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Abstract

The aims of the current research include developing new syntteategies to
prepare structurally complex gold nanoparticles and new sizegonigthods to separate
nanopatrticles of larger size, as well as studying the ddgehnanoparticles into novel
hierarchical structures through both template-assisted and templatadtegiss.

In the synthesis section of this dissertation (Chapters 2,8 3)jze controllable
synthesis of dendritic gold nanoparticles through a seed-megiatedss in ethanol is
described. The effect of seeds size and shape as well asrtben chain length of
alkylamines on the formation of dendritic structure was investigaidthe synthetic
strategy developed is capable of forming dendritic structure onugsgubstrates, like
flat or rod-like gold particles. In another work, the shape evolutiorlof iIganoparticles
in a seed-mediated growth as well as the kinetics of reductibidoCl, in the presence
of seeds was studied. The reduction of the gold precursor by sodnate ciould be
greatly accelerated in the presence of seed nanoparticlesy Alth the enhanced
reaction kinetics, dramatic shape evolution of gold nanoparticles olvasrved by
changing ratios of precursors.

In the purification section (Chapter 4), a novel method of sepgratinoparticles of
different sizes in a viscosity gradient was developed. Thesitycgradient was created
with polyvinylpyrrolidone (PVP) aqueous solutions. Previously, suchs&paration was

all achieved in the density gradient, while the hidden contribution obsitycdifference

XiX



inside the density gradient was not well recognized. Through this waslclarified that
the viscosity can contribute as importantly as density in #teesirting of nanoparticles
through rate zonal centrifuge. It was also demonstrated both exptailpeand
mathematically that the viscosity gradient is more effedtiveeparation of larger sized
nanoparticles.

In the assembly section (Chapter 5, 6 & 7), nanoparticles weeenbted into three
different hierachical structures through both template-adsistied template-free
approaches. In the template-assisted assembly, gold nanorodaligpeeel into ordered
1D linear pattern by using soft biological filamentous, namelgtdvea flagella, as
templates. Two different ways of assembling nanorods onto f#lagelle investigated. In
another study, a highly commercialized polymer, polyvinylpyrrolidoR&R), was
discovered for the first time to be able to self-assemble braoched hollow fibers.
Based on this discovery, two approaches (one through direct deposisiticaobnto the
PVP aggregate and the other through co-assembly of PVP coverkdagmparticles
with free PVP molecules) by which the self-assembly behawfoPVP could be
exploited to template the formation of branched hollow inorganic fibeese
demonstrated. In the template-free assembly, a generdhodhefior assembling
nanoparticle into clusters (NPCs) in an oil-in-water emulsisiesn was investigated.
Detailed studies on the mechanism of formation of NPCs strucipiieyized conditions,
scalable production and surface chemistry manipulation weréedanut. Besides,

comparison of the properties of individual and clustered iron oxide ndivbgm was
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conducted. It was discovered that due to their collective prepemiPCs are more
responsive to an external magnetic field and can potentially servieetter contrast
enhancement agents than individually dispersed magnetic NPs in tMaBesonance

Imaging (MRI).
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CHAPTER 1

Introduction

1.1 Historical Overview

Nanoparticles are particles having at least one dimension betmeeand a hundred
nanometer§:? They are composed of limited number of atoms, and thus exhititgstr
guantum confinement effect. For this reason, nanoparticles have optagetic and
electronic properties that are dramatically different ftbose of bulk solid§’ Owing to
these novel physical properties, nanoparticles have been plagggiakroles in various
applications, including molecular detection and sen$ingjological imaging and
diagnostics®” targeted drug delivery and medical ther&p$ catalysis
electronicd!*™ energy storad®’ et al. Among all inorganic materials, nanoparticles of
gold have been one of the most actively studied nanoparticles. Thababpr because:
(1) benefiting from the surface plasmon resonance (SPR), gold madegahave the
size and shape dependent tunable optical properties, which can bed appihany
research fields; (2) gold is a chemically inert and biolobicadmpatible element; (3)
synthesis of gold nanoparticles is relatively simple and welkldped; (4) surface
chemistry of gold nanoparticles can be readily manipulated byapte-containing

functional molecules.



1.2 Morphology Control of AUNPs through SolutionaBh Synthesis

It is well known that the optical properties of gold nanoparticlessagnificantly
dependent on their size and sh¥p&” Many research efforts have been previously
invested into controlling size and especially shape of gold nanopariicl order to
achieve fine tune of their optical properties. In all these attempts, solutiongymdisesis
has been exclusively successful in controlling the shape of gold ntoesa And
various shapes, such as sBficand hollow spher&s?¥, rods?*?® triangular plate&®>
polyhedrond®>2? cube&33¥ and flowerd?® have been prepared (Fig. 1.1).

The chemical nature of solution phase synthesis of gold nanoparticiesimple
inorganic reaction in which ionic gold gets reduced into atomic gold.atdmic gold
will accumulate to form clusters, and further grow into particlé®e surface of resulting
particles is capped by ligands. These ligands will induce eléatiosepulsion or steric
force among nanoparticles, so that they can be effectively peslvémim aggregation
and precipitation. Thus, in solution phase synthesis of gold nanoparticlesasafour
chemicals are needed: ionic gold precursor, reducing agent, swdppéng agent
(ligands) and solvent. Tetrachloroauric acid (HA)@las been almost exclusively used
in synthesis of all types of gold nanopatrticles as a precurgmiaf Typical examples of
reducing agents includes sodium citfateascorbic acid (and its sodium s&),sodium
borohydride®® ethylene glycol (EGY**Y amino acid$” and protein§®3¥ Small

organic molecules (with and without charges), surfactattand polymerd have been



used actively as surface capping reagents to stabilize the miaciepaWater, ethylene
glycol™ and dimethylfuran (DMEJ® are the common solvents employed for synthesis of
hydrophilic gold nanoparticles. Generally, careful selection afelieagents can result in
gold nanoparticles of different shapes. BesidesBHeaction temperatufé and
addition of trace amount of “shape-inducing” i045* are also important in the
formation of desired shaped gold nanoparticles. The methods of maniptitetislgapes

of gold nanopatrticles can be divided into four categories, which will be reviewead. bel



Figure 1.1, Electron microscope images of some typical gold nanoparti¢tes:
nanorod$¥; (b) triangular nanoplatéd; (c) nanoshells — a layer of gold coating on
silica nanoparticld®”; (d) hollow spheré&’: (e) star-like nanoparticléd and (f)
nanocubé®. Images reprinted with permission from the references asaiedi: (a, b)
Copyright 2007 American Chemical Society; (c) Copyright 2003 Agcaer Chemical
Society; (d) Copyright 2005 American Chemical Society; (e) @gpy 2008 American

Institute of Physics; (f) Copyright 2006 American Chemical Society.
1.2.1 One-Pot Direct Synthesis

One-pot synthesis is the most straightforward method in preparafiogold
nanoparticles. It is widely adopted in making spherical nanopatidled the resulting

nanospheres are very stable and uniform. The one-pot method has aslong he



first documented preparation of colloidal gold nanoparticles, which desteki to 1851
by Michael Faraday, was done through a one-pot reaction of soditanhtetoaurate
with phosphorous in carbon disulfide solvEftThe most popular reaction system used
nowadays to make small, spherical gold nanoparticles was repyrfeens in 1978

In that work, sodium citrate was used as both a reducing agena atabilizer of
nanoparticles. The pioneer work of one-pot synthesis all featuredcdakation and
growth, which often preceded the anisotropic growth of differepstal planes and
would inevitably result in spheres and undefined-shaped particless Ihetauntil the
past decade did researchers start to turn their attention omtkisletic systems, where
remarkable shape control of gold nanoparticles was disco7&éd¥ In these attempts,
mild reducing agents, like EG and PVP were used. The formation pé siuantrolled
gold nanoparticles was carried out under high temperature (150c30énd relatively
long reaction time. Gold nanoparticles of tetrahedf$hs, octahedron§?
icosahedron8® cube§°*? and triangular plat&€3® have been reported. Polymeric
surface capping reagents were proved to be crucial in contrthiénghape of resulting
gold nanopatrticles, as they can specifically bind to a cectgstal plane and thus induce
anisotropic growth during the enlargement of nanopartitlesn addition, the
introduction of foreign ions, like Ag could also greatly affect the growth of
nanoparticles along certain directidff$. The combined effects of surface capping
polymers and foreign ions have generated gold polyhedrons with diffeveniber of

faces.



1.2.2 Seed-Mediated Synthesis

Unlike the one-pot synthesis, where gold nanoparticles can be abtaia single
step, seed-mediated synthesis could only be achieved through sepyarastess. In the
first step, tiny clusters of gold (2 — 4 nm) are prepared 8yaiag diluted HAuCJ with

strong reductant (normally NaBH*®!

the small size of gold nanopatrticles is the result of
explosive formation of numerous gold nuclei upon addition of NaBHthe second step,
a small amount of tiny gold clusters will be added to a growthtisol, which contains
HAuCl,, a different reductant and the capping reagent. The gold dusiract as
nuclei (or “seeds” as commonly mentioned) and newly reduced atomikigahe
growth solution will deposit directly on them. The second step isactaaized by a slow
reaction rate under mild reducing environment, which is favored for shape contrall of gol
nanoparticles.

So far, the most excited shape of particles obtained from thensegidted synthesis

is gold nanorods or rod-like nanoparticfes?

"l Gold nanorods have sophisticated
optical absorption and scattering properties that are very igsenst their aspect
ratio*®° Many biological applications, such as cell imaging, controlled drug eebeas
photothermal therapy of cancer, have been explored based on gold né&tttods.
Cetyltrimethylammonium bromide (CTAB) is the key reagenhduccessful formation
of rod-like nanoparticles. It contributes in at least three aspdicstly, CTAB can

significantly reduce the rate of reaction between gold chlomdeagcorbic acid, which

favors anisotropic growth of gold nanoparticles; secondly, as a swéppeng reagent,



CTAB stabilizes the resulting gold nanoparticles; thirdly argb ahost importantly,
CTAB defines the rod-like shape of gold nanoparticles. Addition odiga ions can
significantly influence the yield and shape of synthesized gahpeaticles, which is
similar to that in slow-kinetic one-pot synthesis. The vyield aflghanorods could be
increased to a maximum of 97% in the presence of trace amountg'df®Aand
furthermore, their aspect ratios can be manipulated by the armbéaf” added to the
growth solutior?® When I is added as foreign ions, triangular plates rather than
nanorods can be obtainE8.In addition, the concentration of CTAB and ascorbic &8id,
the stirring during reactidi’ and the types of seét all impact greatly on the final
shape of gold nanoparticles, although the underlying mechanism hasenotificovered
clearly up to date.

Another seed-mediated synthetic system that has been intgnsivdied involves
the reduction of HAuGlby DMF in the presence of PVP stabilizer and seeds. Several
different shapes of gold nanoparticles have been reported under rdiffection
conditions. When 2-3 nm spherical seeds are used, and the reaké@srplace under
sonication, uniform decahedral gold nanoparticles are obt&Heaowever, without
sonication, larger sphef&s and flower-like nanoparticl€s are produced under low and
high PVP concentration respectively. In another report, pre-syntdegadd nanorods,
instead of 2-3 nm spherical nanoparticles, were used as seedthianead to the
formation of tip-sharpened nanorods as well as octahedral particider different

HAUCI, concentration&®!



1.2.3 Templating Synthesis

In both one-pot and seed-mediated synthesis, the shapes of gold nelesparé
controlled by functional molecules and ions, which can induce anisotropretiy of
nanoparticles. However, in templating synthesis, the shape of nanlegagidetermined
by the shape of template particles. The fundamental pringipig in the templating
synthesis is the galvanic replacement reaction between HAa@ another more
chemically active metal in the form of nanoparticles. The riegugfold nanoparticles are
featured with hollow interior and shapes similar to those of the temffates’

Although simple, the templating approach makes it possible to syrghegild
nanoparticles with shapes that are difficult to obtain through tdgwathesis. Hollow
gold nanospheres have optical absorption at near infrared (NIRhyegid thus they can
be used in the photothermal therapy of caliéét However, direct synthesis has so far
only resulted in solid gold nanoparticles. Through templating systhesilow spherical
gold nanoparticles can be prepared by simply adding controlled ambhiAtuCl, into
colloidal solution of Ag or C&*°® Besides hollow nanospheres, ultrathin gold nanorods,
which could not be obtained through seed-mediated synthesis in CTAB, lsaveecan
made from the corresponding ultrathin Fe nanoftts.

The galvanic replacement reaction between Ag nanocubes and HAagCtesulted
in different types of Au/Ag alloy nanoparticles that exhibit tleaoptical propertieS?!
The most interesting structure is the hollow-porous-cubic nanogariice nanoparticles

have not only the hollow interior but also pores on the surface, whictdpsoaipathway



to load drug molecules into the hollow space. Even more importatitgse
hollow-porous nanocubes can be tuned to absorb at NIR region, which has tead

recent success of controlled drug release through on/off of laser ivadidt

1.3 Optical Properties of Gold Nanoparticles

Gold has been used as a pigment for staining glass and ceraeicsnee ancient
Roman time. But it was not clear where the color of gold origin&tem. In 1857,
Faraday first prepared the pure reddish gold colloidal, whichhieadame color as ruby
glass, in solution phase. He recognized that the color was due narthe size of the
gold particles, which were so small that were not able tosden by any of the
microscopes developed at that time. In 1898, Richard Zsigmondy Sudlyessserved
the tiny colloidal gold with his ultramicroscope. In 1908, Mie firgblained the physical
origin of colors in gold colloidal solution by using the classicatebmagnetic theory
and his work is now known as “Mie theory”.

Mie theory can be used to calculate the absorption and scatteripgrtpgs of
spherical nanoparticles of various materials. For gold and othetrat rich metallic
nanoparticles, Mie theory describes the interaction of nanopamviledight as induced
oscillation of nanoparticles’ free surface electrons in thetrelmagnetic wav&®*
When nanoparticles are placed in the electric field of the intidght, their surface free
electrons (also known as surface plasmon) will be dislocatedveelat the core of

nanoparticles. However, the Coulomb force between the ionic core ectdors will



generate a restoring force to pull back the electrons. Sucladtiter will result in the
oscillation of surface plasmon in an alternative electric faéltight. According to Mie
theory, the oscillation frequency of surface plasmon is dependent sizéhend shape of
the metallic nanoparticles as well as the dielectric cahsiithe corresponding bulk
solid metal and of the medium surrounding them. When the frequency ofnnbgle is
equal to that of surface plasmon oscillation, a strong absorptiaghofill be observed

in the spectrum. And this is known as Surface Plasmon ResonancdX5PR).

E-field Metal

sphere

‘@l

'

Figure 1.2, Schematic of surface plasmon oscillation in the electric field of inclagt

¢ cloud

Image reprinted with permission from ref. 18, Copyright 2003 AmeriCaemical

Society.

1.3.1 Nanospheres

Small spherical gold nanoparticles (< 20 nm) typically have nglesi narrow
absorption peak in the visible rarly@. As the nanoparticles become larger, the
absorption peak will be widened due to the inhomogeneous polarization atesurf

plasmon in the electric field of light. The extinction coeffitief gold nanoparticles is of
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a few orders of magnitudes higher than that of conventionalfi{/&e to such a high
extinction coefficient, spherical gold nanoparticles have been ustghsesely in

detection and sensing applications with very high sensitivity. Nesless, the optical
spectra of spherical gold nanopatrticles are only limited in @giédhges, which makes

them not suitable for many in vivo biological applications.
1.3.2 Nanorods

Rod-like gold nanoparticles demonstrate strong tunability in thealpspectrum.
Gold nanorods have two absorption peaks, corresponding to the two directsom&oé
plasmon oscillation, one is along the transverse direction (at around 52@ndnthe
other is along the longitudinal direction. The longitudinal SPR banceatly dependent
on the aspect ratio (R) of gold nanorods, which is the ratio ofHesdgng longitudinal
direction over that of transverse directit*® For example, for nanorods of R=3.1, 3.9
and 4.6, their SPR bands are located at 730, 800 and 870 nm respe&tiGelperally,
by sophisticated control of the aspect ratio, the SPR bands of gotdtoda can be
regulated from around 600 nm all the way to about 1500 nm. Such tunabibpgical
spectrum of gold nanorods has directly contributions in several impappghtations,
like controlled release of multiple dri$and polarization dependent multi-dimensional
optical recording and image read&8t.Besides, their absorption in the NIR region has

attracted intensive research interest in the photothermal therapy ofsd8incer

1.3.3 Nanoshdlls
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Another way to achieve fine tune of optical properties of gold nanolgarigcto use
the nanoshell structure. Similar to that of gold nanorods, the extinsgieatrum of
nanoshells can also tuned from visible to NIR regi®hsThe most common gold
nanoshells have a solid spherical silica nanoparticular coredcbgta gold shell. Both
the inner diameter of silica core and the thickness of gold sheltumable in the
synthesis and the extinction spectrum of nanoshells will chammgespondingly?? The
SPR frequency of gold nanoshell increases almost exponentidtlynereasing ratio of
shell thickness to core diamef&® For example, for a 40 nm silica core, when the gold
shell thickness increase from 4 nm to 20 nm, the SPR band wilfreimft860 nm to 520
nm!*® Thus, for biological photothermal applications, a thin gold shell \gays

preferred®’:°8!
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Figure 1.3, Optical tunability of gold nanoparticles of different size and shafes
nanospheres of different sizes; (b) nanorods of different asp@xs;r(c) nanoshells of
different shell thicknesses. Images reprinted with permissiom fref. 17, Copyright
1999 American Chemical Society, ref. 49, Copyright 2003 American Chaéociety,

and ref. 68, Copyright 2004 Adenine Press.
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1.4 Biological Detection, Imaging and Therapy Based Gold

Nanoparticles

Due to their fascinating optical properties and good biocompatjbitityid
nanoparticles have garnered plenty of research interest in iegplireir biological
applications. While the simple, well-developed synthesis protocols anadsfioeiating
optical tunability as well as the uncomplicated surface modification leasl\gfacilitated
such research attempts. Several different aspects relatiogtital response of gold
nanoparticles have been extensively studied for different apphsativhich will be

reviewed below.
1.4.1 Surface Modification of Gold Nanoparticles

During the solution phase synthesis, the surface of gold nanoparsidapped by
some charged small molecules or polymers to achieve stéibiizaviost of these
capping molecules do not have biological functionality. However, inbib&gical
applications, functional molecules or moieties, like site targg@mjides and antibodies,
are often required to present on the surface of gold nanoparticlebid-mrason, surface
modification of as-prepared gold nanoparticles would be the figstostiore they can be
readily applied for biological research.

