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ABSTRACT

Nobel metal nanoparticles possess unique materials properties different from
their corresponding bulk materials, which have sparked extensive research
developments in the field of nanofabrication over the past few decades. In
particular, the rational design of plasmonic nanoparticles (“artificial atoms”) is
emerging as an exciting route for engineering material properties with high
accuracy. Synthetic advances enable the sophisticated control over their size,
shape, composition, and morphology, which has led to a wide spectrum of
applications including miniaturized optical and electronic device, sensors and
photonic circuits, and medical diagnostics and therapeutics. It is expected that
the ability to assemble these elementary plasmonic nanoparticle building blocks
into well-defined assemblies such as “artificial molecules”, “artificial polymers” or
“superacrystals” will further impact the way materials are synthesized and
devices are fabricated. Despite the encouraging progresses in synthesizing

metallic nanoparticles, it is still far from the capability of constructing any arbitrary

nanostructures in a well-controlled manner.

This thesis is dedicated to synthesis and characterisation of a few novel
plasmonic nanostructures including hairy plasmonic nanorods, hairy bacteria,
nanoparticle pyramids, etc. | have also thoroughly investigated the soft DNA

corona structures via small angle neutron scattering (SANS) for the first time.

Soft organic ligand plays a critical role in synthesis and assembly of plasmonic
nanopatrticles. In chapter 3, SANS was used to investigate soft ligand corona
structures using DNA-capped nanoparticles as the model system. Two 15mer
DNA strands with palindromic sequence and poly(dT) sequence under high
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number density packing on gold nanoparticle surfaces, the influence of ionic
strength and temperature on DNA corona structures and resultant hybridization
has been investigated. Poly(dT) sequences were found to maintain globular
corona structures across a range of ionic strengths and temperatures but the
corona thickness decreased with increasing salt concentration and increased
with increasing temperature. In contrast, palindromic sequenced DNA had
globular corona structures in the absence of salt but quickly evolved into dimeric
and multimeric structures under high ionic strength or under low annealing
temperatures. The structural insights revealed by SANS can help us better
understand how DNA controls nanopatrticle interaction, which in further guide the
design of tailor-made DNA corona structures for customizable designer materials

and devices.

In the chapter 4, synthesis and characterization of a new metal nanoarchitecture,
hairy gold nanorods (HGNRS), are described. HGNRs were obtained by a seed-
mediated growth of nanowires on gold nanorod templates. The hairy nanowires
could be obtained in a wider range of ratios of gold precursor to ligand than that
reported on solid surfaces or silica beads in the literature. The HGNRs have the
unique soft ‘hairs’ and rigid ‘core’, allowing for the fabrication of patches with
controllable percolation conductivity networks. The soft conducting patches
could be used as elastic strain sensors with high stretchability and durability.
Remarkably, this nanotemplated approach appears to be general. We found that
E. coli bacteria could be employed as the template as well, leading to generation

of ‘hairy plasmonic bacteria’ for the first time.
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In chapter 5, a combined top-down and bottom-up approach is developed to
fabricate structurally well-defined nanoparticle pyramids. The top-down
fabricated silicon pyramid well arrays are used as the template to confine self-
assembly of pre-synthesized gold nanoparticles. Three types of monodisperse
nanoparticles, nanospheres, octahedron, romboic dodecahedron, are used as
elementary building blocks. For all the three type of nanoparticles, well-defined
pyramids could be successfully constructed. The plasmonic properties of these
pyramids were thoroughly investigated by micro-UV-visible spectroscopy and
dark field spectroscopy. These novel plasmonic pyramids show highly tunable

Surface Enhanced Raman Scattering (SERS) enhancements.
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Chapter 1

Over the past decades, nanotechnology has become an exciting forefront
research field. Nanotechnology is an interdisciplinary field that focuses on
fabrication, manipulating, and characterizing materials having at least one spatial
dimension between 1 and 100 nm. When size down to the sub-100 nm length
scale, all substances become active in a completely different way than their bulk
counterparts [1-3]. The optical, mechanical, chemical, magnetic and electronic
properties can be systematically tuned by adjusting the size, shape, composition,
and arrangement of nanomaterials [4-6]. These exciting change of properties

offer the opportunity to rebuild a brand new materials.

In these changed properties, the optical property of noble metal nanopatrticles is
the subject of one of the most investigated themes in science with an
exponentially increasing number of publications. However, the use of
nanoparticles, especially optically active noble metal nanoparticles such as silver
and gold, long predates the concept of the nanoscale. Two examples of the early
use of nanomaterials are the Lycurgus Cup and medieval stained glass windows.
Due to their optical properties in the visible range, they show attractive colors.
The Lycurgus Cup is a Roman glass cage cup from the fourth century AD. One
of the very unusual features of the cup is its color. When lit from the outside it
appears green, lit from within it glows red. The secret of the dichroic effect is
achieved by making the glass with tiny proportions of gold and silver
nanoparticles "dispersed" in colloidal form throughout the glass material [7].
Similarly, the vivid red and yellow colors of the stained glass used for windows

in medieval cathedrals contain gold and silver nanopatrticles, respectively.
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Actually, the metal nanoparticles are formed by the reduction of metallic ions in
the glass forming process. It was Michael Faraday in 1857 who first described
the scientific strategy of production colloidal gold solution which he called "a
beautiful ruby fluid" and demonstrated the variation of solution colors with the
size of the gold nanoparticles [8]. Base on Faraday’s original findings, later works
show that the solutions colors of gold and silver nanopatrticles are due to a
phenomenon known as localized surface plasmon resonance (LSPR). This
phenomenon could be explained by Maxwell's equations that not be extracted.
In 1908, Gustav Mie rationalized this phenomenon by providing an analytical
solution to Maxwell’s equations that describes the extinction spectra (extinction
= scattering + absorption) of spherical particles with any size. Many experimental
observations could be explained by Mie theory [9]. When a nanoscale metallic
nanoparticle is irradiated by light, the oscillating electric field causes the

conduction band electrons to oscillate coherently.

This plasmonic resonance has a strong dependence on the geometry and size
of the metal nanoparticles, direct surrounding medium, as well as the presence
of neighbouring nanoparticles [10-12]. Hence, variation of these parameters
allow facile tunability of optical properties in unprecedented ways, opening up
numerous potential for a wide range of exciting applications that bring plasmonic

nanopatrticles to the forefront of research and development.

Rationally design of nanopatrticles is emerging as exciting route for engineering
material structures at nanoscale dimensions. Substantial progress has been
made in the past two decades in the synthesis of nanoparticles. Nanofabrication

is the methods and processes of generating nanostructure with minimum
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dimensions lower than 100 nm [13]. This technology involves nearly every aspect
of nanomaterial research and development of their use for complex
multifunctional devices with a wide spectrum of applications including
miniaturized optical [14] and electronic devices [15, 16], sensors [17] and
photonic circuits [18], and medical diagnostics and therapeutics [19, 20].
Generally, the construction of nanomaterials can be divided into two major
categories: “top-down and bottom up” fabrication according to the process
involved in creating nanoscale structures [13]. Despite the encouraging
progresses in synthesizing metallic nanopatrticles [21, 22], it is still far from the
capability of constructing any arbitrary nanostructures in a well-controlled
manner due to limitation of control motions and organize matter with nanometer

precision. My contribution to this exciting field can be summarised as following:

e Revealing soft DNA corona structures via small angle neutron scattering
(SANS) for the first time;
e Development of a general nanotemplating approach to synthesise

plasmonic hairy nanorods and plasmonic hairy bacteria;

e Development of a combined top-down and bottom-up strategy to fabricate
plasmonic nanoparticle pyramids.

In this thesis, following this introduction, an elaborate literature review on the
optical properties of plasmonic nanoparticles, methodology of synthesising and
functionalised plasmonic nanoparticle, as well as self-assembly nanopatrticles
will be presented in Chapter 2. Chapter 3 concerns itself with theoretical studies
on DNA-capped gold nanoparticle by Small Angle Neutron Scattering. Chapter
4 presents the experiential methodology of hairy gold micro/nanostructure. The
morphological and plasmonic properties of these nanostructures will be
thoroughly characterized. Chapter 5 demonstrates templated self-assembly of
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nanoparticle pyramidal arrays as Surface Enhancement Raman Scattering

substrates. Finally, Chapter 6 summarizes the overall conclusion and envisions

some of the future challenges in the field of fabrication of plasmonic

nanostructures.
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Chapter 2

Due to the unique properties of nanoparticles that different from their
corresponding bulk counterparts, there has been increasing research efforts in
the development of nanoparticle fabrication. The first part of this literature review
provides a summary of optical property of plasmonic nanoparticle and the use of
this property in Surface Enhanced Raman Scattering (SERS). Synthesis of
plasmonic nanoparticle using both top down and bottom up methodology for
improved morphology and property are also reviewed. Furthermore, this chapter
summarizes the recent studies in different categories of functional agents for
nanopatrticle stabilization and application. An extensive review of DNA capped
gold nanoparticle and its special properties is included as well. The last part of
this literature review outlines the fabrication of nanoparticles assembly, which is
a new direction of nanotechnology development. Although many nanopatrticles
had been synthesised and found a wide range of applications, this review
identified a number of issues associated with nanopatrticle synthesis and their

performance.

2.1  Plasmonic Nanoparticles

Rational design of nanoparticles (“artificial atoms”[4]) is emerging as an exciting
route for engineering material structures at nanoscopic dimensions. Such
nanoparticles are provided for well-defined morphologies with high accuracy and
unprecedented properties different from their bulk counterparts. Substantial
progress has been made in the past two decades in the synthesis of
nanoparticles (particularly, plasmonic nanoparticles, quantum dots, and
magnetic nanoparticles, etc.). All of those nanoparticles constitute alibrary at the
nanoscale with a sufficient degree of control over the size, shape, composition,

and morphology, which has led to a wide spectrum of applications including

33



Chapter 2

miniaturized optical[14] and electronic devices[15, 16], sensors[17] and photonic
circuits[18], and medical diagnostics and therapeutics[19, 20]. It is expected that
the ability to assemble these elementary nanoparticles into well-defined
assemblies (“artificial molecules” [23, 24], “artificial polymers” [25, 26],
“superacrystals” [27-32]) will further impact the way materials are synthesized
and devices are fabricated. Among all the building-blocks, plasmonic
nanoparticles are generating much enthusiasm for their unique optical

properties, facile surface chemistry, and appropriate size scale.

2.1.1 The Optical Property of Plasmonic Nanopatrticles

The optical property of metal materials can be characterized by the Dude model
function, which describes how materials interact with electromagnetic radiation.
The Dude model assumes that metals consist of a free electron gas known as
plasma that moves within the positively charged ion cores. In metal materials,
the dielectric function € (w) can be describes as:

W (1)
w?+ilw

where w is frequency, I' is the plasmon damping in the metal, w, is the plasma
oscillation frequency of the free electron gas, which can be calculated by the

electronic density ne of the metal,

2 (2)

where ne is the density of electrons, e is the electric charge, me is the effective

electron mass and ¢ is the permittivity of vacuum.
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A quantum of plasma oscillation is plasmon in the excitation of the light. Plasmon
generated by the metal material, at the surface or in the nanostructures would
behave different optical properties. Plasmon are collective oscillation of
conduction band electron in response to light, which formed at the metal surface.
This surface-bound electromagnetic wave is known as a surface plasmon. The
surface plasmon propagates at the interface between the metal and dielectric.

The energy of surface plasmon wave is always smaller than energy of bulk

. w
plasmon and the plasmon frequency is wg, = sz The surface plasmon cannot

simply be achieved by illuminating a metal surface with light passing through; it

needs to be excited under frequency and the wave vector. The wave vector Ks,

R (3)
P ¢ |egtem

where ¢, is the dielectric function of the metal, ¢4 is the dielectric surrounding.

is derived by

The surface plasmon resonance (Frohlich frequency) peak that gives rise to the

color of the spherical NP is observed when g, = —2¢,.

Under external electromagnetic field, free electrons in metal nanostructures
create a collective oscillation restricted by the boundaries of the nanostructure.
These oscillations are known as localized surface plasmon[33] (Figure 2.1).
Since localized surface plasmon do not carry any momentum, only the energy
needs to be matched in order to excite the electrons that mean that free photons
can be used for excitation and no momentum matching is needed. Consequently,
exploration of localized surface plasmon can be done by rather simple optical

equipment.
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Electric field

Metal sphere

Figure 2.1 Electron delocalization. A surface plasmon is characterized as a

surface charge density wave at a metal surface. © (2007) Annual Reviews.

A fascinating aspect of plasmonic nanoparticles is that their optical properties
are strongly affected by structural parameters such as size, shape, material
composition and the surrounding dielectric environment[10, 11]. The origin of
surface plasmon resonance come from the coherent collective oscillations of
conduction electrons upon interaction with incident light (an electromagnetic
radiation)[34]. The simplest metal nanostructure is single spherical
nanoparticles. Gustav Mie was the first to develop theoretical understanding of
SPR of metal nanoparticles, which can predict the plasmonic properties of
spherical metallic nanoparticles as a function of size and dielectric environments
[9]. According to Mie theory, the extinction cross-section, Cey, for the scattering

of a metallic nanosphere is given by[4]:

3

R, 72 &,(@,R) (4)

a
c ,R)=12
e (O R) T o R)+ 26, T + £ R)

where R is the radius, c is the speed of light, €, is the dielectric constant of the
surrounding medium (assumed to be frequency-independent), w is the frequency
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and g(w, R) = g1(w, R) + igz(w, R), such that €1(w, R) and igx(w, R) are the real

and complex parts of the material dielectric constant, respectively.

Evidently, from this equation, size and dielectric properties of both the material
and environment are the factors that determine plasmonic signatures of spherical
metal nanoparticles. Based on this insight, tuning the size of corresponding
nanoparticles is one feasible way to engineer the position and strength of
plasmonic resonance bands[35]. The Mie theory is a simple and efficient model
to describe the optical response of sphere nanoparticles. But this theory does
not conclude the condition that when the nanoparticles size over since the
electrons do not undergo a homogenous electric field. Inhomogeneous electric
field causes a dephasing of the conduction electrons and a retardation of the
dipolar field. The retardation effect decreasing excitation energy results in a red
shift of the plasmon resonance spectrum for larger nanoparticles. What is more,
particle size getting larger follow with broadens of plasmon band and reduces

the intensity.

The shape of the nanoparticles also strongly affects spectral position of the
plasmon resonance. Spherical nanoparticles with high symmetry only possess
one dipolar resonance, but when the shape is modified and the particles become
more asymmetric, multiple dipolar modes can arise which makes the optical
response more complex (Figure 2.2) [36]. The dipolar resonance not only
depends on the aspect ratio of nanoparticles but also on the actual size of
nanoparticles. Nanorods belonging elongated type nanoparticles display both a
transverse and a longitudinal localized surface plasmon mode that shows two

distinct plasmon resonance peaks at different spectral positions. Several other
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geometrical features in addition to elongation, affects the plasmon frequency.
More complex geometry structure of nanoparticles can result in red shift of the
optical response. Especially, the nanopatrticles containing the sharper edges and
tips produce significant red shift, which is caused by high surface charge density
localized at the particles edges and tips. Thus, the optical response of particles
originates from the plasmonic response and lighting rod effect at the sharp area
of particles. When metal nanoparticles dispersed in a dielectric medium, the
repulsive force of nanoparticles reduces by the screening from the medium. So
when the plamonic energy decreases, the spectrum wavelength shifts. This shift
applies in the sensing by measuring the dielectric function of the nanoparticles

surrounding.
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Figure 2.2 Gold nanopatrticles — absorption of various sizes and shapes. © (2005)

Royal Society of Chemistry
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Plasmonic resonance frequencies has the following properties, which can use

as a general qualitative design principle,

e Plasmonic resonance frequencies of spherical nanopatrticles red-shift with
increasing peak intensities as particle size increases;

e The resonance frequencies of non-spherical particles red-shift with
increasing corner sharpness and particle anisotropy, and the intensity of
the resonance peak increases if charges separate with mirror symmetry;

e Theresonance modes increases with the number of ways that the particle

can be polarized.

Those general properties of plasmonic nanoparticles are extremely useful to

designing desired plasmonic nanostructures for various applications.

The optical response from nanopatrticles of different shape, size, and material
can be modelled by various numerical methods in both the near- and far- field
regions. Computational simulation techniques are important for increasing the
knowledge of the physics behind plasmonics and verifying and explaining
experimentally results. Computational methods were pioneered by Purcell and
Pennypacker using the discrete dipole approximation (DDA) to simulate complex

structures, but this did not widely apply until 20 years ago[37]. DDA calculations

are based on an array of polarizable dipolar elements considered as point
dipoles. This simulation is solutions of the electric field in response to an incident
electric field. The polarization of each dipole element caused by the interaction
with the local electromagnetic field produced by all other dipole elements plus
the external electric field. Later, the new methods rapid gain progress in

understanding and control of the response of small metal particles to light, such
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as finite difference in the time domain method (FDTD) and the boundary element
method (BEM). FDTD method relies on solving Maxwell’s curl equations in a
three-dimensional cubic lattice over time. The optical properties of the material
are defined in each cell and the electric and magnetic fields are calculated at a
given instant of time. FDTD enables simulation of the optical properties of
arbitrary geometries nanoparticles, such as gold nanostars. FDTD method
requires a larger parametrization volume, which has to contain outside region of
the particles where both incident and reflected fields are allowed to propagate.
On the positive view, the computational demand of FDTD grows only linearly with

the number of parametrization points.

2.1.2 Plasmonic Coupling

The intensity of electromagnetic field surrounding a single metal nanoparticles is
limited; by tuning the particles shape with more edges and tips is a way to
increase the filed intensity. There is enhancement up to 10 times at the nearly
field close to single metal particles. An effective strategy to further increase the
near field is close distance between interparticles. The coulomb interaction of
sufficiently closed particles between caused coupling effect that the surface

charge densities of interparticles significantly increased to 100 time or more.

Substantial research efforts have sought to understand interparticle plasmonic
coupling using spherical-shaped nanoparticles as a model system[38]. In
general, plasmonic coupling does not occur until the edge-to-edge interparticle
spacing is less than 2.5 times the particle diameter (that is, the separation-to-
diameter ratio, vy, is less than 2.5). Near-field coupling between neighbouring

particles results in enhanced electric fields that are confined to small regions

40



Chapter 2

between nanoparticles, but it decays quickly with increasing distance. For
spherical particles, this typically results in a redshift of the single-particle
resonant peak, which decays exponentially with increasing interparticle spacing
until the spectrum approaches that of a single particle(Figure 2.3)[39]. EISayed
and co-workers proposed a universal relationship between the exponential
decay of the spectral shift with respect to interparticle separation[40]. This

relationship is described by the following empirical equation:

AL 0.18exp[— (s/D)
7 0.23

®)

]

where AN, is fractional plasmon shift and s/D is the separation-to-diameter

ratio.
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Figure 2.3 (a) Schematic of the coupling regimes in particle dimers. (b) Scattering
coefficient of a set of sphere dimers of radius 40 nm separated by a distance d.
The incident light is polarized along the axis of the dimer. © (2010) TAYLOR &

FRANCIS GROUP LLC

Accordingly, size and shape are the most important parameters among above
mentioned points that influence plasmonic properties, and controlling these two
parameters is normally sufficient to produce the plasmonic properties required
for a given application. Based on all these fundamental theory, the qualitative
properties for plasmonic nanoparticles can be summarized as follows[4]. Firstly,
the resonance frequencies red-shift and peak intensities increase with increasing
diameter of sphere particle; Secondly, for non-spherical particles, the resonance
frequencies red-shift with increasing corner sharpness and particle anisotropy,
and the intensity of the resonance peak increases if charges separate with mirror
symmetry; Finally, the number of resonance peaks increases with the number of
ways that the particle can be polarized. Those properties can be further
combined with other theoretical predictions and used as guiding line for grouping

nanopatrticles into well-defined assemblies.

2.1.3 Plasmonic Application in SERS Sensing

In term of plasmonic applications, it is critical to select a metal material that offer
a strong surface plasmon at the desired resonance wavelength and good stability
in ambient condition[41]. For the former request, dielectric function of a metal
must own a negative real part, €, and small value of the imaginary part, €; of the
dielectric function. Particularly, gold and silver show the higher quality factor

across most of the spectrum from 300 to 1200nm [42]. Gold and silver are the
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most promising, and the most widely used plasmonics materials. One

disadvantages of silver is not as stable as gold when exposed to air.

Metal Nanoparticle applied in surface enhanced Raman spectroscopy (SRES)
for sensing have taken advantage of facile tunability and plasmonic coupling.
SERS is a Raman Spectroscopic technique that provides greatly enhanced
Raman signal from Raman-active analyte molecules that have been adsorbed
onto certain specially prepared metal surfaces [43]. The Raman molecules are
easily attached on the nanopatrticles surface and the light intensity can be
significantly amplified to 10%-108. This enhancement sufficiently enhanced the
sensitivity and even Raman signals large enough to enable single-molecule

detection.

There are two mechanisms for Raman signal enhancement. The first mechanism
is electromagnetic enhancement which dependent on the presence of the metal
nanostructure, the nanoparticles concentrate the resonance between the surface
Plasmon of the nanostructure and the excitation and scattered fields in Raman
process. Another mechanism is chemical enhancement, when a molecule is
places on nanostructure, the excited Plasmon resonances in the nanostructures
lead to strongly enhanced scattering signals from the molecules [44-46]. Total
enhancement factors obtained in SERS can reach 14 orders of magnitude which
electromagnetic enhancement plays a key role in the enhancement, and single
molecule enable detected [47-49]. One of the most remarkable study of SERS
focus on the order plasmonic arrays to generate more hot spots to enhance the

Raman signal [50, 51].
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The reproducibility and sensitivity of SERS detection could be improved by using
novel plasmonic nanoparticles. In a different approach, Lim et al. applied gap-
tailorable gold-silver core-shell nanodumbbells (GSNDs) for SERS detection
of DNA [52]. In this demonstration, a large gold nanoparticle was functionalized
with Raman-active Cys3 dye-tagged DNA with sequences complementary to half
of the target DNA; a small gold nanoparticle was functionalized with DNA with
sequences complementary to other half of the target DNA. Thus, in the presence
of DNA targets, a dimeric structure was formed, which was followed by silver
coating for signal enhancement [52]. The significance of this work is that it offers
a high-yield synthetic method to produce highly reproducible plasmonic
nanostructures for SERS based detection. Due to the signals coming from the
single plasmonic nanostructures, this method could be potentially used to detect
the single molecules. It was observed that the calculated enhancement factor for

the GSND was 2.7x10'2, which is large enough for single-molecular detection.

