs Aem) CFp (Aex) CFs(Aem) 1)

= obs (}\exr )\em) 1O(Aex+A€m)/2

CFp and CFs represent the correction factors for the total absorbance, Aex and Aem, at the
wavelengths Aex and Aem respectively. The molar extinction coefficients of HAuCls at 275 and

340 nm were determined experimentally (Figure S1).
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4.3.3 HSQC NMR

NMR spectra were obtained using a Bruker Avance Il 600 MHz spectrometer. The 0.5
mM N-CTPR3 sample was prepared in 150 mM NaCl, 50 mM NazHPOQa, 10% D,O at pH 6.3.
A 0.25 M solution of HAuCl4 in 150mM NaCl, 50 mM Na>HPOg4 at pH 6.3 was titrated into the
CTPR3 with 30 min incubation after each addition at 20<C. The CTPR3 NH crosspeaks were
assigned based on previously published assignments for CTPR3.4” All data was processed with
TopSpin (Bruker) and analyzed with Sparky.*8
4.3.4 Nanoparticle synthesis

Nanoparticles were synthesized by combining 0.1 mM CTPR3 and 1.3 mM HAuUCl4 in 5
mM NaHPO4 pH 7 buffer. The ionic strength was adjusted to 238.75 mM using either NaCl or
NaNOz. The samples were prepared in NMR tubes and left at room temperature in the dark for 3
weeks.
435TEM

The images were obtained using a Phillips EM420 with an accelerating voltage of 120
kV. In order to remove salt from the samples they were first centrifuged at 10,000 rpm for 2 min
and the supernatant was removed. The pelleted NPs were resuspended in DI H20. Samples were
prepared by depositing 10 L of the NP solution on a 300 mesh carbon coated copper grid (EM
Science) and left to dry overnight.
4.4 Results and Discussion
4.4.1 Fluorescence spectroscopy

The process of biomineralization occurs through an initial crystal nucleation step
followed by crystal growth (Figure 4.2). Varying conditions in any of the steps will alter the NP

size and morphology. The initial complexation step, i.e. binding of the metal ion to the
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bioscaffold, regulates the rate of crystal growth and crystal morphology through the modulation
of the local concentration.*® In a recent report by Smeets et al., the initial growth rate of calcium
carbonate was enhanced by binding of calcium ions to a negatively charged polymer where the
ions become locally concentrated.*® Although many current biotechnology studies focus
primarily on the synthesis of NPs with tunable shape and size'®1%%9°! the nature of the
biomolecule interaction with metal ions is yet to be determined. One goal of this study is to
determine the molecular interactions occurring during the initial complexation step between gold
ions and CTPR3. Deeper insight into the bioinorganic interface in NP synthesis will enable
design of new biomolecular templates with increased control of complexation and nucleation
resulting in regulation of NP morphology.

This study probed the molecular level interactions of CTPR3 and gold ions. At pH 7
CTPR3 has a net negative charge of -15, with most of the negative residues positioned on the
convex face (Figure 4.1).*> Due to this polyanion characteristic, we hypothesized that the
binding of CTPR3 to gold ions is dependent on ionic strength. Thus, by varying the ionic
strength the ratio of free to bound metal ions changes. To probe the role of electrostatic
interactions in Au(l11) binding to CTPR3 and resulting morphology of NPs we have measured Ks
(Figure 4.2) as a function of total ionic strength.

4.4.2 CTPR3 and gold ion interaction monitored by steady-state fluorescence

Steady-state fluorescence is a commonly used technique to evaluate protein interactions
with the surface of metallic NPs.>2° The intensity of the intrinsic fluorescence of the protein will
change when the local environment of the protein is altered. Metals and especially metal

nanoparticles efficiently quench chromophores. Therefore, monitoring the changes in intensity of
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the intrinsic protein emission as a function of metal ion or NP concentration can offer insight into
the binding mechanism between metals and proteins.

4A shows the fluorescence spectra of CTPR3 with an increasing concentration of gold
ions. The emission spectra of CTPR3 exhibits an emission maximum at 340 nm upon excitation
at 275 nm due to 6 tyrosine and 1 tryptophan residues in each of the three repeats. The emission
intensity systematically decreases upon the progressive addition of the chloroauric acid in the
buffered solution (Figure 4.3A). It is important to note here that during this process CTPR3
remains fully folded without any change in the secondary structure composition.? Thus, we have

attributed this emission quenching to direct complexation between CTPR3 and Au(lIl).
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Figure 4.3 (A) Fluorescence spectra of 5 uM CTPR3 titrated with HAuCl4 at an ionic strength of
225 mM. (B) Fluorescence quenching of CTPR3 as a function of increasing concentration of
HAuUCI4. Each data point is the mean of three independent observations. (C) Plot of (Fo-F)/Fo

versus HAuCl4 concentration for increasing ionic strengths.
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Each repeat in CTPR3 contains seven negative and two positive surface-exposed
residues. Due to the high charge of the protein surface we initially predicted that electrostatic
interactions played an important role in the binding of gold ions to CTPR3. To test this, we
varied the ionic strength of the buffered protein solution from 75-425 mM to monitor the effect
of charge screening on molecular interaction. It can be seen that the same CTPR3 to HAuUCI,
ratio (1:3) exhibits different quenching of the fluorescence signal depending on the ionic strength
of the solution. At the same point during the titration the solution with low ionic strength, 125
mM, displays the highest fluorescent signal. As ionic strength is increased, there is an increase in
guenching due to more favorable interactions between CTPR3 and the gold ions.

Quenching of biomacromolecule emission can occur through a variety of processes: static
and binding related quenching, collisional quenching, or the inner filter effect. To eliminate inner
filter effect, all emission data is corrected for the competitive absorption and reabsorption of
light by Au(lll) and Au NP at the excitation and emission wavelengths (see materials and
methods section). The quenching data was analyzed using the Stern-Volmer equation (Equation

2) shown below.

(2 = 14 KolQ] = 14 kyza[0) @

Fo and F are the fluorescence intensities in the absence and presence of quencher, Kq is the
biomolecular quenching constant, and 1o is the lifetime of CTPR3 in the absence of quencher.
The plot of the Stern-VVolmer equation in the presence of increasing concentration of
Au(l1) is shown in Figure 4.3B. A linear relationship between Fo/F and HAuCI4 concentration is
indicative of a single population of fluorophore, implying that all tyrosine and tryptophan

residues have the same accessibility to the quencher. The value of the Stern-Volmer quenching
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constant (Ksyv) was determined from the slope of the line. Further, the bimolecular quenching
constant Kgq, related to the availability of the fluorophore to the quencher, or simply the efficiency
of quenching, can be calculated from the Ksyv and the fluorescence lifetime of the CTPR3 in the
absence of the quencher. The lifetime of CTPR3 in the absence of quencher, 1o = 3.82 +0.05 ns
(Figure S3) was measured using time resolved fluorescence spectroscopy. The calculated kq
value of 9.71 +0.97 x 10! Ms™ for CTPR3 and Au(lll) at an ionic strength of 75 mM is almost
two orders of magnitude greater than the previously reported value for a diffusionally controlled
collisional quenching constant (1.00 x 10'° Ms?), confirming the possibility of a static
quenching mechanism. As predicted, the increase in ionic strength and subsequent increase in
charge screening results in higher kq values (Table 4.1).

Table 4.1 Stern-Volmer constant (Ksv) and biomolecular quenching constant (kq) as a function of
ionic strength.

lonic Strength (mM) Ksv (M) kg (M-1s?)
75 3.71 x 103 9.71 x 10!
125 6.26 x 10° 1.64 x 10*
225 1.16 x 10* 3.03 x 10*
425 1.46 x 10* 3.83 x 102

Static quenching is often associated with the ground-state complex formation between the
fluorophore and the quencher. Quenching of the emission intensity is either due to the excited-
state energy transfer in the complex, or due to the change in the conformation and
microenvironment of the fluorophore. In either case, temperature increase would favor complex
dissociation and less quenching. Conversely, at a higher temperature an increase in diffusion
would increase the probability of collision and favor a collisional quenching mechanism. In an
attempt to further elucidate the mechanism of CTPR3 emission quenching in the presence of

Au(lll), we have performed quenching experiments at 25 <C and 50 <C. CTPR3 remains folded
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at this temperature.> The plot of Fo/F versus HAUCI4 concentration for both temperatures is a
straight line with an identical slope indicating a combination of collisional and static quenching
mechanisms that ultimately result in gold ion association with CTPR3 (Figure S4).

The Stern-Volmer equation strictly applies only to a collisional quenching mechanism.
Therefore, to evaluate the association constant between CTPR3 and Au(lll), we plotted fraction
of complexed gold ions, (Fo-F)/Fo, versus total HAuCIls concentration (Figure 4.3C). The
sigmoidal shape of the binding isotherms at varying ionic strengths suggests the presence of
cooperative binding. The binding of gold ions to CTPR3 is possibly a multi-associative event
where Au(lll) is interacting with more than one site on the surface of the protein and the Kops is a
composite of the binding constants from the multiple binding site. Thus, the binding isotherms
could not be treated with either a single binding site model or multiple independent sites model.
To further evaluate the degree of cooperativity of the complex formation we used the Hill

equation:

F

Fo

log[ ] = logK, + nlog[Q] (3)

where Fo and F are the same as in Equation 2, Ka is the binding constant, and the Hill coefficient,
n, indicates the degree of cooperativity in binding. For non-cooperative interactions n = 1 and the
binding isotherm can be fitted to a multiple independent sites model. A Hill coefficient less than
1 indicates negative cooperativity, whereas n larger than 1 indicates positive cooperativity. The
double logarithmic plot (Figure 4.4) has a sigmoidal shape at all ionic strengths indicating
multiple non-equivalent binding sites on the CTPR3 protein surface in which the gold ions bind
in partial cooperativity. Although we were unable to determine the macroscopic Ks, it is evident
that binding is ionic strength dependent and that CTPR3 has multiple binding sites for the gold

ion.
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Figure 4.4 Hill plots depicting the binding curves from Au(lll) and CTPR3 at varying ionic
strengths.

4.4.3 lonic strength dependent NP growth

Fluorescence quenching data clearly shows that the interaction between gold ions and
CTPR3 is ionic strength dependent. Consequently, the complexation equilibrium will be affected
by ionic strength; e.g. at high ionic strengths the equilibrium will be shifted towards the ion-
bound form of the protein. To test how change in the complexation equilibrium (Ks) affects NP
growth and morphology, we have synthesized gold NPs at a 1:13 molar ratio of CTPR3 to
HAUCIls in 5 mM Na,HPO4 with a final adjusted pH of 6.8 and p = 8.75 mM due to the

phosphate alone. In two other samples the ionic strength was adjusted to 238.75 mM with either
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NaCl or NaNOs. The NPs were synthesized at room temperature in the dark using NMR tubes as
the reaction vessel. After 3 days the high ionic strength solutions were the first to develop a light
purple color and after 10 days the solution with p = 8.75 mM also appeared purple. The color of
all the samples stopped changing after 3 weeks (Figure S5). Size and morphology of the
resulting NPs was analyzed from TEM images (Figure 4.5). Small 10 nm NPs that form clusters
are formed from the solution with low ionic strength whereas larger, well-dispersed NPs are

formed at the higher ionic strengths.

A B) Oer's
» -
low SIS | Nacl 100nm  NaNO, » 1000m

Figure 4.5 (A) TEM image of gold NPs in 8.75 mM ionic strength sample. (B) TEM of gold
NPs in 238.75 mM ionic strength sample adjusted with NaCl. (C) TEM of gold NPs in 238.75
mM ionic strength adjusted with NaNO:s.

Considering a constant CTPR3 and phosphate concentration in all samples, the difference
in NP morphology can be related to the presence of salt ions in solution. At the low ionic
strength the complexation equilibrium is shifted towards more free gold ions in solution. The
higher amount of free gold ions leads to a higher number of seeds in solution and therefore a
larger number of smaller NPs are formed (Figure 4.5A). Assuming that the interaction between
CTPR3 and gold NPs is also weaker at the low ionic strength, less protein will coat the NP
surface resulting in NP agglomeration and the clustered morphology. In contrast, in the samples
with high ionic strengths complexation equilibrium is shifted towards the ion-bound form of the

protein resulting in the formation of larger spherical NPs (Figure 4.5B). The stronger interaction

between the NPs and CTPR3 also increases the colloidal stability of the NPs resulting in a well-
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dispersed system. However, NPs prepared with NaNO3 are smaller, around 35 nm (Figure 4.5C),
than NPs prepared in the presence of NaCl, which are around 60 nm.

Effects of halide ions on the NP growth are well established, but effects of the ionic
strength are not well understood.>>>® We can speculate that the observed difference in NP size is
due to chloride ions and CTPR3 competition for binding the gold surface. Presumably, in the
NaNOs solutions the surface of the growing NP is covered with protein, which slows the
diffusion and hinders subsequent deposition of gold ions, resulting in overall smaller NPs.

4.4.4 CTPR3 and gold ion interaction probed by NMR

To probe the interaction between CTPR3 and gold ions with a single-residue resolution
we used a 'H-®N HSQC NMR experiment. HAUCIs was titrated into 0.5 mM of ®N-labeled
CTPR3 at protein to HAuCI; ratios of 1:2, 1:4, 1:6, 1:8, and 1:10. The peaks observed in this
experiment correspond to the NH group on the backbone of CTPR3. A change in the chemical
environment of an amino acid results in a shift of the corresponding NH peak. The chemical shift
perturbation (d) was determined from the change in peak position along the *H and N axis

using the following equation®’,

d= j% [62 + (a - 62)] 4)

where dn and Sn represent the change in the observed shift from the free state, and o is a scaling
factor. The scaling factor for our experiment was calculated to be 0.147 taking into account the
range of °N and *H shifts.%’

The peaks found in the spectrum are narrow and are well dispersed, consistent with the
HSQC spectrum of a folded protein. Overall, the peaks seen in the spectrum for CTPR3 and

HAUCI4 (1:10) overlap with the spectrum for pure CTPR3 indicating no change in secondary
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structure during the titration. However, a few discrete peaks display a shift as HAuCly is titrated
into the protein solution. The corresponding residues are considered to be discrete binding sites
for gold ions. Figure 4.6A shows the chemical shift perturbation (d) for each assigned amino
acid in the CTPR3 sequence. The solid line indicates the average of d plus one standard
deviation; all peaks above the line are considered a major peak shift indicating a large change in
the NH chemical environment. The residues that show a major shift are W12, G16*, N17, Y25,
AB62*, N76, Y87, Y99, A103*, and L106. The three amino acids denoted with an asterisk are not
surface exposed and will be discussed later. A surface model of CTPR3 with amino acids colored
cyan for a chemical shift perturbation considered strong is seen in Figure 6B. When plotted on
the protein surface the residues with strong interaction to the gold ions do not constitute a
contiguous patch but are isolated sites. The interaction of gold ions with isolated residues is
consistent with the existence of multiple binding sites on CTPR3.

It is important to restate that CTPR3 does not contain histidine, cysteine, and methionine
residues which are known to form strong bonds with metal surfaces.>®>° The absence of these
amino acids allows us to probe the interaction of gold ions with amino acids not as well studied.
Non-covalent gold binding favors amino acids with aromatic side groups through m-metal
interactions.®9-%2 As expected, three tyrosine (Y) residues and one tryptophan (W), all of which
have aromatic side chains, are interacting strongly with the gold ions. Additionally, two
asparagines (N) are involved in gold ion binding. Theoretical and experimental data shows that
Au(l) and Au(lll) can exhibit properties similar to a hydrogen bond acceptor; thus it is feasible
that asparagine acts as a hydrogen bond donor to the Au(l11).5 Leucine 106 is the only amino

acid that shows a significant peak shift but has a side chain without aromaticity or charge. The
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interaction between L106 and Au(lll) could possibly be driven by spatial proximity to other
binding residues and not any inherent feature of leucine.

The major perturbation shift exhibited by the three non-surface exposed residues cannot
be explained by a direct interaction between the metal ion and amino acid side chain. However,
these residues are in the i+4 position from the surface exposed W12 and Y99, both found to be
strong interaction sites. Thus, it is feasible that the large perturbations seen for G16 and A103 are
a result of the change in the environment from hydrogen bonding through the alpha helix. The
58th residue, in the i+4 position from A62, does not have a peak assignment on the HSQC
spectrum. However, position 58 in CTPR3 is an aspartic acid which favors gold binding due to

its charge, so an interaction with Au(l11) resulting in the shift of A62 is plausible.5

&

Chemical Shift Perturbation

20 40 60 80 100 120
Residue Number

Figure 4.6 (A) Monitoring the interaction between CTPR3 and Au(lll) by NMR chemical shift
perturbations. The solid line represents the average plus one standard deviation; positions above
one standard deviation are colored cyan. (B) A surface model of CTPR3 where residues that bind
gold ions are colored cyan. All figures were prepared from X-ray coordinates (PDB 1NAO) using
Pymol.

While amino acid identity plays an important role in protein-gold ion interactions, the
chemical environment of the side chain is crucial for complex formation. CTPR3 has three

tryptophan residues in its sequence but only one of them binds Au(lll). The shift for tryptophan
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residues are shown in Figure 4.7A; the red spectrum corresponds to CTPR3 and the purple
spectrum to a 1:10 CTPR3 to HAuUCI4 solution. While the peaks for W46 and W80 overlap
during the titration, indicating no change in chemical environment, the peak corresponding to
W12 does shift. Examining the tryptophan residues in a space-filling model of CTPR3 (Figure
S7) illustrates that the side chain of only W12 is available for © interactions, while W46 and W80
are sandwiched between neighboring residue’s side chains. This indicates that in addition to the
identities of the residue the overall orientation of the side chain are important in gold ion
binding. Not only accessibility, but also the orientation of the side chain is a major factor in ion
binding and needs to be taken into consideration when designing protein and peptide scaffolds

for biomineralization.
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Figure 4.7 (A) Overlay of three tryptophan peaks from the H-*N HSQC titration experiment,
the red spectrum corresponds to pure CTPR3 and purple to 1:10 CTPR3 to HAuUCI4. Direction of
peak shift for W12 denoted with arrow. (B) Binding isotherms for three residues determined
from the NMR titration of CTPR3 with HAuCla.

The dissociation constant for W12, Y25, and A103 at an ionic strength of 225mM was
determined from plotting the change in chemical shift as a function of ligand concentration
(Figure 4.7B).°” W12, Y25, and A103 have a Kq of 3.1 +1.0, 1.8 0.9, and 2.8 =1.3 mM
respectively. Interestingly, all three interacting residues have similar binding. The low Kq values
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are due to weaker intermolecular forces occurring between the protein side chains and Au(lll),
such as m-metal interactions and hydrogen bonding. However, the macroscopic binding constant
for cooperative multiple binding sites will be the product of individual events and thus higher in
magnitude.

