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Abstract
Near-infrared (NIR) responsive nanoparticles (NPs) like gold nanorods (GNRs) are
important in biomedical fields because of their transparency for biological tissues. Although
GNRs are sought after as contrast agents for theranostics in cancer studies, capping ligands like
cetyltrimethylammonium bromide (CTAB) for the GNR synthesis are toxic for biological
tissues. The need for an alternative to toxic GNRs is of interest to alleviate the problem.
This work aimed to optimize the synthesis of NIR responsive nanosphere composites
(NSCs) by inertial force (g-force) using colloidal gold NPs as model, elucidate the mechanism
for the NSC formation, and study their detailed physicochemical characteristics. The inertial
force-driven synthesis of NSCs resulted in NP composites of two NPs combined together with
little or no gaps between them. The synthesis process was simple and cost-effective, and did not
require the use of a toxic chemical like CTAB. The formed NSCs showed rod-like
characteristics, which are typified by the evolution of absorption spectra from the transverse to
longitudinal mode.
Factors, such as NP sizes, g-force, capping ligand, and electrostatic force, were found to
influence NSC formation. Variations of g-forces showed that there was a critical g-force to form
NSCs at fixed centrifugation duration and those critical g-force values were inversely
proportional to centrifugation duration. This implied that both g-forces and the duration of NPs’
exposure to g-forces should be considered to investigate optimal reaction conditions for maximal
NSC yields and detailed mechanisms of their formation. When three combinations of gold NPs
with different sizes were used, NSCs with NPs of two different sizes (hetero-dimers) were

formed and their NIR plasmonic responses shifted further to the right compared to those of
homo-dimers, demonstrating high promise of tuning NIR plasmonic responses of NSCs.
Evaluating capping ligands of NPs with different charge characteristics, only absorbance spectra
of NPs with charged ligands evolved from the transverse to longitudinal mode, confirming that
NP surface charge characteristics played important roles in the NSC formation. Although more
works remain and challenges ahead, these new nanomaterials by the inertial force-driven
technique showed high potential to be an effective alternative to many existing nanoparticles,
particularly GNRs.
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Chapter 1: Introduction
In general, nanotechnology and nanoscience are defined as the manipulation and study of
materials and objects on a small scale between 1 and 100 nanometers (nm) [1, 2].
Nanotechnology can be described as a multidisciplinary field that involves a large area of
devices and systems at a nanoscale from Physics, Chemistry, Biology, and Engineering.
Particularly, in biomedical engineering and related fields, some of these devices target clinical
aspects of drug delivery, cancer theranostics, and bio-imaging [3, 4, 5].
The National Cancer Institute recognized in 2006 that nanoscience can be a prospect to
make noteworthy progresses in cancer diagnosis and treatment. Over the last twenty five years,
nanoparticle (NP) systems based diagnostic and drug delivery have been growing, and so far, had
become a real attraction in medical fields [4]. The involvement of nanosized objects in people’s
daily lives can be misunderstood if the role and limits of nanotechnology are not well defined
because common people relate themselves to things they can physically observe.
Physical laws and characteristics direct the behavior of matter that can be analyzed in
different manners depending on the size and shape of the material, or device. One of the main
advantages of downsizing systems for better performance and greater reactivity is the capability
of nanoscience to provide a high surface-to-volume ratio [1]. The modern era of nanoscience had
been introduced for the first time in 1959 by an American physicist, Richard Feynman, during a
memorable speech at the California Institute of Technology [1, 5]. Feynman described a process
by which manipulating single atoms could change the way we perceive science. Feynman noted
that reducing objects sizes at a nanoscale which is billionth of a meter will change the magnitude
of many phenomena, such as gravity that might become non-significant before van der Vaals
attractions and interactions between atoms[1, 5].
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In 1939, the first transmission electron microscope (TEM) was invented by Max Knoll
and Ernst Ruska based on the De Broglie hypothesis on the nature of the wave nature of
electrons. In December of 1959, Feynman lectured at Caltech during a speech declared “There is
plenty of room at the bottom” [5]. This speech is usually seen as the essence of nanotechnology
even if the word was not used until 1974 by Norio Taniguchi, a researcher at the University of
Tokyo who used it as the ability for engineers to build materials at the nanometer scale. Later on
in the 1980s, the invention of the scanning tunneling microscope (STM) and the atomic force
microscope (AFM) promoted a new direction for new technologies, and allow the
characterization of new nanomaterials [1, 5, 6].
To analyze nanoscale materials, it is important to quantitatively and qualitatively be able
to evaluate their state. Regardless of the field or the discipline, the top-down and the bottom-up
approaches are the two known techniques used today to synthesize and fabricate nanomaterials.
For the bottom-up approach, nanostructures are built by growing or assembling successively a
single atom or molecule as building block through self-assembly and controlled chemical
processes in order to produce nanoparticles, nanotubes, and quantum dots to name a few [5, 6,
7].
Usually, bottom-up refers as solution base for biochemical and molecular techniques. Just
as illustrated on the Figure 1 below, the two approaches give an overview of their
implementation. The main characteristic for the bottom-up approach is known to be unlimited
since it is based on adding components one at the time; the only challenge lies on the random
motion of atoms that usually disturb the system and direct into non-expected results. The topdown approach is based on removing material from a bulk through cutting, and etching. In
general techniques such as lithography and soft lithography are part of the whole process.
2

Figure 1 below, shows the representation of both approaches that are usually
implemented in the field of nanotechnology. Each of these methods present limitations and can
be modified in some cases or completely changed depending on the type of application needed.
In the case of bottom-up approach, the use of toxic chemicals to synthesize NPs is common, and
applications involving biomedical and biological fields tend to refrain from implementing these
methods. The demand for new strategies to synthesize nanomaterials with the same
characteristics is immense.

Figure 1: Conventional bottom-up and top-down approaches in nano/biotechnology [7].

NPs have demonstrated their importance for multifunctional purposes, and provide an
undeniable hope for tomorrow’s innovation in science and technology. NP properties are
governed by their geometries and compositions. Physicochemical characteristics of NPs have
been evaluated for years to understand surface plasmon resonance (SPR) behavior. SPR is the
oscillation of conductive electrons at the surface of metallic NPs. Shape, size, and composition,
to name a few, are key features that direct the plasmonic behavior of NPs. As indicated below in
3

Figure 2, depending on the type of morphology when light is absorbed, excited and conductive
electrons at the surface of NPs resonate with the light [8]. That behavior of NPs can be
noticeable by the color of different type of NPs.
In particular, citrate capped gold (Au) NPs have been the nanomaterial of choice in
biological and biomedical fields because of desirable SPR properties, as well as low cellular
toxicity. NPs with SPR in the near infrared (NIR) region between 650 nm and 1,500 nm are
competent as contrast agents for molecular imaging and therapy in cancer studies and related
diseases [8, 9]. Transparency of biological tissues towards NIR light with higher plasmonic
response is of need for in-vivo testing [10, 11]. The interest of contrast agent in cancer studies is
of particular interests as it can ameliorate diagnostics and procedure in the cure of cancer and
related diseases.

Figure 2: Colloidal nanoparticles of different composition, size and shape [8].
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Among plasmonic NIR responsive NPs, gold nanorods (GNRs), silica coated nanoshells
(SiO2-Au), and carbon nanotubes (CNTs) have shown interests in the field of biological and
biomedical engineering. GNRs, SiO2-Au and CNTs have been used by many groups as
photoacoustic imaging and photothermal tools in detecting tumors [11, 12, 13]. In particular,
GNRs has unique plasmonic properties due to its rod-like shape that allow getting a SPR from
the visible to the NIR range. As shown in Figure 3 below, Mirkin and his collaborator have
worked on different templates for the synthesis and plasmonic responses of GNRs [14, 15].
GNRs can display interesting optical properties with an evolution of the transversal peak in the
visible to a longitudinal one in the NIR.

Figure 3: Extinction spectrum of gold nanorods [15].
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GNRs have an advantage over other NPs like nanoshells and CNTs having SPR in the
NIR because of superior ability of light absorption at their longitudinal plasmon resonance mode
[16]. The longitudinal wavelength is controlled by the aspect ratio of the rod-like shape that is
tunable and useful for in-vivo therapies [16]. As shown below in Figure 4, the tunability of the
nanomaterial based on the physical parameter like aspect ratio which is length over diameter of
the particle, is important for photoacoustic and photothermal applications [16].

Figure 4: Calculated optical extinctions of sized GNRs of varying aspect ratios in acqueous
solution [16].

Aspect ratio is important for SPR tunability of GNRs because the wave of light at which
the longitudinal resonance occurs is mostly tuned by the change of the size in the long axis. An
increase in aspect ratio is proportional to SPR response. Varying aspect ratio for a tunability of
6

the rods are important as the minimum absorption of light in most biological tissues happens
between wavelength of 650 nm and 950 nm [16]. For cancer studies, it is important to destroy
the abnormal and cancerous tissues while preventing the normal and healthy cells from any
damage [16, 17].
Although GNRs are widely used in various applications, they show inherent toxicity
because cetyl trimethyl ammonium bromide (CTAB) is used as capping ligand during synthesis.
The lack of CTAB biocompatibility reveals an important limitation over its use for in-vivo
testing. However, many groups have attempted to camouflage the toxicity due to toxic CTAB by
implementing a ligand replacement or modification of the capping material by adding other
molecules like polyethylene glycol (PEG) or polyethylenimine (PEI). The issue here, is the
possibility of cross contamination and interaction with other bound chemicals and therapeutic
agent that can create complexity and further toxicity [15]. In order to synthesize an environment
friendly and non-toxic nanomaterial, the urge for a new approach is needed to tackle the
problem. The introduction of a new non-toxic method, based on physical actions via inertial
forces is the proposed solution to form citrate capped NPs with NIR characteristic as GNRs.
Citrate is a mild reducing agent that is involved in many metabolic reaction inside living cells;
for this reason, citrate can be found in biological tissues.
For this method, citrate capped gold will be used to form nanosphere composites (NSCs)
with various nanostructures through self-assembly using g-force (centrifugal force). NSCs with
transverse and longitudinal mode excitation will be formed, without the need of toxic CTAB, and
used as safe and effective plasmonic NIR nanomaterials for biosensing, drug delivery, and
thermally-induced therapy. Combined together, parameters such as g-force, shape, size and
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capping ligand of the NPs will be important towards the elucidation of the mechanism involved
in the inertial force-driven plasmonic NSCs.
1.1 Molecular Self-Assembly
The metabolism of all living cells is based on self-assembly. Natural, but rather
complicated phenomenon like photosynthesis can confirm the autonomy of certain organisms
like plants which can synthesize their own chlorophyll, or mammalian cells in which the
regeneration of somatic cells occur through mitosis. It is without any doubt that the power of
biological machinery lies in the spontaneous interaction of small components that make the
entire organism [8, 9]. Molecular self-assembly, exclusively in bottom-up approach, is a
technique based on molecule by molecule, or atom by atom, assembly to produce a
supramolecular structure [18, 19].
The connection and making of each ensemble is the result of a controlled chemistry
through hydrogen, electrostatic, and hydrophobic binding [19]. In the field of biological and
nanotechnology, many researchers believe that DNA is a strong candidate as a component for
solution-based self-assembly concerning the fabrication of nanostructure system for drug
delivery and bio-imaging [19]. Since discovered by Watson and Crick in 1953, DNA attracts
many research groups because of its reproducibility and amplification through polymerase chain
reaction, and mechanical rigidity of short double helices [19].
The self-recognition properties of DNA to assemble its different components are used in
building nanostructures with specific shapes, sizes, and compositions. Top-down and bottom-up
approach are two complementary techniques that are used for the fabrication of biomaterials. The
top-down method is implemented by removing and breaking down a complex material into small
8