2.2  Fabrication of Plasmonic Nanopatrticles

Nanofabrication is the methods and processes of generating nanostructure with
minimum dimensions lower than 100nm[13]. This technology involves nearly
every aspect of nanomaterial research and development of their use for complex
multifunctional devices with tremendous application including medicine, sensing,
electronics and energy etc. Particularly, the plasmonic nanofabrication shows
the unprecedented growth of theoretical knowledge and understanding of their
specific characteristics related to various nanostructure, particular application
and engineered nanomaterial into multifunctional devices. Correspondingly, the

need of nanofabrication techniques approaches are developing with respect to
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large scale, commercial fabrication, atomic precision control desired structure

and the property of mechanical, optical, electronic [53-55].

Generally, the construction of nanomaterial can be divided into two major
categories (Figure 2.4): “top-down and bottom up” fabrication according to the
process involved in creating nanoscale structures[13]. Top-down fabrication
corresponds to utility lithography tool in order to produce a material from larger
scale to nanoscale structure with desired features. Whereas, the bottom-up
fabrication is novel method for programing of atoms, molecules, and other small
components into nanostructure[56]. The major aim of fabrication is development
techniques for the controlled fabrication of complex and multicomponent
nanomaterial that is needed for advanced functional applications. In this part of
review, the developed technology of top-down fabrication and bottom-up
fabrication will be described, their advantages and shortages will be also

systematically point out as well.
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Figure 2.4 The fabrication approach of top-down and bottom-up. © (2001).

ROYAL ACADEMY OF ENGINEERING.

2.2.1 Top-Down Fabrication

The benefits of this engineering approach enable to produce very regular, well-
defined structures. It can produce plasmonic nanostructure with highly
controllable size, shape and spacing between nanopatrticles[13]. What is more,
it enables the fabrication of patterned substrate with tuneable plasmonic property
which applied widely in the SERS sensing[57]. Top down method is frequently
used for making objects out of stable engineering materials and applied for the
fabrication of microstructures in the semiconductor industry. However, it has
problems building complex three-dimensional structures, the high cost is also

another problem needed to be considered.

Two main strategies of lithography exist: parallel and serial patterning. The
parallel pattern fabricate the whole patterned in one mask, while, the serial
patterning method generate individual features. Parallel patterning methods are
high throughput and an inexpensive alternative. However, the resolutions of this
strategy is low caused by the mask related issues and intrinsic limitations of the
radiation source. Comparing with parallel patterning strategy, serial patterning
methods yield the very high resolutions, although the writing process is slow and

the high cost [58].

There are four main steps of pattern transferred into the underlying substrate: (1)
etching: the substrate is firstly coated with a sacrificial layer and a resist layer,
into which the pattern is generated by lithography. The exposed areas of the

sacrificial layer are etched and the resist removed in a processes generally
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referred to as lift-off, generating recessed features. (2) re-growth: the areas
unprotected by the resist are regrown and the resist is removed, generating
elevated structures. (3) Doping: the substrate areas exposed through the resist
are chemically modified through doping by diffusion or implantation and the resist
removed, generating a flat structure. (4) lift-off: metal is deposited into the holes
of the resist generated by lithography and the resistis removed, yielding elevated

features[59].

Lithography technique generate pattern on a thin polymer film that resist or
sensitive to various of radiation, such as photo, electrons or X-rays electrons,
ions, and neutral atoms[13]. Although different expose radiation sources used in
various method of lithography, the basic mechanism and general process is
similar. The detail information various method of lithography will be reviewed in

the flowing paragraphs.

2.2.1.1 Photolithography

Photolithography is the most widely used technique in the semiconductor
industry, which using a radiation source with wavelength in the visible spectrum,
so it is also called optical lithography. The basic process of photolithography
concludes (Figure2.5) [60] : first, a semiconductor wafers substrate is coated with
photoresist material that is an organic, light-sensitive film. Depending on the
chemical nature of the resist material, the photoresist has two types: positive and
negative type. After the substrate is exposed to light through the mask, for
positive resists material, underlying material is to be removed in the developing
solutions and the exposed regions are dissolved; In contrast, in the case of a

negative resist material, the unexposed areas are etched away in the developing
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solutions and this leads to the production of a negative tone image of the shadow

mask[61].
/ Photoresist
Si/ Quartz
Write with
scanning beam
(or)

Mask and
expose to light

Develop

photoresist
— =

Si/ Quartz

Deposit
Dry etch metal film
— =
|:| ’:| Si/ Quartz
Si/ Quartz
l Electroplate metal
1 Remove )
photoresist Si/ Quartz
— S l Separate
Si/ Quartz

Figure 2.5 Schematic illustration of the fabrication process of topographically
patterned surfaces semiconductor wafers substrate by conventional

photolithography and electroplating. © (2005) American Chemical Society.
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Although conventional photolithography are technical simplicity and parallel
processing, it is restricted by the limited resolution which reaches 1 ym using
light of 400 nm [61, 62]. The low resolution of fabrication is resulted in the
diffraction limit of the light used. To achieve a better resolution, the first vital

parameter is lens numerical aperture, defined in Equation (6)

Ny =nsin® (6)
where n is the refractive index of the medium through which the light travels and

B0 is the angle of light collected at the focal point [61].

From the Rayleigh criterion, the relation of the minimum distance and N can be
given by Equation (7)

A 7
Lmin = kN_A ( )
where Lnin is the minimum feature line width, A is the radiated light wavelength
and k is dimensionless scaling factor, which depend on the resist material,

process technology and image formation technique[63].

From the above equation, the feature resolution can be improved by either using
a short light wavelength or increasing Na[64]. The former improvement example
is UV lithography that developed in the semiconductor industry, and the extreme
ultraviolet (EUV) lithography is used as light source, generating the feature sizes
blew 30nm[65]. Another improvement is immersion lithography, in which the
space between the lens and the substrate is immersed in medium with a relative
higher refractive index to gain smaller feature size. The principle of immersion
lithography is well known and widely used in biology for microscopy imaging. The

development of photo lithography is progressed via the improvement of leis
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design with low aberration levels and with the advance in process focus control
during the chip fabrication. Feature sizes of pattern below 30 nm have been
produced with EUV lithography. These techniques are considered as the next
generation optical lithography strategies because the instrument is not easily

accessible and with tremendous fabrication cost.

2.2.1.2 Scanning Beam Lithography

Scanning beam lithography is a serial patterning process with similar stamps with
conventional lithography technique. In this technique, beam scans over the
substrate to write desired patterns into the resist. Three main categories exist:
scanned laser beam (~ 250 nm resolution); focused electron beam (EBL) system
(sub 20 nm resolution) and focused ion beam (FIB) system (sub 50 nm
resolution)[66]. Surface of substrate beam scanned coat with a resist changing
the polymer solubility depending on the charges. A commonly used resist is poly
(methyl methacrylate) (PMMA) that commonly used as a positive resist, but also

can be used as negative resists.

By reducing the diameter of the beam is achieved high resolution. However, the
disadvantage of high resolution is the requirement of long writing time to
generate enough exposure for modify the resist. The type of resist also affect the
resolution. The resist requires a high energy does yields high resolutions [58].
The resolution and clarity of features can be improved by developing the resist
in a cold solution. A high electron does decrease the writing time and also ensure

the bottom of the trenches are clean after exposure.

2.2.1.3 Soft Lithography
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Soft lithography as an alternative of photolithography using soft mould. Three-
dimensional structures can be obtained by this technique. The mechanism of soft
lithography is transfer a pattern from an elastomeric stamp to a surface.
Elastomer is common choose poly (dimethysiloxane) (PDMS) or silicon rubber.
The stamp is prepared by pouring PDMS or silicon rubber into a master mould
with desired pattern, and then cured, peeled off, substrate acquired with pattern.
Several different techniques exist in soft lithography: microcontact printing,
replica molding, Microtransfer Molding, Micromolding in Capillaries and solvent-

assisted micromolding [67].

This type of lithography has many benefits, such as simple, low-cost and no
diffraction limitations. The stamp can be recycled used generation of patterns. A
large scale pattern is obtained in one operation and the flexible stamp allows the
mould to be fitted on any curve surface[68]. However, there are still many
disadvantages of soft lithography technique. The chance of distortion of the
elastomeric stamp would increase due to the deformation of the elastomer, which
results in the reproducibility decrease and cannot be competent the industry
requirement. The quality and precision of this techniques is still not advanced to
match the needed for the sophisticated electronic devices. Soft lithography still

need more improvement to require the fabrication processes[67].

2.2.1.4 Nanoimprint

Nanoimprint is a similar technique with soft-lithography, and use a hard mould to
transfer the nanoscale pattern to polymer film. This technique can produce
features with size around 10 nm. The process of nanoimprint is following:

thermoplastic polymer deposited on the surface of substrate and heated over
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transition temperature. Then the mould with pattern is pressed against the
substrate facing the polymer fill into the mould. After the temperature of polymer
down and solidified, the mould removed. If any polymer left in the feature areas
it is removed with wet or dry etching. The benefits of nanoimprint technique are
a parallel process and high resolution. The main problem in nanoimprinting is the
lift ime of mould. Under the stress of mould result in easy damage during the
print cycles. Nanoimprint and soft lithography are both belong to non-

conventional lithography techniques and face many challenges.

2.2.2 Bottom-Up Fabrication

An alternative approach of fabrication has emerged, ‘bottom-up’
nanotechnology, to build up complex entities by using the self-assembling
properties of molecular systems. This is more like a chemical or biological
approach, also called wet chemical technique. It provides potential to fabricate
complex 3-D structures cheaply and in large quantities. However, this fabrication

method has disadvantages of irregularity and repeatability.

High-quality metallic nanoparticles with tailorable plasmonic signatures have
been synthesized through bottom up fabrication [69]. Careful optimization of
synthesis conditions allows rational control over nanoparticle sizes and
morphologies[70]. Figure 2.6 highlights the substantial progress in the synthesis
of metallic nanoparticles as a periodic table of ‘artificial atoms’[4]. Each row
exhibits a different level of dimensionality and complexity, ranging from spherical
and rod-like shapes, two-dimensional (2D) polygonal shapes, three-dimensional

(3D) polyhedral shapes, to branched structures and more complex structures. In

52



Chapter 2

each row, the geometric order of the structures (in terms of aspect ratio, number

of sides and facets, or number of branches) increases from left to right.

. 1 - Nanosphere
2 - Hollow nanosphere
Spherical
3 - Nanobar 7 - Nanobelt
/ Rod-like 4 - Nanorod 8 — Nanowires
5 - Nanobone 9 - Hollow nanorod
/ 6 - Nanobeam

10 - Triangle 14 - Truncated triangle
11 - Square 15 - Disc

20 polygonal 12 - Pentagon 16 - Nanoring
13 - Hexagon

17 - Tetrahedron 21 - Icosahedron
18 - Cube 22 - Rhombicuboctahedron
3D polyhedral 19 - Decahedron 23 - Hollow nanocage
20 - Octahedron
J < 24 - Monopod 27 -Tetrapod
f Branched 25 - Bipod 28 - Star-shaped
| ? E 26 - Tripod 29 - Octapod
30 - Nanopyramid 34 - Nanotree
31 - Nanoclover 35 - Dendrite
Complex 32 - Nanosnowflake 36 - Nanocrescent
33 - Nanothorn
y 37 - Nanoshell (ring) 41 - Nanocage
o f e . ( Hailaw st 38 - Porous triangles 42 - Nanoskeleton
- i 'l QuoWsICtures 39 - Nanoshell (cubic) 43 - Nanobox
"} £ - 40 - Truncated octahedron
37 38 39 4 42 43

Figure 2.6 A ‘periodic table’ of plasmonic atoms showed various geometrical
parameters of plasmonic nanoparticles. © (2011) Rights Managed by Nature

Publishing Group.

As a model building-block, gold nanosphere represents thermodynamically
lowest energy state due to the highest surface-to-volume ratio among all shapes.
Chemical reduction of gold chloride was firstly conducted by using sodium
borohydride and sodium citrate, producing particles with size range of 2~10 and
12~100 nm, respectively[71]. It is clearly demonstrated that the size variation of
gold nanoparticles by the citrate reduction can be tuneable by simply varying the
concentration of sodium citrate (Figure 2.7) [71]. Gold nanoparticles were grown
through a fast nucleation process followed by a diffusion controlled growth [72].

Thus, the size and size distribution of nanoparticles are controlled in a way
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similar to the Lamar model, which is known as “focusing of size distribution” in
the field of nonaqueous solution synthesis of nanocrystals under elevated
temperatures[73]. In this synthesis approach, the temperature of reaction
depends on the reaction kinetics and oxidation potential, so the temperature
plays a key role in the nanoparticles formation. The citrate capped gold
nanoparticle enable to the further surface functionalization with proteins, DNA
and other biomolecules. However, the citrate capped nanoparticles are sensitive

to pH, ionic strength and easily to form aggregation.

Na,Ct:HAuCI,=0.7:1 Na,Ct:HAuCI,=2.0:1 Na,Ct:HAUCI,=3.5:1
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b 4 0 1 20
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Figure 2.7 (a—e) TEM images and (f) summary of the average sizes of gold
nanoparticles synthesized in different NazCt/HAuCl, precursor ratios. © (1973).

Rights Managed by Nature Publishing Group.

However, such citrate method can only produce quality particles up to ~50 nm
in diameter, or it will be polydispersed and non-spherical. The synthesis

of anisotropic nanoparticles can be achieve by control the growth on
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specific crystal facets. In an alternative way, seed-mediated growth
method improved the quality[74]. Firstly, relatively small gold
nanoparticles (AuNPs, ~5 nm) were prepared as seeds. Then, larger
particles further grow in mild reducing agent. The kinds of capping agents
in the further growth solution bind to specific facets of seed, the growth
rate reduced at these facts, leading to the growth of nanoparticles into
certain geometries. Thus, the shape and size of particles are dependant
on the types of agent, concentration of agent and the reaction conditions.
The common capping agent in the seed-growth approach is
cetyltrimethylammonium bromide (CTAB). This approach successfully
restricted the size distribution (~10-15 %) of the resulted products, but a
substantial secondary population of smaller nanopatrticles is formed apart
from growth of the seeds. This could be overcome with an agent capable
of selectively reducing gold only when in proximity to particle seeds. In a
typical method, hydroquinone is used as reducing agent and improved
monodispersity and shape consistency in the 50-175 nm size range[75].
Furthermore, large nanoparticles with diameters of >200 nm can also be
fabricated, which has developed the synthesized AuNPs into a greater

size range and better size and shape dispersion.

Similarly, anisotropic AUNPs such as gold nanorods (AuNRS) is also fabricated

through ligand-limiting nucleation and growth process [69, 70]. Seed-mediated

growth represents the most efficient and reproducible approach to synthesize

monodispersed AuNRs with the adjustable size, shape, and aspect ratio[76]. It

was found that the crystalline structures of the seeds and the presence/absence
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of AgNOQOs influence the nucleation and growth. Owing to the high yield (~99%),

preparation of AUNRSs from single-crystal seeds has received most attraction[77].

Except nanorods, there are other three main groups of anisotropic nanopatrticle:
platonic, nanoplates and branched. Platonic nanoparticles include five shapes of
nanoparticles: tetrahedral, hexahedra, octahedral, dodecahedra and icosahedra.
The final shape of nanopatrticles can be tuneable by the surfactant or reductant.
These nanoparticles are conducted by seed-mediated method with either
nanosphere or nanorods as seed to further growth. Due to the sharp corners of
triangular and hexagonal nanoparticles, they are interesting in application of
surface enhanced Raman scattering (SERS). Synthesis of triangular shaped
gold nanoprisms is gradually been well developed, which could be further used
as seed particles for larger triangular shaped gold nanoprisms[78]. The final
nanoparticles structure is controlled by the reactants in the growth solution. The
synthesis of branched nanoparticles is similar with nanoplates, which can be
achieved by adjusting the reductant ratio or changing capping agent to form a

more complex structure with numbers of sharp tips.

2.3  Plasmonic Nanoparticle Functionalization

In order to enhance the nanoparticles stability and convert them to widely
application, they typically need to be modified with some organic materials that
can provide them with a desired functionality [79]. When one particles is at close
proximity to another, nanoparticles are attracted to each other by van der Walls
forces, which results in the nanoparticle aggregate. Modified molecules on the
nanoparticles surface counteract the attractive van der Waals forces to promote

the stability. According to the material of ligand, the particle functional groups
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can be divided into four categories, chemical functional groups, polymer,
biomolecules and fluorescent dyes and others. This part aims to review different
strategies of surface modification and functionalization of nanoparticles with a

special focus on the conjugate of DNA capped gold nanoparticles.

2.3.1. Chemical Functional Groups

At present, the most popular colloidal gold nanoparticles synthesis protocols is
the citrate reduction of HAuUCI, [80]. Citrate is reported to play two major roles
during this synthesis: one is the reducing agent that reduced Au (lll) to Au (0)
[71], and another is a protecting agent, controlling the growth of the nanoparticles
and preventing their aggregation [81]. The synthesised gold nanoparticles are
capped by an electric double layer, consisting of citrate and chloride anions and
cations attracted to the chloride ions, which results in an electrostatic repulsion
between the particles. Further, it is also found that the concentration of citrate
can control the size distribution of gold nanoparticles[82]. The size of gold
nanoparticles is tuneable in the citrate reduction by varying the initial molar ratio
between sodium citrate and gold precursor. The nucleation ratio of gold
nanoparticles increased when the concentration of sodium citrate increased,
provided that the precursor concentration was fixed. The moderately citrate
capped gold nanoparticle enable to the further surface functionalization with
proteins, DNA and other biomolecules. However, the citrate capped

nanoparticles are sensitive to pH, ionic strength and easily to form aggregation.

Another commonly used capping agent in the synthesis of noble metal
nanoparticles is CTAB that form a bilayer wrapping on each metal nanoparticles.

The inner layer is the head groups of CTAB molecules, binding to the surfaces
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of gold nanoparticles, thus leave the hydrophobic tails into water environment.
The van der Waals force cause the CTAB to form a head-out counter-layer in
solution. The bilayer of CTAB leads to a net positive charge on the CTAB-coated
nanoparticle surface, which is crucial for the stability of nanoparticles in aqueous
solution. If the CTAB is removed from solution, the nanopatrticle would aggregate
[83]. Theratio of CTAB to nanorod concentration determines stability, rather than
the CTAB concentration. So the critical concentration of CTAB preventing
aggregation depends on the nanorod size [84]. However, the major disadvantage
of CTAB as capping agent is that it bind strongly to the nanoparticles surface,
which results in the hard functional other capping agents. CTAB is highly
cytotoxic, the nanoparticles need to be reduced the cytotoxicity and increased

the biocompatibility for bioapplicaitons.

2.3.2. Polymer

Polymer used as a stable ligand of gold nanoparticles was first reported by
Helcher in 1718. The polymer is soluble in a number of organic polar and apolar
solvents, as well as in water where it is heavily hydrated, forming random coils
with diameters much larger than proteins of the corresponding molecular weight.
Owing to its simple structure and chemical stability, it is a prototype of an inert,
biocompatible polymer. Polymer commonly used for stabilization include poly
(ethylene glycol) (PEG) [85-87], poly (nvinylpyrrolidone) (PVP) [88, 89], poly (4-
vinylpyridine) [90, 91], poly(vinyl alcohol) (PVA) [92, 93], poly(vinyl methyl ether)
(PVME) [94, 95], polyethyleneimine (PEI) [96, 97], poly(diallyl
dimethylammonium chloride) (PDDA) [98, 99], poly(methyl methacrylate)

(PMMA) [100, 101] and poly(N-isopropylacrylamide) (PNIPam) [102, 103].
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There are three approaches widely used for capping polymer on gold
nanoparticles[104]. First, “grafting to” approach is thiol-terminated polymer used
to synthesis gold nanoparticles and generally produces a sparser coverage [105,
106]. Second, particles synthesis can already be carried out in the presence of
polymer[107, 108]. This approach obtains a high dense polymer brush. Third,
“Post-modification of pre-formed gold nanoparticles”[109, 110]. In this method,
gold nanoparticles are generated in the first stage through conventional
methods, followed by the exchange or modification with polymers. Fourth,
physisorption on gold nanoparticles by block copolymer micelles, water-soluble

polymers, or star block copolymers [111, 112].

PEG is a linear polymer consisting of repeated units of —CH,—CH,—O- and the
number of units is dependant on the molecular weight. The non-toxic and
inertness properties of PEG give rise to a number of applications in
medicine[113], chemistry[114, 115] or biotechnology[116]. PEG-modified
particles exhibits remarkable resistance against nonspecific protein
adsorption[117], much lower toxicity[118, 119], and longer in vivo circulation time
in blood[120]. PEG chain is a hydrophilic polymer with high flexibility, and could
assemble into dese palisades of tethered chains to achieve unique properties.
When bound to surfaces [121], PEG is against other molecules by steric effects;
the incoming molecule is not attracted by electrostatic force and cannot
penetrate the hydrated PEG layer. This results in inert hydrophilic surfaces with
less ‘stickiness’. The biocompatibility of PEG was result from the dense outer
surface, which enables the micelle with a concealment character in the blood

compartment, achieving a long circulation.
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PVP is an organic polymer. In the molecular structure of PVP, the polyvinyl
backbone serves as a tail group (hydrophobic) whereas the pyrrolidone group
serves as a head group (hydrophilic). Thus, PVP molecules exhibit an
amphiphilic feature. The head groups of PVP can interact with surfaces of Au
and Ag nanoparticles whereas tail groups can tune the distances among
adsorbed head groups. As a result, the surface coverage of Au or Ag

nanoparticles can be well controlled by PVP molecules.

2.3.3. Biomolecules

Bioapplications of gold nanopatrticles are widely spread due to easy synthesis,
optical plasmonic properties and very good oxidation resistance. The
biomolecules owns complex structure and different composition and size, which
essential differ from nanoparticles. Biomolecules used conjugate with
nanoparticles including biotin, lipids, peptides, proteins, enzymes, DNA and
RNA. There are four strategies of modified biomolecules on the nanoparticles.
First, binding to the surface of metal nanoparticles by chemisorption like thiol
group. Second, via electrostatic adsorption of negatively charged nanoparticles
to the positively charged biomolecules. Third, covalent binding by

chemistry[122]. Fourth, non-covalent, affinity-based receptor-ligand systems.