Generally, two types of interactions can be employed to modifgulface of gold
nanoparticles: electrostatic and covalent bonding. Electrostadiaction first involves

the layer-by-layer assembly of polyelectrolytes (ionic polsghento the nanoparticles,
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and the functional molecules are electrostatically immobilized tre surface that has
the opposite chargés:’® Electrostatic approach is a simple, universal and highly
efficient way to modify the surface chemistry of nanophke. However, the
immobilized molecules can be easily detached from the suriaoediums of high ionic
strength. Besides, since there is no selection in the siiageddction, the configuration
of some moieties may be destroyed upon immobilization onto the nénlgsarwhich
may further result in a loss of expected functionality. As lgerreative to electrostatic
interaction, conjugation through covalent bonding is considered as a table and
selective method to manipulate the surface chemistry of namdesrtirhis method is
normally done in two steps. In the first step, the nanoparticléaceurs modified by
molecules containing a thiol group on one end and a conjugatible group,llyypica
—COOH and —NHi on the other end®” The thiol group will link firmly to gold
nanoparticles by Au-S covalent bond. After the first modification dsmred functional
moieties can be reacted with the conjugatible groups on the nan@pauitace to form
another covalent bond with the assistance of coupling reagents. Altlgotigg stable
conjugation products, this method could be very costly for functional meigtat do not

initially have conjugatible groups, for it takes another step of tedious modificati
1.4.2 Optical Detection and Sensing

This application utilizes optical shift effect, caused by sgrfplasmon coupling, in

aggregated or assembled gold colloidal particles. Spherical gotpadicles of 10-20
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nm, which show intensive wind-red color in the solution phase, are oftzh Uibe

surface of gold nanoparticles is first modified with moleculest tcan specifically
recognize target molecules or ions. The interaction of surfamdified nanoparticles
with targets results in a close approach of several nanopanities) further causes an
optical shift detectable either by naked eyes or a spectrometer.

A proof-of-concept research was first reported by Chad Mirkitp®6 with DNAL"?
Single-strand DNA, which is complemental to the target DNAliriked onto gold
nanoparticles through Au-S chemistry. Since there is no ini@nadietween the
oligonucleotides after modification, gold nanoparticles can stiiteas homogeneous,
individual dispersion that shows a wine-red color. Upon addition of thgettar
oligonucleotides to the colloidal solution, gold nanoparticles startyboidize, under
proper temperature, with the target sequence. Since theremaltgple targeting
oligonucleotides on one nanoparticle, the hybridization will resudhimaggregation of a
few nanoparticles, which will lead to a solution color change fredhto purple or blue.
Such targeting through hybridization of complemental oligonuclestis very accurate,
the optical shift of gold nanoparticles solution will not happen even there is only ane bas
pair mismatched in the sequenéés.

Following Mirkin’s work, many research works were carried ouseldaon the
colorimetric detection of gold nanoparticles and various targethding DNA 47!
amino acii”’ and metallic ion§®’ have been detected both qualitatively and

quantitatively. Generally, gold nanoparticle based colorimetricctietehas at least three
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advantages that count for its long lasting attraction of resefirsh, the optical shift of
the gold colloidal solution is highly sensitive. Within rationally desd system, as low
as 1 pM target can be detected by naked &YeSecond, the detection is very
time-efficient. Normally, a color change in the gold nanopartidekition can be
observed a few minutes after addition of targets. Finally, unlike d#tection methods,
which depends heavily on the use of sophisticated instruments, colarimetection
merely needs a UV-Vis spectrometer, and in most cases, nagga@eyquite enough to

see the color change.
1.4.3 Biological Imaging

When the frequency of light is equal to the SPR frequency of goldpaaticles,
strong light scattering will take place. This optical property haslgreapired the use of
gold nanoparticles for biological imaging purposes. The degreglaf $icattering is
significantly dependent on the size of gold nanoparticles. Fall sranoparticles (<20
nm), the contribution of scattering is neglectable in the ovesdlhation of light.
However, the light scattered is quite comparable to that absodre80f nm gold
nanoparticleél.g] For this reason, in biological imaging, larger gold nanopastiale
more commonly used. In comparison to the conventional dyes, the iptehdight
scattered by a gold nanoparticle is about five orders of magnityderhthan that
emitted by a dye molecule, making gold nanoparticles a potenbathkgr option for

biological imaging application”
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Biological imaging with gold nanopatrticles can be simply edrout under a regular
optical microscope capable of doing dark-field imaging. The bindimyinternalization
of nanoparticles to cells is achieved by culturing cells innteelium containing gold
nanoparticles for a few hours. Unbound nanoparticles can then be washedeawiag
clean background for imaging. The incident white light is irradiattea high angle to the
vertical direction of cell culture plate in the dark field immagi so that only light
scattered by gold nanoparticles will be collected by therastope objective. Each
nanoparticle will appear as a colored bright spot under the microsooghepllection of
spots from multiple nanoparticles inside each cell will resuthe visualization of the
whole cells.

When gold nanopatrticles are incorporated with target specific mekeadark field
imaging can be used as a tool for diagnosis of diseases. Suetintpenabled
nanoparticles will bind densely onto the target cells generatidgrk-field image with
well-defined shape of cells. While for non-specific cells, gaddhaparticles will only
randomly dispersed in a much lower density inside the cells ackaocell images can

be observe#:818?

1.4.4 Heat Based Therapy and Controlled Drug Release

The incident light will be absorbed strongly at the frequesgpyal to that of SPR of
nanoparticles. The absorbed light will cause a heating effebetoanoparticles lattice,

from which the heat will further diffuse into the surrounding mediusyltiag in a local
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temperature increase around the nanopartftfesuch property of gold nanoparticles has
directly led to their application in the photothermal therapyamicers and the controlled
release of molecules.

Although heat generation is a universal phenomenon for gold nanoparticieg ha
different SPR frequencies, biological applications, especiallyivo studies, prefer
nanoparticles that can absorb at NIR region. The depth of penetratightafto skin is
highly dependent on its wavelength, the longer the deeper. Whilewnsidse light can
not penetrate through the skin, and light beyond the IR region is tomlenergy, the
desired wavelength range of light is from 650- 900 nm in the thexpmication of gold
nanoparticle€® Three different shaped gold nanoparticles, including nanétods,
nanoshell$” nanocagd¥” and hollow spherd®” are often employed in the studies for
their optical tunability in the NIR range.

Photothermal Therapylhe viability of cells is quite temperature sensitive. Exposure
to temperature of a few degrees higher than’G7will cause death of cells. In the
photothermal therapy of cancers, the nanoparticles are conjugdtedancer-targeting
molecules, like anti-EGFR, so that they will specifically tanalate on the cancer
cells®8®2 Monochromatic laser that has the same wavelength as nanoparticle
absorption is used to destruct the cells as a result of locdleatthg effect from gold
nanoparticles. The power of laser applied is so low that headifs; evhich have no
affinity to the nanopatrticles, will not be killed.

Controlled Drug ReleaseThe heat energy produced by photo-irradiation of gold
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nanoparticles is capable of breaking covalent bonds on their sliffatéus, drug
molecules conjugated through Au-S bond can be triggered to e&fH5 Reminding
that the photothermal effect only takes place when the frequency of incidens lagagl
to that of the SPR of nanoparticles, in a mixture of several reliffetypes of
nanoparticles, only one of them can be heated at one time. By camjugath type of
drug onto nanopatrticles of a certain SPR frequency, selectiveseetd drugs can be
realized by using laser of corresponding frequerties.

Photothermal effect of nanoparticles can also be used to inducetpasgon of
thermal sensitive polymer in a metal/polymer core/shell nandsteuc Gold
nanoparticles employed in this kind of study are most often porouspdikecages, so
that their inner cavities can be used to accommodate drug maslEfuM/hen the
solution temperature is below the low critical solution tempera{u@ST) of the
selected polymer, its long chains are highly water compatiblefidiydextended. As a
result, the pores on gold nanoparticles are covered by the polyragrscand drug
molecules are confined inside the cavities. However, once theloalelanoparticles are
irradiated by a proper laser, photothermal effect will caarseincrease in the local
temperature to above the LCST of the polyRféA conformation change of the polymer
from extended state to contracted state takes place immegdiatel simultaneously
pores on gold nanoparticles are exposed to the solution, resulting release of drug
molecules. By switching on/off of the laser, drug release can beottedtto be on/off

respectively.

20



1.5 Assembly of Nanoparticles into HierarchicalStures

Approaches of fabricating microstructures based on nanomaigeiadsally fall into
two categories: top-down etching and bottom-up assembly. The top-dahimget
involves selective sculpture of a bulk piece of material into naratsted pattern. It is
generally a multiple-step physical process. The top-down agproac be used to
fabricate highly ordered nanostructures; however, it requires sicptesl equipments
and suffers from high experimental cost and low productivity. The batfmmssembly
utilizes nano-sized particles as building blocks to make hiecaiciructures. Chemical
interaction is the major contributor in the assembly of nanopestidn rationally
designed systems, nanopatrticles can be assembled into highigtostheictures. And the
desired nanostructures can be prepared in large quantity in both ticheest- efficient
manner. This part of introduction will focus on the bottom-up assembly agprof
making hierarchical nanostructures.

During the assembly of nanoparticles, the chemical interactionlyrtakes place
through the molecules capping the surface of nanoparticles. Thus; prapgulation of
surface chemistry is critically important in the assendflpanoparticles. And since the
solid core of nanoparticles is not involved, strategies developed &emating
nanoparticles of one type of material should be readily applied to ¢fiasker materials
as long as they have the same surface chemistry. The intesianle of bottom-up

approach has resulted in various strategies to assemble nanapantwlé-D, 2-D and
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3-D structures. Depending on whether templates are employesdisb assembly or not,
these strategies can be divided into two groups: template-dsasstembly strategy and

self-assembly strategy.
1.5.1 Template-Assisted Assembly

For many types of macromolecules, like block copolymers, DNApaateins, they
can self assemble to form highly organized structures under propeti@osidBecause
the nanoparticles are so small, when integrated with these functr@wbmolecules,
they can be co-assembled into exactly the same ordered ustsictThese
macromolecules are normally known as soft templates. In additionpdbe success in
preparation of inorganic nanowires, 1-D assembly of nanoparticles lbasbaen
explored base on such linear structures. These inorganic nanowdregemerally
considered as hard templates.
1.5.1.1 Block Copolymers

Block copolymers are a type of polymer composed of two or morearaiyalinked
homopolymers with various chain length. Each homopolymer can be cats@eone
segment. When a thin film (a few nm in thickness) is casted tinensolution of a block
copolymer that contains both hydrophilic and hydrophobic segments, -phiase
separation will take place under proper annealing conditions, resirtiag organized
array (hexagonal or horizontally cylindrical) of microdomaff€® Each microdomain is

assembled from the same homopolymers, either hydrophilic or ptyoba!®” The
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co-assembly of nanoparticles with block copolymers is normaltyecdaout by mixing
them into a homogeneous solution and being casted together into a fdmtoRmixing,
the nanoparticles are surface modified with the same block copalymerthe
corresponding homopolymers to improve the compatibility with the ph&seh
modification will directly affect the location of nanoparticlesthe microdomain after
phase separation of block copolymers. If their surface is ocdveye hydrophobic
homopolymers, the nanopatrticles will be assembled into the microdammiposed of
hydrophobic segment of the block copolymers, sice versd’ ¥ More interestingly,
when block copolymers, rather than homopolymers, are capping the swface
nanoparticles, the assembly will take place at the interfaicenydrophobic and
hydrophilic microdomain§**® The modification of nanoparticles surface chemistry
with different molecules provides more flexibility in manipulatihg telative location of

nanoparticles during the co-assembly process.
1.5.1.2 Protein Cages

Protein cages are self-assembled three-dimensional struofupesteins™ These
spherical nanoparticles are characterized by having hollow esviti the center.
Benefiting from the naturally occurring self-assembly procesHjese
supermacromolecules are quite uniform in both inner and outer diamgtéen
deposited onto a substrate, protein cages can organize themselodento hexagonal

2-D arrays?”! while induced crystallization in the solution phase will resmlt3-D
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ordered packing of protein cadé3.

The self-organizing capability of protein cages can be applieddensle other
types of nanoparticles by incorporating them inside the cavitids the
supermacromoleculé®’ The proteins, from which cage structure is assembled, can be
modified and functionalized through genetic engineering to have mukaiteraction
with a certain type of material. The pre-synthesized nanogatadn then be directly
intake into the hollow cavities of genetically modified protein & Alternatively,
ions of the corresponding nanoparticles can be adsorbed and reducey thisadt! the
cavities of the supermacromolecuf®$¥! Besides, without genetic modification, by
mimicking the formation of virus, proteins can be induced to assemble onto
pre-synthesized nanoparticles, the surface chemistry of whidbeleasmodified with the
RNA sequence initiating the assembly of proteins during theaftiom of virusi!®* This
mimicking approach also produces protein encapsulated nanopartices can

self-assemble into ordered structures.
1.5.1.3DNA

It has been reviewed in 1.3 that highly sensitive colorimetritectien of
oligonucleotides can be achieved by linking gold nanoparticles with gleorantary
sequence to the target DNA. The high detection limit is a rehigh selectivity in the
hybridization of DNA oligonucleotides. Such self-recognition behavior teb

complementary DNA oligonucleotides has also greatly fambtathe assembly of

24



nanoparticles. The thought of using DNA as building blocks to construcidpmer
structures had been raised ever since 1982Up to date, many types of periodic 1-D,
2-D and 3-D structures have been successfully fabricated basedNan45°8!
Generally, two fundamental components are involved to assemble DblAvattierned
structures: tiles and overhung sticky eH8&™" Tiles are the smallest repeating units
that compose the body of DNA patterns. Tiles are normally branoh&duicture and are
self-assembled from several different sSSDNA molecules. Notteeeé ssDNA molecules
are completely complementary, but one ssDNA can be divided into two or morensegme
that are complementary to part of the sequence on several ssEAntérlocking of
these ssDNA oligonucleotides will result in tiles of marffedent shapes. At each end of
the branches in a tile, there hangs a short piece of freefssiiitif (sticky ends) that
will link together the tiles to form the patterned structures.

In order to apply the patterned DNA structures as templateschieve ordered
assembly of nanoparticles, each tile is designed to have am@besticky end that will
not be used as a structural linker but as an interaction site foparicles**?** The
surface of nanoparticles, most often gold, will be modified witltoaresponding
complementary oligonucleotide so that the nanoparticles will ortgraot with the
designated sites on the templates. Such approach of assembling nalesptémtough
templating patterned DNA structures provides flexibility in coltitrg both the

inter-particle distance and the pattern of nanoparticle afr&ys.
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1.5.1.4 Inorganic Nanowires

Nanowires of most inorganic materials are prepared under 50 nnarretdir and
with length of a few micrometers. Their well-defined 1-D dinves as well as the rigid
mechanical property are considered to be good templates for lass@mbly of
nanoparticles. Unlike the assembly through soft templates, whem@paréioles are
confined to a specific phase or site, interactions between namtgsgmind inorganic
nanowires are non-specific. And thus, the assembled patterns are generadlynibbrm
as those based on the soft templates. The force inducing attacfmanbparticles onto
nanowire templates originates from electrostatic interaatiocovalent bonding’**
For either one, the templating nanowires are usually pre-trgatie a multi-step surface
modification to introduce necessary functional groups on their surfacendr@wire
templates are structurally unique in oriented alignment of rodAémparticles. When
interacting with the templates, nanorods will selectivelyraligeir long axis with the
longitudinal direction of the nanowires to achieve the strongest binalitige templates.
And as a result of this selective interaction, rod-like nanopastichn be unidirectionally

aligned along the nanowire templates!
1.5.2 Template-Free Assembly

The template-assisted assembly of nanoparticles emphasezgly gne importance
of templates in determining the final pattern of assembled structures. Arabémeldy of

nanoparticles takes place through the interaction of their suréggeng molecules with

26



the specific sites or spots on the templates. In the tenfpésteapproach, however, the
assembly is through the externally stimulated interaction grttesurface molecules on
different nanoparticles. Thus, both the external stimulation and utface capping
molecules determine the arrangement of nanoparticles in thalaesdestructures. Most
often, for a certain type of capping molecules, only a specifitudtion will induce the
assembly. The typical stimulus involved in the template-freendsgeof nanoparticles

includes pH, temperature and solvents.

1.5.2.1 pH

When the surface of nanoparticles is capped by molecules @vat fanctional
groups, such as amine and carboxylic groups, capable of forming hydoogds, pH
values of the solution will significantly impact the nanopartiakéspersion stat€?* For
carboxylic groups, they are neutral under low pH and become charbagh dtydroxide
ions concentration. The charges on the nanoparticles surface atk ereepulsive force
to prevent their assembly. While in neutral state, strong hydrbgeding effect among
carboxylic groups on the surface of different nanoparticles wklthem together. Such
pH dependent assembly of nanoparticles is usually reversible. WheH tiseadjusted
back, nanoparticles aggregate can be disassembled to form a sliapkersion

ag aint22.123]
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1.5.2.2 Temperature

It has been reviewed previously that free target DNA oligonudestan induce the
aggregation of nanoparticles that have complementary sequence on fioe.silihe
optical shift rising from the aggregation of gold nanoparticles eansed to detect the
DNA sequence of interest. Similarly, when two types of nanopestitiat are coated by
complementary DNA are mixed in the solution, assembly of nandeartidll take place
along with the hybridization of DNA.

