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Abstract

Abstract

Gold nanostructures have drawn considerable attention in recent decades due to
their outstanding properties arising from the localized surface plasmonic resonances,
which are the coherent oscillations of free electrons confined in nanostructures. Under
the illumination of incoming light, they exhibit large absorption and scattering cross-
sections and large near-field enhancement. More attractively, these extraordinary
properties are strongly correlated with the size, morphology, and composition of the
nanostructures as well as the dielectric function of the medium surrounding them,
which enables gold nanocrystals to be applied in a wide range of fields, such as
plasmonic sensing and Raman spectroscopy.

This thesis is an effort for expanding the use of gold nanostructures in analytical
sciences in general and in the field of scanning probe microscopy (SPM) in particular,
developing a facile and fast method to prepare nanometric gold trisoctahedrons as
well as creating new plasmonic probes to combine Raman spectroscopy with scanning
ion conductance microscopy (SICM).

The investigations on the preparation of gold trisoctahedrons with high-index facets
and their plasmonic performances are presented, describing a method that highlights
the high control achieved over the high uniformity of the products and the properties
of the final nanoparticles. With the ability to tune the size of gold trisoctahedrons, it is
possible to tailor their dipolar plasmon resonance wavelength ranging from visible to
near-infrared region. Furthermore, the exposed facets of the gold trisoctahedrons can
be tuned by growing the nanostructures at different temperatures. Moreover, the
obtained gold nanostructures with well-defined tips and edges were assessed for
analytical applications exhibiting high plasmonic sensitivities and excellent surface-
enhanced Raman scattering (SERS) performance.

Combing plasmonic nanostructures with SICM probes is an interesting approach to
bestow SPM techniques with additional SERS analytical possibilities. Towards this
goal, the preparation and characterization of pipettes decorated with gold
nanoparticles are presented, employing bifunctional molecules to anchor gold
nanostructures on the outer surface of the nanopipettes (including borosilicate and
quartz) in a very robust fashion. A set of different gold nanostructures, namely

nanorods, nanospheres, trisoctahedrons, and nanobipyramids, have been used to
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produce SERS active SICM nanopipettes (SERS-SICM probes). The capabilities of
the SERS-SICM probes are demonstrated by being used in experiments of imaging
and penetrating living cells.

Finally, the preparation of SPM probes for enhanced Raman spectroscopy is taken
to the limit by fixing one single nanoparticle at the tip end of an SICM nanopipette.
This design has the potential to be used in tip-enhanced Raman scattering (TERS) in
liquids, with evident applicability in biology fields, such as living cells. Two different
methods of preparing TERS active SICM nanopipettes (TERS-SICM probes) are
presented, employing strategies of in-situ synthesis as well as post-functionalization

of the nanopipettes. The probes are assessed based on their abilities for SICM imaging.
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Résumé

Résumé

Les nanostructures d'or ont attiré une attention considérable au cours des dernicres
décennies en raison de leurs propriétés exceptionnelles résultant des résonances
plasmoniques de surface localisées, que sont les modes d’oscillation cohérente
d'électrons libres confinés dans des nanostructures. Sous l'effet de la lumicre
incidente, elles présentent de grandes sections efficaces d'absorption et de diffusion,
de méme qu’une forte exaltation du champ proche. Plus attrayant, ces propriétés
extraordinaires sont fortement corrélées a la taille, a la morphologie et a la
composition des nanostructures ainsi, qu'a la fonction diélectrique du milieu qui les
entoure, ce qui permet aux nanocristaux d'or d'étre appliqués dans un large éventail de
domaines tels que la détection plasmonique et la spectroscopie Raman.

Cette these constitue un effort pour étendre I'utilisation des nanostructures d'or dans
les techniques d’analyse en général et dans le domaine de la microscopie a sonde
locale ou microscopie en champ proche (SPM) en particulier, en développant une
méthode simple et rapide de fabrication de triocta¢dres d'or nanométriques, ainsi qu'en
créant de nouvelles sondes plasmoniques permettant de combiner la spectroscopie
Raman avec la microscopie a conductance ionique (SICM).

Les recherches sur la fabrication de triocta¢dres d'or a facettes a haut indice et sur
leurs performances plasmoniques sont présentées, décrivant une méthode qui met en
évidence la bonne maitrise obtenue sur la grande uniformité des produits et les
propriétés des nanoparticule finales. Avec la possibilité d'ajuster la taille des
trioctaedres d'or, il est possible d'adapter leur longueur d'onde de résonance
plasmonique dipolaire allant du visible au proche infrarouge. De plus, les facettes
exposées des trioctaédres d'or peuvent E&tre ajustées en faisant croitre les
nanostructures a diftérentes températures. Enfin, les nanostructures d'or obtenues avec
des pointes et des bords bien définis ont été évaluées pour des applications analytiques
présentant des sensibilités plasmoniques élevées et d'excellentes performances de
diffusion Raman exaltée de surface (DRES) ou SERS (en anglais).

Combiner des nanostructures plasmoniques avec des sondes SICM est une
approche intéressante pour conférer aux techniques SPM des capacités SERS
supplémentaires. Dans ce but, la préparation et la caractérisation de pipettes décorées

avec des nanoparticules d'or sont présentées, en utilisant des molécules
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bifonctionnelles pour ancrer des nanostructures d'or sur la surface externe des
nanopipettes (en borosilicate et en quartz) de maniere trés robuste. Un ensemble de
différentes nanostructures d'or, a savoir des nanotiges, des nanospheres, des
trioctaedres et des nanobipyramides, a été utilisé pour produire des nanopipettes
SICM actives dans le SERS (sondes SERS-SICM). Les capacités des sondes SERS-
SICM sont démontrées par leur utilisation dans des expériences d'imagerie et de
pénétration de cellules vivantes.

Enfin, la préparation de sondes SPM pour la spectroscopie Raman exaltée est
poussée a la limite en fixant une seule nanoparticule a l'extrémité d'une nanopipette
SICM. Cette conception a le potentiel d'étre utilisée pour la spectroscopie Raman
exaltée de pointe (TERS) dans les liquides, avec une applicabilité évidente dans les
domaines de la biologie tels que les cellules vivantes. Deux méthodes différentes sont
présentées, employant des stratégies de synthése in-situ ainsi que la post-
fonctionnalisation des nanopipettes. Les sondes sont évaluées en fonction de leurs

capacités pour I'imagerie SICM.
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Chapter 1 Introduction

Plasmonic nanostructures with localized surface plasmon resonance (LSPR)
properties are able to confine incident light into the near-field nanoscale field, which
leads to super strong local electromagnetic field and very large optical
absorption/scattering cross-sections. These outstanding advantages of plasmonic
nanostructures attract considerable attention and cause tremendous advance in science
and technology. Although a big achievement has been obtained in plasmonic research
areas and plasmonic applications and even in practical applications, new plasmonic
nanostructures with outstanding performances and novel applications are still the
research hotspots and continuously being reported almost every day.

I would like to start my thesis with a general overview of the development of
plasmonic nanostructures, with the highlights on the basic concepts, variables
affecting their properties, preparation methods, and applications. In this chapter, I will
firstly introduce what the LSPR is and the intriguing properties of noble metal
nanostructures endowed by LSPR (Section 1.1). In Section 1.2, I will give a detailed
description on the factors which influence the LSPR properties of noble metal
nanostructures. In Section 1.3, I will introduce several types of synthesis methods for
plasmonic nanostructures that are highly related to this thesis. I will further introduce
the applications of noble metal nanostructures possessed with LSPR properties in
Section 1.4, particularly emphasising on the applications in plasmonic sensing and
enhanced Raman spectroscopy as the research of my thesis mainly concentrates on
these two applications. Lastly, a brief outline of my thesis will be given at the end of

this chapter (Section 1.5).

1.1 Localized Surface Plasmon Resonance

Materials endowed with a negative real dielectric constant and a small positive
imaginary dielectric constant are able to support a surface plasmon resonance (SPR).
The SPR is the coherent oscillation of free electrons in the conduction band between
metal and dielectric under external electromagnetic field radiation (Figure 1.1a).1!!
When this SPR is localized in a metal nanostructure with a size which is smaller than
the wavelength of light, the free electrons of this nanostructure take part in the
collective oscillation, and this is so called localized surface plasmon resonance
(LSPR).I*3] Figure 1.1b is a representative schematic of the LSPR supported by a

metallic nanosphere, the LSPR phenomenon occurs when the frequency of the
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incident light matches with that of the free electron oscillation.!! There are two
important effects when the LSPR occurs.[* ¢! Firstly, the electromagnetic fields around
the surface of the nanostructure are considerably enhanced. Secondly, the scattering
and absorption of light are greatly enhanced at the resonance wavelength.

a SPR b LSPR

Dielectric

Figure 1.1 Schematics of surface plasmon resonance (a), and localized surface

plasmon resonance (b).[V

Noble metal nanocrystals have chemical stability and high electric conductivity
which are good candidates to support LSPRs. Among them, gold and silver
nanoparticles, long-investigated nanostructures, can be traced back to the 40
century.l’"8! Artists and workers used gold and silver nanoparticles as pigments to
fabricate fascinating artworks, including cups and beautiful windows. The famous
Lycurgus cup is a typical example of this application (Figure 1.2a).°! The cup was
made by embedding a tiny amount of gold and silver nanoparticles into the glass and
these nanoparticles are able to absorb and scatter light at specific wavelengths in
visible regions.!'”! The color of this cup depends on whether the illuminating light is
passing through it or not, appearing red when the light shines inside or behind of the
cup because of the transmitted light and turning into green if the light illuminates
from front of the cup due to reflected light.l''"'2 Another spectacular example is the

13]

amazingly colorful windows of Sainte Chapelle in Paris, ['¥ as appreciated in the

photo in Figure 1.2b. During ancient times, this stained technique was widely applied
without a scientific understanding of the behind mechanism. The first scientific
research on the synthesis of gold nanostructures was performed by Michael Faraday
in 1847, which is considered as the pioneer of nanoscience. The red gold colloid
(Figure 1.2c) was prepared by reducing chloroaurate with phosphorus in carbon
disulfide.['* People were interested in the intense colors and considered the attractive

colors were an inherent characteristic of gold nanoparticles. Only until the appearance
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of electrodynamic theory in the early twentieth century that people realized the

beautiful colors of gold nanoparticles were because of the LSPRs.

Figure 1.2 Typical examples of the plasmonic nanostructures. (a) The Lycurgus
cup.''? (b) The stained windows of Sainte Chapelle in Paris, this photo is provided by
my friend, Miss Martina Papa. (c) Gold nanoparticles colloid by Michael Faraday in

the museum of the Royal Institution in London.!"”/

The magic Lycurgus cup and beautiful windows prove that the properties of noble
metal nanostructures are significantly different with those of bulk counterparts. LSPR
endows noble metal nanostructures with outstanding properties. The first is that the
LSPR wavelength of noble metal nanostructures is tunable, which is highly dependent
on their compositions, morphologies, sizes, and local dielectric surroundings.[!6”!%]
Taking gold nanospheres as an example, Figure 1.3a illustrates the LSPR wavelengths
of gold nanospheres.['”! Generally, gold nanospheres have one LSPR dipolar mode
and the wavelength gradually red shifts with the size of gold nanospheres increasing.
However, gold nanorods have two typical LSPR modes, one is longitudinal dipolar
mode generated from the electron oscillations along the long axis of the nanorods, the
other one is transverse dipolar mode which is excited by light polarized along the
short axis of the nanorods."*”) In figure 1.3b, it is apparent that the longitudinal LSPR
wavelength of gold nanorods can be tuned, the wavelength gradually red shifts with

increasing the aspect ratio (ratio between the length and diameter) of gold nanorods.!!

As for transverse wavelength, it is less sensitive to the change of aspect ratio.
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a Increasing size b Increasing aspect ratio
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Figure 1.3 Extinction spectra of gold nanostructures of varying sizes. Extinction
spectra of gold nanospheres with increasing size (a),!’”! and gold nanorods with

increasing aspect ratio (b).[*"

The second attractive feature of noble metal nanostructures is that their absorption
and scattering cross-sections are extremely large at the plasmon resonance frequency.
The comparison among different nanoscale optical species is illustrated in Figure 1.4,
including plasmonic nanostructures, semiconductor quantum dots, organic
fluorophores, and atom/ions.?>23! All of them possess very strong interactions with
incoming light and the cross-sections greatly increased when the size of the particles
is increasing. Among them, plasmonic nanostructures have much larger cross-sections
than the other three types of nanoscale optical species. Furthermore, only plasmonic
nanostructures have larger extinction cross-sections than their physical cross-sections.
The optical specie with larger extinction cross-section means that this optical specie
has higher probability to absorb or scatter incident light. Hence, plasmonic
nanocrystals have better absorption and scattering ability compared to other three

types of optical species.
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Figure 1.4 Extinction cross-sections of different types of optical species.*” (a)
Comparison among extinction cross-sections of four types of nanoscale optical
species. (b) The ratios between extinction cross-sections and physical cross-sections

of the optical species versus their physical sizes.

Another exceptional property of noble metal nanostructures is the strong
confinement of incident light into nanoscale area surrounding the nanoparticle which
has already broken the diffraction limit of the traditional optics.**2%! Therefore, the
localized electromagnetic field is highly enhanced by the strongly confined light. This
enhancement reaches maximum at the surface and decreases quickly with distance.
Moreover, the enhancement can be further improved by increasing the curvature of

the plasmonic nanostructures.l?’ 28!

Figure 1.5 presents the contours of
electromagnetic field enhancements around three different nanocrystals, including
gold nanosphere, gold nanorod and gold nanoplate, which are acquired from finite-
difference time-domain (FDTD) simulations.”*) These three types of nanostructures
have the same volume, however, the intensities of the enhancements are considerably
different. Gold nanoplate with sharp tips has the strongest electromagnetic field
distribution among these three nanostructures. Therefore, it is believed that the

sharper a noble metal nanostructure is, the stronger the field it produces.
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!

Figure 1.5 Contours of electronic field intensity enhancements around different gold

nanocrystals.'>’! Gold nanosphere (a), gold nanorod (b), and gold nanoplate (c).

Moreover, noble metal nanostructures with LSPRs are capable of being applied to
induce hot carriers, which is beneficial for developing various research areas, such as
photocatalysis, solar energy conversion, imaging and so forth.[>7% The development
of surface femtochemistry promotes the understanding of the behind mechanism of
the hot carrier generation process.*!! Figure 1.6 illustrates the process by which
plasmon induces hot carriers in metallic nanostructures.*?! To absorb a photon is the
first step for exciting a carrier (Figure 1.6a), the probability to greatly improve the
light absorption of noble metal nanostructures is exciting LSPRs.?!7321 After light
absorption, the plasmon resonances in metallic nanocrystals can be damped either by
a radiative process to re-emit a new photon, or through a non-radiative path to create
the electron-hole pairs, only within a timescale ranging from 1 to 100 fs due to the
process is a pure quantum mechanism (Figure 1.6b).*3] These plasmon excited
carriers will relax by the process of electron-electron scattering using around 100 fs to
1 ps. This step will result in the formation of Fermi-Dirac like distribution (Figure
1.6¢).13¥ This charge distribution will further experience via interaction with phonon
modes in a few picoseconds which leads to heating the nanostructures. In the final
step, the heat will transfer from the nanostructures to their surrounding environment
by taking an approximate time from 100 ps to 10 ns (Figure 1.6d). This transfer time
is significantly decided by the materials and size of the nanostructures as well as the

thermal conduction features of the surrounding environment.[*!]
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Figure 1.6 Photoexcitation and relaxation in metallic nanostructures.’>!/ On the top
row, it illustrates the process of photoexcitation and relaxation in a nanostructure
illuminated with a laser pulse as well as the corresponding timescales. On the bottom
row, it shows the excitations of LSPR redirects the flow of light towards and into the
nanocrystal (a), and the population of the electronic states (grey), the red and blue

areas represent the distributions of hot electrons and hot holes, respectively (b-d).

These outstandingly plasmonic features of noble metal nanostructures make them
widely applicable in many areas. In the field of converting solar energy, noble metal
nanocrystals are able to enhance light harvesting and the efficiency of solar cells.[>>¢]
In biological sciences, noble metal nanostructures can be used in labelling and
imaging cells, sensing, diagnosis and photothermal conversion-based therapy.l*’]
Moreover, noble metal nanoparticles can be utilized in storage of optical data,*"!
electro-photonic circuits,*! etc. The more detailed descriptions of applications of

noble metal nanostructures will be provided in Section 1.3.

1.2 Factors Influencing Localized Surface Plasmon Resonance

As discussed in Section 1.1, the LSPR properties of noble metal nanoparticles are
highly dependent on their sizes, morphologies, and compositions. Understanding this
dependence is essential for exploring new devices and applications. In this section, I
will introduce the effects of nanoparticle shape on the LSPR property firstly, followed
by describing the important role of nanoparticle size. Lastly, I will give a brief

introduction to the chemical compositions.
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1.2.1 Shape of nanostructure

The existing relationship between shape and LSPR in noble metal nanocrystals,
including gold, silver, platinum and palladium, is especially noticeable. The number
of LSPR peaks, their wavelengths, and the ratio between scattering and absorption are
all influenced by the geometric shape of noble metal nanoparticles due to its impact
on the distribution of charges surrounding noble metal nanoparticles and the
polarization of free electrons.*?! Firstly, many research results have demonstrated that

the number of LSPR peaks increases when the symmetry of a noble metal

nanostructure decreases.!**! As mentioned in Section 1.1, the highly symmetrical gold
nanosphere generally only possesses one single plasmonic dipolar peak. In
comparison, other anisotropic nanostructures, such as gold nanorods or
nanobipyramids, exhibit two dipolar modes, as the two different dimensions including
length and width make it possible to polarize the oscillations along two different
ways.[20-44]

The wavelengths of LSPR peaks are also greatly influenced by the geometrical
shapes, especially the sharpness of corners and edges.!'” *~# Taking gold
nanobipyramids with relatively sharp tips as a representative example (Figure 1.7a), it
displays a very strong dipole resonance peak in the visible region and this peak is
significantly sensitive to the sharpness of the tips. Figure 1.7b and c display that
increasing the roundness of the tip leads to the LSPR peak gradually but significantly
blue shifting.*”] A sharper tip can result in the increase of charge separation and the
reduction of restoring force for the dipole electron oscillation, therefore, the sharper
the tip, the longer the plasmonic wavelength is.l*}] Furthermore, the sharpness of a
nanostructure is capable of dramatically enhancing the near fields intensity

48491 This phenomenon, known as the “lighting rod” effect, is

surrounding its surface.!
highly dependent on the surface curvature of the nanostructure. For example, gold
nanobipyramid exhibit a greater local electronic field enhancement in comparison to
gold nanorod.** Because of the above reasons, gold nanostructures with sharp
corners are promising candidates for a number of applications such as surface-

enhanced spectroscopies and nonlinear optics.>%™3!
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Figure 1.7 The extinction spectrum of gold nanobipyramid changes with its sharpness
changing.!*’! (a) Schematics are the three-dimensional mode and two-dimensional
mode of a gold nanobipyramid. (b) FDTD calculated extinction spectra of gold
nanobipyramids as the tip angle increases while the tip radius keeps constant. (c)
FDTD simulated extinction spectra of gold nanobipyramids with various of tip radius

while the tip angle remains a fixed number.

The scattering and absorption cross-sections of noble metal nanostructures are also

> The nanostructures with highly

affected by their geometrical shapes.[*>
symmetrical shape are able to form strong dipole which results in strong absorption
and scattering. However, nanostructures like triangular plates with lower geometrical
symmetry cannot form strong dipole because the corners of the triangular are opposite
to a face rather than another corner.[**! In addition, the geometrical morphology plays
a role in determining the ratio between scattering and absorption as well.[*> 3% Noble
metal nanostructures like nanorods, nanocages and nanostars with stronger absorption
have been widely explored for photothermal therapy.!>> On the other hand, the highly
scattering dominated polyhedron nanoparticles, such as cuboctahedron and
octahedron, are favorable for biological imaging and detection.>® The ratio may be

more determined by the size of nanostructures, which will be introduced in detail in

next section.
1.2.2 Size of nanostructure

Size is another parameter in noble metal nanostructures that influences LSPR
properties. The ability to tune nanostructure size can be used to tune the proportion of
scattering to absorption, but also can shift the peak position of LSPR and change the

number of plasmonic modes.

10
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For noble metal nanostructure whose size is much smaller than the wavelength of
incident light, the cross-sections of scattering and absorption are directly proportional
to the 6™ and 3™ power of its size, respectively.’”! Taking gold nanosphere as a
typical example, small particles with radius lower than 30 nm possess very high
absorption yet very weak scattering, which makes these small particles very difficult
to measure by dark-field microscopy. However, these particles with strong light
absorption can convert photon energy into heat rapidly which is beneficial for
photothermal therapy to destruct cancer cells.®®! For large nanoparticles, scattering
dominates over absorption, and particles are seen as very bright in dark field
microscopy. Based on the drak field microscopy technique, noble metal
nanostructures with outstanding light scattering have been widely exploited in the
application of optical imaging, such as imaging gold nanoparticles in biological cells,
understanding biological process with real time imaging, detecting biomolecular
dynamics and so on.?! For the particles with a radius around 50 nm, scattering and
absorption become comparable. Figure 1.8 is the example of the extinction,
absorption, and scattering spectra of gold nanospheres dispersed into water which
exemplifies all the above-mentioned trends: the extinction of small gold nanospheres
is dominated by absorption; the scattering increases significantly when the size
increased to about 72 nm, although absorption is still slightly over scattering; and
finally for large gold nanospheres (size of approximately 162 nm), the extinction
spectrum is almost exclusively composed of scattering.[®” It is important to point out
that two peaks appeared in the extinction spectrum of large nanospheres, one peak is
the dipolar mode and the other peak is because of the appearance of a quadrupole
excitation. Therefore, the size of nanostructures is able to affect the number of
plasmonic mode. Generally, there are only dipole modes in small nanocrystals while

there are multipole modes in large nanocrystals as well in addition to dipole modes.

11
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Figure 1.8 The extinction (black), absorption (green), and scattering (red) spectra of
gold nanospheres with different sizes.!®” The diameters are 41 = 2 nm (a), 72 £ 3.8
nm (b), and 162 £ 9 nm (c). The insert images are the corresponding scanning

electron microscopy images of gold nanospheres, the scale bar is 200 nm.

Figure 1.8 also demonstrates that the peak position gradually red shifts as the
diameter increases. This trend occurs because the charge separation on the nanosphere
increases with its size, which results in the frequency of the free electron oscillation
decreasing. This trend also happens in nonspherical nanostructures such as
nanocubes!®") and nanooctahedrons.”) In Figure 1.9, a representative scanning
electron microscopy (SEM) image of gold octahedron is presented (Figure 1.9a),
together with a set of extinction spectra that clearly shows the main dipole peak
gradually red shifts with the edge length increasing (Figure 1.9b). The relationship
between dipole plasmonic peaks of the gold octahedrons and the lengths of their edges
is approximately linear (Figure 1.9¢), which is important towards the synthesis of gold
octahedrons with special plasmonic peak. For the elongated nanostructures like
nanorods and nanobipyramids, they have two types of dipole modes, longitudinal
mode and transverse one. Their longitudinal plasmonic peak slowly red shifts with the

aspect ratio increasing.

12
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Figure 1.9 The variations of the extinction spectra of gold octahedrons with their size
increasing.!®” (a) The SEM image of 50 nm gold octahedrons. (b) The extinction
spectra of gold octahedrons with different edge lengths, the edge lengths are 20 nm,
50 nm, 63 nm, 80 nm, 95 nm, 110 nm, 125 nm, 160 nm, and 230 nm, respectively. (c)

The relationship between plasmonic peaks and edge lengths.

Apart from above effects, the size of nanostructure can also affect the width of
plasmonic peak. Figure 1.8 and 1.9 also show that the dipole peak becomes broader
when the size increases. This broadening is attributed to radiative damping for large

nanostructures. (%]
1.2.3 Composition of nanostructure

Noble metals generally include Platinum-group metals (Ru, Rh, Pd, Os, Ir and Pt)
and coinage metals (Au and Ag). For the Platinum-group metals, nanoparticles are
excellent candidates for catalytic applications but without significant LSPR properties
due to the partially occupied d-states result into the probability of low frequency
interband transitions and the enhancement of the LSPR relaxation frequency caused
by the increase of electron-electron scattering rate.[%4%%! For the nanostructures of
coinage metals, the densities of their free electrons are in the proper range that makes
them to have outstandingly tunable plasmonic properties in a broad range of
wavelength.[> 671 According to Mie theory, the resonance occurs when the real part of
the permittivity of a metal equals twice the negative of the permittivity of its
surrounding medium. Due to the surrounding medium being usually water or air with
a positive dielectric constant, the real part of the dielectric constant of the metal
should be negative. Additionally, the small number of imaginary part is required
because it may affect the plasmonic resonance peak. Gold and silver are the two types

of metals which can fulfill the conditions.!'7>#°]
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Since the inherent characteristics of a metal is unique with each other, the
plasmonic properties of gold and silver nanostructures can be greatly different. For
instance, comparing plasmonic sensitivity of single silver nanorod with that of single
gold nanorod shows that silver nanorods possess higher sensitivity than gold nanorods
at the similar plasmonic resonance wavelengths.!! However, the structural stability
of silver is low and silver nanostructures are not suitable for biological applications
because of high cytotoxicity.[®”) These two obstacles hinder the applications of silver
nanocrystals. On the other hand, gold nanoparticles with advantages like chemical
inertness, oxidation-free, and low toxicity have already made gold nanostructures to
be remarkably important nanomaterials in the fields of chemical and biological
applications.**- 7!

From above description, it is apparent that the element composition of a
nanoparticle plays an essential role in determining its properties and applications. In
order to solve the disadvantages of monometallic nanostructures and improve their
applications, a lot of research work are devoted into developing alloy nanostructures

as well. Various of combinations among different metals shows high flexibility of

tuning properties of noble metal nanostructures.