Biotin is a small molecule containing one free carboxylic group, and could
modified with groups, such as —NH, or —NHS, which covalently bound to the
nanoparticle surface by conjugation chemistry[122, 123] or binding to the
nanoparticles according to the connected ligands[124]. In this kind of conjugate,
the properties focus on the solubility and charge of biotin molecule rather than

the biological functionality of biotin.
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DNA is a unique genetic material which virtually exists in almost all known living
organisms and viruses. A DNA strand contains a phosphate-deoxyribose
backbone and four types of bases: adenine (A), thymine (T), cytosine (C) and
guanine (G). The programmability of DNA molecules origins from highly-specific
Watson-Crick base-pairing interactions, namely A binds to T by forming two
hydrogen bonds and C binds to G by forming three hydrogen bonds. Thus, when
two DNA strands have complementary sequences, a duplex with a helix structure
will form under right conditions. This process is reversible, double stranded DNA
(dsDNA) can be denatured into two single-stranded DNA (ssDNA) typically by
heating or exposure to high pH. Because G-C pairing is stronger than A-T
pairing, dsDNA with more G-C pairings are more stable against heating and
pH[125]. Structurally, dsDNA has a width of about 2 nm, with a base separation

of 0.34 nm and helical periodicity of 3.5 nm per turn.

Beyond its traditional role in biology as genetic information carrier, DNA is
emerging as a unique building material at the nanoscale. This led to the birth of
DNA nanotechnology. SSDNA is very flexible with a persistence length of 0.7 nm,
however, dsDNA has a persistence length of about 50 nm. Thus, the rigidity and
flexibility of DNA can be easily tailored[126]. Programmable structure design can
be performed by control the rigidity and flexibility by a combination of sSDNA and
dsDNA. For example, the rigid dsDNA can be linked by relatively flexible ssSDNA
strands to form stable motifs. DNA can be made even more rigid by forming
double-crossover (DX) tiles[127, 128], triplecrossover (TX) tiles[129], and
paranemic-crossover (PX) tiles[130]. Indeed, structural DNA design has been

established with aid of computer program. In particular, ‘DNA origami’ [131] can
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be designed by folding hundreds of short staple strands into almost arbitrary

microscale topological 2D and 3D shapes[132].

Apart from the structural design, a rich toolkits are available for precise
manipulation and modification of DNA. For example, replication of DNA can be
achieved via the polymerase chain reaction, an amplification technology that
exponentially increases the amount of a specific DNA sequence. DNA strands
can be cut at desire sites by using endonucleases function and exonucleases
function. By using other enzymes, covalent connection, elongation and

degradation of DNA can all be achieved.

Combination of novel properties of nanomaterials and unique properties of DNA
provides an exciting route to design multifunctional self-assembled materials for
various applications[133]. This requires precise synthetic strategy to make DNA-
nanoparticle conjugates as well as development of highly-ordered assemblies.

Various approaches synthesis DNA-capped nanoparticles.

Synthesis of DNA-capped nanoparticles dates back to the pioneering work
reported by Alivisatos and Mirkin in 1996. However, the fundamental synthesis
methods for the basic building blocks are notably different: the former focus on
mono-DNA conjugate, whereas the later focus on multi-DNA conjugate. As
reported by Alivisatos and co-workers, the assembly of spatially defined dimer
and trimer structures was mainly conducted by mono-conjugation with careful
rational design and substantial purification techniques [23]. In this method,
sulphydryl terminated ssDNA was coupled with an excess of monomaleimido
functionalized gold nanoparticles. Although mono-conjugates can be produced

in this process, the yield is generally very low (<30%). Further purification of the
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DNA-AuUNPs conjugates by gel electrophoresis or HPLC is required. Hence, the
mobility of DNA-AUNPs conjugates was thoroughly studied by analysing critical
role of the surface charge of nanoparticles[134]. It was found that the properties
of particle dominated the electrophoretic mobility, and well-defined conjugates
(1-5 DNA ligands per nanoparticle) can be achieved by gel electrophoresis [135].
In addition, the length of DNA stand and size of nanoparticles can also affect

mobility.

Multiple DNA strands could be attached to specific sites on nanoparticle
surfaces, leading to the formation of site-specific DNA-nanoparticle conjugates.
Such conjugates are more likely to be used as functional building blocks to
construct anisotropic nano-assemblies such as satellite, cat paw, and dendrimer-
like heterostructures. In one example, the asymmetric DNA-AuUNPS conjugation
was achieved by using magnetic microparticles as geometric restriction
templates[136]. In this method, the microparticle facilitated the separation and
purification of the anisotropically functionalized nanoparticles. In addition, site-
specific DNA-nanoparticle conjugates can also be formed by utilizing a solid
support with a stepwise surface-encoding strategy[137]. This method proved
higher efficiency and vyield of dimers than the conventional solution-based
reactions. Through repeated assembly and disassembly at surface, well-defined
dimer clusters and Janus nanoparticles could be generated remarkably high

yields (70-83%).

DNA strands can also be attached in a site-specific manner to gold nanorods.
For the original gold nanorods, cetyltrimethylammonium bromide (CTAB)

molecules is preferentially bound on the sides rather than to the ends of the
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nanorods[138]. Consequently, thiolated DNA are more likely to attach exclusively
to the ends of nanorods where CTAB concentrations are low. Apart from the
mono-conjugation and site-specific conjugation, multiple DNA strands can be
covalently attached to a single nanopatrticle, which can be termed as multi-DNA
conjugates. The synthesis of multi-DNA conjugates require rational design the
DNA sequences, ligand density, ionic strength, and hybridization temperatures

[139].

2.3.4. Fluorescent Dyes and Others

Apart from the above mentioned functionalization, nanoparticles have also been
functionalized with other groups, like fluorescent dyes. This fluorescent modified
conjugates used for energy transfer and labelling of non-fluorescent particles.
Normally, the fluorescent dyes quenched by the gold nanoparticles via resonant
energy and/or electron transfer processes[140]. The quenching is resulted from
not only by an increased non-radiative rate but by a sharp decrease in the dye’s
radiative rate. The change of the radiative and non-radiative molecular decay
rates with distance is determined using time-resolved photoluminescence
spectroscopy. Remarkably, the distance dependent quantum efficiency is almost

exclusively governed by the radiative rate. [141].

2.4  Self-Assembly of Plamonic Nanoparticles

The plasmonic property of nanoparticles can be controlled by the achievement
of tuning the size and shape of nanoparticles. The precise and order
arrangement of nanoparticles is a new attention field to exploit interesting and
potentially useful plasmonic coupling properties. In the particular case of gold

nanoparticles, assembles display collective plasmon resonances resulting from
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plasmon coupling that gives rise to intense and highly localized electromagnetic
fields. It is expected that the ability to assemble these elementary nanoparticles
into well-defined assemblies such as “artificial molecules”, “artificial polymers” or
“supercrystals” will further impact the way materials are synthesized and devices
are fabricated. This part focuses on the gold nanopatrticle assembly because the
gold nanopatrticles own the many benefits, such as high chemical stability, facile
surface functionalization and available kinds of shape. The following review is

according to the assembly strategies divided by the types of functionalised

nanoparticles to cause the nanoparticle assembly.

2.4.1 Chemical Directed Self-Assembly

Chemically directed assembly is the most common and powerful strategy for the
nanoparticles assembly. The surface modified building block with the specific
ability to govern the balance of repulsive and attractive force between
interparticles. So the assemblies would be more complexities and with more
functions and flexibilities. The functionalized molecules can not only be used as
surface stabilizer of nanoparticles, but also introduce anisotropy, directionality

and complexity to the system.

The interaction force including repulsive and attractive forces enable to the
building block to close enough to packing in the self-assembly process. Attractive
force driving the nanoparticles assembly include electrostatic attraction,
hydrogen or covalent bonding, depletion force or dipole-dipole interaction. The
noble nanoparticle surface modified with small molecules with opposite charges
formed of binary supercrystals of AuUNPs and AgNPs (Figure 2.8) [142]. The size

of two particles is similar around 5 nm. AuNPs surface modified with negatively
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charged 11-mercaptoundecanoic acid (MUA) and AgNPs surface modified with
positively charged Tetramethylammonium chloride (TMA). After two kinds of
opposite charges nanoparticles mixed together, non-dense packing and
diamond-like sphalerite supercrystals were formed and in which each
nanoparticles surround by four another kind particles. Supercrystals were
assembly by screening charge of electrostatic between two kinds of opposite
particles. An extension of this method is that assembled charged nanoparticles
act as the surfactants, and adsorbed onto the crystals’ surface to form

microcrystals[143].

Figure 2.8 (a) Scheme and average dimensions (in nm) of AuMUA and AgTMA
nanoparticles used as the model system. (b) Large-area SEM image of binary
crystals obtained from AuMUA/AgTMA precipitates. © (2006) American

Association for the Advancement of Science.

The interparticles repulsive force can be controlled by modulating ambient
conditions, such as the solvent polarity, temperature and pH. In this case, the
nanoparticles assembly can be achieved by modification with polymer and
reversible hydrogen bonding between polymer and gold nanopatrticles. The gold
nanoparticles are fully functionalised with triphenylenes that is a class of organic
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molecules and can form liquid crystals. The gold nanoparticles the self-
assembled structure could be controlled either form spaced hexagonal or on-
dimensional nanochain just by altering the ratio of methanol to toluene in the
solvent[144]. Hydrophobic effects can be used to produce one-dimensional
arrays and two dimensional superlattices. Gold nanoparticles are coated with
amphiphilic block copolymers, in a mixture of water/tetrahydrofuran, amphiphilic
gold nanoparticles assembled into various superstructures, including
unimolecular micelles, clusters and vesicles, depending on the lengths of

polymer tethers and the sizes of gold nanoparticle cores [145].

2.4.2 DNA Direct Assembly

2.4.2.1 Assemblies through DNA Hybridization

Highly-specific Watson-Crick base-paring forces allow for programming
materials synthesis at the nanoscale. Mono-DNA-conjugated nanopatrticles have
opened a powerful pathway to heterodimeric and heterotrimeric
nanostructures[146]. By carefully designing of the complementary ssDNA
sequences, the relative spatial arrangement of AuNPs could be controlled
through Watson-Crick base-pairing interactions. The product was generally

needed to be purified using gel electrophoresis to improve the yield.

Multi-component nanoassemblies could also be constructed by the hybridization
strategy. For example, high-yield fabrication for ultra-sensitive SERS-active Au-
Ag core-shell nanodumbbells was obtained, and the interparticle spacing were
able to be controlled [147]. In conjunction with polymerase chain reaction (PCR),

structurally complex assemblies could be obtained by adjusting the density of
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primer DNA molecules on the nanoparticle surface and the number of PCR

cycles [148].

Multi-DNA conjugated nanoparticles can be used to construct three-dimensional
super-assemblies [30, 31]. The DNA sequences substantially affected the
crystallization process, leading to different lattice structures including face-
centred-cubic or body-centred-cubic crystal structures as revealed by
Synchrotron-based small angle X-ray scattering (SAXS). This clearly indicates
synthetically programmable colloidal crystallization is possible. Temperature
programming played a critical role in forming highly-ordered 3D assemblies and
the crystalline assemblies formed reversibly during heating and cooling cycles
as revealed by SAXS studies. Furthermore, basic design rules were formulated
in guiding the design of DNA-programmed nanoparticle assembly, which can
predict crystallographic symmetry, and interparticle distances [149, 150].
Remarkably, by applying hollow DNA nanostructures as 3D spacer, voids could
be selectively placed into a lattice structure. This led to a diverse lattice structures
such as AB2 type, simple hexagonal, graphite type, AB6 type, ‘lattice X' [151].

This includes the lattice not existing in nature.

Due to the structural plasticity of DNA and the reversibility of their conjugations,
a distance-dependent plasmonic response[152], and in situ conformational
changes using molecular stimuli could be achieved[153]. Specifically,
controllable switching of interparticle distances (in the range of 15-25%) can be
realized by using a reconfigurable DNA device that acts as an interparticle

linkage[24].
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Besides the synthetically tuneable length and programmable properties of DNA,
the shapes of nanoparticle also strongly influenced the crystallization of DNA-
capped nanoparticles. By using anisotropic building blocks, multi-dimensional
assemblies including 1D lamellar assemblies of gold nanoprisms, 2D assemblies
of vertical-aligned gold nanorods and 3D crystals of gold rhombic dodecahedra
can be constructed[29]. These structures were not observed with spherical
particles, which provides fundamental insights into shape-dependent DNA
hybridization effects on the superlattice dimensionality, crystallographic

symmetry and phase behaviour.

2.4.2.2 Assemblies through Dry-DNA-Ligand Mediation

Using Watson-Crick base pairing to program materials synthesis is a major
research activity. However, the use of DNA strands can go beyond specific
hybridization. In a different route, DNA has been used in a drying-mediated self-
assembly process to guide the assembly of free-standing monolayered DNA-
nanoparticle superlattice membranes (Figure 2.9)[154]. Such free-standing
structures have not been achieved with base-pairing-based strategy. This
process involved the spatial confinement of a holey substrate fabricated by top-
down lithography and highly-ordered nanoparticle arrays formed under unusually
low ionic strength without the requirement of specific Watson-Crick base-pairing.
Compared to alkyl ligands, molecular lengths of DNA ligands can be controlled
over a much large size regime, enabling tailoring of both structural (inter-particle
spacing) and functional properties (plasmonic and mechanical) over a wide
window. Remarkably, these plasmonic coupling properties were not easily
achieved with base-pairing-based strategy in which particle-to-particle spacing

is generally too large and ordered domains are limited to small area.
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Figure 2.9 DNA as entropic ligands in drying-mediated self-assembly. © (2009)

Rights Managed by Nature Publishing Group.

Dry DNA ligand-based approach can be combined with top-down lithography to
obtain nanoscale structures with micrometer-sized moulds [155]. In addition, this
combined top-down and bottom-up strategy is able to rationally control over the
local nucleation and growth of the nanoparticle superlattices, leading to a
versatile structures with high degrees of internal order, such as single particle-
width corrals, single particle-thickness microdiscs and submicrometre-sized
‘supra-crystals’. Notably, these patterned superlattices can be addressed by
micropatterned electrode arrays, suggesting potential applications in bottom-up

nanodevices.

Different from the base-pairing forces driving the crystallization of DNA-capped
nanopatrticles, the drying-mediated crystallization of DNA-capped nanoparticles

is entropy driven [32]. During water evaporation, the forces exerted on the DNA
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corona gradually increase and resulted in a smooth and uniform deformation of
the DNA corona. By synchrotron-based SAXS, a general entropic spring model
for the drying-mediated crystallization of DNA-capped nanoparticles was
established. In addition, the crystallization time in the soft-crystallization process
is programmable by taking advantage of the fine and wide tunability of DNA
length. In an extended fundamental study, the crystalline Gibbs monolayers of
DNA-capped nanopatrticle were found to form at the air/water interface[156]. The
spatial crystallization was characterized by grazing-incidence SAXS in specific
configurations, and predicted the interparticle spacing programmability by

adjusting both ionic strength and DNA sequence length.

2.4.2.3 Assemblies through DNA Template

The emerging structural DNA nanotechnology provides a rich toolkit on
synthesizing rigid DNA structures, such as DNA tiles/frames, and origami, which
can be used to template the assembly of nanoparticles. Generally speaking, the
design is based on the following two steps: (1) design the DNA tiles/origami with
capture strands at predetermined locations; (2) hybridization of DNA-capped
nanoparticles with capture strands at the designed sites[157]. As an example,
3D tubular assemblies of gold nanoparticles including stacked rings, single
spirals, double spirals, and nested spiral tubes have been achieved with DNA
tile-templated self-assembly[158]. The different conformations of tubular
structure and chiralities could be controlled by size-dependent steric repulsions
among nanoparticles. Four different DNA double-crossover tiles have been used
to template the DNA-modified nanoparticles into closely packed rows with
precisely defined regular inter-row spacing [159]. By using the similar method,

2D periodic pattern and rhombic lattice arrangement were realized[160].
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By carful sequence design of DNA geometries, various nonlinear structures
could form and were used to control the placement of nanopatrticles. In particular,
pyramidal plasmonic assemblies were reported [161], in which the tetrahedral
symmetry of DNA pyramids enabled the formation of chiral nanostructures with
four different sized nanoparticle at each tip. Gel electrophoresis purification was
used to separate the pyramids and further confirmed by transmission electron

microscope (TEM).

Unlike interweaving various DNA chains into a rigid scaffold, dynamic DNA
templates can be created with functional single-stranded and cyclic form[162].
This template guided the selective attachment of mono-DNA conjugated
nanoparticles with different diameters on the complementary arms of DNA
templates. Interestingly, post-assembly named ‘write/erase’ method is shown by
selectively removing one particle from triangles of three AUNPs clusters, followed

by replacement of another nanoparticles onto the specific site.

By using DNA origami folding technique[132] or rationally designed DNA
geometries[163], more complex nanostructures could be obtained. DNA origami
has attracted much attention to the field of DNA nanotechnology since the
landmark work established by Rothemund[131]. Different from the conventional
crossover strategy that using single building blocks to construct larger structures
in a ‘two-step’ process, DNA origami provides a versatile and simple ‘one-pot’
method to create fully addressable DNA nanostructures by using short staple
DNA strands to fold a single-stranded genomic DNA into geometrically desired
nanopatterns[157]. Multiple clusters and Ag-Au heterodimers have been

obtained by DNA origami templated assembly [157]. More complex structures
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such as helical plasmonic assemblies could be obtained from origami method.
Apart from symmetrical spheres, positioning of gold nanorods was also achieved

forming discrete, well-ordered assemblies.

The assembly property of DNA-capped nanoparticles could be combined with
top-down lithography. The versatile method for integrating top-down lithography
with bottom-up DNA-programmed self-assembly is a potential future
nanofabrication strategy for plasmonic circuitry, data storage, diagnostic assays,
and optoelectronics[155]. Various lithographic techniques are proved to be
efficient in patterning and depositing plasmonic nanocrystals on DNA-
functionalized surfaces [51, 156-158], also including patterning of DNA tiles and
origami as templates to guide the assembly of plasmonic nanocrystals. In a
typical method, repeated patterning of large-area arrays of ssDNA-capped gold
nanoparticle was achieved by a soft-lithographic subtraction printing
process[159]. Spatially ordered 2D arrays were constructed by large-area
patterning of DNA-capped nanoparticles through the site-selective deposition of
triangular DNA origami onto lithographically patterned substrates[160]. Precise
binding of AUNPs to each DNA structure was achieved and formed macroscopic
arrays with characteristic length scales ranging from a few to several hundreds
of nanometers. In addition, different patterns, such as multiple triangles with
alternating left and right orientations, was also formed and suggested a new way

to rationally create not just periodic arrays but complex networks[161].

2.4.3 Template Assisted Self-Assembly
The above introduced strategies are based on the bottom up techniques. The

primary limitation of bottom up methods is precisely control the nanoparticles
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position on a surface at the nanoscale. This issue can be managed by the
combination of the top down fabrication techniques. The combination can
magnify the advantages of these two techniques and reach the high level of

fabrication control.

Top-down strategy can fabricate the template with defined geometrical structure.
The template with geometrical structure has the ability to confine the
nanoparticles precisely into uniform aggregates with well-controlled sizes,
shapes, and structures. When colloidal particles dewet from a surface that had
been patterned with appropriate structures, the particles are trapped by the
recessed regions and assembled into aggregates whose structures were depend
on the geometric confinement provided by the templates. Single gold particles
are selectively assembled by lithographically defined template according to
nanoparticles shape and size, over several micrometers, using microcontact
printing to transfer the particle monolayer onto a substrate of interest. What is
more, templates allow to immobilize dimers control over particle orientation
within pair structures by capillary force [162]. Another example is assembled
monodispersed spherical colloids into complex, zigzag aggregates with well-
defined internal structures and tightly controlled lengths by the combination of
liquid dewetting, physical confinement, and attractive capillary forces[163]. This
method enable to produce a rich variety of polygonal, polyhedral, spiral and
hybrid aggregates. The structure of aggregates could be controlled by changing

the shape and dimension of the template[164].

The above examples obtain assembles nanopatrticles trapped in the patterned

substrates, next assembles are transfer from the templates or remove template.
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3D patterns of micro and nanoparticle assembly via evaporative self-assembly
based on the coffee-ring effect of an evaporating suspension. The building block
of assembles varies size of microparticles (Silica), metal oxide nanoparticles
(TiO2, ZnO), and metallic nanoparticles (Ag) [165]. More complex assembles
structure can be formed assisted by template. A new template-assisted method
based on the stamping of colloidal particles for the large-area fabrication of
organized pyramidal supercrystal periodical arrays[166]. The assembly films can
be transferred to many surfaces, including glass, silicon wafers, and double-

sided tape.

Expect the nanoparticles can be trapped the pattern silicon templates, the
nanoparticles are also can assembly onto non-patterned silicon substrates by
the assisted patterned PDMS substrates. Densely packed arrays of gold
nanoparticles assembly in PDMS templates in lines. Then template as printing
plate transfer the assembled nanoparticles onto a non-patterned silicon
substrate[167]. Later, hierarchical self-assembly of gold nanoparticles are
achieved by an elastomeric template made of PDMS displaying arrays of micron-
sized cavities that help to regulate the evaporation[168]. the self-assembly of a
variety of building blocks into crystalline superstructures takes place upon
solvent evaporation, and their precise placement over millimeter scale areas is
induced by confinement of the colloidal suspension in micron-sized cavities. It
can be obtained a high control over assembles morphology and tuned the
topography of the patterned substrate with the millimeter scale. In this way the

pattern can be reusable.
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3.1 Introduction

Since 1996, DNA-capped nanoparticles have demonstrated a plethora of
exciting applications including advanced materials[1, 2], biodiagnostics[3, 4] and
drug delivery[5]. It has been shown that they may be exploited to detect trace
amounts of DNA[6], protein[7, 8], small molecules[9] and metal ions[10-13] as
well as nanocarriers of nucleic acids for gene regulation[5, 14]. In addition, DNA-
capped nanoparticles are promising building blocks for novel plasmonic
metamaterials and nanodevices[2, 6, 15] They can be employed to build highly-
ordered superstructures with precise periodicity and complexity[16], forming

well-defined assemblies (“artificial molecules”[17, 18], “superacrystals”[19-21]).