4.4.5 Protein orientation on gold NP surface

Gold NPs were formed in situ (Figure 4.8A) in a 1:12 molar ratio of CTPR3 to HAuUClI4
at pH 6 without addition of any external reducing agents. A *H-®N HSQC experiment was then
performed with this sample. The premise of this experiment is that protein relaxation parameters
will charge if protein is bound to the NPs. Overlaying the NP/CTPR3 and pure CTPR3 spectra
(Figure S6) shows no major change in peak positions, indicating the protein is still folded in the
presence of NPs consistent with the results of CD spectroscopy (Figure S2).

When comparing the spectra of pure CTPR3 and CTPR3/NP there is an overall decrease
in signal strength for all residues in the protein, consistent with signal being quenched in
presence of NPs. However, some residues have a larger relative change in signal intensity than
others. Residues located close to the NP surface exhibit restricted diffusion resulting in longer
effective rotational correlation time and therefore a lower signal intensity.®® Even though CTPR3
is in fast exchange with the NP surface there is a preferred face of the protein that interacts with
the NP surface. Figure 4.8B compares the peak intensities of CTPR3/NPs to the solution
containing pure CTPR3. All residues with a change in relative peak intensity below the black
line (the average minus one standard deviation) are considered major changes. A surface model
of CTPR3 is shown in Figure 4.8C with the Au(l11) binding residues in cyan, the residues bound
to the gold surface in magenta, and N17 which binds both the metal ion and gold NP surface in

yellow.
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Figure 4.8 (A) Picture of the NMR sample after NP formation and the corresponding TEM
image of the NPs, scale bar 200 nm. (B) Relative peak intensity (Fcrprs+ne/FcTrrs) of H-1°N
HSQC of CTPR3 to CTPR3 after NP formation. Solid line represents average plus one standard
deviation. Positions experiencing major reduction in intensity are colored maroon. (C) Top:
CTPR3 surface model with residues binding Au(lll) colored in cyan, residues binding gold
surface in magenta, and N17 that interact with both in yellow. Bottom: An electrostatic potential
map of CTPR3 with the surface charge shown, color range deep red to deep blue corresponds to
an electrostatic potential range from -108 to + 108 kT/e, where k is Boltzmann’s constant, T is
absolute temperature, and e is the charge of a proton. All figures were prepared from X-ray
coordinates (PDB 1NAO) using Pymol.

Interestingly, all residues interacting with the gold NP surface are localized on the more
negative face of the protein, analogous to the trend seen with gold ions. The proximity of
residues that bind to Au(lll) to the NP surface indicates the importance of the initial Au(lll)
complexation step in determining the conformation of a protein on a NPs surface. Understanding
this connection between initial ion complexation and final orientation of a protein on a metal NP

surface will allow for control of the protein orientation in sensing and imaging applications.
4.5 Conclusions

We have used CTPR3, an engineered repeat protein, to probe a mechanism of protein
assisted NP formation. Two different techniques, fluorescence quenching and heteronuclear 2D
NMR, were used to observe CTPR3 interaction with both gold ions and gold NPs. We observed

that the initial complexation step between gold ions and CTPRS3 is ionic strength dependent.
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Moreover, size and morphology of NPs can be tuned by adjusting the ionic strength. We
ascertained the importance of residue identity, chemical environment, and orientation for gold
ion-protein binding. Furthermore, we found that NPs preferentially interact with the negatively
charged face of CTPR3 as observed in 2D NMR. The detailed understanding of protein-ion and
protein-NP interactions will enable rational deign of proteins for biomimetic synthesis of
metallic NPs. Knowledge of protein behavior in the presence of metal ions and NPs will

facilitate design and implementation of biologically functional nanomaterials.
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95



1.7
164 ® 25°C :
15] © S0°C g

1.4-: ;
1.34
1.2 o %
1.1- - ¢

10] '@
0 X< —

F/F

HAUCI, [mm]

Figure S4. Fluorescence quenching of CTPR3 by HAuCl4 at 25 <C and 50 <C.
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Figure S5. Images of NMR tubes after 3 weeks with HAuUCl4 in 5 mM Na2HPO4 (a & d), 5 mM
Na2HPO4 and 230 mM NaCl (b & €), and 5 mM Na;HPO4 and 230 mM NaNO3 (¢ & f). Samples
a, b, and c also have CTPR3 in a 13:1 HAuCl4 to CTPR3 ratio.
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Figure S6. Overlay of *H-'®N HSQC spectra of CTPR3 (red) and CTPR3 sample after NP
formation (blue).

Figure S7. A space-filling model of CTPR3 with tryptophan residues in green.
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5.1 Abstract

In this work, we present a modified seed-mediated synthetic strategy for the growth of
silver nanoprisms with low shape polydispersity, narrow size distribution and tailored plasmonic
absorbance. During the seed nucleation step, consensus sequence tetratricopeptide repeat (CTPR)
proteins are utilized as potent stabilizers to facilitate the formation of planar-twinned Ag seeds.
Ag nanoprisms were produced in high yield in a growth solution containing ascorbic acid and
CTPR-stabilized Ag seeds. Note that the percent yield were defined by the ratio of intact and
truncated silver nanoprisms to the total number of Ag NPs, which is estimated based on the TEM
and SEM observations. From the time-course UV-Vis and transmission electron microscopy
(TEM) studies, we postulate that the growth mechanism is the combination of facet selective
lateral growth and thermodynamically driven Ostwald ripening. The resultant Ag nanotriangles
(NTs) exhibit excellent surface enhanced Raman spectroscopy (SERS) performance. The
enhancement factor (EF) measured for 4-mercapto benzoic acid (4-MBA) reporter is estimated to

be 3.37 x10° in solution and 2.8 x<10° for SERS substrate.
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5.2 Introduction

Plasmonic metallic NPs such as Au and Ag NPs have received immense attention due to
their tailored localized surface plasmon resonance (LSPR) band in the visible and near infrared
(NIR) regions."? Since the electromagnetic field induced by LSPR of NPs is strongly dependent
upon the local dielectric environment, plasmonic NPs have been widely exploited for the
molecular sensing, bioimaging and therapeutic applications.>* Furthermore, the coupling of
electromagnetic filed between adjacent NPs results in a significant amplification of the
spectroscopic signals allowing for the implementation of plasmon-enhanced spectroscopic tools
and other advanced optoelectronic devices.>”’

Optical, electronic, and catalytic properties of NPs are determined by their composition,
crystal structures, as well as their geometric features.>® The anisotropy at the nanoscale results in
the unprecedented physical and chemical properties. Therefore, over the past two decades,
remarkable progress has been made in the colloidal synthesis of a myriads of anisotropic NPs
including nanowires,>!° nanorods,'! nanoprisms*?*® branched NPs,}*® etc. For example, the
advent of Ag nanoprisms in the early 2000 has sparked tremendous research interest on the
subject of 2D plate-like plasmonic nanostructures.!?> Discrete dipole approximation (DDA)
simulation and UV-Vis spectral investigations have unambiguously confirmed dual LSPR modes
corresponding to dipole and quadrupole.’?” The in-plane dipole LSPR is conveniently regulated
by the aspect ratio of nanoparticle (edge length/thickness). Moreover, electron energy-loss
spectroscopy (EELS) mapping identified the plasmonic hot spots at the sharp tips of the
nanoprisms. These plasmonic hot-spots imbibe nanoprisms with the ultra-high chemical

sensitivity that enables chemical and biological sensors for glucose, Hg*, and DNA.18-%0
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Furthermore, the massive field enhancement of these tips facilitates the fabrication of high-
performance surface enhanced Raman spectroscopy (SERS) probes.®

Hitherto, a wide variety of colloidal routes have been developed to prepare well-defined
Ag nanoprisms.??2 Photo-induced approach through selective plasmon excitation triggers the
transformation of Ag nanospheres into NTs with low polydispersity. >122324 Despite high-
precision control over the shape and size distribution of NPs, photochemical routes are time and
energy-consuming processes that typically demand laser radiation and can only proceed at low
concentration thus limiting yields. By contrast, thermal approaches, either in aqueous or organic
solutions, provide simple and rapid routes towards high-yield production of Ag NTs.
Particularly, ligand-assisted chemical reduction methods are easier to perform and have been
widely adopted. For example polyvinyl pyrrolidone (PVP) and polyacrylamide (PA) with
terminal hydroxyl groups serve as reductant and shape directing agent due to their excellent
solubility and specific binding affinity to the metallic nanocrystals.?>?® The fine shape control is
realized by adjusting the ratio between metal precursor and the reducing agent.?® Organic
solvents such as dimethylformamide (DMF) and n-methyl-2-pyrrolidone (NMP) have also been
used for the formation of Ag NTs at elevated temperatures.?”?® In a seminal works by Mirkin and
Yin’s groups, H2O2 in synergy with citrate ions was used to selectively etch the facets of less-
stable nanocrystals thereby promoting the nucleation of plate-like structures as well as the
reconstruction of Ag NTs.2%%

Seed-mediated growth, proposed by Murphy et al. in their pioneering works on gold
nanorods and nanospheres with tunable size 1**! has been successfully extended to prepare well-
defined Ag nanoprisms with low shape and size polydispersity. 3223 Although multi-step

protocols sacrifice the convenience of the traditional one-pot synthesis, the exquisite control over
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the growth kinetics, and thus shape and size, is achieved by isolating the growth step from the
initial nucleation of seeds. Notwithstanding that the underlying reasons by which the growth
proceeds along one favourable orientation have not been indisputably addressed, seeded growth
is believed to boost the symmetry breaking event during the course of shape evolution.*’
Synthetic polymers such as PVP, sodium polystyrene sulfonate (PSSS), and polyvinyl alcohol
(PVA) have been widely used as the stabilizer and shape directing agents to aid the seeded-
growth of 2D Ag nanoprisms.®® Recently, Ag nanoprisms with large lateral dimension (~5 pm)
and high aspect ratio (~400) have been realized by means of successive epitaxial deposition over
multiple cycles.3%4°

Biopolymer-assisted approaches have recently opened up the potential of the green-
synthesis of anisotropic NPs at ambient conditions. “** For instance, single crystalline Au
nanoprisms have been prepared using plant extracts such as lemongrass,* and brown seaweed.*
Additionally, the so-called shape directing proteins, albeit sequence and structure unknown, were
isolated from the algal extract to produce Au nanoplates with distinctive triangular or hexagonal
shapes.*? However, research so far has been focused onto the one-pot biomimetic methods,
which typically generate gold nanoprisms with rather large size and high shape polydispersity.
Only few attempts have been made on the bio-assisted seeded growth of shape-selective noble
NPs with improved morphological yield.*®4’

Previously, our group has demonstrated that the morphology and optical properties of
noble metal NPs could be modulated by the concentration and the structure of the CTPR
proteins.*® CTPR is a de novo protein sequence based on the tertratricopeptide repeat family.*
CTPR, and repeat proteins in general are composed of the repeating structural motif. In the

CTPR protein that motif is helix-turn-helix motif with 34 amino acids in length. If all repeats
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have identical sequence, as is the case for CTPR, protein can be treated as a simple
homopolymeric molecule, where the monomer is a single repeat.>® Extending number of CTPR
repeats results in a superhelical structure, where eight repeats (n = 8) comprise one full turn of
the superhelix.**2 In this work, we use CTPR protein consisting of three repeats, which is the
smallest stable molecule.®® The sequence of CTPR protein and the circular dichroism (CD)
spectrum indicative of the helical structure is shown in the Supporting information Figure S1.
The H->N HSQC NMR and fluorescence quenching studies have been carried out in our lab to
interrogate interaction between CTPR protein and noble metals.>® Binding of the Au(lll) to the
CTPR is driven by overall electrostatics, with tryptophan, tyrosine and asparagine side chains
coordinating metal ion. Guided by that knowledge, we hypothesized that CTPR will similarly
interact with silver ions and thus exert control over the Kinetics, crystalline structure and
preferential growth of silver NPs.

In the present study, we developed a modified protocol for seed-mediated synthesis of 2D
anisotropic Ag nanoprisms (Scheme 1). Herein, engineered repeat proteins, CTPRs, were used to
prepare well-dispersed Ag seeds with inherent twinning defects. These spherical nuclei then
direct the lateral growth of well-defined Ag nanoprisms with tunable size and optical properties.
Time-course UV-Vis and TEM studies provided insights into the mechanism for the NPs
evolution, whilst the roles of the protein has also been elucidated. As-prepared Ag nanoprisms
exhibited remarkable SERS performance both in solution and on the solid substrate.

NaBH,
+ citrate ascorbic acid

> I ~
ag ﬁcrpn CTPR stabilized fe’ - -

Ag seeds )
Ag nanoprisms

Scheme 5.1 Schematic illustration of synthetic procedures for triangular Ag nanoprisms.
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5.3 Experimental

5.3.1 Chemicals and reagents

Silver nitrate (>99.5%) was purchased from Fluka. Lysozyme was obtained from
(Calbiochem) EMD Miillipore Corporation. All other chemical reagents were acquired from
Sigma-Aldrich and Fisher Chemicals and were used as received without further purification.
Deionized water (18 MQ/cm, Millipore Milli-Q) was exclusively used for preparing all aqueous
solutions and for all rinsing procedures.
5.3.2 Expression and purification of CTPR proteins

CTPR proteins were synthesized through recombinant bacterial expression technology as
described previously (Figure S1).54% Synthetic genes for the desired protein in pPPROEX vector,
coding for N-terminal (His)s tag and ampicillin resistance, were transformed into E .Coli
BL21(DE3) cells and cultured overnight at 37 <C on agar plates. A single colony was selected
and incubated overnight in 50 mL of Luria—Bertani (LB) media containing 100 pg/mL of
ampicillin. 10 ml of overnight cultures were then dispensed into 1 L of fresh LB media
supplemented with 100 pug/mL ampicillin. The cells were grown in an incubator-shaker (250
rpm) at 37 <C until the optical density (ODeoo) reached 0.8. Expression of CTPR3 and CTPR3
with terminal cysteine (CTPR3-cys) was induced with 1mM isopropyl B-D-thiogalactoside
(IPTG) followed by 5 h expression at 37 <C, whereas CTPR6 and 18 were expressed at 18 <C for
16 h in an analogous manner. The cells were harvested by centrifugation at 5,000 rpm for 20 min
and pellets were frozen at -80 <C until purification.

The cell pellets were re-suspended in lysis buffer consisting of 50 mM Tris, 300 mM
sodium chloride and 0.1 wt% Tween 20. After 2 min sonication at 30% power using a microtip

and Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and protein
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supernatant was purified using standard Ni-NTA affinity purification protocol. The N-terminal
hexa-histidine tag was then cleaved from the CTPR proteins using TEV protease. The collected
proteins were further purified by Akta Prime Plus size exclusion chromatography using Superdex
75 16/600 or 200 16/600 Prep Grade column in 150 mM sodium chloride and 50 mM sodium
phosphate buffer at pH 8 with a flow rate of 0.5 ml/min. As a final step, the aqueous solutions of
proteins were dialyzed against 10mM phosphate buffer three times at 4 <C using a dialysis
cassette with molecular weight cutoff of 3.5k or 10k Da.>®
5.3.3 Preparation of CTPR-stabilized Ag seeds and Ag prisms

Silver seeds were prepared by adding 5 ml 0.5 mM AgNO3 at the rate of 2 mL/min using
a syringe pump (KD Scientific) under vigorous agitation to the aqueous solutions of trisodium
citrate (5 mL, 2.5 mM), NaBH4 (0.3 mL, 10 mM) and CTPR proteins (0.125 mL 0.1-2 mg/ml) in
a glass vial. In the ensuing step, fixed amount of CTPR-stabilized Ag seeds (10-200 ul) were
added into the 5 mL 0.15 mM ascorbic acid aqueous solution, followed by the dropwise addition
of 3 ml 0.5 mM AgNO:s at the rate of 1 mL/min under stirring. A series of Ag seeds and Ag NPs
were prepared in this manner under ambient condition by adjusting the concentration of both
reactants and capping agents. BSA, lysozyme and CTPR proteins with different terminal
functionalities and varied length (number of repeats) were employed as stabilizer and potential
shape directing agents (Figure S1). The as-prepared Ag colloidal solution was centrifuged at
10,000 rpm for 20 min and the resultant pellets were rinsed with DI water to remove the residue
stabilizer and reducing agent. After several purification cycles, the Ag NTs were re-dispersed
into DI water for later SERS measurement.