1.3 Methods for Preparing Noble Metal Nanostructures

Since the LSPR properties of noble metal nanostructures are highly dependent on
their physical parameters, many different strategies have been developed to prepare
nanostructures with various shapes, sizes and compositions for different applications.

71=74] Figure

These strategies can be classified into top-down and bottom-up methods.
1.10 displays the principles of these two preparing methods. Top-down methods refer
to the techniques which involve the milling and comminution of the bulk materials to
obtain the desired nanostructures. Electron beam lithography and photolithography
are the two commonly employed top-down methods. Oppositely, the bottom-up
methods start from reducing the salt precursors to atoms and then gradually assemble
the atoms to the desired nanostructures. Although a large number of noble metal
nanostructures are fabricated by top-down methods, it is hard to avoid many
drawbacks during the process of preparation, including expensive, time-consuming,

75-76

and wasting materials.’>”7® Furthermore, the plasmonic properties of noble metal

nanostructures fabricated by these physically top-down methods are largely damped
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due to their polycrystalline nature and the adhesive layer.[”’~” These shortcomings
are the main reasons for limiting the use of top-down approaches in both fundamental
research and practical applications. On the other hand, bottom-up methods are
generally the inexpensive and simple way with a huge potential for controlling the
sizes and shapes of nanostructures.** ¥ The bottom-up methods generally involve
wet-chemical synthesis processes, such as chemical, electrochemical, photochemical
and sonochemical procedures. There are commonly three key species involved in
bottom-up approachs: the metal precursor which is the source for growing
nanostructures; the reducing agent or energy for driving reduction or decomposition
process; and the capping agent which plays an important role in stablizing the
nanostructures.’* In this section, I will mainly focus on introducing the methods

related to my work, including the seed-mediated method, overgrowth and oxidation.

Milling time

« Comminution

* Grain size reduction
« Plastic deformation
» Defect generation

«“ » Amorphization, sintering...

* Welding, coalescence...

Surface area

* Nanoparticles

* Cluster formation
* Atomic addition

* Precursor reduction

BOTTOM-UP

Figure 1.10 Schematic of preparing methods (top-down and bottom-up) for obtaining

nanostructures.’?
1.3.1 Seed-mediated method

Seed-mediated method, one of the most popular wet-chemical method for the
synthesis of noble metal nanostructures, was proposed by Murphy et al. in 2001.81782]
Until now, tremendous success has been achieved in preparing noble metal
nanostructures with various of shapes, such as nanocubes, nanorods, nanospheres,
nanoplates, nanobipyramids and so on. A typical seed-mediated growth process is
generally comprised of two main steps.’> 837851 The first step is to prepare small

particles as seeds. Specifically, a strong reducing agent like sodium borohydride is
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used to rapidly reduce salt metal precursor (for example, chloroauric acid) into atoms
and then these atoms form into small particles through self-nucleation. This step is
crucial for obtaining high-quality nanostructures. The following step is preparing
growth solution which includes metal precursors, shape-directing agents, and reducing
agents. By adding a certain volume of as-prepared seed particles into growth solution,
the noble metal nanostructures can be gradually formed. The reducing ability of
reducing agent in growth solution is significantly lower than that in preparing seed
particles, therefore, the metal atoms only gradually deposit onto preformed seed
particles and are not able to form new particles.®®! Importantly, the stabilizing agent
must be used in both steps to stabilize the particles. Figure 1.11 shows a well-known
example of the synthesis of gold nanorods by seed-mediated method.?°! The small
seeds are obtained by reducing chloroauric acid (HAuCl4) using sodium borohydride
(NaBHa4). Then injecting gold seeds into the growth solution including HAuCly, silver
nitrate (AgNQO3), ascorbic acid (AA), and cetyltrimethylammonium bromide (CTAB).
AA reduces Au** to Au’, and the addition of gold seeds is capable of catalyzing Au®

to Au’ therefore finally produce gold nanorods. 2% 86771
CTAB:  AAAAAAANA (BT 1@
N
\\
NaBHa - ‘" % Seeds
+ 4 4
- sc°'b,'
[AuCl,] °a¢,-d
Seeds

Au(l)
Ascorbic acid

Figure 1.11 Schematic illustration of the seed-mediated approach for synthesizing

gold nanorod.’”

Although seed-mediated methods are a bit more complicated than the traditional
one-step protocols for producing noble metal nanocrystals, many advantages can be
obtained from the separation of seed nucleation and growth step, that results in
achieving sustained and predictable preparation of noble metal nanostructures.

The first advantage is that precisely controlling the size of the final nanostructures
becomes possible. In seed-mediated method, nanostructures of different sizes are able
to be acquired by simply selecting the ratio between the salt precursor and seeds in the

growth solution.®! Generally, the particle size will gradually increase with the ratio
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increasing. This control of the size over a large range of dimensions is, however, not
possible using a typical one-pot synthesis method, as increasing the concentration of
the salt precursor may create more nucleation which probably decreases the driving
force for the growth of nanoparticles. In contrast, using seed-mediated method can
avoid extra nucleation due to the well-controlled concentration of salt precursors in
growth solution, thus the newly reduced atoms can all be grown onto pre-existing
seeds leading to continuous growth.

Secondly, the utilization of seed-mediated method allows the design of the shape of
nanostructures by thoughtfully choosing the type of seeds.[** % Figure 1.12 illustrates
that various silver nanostructures can be prepared through using different types of
seeds.*’] For example, the growth solution with multiply twinned seeds can yield
nanostructures with the morphology of quasi-spheres, wires, and rods, while injecting

singly twinned seeds into growth solution is able to generate right bipyramids and

beams.
N/ —_— <\', !~ /
Multiply Twinned Quasi-sphere Wire Rod
Growth
vt o . @ — 4 GEED
Flsl:ﬁz:?:;g Singly Twinned Right Bipyramid Beam

i Wi
Single Crystalline Sphere Cube Octahedron

Figure 1.12 Schematic representation of various shapes synthesized by seed-mediated

methods using different seeds./*/

Moreover, special morphology can be synthesized by controlling the growth rates
of different crystallographic faces on the seeds. Adding some additives, such as ions,
small molecules, polymers, and surfactants, in the growth solution can selectively
deposit onto some crystal facets leading to the growth rate on these facets slowing
down, therefore determining the terminal shape of nanostructures.®® ° The facet-
blocking approaches have been widely used for obtaining a variety of nanostructures.
Among them, employing foreign metal ions as a shape-directing agent is one of the

most effective and extensive strategies to block some crystal facets. The main
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hypothesis of the growth mechanism assisted with the foreign metal ions involves
underpotential deposition (UPD) which is a phenomenon of reducing metal ions onto
a solid metal at a potential that is lower than the equilibrium potential applied for
reducing these metals.l”!*) The UPD phenomenon for foreign metal ions preferably
occurs on high-energy facets with abundant kinks, edges, and atomic steps, and then
the as-formed monolayer of foreign metal can play a role in blocking the growth of
the facets.® 4 One of the well-known shape-directing agents is silver nitrate, which
is broadly used in the formation of many kinds of nanostructures. In 2001, Murphy et
al. observed that the addition of Ag" ions had a significant effect on the formation of
gold nanorods, as Ag" ions selectively bind on the {110} facets with higher surface
energy than that of {100} facets. As a result, the growth rate on {110} facets is
decreased while the growth rate on {100} facets is very fast. The difference in
growing rate on different facets breaks the symmetry of structures, resulting in the

production of the anisotropic nanorods.[®> °°

Ten years later, Mirkin et al.
demonstrated that different nanostructures can be obtained by simply altering the ratio
between Ag" and Au®*" in growth solution (Figure 1.13a).°®! Increasing the
concentration of Ag’ ion in the growth solution, the morphology of the obtained
nanostructures will change from {110}-faceted rhombic dodecahedra to {310}-
faceted truncated ditetragonal prisms and then to nanostructures with higher index

facets, such as {720} -faceted concave cubes.

a Ag UPD-Controlled Products b  Kinetically-Controlled Products
. (110} (11
. Bipyramids/ Truncated
Rhombic / Bitetrahedra
Dodecahedra
. {110} / {11}
e Rhombic / Octahedra
I Dodecahedra
® .- o
e o ¢~-__ T(31tz.d ® o
- runc 100
® (©] - ~ ‘ Ditetragonal ® o ‘ éube)s
\ Prisms
Au Seeds N - Au Seeds
b {720}
{221)
‘ Cg:::\.lo ' Trisoctahedra
-------- Less Surface [Ag] ———= Slow Rate of Reaction
= =% More Surface [Ag] =—=p Fast Rate of Reaction

Figure 1.13 Schematics illustrating the variation of nanostructures with different
growth conditions.”*” (a) The Schematic illustrates the changes of the final shape of
nanostructures with the concentration of silver ion increasing. (b) The schematic of

kinetically controlled morphologies without silver ions in the growth solution.
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In addition, Mirkin ef al. investigated that the reaction rate can influence the shape
of the products without silver ions as well (Figure 1.13b).°¢! Nanostructures with
higher surface energy can be yielded when the growth rate is higher. Higher reaction
temperature, higher concentration of reagents, or surfactants with smaller halides (Cl)
can achieve higher reaction rate. Therefore, controlling the reaction kinetics is another
powerful and versatile method to synthesize nanostructures with different

morphologies.
1.3.2 Overgrowth

Overgrowth strategy for preparing nanostructures is developed based on seed-
mediated method, which takes as-prepared nanocrystals as seeds and further growing
to larger particles by depositing the same or different metals. As mentioned in Section
1.3.1, atoms tend to deposit on the facets with higher surface energy, such as
uncapped regions, corners, edges, and vertices, therefore, injecting the as-prepared
nanostructures into a new growth solution, the equilibrium shape will be broken
leading to continuously growing. Since the difference of lattice constant and the
deposit rate of atoms can be altered by changing experimental conditions, three modes
of overgrowth have been recognized (Figure 1.14).°77°81 When the nanostructures
gradually grow in a layer-by-layer fashion, that is so-called Frank-van der Merwe
mode. If the difference of the lattice constants between two interfacing materials is
very large, the growth is unable to follow the layer-by-layer manner, forming three-
dimensional islands on the as-prepared nanostructures, this is Volmer-Weber mode.
The third mode is the Stranski-Krastanov which mixed layer-by-layer growth and

island growth.

Frank-van der Merwe

Deposition
Stranski-Krastanov
1
]
oy ]
1 ! i i
M
v
Seed Volmer-Weber

x
|

Figure 1.14 Schematic displaying three possible deposition modes of atoms on the

seed surface.*’!
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A large number of nanostructures have been synthesized by overgrowth approach.
For example, Zhuo and coworkers employed gold nanobipyramids as seeds to prepare
highly uniform silver nanorods.”” AuPd nanostructure which is composed of a gold
nanorod as core and small palladium nanoparticles with sizes of around 2—4 nm

surround the core.l'%

I Apart from the bimetallic and multi-metallic nanostructures,
overgrowth method is also used to grow larger particles. Taking gold nanosphere as
an example, the larger nanospheres are obtained through the overgrowth of 20 nm

gold nanospheres.['"]
1.3.3 Oxidation

Oxidation is another strategy to obtain noble metal nanostructures, which is based
on seed-mediated method as well. It is an effective approach to reshape noble metal
nanostructures and tailor their plasmon wavelengths. The injection of oxidizing agents,
such as hydrogen peroxide, oxygen, and salt precursors, leads to zero-valence atoms
becoming ions and desorbing away from the surface of nanostructures, thus reshaping

101-103] Similar to overgrowth, the

nanostructures and tailoring size can be achieved.!
oxidation tends to occur at the edges, corners and vertexes which possess high surface
energy. The surface chemistry of metal nanoparticles, surfactants, and the covered
species like molecules and ions on nanocrystals can influence the oxidizing process.
Additionally, reaction temperature, the concentration of the oxidizing agent, and the
pH of the reaction solution are able to determine oxidation rate.['%71%] These factors
thereby provide many opportunities to reshape nanoparticles and reduce their size as
well. Interestingly, since the plasmonic peak of extinction spectrum is highly
dependent on the size of nanostructure, it is possible to monitor the oxidizing process
by following the changes in the extinction spectra of nanostructure colloids with
oxidation time.

An interesting example of the applicability of the oxidation in nanostructure growth
is the case of gold nanorods, which can obtain a set of gold nanorods with different
lengths but similar widths, however, both the length and the width change as changing
the amount of seed in the growth solution by the seed-mediated method. Tsung
reported the simple oxidation method to selectively shorten the lengths of gold
nanorods using oxygen as oxidizing agent.'l Due to the lower densities of

surfactants at the two ends of gold nanorod, the selective oxidation gradually happens
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at the two ends, resulting in the length is slowly shorten while the width remains
unchanged (Figure 1.15a). As the reaction time increases, the longitudinal plasmonic
wavelength gradually blue shifts and the intensity of the peak slowly decreases at the
same time (Figure 1.15b). The desired gold nanorods can be acquired through
centrifuging the reaction colloid when the longitudinal plasmonic peak moves to a
required position and then the obtained gold nanorods redisperse into water.

Another example is that the opening and overall size of gold nanobottles can be
further tuned through using hydrogen peroxide as oxidizing agent.!'%! In the presence
of hydrogen peroxide, the opening size of the gold nanobottles increases while the
overall size decreases with the oxidizing time increasing (Figure 1.15¢). Meanwhile,
both the axial (electric, short wavelength) and transverse (magnetic, long wavelength)
plasmon peaks gradually change (Figure 1.15d). Figure 1.15¢ shows the typical SEM
images of four nanobottle samples acquired at 0, 1.5, 3.5 and 5 h, respectively,
emphasizing the anisotropic process of oxidizing gold nanobottles, that takes
preferentially at the nanobottle rims with lower density of surfactants and higher

surface energy.
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Figure 1.15 Examples of selective oxidation. (a—b) Selectively oxidizing gold
nanorods.'’Y (a) The schematic illustrates the evolution of gold nanorods with the
oxidation time. (b) Extinction spectra of gold nanorods measured every 1 min during

oxidation process. (c—e) Selective oxidation of gold nanobottles.''’ (c) Schematic for
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the oxidation process of gold nanobottles. (d) Extinction spectra of gold nanobottles
acquired every 30 min after the injection of hydrogen peroxide. (¢) SEM images of
gold nanobottles acquired at 0, 1.5, 3.5, and 5 h, respectively.

1.4 Applications of Plasmonic Nanostructures

Plasmonic nanostructures possess many outstanding advantages, which have
already been proposed and demonstrated by applying in a large number of fields,
ranging from biomedical techniques to the development of alternative energy sources,
photo-assisted chemical reactions, and information technology.[** 19711 Figure 1.16
aims to emphasize the broad applications of plasmonic nanostructures based on their
different properties.*”) The strong light absorption of plasmonic nanostructures
enables them to be applied in nanofluidic solar steam generation, photothermal
treatment, surface-enhanced fluorescence and so on. On the other hand, the high
scattering ability of plasmonic nanostructures opens up opportunities to develop the
applications in bioimaging and diagnosis, biosensing, and surface-enhanced Raman
spectroscopy (SERS). In this section, I will highlight some important applications that

are more related to this thesis.

Plasmonics-mediated e | (1) oo * Multiplex bio-imaging
nanosurgery of cells @ @
Functonatized aser imadiation  IIl- Optoporation
AuNPs on RGC: ing to sIRNA entry
Plasmonics-
based color N - -
encoding ! n % Pl "
= AANANA asmonic-
iEEEEE : %\ enhanced
e photovoltaics

[ owssiime ]
W —

‘ Engineering choice fv Q’Lk e
1 AU@AG NANOCUDOISS.
i Absorption =
Laser & NPs

Scattering

Nanofluidic

solar steam LSPR enhanced Near Field - e & - CO|C?I’ "
generation _ "“"’m\” A —  “nano-pixels
] g
Surface-
enhanced Surface-enhanced
fluorescence Raman spectroscopy
Near-field ‘l f\ “Hot-spot” between
enhancement nanoparticles

Figure 1.16 Schematic illustrating the applications of plasmonic nanostructures.'*’!
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1.4.1 Plasmonic sensing

The LSPR of noble metal nanostructures is not only determined by shape, size, and
composition but also highly sensitive to the refractive index of the
environment.!!''®" 2] Generally, the plasmonic peak gradually redshifts with the
refractive index of the environment increases. The alteration can be easily detected by
monitoring the extinction spectra using a UV/Vis/NIR spectrophotometer or scattering
spectra employing a dark-field spectrometer. Therefore, plasmonic nanostructures are

widely exploited for the design of biomedical and chemical sensors in solution or on a

substrate.!107]
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Figure 1.17 The variations of extinction spectra of gold nanorods with increasing the
refractive index of the surrounding medium.!''% (a—b) The variations of normalized
extinction spectra of large and small gold nanorods with the refractive index
increasing, respectively. The change in refractive index is realized by mixing water
and glycerol at different ratios. (c) Plotting the longitudinal plasmon shift versus the

refractive index of surrounding medium for large and small gold nanorod samples.

Two parameters are commonly utilized to evaluate and compare the performance of

[113

plasmonic sensors.''*! The first one is the bulk refractive index sensitivity ()

reflecting the ability to detect changes in the refractive index. The relationship

between the plasmonic peak position and the surrounding refractive index is

[114

approximately linear.!'*! The sensitivity value is thus determined by the following

equation!137113);
AL

S=An

(1.1)

where A/ is the peak position changes in the extinction/scattering spectra and An is
the changes in the corresponding refractive index of the environment. Figure 1.17 is

the sensing examples of gold nanorods with two different sizes.!''®! Both of them have
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well-linear fitted plots between plasmon shift and refractive index of surrounding
medium but the slops of the two plots are different (Figure 1.17c). The results
demonstrated that the refractive index sensitivity of gold nanorods is largely
influenced by their size. Besides size, the sensitivity also depends on the morphology
of the nanostructure, as shown in the table that the sensing examples of different gold
nanostructures with different morphologies (Table 1.1).''”) Among these particles,
gold nanospheres possess the lowest refractive index sensitivity while gold
nanobranches with many sharp tips exhibit the highest refractive index sensitivity due
to the sharp tips possess high electromagnetic field enhancement on the surface.!!!!]
Therefore, size and morphology are important factors for determining the refractive

index sensitivity.

Table 1.1 The morphologies, sizes, plasmon wavelengths, index sensitivities, and

figure of merits for different gold nanoparticles./'!’!

Au nanoparticles length? (nm)  diameter” (nm)  aspect ratioc°  plasmon wavelength’ (nm) index sensitivity’ (nm/RIU) figure of merit

nanospheres 15(1) 527 44 (3) 0.6
nanocubes 44(2) 538 83(2) 1.5
nanobranches 80 (14) 1141 703 (19) 0.8
nanorods 40 (6) 17 (2) 24(0.3) 653 195 (7) 2.6
nanorods 55(7) 16 (2) 3.4(0.5) 728 224 (4) 2.1
nanorods 74 (6) 17 (2) 4.6 (0.8) 846 288 (8) 1.7
nanobipyramids 27 (4) 19 (7) 1.5(0.3) 645 150 (5) 1.7
nanobipyramids 50 (6) 18 (1) 2.7(0.2) 735 212 (6) 2.8
nanobipyramids 103 (7) 26 (2) 3.9(0.2) 886 392(7) 42
nanobipyramids 189 (9) 40 (2) 4.7(0.2) 1096 540 (6) 4.5

“ For nanocubes, the edge length was measured. For nanobranches, the length from the center to the branch tip was measured. The numbers in the parentheses
are standard deviations. ” For nanobipyramids, the diameter at the middle was measured. © The ratio between the length and the diameter. ¢ Measured when
Au nanoparticles are dispersed in aqueous solutions. For nanobranches, it is the longer plasmon wavelength. For nanorods and nanobipyramids, it is the
longitudinal plasmon wavelength. “ For nanobranches, it is the refractive index sensitivity of the longer-wavelength plasmon peak. For nanorods and nanobipyramids,
it is the index sensitivity of the longitudinal plasmon resonance peak.

The other important parameter is figure of merit (FOM) which is used to compare
the precision of the resonance minimum we can measure. The FOM is defined as
normalizing refractive index sensitivity by the full width at half maximum (FWHM).
The value of FOM is thereby calculated as!!!% !13-115];

FOM = —>

FWHM (1.2)

Generally, a good sensor not only needs to have high sensitivity, but also needs to
have a large value of FOM. In table 1.1, although nanobranches show very high
sensitivity, the value of FOM is very low due to the wide LSPR peak caused by the

118

larger number of sharp tips.l''®) Additionally, although larger nanostructures usually

have higher sensitivities, their plasmonic peaks are broader due to the radiative

damping and multipolar excitations which finally results in a lower FOM value.!'!¥!
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Understanding the two parameters for characterizing the performance of plasmonic
sensors facilitates the development of a wide range of sensors. In 2002, Nath and
coworkers developed a gold nanosphere based sensor to detect the quantification of

biomolecular interaction.[''’

I In their work, they first evaluated the sensing capability
of gold nanospheres by monitoring the LSPR peak shift when the refractive index of
the surrounding solution changes with the help of UV/Vis/NIR spectrophotometer.
The result gives a sensitivity of 76.4 nm/RIU (refractive index unit) which encouraged
the authors to immobilize gold nanospheres on a glass to detect streptavidin-biotin as
a function of time and a dramatically time-dependent increase was found. Similar
plasmonic sensor configuration was prepared by Marinakos and coworkers,!!?°! they
immobilized gold nanorods onto a mercaptosilane-modified glass substrate as the
sensor and exhibited higher sensitivity (252 nm/RIU).

Single-particle based plasmonic sensor was achieved by employing a dark-field
optical microscopy system. The single-particle based sensor has many advantages,
such as lower detection limit, higher sensitivity, and less volume of samples, in
comparison with other types of nanoparticle based sensors.[!2"12*] The potential of the
single-particle sensors can be exemplified with the work of Lambertz and coworkers
where they utilized single gold nanorod as sensor to monitor the local concentration of
MinDE protein in real time.['**] The individual gold nanorod covered by lipid bilayer
are visible under the dark field microscopy, shown as red dots in Figure 1.18a. This
allows the scattering spectrum of the single gold nanorod below the lipid bilayer to be
obtained and hence it is possible to observe how the peak position in the scattering
spectrum red/blue shift as the proteins attach/detach on the surface of the single gold
nanorod, since the attachment/detachment leads to the refractive index changing.
They also showed how the wavelength changes as a function of time (Figure 1.18b),
hence it is able to show the dynamics of the biological processes with real time and

define different stages of protein attachment (Figure 1.18c).
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20 30
Time (s)

Figure 1.18 The example of using single gold nanorod as sensor.!"**! (a) Dark field
scattering image of gold nanorods positioned below the lipid bilayer. (b) The wave
profile of a single gold nanorod as sensor averaged over 26 individual cycles. The
blue line is the average line and the gray lines are the individual cycles. The wave
profile displays Langmuir-type characterize and are divides into four stages. (c) The

process of MinDE attaching/detaching on Membranes.

The different responses caused by the changes in the refractive index can also be
used as chemical sensors, directly or indirectly. For example, Tsukruk group
developed a pH-sensitive sensor using gold nanorods covered with polyaniline
(Figure 1.192).1?%) In this work, it takes advantage of the significant difference in
refractive index of polyaniline at different forms changing from emeraldine salt to
pernigranline base by increasing the pH of the surrounding medium (Figure 1.19b).
The authors specifically chose gold nanorods due to their high refractive index
sensitivity and large FOM. As shown in Figure 1.19c and d, the longitudinal LSPR
peak exhibits a dramatic shift when the pH of surrounding medium is altered. It is
worth emphasizing that the significant LSPR redshift is reversible ensuring the

recycling and reproducible ability of the plasmonic sensors for detecting pH change.

26



Chapter 1 Introduction

a — b
- o
Pernigraniline base (PB)
pH changeI High PH 'N Low pH
n— KOO
— Emeraldine Salt (ES)
C —pH2 | d
—— pH4 800 0.10
—— pHE
0.06 — e gmo —
e E 760
~—— pH11 c -
i) k<]
§0_04. %; 740 - 0.08 _g,
2 2720 g
g w 0.07
%o.02 &
— 680 0.06
0.00 | ; y 1 - ./.\Q/.é./. 0.05
400 600 800 1000 1200 0 2 4 6 8 10 12
Wavelength (nm) pH

Figure 1.19 Gold nanorod@polyaniline core/shell nanostructure sample for pH
detecting sensor.'! (a) The schematic of gold nanorod@polyaniline core/shell
nanostructure for pH detecting sensor with revisable response. (b) Chemical structure
of pernigranline base and emeraldine salt states of polyaniline. (c) The extinction
spectra of gold nanorod@polyaniline core/shell nanostructure with an 8 nm shell of
polyaniline at a variety of surrounding pH. (d) The plots of LSPR position and

extinction intensity as a function of pH, respectively.