components while for the latter, materials are assembled molecule by molecule to form a whole
new structure [18].
In general, for solution based techniques, a bottom-up approach is used to manufacture
the desired structure, and the understanding of the building blocks that make the structure is
important to control self-assembly. Learning from natural processes, several processes can be
replicated as a guide to build new materials that are formed at the interface of biological and
nanomaterials. All biomolecules, including amino acids, proteins, oligonucleotides, and DNA to
name the few interact and self-organize to form nanomaterials with specific functionality [18].
By observing different processes by which the mentioned biomolecules assemble themselves,
novel synthetic routes can be exploited to synthesize a whole new library of materials.
Molecular self-assembly is directed by van der Waals interactions, electrostatic
interactions, hydrogen bonds, and hydrophobic interactions [18, 19, 20]. The development of
new nanomaterials that can self-assemble themselves into different shapes and sizes has
undergone many advances; however, because of the complexity of the different systems
depending the type of strategy that is used, many challenges remain unsolved. At present, in the
biological and biomedical fields, one of the main problems to be tackled is the toxicity for invivo testing caused by the use of chemicals to control the self-assembly process. Self assembly
monolayers are of interest because few molecules can be attached in an organized fashion for
needed applications, and reactions involved in the process happen at the interface of
nanomaterial surfaces and surface-active molecules.
Electrostatic self-assembly is a layer-by-layer method that involves charged molecules;
surfaces are modified to bear particular charges so that they can interact uniformly onto the
9

entire surface. High demands exist for the control of attachment of building blocks at desired
positions for well intended applications. Using electrostatic and molecular self-assembly as a
combined strategy to synthesize new nanomaterials, it is possible to overcome challenges and
drawbacks due to toxicity and low efficiency. Kim and his collaborators have used these two
techniques as shown below in Figure 5 to design and manufacture a nano-tool box using an
anisotropic binding between DNA and nanomaterials [10, 21].

Figure 5: Schematic of a building block library for automated self-assembly of multifunctional
nanostructures with random shapes and functions. This figure shows a) library of NPs building
blocks with diverse shapes, sizes, and composition, b) nanotool box of DNA-automated building
blocks of various size with defined geometry and configuration via anisotropic functionalization,
c) monitor for the design and analysis of nanostructures, and d-g) possible applications of selfassembled multifunctional nanocomposites [10, 21].

The anisotropic monofunctionalization is the attachment of one biomolecule at a time to a
single NP. The reason for this type of binding technique allows to better control physicochemical
interactions between components. The initial components to form the intermediary and/or final
10

nanomaterials serve as the building block for the whole process. By achieving this controlled
self-assembly, the reproducibility and scalability of the whole system is possible. The
architecture of nanostructures already exhibiting physical, chemical, and biological
characteristics provides a tremendous asset to change many disciplines of research, ranging from
optoelectronics and biophotonics to medicine.
1.2 Capping Ligands and Ligand Exchange Reactions
Functionalization or spatial assembly of colloidal nanoparticles is the attachment of
nanoparticle on ligand that generates hybrid materials. The conjugation of nanoparticles has a
direct effect on the surface nanomaterials that can interact with biological materials, and bring
together the functionality and properties of both materials, ranging from optical, electrical, and
magnetic [7, 12, 13]. Figure 6 shows a template of the coupling of any biomolecule from a
functional group of choice to be attached to a nanoparticle that has been previously capped with
a surfactant to overcome aggregation and allow specific binding.

Figure 6: Example of chemical interactions for the biomolecules linked NPs with the
terminology FG as functional group [7].

Depending on the type of application that is needed, a particular solvent might be used
for suitable reaction in organic aqueous or organic phase. Typically, ligand exchange reactions
11

are affected by environmental conditions from the pH, temperature, to the concentration that, at
the end of the process, determine the specific size and shape of the nanoparticles or
nanostructure. In general, for hydrophilic or hydrophobic media, colloidal NPs are isolated in a
solvent that can be aqueous or organic solvent-based. As shown in Figure 7 for hydrophilic
ligands, the chemical synthesis of NPs involves capping ligands that attach to the surface in order
to stabilize the core and protect against aggregation by electrostatic repulsive force [22, 23].

Figure 7: Functionalized spherical gold nanoparticle of a 5 nm NP diameter with dissimilar
hydrophilic ligand molecules symbolized to scale. This figure shows from left to right on the
surface is attached mercaptoacetic acid (MAA), mercaptopropionic acid (MPA),
mercaptoundecanoic acid (MUA), mercaptosuccinic acid (MSA), dihydrolipidic acid (DHLA),
bis-sulphonated triphenylphosphine, mPEG5-SH, mPEG45-SH (2000g mol-1) and a short peptide
of the sequence CALNN [22].
12

Most of these ligands used to cap NPs are soluble in aqueous solvents like water and any
other polar solvent that can help during phase transfer and bio-conjugation. Because the surface
of the NPs after spatial attachment is plastered by a large number of molecules, it is suitable to
choose capping materials that are monovalent with a described and designed number of
functional group [22]. The main difficulty to tackle in using ligand exchange technique is to
control the dilution step and stochiometric ratio of the ligand to completely react with the whole
NP fraction and desired functional group [15].
In some cases, the capping material can play a dual role of reducing agent, and solvent
like for citrate capped gold NPs [22, 23, 24]. As shown on Figure 8, the incoming stronger ligand
replaces the weaker one and binds to the colloidal nanoparticles surface to make a building
block.

Figure 8: Schematic steps showing ligand exchange reaction in aqueous phase [21].
Figure 8 depicts the reaction solution during the first sequence of DNA functionalization;
silica gel is used here as the support for DNA that replaces dimethylamino pyridine (DMAP) and
methylsulphonyl acid (MESA) on gold (Au) surface. The mechanism of functionalization that
13

involves the conjugation of metal nanoparticle to biomolecules is operated by ligand exchange in
some cases and surface modification in other cases [21, 22] .
In general, functionalization involves three main mechanisms that are ligand exchange,
ligand modification, and additional coating layers. It has been shown from experiment that
water-based solvent can be used for hydrophilic nanoparticles [12, 13]. Citrate is particularly
used for biomedical and biological application because of its biocompatibility and mild
attachment to the nuclei of NPs which allow an easy ligand exchange reaction. This type of
capping materials will prevent the nanoparticles from aggregating and thus easy to be replaced
by a stronger ligand during functionalization that can generate new properties or functionalities
[22, 23, 24, 25, 26, 27, 28, 29]. Electrostatic interactions between particles result in a weak
bound at the interface metal nanoparticle-ligand while a covalent bound is resistive to disrupting
the ionic state because it is usually based on a functional group having binding affinity with the
surface of metal nanoparticles [14, 15, 16].
1.3 Plasmonic Properties of Nanomaterials
Size, shape, and composition are the main physico-chemical characteristics that reveal
the plasmonic properties of NPs. Depending on the boundary conditions and the type of system
that is used, bulk plasmon for three dimension (3D) plasma, surface plasmon polaritons for two
dimension (2D) films, and surface localized plasmons for NPs, are three known types of
plasmons [17]. The first type cannot be excited by visible light because of its longitudinal nature
due to the bulkiness, the second type propagates light along the metal with an electromagnetic
wave profile, and the last type is a localized plasmon in which NPs are excited by visible light at
a short wavelength compared to their emitted signal [30].
14

As shown below in Figure 9, the term plasmonic originates from plasma which is a
neutral gas that is a made of a balance of negative charges with fixed positive charges. Because
of that combination, there is a resonance that is created as electrons can oscillate from higher
amplitude values at different frequencies during the motion of electrons at the surface of metallic
NPs. Electrons act like clouds that respond to an electric field. The physicochemical
characteristics are important because, depending on the geometry and the pH in an aqueous
medium, the motion of electrons on the surface of NPs will be different accordingly.

Figure 9: Schematic of plasmon oscillation for spherical NPs [30].