5.3.4 Instrumentations
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TEM and High resolution TEM (HR-TEM) analysis was performed on a Philips EM420
at an accelerating voltage of 120 kV and JEOL 2100 at 200 kV, respectively. TEM samples were
prepared by applying a 7 ul sample solution on 300 mesh ultrathin carbon-coated Cu grids (EM
Science), followed by drying overnight before observation. The thickness, as well as the size of
Ag prisms, was measured from TEM images using Image J. The morphology of Ag NPs is also
characterized using ZEISS 1550VP field emission scanning electron microscopy (FESEM). The
UV-Vis spectra of Ag NPs were monitored using an Agilent Cary 100 Bio UV-Vis
spectrophotometer. All UV-Vis measurements were conducted in 1cm path length PMMA
cuvette at room temperature. SERS spectra were collected with a WITec alpha 500R using a 785
nm excitation source. Briefly, 10 ul of 10 mM 4MBA solutions were added into the 0.99 ml of
purified Ag colloidal solutions, followed by incubating on a benchtop shaker for 12 h. The liquid
samples were injected into a quartz cuvette (pathlength = 2 mm) for SERS analysis. The self-
assembled Ag NTs SERS substrate was fabricated by drop casting of purified Ag NTs colloidal
solution onto the Si wafer and then dried at ambient condition. 5 pl of 10 mM 4MBA solution
was subsequently transferred onto the SERS substrate. Backscattered light was collected using
100 objectives at integration times of 1 s. The signal was dispersed using a 1200 groove/mm
grating and the dispersed light was collected by a Peltier-cooled charge-coupled device (CCD).
All SERS spectra reported for the cuvettes or substrates are average of 100 spectra collected over

the identical focal area.®
5.4 Results and Discussion

Seeded-mediated synthesis of NPs is a versatile and robust methods that decouples
growth stage from the initial nucleation thereby allowing for the precise control over the size and

shapes of NPs.3"%® In the presence of seed nanocrystals, the deposition of metal atoms onto the
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pre-existing seeds is more favorable than homogenous nucleation due to the lower activation
energy. With the aid of surfactant, the NP evolution is dictated by the crystal structure of seed as
well as the surfactant templating effect.
5.4.1 Morphological characterization of CTPR-stabilized Ag seeds and Ag nanoprisms

In the seed-nucleation step, spherical Ag NPs with the particle size ranging from 3-5 nm
were produced in the presence of sodium citrate and CTPR3 protein, where 3 stands for three
tandem repeats of the 34 amino acid sequence (Figure 5.1). Additionally, a large number of Ag
nanoclusters (<2 nm) were formed through rapid reduction of AgNOz by NaBH4 (Figure 5.1a).
Golden yellow colloidal solution of CTPR3-stabilized Ag NP has the extinction peak at 408 nm.
The distinctive twinning boundaries, which is regarded as one of the key prerequisites for the
subsequent epitaxial growth of 2D planar nanoprisms have been observed in HR-TEM images of

Ag seeds (Figure 5.1a inset) .>” The as-prepared Ag seeds were kept in the dark till further use to

Figure 5.1 (a) TEM image of CTPR3-Ag seeds (inset: HR-TEM of twinning nanocrystal) (b)
HR-TEM image and selective area diffraction (SAED) pattern of Ag NT (¢) TEM image and (d)
SEM image of Ag NTs prepared using 20 ul CTPR3-Ag seed. Thickness of Ag nanoprisms was
determined from SEM (e) and TEM (f) images.
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circumvent the interference such as homogeneous nucleation arising from the residual NaBHa. In
the subsequent step, fast seed addition and dropwise AgNOs injection into the reaction mixture
enabled the rapid growth of high-quality anisotropic nanoprisms (Figure 5.1b).=

Single crystalline structure of Ag prisms with the lattice spacing of 0.144 nm was
confirmed by HR-TEM and selected area diffraction (SAED) pattern indexed as (220), whilst the
flat top face was ascertained by the weak SAED diffraction spots corresponding to the forbidden
1/3 (422) specific for planar Ag or Au NTs (Figure 5.1b inset).!? The average length of NTs is
approximately 102.8 £18.9 nm as illustrated in the representative TEM and SEM images of Ag
NTs (Figure 5.1c-e). The thickness of Ag NTs is estimated to be 8.8 2.0 nm from the images
of vertically stacked NTs (Figure 5.1e, 1f). The synthetic route is robust and reproducible - over
85% of the NPs are NTs or partially truncated NTs before any purification process. The absence
of CTPR3 during the seed growth step results in a poor yield of Ag NTs under same
experimental conditions.
5.4.2 Mechanistic investigation on the formation of Ag NTs
5.4.2.1 Effect of citrate

We further investigated if citrate can be omitted from the seed-growth step and if CTPR3
solely could be used to adequately regulate the growth of Ag seeds. The LSPR intensity of Ag
nanospheres increased by 20% in the absence of citrate but is accompanied by a broadening of
the full with at the half maximum (FWHM) of the plasmon absorption peak, indicative of higher
polydispersity (Figure S2a). However, NPs prepared with these seeds lack dipolar in-plane
LSPR absorbance at the NIR region indicating that these seed are inefficient in activating the
formation of Ag prisms (Figure S2b). In fact, NPs with variety of shapes including the spheres,

nanorods and nanoprisms are produced under this condition (Figure S2c). Our observation is in
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a good agreement with the earlier literature reporting that the citrate anions are critical for the
transformation of spherical Ag NPs to Ag NTs.*® Both CTPR and citrate are thus indispensable
for the high-yield production of Ag NTs through seed-mediated process. Since only very low
quantities of citrate or CTPR3 are present during the seeded-growth step, face-selective growth
of Ag NTs is primarily driven by the innate planar twinning defects of Ag seeds rather than the
strong absorbance of capping agents on the (111) facets of the Ag NTs. Moreover, we have also
carried out the control experiment in which 23 pg/ml CTPR was added during the growth step
instead of the seed nucleation step. The present CTPR in this step dramatically reduced the
reaction Kinetics leading to poor yield of Ag nanoparticles that were primarily nanospheres.
5.4.2.2 Effect of ascorbic acid

Since the shape-control in the synthesis of anisotropic Ag NPs is typically achieved by
adjusting the ratio of ascorbic acid (AA) to metal precursors, Ag crystal growth was performed
under the condition of varied concentration of AA. The Amax Of LSPR red shifted slightly to ca.
850 nm when the ratio of AA to Ag was doubled (Figure S3a). This result can be rationalized by
the extended edge length arising from the accelerated lateral deposition of Ag(0) atoms onto the
edge of Ag NTs with high surface energy. With the further increase in [AA]/[Ag*] ratio and thus
the reaction rate, the self-nucleation process could not be efficiently inhibited, resulting in a
thermodynamically favourable products such as cuboctahedra or quasi-globular Ag NPs enclosed
by a mixture of both (111) and (100) facets. Excess of AA is also considered to induce
undesirable defects onto the Ag NTs such as dislocations and stacking faults leading to the
deformation of NTs and gradual damping of the LSPR intensity (Figure S3a-b). According to
the UV-Vis profile and TEM images, the ratio of [AA]/[Ag*] in the range from 0.5 to 1 is needed

for the high-yield of well-defined nanoprisms with intact outlines.
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5.4.2.3 Morphology development

During the course of the reaction outlined in the Figure 5.2, the transformation of
ultrafine spherical Ag seeds to 2D nanoprisms with rounded edges and eventually Ag NTs was
revealed by the gradual color change from pale yellow to ruby red, then blue and finally purple.
To elucidate the underlying growth mechanism, parallel experiments were performed in which
fixed volume of Ag" precursors was added to the solution of CTPR3-Ag seeds followed by rapid
injection of 0.5 ml 25 mM citrate to suppress continuous growth, i.e. quench reaction. As shown
in the Figure 5.2, the initial injection of 0.05 ml AgNOs3 was rapidly reduced by the excess
of AA promoting the enlargement of the spherical Ag seed and leading to the formation
of small 2D Ag NPs with disk-like or triangular contour. Addition of 0.1 ml Ag™ led to
the lateral growth of the NPs on the relatively high-energy facets such as (110) and (100).
Concurrently, a large amount of small Ag nanoclusters (stage Il) is produced.
Intriguingly, only triangles or disks with the size around 40nm are observed after addition
of 0.2 ml of AgNO3, whereas quasi-spherical Ag NPs and majority of nanoclusters almost
disappeared (stage I11). This is likely due to the Ostwald ripening, i.e. small nanoclusters
or nanospheres composed of a large number of surface atoms are etched by O provided
during the vigorous agitation, followed by the condensation onto the adjacent larger NPs,
preferentially at the higher edge sites.”® As clearly seen in the Figure 5.2 inset, some
protrusions and fused small hemi-spheres are identified on the top and the edge of the Ag
NTs. Further increase in the precursor amount allows for the continuous lateral deposition
of Ag(0) onto the Ag prisms in a face-selective manner and the round disks are converted
to NTs (stage 1V). The structural transition from small triangles to round disks and finally

back into large triangular nanoprisms have been previously observed by Yin et al.®° The
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Figure 5.2 Mechanism of Ag NTs formation. LSPR wavelength and TEM images corresponding
to diffe_rent injection volume of 0.5 mM AgNO:s. Inset: HR-TEM of protrusions fused onto the
nanoprisms.

individual edge of small triangles formed at the early stage are composed of one hcp facet
sandwiched by one (111) and one (100) fcc facets of varied thickness.®® The preferential
deposition of Ag on (100) sub-facets leads to the formation of intermediates such as
truncated hexagonal nanoplates or round disks possessing a mixture of (100) and (111)
bounded edges. The shape evolution ceases when all the (100) facets disappear,
accompanied by the formation of intact triangles. The observed LSPR red shift of the Amax
- 408 nm—430 nm—513 nm—623 nm - is consistent with the proposed mechanism and
shape evolution from the small Ag seeds to bigger Ag nanospheres to small 2D

nanoprisms and finally larger NTs (Figure 5.2 and S4). We surmise that following two

mechanisms act in concert: (1) atom by atom deposition of newly reduced Ag(0) onto the
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high-energy edges of preformed nanoprisms; and (2) dissolution and merging of tiny
spherical NPs and nanoclusters onto the anisotropic 2D NTs.%!
5.4.2.4 Effect of CTPR3 sequence on the Ag seeds and Ag NTs.

To further explore the distinct role of CTPR3, control experiments were performed in
which commercially available Bovine Serum Albumin (BSA) and lysozyme were utilized as
stabilizers in the synthesis of Ag seed. Additionally, we also prepared Ag seed in the absence of
CTPR3 as shown in the Figure S5a. Well-dispersed Ag seeds were prepared in the presence of
BSA, even though the FWHM of UV-vis absorbance is broader than for seeds prepared with
CTPR3 indicating the higher size polydispersity. In sharp contrast, severe agglomeration of
lysozyme-Ag NPs occurs resulting in a broad hump in the UV-vis spectra (Figure S5a).

Next, we proceeded with NT synthesis. 20 ul of as-prepared Ag seeds stabilized with
either CTPR3, BSA, or lysozyme were used in reaction as described. Whereas the colloidal
solution synthesized using CTPR3-Ag seeds exhibit strong absorbance peaks at the NIR region
(793 nm), ascribed to the characteristic in-plane dipolar LSPR band for Ag NPs (Figure S5b), no
apparent LSPR bands were identified in the NIR region of colloidal solutions prepared using
other seeds. This observation is consistent with TEM images where NPs prepared with CTPR3
seeds are well-defined NTs with narrow size distribution (Figure S5c) but variety of shapes is
present when using other Ag seeds (Figure S5d-f).

The observed effect of protein used on Ag NP synthesis can be rationalized by closer
inspection of protein physicochemical properties. CTPR3 and BSA have similar pl values, 4.5
and 4.7, respectively but BSA has almost five times larger molecular weight. Additionally,
CTPR3 does not contain any thiols whereas BSA does. On the other hand CTPR3 and lysozyme

are similar size, but lysozyme has pl of 11.35. Thus we suggest that neither thiols nor positive
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charge are favourable for the growth of NTs. The cysteine or disulphide moieties - present in
both BSA and lysozyme — have strong binding affinities for Ag and potentially inhibit both the
growth of low-energy (111) top facet and the lateral growth of high energy (110), (100) facets on
the edges. Concurrently, the positive charges and sulfhydryl and disulphide functionalities may
also leads to the undesirable assembly of NPs as shown in the Figure S5d-e.

To date, a series of amino acid residues have been extensively exploited to modify the
surface properties or regulate the growth of metal NPs.®2®® In particular, terminal poly-histidine
and cysteine tag is often deliberately engineered into the protein or peptide for the controlled
assembly or patterning of NPs.%®"® To better understand the tolerance of described synthetic
strategy to modifications of CTPR3, we performed Ag NTs synthesis using either CTPR3 with
N-terminal poly-histidine tag or CTPR3 with engineered C-terminal cysteine. Although the UV-
vis spectra of colloidal solution containing Ag seeds is identical in all cases (Figure S6a), the
intensity of LSPR peaks is noticeably lower for Ag NTs prepared via CTPR3-cys-Ag seed in
contrast to its counterparts (Figure S6b). Ag NPs with large size and shape polydispersity are
generated in reaction with CTPR3-cys Ag seeds similar to the observation for BSA-Ag seeds
(Figure S6c). Conversely, reaction with poly-histidine CTPR3 seeds resulted in the formation of
fully-developed triangles with small degree of truncations and snips (Figure S6d).

Although the specific interactions between CTPR3 and Ag NPs are yet not known, we
hypothesize that abundant aromatic residues, i. e. tyrosine and tryptophan in CTPR sequence
play the role analogous to polystyrene sulfonate or aromatic surfactant, such as
benzyldimethylhexadecylammonium chloride!® in promoting the growth of high-quality Ag
seeds. Rather than through facet-selective adsorption or so-called surfactant templating

mechanism, the precise shape control is attained primarily due to the nature of twinned crystal
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seeds setting stage for the plate-like structures during the growth stage. CTPR sequence also
contains negatively charged aspartate residues that have been shown to be advantageous for the
high yield synthesis of nanoplates.® Furthermore, the electrostatic repulsion due to surface
charges precludes the NP fusion process during the seed formation and the initial NT growth
step,?* thus improving the colloidal stability and reducing the polydispersity. In contrast to our
previous findings that protein shape may exert an appreciable impact on the growth and
morphology of gold NPs,*® the morphology as well as the optical properties of Ag NTs are

independent or the size and shape of the CTPR repeat protein. (Figure S6a, b, €)
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Figure 5.3 UV-vis of (a) Ag seeds prepared with the increasing CTPR3 concentration (b) Ag
NPs prepared using the corresponding CTPR-Ag seeds; (c, d, ) TEM images of Ag NPs prepared
using 20 ul CTPR3-Ag seed (2.3 pg/ml; 15.4 pg/ml; 46 pg/ml of protein).
5.4.2.5 Effect of CTPR3 concentration.

Since CTPR3 has been confirmed to improve the quality of the Ag seeds as well as the

overall morphological yield of the Ag NTs, we explored the optimal CTPR3 concentration. With

the increase in the CTPR3 concentration from 2.3 pg/ml to 15.4 pg/ml, the LSPR band of
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CTPR3-bound Ag seeds was slightly narrowed (Figure 5.3a). Further increase in CTPR3
concentration caused dramatic attenuation of the LSPR intensity, potentially as a consequence of
complexation between Ag" and CTPR leading to the slow reaction. Ag seeds prepared in the
presence of lower concentration of CTPR3 (2.3 pg/ml-23 pg/ml) are indeed more favourable for
the subsequent NT formation (Figure 5.3b, d).

When Ag NPs are prepared using CTPR3-Ag seed with low concentration of CTPR3 (2.3
pg/ml), not only Ag triangles but tetrahedron, octahedron, and pentatwins bounded with (111)
facets are concurrently produced (Figure 5.3c). The larger shape polydispersity is probably due
to the poor quality of seeds containing defects like multi-fold twining structures. Contrary to that,
excessive amount of CTPR3 (>46 pg/ml) may significantly slow down the nucleation rate of Ag
seeds and cause detrimental effect on the follow-up synthesis of Ag NTs. Indeed, small-sized
quasi-globular NPs and NTs with irregular contours are observed in the TEM images (Figure
5.3e). This observation implies that the suppression of growth is no longer limited to the (111) on
the top faces but also takes place on reactive concave and convex facets at edges. The
appearance of vast number of small nanoclusters around the NPs also indicate that the
hypothesized Ostwald ripening is to some extent halted under such circumstance. Therefore,
CTPR3 concentration ranging from 15.4 to 23 ug/ml is proposed as the optimal concentration
during the seed nucleation step.

A small shift (408 nm —415 nm) and minor loss in LSPR intensity (11%) for Ag seeds
occurred after storage in the dark for two weeks (Figure S2a). Although LSPR of NTs
undergoes a slight blue shift (793 nm — 765 nm), the yield and the morphology of the Ag NTs
resembles that of Ag NTs prepared using fresh Ag seeds (Figure S2b, 2d). Overall, both CTPR3-

functionalized Ag seeds and the resultant Ag NTs exhibit excellent colloidal stability and
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structural integrity at ambient condition since no significant precipitation or peak broadening

occurs during the storage. The long-term colloidal stability could be further improved by storing

NPs in oxygen and halide free environment and by applying extra capping agent.
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Figure 5.4 TEM images of selected samples prepared using (a) 10, (b) 20, (c) 50, (d) 100, and
(e) 150 ul CTPR3-Ag seed, (f) Mean particle size vs volume of seeds, (g) UV-Vis spectra and
the photographic images of the collodial Ag NTs solutions obtained using different volume of

seeds.
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5.4.3 Tailoring morphology and plasmon bands of Ag nanoprisms through adjusting the
amount of CTPR3-Ag seeds

One striking advantage of the seed-mediated protocol is that the LSPR could be
conveniently tuned to span a broad spectral range, from visible to NIR region (500-900 nm),
through the variation of the quantities of Ag seeds used during the growth step.®® Precise control
over the LSPR is attainable when less seeds (<100 pl) are used. Otherwise, bimodal absorbance
profile is observed, attributed to the competitive growth between isotropic nanospheres and
facet-selected NTs in the presence of a large number of nuclei (Figure 5.4g). The LSPR features
are strongly dependent upon the morphological features of the Ag NTs including their edge
length, thickness as well as the sharpness of the vertexes.?! As the total number of seeds
increased, the mean particle size declined steadily and the resultant Ag NPs underwent a
progressive shape transition from triangular nanoprisms to round disks (Figure 5.4a-e). The
remarkable change in the shape and size consequently bring about the dramatic blue shift of
LSPR absorbance as shown in the Figure 5.4g.
5.4.4 SERS performance and EF calculation

The SERS performance of the Ag NTs was investigated using 4-MBA as reporter
molecules. As illustrated in the Figure 5.5a, 4AMBA tagged Ag NTs exhibited two intense
peaks at 1078 and 1590 cm™, which could be assigned to the characteristic aromatic ring-
breathing mode.”* The enhancement factor (EF) was estimated using the equation (1) for

SERS probe in the solution and equation (2) for SERS substrate:

EF = (Isgrs/Iso1) X (Cso1/Cskrs) 1)

EF = (Isgrs/Ipuik) X (Npuik/Nsgrs) (2)
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Figure 5.5. Raman spectra of (a)250 mM 4MBA in the solution containing 1M NaOH and
4MBA-taged Ag NTs colloidal solution. (b)4AMBA on Si wafer and on the Ag NTs SERS
substrate (c) Representative AFM images of SERS substrate prepared by drop casting Ag NTs
onto the silicon wafer.