These examples are just a few to highlight the achievements of plasmonic sensors
and encourage researchers to invest more time and efforts in the development of
sensors with higher performance, simpler detecting process and easier preparation
method. Among the nanoparticles of interest, gold trioctahedrons are particularly
exceptional nanostructures with high refractive index sensitivities, and this thesis will
focus on the synthesis, structural characterization and their sensing performance in

Chapter 3.
1.4.2 Raman spectroscopy

Raman spectroscopy is an analytical technique based on Raman scattering, the
inelastic scattering of light, which was initially predicted by an Austrian physicist
named Adolf Smekal in 1923 and demonstrated by an Indian physicist named

Chandrashekhara Venkata Raman in 1928, from whom the technique is named
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after.!1%6

1 Specifically, when a photon of incident light interacts with a molecule, a
scattered photon whose energy equals either the difference or the sum of the energy of
the incident photon and that of a molecular energy level is generated.['267128] Ag
illustrated in Figure 1.20, when the interaction takes place between the incoming
photon and a molecule in its vibrational ground state (v = 0), the molecule is first
excited to a higher or virtual energy state and then relaxes back to the first vibrational
state (v = 1) by radiating a scattered photon of lower energy. This process is an
inelastic scattering known as Stokes Raman scattering. On the other hand, anti-Stokes
Raman scattering occurs when the molecule is excited from the first vibrational state
(v = 1) and relaxes back to the vibrational ground state (v = 0). The energies of the
Stokes and anti-Stokes Raman scattering processes are symmetric with respect to the
energy of the elastic scattering known as Rayleigh scattering, which takes place when
the molecule is excited from the vibrational ground state and relaxes back to the same
ground state without any energy change, and hence this phenomenon does not provide
any information about the molecule for investigation. On the contrary, both Stokes
and anti-Stokes Raman scattering processes can provide detailed chemical and
structural information on the molecule through the energy changes in the scattered
photons. Consequently, Raman spectroscopy is widely applied in many research fields

ranging from analytical chemistry to the characterization of various structures and

materials such as biomolecules, minerals and food.!'?~13
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Figure 1.20 Energy diagram illustrating Rayleigh and Raman scattering.

The instrumentation for carrying out Raman spectroscopy typically includes a light
source (laser), monochromator, sample holder, and CCD detector (Figure 1.21a).[!?":

1311 The laser illuminates the sample and then the interaction between the laser and the
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sample results in scattered light with energy different from that of the incident laser
light. The scattered light is analyzed by a spectrometer and recorded by a CCD
camera, providing the Raman spectrum (Figure 1.21b). The x axis of the spectrum
shows the wavenumber (¥), which is proportional to the energy difference between
the incident photon and scattered photon known as Raman shift. The Raman shift is

thereby calculated by the following expression!!3?!:
P=——= (1.3)

where AL and As are the wavelengths of the incoming photons and scattered photons,
respectively. The position of Raman peak is determined by the nature of the molecule
bond, for example, heavier atoms involved lower frequency of vibrations lead to
lower Raman shift.[1*>7134 Since molecules may possess many molecular bonds, such
as C=C, C-C, C-H, O-H, and these bonds can be all excited, giving as a result that the
Raman spectrum of each molecule is unique, like fingerprint.l!3!! The y axis of Raman
spectrum shows the intensities of Raman peaks which depend on the type and
concentration of the molecular bonds involved in vibration as well as the property of

the scattering materials.!!3?!
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Figure 1.21 The principles of Raman spectroscopy. (a) The schematic of Raman
spectroscopy.!31 (b) Schematic illustrating the Raman spectrum. The peak at 0 cm™
is Rayleigh scattering, the right and left peaks are stokes Raman scattering and anti-

stokes Raman scattering, respectively.['3]

The Raman peaks and intensities can be used for both quantitative and qualitative
analysis. However, the intensity of Raman peak is very low because of the low
efficiency of the Raman scattering process, typically, only one Raman scattered
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photon in 108-10'° incoming photons.['*!1 In order to amplify the Raman response and

thereby open the possibility of detecting molecules at a trace level, many efforts have
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been dedicated to improving the Raman signal by combining Raman spectroscopy
with other analytical techniques such as microchromatography, high-performance
liquid chromatography and scanning probe microscopy (SPM) as well as by using

[127) Among them, a simple and straightforward method is

plasmonic nanostructures.
using plasmonic nanostructures. In the following part, I will focus on introducing
SERS and tip-enhanced Raman spectroscopy (TERS) which are highly related with

the objectives of this thesis.
1.4.2.1 Surface-enhanced Raman spectroscopy

The phenomenon of SERS was firstly reported in 1974: an unexpected increase of
the Raman signal was observed when Fleischmann and coworkers put a layer of
pyridine on the surface of a rough silver electrode.!'*> The million-fold enhancement
was originally attributed to the greater number of pyridine molecules adsorbed on the
surface, but later studies showed that the enhancement arose from the rough surface
with surface plasmon excitation.['3"137] These pioneer research works played an
important role in the development of analytical technology for detecting a few
numbers of or even single molecule(s). As a matter of fact, these works offered a
route to overcome the disadvantage of low efficiency of traditional Raman
spectroscopy. In addition, Raman spectroscopy has fingerprint, label-free and non-
destructive features. These significant advantages have drawn extensive attention in
different research fields, which in turn gave rise to the fast development of SERS.

In the following part, I will briefly introduce the two widely accepted SERS
mechanisms: chemical enhancement and electromagnetic enhancement, then I will
provide a description of the factor for evaluating SERS performance, I will finally

discuss the variables influencing SERS performance.

SERS mechanisms

Since the discovery of SERS phenomenon, the research on enhancement
mechanisms has never stopped. Chemical enhancement and electromagnetic
enhancement are the two widely accepted mechanisms. The chemical enhancement
mechanism is related to the chemical interactions between the adsorbed molecules and
metal surface.['*814! Firstly, compared with the free state molecules, the formation of
chemical complexation between adsorbed molecule and the metal generally changes

the spatial orientation, the Raman polarizability, and the symmetry of the molecule.
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These changes contribute to the enhancement of certain vibrational modes. Secondly,
the Raman scattering cross-section of the molecule changes since the occurrence of
charge transfer between molecule and metal leads to a change in the polarizability of
the molecule. In addition, if the laser wavelength matches with the electronic
transitions of the formed molecule-metal complex, charge transfer resonance will
happen and result in the enhancement of the Raman scattering, this is so called
resonance Raman scattering (Figure 1.20). However, the enhancement contributed by
chemical enhancement is generally lower than a factor of 10°.

In contrast, the electromagnetic enhancement usually has a large contribution to
overall enhancement of SERS. The process of electromagnetic enhancement is
commonly divided into two steps, corresponding to the local field enhancement and
the radiation enhancement, respectively (Figure 1.22).'471%3] Ag discussed in Section
1.1, the LSPR occurs when the incident light interacts with a noble metal
nanostructure. The confined light can greatly enhance the local electromagnetic field.
A small change in the local electromagnetic field can induce a considerable variation
in the SERS enhancement because the overall enhancement caused by
electromagnetic field (Gex) is proportional to the second power of the local

electromagnetic field enhancement:

G.. = |E'Loc(wo)|2
ex |Eq (wo)|?

(1.4)

Figure 1.22 Schematics showing the two-step electromagnetic enhancement

mechanism.!'*?! (a) Local field enhancement. (b) Radiation enhancement.
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Moreover, the power emission of an oscillating dipole is largely influenced by its
surrounding environment. For example, a molecule displays a different radiation
pattern when excited in vacuum in comparison with excited at the interface among
various materials. Similarly, when the molecules interact with noble metal
nanostructures, the Raman polarizability of molecules are roughly magnified with one
or three orders than that of molecules in the free state. The interaction between
molecules and noble metal nanostructures therefore results in the mutual excitation of
the Raman polarizability by the local electromagnetic field. During this process, the
Raman signal is enhanced with a factor (Gr) as follows:

(1.5)

G :|EL0<:(CUR)|2
R Es(wR)I?

When the vibrational frequency of a Raman mode (wr) is approximately equal to that
of incoming light (@v), the SERS enhancements arising from local field enhancement
and radiation enhancement are comparable. Hence, the overall SERS enhancement
produced by the electromagnetic enhancement (G) is determined by the fourth power
of the electromagnetic field:
4

G = GoyGp = —"fgo(i‘;’gl)l (1.6)

Therefore, the large enhancement of local electromagnetic field leads to the SERS

signal enhanced with many orders of magnitude.

SERS enhancement factor

The SERS enhancement factor (EF) is an important parameter which is commonly
utilized to evaluate the SERS enhancement ability of a metal nanostructure. It is
defined as the ratio between the SERS intensity normalized by the number of
molecules and the normal Raman peak intensity of a single free molecule.[!23 13% 1411 ¢

can be calculated by:

EF = IsErs/NSERS _ ISERSNRs (1.7)
Irs/NRs IrsNSERS

where Isers and Igs are the intensities of the SERS peak and normal Raman peak,

respectively, determined from the Raman spectra. It is worth mentioning that the

FWHM of a SERS peak is generally broader than that of the normal Raman peak since

the states of molecules on the metal surface are more heterogeneous than the free

molecules, in addition to the molecules which have strong and complicated
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interactions like hydrogen bonding with the surrounding molecules. For the above-
mentioned reason, it is more accurate to use the peak area as the intensity value when
evaluating SERS performance. Nsers and Ngs are the numbers of molecules
contributing to SERS and normal Raman spectra, respectively. Nsers can be estimated
by knowing the number of nanostructures (R), the geometric surface area of the
nanostructure (4), and the surface area occupied by the molecule (o). The relationship

among them is:
A
Nsprs = R X = (1.8)

Since Irs can be obtained by two different ways, either by directly measuring the
solution or detecting solid sample dried from solution, the method for calculating Ngs
is different. With regard to the solution sample, Ngs can be determined from the
following expression:

Nps = Crs X Ny XV =Cre X Ny X AX h (1.9)
where Cgrs is the concentration of the molecules, N4 is the Avogadro constant
(6.02x10% mol ™), 4 represents the illumination area or the size of laser spot, and # is
the thickness of solution layer near the “ideal focal plane” depends on the numerical
aperture (NA) and pinhole size of the objective. As for solid sample, it is obtained by
drying a drop of solution with a known concentration loading on a substrate. Ngscan
be calculated with known the following parameters: the radius of laser spot (), the
thickness of the sample layer (/), and the sample density (p). Therefore:

Ngs = p X r?l (1.10)

Factors influencing the SERS enhancement

As above discussed, SERS enhancement is largely determined by the
electromagnetic field, therefore, the variables affecting LSPR properties, such as the
morphology, size, and composition of noble metal nanostructures, obviously influence
the SERS enhancement as well. Except for these factors, the SERS enhancement can
be further improved by forming gap modes. When two noble metal nanostructures are
very close (normally less than 10 nm), these two particles can form dipole-dipole
coupling which induces a strongly enhanced electromagnetic field between them.!!*4!
This coupling effect is significantly dependent on the distance, for example, the value

of EF can be dramatically decreased from about 10'°-10'! to around 10’-10* by

increasing the distance between two silver particles from 1 nm to 5.5 nm.!*!
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Similarly, the distance between the molecule and substrate also greatly affects the
enhancement of Raman signal. Many works have been devoted to the study of the
distance-dependence enhancement by coating polymers, metal oxide, or long chain
thiols on the metal nanostructures to tune the separate distance between detected

146—148]

molecules and the nanostructures.! Furthermore, inducing aggregation of

(1491511 For example,

nanostructure colloid can increase the SERS signal as well.
adding a certain amount of salt (i.e., NaCl, KCIl, MgSQa, etc.) into colloid can induce
aggregation and then enhanced the Raman signal.l'*® 15271531 However, it is hard to
control the aggregation process and difficult to reproduce the results.

Consequently, SERS is a powerful technique with high sensitivity, fingerprint,
label free and non-destructive advantages in many research areas like chemistry,
biology and biomedicine, and so on. However, the development of current scientific
research requires SERS techniques to be capable of analyzing even more complicated
systems. Many efforts are still needed to continuously develop high performance
SERS technique for complex applications, from understanding the fundamental
mechanism and optimizing nanostructure to improving sensitivity and stability.
Improving the enhancement ability and stability of SERS substrates by simple and

costless preparing methods are still the essential objectives for further enhancing

SERS. During my PhD research work, I mainly focus on improving these two factors.
1.4.2.2 Tip-enhanced Raman spectroscopy

SERS technique solved the low sensitivity drawback of Raman spectroscopy, but it
cannot solve the low spatial resolution problem. The spatial resolution of traditional
optical microscopy is restricted by the optical diffraction-limit. According to
Heisenberg’s uncertainty principle, the spatial resolution (Ax) is the smallest distance
for unambiguously distinguishing two sources in an optical observation. Abbe
proposed that the resolution is related with the wavelength of incoming light and the

NA value of the objective.['>*15¢1 A5 follows:

0.611
Ax = — (1.11)
NA

Under the best practical conditions, it turns out that the value of spatial resolution is
close to half of the incident light wavelength. Hence, the highest resolution is about
200 nm for visible light, a value insufficient for most of the nanoscience applications.

To overcome the low spatial resolution issue limited by the optical diffraction, new
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techniques were invented. In 2000, four research groups independently developed the
tip-enhanced Raman scattering (TERS) techniques which combine Raman
spectroscopy with the SPM techniques to provide Raman spectroscopy with the high
spatial resolution.!!3"1) Figure 1.23 shows the schematic of the typical configuration

of TERS technique.

Laser

Figure 1.23 Schematic illustrating the typical configuration of TERS technique.

In the following part, I will give a detailed description on TERS technologies,
including the mechanisms for the great enhancement and high spatial resolution in
TERS techniques, the probes used in TERS technologies and the applications of liquid
TERS systems.

TERS mechanisms

The mechanism of TERS enhancement is similar to that of SERS enhancement,
including chemical enhancement and electromagnetic enhancement. TERS is based
on the use of a very sharp tip (the apex size is around 10—50 nm) which plays three
different essential roles in the local field enhancement.['®'"12) The first one is the
“lighting rod” effect, which is an essentially non-resonant process. As for a
conductive and sharp nanotip under illumination, the surface charges can be
concentrated at the tip. This process is mainly determined by the -electrical
conductivity of the tip materials at the frequency of applied light during experiment.
The second contribution arises from the excitation of LSPR in noble metal
nanostructures. Thirdly, when the length of optical antenna (an optical antenna is
referred to an object which can convert the freely propagating optical radiation into
localized energy and vice versa) is equal to a multiple of one-half of the light

wavelength, length-related antenna resonances will be generated.
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Furthermore, the distance between the tip apex and substrate is able to be
accurately controlled down to a few nanometers or even subnanometer by using an
SPM feedback system, thus resulting in significantly electromagnetic field coupling
between the tip and metal substrate, this is so called gap mode effect. This gap mode
can further enhance the intensity and confinement of the electromagnetic field.[!? 154
It should be noted that the Raman responses originate only from the molecules located
directly beneath the apex of the tip as the electromagnetic field is confined to this
narrow area. The spatial resolution of TERS thereby can approach

(sub)nanometers.!16]

Moreover, self-interaction can happen when the distance
between tip apex and molecule is very small and comparable to the molecular size.
This small gap size causes super strong inelastic scattering of the molecule, so the
contributions from molecular responses to both Raman scattered field and excitation
must be considered.['% Consequently, the Raman responses, including the intensity of
Raman signal and spatial resolution, can be strongly affected by the self-interaction
process.[128 161]

However, until today, the mechanism of subnanometer spatial resolution in the

TERS technique is still under discussion.

The tips used in TERS technique

In a TERS setup, tip plays an essential role in determining both the enhancement
and the spatial resolution. Additionally, the quality and repeatability of TERS
measurements are enormously related with the efficiency and stability of tip. In order
to further develop and apply TERS, it is critical to fabricate tips with high stability
and large TERS enhancement. As mentioned in Section 1.2, the composition, size and
morphology of nanostructures highly influence the LSPR properties. Hence, these
factors, considered as parameters of the TERS tips, strongly affect the EF and spatial
resolution in TERS measurements. A metal or metal-coated tip is generally applied in
TERS and the metal is mainly gold or silver since their LSPR wavelength can match

1621 At present, three types of SPM tips are

with the wavelength of incident light.[
widely used in TERS system, which are atomic force microscopy (AFM) tip, shear
force microscopy (SFM) tip, and scanning tunneling microscopy (STM) tip (Figure

1.24).1165)
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Figure 1.24 Schematics of TERS techniques based on different SPM feedbacks.'*/ (a)
AFM-based TERS system. (b) SFM-based TERS system. (c) STM-based TERS system.

In AFM systems, a commercially standard semiconductor cantilever probe (Si or
Si3N4) with an apex diameter of approximately 5 nm or less is employed for obtaining
information. Such type of tip can be used in AFM-based TERS technique after
coating with high purity gold or silver layers. The thermal evaporation in a high
vacuum environment and electroless plating techniques are the two main methods to
deposit metallic films on the tip.['> 1) The thickness of the covered layers can be
controlled during coating. Generally, the thickness of the coated layer is controlled at
several tens of nanometers and the apex diameter of the metal-coated tip is controlled
at around 20—50 nm.[!34]

In STM techniques, a solid gold probe with smooth surface is commonly used as
the tip for measurement. The simplest and most reproducible way for fabricating STM
tips is electrochemical etching of gold wires.!'*”) During the etching process, the
parameters like voltage, temperature and cut-off current determine the apex size.
Normally, the apex size is around 20—40 nm. A gold substrate is applied in STM
system as well, which can create the gap mode effect when the gold tip approaches to
the substrate, resulting in a strong hot spot within the nanogap.!'*> Other methods, like
a focused ion beam, can be successfully used to fabricate TERS tips as well, however,
these methods are typically time-consuming, too expensive or with very poor
reproducibility, which are not suitable for the fabrication of large quantities of tips.[!>*
162, 166] In addition, the electrochemical etching method can be used to produce silver
tips with high TERS performance as well, but it is susceptible to oxidation in air.

Although SFM is a distinct type of AFM technique, almost all types of probes can
be utilized in SFM based TERS setup.l'®% 1681 Thuys, the solid gold or silver tips

obtained by electrochemically etching gold or silver wires are suitable for the SFM-
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based TERS techniques.!'*>! Furthermore, the etched tungsten probes covered with
gold or silver are applied in SFM-based TERS as well.l'®*"17%1 Moreover, coating a
layer of metal on glass fibers or attaching metal nanoparticles to the apexes are also

suitable tips for SFM-based TERS techniques.['”'7172]

TERS in liquid

In the recent twenty years, tremendous progress has been made in the development
of TERS technology. The majority of TERS technologies have been performed in
ambient air or ultrahigh vacuum environment. However, it is difficult to apply the
TERS techniques in liquid and thus these TERS techniques are not suitable for most
biological and electrochemical samples since the samples should be kept in liquid
environments, such as biological cells and tissues must be remained in aqueous
buffers. It is therefore necessary to develop liquid TERS techniques for obtaining
information from biological samples while maintaining them in alive state as well as
keeping their physiological activities at the same time.l'7*]

The first challenge for implementing TERS in liquid is the distortion of the optical
path when the incident laser passes from air to solution due to the difference in
refractive index.['® In order to improve the excitation and thereby enhance the
detection sensitivity, minimizing the degree of optical distortion is necessary. There
are mainly three different illumination geometries for focusing incoming laser to the
apex of a TERS tip in the liquid environment, which are bottom illumination, side
illumination and top illumination (Figure 1.25a—c). Among these three illumination
methods, the most convenient one is the bottom illumination geometry. The optical
distortion is able to be avoided in this bottom illumination geometry since the
irradiation light passes from the bottom side and focuses into the gap between sample
and tip without passing through the thick liquid layer. By using this geometry, the first
solid/liquid TERS measurement was reported by Zenobi’s group in 2009. The
schematic of their setup is illustrated in Figure 1.25d, a monolayer of thiophenol on a
thin transparent gold substrate was efficiently detected.!!”!

However, the bottom illumination method is limited in measuring the samples with
transparent substrates. The limited choice of transparent substrates consequently
narrows the application range of bottom illuminated TERS. The side and top

illumination geometries are suitable for characterizing samples with opaque substrates,

which make the applications of these two kinds of illuminations based TERS
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techniques more versatile without considering the substrate material and thickness.
However, it must be noted that the optical path suffers severe distortion as the incident
laser must pass through air to liquid. In addition, the formation of a meniscus liquid
layer caused by the capillary force can further distort the optical path. In 2016, the
research group of Domke reported a liquid TERS setup with side illumination
configuration, they managed to control the thickness of the liquid layer to only several

1741 In the same year,

millimeters for minimizing the optical distortion (Figure 1.25¢).!
Ozaki and coworkers put a drop of liquid with a volume of 5—10 pL on the surface of
the sample to control the liquid layer thickness in a top illumination based TERS
system (Figure 1.25f).[175]

a b c

L

94" Photodetector White Iighte STM
LAY source % .
Camera L I Coated
tip
Objective), :
TERS 1535 nm !
signals Sample

Figure 1.25 Schematics illustrating the optical designs of applying TERS techniques
in liquid.""%% (a—c) Schematics of TERS setups with bottom illumination geometry,
side illumination geometry and top illumination geometry, respectively. (d) Schematic
showing the AFM-TERS system in a liquid environment with a bottom illumination
geometry. (e) Schematic displaying the STM-TERS system in solution based on side
illumination geometry. (f) Schematic exhibiting the AFM-TERS setup in liquid on the

basis of top illumination geometry.

The second challenge for carrying out TERS in liquid is to fabricate tips with high
enhancement of Raman signal and high stability. In a liquid TERS setup, the tips must
be immersed into the liquid which will make them suffer contamination and

degradation.!'”>"176] [n Zenobi’s work, a 20 nm layer of SiOx was coated on the silver
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surface of the AFM-TERS probe as a protective layer to improve the stability.[!”’!]

Unfortunately, an additional monolayer of ethanethiolate was necessary to prevent the
analytical molecules from adsorbing onto the probe, which leads to a large decrease of
the Raman enhancement with a factor of five. Similarly, Foster and coworker utilized

771 Furthermore, the research

an adhesive layer of alumina to protect TiNy probes.|
group of Wain developed a probe with a multilayer metal coating structure.[!”®]

Another issue is about the feedback used to control the distance between sample
and tip.[1% 175171 In the AFM-TERS system, the liquid affects the feedback because
of the resist force of the liquid. In the STM-TERS setup, it must be pointed out that
avoiding Faraday current on the tip when measuring in liquid is very important as that
can interfere with the tunneling current and thereby influence the gap control between
sample and tip.

Obviously, the application of TERS techniques in liquid is still in its early stages
with variety of challenges. More efforts are still needed in the development of TERS
in liquid for widely applying TERS techniques in biological and chemical areas.
These efforts include exploration of novel setup configurations, fabricating robust
probes, measuring more analytes to prove that TERS techniques can address a wide
range of chemical systems and problems. These are the main motivations for one of
my research works, namely placing a single plasmonic particle at the end of the probe
of scanning ion conductance microscopy (SICM, a type of SPM technique which will
be described in detail in Chapter 2). We will try to use this kind of plasmonic

nanostructure as a tip for the TERS technique.

1.5 Outline of This Thesis

Plasmonic nanostructures have been widely applied in many areas, however, there
is still the need to further develop simple and rapid synthesis methods for obtaining
plasmonic nanostructures at low costs. In this thesis, I developed a new method to
synthesize gold trioctahedrons with high-index facets and explored their applications
in plasmonic sensing and SERS. In addition, I also contributed to solving the
aggregation and toxic problems of nanostructure by fixing nanostructures on the glass
nanopipettes. Moreover, [ focused on preparing new plasmonic probes for TERS

system. The detailed contents of this thesis are organized as follows.
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In Chapter 2, I will firstly describe the experimental growth of noble metal
nanostructures which is the basis of my thesis. The characterization techniques
including UV/Vis/NIR spectrophotometry, scanning electron microscopy, and
transmission electron microscopy will be introduced as well. In the last section of this
chapter, a detailed description of scanning ion conductance microscopy will be given.

Chapter 3 presents a simple and fast method for preparing highly uniform gold
trioctahedrons with broadly tunable sizes. The variables of growth conditions
influencing the final morphologies are studied in detail. The applications in plasmonic
sensing and SERS are investigated as well.

Since aggregation occurs in applying nanostructures, I developed a method to fix
the nanostructures, including gold nanorods, gold nanobipyramids, gold nanospheres,
and gold trioctahedrons, onto a glass nanopipette, the details will be presented in
Chapter 4. The SERS properties also demonstrated by measuring three different
analytes, which are rhodamine 6G (R6G), 4-methyibenzethiol (4-MBT), and 2-
naphthalenethiol (2-NaT).

In Chapter 5, I will introduce the methods of realizing only a single nanoparticle
modified at the end of one barrel of a double barrel nanopipette for TERS system.

Finally, I will make a conclusion and give a brief outlook in Chapter 6.
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Chapter 2 Synthesis and Techniques

In this thesis, four different types of gold nanostructures are employed, namely gold
trisoctahedrons, gold nanospheres, gold nanorods and gold nanobipyramids, covering
a broad range of shapes and sizes. These gold nanostructures were synthesized by
seed-mediated wet-chemistry methods, details given in Section 2.1. The
nanostructures were subsequently characterized with different techniques to determine
their plasmonic properties as well as define their structures (shapes and sizes). In
Section 2.2, the description of the employed instruments and their fundamentals will
be given, including UV/Vis/NIR spectrophotometry, SEM and transmission electron
microscopy (TEM). Within the techniques employed, special relevance has been
given to SICM, that plays an important role in the work of Chapter 4 and Chapter 5 in
this thesis, where the gold nanostructures are decorated on the outer surface or the tip
of a glass nanopipette, a key component of SICM system. In the present chapter,
SICM will be described in Section 2.3, including what the SICM is, the working
mechanisms, and some of my experimental results using this technique in sample

characterization.

2.1 Growth of Gold Nanostructures

One of the most intriguing features of gold nanostructures is the LSPR, which is
highly dependent on their sizes and morphologies. Consequently, a significant effort
has been invested to develop an extended list of methods to synthesize gold
nanostructures with exquisite control of various shapes and sizes. Among them, seed-
mediated method is a distinctive way which divides into two separate steps including
preparation of seed and a subsequent growth.!!! This method is usually simple and can
normally be carried out at room temperature without any special equipment. In this
basis, I used seed-mediated methods to synthesize different gold nanostructures

employed in this thesis.
2.1.1 Preparation of gold trisoctahedrons

The sharp apexes and edges of gold nanoparticles exhibit remarkable
electromagnetic field enhancement,”™! hence, the design and preparation of gold
nanoparticles with sharp corners are beneficial to enhance the Raman signal.