By definition, the collective oscillation of conductive electrons at the surface of metals at
a well-defined resonance frequency is called SPR [17]. Electrons move from their equilibrium
state to create a hole, when light as an external optical source exerts an electromagnetic force on
conductive electrons. As a consequence, there is a restoring force that creates an oscillation
which is due to the polarization of the particles at the surface of NPs [15, 30]. This plasmon
band resulting from the oscillation can be adjusted through the whole electromagnetic spectrum
from ultra violet (UV) to visible to NIR by changing the composition, shape and size of the
colloidal NPs [8, 31]. Because free conductive electrons oscillate with the electric field, when
15

light travel through the metallic NPs, electrons move away and return to the metal. This
phenomenon creates dipole modes along the long axis.
The frequency at which the electrons oscillate is determined by the electron density
which is a characteristic of the capping ligand or charged surface [31]. For these reasons,
controlling the SPR depends on more than one factor such as size, shape, composition, surface
roughness, and surrounding medium to name a few [32]. For nanomaterials like nanorods, aspect
ratio is important to adjust and tune SPR as the red-shift happens with the evolution from the
transverse to longitudinal wavelength [33].
1.4 Characteristics of Near Infrared Responsive NPs
Dimers or binary NPs like dipoles are a combination of two particles that interact
together. Most existing dimers for biomedical and biological applications are connected together
by a linker like DNA [34]. Although this type of dimer is used for surface enhancement of NPs,
the disadvantage in using DNA lies in the complexity of the method used to bind molecules
together. The area between the two spherical NPs is known to be a “hot” site with particular field
enhancement [17]. Dimers are needed because of the strong electromagnetic field enhancement
for single particle application for surface enhanced Raman scattering (SERS) [34, 35, 36].
Separation techniques to remove the excess of chemical and DNA itself are achieved through
techniques such as electrophoresis and chromatography. When a long ligand like DNA or
polyethylenimine (PEI) is used to synthesize and extend Au-nanocrystals, a change is observed
about the plasmonic response due to collective behavior of electrons at the surface of NPs [13,
14]. As shown below in Figure 10, Sadtler and Wei used charged PEI to assemble NPs of
different sizes into packed core shells silica spheres [13].
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Mie theory predicts that the plasmon band shifts to the right, usually called red-shift,
towards NIR wavelength values for spherical NPs connected in pairs to form dimers [34]. The
absorbance of the band decreases, and broadens as the distance between two NPs becomes
smaller than the sum of their radii [35, 36]. In the quest of tuning plasmonic NIR responsiveness,
some researchers have been looking for new strategies to synthesize new nanomaterials with the
same profile and plasmonic behavior similar to GNRs in transverse and longitudinal mode. As
shown in Figure 10, the synthesized product using citrate-PEI modified SiO2 was claimed as an
approach serving biological applications looking for an alternative for toxic GNRs due to CTAB
and dimers-linked ligand. The ensemble Au/SiO2 used a high shell density of 0.45 which was
made by adding citrate to the volume solution. The shell thickness of the final silica at the
outside was about 500 nm.

Figure 10: Optical density spectra of Au/SiO2 ensemble with high shell density above 0.45 as a
function of shell thickness [13].
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Over the last two decades, improvements in synthesis and characterization methods have
upgraded the understanding of size and shape of NPs. To take the method to further
understanding, new materials that can overcome the current limitations are needed. More stable
and environment friendly nanomaterials with enhanced properties can be produced if synthetic
strategies can help control self-assembly. Brownian motion and surface chemistry, for example,
are known to be key factors in self-assembly that lead to random collisions between NPs [14].
Roca and his collaborators formed a dimer of SiO2-Au known as nanoshells using a nonchemical approach based on physical actions via centrifugal force (g-force) [14].
The characteristics of the NSCs showed physico-biochemical characteristics with
similarities to gold nanorods; absorbance in the NIR was claimed to be the consequence of
change in aspect ratio [37, 38]. To do this, citrate gold was pre-concentrated at 10,000
revolutions per minute (rpm) which is equivalent to 9,400 g-force conversion for centrifugation
and stabilized in silica shells.
To understand the mechanism for the formation of this new nanomaterial via mechanical
actions, it important to define the conditions under which NPs are perturbed during
centrifugation. It has been reported that physical actions can stimulate polarization of the electric
double layer at the surface of NPs, overlap the particles, and form clusters that are rod-like [14].
Because of their aspect ratio, GNRs display unique opto-electronic properties. GNRs have been
commonly used in nanotechnology for such applications as micro electrical and mechanical
systems, electronics, and bio-imaging [11].
In the quest of tackling the issue over toxicity of CTAB, some researchers have reported
a chemical method that is based on seeding with gold salt and ripening using potassium chloride
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to directly fused au nanocrystals [36]. Figure 11 below shows the visible and NIR spectra of
directly fused Au-NPs in dimer shape.

Figure 11: Visible/NIR absorbance spectra for directly-fused dimers using seeding and ripening
methods [36].

This approach was found to synthesize different types of dimers with rod characteristics
by tweaking the time of chemical reduction from 10 min to 60 min, random attachment, and
intra-particle spacing [36]. Even though, this group had succeeded in reducing the toxicity due to
CTAB, the low SPR response at the longitudinal mode, the time consuming process, and
complex chemical approach showed weaknesses of the protocol.
To alleviate the toxicity and enhance the SPR response in longitudinal mode, a new
approach based on physical action only, in less than 60 min, was proposed as the strategy to
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provide an alternative to toxic CTAB-GNRs. Using centrifugation force, it was hypothesized
that inertial or centrifugal force (g-force) might provoke sedimentation in form of pellet and help
fuse NPs. The fusion might happen as inertial force overcomes the repulsive electrostatic force in
order to form nanosphere composites (NSCs) with rod-like characteristics.
1.5 Applications
Nowadays, NPs are used as perfect elements for imaging and thermal treatment of tumors
and microbial diseases because of their capability to transform absorbed light into localized heat
and energy generation [37]. Biomolecules such as antibodies, nucleic acids, and proteins linked
to NPs as building blocks for new nanomaterials synthesis are promises for enhanced bioimaging applicability and targeted drug delivery where abnormal cells are subject to analyses by
toxic biomarkers. The use of nanomaterials can be extended to applications in labeling, imaging,
detection, and heat mediated optical sensitizers or drug delivery [22, 38, 39].
For cancer studies, nanomaterials are aimed to target tumor cells by engineering vehicles
and guided imaging systems that can exclusively heat up and irradiate abnormal cells in order to
avoid harsh chemotherapies and radiotherapies which are damaging for healthy cells living just
around circulating tumor cells. The morphology of GNRs gives the explanations of its plasmonic
response in the NIR from 650 nm to 1,500 nm [8, 38]. The capacity of GNRs to be tunable in the
NIR has made them good candidates for years for photothermal and photoacoustic applications.
The transparency of biological material for NIR responsive nanomaterials give rod-like shapes
their importance in biomedical fields [39, 40]. GNRs have been incorporated into immunoassays
and biosensors for molecular diagnostics. The detection of human immunoglobulin G ( IgG) has
been done where GNRs were linked to proteins that binds to human IgG [16]. Using the
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fluorescence properties of GNRs it was found that GNRs with higher aspect ratio delivered
higher fluorescence intensities. GNRs have been used in gene delivery as a type of therapy for
treating and controlling diseases that involve viral and non-viral vectors [16, 40]. Vectors are
used to transfer external genes into bodily cells to flawed genes in order to supply specific
biological functions.
Takahashi et al. investigated phosphatidylcholine-modified GNRs for releasing plasmid
DNA [41]. Using a laser light at the NIR range at different powers to irradiate GNR, the rod-like
shape of the GNRs changed to spherical to release the DNA. Similar work has been done by
Wijiva et al., using green fluorescent protein gene-modified GNRs to target HeLa cells [41].
Two dissimilar DNA oligonucleotides from two distinct GNRs were selectively released by
corresponding laser excitation wavelength to their SPR [41]. GNRs can be used in the body and
excited with a laser to image tissues and detect and cure diseases like cancer. The use of
nanomaterials based citrate Au can be beneficial as sensing probes during surgery and
endoscopic diagnostic.
Researchers have used and designed the synthesis of responsive NIR NPs as contrast
agents where chemical dyes are shown to be toxic and non-environmentally friendly. In the case
of circulating tumor cells (CTCs), non-invasive, non-toxic and NIR responsive NPs have been
used in photoacoustic and biological imaging for early detection of tumor cells [40,41]. In the
case of targeting tumor cells, the specificity of the method relies on the conditions that can limit
the heat generation to targeted cells only. As an alternative, many clinical trials have used dyes
as photo-absorbent to locally irradiate the tumor [42, 43]. Unfortunately, the residual dye
molecules can cause side effects on the patients such as photosensitivity. GNRs have been
known to enhance scattering cross section to a magnitude of 106 times stronger than the emission
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of organic dyes [41]. An alternative to non-toxic nanomaterials is needed to overcome the
challenges of toxicity and side effects due to modified GNRs from CTAB as surfactant or
capping ligand.
1.6 Thesis Objectives
NP properties are governed by their geometries and compositions. SPR, the oscillation of
conductive electrons in metals, is mediated by the physicochemical characteristics such as shape,
size, and composition of NPs as well as surrounding environment [8, 38]. SPR signals of NIR
responsive NPs like GNRs can be tunable with change in aspect ratio and use in biomedical
fields. Still ongoing, chemical and physical processes have been used for years in order to
control the synthesis of NPs with specific shape, size and composition [14, 16].
NPs, with SPR in the short NIR between wavelength of 650 nm and 1,500 nm, like GNRs
are transparent for biological tissues [12, 41]. GNRs are sought after as contrast agents for
theranostics in cancer studies. Capping ligands, like CTAB, used to stabilize GNRs are mostly
toxic for biological tissues [16, 38]. The need for an alternative to toxic GNRs is of high interest
to alleviate the problem.
This work aimed to synthesize NPs with rod-like characteristics, elucidate the mechanism
for the formation of inertial force-driven NIR nanosphere composites (NSCs), and give detailed
physicochemical characteristics of NSCs. GNRs are typified by the evolution of absorption
spectra from the transverse to longitudinal mode. The synthesis of NSCs through inertial forces
do not require toxic chemical and the confirmation of the NSCs formation, optimization, and
SPR tuning were done. For this method, citrate capped gold was used to form NSCs as new
nanomaterials through self-assembly using g-forces known as centrifugal forces.
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During the whole project, g-forces were used from their average values taken from the
maximum to the minimum rotor radius of the centrifuge. The type of centrifuge used for the
project rotates from the center of mass of the sample. NSCs with transverse and longitudinal
mode excitation were formed without the need of toxic CTAB. The method was used as nontoxic and effective way to synthesize plasmonic NIR nanomaterials for bio-sensing, drug
delivery, and thermally-induced therapy. Combined together, parameters such as g-force, shape,
size and capping ligand of the NPs will be important toward the elucidation of the mechanism
involved in the inertial force-driven plasmonic NSCs.
It was hypothesized that for the NSCs to be synthesized, the formation of NSCs can be
achieved and optimized using inertial force to sediment NPs and overcome the electrostatic
repulsive force between charged NPs. The electric double layers (EDL) could overlap and form
NCSs with SPR responses in the NIR. The designed g-force has to be optimally determined in
order to find the g-force that overcomes the electrostatic repulsive force that keeps the NPs apart
in solution.
The factors that influence the formation of NSCs such as g-force, size and capping
ligands were studied. The possibility of plasmonic tunability was covered through a combination
of different NP sizes. Exploration for a generalization of the method was done using different
capping ligands other than citrate. Different combination of NP sizes was assembled and their
characterizations were done after NSCs formation. The formation of NSCs was optimized and
tuned with SPR responses evolving from visible to short NIR wavelength values. The simple,
cost effective, and chemical-free method was used as a solution to the use of toxic chemicals like
CTAB to form NSCs with rod-like shape characteristics. The control of the structural geometry
was monitored by TEM and the morphology by AFM. The plasmonic responses were assessed
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by visible/NIR spectrophotometer. To achieve the above mentioned goal, the mechanism of
NSCs formation through inertial force and detailed physicochemical characteristics of final
products, were elucidated. The underlined aims were investigated:
o effect of g-force to overcome electrostatic repulsive force for the formation of NSCs;
o effect of size for optimization and plasmonic tunability;
o effect of capping ligand to explore the possibility to generalize the formation of
NSCs using different capping ligands other than citrate;
o effect of concentration to study the impact of ionic strength and bulk solution on the
process to make NSCs; and,
o evaluation via detailed physicochemical characteristics of final products.
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Chapter 2: Materials and Methods for the Synthesis of NSCs
2.1 Synthesis of Citrate Capped Gold
As shown below in Figure 12, citrate capped gold (cit-Au) was synthesized based on
Turkevich method using 0.105 mg/ml tetra-chloroauric acid (HAuCl4) and different
concentration of sodium citrate tri-sodium (C6H5O7Na3) to make different size of Au-NPs; both
reagents were purchased from Strem Chemicals, Newburyport, Massachusetts and Sigma
Aldrich, St Louis, Missouri, respectively. Wavelength absorbance as a first characterization
technique to compare the size of products to the standard and confirm the synthesis of NPs was
tested using a NanoDrop 2000c Spectrophotometer software version: 1.4.2 from Thermo
Scientific, Waltham, Massachusetts.