where Isers and lsor are the peak intensities of 1078 cm™ for the AMBA@Ag solution and 0.5 M
4MBA solution in 1M NaOH, Csers (Nsers) and Csol (Nsoi) are the concentration(number) of
SERS sample and ordinary 4MBA. Assuming that a monolayer of 4AMBA molecule with a
footprint of 0.54nm? is adsorbed onto the Ag prisms in solution, the EF value is estimated to be
3.37x10°. This value could be slightly underestimated due to the incomplete surface coverage (SI
for detailed calculation).® Alternatively, we can also evaluate the EF for SERS substrate by
making comparison between the SERS signal of 4AMBA on Ag NTs substrate and the Raman
signal of the 4MBA bulk sample on Si wafer (Figure 5.5b). By using identical measurement
parameters including the accumulation time and laser focal volume, the EF value is estimated to
2.8 x10°. Previous study has shown that 63 hot spots per million SERS sites contribute 24% of
the overall signal intensity.’> As compared with other SERS surfaces,”’* Ag NTs-based SERS
substrate may exhibit the following features. (a) As indicated in both Figure 5.5¢ and Figure S7,
a few bowtie—like structures are observed in which two Ag NTs are facing tip to tip with a few

nanometer gap. This well-oriented bowtie patterning has been previously shown to make a great

enhancement on Raman signals.” (b) Additionally, the close packing of adjacent Ag NTs may
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also provide a number of potential hot spots that may significantly amplify the electromagnetic
field thereby obtaining higher EF value.® Thus we hypothesized that the near-filed coupling
between adjacent NPs with sharp tips will generate a large number of hot spots further
augmenting the EF value. Undoubtedly, the as-prepared Ag prisms with well-defined
morphologies and sharp vertices can serve as highly active SERS-tags or substrate materials for

the sensing and detection of trace amount of analytes.
5.5 Conclusions

In summary, CTPR repeat proteins have been explored for the bio-enabled synthesis of
anisotropic Ag nanoparticles. We presented a facile and rapid synthetic strategy for the
preparation of Ag nanoprisms at ambient condition based on a CTPR-assisted seed-growth.
Through the systematic study of various experimental parameters, we found that the presence of
CTPR3 is pivotal for the production of well-dispersed planar-twinned seeds necessary for the
high-yield growth of Ag nanotriangles with low polydispersity. The well-defined Ag nanoprisms
are fabricated using ca. 23 pg/ml CTPR3 during the seed nucleation step while the AA to AgNOs
ratio ranging from 0.5-1 is preferred during the NTs growth step. Furthermore, we provide
insights in the mechanism of the Ag NTs generation. The facet selective epitaxial growth and
thermodynamically driven Ostwald ripening act concurrently to yield ca. 100 nm edge-length
and 8nm thickness Ag NTs. Plasmon absorbance ranging from visible to NIR region can be
tailored by adjusting amount of CTPR3-stabilized seed in the reaction. These Ag NTs exhibit
excellent SERS performance. The EF using 4-MBA reporter molecule is estimated to be 3.37 x

10° for Ag NT based SERS probe in solution and 2.8 > 10° for solid substrate.
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5.8 Supplemental Information
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Figure S1. (a) 15% SDS-PAGE gel of CTPR3 (lane 1), CTPRG6 (lane 2), CTPR18 (lane 3), MW
marker (lane 4). (b) 15% SDS-PEGE gel of CTPR3-cys (lane 1) and CTPR3 without (His)6-tag
(lane 2). (c) Circular dichroism (CD) spectrum of CTPR3 protein (MRE: The mean residue
ellipticity). Bottom: Single letter amino acid sequence of the CTPR repeat. CTPRn proteins are
created by repeating this sequence n times (n=3, 6, 18).
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Figure S2. (a) UV-Vis spectra of freshly made Ag seed (red), seed stored at r.t in the dark for 2
weeks (blue), and seed prepared in the absence of citrate (green). (b) UV-Vis of nanoparticles
prepared using freshly made Ag seed (red), seed stored at r.t in the dark for 2 weeks (blue), and
seed prepared in the absence of citrate (green). (c,d) TEM images of Ag NPs prepared using 20ul
seed prepared in the absence of citrate (left), and seed stored at r.t in the dark for 2 weeks (rigth).
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Figure S4. UV-vis of Ag NPs prepared with the increasing volume of 0.5 mM AgNO3 aqueous
solution
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Figure S5. (a) UV-vis spectra and photgraphic images of Ag seeds solutions prepared in the
absence of protein (green, #4), in the presence of CTPR3 (black, #1), BSA (red, #2), and
lysozyme (blue, #3). (b) UV-vis spectra and photographic images of Ag NPs soluitons
synthesized using 20 ul different types of seeds (color scheme and numbering same as in a). (c-f)
TEM images of Ag NPs synthesized using 20 ul seeds #1-#4, respectively.
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Figure S6. (a)UV-Vis spectra of Ag-seeds prepared in the presence of CTPR3 (black), CTPR6
(red), CTPR18 (blue), CTPR3-his (magenta), and CTPR3-cys (green). (b) UV-Vis spectra of Ag
nanoprisms prepared using 20 pl of the corresponding seeds (coloring same as in a). (c-e) TEM
images of Ag nanoprisms prepared using CTPR3-cys, CTPR3-his and CTPR18 respectively.

Figure S7. SEM image of Ag NTs-based SERS substrate.
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Enhancement factor (EF) is calculated as follows:

For Ag nanoprisms in the solutions:

EF = (Isgrs/Iso1) X (Cso1/Csgrs)

Where lIsers and Iso are the peak intensities of 1078cm™ for the AMBA@Ag solution and 0.5M
4MBA solution in 1M NaOH, Csers and Cso are the concentration of 4AMBA on Ag nanoprisms
and in solution.

The volume of one Ag NT can be calculated by

Vyr = V3a?h/4 , a=102.8nm, h=8.8nm, pag= 10.5g/cm*

Molecular weight of Ag= 107.87g/mol

Vit = 40269nm?,
The surface area of one Ag NT can be calculated by

Swr = 2% 4 3ah=1.187*10* nm?

Weight of one silver NT:  Wnr= Vnt * pag = 4.23 *10%¢ g

Weight of Ag NTs in the growth solution Wietai= 0.5mM * 107.87g/mol * 3ml = 1.618 *10* g
Since 1ml of the Ag NTs solution was used for the SERS measurement, the concentration of Ag
NTs

Crota= 1MI/V1ota* Wiotal / Wnr = Iml/(5ml + 3ml + 0.075ml +0.02ml) * 1.618 *10*g/4.23 *106 g

c o Iml s Wt 1ml = 1.618 * 10™*g
total =y a1 *Wyr * Ny~ (5 4+ 3 4+ 0.075 + 0.02)ml * 4.23 * 10-16g * 6.02 * 1023

=7.85%10"11M
S 1.187 = 10*
Csers = Crotal * ﬁ =7.85%10"" M * oz - 1.73%107° M

Accumulation time was 1s for both condition and we assumed the 4-MBA with footprint of

0.54nm? was adsorbed as monolayer, then
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I C 448 0.25 M
EF=<SERS>><( 5‘”):( )x( — >=3.4*105
Tso; Csrrs 192) " \1.73 %106 M

For Ag nanoprisms as SERS substrate:
I N I Oc*x A
EF = (SERS) 9 ( Bulk) _ ( SERS) 9 ( s >
Igyik Nsgrs Iguik ps* f*A

Where &5 and pyg is the surface density of molecules on the regular substrate and Ag NTs SERS

substrate, A is laser focal area, f is the occupied factor which is approximate to be 0.5.
10ul of 2M 4MBA suspension was deposited onto the Si wafer to form a thin film with the
diameter of approximately 4mm, thus

5 = Vampa * Maypa * Ny 10ul x2 M * 6.02 x 10?% /mol 960 % 102° m-2
s = wd? /4 - 3.14 * (4mm)? /4 —oeuERm

Vamea =10 pl, Mamea =2 mol/L, Mamea= molecular weight of 4AMBA,

Ps =1.85% 108 m=2

- 0.54nm?

I N 1240 9.6 % 1023 m™2
EF=<SERS)X( Bulk)=( )x — | = 2.8 10°
Teol Nszrs 470 0.5 * 1.85 * 1018 m~2
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Chapter 6. Seed-mediated biomineralization toward the high yield
production of gold nanoprisms

Xi Geng, Kristina L. Roth, Megan F. Freyman, Jianzhao Liu, and Tijana Z. Grove
Reproduced with permission from the Royal Society of Chemistry. Geng, X., Roth, K.L.,
Freyman, M.F., Liu, J., Grove, T.Z., Chem. Comm., 2016, 52, 9829-9832.
Attributions: XG explored the new synthetic methodologies through meticulous
experimentation and data interpretation. KLR conducted DLS study and MTT assay, and wrote
the corresponding sections. MFF assisted XG to perform the NPs synthesis and JL provided

expertise on AFM image analysis. TZG gave insightful suggestions and made critical

contributions when composing the manuscript.

6.1 Abstract

Gold nanotriangles (Au NTs) with tunable edge length were synthesized via a green
chemical route in the presence of the designed consensus sequence tetratricopeptide repeat
(CTPR) protein, halide anions (Br) and CTPR-stabilized Ag seeds. The well-defined
morphologies, tailored plasmonic absorbance from visible-light to the near infrared (NIR)
region, colloidal stability and biocompatibility are attributed to the synergistic action of CTPR,

halide ions, and CTPR-stabilized Ag seeds.
6.2 Introduction

Over the past decade, tremendous attention and research efforts have been devoted
to the synthesis of gold (Au) nanoplates. Because of their highly anisotropic structure and
localized surface plasmon resonance (LSPR) properties, they are exceptionally well suited

for biomedical applications such as biosensing,! diagnostics and therapeutics.? The
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synthesis of planar Au nanoparticles (NPs) is typically achieved via
cetyltrimethylammonium bromide/chloride (CTAB/CTAC)-based protocols.>*° However,
biomedical applications necessitate tedious and stringent purification processes for the
complete removal of toxic cationic surfactants.!?2 A growing interest has thus been
focused on the biocompatible and green synthetic approaches that mimic natural
biomineralizaton process.'® In previous studies, plant extracts,'*°>amino acids,*® bovine
serum albumin (BSA)"!8 amyloid fibril'® and other shape directing proteins?®® have
demonstrated dual functions as stabilizers and reducing agents to produce anisotropic Au
nanoplates. In addition,??2 Good’s buffers have been reported to generate gold
nanocrystals at ambient condition.?®*?* However, one-pot synthetic strategies typically
resulted in broad morphological distribution of NPs. Seed-mediated growth along with
the addition of shape-directing halides has been invoked as the most potent tools for
directing the anisotropic growth of noble metal NPs.%1925-28 The exquisite shape control is
mainly realized through kinetic control as well as the preferential binding to the low index
facets. As demonstrated in the present work, the incorporation of seed-mediated
techniques into conventional biomineralizaton has the potential to provide unprecedented
control over NP size and shape while maintaining biocompatibility requirements. To our
knowledge, this is the first report of the synergistic action of protein, halide and protein-
stabilized seeds for the efficient formation of triangular Au nanoprisms with narrow

morphological distribution, excellent colloidal stability and low cytotoxicity.
6.3 Results and Discussion

The details of the synthetic process are depicted in Scheme 6.1. Briefly, the CTPR

protein (Figure S1) and sodium bromide were employed as the shape directing agents, while 3-
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Au(Ill) + CTPR3

. Good’s
" Buffer, 25°C,
pH=7.4

*

. Five-fold twinned &% Plate with stacking faults

Scheme 6.1 Schematic illustration of synthetic routes toward quasi-globular Au NPs (i), Au NPs
bounded with (111) facets (ii) and Au triangular nanoprisms (iii).

(N-morpholino)propanesulfonic acid (MOPS) was used as a mild reducing agent.?® CTPR
protein is a de novo protein sequence based on the tetratricopeptide repeat family.®° Repeat
proteins have attracted attention of the biotechnology community for their modular structure and
ease of engineering.3"% Although not specifically designed for biomineralizaton, CTPR proteins
have demonstrated remarkable utility in the synthesis of noble metal nanoparticles?®**® and
nanoclusters.®” In a typical synthetic procedure, CTPR3 was first mixed with gold precursor,
followed by the addition of aqueous NaBr solution. Upon injection of MOPS, the solution
rapidly turns colorless indicating the conversion of Au(lll) to Au(l). The overall reduction will
proceed from one hour up to a couple of days depending upon the concentration of CTPR3 and
NaBr. In the presence of 10 uM CTPR3 protein, but without bromide ion (Scheme 6.1-i) small
nanospheres (14.1 5.6 nm) are produced (Figure 6.1b). In comparison, a mixture of Au
nanoprisms, five-fold penta-twinned Au NPs (decahedrons) and Au nanospheres are produced in

the presence of both CTPR3 and NaBr (Scheme 6.1-ii, Figure 6.1c). The formation of

130



(a) - (b) . 0 (e)

)

[

w— ()
— (i) 8 se
1.0 — (iil) J : . ° (iii)

g 08 » < ~ v
2 0.6 . : Py v
§ 04 . L4 L »
g . 200nm v . s
2 o0 : m—
500 600 700 800 ° ‘ .
Wavelength (nm) v
4 & e v
(c) @ (d) e (iii) *
> -
A » &
2T aq e S © 144
L ] a
Fy
) 500 nm 4 = T
. *  200nm 9 200 nm

Figure 6.1 (a) UV-Vis extinction spectra and (b-e) TEM images of Au NPs prepared
using varied experimental conditions: (i) CTPR3 only, (ii) CTPR3 and NaBr, (iii) CTPRS,
NaBr, and Ag seeds.

anisotropic Au NPs is consistent with the broad shoulder and asymmetric shape of the
corresponding UV-Vis spectrum (Figure 6.1a, ii). In addition to Au NTs, the decahedrons with
multi-fold twinning structure are also generated, as evidenced by the twin-grain boundaries and
periodical fast Fourier transform (FFT) diffraction patterns (Figure S4e-f). Although the reaction
condition depicted in Scheme 6.1-ii produces satisfactory yield of anisotropic Au NTs, their
sizes and shapes are polydisperse (Figure S5a) due to the inherent drawbacks of one-pot
synthesis such as unavoidable self-nucleation events and poor quality of seeds with diverse
crystal structures.® Note that the percent yield were defined by the ratio of planar gold
nanoprisms with curved and straight edges to the total number of Ag NPs, which is estimated
based on the TEM observations. Aiming for high-yielding production of Au NTs with lower
morphological polydispersity, CTPR3-stabilized Ag seeds (Figure S2) were deliberately added
to promote the growth of Au NTs (Scheme 6.1-iii and Figure 6.1e). In a general sense, the
addition of Ag seed will induce the catalytic deposition of Au(0) atoms onto the planar-twinned

Ag surface without causing disruptive galvanic etching, particularly under the condition of
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adequate amount of NaBr and CTPR3.3%4% Once 10 pl of CTPR3-Ag seeds®® with inherent
stacking faults are introduced (Scheme 1-iii), the majority of NPs are Au NTs (Figure 6.1d-e).
This morphological transition is accompanied by a pronounced red shift of the LSPR peak to 667
nm (Figure 6.1a, iii). Interestingly, efficient formation of Au NTs was also realized using 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Figure S3) implying that the choice of
reducing agents potentially could be further extended to other biologically benign alternatives.
The single crystalline fcc structure Au NTs was identified by high resolution TEM
(HRTEM) and hexagonal pattern of selected area electron diffraction (SAED) (Figure
S4a-b). The measured interplanar spacing is 0.235 nm, consistent with the lattice
parameter of Au (111) (Figure S4a). The composition of Au NTs was characterized using
energy-dispersive X-ray spectroscopy (EDS) (Figure S4c). The smooth atomic force
microscopy (AFM) profile is indicative of the planar top face of Au NTs (Figure S4d)

with the measured between 8-15 nm, mainly depending on the amount of Ag seeds added.
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https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy

Figure 6.2 (a) UV-Vis extinction spectra of Au NPs prepared in the presence of 2.5 ul
(black), 5 pl (red), 10 pl (light blue), 15 pl (magenta), 20 pl (green), 25 pl (dark blue), 50
ul (violet) Ag seeds. (b) Edge length of Au NTs prepared using varied amount of Ag
seeds. TEM images of Au NTs prepared using (c) 2.5 ul and (d) 5 ul Ag seeds.

It has been demonstrated that the LSPR features for Au NTs are closely associated
with their edge length, thickness as well as the tips sharpness.®® As shown in the Figure
6.2a, the LSPR of Au NTs can be conveniently tuned to span a broad range from visible-
light to near infrared (NIR) region by simply adjusting the amount of Ag seeds added in
the initial growth stage. The shift in dipole plasmon resonance agrees very well with the
change in the NT edge-length observed in TEM images. The edge length of the Au NTs
could be finely tailored from 61 7 to 137 =33 nm (Figure 6.2b-d). Notably, the yield of
Au NTs is approximately 75% of the overall population without any purification process
(Figure S5b), which will increase to 85 % by harvesting after sedimentation process
(Figure 6.1e and S5c). In sharp contrast, Au NTs with broader size distribution (41 =14
nm) are obtained using one pot biomineralizaton without adding Ag seed. Intriguingly,
the addition of Ag seeds also brings great benefits by significantly reducing the use of
NaBr and CTPR without compromising the overall yield. A strong dipole LSPR peak was
identified for the Au NTs sample prepared in the presence of 2 uM CTPR3 and 5 mM

NaBr (Figure S6).
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Figure 6.3 (a) DLS of Au NTs before and after incubation with fetal bovine serum (FBS).
(b) Percent of viable MBEC cells determined from MTT assay after incubation with
varied concentrations of Au NTs (5-40 pg/ml).

Proteins and peptides could be used as efficient capping agents to grant excellent
colloidal stability and interesting physicochemical properties to the functional
nanomaterials.**3 We further explore the colloidal stability of the as-synthesized Au NTs
and Au NTs in the fetal bovine serum (FBS). As shown in Figure 6.3a, after Au NTs are
incubated with FBS for 2 hours an increase in the hydrodynamic diameter of 30 nm is
observed (Table S1). The increase in diameter can be attributed to adsorption of proteins
from the FBS solution. It is important to note that the colloidal stability of CTPR3-
stabilized is maintained during the centrifugation and re-dispersion processes and no
agglomeration of NTs occurs after incubation with FBS. As expected, CTRP3-stabilized
Au NTs have negative zeta potential due to the overall negative charge of the CTPR3.
After incubation with FBS the zeta potential increases to -17.9 mV (Table S1), which is
in agreement with previous reports of -20mV zeta potential for Au NPs after FBS
incubation independent of the initial NP surface charge.'*** The protein corona can also
serve as a protecting agent to lower the cytotoxicity of nanomaterials.*® To that end,
mouse brain endothelial cells (MBECs) were incubated with the as-prepared CTPR-
stabilized Au NTs for 6 hours and cell viability was measured using MTT assay. For Au
NT concentration range 5-40 pg mL™? no concentration dependent cell toxicity was
observed (Figure 6.3b).