Trisoctahedron is a type of high-index polyhedrons with 14 corners and 24 edges
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which I successfully synthesized by a facile and fast seed-mediated method. Figure
2.1 is the schematic of synthesizing gold trisoctahedron. The first step is to prepare
the seed solution that is injecting freshly prepared ice-cold NaBH4 solution (0.01 M,
900 pL) into a mixture of CTAB solution (0.1 M, 9.75 mL), HAuCl4 solution (0.01 M,
150 pL) and chloroplatinic acid (H2PtCle) solution (0.01 M, 100 uL). This resultant
solution can be used immediately, 20 puL of the obtained seed solution was diluted
into 10 ml deionized water. A certain amount of the diluted seed solution was added
into a mixed solution which contains cetyltrimethylammonium chloride (CTAC)
solution (0.1 M, 10 mL), HAuCl4 (0.01 M, 500 pL), H2PtCls (0.01 M, 5 pL) and AA
solution (0.1 M, 250 pL). The resulting mixture was kept undisturbed for 7 min at
45 °C.

CTAB, H,PtCl,
HAU.C]4 + NaBH4 —eeeeeep Seeds

30°C
B k‘ Along <100= dircetion
CTAC, H,P(Cl, y

+ HAuCl, + AA TOH — Along <1102 direction
' 45 °C, 7 min LV

Seeds 4

g Along <111 = dircetion
o

Figure 2.1 Schematic of preparing gold trisoctahedron (TOH).

2.1.2 Synthesis of gold nanospheres

Gold nanospheres were grown through seed-mediated method, as previously
reported.[*! This method is divided into four steps, that are presented in Figure 2.2.
Preparing seed solution is the first step, that is injecting the freshly prepared and ice-
cold NaBH4 (0.01 M, 600 pL) into a mixed solution of CTAB (0.1 M, 9.75 mL) and
HAuCls (0.01 M, 250 pL) under strongly stirring. The resultant solution was kept
undisturbed at room temperature for 3 h. The second step is making the growth
solution for growing gold nanospheres with about 20 nm. In this step, 0.12 mL of as-
prepared seed solution was added into mixture solution made of deionized water (190
mL), CTAB (0.1 M, 9.75 mL), HAuCl4 (0.01 M, 4 mL), and AA (0.1 M, 15 mL)
under slowly stirring. This growth solution was left undisturbed at room temperature.

As for growing larger nanospheres, we used the small gold nanospheres as seeds to
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grow them into larger polyhedrons firstly and then employed HAuCls as oxidant to
transform the polyhedrons to spheres. Specifically, the small gold nanospheres were
firstly centrifuged and redispersed into deionized water for further use, followed by
mixing a certain volume of the small gold nanospheres with CTAC (0.025 M, 30 mL),
HAuCls (0.01 M, 1.5 mL) and AA (0.1 M, 0.75 mL). The solution was kept gently
stirring in a water bath at 45 °C for 3 h. The obtained polyhedrons were centrifuged
and redispersed into 30 mL of CTAB with a concentration of 0.02 M. The oxidation
reaction of polyhedrons was kept mildly stirring in 45 °C water-bath for 2 h after
injecting HAuCls (0.01 M, 200 pL). The obtained gold nanospheres were centrifuged

and redispersed into deionized water for storage.

CTAB
Step 1: HAuCl, + NaBH, =—— Seeds

3h

CTAB v e

. + HAuCI, + AA
Step 2 — overnight L,\" o

Small Au NSs
Seeds

¢ O CTAC
Step 3: L,-k"" ‘_:L HAuCl, + AA —WP ! | Au polyhedrons

Small Au NSs
CTAB
H | 4+ HAuCl, —e——— Large Au NSs
Step 4 L/ 4 35 °C.2h b
Au polyhedrons

Figure 2.2 Schematic of preparing gold nanosphere (NS).
2.1.3 Growth of gold nanorods

Gold nanorods were synthesized with tunable size through using a seed-mediated
method, already reported in the literature.”! The method is summarized in Figure 2.3,
the seed solution is the same as that employed in synthesizing gold nanosphere,
however, the growth solution is different, which contains shape-directing agent (Ag")
to control the gold nanorod growth.[®! The detail steps for preparing growth solution
are mixing CTAB (0.1 M, 40 mL) with HAuCl4 (0.01 M, 2 mL), AgNO; (0.01 M, 400
pL), and hydrochloric acid (HCl, 1 M, 800 pL), followed by injecting a certain
volume of the as-prepared seed solution into the mixture when the solution changed to

colorless due to the addition of AA (0.1 M, 320 pL) into the mixture.
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CTAB
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Figure 2.3 Schematic of preparing gold nanorod (NR).

2.1.4 Growth of gold nanobipyramids

Gold nanobipyramids were synthesized using seed-mediated method according to a
reported procedure.’) Typically, the seed solution was prepared by quickly adding
ice-cold NaBH4 (0.025 M, 250 pL) in a light yellow mixed aqueous solution including
CTAC (0.05 M, 10 mL), HAuCls (0.01 M, 250 pL), and citric acid (0.1 M, 500 pL)
under vigorous stirring at room temperature. The color of the mixture gradually
changed to brown which demonstrated that the seed formed. After being vigorously
stirred for 2 min, the resulting seed solution was kept at 80 °C with gently stirring for
90 min and the color slowly turned to red at the meantime. The growth solution of
gold nanobipyramid was made by sequential injection of HAuCls (0.01 M, 1 mL),
AgNOs (0.01 M, 200 pL), and HCI (1 M, 400 pL) into CTAB (0.1 M, 20 mL). A
certain volume of the as-prepared seed was then added under rapid stirring after
adding freshly prepared AA (0.1 M, 160 pL) into the mixture. The reaction solution
was kept undisturbed for 2 h at 30 °C.

CTAC, Citric Acid

HAuCl, + NaBH, - Seeds
80 °C, 90 min
S TG, ey e Oy AuNBP
By 30°C.2h W AubBP
Seeds

Figure 2.4 Schematic of preparing gold nanobipyramid (NBP).

2.2 Characterization Techniques

A thorough characterization of the synthesized nanoparticles is paramount to

confirm their expected shapes and sizes, define dispersity, understand their
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performance, and establish function-structure correlations. A set of complementary
techniques have been employed, providing optical and structural information at
different resolution. The commonly used instrument for measuring the optical
properties of gold nanostructures is UV/Vis/NIR spectrophotometer. Electron
microscopies, including SEM and TEM, are generally employed to characterize the
shapes, sizes and crystalline features of gold nanostructures. In this section, the

characterization methods used in this thesis will be introduced.
2.2.1 UV/Vis/NIR spectrophotometry

Colloidal suspensions of gold nanostructures exhibit an intense color due to their
strong LSPR properties, which leads to photon absorption or scattering.’®! Their
optical property can be measured by a UV/Vis/NIR spectrophotometer. Figure 2.5a
shows the main components of a single beam UV/Vis/NIR spectrophotometer, the
collimated light generated from the light source passes through a monochromator and
then wavelength selector. After the light transmitting through the sample contained in
a cuvette, the final light intensity is recorded by the detectors and converted to
absorption or transmission spectrum.”!% Before measuring samples, a pure solvent
used to disperse samples is employed to do the baseline.

Since gold nanoparticles can not only absorb light but also scatter light, the
obtained spectrum of colloid gold nanoparticle solution is an extinction spectrum
which includes absorption and scattering. To obtain the extinction spectrum, the
colloid containing gold nanostructures is placed in the path of the light beam in the
spectrophotometer. The detector can record the transmitted light passing through the
colloid of nanostructures. Therefore, the extinction (E£) can be determined by obtained

transmissivity (7)) with the following equation:
E= —LogT = —Log () 2.1)
0

where / is the intensity of transmitted light and Iy is the intensity of incident light.
Since the gold nanostructures possess uniform sizes and morphologies, the

transmissivity is generally following the Beer-Lambert Law:

T = exp(—N0Oextl) (2.2)
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where N is the particle concentration of the colloid, Oex is the extinction cross-section
of a single nanoparticle, and / is the length of optical path, that is the cuvette length.

Hence, the equation (2.1) can be written as:

LnT _ Noextl

E= _LOgT=_Ln10_ Ln 10

(2.3)

In equation (2.3), the value of extinction cross-section (Oex) can be obtained from
simulations or analytical calculations,!'! the length of the cuvette I used is 1 cm. I
therefore can know the particle concentrations of nanostructures after obtaining
extinction spectra.

In addition to the particle concentration, a large amount of other information can be
extracted from the extinction spectrum. For example, the rough confirmation of the
anisotropic nanostructures due to the presence of two or more plasmon bands in the
spectrum.['?! Since the peak position in the extinction spectrum is highly dependent on
the size or aspect ratio of nanostructures, the approximate size, aspect ratio, degree of
size dispersity can be obtained based on the peak positions and FWHM.*13
Moreover, the yield of anisotropic shape purity can be roughly estimated depending
on the ratio between peak intensities.”! Additionally, extinction spectra within the
UV-Vis range can be obtained in a short time with relatively inexpensive
instrumentation and a little amount of sample. Therefore, it is very common to use the
UV/Vis/NIR spectrophotometry to acquire optical properties of nanoparticle colloidal
solutions.

In Figure 2.5b, a photograph of the spectrophotometer employed in this thesis,
Agilent Technologies Cary 60 UV-Vis, is presented. After the growth of gold
nanostructures, the original colloids or the colloids diluted several times were put into

a quartz cuvette (Hellma Analytics 10 x 10mm) to measure their extinction spectra.

There are two reasons for diluting the colloids in my thesis. The first reason is to
dilute the original colloid to a detectable concentration by the spectrophotometer. The
second reason is to tune the extinction intensity to the value I expected and thus
control the particle concentration since the intensity is determined by the particle
concentration. The examples of the extinction spectra of gold nanostructures were
shown in Figure 2.5c¢. It is clear that gold nanobipyramid possesses two plasmonic
peaks, one is the longitudinal plasmonic mode produced from the oscillation of free

electrons along the length axis and the other one is transverse mode which is
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perpendicular to the length axis. The small FWHM value (59 nm) of the longitudinal
wavelength proves that the size distribution is very narrow. The intensity ratio
between the longitudinal peak and transverse peak is 6.83, which confirms the high
yield of gold nanobipyramid. However, gold nanosphere only have one dipolar peak
in its extinction spectrum. The given three gold nanosphere samples have different
plasmonic peaks due to their different sizes. Therefore, UV/Vis/NIR

spectrophotometer is a useful tool for investigating gold nanostructures.
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Figure 2.5 Principles and equipment of UV/Vis/NIR spectrophotometry. (a)
Schematic displaying the operation principle of the single beam spectrophotometry.!!”
(b) Photography of the Agilent Technologies Cary 60 UV-Vis. (c) The examples of
extinction spectra of gold nanobipyramids (Au NBPs) and three different gold
nanosphere samples (Au NS 1, Au NS 2, and Au NS 3).

2.2.2 Scanning electron microscopy

Tools for a routine characterization of samples with nanometer resolution are
fundamental in the science and technology research of nanomaterials. Among them,
SEM is a widely used technique for imaging the surface of micro- or nanostructures.
The versatility of SEM resides in the relatively simple sample preparation, the large
area of the sample that can be interrogated, and the extended range of resolution (from

hundreds of microns to a few nanometers).
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Briefly, the working mechanism of SEM is that an electron beam is collimated and
focused by means of magnetic lenses over a sample and rasterized over the sample
while the different responses are collected. The data is instantaneously processed to
obtain an image representative of the surface structure, electronic properties, and
conductivity of the sample. Figure 2.6a illustrates the schematic of the key
components of an SEM instrument.'*! At the top of the microscope, there is an
electron gun (field emission) to generate an electron beam, which is attracted and
accelerated by the positively charged anode and then travels through the
electromagnetic fields and lenses along a vertical path that is used to focus the beam

14-16] There are variety of signals that can be produced when

down onto the sample.!
the electron beam with high-energy hits the sample, such as secondary electrons,
back-scattered electrons, X-rays and so on (Figure 2.6b).'” Among them, secondary
electrons and back-scattered electrons are the two types of electrons for imaging in
SEM. The secondary electrons come from the surface regions of a sample, so
collecting the secondary electrons to the detector provides more detailed surface
information. In contrast, the back-scattered electrons originate from deeper regions
which can be used to distinguish different elements. The heavier elements (larger
atomic number) scatter electrons more strongly, hence, they appear brighter in the
image.

In my thesis, the SEM imaging was performed on Hitachi S-4800 (Figure 2.6c) for
observing the surface nanostructures of synthesized nanoparticles as well as the
fabricated SICM probes. In order to obtain good images with high resolution, it is
important to carefully prepare the samples for SEM imaging. For the case of gold
nanoparticles, 1 mL of the synthesized gold nanoparticle colloid was centrifuged and
redispersed into 1 mL of deionized water for centrifuging again, the nanoparticles
were finally diluted into 100 pL of deionized water for SEM imaging. Using
deionized water to clean the nanoparticles can remove most of the surfactants around
the nanoparticles and clearly observe nanostructures. However, the nanoparticles
cannot be washed more times because they tend to aggregate after washing more
times. A little amount (around 5 pL) of the above-prepared sample was dropped onto
a silicon wafer and let dry at room temperature. For the characterization of SICM
probes, the images were very challenging due to the non-conductive nature of the
glass nanopipettes, either borosilicate glass or quartz. Due to the limitations of the

SEM imaging chamber, the SICM probes have to be cut to approximately length of 2
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cm using a diamond-pen. The probes were then loaded on a SEM sample holder by
means of a carbon tape. It is necessary to cover the other layer of carbon tape on the

top of the probes as well for anchoring the probes stably and acquiring better images.
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Figure 2.6 Principles and equipment of SEM setup. (a) Schematic of a typical SEM
system.['* (b) Various signals emitted from a sample in SEM microscope.!'® (c)

Photograph of Hitachi S-4800 microscope.
2.2.3 Transmission electron microscopy

Being able to obtain the detail of the structure (shape and size) with high resolution
is necessary due to the strong dependence of plasmonic response to slight changes in
size, apex radius, or aspect ratio in some anisotropic structures. TEM is a powerful
technique widely used in materials science that enables the observation of crystal
structures at atomic resolution, revealing grain boundaries and dislocations,
investigating the growth of layers and their compositions, and analyzing the qualities,
sizes, morphologies, and densities of quantum dots, wells, and wires.['* 7]

The components of a typical TEM microscope are similar with that of SEM
microscope, including an electron gun for emitting electron beam towards a specimen,

electron apertures and lenses to control electron beam and obtain images (Figure
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2.72).1 In this particular case, the electrons must pass through the sample
(transmitted electrons) to form images and thus the type of samples that can be
detected are limited to the very thin materials (nanometer range).

There are multiple TEM imaging modes used to capture the maximum amount of
information from the specimen, including bright field imaging, electron diffraction,
high-resolution TEM (HRTEM), scanning TEM, and high angle annular dark field.['®!
Even in the conventional TEM images, there are a great number of fundamentally
different ways to generate contrast.!”) The contrast in TEM images is defined as the
intensity difference of collected signals at different positions on the specimen.!'* The
first one is mass-thickness contrast which comes from the differences of thickness or
density in different positions. The second one named Z contrast which arises from the
differences of atomic number. The specimen with a thicker thickness or higher atomic
number leads to more electrons loss due to absorption or scattering and thus the image
is darker. The third one is called crystallographic contrast or diffraction contrast
because of crystal structure or orientation. The electron beam will undergo Bragg
scattering when it encounters a crystalline sample. When the crystal sample orients to
a direction that satisfies the Bragg condition, a strong scattered beam can be generated
and focused by the post specimen lenses to form an electron diffraction pattern. By
carefully analyzing the diffraction pattern, a lot of structural information can be
obtained, including lattice type, lattice parameter, point group, and local crystal
orientation. Fourthly, an individual atom passes through the electrons is capable of
producing slight quantum-mechanical phase and creating phase contrast, which is the
base for doing HRTEM. For the above reasons, TEM technique is an important tool to
provide exceptional nanometer or even atomic resolution information for nanoscience
in materials and biological fields.

In this thesis, the low magnification TEM imaging was carried out on JEOL 2010 F
at 200 kV (Figure 2.7b). The HRTEM images were acquired on FEI Titan Themis 300
(Figure 2.7¢). Specimen have to be very thin to ensure the transmission of electrons is
possible. For the characterization of nanoparticles, copper grids which contain a very
thin layer of amorphous carbon were employed as support of the particles. In my case,
a pair of inverted tweezers were employed to precisely hold one of these holey-carbon
TEM grids and subsequently place a drop of the colloidal solution of interest, the
method of preparing the colloidal solution for TEM imaging is the same as that for

SEM imaging, as mentioned in Section 2.2.2.
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Figure 2.7 Principles and equipment of TEM setup. (a) Schematic of a typical TEM
system.['* (b) Photography of JEOL 2010 F microscope. (c) Photography of FEI

Titan Themis 300 microscope.

2.3 Scanning Ion Conductance Microscopy

Techniques for surface characterization based on the platform of SPM, such as the
popularly employed STM or AFM, are broadly employed within the nanoscience and
nanotechnology community, due to its high spatial resolution as well as the minimal
invasiveness and little amount of sample requirement. In this thesis, I have
contributed to the development of a type of SPM techniques termed SICM, in which
the scanning probe is a pulled-pipette.”?’) The SICM technique employed with a truly
non-contact feedback mechanism operates in liquid, being particularly well-suited for
the research on biological samples.?!=2!

In Figure 2.8a and b, they are three-dimensional and two-dimensional schematics of

the SICM setup with obvious similarities to any SPM system: the probe is mounted on
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a three-dimensional piezoelectric stage that allows the precise displacement of the
pipette probe over the sample. In SICM, the feedback mechanism is based on the ion
current resulted by the application of a bias between two quasi-reference counter
electrodes (QRCEs), one inserted in the pipette probe and the other immersed in the
bath where is the sample. The current is affected by a few variables, such as ion
concentration of the solution, bias applied between QRCEs, geometry of the pipette,
to name a few. If these parameters are fixed at certain values, the current keeps
constant when the pipette is relatively far from the surface. While the pipette
approaches the surface to within the diameter of the pipette, the direct current (DC)
gradually decreases as the pipette approaches because the decrease of the gap between
the pipette and surface leads to fewer ions that can flow through the pipette.?”! In
Figure 2.8c, a representative approach curve obtained in SICM is presented, clearly
showing the decrease in ion current when the pipette approached towards an inert
surface. This dependency of the ion current on the tip-sample distance is used as a
feedback parameter to ensure the probe can be scanned over the surface without any
damage, neither on the pipette nor on the sample, by defining a suitable ion current
setpoint value. The extracted information is the map of surface topography, although
it exists the possibility to be influenced by local points of ion uptake or release,
changing locally the ion concentration of the surface.!*’] There are two commonly
employed scanning modes, one is constant distance mode and the other one is
hopping mode. In the constant distance mode, feedback is set to maintain the distance
between pipette and surface at a constant value, the z position of pipette changing as
the surface features changes. Therefore, we could get the surface topography by
recording the position changes of pipette. In case of imaging surfaces featured with
tall moieties, such as cells, an alternative imaging mode is defined that avoids the
lateral displacement of the probe at the near proximities of the surface, this is so-
called hopping mode.!?’! In this mode, the probe is retracted before moving to a new
lateral location and then approaches again at the new position, obtaining a set of
multiple individual approaches that represent each pixel of the mapped surface,
leading to a topographic image of the surface. It is important to highlight that the
stability of the feedback response is susceptible to be lower with changes of the ion
current, caused by the changes of bulk solution resistance, partial blockages of the
nanopipette, and changes in the polarized electrodes.”>* In order to improve the

stability, a harmonic oscillation to the vertical (z axis) position is introduced to induce
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an alternating current (AC) signal on the ion conductance signal.*>) The AC signal,
detected using a lock-in amplifier at the same frequency as the applied harmonic
oscillation, has a dramatic increase as the distance between pipette and surface
decreasing (Figure 2.8d). Therefore, using AC component of the ion conductance as
the feedback can highly improve the stability and the sensitivity of surface detection

as well as reduce the noise.>>%’!
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Figure 2.8 Principles of SICM setup. (a—b) The SICM schematics, with one QRCE in
a nanopipette and the second one in the bulk electrolyte. (c—d) DC and AC signal

curve during an approach.
2.3.1 Fabrication of glass nanopipettes

In SICM, the probes are capillaries that have been pulled precisely to reach apex
dimensions in the range from microns down to a few nanometers. One of the
advantages of SICM is the extended variety of capillaries suitable for this application,
with single-, double- or multi-barrel, conferring the potential multifunctionality of
SICM technique. However, this advantage is not easily achievable with other SPM
techniques. The process of SICM probe fabrication starts by pulling a hollow
borosilicate or quartz glass capillary with a CO»-laser-based micropipette puller

(Sutter, P-2000). The laser puller offers a set of different pulling parameters that can
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be modified to obtain the nanopipettes with desired dimensions of the tips and a high
degree of reproducibility. In my experiments, borosilicate pipettes with single barrel
and quartz pipettes with double barrel were employed. The obtained single-barrel
nanopipettes with the inner dimensions of around 130 nm from pulling borosilicate
capillaries (Harvard Apparatus, GCI120F-10, 1.2 OD x 0.69 x 100 L mm) by
employing a two-line program with the following parameters, Line 1: HEAT = 410,
FIL =3, VEL = 30, DEL = 180, PUL = —; Line 2: HEAT =410, FIL = 4, VEL = 40,
DEL = 160, and PUL = 120. Double-barrel nanopipettes with inner diameters of
approximately 170 nm were obtained through pulling quartz capillaries (Friedrich &
Dimmock, WAR-QTF 120-90-100) with a two-line program as well, the pulling
parameters are: Line 1: HEAT = 850, FIL = 5, VEL =45, DEL = 180, PUL = 85; Line
2: HEAT = 750, FIL = 5, VEL = 55, DEL = 160, and PUL = 110. Figure 2.9 shows
SEM images of the obtained nanopipettes, where Figure 2.9a and b are an example of

a single-barrel pipette and Figure 2.9¢ and d are the double-barrel pipette.

Figure 2.9 SEM images of single- and double-barrel nanopipettes from side view (a,
¢), and top view (b, d)
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2.3.2 Scanning ion conductance microscopy imaging

The laboratory is equipped with a custom-made SICM setup that operates with the
WEC-SPM software, kindly provided by WEIG group at University of Warwick (UK).
The probe is attached to a piezoelectric nanopositioner (Physik Instrumente, P-616
with 3 axes) for moving the nanopipette, including X axis, Y axis and Z axis. In this
setup, two chloridized silver wires were employed as QRCEs. The ion current across
the two electrodes is measured with an amplifier (FEMTO DLPCA-200, Germany)
and the AC signal is extracted with a lock-in amplifier (Stanford Research Systems,
SR 830, USA) that is also acting as wave generator.

I carried out the SICM mapping to different samples that represent different
topographic scenarios: flat surfaces, surfaces with steps (~140 nm height), and
surfaces with nanoparticles (nanospheres synthesised as described in Section 2.1). I
imaged these featured samples using the AC current magnitude as feedback, 0.1 M
potassium chloride solution (both in and out of the pipette) as the electrolyte, 0.1 V
bias was applied between the two QRCEs, and the oscillating frequency is 285.3 Hz
during the scanning process. Figure 2.10a is the obtained SICM topographical image
employing constant distance mode for a flat surface of silicon wafer. For this
particular image, the image is a 32 x 32 pixels image (32 lines of 32 pixels per line)
with a total area of 3 um % 3 um. To demonstrate the capabilities of the instrument to
trace surface features, I measured a sample containing a step of about 140 nm in
height. Because the height is relatively high with respect the dimension of the probe
employed, the hopping mode was used to avoid breaking the pipette. To obtain the
topographic map shown in Figure 2.10b, the probe was hopping scanning a 3 um X 3
um surface with a lateral hopping distance of 100 nm, revealing the sharp edge at the
interface and the height is about 140 nm. The line profile in Figure 2.10c
corresponding to the red line in Figure 2.10b can further confirm that SICM can be
used for imaging surface topography with high resolution. I tried the use of SICM to
measure gold nanospheres with diameters around 100 nm. Firstly, we did SEM
imaging to check the size and the distribution of the particles (Figure 2.10d). Then the
SICM map was obtained by a constant distance mode with 64 pixels for each line and
64 lines for the whole map covering an area of 3 um x 3 pm (Figure 2.10e). The line
profile in Figure 2.10f which corresponds with the red line in Figure 2.10e confirms

the height of gold nanosphere is about 100 nm. However, as is typical in SPM, the
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lateral distances are misleading and do not represent the real dimension of the
particles due to the classic tip convolution effect. Furthermore, some particles form
assemblies, that also result in larger features observed in SICM map. Nevertheless, the

images prove the possibility of imaging nanoparticles by SICM which is a key

achievement for the following experiments.
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Figure 2.10 SICM imaging for different samples. (a—b) SICM topographical images
of flat surface and surface with steps. (c) The line scan across the surface with steps
corresponding with the red line in b. (d—e) SEM and SICM topographical images of
gold nanospheres. (f) The line profile of gold nanospheres corresponding with the red

line in e.
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The existing correlation between the properties of gold nanostructures (e.g.,
chemical and optical) and their morphology is fueling the enormous attention and
research efforts to prepare gold nanostructures with controllable shapes in the last
decades. Especially, nanostructures with high-index facets — at least one of the three
Miller indices is larger than one — have attracted a great deal of attention as they
possess higher density of atomic kinks, steps, and edges, resulting in higher chemical-
reaction activities in comparison with the nanostructures with low-index facets.!'™!
Furthermore, nanostructures with sharp tips and edges have much stronger local
electromagnetic field around their tips with respect to their flat counterpart, this
stronger local electromagnetic field endows nanostructure with higher plasmonic
sensitivity and more efficient SERS performance.*™ Nevertheless, the synthesis of
gold nanostructures with high-index facets is significantly challenging since the high-
index facets possess high surface energy leading to fast atom deposition rates on these
facets and thus easily disappear during growth process. As a result, the nanoparticles
tend to have low-index facets, such as {100}, {111}, and {110}, during the process of
preparation to minimize the surface energy of nanoparticles.”) Various of gold
nanostructures with low-index facets have been reported, including nanocubes,®
nanorods,’®! octahedrons,”! and rhombic dodecahedrons.!'’! Consequently, it is much
more challenging to prepare nanostructures enclosed by high-index facets.