It is well-known that the stability of DNA duplexes is highlynigerature sensitive.
Low temperature favors the formation of duplex structure; Whited temperature is
above their melting point, the duplexes will be denatured and disasskmbd two
single strands. Thus, the complementary DNA coated nanopartidieassemble at
temperature below the melting point of DNA and disassemble hehtgmperaturé®*!
Such temperature-induced assemble and disassemble of nanopartialtyi reversible

and is accurately correlated with the melting temperature of BRIA.

1.5.2.3 Solvent

Solvents have great effect on solubility of almost all chemidadr macromolecules,
like polymers, a change in solvent polarity usually causes &cwmak conformation
change. In a completely compatible solvent, polymer chains ane déutended and
correspondingly, a homogeneous, transparent solution is observed. Wheraarathf

solvent is added gradually, the homogeneous solution will first bed¢arbel and
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eventually undergo a phase separation due to the contraction and andfotirey

polymer chains in unfavored surroundings. When the polymers are capping the

nanoparticles surface, their behaviors in unfavored solvent will restiie assembly of
nanoparticles. In well-designed systems, the structure of bksgmanoparticles can be

tuned by the percentage of unfavored solvent atiéd.

1.6 Overview of Dissertation

Great accomplishments have been achieved in the synthesis amdblys®of
nanoparticles during the past decade. Nanoparticles with contsatlednd well-defined
shapes have been synthesized through careful selection of sua@aoegcmolecules and
addition of trace amount of foreign ions in slow-kinetic reactions. dvalability of
shape-controlled nanoparticles has significantly facilitatedstbhdy of nanoparticles’
optical properties both theoretically and experimentally. As @tresany optical-based
biological applications have been explored successfully by usingngoldparticles. In
terms of bottom-up assembly of nanoparticles into hierarchinattgtes, a variety of
research work that can be generalized into template-assistedteamulate-free
approaches have been conducted.

However, synthesis of structurally complex gold nanoparticles, sustaashed and
dendritic nanoparticles, is still remaining a challenge. The staltt complex gold
nanoparticles may possess both high surface area and intemsticeg properties that

could potentially be better suited for applications, such as highyeld drug delivery
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and release, catalysis and optical-related biological tredsmeBesides, not all
nanoparticles can be synthesized uniformly, while current densitjegtabased size
sorting of nanoparticles can only applied to separate small naictgsra purification
method that can be employed to achieve size selection of lasg@particles is in
demand. Although many strategies have been reported to assembpaniales into
various hierarchical structures, developing new methodologi¢sc#imgenerate novel
assembled structures or improve the assembly of a previouslyjeg\staicture is still
necessary.

The current research aims at developing new synthetic stratgprepare
structurally complex gold nanoparticles and new size sorting methodeparate
nanoparticles of larger size, as well as studying the ddgehnanoparticles into novel
hierarchical structures through both template-assisted and templatgdtegiss.

In Chapter 2, dendritic gold nanoparticles were prepared througbdanssdiated
process in ethanol. Size control of the nanodendrites could be achievathdly s
adjusting the ratio of HAuGlto total number of seeds added. The surface of
nanoparticles is capped by the hexadecylamingH§gNH,). The carbon chain length of
alkylamines (GH2n+1NH2) has great effect on the generation of gold nanodendrites. The
dendritic structure can be observed only wherl@. In the hexadecylamine-ethanol
system, the dendritic structure could be produced on seeds of iffbioes, including
spherical, rod-like and flat triangular nanoparticles.

In Chapter 3, we studied the shape evolution of gold nanoparticles in a
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seed-mediated growth as well as the kinetics of reduction ofGH#An the presence of
seeds. The reduction of the gold precursor by sodium citrate cgakegted due to the
addition of pre-synthesized seed nanoparticles. The investigatitrapé £volution was
carried out by manipulating the molar ratio (R) of sodium @&ttatthe gold precursor,
HAuUCI,. Nearly single-crystalline gold nanowires were formed &rg low R value (R

= 0.16) in the presence of the seeds as a result of the orietaiglthagnt of the growing
gold nanoparticles. At a higher R value (R = 0.33), gold nanochaiesfarned due to

the non-oriented attachment of gold nanoparticles. At a much highaluR (R = 1.32),

only larger spherical gold nanoparticles grown from the seedsfaugnd. In the absence
of gold seeds, no single-crystalline nanowires were formetieasame R value. Our
results indicate that the formation of the 1D nanostructureso@hains and nanowires)
at low R values is due to the attachment of gold nanoparticleg at@ndirection, which

is driven by the surface energy reduction, nanoparticlecatira and dipole—dipole
interaction between adjacent nanopatrticles.

In Chapter 4, we developed a novel method of separating nanopasfidiferent
sizes in a viscosity gradient. The viscosity gradient was crdatestacking gradient
concentration of polyvinylpyrrolidone (PVP) aqueous solutions. Previousty) size
separation was all achieved in the density gradient, while the hiclai@nibution of
viscosity difference inside the density gradient was not webthgeized. Through this
work, it is clarified that the viscosity can contribute as imgratty as density in the size

sorting of nanoparticles through rate zonal centrifuge. It was @dsnonstrated both
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experimentally and mathematically that the viscosity gradisnmore effective in
separation of larger sized nanopatrticles.

In Chapter 5, we investigated the oriented 1-D assembly dfrgatorods by using
bacteria flagella as templates. This biological flamentooplate was purified from the
Escherichia colibacteria. The assembly took place through electrostatic ititgrac
between the positively charged gold nanorods and the negatively a¢tigella. Two
approaches were carried out to obtain the assembled structurese Impproach,
nanorods and flagella were mixed directly in the solution phasee whihe other one,
flagella were first immobilized onto a TEM grid, which was tliated on a drop of
nanorods solution to allow adsorption. Both approaches generated welldagigite
nanorods structures. The optical shift of aligned gold nanorods wastatkeds The
flagella could potentially be a better template than the previasglgt carbon nanotubes,
since carbon nanotubes involve tedious surface modification to get chargibs
flagella are naturally charged and the charges could also beutaad through genetic
engineering.

In Chapter 6, novel branched hollow microfibers that were cavdded from PVP
stabilized gold nanoparticles and free PVP molecules in the solw&oe revealed.
Initially, we discovered that PVP could self-assemble into br@shdiollow fibers in an
aqueous solution after aging under room temperature for about two weekse Gasis
of this finding, we demonstrated two approaches (one is through dineasitien of

silica onto the PVP aggregate and the other is through co-asseimP covered gold
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nanoparticles with free PVP molecules) by which the selfralslyebehavior of PVP
could be exploited to template the formation of branched hollow inordines. Our
work suggests that the self-assembly of the PVP molecules solingon can serve as a

general method for directing the formation of branched hollow inorganic fibers.

In Chapter 7, a general method for template free assemblynopadicle into
clusters (NPCs) in an oil-in-water emulsion system was tigaed. The assembly was
mediated by cetyl trimethylammonium bromide (CTAB) whereviosly, only
individual nanoparticles were obtained. NPCs of magnetic, metalticsemiconductor
nanoparticles have been prepared to demonstrate the genertigynoéthod. The NPCs
were spherical and composed of densely packed individual nanoparticlesuifiber
density of nanoparticles in the oil phase was found to be critozathle formation,
morphology and yield of NPCs. The method developed here is scalablarapdoduce
NPCs in about 98% vyield at a concentration of 5 mg/ml in watechnikiapproximately
5 times higher than the highest value reported in literature. Thaceuchemistry of
NPCs can also be controlled by replacing CTAB with polymersagang different
functional groups via a similar procedure. The reproducible production ot NG
well defined shapes has allowed us to compare the propertiedivatiual and clustered
iron oxide nanoparticles including magnetization, magnetic momemis cantrast
enhancement in magnetic resonance imaging (MRI). We found thattodukeir
collective properties, NPCs are more responsive to an exterggletrafield and can
potentially serve as better contrast enhancement agents tharmdually dispersed

magnetic NPs in MRI.
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Chapter 8 is a summarization of all the research work condantkdutlooks of the

future directions.
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CHAPTER 2

A Facile Synthesis of Gold Nanodendrites via a Seed-M ediated Process

2.1 Introduction

Gold nanoparticles (AuNPs) have size- and shape-dependent surésteoml
resonance (SPR) spectra, which have been actively exploited in nesasrch fields,
including  biological imaging and therafi**® signal enhancemeht”
detecting/sensin®® waveguide$®” and enhancement of light absorption in solar
cells!**? These applications require successful synthesis of AUNPs witloltable size
and shape. Recent advances in the synthesis of structurally comiés allow for
further tuning of the optical spectrum and endow more functionahtyan individual
particle!®>13313€Iag 3 typical example, star-shaped AUNPs (nanostars), which coresist of
spherical core and several tips, exhibit multiple plasmon bandsmgrfrom the
hybridization of individual tip and core plasmdrfs->® And the gold nanostars have
shown an extremely high Raman enhancement factor on the sarglparticle level due
to the plasmon coupling effédt”’! However, the chemical synthesis of AUNPs complex
is still challenging up to date and reported synthetic methodsifeeirsg from low yield
of interested structures. Here we developed a new strategy of peftage dimensional
(3D) gold nanodendrites (AuNDs), in 100% vyield, through a seed-medatrdrowth

process.
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Currently, only dendritic platinum nanoparticles (DPNs) have beenessiully
synthesized with controllable size. Song et al. reported thesfirghesis of DPNs by
using a photocatalytic seeding method in surfactant solution (SB8j-®@5).*¥ In their
work, the tin-porphyrin photocatalyst can generate rapidly a huge nurhisenall Pt
nanoparticle seeds in the initial state of reaction. Following Btatomplex was reduced
through an autocatalytic growth approach on the seed stfat¥! Simpler synthetic
strategies of DPNs and Pd-Pt bimetallic nanodendrites weraleeviater in aqueous
solutions of CTAB? Pluronic F127 block copolymét and PVIE*2143 either in the
presence or absence of seeds. Though these synthetic approachgsodiace
finely-structured Pt nanodendrites, they are generally not suitablmaking AuNDs.
For example, in the aqueous solutions of PVP and CTAB, only spherical Au

nanoparticles can be obtained under the same reaction condition.

2.2 Experimental Methods
2.2.1 Synthesis of PVP Covered Seed Nanoparticles

Gold nanopatrticles of around 13 nm were synthesized by reduction 063 miM
HAuUCI,; with 7 ml 38.8 mM sodium citrate in a total of 50 ml aqueous isoluiThe
ligand exchange was done by adding 500 mg of PVP (10 K) into thedcédalNPs
solution and stirred for 24 h under the room temperature. The AuNPSs tigme
concentrated by centrifuge and redispersed into 5 ml ethanol.

Gold nanoparticles of 2-3 nm were synthesized as followsu660 mM HAuUCI,
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was mixed with 4 ml 2 wt. % PVP 10k aqueous solution, then 1 mg of saBtHNvas
added into the solution and mixed immediately by vigorous hand shakin@ farThe

nanoparticles solution was placed for overnight and degassed by sonication before use.

2.2.2 Synthesis of Gold Nanodendrites

Typically, various volume of above seed solution was added to 4 ml 0.1 M
hexadecylamine ethanol solution, followed by addingi260 mM HAuCl,. When the
solution was thoroughly mixed, 20 0.788 M ascorbic acid was injected and mixed by
hand shaking. The vial was then placed on a rocking shaker for about 2rithaftehe
particles were centrifuged and redispersed into chloroform fdahduranalyze. The
amount of seeds (13 nm) added in Fig. 2.1 are 40, 20, 10, 5, @, fddn a to c. For
control experiments, HAugland ascorbic acid were used in the same amount as above.
Octadecylamine, dodecylamine, octylamine and butylamine were all used in 0d.iM a

ethanol.

2.3 Results and Discussions

2.3.1 Characterization of Gold Nanodendrites

The size of AUNDs can be readily tuned by varying the maitielAuCl, to seeds
(PVP stabilized). Fig. 2.1 shows a continuous increase in AuNBswdide fixing the
amount of HAuUCJ and decreasing the quantity of seeds. Here, we will describe the

AuND as a core, which is a solid nanosphere, decorated by many man®hai number
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of nanohairs on an individual particle increases greatly with tiargement of
nanodendrites; however, the diameter of the core does not changacagiyif
Considering that the core only has surface area for a few tl@radditional nanohairs
observed on AuNDs should grow by forming branches on existing hestdting in the
formation of 3D dendritic structures. It should also be noted that alhtheg particle
sizes vary remarkably in Fig. 2.1 a-f, the diameter of nar®loaireach particle remains

the same.

I .a’v
Figure 2.1, Gold nanodendrites of different size, prepared from a-f) 40, 20, 10, 5, 2, 0.5

ul 13 nm seeds respectively. Scale bars: a-d, 20 nm; e-f, 50 nm.
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2.3.2 Effect of Seeds Size and Shapes on the Formation of Dendritic Structure

The effect of seed size on the formation of dendritic structusestvalied. Instead of
using 13 nm seeds, we prepared seeds of 2-3 nm (Fig. 2.2a). We fountighatuch
smaller seeds were used, the dendritic structure could only bevedhsdrove a certain
particle size. The 2-3 nm seeds can grow freely into larger phees up to 8 nm (Fig.
2.2b); however, slightly beyond 8 nm, isotropic growth of spherical namdparis
prohibited and only elongated rod-like nanoparticles can be obtaimgpd2(Zc). When
the particles size was further increased, branches startémtm onto the elongated
nanoparticles, resulting in the formation of dendritic structure (Fig .2.2dither
increasing nanoparticles size produced gold nanodendrites with muwehcomplicated
branched structures (Fig. 2.2d).

Besides the size of seeds nanoparticles, the effect of shapeds on the formation
of dendritic structure was also investigated. The spherical 13 uNPA seeds were
replaced by rod-like (20 nm in diameter) and flat triangslaaped (250 nm in edge
length) nanoparticles. Through a similar overgrowth process, tmanyanohairs were
generated onto the smooth surface of the seeds nanoparticle.@jigThus, the
formation of dendritic structure should be independent from the shapeseofs s

employed.

2.3.3 Effect of Alkylamineson the For mation of Dendritic Structure

The effect of carbon chain length of the alkylaminegHi&.1NH2) on the formation
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of dendritic structure was studied. The hexadecylamine (n=16) replaced by
alkylamines of varying carbon chain length, including octadedyieam(n=18),
dodecylamine (n=12), octylamine (n=8) and butylamine (n=4). Theeotration of
these alkylamines remained as 0.1 M in ethanol. At n=18, gold nanodsndaliih
clearly identifiable branches were produced (Fig. 2.4). Howevaleateasing carbon
chain length, the resultant nanoparticles had much less charactensliofede At n=12, a
number of branches could still be observed on the nanopatrticles, but theseb had
become much larger than those produced by hexadecylamines (Fig. t21598,Ahere
are only a few branches on large solid cores (Fig. 2.6), and athe=4eéded growth
only resulted in large solid spherical nanoparticles (Fig. 2.7). Themsuld be concluded
that in the alkylamine-ethanol system, the formation of dendtitictsire is favored by

long carbon chain length §&12).
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Figure 2.2, Morphology transition of gold nanoparticles from spherical to dendritic along
with increase of size. a) As prepared 2-3 nm seeds; (b-e) Partgldeddrom 200, 100,

20 and 2ul tiny seeds, respectively.
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Figure 2.3, Overgrowth of nanohairs onto nanorods (left) and flat triangular

nanoparticles (right). Scale bars: 50 nm for both.

Figure 2.4, AuNDs obtained by using octadecylamine as capping reagent.
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Figure 2.5, AUNDs obtained by using dodecylamine as capping reagent.

Figure 2.6, AUNDs obtained by using octylamine as capping reagent.
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Figure 2.7, AUNDs obtained by using butylamine as capping reagent.
2.3.4 Optical Propertiesof Gold Dendritic Nanoparticles

The AuNDs exhibit broad extinction in the optical spectra (Fig. 218¢re are two
factors that contribute to such complicated spectra. First, the AudN® uniform in
overall size but not in morphology. Since AuNDs are structurally cexnphe number
and symmetry of nanohairs, as well as the sites of branch gaoevtijuite different from
one particle to another. Due to the sensitive correlation betwegre sirad optical
property in AuNPs, even slight morphological difference will resula significant
variation in the spectruft® The measurement was done in the solution phase with
signals from billions of individual nanoparticles, so the sum putsthegeall the
difference and gives a broad extinction. Second, the surface plasoumiing of

core/nanohairs and nanohair/nanohair further broadened the extinctigrurspethe
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individual gold nanostars have multiple plasmon bands arising from tlsenqha
hybridization of the spherical core and each®fpThe AuNDs, complex of spherical
core and nanohairs, are structurally similar to nanostars, sadivedual nanodendrite
should also possess multiple plasmon bands. However, the nanostars ordyévavigs
(typically less than 6Y*® while the AuNDs generally have numerous nanohairs.
According to plasmon hybridization thediy**" assuming that each of nanohairs on the
same core is different, the individual AUNDs are expected tobegxhiasmon bands
corresponding to the number of nanohairs. Besides, on one particle, kspace
AuNDs (Figs. 2.1e and 2.1f), the neighboring nanohairs are sittingclesg to each
other, which will cause the extra plasmon coupling, adding more ceeractthe optical

spectrum.
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Figure 2.8, Extinction spectrum of as synthesized AuNDs with increasinticfgasize

from top to bottom corresponding to Fig 2.1a-f.