Figure 12: Visual observation for the synthesis of citrate capped Au.

Optical spectra were normalized to the maximum absorbance except when noted
otherwise. The sizes of the cit-Au NPs were verified using atomic force microscopy. At room
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temperature, citrate solutions were prepared in different concentrations of 1, 0.75, 0.5% w/v to
get 15, 30 and 60 nm sizes of Au NPs, respectively. Higher concentrations of citrate gave smaller
sizes of citrate capped Au. 1.5 ml microcentrifuge tubes from VWR international, Radnor, PA
were used, as well as 20 ml glass vials to contain gold salt, citrate solutions and synthesized Au
NPs. The distilled water (dH20) used was purified using the EASYpure® RF 18.2Ω system from
Barnstead, Brand, Germany. The qualitative result is shown in Figure 12. For purification,
centrifugation was performed three times using Microfuge® 18 Centrifuge with F241.5P rotor
from Beckman Coulter, Pasadena, California at 8,000 rpm for 10 min and visible absorbance was
taken as shown in Figure 13.
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Figure 13: Absorbance spectra of synthesized citrate-Au NPs using spectrophotometer.

NanoDrop 2000c spectrophotometer was used to measure the wavelength of the
synthesized citrate capped Au and compare their peaks to Ted Pella’s from BBI solutions,
Redding, California. NPs were previously used as an assessment to determine the size. Based on
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standard diameter to wavelengths, the synthesized NPs were compared to the Ted Pella standard.
Au-NPs at 15 nm, 30 nm, and 60 nm showed wavelength at 520 nm, 524 nm, and 530 nm,
respectively.
2.2 Surface Modification of Citrate Capped AuNPs
Capping materials play a crucial role in providing unique properties to NPs such as light
absorbance, magnetic moment, and stability [22]. Aggregation and growth of NPs can be
controlled by ligands used to cap the surface of NPs [22]. The behavior of colloidal NPs vis-à-vis
their stability is due to the electrostatic repulsive force between particles. The term colloidal
describes NPs as spherical-like particles dispersed in a solution with a distribution of charges not
well known, and covered with a ligand shell. In the case of so-called spherical NPs, it is usually
assumed that the charge is normally distributed around the colloidal NPs.
Based on the type of molecule or functional group that is bound at the surface, on the
one hand, stabilization can be said to be strong when it involves covalent bonding like
deoxyamino triphosphate (dATP); and, on the other hand, weak when a capping ligand like
dimethylamino pyridine (DMAP) is used. As an example, citrate capped gold is commonly used
in aqueous solution to reduce and cap gold giving the surface a negative charge. Citrate ions
adsorbed at the surface of the gold then stabilized the NPs then by electrostatic repulsion. One of
the only options to irreversibly aggregate this type of NPs is to add a salt solution or induce a
mechanical action.
2.2.1 Synthesis of Dimethylamino Pyridine Capped Au NPs
DMAP capped gold was prepared in aqueous solution based on the commonly known
Brust method using DMAP in lieu of tetraoctylammonium bromide. At room temperature,
27

1mg/ml of Au salt in water was first mixed with 0.25 mM DMAP. Freshly prepared 5 mM of
sodium borohydride (NaBH4) in water was mixed with 5 mM sodium hydroxide (NaOH). 150 μl
of the mixture was dropped in the cap of a microcentrifuge tube containing the Au salt and
DMAP. The tube was closed and vigorously shook; the DMAP capped gold was formed with the
color change from orange-yellow to purple-red as shown in Figure 14. The obtained DMAP
capped Au was then purified three times with DMAP by mild centrifugation at 8 000 rpm for 5
min to precipitate the byproducts. The supernatant was collected re-dispersed in water and
stored at

C as DMAP is a weak capping material.

Non-stabilized Au NPs

Au salt (1 mg/ml)

DMAP-Au
Figure 14: Visual observations for the synthesis of DMAP capped Au.

In the same optimal conditions, aggregation of Au NPs was caused when DMAP was not
used to stabilize the material. Figure 14 showed the “naked Au” or non-stabilized Au NPs with a
dark purple-blue coloration. As shown in Figure 15, both peaks showed the same NIR response
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around 520 nm, suggesting that the DMAP capped Au is about 15 nm in diameter. DMAP-Au
curve appeared to be wider, signifying that DMAP, as a weaker ligand than citrate, could easily
aggregate due to its sensitivity to light or temperature. The spectrophotometer was set in the
range 400 nm to 800 nm to span the values from the ultraviolet to visible.
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Figure 15: Absorbance spectra of DMAP-Au in comparison to 15 nm citrate-Au NPs.

Further experiments still needed to be done to assess the longevity and purity over the
long storage of the synthesized NPs as DMAP is known to be a weak capping ligand. The
incubation period to complete the reaction was 4 h at room temperature. To completely cap Au
NPs, it was important to design a molar ratio of 1000:1 for DMAP: Au. The NIR spectrum
analysis was conducted; and, as a proof of attachment of DMAP capped Au, the wavelength
peak of the newly synthesized Au was compared to the citrate capped Au.
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2.2.2 Surface Modification of Citrate Capped Gold using Deoxyamino Triphosphate
The capping of deoxy adenosine triphosphate (dATP) on Au NPs was prepared by
mixing 1 mg/ml of Au in water with 0.6 mM dATP ligands at room temperature for 6 h. The
dissociated citrate and free dATP were easily separated by addition of pyridine (20 ml), followed
by a rotary evaporator-based drying. After removal of the pyridine layer, the precipitated Au NP
layer was washed with pyridine two times and thoroughly evaporated. Then, the dried dark Au
NP product was re-dispersed into 1 ml of water. As shown below on Figure 16, the visual
observation and control of the capping material on Au core indicate that there is no change in
color.
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Figure 16: Absorbance spectra for the synthesis of dATP-Au through surface modification of
citrate-Au NPs.
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The molecule of dATP is a strong capping ligand and the presence of the phosphate
functional group makes dATP a good element for the stabilization of NPs [22]. Both the citrate
and dATP capped Au showed peaks at the same wavelength around 520 nm. The synthesized
dATP NPs were stored at room temperature without the fear of aggregation. Absorbance spectra
were taken to evaluate the size and confirm that the surface modification had taken place.
Au NSCs were created from Au nanospheres capped with citrate. At room temperature,
to make a total working volume of 200 µl, 100 µl of Au colloid NPs were combined with 100 µl
of dH2O in a 1.5 ml sample tube. The sample tube was centrifuged at 14,000 rpm which is
equivalent to18,000 g for 10 minutes, until a pellet formed at the bottom. Afterwards, the
supernatant and the red paste at the bottom of the tube were carefully removed without
disturbing the aggregated NPs and replaced by an equivalent volume of dH2O. Optimal removal
will decrease the amount of centrifugation steps needed, but over-removal will bias the results.
After light vortexing and centrifugation, the sample was sonicated in a Model 75T Sonicator
(VWR) until the pellet of NPs at the bottom separated into the solution.
It was hypothesized that for the NSCs to be synthesized, the formation of NSCs could be
achieved and SPR tuned using inertial force to sediment NPs and overcome the electrostatic
repulsive force between charged NPs. As a result the electric double layers (EDL) could overlap
and form NCSs with SPR responses evolving from visible to NIR wavelength values. The
designed g-force had to be optimally determined in order to find the g-force that overcomes the
repulsive force that keeps the NPs apart in solution.
The overlap of the NPs was assumed to occur linearly in solution. Reported imaging
analyses from TEM in chapter three will confirm and give a closer look at the contact zone
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between two NPs. Absorption spectra were taken between 400 and 800 nm on a
spectrophotometer using 80 μl UV-cuvette micro 12.5x12.5x45 mm and center height 8.5 mm
from Brand, Germany. This process was repeated three times as the plasmonic NIR longitudinal
wavelength peak appeared with color change from red to blue. An overview of the NSCs
procedure is shown in Figure 17. Citrate capped gold was used as the starting material which
denoted on the overview protocol as ligands capped NPs. The terminology was used as
anticipation over the possibility of using the methodology for other compositions of NPs with
different capping ligands.

Figure 17: Overview of step-by-step procedure for the synthesis of NSCs.