The rapid development of plasmonic nanostructures makes researchers understand
that the morphology of noble metal nanostructures is capable of being controlled
through tuning the kinetic and thermodynamic parameters during the process of
preparation in liquid."'™'?! This understanding allows the appearance of novel
methods for synthesizing nanostructures enclosed by high-index facets and various of
morphologies, including tetrahexahedron with {hk0} facets, trapezohedron with {hkk}
facets, trisoctahedron with {hhl} facets, and hexoctahedron with {hkl} facets.[!’]
Within the family of gold nanostructures enclosed by high-index facets,
trisoctahedrons bounded by 24 triangular high-index facets are considered to be really
promising nanostructures for a wide range of applications.!'’: 3! In 2008, Ma and co-
workers first reported a wet-chemical method to synthesis gold trisoctahedrons
enclosed by {221} facets.[!! Since then, the research on the trisoctahedrons has never
stopped. For example, Song et al synthesized {331}-faceted trisoctahedrons through
using CTAC as the surfactant in seed solution in 2015.'"¥ The Xia group, in 2018,

presented the synthesis of trisoctahedrons with tunable size ranging from 20 nm to 80
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nm as well as the ability to tune the dihedral angle by changing the reaction
temperature.!'’! However, these existing methods for preparing gold trisoctahedrons
are time-consuming or involve many steps, more efforts are still needed to further
explore simpler and faster methods that are capable of obtaining gold trisoctahedrons
with a wider range of tunable sizes.

In this chapter, I will present a very simple and very fast seed-mediated method to
obtain gold trisoctahedrons. In this method, the seed solution can be used immediately
after finishing preparation and the following growth process only took 7 min.
Furthermore, H,PtCls was used as shape-directing agent to grow gold trisoctahedrons
with high purity. The size of the resulting nanostructures can be controlled in a wide
range from 39 nm to 268 nm through simply varying the seed amount in the growth
solution while keeping other conditions unchanged. The Miller indices of facets for
forming gold trisoctahedron are able to be tuned from {441} to the limiting case {110}
by improving the reaction temperature. Finally, I also demonstrated that the well-
defined tips and edges make the gold trisoctahedrons synthesized with my method

exhibit high plasmonic sensitivity and efficient SERS performance.

3.1 Preparation of the Gold Trisoctahedrons

In this section, the strategies and experiments for optimizing the synthesis of gold
trisoctahedrons with tailoring sizes will be introduced. The synthetic method is a

simple one-step seeded growth method as described in Chapter 2.
3.1.1 Growth of gold trisoctahedrons with tunable sizes

Trisoctahedron could be regarded as “pulling out” the centers of the eight triangular
faces in an octahedron. Three new faces are generated after “pulling” one face and an
octahedron possesses eight faces, hence, gold trisoctahedron has 24 faces. Since all
these 24 facets belong to the crystal planes of the <110> zone axis family, their Miller
indices are {hhl}.[l A complete set of characterization information is obtained for a
typical gold trisoctahedron sample, synthesized by my method, including UV/Vis/NIR
spectrophotometry spectrum for determining the plasmonic peaks, as well as SEM
images, TEM images, and HRTEM images to characterize the morphology and the

size. The extinction spectrum of the obtained nanostructure colloid (black line in
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Figure 3.1a) exhibits only one plasmonic peak which is located at 607 nm. The
successful acquisition of gold trisoctahedrons was clearly demonstrated by SEM
imaging, as shown in Figure 3.1b. The low-magnification SEM image indicates that
uniform gold trisoctahedrons with a high purity can be obtained, only a few
byproducts were found to be truncated bipyramids (Figure 3.1c). Although the
contours of some nanostructures do not look like trisoctahedrons at first glance, most
of them are able to be matched to the trioctahedral morphology by taking into account
the different orientations of the trisoctahedrons. Figure 3.1d displays the schematic
models of ideal trisoctahedrons in different orientations, which can help to identify

trisoctahedron nanostructures.
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Figure 3.1 Gold trisoctahedron sample. (a) Normalized extinction spectra of gold
trisoctahedrons with size of 123 £ 8 nm recorded on a UV/Vis/NIR spectrophotometer
(black line) and calculated results by finite element method simulation (red line), the
simulation data is kindly provided by Dr. Alexandre Baron and Mr. Florian Lochon
in University of Bordeaux. (b—c) SEM images of gold trisoctahedrons with size of 123
+ 8 nm. (d) The schematics of ideal trisoctahedron structures with several typical

orientations.

TEM images were used to obtain more detailed structural information, as illustrated

in Figure 3.2a and b. In particular, the average size of this trisoctahedron sample along
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the longest axis (see the schematic inserted in Figure 3.2a for definition) was
determined from TEM imaging to be 123 + 8 nm, the wide size distribution comes
from the deviation of the projection direction. As for trisoctahedron structure, the
Miller indices of the exposed facets can be decided by the projection angles.!'* 161 As
illustrated in the top right inset in Figure 3.2b, when the gold trisoctahedron is viewed

along the <110> direction, the angles are defined as «, S, and y, respectively. The

relationships between angles and Miller indices follow the equations below!!* !6I:
a = 2arctan % (3.1)
B=90--+ (3.2)
y = 2arctan @ (3.3)

Therefore, the projection angles of trisoctahedron viewed along <110> direction were
measured from TEM images. Figure 3.2b is a typical TEM image of an individual
trisoctahedron oriented along <110> axis, the corresponding selected area electron
diffraction pattern (bottom right insert) confirms the direction. The o angle is
approximately 130°, which determines the Miller indices of the facets are {331}, and
the » angle is around 163.3° which is close to that of {551} facets (163.9°).
Furthermore, the Miller indices of facets can be determined by a direct measurement
method, analyzing the arrangement of atoms on exposed facets from HRTEM images.
Based on the micro-facet notion theory, first reported by Somorjai and co-workers,!”!
the HRTEM image in Figure 3.2c¢ illustrates that the Miller index of one edge-on facet
is {551} since the facets is denoted by 3(110) x (111), matching well with the atomic
model (Figure 3.2d).
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uupuuuwpbu

Figure 3.2 Characterization of the gold trisoctahedrons. (a) The low-magnification
TEM image of gold trisoctahedrons with size of 123 £ 8 nm. (b) High-magnification
TEM image of a single trisoctahedron with size of 94 nm, recorded along the <110>
direction; top-right inset: a schematic of an ideal trisoctahedron projected from <I110>
direction; bottom-right inset: the corresponding selected area electron diffraction
pattern. (¢) HRTEM image of gold trisoctahedron with size of 94 nm, recorded along
the <110> direction. (d) Two-dimensional atomic model illustrating the high-index

(551) facet.

With the morphological parameters of trisoctahedron from experiment
measurements, the ideal mode was set to calculate its extinction spectrum by finite
element method. The simulation result, plotted as a red line in Figure 3.1a, shows a
good agreement with the experiment result. The small differences between simulation
and experimental result can be considered as a consequence of the size distribution
and the prepared gold trisoctahedrons are not ideal trisoctahedron with very sharp tips
(slightly truncated).

The ability to synthetically tailor the LSPR properties is one of the most
outstanding features of gold nanostructures, and this can be achieved by controlling
the size. The typical strategy to control nanoparticle size is to simply vary the seed
amount in the growth solution while keeping other parameters constant with respect to
one-step seeded growth.['®! The approach used in my study for preparing gold
trisoctahedrons is one-step seed-mediated method as well, therefore, the size of gold

trisoctahedrons can be easily and well controlled by varying the volume of seed
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solution. With my method, the size of the gold trisoctahedrons can be tuned from
around 268 nm to 39 nm when the volume of the diluted seed solution in the growth
solution was increased from 5 pL to 2 mL. Figure 3.3 shows the SEM and TEM
images of gold trisoctahedrons with four different sizes, the average sizes measured
from their TEM images are 268 + 22 nm, 178 = 8 nm, 87 = 4 nm, and 39 £+ 3 nm, and
the volumes of seed solution injected into growth solution for preparing these four

sizes of gold trisoctahedrons are 5 uL, 20 pL, 150 pL, and 2 mL, respectively.

Figure 3.3 SEM and TEM images of four sizes of gold trisoctahedron samples. (a—d)
SEM images of gold trisoctahedrons with various sizes. (e—h) The corresponding
TEM images of the gold trisoctahedrons. Their sizes are measured to be 268 + 22 nm,
178 = 8 nm, 87 + 4 nm, and 39 = 3 nm, respectively.

In order to explore the relationship between the size of gold trisoctahedrons and the
volume of the seed solution added into growth solution as well as the relationship of
the plasmonic extinction peak of trisoctahedrons with the amount of the seed solution
in the growth solution, a set of 13 trisoctahedron samples with different sizes were
prepared. Figure 3.4a is a digital photograph of these samples, exhibiting a variation
of the colors of these 13 samples ranging from brown to purple and finally red as the
amount of seed solution increased from 5 pL to 2 mL. The extinction spectra of these
13 samples (Figure 3.4b) show that the dipolar plasmon peak gradually blue shifts
from 923 nm to 532 nm when the volume of seed solution varies from 5 pL to 2 mL.
To emphasize this trend, the wavelength of dipolar plasmon peak is plotted as the
function of seed volume (Figure 3.4c), observing a dramatic blue shift from 923 nm to

634 nm when the volume changes from 5 uL to 30 pL. However, the wavelength only
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changes from 547 nm to 532 nm when the volume of seed solution increases from 500
pL to 2 mL.

Their sizes obtained from TEM imaging are plotted as functions of seed solution
volumes in Figure 3.4c as well, it clearly shows that the size of gold trisoctahedrons
gradually decreases as the seed solution volume increases. The trend of size changing
as the seed solution volume increases is similar with that of peak wavelength
changing. Therefore, I also exhibit the variations of dipolar peak as the function of
their sizes (Figure 3.4d). A double-linear behavior was observed, with a slope of the
fitting line of approximately 0.92 for the small size particles (<144 nm) and a slope of
about 2.75 for sizes larger than 178 nm. This large difference is probably related to
the variations in the volume of the nanostructures.'¥ 2l The volume of gold
trisoctahedron is linearly dependent on the cubic power of its size, therefore, the
volume changes quickly as the size change when the particle is large. It is also
noticeable that the dipolar peak is wider when the added volume of seed solution is
low in the growth solution, it is because the size is larger when the volume of seed
solution is low, and therefore more losses of radiation.?'! In addition, the size
distribution is broader when the growth solution with less volume of seed solution.

It must be pointed out that quadrupole or even multipole excitation can be formed
in large nanostructures.??! The extinction spectra in Figure 3.4b apparently illustrate
that the quadrupolar mode is formed in large gold trisoctahedrons. There are two
peaks in the extinction spectrum for large gold trisoctahedrons, one is dipolar mode
and the other one attributes to quadrupolar mode. Take the sample synthesized with
10 uL seed solution as an example, the final size of the gold trisoctahedrons is 216 +
12 nm. There are two plasmonic peaks in its extinction spectrum, one is located at 760
nm which belongs to the dipolar mode and the other one at 578 nm is quadrupolar
mode. In order to certificate the nature of each plasmon mode, finite element method
simulation was conducted. The calculated spectra are seen to be in good agreement
with the experimental results and elucidate that the peak with lower energy is dipolar
mode and the other one located at the area with higher energy is quadrupole mode

(Figure 3.4e).
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Figure 3.4 The variations of the products in colloid color, extinction spectra, and size
with increasing the seed volume in the growth solution. (a) Digital photograph of 13
samples synthesized with different volume of seed solution in the growth solution.
From [ to 13, the volumes of seed solution are 5 uL, 10 ul, 20 puL, 30 pl, 40 pl, 60
ML, 80 pl, 100 pl, 150 pl, 250 pl, 500 pl, 1 mL, and 2 mL, respectively. (b)
Extinction spectra of these 13 samples. (c) Variations of the LSPR peak and size with
the volume of seed solution. (d) The relationship between LSPR peak of gold
trisoctahedrons with its size. (e) The simulated extinction spectra of gold
trisoctahedrons with size of 216 nm by finite element method simulation. The
simulation data is kindly provided by Dr. Alexandre Baron and Mr. Florian Lochon

in University of Bordeaux.
3.1.2 The factors for influencing the final morphology of nanostructure

The morphologies of nanostructures prepared by seed-mediated method are
significantly affected by the kinetic parameters like concentration and temperature, as
well as thermodynamic factors such as the surfactant and the reduction potential of the
employed reduction agent.'”) In order to find the optimal growth conditions for
obtaining gold trisoctahedrons, sets of experiments were carried out in my study,

including the changes of growth temperature, variations in the volume of reduction
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agent, different concentrations and types of surfactants, the effects of shape-directing

agent, and the variations of the final morphologies as the growth time increases.

Growth temperature

Following the analogy of a chemical reaction, in the process of the nanostructure
growth, the atoms reduced from the precursors can be considered as the reactants of a
chemical reaction and the terminal nanostructures are the products of the chemical
reaction.!!?] Therefore, the deposition rate of atoms on the seed is similar with the
reaction rate of a chemical reaction, which is highly dependent on the reaction
temperature. In a common chemical reaction, the reaction rate follows the rule of

Arrhenius equation, that is:

Eq

v =Ae RT (3.4)
where v is the rate constant of a chemical reaction, 4 is a pre-exponential factor, E, is
the activation energy, R is the universal gas constant, and 7 is the absolute
temperature. According to this equation, the effects of varying growth temperature on
the atom deposition rates can be observed during the process of nanostructure growth.
Generally, the stable seeds are bounded by three types of stable facets, including
{100}, {110}, and {111}, and the surface energies on these three different types of
facets are different with an order of {110} > {100}> {111},/*3! leading to the
temperature variations having different effects on the deposition rates of different
facets. Since the ratios among growth rates of different facets determine the final
morphology of a nanostructure, the terminal shape is tremendously dependent on the
temperature.

The effects of different growth temperatures have been assessed in a series of
experiments. The UV/Vis/NIR spectrophotometry was firstly used to measure the
extinction spectra of the resulting products, a slow blue-shift was found when
increasing the growth temperature (Figure 3.5a). This behavior is expected since the
LSPR property is highly dependent on the size and morphology of nanostructures.
SEM and TEM imaging were performed to characterize the sizes and morphologies of
the nanostructures obtained at 25 °C, 45 °C, and 95 °C (Figure 3.5b—g, Figure 3.6),
respectively. The images clearly show that the nanostructures obtained at 25 °C and
45 °C are trisoctahedrons with average sizes of 113 £ 6 nm and 114 £ 6 nm,

respectively. In order to find out why the nanostructures obtained at 25 °C and 45 °C
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possess different extinction peaks while they have similar morphologies and sizes, the
dihedral angles were measured. It is interesting to find that the angles are different,
the average dihedral angle of trisoctahedrons obtained at 25 °C is 161 £ 3° while it is
163 + 3° for the trisoctahedrons acquired at 45 °C. The increase of the dihedral angle
means that the facet indexes of nanostructures obtained at various temperatures are
different. According to the measured angles, the index for the trisoctahedrons
obtained at 25 °C is around {441}, however, the index for the trisoctahedrons
obtained at 45 °C is approximately {551}. The finite element method simulation
results demonstrated that the extinction peak gradually blue shifts as the indices varies
from {221} to {661}, which is in agreement with the experimental results, the
extinction peak changed from 590 nm to 583 nm when the Miller indices varied from

{441} (synthesized at 25 °C) to {551} (prepared at 45 °C).
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Figure 3.5 The influence of growth temperature on the final products. (a) Extinction
spectra of gold trisoctahedrons obtained at different growth temperature. SEM image
(b) and TEM images (c—d) of gold trisoctahedrons obtained at 25 °C. SEM image (e)
and TEM images (f—g) of gold trisoctahedrons obtained at 45 °C. (h) Simulated
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extinction spectra of gold trisoctahedrons with facets of {221} and {661}. The
simulation data is kindly provided by Dr. Alexandre Baron and Mr. Florian Lochon

in University of Bordeaux.

When the growth temperature increased to 95 °C, the morphology of the obtained
nanostructures is rhombic dodecahedron with {110} facets instead of trisoctahedron.
In Figure 3.6a and d, the lower-magnification SEM and TEM images are presented to
illustrate the orderly distributed gold rhombic dodecahedrons. Most of the
nanoparticles follow the orientation that one of the vertices with three facets meet at
their obtuse angles is in the center. The higher-magnification SEM and TEM images
in Figure 3.6b and e unambiguously illustrate the orientation of gold rhombic
dodecahedrons. Other directions were also found during SEM and TEM imaging, for
example, the nanostructure with the orientation that one rhombic face is perpendicular

with our view (Figure 3.6¢ and f).

Figure 3.6 SEM images (a—c), and TEM images (d—f) of nanostructures obtained at
95 °C.

Concentration of ascorbic acid

The concentration of reducing agent (such as AA) in the growth solution is an
important factor for influencing the final nanostructures as well. The reducing rate of
gold precursor (HAuCls) will increase when the concentration of AA increases,
therefore, the deposition rate of gold atoms will rise. To understand how this change

in deposition rate affects the final nanoparticle shape and size, a set of experiments
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were conducted employing different amount of AA in the growth solution while

keeping other conditions the same.
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Figure 3.7 The product variations with varying amounts of reduction agent in the
growth solution. (a) Extinction spectra of the nanostructures synthesized with
different amount of AA in the growth solution. (b—g) SEM images of gold
nanocrystals obtained with 60 uL, 80 uL, 100 uL, 150 plL, 250 pl, and 500 ul of AA

in the growth solution, respectively.

The extinction spectra of the resulting gold nanostructure colloids are different,
which illustrates that the amount of the AA in growth solution affects the final size or
morphology of nanostructures (Figure 3.7a). If only 60 uL of AA was injected into
growth solution, the reduction rate of HAuCls was very slow and thus the gold atoms
preferred to deposit on the {110} facets with higher free surface energy in comparison
with that of {100} and {111}, resulting in the final morphology was cuboctahedron
with six {100} facets and eight {111} facets (Figure 3.7b). The SEM image also
illustrates that the obtained cuboctahedron has a wide size dispersity. Furthermore,
some other morphologies like octahedron are found in the product. The probable
reason is that the concentration of reducing agent is able to cause some atoms to be
deposited on {100} facets as well. When increasing the amount of AA solution to 80
pL, most of the obtained nanostructures are gold octahedrons. At this amount of AA,
the growth occurred on both {110} and {100} facets, leading to gold octahedron with
eight {111} facets formed (Figure 3.7¢). Octahedron with a bump on each facet will
be formed if keeping increasing the amount of AA, Figure 3.7d is an example when

the volume of AA is 100 puL. As the volume of AA was increased to 150 pL, thombic

82



Chapter 3 A Facile and Fast Method for Synthesizing Gold Trisoctahedrons

dodecahedrons with {110} facets were observed (Figure 3.7e¢). The interested
morphology with very high purity, trisoctahedrons, can be obtained when the AA
increased to 250 pL (Figure 3.7f). Further increasing the amount of the AA solution in

growth solution to 500 pL did not cause further changes to morphology (Figure 3.7g).

Surfactant

Surfactant, also named as capping agent, is a key agent in the growth solution for
the synthesis of nanostructures and plays essential roles in controlling the terminal
shape of the product.*!! Indeed, from a kinetic point of view, the surfactant
chemisorbed on a facet can slow down or even prohibit the atom deposition onto this
facet, and this resulted slower growth rate will lead to this facet accounting for a
greater proportion on the final surface. On the other hand, the thermodynamic view
indicates that surfactant can alter the distribution of surface free energies and thus
selectively stabilize some facets on a nanostructure. Therefore, it is important to select
the concentration and type of surfactant.

The use of CTAC as surfactant is beneficial for the formation of trisoctahedrons in
the absence of silver ions,?*! and therefore it was my first choice to use CTAC as the
capping agent to prepare gold trisoctahedrons. After carrying out a set of experiments
with different concentration of CTAC, I observed a significant influence of the CTAC
concentration on the final shape and size of the resulting nanoparticles, as presented in
Figure 3.8. The differences in extinction spectra of the obtained colloid nanostructures
illustrate the variability of the obtained nanostructures (Figure 3.8a). It should be
pointed out that when the CTAC concentration lower to 1 mM, the gold precursor can
be reduced to gold atoms immediately by AA and form nanoparticles directly without
seed. Nanoclusters were observed in this directly formed product (Figure 3.8b). When
the concentration of CTAC increased to or higher than 5 mM, a certain amount of
seed solution needs to be added into growth solution for acquiring nanostructures.
SEM imaging showed that gold trisoctahedrons can be obtained when the
concentration of CTAC is between 5 mM and 25 mM (Figure 3.8c and d). Gold
rhombic dodecahedral structures appeared as the concentration of CTAC increased to
50 mM (Figure 3.8¢). Most of the nanostructures in product were rhombic
dodecahedron with 100 mM CTAC as surfactant (Figure 3.8f). These results show
that CTAC preferentially binds to {110} facets and thus results in the formation of

rhombic dodecahedrons with {110} facets. Trisoctahedrons can be formed at low
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concentration of CTAC because the low concentration is not enough to stop the
growth of {110} facets and the growth on {110} facets can compete with that on {100}
and {111} facets. However, the product is not uniform when the concentration of
CTAC continued to increase to 250 mM (Figure 3.8g) as the high concentration of

CTAC greatly slow down the deposition of atoms onto all facets.
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Figure 3.8 The effect of the surfactants in the growth solution on the final products.
(a) Extinction spectra of colloid nanocrystals obtained with different concentrations
of CTAC and 25 mM CTAB. (b—g) SEM images of nanostructures grown with 1 mM,
S mM, 25 mM, 50 mM, 100 mM, and 250 mM of CTAC, respectively. (h) SEM image
of nanostructures obtained in the presence of 25 mM CTAB.

CTAB is also a commonly used surfactant for obtaining nanostructures like gold
nanorods'®! and gold nanobipyramids,!'® thus, the effect of replacing CTAC by CTAB
in the growth solution on the final nanostructures was also assessed while keeping the
other experimental conditions the same. The resulting product, presented in Figure
3.8h, contains rodlike, prism and irregular nanostructures instead of trisoctahedrons,
demonstrating that the CI™ ions play a vital role in preparing trisoctahedrons. The
difference of products by employing CTAC and CTAB as surfactants is caused by the
different affinities of these two surfactants, generally, Br~ ions exhibit stronger

binding to gold surfaces than CI” ions.!**!

The function of H2PtCls in growth solution
The introduction of foreign metal ions in the growth solution has been

demonstrated to be an effective method to prepare nanostructures with high-index
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facets, as they deposit on some facets to slow or stop the further growth of these
facets.['!: 26 These foreign ions like Ag" are called shape-directing agents, and have
been successfully employed to synthesize many types of nanostructures with high

[27]

surface energy, including gold tetrahexahedral nanostructures, gold concave

(291 and so on. Interestingly, I found that

cubes,?®! gold truncated ditetragonal prisms,
PtCls>" can improve the purity of gold trisoctahedrons in my study. Only 5 pL
H2PtCls (0.01 M) in 10 mL growth solution is able to cause a dramatic change in the
final results. Figure 3.9a displays the comparison of extinction spectra of the products
synthesized with and without H>PtCle, the plasmonic peaks are almost the same for
these two products, however, the spectrum intensity is higher for the product prepared
without HoPtCls when the wavelength is longer than 700 nm. Further evidence of the
impact is obtained via SEM and TEM imaging, demonstrating that there are some
bipyramids in the obtained product prepared without H,PtCls (Figure 3.9b and c).
Since bipyramids possess longitudinal plasmonic peaks located at the longer
wavelength, the bipyramids in the product synthesized without H,PtCls can lead to
higher extinction intensity at longer wavelength region. The reason for the higher
purity when synthesized with H2PtCls in growth solution is probably because Pt atoms
preferentially deposited on the facets with high surface energy and thus block these

facets to continue to grow resulting in the formation of nanostructures with high-index

facets rather than bipyramid with {11n} facets which have low surface energy.
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Figure 3.9 The effect of introducing H>PtCls in the growth solution on the final
morphology of the products. (a) Extinction spectra of colloid nanocrystals obtained
with and without H>PtCls in the growth solution. SEM (b) and TEM (c) images of

nanostructures synthesized without H>PtCls in the growth solution.
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Monitoring the growth process

In seed-mediated methods, the formation of seed plays an essential role in
determining the final morphology of nanostructures. To obtain nanostructures with
high purity, it is important to find the optimal formation time for seeds. For example,
the seed solution for synthesizing gold nanorods needs to be kept undisturbed at room
temperature for around 2 h.®) Another typical example is the seed solution for
preparing gold nanobipyramids that needs to be treated for 90 min at 80 °C.["¥ In my
study, I also investigated the change of the final nanostructure as the time of seed
formation prolonged. Since the LSPR property of nanostructures is highly sensitive to
their morphologies and sizes, UV/Vis/NIR spectrophotometry was used for
monitoring the variations of seed solution by recording the extinction spectra (Figure
3.10a). The extinction spectrum changed significantly within the first 30 min and then
changed slowly from 30 min to 24 h. I used seed solutions at different reaction times
(1 min, 3 h and 24 h) to synthesize gold trisoctahedrons and the results show that
longer aging time led to a redshift of the plasmonic peak and a lower peak intensity
(Figure 3.10b). The SEM analysis of the samples showed that all the products are gold
trisoctahedrons but differ in size (Figure 3.10c—e), which can explain the difference
observed in the plasmonic peaks. Compared Figure 3.10e with Figure 3.10c, it is
unambiguous that the gold trisoctahedrons obtained with seeds at 24 h is much larger
than that obtained with seeds at 1 min. This change is likely related to the decrease of
seed number in the seed solution by increasing the reaction time due to the Ostwald

ripening effect.>%
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Figure 3.10 The nanostructures prepared with seed solutions of varying reaction
times. (a) Extinction spectra of seed solutions with various reaction times. (b)
Extinction spectra of the obtained nanostructures prepared using seeds at different
reaction time. (c—e) SEM images of the obtained nanostructures synthesized with the
seeds at different reaction time as in (b), the reaction times of seed solutions are 1

min, 3 h, and 24 h, respectively.