2.4 Conclusion

To conclude, we have synthesized the dendritic AUNPs through a sdedede
approach in the HDA-ethanol solution. The effect of seed size and sisapell as the
carbon chain length of the alkylamines on the formation of dendsitucture was
studied. The broad extinction spectra of the AuUNDs are attributbdtkothe structural
nonuniformity of AuNDs and the plasmon coupling of core/nanohairs and
nanohair/nanohair. Compared to solid nanoparticles, the dramaticakbasect surface

area of AUNDs makes them better suited for a variety of ajglits, such as drug
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delivery, catalysis, and electrochemisty. Also the individual AuNBsonstrated here
own the most complicated structure revealed on AuNPs up to date, whichact as a
model for better understanding plasmon coupling/hybridization of complex
nanostructures. Not only can the overgrowth of dendritic structure ondine spherical
seeds, but also on many other kinds of AUNPs surface, such as namtatmoprisms,
providing a general way of increasing nanoparticle surface ane tuning of optical

properties.
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CHAPTER 3

Seed-Mediated Shape Evolution of Gold Nanomaterials: from Spherical
Nanoparticlesto Polycrystalline Nanochains and Single-Crystalline

Nanowires

3.1 Introduction

In the recent years, one-dimensional (1-D) metal nanostruchanes stimulated
fundamental and practical interests in nanotechndtdgyFor instance, due to the
near-field coupling of the plasmons of adjacent metal nanopartiglestromagnetic
energy can be guided coherently along the 1-D nanostru€ttired:**®!apart from the
optical and electronic properties, the 1-D nanostructures make itheah choices as
building blocks in fabricating nanoelectronic devi€&s*®! This interest has driven the
development of new methods for the synthesis of 1-D metal nancatstespecially the
1-D gold nanostructures. Soft templates such as cetyltrinagtimybnium bromide
(CTAB) have been employed by Murphy and other groups in théhesist of gold
nanorods through a seed-mediated proé&&¥! In this approach, surfactant molecule
CTAB formed rod-like micelles in the solution, which act as pkates to direct the
growth of gold nanorods and control of their aspect ratios. By anautrdsrradiation in

the presence of a biological directing agent, a simple and convapigrmach to prepare

48



single-crystalline gold nanobelts has been recently repdftéiia et al. reported the
synthesis of silver nanobelts or triangular nanoplates by refllaanaqueous dispersion
of spherical colloids of silver with an average diameter of 3.5'%hiThermal treatment
in their approach is assumed to facilitate the transport of afoons the spherical
colloids to the anisotropic plates in a process similar to thevals ripening. Among
these approaches, the solution-phase synthesis of nanostructuresdreugch attention
due to its potential to process metals into nanostructures wahge rof well-defined
morphologies and in bulk quantities. By simply adjusting the reactioditcmms such as
temperaturé®¥ capping reageft®® concentratiod’®® or reaction timé&®”? the
morphologies of the final products can change from one to another. taorc@sPeet al
have demonstrated a simple method to prepare polycrystalline goldhaarsody
directly reducing tetrachloroauric acid (HAuCWith sodium citraté*®® The formation
of gold nanochains was attributed to the small amount of reducing agedt The
insufficient capping of citrate ions on the surface of gold nanofestimakes them
absorb AuCJ preferentially, which results in an attracting force betwegold
nanoparticle§:®®1"% Recently, Kreiteet al. reported that polycrystalline gold nanowires
were formed under very limited amount of 2-mercaptosuccinic @didA), which,
similar to sodium citrate, acted as both reductant and capping agent in trenfédtti
Seed-mediated process is extremely interesting and attracthe synthesis of gold
nanomaterials. It has been applied to synthesize various gold nanossusiich as

nanorods!’?*" nanoprism&>*"® and nanoparticlés’®"" It was found that preformed
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gold nanoparticles as seeds could increase the reducing abilgcoifbic acid, which
was otherwise not able to reduce AyGIt the room temperatufé?1®! Biggs et al.
mentioned in their paper that gold particles might acceleratethetion reaction rate of
HAuCl, at the room temperatuf®® However, so far, no detail on seed-mediated
reaction rates have been published.

It was reported that polycrystalline nanochains were transitipraucts, which
would break into spherical gold nanoparticles, during the synthesiphefisal gold
nanoparticles in the absence of gold seeds. We expect that prebence of gold
nanoparticles as nucleation seeds, when the amount of nanoparticle caggindge.g.
citrate ions) is insufficient for fully capping nanoparticleseakup of the aggregated
nanoparticles will increase the surface energy and thus is nohdtgnamically
favorable, so they still adopt linear nanochain or nanowire morpholdgyefore, in this
work, we study the kinetics of the reduction of the gold precurséwu(;) and the
effect of the molar ratio (R) of the surface capping ageat, Gitrate ions) and the gold
precursor (i.e., HAuGl) on the shape evolution of gold nanomaterials in the presence of
pre-formed 13 nm gold nanopatrticles as nucleation seeds. For thénfestwe found
that at a particular low R value (R=0.16), nearly single-ciiystagold nanowires can be

formed through the oriented attachment of growing gold nanoparticles.
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3.2 Experimental Methods
3.21Materials

Tetrachloroauric acid (HAug) solution (0.2 wt%, 5.9 mM), sodium citrate, sodium
bromide and sodium borohydride were purchased from Sigma-Aldrichch&inicals

were used as received without further purification.
3.2.2 Preparation of Gold Nanoparticle Seeds

Gold nanoparticle seeds with 13 nm size were synthesized asdolloa 10 ml vial,
600 ul 38.8 mM sodium citrate solution, 850 5.9 mM HAuC|, solution and 355@l
distilled waterwere mixed together. To this mixture 1 ml 2.2 mM freshly prepare
NaBH, solution (placed less than two minutes after NaBRlbksolution) was added
dropwise in the ice water bath under vigorous magnetic stirimgder this low
temperature condition, sodium citrate and NaBdrved as a nanoparticle surface
capping agent and a reductant, respectivEly’® The stirring was continued for 15 min,
and then the mixture was left standing at the room temperfamuet least one week to
allow the excess NaBHo be hydrolyzed completely. For the sake of safety, tHewaa
loosened from time to time to release the hydrogen gas producedte hydrolysis of
NaBH,. Average size of the obtained patrticles is 13 £ 2 nm by trigsgm electron

microscopy (TEM) measurement (Fig. 3.1).

3.2.3 Seeded Growth of the Gold Nanomaterials
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Different molar ratios (R = NratdNau) Of sodium citrate to HAuGlwere used in the
seeded growth of gold nanomaterials. We chose three R values for the mixthese¢d
solution and HAuGC| solution: 1.32, 0.33, and 0.16. The final gold nanomaterials
corresponding to these different R values are ter8ieds2 and S3, respectively. In a
typical procedure for preparing sam@g 5 ml of 0.059 mM HAuC solution (prepared
by diluting 50ul 5.9 mM HAUCI, stock solution to 5 ml with DI water) was added to a
10 ml sealed vial. The solution was then placed in a boiling watlker Baring heating,
100l as-prepared gold nanoparticle seed (13 nm) solution was injectetthéntial. At
this time point, the concentration of sodium citrate that was intextidrom the seed
solution is 0.078 mM, resulting in a R value of 1.32 in the resul@#agtion mixture. In
the boiling water, citrate functioned both as a capping agent anittl aeductant?®
After about one houthe vial was placed into an ice water bath immediatetyil&ly,
two other initial concentrations of HAuL(0.236 and 0.472 mM) were used to prepare
samplesS2 andS3 to reach R values of 0.33 and 0.16, respectively. The amounts of gold

seeds and sodium citrate are kept same for samples S1, S2 and S3.
3.2.4 Acceleration Effect of the Preformed Seeds

To study the seed acceleration effect on the formation of the ngmldmaterials,
control experiments without preformed seeds were carried ohttiagt same protocol
except that instead of injecting 1Q0seed solution, 10Ql sodium citrate solution was

injected to the vial. The injected sodium citrate solution had the samount of sodium
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citrate as in the seed solution, that is, R values in the comipefrimment were kept the

same as the seeded growth experiment
3.2.5 M easurement of the Remained HAuCl,4

The concentration of HAu¢remained in the solution at different reaction times was
measured by the colorimetric metHd@ During the measurement, 20 mg of NaBr was
first added to the reaction solution, which was then subjected tofegation at 12000
rpm for 10 min to remove all Auspecies. The concentration of HA4Gh the
supernatant was determined by measuring the absorption at 381 rutm welsi assigned

to the absorption of AuBr, formed by ion exchange of Byith AuCl,.
3.2.6 Characterization

UV-visible spectra were acquired on a Shimadzu UV-2200 spectrorasieg the
software supplied by the manufacturer. TEM samples were ebpgrdropping 3u of
a gold nanomaterial solution onto the carbon-coated copper grid, and let trg
ambient air. TEM images were taken in a JEOL 2000 TransitieatrBn Microscope

operated at 200 kV accelerating voltage.

3.3 Results
3.3.1 Shape Evolution of Gold Nanomaterialsin the Presence of Gold Seeds

Gold nanopatrticle seeds with an average diameter af 28m were obtained after

reduction of HAuCJ with NaBH, in the presence of citrate which serves as a surface
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ligand for the nanoparticles (Fig. 3.1). We expect that atRowalues (i.e., low citrate
amount) and in the presence of seeds, gold nanoparticles will grdviead to form
aggregated nanostructures because gold nanopatrticles are notgpky dgy citrate ions
and Au atoms can be directly added to the surface of the growingaotparticles:®

To examine the effect of the R values on the seed-mediated grbgtd nanoparticles,
different R values have been used in the synthesis. Fig. 3.2 sjppea TEM images of
the resulting gold nanomaterials prepared from the mixturesdiffgrent R values. It
can be seen that the shapes of the final products depend signifizarttig R values.
When R = 1.32, separated gold nanoparticles larger than gold seedsbteened (Fig.
3.2a). Decrease of the\Rlues favored the formation of 1-D nanostructures (Figs. 2b-c).
When the R value was decreased to 0.33, polycrystalline gold nanocle@$owned
(Fig. 3.2b) as a result of the attachment of gold nanoparticles girmnmthe seeds,
which are crystallographically randomly oriented accordingelectron diffraction
analysis (Fig. 3.2b inset). The obtained nanochains were similande taported by Pei

et al. although they obtained the gold nanochains without the addition of sedus to t
reaction mixturé™®® These results indicated that at a higher R value (R > Keths did
not have a predominant effect on the morphology of the final produftes. #rther
decrease of the R value to 0.16, gold nanowires, which are fused from gold natesparti
were observed to be the main products as shown in Fig. 3.2c and d. Mosantipahe
electron diffraction pattern (Fig. 3.2d inset) taken from a longosectf the nanowires

can be indexed by a gold single crystal structure. The electifosction pattern shown
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in Fig. 3.2d inset is a [ll1] zone axis spot pattern, that is, the incident electron beam is
along the [1.1] direction of a gold single crystal, which is perpendicular tondu@owire.
Thus the nanowires have a single-crystalline structure, imcathat the gold
nanoparticles have aggregated into nanowires through a recently destavrgstal
growth mechanism called oriented attachment. It should be notedetatal smaller
nanoparticles are still attached to the end of the nanowires3Rj. This fact indicates
that the nanowires were grown from the fusion of the smaller nardgsralong the
long axis of the nanowires. In addition, two neighboring nanowires tendntbogether

at the end, which is probably because the smaller nanoparticlesablyigpresent at the
ends of the two nanowires are further fused when the ends ofdheatvowires are close

enough.

20nm

Figure 3.1, TEM image of 13 nm gold nanoparticle seeds. Image reprinted with

permission from ref. 36, Copyright 2009 Springer Science + Business Media.
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Figure 3.2, TEM images of gold nanomaterials prepared by addition of 13 nm t®eds
the boiling solution with different ratio of sodium citrate and HAUB): (a) S1:R =
1.32, (b) S2:R = 0.33, (c) S3:R = 0.16, (d) one gold nanowire in (c) at a higher
magnification. The insets in (b) and (d) are the electron diitraqtatterns of the framed
section of the nanochain (b) and nanowire (d), respectively. The ddfrguttern in (b)
can be indexed by a polycrystalline gold crystal. The diffsacpattern in (d) can be

indexed by a [11] zone axis-oriented single crystalline gold crystal. Alltieé gold
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nanomaterials were prepared after the solution was boiled fdname Image reprinted

with permission from ref. 36, Copyright 2009 Springer Science + Business Media.
3.3.2 UV-visible Spectra of Seed-Mediated Gold Nanomaterials

Gold nanomaterials show unique optical properties as a resultfatsyslasmon
resonance. In Fig. 3.3a, from left to right, the solution colorpiaie blue and sea green,
which are corresponding to nanoparticles, nanochains and nanowires shdwgs.i
3.2a-c, respectively. This result is consistent with the well-knaeh that the optical
appearance of a gold nanomaterial solution is strongly dependent chape of its
content. Spherical gold nanoparticles often exhibit a single spendlent absorption
band between 520 to 580 nm, while anisotropic gold particles show twoesptéston
resonance absorption peaks: transverse band and longitudinal®83rtlse UV-Vis
spectra of the gold nanomaterials shown in Fig. 3.2 (i.e., obtained undzemifR
values) are shown in Fig. 3.3b. The gold nanomaterials prepared undgeraRaralue
(R = 1.32) shows a relatively narrow band at 524 nm, which wa®uéd to the
absorption of spherical gold nanoparticles (Fig. 3.2a). With the decdahe R value,
both transverse and longitudinal absorption band were expected due to tagoforon
anisotropic nanochains and nanowires. It is reported that when a 1D golstroature
reached a length of more than about 60 nm, a longitudinal absorption loaidl e
expected at a wavelength above 1000/fithSince the nanochains and nanowires in Fig.

3.2 are much longer than 60 nm, the long axis surface plasmon absdrgtiothe
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longitudinal absorption band), will be above 1000 nm, and thus cannot be seen within our
experimental range (300-900 nm), which is the capability of our UNe
spectrophotometer. As shown in Fig. 3.3b, the absorption along the sherofattes
nanowires (i.e., the transverse absorption band) appears within thes(8093900 nm)

as expected. Fig. 3.3b also shows a general red shift ofdemgh absorbance in the
range of the 520-600 nm with the decrease of the R values, whichtvilasted to the
coupling of the plasmon absorbance of the aggregated nanop&ifc&$Therefore, a
tunable optical property can be realized by simply changiegniblar ratio of citrate and

HAUCI, in the reaction mixtures in the presence of gold nanoparticle seeds.
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Figure 3.3, Photographs (a) and UV-Visible absorption spectra (b) of the gold
nanomaterial solutions prepared under different R values (black:cBa®32; red
curve: R=0.33; blue curve: R=0.16). Image reprinted with permission fedm36,

Copyright 2009 Springer Science + Business Media.

3.3.3 Effect of Seeds on the Reaction Kinetics: Acceleration of the Reduction of

Gold Precursor

To quantitatively measure the effect of the gold nanoparticdedssen the citrate

reduction of HAuCJ, the reaction rates were evaluated by the consumption of HAuCI
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the reaction mixture. We found that the preformed gold seeds atedl¢he reduction of
HAuUCI,; and thus the formation of gold nanomaterials (Fig. 3.4). In the pres#nce
pre-synthesized gold nanopatrticles, a significantly acceleratkeation of HAuC|was
observed, especially at the early stage (first 3 minutes). Im otbels, HAuC} was
consumed faster in the presence of gold seeds than withoutefloenped seeds. There
was a fast and continuous color change in the first 3 min irrdhetion with the
preformed seeds, which was corresponding to the production of nanoscale Au
specied?*1%8 However, in the reaction mixture without the preformed seeds, tase
no color change even after the reaction mixture was boilingdfaninutes, indicating no
nanoparticles were formed, which was confirmed by TEM observathe colorimetric
method showed that the concentration of HAWZAs decreased from the original 0.47
mM to about 0.22 mM in the first 30 minutes in the absence of gold geigds.4). We
believe that the decrease of the concentration of HAmGhe absence of the gold seeds
was due to the reduction of the Ao the colorless Aubut not AJ due to the limited
amount of citrate used in the reaction system (R=0.16). The reauntidare in the
presence of the gold seeds was changed from colorless to lightifidler refluxing after
30 min, which is consistent with the TEM observation that singistaitine gold

nanowires were formed (Fig. 3.2c¢).
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Figure 3.4, The concentration of remained HAu@$ a function of time in the absence
or presence of gold seeds. Initial concentration of the reagentefogdction at t=0 min:
[HAUCI,4] = 0.472 mM, [Citrate] = 0.078 mM; that is, R=0.16. (t=0 min is defiagdhe
point of injecting seed solution into the vial.) Image reprinted witmfgsion from ref.

36, Copyright 2009 Springer Science + Business Media.

3.4 Discussion

Our experimental results clearly showed that, with the sammu@nof sodium
citrate, the preformed gold nanoparticle seeds can significaotigierate the reduction
of AuCl,;. More importantly, the morphologies of the final products (nanopasticle
nanochains and nanowires) are dependent on the R values. It is vegteal that

nucleation is the initial step in the formation of nanoparti¢fésSmall clusters of metal,
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more likely charged, are first formed by coalescence of ewtistyibuted atoms in the
solution; larger nanoparticles are then successively growing these tclusters by the
addition of atoms. According to Murphet al, nucleation is a slow step, followed by a
much faster, self-accelerated growth of nanopartitddsTheir work suggests that if
pre-synthesized gold clusters are added to the reaction solutiore lefcleation, the
growth rate of nanoparticles will be tremendously raised, and meanwhibepamseon in
the particle size should be observed. This process can clearbirexipé accelerated
reaction of citrate and HAugin the presence of gold seeds. This was also confirmed by
the TEM results (Fig. 3.2), which show that, in all of the samplewetk from the
pre-synthesized gold nanoparticles (~13 nm), no particles in tHepfoduct are smaller
than the seeds. Therefore, we believe that the gold nanomaterials evneogrthe basis
of the pre-synthesized seeds that served as nuclei, theraddgrating the nanomaterial
growth process. However, in the absence of preformed seeds, thationdlkat was the
rate-limiting step was necessary, which would result in a slower reactibgrawth rate.
By changing the R values from 1.32, 0.33, to 0.16 and in the presence stgdk]
we obtained three different morphologies of gold nanomaterials (FigV8i#n R= 1.32,
the sodium citrate, which acted as both reducing agent and surface,ligasds excess,
and thus larger gold nanoparticles were grown from the gold seeds.R¥0Qe38 or 0.16,
the sodium citrate was in deficiency (i.e., limited) with resgecHAuCl and 1D
nanostructures (nanochains or nanowires) were formed through tbenagte of the

growing nanoparticles. The effect of R values on the morpholoditee final products
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could be explained by the change in surface energy at diff®erdlues as well as

directional dipole-dipole interaction between adjacent nanopartidtesvas first

discovered by Kielet al. that alkanethiol-coated spherical gold nanoparticles could fuse

into a semi-continuous network when exposed in the ambient air foakewamths. One
of the reasons they suggested was that due to the degradatidaratlalol molecules
(i.e., the surface ligands) over the period, the surface energeg ofatioparticles would
increase, so that each particle was connected to particlewehatsitting around it to
reduce the surface area, consequently reducing the surface energy.