For any particular application, the key parameters affecting DNA corona
structures such as DNA sequence, length and number density and ionic strength
require a high degree of control and selection [15, 19, 22, 23]. For example, it
has been found that DNA density directly affects the cellular uptake efficiency of
nanoparticles[24]. The DNA density on gold nanoparticle surfaces also
influences the hybridization kinetics[25]: in the low density (<3 x 1012
molecules/cm?) regime, almost all the DNA can be hybridized, and the kinetics
of binding are faster, however, at a high density (<5 x 102 molecules/cm?), the

extent of hybridisation reduces by 10% and the kinetics are much slower.

In principle, DNA molecules are polyelectrolytes which can form a brush-like
polymer conformation on nanoparticles, with mushroom, crossover and highly
stretched regimes depending on the grafting number densities[26]. Dynamic light
scattering has shown that highly stretched DNA brush heights correspond to the

length of single-stranded DNA[15]. The microcantilever technique has also
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indicated the pH-dependent changes of DNA conformation occur, revealing the
effects of hydration and electrostatic forces on DNA hybridization[27]. In addition,
curvature of the particle surface can affect DNA loading capacity and DNA
hybridization[28]. Smaller nanoparticles show a higher probe-loading capacity
than the larger ones and, when particle diameter increases to 60 nm, DNA
packing is similar to that of a planar metal surface[29]. Classical density
functional theory and molecular dynamics simulations have been utilized to
develop a cell model to predict the ion cloud around spherical nanoparticles
affected by DNA densities, bulk ionic concentrations and the sizes of

nanoparticles and chains[30].

Despite these advances, complex DNA corona structures remain elusive. Recent
advances in synchrotron-based X-ray techniques have revealed the crystalline
structures of DNA-capped nanoparticle assemblies under various conditions[15,
19, 23, 31] but provided no information on the DNA corona since the scattering
signals mainly arise from the electron-dense nanoparticle cores.[32] However, it
is possible to manipulate the signal from the DNA corona using small angle
neutron scattering (SANS) combined with solvent contrast variation and this

forms the motivation for the present investigation.

3.2  Methods and Materials

3.2.1 Materials

Gold (ll) chloride trihydrate (HAuCl4-3H,O, 520918) and trisodium citrate
dehydrate (CgHsNazO7-2H,0, S1804) were purchased from Sigma (St. Louis,
MO, USA). Thiolated DNA oligonucleotides were purchased from Integrated

DNA Technologies (Coralville, 1A, USA).
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3.2.2 Synthesis of DNA-Capped AuNP Conjugates

The citrate-gold nanoparticle colloid solution was synthesized by a modified
citrate reduction procedure that was first pioneered by Turkevich et al. [33] and
further refined by Frens [34]. Briefly, 170 mL Milli-Q water and 2 mL HAuCl,
(25mM) are heated to boiling in an oil bath and citrate solution 6 mL (34 mM) is
added to reduce Au®* ions into gold atoms under vigorous stirring. The colloid
color changed from yellow to wine red during heating for 10 min. The heat source
is removed and the sample cooled to room temperature and stored in the fridge

at 4 °C for future use.

DNA-capped nanoparticle synthesis followed Michael’s salt-aging protocol with
some modifications [31]. Briefly, thiolated oligonucleotides were de-protected
using dithiothreitol and incubated with gold nanoparticle solutions at a DNA-to-
nanoparticle mole ratio of 250:1. After 12 hour incubation, sodium chloride was
added to a final concentration of 1 M, the mixture was then aged for 24 hours at
room temperature. The mixture was subsequently centrifuged and washed in
D0, the pellets were redispersed in 10 mM Tris-HCI buffer (pH 7.2) with varying
NaCl concentration in D,O, and the supernatant collected for further UV

measurement.

3.2.3 UV Measurement

The number loading of single strand DNA (ssDNA) on AuNPs was calculated by
UV measurement. The amount of unattached ssDNA after DNA-cap reaction
was determined by centrifuging the supernatant of the salt ageing reaction
solution. The supernatant was measured by UV spectrophotometer

(NanoDrop™). The amount of ssDNA on the AuNPs was calculated by
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subtraction of the unattached ssDNA from the initially added ssDNA which was
also measured by NanoDrop™. The number of gold nanoparticles was measured
using an Agilent 8453 UV-Vis Spectrophotometer following the DNA capping of

the gold nanoparticles.

3.2.4 Dynamic Light Scattering Measurement

Dynamic Light Scattering (DLS) measurements of conjugate size distribution
were performed on a Zetasizer Nano ZS (Malvern) at the Melbourne Centre for
Nanofabrication (MCN), Clayton, Victoria, Australia. Each sample was prepared
in 10 mM Tris-HCI buffer (pH 7.6) with varying NaCl concentration. Aliquots of 1
mL per sample were loaded into polystyrene cuvettes for analysis. The
instrument used a 633 nm He-Ne laser with a scattering angle of 173°. Each

measurement was performed in quintuplicate at a temperature of 22°C.

3.2.5 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) experiments were performed on the
QUOKKA instrument at the Australian Nuclear Science and Technology
Organization (ANSTO). All the samples contained a volume fraction of gold,
¢=1.4x10*, and were loaded into 1 mm path length quartz cuvettes held in a
temperature stabilized rack at the desired temperature. SANS data were
collected at three sample-to-detector (1.2 m, 8 m, and 20 m) distances to provide
a q range from 0.004 to 0.72 A with a neutron wavelength of A= 4.91 A and a
resolution of AMA=10% [35]. An empty beam background, empty cell
background, sample transmission, sample thickness and detector sensitivity
were accounted for during data reduction. The reduced scattering intensities on

an absolute scale, | (q), were fitted as a function of the scattering vector, q where

96



Chapter 3

g = 41 sin (B)/A, and 206 is defined as the scattering angle. Indirect Fourier
Transform of the SANS data was performed using GNOM 4.6 [36]. Other
methods for SANS scattering data analysis were performed using Igor Pro 6.34A
software and models provided by National Institute of Standards and Technology

(NIST, US) [37].

3.2.6 Small-Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS) experiments were performed on a Bruker
Nanostar instrument at ANSTO using a Cu Ka source with a wavelength of 1.54
A enabling an accessible q range from 0.005 A1 to 0.35 AL, SANS and SAXS

experiments were performed on the same samples.

3.2.7 SANS and SAXS Data Analysis
SANS intensity | (q) as a function of scattering vector for a dispersion of

nanoparticles can be written as

I (a) = ¢ P(a) S(a) (1)
where, ¢ is the particle volume fraction, P (q) is the form factor, S (q) is the
structure factor. S (q) depends on the spatial arrangement of the particles. As
the system under study concerns particles at a low centration (volume fraction
d=1.4x104), the structure factor is assumed to be unity, thus S (q) = 1. The form
factor, P (q), depends on the particle shape and size. In our system DNA-capped
AUNP conjugate may be considered as a core-shell structure, the core-shell form
factor is defined as the following formula (2) [38].

scale [sin(qr.)-qr.cos(qr.)] [sin(grs)-qrcos(qry)] 2 (2)

3Vc(pc'ps) +3Vs(ps'psolv) (qr )3
s

P@=, (are?
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where scale is the scale factor, Vg is the volume of the outer shell, V; is the
volume of the core, rs is the radius of the shell, r¢ is the radius of the core, pc, ps

and psoy is the scattering length density of the core, shell and solvent respectively.

In the polydisperse core-shell model fitting process, the parameters describing
the gold core radius and polydispersity were determined from fitting the SAXS
scattering data to a Schulz sphere model. Since X-ray scattering lengths
increase linearly with the atomic number of the atom, the SAXS scattering
intensity is mainly determined by the gold core. In this study the gold core mass
density is equivalent to a solid gold, whose scattering length density 1.25x10#
A2, The neutron scattering is isotopically dependent and, here, is strongly
influenced by the presence of hydrogenous material in the shell that may be
contrasted with respect to the deuterated solvent. Therefore, the SAXS data
yields information of the gold core while SANS provides details concerning the
DNA corona information. The scattering length densities (SLD) used in the small
angle scattering data analysis are described in Table 3.1[39]. The DNA
sequence for T15 and T7-8 are different as are the molecular weights; in addition,
the number of exchangeable hydrogens in DNA is also accounted in the
calculation due to DNA-NP conjugates being dispersed in D,O yielding an

influence on neutron scattering length.
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Table 3.1 Rg values obtained from IFT and Guinier fitting of SANS scattering
data of T15 and T7-8 conjugates at varies salt concentrations. Ry values

obtained from DLS measurement.

sample Salt Rg from  Rg from Guinier Ry from

P concentration(M) IFT (A) fitting (A) DLS(A)
T15-AuNP 0 88.0 90.6 112.0
T15-AuNP 0.5 83.4 87.0 101.5
T15-AuNP 1 81.4 82.3 1024
T7-8-AuNP 0 87.9 90.3 111.1
T7-8-AuNP 0.5 132.1 108.8 168.2

(aggregated)

To obtain the information on shape and size of the DNA-capped Au nanoparticle,
Indirect Fourier Transformation (IFT) of the data was also employed and
analysed using the program GNOM [36]. The evaluation of the small-angle
scattering data using IFT leads to the determination of the pair distance
distribution function p(r) containing information on shape and size [40]. For an

isotropic solution p(r) and | (q) are related via the Fourier transform:

sin gr 3
ar . 3)

I(q) = 4ﬂfmp(r) ar
0

The single particle radius of gyration (Rg) can be calculated from the p(r) function
by integrating the function with r2 over all values of r.
fDmaX r? p(r)dr

R,2 ==
g Dmax
2 [, p(r) dr

4)
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Besides IFT functions, another model-independent method, Guinier analysis,
has also been applied. In the low g region, Guinier analysis with a straight-line fit

can readily provide the radius of gyration (Rg), using

ZR 2
Q) = I, exp<—q . ) (5)

3.2.9 Properties of DNA Corona from Models

The scattering length of T15 and T7-8 were calculated from their chemical
composition taking into account liable hydrogens exchangeable with D,O [41].
The total scattering length of the DNA corona was calculated using parameters

in Table 3.4 as

SLshell = Vshell - SLDshen (6)
As the DNA corona was composed of DNA molecules and solvent (with or

without salt), the following two equations were used to calculate the number of

solvent molecules in the corona, solvent, and the molecular volume of DNA, Vpna

SLshell = nDNASLsingle DNA + nsolventSLsingle solvent (7)

Vshell = rlDNAVDNA + 1llsolventVsingle solvent (8)

where the number of DNA per particles, npna, Was determined by UV
measurements, and the volume of solvent Vgingie solvent Was calculated from

solvent density taking into account contribution from NacCl.
The volume fraction of DNA in the corona was then calculated as

. Npna Vbna
Volum fractionpyy = ———

(9)

Vshell
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3.3  Results and Discussion

As a model system, two thiolated 15mer single stranded DNA (ssDNA) strands
were selected. The first one has non-base-pairing poly thymine sequence (5’-
SH-T15-3°, denoted as T15) while the second one comprises a segment of 7
thymine bases at the 5’ end followed by a palindromic segment with 8 sequences
(5’-SH-T;-CTCATGAG-3’, denoted as T7-8). Following the previous protocol
[15], the two types of DNA strands were conjugated to spherical ~13 nm gold
nanoparticle surfaces with nearly highest number density. The as-prepared
conjugates are stable at high ionic strength and a wide range of temperatures

without forming permanent aggregates.

3.3.1 Salt Effects on Conjugates Size

By combined small angle X-ray scattering (SAXS) and SANS, the effects of salt
concentration on the two types of DNA coronas at 22 °C were first examined
(Figures 3.1 and 3.2). While the scattering curves of T15-AuNP have similar
shapes in 10 mM Tris buffer (pH 7.2) under different salt concentrations (Figure
3.1b and 3.2a), there are significant changes in the scattering curves for T7-8-
AUNP at increased salt concentration (Figure 3.1c, b). Particularly, a peak in the
low g region emerged when the salt concentration increased to 1 M. Model-
independent analysis via Indirect Fourier Transform (IFT) shows that T15-AuNP
and T7-8-AuNP have almost identical symmetric bell-shaped pair-distance
distribution, p(r), functions, suggesting these two DNA sequences give the same
spherical shape as the conjugates in the absence of salt.[36] In accord with their
similar p(r) functions, IFT yielded patrticles of a similar radius of gyration, Rg (88.0
A for T15-AuNP and 87.9 A for T7-8). Although the Rg values from Guinier

analysis are slightly higher than those from IFT, T15-AuNP and T7-8-AuNP have
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similar values (90.6 and 90.3 A, respectively). Also, both particles have similar

hydrodynamic radius (DLS measurements, Table 3.1) in the absence of salt.
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Figure 3.1 (a) Schematic of DNA-Au conjugate in the polycore-shell model.
SAXS scattering data of T15 (b) and T7-8(c) at various salt concentrations (OM,

0.5M, and 1M). Solid lines show the fits by Schulz distribution of spheres.
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Figure 3.2 SANS scattering data of T15(a) and T7-8(b) at various salt

concentrations (OM, 0.5M, 1M). Solid lines show the fits by poly core-shell model.

3.3.2 Salt Effects on Conjugates Shape
However, T15-AuNP and T7-8 AuNP show significant differences in both Rg and

p(r) functions at higher salt concentrations. While the Rg value of T15-AuNP
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decreases from 88.0 A to 83.4 A (0.5 M NaCl) and 81.4 A (1 M NacCl), the Rg
value of T7-8-AuNP increases from 87.9 A to 132.1 A (0.5 M NaCl). As shown in
Figure 3.3a, there is a slight decrease in maximum diameter (Dmax) in the p(r)
function for T15-AuNP at higher salt concentration and the T15 conjugate retains
a bell-shape p(r). This suggests that the shape of the T15 conjugate remains

largely the same although its size is smaller.
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Figure 3.3 (a) p(r) function and (b) size distribution of T15 and T7-8 conjugates
at various salt concentrations obtained from IFT analysis and DLS
measurements respectively. (c) and (d) represent a scheme for the salt effect on

poly(dT) DNA and palindromic DNA.

In contrast, there are two peaks in the distribution function for the T7-8 conjugate
in 0.5 M salt, suggesting that the palindromic DNA hybrid possibly forms a dimer
structure (Figure 3d). The first peak shows the same position as T15,

corresponding to the remaining monomers of T7-8. The second peak is an
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indication of dimer formation. In consistence with IFT data, DLS data also shows
two peaks for T7-8 at 0.5 M. With further salt increase to 1M, the T7-8 conjugate
aggregated to form a larger-scale cluster; the oscillations in the p(r) function are
a result of data truncation due to the aggregates being larger than the inverse of
minimum g. As a result both Dmax and Rg cannot be reliably determined for T7-
8-AuNP at 1M NaCl concentrations due to the polydisperse nature of the
aggregated system and the limit of qmin. Nevertheless, the SANS data reflects
the aggregation of T7-8-AuNP at high salt concentrations. Aggregation was also
confirmed by DLS measurements (Figure 3.3b). The different effects of salt on
poly (dT) sequenced T15-AuNP and palindromic sequenced T7-8-AuNP are
schematically presented in Figures 3¢ and 3d. For T7-8-AuNPs, their palindromic
sequences hybridise at high ionic strength, resulting in the observed large
aggregates. For T15-AuNPs, the DNA corona was compressed at higher salt

concentration without the formation of aggregates.

Further analysis of the small-angle scattering data has been carried out by
model-dependent fitting. Since the X-ray signal from the gold core vastly
dominates that from the DNA, a model using a Schulz distribution of spheres is
sufficient to describe the SAXS data (Figure 3.1b and 3.1C). In the absence of
salt, the fitting gives the radius of the gold core as 63.8 A and 65.7 A for T15-
AUNP and T7-8 conjugates with a small polydispersity value of 0.128 and 0.126,
respectively. To fit the SANS data, a core-shell model was used that accounts
for the contributions both from the gold core and the DNA corona (Figure 3.2).
The values from the SAXS fits are used to constrain the core parameters (size
and polydispersity) in the SANS fitting. As the scattering length density of the

solution and gold core can be determined from their mass density and chemical
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composition (Table 3.2), only the thickness and scattering length density of the
shell are refinable parameters for the fitting of SANS data. The resultant
parameters for the core-shell models at different salt concentrations are
summarized in Table 3.3. Note that no model fitting has been attempted for T7-

8-AuNP at 0.5M and 1 M due to the aggregation.

Table 3.2 Neutron and X-ray scattering length densities used in the analysis.

Material p(g/cm3) SLD(A2)in SAXS  SLD(A2) in SANS
Gold 19.3 1.25x10* 4.5x10%
10mM Tris buffer in D,0 1.1 9.37x10° 6.34x10°
0.5 M Nadl, bufferin D,0 1.118 9.51x10° 6.31x10°
1 M NaCl,bufferin D,0 1.136 9.66x10° 6.29x10°

Table 3.3 Fit parameters from SAXS and SANS data using Schulz sphere

distribution and poly core shell model respectively.

Salt SAXS SANS
concen-
sample tration AuNP Polydisp- .Shell SLD of shell Shell DNA molecular DNA fraction
core ersity thickness (% 10°A2) volume volume v/v% in shell
(m) radius (A) (A (X 10°A3) (X 10° A3) °
T15 -
0 63.8 0.128 65.8 6.00 8.06 463 11.08
AuNP
T15-
0.5 64.0 0.125 60.7 5.97 7.02 4.41 12.05
AuNP
T15-
1 64.1 0.120 59.1 5.95 6.73 431 12.31
AuNP
78 0 65.7 0.126 65.2 5.96 8.21 4.78 13.80

AuNP

3.3.3 DNA Corona Configuration
The different input ratios of DNA: nanoparticle in the initial reactions were used
and the self-assembly process of thiolated DNA followed the expected Langmuir

adsorption isotherms (Figure 3.4). Based on the isotherms, under DNA: NP
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molar ratio of 250:1 preparation conditions, there are 192 + 8 oligonucleotides
per particle (3.7 + 0.15 x10'® oligos/cm?) for T15 and 237 * 13
oligonucleotides/particle (4.6 + 0.25 x10'3 oligos/cm?) for T7-8. The slightly
higher value of surface coverage for T7-8 might be attributed to the potential of
the self-complementary strand to hybridize with another strand via hydrogen
bonding. The chosen conditions give the surface coverages of both T15and T7-
8 of around 50% of their maximum coverage. This moderate coverage value is
the most representative condition and is expected to allow DNA molecules to be
flexible on Au particle surfaces while giving sufficient signals for neutron

scattering measurements.

600 T7-8
- T15

% 400}
E
=
O 200

e

0 500 1000 1500

DNA:NP (X:1)

Figure 3.4 DNA adsorption curves of different initial DNA: AuNP ratios. The dots
show the number of moles of DNA adsorbed per nanoparticle; the error bars
represent the standard deviation of six independent measurements. Solid lines

correspond to the fits calculation.

In the absence of salt, the thickness of the T7-8 corona (65.2 A) is similar to the
T15 corona (65.8 A) while its SLD (5.96 x 108 A2) is slightly smaller than the

T15 corona (6.00 x 10°° A2). Note that the T15 molecule has a smaller scattering
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length (1.517 x 10'1° cm) and hence a higher contrast than T7-8 (1.715 x 10719
cm) with respect to D,O (Table 3.4). On the other hand, there are fewer oligomers
on T15-AuNP (192 + 8 oligonucleotides per particle) than T7-8 (237 + 13
oligonucleotides/particle) as determined from the DNA adsorption curve (Figure
3.4). These two opposing effects result in similar shell scattering length density
for both particles. Despite the difference in their surface coverage, the T15
corona and T7-8 corona have similar values of shell thickness, suggesting that
both DNAs extend from the gold particle surface in a similar configuration. In fact,
the p(r) functions of T15 and T7-8 share a similar shape (Figure 3.3a), suggesting

a similar conformation of T15 and T7-8 in the absence of salt.

Table 3.4 Scattering length of DNA.

DNA number of SL SL (after exchanging H with
exchangeableH  (X102A) DinD,0)(X102A)

T15 29 1.215 1.517

T7-8 39 1.309 1.715

As the palindromic sequence T7-8-AuNP forms aggregates at high salt
concentrations, the following discussions on the salt-induced conformation
change of DNA are focused on poly (dT) sequences T15-AuNP. Importantly, the
increase of the salt concentration does not change the polydispersity of T15-
AuNP, confirming that the system is well dispersed even at high salt
concentration. Although salt did not affect the shape of the poly(dT) sequenced
DNA capped conjugate, the thickness of the DNA corona decreases with salt
addition. The shell thickness of the T15 conjugate (from the poly core-shell

model) reduced from 65.8 A (0 M NaCl) to 60.7 A (0.5 M NaCl) and 59.1 A (1 M
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NaCl). As the salt concentration increases, excess cations are anticipated to
reduce repulsion along the negatively charged backbone of the DNA, thus
resulting in a compaction of the DNA corona. Our findings are consistent with
Chen et al. which also showed that length of poly(dT) sequences DNA in free
solution decreased with increased salt concentration.[42] It is possible that
electrostatic repulsion within the DNA chain is sufficiently depressed at a salt
concentration of 0.5M, and further DNA compaction is reduced when salt

concentration is increased to 1 M.