One of the key advantages of my method is that the completion of the reaction is
achieved in about 7 min. To determine the time of completion, the extinction spectra
has been acquired for different reaction times. Presented in Figure 3.11a, a steady
redshift over time and a gradual increase of peak intensity can be observed. After 7
min, the spectra at subsequent reaction times perfectly overlap, indicating that the
growth process had finished. SEM imaging was performed to explain the variations of
extinction spectra as the reaction time prolonged. The growth solution was
centrifuged after adding seed solution into growth solution for 20 s, and it took 3 min
to centrifuge the growth solution. The resulting product was shown in Figure 3.11b,
the SEM image clearly demonstrates that gold trisoctahedrons have already been
formed in such short reaction time. As the reaction time increased from 20 s to 7 min,
only the size slowly increased, the morphology did not change (Figure 3.11b—d). The
variations of acquired nanostructures were illustrated in Figure 3.11e. The gold

nanocrystals grew into trisoctahedrons quickly and then became larger and larger.
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Figure 3.11 The variations of gold trisoctahedrons as the reaction time prolonging.
(a) Extinction spectra recorded during the preparation of gold trisoctahedrons at
different growth times. (b—d) SEM images of the obtained products collected at 20 s,
3 min, and 7 min, respectively. It took three minutes to centrifuge each sample. (e)
Schematic displaying the growth process of gold trisoctahedron as the reaction time

prolonging.

The above description demonstrates that this seed-mediated method for
synthesizing gold trisoctahedrons is very fast. The seed can be used immediately after
adding sodium borohydride into seed solution, and the entire growth process from

seed to final nanostructure only takes 7 min.

3.2 Outstanding Properties of Gold Trisoctahedrons
3.2.1 Refractive index sensitivity

As mentioned in Chapter 1, the LSPR properties of noble metal nanocrystals are
greatly sensitive to the refractive index of the medium surrounding them. Generally,
the increase of the index induces a red shift of the plasmonic peak, especially in the
nanostructures with sharp tips and edges exhibiting strong sensitivities. This
intriguing property endows noble metal nanoparticles with biosensing potential.*!72!

Hence, preparing noble metal nanoparticles with high refractive index sensitivity is of
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great significance. Gold trisoctahedron with 14 sharp tips and 24 edges provides many
sensitive sites, and thus will be an interesting candidate for sensing the variation of
refractive index. In my study, three samples of gold trisoctahedrons with different
sizes were prepared for characterizing their sensing abilities. Their plasmonic peaks
are located at 605 nm (sample 1), 580 nm (sample 2), 570 nm (sample 3), respectively
(Figure 3.12a). Figure 3.12b—d are their corresponding SEM images.
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Figure 3.12 Extinction spectra (a) and SEM images (b—d) of three trisoctahedron
samples for measuring the refractive index sensitivities, sample 1, sample 2, sample 3,

respectively.

Bulk sensitivity measurements were performed by dispersing the gold
trisoctahedrons into liquid medium with different refractive indices. The refractive
index was gradually varied by mixing glycerol with water whose refractive indices are
1.4746 and 1.3334, respectively. The volume percentage of glycerol in the water-
glycerol mixtures was varied from 0% to 81% in a step of 9% to produce a gradual
increase of refractive index. Figure 3.13a—c display that the extinction spectra of as-
prepared three gold trisoctahedron samples slowly red shift as the increase in
refractive index of surrounding mediums. The variations of the LSPR peak positions
were plotted as the function of the refractive index for all the three samples, and all
these three trisoctahedrons exhibit good linear fits (Figure 3.13d). The refractive index
sensitivities determined by the slopes of the fitting lines are 265 nm/RIU, 199 nm/RIU,

and 158 nm/RIU for sample 1, sample 2, and sample 3, respectively. Moreover, the
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values of FOM (defined in Chapter 1) are 1.43, 1.53 and 1.38, respectively. These
results demonstrate that larger nanoparticles possess higher sensitivity but lower FOM

value because of the broader FWHM value.
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Figure 3.13 Refractive index sensitivities of different gold trisoctahedrons in water-
glycerol mixtures. (a—c) Normalized extinction spectra of the three trisoctahedrons
dispersed into water-glycerol mixtures of varying compositions. The blue arrows
indicate the direction of increasing refractive index. (d) Dependence of the plasmonic
peak shift on the refractive index of surrounding medium for the three trisoctahedron

samples.

The refractive index sensitivity of gold nanospheres with a plasmonic peak at 572
nm, having a similar plasmonic peak position with that of sample 3, was tested for
comparison. In order to compare the sensitivities, the data of gold nanospheres was
plotted together with that of sample 3. Figure 3.14a is the extinction spectra of gold
nanospheres and sample 3, the spectrum of nanospheres showing a wider plasmonic
peak. The corresponding sizes measured from TEM images are 103 £ 3 nm and 96 + 8
nm for gold nanospheres and sample 3, respectively, the representative TEM images
are shown in Figure 3.14b and c. The result of size difference is in agreement with the
view mentioned in Chapter 1 that two nanostructures of different sharpness exhibiting
the same plasmonic peak position have different sizes. The above-described method

for varying the refractive index of surrounding medium was applied to gold
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nanospheres and the positions of the LSPR peaks were measured. The experimental
results obtained for gold nanospheres in Figure 3.14d shows the redshift of LSPR
peak. The plots of plasmonic peaks as the functions of their surrounding refractive
index, shown in Figure 3.14e, demonstrate that gold nanospheres have a lower
refractive index sensitivity (141 nm/RIU). Gold trisoctahedrons exhibit only slightly
higher refractive index sensitivity is likely related to the size since the gold
trisoctahedrons are about seven nanometers smaller than gold nanospheres although
they have similar plasmonic peak positions. In addition, since the plasmonic peak of
gold nanospheres is wider, the FOM value (1.06) is lower. The comparison indicates

that gold trisoctahedrons are undoubtedly better candidates for plasmonic sensing

applications than gold nanospheres.
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Figure 3.14 The comparation of the refractive index sensitivities between gold
nanospheres and gold trisoctahedrons in water-glycerol mixtures. (a) Extinction
spectra of gold nanospheres and sample 3 (gold trisoctahedrons) dispersed into water,
respectively. (b—c) TEM images of gold nanospheres and sample 3 (gold
trisoctahedrons), respectively. (d) Normalized extinction spectra of gold nanospheres
dispersed in water-glycerol mixtures of varying compositions. The blue arrow
indicates the direction of increasing refractive index. (e) LSPR peak shift versus
refractive index of surrounding medium for gold nanospheres and sample 3 (gold

trisoctahedrons).
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Finite element method simulation was used to calculate the near-field
enhancements of an individual gold trisoctahedron and a single nanosphere for
confirming that gold trisoctahedron exhibits a higher enhancement of electromagnetic
field, thus leading to higher plasmonic sensitivity. In the simulation, a gold
trisoctahedron and a gold nanosphere with the same size (56 nm) were applied. The
simulation results shown in Figure 3.15 unambiguously demonstrates that the electric

field enhancement of gold trisoctahedron is much higher than that of gold nanosphere.
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Figure 3.15 The calculated electric field enhancement contours of an individual gold
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trisoctahedron (a), and a single gold nanosphere (b) by finite element method. The
simulation data is kindly provided by Dr. Alexandre Baron and Mr. Florian Lochon

in University of Bordeaux.
3.2.2 Surface-enhanced Raman spectroscopy

Gold trisoctahedrons have been reported to exhibit efficient SERS activities
because of their well-defined tips, edges, steps and kinks with high free energy on
their surfaces as well as their interparticle gaps.!'* 31 To attest the SERS efficiency of
gold trisoctahedrons, three gold trisoctahedron samples were prepared. The SERS
properties of as-prepared gold trisoctahedrons were evaluated by measuring the
Raman spectra of 2-NaT adsorbed on the gold trisoctahedrons. Specifically, the
colloids of gold trisoctahedrons (10 mL) were firstly washed twice by deionized water
to remove the surfactant as much as possible. Then the gold trisoctahedrons were
redispersed into deionized water (10 mL) and mixed with 2-NaT molecules dissolved
into ethanol (20 uL, 0.01M). The resultant mixtures were left at room temperature for
at least 2 hours to ensure complete chemisorption. Subsequently, the mixtures were
centrifuged to remove the unbounded molecules and redispersed into different

volumes of deionized water for measuring SERS spectra. The SERS measurements
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were carried out on a Raman microscope (HORIBA, LabRAM HR) equipped with a
CCD camera (Synapse, HORIBA JOBIN YVON), a 600 grooves/mm diffraction
grating, and a red laser with 633 nm for exciting the samples. The Raman spectra of
the aqueous gold trisoctahedrons were collected by employing a quartz cuvette with 1
cm optical length as a container, a laser power of 3 mW, a 10x objective lens (NA =

0.25), and the integration time of 20 s.
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Figure 3.16 Extinction spectra of different concentrations of three gold
trisoctahedron samples adsorbed with 2-NaT molecules for SERS measurements. C

represents the concentration of gold trisoctahedron particles.

As seen from equation (2.3) in Chapter 2, the intensity of extinction is linearly
dependent on the particle concentration for a given nanostructure. Therefore, the
particle concentration can be known from the intensity of the extinction peak. Figure
3.16 shows the extinction spectra of varying concentrations of the three gold
trisoctahedron samples adsorbed with 2-NaT molecules, the plasmonic peaks being
located at 596 nm (Au TOH S), 619 nm (Au TOH M), and 646 nm (Au TOH L),
respectively. The Raman spectra of these three samples were measured by the above-
described approach. As displayed in Figure 3.17, several characteristic signals were
observed in the Raman spectra. Typically, the peaks located at 1382.8 cm™ and
1619.2 cm™! are attributed to the ring modes, the C-H bending mode is located at 1069
cm’!, and the peak at 769.3 cm™ is dominated by the ring deformation.?*3% It is
unambiguously seen that the intensities of these peaks slowly decreased with the
decreases of the particle concentrations because of the decrease in the total number of
measured molecules. The peak at 1382.8 cm™! was chosen to investigate the variations

of the peak intensity as the change of particle concentration. The integrated area of the
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peak was plotted as the function of the peak intensity of extinction spectrum (Figure
3.18). Clearly, the integrated areas of the Raman peak for all the three samples are
linearly dependent on the extinction intensities. It appears that Au TOH S has highest
Raman signal among these three samples when they have the same extinction
intensity. The slope of the fitting line is highest for Au TOH S, which means that the
Raman signal of Au TOH S is the most sensitive one with respect to the changes in
extinction intensity. This result is probably related with the variations of the particle
concentration, because Au TOH S is the smallest particle with smallest cross-section
among these three samples,*®! it must have the largest particle concentration for a
given extinction intensity according to equation (2.3). Among all the SERS
measurements, the lowest extinction intensity was 0.0156 for Au TOH L, the cross-
section calculated from finite element method simulation is 9.90 x 10* nm?, hence, the

lowest particle concentration can be measured is 3.63 x 103NP mL™".
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Figure 3.17 Raman spectra of different concentrations of three gold trisoctahedron
samples adsorbed with 2-NaT molecules. C represents the concentration of gold

trisoctahedron particles.
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Figure 3.18 The plots of the integrated area of Raman peak located at 1382.8 cm™ as

a function of the extinction intensity for three trisoctahedron samples.

3.3 Summary

In this chapter, I have provided a facile and fast approach for the growth of uniform
gold trisoctahedrons with controllable sizes and dihedral angles. The sizes can be
tailored by simply controlling the amount of seed solution in the growth solution. By
improving the growth temperature, the dihedral can be gradually increased from 161°
which means the Miller indices of the facets of the obtained nanostructures can be
tuned from {441} to the limit case {110}. Furthermore, sets of optimizing
experiments were carried out, including different concentrations of AA, various of
concentrations and types of surfactants, and the effect of HyPtCls as the shape-
directing agent. Moreover, the experiments of monitoring the growth process
demonstrated that the seed solution can be used immediately after injecting sodium
borohydride and the following growth process is able to finish in 7 min. The high
plasmonic sensitivity and high SERS performance of gold trisoctahedrons caused by
the well-defined tips and edges were demonstrated as well. I believe that the facile
and fast synthesize method will promote the potential applications of gold

trisoctahedrons in plasmonic and catalytic areas.
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SERS is a vibrational spectroscopy technique with many particular advantages,
such as label-free, ultrahigh surface sensitivity, fingerprint, non-destructive, multiplex
detection, etc.!'! Such many unique advantages make the SERS technique a suitable
tool for challenging analytical applications, especially relevant for investigating
complicated biological systems. The applications of SERS in bioanalytical fields can
be exemplified by applying plasmonic nanostructures into cells for the analysis of
intracellular content. The general method is to disperse plasmonic nanostructures in
the culture medium and most cells can uptake the nanostructures through
endocytosis.?! Although this method has been successfully used in optical imaging
and spectroscopy, some uncontrollable issues still exist. One problem is the stability
of the nanoparticles as the plasmonic nanostructures are prone to aggregation when
they are exposed to complex culturing media and the endosomal environment.*! The
second issue is the interference signals from the special functionalization.'¥ Another
challenge is to effectively deliver plasmonic nanostructures to the specific
compartments in cells.”) Moreover, the toxic problems caused by the bio-persistence
of plasmonic nanostructures and their resistance to biodegradation are vital problems
that must be solved.!® In order to address the above-described problems, anchoring
the plasmonic nanostructures onto a substrate is an effective way.

On the other hand, SICM is a widely used imaging and analytical tool in biological
areas, especially with the possibility to study subcellular structures of living cells in
physiological conditions.”l As described in Chapter 2, the key component of SICM is
a glass nanopipette that serves as a scanning probe. Notably, most of the versatility of
the SICM derives from the glass nanopipette, with a macro-sized long tail and a
nanosized tapered end, that can be easily fabricated, manipulated, and modified.®!%
Interestingly, the probe can be connected to microinjection systems or
electrophysiological setups allowing an on-demand injection and aspiration, thus
making it possible to do intracellular measurements and manipulations with high
sensitivity and high spatial resolution.® ']

The combination of SERS and SICM seems feasible by converting nanopipettes to
SERS substrates by decorating plasmonic nanostructures on the outer surface of glass
nanopipettes. The resulting nanopipettes covered with plasmonic nanostructures,
termed SERS-SICM probes, can have the potential to solve above-mentioned
problems during intracellular measurements. In 2009, the first success in decorating

the outer surface of the glass nanopipette with plasmonic nanostructures for
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intracellular analysis was reported.['?! In this case, the glass nanopipettes were firstly
modifiled with molecules which have positively charged terminal NH> groups and
then decorated plasmonic nanostructures with negative charge on the surface of the
modified glass nanopipettes by electrostatic interaction. Until now, several other
research works also reported the success of obtaining this kind of plasmonic
nanopipettes using the similar method.!'*!>] However, the nanopipettes pore apertures
were blocked to some extent by the plasmonic nanostructures, limiting the further use
of the probes to investigate intracellular measurement. Moreover, keeping the
apertures open endows the SERS-SICM probes with the potential of concurrently
injecting medicines and monitoring the responses of cells. Consequently, it is still a
challenging task to prepare SERS-SICM probes with nanostructures of varying sizes
and morphologies while ensuring the probe aperture open.

In this study, I demonstrated a strategy to make SERS-SICM probes and provided
their top view SEM images to unambiguously show the empty apertures. Specifically,
the glass nanopipette was firstly modified with (3-mercaptopropyl) trimethoxysilane
(MPMS) molecules which have two functional groups, one is the silanol group that
can link with the surface of nanopipette through silanization!®! and the other one is
thiol group which can form Au-S bond with gold nanostructures.l'”) The glass
nanopipette modified with MPMS was subsequently immersed into a gold
nanostructure colloid to further decorate the outer wall. It must be pointed out that a
controlled airflow through the pipette and the immersion time of the nanopipette are
very important for successfully preparing SERS-SICM probes with the tips open. This
method has been assessed by decorating gold nanorods, gold nanospheres, gold
trisoctahedrons and gold nanobipyramids on single-barrel borosilicate nanopipettes
and double-barrel quartz nanopipettes. Moreover, [ also proved the SERS
performance of nanopipettes decorated with gold nanorods. Finally, the probes were
employed to do SICM imaging or penetrate living cells to further confirm that the
inside of the probes is empty. The anchoring stability of nanostructures on the outer
surface of glass nanopipette was confirmed by comparing the SEM images of the

SERS-SICM probes before and after applications.
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4.1 Preparation and Characterization of SERS-SICM Probes

In this section, I will present the method for coating the outer surface of
nanopipettes with gold nanostructures of varying sizes and morphologies and the key
factors for successfully obtaining the SERS-SICM probes with empty tips. 1 will
describe single-barrel borosilicate nanopipettes coated with gold nanorods in Section
4.1.1, single-barrel borosilicate nanopipettes coated with gold nanostructures of
varying sizes and morphologies in Section 4.1.2, and double-barrel quartz
nanopipettes coated with gold nanostructures of varying morphologies in Section

4.1.3.
4.1.1 Single-barrel borosilicate nanopipettes coated with gold nanorods

In my study, borosilicate capillaries (single-barrel) were firstly chosen to fabricate
nanopipettes, using a laser-puller with a two-step process (see Chapter 2 for details).
Before pulling, the capillaries were firstly processed by the freshly prepared Piranha
solution (H2SO4 : H2O2 = 3 : 1) for 2 h at room temperature, then thoroughly washed
with deionized water and 2-propanol, and finally dried in an oven at 80 °C. This
piranha solution pre-treatment promotes the presence of hydroxyl groups on the
nanopipette surface which are essential for the modification of MPMS molecules on
the surface through silanization. In Figure 4.1, a schematic describes the steps to
prepare a glass nanopipette decorated with gold nanorods. Specifically, the glass
nanopipette which has a hydroxyl-terminated surface was immersed into MPMS
ethanol solution (1%, v/v) for 20 min while blowing the pipette with airflow (~6 bars).
After washing the pipette with ethanol and drying at room temperature, the pipette
was soaked into colloid gold nanorod solution with airflow (~6 bars) blowing the
pipette at the same time as well. Both steps were performed at room temperature. The
resulting product is a glass nanopipette decorated with a homogeneous layer of gold

nanorods on its outer surface.
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Figure 4.1 The schematic exhibiting the detailed steps for coating gold

nanostructures on the outer surface of a glass nanopipette.

Gold nanorods were firstly chosen as the plasmonic elements in the designing
structure because gold nanorods have a relatively large flat surface that can be used to
connect with nanopipette. The method for synthesizing gold nanorods was described
in Chapter 2. Figure 4.2a and b display the extinction spectrum and SEM image of a
typical gold nanorod sample, in this case, presenting the longitudinal plasmonic peak
at 788 nm as well as the length and diameter measured from TEM images being 76 +
6 nm and 24 + 3 nm, respectively (a typical TEM image is shown in the insert image
in Figure 4.2b). Prior to using gold nanorod colloid for decorating the glass
nanopipette, the gold nanorods were washed with deionized water twice and diluted to
deionized water for reaching an extinction intensity of around 0.5. After immersing
the nanopipette into the above colloid for 10 min, the nanopipette was taken out and
kept being blown for 2 min to dry it. The obtained nanopipette was firstly
characterized by optical microscopy, which can illustrate the cleanliness and integrity
of the pipette (Figure 4.2c). SEM imaging was then carried out to show the pipette
decorated with gold nanorods (Figure 4.2d—g). Importantly, the low magnification
SEM image shows the nanopipette is uniformly coated by gold nanorods (Figure 4.2d),
and the higher magnification SEM images acquired corresponding to the frame areas
in Figure 4.2d clearly show the morphology and distribution of gold nanorods on the
surface of the nanopipette (Figure 4.2e—g). In addition, the top view SEM image of
the nanopipette unambiguously shows that the tip of the nanopipette is coated until the
very end of the pipette length while leaving the aperture fully exposed and clean
(Figure 4.2h), which is very important for the application of the SERS-SICM probes.
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Figure 4.2 The representation of SERS-SICM probe. (a—b) The extinction spectrum

and SEM image of gold nanorods, the top-right insert in b is the corresponding TEM
image of gold nanorods. (c—d) The optical micrograph and low magnification SEM
image of nanopipette decorated with gold nanorods from side view. (e—g) Magnified
SEM images of nanopipette covered by gold nanorods. The SEM images correspond
to the areas marked by colored square lines in d. (h) SEM image of plasmonic

nanopipette from top view.

The airflow plays an important role in the process of fabricating homogeneously
coated nanopipettes with open apertures. If there is no airflow passing through the
pipette in the step of silanization, the MPMS molecules were prone to polymerize at
the end of the pipette and blocked the pipette, as shown in Figure 4.3a and b. On the
second stage of the pipette modification, during the process of decorating the outer
surface of nanopipette with gold nanostructures, the airflow is also essential to avoid
the gold nanoparticles entering the nanopipette and causing the blockage of the pipette,
as seen in Figure 4.3c and d that is the case without the use of airflow. Having a clean
and defined aperture on nanopipettes is fundamental in the SICM technique because
the mechanism of SICM (mentioned in Chapter 2) is using the current between two
QRCE:s to control the position of the pipette. In addition, keeping the tip aperture
clean opens up the use of such SERS-SICM probes to concurrently deliver drugs into

cells and monitor the responses of cells.
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Figure 4.3 The probes obtained without airflow. (a—b) SEM images of nanopipette
after modified MPMS molecules on the surface, without airflow during the modifying
process. (c—d) SEM images of nanopipette decorated with gold nanorods, without

airflow during the decorating process.

Controlling the density and homogeneity of the nanoparticle coating is fundamental
for SERS applications. I observed that the immersing time of nanopipette in the
colloid gold solution can be used to control the density of particles. When the
immersing time is too short, there are only a few nanoparticles on the nanopipette.
Figure 4.4a and b are the SEM images of the nanopipette modified through an
immersion time of 2 min, resulting in a nanopipette decorated with only a few
nanorods on its surface and the end of the pipette clean. In contrast, when the
immersion time was prolonged to 30 min, there are an excess of gold nanorods on the
surface and the distribution of gold nanorods is not uniform (Figure 4.4c).
Furthermore, the top view SEM image of the nanopipette, shown in Figure 4.4d,
proves the presence of some gold nanorods blocking the pore of the nanopipette,
despite airflow was still used during this experiment. This emphasizes the importance
of controlling the immersion time for obtaining SERS-SICM probes successfully. In
addition, varying the concentration of colloid gold nanoparticle solution can also
change the densities of gold nanoparticles on the pipette surface. The effect of colloid

concentration is similar to that of immersing time: for the same immersing time, the
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particle density on the nanopipette surface is low when the colloid concentration is

low, and the density will increase with increasing the colloid concentration.

Figure 4.4 The SERS-SICM probes obtained at different immersing time. (a—b) SEM
images of the nanopipette decorated with gold nanorods with immersing time of 2 min.
(c—d) SEM images of the nanopipette coated with gold nanorods with coating time of

30 min.

4.1.2 Single-barrel borosilicate nanopipettes coated with gold nanostructures of

varying sizes and morphologies.

The ability to create SERS-SICM probes with nanorods of varying sizes was
assessed as LSPR performance is significantly dependent on the sizes of the gold
nanostructures. Therefore, four gold nanorod samples with different sizes were
synthesized. Figure 4.5a shows the extinction spectra of the four gold nanorod
samples, with the wavelengths of the longitudinal plasmonic peaks being at 707 nm
(Au NR 1), 751 nm (Au NR 2), 801 nm (Au NR 3), and 838 nm (Au NR 4),
respectively. SEM and TEM imaging were carried out to characterize the shapes and
sizes of the samples. As shown in Figure 4.5 b—i, the lengths of the gold nanorods are
97 £ 8 nm, 82 + 7 nm, 71 £ 6 nm, and 63 = 7 nm, the corresponding diameters are 41
+ 4 nm, 29 £+ 3 nm, 20 + 2 nm, and 16 + 2 nm, respectively (sizes are measured from

TEM images).
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Figure 4.5 Gold nanorod samples of varying sizes. (a) The extinction spectra of four
gold nanorod samples. (b—e) SEM images of four gold nanorod samples, from left to
right, they are Au NR I, Au NR 2, Au NR 3, and Au NR 4, respectively. (f—i) TEM

images of the corresponding gold nanorod samples.

Following the method shown in Figure 4.1, the above four gold nanorods were
utilized to decorate the single-barrel borosilicate glass nanopipettes using the
optimized preparation conditions (i.e. immersion time of 10 min). The SEM images of
the resulted nanopipettes clearly prove the successful coverage of glass nanopipettes
with gold nanorods (Figure 4.6a—d) while maintaining the apertures of the tip empty
and clean after coating gold nanorods (Figure 4.6e—h). The uniformity of the coverage
was evaluated for these probes as well, obtaining the corresponding SEM images of
nanopipettes at the positions of about 5 pm and 3 um away from the end of the
nanopipettes (Figure 4.7). The SEM images unambiguously confirm these
uniformities and illustrate the shape of nanorods, and the size of nanorods on different
nanopipettes is different. Therefore, these experiments confirm the reproducibility of
preparing the SERS-SICM probes and reinforce the suitability of the method to fix
gold nanorods with various of sizes on the outer surface of borosilicate nanopipette

with single barrel successfully.
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Figure 4.6 SEM images of the SERS-SICM probes decorating with gold nanorods of

h

varying sizes. (a—d) The side view SEM images of nanopipettes fixed with gold
nanorods of varying sizes, from left to right, the pipette is decorated with Au NR 1, Au
NR 2, Au NR 3, and Au NR 4, respectively. (e—h) The SEM images of the

corresponding nanopipettes from top view.
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Figure 4.7 The side view SEM images of nanopipettes decorated with gold nanorods

of varying sizes about 5 um (a—d) and 3 pum (e—h) away from the end of the
corresponding nanopipettes. The SERS-SICM probes correspond to the nanopipettes
in Figure 4.6.