Hence, in our experiments, at the low R values (i.e., with a tinsiteount of citrate
ions available for coating the surface of nanoparticles, e.g., R=th&33urface energy
of the nanoparticles would also increase, thus the nanoparticled atiath to each
other to form a nanochain in order to reduce the surface energyisTthe surface
energy reduction will drive the attachment of nanoparticles to faanochains. At an
even lower R value (0.16), the citrate ions will be more deficfentcoating the
nanoparticle surface and thus the surface energy of the nanlgsartill be even higher.
Therefore, the interface between two adjacent nanoparticlesewdl to disappear in
order to minimize the surface energy, which will drive the fusiof attached
nanoparticles into a single crystalline nanowire (i.e., orieateachment). The single
crystalline gold nanowires (Fig. 3.2c-d) are straighter aawe harger diameters than the
polycrystalline nanochains (Fig. 3.2b). This is probably because the HKAuUCI

concentration in S3 (R=0.16) was two times of that in S2 (R=0.88¢ Wwoth S2 and S3
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had the same amount of sodium citrate and preformed seeds. Theigfejans in S3
were consumed faster than those in S2, which may lead to a naonatdr increase of
surface energy in a unit time and thereby a larger drivingeftor nanomaterial growth

for S3 than S2.

We believe that the dipole—dipole interaction is one of the drivinge$ofor the
formation of 1D nanostructures observed in our work (Fig. 3.2). It wasteeptrat
small quantum dots or silver nanoparticles could self-assemblenamowires, which
was driven by strong dipole—dipole interaction between adjacent méinkgsd®>8°
Most recently, a combination of theoretical and experimental werkodstrates that
negatively charged gold nanoparticles (14 nm) in aqueous solution couldstiitde to
form a 1D nanochain under a proper ionic strength, and the nanochain dorwas
triggered by short-range anisotropic dipolar interactions betwten adjacent
nanoparticle$:®® The same work also demonstrates that under some solution conditions,
the negatively charged gold nanopatrticles will be isolated froim @er to unfavor the
nanochain formation due to the electrostatic inter-particle nepul8Ve believe that in
our experiment, at lower R values, the solution condition may favaaggeegation of
gold nanoparticles into 1D nanostructures due to the dipolar interbetiomeen adjacent
nanoparticles.

The excess AuGlions at low R values is a second factor in promoting aggregation
of nanoparticles into 1D nanochains and nanowires. It was found ti&if Aans could
preferentially bind to the gold surface in the presence oteitoas'®” Earlier detailed
study also indicated that the adsorption of Au@ns onto the Au particle surfaces

would result in an attraction force between two neighboring golticfest*® At the
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lower R value (R<1, e.g., 0.33 or 0.16), Aki@bns were in excess amount. As a result,
the excess of AuGlions in the reaction system will cause the preferentiaraten of
AuCls on the Au nanopatrticles and subsequently favor their aggregation intoiresow
or nanochains. This explanation could also be supported by the fagptimataddition of
AuCly ions into citrate stabilized gold nanoparticles solution, nanopaidigtjregation
occurred?®”! At the higher R values (R>1, e.g., 1.32), at the early stageAuClk ions

are not completely consumed and will preferentially bind to the natidpasurface.
Consequently, the nanoparticles will be aggregated into nanochains taimp@vaen
reaction is completed, the AuCions will be almost consumed, and the citrate ions will
be in excess and bind to the nanoparticle surface as ligands. Hpeaier study found
that once the citrate ions were coated on the gold, two neighbgwidgsurfaces will
repel each othét®” Therefore, the temporarily formed nanochains will break up into
spherical nanopatrticles. This explanation is consistent with théhtatcn the reaction of
sodium citrate with AuGl ions, even when the final product was spherical gold
nanoparticles, nanochains were found to be a transitional pt6lEtence, one can see
a continuous color change in the preparation of spherical gold nantgsalic citrate
reduction.

Lastly, along with the above two factors, the reduction of sudaeegy will further
drive the aggregation of nanoparticles into 1D nanostructures. It isesvdred that
spherical gold nanoparticles could fuse into a semi-continuous netiieen by the
reduction of surface energy in the nanoparticle syS8&hiNamely, each particle was
connected to particles that were sitting around it to retheesurface area, consequently

reducing the surface energy. In our experiments, as indiaate, at the low R values
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(e.g., R = 0.33), gold nanoparticles will tend to aggregate due tdtthetian between
nanoparticle surfaces. The aggregation of nanoparticles into a nanodhagduce the
surface energy and thus is thermodynamically favorable. Tarerethe surface energy
reduction will further drive the attachment of nanoparticles tomfamnochains. At an
even lower R value (0.16), more excess Au@bns will be coated on the gold
nanoparticle surfaces to bring the nanoparticles together. Thereforgetifigce between
two adjacent nanoparticles will tend to disappear in order to naaithie surface energy,
which will drive the fusion of attached nanoparticles into a singlgstalline
nanowire!’®®1% The single crystalline gold nanowires (Fig. 3.2 c&d) are loraget
wider than the polycrystalline nanochains (Fig. 3.2b). This is becdgséHAuCl,
concentration in S3 (R = 0.16) was two times of that in S2 (R = 0.88} oth S2 and
S3 had the same amount of sodium citrate and preformed seedsngesulthe
availability of more excess Auglions on the nanoparticles to drive nanoparticle
attachment into longer and wider nanowires in S3.

Overall, the aggregation of nanopatrticles into the nanochains and naatwiogver
R values is driven by the dipolar interaction, enhanced nanoparticketiat, and
reduction of surface energy. The nanoparticles in the nanochains may furthterfuse
the single-crystalline nanowire structures at very low Ruesl The continuous
aggregation of gold nanoparticles at the end of most of the gold masabserved (Fig.
3.2c&d) also confirmed this mechanism. In addition, we found that at R =r0dbdke
nanoparticles were formed due to the fusion of fewer nanopartkigs3.5a). This is
probably because when R = 0.66 (i.e., Au@ins are just slightly excessive), that is,

higher than the R value for the nanochain formation (e.g., R = 0.33,.Em).[8it lower
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than the R value for the spherical nanoparticle formation (e.g.1 R3s Fig. 3.2a), there
may not be enough excess AkiGbns to cover the surface of spherical nanopatrticles
after the reduction of Auglions to Au. When R is reduced to an even lower value (e.g.,
0.33 and 0.16), more AugLlions will be available to favor the aggregation of
nanoparticle§® which further enhances the aggregation of nanoparticles into

nanochains and nanowires (Figs. 3.2c&d, 3.5b). These results agreehaviibdve

explanations.

.

%

20nm

Figure 3.5, TEM images of gold nanomaterials with different citrate/ld#uatio: (a) R
= 0.66, (b) R = 0.33. Image reprinted with permission from ref. 36, Cdyy#Q09

Springer Science + Business Media.

3.5 Conclusion

In summary, we studied the seed-mediated synthesis of gold nzniafsausing 13

nm gold nanoparticles as seeds. We found that gold seeds can &edtbéeraduction of
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the gold precursor by sodium citrate that serves as both reducing ag binding
ligand. By tuning the molar ratio of sodium citrate to the gold psecudifferent gold
nanomaterials can be obtained including spherical nanoparticles, stdyiong

nanochains and single-crystalline nanowires. Without the preformedhgolparticles,
single-crystalline gold nanowires cannot be formed under a linatedunt of citrate.
Furthermore, the formation of nanowires was driven by the surfeagyereduction and
dipole-dipole interaction. Our results indicate that different morphesogf gold

nanomaterials can be obtained by simply adjusting the R valugseipresence of

preformed gold nanoparticle seeds.
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CHAPTER 4

Separation of Nanoparticlesin a Viscosity Gradient Created by

Aqueous Polyvinylpyrrolidone Solution

4.1 Introduction

Non-uniform size distribution can be observed in the chemical systbésnany
types of nanoparticles. To get uniformly distributed nanoparticless, ftecessary to
separate them by size. Several size sorting methods have hedopdd in literature,
including size exclusion chromatography! filtration,****% electrophorest&**** and
solvent/antisolvent selective precipitatié?t! Recently, direct size separation of
nanoparticles in complete liquid phase through centrifugation has beeedpio be a
more effective method due to its high efficiency, capabilityaafiable production and
free of nanoparticles aggregatidi.2°® Both density based isopycnic centrifugation and
velocity related rate zonal centrifugation have been reportedsiRall nanoparticles
(less than 10 nm), their overall density after solvation falls the density range of
gradient medium, thus isopycnic centrifugation can be used to ad@paeation. Larger
nanoparticles are generally denser than the liquid medium, so thég only be
separated by the difference of sedimentation vel8&ity?® Previously, density gradient,
created by iodixanol and Cs€17'®® has been employed to differentiate the

sedimentation velocity of small and large nanopatrticles. Invibik, for the first time,
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we use a pure viscosity gradient built from polymer aqueous solutiorchieva

separation of nanoparticles by size.

4.2 Experimental Methods
4.2.1 Preparation of Seed Solution

AuNPs seeds of 10 nm were synthesized by the classic sodmate ceduction of
HAUCI, in a boiling water bath. The amount of each reagent used are 6 miN5.9
HAUClI,, 45 ml HO and 4 ml 38.8 mM sodium citrate. The as-synthesized seed NPs were

used directly for preparation of larger NPs without any treatment.

4.2.2 Preparation of Different Sized AUNPs

Size control was realized by fixing the supply of HAy®@lut changing the amount
of seed during the reaction. To a total volume of 5 ml solution, conga8@ mg PVP
10K, 0.5 ml 5.9 mM HAuCJ and various volumes of seeds solution (4, 2, 1, 0.5, 0.25,
0.10 and 0.04 ml), 50l 78.8 mM ascorbic acid was added under vigorous stirring. The
reaction will finish in about 10 min. The larger NPs were pratée: to remove some
small nanoparticles that are not nucleated on the seeds, by RBityiggradient. The
resultant AUNPs sizes are 15, 18, 21, 27, 31, 44 and 50 nm corresponding to@ath am

of seeds above.

4.2.3 Preparation of PVP Viscosity Gradient
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The PVP aqueous solution of different concentrations was preparetirdctly
dissolving calculated amount of PVP into water. The dissolution of W& assisted by
vigorous vortexing and sonication to enhance the homogeneity of the solltien.
viscosity gradient was created by loading PVP solutions of liglovt concentration
consequently into a 15 ml conical centrifuge tube. For example, wmigbesity gradient
used in Fig. 4.1, 2 ml 30 wt% PVP was loaded first to the bottom afahieifuge tube
by a Pasteur pipette, following that 25, 20, 15 and 10 wt% PVP soluwtierss loaded
very carefully one after another in 1.5 ml of each. The centrifulge was maintained at
about a 4% angle during addition of different layers. Concentrated solution af gol
nanoparticles of mixed sizes was loaded carefully onto the tdpheoPVP viscosity
gradient and the tube was subjected to centrifuge shortly laftéoading. To take digital
photos of different time points, the centrifuge was interrupted, antinced with the

same sample after the photos were taken.

4.3 Results and Discussions

4.3.1 A Case Study of Separation of Five Different Sized AuUNPsin PVP Viscosity

Gradient

Polyvinylpyrrolidone (PVP, M.W. 10 K) is a highly water solubleypoér and can be
obtained in a relatively low cost, thus it is chosen here to makeigbesity gradient.

The gold nanoparticles (AuNPs) of different sizes are syntlesibeough a
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seed-mediated method. To avoid aggregation of NPs during centrifugajanation,
PVP is used to stabilize the NPs. The PVP coated AuNPs cartamathe highest
stability in the gradient medium, which is highly concentrated BgRhat the NPs will
remain their physical properties after the size separatiorsh@w/n in Fig. 4.1a that a
small volume of concentrated AuNPs mixture solution, which contains 15, 137 2hd
31 nm five different sized NPs, was placed on top of the polymer gtadedium that is
built up by 10, 15, 20, 25 and 30 wt% aqueous PVP. After centrifuge at 3,40Q.§ h,
five fractions of NPs can be seen clearly in the gradientumedrhe TEM examination
(Fig. 4.1b-f) shows that each fraction contains uniformly distributesl N®h increasing
size from top to bottom layers. In the isopycnic centrifuge, &fRs particular size and
density will stop moving once reaching a liquid layer with a demrgual to theirs, and
extended centrifuge time will not further shift the relatiasition of the NPs fractions in
the liquid medium. While in the zonal rate centrifuge, because thety@fisNPs is
larger than the highest density of the medium, as long as themeigrifugal force, NPs
will continue moving downwards even after they have been well dedargo several
fractions by their sizes. In our approach, it can be seen fronophaken at 30 min
intervals (Fig. 4.1a) that all NPs had been moving downward continudwshg the 2.5
h centrifuge time. Therefore, the separation of AuNPs in the W¥Ebsity gradient
should be through the rate zonal centrifuge, which is by théngetlocity difference

among large and small sized NPs, rather than the density difference.
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4.3.2 Role of Viscosity Gradient in Separation of AUNPSs

The densities of PVP are only slightly higher than water (1gd6d at 30 wt%) and
are very close to each other among different concentratf8hshe 30 wt% PVP is only
about 5% denser than the 10 wt% solution, and there is merely arouniiffégénce
between neighboring layers (Table 4.1). However, the viscositygekBadramatically
when the polymer concentration varies. The viscosity of 30 wt% B\AHriost 8 times
higher than that of 10 wt% PVP solutiGft! For neighboring layers, the lower layer is
1.6-1.8 times more viscous than the above layer (Table 4.1). Hence, direddhat the
aqueous PVP concentration gradient will only lead to the formatiorsobsity gradient,
rather than the density gradient as may happen in many othet sash as iodixanol,
CsCl and sucrose (although both density and viscosity increase altngneveasing
concentration in these examples, they are normally referred as deadigng). The PVP
viscosity gradient contributes in at least two ways to theesstal size partition of
AuNPs. First, the significant increase of viscosity at lay¢erfaces can effectively
impede the small NPs from entering the next layer; whilgelaNPs, although also
slowed down, can pass through the interface easily and move towdrdaper to
achieve separation. Second, the viscosity gradient narrows the lmdthdofveach NPs
fraction, so that a good separation resolution can be obtained c&igctvhen NPs of
similar size are travelling in the same PVP layer, r&tibe viscosity is not too harsh for

particles to move smoothly, only a very wide fraction can be obsenagewér, when
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the frontier NPs reach the harsh PVP layer, they will expegiea sudden decrease of
settling velocity; while the following NPs are still moving the same speed, so at the
layer interfaces, same sized NPs will tend to accumuwdtarn a narrow band (Fig. 4.2).
In addition to the viscosity gradient, in a swing arm centriftager, once the large NPs
are slightly separated from the small ones, they will go thr@ugigher centrifugal force
g, due to the increase of actual radius of rotation, which wdéertiie settling velocity of

large NPs and further favors partition.
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D I3
Figure 4.1, Separation of five different sized AuNPs in a PVP 10K viscapiylient. A)

Photographs taken at 0.5 h intervals. Gradient thickness has been inbychtack lines
on the leftmost tube. Five NPs fractions, indicated by arrows, caedie clearly after
2.5 h centrifuge; B-F) TEM images, corresponding to fractions fogntd bottom, show

NPs size in each fraction. Scale bar in F is applicable to all images.
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Figure 4.2, A set of photographs showing that viscosity gradient can efééctarrow
down the band width of nanoparticles fraction. Uniform 31 nm AuNPs canl trave
smoothly in 15 wt% PVP 10K under centrifugal force, however, it only resulted idea wi
NPs fraction (12 & 18 min). When the frontier AUNPs reach thefaderof 15 wt% and

30 wt% gradients, they experienced a sudden decrease of settlifyyealvhile the
following NPs (in 15 wt% gradient, have not yet reach the interfaeee still moving
down at the same speed, therefore, at the gradient interfacechiifaulated to form a
narrow band, which makes it possible to obtain sharp separation betifeesntsized

NPs.

4.3.3 Unique Advantage of Viscosity Gradient in Separation of Larger

Nanoparticles

The density gradient has been demonstrated as a very effeetirednn separation
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of small NPs through isopycnic centrifuge, in which the densitfergifice among
gradients mainly contributes to the separation. For large NPs, for inS@mee or larger
AuNPs, their overall density will be much higher than that of idpg&id. Separation of
NPs can only be realized through rate zonal centrifuge. In swchmstances, the
density gradient may not be sufficient to retard particle sewliation or regulate the
fraction band width.

_d%(p,-p)

v T (1)

v -- settling velocity of NPs
d -- diameter of NPs
Where, p, - density of NPs

p, - density of liquid medium
g -- centrifugal force
L -- viscosity of liquid mediur

The settling velocity of nanoparticles in a viscous medium can berided by
Stokes’ law in equation (1) abot?? According to the work by Falabel& al. it is very
reasonable to assume large AUNPs (more than 10 nm) having der&igycnt or even
higher?®® Since the discussion here is about the contributicsensitygradient versus
viscositygradient in separation of larger NPs, the viscosity of liquidderssity gradient
is considered as constant avide versa Therefore, for same NPs, under sagnehe

settling velocity ratio irdifferent densitynedium will be:
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While in viscosity gradientthe equation will be:

Vi _ fy

V, Wy )

Through a simple calculation, it could be found from equation (2) that the ratioliofgsett

velocity of 5 g/cmi NPs in 2 g/ml liquid to that of 1 g/ml liquid will bei:S—:O.75.

vV, 5-

<
N

|_\

Reminding that 2 g/ml is about the highest density for a typogpad and 1 g/ml is the
lowest for aqueous solution, thus the largest settling velocityelifee of 5 g/ciiNPs in
adensity gradienwill be about 25%.