A decrease of the shell thickness from 65.8 A (0 M salt) to 60.7 A (0.5 M salt)
corresponds to a change of shell volume from 8.06x10° A3 to 7.02x10° A3. Note
that the corona is occupied by DNA and solvent; as a result, the decrease in the
shell volume would imply a reduction in proportion of solvent in the corona. Since
the SLD of the solvent is greater than that of DNA, decreased solvation would
therefore result in a decrease in the corona SLD. However, this is not observed
here. In the absence of salt the difference of SLD between the shell (6.00 x 10-°
A2) and the solvent (6.34 x10¢ A2) is 0.34x10°% A2 at a salt concentration of
0.5 M, the contrast between the shell (5.97 x 10°% A-2) and the solvent (6.31x10"
6 A2) remains as 0.34 x10% A2 j.e. the smaller volume of the DNA corona does
not lead to an increase in contrast between the DNA shell and bulk solvent. The
observed behavior may arise from either a decrease in volume of the DNA itself,
an increase in the physical density of the solvent in the corona (decrease in
solvent volume) compared to the bulk or a combination thereof. Further
calculations (section 3.2.9) assuming solely the former effect suggest that the
molecular volume of DNA decreases from 4.63 x 103 A3 (0 M NaCl) to 4.41 x 103

A3 (0.5 M NaCl) and 4.31 x 103 A% (1 M NaCl). Thus, the increase of salt
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concentration does not only result in a decrease in the total volume of the DNA
corona but also the volume occupied by individual DNA chains. However, this
does not preclude the influence of solvent density increase in the corona. In an

analysis of the protein—solvent interface, itis demonstrated that hydration shell

around proteins is denser than the bulk solvent.[43]

3.3.4 The Temperature Effects on Conjugate Shape

The influence of temperature was also investigated by SANS (Figure 3.5) at fixed
salt concentration of 0.5 M by measuring the scattering at an initial 30°C to 46°C,
70°C and then decreasing to 22°C. P(r) functions are shown in Figure 3.6. The
T15 conjugate maintains a bell-shape function as the temperature is changed
which indicates that the particle shape is largely conserved (Figure 3.6a). The
p(r) function of the T7-8 conjugate maintains two peaks at 30°C but as the
temperature is increased from 30°C to 46°C, the T7-8 conjugate p(r) function
changed from two peaks to a single bell-shape peak (Figure 3.6b) suggesting a
dimer to globule transition. Figure 3.6b shows the schematic of the shape change
at different temperatures for palindromic sequenced DNA conjugates. DNA de-
hybridisation occurs on increasing the temperature to 46°C; this is above melting
temperature of 8-base palindromic sequences (35-37°C, at 50uM DNA 0.5M salt
condition calculated from IDT OligoAnalyzer). As the temperature is further
increased from 46°C to 70°C, the globular structure remains unchanged.
However, when the temperature is reduced from 70°C to 22°C, the T7-8
conjugate forms larger-scale clusters (as observed by the data-truncated
oscillations in the p(r) function). The possible explanation for this interesting
behaviour is that palindromic sequenced T7-8 reforms to the hybrid state on
cooling and annealing enables more DNA strands to hybridise to form clusters.
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Indeed, in Mirkin and Gang’s studies,[19, 20] it was found that slow annealing of
DNA-capped gold nanoparticles can lead to particle self-assembly and
crystallization to form ordered structures. Interparticle organisation of such
crystalline nanostructure could also be investigated by neutron scattering and is

subjected to future study.
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Figure 3.5 SANS scattering data of T15 (a) and T7-8 (b) as a function of
temperature. The plotted data are offset for clarity as follows: 10x for T15 70°C

and T7-8 46°C; 20x for T15 46°C and T7-8 70°C, 30x for T15 30°C.
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Figure 3.6 (a,b) p(r) distribution of T15 and T7-8 conjugates computed at various
temperatures (30°C, 46°C, 70°C, 22°C) in 0.5M salt buffer. Insets are scheme of
temperature effect on poly (dT) sequenced DNA and palindromic sequenced

DNA.

3.3.5 The Temperature Effects on Conjugate Size

The corona of the poly (dT) sequenced DNA capped conjugate increased slightly
on increasing temperature but appears to be reversible; from Table 3.5, the shell
thickness of T15 increased from 60.4 A (30°C) to 60.5 A (46°C), 65.1 A (70°C),

and decreased t0 60.9 A at 22 °C. Similarly, the increased and decreased corona
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thickness resulted in fluctuation of the corona SLD. The DNA corona size change
Is also confirmed by Rg values from both IFT and Guinier analysis (Table 3.5).
These findings are consistent with Jiang et al. who also showed that ssDNA

stretched as temperature was increased.[44]

Table 3.5 Shell thickness and SLD of shell obtained from fitting poly core-shell

model of conjugates and Rg from IFT and Guinier fitting with changing

temperature.
DNA Temperature Shell ) SLD gf Rg frc:m Rg from Guﬂinier
(°c) thickness (A) shell (A2) IFT (A) fitting (A)
T15-AuNP 30 60.4 5.98 84.0 85.3
T15-AuNP 46 60.5 5.98 87.1 87.0
T15-AuNP 70 65.1 6.00 88.8 90.5
T15-AuNP 22 60.9 5.95 89.0 88.9
T7-8-AuNP 30 66.8 6.01 115.1 112.5
T7-8-AuNP 46 67.3 6.03 87.9 86.9
T7-8-AuNP 70 69.6 6.07 87.8 88.3
T7-8-AuNP 22 aggregated aggregated aggregated aggregated

*Temperature increased from 30 degree to 70 degree, and then decreased to 22

degree.

3.4  Conclusion

Our work has demonstrated that small angel neutron scattering can provide
structural insights on DNA-capped gold nanoparticles, and this opens the way to
systematically study effects of different factors such as DNA length and type of

ions on DNA structure in future.
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In conclusion, soft DNA corona structures have been investigated in detail by
neutron scattering techniques and clearly demonstrate that DNA-capped gold
nanoparticle conjugates form globular particles in the absence of salt, regardless
of the DNA sequence. However, distinct behaviors were observed for
palindromic and non-palindromic DNA sequences. The non-palindromic DNA
sequences maintain a globular or sphere-like shape under all the conditions
investigated here although their corona heights are responsive to ionic strength
and temperature. However, the palindromic DNA corona only maintains a
sphere-like shape in the absence of salt and quickly exhibits hand-shaking base-
pairing interactions upon addition of salt, leading to dimeric and multimeric
aggregates depending on ionic strength. The results shown here may guide the
design of tailor-made DNA corona structures for customizable designer materials
for versatile applications in a range of arenas including the life sciences and

optoelectronics.
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Part 1 Hairy Gold Nanorods: Synthesis, Characterization and Application

in Strain Sensors

4.1  Introduction

Metal nanoparticles have exhibited intriguing size- and shape-dependent optical
[1-4], electronic [5-7], catalytical [8-10] and magnetic [11-13] properties different
from their corresponding bulk metals. Recently, it has also been demonstrated
that percolation conductivities of nanoparticle assemblies are also strongly
dependent on nanomorphologies, leading to their uses in transparent electrodes
[14, 15] and wearable electronics [16-18]. Driven by these exciting size- and
shape-dependent properties, a number of synthetic strategies have been
developed over the past about 30 years, leading to the formulation of so-called
‘nanoparticle periodic table’ [19]. Despite of these encouraging progresses in
synthesizing metallic nanoparticles [20-24], we are still far from the capability of

constructing any arbitrary nanostructures in a well-controlled manner.

Here, we report on a new type of metallic nanoarchitectures made from hairy
ultrathin gold nanowires and rigid gold nanorod core. Previously, seed-mediated
growth of gold nanowires have been achieved on macroscopic surfaces such as
silicon and trumpet shells [25]. Recently, this approach has also been extended
to submicrometer-sized silica nanospheres, showing novel applications in
surface enhanced Raman scattering [26] and nonenzymatic electrochemical
biosensors [26]. In this work, we further demonstrate that this seed-mediated
growth approach can also be extended to plasmonic gold nanorods, leading to

formation of hairy gold nanorods (HGNRS).
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4.2  Experimental Methods

4.2.1 Materials

Gold (lll) chloride trihydrate (HAuCIl,-3H,O, 299.9%), cetyltrimethyl-
ammoniumbromide (CTAB), sodium borohydride (NaBH,), silver nitrate
(AgNO3), L-ascorbic acid (AA), tetraethyl orthosilicate (TEOS), (3-aminopropyl)
trimethoxysilane (APTMS), 4-Mercaptobenzoic acid (MBA) were purchased
from Sigma Aldrich. Thiol-functionalized polystyrene (M, = 50 000 g/mol, M,,/M,
= 1.09) was purchased from Polymer Source Inc. Ethanol was obtained from
Merck KGaA. Ammonia hydroxide solution (28.0-30%) was purchased from
Fisher Scientific). All chemicals were used as received unless otherwise
indicated. Deionized water was used in all aqueous solutions, which were further
purified with a Milli-Q system (Millipore). All glassware used in the following
procedures was cleaned in a bath of freshly prepared aqua regia and rinsed
thoroughly in MQ water prior to use. Nitrile rubber was brought from MEDIflex
industries. Silver paste was purchased from Sigma Aldrich. Stainless thin

conductive thread was purchased from Adafruit Industries.

4.2.2 Methodology of Hairy Plasmonic Nanorods Synthesis

4.2.2.1 Synthesis Gold Nanorods

The gold nanorods were prepared according to reported method [27, 28]. A
brownish-yellow seed solution was prepared by mixing CTAB (5.0 mL, 0.2 M)
and HAuCl, (5.0 mL, 0.5 mM) followed by adding ice-cold NaBH, (0.6 mL, 0.01
M). The seed solution was aged at 30°C before seeding to growth solution. Then,
CTAB (5 mL, 0.20 M) and HAuCl, (5.0 mL, 1.0 mM) were added to (0.2mL 4 mM)
AgNO; solution in sequence and with the addition of AA (0.08 mL, 0.08 M), the

yellowish mixture became colorless and the growth solution was obtained. To
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grow nanorod, 12 pL of seed was added into the growth solution and aged at
30°C for two hours. The CTAB capped NRs were collected by centrifugation (7

000 rpm for 10 min) and washed with water twice, redispersed in 1mL MQ water.

4.2.2.2 PEG Functionalization

The stabilization agent, CTAB, on the surface of the gold nanorods was replaced
by mPEG-thiol through ligand exchange. An mPEG (My = 5000) solution (1 mL,
20 mg/mL) was mixed with 1 mL nanorod solution to react 2 h. Then after
washing with water 3 times to remove the non-reacting mPEG, the nanorods

were redispersed in water (1.2 mL) for next silica coating.

4.2.2.3 Silica Coating of PEG Capped Gold Nanorods

A modified Stéber method [29, 30] was used to grow a silica shell of controlled
thickness on the PEGylated gold nanorods. Briefly, 1.2 mL of PEG capped gold
nanorods was mixed with 8mL ethanol, and sonicated for 1 min, then 67 pL
ammonia solution was added to solution under vigorous stirring, followed by
TEOS (8 uL) in ethanol (1 mL) dropwise added to the mixture. After stirring for
16 hours, the resulting samples were collected by centrifugation, washed with
water 3 times and redispersed in 1 mL ethanol for amino functionalization.
Functionalizing silica coated nanorod surface with APTMS. The amino-
functionalized gold nanorod was prepared by mixing 1 mL silica coated gold
nanorod with 4 mL 2% APTMS in ethanol for 1 hour, followed by washing with

ethanol 3 times.

4.2.2.4 Synthesis Gold Seeds
0.147 mL 34 mM sodium citrate was added into conical flask with 20 mL H,O

under vigorous stirring. After 1 min, 600 pL of ice-cold, fleshing prepared 0.1M
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NaBH, solution was added with stirring. The solution turned brown immediately.

The solution was stirred for 5 min and then stored at 4 °C until needed.

4.2.2.5 Adsorption of Gold Seeds onto APTMS site

Firstly, the amino functionalized nanorod sonicated for 30 seconds and added to
5 mL AuNPs, then sit in room temperature for 6 hours for adsorption. The
products were collected by centrifugation and then washed with water once,

redispersed in MQ water as the nanorod seeds for nanowire growth.

4.2.2.6 Hairy Gold Nanorod Growth

The reaction of ratio at 12.5 of HAuCl, to MBA showed as following: 50 yL MBA
(6.2mM) was firstly added into the water—ethanol (3:1, v/v) mixed solution under
gently stirring. Then, 152 yL HAuCl, (25 mM) and 1 mL nanorod seeds were
added to the solution in turn. Subsequently, after 1min ingredient mixed
completely, AA (22 uL, 0.41 M) was added. Keep the reaction under stirring for
1 min, and take out to sediment down the hairy nanorod for further

characterizations.

4.2.2 Strain Sensor Fabrication

The strain sensor was fabricated by the following procedure: nitrile rubber was
first attached on a glass slide and patterned with polyimide masks (25 x 5 mm 2
rectangular pattern size). Then high concentrated hairy gold nanorod solution
(50 pL) was drop casted onto the soft substrates and dried in fume cupboard.
After the solution was dried, polyimide masks and glass side were removed. The
electrical sheet resistance of hairy nanorod film reached to 59.5+14.4 KQ sq.
Then silver paste was deposited onto both ends of the hairy nanorod strips

connected with flexible conductive threads. After the silver paste was dried (100
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°C for 10 min on hot plate), polyvinyl alcohol (PVA) glue was deposited on top of
silver paste and dried in ambient condition (30 min), which permanently sealed

the hairy gold nanorod film to conductive thread.

4.2.3 Characterization

UV-Vis absorption spectra were recorded using an Agilent 8453 UV-Vis
spectrometer. The shape and morphology of synthesis process were
characterized by Scan electron microscopy (SEM) imaging and transmission
electron microscopy (FEI Tecnai T20 Twin TEM) imaging. For TEM imaging, a
drop of gold nanorod suspension was placed on copper-formvar grids and dry

with a filter paper.

Totest the strain-sensing characteristics, two ends of the samples were attached
to motorized moving stages (THORLABS Model LTS150/M) then uniform
stretching/releasing cycles were applied to the samples with a computer-based

user interface (Thorlabs APT user).

4.3 Results and Discussion

4.3.1 Synthesis of HGNRs

In essence, the synthesis of HGNRs went through two seed-mediated growth
processes. The first one was the known process for synthesis of monodispersed
gold nanorods using soluble gold seeds and weak-binding ligand
(cetyltrimethylammonium bromide). The second one was based on the nanorod-
immobilized seeds and strong binding ligand (4-mercaptobenzoic acid). We
found that HGNRs could form over a wider range of ratios (2.5 to 25) of gold
precursor to ligand than that reported in the literature (ratio at 3), and the width

of nanowire is dependent on the ratio. Furthermore, the HGNRs with the soft
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‘hairs’ and rigid ‘core’ allowed for the fabrication of patches with controllable
percolation conductivity networks, enabling the fabrication of elastic conducting

patches as soft strain sensors with high stretchability and durability.

Figure 4.1 illustrates the synthesis of HGNRs. Briefly, CTAB stabilized gold
nanorod were first synthesized following the well-known seed-mediated growth
method [27, 28]. Next CTAB was partially replaced by thiolated polyethylene
glycol (SH-PEG) via ligand exchange, which could promote selective coating of
uniform silica shell by sol-gel reaction with tetraethyl orthosilicate (TEOS) the
precursor. Then the silica shell was functionalized with amino groups by (3-
aminopropyl) trimethoxysilane (APTMS) to enable the attachment of gold seeds
by electrostatic forces. Finally, the seeds-tethered to gold nanorods were used
to catalyze the growth of ultrathin gold nanowires using 4-mercaptobenzoic acid

as binding ligands and HAuCl,/ascorbic acid as growth solution.
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Figure 4.1 Schematic of hairy gold nanorods synthesis process.

The HGNR synthesis process was characterized stepwisely by transmission
electron microscope (TEM) as shown in Figure 4.2. The monodispersed gold

nanorods with an average length of 53 + 2.1 nm and width of 16 £ 0.4 nm,
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corresponding to an aspect ratio of 3.2+0.2, were obtained (Figure 4.2a). Further
sol-gel reactions led to a uniform silica coating of 42+ 3.8 nm as shown in figure
4.2b. After surface modification with amine moieties by APTMS, citrate-stabilized
gold nanoparticle seeds could be tethered to silica shell surfaces (Figure 4.2c).
These immobilized seeds could catalyze growth of long gold nanowires (Figure

4.2d).

Figure 4.2(a, b, c, d) characterization of morphology of HGNRs synthesis TEM

images of Au nanorods and silica coated nanorods.
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4.3.2 UV-Vis Characterization of HGNRs

The evolution of HGNRs led to evident changes of plasmonic spectra (Figure
4.3a). The as-synthesized gold nanorods displayed two distinct localized surface
plasmon resonance (LSPR) bands situated at 513 and 684 nm, corresponding
to the transversal and longitudinal LSPR modes, respectively. To ensure uniform
silica coating, modification of gold nanorods by polyethylene glycol was critical.
The roles of PEG ligands are two-fold: to provide sufficient stability for them to
be transferred into ethanol; to increase the affinity of silica to the gold surface
[31]. The conformal coating of silica led to further red-shift of the longitudinal
modes to 701 nm due to the increase of effective refractive index. The
attachment of gold seeds caused further red shift of the plasmonic peak to 717

nm, due to the strong surface plasmonic coupling between seeds and nanorods

[32, 33].
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Figure 4.3 (a) UV-Vis spectra in process synthesis of HGNR, (b) Optical evolution

and (c) UV-Vis spectra of HGNR growth.

The gold nanowires growth process was recorded in real time by UV-Vis spectra

(Figure 4.3b). The blue line in Figure 4.3b is the AUNP/SIO2/NR seeds before
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nanowires growth, which show two UV-Vis spectrum peaks at 518 nm and 717
nm. In the nanowire growth process, the longitudinal LSPR modes disappeared
while the transversal LSPR modes become stronger, which can be attributed to
the high aspect ratio of nanowires. We can also see that that the gold nanowires
growth process was rapidly, within 10 seconds the longitudinal LSPR modes
disappeared and transversal LSPR modes becomes the main peak. As growth

time increase the transversal LSPR modes increased as well.

4.3.3 Morphological Characterization of HGNRs

The unique hairy morphologies of HGNR were confirmed by scanning electron
microscope (SEM). Figure 4.4a shows a typical SEM image of HGNR, clearly
demonstrating that long nanowires of around 1.5 ym long and about 7.3 nm wide
could be firmly tethered to gold nanorod surfaces. The firm attachment (Figure
4.4b) indicates the strong chemical binding interactions between nanowires and
silica surfaces. The length of gold nanowires could reach up to ~15 ym long
(Figure 4.5) and their number density could reach as high as 140 +17 nanowires

per nanorod.

100nm

Figure 4.4 SEM images of (a) HGNR, (b) zoom in nanorod core.
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Figure 4.5 SEM images of HGNRs with (a) super long nanowires and (b) high

density nanowires.

We further employed high-resolution transmission electron microscopy (HRTEM)
to characterize a particular HGNR (Figure 4.6). HRTEM image in Figure 4.4c
shows zoom in interface between silica shell and roots of nanowires, giving clear
the crystal lattices with d-spacing of 0.235 nm and 0.202 nm corresponding to
the (111) and (200) planes of face-centered cubic (FCC) gold the nanowires. The
selected area electron diffraction pattern (SAED) of gold nanowires (inset of
Figure 4.6¢) with four bright rings corresponding to the (111), (200), (220) and
(311) planes indicated that the entire nanowires was polycrystalline. The four

continuous parts along a gold nanowire are also observed in Figure 4.7.
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Figure 4.6 TEM images of (a) whole HGNR (b) NR core. (c) HRTEM image of
silica shell and nanowire root interface region. Inset is a selected area electron
diffraction pattern of HGNR, showing the (111), (200), (220) and (311) reflections

of gold.
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Figure 4.7 (a, b, ¢, d) HRTEM images of four continuous parts along a typical
nanowire started at silica shell. Inset is the whole view of nanowire heighted high

resolution parts.

4.3.4 The Tuneable Morphology of HGNRs
In this study the length of nanowires could also be control by adjusting nanorod
concentration. Four concentrations of nanorod (at 0.0033nM, 0.0067nM,

0.017nM, 0.034nM) were chose to grow different length hairy nanorod, and all
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other growth conditions are same. From the SEM images (Figure 4.8 a, b, ¢c and
d), we can see that the length of nanowires decreased as the concentration of
nanorod increased: the longest length of hairy nanorod is around 1623+51 nm,
second length is 221+12 nm, the third one is 134+26 nm and the shortest is
47+11nm. Interestingly, although the lengths of these nanowires were different,

their widths were roughly the same.
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Figure 4.8 The length of nanowire tuned by the concentration of nanorod seed
(0.034nM, 0.017nM, 0.0067nM, 0.0033nM). Insets are the corresponding SEM

images of various length nanowires.

For the growth of hairy gold nanowires, HAuCl, was the precursors and 4-
Mercaptobenzoic acid (MBA) was the capping ligands. They were in a dynamic
competition for the gold deposition and ligand binding[25]. More MBA usually

gave thinner nanowires due to the fast ligand binding; in contrast, more HAuCl,
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usually resulted in faster gold deposition speed, leading to the formation of
thicker nanowires. An optimum ratio of 3 for HAuCl, and MBA led to nanowires
with a width of 6 nm was reported earlier [26]. In this study, we did a series of
mole ratio of nanowire growth to investigate the relationship of HAuCl, and MBA.
Table 4.1 summarized concentration of gold precursor and ligand and their mole
ratio in the growth solution. The red color highlights the ratio that nanowire can
be formed, which was in the range of 2.5 to 25 (SEM images in Figure 4.9 b, c¢),
and out of this range the nanowire cannot grow, like ratio at 1.25 and 75 showed
in Figure 4.9 a, d. The reason for a limited ratio is mainly because of above
dynamic competition theory. Our study also confirmed that the mole ratio
determines the width of nanowire. With ratio increased from 2.5 to 3, 12.5 and

25, nanowire width increased from 5 nm, 5.5 nm, 7.3 nm and 9 nm respectively.

Table 4.1 The concentrations of gold precursor (HAuCl,) and ligand (MBA) and

their mole ratios in the growth solution.

2.4 1.7 0.85 0.43 0.22
7 5 2.5 1.25 0.6
170 14 10 5 2.5 1.25
70 35 25 12.5 6.2 3.1
35 70 50 25 12.5 6.25
18 140 100 50 25 12.5
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200nm

200nm

Figure 4.9 SEM images of gold nanowires grew at different mole ratio of HAuCl4
to MBA. The molar ratio of HAUCI4 and MBAis at (a) 1.25, (b) 2.5, (c) 25, (d) 75

and (e) 3.

In addition to the mole ratio of HAUCI, and MBA, their concentration also played
an important role in the growth of HGNRs. In our study we found that even
HAuCl, and MBA was in the ratio range of 2.5 to 25, it still could not form
nanowires at too low or too high concentrations. The reasonable explanation of
this phenomenon is that the concentration of HAuCl,and MBA are not in optimum
condition. As table showed, the nanowires can grow at the HAuCl, concentration
between 0.43 to 1.7 mM, and the MBA concentration between 35 to 170 uM. Out
of these concentrations, even the ratio was in the range, the nanowires still
cannot growth. In the report HAuCl, is at 1.7mM and MBA is at 550 uM [25], the

reason why the concentration in report is higher than ours is that nanowire
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formed on the nanoscale colloidal template, the optimum concentration helps the

nice HGNR structure formed.

Similar to previous report [25], the presence of silica was critical for the formation
of gold nanowires. As shown in Figure 4.10, only 30 nm nanoparticles with worm
shape obtained under some conditions with Figure 4.4, and the nanoparticles

size around 30nm.