Even though the detailed growth mechanism is still elusive, we try to postulate a
possible mechanism for the seed-mediated biomineralizaton. We have recently shown that
the binding affinity of Au species to CTPR3 is driven mainly by metal-x interactions with
tyrosine and tryptophan side chains and hydrogen bonding to asparagine side-chain.*64’
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Moreover, the overall binding constant is ionic strength dependent. Interestingly, CTPR
contains no cysteine or a specific gold binding sequence such as AG3.%84° To elucidate
the roles of CTPR3 and bromide we first performed syntheses at the fixed ratio of
HAuCIls and MOPS (0.2 mM: 40 mM), but either the concentration of CTPR3 or NaBr
was adjusted. In the presence of 100 mM NaBr, the overall yield of anisotropic NPs
increases as the concentration of CTPR3 increases. For instance, irregular sheet-like NPs
are produced in the absence of CTPR3 (Figure S7a), limited number of Au NTs with
rounded tips (< 10%) are generated when concentration of CTPR3 is less than 1pM
(Figure S7b). But as the concentration of CTPR3 reaches 4 uM, 35% of the NP
population are Au NTs (Figure S7c). Further increase in CTPR3 concentration up to 20
uM only slightly improved the overall yield of Au NTs at the cost of extended reaction
time (>2 weeks). On the other hand, increasing the concentration of NaBr will also
facilitate the growth of anisotropic Au NPs (Figure S8a-b), which is consistent with the
previous report.>® Nevertheless, when excess surface capping agent, either CTPR3 or
NaBr is present, the reduction reaction will be dramatically inhibited and the free gold
precursor will not be consumed efficiently to provide feedstock of Au(0) thereby
hindering the growth of planar Au NTs. The yield of Au NTs declined and ill-defined
NPs are formed by adding 300 mM NaBr (Figure S8c). We found that the highest yield
of Au NTs was reached in the presence of 10 uM CTPR3 and 100 mM NaBr. Under
optimized synthetic conditions, approximately 70% of NPs are bounded with (111) facets,
among which Au NTs accounted for 75% of the entire population (Figure S5a). The
prevalence of Au NTs and decahedrons implies that the coexistence of protein and NaBr

promotes the nucleation of seeds with either planar or penta-twinned defects.
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Herein we postulate that at the initial stage of the one-pot synthesis (Scheme 6.1-
i), Au nuclei with planar or penta-twinning structures are produced. The former will
assemble into triangle-like pattern at the localized domain. This phenomenon was
previously observed in the synthesis of Au nanoplates using extract of lemongrass and
BSA.151 Au NPs with corrugated and stepped edges are observed after 12 and 24 h
consistent with the continuous deposition of gold atoms onto the triangle analogues
(Figure S9). Interaction between CTPR3 and Au(lll) is stronger at higher ionic strengths,
thus as the concentration of NaBr increases more Au(l11) ions will be complexed with the
protein influencing the reduction Kinetics.*” At intermediate NaBr concentration there will
be less free Au(lll) ions accessible to the (111) faces with lower surface energy and
chemical reactivity as compared with the stepped edges bearing high-density defects.
CTPR3 NH2 or NH3" pendant groups may also interact with Br- and enhance the steric
hindrance analogous to the zipping mechanism of CTAB.>? The (111) faces are further
passivated by the adsorption of Br- and CTPR3 via the surfactant templating or face-
blocking process.>® This scenario is supported by the compositional distribution of Br, O
and N enriched on the (111) facets of Au NTs as shown in the Figure S10. Eventually,
the corrugated and stepped face gradually diminished whilst the Au NTs and decahedrons
bounded with (111) faces are generated. Unfortunately, the broad distribution of
crystallinity of nuclei along with the concomitant self-nucleation of isotropic NPs restrict
the precise control over the size and shape. Once CTPR3-stabilized Ag seeds with innate
planar twinning structure are added (Scheme 6.1-iii), the initial self-nucleation process
will be appreciably circumvented. It has been well recognized that the twinned crystal

seeds prompt the lateral growth of 2D planar nanostructures by providing low-energy re-
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entrant groves.®® Consequently, the as-reduced Au(0) will be predominantly deposited
onto the facets - other than (111) - of planar twinned Ag nanocrystals in a rapid manner
thereby improving the yield along with the quality of the Au NTs. As observed in STEM-
EDX experiments, the trace amount of Ag element is evenly distributed over the entire
area of the Au NTs rather than accumulated in the core (Figure S10 and S11). This
observation is consistent with the dissolution and diffusion of Ag into the Au NTs,
particularly when exposed to the light and under the condition of high halide

concentration.
6.4 Conclusions

In summary, we developed a facile and high-yielding green methodology for the
syntheses of anisotropic Au nanoprisms at ambient condition, in which NaBr, CTPR as
well as CTPR-stabilized Ag seeds have imposed synergistic effects upon the morphology
of the Au NPs. Indeed, since the CTPR sequence was not specifically designed or
selected for binding Au, it is tempting to propose that the physico-chemical properties of
biomolecules (e.g. pl, number of aromatic side-chains, etc.) are more important for
efficient synthesis of anisotropic Au nanostructures than the actual specific binding
motifs. Thus, this synthetic strategy can be further extended to a vast diversity of
biomolecules as long as physico-chemical properties are optimized. One can then easily
envision “designer coronas” where specific molecular recognition moieties can be
incorporated into the engineered proteins or peptides to match a biomedical application.>*
Furthermore, this work demonstrates that the incorporation of seed-mediated growth into
conventional biomineralizaton strategies yields noble metal NPs with unprecedented

control over size and shape. Obtained Au NTs with well-defined morphologies exhibited
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tailored plasmonic absorbance ranging from visible to NIR region. Reported NPs are
colloidally stable and biocompatible thus holding great promises for versatile biosensing

and biomedical applications.
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6.7 Supplemental Information

Experimental

Expression of CTPR3 protein

CTPR proteins with 3 tandem repeating units were synthesized through recombinant
bacterial expression technology.®>>® Synthetic genes for the desired protein in pPROEX vector,
coding for N-terminal (His)s tag and ampicillin resistance, were transformed into E.Coli
BL21(DE3) cells and cultured overnight at 37 T on agar plates. One single colony was selected
and incubated overnight in 50 mL of Luria—Bertani (LB) media containing 100 ug/mL of
ampicillin. 10ml of overnight cultures were then dispensed into 1 L of LB media supplemented
with 100 pg/mL ampicillin. The cells were grown in an incubator-shaker (250 rpm) at 37 <C
until the optical density (ODeoo) reached 0.6-0.8. Expression of CTPR3 was induced with 1mM
isopropyl B-D-thiogalactoside (IPTG) followed by 5h expression at 37<C. The cells were
harvested by centrifugation at 5,000rpm for 20min and the pellets were frozen at -80<C until
purification.
Purification of CTPR3 protein

The cell pellets were resuspended in lysis buffer consisting of 50 mM Tris, 300mM
sodium chloride and 0.1 wt% Tween 20. After 2 min sonication at 30% power using a microtip
and Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and the protein
supernatant was purified using standard Ni-NTA affinity purification protocol. The collected
proteins were further purified by Akta Prime Plus size exclusion chromatography using Superdex
75 16/600 Prep Grade column in 150 mM sodium chloride and 50 mM sodium phosphate buffer

at pH 8 with a flow rate of 0.5ml/min. As a final step, the aqueous solutions of CTPRs were
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dialyzed against 10 mM phosphate buffer three times at 4 <C using a dialysis membrane with
molecular weight cutoff of 3k Da.
Preparation of CTPR3-stabilized Ag seeds®-®

Silver seeds were prepared by adding 5 ml 0.5 mM AgNOg3 at the rate of 2 mL/min using
a syringe pump (KD Scientific) under vigorous agitation to the aqueous solutions of trisodium
citrate (5 mL, 2.5 mM), NaBH4 (0.3 mL, 10 mM) and CTPR proteins (0.125 mL 0.1-2 mg/ml) in
a glass vial. The as-prepared Ag seeds were kept in the dark till further use to circumvent the
interference such as homogeneous nucleation arising from the residual NaBHa.
Preparation of Au nanoprisms

In a typical synthetic procedure, 0.1 ml CTPR3 (2 uM - 200 uM) was first mixed with
0.85 ml DI and 40 pl 10 mM HAuCls, followed by the addition of 0.2 ml 1M aqueous NaBr
solution and (2.5 — 50 ul) CTPR3-stabilized Ag seed. Then, 0.8 ml 200 mM MOPS was injected
into the solution. After 3 s of gentle shaking, the Au(lll) was quickly converted to Au(l), and the
solution was left undisturbed overnight. The as-prepared Au colloidal solution was centrifuged
at 3,000 rpm for 10 min and the resultant pellets were rinsed with DI water to remove the residue
stabilizer and reducing agent. After several purification cycles, the Au NTs were re-dispersed
into DI water for later TEM characterization.
Spectroscopic and morphological characterization

TEM and High resolution TEM (HR-TEM) analysis was performed on a Philips EM420
at an accelerating voltage of 120 kV and JEOL 2100 at 200 kV, respectively. TEM samples were
prepared by applying a 7 ul sample solution on 300 mesh ultrathin carbon-coated Cu grids (EM
Science), followed by drying overnight before observation. The thickness, as well as the size

distribution of Au NTs, was measured from atomic force microscope (AFM, Veeco BioScope 1)
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and TEM images using Image J. The UV-Vis spectra of Au NPs were monitored using Agilent
Cary 100 Bio and UV-Vis-NIR spectrophotometer. All UV-Vis measurements were conducted in
1cm path length PMMA or quartz cuvette at room temperature.
Dynamic light scattering (DLS) measurement

The Au NTs colloidal solution (40 pg/mL) was incubated with 500uL undiluted Fetal
bovine serum (FBS, Life Technologies) for 2 h at 37 <C under constant agitation. The Au NTs
were centrifuged at 14,000 rpm for 20 min. The pellet was resuspended in water and washed
two times by centrifuging at 14,000 rpm for 20 min. The final pellet was resuspened in 1 mL of
10mM NaBr. The average particle size and size distribution of the NPs was measured using a
Malvern Zetasizer Nano-ZS, with five measurements taken for each sample. Zeta potential
measurements were performed in a 10mM NaBr solution.
MTT (3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl tetrazolium bromide) assay

Mouse brain endothelial cells (MBEC) were seeded at 5,000 cells per well in a 96-well
plate and incubated for 24 h at 37 <C in a 5% CO; incubator. Series of dilutions (40, 30, 20, 10,
5 pg/mL) of Au NTs in cell growth medium was added to the wells. A 1% Triton-X solution
was used as a positive control. After 6 hours of incubation the nanoparticle solutions were
removed and the cells washed with PBS. Then 10 pL of a 5 mg/mL MTT solution and 90 pL
growth media were added to each well and further incubated for 4 hours. After 4 hours the media
was removed and the formazan crystals were dissolved in 100 pL DMSO. The absorbance at
490 nm was measured using a microplate reader. Percent viability of the cells was calculated as
the ratio of mean absorbance of triplicate readings with respect to mean absorbance of control

wells.
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CTPR3 is composed of the 3 tandem repeating motifs where each individual repeat is a 34 amino
acids helix-turn-helix structure. CTPR3 protein is ~ 12k Da in size and carries overall negative
charge. The 34 amino acid sequence is shown as follows:
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Figure S1. (a) 15% SDS-PAGE gel of Protein marker (left lane) and CTPR3 stained with
coomassie blue (right lane). (b) Space-filling representation of the structure of CTPR3 protein
drawn in Pymol. (c) Circular dichroism (CD) spectrum of CTPR3 protein (MRE: The mean
residue ellipticity). Bottom: single letter amino acid sequence of the CTPR repeat. CTPRn
proteins are created by repeating this sequence n times (n=3).
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Figure S2. TEM image of CTPR3-stabilized Ag seeds (inset: HR-TEM of planar twinning
nanocrystal).
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Figure S3. (a) TEM image of Au NTs prepared in the presence of 5 mM NaBr, 10 uM CTPR3,
40 mM HEPES and 5 pl Ag without any purificaiton.
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Figure S4. (a) HR-TEM images (b) SAED diffraction pattern (C) line scanning EDS

characterization of Au NTs (d) AFM profile of Au NTs (¢) HR-TEM image and (f) FFT
diffraction pattern of Au decahedron.
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Figure S5. (a) TEM image of Au NTs prepared in the presence of 5 mM NaBr, 10uM CTPR3,
40 mM MOPS and 2.5 ul Ag seed without any purificaiton. (c) Histogram representing the
distribution of Au NPs with different shapes. Sample 1 is prepared in the absence of Ag seed,
Sample 2 and 3 is preapred using 2.5 pl Ag seed before and after purification, respectively. NTs:
nanoprisms (dark gray); NS: nanospheres (red); DH: decahedrons (blue); Au with other shapes
(green).
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Figure S6. UV-Vis spectrum of Au NPs prepared in the absence of CTPR3(red) and in the
presence of 2 uM CTPR3(blue) (NaBr = 5 mM and Ag seed =5 pl).
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Figure S7. TEM images of Au NPs prepared in the presence of (a) 0 uM (b) 0.8 uM and (c) 4
uM CTPR3 ([NaBr] =100 mM).
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Figure S8. TEM images of Au NPs prepared in the presence (a) 10 mM, (b) 100 mM, and (c)
300 mM NaBr ([CTPR3] = 10 uM).
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Figure S9. TEM image of Au NTs with corrugated and stepped edges, prepared in the presence
of 100 mM NaBr and 10 uM CTPR3 (a) after 12 h and (b) after 1 day.
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Figure S10. (a) TEM images of Au NTs prepared in the presence of 2.5 ul Ag seed. (b-f)

Scanning TEM (STEM)-EDS mapping of Au, Ag, Br, N, O, respectively. (Warm color bands
indicate higher intensity (g) EDS spectrum corresponding to Figure S10a.
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Figure S11. (a) TEM image and (b) STEM-EDS spectrum of single Au NT prepared in the
presence of 5 mM NaBr, 10 uM CTPR3, 40 mM MOPS and 2.5 pl Ag seeds.

Table S1. The hydrodynamic size and zeta potential values of Au NTs before and after
incubating with Fetal bovine serum (FBS).

Peak 1 Diameter Peak 2 Diameter C-Potential
before after FBS before after FBS before after FBS

(nm) (nm) (nm) (nm) (mV) (mV)

6.05+ 1423+ 5087+ 88T+ .0 g

S o 137 1.17 3.01
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7.1 Abstract

Anisotropic metallic nanoparticles, such as Au and Ag nanoprisms, have received
tremendous attention for their application in catalysis, molecular sensing, signal amplification,
bioimaging, and therapeutic applications due to their shape-dependent optical and physical
properties. Herein, we present a protein-enabled synthetic strategy for the seeded growth of
silver and gold nanoprisms with low shape polydispersity, narrow size distribution, and tailored
plasmonic absorbance. During the initial seed nucleation step, consensus sequence
tetratricopeptide repeat (CTPR) proteins are utilized as potent stabilizers to facilitate the
formation of planar-twinned Ag seeds. High yield production of well-defined Ag/Au nanoprisms
was achieved, respectively, by adding CTPR-stabilized Ag seeds into the growth solutions

containing metal precursor, mild reducing agent, sodium halide, and additional CTPR.
7.2 Introduction

Over the past decade, tremendous attention and research efforts have been devoted to the
synthesis of plasmonic metallic silver (Ag) and gold (Au) nanoplates. Such NPs are

exceptionally well suited for biomedical applications such as biosensing,! diagnostics and
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therapeutics? due to their highly anisotropic structure and localized surface plasmon resonance
(LSPR) properties, Hitherto, a wide variety of colloidal routes have been developed to prepare
well-defined Ag and Au nanoprisms.3# For instance, photo-induced approach through selective
plasmon excitation enabled the efficient conversion of Ag nanospheres into nanotriangles (NTs)
with low polydispersity.>® Thermal approaches using synthetic polymers with terminal hydroxyl
groups and polar organic solvents provide simple and rapid routes towards high-yield production
of Ag NTs.> On the other hand, the synthesis of planar Au nanoparticles (NPs) is typically
achieved via cetyltrimethylammonium bromide/chloride (CTAB/CTAC)-based protocols.*8 In
addition, seed-mediated growth along with the addition of shape-directing halides has been
invoked as the most potent tools for directing the anisotropic growth of noble metal NPs.1"-?2 The
exquisite shape control is mainly realized through kinetic control as well as the preferential
binding to the low index facets. However, a number of challenges remain. Despite high-precision
control over the morphology of NPs, harsh experimental condition and energy-consuming
processes including the elevated temperatures and hazardous chemicals are involved in a general
sense. Furthermore, biomedical applications necessitate tedious and stringent purification
processes for the complete removal of toxic cationic surfactants.?®2

A growing interest has thus been focused on the biocompatible and green synthetic
approaches that mimic natural biomineralizaton process at ambient conditions.® In previous
studies, a wide array of biopolymers have demonstrated dual functions as stabilizers and
reducing agents to produce anisotropic Au and Ag nanoplates. °! To our knowledge, current
advances in biomimetic synthesis of anisotropic NPs are still centered on the one-pot biomimetic
methods, which typically produce NPs with rather broader shape and size polydispersity. 2= In

the recent work from our group we demonstrated that the incorporation of seed-mediated
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techniques into conventional biomineralizaton yields the unprecedented control over NP size and

shape while maintaining biocompatibility requirements.3233
7.3 Materials

7.3.1 Chemicals and reagents
1. Silver nitrate (AgNO3) (99 %).
2. Hydrogen tetrachloroaurate(l11) hydrate (99%)
3. 3-(N-morpholino)propanesulfonic acid (MOPS) (MP biomedicals, LLC)
4. Isopropyl-p-D-thiogalactoside (IPTG) (purity >99%, IBI SCIENTIFIC)
5. Lysozyme (activity >23500 U/mg, CALBIOCHEM, EMD Chemicals, Inc.)
6. TEV protease (made in house)
7. All other chemical reagents including sodium citrate, sodium chloride, sodium bromide,
sodium hydrogen phosphate, sodium borohydride, Tris, Tween 20, and ascorbic acid were
acquired from Sigma-Aldrich and Fisher Chemicals and were used as received without further
purification.
8. Deionized water (18 MQ/cm, Millipore Milli-Q) was exclusively used for preparing all
aqueous solutions and for all rinsing procedures.
7.3.2 Expression of CTPR proteins

CTPR proteins with 3, 6, and 18 tandem repeating units were synthesized through
recombinant bacterial expression technology as described previously (Figure 7.1, Table 7.1).34%°
Synthetic genes for the desired protein in pPROEX vector, coding for N-terminal (His)e tag and
ampicillin resistance, were transformed into E .Coli BL21(DE3) cells and cultured overnight at
37 < on agar plates. A single colony was selected and incubated overnight in 50 mL of Luria-

Bertani (LB) media containing 100 pg/mL of ampicillin. 10 ml of overnight cultures were then
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dispensed into 1 L of fresh LB media supplemented with 100 pg/mL ampicillin. The cells were
grown in an incubator-shaker (250 rpm) at 37 <C until the optical density (ODsoo) reached 0.8.
Expression of CTPR3 and CTPR3 with terminal cysteine (CTPR3-cys) was induced with 1mM
isopropy! B-D-thiogalactoside (IPTG) followed by 5 h expression at 37 <C, whereas CTPR6 and
18 were expressed at 18 <C for 16 h in an analogous manner. The cells were harvested by

centrifugation at 5,000 rpm for 20 min and pellets were frozen at -80 <C until purification.