Now let's consider the situation inscosity gradientThe viscosity data of 30 wt%

and 10 wt% PVP can be found in Table 1 above (20.5 and 2.6 mPa-s respe&wely

calculated from equation (3), the settling velocity ratio \wii ﬁzﬁzo.lﬂ, in

v, 20.5
other words, the velocity will be reduced by 87.3% in a 30 wt% PMRisonlcompared

to that in 10 wt% PVP.
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Figure 4.3, Separation of 31, 44 and 50 nm large AuNPs in 20, 25, 30, 35 and 40 wt%
PVP 10K viscosity gradient. Photographs show separation at differenpoints. Three
distinct fractions can be obtained after 90 min of centrifuge. TiaMges are

corresponding to NPs in each fraction. All TEM images share the same scale bar

It has been discussed in 4.3.2, as well as in literature, thaztheeparation of NPs
is primarily because of theharp decrease of NPs’ settling velocity at the gradient

interface Therefore, the viscosity gradient is more likely capable difitigaing large
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NPs. As a demonstration, uniform 31, 44 and 50 nm AuNPs were mixed up and
centrifuged in 20, 25, 30, 35 and 40 wt% PVP viscosity gradient, tmestiohs
corresponding to each size of NPs can be obtained after cen{iffiggd.3). It should be
noted that previously in literature, all approaches on size sepahnaiibfocused on NPs

below 25 nm, so this is the first trial to separate large NPs.

4.3.4 Extended Study of Viscosity Gradient Created by PVP of a Different

Molecular Weight

The viscosity of polymer is dependent on its molecular weight (M.Mhgder the
same concentration, polymer of higher M.W. will have a higher vigcadsiother words,
to obtain the same viscosity, less concentrated high M.W. polymebearsed; this
provides more flexibility to minimize the cost of separation throughosity gradient.
Here, besides using PVP 10K, we also tried to employ PVP 40$efmaration of AUNPs
(see Table 4.2 for viscosity and density profile). For fivedsMBs (same as those in Fig.
4.1), 5.8, 8.7, 11.8, 14.8 and 18.7 wt% PVP 40K, whose viscosities are equivalent to 10,
15, 20, 25 and 30 wt% PVP 10K, were used to build the viscosity gradient. The
centrifuge was carried under the same condition, and finallyNRe fractions that are
similar to Fig. 4.1 were obtained (Fig. 4.4). More importantly, ndatdd&zation of NPs
was found under higher M.W. polymer solution. Similarly, when everythisg was
remained identical to Fig. 4.3, but the polymer concentration chaadeldg, 14.8, 18.7,

22.8 and 27.0 wt% PVP 40K, three fractions of larger AUNPs can be ob¢Erged.5).
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It is expected that with even higher PVP M.W., the concentrati@iete to build
viscosity gradient could be further reduced.

Table 4.1, Viscosity and density profile of aqueous PVP 10K.

Concentration Viscosity *
Density **  (g/ml)
(wt %) (mPa-s)
10 2.6 1.019
15 4.2 1.030
20 6.8 1.041
25 12.1 1.053
30 20.5 1.064
35 40.2 1.075
40 75.0 1.087
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Table 4.2, Viscosity and density profile of aqueous PVP 40K.

Concentration * Viscosity * Concentration Density ***

(Wt %) (mPa:s) (Wt %) (g/ml)
5.8 2.6 10 1.02
8.8 4.2 15
11.8 6.8 20 1.04
14.8 12.1 25
18.7 20.5 30 1.07
22.8 40.2 35
27.0 75.0 40 1.09

*  Viscosity and equivalent PVP 40K concentration data were rdeted from the
plotted graph in ref. 201.

**  Density of PVP 10K of various concentrations was calculated by equation below.

d = 0.002263 c + 0.996
This equation was linearly fitted from data in Table 1 of ref. 200, wWith ®R999.

*** No density information of aqueous PVP 40K is available in litergtscethis set of
data was measured by us in the current work. Due to the lowaagca0d, 20, 30
and 40 wt% concentrations were purposely chosen to get significhfidgent
values. Yet, it can still be deduced that the densities of #OKPin the viscosity

gradient used for actual NPs separation are very close to each other.
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Figure 4.4, A set of photographs taken at different centrifuge time pahthe same
sample, showing separation of five different sized AuNPs in 5.8, 8.7, 11.8ridt 8.7
wt% PVP 40K viscosity gradient. From left to right, taken at 0.5, 1.02105and 2.5 h
centrifuge time. NPs sizes and viscosities of each gradrenthe same as in Fig. 4.1.

The viscosity gradient is built identical to the structure in leftmost of4-IcA.
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Figure 4.5, A set of photographs taken at different centrifuge time pahthe same
sample, showing separation of three sized AuNPs in 11.8, 14.8, 18.7, 22.8 and 27.0 wt%
PVP 40K viscosity gradient. From left to right, taken at 0.5, 1.0, 1.5, rtl02& h
centrifuge time. NPs sizes and viscosities of each gradrenthne same as in Fig. 4.3.

The viscosity gradient is built identical to the structure in leftmost of4=ig.

4.4 Conclusion

The weight of 18 nm AuNPs is only 1.73 times of that of 15 nmgbestiand 31 nm
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particles are merely 1.51 times as heavy as 27 nm particles. The pepeisgisn of tiny
size different NPs makes the viscosity gradient very promisingurification of NPs
dimers and trimers from individual ones without using high ionic-sthemgedium,
which will destabilize NPs in most cadt¥! Also, many types of NPs have been
synthesized with PVP coating and some other sorts of NPs havestabdized by PVP
through ligand exchange or layer-by-layer coating, our uniquesitgcgradient should

be powerful for purification of those NPs.
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CHAPTER S

Ordered Alignment of Gold Nanorods along Filamentous Biological

Templates

5.1 Introduction

Research on gold nanoparticles has recently shifted from gheparation towards
their assembly into highly hierarchical and functional structures, due tmityee optical
and electronic properties arising from the coupling of individuabparticled3204.20l
These properties offer potential applications in future waveglfitié&” cancer
diagnosticd?®® selective detectdfS® and nanoelectronic devices. Among these research
work, alignment of gold nanorods (NRs) became particularly iritegebecause the
anisotropic plasmon resonance of gold nanorods along the longitudinal asvetsal
directions!*8181210-2L2yhich could be further used to control the optical response by
selectively exciting the long and short axes with polarized ¥t

Till now, assembly of gold NRs has mainly relied on the ligandacgwhent method.

In this strategy, the thiolated capping reagents were sadcbound to the tips of gold
NRs as the thiol groups in the capping reagents have much highdy affithe tips than
the side walls of NRs. The interaction between the thiolated aappagents allows the
end-to-end one dimensional alignment of gold NRs. For example, algwiddNRs
patterns have been achieved by thioalkylcarboxylic ‘@¥;ysteind?'¥ glutathiond?*®

DNA,?*% block copolymeF*"! biotin **®! and biorecognition molecul&® However,

the length of aligned gold NR chains from these approaches bautlly go beyond
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micrometer scale; most of the current NR chains are h@sst pum long. The limitation
of nanorod chain length will seriously limit the applications whamglrange plasma
coupling is needed. Recently, direct alignment of gold NRs alartgpn nanotubes has
been developed by Lizmarzaet all*?® However, further modification of carbon
nanotubes by using lay-by-layer (LBL) techniques was requirétein approach. In this
work, we introduced a simple method of assembling gold nanorods into oriented

structure by using the biological filaments, namely bacteria fiagetl templates.

5.2 Experimental Methods

5.2.1 Purification of Bacteria Flagella

The flagella were purified from wild type Escherichia c@i €oli) bacteria (strain
SL5928)°® The cells were cultured in the autoclaved LB broth medium €38 OD
value around 0.5~0.6 and collected by centrifugation at 259@r 10min. The bacteria
were subsequently washed in PBS buffer and water. Followingtéps the cells were
suspended in distilled water in high concentration (1/100 original volumd) a
transferred to 1.5 ml eppendorf tube. The tube was subjected to vorttex highest
speed for 3 min, during which sheared flagella were detached frobatteria surface.
Finally, the suspension was centrifuged at 1090@0Dfor 10 min, leaving bacteria debris
as sediment and flagella in the supernatant. The supernatanoless carefully and

stored under -26C.

5.2.2 Preparation of Gold Nanor ods Solution
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Gold NRs were synthesized following the procedures developed DayEdet
al.”™! Seed solution was prepared by injecting 0®f 100 mM NaBH into 10 ml
mixture solution which contained 0.25 mM HAYGInd 0.1 M CTAB under vigorous
stirring. 30 ml gold NRs solution was prepared at each timeflBrie a 30 ml growth
solution, which contained 0.5 mM HAuCAnd 0.1 M CTAB, 105@l of 4 mM AgNG;
solution and 21Qul of 78.8mM ascorbic acid solution were added in sequence. After
gentle shaking, 3@l as prepared gold seed solution was added. The reaction took place

at room temperature and the resultant gold NRs had the aspect ratio of 2-3.

5.2.3 Alignment of Gold Nanorods by Flagella Directly in Solution Phase

Gold NRs solution was centrifuged at 13000 rpm, for 6 min for 2 sytcl@emove
excess CTAB and re-dissolved into same volume of distillgd. Ho align gold NRs,
various volumes (10-300l) of flagella were added to gold NRs solutions that contain
same number of particles and placed under room temperature foighwemhe gold
NRs/flagella solution was then centrifuged at 2000 rpm for 6 min, thermaipat was
removed by pipetting and the sediment was redispersed into disti® TEM samples

were made by drop casting the solution onto a TEM grid and drying in the air.

5.2.4 Pre-lmmobilization Approach of Assembling Nanorods

A drop of flagella solution was cast onto a TEM grid and allowetbtaentrate in
the air for about 15 min. After that the remaining liquid waskedcby a piece of filter
paper. By this process flagella can be immobilized onto the gricoviAaly that the grid

was floated on a drop of gold NRs solution with the side containiggliain contact
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with the liquid. This step last for about 30 min, during which gold NR® wbsorbed
and assembled along the flagella template. The grid was theedavhgHloating it on a
drop of DI water to get rid of unbound gold NRs. After drying, thd gras directly used

for TEM examination.

5.3 Results and Discussions

5.3.1 The Structure of Flagella Templated Nanor ods Assembly

Typical TEM images of aligned AuNRs at different magnifmas are shown in Fig.
5.1. It can be seen that most of the nanorods have been aligned alaggljlagella into
a two string pattern. The nanorods are arranged in a tip-to-éipnen with their
longitudinal direction oriented with the long axis of the flaget#anplates. The
inter-particle distance varies dramatically at differeiess Such alignment is highly
reproducible and can be prepared in relatively large amount. Theostatt interaction
should be the main source of force that induces the assemblygdiieNRs are
synthesized with a bilayer cationic CTAB coating on the susfiuces they are positively
charged; while flagella, like many other naturally self-agdechsupermacromoleucles,
are negatively charged in neutral solutiéfi. When the surface charges of gold NRs are
reversed by applying a polyelectrolyte wrapping process watB odium polystyrene
sulfonatef?*! no assembly was observed in multiple trials of different conditi®he
electrostatic force, as demonstrated in the literature,ramgtenough to induce the

immobilization, aggregation and assembly of nanoparticles.
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Theoretically, in the electrostatic force induced assemblyotidike nanoparticles
could have either their tips or the long sides in contact withethmplate. However, in
this work, nanorods are predominated with their sides interaciihgtire flagella. This
might be because the surface area of nanorods along the long axgshisigher than
that at the tips. Under the same surface charge densigt negof interaction will likely
result in a stronger binding of nanorods onto the template. And thusplth@anorods
will prefer to assemble into a more stable structure.

In the assembly of nanopatrticles into 1D hierarchical strudtuweganic nanowires,
especially carbon nanotubes, have been used widely as hard templaegrisiine
carbon nanotubes have no charge on the surface and they are not eveibldispers
water. A tedious surface modification, including oxidization (byim@nd sulfuric acids)
and polymer wrapping (by a multi-step layer-by-layer assembfyolyelectrolytes) has
to be carried out to make the nanotubes chdtg®dhe biological filamentous templates,
flagella, are about 20 nm in diameter and up toutsin lengthi??? thus they have
dimensions comparable to that of the carbon nanotubes and are suitadlenployed
as template for nanoparticles assembly. The flagella cardpared in relatively large
amount through bacteria culture. More importantly they are natigbbrged, and
therefore can be used directly to induce the assembly of nantgsarfihe surface
charge density on the flagella can also be manipulated through theleveloped

genetic engineering proceés’
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Figure 5.1, TEM images of low and high magnification showing the structurgotd

NRs that were aligned by flagella directly in solution phase.

5.3.2 Interaction of Gold Nanorodswith Flagella at Different Ratios

From our experience, to obtain the highly ordered alignment of goidrads, the
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ratio between rods and flagella has to be finely tuned. As showg.i®.B, we used the
same amount of AuNRs, but 300, 100, 20 anglldf flagella solution (hamed sample A,
B, C, and D respectively); after placed on benchtop for overnight, the four tubes dppeare
very differently. With reducing amount of flagella, they formedb& suspension,
flocculation, precipitation and aggregation respectively; the fimge samples can be
redispersed simply by hand shaking while the last one remairtedyassible particles.
We further investigated the difference among these samplesexbynining the
flagella-AuNRs hybrid structure under the TEM. The typical TEMges are shown in
Fig. 5.3, no alignment was observed in samples A and B, most flagd}idnave a few
nanorods standing by them (Fig. 5.3 A&B). Relatively, sample B dtightly more
nanorods on each flagellum and nanorods-flagella network like structarsewa on the
grid. Sample C showed highly ordered two string alignment of nanaaltwgy the
flagella (Fig. 5.3C). Sample D only contained large dense aggesegaithout any
obvious pattern; however, at the edge of nanorods aggregate, linaagearemt of
nanorods could still be seen clearly (Fig. 5.3D).

Based on the above observation, we further interpret the interactiednetods
and flagella by the model sketched in Fig. 5.4. The flagella should lz@ge excess
amount in samples A and B. There might be more than one flageibenacting with
single nanorod, which resulted in the network like rods-flagella tidtructure (Fig. 5.4
A&B). However, due to the strong repulsive force among the charggellfiathe hybrid

structure could be stabilized. When the amount of flagella was mduar@ 300ul to
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100 ul, the total repulsive force decreased correspondingly; besides, rous were on
average interacting with one flagellum, which increased the tgens$ithe hybrid
structure, so they slowly flocculated. At the right ratio, nanorodseaassembled along
flagella (Fig. 5.4C). Further reducing the amount of flagella tunaewbrods into excess.
Ideally, the rods would first form ordered alignment, same d3gn5.4C, the excess
amount of rods would still interact with the exposed surface otlflagand bridged

multiple aligned flagella into an aggregation (Fig. 5.4D).

Top: Placed overnight on benchtop

Bottom: Resuspended by hand shaking

Figure 5.2, Photographs of AuNRs-flagella mixed solution at differenbrat the two
species: after placed on benchtop for overnight (top) and resuspendeddoghlaiing

(bottom).

93



Figure 5.3, TEM images of AuNRs-flagella hybrid structure at diffenatios of the two
species. (A-D) are corresponding to 300, 100, 2Qul i flagella as in the photographs

in Fig. 5.2 respectively.
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Figure 5.4, Proposed mechanism of interaction between AuNRs and flageliiement

amount ratios.

5.3.3 Optical Shift Effect in Assembled Gold Nanorods

The optical property is one of the most important properties on gold alai(nte;s[.“'”
Many optical related biological applications, including moleculagct&in and sensirld,
biological imaging and diagnosti€s” targeted drug delivery and medical ther&g$
have been explored based on the gold nanoparticles. The optical skiftasHeciating

with the assembly of gold nanoparticles is also an interesting ple@oonthat has
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attracted intensive studi€8€>?*'When gold nanoparticles approach each other within a
certain distance, interaction or coupling of their surface plasnilbnegult in a solution
color change, which is reflected as a blue shift in the oposadteum. Such optical shift
is highly dependent on the distance of neighboring nanopatrticles, tHergimadistance,
the longer the shift. In linearly assembled gold nanoparticles,stin@ce plasmon
coupling has directly led to the propagation of light in spacegentiee dimension is
smaller than the reflection limit of ligHt™

When the flagella solution was added into gold NRs suspension, the cdloe of
nanoparticles solution was changed immediately. In the absorptiotriispemeasured
before and after addition of flagella, the SPR band corresponding ttraieverse
direction of nanorods generally remained at the same wavelengdhn(®), but the
longitudinal SPR band shifted from 832 nm to 880 nm (Fig. 5.5). In the mdanahi
significant broaden of the peak was observed at the longer wgtlrelexs it could be
seen from Fig. 5.1 that the tip-to-tip distance between mosteadjaeanorods are small
enough to induce the plasmon coupling effect, so the solution color change s diodd
result of assembly of nanorods onto the template. While the gold naraweodssembled
in a tip-to-tip style, plasmon coupling will only take place agloime longitudinal
direction, rather than the transverse directioth This explains why the absorption peak
shift was only observed at the longer wavelength but not at thevgaeetength. It has
been mentioned that the surface plasmon coupling induced absorption peakhgitittyis

distance dependent, while the gaps between the tips of adjacent nalespartre not
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uniform along the template, thus the shifted SPR band would be inevitably wit/€hed.

0.5 r

Absorption / a.u.

400 500 600 700 800 900 1000
Wavel ength / nr

Figure 5.5, UV-Vis spectrum of gold nanorods before (blue line) and after (nej |

alignment.

5.3.4 Assembling of Nanorods onto Flagella through the Pre-lmmobilized Process

As we discussed above, in order to have nanorods aligned highly cbralerey
flagella, we had to play carefully with the ratio between them, whichimseadonsuming
process. This will be especially problematic when nanorods usedoargynthesized
from the same pot (we have the experience of getting rods ofediffaspect ratios in
two synthesis trials, even all the precursors were added iexthetly same amount).

Because of the above reasons, exploring a process that dependsthesamount ratio
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of nanorods and flagella is very necessary.