The values of g-forces used throughout the whole project were estimated as the average
of the g-force from the minimum and maximum radius of the rotor. The centrifuge rotates so that
the inertial force applied to the system is exerted from its center of mass. Primarily, g-force was
designed at 18,000 g for 10 min not only as a proof of concept for the method and pelleting
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efficiency, but also because the production was done with an absorbance value of 0.4 with a
highest yield of 53.4%. Using the same approach and depending on the aim and challenge, gforce was changed accordingly. The total volume of 200 μl stayed the same throughout the
whole project and experiments. To determine the effect of time, centrifugation time was changed
from 10 min to 20 min to 30 min.
Visual observations for the formation of NCSs are shown in Figure 18. At Step 1, there is
a pellet formed at the bottom of the centrifuge tube. This step is commonly used to purify assynthesized NPs. Nothing happened at this stage. Changes in coloration and precipitation were
observed from Step 2 with the formation of the black dot in the sample. As the synthesis in this
case was designed to be done in three steps, the removal of the pink-like paste was necessary to
optimize the presence of NSCs only after Step 3 which revealed the blue-purple coloration.

Figure 18: Visual observation during the synthesis of NSCs through g-force.
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Chapter 3: Results for the Physicochemical Characteristics and Mechanism of NSC
Formation
3.1 Physicochemical Characteristics of NSCs
NP properties are governed by their size, shape and compositions. The physicochemical
characteristics of NPs have been investigated for years because of their value for many
applications in biomedical fields. To date, the exact mechanism by which spherical NPs overlap
is still not well known and understood. The fusion of spherical NPs due to physical action can be
directed by factors like g-force, capping agents, size of NPs, and electrostatic forces. Binding
between two spherical NPs occurs when electric double layers compress one another reducing
repulsive electric force.
Using 15 nm citrate capped gold NPs as the starting material, formation of NSCs was
done. Qualitative and quantitative analyses from Figure 19 proved that the designed protocol was
judicious as an alternative to GNRs to form NSCs with rod-like characteristics. Figure 18 and 19
showed the absorbance spectra and detailed experimental steps of that formation.
Additional characteristics in Chapter 4 were provided as transmission electron
microscopy and atomic force microscopy were used for the morphology, size, and crystal
structure determination. As shown in Figure 18 and 19, the protocol to form NSCs is done in
three simple centrifugal actions.
At the first step nothing subsequent happened as the pellet just formed at the bottom of
the microcentrifuge tube like during simple purification of “as synthesized” NPs. At the second
centrifugation, it appeared to be a spot at the bottom of the tube that still had a red cloud in its
surroundings. Once the third centrifugation was over, the pellet at the bottom of the tube was re-
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dispersed and the sample was assumed to be the expected product. The spectra demonstrated that
the synthesis of NSCs with rod characteristics cold be achieved using inertial forces.
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Figure 19: Formation of NSCs at 18,000 g for 10 min using 15 nm citrate-Au.

Figure 20 showed all peaks normalized to Au-NPs as the number of particles remained
the same at 3.22×1017 particles/ml for 53.3% of single gold transformed to NSCs, based on A520
values. Figure 20 also showed a transverse peak at A520 and a longitudinal peak around A650 that
confirmed the evolution of the plasmonic wave from the visible to the NIR region, foreseeing the
fusion of two or more spherical gold NPs in a possible dimer shape as that was later validated
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through TEM and AFM imaging. Based on the type of combination, the final product was
analyzed in order to reveal in detail its morphology and arrangement.
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Figure 20: SPR response of g-force-driven formation of NSCs showing rod-like characteristics.

In the quest to answer questions related to the mechanism of NSC formation, the first task
was to synthesize the nanomaterial at different g-force and time and the second task was to
confirm that there was an optical density (OD) in the NIR range for different combinations of
NPs to form either homo-dimers or hetero-dimers. The investigation over the presence of the
expected product was monitored by visible/NIR spectrophotometer. AFM imaging was
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performed to confirm the topographical morphology of the products. TEM was directed to
confirm the geometry and crystal structure of the product.
3.1.1 Effect of g-force: Instantaneous and Cumulative g-forces
Figure 21 showed that there was a significant g-force where there was a shift in low gforce values. The formation of NSCs was evaluated at g-force within the range of value 2,300 g
to 18,000 g for 10 min using 15 nm citrate gold.
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Figure 21: Determination of critical point using 15 nm capped gold for 10 min at varying gforce.

It was hypothesized that electrostatic repulsive force between NPs can be overcome by
inertial force. As presented in Figures 18 and 19, three repetitions of nine sample tubes were run
at the above mentioned g-force range and the absorbance spectra were recorded as indicated in
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Figure 21. The formation of NSCs showed the least optical density values from 2,300 g to 5,000
g with 3-5 % NSCs yield. Maximum values of absorbance were observed around 0.4 OD value.
At this point, single Au-NPs in samples were mostly converted into NSCs with rod-like
characteristics. TEM images in Chapter 3 provided percentages at which NSCs formed based on
the combination used to make a specific aspect ratio.
Figure 22 explained that there is a threshold point at which the formation of NSCs
becomes significant. At that critical g-force value, sedimentation and pelleting was complete,
and the electrostatic repulsive force weakened to give place to increasingly abundant fusions
between NPs at the bottom of the tube. For each of those values, a graph like Figure 19 was
plotted and the peak value of the absorbance was used to find the critical point. The formation of
NSCs was shown to vary based on environmental conditions that could be an additive
explanation to the physicochemical characteristics. Inertial force in the range of 2,300 g to
18,000 g gave different SPR response at the particle level that was given later in Chapter 3.
Above 5,300 g, and at previously mentioned conditions, there was an abrupt increase in
the absorbance up to a g-force value of 7,400 g. The significant g-force then in this case was
shown to be 5,300 g. Beyond this value, the number of formed NSCs was assumed to be at its
maximum yield as well as the g-force that overcame the electrostatic repulsive force between
NPs. Figure 22 showed the impact of centrifugation time on g-force. Using the same protocol,
the same experiment was conducted at different centrifuge times, and the critical g-force was
observed to change to lower values as the time of centrifugation was increased.
Figure 22 demonstrated that for different centrifugation times, there were different OD
values. For lower values of g-forces between 2,300 g and 5, 000 g, absorbance values increased
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for longer time of centrifuge. For centrifugation duration at 10 min, 20 min, 30 min, and 60 min,
the critical g-force of 5,300 g, 5,000 g, 4,800 g, and 3,900 g were found, respectively. The inset
summarizes the behavior and the impact of centrifugation duration on the formation of NSCs as
g-force is inversely proportional to time.
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Figure 22: Effect of g-force for the formation of NSCs using 15 nm citrate-Au NPs.

This conclusion was in agreement with previous work from Sakhel, 2014 suggesting that
for lower g-force values, even below 2,000 g, it might require longer time to precipitate the NPs
and vice-versa. With increasing sedimentation time, as NPs collide due to Brownian motion, gforce overcame electrostatic repulsive force. To further corroborate and explain that assumption,
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equations below were derived based on the sedimentation (S) and pelleting (k) efficiency [14],
parameter such as viscosity (ϑ) of the medium, NPs diameter (d), electronic densities of the NPs
and water (φ) radius of centrifuge (r) revolution per minute (rpm) converted into relative
centrifugation (rcf), and time (t).
Equation 3.1
Equation 3.2
Equation 3.3
Equation 3.4
Equation 3.5
Equation 3.6

Equation 3.6 showed the required g-force needed at a particular centrifuge time to
sediment NPs, right before the particles start fusing. Because the formation of NSCs was
conducted in three steps, it was important to investigate the yield between the steps. Figure 23
showed the yield from step 2 to step 3. Instantaneous g-force was used in the design range of
2,300 g to 18,000 g. The yield from step 2 to step 3 was found to rapidly increase for g-force
between 5,000 g and 9,000 g. The maximum yield did not reach a 100 % value suggesting that
some of the Au-NPs might have been lost during the process of pelleting and supernatant
removal. Some NPs might remain floating in solution. The yield appeared to be slightly constant
or weakly changing after a value of 9,000 g suggesting that time might be cumulatively
important in the process of NSCs synthesis.
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Figure 23: Effect of instantaneous g-force on the yield of formed NSCs for 10 min during NSCs
formation from step 2 to step 3as designed in Figure 18.

Further investigation was conducted to see whether or not cumulative g-force might
impact the formation of NSCs. To evaluate the effect of centrifugation duration on the formation
of NSCs, a cumulative g-force value at different centrifugation times was set from step 2 to step
3 as shown in Figure 24. The cumulative effect for longer periods of centrifugation duration gave
an understanding on the way the NSCs formed under these optimal conditions. Starting with
lower values of g-force with adjusted time, it might be possible to reach a desired g-force. The
absorbance of the nanomaterial in samples appeared to be around an OD of 0.23 at step 2 and 0.4
at step 3 to cumulatively reach 180,000 g force over time.
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Figure 24: Cumulative g-force at 18,000 g for various centrifuge time.

3.1.2 Effect of Size: Plasmonic Tunability
In principle, there are two known SPR modes for rod-like shape NPs: longitudinal and
transverse [16, 37]. The latter is due to an oscillation across the width of the rod which is the
same type as the SPR from the standard citrate capped Au NPs with a peak around A520 for a 10
nm to 15 nm size [16]. The longitudinal mode is due to the oscillation along the long axis of the
rod and shows larger excitation values [16]. Aspect ratio plays a major role in tuning the
plasmonic responses of GNRs. SPR responses have been found to be easily tunable in the NIR
range of 650-1,500 nm by changing the GNR length or aspect ratio [17]. In this experiment,
change in aspect ratio was designed and defined a combination of different size of NPs. The
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main target of change in the aspect ratio which is by definition length over diameter was only
taken from a longitudinal stand point. Figure 25 showed results for different NIR peaks for NSCs
with the same aspect ratio.
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Figure 25: NIR responsiveness for NPs with the same aspect ratio of 1:1.