Figure 4.10 SEM image of nanoparticles obtained from seed growth without silica

substrate, under otherwise the same reaction conditions as for Figure 4.4.

4.3.5 Application of HGNRs in Strain Sensor

The unique soft and elastic nanowires around gold nanorod cores allowed us to
use HGNRs as a new conducting building block for stretchable sensors, which
require the integration of outstanding electrical conductivity with elastic
mechanics. To prove this, we drop casted HGNRs on a thin nitrile rubber sheet
substrate to form a dark gold nanopatch. Typically, the nanopatch had a sheet
resistance of 59.5+14.4 KQ sq™*! after repeated dip-coating process for 10 times.
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To assess the ability of sensor as a strain sensor, strain responsive tests were
carried out at a current of 1V with varied strain. Figure 4.11b shows strain-
induced relative resistance responses over three cycles of applied strain from
1%, 5% and 10%. The overall electrical response increased with increasing
strains. HGNR-based sensors also exhibited high durability. Figure 4.11c is the
plot of durability test under a cyclic strain of 0%-5%-0% at a frequency of 0.5 Hz.
The resistance change curves were recorded for 1,000 cycles, and 50 cycles of
data was presented in each 250 cycles recording. The stable and reproducible

responds in durability test demonstrated the high durability of HGNR sensors.

4111

100 150
Time (S) Time (s)
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1% 5% 10%

Figure 4.11 (a) possible mechanism of HGNR film before and under strain. (b)
Resistance-time characteristics of the sample’s stretchability test for three
applied strain. (1V, 0.5 Hz) (c) The durability test under a strain of 5% at a

frequency of 0.5 Hz.

The excellent performance indicated high elasticity of HGNR film and their strong

adhesion to nitrile rubber support. This property is attributed to unique structures
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of HGNR with nanorod core in middle radical wrapped high aspect ratio of over
200 nanowires crossing at lengthways and transverse direction. Such unique
structural features made HGNR films to work as mesh film, exhibiting high
elasticity. Furthermore, the stability of the senor was tested in 30 days. The
sensor film was put in a petri dish in ambient condition without any further sealing
process, but the resistance did not show any evident fluctuations. The high stable
nanowire is attributed by the capping molecules (MBA), which form a compact
layer on the metal surface during nanowire growth, and also prevented

oxidization at air conditions.

4.4 Conclusion

In summary, anew type of metal nanoarchitectures — hairy gold nanorods were

successfully obtained by the two-step seed-mediated growth processes. We
could obtain hairy gold nanowires with a ratio of HAuCl, to MBA from 2.5 to 25,
which is much wider region than literature report. What is more, width of
nanowires would be controlled by the ratio, and width changed from 5nm to 9nm
in this ratio range. We could control the length of nanowires from 47 nm to 15
Mm, simply by adjusting amount of nanorod. The unique hairy high-aspect-ratio
gold nanowires tethered to concentric nanorod allowed for constructing flexible
and stretchable percolation conductivity network. This conductive network could
be used as high performance piezoresistive strain sensors with high stretchability

and durability.
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Part 2 Hairy Gold Bacteria: Synthesis and Characterization

4.5 Introduction

Building plasmonic structure particles has been a subject of increased interest
over the past few years. Variety of morphologies and sizes of plasmonic
structures have been synthesized [34]. A fascinating aspect of plasmonic
nanoparticles is that their optical properties that are strongly affected by
structural parameters such as size and shape, as well as material composition
and the surrounding dielectric environment[35, 36]. The origin of surface
Plasmon resonance (SPR) is from the coherent collective oscillations of

conduction electrons upon interaction with incident light [37].

Hollow structure nanoparticles are novel class of nanostructures with hollow
interiors, which can be applied as nanocontainers for drug delivery and catalysis
[38, 39]. Due to the hollow property of these materials, hollow structure
nanoparticles have the advantages of relatively low densities compared to their
bulk material counterparts, which can be applied in fillers [40]. Because of the
plasmonic properties of noble metal nanoparticles, hollow structures of these
nanoparticles are particularly interested and investigated. Besides the
advantages of hollow structures, hollow plasmonic structure also has the

properties of plasmoic structures.

In this project a novel plasmonic microparticle was tried to build with capsule
structure. However capsule structure plasmonic particles cannot be easily
obtained by chemical synthesis process. Biomaterials as an untraditional
masteries are attractive many attention and intensively study recently decades.

Fabrication technique of biomimetic structures cover broad interdisciplinary field
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including biology, chemistry and materials science. So far an extensive range of
cells are being employed in fabrication of requiring surface functionalization,
including virus[41, 42], bacteria[43-47], yeast[48-50], human cell lines[51, 52],
and even multicellular species[53, 54]. Biological cells own variety of
morphologies and sizes, which consider as prefect templates for the deposition
of functional nanomaterial. Every kind of biological cell possesses their unique
morphologies, which is formed by nature and cannot be replaced by other
methods. This template is easily acquired by simply biological method, what’s
more, the morphology of cells can still keep when they reproduce by million and
billion times. As the E.coli bacteria have the morphology of capsule structure,
therefore bacteria was employed as the template to synthesis the capsule

structure plasmonic nanoparticle in the project.

The metal for synthesis plamonic structure can be Au, Ag, and Cu. In this project
Au was choose nanoparticles as the candidature to synthesis the capsule
structure plasmonic structure. The reason choosing Au nanoparticles is because
it is chemically inert [55], therefore the chemical stability of Au is very good. In
addition, Au nanoparticles are biocompatible [56], if successfully synthesized the

capsule plasmonic structure, it can be used for drug delivery.

In this project the first question need to be answered is that whether gold
nanoparticles can coat on the surface of bacteria. This is the most basic question
need to be addressed in this project. If the Au coating is successful, whether Au
coating can be controlled? Finally it is needed to understand the fundamental

relationships between structures and functions. We will apply this novel
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plasmonic hairy bacteria for application of surface-enhanced Raman scattering

(SERS) sensor and DNA diagnostics and drug delivery.

4.6  Experimental Methods

4.6.1 Synthesis of Hairy Plasmonic Bacteria

4.6.1.1 Bacteria Culture

The E. coli DH5a was used in this study that kindly provided by Dr. Charles Ma
from School of Biomedical Science, Monash University, Melbourne, Australia.
The E. coli DH5a bacteria were grown on sterile Luria—Bertani (LB) agar petri
plates at 37°C for colonial growth. After an overnight incubation, single colony of
E. coli was picked up from the plate and transferred to 25 mL LB liquid media.
This culture was incubated at 37°C with shaking. After overnight incubation,
bacteria were harvested and measured OD600 to determine the concentration.
Then bacteria were washed five times with 0.9 w/v% sterile sodium chloride

(NaCl) aqueous solution before coating.

4.6.1.2 Coating E. coli Bacteria with SiO,

SiO, was coated onto the surface of E. coli bacteria following the Stéber method
[57]. First NaCl solution washed bacteria were suspended in Milli-Q (MQ) water
for SiO, coating. E. coli bacteria, ammonia solution (2.0 M in ethanol, Sigma,
USA) and Milli-Q water were added to a conical flask and sonicated briefly (1
min) to disperse the bacteria evenly. Then desired amount of ethanol and
tetraethyl orthosilicate (TEOS, Sigma, USA) were added to initiate the SiO,
growth on the bacteria surface. The reaction was performed at room temperature
under continuous agitation. After three days of reaction, the coated bacteria

samples were collected by centrifugation, followed by washing with ethanol and
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finally suspended in ethanol. The total amount of reaction solution was 10mL,
and final experimental conditions were [E. coli bacteria] = 8.2 x 108 cells/mL,

[TEOS] = 0.1 mol/L, [NH3] = 0.8 mol/L, and [H20] = 1.0 mol/L.

4.6.1.3 Functionalization of Bacteria@SiO, Surface with APTES
To assemble gold seeds onto the silica shell, the surface of the silica shell need
to modified with amino group firstly. Functionalization of Bacteria@SiO, Surface

with APTES was followed same method as 4.2.2.3.

4.6.1.4 Synthesis of Au Nanoparticle Seeds

Synthesis of Au nanoparticle seeds was followed method 4.2.2.4.

4.6.1.5 Attachment of Au Nanoparticle Seeds on APTES-Functionalized
Bacteria@SiO,

0.1 mL of APTES/ SiOz/bacteria dispersed in ethanol was added to excess of Au
nanoparticles (5 mL Au nanoparticle seeds colloid solution). The mixture solution
was stirred for 2 hour. After which the mixture was centrifuged and wash by MQ
water to remove the non-attached Au nanoparticles. The

AuUu/APTES/SiO,/bacteria were dispersed in MQ water.

4.6.1.6 Growth Au Nanowires

The gold nanowires growth was modified from a gold forest method. In this study,
4-Mercaptobenzoic acid (MBA) was employed as a strong binding ligand for the
growth of Au nanowires. 5 uL desired concentration of MBA was added to a
conical flask containing 1.2 mL absolute ethanol with vigorously stirring, followed
by addition of 3.2 mL MQ water and 10 yL Au/APTES/ SiO,/bacteria. After 1 min

of mixing, desired amount of HAuCl, and reducing agent L-ascorbic acid was
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added to initiate the growth of Au nanowires. The growth reaction was quick,
after 4 min of reaction, samples were centrifuged and washed by MQ water, after

which the sample was resuspended in MQ water for characterization.

4.6.2 Nanowire Length Control by MBA

Au/APTES/SiOy/bacteria were grown in fixed HAuCl, (0.425 mM) and L-ascorbic
acid (1.025 mM) solution, but in different MBA (binding ligand) concentrations.
For the MBA length control study following MBA concentrations was tried: 27.5

MM, 11 uM, 5.5 uM, and 2.75 pM. Au nanowire length was characterized by SEM.

4.6.3 Nanowire Size Control by HAuCl, and L-ascorbic Acid

AU/APTES/SiO,/bacteria were grown in fixed MBA solution, but in different
concentration of HAuCl, and L-ascorbic acid solution. For the Au nanowires size
control study growth solution was tried the following three concentration
combination of HAuCl, and L-ascorbic acid: HAuCl, (0.85 mM) and L-ascorbic
acid (2.05 mM), HAuCl, (0.43 mM) and L-ascorbic acid (1.03 mM), HAuCl, (0.21
mM) and L-ascorbic acid (0.51 mM). The Au nanowire length was characterized

by SEM.

4.6.4 AuNP Seeds Density Control

For the AUNP seeds density control, experiment followed the protocol of 4.1.5.
The gold seeds colloid solution used for this study was diluted to 2.93x1014,
2.93x10%3, 2.93x10'2, 2.93x10'! particles/mL. After attachment of Au
nanoparticle seeds on APTES/SiO,/bacteria, experiment condition was followed

the protocol of 4.1.6 for the growth of Au nanowires.
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4.6.5 Growth Time Control

In the time control study, all the other reaction conditions were kept same.
Normally the Au nanowires growth reaction is 4 min, here growth reaction time
was set at 0, 1, 5, 15 min, and then samples were centrifuged and washed by
MQ water, after which the sample was resuspended in MQ water for

characterization.

4.6.6 Characterization

Synthesized bacteria@SiO, was coated with 2 nm thickness of Au in a vacuum
atmosphere using sputter coater (K550X). The morphology of uncoated bacteria,
bacteria@SiO,, Au/APTES/SiO,/bacteria, AuUNWSsS/APTES/SiO,/bacteria were
characterized by optical microscope (Nikon, eclipse Ti-U), scanning electron
microscope (SEM, JEOL JSM-840A) and transmission electron microscopy
(TEM, Philips CM20). UV-Vis spectra of samples were recorded at room

temperature using Agilent 8453 UV-Vis Spectrophotometer.

4.7 Results and Discussion

4.7.1 Synthesis of Hairy Plasmonic Bacteria

47.1.1 Bacteria Culture

In this study, Escherichia coli (E. coli) DH5a strain was employed as the
biological template. One reason for choosing bacteria as template is because
the morphology of bacteria is well-defined, it won’t change too much between
individuals, so shapes of final products was can be controlled. Another reason
for employing E. coli for study is that the doubling time for E. coli is only 20

minutes, so sufficient biological template can be easily got in a short time. In
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addition, E. coli DH5a lacks genes for typical E. coli pathogenicity factors, so it

Is safe to be employed as template for study.

4.7.1.2 Coating E. coli bacteria with SiO,

In the coating process, the amount of water is a key factor that determines the
success of the coating. In study, it was found when the amount of water is excess
in the reaction system, there will be unwanted SiO, nanoparticles in the final
product (Figure. 4.12). These unwanted SiO, nanoparticles will be suspended in
the solutions or attached on the surface of SiO, shell coated bacteria. This is
mainly because that TEOS hydroxylation happens in the presence of water and
followed by nucleation, if water is desired amount the nucleation process will
happen in the surface of the bacteria. However, if the water amount is excess,
the nucleation process will happen in the solution, and unwanted SiO,

nanoparticles will present in the final product.

Figure 4.12 When the amount of water is excess in the reaction system, there

will be unwanted SiO, nanopatrticles in the final product.
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After 72 hour of coating reaction, E. coli DH5a bacteria were coated by SiO,
shell. The Bacteria@SiO, was observed by the SEM. The SEM image (Figure.
4.13) shows that the synthesized particles retained the rod-shaped morphology
of the E. coli bacterial cells, with a length around 2 um and 0.7 um in diameter.
From the SEM image (Figure. 4.13) it is also display that SiO, was smoothly
coated onto the surface of the bacterial surface. These results demonstrate that

the coating of SiO; shell on the bacterial surface was successfully.

Bare (uncoated) cell

Silica-coated cell

Figure 4.13 E. coli cell surface coated with silica. SEM images of: a, b) bare
(uncoated), and d, e) silica-coated cell. The corresponding photographs of the
coating at the initial and final stage of reaction: c) bare (uncoated), and f) silica-

coated cell.
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Although bacteria itself also have the hollow structure, it cannot preserve for long
time. In study, it was found that after 5 days, the uncoated bacteria cell cannot
keep intact shape (Figure. 4.14). While silica-coated cell still retained the intact
morphology of the E. coli bacterial cells. The coating offers a way to preserve the

capsule structure of the bacteria.

Bare (uncoated) cell

Silica-coated cell

1um

Figure 4.14 SEM images of bare (uncoated) bacteria cell and silica-coated cell

after 5 days.

47.1.3 Functionalization of Bacteria@SiO, Surface with APTES

In order to attach Au on the silica surface, APTES serves as a bridge in this
study. APTES forms a covalent bond with SiO; through the hydroxyl group and
leave the SiO, surface becomes NH-terminated, which can be served for Au

attachment (Figure. 4.15).
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Figure 4.15 Schematic of functionalization bacteria@SiO, surface with APTES.

4.7.1.4 Synthesis of Au Nanoparticle Seeds
The gold seeds used to assemble on silica surface need to be synthesized fresh.
The synthesized Au colloidal nanoparticles were examined by UV-Vis spectrum,

which produces a strong surface Plasmon band at 508 nm (Figure. 4.16).
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Figure 4.16 UV-Vis spectrum of 2.5 nm Au seed nanoparticle. The corresponding

photographs of Au colloidal nanoparticles (inset) confirms UV-Vis spectra results.
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4.7.1.5 Attachment of Au seeds Nanoparticle on APTES-Functionalized
Bacteria@SiO;

Au NPs was attached on the silica surface by mixture of Au NPs (Figure. 4.17a)
and APTES/Silica/Bacteria (Figure. 4.17b). After 2 hour of reaction, the Au/
APTES/Silica/Bacteria were obtained by centrifuging (3500 rpm, 5 min). A red-
colored pellet was observed at the bottom of the tube (Figure. 4.17c). After
washing by MQ water, this pellet was redispersed in water (Figure. 4.17d, e).
Since low speed centrifugation cannot spin down 2.5 nm Au NPs. The red color
means Au NPs were deposited on the silica shell surface after 2 hour of reaction.
From the SEM image (Figure. 4.18) it is also deduce that gold seeds have been
attached on the surface of silica shell. Because Au/APTES/Silica/Bacteria can
be observed clearly by SEM without coating a conductive layer on the specimen
surface whereas APTES/Silica/Bacteria specimen need coating conductive layer

to be observed.

In addition, the attachment of Au nanoparticle seeds on APTES/Silica/Bacteria
was also confirmed by TEM images. By comparing the TEM images of
Silica/Bacteria (Figure. 4.19a) and Au/APTES/Silica/Bacteria (Figure. 4.19b, c),
it is clearly see some small round dots on the surface of the
Au/APTES/Silica/Bacteria. This suggested that Au nanoparticles were attached

on the surface of silica shell.
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Figure 4.17 Photographs of the process of Au. (a) AuNPs, (b)
APTES/Silica/Bacteria. After 2 hour of reaction, the Au/APTES/Silica/Bacteria

were obtained by centrifuging (c). This pellet was redispersed in water (d, e).

Figure 4.18 SEM image of Au/APTES/Silica/Bacteria.
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SiO,/bacteria Au/APTES/SiO,/bacteria

p - |

Figure 4.19 TEM images of: a) silica-coated bacteria, b, c¢)

Au/APTES/Silica/Bacteria.

4.7.1.6 Growth of Au Nanowires

The growth of Au nanowires was modified from Chen’s method [59]. However,
their method cannot be used to grow Au nanowires in the solution. Here their
method was modified by introducing silica shell coated bacteria as a substrate in
study. In this growth mode, silica shell was used as the gold nanowire growth
substrate to allow gold nanowires formed on its surface. This is a critical part of
the nanostructure, as the gold seed cannot grow nanowires without the
substrate. During the nanowires growth, the reaction solution color changed
colorless to red then end with dark blue at the final stage of the reaction (Figure.

4.20), which is a typical plasmonic color shift.
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Figure 4.20 Process of Au nanowires growth. (a) Before the start of the reaction,
the solution is colorless. After 5 s (b), 20 s (c), and 30 s (d), the reaction solution

color changed from colorless to dark blue.

From the SEM image (Figure. 4.21) it was found the length of Au nanowire is
more than 100 nm long. It is also found that these Au nanowires entangled
together at the outer layer, however in the inner layer Au nanowires grow very
straight and parallel to each other (Figure. 4.21). Chen [59] pointed out that Au
growth occurred at the Au-substrate interface after the seed was elevated from
the substrate. In this study, it was found the Au nanowires only entangled
together at the outer layer, which confirmed this growth mechanism same as

literature reported.

In this Au nanowire growth reaction, Au nanowires are grown from the inner Au
seed to the outer layer. The growth is completed by two key components in the
reaction. The first is the binding ligand MBA, which severs as cement in the
nanowire growth. The second key components are the HAuCl, and reducing
agent L-ascorbic acid, which works for the Au deposition and severs as blocks
in the nanowire growth. In study, morphology of Au nanowires can be controlled
by adjusting the concentration of these key components in the nanowires growth

system. This will discuss in the following sections.
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200 nm

Figure 4.21 SEM image of AUNWSs/APTES/Silica/Bacteria. It can see that Au
nanowires entangled together at the outer layer, however in the inner layer it was

found the Au nanowires grow very straight and parallel to each other.

4.7.2 Nanowire Length Control by MBA

In this study, the Nanowire length can be controlled by change MBA
concentration. Keeping HAuCl, and L-ascorbic acid at 0.425 and 1.205 mM, the
concentration of MBA was lowered to 27.5, 11, 5.5, and 2.75 uM, respectively.
From the SEM images (Figure. 4.22) it is observed that as the concentration of
MBA was decreased, Au deposited on Au seed-shell interface formed from long
nanowires to island. This clearly suggested that the length of nanowires can be
controlled by concentration of binding ligand MBA. The mechanism for the
nanowire length control by MBA is mainly because as the concentration of the
ligand was increasing, the power was relatively higher to push nanowire go

upwards growing and absorbs Au deposition.
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Figure 4.22 SEM images of Nanowire length control by MBA. HAuCl, and L-
ascorbic acid were at 0.425 and 1.205 mM, and the concentration of MBA was

lowered to 27.5 (a), 11 (b), 5.5 (c), and 2.75 (d) yM, respectively.

4.7.3 Nanowire Size Control by HAuCl, and L-ascorbic Acid

In this study, the Nanowire size can be controlled by adjusting concentration of
HAuCIl, and L-ascorbic acid. Keeping MBA at 5.5 pM, the concentration of
HAuCl, and L-ascorbic acid decreased from 0.43-1.03 mM to 0.21-0.51 mM.
From the SEM images (Figure. 4.23) it is show that as the concentration of
HAuCI, and L-ascorbic acid decreased, Au deposited on Au seed-shell interface
formed from large island to thin nanowires. This clearly suggested that the size
of nanowires can be controlled by the amount of HAuCl, and L-ascorbic acid.
Higher concentration of HAuCl, and L-ascorbic acid means gold deposition
speed increase at certain amount of ligand, which results in short and wide

nanowires.
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300 nm

Figure 4.23 SEM images of Nanowire size control by HAuCl, and L-ascorbic acid.

Form the a matrix SEM image (Figure. 4.24) it is clear show that this tendency
that HAuCl, and L-ascorbic acid affect the nanowires size is not only display at

MBA at 5.5 uM.

HAuCl -L-ascorbic acid

1.7-4.1 mM 0.85-2.05 mM 0.425-1.025 mM 0.2125-0.5125 mM 0.11-0.26 mM

L 1 ‘ L

11 pM
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Figure 4.24 Matrix SEM images of different combinations of MBA and HAuCl, -

L-ascorbic acid.

When MBA concentration increased to 11 uM and 22 uM, the nanowires change
from short and thick size to long and thin size with HAuCl, and L-ascorbic acid
decreased from 0.85-2.05 mM to 0.43-1.03 mM. However, this tendency is not
work at all conditions when the concentration of HAuCl, and L-ascorbic acid
decreased. In some high concentration conditions, there are excess
agglomerations of Au nanoparticles in the solution and on the surface of template
structures. Therefore, these matrix results support a dynamic balance between
MBA ligand binding and Au deposition. Only changing one factor of dynamic

balance would cause nanowires formed different morphology.