In addition to gold nanorods with different sizes, the other morphologies of gold
crystals were synthesized for decorating on the surface of borosilicate nanopipette as

well since the shape of the nanostructure is also a key factor to largely influence the
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LSPR properties. For example, gold trisoctahedrons with well-defined tips and edges
exhibit much sronger local electromagnetic field in comparison with gold nanospheres,
as illustrated in Chapter 3. According to the seed-mediated method mentioned in
Chapter 2, gold nanospheres, gold trisoctahedrons and gold nanobipyramids were
synthesized. The extinction spectra of these gold nanostructures are presented in
Figure 4.8a, the dipolar peaks of gold nanospheres and trisoctahedrons are located at
536 nm and 576 nm, respectively, and the dipolar longitudinal peak wavelength of
gold nanobipyramids is 819 nm. The extinction intensities were also tuned to around
0.5 by diluting the gold colloids with deionized water after washed. Their
morphologies and sizes were characterized by SEM and TEM imaging (Figure
4.8b—g). Their sizes measured from TEM images are 55 = 2 nm, 101 + 6 nm, and 101

+ 4 nm by 35 + 2 nm, respectively.
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Figure 4.8 The extinction spectra (a), SEM images (b—d), and TEM images (e—g) of

gold nanospheres, gold trisoctahedrons, and gold nanobipyramids.

I used the above-described method to cover the outer surfaces of borosilicate
nanopipettes with these three different types of nanostructures. The SEM imaging
showed that all these three types of gold nanostructures can be anchored on the outer
surface of the glass nanopipettes (Figure 4.9a—c) while ensuring the nanopipette
apertures are not blocked by gold nanostructures or polymers formed from the
polymerization of MPMS molecules (Figure 4.9d—f). Moreover, the SEM images of
SERS-SICM probes at approximately 5 pm and 3 pm away from the end of the
nanopipettes clearly show the shapes of gold nanospheres, trisoctahedrons and

nanobipyramids as well as confirm the excellent homogeneous distributions of these
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nanostructures (Figure 4.10). It must be noted that the time of immersing nanopipette
into the gold colloids was different for different samples. Specifically, the immersing
time was 30 min when the nanopipette was soaked into colloid gold nanosphere or
gold trisoctahedron solution, and 20 min for placing the nanopipette into colloid gold
nanobipyramid solution. The difference in the required immersing time is likely
related to the existent difference in the interaction area between the nanostructure and
the nanopipette surface. The nanorod possesses a relatively larger anchoring area,
requiring lower time for ensuring to obtain a nanopipette with a good decoration. In
addition, the density of gold trisoctahedrons on the outer surface of nanopipettes is
much lower than other types of nanostructures, it is possibly because that gold
trisoctahedron has much more well-defined edges and tips in comparison with other
nanostructures and therefore it takes more time to fix trisoctahedrons on the

nanopipette.

a

Figure 4.9 SEM images of nanopipettes fixed with gold nanospheres, gold
trisoctahedrons, and gold nanobipyramids, respectively, from side view (a—c) and top

view (d—f).
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Figure 4.10 SEM images of nanopipettes fixed with gold nanospheres, gold
trisoctahedrons, and gold nanobipyramids, respectively, at the positions of about 5
um (a—c) and 3 pum (d—f) away from the end of the nanopipettes. The SERS-SICM

probes correspond to the nanopipettes in Figure 4.9.

4.1.3 Double-barrel quartz nanopipettes coated with gold nanostructures of

varying morphologies.

There are a broad variety of commercial capillaries that can be used to fabricate
nanopipettes by laser-puller, ranging from single barrel to double barrels and even
multiple barrels. The obtained double-barrel or multi-barrel nanopipettes can be

[7. 18] Moreover, the capillaries can be

applied in much more complex measurements.
made of different materials, including borosilicate and quartz. Quartz capillaries are
especially suitable for the fabrication of very small nanopipettes and quartz
nanopipettes have the advantage of lower leakage currents.!'% !° Therefore, I tried to
anchor gold nanostructures onto the outer surface of quartz nanopipettes (double-
barrel), obtained by pulling double-barrel quartz capillaries (the pulling parameters
and SEM images of double-barrel quartz nanopipettes are presented in Chapter 2).
Following the same process of decorating borosilicate nanopipettes, the double-barrel
quartz capillaries were treated with freshly prepared Piranha solution before pulling,
the obtained quartz nanopipettes were subsequently modified with MPMS solution,

and finally covered by gold nanostructures of varying morphologies. The resulting

nanopipettes were assessed via SEM imaging to determine the success in the coating,
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the uniformity of the particle decoration along pipette length as well as the cleanliness
of the apertures. As shown in Figure 4.11—4.12, the results are similar to the ones
obtained for borosilicate glass capillaries, observing no significant differences. We
conclude the use of MPMS molecules as linkers with the help of airflow is a robust

method for preparing various of SERS-SICM probes.

s

Figure 4.11 SEM images of double-barrel quartz nanopipettes fixed with gold

nanorods, gold nanospheres, gold trisoctahedrons, and gold nanobipyramids,

respectively, from side view (a—d) and top view (e—h).

Figure 4.12 SEM images of quartz nanopipettes fixed with gold nanorods, gold

nanospheres, gold trisoctahedrons, and gold nanobipyramids, respectively, at the
positions of about 5 um (a—d) and 3 um (e—h) away from the end of the nanopipettes.
The SERS-SICM probes correspond to the nanopipettes in Figure 4.11.

111



Chapter 4 A Strategy for Preparing SERS-SICM Probes

4.2 SERS Performance of the SERS-SICM Probes

Glass nanopipettes decorated with gold nanostructures have the potential to largely
enhance the Raman scattering signals, and the SERS performances of such SERS-
SICM probes were measured and confirmed in my study. Several glass nanopipettes
anchored with gold nanorods for Raman measurements were prepared (the employed
nanorods are the ones presented in Figure 4.2), as shown in Figure 4.13. Among the
SEM images, Figure 4.13a—c show the single-barrel borosilicate nanopipettes coated
with gold nanorods and Figure 4.13d—f present the double-barrel quartz nanopipettes
anchored with gold nanorods. The SERS performances were demonstrated by the
detection of three commonly used Raman-active molecules, including R6G, 4-MBT,
and 2-NaT. Thus, the above obtained SERS-SICM probes were immersed into
different solutions of R6G in water (10”7 M), 4-MBT in ethanol (10* M), and 2-NaT
in ethanol (10 M), respectively, for overnight. Followed by cleaning the nanopipettes
immersed into 4-MBT and 2-NaT solutions with ethanol to remove the excess
molecules. Their SERS properties were then measured after drying at room

temperature.

b

pipette 2

e

pipette 5

Figure 4.13 SEM images of SERS-SICM probes for SERS measurements. (a—c)
Single-barrel borosilicate nanopipettes decorated with gold nanorods. (d—f) Double-

barrel quartz nanopipettes coated by gold nanorods.

The utilized Raman setup was the same as described in Chapter 3. A laser with the

excitation wavelength of 633 nm was used at a power of 0.28 mW and the collection
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time was 20 s. The laser was firstly focused on the tips of the plasmonic nanopipettes

with a 100x objective lens (NA = 0.90), as shown in Figure 4.14.

Pipette 4

b e
Pipette 2 Pipette 5
c f
Pipette 3

Figure 4.14 The optical micrographs of SERS-SICM probes with 633 nm laser

Pipette 6

focusing on the tip.

The recorded Raman signals are shown in Figure 4.15, the characteristic signals of
the corresponding molecules can be observed unambiguously. As for the Raman
spectra of the SERS-SICM probes adsorbed with R6G molecules, the peak located at
611 cm™ is due to the in-plane bend of the xanthene ring, the signal positioned at 770
cm’! is assigned by the out-of-plane bending mode of the C-H band, the peak at 1186
cm’! is attributed to the stretching mode of the C-O-C band, the peak at 1306 cm™ is
assigned to in-plane bending mode of the N-H band, and the peaks at 1358 cm™!, 1502
cm! and 1637 cm! belong to the stretching modes of aromatic benzene rings.!?*2?1
With regard to the Raman spectra of the SERS-SICM probes bonded with 4-MBT
molecules, the strong Raman signal at 1069 cm™ can be assigned to a combination of
the breathing mode of phenyl ring, the stretching mode of C-S, and the in-plane
bending mode of C-H, the signals at 1174 cm™ and 1376 cm™! are contributed by the
in-plane vibrations of phenyl ring, while the stretching mode of phenyl ring is located
at 1575 cm.12724 The assignment of the strong Raman signals, located at 761 cm™,
1061 cm!, 1372 cm™ and 1613 cm’!, in the spectra of the SERS-SICM probes
adsorbed with 2-NaT molecules has been discussed in Chapter 3. The assignment of
the Raman signals for the three types of Raman-active molecules are summarized in
Table 4.1. The observed differences in the intensities of Raman signals among these
samples are probably attributed to the following factors: (a) the inherent difference in
the Raman cross-sections of different molecules; (b) the difference in the measured

surface areas due to the different sizes of the nanopipettes; (c) the slight difference in
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the densities of the nanorods on the outer surface of the nanopipettes; as well as (d)

the difference in excited gap modes.
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Figure 4.15 The Raman spectra of the SERS-SICM probes adsorbed with detection

molecules measured from the tips.

Table 4.1 The assignment of the Raman signals for the detected three types of Raman-
active molecules (R6G, 4-MBT, and 2-NaT).

Molecule Raman Peak (cm-1) Mode
611 In-plane bend of the xanthene ring
770 Out-of-plane bend of the C-H band
Rhodamine 6G 1186 Stretching mode of the C-O-C band
e 1306 In-plane bend of the N-H band
1358
1502 Stretching mode of aromatic benzene rings
1637

A combination of the breathing mode of
1069 phenyl ring, the stretching mode of C-S,

i-methylbenzenelticl and the in-plane bending mode of C-H

(MET) 1174
1376 In-plane vibrations of the pheny! ring
1575 Stretching mode of the phenyl ring
761 The ring deformation
2-naphthalenethiol 1061 The C-H bending
(2-NaT)
12:3 Stretching mode of the ring
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Additionally, the Raman responses of the SERS-SICM probes adsorbed with
detection molecules at the position of around 5 pm away from the tip were measured.
As expected, the peaks in the Raman spectra have the same positions as those
measured from the tips but show much higher intensities (Figure 4.16). The higher
intensities arise from the fact that more molecules are detected since the surface areas

are larger at the positions of around 5 um away from the tips.
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Figure 4.16 The Raman spectra of the SERS-SICM probes adsorbed with detection

molecules measured from the positions of around 5 um away from the tips.

Moreover, the Raman signals of bare nanopipettes covered by the above three types
of Raman-active molecules were measured as well. The nanopipettes without any
decoration, including borosilicate and quartz ones, were immersed into 0.01M R6G,
0.01 M 4-MBT, and 0.01 M 2-NaT for 2 h, respectively, and then these nanopipettes
were dried at room temperature. During the collecting of Raman responses, no Raman
peak was observed even with high laser power (3 mW). Figure 4.17 shows the typical
Raman spectra that collected on the bare nanopipettes. These results clearly illustrate

that the gold nanostructures on the nanopipette can highly enhance the Raman signals.
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Figure 4.17 The Raman spectra of the bare borosilicate nanopipettes (a) and quartz

nanopipettes (b) coated with Raman-active molecules.

4.3 Evaluating the Clean Aperture of the Probe and the Anchoring
Stability of Gold Nanostructures with SICM Technique

As mentioned above, keeping the apertures open is essential for the potential
applications of these obtained SERS-SICM probes. A suitable approach to confirm
the empty inside of the nanopipette is applying it in the SICM technique. There will
not be a current between the two QRCEs if the pipette is blocked, however, the
current is the base for using SICM technique. Thus, the probe cannot use to the SICM
technique if its inside is blocked. Moreover, the robustness of the anchored plasmonic
nanostructures on the outer surface of glass nanopipette is also important. The
possibility that the plasmonic nanostructures do not remain attached to the nanopipette
during application can be a major disadvantage that must be assessed. Therefore, it is
important to challenge the blockage of the probe and the strength of adhesion,
especially during the AC modulation of SICM imaging or when the nanopipette
penetrates the living cells towards inner cell analysis.

The SERS-SICM probe prepared as in Section 4.1.1 was employed in SICM
imaging of Madin-Darby Canine Kidney (MDCK) living cells. Specifically, a single-
barrel borosilicate nanopipette covered with gold nanorods was used as imaging probe
(Figure 4.18a—c). The pipette and the MDCK cells were immersed in a Dulbecco’s
modified eagle medium (DMEM) solution (0.15 M) enriched with N-2-
hydroxyethylpiperazine-N’-2-ethane sulfonic acid (HEPES, 0.02 M), and fitted with
two Ag/AgCl wires acting as QRCEs, one was inside the pipette and the other was in
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the bath solution. A 0.1 V bias was applied between these two Ag/AgCl wires to drive
an ionic current that was used to track tip-sample distance.

SICM imaging of living cells was carried out employing the so-called hopping
mode!?*! in which the topographic information of the surface is obtained by carrying
out an array of individual probe approaches to form a topographic map of the surface.
During the process of imaging, the approaching rate, the retracting rate, and the lateral
scanning rate were 30 um/s, 40 um/s and 35 um/s, respectively. A 50 pm x 70 pm
topographic image of the MDCK living cell with a 1 pm lateral hopping distance was
obtained. Figure 4.18d clearly shows the morphology of the MDCK living cell, which
is comparable to the optical micrograph (the insert image in Figure 4.18d). The
success of obtaining SICM topographic image confirms that the inside of the probe is
not blocked. After obtaining the SICM image, the probe was cleaned with deionized
water and dried at room temperature for SEM imaging and the SEM images were
presented in Figure 4.18e—g. The comparison of the SEM images before and after
SICM imaging illustrates that most of the particles are robustly fixed on the pipette.
Only a few at the end of the tip were lost, which is probably because the applied
voltage during the imaging process may drive the particles with weak adhesion to

move.[?°]

Figure 4.18 SEM images of the SERS-SICM probe before and after doing SICM
imaging, and the SICM map of a living cell. (a—c) SEM images of SERS-SICM probe
for SICM imaging. (d) SICM topographic image of the MDCK living cell, the left
bottom insert is the corresponding optical micrograph. Miss Martina Papa kindly
helped me do the SICM imaging of living cells. (e—g) SEM images of SERS-SICM
probe after SICM imaging.
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Moreover, the anchoring stability was also measured by inserting the SERS-SICM
probe into a MDCK living cell. A schematic diagram of the probe approaching and
penetrating a cell is shown in Figure 4.19a. In this case, the current changes, including
DC change and AC variation, were recorded during the process of the approach and
penetration (Figure 4.19b and c). As expected for a regular SICM approach curve, the
DC experienced a decay when the distance between the tip and the cell membrane
became comparable with the pipette size (region I). Once the probe is in the vicinity
of the cell membrane, the further approach resulted in a different trend in the DC
approach curve (region II). A slight increase in the DC curve was seen because the
probe penetrated the membrane of the cell and thus the resistance between the two
QRCEs decreased abruptly.[2’281 After the nanopipette inserted into cell, the slow
decrease of the current (region III) is probably because the cell membrane slightly
sealed around the orifice and the complicated intracellular environment.[*” When the
probe continued to approach, a dramatic decrease in the current can be seen (region
IV), which is due to the distance between the probe and the bottom membrane
decreasing to comparable with the size of the probe. This penetration process was also
followed with the AC current, that was used as a feedback parameter to stop the

approach and withdraw the probe (Figure 4.19¢).
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Figure 4.19 The living cell penetration with a SERS-SICM probe. (a) A schematic

diagram of the process of the SERS-SICM probe approaching and penetrating a cell.
(b) The change of the DC curve during the process of the SERS-SICM probe
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approaching and penetrating a cell. (c) The corresponding AC variation. Miss

Martina Papa kindly helped me do the experiment of penetrating living cells.

To assess the mechanical stability of the anchored nanoparticles, the probe was
removed from the SICM microscope, immersed in deionized water overnight, and
finally left in air for drying. Subsequently, the nanopipette was imaged with SEM to
confirm the particles still remained at the nanopipette. By comparing the SEM images
of the nanopipettes before (Figure 4.20a and b) and after (Figure 4.20c and d) the
probe penetration experiment, it is unambiguous that the gold nanorods are still on the
outer surface of the nanopipette. The red arrows in Figure 4.20b and d clearly indicate
that the gold nanorods stably maintain at the original positions. Therefore, the
plasmonic nanostructures can be stably fixed on the glass nanopipettes with the
method introduced in this Chapter. I believe that this robust method for covering
plasmonic nanostructures on the outer surface of the glass nanopipettes is meaningful

for the application research of the plasmonic nanostructures.

Figure 4.20 SEM images of the SERS-SICM probe before and after inserting into a
cell. (a—b) SEM images of the SERS-SICM probe before inserting into a cell. b
corresponds to the area marked with green square lines in a. (c—d) SEM images of
the corresponding SERS-SICM probe after penetration. d corresponds to the area

marked with yellow square lines in c.
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4.4 Summary

In this work, I have developed a facile and robust strategy for producing SERS-
SICM probes by coating the outer surface of glass nanopipettes with a homogeneous
and robust layer of gold nanostructures while maintaining the tip apertures open. The
suitability of this method was evaluated by employing four types of gold
nanostructures, including gold nanorods with different sizes, gold nanospheres, gold
trisoctahedrons, and gold nanobipyramids. Moreover, to confirm the applicability of
the method to a diverse variety of commercial capillaries, the method was tested using
borosilicate capillaries (single-barrel) and quartz capillaries (double-barrel).
Homogeneous gold nanostructure coatings were obtained by enhancing the chemical
functionalities of the glass surfaces and controlling the deposition times. The SERS
performances of the SERS-SICM probes were examined using three different
molecules, including R6G, 4-MBT, and 2-NaT, obtaining strong Raman signals.
Finally, the SERS-SICM probes were tested in real conditions, carrying out
successfully AC-modulated hopping mode SICM imaging of living cells in
physiological conditions. The coating proved to be highly robust not only to the SICM
imaging conditions, but also to the insertion through a living cell membrane and the
intracellular environment. Overall, in this chapter the results illustrate the fabrication
and characterization of SERS-SICM probes and pave the way to extending the
analytical capabilities of SICM topographic imaging to a complementary three-
dimensional mapping of chemicals using SERS as analytical technique. Indeed, it has
been reported that the plasmonic glass nanopipettes modified with Raman reporter
molecules can be used to quantify the oxygen levels in hypoxic single cells and
tumors,!'*! cause and detect the variations of the intracellular temperature with laser

illumination,®®! as well as analyze the pH change of the endosomal environment.!”!
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TERS as a new technique with a very high spatial resolution for the study of
interfacial phenomena has been introduced in detailed in Chapter 1. The majority of
TERS technologies have been performed in ambient air or ultrahigh vacuum but only
a few worked in liquid where they highlighted the difficulty to carry out TERS
experiments due to the lack of stable plasmonic tips and the optical complexity of the
liquid-air interface.'" However, the possibility to utilise this powerful technique in
relevant scientific and technological fields like electrochemistry and biology drives
the efforts to investigate the measurement of TERS in liquids.’! Towards this
direction, the idea of using SICM as an alternative to AFM or STM for moving the
probe in TERS seems an interesting approach since the SICM technique is a very
suitable technique with nanometer resolution for studying biological and physical
interfaces in liquids.!*7!

A fundamental part of the development of SPM related techniques is the design and
fabrication of probes. Particularly, the probes in the TERS technique must possess
plasmonic properties at the very end of the sharp tips. In Figure 5.1, I present a
schematic of a proposed setup for doing TERS in liquid with a specially modified
double-barrel SICM nanopipette. In this case, one barrel is filled with electrolyte and
therefore employed to precisely control the position of the nanopipette, the other
barrel is modified with a plasmonic nanoparticle to serve as an LSPR element under

the appropriate laser illumination.
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Figure 5.1 Schematic illustrating the proposed design system for doing bottom
illumination TERS in a SICM configuration.
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In this chapter, different approaches have been considered to produce nanopipettes
with plasmonic features at the tapered end to fulfill the requirements for applications
in TERS and SICM techniques, the obtained nanopipettes are named TERS-SICM
probes. Firstly, the direct growth of gold nanostructures at the end of nanopipette by
the seed-mediated method was carried out. The second strategy is based on the
method for pipette modification described in Chapter 4, using MPMS as the linker to
decorate the pre-synthesized gold nanoparticles on a nanopipette. The advantages of
this second approach are the fine control on the geometry and crystal quality of
nanostructure which strongly influence the plasmonic property. Importantly, the
mechanical stability of gold nanoparticle on the pipette end was challenged by
carrying out SICM mapping with the obtained TERS-SICM probes. The TERS-SICM
probe has the potential to apply to a broader range of applications, beyond TERS.

5.1 Anchoring Plasmonic Nanostructures at the Pipette Apex

In this section, I will present two methods for decorating gold nanostructure at the
end of one barrel to obtain TERS-SICM probes, which can be used to do TERS in
liquid. The method to directly grow nanostructure at the nanopipette will be
introduced in Section 5.1.1, and the other method that modifying as-prepared
nanostructures with well-confined sizes and morphologies on the tip by a bifunctional

molecule as linker will be described in Section 5.1.2.
5.1.1 Synthesizing gold nanoparticles at the pipette end

Following seed-mediated methods for preparing gold nanostructures, the proposed
procedure is to physically separate the components for preparing the growth solution
into two parts, one part of the components was injected inside the pipette and
subsequently immersed the nanopipette in the bath containing the other part of
components. It is expected that the reaction occurs in the vicinity of the pipette end
since the two parts of the components will gradually mix.[*~!

To evaluate this strategy for TERS-SICM probe fabrication, attempts were carried
out using the conditions of synthesizing gold nanobipyramid described in Chapter 2. I

first considered adding the growth solution without reducing agent but mixed with a

certain amount of seed solution into one of the barrels of a double-barrel pipette,
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followed by immersing the nanopipette into a bath solution containing the reduction
agent (0.1 M, AA) to trigger the reaction, as shown in Figure 5.2a. The nanopipette
was kept in the AA solution at room temperature for five hours, then taken out and
cleaned with deionized water. After leaving the pipette in the air overnight for drying,
the resulting architectures were thoroughly examined by SEM imaging employing
two different imaging modes, collecting secondary and back-scattered electrons to
form images, respectively. Firstly, the SEM image of collecting secondary electrons
from the side view shows that one barrel of the nanopipette possesses gold
nanoparticle (Figure 5.1b). The further characterization was performed by collecting
the back-scattered electrons during SEM imaging, which clearly exhibited that one
barrel of the probe is empty and the other barrel is with gold particle (Figure 5.2c, the
brightest part is gold particle due to the larger atomic number of gold atom). The top
view SEM image of the obtained TERS-SICM probe (Figure 5.1d) also illustrates that
gold nanostructure was formed in one barrel of the nanopipette while the other barrel
is empty, which is very important for SICM application. The procedure was tested on
larger double-barrel pipettes as well. In this case, the gold deposit is formed at the end
of the pipette but as an aggregate of particles (Figure 5.2e and f).

Figure 5.2 The preparation schematic and SEM images of TERS-SICM probes via in-
situ synthesis at nanopipette apex. (a) Schematic of preparing gold nanostructure at
the end of one barrel of a nanopipette. The orange colour inside of the nanopipette
represents the growth solution without AA but mixed with a certain number of seeds.
(b—d) The SEM images of obtained nanopipette with gold nanostructure from side

view and top view, c is obtained by collecting the back-scattered electrons. (e—f) The

126



Chapter 5 The Design of TERS-SICM Probes

SEM images of obtained nanopipette with gold nanostructures, the size of the

nanopipette is large.

Despite the simplicity of the procedure, there is an important lack of control over
the deposition location of gold nanoparticles along the pipette length, which is
fundamental for TERS applications. As exemplified with SEM images in Figure 5.3,
some gold nanoparticle depositions could be observed, however, those are formed
inside the barrel and the distances between the depositions and the end of the pipettes
are random. The pipettes obtained were unsuitable for our final goal, since the gold
depositions are not exposed at the end of the nanopipettes, resulting in any TERS
measurements being unfeasible. Several factors can be responsible for these variations
in the position of gold nanoparticle deposition, such as concentration gradients inside
the pipette, potential air bubbles or gaps when filling the pipette, diffusion of the AA
solution into the pipette, just to name a few. All the above-mentioned factors are very
hard to control. For example, attempts for improving the possibility of the growth
from the pipette end were performed by leaving the filled pipettes vertically in the air
for a period of time before immersing them into AA solution to ensure the growth
solution inside the pipette reach the end of the pipette. However, the reproducibility of

the results was still low.

Figure 5.3 SEM images of the obtained nanopipettes with gold nanostructures, which
were prepared through injecting the mixture of seed solution and growth solution

without AA into one barrel of the pipette and then immersing the pipette into AA
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solution. a—c corresponds to one pipette and d—f corresponds to the other pipette. c
and f are obtained by collecting the back-scattered electrons to highlight the gold

depositions.

The effect of switching the components was also assessed, backfilling AA solution
into the nanopipette and subsequently putting the pipette with AA solution into the
mixture of growth solution and seed solution. In this case, the ease of the reducing
agent to diffuse within the bath solution as well as the larger amount of gold precursor
can facilitate the formation of large gold deposits in the vicinity of the pipette aperture,
in a very uncontrollable manner. In Figure 5.4, a few SEM images of the obtained
pipettes are presented to exemplify the large irregular gold structure formed at the end
blocking the barrels. The reason for obtaining various morphologies is probably
related to the reduction rate of gold precursors and the concentration gradients of
reagents existing in this synthesis, that are strongly dependent on the diffusion rate. In
the general bulk synthesis, well-defined morphologies can be obtained as the

concentration of reagents are well controlled by mixing the solution thoroughly.!’!