As stated earlier, for the same aspect ratio, the SPR response should display the same
characteristics. Figure 26 showed aspect ratio plays a major role in tuning the plasmonic
responses of GNRs. SPR responses have been found to be tunable at the particle level in the NIR
range of 650-1,500 nm by increasing the rod length [17]. Figure 25 showed an increased in SPR
response of 10.81 % and 20.06 % for 30-30 nm and 60-60 nm NSCs, respectively. At a particle
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level, it found that 15-15 nm, 30-30 nm and 60-60 nm NSCs had particle number of 1.7×1017,
1.51×1017, and 1.33×1017 particles per ml, respectively.
Figure 26 showed results for different NIR peaks for NSCs with the same aspect ratio and
different combinations. The stronger SPR was observed for the assumed bigger size made from
the combination 30-60 nm. Another important characteristic that was good to assess was
whether or not it might be an increase in SPR response as the aspect ratio increased. With the
SPR response at the particle level, it was observed that increasing the size increase the
absorbance and NIR response but reduce the number of NSCs formed.
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Figure 26: NIR responsiveness for NPs with same aspect ratio of 1:2.
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In the same way, under given conditions, to investigate on the role of aspect ratio in
tuning the longitudinal SPR mode of the expected NSCs, a combination of 15-60 nm with aspect
ratio of 1:4 was used. For further exploration about the impact of aspect ratio on SPR responses,
different combinations as 15-30, and 15-60 nm Au NPs newly synthesized were made to take
the ratio twice and four times bigger. Figure 27 showed that at different absorbance of A670 and
A700, formed NSCs were normalized to controls in order to give the SPR response at the particle
level. This difference in optical response based on number of particles per ml was due to the
variation in aspect ratio and size. For bigger size, the absorbance values are higher because of the
electronic density at the surface of the NPs [16]. The excitation spectrum evolved to higher NIR
values from 670 nm to 700 nm as the size along the long axis changed.
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Figure 27: NIR responsiveness for NPs with different aspect ratio from 1:2 to 1:4.
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For statistical purposes, if it is assumed that 15 nm and 60 nm are combined to make 1560 nm NSCs, the sample should contain 25% each of 15-15 nm and 60-60 nm, and 50% of 15-60
nm of NSCs. To obtain a high purity sample from a statistical point of view, data from NSCs
made of 15-15 nm and 15-60 nm should be removed from the data analyses. Figure 28
demonstrates the enhancement that occurred if that assumption was used. For high purity heterodimers composed of 15-60 nm, the SPR response and the longitudinal wavelength value
increased to higher value from 700 nm to 725 nm.
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Figure 28: NIR and longitudinal SPR response made of 15-60 nm NSCs before and after removal
of 25% 15-15 nm and 25% 60-60 nm NSCs.
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Under the designed and given conditions, to enhance the SPR longitudinal mode of the
expected NSCs in the NIR, combinations as 15-15 nm, 15-30 nm, and 15-60 nm Au NPs taken at
the same OD gave the results displayed in Figure 29. The visible-NIR excitation spectrum after
formation of NSCs through inertial force showed that there was an increase in aspect ratio; both
the absorbance and the longitudinal wavelength values evolved to higher values at a percentage
of 12.19 % and 20.73 % for 15-30 nm at 1.49×1017 NSCs per ml and 15-60 nm at 1.34×1017
NSCs per ml, respectively.
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Figure 29: Recap of SPR tunability with NIR response for NPs at different aspect ratios.

3.1.3 Effect of Capping Ligand: Net Charge and Binding Affinity
For a possibility of generalization and the investigation of the role capping ligand might
have on the formation of NSCs, studies was done with DMAP (pK~4.48), dATP (pK~6.66), and
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citrate (pK~6.40). First, the choice of these two materials among many was motivated by their
miscibility in water as a possibility to be used for biological application. Second, under the set
conditions of pH~6.4, DMAP has been known as a non-charged and weak capping ligand to
stabilized colloidal NPs in contrast to dATP which was a strong capping ligand with a negative
charge due to phosphate [44]. Figure 30 showed the behavior of DMAP used as capping
materials in the synthesis of NSCs.
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Figure 30: Formation of NSC at 18, 000 g for 10 min using 15 nm DMAP-Au.

Figure 30 showed that DMAP did not contribute to the formation of NSCs as citrate does.
Although the inertial force did not produce any evolution from the transverse mode to the
longitudinal one, it was noticeable to see a continuous aggregation with an unchanged peak
position with a curve bumping out. In the case of dATP which is a stronger capping ligand than
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DMAP, the colloidal Au NPs were better stabilized because of higher binding affinity of dATP
ligand [44]. The formation of NSCs through inertial force was achieved in three washing steps.
Figure 31 showed the details of the steps. In the case of citrate capped Au, dATP-Au
formed NSCs with GNR characteristics. It cannot be explicitly claimed that the negatively
charged surface was involve in the formation process. At the first step, nothing happened. The
second, and the third steps showed two peaks; one at A520 for the transverse mode and another
around A620 for the longitudinal mode.
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Figure 31: Formation of NSCs at 18,000 g for 10 min using 15 nm dATP-Au.

Although, the longitudinal peak did not show a longitudinal value at the short NIR
values, the proof for the formation of NSCs was illustrated. It was hypothesized that the
formation of NSCs was mainly due to the sedimentation and the overlap of EDL at the surface of
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NPs. The overlap happened because g-force or inertial force in this case, could overcome the
electrostatic repulsive force between NPs. For GNR characteristics to be obtained, it might be
crucial to use a charge capping ligand with a binding affinity to NPs.
At this stage, it was still non-conclusive to state whether the capping ligand affected the
formation of NSCs. Because only two negatively charged capping ligands were tested, a positive
charge capping ligand will have to be tested as future work. Regardless, while comparing the two
negatively charged capping ligands, Figure 32 showed the responsiveness of the two types of
samples as previously showed.
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Figure 32: Optimal density comparison of NSCs from both citrate-Au and dATP-Au taken at the
same initial concentration.
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At the same concentration, capping ligands under these conditions seemed to show the
same absorbance values, suggesting that by changing the concentration, it might be different
about the SPR responsiveness. For GNRs characteristics to be obtained, it might be crucial to use
a charge capping ligand. Regardless of the charge at the surface of capping ligands, it was found
necessary to have a strong capping ligand in order to achieve the formation of NSCs. Microenvironmental conditions such sedimentation efficiency, size, concentration, binding affinity of
the capping ligand toward NPs could be of great importance to be added up in what had been
already explained for the mechanism of NSC formation.
3.1.3 Effect of Concentration on NSCs formation and Yield
The relationship between concentration and absorbance is usually linear and given by the
Beer’s Lambert law. It is always expected to see the linearity confirmed while using this
relationship. To study the effect of concentration, it was hypothesized that ionic strength and
dilution factors might play a role in the fusion of NPs to make NPs. To add up to the production
that occurred after formation of the products, yields were compared. Figure 33 showed the
absorbance spectra of NSCs while investigating the effect of concentration.
Figure 33a showed that as concentration increased the absorbance values of formed NSCs
increased as well. There was an agreement with the linearity of Beer’s law. Figure 33b revealed
that there was a yield of about 51.06%, 53.3%, and 52.06% for C1, C2, and C3, respectively. The
production from the number of Au particles per ml to NSCs that formed were in agreement with
optical spectra observe in Figure 19. The yield of formed NSCs was claimed to be about constant
and not dependent on the concentration with a standard deviation of 0.01659. Only absorbance
values were affected by the change in concentration. Figure 33a showed that as concentration
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increased the absorbance values of formed NSCs increased as well. There was an agreement with
the linearity of Beer’s law.
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Figure 33: NSCs formation at different concentrations and 18,000 g for 10 min. a-Visual
observation, and b-absorbance spectra.
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Figure 33b also showed that for concentration above C2 which was taken as the prototype
based on total yield from step 1 to step 3 of 63.3% required more than the designed three steps to
make NSCs. It was suggested that for concentration above the designed control, the electrostatic
repulsive force was higher due to higher ionic strength. Thus, it required more washing steps and
replacement with water along with additive g-force to get the NPs fuse to form NSCs.
3.2 Mechanism and Characterization of Formed products (NSCs)
To date, the mechanism by which two or more spherical NPs overlap due to g-force, van
der Waals interactions and electrostatic forces is still under study. Derjaguin, Landau, Verwey
and Overbeek (DVLO) theory quantitatively explains the aggregation of dispersed particles in
aqueous solution and describes the force between interacting charged surfaces in a liquid [42,
43]. DVLO theory asserts that the total of the van der Waals interaction and electrostatic force is
the resultant of the overlap between two electric double layers [32, 42].
In order to confirm the synthesis of NSCs and define the crystal structure and
morphology of the formed product after physical actions, detailed imaging was needed. Microenvironmental conditions such as size of NPs, concentration, type of capping ligand were part of
mechanism elucidation. To link the mechanism that took place to fuse NPs, absorbance spectra
and imaging characterizations were all considered as a whole to get a substantial understanding
of the phenomenon. Atomic force microscope and transmission electron microscope,
respectively, were used to determine the morphology (size and shape) and the level of overlap
between two or more spherical Au. When two fused NPs are present in a sample, the SPR
response reveals two bands, given that the size and the fusion between them can be evaluated
and controlled [36].
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3.2.1 Atomic Force Microscopy (AFM)
AFM was used in order to obtain a morphological image of the NP shape and size. As
showed in Figure 34, AFM offers the capability of three dimensional visualization of both
qualitative and quantitative description on several physical properties going from the
morphology to surface roughness to surface texture and dimensions [47, 48, 49]. The vibration in
the environment of the AFM caused by the limitation of the instrument usually affects the
resolution in the vertical or Z-axis while the diameter of the tip used during characterization
impacts resolution in the horizontal or X-Y axis [48].

Figure 34: Schematic diagram of an AFM [49].

AFM is particularly useful because characterizations can be done in a multitude of media
such as ambient air, vacuums, and liquid dispersions [47, 49, 50, 51]. As shown in Figure 34, an
AFM uses a cantilever to scan over the surface of the NPs. At the closeness to the layer or the
surface, the cantilever feels a force due to the surface-surface interaction that creates the bending
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of the cantilever. The cantilever’s deflection is calculated by a laser ray that is mirrored from the
back of the cantilever as a response to its bending moment.
During AFM characterization, NPs are attached to the surface of the substrate for
analyses via electrostatic and van der Waal forces. As a direct consequence, the cantilever
oscillates in the z-direction from higher amplitudes near its resonance frequency by a
piezoelectric unit attached to the AFM tip holder [47]. Other important aspect of the cantilever
like the tip radius and geometry might affect the height measurements during characterization.
As an AFM is based on the topographic imaging, the convolution of the tip plays a role to define
the surface feature of the sample. In order to minimize errors due to that convolution of the tip, a
tip radius is chosen accordingly to the size of NPs that are subjected to analyses.
AFM samples were imaged with a Veeco Multimode Scanning Probe Microscope with
Nanoscope IIIa Controller from Veeco Instruments, Woodbury, NY. Using a dilution in series,
two times, 10 µl of NSCs were diluted with 90 µl of dH2O. 20 µl of the mixture was placed onto
a mica substrate from Novascan and allowed to dry overnight under the hood with assisted
airflow before analysis using AFM as shown in Figure 35.
AFM samples used the tapping mode with a NanoWorld Pointprobe® NCSTR AFM
probe from Nanoworld Innovative Technologies, Neuchatel, Switzerland. This probe is designed
to give extra stability and accuracy during soft tapping mode imaging in order to produce higher
quality AFM images while minimizing sample damage. The scan rate was 1.0 Hz with an aspect
ratio of 1:1 and the free resonance frequency of the cantilever was automatically tuned by the
Nanoscope Software version v5.30r3sr3 from Veeco Instruments and the image was processed
using the software Gwyddion 2.39. As sample on the grid were not always mounted
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perpendicular to the AFM tip, the first step of the image analyses using the mentioned software
was the image acquisition process which involved the flattening of the received images to
remove all artifacts.