Here, we employed a pre-immobilized process, as described iB.6#y. Basically,
in this process, the flagella will be first immobilized onto fbkenvar (polyvinyl formal)
side of the TEM grid. Following this step, the super-light grid wél floated onto a
droplet of AuNRs solution. The formvar itself has no charge on thecsurffaus when
the TEM grid is floated onto the nanoparticle solution, the pre-immedbilflagella will
be the only attractive sites that can uptake nanoparticles thedecfinostatic force and
assemble them along the template into a linear structurd. o&s ibe seen in Fig. 5.6B
that AUNRs can also be aligned into two string highly omieteucture which is pretty
similar to that made in the solution phase (Fig. 5.1). The assevhbignorods onto
pre-immobilized flagella can take place in a wide concentrateomge of both the
nanoparticles and the template. And thus it is much simpler thanrdat dssembly in
the solution phase as described in 5.2.2. Through the same process, nanocbde coul
aligned directly onto the flagella of living bacteria (Fig. 5.6()eTlagella on living
bacteria are generally longer than those isolated, as isdlaion the vortex force used
to detach flagella from the bacteria body would simultaneouslk lihealong fibers into
many shorter rods. Thus, direct assembly of nanorods onto the flafgliag bacteria
is more likely to produce longer 1D pattern of aligned nanorods. Bedide direct
assembly also enables more manipulation to the hybrid structspecially in the
fabrication of devices. Because the body of bacteria has an ieeathn micron scale,

while flagella have only nano-sized diameter, the manipulation ateo rabject should
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be technically much easier than that of a nanoscale object.

A A droplet of flagella solution TEM grid

/ After 30 min interaction,
transferred onto a drop of
DIH,0

Placed in air for ~15min;

Wicked by filter paper and
immediatety floated onto a
drop of AuNRs solution

A drop of AuNEs solution

TEM grid

After 5 min, negative
stain with PTA

7

A drop of DI H,O

Figure 5.6, (A) Schematic diagram of float grid approach to align AUNRs.GQBTEM
images of aligned AuNRs onto free flagella and flagella oh¢jvibacteria through the

pre-immobilization process.
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5.4 Conclusion

Oriented assembly of gold nanorods has been achieved by using biologwahtsa
namely bacteria flagella, as templates. The electrostatiaati@n between the positively
charge gold nanorods and negatively charged flagella is considered to bentloeivirey
force for the assembly. The effect of concentration ratio of naticlparto templates on
the final assembled structure was discussed. The opticalefteift arising from the
surface plasmon coupling in the tip-to-tip assembly of nanorods #egejla has been
investigated. In addition, the pre-immobilized method developed was ptoved a

simpler method than the direct mixing in solution phase to assemble nanorods.
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CHAPTERG6

Biomimetic Branched Hollow Fibers Templated by Self-Assembled

Fibrous Polyvinylpyrrolidone (PVP) Structuresin Aqueous Solution

6.1 Introduction

Branched hollow fibers can be found in nature and play a significamtimolhe
functioning of biological bodies. For example, as the most importanelgesspillaries
in the blood vessel system own an abundance of branches, which tbeadehange of
chemicals and water between the blood and body tissues. Without the ardreshiin
the respiration system, oxygen transportation will be extreslely and any intensive
body movement will need great effort or even become impossible. lgrdnwollow
fibers are also adopted by many types of birds in their fedth®e?*”! The branched
structure of feathers can reduce the weight and increaseéctizn with air, and also act
as a thermal insulat&?® Mimicking unique branched hollow structures in nature will
help us to produce novel advanced materials that can find potectalotegical and
medical applications such as microfluidi¢d artificial blood vessel generatifi®>
and lung tissue engineeriff§-**? However, synthesis of branched hollow fibers remains
a challenge up to date. Non-branched solid and hollow fibers of mppey of materials
have been prepared in different ways, such as chemical vapor dep@eNiD) >332

anodic aluminum oxide (AAO) templatiffg® electrospinning®”**®and many other wet
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chemical synthetic methoff8? So far, branched hollow fibers were only reported in the
fabrication of carbon nanotuti&g€?%® and polyaniline nanotubds™! The branched
carbon nanotubes were prepared by directly templating Y-branchechaanet alumina
using CVD, and self-assembled doped polyaniline was formed fromfutien of
micelles containing polyaniline and dopants.

The polymer polyvinylpyrrolidone (PVP) has found its application imyrecientific
areas. For example, in adhesive industry, PVP offers a unique coimbiotdesired
properties including good initial tack, transparency, chemical aolddical inertness,
and very low toxicity. In material science, PVP has acted kesydactor in the shape
controlled synthesis of silver and platinum nanocry$#&*! For the synthesis of these
nanomaterials, PVP serves as a polymeric capping agent, windelextively interact
with the {100} facets of Ag and Pt, and shape control was realized tinrthug
preferential adsorption of atoms onto poorly protected facets sydi Hs®**! PVP has
also been widely used as an additive to manipulate solution visco#ity production of
nanofibers through electrospinning. In addition, in the fabrication cbwanmembrane
products, PVP is added to increase the hydrophilicity of the mewdf& 2% In this
work, we discovered that, after a relatively long period of agingp@in temperature,
PVP could self-assemble to form a macroscopic matrix made lmfanched hollow
polymer nanofibers in an aqueous solution. By directly templatmgitita formation on
the self-assembled fibrous network, branched hollow silica filsene synthesized.

Inspired from the self-assembly of PVP into fibrous structurefensolution, we also
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studied the self-assembly of PVP-coated nanoparticles into brafiokex We believe
that the self-assembled fibrous PVP structures could be potenttaty as a universal
template for preparing branched hollow fibers through the synergissembly of

nanoparticles and PVP in the solution phase.

6.2 Experimental Methods

6.2.1 Preparation of Self-Assembled Hollow Fibrous PVP Structures

In a 15-ml vial, 600 mg of PVP (10 kg/mol) was dissolved into 10 mllddtvater
(PVP 5.7 wt. %). The solution was then sonicated for 10 min to ensure apeonp
distribution of the polymer. After this step, the vial was capped bhadslution was
placed on the bench top at room temperature for about two weeksg Ehigrperiod of
time, tiny polymeric aggregates were found at the bottom of #@eirvione week and

slowly grew larger and larger in the following week.

6.2.2 Growth of Silica on Sdf-Assembled Hollow Fibrous PVP Structures

The polymer aggregate made of self-assembled hollow PVP filzer$ransferred to
a 5 ml vial by Pasteur pipette and washed with distilled watere to remove free
polymer molecules in the solution. The aggregate was then suspamdedlimi

ethanol-water (4: 1 v/v) solution. To the resultant suspension were added 50
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tetraethoxysilane (TEOS) and %0 NH,OH. The suspension was further mixed by
gently inverting the vial for several times. In order to forom#dorm silica layer onto the
polymer aggregate, during the reaction, the vial was placed ontagantahixer rocker
for about 2 h. The as-grown silica microfibers were washecdtwith ethanol to get rid
of the products that might be formed in the hydrolysis reactionr dbi@ the silica

microfibers.

6.2.3 Preparation of Hollow Gold Fibers by Co-Self-Assembly of PVP-Coated Gold

Nanoparticles and Free PVP Molecules

Gold nanoparticles were synthesized through the reduction of goldidehlor
(HAuCl,) by sodium citrate. The synthesis system included 5 ml 5.9 rPAMGH, 3 ml
38.8 mM sodium citrate and 42 ml distilled water. Ligand replacewofecitrate ions by
PVP on the surface of gold nanoparticles was carried out accaalitige procedure
reported in the literatur&0 ml PVP stabilized gold nanoparticles were centrifuged and
re-dispersed into 10 ml or 50 ml PVP aqueous solution (PVP 5.7 wt. % )mikere
was then allowed to stay on the bench top at room temperature faeelswGold
microfibers were formed through the co-assembly of the Rd®ed gold nanoparticles

and PVP.

6.2.4 Characterization
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Silica and gold microfibers were characterized by Scanniegtiein Microscope
(SEM) JEOL 880 at 15 kV in both bundled and individual fibers. The burmdl&bers
were prepared by directly placing a bulk piece of as-syizib@silica onto a piece of
freshly cleaved mica. Individual fibers were prepared by songdhe bundles for 2 -3
min, and then casting a drop of suspension onto mica. Gold microfieeesonepared in
the same way, except that instead of using mica, silicon wedsr employed as a
substrate. Samples of silica were coated with a thin laygolof platinum by sputter
coating prior to SEM imaging; while gold microfibers samplese directly subjected to

SEM examination without any additional coating.

6.3 Results and Discussions

6.3.1 Structure of PVP Jelyfish-Like Aggregate

The self-assembled fibrous PVP structure formed in the aqueousosoldis a
jellyfish-like three-dimensional aggregate with a centimetale (Fig. 6.1a). However,
when taken out of the solution, the aggregate was collapsed imehgdiato a
semitransparent thin film. The SEM imaging of the film regdahat the aggregate was
constructed from a network of branched hollow PVP fibers of microm (§tig. 6.2a).
The collapsed morphology indicated that the fibers formed nbighitollow when in the
solution. A closer look at the ends of the polymer fibers showsltbdilters are indeed

hollow (Fig. 6.2b). The hollow nature of the PVP fibers was also proyedHM
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imaging (Fig. 6.3). To the best of our knowledge, the self-assdnfiibleous structure
resulting from the self-assembly of PVP in the aqueous solut®nédwger been reported,

although it was not a surprise to us that PVP could self-assamtibrm this kind of

structure.

Figure 6.1, Photographs of (a) PVP jelly-fish like aggregate; (b) PVR-gagregate
co-assembled from PVP and gold nanoparticles with a high conoemtr@) PVP-gold
aggregate co-assembled from PVP and gold nanoparticles with ent@tion 5 times
lower than that in b. Image reprinted with permission from ref. 310yi@pp 2010

American Chemical Society.
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Figure 6.2, SEM images of self-assembled hollow branched PVP fibers. ayguegate
of branched fibers that may be collapsed upon drying on substratéigher
magnification image of the tips of the fibers, showing the hollotareaof the fibers.
Image reprinted with permission from ref. 310, Copyright 2010 Americhemical

Society.
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Figure 6.3, A typical TEM image of PVP hollow fibers. The thickness of fibell

varies, which can be judged from the nonuniform contrast along the axes. Some segment
of the fibers have dark contrast at the magnification shown herboloiy channels can

still be observed from these segments under high brightnessoeléaam. However,
images can hardly be taken due to the lack of stabilityMét fibers under high energy
beam. A black arrow shows a hollow junction at the branch. Imagented with

permission from ref. 310, Copyright 2010 American Chemical Society.
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6.3.2 The Mechanism of Formation of PVP Aggregate

The association behavior of polymers in a solution phase has bearsiedie
studied for decades. Generally, van de Waals force, hydrophobic antbstédic
interactions as well as hydrogen bonding are the major drivingsforesponsible for
inter- and intra- molecular interaction among polymer molec¢ti®dn PVP, both the
polymer backbone and methylene groups in the five-member ring prgoatesites for
hydrophobic interaction, enabling the association of PVP through hydraphobi
interaction. In addition, polymer chains with highly electronegadiviede groups could
be strongly linked together through solvent-mediated H-bonding intem&ct>"
Earlier, an aggregate of around 100 nm nanoparticles was found to rfoanireshly
prepared PVP aqueous solution by dynamic light scattering (Dio8)gver, the detailed
structure of the aggregate was not mentidfiédActually, not only PVP, but also other
amide containing polymers, such as poly(N,N-diethylacrylamidelpEA), could
self-assemble to form aggregates, due to their structural signifafit

We believe that the macroscopic PVP structures shown in Fig. QR fesn a
self-assembly process in which individual polymer chains intenattt each other
through H-bonding and hydrophobic interaction. To prove this mechanism, we suspended
the polymer aggregates into 1 M urea aqueous solution, which is a coreagent used
to break H-bonding in protein science. After one week, we observed atdralacrease

in the dimension of polymer aggregates, indicating that some polygimagrs had been
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disassembled from the major aggregated structures due to theofladsbonding
interactions. More detailed mechanism was analyzed by a conobinafi DLS
measurement and SEM imaging.

By using DLS to measure the size distribution of the partidesed during the
aging of the aqueous PVP solution, we found that even in the frpsthared PVP
solution, there were particles ranging from 40-80 nm (Fig. 6.4). Ghetrthe individual
polymer chain length (M.W. 10 kDa, 91 monomers) should be less than 1fhem
nanoparticles detected by DLS must be generated from the éissoofgpolymer chains.
However, after 1 and 4 days, the particle size was increasg@ 160 nm and 210-490
nm, respectively (Fig. 6.4). These facts indicate that the polymedecules gradually
self-assemble into larger particles in the solution. At dalge6PVP aggregates became
visible by naked eyes at the bottom of the vial (around 1 mm inetiéajn We further
examined the tiny aggregates by SEM (Fig. 6.5). It could be skearly that in the
center of the aggregates there was a core made of chains omR¥3pheres, from
which polymer fibers were grown and stretched toward all directiags@a). A closer
look at the core reveals that hollow microspheres are fused inohdines (Figs. 6.5b&c).
Longer hollow fibers were grown from the microspheres at theoésdch chains (Fig.

6.5d).
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Figure 6.4, Particle size distributions in 5.7 wt. % PVP aqueous solution dietednby
Dynamic Light Scattering (DLS) measurement. (A) Freshlgppred solution, (B)
Solution aged for 1 day, (C) Solution aged for 4 days. The mean diarf@téhese three
time points are 22.0 nm, 39.0 nm and 156.6 nm, respectively. The particdesuotl 5
nm are corresponding to the individual polymer chains (M.W. 10 kDa).pancles

around 50 nm or larger are corresponding to the aggregates fasnadesult of the
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self-assembly of polymer chains. Image reprinted with perams$iom ref. 310,

Copyright 2010 American Chemical Society.

Based on the DLS and SEM analysis of the early stage durirfgrthation of the
jellyfish-like PVP aggregate, the aggregate formation procassbe divided into two
steps: formation and fusion of PVP microspheres into pearl-neckkacehains and
growth of hollow fibers from the chains. In the chain formatiorp,stee polymer
molecules, in the agueous solution, first interacted with each ¢dhé&wrm hollow
spheres; when the hollow spheres reached a critical sizeaftydarger than 2um as
seen from SEM images), they started to aggregate and fusa prarl-necklace-like
chain (Fig. 6.5b). Subsequent outgrowth of longer fibers from the chaibecaealized
through the assembly of free polymer molecules in the solution loatmicrospheres at
the end of the pearl-necklace-like chains (Fig. 6.5d), rather ttvaugh continuous
attachment of microspheres, as there was a dramatic morpholdiffieeence between
the chains (rouglfigs. 6.5b & 6.6a) and outgrowing fibers (smooth, Figs. 6.5d & 6.6b).
However, the microspheres at the end of the chains might haveebtengated first to
facilitate the assembly of PVP molecules (Fig. 6.7). A continumasphological
transition from spherical particles into smooth fibers was obdeavehe interface of
pearl-necklace-like chains and outgrowth fibers. With increasistprtie from the
central chains, the PVP hollow microspheres underwent the clvangellipsoids, rods

and eventually smooth fibers. The hollow microspheres (Fig. 6.5¢) constitutiniggting c
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may eventually be fused into hollow fibers, which might be the sameess of hollow
nanoparticles fusing into nanotud&d! The branched character of the fibers was
originated from the attachment of microspheres, which did not takerp#ne chain
formation or was generated after the formation of the chain, ontadéneadl of outside
fibers (Fig. 6.8). Once the attached microspheres were fused witfibergy(i.e., stems),
free polymer molecules in the solution would also assemble onto Weitee and this

will lead to the growth of a branch from the microspheres.
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Figure 6.5, SEM images of PVP aggregates formed at the early stagé&n(overall
view of an aggregate with a core (made of pearl-necklace-tikarichains) from which
all the fibers were grown; (b) A closer view of the core frivm aggregate shown in (a),
highlighting that the formation and fusion of PVP microspheres iatwlymecklace-like
chains (It should be noted that the branched structures are found inghascordicated
by the arrow); (c) The pearl-necklace-like chains with eobmoken microspheres
highlighting the hollow nature of PVP microspheres; d) A closewvof the area
highlighted by a white square highlighted in (a), showing thatRk&@ molecules in the
aqueous solutions continued to assemble onto the microspheres at tloé el
pearl-necklace-like chains, and finally resulted in the formatibfellyfish-like large
aggregate. Image reprinted with permission from ref. 310, Copy2@h® American

Chemical Society.
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Figure 6.6, PVP fibers imaged directly in the solution phase under opticabstope.
(a) Fibers which are formed at the early stage and |latemiee the core (corresponding
to Fig. 6.5b). The image shows that the fibers were initially éofras a result of the
aggregation of PVP microspheres and appeared to be pearl-necklackdiks. (b)
Fibers formed at later stage and outgrown from the core. The outdiogrs have a
smoother surface, indicating that outgrowth occurs through the asseifstke PVP
molecules in the solution onto the end of pearl-necklace-likengheather than through
the continuous aggregation of PVP microspheres. Image reprintegevihission from

ref. 310, Copyright 2010 American Chemical Society.
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Figure 6.7, A continuous morphological transition of PVP microspheres at the end of
pearl-necklace-like chains. (a) At the center of the chaimdgsanage as Fig. 6.5b); (b)
Slightly away from the center, spheres became ellipsoids n(gne®ws), red arrow
shows an ellipsoid further elongating into rods; (c) further ae#ipsoids became rods,
green arrows show the junction of each rods; (d) rods finally transited into smoaoth holl
fibers (green arrows) at even further distance from the ¢efiains. (b-d) were imaged

at the same fiber but different spots of interest. Imagenteriwith permission from ref.

310, Copyright 2010 American Chemical Society.
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Figure 6.8, SEM images showing the early stage of branch formation. (®VR

microsphere highlighted by an arrow that has just settled onsidéeall of a fiber and
a PVP branch may grow from this microsphere; (b) Branches tediday arrows that
have grown longer. Image reprinted with permission from ref. 3py@ht 2010

American Chemical Society.