Table 7.1 Molecular design of recombinant CTPRn proteins with different lengths and aspect
ratios but same surface exposed residues.

CTPRn | # of amino acid residues MW (kDa)  Aspect ratio
n=3 107 12.5 1.1
n=6 213 25 1.9
n=18 629 74.1 4.6

Sequence of one CTPR repeat unit: AEAWYNLGNAYYKQGDYQKAIEYYQKALELDPNN
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Figure 7.1 (a) Cartoon representation of CTPRn structure and (b) Circular dichroism (CD)
spectrum of CTPR protein (MRE: The mean residue ellipticity). Top: Single letter amino acid
sequence of the CTPR repeat. CTPRn proteins are created by repeating this sequence n times
(n=3, 6, 18).
7.3.3 Purification of CTPR proteins

Cell pellets were re-suspended in lysis buffer consisting of 50 mM Tris, 300 mM sodium

chloride and 0.1 wt% Tween 20. After 2 min sonication at 30% power using a microtip and
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Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and protein was purified
from supernatant using standard Ni-NTA affinity purification protocol. The N-terminal hexa-
histidine tag was then cleaved from the CTPR proteins using TEV protease. Collected proteins
were further purified using Akta Prime Plus size exclusion chromatography using Superdex 75
16/600 or Superdex 200 16/600 Prep Grade column in 150 mM sodium chloride and 50 mM
sodium phosphate buffer at pH 8 with a flow rate of 0.5 ml/min. As a final step, the aqueous
solutions of proteins were dialyzed against 10mM phosphate buffer three times at 4 <C using a

dialysis cassette with molecular weight cutoff of 3.5k Da or 10k Da.®®
7.4 Methods

All procedures should be done at room temperature unless specified otherwise.
7.4.1 Preparation of CTPR-stabilized Ag seeds

Silver seeds were prepared by adding 5 ml 0.5 mM AgNO3 at the rate of 2 mL/min using
a syringe pump (KD Scientific) under vigorous agitation to the aqueous solutions of trisodium
citrate (5 mL, 2.5 mM), NaBHs (0.3 mL, 10 mM) and CTPR3 proteins (0.125 mL of 0.1-2

mg/ml) in a glass vial (Figure 7.2).

(a) + citrate
° "J +NaBH, ) ‘)) O ascorbic acid /
° o \
: JJ o * o Agt / /
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(© .
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(%) Ag seed with stacking faults

Figure 7.2 (a) Schematic illustration of synthetic procedures for CTPR-stabilized Ag seeds and
seeded growth of Ag nanoprisms. UV-Vis spectra (b) and TEM images (c¢) of CTPR3-Ag seeds
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7.4.2 Seeded growth of Ag nanoprisms

In a typical synthesis, 20 ul of CTPR3-stabilized Ag seed solution as prepared in section
3.1 were added into the 5 mL of 0.15 mM ascorbic acid aqueous solution, followed by the
dropwise addition of 3 ml of 0.5 mM AgNOs3 at the rate of 1 mL/min under stirring. Additionally,
a series of Ag NPs were prepared in this manner under ambient condition by adjusting the
concentration of protein stabilizer and ascorbic acid(Figure 7.2a, Figure 7.3, Table 7.2). The as-
prepared Ag colloidal solution was centrifuged at 10,000 rpm for 20 min and the resultant pellets
were rinsed with DI water to remove residual ascorbic acid. After two washing cycles, the Ag
NTs were re-dispersed into DI water for later use.

(inset: HR-TEM of twinning nanocrystal)
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Figure 7.3 (a) HR-TEM image and selective area diffraction (SAED) pattern of individual Ag
NT(inset) (b) SEM image of Ag NTs prepared using 20ul CTPR3-Ag seed solution. (d) UV-Vis
spectra and photographic images of the collodial Ag NTs obtained using different volumes of
seed solution.
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7.4.3 Seeded biomineralization of Au nanoprisms

0.1 ml of 80 uM CTPR3 was first mixed with 0.85 ml DI water and 40 pl of 10 mM
HAUCI4, followed by the addition of 0.2 ml of 1M aqueous NaBr solution and (2.5 — 50 ul)
CTPR3-stabilized Ag seed solution. Then, 0.8 ml of 100 mM MOPS was injected into the
solution. After 3s of gentle shaking, the Au(lll) was quickly converted to Au(l) as observed by
the change of color form pale yellow to clear, and the solution was left undisturbed overnight
(Figure 7.4a). The as-prepared Au colloidal solution was centrifuged at 3,000 rpm for 10 min
and the resultant pellets were rinsed with DI water to remove residual NaBr, CTPR and MOPS.
After several purification cycles, the Au NTs were re-dispersed into DI water for subsequent

TEM characterization.
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Figure 7.4 (a) Schematic illustration of seeded biomineralization of triangular Au nanoprisms.
(b) representative TEM image of the as-prepared Au NTs (c) UV-Vis spectra of Au NTs prepared
in the presence of 2.5 ul (black), 5 ul (red), 10 ul (light blue), 15 ul (magenta), 20 ul (green), 25
ul (dark blue), 50 ul (violet) Ag seeds.
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7.4.4 Instrumentation
7.4.4.1 Spectroscopic (UV-Vis) characterization.

The UV-Vis spectra of Ag NPs were monitored using an Agilent Cary 100 Bio and
Agilent UV-Vis-NIR spectrophotometer. All UV-Vis measurements were conducted in 1cm path
length PMMA or quartz cuvette at room temperature.
7.4.4.2 Morphological characterization.

TEM and high resolution TEM (HR-TEM) analysis were performed on a Philips EM420
electron microscope at an accelerating voltage of 120 kV and JEOL 2100 electron microscope at
200 kV, respectively. TEM samples were prepared by applying a 7 pl sample solution on 300
mesh ultrathin carbon-coated Cu grids (EM Science), followed by drying overnight before
observation. The thickness, as well as the size distribution of Au NTs, was measured from
atomic force microscope (AFM, Veeco BioScope I1) and TEM images using Image J (NIH). The
morphology of Ag NPs was also characterized using ZEISS 1550VP field emission scanning
electron microscopy (FESEM).
7.4.4.3 Dynamic Light Scattering (DLS) measurement

The colloidal stability of Au NTs was assessed by the change of hydrodynamic diameter
of NPs before and after incubation with fetal bovine serum (FBS, Life Technologies). The
average particle size and size distribution of the NPs was measured using a Malvern Zetasizer
Nano-ZS, with five measurements taken for each sample. Zeta potential measurements were
performed in a 10mM NaBr solution. The Au NTs colloidal solution as prepared in 3.3 was
centrifuged at 14,000 rpm for 20 minutes followed by resuspension of the pellets in 1 mL of

10mM NaBr. This Au NTs colloidal solution (40 pg/mL) was then incubated with 500 uL
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undiluted FBS for 2 hours at 37<C under constant agitation, followed by the identical

centrifugation and re-dispersion process.
7.5 Notes

1. For Ag NTs synthesis, the syringes, vials and pipettes should be cleaned carefully with
acetone and DI to get rid of all the contaminants. Otherwise, the chemical residues and dusts in
the glassware may interfere with the nucleation and the subsequent seeded growth process.

2. NaBH3 (0.3 mL, 10 mM) solution should be freshly made.3. The as-prepared Ag seeds should
be aged for at least 3 hours to circumvent the interference such as homogeneous nucleation
arising from the residual NaBHa.

4. The as-prepared Ag seeds should be kept away from light till further use. The quality of seeds
is retained for 3 weeks with appropriate storage in the dark.

5. In the seeded growth step, fast seed addition and dropwise AgNOs injection into the reaction
mixture enabled the rapid growth of high-quality anisotropic nanoprisms. It is noted that the
twinning-crystal structure Ag seed could be disrupted when exposed to excessive amount of
ascorbic acid.

6. Both CTPR3 and citrate are indispensable for the high-yield production of Ag NTs through
seed-mediated process. The absence of either one will result in the poor yield of Ag NTs and Ag
NPs with diverse shapes formed concomitantly.

7. The ratio of [AA]/[Ag™] (AA refers to ascorbic acid) is suggested to be within the range of 0.5
-1 for the high-yield of well-defined Ag nanoprisms. Overabundant AA has detrimental effect on
the morphology of resulting Ag NTs, as evidenced by the obvious defects such as dislocations

and stacking faults.
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8. In additional to CTPRS, a series of CTPR proteins including CTPR3-his, CTPR6 and CTPR18
all work as potent stabilizers and shape directing agents to facilitate the growth of Ag NTs using
the aforementioned protocols.

Table 7.2 Ag seeds prepared using varied kind of proteins and the resulting Ag NPs
prepared using the corresponding Ag seeds.

Protein Product
CTPR3,6,18 well-defined Ag NTs, yield > 85%
CTPR3-cys multiple defects, yield < 40%
CTPR3-his well-defined Ag NTs, yield > 85%
BSA multiple defects, yield < 30%
lysozyme diverse shapes, broad size distribution

9. A set of control experiments has been conducted to indicate that lysozyme, bovine serum
albumin (BSA), and CTPR3-cys are not favorable for the anisotropic growth of Ag NTs. Thus
we suggest that neither thiols nor overall positive charge are applicable in the synthetic route
toward Ag NTs (Table 7.2).

10. The concentration of CTPR3 plays a critical role in determining the yield and quality of final
products. The ideal concentration of CTPR3 was found to be approximately 1.8 uM based on
morphological and UV-Vis observations.

11. Precise control over the wavelength of LSPR is attainable when less seeds (<100 pl of
solution as prepared in section 3.1) are used. Otherwise, bimodal absorbance profile is observed,
attributed to the competitive growth between isotropic nanospheres and facet-selected NTs in the
presence of a large number of nuclei.

12. The LSPR could be conveniently tuned to span a broad spectral range, from visible to
NIR region (500-900nm), through the variation of the quantities of Ag seeds used during

the growth step (Figure 7.3, Table 7.3). As the total number of seeds increased, the mean
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particle size declined steadily and the resultant Ag NPs underwent a progressive shape
transition from triangular nanoprisms to round disks.

Table 7.3 The optical and morphological features of Ag nanoprisms prepared using
varied amount of CTPR3-Ag seeds.

Ag seed (ul) | LSPR Amax (Nm) Shape Size (nm)
10 849 +24 NTs 144.1 £25
20 793 19 NTs 102.8 +18.9
50 698 +14 NTs 69 7.5
100 572 +9 NTs + disks 38.6 8.7
150 520 =11 NTs + disks 19.4 +6.1

13. For the purpose of long-term storage of Ag NTs, 0.3 ml of 25 mM citrate aqueous
solution is typically added immediately after the synthesis. The colloidal Ag NTs are
subject to the etching and deformation in the absence of sufficient capping agent, which is
revealed as the dramatic blue shift of absorbance wavelength within a short while.

14. For Au NTs synthesis, all the glassware ought to be cleaned with aqua regia, followed
by extensive rinsing with Milli-Q water. Preparation of aqua regia: In a glass beaker, mix
hydrochloric acid (HCI) and nitric acid (HNO3) in a volume ratio 3:1. The preparation
should take place inside a fume hood, since the liquids and its vapors are extremely
corrosive and highly oxidizing. Therefore, the use of appropriate gloves, lab coat, and
chemical splash goggles is mandatory.

15. During the synthesis of Au NTs, MOPS serves as mild reducing agent while CTPR3
and NaBr were employed as the shape-directing agent. Other than MOPS, the choice of
reducing agent could be further extended to other Good’s buffers such as 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and so forth.
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16. Ag seeds are of significant importance to the production of Au NTs. In the case of Ag
seeds-free synthetic process, a mixture of Au nanoprisms, five-fold penta-twinned Au
NPs (decahedrons) and Au nanospheres are produced. Sizes and shapes of these structures
are highly polydisperse due to the inherent drawbacks such as unavoidable self-nucleation
events and poor quality of initial nuclei with diverse crystal structures.

17. The addition of Ag seeds not only accelerates the reaction but also lowers the usage of
CTPR protein and NaBr without compromising the final yield. The details are listed in
Table 7.4.

18. The original synthetic process could be scaled up to 5ml or beyond for more efficient
fabrication of Au NTs.

Table 7.4 Comparison between one pot and seeded growth of Au NTs in terms of
reaction time, yield, usage of chemicals, morphological and optical features.

.. AuNTs . [CTPR] [NaBr]
Agseed | Reaction time yield size (nm) (M) (mM) LSPR (nm)
No 1-2 weeks <50% <50 10 50 550-580
Yes overnight >75% 50-140 2 5 500-900

19. The as-prepared Au NTs exhibited remarkable colloidal stability since no severe
agglomeration was detected through DLS study during the centrifugation and incubation
in FBS. The excellent colloidal stability is mainly associated with the negatively charged
CTPR proteins corona with moderate binding affinity to the Au NTs surface.3®

20. Not only CTPR3, but a series of CTPR proteins of different length (Figure 7.1a) can
serve as alternative stabilizers and shape directing agents simply by following the
identical protocols.

21. Analogous to the synthesis of Ag nanoprisms, the LSPR of Au nanoprisms can also be

readily tailored from ca. 500nm to 900nm by simply adjusting the amount of Ag seeds
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added in the initial growth stage (Figure 7.4, Table 7.5). Accordingly, the size of the Au

nanoprisms could be finely tailored from 61 =7 nm to 137 =33 nm.

Table 7.5 The optical and morphological features of Au nanoprisms prepared using

varied amount of CTPR3-Ag seed solution as prepared in 3.1 (2.5-20 ul).

Ag seed (ul) | LSPR Amax (nm) Shape Size (nm)
2.5 922 +30 NTs 137 £33
5 762 22 NTs 99 =15
10 675 £18 NTs + disks 79 £10
15 620 13 NTSs + disks 61 =7
20 582 +8 disks + spheres N/A

22. In sharp contrast with the conventionally used CTAB based protocols, the depicted
protocols efficiently mitigate the cytotoxicity of the Au NTs, which was ascertained by

the MTT assay.*?
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Chapter 8. Sodium lignosulfonate as a new polymeric stabilizer and shape
directing agent for the rapid bioenabled synthesis of Ag nanoprisms
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Attributions: XG synthesized and characterized the NPs with UV-Vis, TEM and HRTEM. XG
also conducted colorimetric sensing of metal cations using Ag nanoprisms. KLR, JL, SRA and
YL performed fluorescence, AFM, Electrochemical, SEM, respectively. Both ARE and AJM
impart in-depth knowledge and expertise during the course of study. Progress on this project was

made under supervision of TZG.

8.1 Abstract

In the present work, a sustainable biomaterial, Sodium LignoSulfonate (SLigS), has been
found to serve as both a potent stabilizer and an efficient shape directing agent in the growth of
well-defined Ag nanoprisms using a one-pot or seeded growth strategy. The influential effects of
reactants and additives including the concentration of SLigS, H2.O2 and NaBH4 were studied in
great detail. By scrupulous monitoring of the evolution of NPs using UV-Vis and TEM, we
inferred that not only did SLigS regulate the twining crystal structure of Ag seed during the
nucleation stage, but also is involved in the stabilization of the (111) facet of Ag nanoplates
(NPLs) during the H20 induced etching process. The molecular interaction between SLigS and
Ag(0)/Ag(l) were further validated via fluorescence quenching and square wave voltammetry.
The as-prepared Ag nanoprisms exhibited remarkable colloidal stability and were uniformly

blended with biopolymers to fabricate homogenous coatings. Since the Ag nanoprisms are
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susceptible to morphological deformation in the presence of strong oxidant, they also hold great

potential for the colorimetric sensing of oxidative metal cation species such as Fe** Cr3* etc.
8.2 Introduction

Remarkable progress has been made to explore plasmonic metallic NPs, owing in large
part to their tunable localized surface plasmon resonance (LSPR) band ranging from the visible
to near infrared (NIR) regions.""? It is well-established that LSPR, as well as the localized
electromagnetic fields are closely associated with the size, shape and local dielectric
environment of NPs.'® As a consequence, a wide diversity of anisotropic plasmonic NPs have
been synthesized and exploited for molecular sensing, bioimaging and therapeutic applications.*>

An assortment of well-defined anisotropic NPs including nanowires,®’ nanorods,®
nanoprisms®1© branched NPs,!'"#3 along with the plate-like Ag nanoprisms have received
tremendous attention over the last decade.® Intriguingly, Ag nanoprisms possess higher-ordered
LSPR mode (dipole and quadrupole absorbance bands), which have been confirmed through
discrete dipole approximation (DDA) simulation and UV-Vis spectroscopy.®'* Additionally, the
in-plane dipole LSPR can be readily adjusted by manipulating the ratio of edge length to
thickness, and the plasmonic hot spots located at the sharp tips entails the ultra-high colorimetric
or Raman sensitivity towards analytes, such as glucose, Hg*, and DNA, etc.?>18

The generic colloidal synthetic pathways of Ag nanoprisms could be categorized into
either photo-induced or thermal-based approaches.®'®% In the former case, selective plasmon
excitation is employed to trigger the transformation of Ag nanospheres into NTs with low shape
polydispersity, but at the cost of elongated time, large energy consumption and costly
instrumentation. Alternatively, thermal approaches are more favourable for the rapid and scale-

up synthesis of Ag nanoprisms either in aqueous or organic solutions. 2124 At the early stage,
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polymeric surfactants with terminal hydroxyl groups and polar organic solvents with high boiling
temperature are typically utilized as dual functional reductant and shape directing agent to
achieve the fine shape control of Ag nanoprisms. 2124

Inspired by the seminal work by Murphy et al, 8% seeded growth of Ag nanoprisms with
high-yield and low polydispersity were achieved in 2008.%° In an elegant synthesis, sodium
polystyrene sulfonate (SPSS) was ingeniously introduced during the seed formation step, where
the SPSS is thought to critically influence the defect structure of the initially formed seed rather
than solely acted as a shape-directing adsorbate.?® Recently, Ag nanoprisms with high aspect
ratio and large NIR window have been synthesized by means of successive seed-mediated
growth cycles in the presence of citrate or polyvinylpyrrolidone (PVP).2"? By harnessing
oxidative H2O,, Ag(l) as well as a series of different shaped Ag NPs were consumed and
converted to the 2D nanoprisms enclosed by the relatively stable (111) facet. 23! It was claimed
that the adhesion of citrate ligand coupled with the borohydride anions stabilize the triangular
shape of Ag NPs, while PVP or other hydroxyl-containing compound could serve as extra
stabilizer.*

Apart from conventionally used small organic or synthetic polymeric capping agents, a
host of green chemical methods have recently been developed toward noble metal nanoplates -
3 _in which biopolymers such as plant extracts®® amino acids,®’ proteins®, polyssacharides®3
played key roles in the kinetic control, facet-selective adsorption and reduction of precursors.
Notably, attempts have also been made to successfully fabricate miscellaneous Ag
nanostructures by virtue of tuning the experimental conditions such as the temperature and the
concentration of polysaccharide derivatives.®**? Nevertheless, a series of issues and challenges

still confronts us, demanding the in-depth understanding of the role of the biopolymer species as
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well as the rational design of the synthetic pathway. First and foremost, the overall yield and
quality of the resulting products are far from satisfactory, mainly arising from the inherent
drawback of the one-pot method. Secondly, even though seed-mediated growth has been applied
in some study,® the impact of biomass on the crystal structure of seeds is scarcely discussed.
Additionally, there is an issue of the elevated temperature, which is more favorable for the
homogeneous nucleation rather than the desirable epitaxial deposition. Last but not least, the
oversimplified growth mechanism, particularly, the selective adsorption of biopolymers onto
(111) facets, are resorted to elucidate the morphological evolution of nanoprisms.