Figure 35: Veeco-AFM analyses. Results for NSCs formation 100× diluted: a-Topographic
images with scale bar 100 nm, b and c-surface plots ( 5 view) of magnified images from a.

The topographic image was taken with a 15-60 nm combination as a starting sample to
produce NSCs at different percentages of 15-15 nm, 60-60 nm and 15-60 nm. The NSCs formed
with homo-dimer and hetero-dimer shapes were approximately 13 nm and 66.4 nm in height. It
was observed that some dimers tended to be mostly aggregated with some area of distinct
distribution. Aggregation could not be claimed to be due to the sample preparation before AFM
but rather to the nature of NSCs themselves which tend to clump up because the process was
designed with removal of excess of capping ligand leading to control aggregation, and then redispersion 0.5 % citrate after formation of NSCs.
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3.2.2 Transmission Electron Microscopy (TEM)
TEM technique is based on the transmission of focused electron beams through a sample
to form an image, just like in the case of a simple light microscope [52]. Resolution of the TEM
lies in the use of electrons in the place of light. To obtain images of appreciable quality, it is
necessary to critically prepare the sample to be analyzed because any impurity decreases the
contrast between the sample and its surroundings [52]. Figure 36 showed the results after TEM
characterization for hetero-dimers and homo-dimers.
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Figure 36: a-) Titan-TEM images of NSCs 20x diluted, b-) enlarged 15-15 nm NSCs in homodimer shape, c-) abundance of NSCs using 15-60 nm Au NPs combinations.
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TEM relies on the contrast of the sample relative to the background which is usually
carbon copper grid. NPs based metals are suitable for this imaging technique because amorphous
carbon provides a uniform substrate at a low electron density. Figure 36 showed the results after
TEM characterization for hetero-dimers and homo-dimers.TEM is a crucial characterization tool
for directly imaging NPs to collect information about particle size, size distribution, spacing
between NPs, and orientation of crystal structures.
TEM was used in order to obtain a visual image of the NP shapes and sizes. The particles
for TEM were prepared using the 20× diluted NSCs shown in Figure 34. 10 µl of NSCs were
diluted with 40 µl of H2O to decrease aggregation. Using a 2 to 20 μl pipette

µl of the diluted

sample was dropped onto a 300 mesh carbon-coated copper grid and allowed to air dry before
TEM.
Figure 36a, 36b, and 36c showed the images taken from the FEI Titan. Images were taken
with an FEI Titan 80-300 S/TEM operating at 300kV and fitted with a CEOS image corrector.
Fourier analyses were used to define the lattices fringes at the narrow boundary between the two
fused NSCs. Based on the fact that colloidal Au NPs are polycrystalline in structure, it was
necessary to add one more observation to the overlap of two au-NPs. Figure 36 showed the
results after TEM characterization for hetero-dimers and homo-dimers.
Figure 36a displayed the nanostructure of the formed NSCs processed exclusively with
physical actions. The nature of the NSCs from Figure 36a showed structures in dimer shapes. As
reported in previous work from Sakhel, Figure 36b showed two fused Au-NPs and completely
connected as there is no significant line in between the two NPs, proving there is minimal hot
spot with a lattice constant of 0.236 nm in (111) direction. At the connection between the two
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spherical Au, Figure 36b showed lattice fringes parallel to one another suggesting a random
attachment at the junction.
Surface enhance Raman scattering could give more details about the nature of the
electromagnetic field create by the hot spot between dimers. Figure 36b revealed that NSCs
formed using centrifugation force were single crystal which leads to the suggestion of orientedattachment between glued Au-NPs. The abundance of the types of dimers formed from a sample
formed by 15-60 nm combination was primarily assumed to be in terms of NSCs 25% each for
15-15 nm and 60-60 nm, and 50% for 15-60 nm. Figure 36c showed the percentage after counts
for the type of NSCs which is not the same compared to statistical values as 15-15 nm showed
34.21%, 15-60 nm 47.49% and 60-60 nm 18.30% with a standard deviation of 3.005. The
difference in percentage of the type of NSCs formed did not mean that the previously made
assumption was wrong.
Based on size difference, with the same volume of 200 µl, the number of particles that 60
nm diameter occupied was smaller than the number of particles occupied in the same volume of
200 μl. The size difference could be one of the reasons why the 15 nm NP bind higher than the
60 nm NPs which motion might be inferior to the later because of density. If that is the case, the
higher abundance from the 15-60 nm could be in fact explain by the same analogy of charge
density and pace at which particles might be taken in motion during centrifugation.
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Chapter 4: Conclusions
The mechanism and physicochemical characteristics of NIR responsive NSC formation
have been studied and partially elucidated as an alternative to toxic CTAB-GNRs. It was
demonstrated that g-force overcomes the repulsive electrostatic force and provoke dimer
formation with plasmonic response evolving from visible to NIR. Physicochemical and microenvironmental factors such as size, net charge and binding affinity of the capping ligand,
concentration of the bulk solution showed to be related to the mechanism and production at the
particle level. When combinations of gold NPs with different sizes were used to synthesize
hetero-dimers, NIR plasmonic response shifted to the right with maximal NIR response,
demonstrating the promise of tuning the NIR plasmonic response of NSCs.
It was demonstrated that g-force overcomes the repulsive electrostatic force and provoke
dimer formation with plasmonic response evolving from visible to NIR. Re-dispersion in 0.5%
citrate had been found to re-stabilize the formed NSCs. Maybe the use of other strong capping
ligands like dATP and DNA could solve the challenge. The mechanism and physicochemical
characteristics was partially elucidated. The formation of NSCs was done in three repetitive
washing steps at design g-force of range between 2,300 g and 18,000 g. Under the set conditions,
significant g-forces that overcome electrostatic repulsive force between Au-NPs were found at
5,300 g, 5,000 g, 4,800 g and 3,900 g for centrifugation duration 10 min, 20 min, 30 min and 60
min, respectively.
Using 15 nm, 30 nm, and 60 nm NP size, SPR tuning was made possible with
combination of NSCs as 15-15 nm for homo-dimers, and 15-30 nm and 15-60 nm for heterodimers. These combination of were found to produce longitudinal NIR wavelength of 650 nm,
670 nm, and 700 nm, respectively. To explore further options for SPR tunability, other
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combinations of different composition and sizes could generate mix functionalities in heterodimers.
The studies of the effect of electrostatic force were in agreement with the set hypothesis
that for NSCs to form, the inertial force has to provoke sedimentation of NPs, and overcome the
electrostatic repulsive force in order to overlap the EDLs of the NPs. The formed products
imaged using AFM and TEM showed dimer shapes in homo-dimer and hetero-dimer
morphology depending on the type of combination used prior to the synthesis. The Fourier
analyses from the Titan-TEM along with the structure lattice gave an empiric physical reason of
the way two spherical Au fused.
The lattice fringes at the boundary showed a fusion with different angles that proved a
polycrystalline arrangement suggesting a random attachment which resulted from the Brownian
motion of NPs during inertial force actions. Because of the fusion of two spherical Au-NPs, the
absorbance spectra displayed two bands in transverse and longitudinal modes. The distance and
junction at the boundary between the two Au-NPs could be evaluated to know if the hot spots
could be used for field enhancement. These features make them important not only for bioimaging and treatment of diseases as contrast agents, but also candidates for surface enhanced
Raman scattering (SERS) and light absorbent for organic photovoltaic devices.
The procedure was physical action-based, cost effective, and simple. It was possible to
synthesize NSCs with rod-like characteristics via inertial force to acquire an alternative to toxic
CTAB-GNRs.
It still remained a non-answered question of the reason only dimer shapes formed. In an
attempt to find an answer, it might be due to a thermodynamic and growth limitation. This
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parameter will have to be investigated in order to find a possibility to elongate the current dimer
product. Future work might need to confirm whether or not it will be possible to synthesize new
shapes with longer longitudinal mode band from the existing and stored dimers. At the
mechanism stand point, the effect of charge on capping ligand suggested that the charge might
affect the formation of NSCs. To confirm that observation, a positive capping ligand has to be
use under the same test. In order to fully comprehend the mechanism of dimer formation via gforce, not only the energy that is involved to fuse two NPs has to be determined the
polycrystalline nanostructure at the boundary has to be clarified. Techniques like proximity for
theorem (PFT) or crystallographic effect have to be studied.
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Chapter 5: Future work
The synthesis of NSCs via physical actions could be further improved in the future.
Mechanism and productivity are the main elements need to completely understand and elucidate
the phenomena that take place during dimer formation. Studies over the combined effect of
fusion and thermodynamic limitation might explain the reason only dimers form. If elongation is
possible beyond dimer shape, it will then be doable to tune the product with plasmonic response
in further NIR values. Like in the case of Casimir force, proximity force theorem could add up to
what has been learned so far about the mechanism as it can relate the potential energy that is
involved during attraction and fusion of single Au NPs. The underlined topics could be
implemented to better understand the mechanism and the benefits of such a nanomaterial.
5.1 Computational Modeling of NIR plasmonic NSCs
Simulation and modeling should be done using discrete dipole scattering and light
absorption (DDScat) or boundary element method (BEM) to compare the theoretical to
experimental results [31, 41]. The two methods solve for the Maxwell’s equation with the
assumption that the colloidal NPs can be of arbitrary and designed shapes [53]. Particularly, we
used different aspect ratios to tune the plasmonic NIR response of the NSCs; it will be important
to have a pattern from the simulated result to better design the experiment. DDScat and BEM are
not dependent on the surrounding medium but only on the metallic NPs that interact with one
another [35, 44].
5.2 Formation of NSCs Using Different Shape and Composition of NPs
It has been shown that the formation of NSCs only necessitates the presence of a charged
and strong capping ligand at the surface of the NPs. The procedure using inertial force could be
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used with other types of shapes such as triangular, hollow, stars, rings to name the few. Different
compositions with spherical shapes such as silver, iron oxide might lead to the formation of
NSCs as well, but the main challenge will be to get wavelength that are close enough to NIR
values as in the case of Au-NPs depending on the size that is used. A combination of different
compositions in same and different size could be investigated depending on the kind of
application that is targeted and desired for different functionalities.
5.3 Dispersion and Stability of Formed NSCs
Because the NSCs are formed from the removal of the excess of their capping ligand, it is
important to stabilize them for later use without the worry of having them aggregated. Maybe the
addition of stronger capping ligand upon formation might solve the issue. The use of a buffer
solution like phosphate or citrate after the modification with a stronger capping ligand like dATP
or DNA might increase the stability and enhance the electrostatic repulsion between NSCs [22,
53, 54].
5.4 Functionalization of NSCs for Applications in Biomedical Fields
It has been demonstrated that based on the dissociation coefficient, capping ligand might
affect NSC formation. Before drawing a final conclusion for the effect of capping like, positively
charge capping ligands have to be tested and compared to dATP and citrate that have been used
in this work. Functionalization or spatial assembly of colloidal nanoparticles is the attachment of
nanoparticle on ligand that generates hybrid materials. The conjugation of nanoparticles has a
direct effect on the surface nanomaterials that can interact with biological materials, and bring
together the functionality and properties of both materials, going from optical, electrical, and
magnetic [7, 12, 13].
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Functionalization is commonly used with a surfactant to overcome aggregation and allow
specific binding. The coupling of any biomolecule from a functional group of choice to be
attached to NPs depends on the intended goal. For instance, some researchers have used
antibiotics, deoxynucleosides, and oligonucleotides to name a few [55, 56, 57]. A biochemical
and environmental factors like capping ligand can be more studied in depth to investigate the
effect of electronegativity for the SPR response at the particle level. As it is known that more
electronegative entities in general tend to easily release electrons; this can answer questions
linked to production and mechanism.
5.5 Electromagnetic Field and Surface Enhancement
The surface of a NP depends on the nature of the ligand used to cap the surface. The
oscillation of conductive electrons at the surface of NPs depends on the field enhancement of
metals. Changing the surface of a metal with an organic and charged ligand might enhance
electron density at the interface of the NSCs and ligand. Using SERS characterization, it would
be possible to know if the SPR is stronger [58]. The Raman electromagnetic field (EF) can be
calculated using SERS characterization. The surface enhancement can be used for application in
biosensing as they evaluate the level of EF [36]. It is known that when two NPs are within 0.5
nm; their localized plasmon or LSPR is highly enhanced [15, 16, 36]. Enhanced LSPR or hot
spots provide large augmentation of the EF of 106 times when two fused NPs are within 0.5 nm.
Because of enhanced LSPR, molecular detection is made possible with near single molecule
sensitivity via SERS [36].
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Appendix A: Description of Research for Popular Publication
Physical Actions for the Synthesis of Responsive Near Infrared Plasmonic Nanosphere
Composites: Alternative to Toxic Gold Nanorods
Responsive near infrared (NIR) nanosphere composites (NSCs) with gold nanorods
characteristics have the potential to be used as non-toxic contrast agents for theranostics. The
demand for an alternative to toxic cethyl trimethyl ammonium bromide capped gold nanorods is
of high interest for therapies and early diagnostics of cancer and related diseases. The purpose to
develop a chemically-additive free method that will show transverse and longitudinal plasmonic
characteristics as GNRs will allow enhancing the effectiveness of imaging tools like computed
tomography (CT), X-ray, and ultrasound to name the few.
Many efforts have been done so far in the field of bio-imaging and therapeutic to
ameliorate the level of early diagnostic and treatment of diseases. Because responsive NIR
nanoparticles are a transparent window for biological tissues, it is important for in-vivo testing
and clinical experiment to find new ways to develop nano-materials that are non-toxic with
higher plasmonic response. One of the main purposes was to investigate on the physicochemical
characteristics that might play role in the process to synthesize nanosphere composites using
physical actions only.
In May 2014, with motivations to face the multiple challenges, Joseph Batta, a
Microelectronics-Photonics student, working under the guidance of Dr. Jin-Woo Kim from the
Department of Biomedical and Biological Engineering, stepped in an ongoing project that
showed potential and promise for applications in biological and biomedical engineering fields,
especially for imaging and optical purposes. The development of plasmonic NSCs at low-cost
using lower centrifuge capacity (below 14,000 revolution per minute converted as 18,000 g) is
71