4.7.4 AuNP Seeds Density Control

In this study, Au NP Seed density control was done. Diluted the concentrations
of the gold seed colloid solution was used for Au nanoparticles attachment on
silica shell from 2.93x10%4 to 2.93x1013, 2.93x10*?, and 2.93x10!! particles/mL.
Then the obtained Au seed-shell was used to grow nanowires. SEM images
(Figure. 4.25) display as the concentration of Au seed decreased, Au deposited
on Au seed-shell interface formed from normal nanowires to long nanowires, but
the Au coverage was decreased. This is mainly due to the low Au seed on the
silica shell made each seed get more growth solutions, which resultit grow longer

nanowires.
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Figure 4.25 SEM images of AUNP seeds density control. Concentrations of the
gold seeds were diluted the colloid solution to 2.93x10%* (a) to 2.93x10%3 (b),
2.93x10%? (c), and 2.93x10%! (d) particles/mL. Then the obtained Au seed-shell

was used to grow nanowires.

4.7.5 Growth Time Control
In this study, growth time was study for trying to the control for the nanowires. In
this study, all the reaction conditions were kept same, except the growth time.

Growth time was compared between 0, 1, 5, and 15 min. SEM images (Figure.

4.26) showed no extinguished different between the lengths of growth time.
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Figure 4.26 SEM images of AuNWs growth time control. Growth time was
compared between 0, 1, 5, and 15 min. There are no extinguished different

between the lengths of growth time.

4.8 Conclusion

In conclusion, we have successfully obtained hairy gold bacteria by E. coli
bacteria templated synthesis. We demonstrated that the ultrathin gold nanowires
could be grown selectively on bacteria surface by a seed-mediated growth
progress. The morphology of Au nanowires can be controlled by adjusting the
concentration of these key components in the nanowires growth system. In this
part, the bacteria were successful used as bio-template to build plasmonic
structures with gold nanowires growth on the bacteria surface. Due to the sample
and repeatable process, this synthesis method could extend to other shape bio-
template to work out the various needs for different fields of application. The hairy
gold structures would be used in the piezoresistive strain sensor. The soft and
elastic nanowires on the surface of bacteria template give the potential

application in the sensor.
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5.1 Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful technique for
sensing molecules in trace amounts down to single-molecule detection level,
which has a great impact in fields of biology and medicine [1-5]. Noble metal
could provide a large SERS effect for roughened metal surfaces and colloidal
metal particles with dimensions in the order of nanometers [6-8]. Therefore, the
SERS activity strongly depends on the nature of the substrates such as the size
and shape of nanoparticles as well as the interparticles distance and
arrangement pattern [9-14]. Fabricating substrate with high sensitivity and

reproducibility is a crucial step for SERS enhancement.

Usually there are two ways for fabrication, one is bottom up method to self-
assembly nanoparticles to complex structure, and another method is top down
method utility of conventional lithographic technique [15-20]. The combination of
bottom up and top down own benefits of two methods, evaporation the
nanoparticles solution at the mask with reusability, low cost, precise definition
pattern, high throughput, simplicity of the assembly procedure, and possibility to

scale up to macroscale assemblies[21-23].

One of the classic Klarite substrate with array of inverted pyramid structures is
widely used as commercial SERS substrate [24-27]. The unique property of
pyramid structure produce hot spot that could remarkable enhanced the SERS
intensity. Many research have focused concerted efforts toward increasing the
enhancement ability of pyramid shape substrate [28-31]. One simple procedure
was reported that generation free-standing mesoscale metallic pyramids have

well-defined ultrasharp tips, and they have potential use as substrates for SERS
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application [28]. Researchers found that by integrating nanocones on silicon
micropyramid array devices can improve the SERS enhancement property [29].
It is found that the SERS substrates with nanopillar-on-pyramid structure always
have the stronger enhancement factor than the SERS substrates with only
pyramids or nanopillars [30]. A recent study using template-assisted method
fabricate gold spherical nanoparticle assembly pyramidal periodical arrays that

exploited as carbon monoxide SERS sensor [31].

We aim to understand and maximize the SERS effect on pyramidal substrates.
For this purpose, large-scale nanoparticle building blocks with controllable
morphologies are highly desirable. This study offered a combined top-down and
bottom-up approach to fabricate structurally well-defined nanoparticle pyramids,
which can help us better understand nanopatrticle shape and pyramid structure

for SERS enhancement.

Here, | describe a simple yet efficient approach to fabricate plasmonic
nanoparticle pyramids via combining top-down lithography and bottom-up self-
assembly. In order to understand and maximize the SERS effect, large-scale
nanoparticle building block with controllable morphologies are highly desirable.
Three types of shapes of gold nanoparticles with identical size were assembled
to pyramid building block for SERS substrate. We investigated the nanoparticle
shape effect and building block morphology effect on the assembly pyramid for
SERS, and their optical property. We found that the tip of pyramid building block
exhibit significantly strong SERS intensity than other parts. And we also found
rhombic dodecahedral (RD) shape nanoparticles assembly pyramid building

block give the strongest SERS enhancement.
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5.2 Method and Materials

5.2.1 Materials

Gold 1)) chloride trinydrate (HAuCl4-3H,0, =299.9%),
hexadecyltrimethylammonium bromide (CTAB), silver nitrate (AgNO3), sodium
borohydride (NaBH,), L-ascorbic acid (AA), potassium bromide (KBr), potassium
hydroxide (KOH), isopropyl alcohol (IPA), 4-aminothiophenol (4-ATP)
cetylpyridinium chloride (CPC), ammonium hydroxide solution (NH4OH),
hydrogen peroxide solution (H,O;) were purchased from Sigma-Aldrich. Poly
(dimethylsiloxane) (PDMS) Sylgard (184) silicon elastomer, curing agent, and
precursor were purchased from Dow Corning, USA. All chemicals were used as-
received unless otherwise indicated. Deionized water was used in all aqueous
solutions, which were further purified with a Milli-Q system (Millipore). All
glassware used in the following procedures were cleaned in a bath of freshly

prepared aqua regia and were rinsed thoroughly in H,O prior to use.

5.2.2 Synthesis of Gold Nanocrystals

5.2.2.1 Synthesis of Gold Seeds

The synthesis of gold nanocrystal occurred with a series of seed-mediated
growth [32]. A 100 uL aliquot of 25 mM HAuCl, and 5 mL of 0.2 M CTAB solution
were added to solution in sequence at 30 °C under stirring, after 1min mixture,
0.6 mL of 10 mM ice-cold NaBH, solution was added into the mixture solution,
keeping stirring 5min to ensure well mixing. The CTAB capped gold seeds

solution was stored at 30 °C for future use.

5.2.2.2 Synthesis of Gold Nanorods

169



Chapter 5

The nanorod growth solution was prepared by addition of the following in
sequence: 200 yL of 4 mM AgNOg3, 5 mL of 0.2 M CTAB, 5 mL HAuCl, of 1 mM
and 80 pL of 0.08 M AA solution. The mixture solution was shaken once following
each addition. 12 yL CTAB capped gold seeds were added into the growth
solution and shaken once. The tube was then placed into a 30 °C water bath for

2 hours.

5.2.2.3 Synthesis of Overgrown Gold Nanorods

After 2 hours, 30 mL gold nanorods solution was centrifuged and redispersed in
water to examine with UV-Vis spectroscopy. Subsequently, the solution was
centrifuged again and redispersed in 30 mL of 10 mM CTAB solution at 40 °C.
Lastly, 1.5 mL of 20 mM HAuCI, solution and 0.3 mL of 100 mM AA solution were
added in sequence and mixed thoroughly. The mixture was allowed to react at
40 °C for 1 hour, after reaction the overgrown gold nanorods was washed and

redispersed on 30 mL 0.01 M CTAB for next step growth.

5.2.2.4 Synthesis of Near-Spherical Gold Nanoparticle

600 pL of 10 mM HAuClI, was added into the overgrown nanorods solution. The
mixture solution was left in water bath 40 °C for 12 hours. The reaction was
stopped by centrifuging, and the supernatant was removed to separate the near-
spherical nanoparticles form the growth solution. The near-spherical
nanoparticles were redispersed with 30 mL of 100 mM cetylpyridinium chloride
(CPC) solution before washed twice. This CPC-capped near-sphere gold

nanoparticles were examined with UV-Vis spectroscopy.
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5.2.2.5 Synthesis of Rhombic Dodecahedral Gold Nanocrystals

The growth solution of rhombic dodecahedral gold nanocrystals was prepared
by addition of the following in sequence: 5mL of 0.01 M CPC, 100 uL of 0.01 M
HAuCl,, and 200 pL of 0.1M AA. The mixture solution was shaken once following
each addition. 100uL of the CPC-capped near-sphere gold nanoparticles was
added into the growth solution and shaken once. The tube was then placed into
a 30 °C water bath for 2 hours. The synthesized RD was stopped growth by

centrifugation and redispersed in 200 pyL H,O.

5.2.2.6 Synthesis of Octahedral Gold Nanocrystals

The growth solution of octahedral gold nanocrystals was prepared by addition of
the following in sequence: 5 mL of 0.1 M CPC, 100 pL of 0.01 M HAuCl,4, and 13
pL of 0.1 M AA. The mixture solution was shaken once following each addition.
100 L of the CPC-capped near-sphere gold nanoparticles was added into the
growth solution and shaken once. The tube was then placed into a 30 °C water
bath for 2 hours. The synthesized RD was stopped growth by centrifugation and

redispersed in 200 uL H2O.

5.2.2.7 Synthesis of Sphere Nanocrystals

The growth solution of sphere nanocrystals was prepared by addition of the
following in sequence: 5 mL of 0.1M CPC, 500 uL of 100 mM KBr solution,100
pL of 0.01 M HAuCly4, and 15 pL of 0.1 M AA.. The mixture solution was shaken
once following each addition. 100uL of the CPC-capped near-sphere gold
nanoparticles was added into the growth solution and shaken once. The tube
was then placed into a 30 °C water bath for 2 hours. The synthesized RD was

stopped growth by centrifugation and redispersed in 200 pL HO.
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5.2.2.8 Template Fabrication

The template was prepared according to the procedure reported previously[33,
34]. Firstly, the silicon nitride was deposited on the clean silicon wafer. Then,
wafer was coated with pattern photoresist, following transferred the designed
mask patterns onto the silicon substrate through the photolithography means
(The mask was made by Minnesota Nano Center at the University of
Minnesota.). Then the substrate was etched in the wet etching solution
containing KOH (30%) and IPA (5%) at 40 °C. The etching time depends on the
size of pyramid, and it takes 30min for 5.0 ym sides of square pyramid to finish
the etching. The etch angle is 54.7°, so the height of pyramid is around 3.5 pm.
After that, the etched inverted pyramid template was wash by MQ water, and
cleaned in the cleaning solution (H,O:NH,OH:H,0,=5:1:1) to remove the bumps

on the pyramid surface.

5.2.2 Nanoparticles Assembly

10 L of concentrated gold nanocrystals solution was dropped on the surface of
the template. The system was placed in a chamber with high humidity for slowly
evaporated. After 96 hours, the drop was dried on the template, and then transfer

to the carbon tape or PDMS for characterization and SERS measurement.

5.2.4 Structural and Optical Characterization

Scanning electron microscopy (SEM) images of the nanostructures were taken
with a field emission SEM (JEOL 7001 F). Absorption spectra of the nanopatrticle
solution were recorded using an Agilent 8453 UV-Vis spectrometer. The

scattering spectra of the pyramid films and the single pyramid images were
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obtained using CytoViva hyperspectral imaging system. Dark filed optical images

was taken by Nikon Ti-U microscope.

5.2.5 SERS Measurement

The pyramid film assembled with different shapes of nanoparticles (sphere,
octahedral and RD nanoparticles) were immersed in the 1 mL 4-ATP (100 mM)
overnight, then washed by ethanol, and allowed to dry prior to SERS
measurements. The SERS measurement was carried out using a WITEC 300R
raman microscope taking mapping areas of 26 x 36 um?, with a step size of 500

nm (100x objective) upon excitation with 532 nm and NIR (785 nm) laser line.

5.3 Results and Discussion

5.3.1 Fabrication Nanoparticles Assembly Pyramid Arrays

The scheme of assembly pyramid arrays film was illustrated in Figure 5.1. This
method was modified from previously reported method [31], which combined
self-assembly and templates methods to form superstructure with the defined
shape. Firstly, the silicon template with inverted pyramid shape was prepared by
photolithography technique, followed by wet etching process to yields pyramidal
pattern substrate. SEM image (Figure 5.1d) show the single inverted pyramid
template. Then, concentrated nanoparticle solution was drop on the template to
allow dry under sealed high humidity condition. When the solvent completely
vaporized, the assembly nanoparticles was then transfer into flat substrate, the
transferred assembly nanoparticles with pyramid arrays on the PDMS. Figure
5.1e and f showed the SEM images of RD nanoparticles assembly pyramid

before and after transfer to PDMS.
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Figure 5.1 Schematic of fabrication nanoparticles assembly pyramid arrays film

and corresponding experimental results of single pyramid SEM images.

In this method, template is crucial factor in the pyramid arrays fabrication. The
surface smooth and uniform template decide the assembly pyramid quality.
Anisotropic KOH etching process yields homogeneous periodic pattern with
inverted square pyramids, the side of square is 5.0 ym and the height of pyramid
is 3.5 ym. After cleaning process, surface smooth pyramid template was formed,
Figure 5.1d showed a single inverted pyramid template and Figure 5.2a display
the smooth surface pyramid pattern. Due to the template with well-patterned
pyramid structure, the RD nanoparticles building block also formed the neat

pyramid arrays (Figure 5.2b).
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Figure 5.2 SEM images of (a) Si wafer template with inverted pyramid pattern at

low magnification and (b) transfer RD nanopatrticles assembly pyramid arrays.

In this study, three different shapes of gold nanoparticles, rhrombic dodecahedral
(RD), octahedral and sphere were chose to assembly pyramid building blocks.
In order to keep all factors same except the shape, these three shapes of single-
crystalline nanopatrticles are synthesis by similar seed-mediated growth method

with similar size, the shape was manipulated by kinetics of the nanoparticles.

5.3.2 Morphological Characterization of Pyramid Arrays

After RD nanocrystal assembly, transferred assembly pyramid was
characterized by SEM. Low magnification SEM (Figure 5.2b) image show
homogeneous RD nanoparticles assembly pyramid sit in line to form periodic
arrays. Each pyramid was intact with tip and edges. A single pyramid building
block was displayed in Figure 5.3a, and RD nanocrystal closed packed into
pyramid structure. There was one RD nanocrystal sit at the tip of pyramid building
block, the next layer was four RD nanocrystal and the third layer was composed
of 9 RD nanocrystal (Figure 5.3b). RD nanoparticles array to a line formed the

edge of pyramid (Figure 5.3c). What is more, not only RD nanoparticles
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assembled pyramid arrays, the octahedral and sphere shape nanoparticles also
assembled to pyramid building block, the SEM images (Figure 5.3d and Q)
showed octahedral and sphere nanoparticles assembled to pyramid. Thus, the
shape of nanoparticles do not affect the nanoparticles to assembly pyramid with

assist of template.

Figure 5.3 SEM images of single pyramid building block assembly by (a) RD NPs,
(b) tip of pyramid and (c) edge of pyramid; (d) octahedral NP assembly pyramid
and (e) tip and (f) edge; (g) octahedral NP assembly pyramid and (h) tip and (i)
edge
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5.3.3 Scattering Property of Pyramid Arrays

In this study we also characterized the assembly pyramid arrays using dark field
(DF) microscopy. In Figure 5.4, the pyramid arrays can easily observed under
the DF microscope at low magnification for three shape of nanoparticles
assembly films. What is more, the side, edge and tip are clearly distinguished
due to the different brightens of refection at different area of pyramid. Interesting,
the three different shapes nanoparticle assembly films displayed different color
under same DF microscopy condition. RD and sphere pyramid films displayed
similar orange yellow color (Figure 5.4a, c), but octahedron pyramid film present
the golden color (Figure 5.4b). The difference in color is mainly caused by shape

and arrangements of nanopatrticles.
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Figure 5.4 Darkfield images of (a) RD nanopatrticles, (b) octahedral nanoparticles
and (c) sphere nanoparticles assembly pyramid arrays at low magnification and

high magnification

To investigate this more specifically the optical property at different areas of
pyramid, we employed Cytoviva hyperspectral imaging system to study the
scattering property of the pyramid. In the scattering spectrum measurement,
whole pyramid was divided into three parts: tip, side, edge. Several points of the
scattering spectra measured along the line of side or edge showed in the scheme
from tip to bottom (Figure 5.5). Similarly, the three shapes nanoparticles

assembly pyramid showed different color under Cytoviva optical microscopy
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(Figure 5.6a, d and h). From the Cytoviva data we get two parameters, spectra
wavelength and intensity, and plot the peak wavelength and intensity of each
pointin a same figure (Figure 5.6b, c, e, f, i, ). We can see that for all these three
shapes of nanoparticle assembly pyramid, the scattering wavelength of the peak
position show red shift from bottom to tip, and the peak wavelength of tip is the
highest. This phenomenon of wavelength shift is caused by interparticle

coupling. The central of pyramid showed the strongest coupling effect.

Figure 5.5 Schematic of scattering spectra measurement. The pyramid was

divided into three parts: tip, side and edge.
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Figure 5.6 Optical images of RD (a), octahedral (d) and sphere (h) nanoparticles
assembly pyramid. And their corresponding peak position and intensity of

scattering spectra at edge and side of pyramid.

Unlike the scattering wavelength of the peak position, the intensity show highest
value around the middle of the pyramid. There is still slightly difference between
edge and side. For the edge, the highest intensity point emerge in the position of
around 30% distance to top for all three shapes of building nanoparticle. While
for the side, the highest intensity point emerge in the position of around 40-50%
distance to top for all three shapes of building nanoparticle. The scattering
intensity value is depend on the pyramid shape. At the tip of pyramid the few

nanoparticles cannot absorb and scattering much light comparing with the middle
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part of pyramid. So the intensity of middle position is the highest. Therefore, the

scattering intensity of each point is affected by the whole pyramid structure.

5.3.4 Nanoparticle Shape and Pyramid Structure for SERS Enhancement

As the intimately contacting nanoparticles can create hot spots with high local
electromagnetic filed for the surface-enhanced Raman scattering (SERS)
detection of adsorbed molecules. In this study Raman signal for sphere,
octahedral and RD shape nanocrystal assembly pyramids were measured with
both 785 nm and 535 nm laser power using 4-aminothiophenol (4-ATP) as the
detection molecular. 4-ATP can self-assemble through strong Au-S interaction
on the gold surfaces, therefore commonly used in the SERS evaluation of Au

nanostructures.

The characteristic scattering peak of 4-ATP can be clearly observed for all three
shapes of nanoparticles pyramid assembly at excitation wavelengths of 785nm
(laser power 2mW, an acquisition time 0.1s) (Figure 5.6). The strongest peak is
at 1078 cm™, which is the CS stretching mode and another main peak at 1588
cm™ is attributed to the ring stretch [35]. The peak intensities at 1078 cm™ for
the nanoparticles assembled pyramid used to be compared for the following

pyramid area intensity and shape effect on the SERS enhancement.

To compare the SERS enhancement of different position on the pyramid, we
investigated the SERS mapping for the pyramid arrays film. From the optical
image under Raman microscope and corresponding SERS mapping image of
RD pyramid film at 785 laser excitation (Figure 5.7a), the center of the pyramid
showed the highest intensity. SERS mapping data of the RD assembly pyramid,

the intensity at tip showed the distantly higher than other parts (Figure 5.7b). It
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clearly demonstrated that enhancement intensity depends on the position of
pyramid structure, and all three shapes assembly pyramid show the same trends
(Figure 5.7c, d, e and f). The mapping results from laser 532 nm showed the
similar trend, which the tip of pyramid gave the strongest signal than other area

of pyramid (Figure 5.8).
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Figure 5.7 (a, c, e) optical images and SERS imaging of 1078 peak band in
Raman spectra of RD, octahedral and sphere nanoparticles assembly pyramid

film by laser 785nm. (b, d and f).
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Figure 5.8 (a, b, c) optical image and SERS imaging of 1078 peak band in Raman
spectra of RD, octahedral, sphere nanoparticles assembly pyramid film by laser

532nm (b, d and f).

Further, the shape effect on the SERS enhancement is investigated with peak
intensity at 1078 cm™. Clearly, the SERS activates of RD pyramid is the
strongest among those signals in 785 nm lasers (Figure 5.9a). SERS spectra of
three shapes assembly pyramid were also acquired with the excitation laser of
532 nm and compared in Figure 5.9b. Interestingly, similar trends of SERS
intensity changes at 1078 cm™ were observed, and RD pyramid give the
strongest SERS intensity. One important reason for the high SERS intensity of
RD is that RD nanopatrticles contain more highly anisotropic tips and edges that
can create more efficient hot spots between the junction regions among the
adjacent nanoparticles for SERS and assembly RD nanoparticles form long-
ranges ordered arrangements, therefore, leading to higher SERS intensity [12,
36, 37]. Another reason is the active sites on the surfaces of nanoparticles could
promote the adsorptions of the probe molecules to their surface. It is reported

that gold RD nanoparticles showed the largest SERS intensity because the Au
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(110) facets binding molecules energy are much higher than those of the Au

(111) and (110) facets [38].
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Figure 5.9 SERS intensity of RD, octahedral and sphere nanoparticles assembly

pyramid film under (a) 785 nm and (b) 532 nm laser excitation.

The peak intensity of 785 nm laser was significant strong than 532 nm laser. This
Is because the SERS peak intensities depend on the excitation laser wavelength
used [15, 39]. The excitation wavelength of 785 nm as compared 532 nm closely
matches the plasmon resonance (around 680 nm) of pyramid building block,
which provides significant local electromagnetic field confinement on the

plasmonic nanostructure.

5.4  Conclusion

In conclusion, we fabricated the nanoparticles assembly pyramid and
investigated their optical property and SERS activity. The RD, octahedral and
sphere nanoparticles was succeed to assembly pyramid building block under the
template assisted. Due to the coupling effect of interparticles and pyramid

structure, plasmon resonance red-shift from bottom to the tip of pyramid and the
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highest peak intensity at the middle of pyramid. All these pyramid films have been

explored as SERS substrate to investigate the Raman intensity on shape effect.

The pyramid tip showed the strongest Raman enhancement than other parts,

and maximized Raman enhancement was achieved at pyramid substrate

assembled by RD nanoparticles.
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6.1 Conclusions

Despite the encouraging progresses in synthesizing metallic nanoparticles, it is
still far from the capability of constructing any plasmonic arbitrary nanostructures
with well-defined structures and finely-tunable properties. The contribution of this
thesis is synthesis and characterization of few types of new plasmonic
nanostructures, including plasmonic hairy gold nanorods, hairy bacteria, and
nanoparticle pyramids. Also, it is the first time that SANS is used to reveal soft

DNA corona structures. Below is the detailed description of my work.