Lignin as one of the most abundant components of renewable biomass is mainly
composed of phenolic repeat units. Its derivative SLigS is a water soluble anionic polyelectrolyte
possessing very compelling physicochemical properties analogous to the SPSS. In the present
work, SLigS were successfully employed as stabilizer and shape directing agent for the (i) seed-
mediated and (ii) H20> induced one-pot synthesis of 2D anisotropic Ag nanoprisms (Scheme
8.1). Based on our meticulous studies, it is plausible to believe appropriate physicochemical
properties including the negative charge, aromatic repeating units and moderate binding affinity
to Ag species are the key to the high-yield production of Ag nanoplates. The as-prepared Ag
nanoprisms exhibited remarkable colloidal stability and was blended uniformly with biopolymers
to fabricate homogenous SLigS-Ag coating. Since the Ag nanoprisms are susceptible to
morphological deformation in the presence of a strong oxidant, they also hold great promises for

the colorimetric sensing of oxidative metal cation species such as Fe3* and Cre".
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Scheme 8.1 Schematic illustration of the synthesis of Ag nanoprisms using (i) Seed-mediated
and (ii) one pot method.

8.3 Experimental

8.3.1 Chemicals and reagents

Silver nitrate (>99.5%) was purchased from Fluka. Sodium LignoSulfonate (SLigS),
lignin derivatives and other chemical reagents including sodium borohydride, trisodium citrate,
30wt% H20, etc. were acquired from Sigma-Aldrich and Fisher Chemicals and were used as
received without further purification. Deionized water (18 MQ/cm, Millipore Milli-Q) was
exclusively used for preparing all aqueous solutions and for all rinsing procedures.
8.3.2 Preparation of SLigS-stabilized Ag seeds and seed-mediated growth of Ag NTs

All NP synthetic procedures are performed at ambient conditions unless specified
otherwise. Ag seeds and Ag NTs were prepared by a previously reported method with minor
adaption.?®* Briefly, an aqueous solutions containing trisodium citrate (2.3 mM), NaBH4 (0.55
mM) and SLigS (0.1-4 mg/ml) was first prepared in a glass vial. Then 5 ml 0.5 mM AgNO3 was
added dropwise at the rate of 2 mL/min into the above solution using a syringe pump (KD

Scientific) under vigorous agitation. The as-prepared Ag seeds were kept in the dark and aged at
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least 3 hours before use. In the subsequent step, 10-150 ul aged SLigS-stabilized Ag seeds were
into the 5ml growth solution containing ascorbic acid (0.15 mM), followed by the dropwise
addition of 3 ml AgNOs (0.5 mM) at the rate of 1 mL/min under stirring.
8.3.3 H20:2 induced one pot synthesis of Ag nanoplates (NPLs)

An aqueous solution containing 0.1mM silver nitrate and SLigS (0.5-4 mg/ml) was first
made, followed by the addition of 1-60 ul hydrogen peroxide (H202, 30 wt%) and 0.45 ml
NaBH4 (20 mM). The reaction mixture was vigorously stirred for 10-20 mins until the color is no
longer changed. The as-prepared Ag nanoprisms using either one pot or seed-mediated method
could be easily harvested by centrifugation at 7,000 rpm for 15 mins and dispersed
homogeneously in water and other organic solvents (ethanol, acetone, etc.) without forming
apparent agglomeration.
8.3.4 Instrumentation

TEM and high resolution TEM (HR-TEM) analysis was performed on a Philips EM420
at an accelerating voltage of 120 kV and JEOL 2100 at 200 kV, respectively. TEM samples were
prepared by applying a 7 ul sample solution on 300 mesh ultrathin carbon-coated Cu grids (EM
Science), followed by drying overnight before observation. The morphology of Ag NPs is also
characterized using ZEISS 1550VP field emission scanning electron microscopy (FESEM) and
the thickness of the Ag nanoprisms were assessed using atomic force microscope (AFM, Veeco
BioScope I1). The UV-Vis spectra of Ag NPs were monitored using an Agilent Cary 100 Bio
UV-Vis spectrophotometer. All UV-Vis measurements were conducted in 1cm path length
PMMA cuvette at room temperature. Electrochemical experiments were performed on a Basi EC
epsilon potentiostat using a Ag/AgNOs (0.01 M) aqueous reference electrode. The Ag/AgNOs

electrode was calibrated against Fe(CN)s>/Fe(CN)s*, which all potentials are reported against.
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Square-Wave Voltammetry (SWV) measurements were collected in a three-electrode
arrangement using Pt mesh as a counter electrode, Ag/AgNO3 reference electrode, and fluorine-
doped tin oxide (FTO) working electrode. The scans were taken with a 1 mV step size, 100 mV
amplitude, and 3 Hz frequency. The fluorescence quenching experiments were performed at
room temperature on an Agilent Cary Eclipse fluorimeter using the 1cm path length quartz
cuvette. Briefly, aqueous SLigS solution was titrated every 10 min with AgNOs or Ag NPs
colloidal solutions.

8.3.5 Colorimetric detection of oxidative metal cations: Fe3*, Cr3*

10 pL of metal cations (M"*,10 mg/mL) aqueous solution was added to 1 mL of diluted
colloidal Ag NT solution ( [M™] = 10 ppm, [Ag’] = 38 uM, Absagnts = 0.4), and the
corresponding UV—vis spectra were recorded accordingly. The selectivity for Fe3*, Cr¥* was
confirmed by adding other metal ions to the final concentration of 20 ppm instead of Fe3*, Cr®".

8.4 Results and discussion

8.4.1 Morphological features of Ag NTs and Ag NPLs

As shown in the Figure S1, well dispersed Ag nanospheres (4.3 =1.2 nm) along with
considerable amount of tiny Ag nanoclusters (< 2 nm) were produced at the initial stage through
rapid reduction of AgNOz by NaBH4. The as-prepared Ag seeds with characteristic extinction
peak at 408 nm were aged for at least 3 h in the dark until further usage. Triangular Ag
nanoprisms were subsequently prepared as depicted in the scheme 8.1a, and the planar fcc
structure of Ag NPs is ascertained by HR-TEM, selected area electron diffraction (SAED)
pattern and AFM characterization (Figure 8.1a-c).? The average edge length and thickness of Ag
NTs is estimated to be 97 =19 nm and 10 =2 nm, respectively, as shown in Figure 8.1c-d.

Aside from the seeded growth route, high yield production of Ag nanoplates (NPLs) were also
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attained in the presence of appropriate amount of H202, NaBH4 and SLigS, evidenced by the
observation of overwhelming existence of triangular and disk-like NPLs in Figure 8.1e. It is

noteworthy that the absence of SLigS results in the poor yield as well as broad morphological

Figure 8.1 (a) HRTEM image and (b) SAED pattern of individual Ag nanoprism (c) AFM and
(d) TEM image of Ag NTs prepared through seed mediated method using 30 ul SLigS-Ag seed.
(e) SEM image of Ag NPLs prepared through H20: induced one-pot synthesis in the presence of
0.1 mM AgNOs, 4.9 mM H202, 0.5 mg/ml SLigS and 1.1 mM NaBHa.

distribution of Ag NPs under similar experimental conditions (Figure S2). It is plausible to
surmise SLigS might play a significant role in the controlled synthesis of anisotropic 2D Ag
nanoplates. In view of the fact that the growth mechanism for these two synthetic approaches
differs substantially from one another, further elaboration on the role of SLigS will be divided
into two sections.

8.4.2 Influential factors associated with seeded growth approach toward Ag NTs
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8.4.2.1 Effect of concentration of SLigS

Great advancement has been recently made to extend seeded growth strategy toward
silver nanoprisms in a reproducible manner.?6444° The presence of seed nanocrystals with planar-
twinning allows for the preferential epitaxial deposition of metal atoms thereby realizing the
precise size and shape control.*®4” Our group has demonstrated that PVP, SPSS could be
replaced by biomacromolecules such as peat protein without impairing the yield and quality of
the Ag nanoprisms during the seeded-growth.*® In quest of a generic synthetic approach and
expanded library of shape directing agent, sustainable lignin derivatives were exploited to
regulate the Ag seed formation. Interestingly, only a tiny amount of SLigS (2.3 pg/ml) additive
could exert significant impact on the quality of Ag seeds as well as the final Ag NPs, as
compared with the original synthetic protocol.?® As listed in the Table 8.1, the LSPR band of Ag
seeds keeps invariable regardless of the concentration of SLigS. By taking a close inspection of
the LSPR profile (Figure S3), it is revealed that both the intensity and the full width at the half
maximum (FWHM) of the Ag seeds are similar for the first four entries of Table 8.1. And the as-
prepared Ag NTs featured sharp NIR peaks around 800 nm and well-defined triangular contours
(Table 8.1, Figure 8.2 and S3b). Since a negligible amount of citrate or SLigS are present during
the second step, the face-selective growth of Ag NTs is primarily driven by the innate planar
twinning defects of Ag seeds rather than the adsorbate-induced the suppression of (111). When
excess amount of the SLigS was added (69.1 ug/ml), the LSPR intensity is accentuated (Table
8.1) indicating that less Ag seeds were produced due to the incomplete reduction. Notably, an
apparent trend of Anp blue shift was observed implying that the overdose SLigS (>50 pg/ml) is

not favourable for the growth of Ag NTs.
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Table 8.1 LSPR wavelength and intensity of Ag seeds prepared in the presnece of various
amounts of SLigS (column 2, 3) and Ag NTs prepared using 10 ul corresponding Ag seed
(column 4, 5).

[SLigS] (ug/ml) | Aseed (NM) Intensity  Anp (nM)  Intensity
2.3 400 2.23 839 2.37
1.7 401 2.44 826 2.52
23.0 400 2.34 776 2.75
46.1 401 2.26 762 2.61
69.1 401 1.87 707 2.58
92.2 401 1.76 682 2.34
(a) *° (b) 3

—— Ag seed (SLigS = 7.7 ug/ml)
——Ag NTs (10 ul seed)

&

Absorbance

» ‘ 500nm
400 500 600 700 800 900
Wavelength (nm)

Figure 8.2 (a) UV-Vis spectra of Ag seed prepared in the presence of 7.7 pg/ml SLigS and Ag
NTSs prepared using 10 ul Ag seeds; (b) TEM images of Ag NTs corresponding to Figure 8.2a.

8.4.2.2 Morphology evolution and growth mechanism

The morphological evolution of Ag NTs was monitored by UV-Vis and TEM during the
course of the reaction. A set of experiments was performed under the condition of fixed volume
of SLigS-Ag seeds and various amounts of Ag"™ precursors. The obtained NPs were subsequently
capped by 2 mM citrate to prevent further morphological change. As we ratcheted up [Ag™], a
mounting intensity and gradual red shift of LSPR band were identified (Figure 8.3a). This

dramatic color change (bright yellow — purple) is consonant with morphological evolution from

172



spherical Ag seeds to nanodisks and eventually shape into triangular nanoprisms. Initially, the

size of Ag seed is enlarged due to the lateral growth of the NPs on the high surface energy
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Figure 8.3 (a) UV-Vis spectra of Ag NPs corresponding to different injection volume of 0.5mM
AgNO:s. (b) TEM images of Ag NPs corresponding to the samples in Figure 8.3a-red (c) Figure
8.3a-light blue (d) Figure 8.3a-green (e) Figure 8.3a-dark blue.
facets, (110) and (100). (Figure 8.3b). Consecutive epitaxial growth into small nanoplates
was confirmed by continuous injection of Ag precursors. (Figure 8.3c-e) No further shape
transformation takes place once the intact triangular contour is formed (Figure 8.1c).
Additionally, we observe a large number of tiny Ag nanoclusters at the beginning stage
(Figure 8.3b-d), which vanished in the later stage (Figure 8.3e). Identical experimental
observations have been obtained in the case of protein-aided seeded growth.*® Therefore, the
epitaxial deposition of Ag atom in concert with Ostwald ripening can be used to account
for the growth mechanism?®
8.4.2.3 Effect of SLigS-Ag seed.

The morphology of Ag NPs is strongly dictated by the total number of seeds added

during the growth step. When 10 ul SLigS-stabilized Ag seed was applied, the majority of
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products fall into the category of triangular shape and the mean edge length L was measured to
be 110 23 nm (Figure 8.4b). As the volume of Ag seed increases (30 ul — 50 pl), the resultant
Ag NPs undergoes a progressive shape transition from smaller NTs to the mixture of small round
disks and NTs (Figure 8.4c-d). Since the LSPR band is determined by the aspect ratio as well as
the sharpness of the vertexes,*® it could be conveniently tuned to span a broad spectral range

from visible to NIR region (550-820 nm) (Figure 8.4a).25
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Figure 8.4 (a) UV-Vis spectra of the collodial Ag NTs obtained using different volume of Ag
seed_3 in Figure S3(a). TEM images of selected samples prepared using (b) 10 pl (¢) 30 ul and
(d) 50 ul Ag seed_3.

8.4.3 Mechanistic investigation on the one-pot synthesis of Ag NPLs

H20, has a standard redox potential of 1.763 V and 0.867 V in acidic and alkaline

solution, respectively, therefore has been widely utilized as a powerful oxidant. % In 2005,
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Mirkin’s group proposed the new paradigm for Ag nanoprisms synthesis, in which an aqueous
growth solution containing a mixture of AgNO3/H20./citrate/PVVP were prepared, followed by
the addition of NaBH4 to launch the formation of Ag NTs.?° Follow up research has unravelled
that H202 and citrate are the key reagents in favour of Ag nanoprisms formation, whereas PVP
were found to serve as extra stabilizers to impart the colloidal and morphological stability.3!
8.4.3.1 Effect of concentration of SL.igS.

Yin and colleagues recently identified a set of di- and tri-carboxylate compounds that is
able to direct the lateral growth of Ag nanoprisms.® Inspired by their findings, we are interested
to explore a broad spectrum of renewable compounds as well as more generic green chemical
approaches to this end. As we know the controlled synthesis of anisotropic Ag NPs requires the
fine adjustment of the ratio of metal precursors to stabilizer. Thus various amounts of SLigS was
introduced into the reaction system while keeping the concentration of the other reagents
constant. Unlike in the case of the seeded growth pathway, moderate concentration of SLigS (0.5
mg/ml) is indispensable to reach high yield (Table 8.2, Figure 8.5¢c-d). The observed trend can
be explained by taking into account of dual roles of SLigS. On the one hand, the complexation
between SLigS and AgNOs slow down the reduction Kinetics to avert the undesirable
homogeneous nucleation. On the other hand, SLigS also acted as a ligand to govern the face-
selective growth. Insufficient amount of SLigS (0.1 - 0.2 mg/ml) can not effectively halt the
rapid reduction, evidenced by the small Ag NPs with random shapes are produced (Table 8.2,
Figure 8.5b). Moderate amount of [SLigS] allows for the fine adjustment of reduction kinetics
so that H2O2 could wield its oxidizing power onto the newly formed nanocrystal. As a
consequence, facets with high surface energy faded away while the stable (111) facet survived

during the process. This will in turn direct the preferential atom by atom deposition of elemental
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Ag onto the edge of the Ag nanocrystal seed (Table 8.2, Figure 8.5c-d). Nevertheless,
overabundance of SLigS will dramatically reduce the available Ag atom feedstock and etchant
H>O, is no longer accessible to the passivated Ag surface due to the dense surface
functionalization. As shown in the Table 8.2, a flattened line with a small hump at 850 nm was
observed, which can be assigned to the LSPR of a mixture of large Ag NPLs coupled with tiny

Ag nanoclusters.
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Figure 8.5 (a) UV-Vis spectra of Ag NPs prepared using varied concentration of SLigS: 0.1
mg/ml (black), 0.2 mg/ml (red), 0.35 mg/ml (light blue), 0.5 mg/ml (magenta), 0.75 mg/ml (dark
blue) and 1 mg/ml (green), respectively. TEM images of Ag NPs corresponding to samples
containing (b) 0.2 mg/ml (c) 0.5 mg/ml (d) 0.75 mg/ml SLigS.

A time course UV-Vis study was carried out to probe the growth mechanism of Ag NPLs. An
induction period of 12 min was revealed in Figure S4 without the appearance of conspicuous

LSPR peak in the NIR region. After a close inspection on the extinction profile, a small hump in

the 450 nm - 550 nm region gradually grew, signifying the formation of tiny amount of Ag
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nanospheres and miscellaneous shaped Ag NPs (Figure S4 inset). Then it was followed by a
sharp transition during the period of 13-14 min, intense LSPR peak emerged instantly and
remained unchanged afterwards. Hence, the role of SLigS during the shape evolution can be
elaborated as follows: (i) At the initial stage, the coordination of SLigS with Ag™ hinder the rapid
production of isotropic Ag NPs. (ii) During the induction period, Ag NPs enclosed by (111)
facets are produced after a concert etching and reducing process with the aid of
SLigS/H202/NaBHa. It resembles the conventionally studied PVP/Citrate/H2.02/NaBHa
quaternary system,®! in which the SLigS substitute citrate and PVP and play a dual role as a
stabilizer and surface capping agent. (iii) SLigS might also serve as efficient capping agent to
passivate (111) facets thereby facilitating the overgrowth of Ag NPLS. Eventually, SLigS-
stabilized Ag NPLs with high endurance toward H20- etching exclusively survive and all the rest
of Ag stock were depleted.