economically important at an industrial level. No harmful chemicals are used and the
understanding of the mechanism that drives the formation of structures such as dimers, trimers,
or chain conformation is possible without linkers. In the field of materials science and bioimaging, nanoparticles will have the potential to be excited by a specific wavelength depending
on their size and composition dictated by their capping materials. Bio-imaging and
photonics programs investigate the research leading edge of photonics principles in engineering
and technology that are useful to solve challenges in fields of medicine, and biotechnology.
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Appendix B: Executive Summary of Newly Created Intellectual Property (IP)

The terms under which an intellectual property has to be conducted with the actual
technology have not been specifically defined. If at any moment, a patent or a commercialization
standpoint has to be done, the underlined lists of new intellectual property will have to be
considered:
1. Physical actions (centrifugal or inertial force) for:
a.

the formation of nanosphere composites (NSCs)

b. physicochemical characteristics typical to gold nanorods (transverse and
longitudinal modes in the visible and near infrared, respectively).
2. A design for plasmonic tuning using 15 nm, 30 nm, and 60 nm citrate-gold nanoparticles
as starting materials for:
a. Combined nanoparticles to create different aspect ratios as two times for 15-30
nm and four times for 15-60 nm along the long axis in order to induce plasmonic
tunability at short near infrared values at a range 650-750 nm.
b. Synthesis at room temperature using centrifugal force in the range 2,000-18,000
revolution per minute of peanut-like shape nanostructures with charged capping
ligand.
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Appendix C: Potential Patent and Commercialization Aspect of Listed Intellectual
Property Items
C.1 Patentability of Intellectual Property (could each item be patented)
If necessity needs to be pronounced in the patentability of intellectual property of this
work, the two items listed above in Appendix b will be the set:
1. Physical actions to form nanoparticles with transverse and longitudinal bands from
visible to near infrared.
2. Plasmonic tunability with design of change in aspect ratio using a combination of 15-30
and 15-60 nm along the longitudinal axis.
C.2 Commercialization Prospects (should each item be patented)
The above mentioned patentable items in Appendix B target any biotechnological firm
that has the need to upgrade or show concerns over toxicity product due to the use of toxic
chemicals. As precision and efficiency in clinical procedure are demanded, it will be important to
manufacture medical devices and tools that can face the challenge. For clinical procedures that
involve, implants, pacemakers, or devices for traceability for long or short terms, nanoparticles
that are biocompatible, porosity-free, and corrosion resistant for drug delivery are looked at by
medical and healthcare corporations. The productivity and creation of intellectual property about
nanomaterials for drug delivery have shown a steady growth; however, this has not been
matched with the analogous guide in investment, production development and
commercialization. This incongruity between knowledge production and market introduction of
products is common hallmark of innovation and emerging technologies.
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C.3 Possible Prior Disclosure of IP
At this moment, none of the above mentioned items have been published, but some of its
content from previous work had been presented and discussed in public.
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Appendix D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
The step from innovation to market-ready products is hindered by the limited availability
of suitable metal and fluorescent nanoparticles. Biocompatible nanoparticles with high light
intensity and photonic efficiency are the key elements missing. In addition, it is difficult to
manufacture good dispersible products, efficiently and simply in technically relevant quantities.
Nanoparticles prepared at a laboratory scale might be difficult to reproduce at the industrial level
with the same physicochemical properties in a large scale due to the poor control of the particles,
toxic chemicals and multiplicity of steps implemented. To be acceptable as a biomedical
application, the disclosure of the project addresses these challenges and show meaningful ways
to tackle the problem over toxicity and synthesis.
The alternative nanomaterials to gold nanorods gives an option to synthesize
nanomaterials with plasmonic response in the near infrared between 600 nm and 1100 nm using
an inertial force-based approach that is chemical-additive free. The main motivations for
applications serving for therapies and diagnostics of diseases lie on two reasons; first, the need to
lower the cost of fabrication and final product, and second the importance to reduce and
minimize the invasiveness of the clinical procedure.
D.2 Impact of Research Results on U.S and Global Society
The pharmaceutical industry is a sector seeking radical innovation. Cientifica’s report in
“Nanotechnology for Drug Delivery 2011-2021: Global Market for Nanocarriers” stated in 2010
that more than $120 billion pharmaceutical products lose their safety between 2009 and 2014.
Experts have envisaged that the nanotechnology market will arrive at a trillion dollars by the end
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of 2015 and the health care will be one of the highest growths. In this context, the same report
predicted that nanovehicles will account for 40 % of a $136 billion of nanotechnology-facilitated
drug delivery market by 2021, with the demand in the market, a split between nanocrystals and
nanovehicles will be revealed to determine which one has the biggest piece of the pie. However,
the healthcare market is complex and very long and costly clinical development is required.
Failure in clinical development is one of the major drawbacks for new agent approval.
D.3 Impact of Research on the Environment
As the main goal of this work was to develop a method that stays away from toxic
chemicals, it cannot be harmful to the environment. Actually, the synthesis of inertial-force
driven plasmonic NSCs has the purpose to be an environment friendly method.
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Appendix E: Microsoft Project for MS MicroEP Degree Plan

78

Appendix F: Identification of all Software used in Research and Thesis
Computer #1:
Model number: HP Pavilion dm4 Notebook PC
Serial number: 00359-OEM-8992687-00010
Location: Nano building 301
Owner: Joseph Batta-Mpouma
Computer #2:
Model number: DELL
Serial number: 00392-918-500000-85859
Location: Bio/Nanotechnology Lab, Nano Institute 268
Owner: Biological and Agricultural Engineering
Software #1:
Name: Microsoft office 2007
Purchased by University of Arkansas on site license
Software #2:
Name: Gwyddion 2.39
Free online license downloaded by Joseph Batta-Mpouma in October 2014
Software #3:
Name: Gatan
Owner: Bio/Nano Technology Group (BNTG)
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