Figure 5.4 SEM images of obtained nanopipettes with gold structures, which were
prepared via injecting AA into one barrel of the pipette and then immersing the
pipette into the mixture of seed solution and growth solution without AA. The method

for obtained these pipettes were the same.
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5.1.2 Attaching as-prepared gold nanoparticles on nanopipette by a linker

The advantages of being able to attach an externally synthesized nanoparticle at the
end of a pipette are numerous!''™'?): a broad variety of synthetic methods to obtain
nanoparticles with high control on shape and size, as seen in previous chapters; high
crystal quality; easy tunability of plasmonic properties based on size; broad range of
materials, etc.

Based on the developed method for decorating the outer surface of glass
nanopipettes (borosilicate and quartz) with gold nanoparticles described in Chapter 4,
I have assessed the use of bifunctional molecules as linkers to attach gold
nanostructures at the end of the pipette. The method proposed is similar as the one
used in Chapter 4, starting with a treatment of the quartz capillaries (double barrel)
with freshly prepared piranha solution for 2 h at room temperature, followed by a
thoroughly rinse with deionized water and isopropanol, and finally dried at 80 °C
oven. After pulling the capillaries to nanopipettes with the desired dimension, the
nanopipettes were immersed into a 1% (v/v) MPMS solution in ethanol for 20 min at
room temperature while blowing the pipettes with airflow (~6 bars). The presence of
the airflow can avoid the blockage of the pipette aperture and the modification of the
inner wall (see Chapter 4, Section 4.1.1). Then the nanopipettes were cleaned by
ethanol and let dry at room temperature. At this point, the last step was immersing
these nanopipettes modified with thiol groups into gold nanoparticle colloids without
airflow through the pipettes, which is beneficial to the attachment of the gold
nanoparticles at the end of the pipette apertures.

For the first assessment, gold nanospheres were chosen due to their isotropic
property, which simplifies the decoration of nanopipette aperture. Indeed, for this
procedure, it is fundamental that the nanopipette aperture and nanostructure possess
similar sizes for achieving a single nanoparticle attachment through a complete and
robust blockage of the pore. Since the diameter of the double-barrel quartz
nanopipette pulled by the program mentioned in Chapter 2 is around 170 nm, the
diameter of the nanosphere has been selected to be slightly smaller than the size of
one barrel, to ensure one single gold nanoparticle anchors at the end of one barrel
without much protrusion and does not diffuse inside the pipette. Therefore, gold
nanospheres with sizes around 70 nm and the plasmonic peak located at 544 nm were

synthesized (Figure 5.5a and b for extinction spectrum and SEM images of the
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sample). Once confirmed the right combination of dimensions, the modification of the
pipette with a single nanosphere was achieved by following the above-described
procedure. The SEM imaging (Figure 5.5¢ and d) confirmed the attachment of one
single gold nanosphere at one barrel of a double-barrel pipette, while keeping the
second barrel open and clean. Furthermore, the particle is only partially protruding,
fulfilling the SICM technique requirements that one-diameter distance of tip-sample

clearance.[!3

—— Gold Nanosphere
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Figure 5.5 The representative TERS-SICM probe obtained using MPMS molecules as
linkers. (a—b) The extinction spectrum and SEM image of gold nanospheres. (c—d)

SEM images of obtained plasmonic nanopipette from side view and top view.

Selecting the right ratio between nanoparticle size and nanopipette aperture
dimension is key for the quality of the TERS-SICM probe, this has been demonstrated
by extending the procedure to other gold nanostructures, such as gold trisoctahedron,
gold nanorod, and gold nanobipyramid. Among them, gold trisoctahedron is an
especially interesting structure for the preparation of TERS-SICM probes, as its high
symmetry can avoid the requirement of forcing the particle attachment to the
preferential direction. Moreover, its significant number of sharp tips will confer to the
TERS-SICM probe a higher plasmonic performance!'¥ and higher spatial
resolution.!'>] The nanostructures like gold nanorod and gold nanobipyramid generally
possess two plasmonic peaks, respectively, including a longitudinal mode and a

transverse mode, with the advantage of the longitudinal plasmonic peak can be tuned
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from visible to near infrared region. Therefore, the successful achievement of
immobilizing different types of gold nanostructures at the end of one barrel can

largely broaden their application.

Following the same procedure as above-described, TERS-SICM probes with other
nanostructures were prepared, the employed nanostructures include gold
trisoctahedrons and gold nanorods shown in Figure 4.8 and Figure 4.5 (Au NR 2) in
Chapter 4, as well as gold nanobipyramids with the longitudinal plasmonic
wavelength positioned at 764 nm and the size is approximately 70 nm by 30 nm
presented in Figure 5.6. SEM imaging of the resulting nanopipettes illustrated that one
barrel of one pipette is with gold nanostructures and the other barrel is open for the
applications with SICM technique (Figure 5.7), which demonstrates that this
procedure is applicable to many types of nanostructures for preparing TERS-SICM
probes. Additionally, the images show that the probes with gold trisoctahedron or
gold nanorod only possess one single gold nanoparticle at the end while the probe
with nanobipyramids has several particles at the end. These results serve to emphasize
again the importance in the size of nanoparticle and pipette aperture. In order to
anchor only one nanorod or nanobipyramid at the end of one barrel, it is better to use

the pipette whose size is comparable with the transverse size of nanoparticle.

aost b

=Gold nanobipyramid

400 ) 800 1000
Wavelength (nm)

Figure 5.6 The extinction spectrum (a) and SEM image (b) of gold nanobipyramids.
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Figure 5.7 SEM images of obtained TERS-SICM probes with varying gold
nanostructures. Gold trisoctahedrons (a—b), gold nanorods (c—d), and gold

nanobipyramids (e—f) from side view (top row) and top view (bottom row).

For the anisotropic nanostructures, it is hard to control the orientation of the
nanostructure at the end of the barrel. Taking gold nanorod as an example, it can be
not only anchored almost vertical to the diameter of the tip, shown in Figure 5.7¢—d,
but also placed horizontal with the tip end, as shown in Figure 5.8a, or randomly
oriented as shown in Figure 5.8b. Controlling the orientation of the nanostructure is
difficult but has a significant impact on the LSPR operation properties and spatial
resolution of the probe. Additionally, since the two barrels of the nanopipette are same,
it is possible to obtain nanopipette with both of the barrels blocked by gold
nanoparticles (Figure 5.8c—f).
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Figure 5.8 SEM images of TERS-SICM probes with nanoparticles at random
positions, obtained using bifunctional molecules as linkers to fix prepared
nanoparticles. (a—c) The SEM images of nanopipette with gold nanorods from top
view. (d—f) The SEM images of nanopipettes with gold nanospheres, gold

trisoctahedrons, and gold nanobipyramids, respectively.

5.2 Stability

It is essential to ensure the modified probe with attached nanoparticle is
mechanically robust enough to guarantee its ultimate application. As the nanopipette
keeps oscillating during the process of the SICM imaging in AC scanning mode,
applying the obtained TERS-SICM probe in SICM imaging is a suitable way to
evaluate the anchoring stability of gold nanoparticle. Hence, a TERS-SICM probe was
employed in SICM mapping of a silicon oxide surface to confirm the anchoring
stability of the nanoparticle can withstand the imaging conditions. In this case, the
probe with several gold nanospheres at the end of one barrel and one gold nanosphere
located in the other barrel was chosen, shown in Figure 5.9a and b. Furthermore, the
imaging conditions were selected as mechanically challenging: surface tracking at
constant distance mode and employing AC z-modulation as feedback control (more
details of this scanning conditions are given in Chapter 2). The area of 10 um x 5 pm
was raster scanned with a lateral scanning rate of 0.5 um/s for collecting 32 lines of
the whole map and 64 points per line. The resulting SICM image is presented in
Figure 5.9¢ as topographic map of 64 x 32 pixels. Just after SICM imaging, the probe
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was carefully removed from the SICM setup, cleaned in deionized water and left in
the air overnight for drying. Further SEM imaging was carried out on the TERS-
SICM probe to check whether the gold nanoparticles are still maintained on the
pipette or not (Figure 5.9d—e). Compared with the previous images, most of the
nanoparticles remained, except for two nanospheres (marked with red arrows 1 and 2
in Figure 5.9b) located on top of the ensemble and a third one (marked with a red
arrow 3 in Figure 5.9b) located at the interior of the other barrel employed for
controlling the probe position. The two particles labelled 1 and 2 were detached
because the gold nanospheres did not contact with any linker group on the surface of
the nanopipette, thus, there is no strong bond to fix the two nanospheres. The
detachment of the particle with label 3 is because of the weak adhesion of the particle
to the pipette inner surface (no modification with thiol group is present), which
resulted detaching either due to the mechanical vibration of the AC mode or due to the
presence of an electrical bias.['®) Moreover, being able to successfully obtain an SICM
image also confirms that the barrel for controlling probe position is clean and can be
used in the applications with SICM technique. We therefore confirmed that using

MPMS as a linker can firmly fix gold nanostructures on the quartz nanopipettes and

those probes can potentially be suitable for TERS-SICM.

Figure 5.9 SICM imaging using TERS-SICM probe. (a—b) SEM images of
nanopipette attached with gold nanospheres using MPMS as a linker from side and
top view. (c) Topography image of a relatively flat surface recorded by SICM setup
with AC mode. (d—e) SEM images of the nanopipette after doing SICM corresponding

inaand b.
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5.3 Summary

In this chapter, I have presented the design of TERS-SICM probes, a double-barrel
pipette with one of the barrels decorated with a metal structure that fulfils the
requirements for carrying out TERS and the other barrel is empty for the combination
with SICM technique. Two strategies for preparing the TERS-SICM probes were
presented in this chapter. The first approach is to directly grow the gold nanostructure
by in-situ reducing gold precursor on the pipette based on the seed-mediated method
for synthesizing gold nanoparticles. Although the expected TERS-SICM probes could
be obtained through this method, it is hard to control the size and morphology of the
gold nanostructure on the pipette. The second strategy, based on the attachment of the
off-situ prepared gold nanoparticles, has the advantage of a well-defined morphology
and size of the particle. The mechanical stability of the gold nanostructures on the
pipette was tested by doing SICM mapping with AC scanning mode, proving the
robust anchor of gold nanostructures and the suitability of the probe as a SICM
scanning probe. The main drawback of the method is the lack of control in the
attachment at only one barrel, as this occurs randomly. The yield of the plasmonic
nanopipette with only one barrel fixed gold nanostructures is very low, being more
likely to have both of the two barrels blocked. To improve the success rate of the
method, it can be interesting to track the attachment (and therefore blocking) of the
two barrels by inserting electrodes, as doing in SICM. An abrupt change in
conductance current would indicate the blockage of one of the pipette barrels,'®! and
then retracting the pipette from the colloidal solution. Therefore, the method is

promising yet needs to improve.
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Chapter 6

Conclusion and Outlook

In this thesis, I have described my works on plasmonic nanostructures, including
the synthesis of gold trisoctahedrons by a facile and fast seed-mediated method, the
preparation of SERS-SICM probes by decorating gold nanostructures on the surface
of a glass pipette, and the preparation of TERS-SICM probes by fixing a single gold
nanoparticle at the end of a double-barrel glass pipette.

Gold nanocrystals with intriguing LSPR properties have already been widely
applied in many areas including chemical/biochemical sensing, spectroscopy,
nanomedicine, solar energy harvesting, photocatalysis. Since the LSPR properties are
highly dependent on sizes, shapes and compositions, it is of great importance to
develop methods to prepare colloid gold nanostructures with special morphologies in
high uniformity and high purity. Towards this goal, I have successfully explored a
facile and fast seed-mediated method to obtain gold trisoctahedrons. The seed solution

can be used after finishing preparation without stablization time and it only takes 7
min for the growth of gold trisoctahedrons from seeds. The size of gold
trisoctahedrons can be deliberately tailored from 39 nm to 268 nm. As a result, the
dominant plasmon resonance wavelength can be precisely and synthetically varied
from 533 nm to 923 nm, which broadens the applications. In addition, the Miller
indices of the facets can also be varied, ranging from {441} to the limit case {110},
by increasing the growth temperature. Interestingly, gold trisoctahedron composed of
24 high-index facets, 24 edges, and 14 sharp tips exhibits great plasmonic
performance which brings up an opportunity to act as an excellent structure for
broadening the applications of gold nanostructures. I have therefore investigated their
plasmonic sensitivities and SERS performances, showing that they possess higher
plasmonic sensitivities and higher FOM values than those of gold nanospheres as well
as the detectable particle concentration can be lower to 3.63 x 103 NP mL™! in SERS

measurements.
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The potential of SERS as an analytical technique has been demonstrated over the
years. In order to expand the scope of its applications, researchers attempted to
combine the SERS technique with a number of other techniques, especially with
scanning probe microscopies like SICM. The combination of SERS and SICM paves
the way to in-situ biological investigations in cells. In my work, I have described a
simple yet successful strategy to decorate the outer surface of glass nanopipettes (key
component of the SICM technique) with gold nanostructures like gold nanorods, gold
nanospheres, gold trisoctahedrons, and gold nanobipyramids employing bifunctional
molecules (MPMS) as linkers. The obtained probes are named SERS-SICM probes.
The diverse applications of SICM mainly lie in the variety of nanopipettes, thus I
demonstrated the suitability of the method on different kinds of nanopipettes, single-
barrel borosilicate nanopipettes and double-barrel quartz nanopipettes. Notably, the
successfully obtained SERS-SICM probes always maintain the pipette apertures open,
which is fundamental in controlling the position of the pipette in SICM technique.
The plasmonic properties of obtained SERS-SICM probes were confirmed by
measuring the Raman spectra of three types of molecules (R6G, 4-MBT, and 2-NaT)
using Raman spectroscopy. Moreover, the suitability and fixation stability of the
nanoparticles were proved by performing SICM imaging and the insertion of the
pipette into living cells. All the results showed that the obtained plasmonic
nanopipettes have the potential to be applied in the challenging field of investigating
living cells.

Broadening the applicability of anchoring nanostructures on nanopipettes, I
proposed a procedure for obtaining TERS-SICM probes, a nanopipette with one
single gold nanostructure at the apex for performing TERS in liquids. In the designed
probe, the employed nanopipette possesses two barrels, one barrel is empty which can
be used to control the pipette position while the other barrel is attached a single
nanoparticle that can provide plasmonic property for TERS measurements. In my
experiments, | proposed two different methods to prepare this design structure, one is
to in-situ synthesize nanoparticles on the pipette apex and the other one is to attach
already synthesized nanoparticles. Although I successfully obtained the desired
TERS-SICM probes employing both methods, I encountered difficulties mainly with
the reproducibility and success rate. The first way is difficult to control the position,
size and morphology of the gold nanostructures in the barrel. The second method

provides high control on the size and morphology of gold nanostructure at the end of
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the barrel, which is very important for applications. Additionally, the anchoring
stability of the gold nanostructure at the end of the barrel was assessed by scanning a
surface in SICM mode with an obtained TERS-SICM probe. The excellent results
show that the designed probe will become a promising new system for the future
development of measuring TERS in liquids.

I believe that the research work described in this thesis will contribute to the
development of the rational design and various applications of gold nanoparticles. In
my first work, the method I developed in the synthesis of gold trisoctahedron can be
the starting point to explore fast and facile methods to obtain other nanostructures, for
example, nanorods. Indeed, the size or the aspect ratio of gold nanorods is limited in a
certain value, despite some recent works on regrowth methods, it is still challenging to
obtain large gold nanorods or gold nanorods with high aspect ratio. In my work, I
observed large gold nanorods when I used CTAB as surfactants in the growth solution.
Based on this result, I believe that the purely large gold nanorods can be successfully
obtained in a fast and facile method by slightly changing the synthesizing conditions.
Since the preparing method is a seed-mediated method, the size and aspect ratio could
be easily changed by tuning the amount of seed solution in the growth solution.

On the other hand, my research work on the fabrication of plasmonic scanning
probes are setting the path towards the coupling of Raman spectroscopy with pipette-
based scanning probe microscopies, such as SICM based SERS-SICM and TERS-
SICM. 1 believe there are still many efforts needed to further investigate the
preparation of plasmonic nanostructures, increase preparation success rate for a
broaden application and even commercialization. Promisingly, the outstanding results
obtained on SERS performances, the robust anchor, and the ability to penetrate living
cells point towards the potential application for analyzing living cells by combing
Raman spectroscopy with SICM technique, for example, using this plasmonic
nanopipette to measure the level of oxygen in hypoxic single cell.

The above-mentioned aspects are some highly intriguing examples for further
investigations and applications. Even though there will be lots of difficulties and
challenges during the process of carrying out experiments, I am strongly convinced
that the difficulties and challenges can be overcome. I optimistically expect that the
new techniques, combing SICM with Raman spectroscopy, can be applied in the real-

world, not only in the lab.
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Dans ce manuscrit de thése, j'ai décrit mes travaux sur les nanostructures
plasmoniques, notamment la synthése de trisocta¢dres d'or par une méthode simple et
rapide a base de précurseurs, la fabrication de sondes SERS-SICM en recouvrant de
nanostructures d'or la surface d'une pipette en verre, ainsi que la fabrication de sondes
TERS-SICM en fixant une nanoparticule d’or unique au bout d'une pipette en verre a
double fiit.

Les nanocristaux d'or aux propriétés LSPR prometteuses ont déja ét¢ largement
utilisés dans de nombreux domaines, tels que la détection chimique ou biochimique,
la spectroscopie, la nanomédecine, la conversion de I'énergie solaire et la
photocatalyse. Leurs propriétés dépendant fortement de leurs tailles, formes et
compositions, il est donc hautement important de développer des méthodes de
fabrication de nanostructures d'or colloidales avec des morphologies particuliéres
possédant une grande uniformité et pureté. Dans ce but, j'ai exploré¢ avec succés un
procédé simple et rapide a base de précurseurs pour préparer des trisocta¢dres d'or. La
solution de précurseurs peut étre utilisée apres avoir terminé sa préparation sans délai
de stabilisation ; cela ne prend que 7 min pour la croissance de trisoctaedres d'or a
partir des précurseurs. La taille des trisoctacdres d'or peut étre variée
intentionnellement de 39 nm a 268 nm en contrdlant la quantité des précurseurs dans
la solution de croissance. En conséquence, la longueur d'onde dominante de la
résonance plasmonique peut €tre modifiée de manicre précise et synthétique de 533
nm a 923 nm, ce qui élargit le domaine des applications. De plus, les indices de Miller
des facettes peuvent également étre variés, en augmentant la température de
croissance, de {441} jusqu’au cas limite {110}. Fait intéressant, les trisoctaédres d'or
composés de 24 facettes, de 24 arétes et de 14 pointes acérées présentent de
performances plasmoniques remarquables, ce qui offre la possibilité¢ d'¢largir le
domaine d’applications des nanostructures d'or. J'ai donc étudié leurs sensibilités
plasmoniques et leurs performances SERS, en montrant qu'ils possédent des
sensibilités plasmoniques et des valeurs de FOM plus élevées que celles des
nanosphéres d'or. De surcroit, la concentration de particules détectables peut étre

inférieure a 3.63 x 103 NP.ml™! dans les mesures SERS.
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Le potentiel du SERS en tant que technique analytique a ét¢é démontré au fil des
années. Afin d'étendre son application, les chercheurs ont essayé¢ de combiner la
technique SERS avec de nombreuses autres techniques, en particulier avec les
microscopies a sonde a balayage telles que la SICM. La combinaison du SERS et de
la SICM ouvre la voie a des études biologiques in situ dans les cellules. Dans mon
manuscrit, j'ai décrit une stratégie a la fois simple et opérationnelle pour recouvrir la
surface externe de nanopipettes de verre (composants clés de la technique SICM) avec
des nanostructures en or telles que des nanotiges, des nanosphéres, des trisoctaedres et
des nanobipyramides, en utilisant des molécules bifonctionnelles (MPMS) comme
liant. Les sondes ainsi fabriquées sont nommées sondes SERS-SICM. Les diverses
applications de la SICM résultent principalement de la grande variété de nanopipettes.
Ainsi, j'ai démontré 1'adéquation de cette approche sur différentes nanopipettes : des
nanopipettes en borosilicate a fiit unique et des nanopipettes en quartz a double fiit. En
particulier, les sondes SERS-SICM ainsi fabriquées ont toujours les ouvertures de
leurs pipettes dégagées, ce qui est fondamental pour le contréle de la position de la
pipette par la technique SICM. Les propriétés plasmoniques des sondes SERS-SICM
ont été confirmées en mesurant les spectres de trois types de molécules (R6G, 4-MBT
et 2-NaT) par la spectroscopie Raman. De plus, I'adéquation des sondes et la stabilité
de fixation des nanoparticules ont été démontrées en effectuant de I’'imagerie SICM,
ainsi que par l'insertion de la pipette dans des cellules vivantes. Tous les résultats ont
montré que les sondes SERS-SICM fabriquées ont le potentiel d'étre appliquées dans
le domaine exigeant de I'é¢tude de cellules vivantes.

En ¢élargissant 1'applicabilité de l'ancrage de nanostructures sur les nanopipettes, j'ai
propos¢ une procédure pour la fabrication d’une sonde TERS-SICM, c.-a-d. une
nanopipette avec une seule nanostructure en or a sa pointe, afin de pratiquer le TERS
dans les liquides. Dans la sonde ainsi congue, la nanopipette utilisée possede deux futs.
L’un des fits, vide, est utilisé pour contrdler la position de la pipette alors que sur
l'autre ft est attachée une nanoparticule unique qui fournit la capacité plasmonique
nécessaire pour les mesures TERS. Dans mes expériences, j'ai propos¢ deux méthodes
différentes pour obtenir cette structure; une utilisant la synthése in situ de
nanoparticules sur la pointe de la pipette et une autre, basée sur la fixation locale de
nanoparticules déja synthétisées. Bien que j'aie réussi a fabriquer des sondes TERS-
SICM en utilisant les deux méthodes, j'ai rencontré des difficultés principalement au

niveau de la reproductibilité et du taux de réussite. Avec la premiére méthode, il est
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difficile de contrdler la position, la taille et la morphologie des nanostructures en or
dans le fit. La deuxiéme méthode permet un contrdle accru de la taille et de la
morphologie de la nanostructure a I'extrémité du fiit, ce qui est trés important. De plus,
la stabilité d'ancrage de la nanostructure en or a l'extrémité du fit a été évaluée en
cartographiant une surface en mode SICM avec une sonde TERS-SICM fabriquée.
Les excellents résultats montrent que la sonde ainsi congue deviendra un nouvel
¢lément clé prometteur dans le développement actuel du TERS dans les liquides.

Jose espérer que mes travaux de recherche décrits dans ce manuscrit de these
contribueront au développement de la conception rationnelle de sondes TERS-SICM,
de méme qu’a celui des diverses applications des nanoparticules en or. Je m'attends
avec optimisme a ce que la nouvelle technique du TERS-SICM, combinant la SICM
avec la spectroscopie Raman, puisse étre appliquée non seulement dans des

recherches en laboratoire mais également dans des applications de la vie réelle.
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Résumé : Les nanostructures d'or ont attiré
une attention considérable au cours des
derniéres décennies en raison de leurs
propriétés exceptionnelles résultant des
résonances  plasmoniques de surface
localisées, que sont les modes d’oscillation
cohérente d'électrons libres confinés dans
des  nanostructures. Ces  propriétés
extraordinaires sont fortement corrélées a la
taille, a la morphologie et a la composition
des nanostructures, ainsi qu'a la fonction
diélectrique du milieu qui les entoure, ce qui
permet aux nanocristaux d'or d'étre
appliqués dans un large éventail de
domaines tels que la détection plasmonique
et la spectroscopie Raman.
Cette thése est un le

effort pour

nanopipette,

microscopie a conductance ionique,

développement des investigations et des
applications des nanostructures d'or. Tout
d'abord, une méthode facile et rapide a
médiation par graine a été développée pour
synthétiser des trisoctaédres d'or qui
présentent  d'excellentes  performances
plasmoniques. Deuxi¢mement, la
préparation de sondes SERS-SICM en
décorant des nanostructures d'or a la surface
d'une pipette en verre ouvre la voie a des
investigations biologiques in-situ dans les
cellules. De plus, les sondes TERS-SICM
ont été congues en fixant une seule
nanoparticule d'or a l'extrémité d'une pipette
en verre a double corps, qui a le potentiel
d'effectuer la spectroscopie Raman exaltée a
pointe dans un liquide.

Title : Plasmonic Nanostrutcures for Enhanced Raman Spectroscopy Applications.

Keywords : Gold nanostructures, nanopipette, scanning ion conductance microscopy, Raman

spectrosocopy

Abstract : Gold nanostructures have drawn
considerable attention in recent decades due
to their outstanding properties arising from
the localized surface plasmonic resonances,
which are the coherent oscillations of free
electrons confined in nanostructures. These
extraordinary  properties are  strongly
correlated with the size, morphology, and
composition of the nanostructures as well as
the dielectric function of the medium
surrounding them, which enables gold
nanocrystals to be applied in a wide range of
fields, such as plasmonic sensing and
Raman spectroscopy.

This thesis is an effort to the development of
the investigations and applications of gold

nanostructures. Firstly, a facile and fast
seed-mediated method was developed to
synthesize gold trisoctahedrons which
exhibit excellent plasmonic performance.
Secondly, the preparation of SERS-SICM
probes by decorating gold nanostructures on
the surface of a glass pipette paves the way
to in-situ biological investigations in cells.
Moreover, the TERS-SICM probes were
designed by fixing a single gold
nanoparticle at the end of a double-barrel
glass pipette, which has the potential to
perform tip-enhanced Raman spectroscopy
in liquid.
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