Table 8.2 LSPR wavelength and intensity of Ag NTs prepared in the presnece of various
amounts of SLigs.

([rSnI;/?nSI]) e (NmM)  Intensity
0.1 422 0.95
0.2 458 1.04
0.35 652 1.37
0.5 781 1.18
0.75 860 0.45

1 N/A N/A

8.4.3.2 Effect of concentration of H202 and NaBHa4

The concentration of H2O, is of considerable significance to the morphological and
optical properties of resulting Ag NPs. Intermediate concentrations of H202 (3.7 mM — 8.6 mM)
facilitate the Ag NPLs growth by scavenging diverse shaped Ag NPs other than Ag NPLs (Table

8.3, Figure S5). Yet excessive H>O. caused detrimental issues by consuming the well-defined
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Ag NPLs. For instance, the freshly made sample in the presence of 12.3 mM H20. exhibited a
peak located at around 730 nm, which experienced a massive peak shift to 586 nm in less than
one minute (Table 8.3). As shown in Figure S5d, smaller Ag NPLs are surrounded by a large
number of small Ag nanoclusters (NCs). The continuous etching process in line with the
concomitant redeposition of Ag(l) and Ag NCs lead to emergence of irregular Ag NPLs with
broad size distribution Figure S5f. Although moderate up-drift of the aspect ratio was reported
as the [NaBHy,] increased,?*3%38 our experimental results suggested that NaBH4 exerted minor
effects on the LSPR of Ag NPLs once the concentration is controlled within the range of 1 mM -
2.5 mM. AgNO:z can not be fully reduced under the condition of low [NaBH4] (<0.6 mM). When
[NaBH4] is above 5 mM, there is a strong propensity toward homogenous nucleation of
nanospheres, shown as the broad hump in the NIR region and large shoulder (400 nm - 500 nm)
(Figure S6).

Table 8.3 LSPR wavelength and intensity of Ag NTs prepared in the presnece of varopis
amounts of [H202].

[H202] (mM) | Ane (nm)  Intensity
2.5 N/A N/A
3.7 788 0.99
4.9 781 1.18
8.6 652 1.14
12.3 586 1.07
24.6 546 1.05

8.4.3.3 Effect of different types of Lignin derivatives

Further synthesis attempts have been made to replace SLigS with crude lignin, ligno
propionate, and ligno 2-hydroxyl ether (magenta). Despite the low solubility, a trace amount of
soluble lignin derivatives is adequate to assist the formation of high-quality Ag seeds, followed

by the seeded-growth of well-defined Ag NTs (Figure S7a-b). As aforementioned, a modest
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amount of SLigS is required for kinetic control, selective etching and stabilization of (111) facet
during the one-pot synthesis. All three compounds fail to govern the growth of Ag NPLs due to
the limited solubility at neutral pH (Figure S7c, e). Our results demonstrated that the strong
binding affinity to metal NPs is not the sole criterion for the eligible biopolymer stabilizer/shape
directing agent. We postulate that appropriate physicochemical properties including the number
of polar functional groups, surface charge and water solubility are crucial to the controlled
synthesis of Ag nanoprisms. Therefore, a broad library of biomaterials including proteins, lignin
and cellulose derivatives can be harnessed for the bioenabled synthesis of Ag nanoprisms and
other anisotropic noble metal NPs.
8.4.4 Morphological and colloidal stability

It is well recognized that the unprotected Ag NTs are subject to oxidation under ambient
condition. The degradation results in a conspicuous morphological transformation from
triangular to round disk which is concomitant with a blue shift of LSPR band.>**! Enhanced
morphological and colloidal stability can be realized by post-addition of extra amount of capping
agents. As shown in the Figure 8.6a and c, only a marginal peak shift and decline in intensity
was observed for citrate protected-Ag NTs after storage for one month. For Ag NTs prepared
using aged Ag seeds, their LSPR band seems to shift slightly toward lower wavelength (776 —
730 nm), while the intensity remained almost unchanged as compared with their counterparts
using fresh Ag seeds. To our surprise, the intensity increase by 25 % in the case of Ag NPLs
after storage for one month, implying that the presence of SLigS not only stabilize the Ag NPLs

but also facilitate the complete conversion of Ag species during the process (Figure 8.6b, e).
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Figure 8.6 (a) UV-Vis spectra of Ag NTs prepared using 30 ul Ag seed freshly made (black),
stored at r.t in the dark for one month (red) and Ag NTs prepared using 30 pl Ag seed stored for
one month (blue). (b) UV-Vis spectra of Ag NPLs prepared using one pot method (black), stored
at r.t in the dark for one month (red). (¢) TEM images of Ag NTs corresponding to Figure
8.6(a)_red (d) Ag NTs corresponding to Figure 8.6(a)_blue (e) Ag NPLs corresponding to
Figure 8.6(b) red.

Overall, the SLigS/Citrate protected Ag seeds and Ag NTs and Ag NPLs exhibit excellent
colloidal stability and structural integrity after long-term storage. Additionally, the homogenous
SLigS-Ag NTs solutions could be drop-casted onto either glass slide or aluminum foil substrate
to form relatively uniform thin film without the occurrence of severe phase separation (Figure
S8b, e). This hybrid material may potentially be tapped for antibacterial coating, detection and
removal of hazardous dyes and heavy metal ions. 52°3

8.4.5 Molecular interactions between SLigS and Ag(0)/Ag(l) species

Lignosulfonate exhibits intrinsic fluorescence due to the conjugation of carbonyl,

biphenyl, and stilbene groups.>* The SLigS solution was thus titrated by AgNOs; and Ag
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nanospheres to further illustrate the molecular interaction between biopolymer and inorganic
species. Once the Ag(l)/Ag(0) was added, the fluorescence signal of SLigS solution experienced
a gradual drop. This drop could be attributed to the binding between Ag species and functional
groups or the disruption of the conjugated structures by the neighboring Ag ions, both of which
produce a change in the chemical environment of the SLigS. To analyze the quenching of the

fluorescence signal the data was fit using the Stern-VVolmer equation.

F
() = 1+Ks[Q] 1)

Table 8.4 Binding constant derived from Hill equation

AgNOs  Ag nanospheres
Ka (MY | 241 4.04 x 106
n 0.84 2.03

Where Fo and F are the fluorescence intensities in the absence and presence of the
quencher, Ksy is the Stern-Volmer quenching constant, and [Q] is the concentration of the Ag
species. As shown in Figure S9, the shape of the Stern-VVolmer plot is linear for the titration with
Ag(l) and exhibits upward curvature with Ag(0). The upward curvature suggests that the
decrease in the fluorescence signal is not solely due to random collisional interactions or specific
binding events at the multiple accessible sites on SLigS, but a combination, and therefore the
Stern-Volmer relationship is not valid. To further evaluate the equilibrium binding constant and
degree of cooperativity of the complex formation we can use the Hill equation:

Fo

—) = logK, + nloglQ] )

log(

where Fo and F are the same as in Equation 1, K is the binding constant, and the Hill coefficient,
n, indicates the degree of cooperativity in binding. From Figure 8.7a the K, for Ag(0) is much

larger than Ag(l) indicating a stronger binding interaction between the SLigS and the Ag NPs. A
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value of n > 1 for the interaction with Ag NPs, indicates positive cooperativity, whereas n <1 in
the case of quenching by Ag ions implies the complexation between Ag(l)-SLigS may prevent

further binding events due to the steric-hindrance or electrostatic repulsion.>
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Figure 8.7 (a) Double logarithmic plot of fluorescence data from adsorption of Ag(0) or Ag(l) to
SLigS. (Ag stands for the concentration of Ag element) (b) Square wave voltammetry profiles of
aqueous solutions containing (i) 5 mM AgNOz(black), (ii) 5 mM AgNOs and citrate 1 mg/mi
(red) (iii) 5 mM AgNO3 and SLigS 1 mg/ml (blue).

By taking advantage of the complexation between phenolic/ether moieties with Ag ions,
the reduction kinetics of Ag(l) could be readily tuned by adding SLigS. As shown in the Figure
8.7b, the Eu for the Ag*® redox process was found to be 502 mV vs. NHE initially. In the
presence of either SLigS or citrate, the reduction of Ag* became more difficult, as indicated by
the potential shift to more negative value of 0.435 mV and 0.412 mV, respectively. Note that
SLigS bears fewer hydroxyl groups than citrate when the total mass is fixed, and the sulfonate
group is a weaker ligand compared with the carboxylate groups of citrate in terms of binding to
Ag*. Accordingly, the order of Ei is observed as follows: citrate < SLigS < no ligands.
Additionally, slow reduction kinetics were consistent with the longer induction time during the

course of the one-pot synthesis. Computational along with Mass spectrometry studies have

previously demonstrated the relatively strong complexation between citrate with Ag ions and the
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(111) facet of Ag NPs.28% Similarly, coordination of SLigS and Ag(0)/Ag(l) will exert
significant impact on the facet-selective growth of 2D Ag nanostructures.
8.4.6 Colorimetric sensing of oxidative metal cations

Owing to the high extinction coefficient in the visible-light region, functionalized Ag
NPs have been widely used as colorimetric sensing of metal ions based on the aggregation
induced LSPR change.®® Even though this method offers excellent sensitivity and selectivity,
it still suffers several disadvantages such as the poor reproducibility and undesirable interference.
For instance, the drastic LSPR shift is also correlated to the other influential factors such as the
processing of NPs, the pH and the ionic strength of the sample solution. Additionally, the spectra
of aggregated NPs features an ill-defined broad hump restraining their potential applications for
visual assays. Anisotropic Ag NTs possess sharp vertices and intense NIR absorbance located at
approximately 800 nm, and the in-plane dipole LSPR peak of Ag NTs is apt to undergo a
dramatic blue shift as the corner tips are rounded.'® As depicted in the Figure 8.8a, injection of
oxidative metal cations, Fe*', caused a significant LSPR shift which is ascribed to the
preferential etching of the highly reactive sharp tips. A further increase of the [Fe®*'] (10 - 11
ppm) etched the less stable edges rather than the top (111) facets, thereby changing the aspect
ratio. The plate-like structure was severely damaged when a large number of surface Ag atoms
are dissolved in the presence of 14 ppm Fe3*. Although no linear relation between LSPR
wavelength and [Ag NTs] has been revealed, a calibration curve could be plotted for the
quantitatively detection of Fe®" in the range of 0-13 ppm (Figure S10). To test the colorimetric
selectivity of Ag NTs toward Fe®", a series of metal cations (20 ppm) were likewise examined.

No significant peak shift was observed except for AI**, which probably induced an unexpected
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agglomeration, (Figure 8.8b). Thus, the colorimetric response mainly arises from the

degradation of Ag NTs, which is also validated by adding Cr*.
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Figure 8.8 UV-Vis spectra of Ag NTs solution after addition of (a) varied concentration of Fe3*
(b) different kinds of metal cations.

8.5. Conclusions

A new bioenabled synthetic paradigm is provided to synthesize well-defined Ag
nanoprisms in either a one-pot or seeded growth manner. Sodium LignoSulfonate as well as a
series of lignin derivatives were tested as potential stabilizers and shape directing agents. A
variety of influential factors including the SLigS, Ag seeds, HO, and NaBHi were
systematically investigated through integrated spectral and morphological characterization. The
molecular interactions between SLigS and Ag(0)/Ag(l) were confirmed to dictate the reduction
kinetics, the quality of Ag seed, as well as surface passivation of (111) facet. The as-prepared Ag
nanoprisms exhibited excellent colloidal stability and sensitive colorimetric response to the
strong oxidative metal cations such as Fe3* and Cr3*.
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8.8 Supplemental Information
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Figure S1. TEM image of Ag seeds prepared in the presence of 23 pug/ml SLigS
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Figure S2. (a) UV-Vis spectra of Ag seed prepared in the absence of citrate (seed_1) or in the
absence of SLigS (seed_2). (b) UV-Vis of Ag NPs prepared using corresponding seed. (c,d)
TEM images of Ag NPs prepared using seed_1 and seed_2, respectively.
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Figure S3. (a) UV-Vis spectra of Ag seeds prepared in the presence of 2.3 ug/ml (black), 7.7
pg/ml (red), 23.0 pg/ml (light blue), 46.1 pg/ml (magenta), 69.1 pg/ml (green), 92.2 pg/ml SLigS
(b) TEM images of Ag NTs prepared using Figure S3a seed_4.
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Figure S4. Time-course UV-Vis spectra for one pot synthesis of Ag NPLs.
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Figure S5. (a) UV-Vis spectra of Ag NPs prepared using varied concentration of H.Oz2: 2.5 mM
(black), 3.7 mM (red), 4.9 mM (light blue), 8.6 mM (magenta), 12.3 mM (green) and 24.6 mM
(dark blue), respectively. TEM image of Ag NPs corresponding to (b)Figure S5a-black
(c)Figure S5a-red (d)Figure S5a-magenta (e)Figure S5a-green and (f) Figure S5a-dark blue.
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Figure S6. UV-Vis spectra of Ag NPs prepared using various amounts of NaBH4
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Figure S7. (a) UV-Vis spectra of Ag seed prepared using 4 different lignin derivatives: SLigS
(black), Lignin (red), Ligno propionate (blue) and Ligno 2-hydroxyl ether (magenta) (b) UV-Vis
spectra of Ag NTs prepared using 30 ul corresponding Ag seeds. (¢) UV-Vis spectra of Ag NTs
prepared usign one-pot method in the presence of varied kinds of lignin derivatives (0.5 mg/ml):
SLigS (black), Lignin (red), Ligno propionate (blue) and Ligno 2-hydroxyl ether (magenta). (d,e)
TEM images of Ag NPs corresponding to Figure S7b_red line and Figure 7c_red line,
respectively.

Figure S8. Opitcal microscopic image of Ag NTs/SLigS nanocomposite film prepared by drop
casting of 50 ul aqueous solutions cotaining (a) 2 mg/ml SLigS (b) 2 mg/ml SLigS and 2 mg/ml
Ag NTs on glass microscope slide.
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Figure S9. Stern-VVolmer plot of fluorescence data resulting from adsorption of Ag(0) or Ag(l) to
SLigS. (Ag stands for the concentration of Ag element.)
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Figure S10. LSPR shift of Ag NTs vs. concentration of Fe**

T —— !
0 2 4 6 8 10 12

Concentration of Fe* (ppm)

192



Chapter 9. Overall Conclusions

Utilization of anisotropic plasmonic noble metallic nanoparticles (APMNSs) in biomedical
applications relies on the development of green synthetic methods to produce stable NPs with
high morphological control. We demonstrate that biological Good’s buffers, such as MOPS and
HEPES, can be utilized as mild reducing agents for the controlled synthesis of gold nanostars
(Au NSTs) and gold nanoprisms. In a biomineralization-mimicry system containing HAUClIs,,
MOPS and CTPR protein, the morphology and optical properties of as-synthesized Au NPs are
determined by both the [HAuUCI4]/[CTPR] ratio and the CTPR shape. Further fluorescence
quenching and heteronuclear 2D NMR studies reveal that the complexation between CTPR3 and
Au(lll) are dependent upon multiple factors including ionic strength and the residue identities.
Whereas, the Au NPs were found to preferentially bind to the negatively charged face of the
protein. The better understanding of protein-ion and protein-NP interactions enable rational
deign of proteins for biomimetic synthesis of metallic NPs.

In the search for green chemical routes toward the synthesis of APMNSs, attempts have
been made to incorporate biomimetic synthesis into the seeded-growth process. In an elegant
example shown in Chapter 5, CTPR proteins are utilized as potent stabilizers to facilitate the
formation of planar-twinned Ag seeds, which is followed by the high-yield production of
nanoprisms Ag nanoprisms in a subsequent step. Since only a negligible amount of CTPR is
involved in the growth step, the triangular shape of the final products is predominantly dictated
by the unique crystal structure of the seeds. Time-course TEM and UV-Vis observations imply
that the growth mechanism can be interpreted by the combination of facet selective lateral

growth and thermodynamically driven Ostwald ripening. Additionally, an expanded library
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encompassing sustainable biomaterials like lignin- and cellulose- derivatives has also been
identified to facilitate the controlled growth of Ag nanoprisms.

Furthermore, a novel seed-mediated biomineralization method has been developed to
prepare gold nanotriangles (Au NTs) with tunable edge length at ambient conditions. Over 80%
of the total number of NPs falls into the category of planar Au NTs after purification by salt-
triggered selective sedimentation. In sharp contrast to the conventional CTAB/CTAC-assisted
protocols, the seed-mediated biomineralization has the potential to provide unprecedented
control over NP size and shape while maintaining biocompatibility requirements. It is noted that
CTPR and NaBr cooperatively engaged in the kinetics control as well as the selective
suppression of the low-index (111) facet. The well-defined morphologies, tailored plasmonic
absorbance from visible-light to the near infrared (NIR) region, colloidal stability and
biocompatibility are attributed to the synergistic action of CTPR, halide ions (Br’), and CTPR-
stabilized Ag seeds.

Admittedly, remarkable progress has been witnessed in the areas of biomimetic synthesis
and biomineralization of APMNs. The current trend of studies in this area are still focusing on
the specific case study, which lacks the universal principles that can be applied to different
circumstances. In additional to that, only very limited types of nanostructures including the
nanoplates, nanowires, branched and dendritic NPs are produced in high yield through
bioenabled approaches. The further advancement of this field hinges on the collaborative
contributions from multidisciplinary studies. As shown previously, the quantitative analysis of
NP populations relies mainly upon the electron microscopic characterization, which lacks of
potent data processing tools to distinguish different shapes. Recently, a computational method

has been reported to algorithmically analyze the microscopic images which enables the structural
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quantification of heterogeneous nanostructure populations. By introducing a shape-specific
parameter, d(0) (the distance from the edge of the particle to its center as a function of angle), a
mixture of NPs containing multiple unique shapes could be readily differentiated.! Our research
group is attempting to employ similar data processing software to characterize the morphology
of NP populations in a more precise manner. Although we have demonstrated that biosustainable
materials with specific physicochemical properties can serve as efficient stabilizers and crystal
growth modifiers, the profound understanding of the roles of biomolecules and the rational
design of biomimetic systems are still highly demanded to bridge the broad gap between
bioenabled synthesis and traditional colloidal synthesis. Collaborative research project has been
initiated to pinpoint the fundamental interactions between APMNs and self-assembled
monolayers (SAMs) under the conditions analogous to the biomineralization environment. And
preliminary results have shown the binding affinity between Au NPs and SAMs are closely
correlated to the morphology of NPs, the concentration of biological buffers, the end groups of
SAMs as well as the smoothness of the substrate. Further exploration is underway with the aid of

integrated quartz crystal microbalance (QCM) and microscopic studies.
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