Soft DNA corona structures have been investigated in detail by neutron
scattering techniques and clearly demonstrate that DNA-capped gold
nanoparticle conjugates form globular particles in the absence of salt, regardless
of the DNA sequence. However, distinct behaviours were observed for
palindromic and non-palindromic DNA sequences. The non-palindromic DNA
sequences maintain a globular or sphere-like shape under all the conditions
investigated here although their corona heights are responsive to ionic strength
and temperature. However, the palindromic DNA corona only maintains a
sphere-like shape in the absence of salt and quickly exhibits hand-shaking base-
pairing interactions upon addition of salt, leading to dimeric and multimeric

aggregates depending on ionic strength.

A new type of metal nanoarchitectures — hairy gold nanorods were successfully
obtained by the two-step seed-mediated growth processes. The entire growth
process was undertaken in agueous environment. The hairy nanowires could be
obtained in a wider range of ratios (2.5 to 25) of gold precursor to ligand than

that reported on solid surfaces or silica beads in the literature. What is more,
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width of nanowires would be controlled by the ratio, and width changed from 5nm
to 9nm in this ratio range. It could control the length of nanowires from 47 nm to
15 um, simply by adjusting amount of nanorod. The unique hairy high-aspect-
ratio gold nanowires tethered to concentric nanorod allowed for constructing
flexible and stretchable percolation conductivity network. This conductive
network could be used as high performance piezoresistive strain sensors with
high stretchability and durability. Next, a novel plasmonic hairy bacteria structure
was fabricated. In this initial E. coli bacteria were employed for the first time as
templates for successful synthesis of hairy plasmonic nanostructure.
Furthermore, it demonstrated that the ultrathin gold nanowires could be grown

selectively on bacteria surface by a seed-mediated growth progress.

By combining bottom-up and top-down approaches, | have successfully
assembled plasmonic pyramidal microstructure, with detailed investigation on
the theoretical insights properties and surface-enhanced Raman scattering
(SERS) applications. The rhombic dodecahedral (RD), octahedral and sphere
nanoparticles was succeed to assembly pyramid building block under the
template assisted. Due to the coupling effect of interparticles and pyramid
structure, plasmon resonance red-shift from bottom to the tip of pyramid and the
highest peak intensity at the middle of pyramid. All these pyramid films have been
explored as SERS substrate to investigate the Raman intensity on shape effect.
The pyramid tip showed the strongest Raman enhancement than other parts,
and maximized Raman enhancement was achieved at pyramid substrate

assembled by RD nanoparticles.
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6.2 Recommendations for Future Work

In this thesis, the small angle neutron scattering technique was used to study the
information of DNA capped on gold nanoparticles. From the investment, the
detailed information of DNA corona is obtained such as corona thickness
decreased with increasing of salt concentration that can’t be obtained from DLS
data. This is the first time to using neutron technology investigate the structure
of DNA-capped gold nanoparticles. In this preliminary study we only
characterized the simple system--dispersed gold nanoparticles. Beyond this
work results, more complex gold nanoparticle structure will be investigated by
employing SANS technology in the future. In this study we fixed the length of
DNA sequence to investigate the effect of temperature and salt concentration,
which is the start of our neutron study of DNA capped gold nanopatrticles. The
length of DNA sequence is also an important factor in the conjugate and it is also
reported that different types of salt ions can show different effect on the DNA-
capped gold nanoparticles. Hence, more complex DNA sequences may be

investigated in future.

Two new nanostructure are fabricated by wet chemical synthesis. Gold
nanowires grow on the nanorod and bacteria template formed hairy gold nanorod
and hairy gold bacteria structures. In this method, the gold nanowires can be
grown on the substrate that scale range from bulk to macro-level and nano-level.
These gold nanowire with high stability, good conductivity and high aspect ratio
of nanowires is the prefect candidature for the electro sensors. In this preliminary
study, only fundamental data about performance of sensor are tested. More
investigations for sensor ability need to be done in the future. For example, as

the length of nanowire is tunable, the effect of nanowire length on sensor ability
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could be investigated. What is more, hairy nanorod applied in the strain sensor,

hairy bacteria also can apply in the sensor.

In SERS measurement, the intensity strongly depends on the nature of the
substrates such as the size and shape of nanoparticles as well as the
interparticles distance and arrangement pattern. Fabricating substrate with high
sensitivity and reproducibility is a crucial step for SERS enhancement. In this
project, SERS substrate was fabricated by the template assisted self-assembly
method. In this method, the template size is fixed (5 pm), in the future work
different sizes of templates can be choose to assembly nanoparticles, so the size
effect of templates on the SERS enhancement can be systemically investigated.
The size of nanoparticles used in the assembly can also vary from 10 nm to 200

nm to study the nanoparticles effect on the SERS enhancement.
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ABSTRACT: Soft corona structures of DNA-capped nanoparticles are crucial for their
applications in diagnostics, gene delivery, and superlattice growth. While conventional X-
ray techniques can only provide information on their inorganic cores, here we report
substantial new insights of DNA corona structures within DNA-capped nanoparticles in
this first study employing small angle neutron scattering (SANS). Using two 15-mer DNA
strands with palindromic sequence and poly(dT) sequence under high number density
packing on gold nanoparticle surfaces, the influence of ionic strength and temperature on
DNA corona structures and resultant hybridization has been investigated. Poly(dT)
sequences were found to maintain globular corona structures across a range of ionic
strengths and temperatures, but the corona thickness decreased with increasing salt
concentration and increased with increasing temperature. In contrast, palindromic
sequenced DNA had globular corona structures in the absence of salt but quickly evolved
into dimeric and multimeric structures under high ionic strength or under low annealing
temperatures. The structural insights revealed by SANS can guide the design of tailor-made

DNA corona structures for customizable designer materials and devices.

1. INTRODUCTION

Since 1996, DNA-capped nanoparticles have demonstrated a
plethora of exciting applications including advanced materi-
als,"” biodiagnostics,‘%’4 and drug delivery.5 It has been shown
that they may be exploited to detect trace amounts of DNA,°
protein,7’8 small molecules,” and metal ions'®™*® as well as
nanocarriers of nucleic acids for gene regulation.s’14 In addition,
DNA-capped nanoparticles are promising building blocks for
novel plasmonic metamaterials and nanodevices.”®'* They can
be employed to build highly ordered superstructures with
precise periodicity and complexity,'® forming well-defined
assemblies (“artificial molecules”'”'® and “superacrys-
tals”19_21).

For any particular application, the key parameters affecting
DNA corona structures such as DNA sequence, length and
number density, and ionic strength require a high degree of
control and selection."'***** For example, it has been found
that DNA density directly affects the cellular uptake efficiency
of nanoparticles.”* The DNA density on gold nanoparticle
surfaces also influences the hybridization kinetics:** in the low
density (<3 X 10" molecules/cm?”) regime, almost all the DNA
can be hybridized, and the kinetics of binding are faster;
however, at a high density (<5 X 10" molecules/cm?), the
extent of hybridization reduces by 10%, and the kinetics are
much slower.

-4 ACS Publications  © 2015 American Chemical Society
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In principle, DNA molecules are polyelectrolytes which can
form a brush-like polymer conformation on nanoparticles, with
mushroom, crossover, and highly stretched regimes depending
on the grafting number densities.”® Dynamic light scattering has
shown that highly stretched DNA brush heights correspond to
the length of single-stranded DNA."> The microcantilever
technique has also indicated that the pH-dependent changes of
DNA conformation occur, revealing the effects of hydration
and electrostatic forces on DNA hybridization.”” In addition,
curvature of the particle surface can affect DNA loading
capacity and DNA hybridization.”® Smaller nanoparticles show
a higher probe-loading capacity than the larger ones, and when
particle diameter increases to 60 nm, DNA packing is similar to
that of a planar metal surface.”” Classical density functional
theory and molecular dynamics simulations have been utilized
to develop a cell model to predict the ion cloud around
spherical nanoparticles affected by DNA densities, bulk ionic
concentrations, and the sizes of nanoparticles and chains.*

Despite these advances, complex DNA corona structures
remain elusive. Recent advances in synchrotron-based X-ray
techniques have revealed the crystalline structures of DNA-
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Figure 1. (a) Schematic of the DNA-Au conjugate in the polycore—shell model. SAXS scattering data of T1S (b) and T7—-8(c) at various salt
concentrations (0 M, 0.5 M, and 1 M). Solid lines show the fits by Schulz distribution of spheres.

capped nanoparticle assemblies under various condi-
tions'”'”***! but provided no information on the DNA
corona since the scattering signals mainly arise from the
electron-dense nanoparticle cores.”> However, it is possible to
manipulate the signal from the DNA corona using small angle
neutron scattering (SANS) combined with solvent contrast
variation, and this forms the motivation for the present
investigation.

2. RESULTS AND DISCUSSION

As a model system, two thiolated 15-mer single stranded DNA
(ssDNA) strands were selected. The first one has nonbase-
pairing poly thymine sequence (5'-SH-Ts-3’, denoted as T15)
while the second one comprises a segment of 7 thymine bases
at the 5" end followed by a palindromic segment with 8 bases
(5'-SH-T,-CTCATGAG-3’, denoted as T7—8). Following the
previous protocol,’”” the two types of DNA strands were
conjugated to spherical ~13 nm gold nanoparticle surfaces with
nearly highest number density. The as-prepared conjugates are
stable at high ionic strength and a wide range of temperatures
without forming permanent aggregates.

By combined small-angle X-ray scattering (SAXS) and
SANS, the effects of salt concentration on the two types of
DNA coronas at 22 °C were first examined (Figures 1 and 2).
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Ti151M = T7-81M
— Fitting — Fitting
g o1 5 01
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'y %]
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a (A" aA)

Figure 2. SANS scattering data of T1S (a) and T7—8 (b) at various
salt concentrations (0 M, 0.5 M, and 1 M). Solid lines show the fits by
the polycore—shell model.

While the scattering curves of T15-AuNP have similar shapes in
10 mM Tris buffer (pH 7.2) under different salt concentrations
(Figures 1b and 2a), there are significant changes in the
scattering curves for T7—8-AuNP at increased salt concen-
tration (Figures lc and 2b). Particularly, a peak in the low q
region emerged when the salt concentration increased to 1 M.
Model-independent analysis via Indirect Fourier Transform
(IFT) shows that T15-AuNP and T7—8-AuNP have almost
identical symmetric bell-shaped pair-distance distribution, p(r),
functions, suggesting these two DNA sequences give the same
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spherical shape as the conjugates in the absence of salt.*” In
accord with their similar p(r) functions, IFT yielded particles of
a similar radius of gyration, R, (88.0 A for T15-AuNP and 87.9
A for T7—8). Although the R, values from Guinier analysis are
slightly higher than those from IFT, T15-AuNP and T7-8-
AuNP have similar values (90.6 and 90.3 A, respectively). Also,
both particles have a similar hydrodynamic radius (DLS
measurements, Table S1) in the absence of salt.

However, T15-AuNP and T7-8 AuNP show significant
differences in both R, and p(r) functions at higher salt
concentrations. While the R, value of T15-AuNP decreases
from 88.0 to 83.4 A (0.5 M NaCl) and 81.4 A (1 M NaCl), the
R, value of T7—8-AuNP increases from 87.9 to 132.1 A(osM
NaCl). As shown in Figure 3a, there is a slight decrease in
maximum diameter (D,,,,) in the p(r) function for T15-AuNP
at higher salt concentration, and the T1S conjugate retains a
bell-shape p(r). This suggests that the shape of the TIS
conjugate remains largely the same, although its size is smaller.

In contrast, there are two peaks in the distribution function
for the T7—8 conjugate in 0.5 M salt, suggesting that the
palindromic DNA hybrid possibly forms a dimer structure
(Figure 3d). The first peak shows the same position as T1S,
corresponding to the remaining monomers of T7—8. The
second peak is an indication of dimer formation. Consistent
with IFT data, DLS data also shows two peaks for T7—8 at 0.5
M. With further salt increase to 1 M, the T7—8 conjugate
aggregated to form a larger-scale cluster; the oscillations in the
p(r) function are a result of data truncation due to the
aggregates being larger than the inverse of minimum g. As a
result, both D,,,, and R, cannot be reliably determined for T7—
8-AuNP at 1 M NaCl concentration due to the polydisperse
nature of the aggregated system and the limit of g,
Nevertheless, the SANS data reflects the aggregation of T7—
8-AuNP at high salt concentrations. Aggregation was also
confirmed by DLS measurements (Figure 3b). The different
effects of salt on poly(dT) sequenced T1S-AuNP and
palindromic sequenced T7—8-AuNP are schematically pre-
sented in Figure 3¢ and d. For T7—8-AuNPs, their palindromic
sequences hybridize at high ionic strength, resulting in the
observed large aggregates. For T15-AuNPs, the DNA corona
was compressed at higher salt concentration without the
formation of aggregates.

Further analysis of the small-angle scattering data has been
carried out by model-dependent fitting. Since the X-ray signal
from the gold core vastly dominates that from the DNA, a
model using a Schulz distribution of spheres is sufficient to
describe the SAXS data (Figure 1b and c). In the absence of
salt, the fitting gives the radius of the gold core as 63.8 and 65.7
A for T15-AuNP and T7-8 conjugates with a small
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Figure 3. (a) p(r) function and (b) size distribution of T1S and T7—8 conjugates at various salt concentrations (0 M, 0.5 M, and 1 M) obtained
from IFT analysis and DLS measurements, respectively. Panels ¢ and d represent a scheme for the salt effect on poly(dT) sequences DNA and

palindromic sequenced DNA.

Table 1. Fit Parameters from SAXS and SANS Data Using Schulz Sphere Distribution and the Polycore—Shell Model,

respectively
SAXS SANS
salt shell
concentration AuNP core thickness SLD of shell shell volume (X DNA molecular volume DNA fraction v/v
sample (M) radius(A) polydispersitY (A) (x 107°A72) 10°A3) (x 10%A3) % in shell
T15 0 63.8 0.128 65.8 6.00 8.06 4.63 11.08
-AuNP
T1s- 0.5 64.0 0.125 60.7 5.97 7.02 4.41 12.05
AuNP
T1s- 1 64.1 0.120 59.1 5.95 6.73 4.31 1231
AuNP
T7-8- 0 65.7 0.126 65.2 5.96 8.21 4.78 13.80
AuNP

polydispersity value of 0.128 and 0.126, respectively. To fit the
SANS data, a core—shell model was used that accounts for the
contributions both from the gold core and the DNA corona
(Figure 2). The values from the SAXS fits are used to constrain
the core parameters (size and polydispersity) in the SANS
fitting. As the scattering length density of the solution and gold
core can be determined from their mass density and chemical
composition (Table S2), only the thickness and scattering
length density of the shell are refinable parameters for the
fitting of SANS data. The resultant parameters for the core—
shell models at different salt concentrations are summarized in
Table 1. Note that no model fitting has been attempted for
T7—8-AuNP at 0.5 and 1 M due to the aggregation.

In the absence of salt, the thickness of the T7—8 corona
(65.2 A) is similar to the T15 corona (65.8 A) while its SLD
(5.96 x 107 A72) is slightly smaller than the T15 corona (6.00
x 107 A72). Note that the T15 molecule has a smaller
scattering length (1.517 X 107 cm) and hence a higher
contrast than T7—8 (1.715 X 107'° cm) with respect to D,0
(Table S3). However, there are fewer oligomers on T15-AuNP

Appendix-3

(192 + 8 oligonucleotides per particle) than T7—8 (237 + 13
oligonucleotides/particle) as determined from the DNA
adsorption curve (Figure S1). These two opposing effects
result in similar shell scattering length density for both particles.
Despite the difference in their surface coverage, the T1S corona
and T7-8 corona have similar values of shell thickness,
suggesting that both DNAs extend from the gold particle
surface in a similar configuration. In fact, the p(r) functions of
T1S and T7-8 share a similar shape (Figure 3a), suggesting a
similar conformation of T15 and T7—8 in the absence of salt.

As the palindromic sequence T7—8-AuNP forms aggregates
at high salt concentrations, the following discussions on the
salt-induced conformation change of DNA are focused on
poly(dT) sequences T15-AuNP. Importantly, the increase of
the salt concentration does not change the polydispersity of
T15-AuNP (Supporting Information), confirming that the
system is well dispersed even at high salt concentration.
Although salt did not affect the shape of the poly(dT)
sequenced DNA capped conjugate, the thickness of the DNA
corona decreases with salt addition. The shell thickness of the
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T1S conjugate (from the polycore—shell model) reduced from
65.8 A (0 M NaCl) to 60.7 A (0.5 M NaCl) and 59.1 A (1 M
NaCl). As the salt concentration increases, excess cations are
anticipated to reduce repulsion along the negatively charged
backbone of the DNA, thus resulting in a compaction of the
DNA corona. Our findings are consistent with Chen et al.
which also showed that the length of poly(dT) sequences of
DNA in free solution decreased with increased salt concen-
tration.”” It is possible that electrostatic repulsion within the
DNA chain is sufficiently depressed at a salt concentration of
0.5 M, and further DNA compaction is reduced when salt
concentration is increased to 1 M.

A decrease of the shell thickness from 65.8 A (0 M salt) to
60.7 A (0.5 M salt) corresponds to a change of shell volume
from 8.06 X 10° A3 to 7.02 x 10° A%, Note that the corona is
occupied by DNA and solvent; as a result, the decrease in the
shell volume would imply a reduction in proportion of solvent
in the corona. Since the SLD of the solvent is greater than that
of DNA, decreased solvation would therefore result in a
decrease in the corona SLD. However, this is not observed
here. In the absence of salt, the difference of SLD between the
shell (6.00 X 107° A™2) and the solvent (6.34 X 107° A™2) is
0.34 X 107° A™% at a salt concentration of 0.5 M, the contrast
between the shell (5.97 X 107° A™?) and the solvent (6.31 X
107 A72) remains as 0.34 X 107° A2 i.e., the smaller volume
of the DNA corona does not lead to an increase in contrast
between the DNA shell and bulk solvent. The observed
behavior may arise from either a decrease in volume of the
DNA itself, an increase in the physical density of the solvent in
the corona (decrease in solvent volume) compared to the bulk,
or a combination thereof. Further calculations (see Supporting
Information) assuming solely the former effect suggest that the
molecular volume of DNA decreases from 4.63 X 10° A3 (0 M
NaCl) to 4.41 x 10* A* (0.5 M NaCl) and 4.31 X 10* A®> (1 M
NaCl). Thus, the increase of salt concentration does not only
result in a decrease in the total volume of the DNA corona but
also the volume occupied by individual DNA chains. However,
this does not preclude the influence of solvent density increase
in the corona. In an analysis of the protein—solvent interface, it
is demonstrated that the hydration shell around proteins is
denser than the bulk solvent.*

The influence of temperature was also investigated by SANS
(Figure 4) at a fixed salt concentration of 0.5 M by measuring
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Figure 4. SANS scattering data of T1S (a) and T7—8 (b) as a function
of temperature. Solid lines show the fits by the polycore—shell model.
The plotted data are offset for clarity as follows: 10X for T15 70 °C
and T7—8 46 °C; 20X for T1S5 46 °C and T7—8 70 °C; and 30X for
T15 30 °C.
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the scattering at an initial 30 to 46 °C, 70 °C, and then
decreasing to 22 °C. p(r) functions are shown in Figure S. The
T1S conjugate maintains a bell-shape function as the
temperature is changed, which indicates that the particle
shape is largely conserved (Figure Sa). The p(r) function of the
T7-8 conjugate maintains two peaks at 30 °C, but as the
temperature is increased from 30 to 46 °C, the T7—8 conjugate
p(r) function changed from two peaks to a single bell-shape
peak (Figure Sb) suggesting a dimer to globule transition.
Figure Sb shows the schematic of the shape change at different
temperatures for palindromic sequenced DNA conjugates.
DNA dehybridization occurs on increasing the temperature to
46 °C; this is above the melting temperature of 8-base
palindromic sequences (35—37 °C, at 50 yM DNA and 0.5 M
salt conditions calculated by an IDT OligoAnalyzer). As the
temperature is further increased from 46 to 70 °C, the globular
structure remains unchanged. However, when the temperature
is reduced from 70 to 22 °C, the T7—8 conjugate forms larger-
scale clusters (as observed by the data-truncated oscillations in
the p(r) function). The possible explanation for this interesting
behavior is that palindromic sequenced T7—8 reforms to the
hybrid state on cooling, and annealing enables more DNA
strands to hybridize to form clusters. Indeed in Mirkin and
Gang’s studies,"”*° it was found that slow annealing of DNA-
capped gold nanoparticles can lead to particle self-assembly and
crystallization to form ordered structures. Interparticle
organization of such crystalline nanostructure could also be
investigated by neutron scattering.

The corona of the poly(dT) sequenced DNA capped
conjugate increased slightly on increasing temperature but
appears to be reversible; from Table S4, the shell thickness of
T1S increased from 60.4 A (30 °C) to 60.5 A (46 °C), 65.1 A
(70 °C), and decreased to 60.9 A at 22 °C. Similarly, the
increased and decreased corona thickness resulted in
fluctuation of the corona SLD. The DNA corona size change
is also confirmed by R, values from both IFT and Guinier
analysis (Table S4). These findings are consistent with Jiang et
al,, who also showed that ssDNA stretched as temperature was
increased.*

3. CONCLUSIONS

In conclusion, soft DNA corona structures have been
investigated in detail by neutron scattering techniques and
clearly demonstrate that DNA-capped gold nanoparticle
conjugates form globular particles in the absence of salt,
regardless of the DNA sequence. However, distinct behaviors
were observed for palindromic and nonpalindromic DNA
sequences. The nonpalindromic DNA sequences maintain a
globular or sphere-like shape under all the conditions
investigated here, although their corona heights are responsive
to ionic strength and temperature. However, the palindromic
DNA corona only maintains a sphere-like shape in the absence
of salt and quickly exhibits hand-shaking base-pairing
interactions upon addition of salt, leading to dimeric and
multimeric aggregates depending on ionic strength. Our work
has demonstrated that small angle neutron scattering can
provide structural insights on DNA-capped gold nanoparticles,
and this opens the way to systematically study effects of
different factors such as DNA length and type of ions on DNA
structure in future. The results shown here may guide the
design of tailor-made DNA corona structures for customizable
designer materials for versatile applications in a range of arenas
including life sciences and optoelectronics.
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