The self-assembly behavior of PVP in the aqueous solution should beeaaly
phenomenon, independent of their molecular weight. To prove this clairtrjiedethe
same experiment with PVP of a higher molecular weight (40 kibtrestingly, same
branched hollow structures were observed by SEM (Fig. 6.9). Howédwe average
diameter had been increased from gm to around um. Such increase is reasonable
because polymers with an increased polymer chain length mayleddrger dimension
of self-assembled microspheres and the consequent larger diamtterresultant long

fibers grown on the basis of the microspheres.
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Figure 6.9, SEM images of fibers resulted from the self-assembly oP R¥th a
molecular weight of 40 kDa. Compared to PVP with a lower moleguaght (10 kDa),
their average diameter had been increased fromu#3to around 5um. (a) Low
magnification; (b) Higher magnification. A branched structureghlighted by an arrow
in (a). It should be noted that the aggregate has been sonizcajetlisolated fibers for
imaging purpose and during this process the branches may beteg e the stems.
Image reprinted with permission from ref. 310, Copyright 2010 Americhemical

Society.

6.3.3 Silica Branched Hollow Fibers by Directly Templating the PVP Aggregate

Structure

The formation of self-assembled branched hollow PVP fibers ergedinas to use
them as a template to synthesize inorganic branched hollow fierglating methods

using chemical or biological templates have been actively used in the syathesious
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nanomaterials, including nanowiré¥"?** nanotube&>¢2%® and hollow spherd&>® and
in the ordering of nanoparticl€€ The idea is that a molecule or material with a high
affinity to PVP, when added to the branched hollow PVP fiber netwarkshe
suspension, should attach to the walls of networked PVP fibers andafamiform
coating layer, which will result in the replication of branched dwlifiborous PVP
structure. Silica was chosen for this attempt for two reasfinst;, silica is a
biocompatible biomineral existing in many mineralized biologgyaitemd?®® and thus
the synthesis of branched hollow silica fibers may find appticain biomedicine;
second, silica is known to have strong hydrogen-bonding interaction WRH°B and
silica formation on PVP coated nanoparticles has been demodstratee synthesis of
core/shell nanoparticlé&? and core/sheath nanowifés’

The self-assembled fibrous PVP structure was stable, withsidevidestruction of
the jellyfish-like bulk structure, when transferred from pure aquem@thtanol aqueous
solution (see experimental section). After silica depositiorherhbllow PVP fibers, the
mechanical strength of self-assembled PVP structuregemranced. This was evidenced
by significantly reduced collapse of the structures upon dryinghemmica substrate.
Also, unlike pure PVP hollow fibers in the semitransparent filicascoated PVP fibers
appeared as a large white aggregate on mica. As shown in Fig, lGut@abundles of
silica fibers were produced by using self-assembled brandViediBers as templates. In
contrast to PVP fibers in Fig. 6.2, most silica fibers maintaittesr cylindrical

morphology, which is consistent with the above observation that the-cilitad PVP
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fibers had a much less structural collapse than the self-assbminie PVP fibers when
transferred from a solution phase to a solid substrate. The hdinaater of PVP fibers
was also duplicated by the silica fibers due to the formatiailica on the hollow PVP
fiber surface (Fig. 6.10b). Our investigation on the growth nrashaof silica onto PVP
fibers demonstrated that the silica coating was actually negwsimultaneously on both
outer and inner walls of the PVP fibers, though the silica tiraate on the outside
surface might be faster than on the inner surface as the diffolstbie precursor to the
outside surface is easiefhis was evidenced directly from the fact that when the
concentration of the silica precursor (TEOS) was increased, fiodirs without hollow
channels were observed, suggesting the complete occupation ofirsiliha hollow

channels due to silica deposition on the inner wall of the PVP fibers.
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Figure 6.10 SEM images of silica fibers formed by silica deposition loa branched
hollow PVP fibers shown in Fig.6.2. a) bundles of silica fibers; bhdrignagnification
showing that these fibers are hollow. The branched structuradiveidual fibers are not
obvious due to the close packing of the branched fibers. Image rdpsitttepermission

from ref. 310, Copyright 2010 American Chemical Society.
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Figure 6.11, SEM images of individual silica fibers separated from the sagblewn in
Fig. 6.10 by sonication. a) low magnification image showing two Iweshdibers; b-d)
higher magnification of three branches of the fiber in upper cehierage shown in a;
e, f) higher magnification of two branches of the fiber onléfteside of image shown in
a. Branches are indicated by arrows in image a. Image raprinte permission from

ref. 310, Copyright 2010 American Chemical Society.
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The silica fibers in Fig.6.10 are closely packed, which preventomsvisualizing
the actual branched structure easily. For this reason the silated PVP aggregate was
treated with ultrasound in order to break up the bundles into individoetsfifor
verifying the branched structures of the silica fibers B see experimental section).
It turned out that the branched nature was ubiquitous for long fibigts6.11a showed a
typical image of branched long silica fibers. A three-braddit®er and a two-branched
one are highlighted by arrows in the image. The angles betwescthbsaand main fiber
axes were not fixed, but almost exclusively fell into a raoigé5°~ 90° (Figs. 6.11b-f).
This is of dramatic difference from the branched polyaniline artdon nanotubes, in
which angles between the branches and stems were all less 48 Non-branched
fibers were also observed when the fibers were short, which ieditzat they might be
derived from the breaking of branched long fibers at the connection lpetineen the
branches and the stems. It should be noted that some non-fibrous sitloatprand flat
fibers (Fig. 6.11b) also exist on the mica substrate but theyeayeuncommon. They
might arise from the negative effect of ultrasound, which causedethehment of silica

from some fibers and further disassociation of the fibers into tiny patticle

6.3.4 Co-Assembly of PVP-Covered Gold Nanoparticleswith Free PVP Molecules

to Form Branched Hollow Fibers

Although direct templating of the preformed self-assembled fibr&i3 fructures

can produce nice branched hollow fibers, unlike silica, most mateieat®ot have such
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strong interaction with PVP in solution phase. For example, in ampttto use the
branched hollow PVP fibers as a template to form gold, HAw@k added to the PVP
fibers and reduced with either sodium citrate or NaBH#tbwever, no gold was formed
on the inner or outer walls of the PVP fibers. In order to take aalyanof the
self-assembly of PVP and extend the use of the self-assemYRdstPuctures as a
universal template for synthesizing branched hollow fibers, sedfvady of PVP-coated
nanoparticles was adopted as an alternative. We hypothesize PiHaicoated
nanoparticles, when dissolved in PVP solution, will co-assemblie thié free PVP
molecules to form branched hollow fibers with the nanoparticles emtbeddbe solid
walls of the fibers. Generally, in the co-assembly of nanapestiwvith PVP, the surface
coat of the pre-synthesized nanoparticles (which could be any typeowjanic
nanoparticles) was ligand replaced by PVP and the resultantc®MPBd nanoparticles
were re-dispersed into a PVP aqueous solution (typically 5.%win. this work). Since
PVP can self-assemble to form a network of nanofibers (Fig. B\VA, on the surface of
nanoparticles and the free PVP molecules in the solution wileké@assemble to form
branched fibers due to the inherent self-assembly behavior of this polymer.

Gold nanoparticles were used as a model to demonstrate the oislyspeocess.
The PVP-coated gold nanoparticles were prepared by followingoateel proceduré®?
The self-assembled structure formed through the co-self-agsarhthe PVP-coated
gold nanoparticles and the free PVP in the solution was sitoilduat in the case of only

PVP, but it was black (Fig. 6.1b) when in solution and golden in cah@nvdried on
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silicon wafer. As shown in Fig. 6.12, gold fibers were very simdahe PVP nanofibers
shown in Fig. 6.2 in terms of hollow and branched character, indicdiaighey were
formed under a similar self-assembly mechanism. The EnergpeBive X-ray
Spectrum (EDS) (Fig. 6.12d) showed an intensive peak corresponding tqTheld
highest silicon peak was from the silicon wafer substrate; dtletbmitation of X-ray
detector used in our work, only elements beyond oxygen can be detsxtBdP was

“invisible” under EDS).
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Figure 6.12, SEM images of hollow gold fibers formed throught the co-selfraskeof
PVP-coated gold nanoparticles with free PVP in a solution. a)nhagnification; b)
higher magnification showing the branched nature of fibers (brararkeemdicated by
arrows); c) higher magnification of the tip of the fibers showtirag the fibers are hollow
and have smooth cross section; d) EDS spectrum showing the existeymld in the
fibers (inset is an amplification of the gold peak, the highest pedkom silicon
substrate). Image reprinted with permission from ref. 310, CopyB@h0 American

Chemical Society.

We found that the original gold nanoparticles solution was winéredlor whereas
the fibrous PVP-gold aggregate showed a black color (Fig. 6.2b). $ehege that the

gold nanoparticles in the fibers are in close proximity, whigdhl@ad to strong plasmon
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coupling between neighboring nanoparti¢féd. To further confirm this, we sonicated
the PVP-gold aggregate for 15 min. After this treatment, thaired visible aggregate
was discarded and a TEM sample was prepared from the solutiomaunféer debris.
As can be seen from Fig. 6.13a, the fibers are still composeaofsied gold particles.
Therefore, the black color of the PVP-gold aggregates mustdrasen from the close
packing of nanoparticles. Further evidence could also be found difrextiythe end of a
broken fiber where only a few layers of gold nanoparticles wadtg(Fig. 6.13b) and
from debris that were stripped from the fiber sidewalls (Fit8€). In addition, when the
concentration of gold nanoparticles was decreased by 5 times, wk ardul obtain a
red-colored jelly-fish like PVP-gold aggregate, which was ofstiree color as the initial
nanoparticle solution (Fig. 6.1c; Fig. 6.14). This fact is consistéht tve explanation
given above. Namely, a lower concentration of gold nanoparticlesasextanter-particle
spacing of gold nanopatrticles in the PVP fibers, which further wedkaneancelled the

plasmon coupling between nanopartiétéd.
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Figure 6.13, TEM images of debris of PVP-gold fibers after the fibeesarsonicated for
15 min. a) The fibers were still composed of nano-sized gold etialhich were not
fused into larger patrticles; b, ¢) Higher magnification showdegse packing of gold
nanoparticles in the fibers highlighted by a square in top reftkettom, respectively.
The gold aggregate shown in the bottom in (a) was detached froRV#Rgold fibers
due to sonication. All scale bars are 200 nm. Image reprinted withigston from ref.

310, Copyright 2010 American Chemical Society.
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Figure 6.14, SEM images of PVP-gold fibers, co-assembled from the solutiamhiich

the gold nanoparticles concentration was 5 times lower than thairusegl 6.12. (a)
Low magnification view; (b) higher magnification view showingrmaes of the fibers;

(c) A 60 tilted view of b. Image reprinted with permission from ref. 310, Copyright 2010

American Chemical Society.
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Figure 6.15, SEM images of gold fibers that have been treated in the d\@208C for
24 h. a) fiber structure is not destroyed by heating upon the gtassition temperature
of PVP; b) after PVP has been melted away, the crososgaf the fibers become
porous. Image reprinted with permission from ref. 310, Copyright 201@riéam

Chemical Society.
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To investigate whether gold can form a fibrous structure when P#tfixnwas
damaged, PVP-gold fibers shown in Fig. 6.12 were treated in anada20°C for 24 h,
which was far above the glass transition temperature of the polymer. Undemithisor,
pure self-assembled fibrous PVP structure was found to be complefelyned into a
continuous film without any fibrous character. A polymer film vadso observed after
heating the gold fibers, indicating that there was phase sepacdtmelted PVP matrix
from gold. Nevertheless, the main structure of gold fibers wastimda shown in Fig.
6.15a, hollow character was maintained in almost all the fibdtspugh they were
slightly collapsed from cylindrical into elliptical shape. Arsfgcant difference was seen
at a higher magnification. Before heating, the gold-PVP fibadsa smooth cross section
(Fig. 6.12c), which became porous after heating (Fig. 6.15b). Based oabtive
observations, it is reasonable to conclude that (1) PVP-coated niaciepao-assemble
with PVP to form branched hollow fibers in the solution phase; (2) irashprepared
gold fibers, gold nanoparticles had a very high density in YHe fatrix; and (3) upon
heating above the glass transition temperature of PVP, PVigradsally melted away,

and meanwhile, gold nanoparticles are fused together to form porous fibers.

6.4 Conclusion

In summary, jellyfish-like self-assembled fibrous PVRicture was observed after a

relative long-term aging of PVP solution under room temperatureliBgtly templating
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the formation of silica on the self-assembled fibrous PVP steichmanched hollow
silica fibers were synthesized for the first time. To dertrates that PVP can be
potentially employed as a universal template to prepare branched fiibiérs of various
materials, branched hollow gold fibers were synthesized from -é®dked gold
nanoparticles through the synergistic self-assembly of PVRagatid nanoparticles and
the free PVP molecules in the solution phase. The gold fibers strereturally stable
when heated above the glass transition temperature of the polyineebranched fibers
produced in this work may serve as new templates for the sigmtifdtoers or tubes of

other materials.
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CHAPTER 7

Oil Phase Evapor ation | nduced Self-Assembly of Hydrophobic
Nanoparticlesinto Spherical Clusterswith Controlled Surface
Chemistry in an Oil-in-Water Dispersion and Comparison of Behaviors

of Individual and Clustered Iron Oxide Nanoparticles

7.1 Introduction

The self-assembly of nanopatrticles into hierarchical 2-D Drs3ructures has been
extensively studied for potential applications in various fi€f§£%42¢" The
self-assembly behavior can take place both at the interfacas aitd Assembly at the
interfaces of liquid-air and liquid-liquid often results in mono- rowlti-layered
nanostructure$®®2"n situ aggregation results in the formation of nanoparticle clusters
(NPCs) which are larger particles containing a finite nunobeanoparticle&€®2">%"l|n
literature, thein situ assembly of nanoparticles has been almost exclusively induced by
introducing specifically designed stimulating molecules intondr@oparticles suspension.
For example, by adding dodecanethiol into oleylamine capped gold nanesarticl
cholorform, clusters of gold nanoparticles can be assembled due teethaied stability
after ligand exchandé”™ However, a particular type of stimulus may only be good for
specific nanoparticles having certain surface ligands. Here we eepniple and general
method of assembling hydrophobic nanoparticles into water-disperseccaphtCs. In

this method, the formation of NPCs is achieved without adding anulating reagents
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by selective evaporation of the organic phase in an oil-inrwateelle system. The
surface chemistry of NPCs can be readily tuned by using @hffgrolymers. The method
used here can also be extended to make NPCs containing multiple types of rdesparti
CTAB is a well-known surfactant and has been widely used in nanosci€néB
can aid in the synthesis of many types of nanoparticles with aofiealr
morphologied?*®!3¢2742"¢lone important application in nanoscience is its use as a phase
transfer reagent. Many types of nanoparticles have been tradsfeom the organic to
aqueous phase with the assistance of CFAB/?*However, in all of these works,
only individually dispersed nanoparticles could be obtained after thees pghassfer
process and no cluster structure has so far been reported undear SGWAB
concentration. In this work, we found that if the concentration of nanopartisl
increased to a certain level within CTAB micelles, the NR@s be formed via

evaporation of the organic phase during the phase transfer process.

NPCs exhibit collective properties which individual nanoparticlesndb have.
Clusters of metallic nanoparticles that are rich in surfdaemon such as gold and silver
can create Raman hotspots in between the closely spaced padiseto local
electromagnetic couplinfd?®?®? Such an effect results in an enhancement of Raman
signals from analytes in orders of magnitifd&?®® Unlike single superparamagnetic
iron oxide nanoparticles which exhibit low magnetization and are thifisult to
manipulate with a magnet, NPCs have a much higher response tetimdigids and are
therefore better suited for drug delivery and separ&tinin addition, clusters of

superparamagnetic iron oxide nanoparticles have shown improved contrasteznéat
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compared to individual nanoparticles in magnetic resonance imalyiRd).(2¢27-2%)

Various methods have been employed for synthesizing iron oxide N&ICHIRI
applications. Generally, these methods fall into two categories.type involves block
copolymers, either bihydrophilic or amphiphiffe®2°*2%2I The other category utilizes
simultaneous cluster formation with a silica coating proé&8¥:%*% |n most of these
reported works, a relatively low concentration of iron oxide nanopestielas used for
cluster formation which may prevent them from scalable productionnii¢elle system
we have selected in this current work can result in a finald\féGcentration of 5 mg/ml
in an aqueous phase, which is approximately 5 times higher than tresthrgported
concentrations from previous work&2892%l |n addition, the density of iron oxide

nanoparticles inside the cluster is much higher than reported values.

7.2 Experimental Methods

7.2.1 Synthesis of Oil Dispersed FesO4, CdS and Au Nanoparticles

Fe;04 nanoparticles were synthesized and purified following the procefture by
Sun et al*®¥! Nanoparticles of 3 nm and 6 nm in diameter could be obtained ditsctly
controlling the solvent and reaction temperature. Largegdfeanoparticles (12 nm and
15 nm in diameter) were produced by seeded growth based on the 6 nmridaspa
Nanoparticles derived from 2 mmol iron acetylacetonate welispersed into hexane at

a concentration of 20 mg/ml where the concentration of the nanopartised for NPC
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formation could be diluted or re-concentrated from the stock solution.

CdS nanopatrticles were synthesized following the reported meatHiaedrature with
slight modificationd?®*” A mixture of cadmium chloride (91.66 mg, 0.5 mM) and
oleylamine (5 ml) was heated to 180 under N flow. When CdCjwas completely
dissolved (in about 20 min), 0.5 mM elemental sulfur dissolved in 2.5 wleglamine
was quickly added into the hot solution. The reaction was maintainEsD3aC for an
additional 8 hours. Next, it was quenched by quickly adding 15 ml of toluene.
Nanoparticles were purified by washing three times with ethdfiaklly, they were
suspended into 2 ml of hexane and used for NPCs formation.

Au nanoparticles were synthesized by mixing 1000.1 M HAuCl, with 5 ml
oleylamine and heated at 180 for about 25 min. The nanoparticles were then washed

twice with ethanol and finally dispersed into 0.2 ml hexane.

7.2.2 Synthesis of NPCs Using CTAB asan Emulsifier

A small volume of hexane-dispersed nanoparticles (20€oncentration varies from
1-100 mg/ml) was added to 4 ml of 0.1 M CTAB aqueous solution. All digbe&l was
then gently mixed by hand shaking followed by sonication for 2 miforio a stable
micelle suspension. Afterwards, the mixture was heated in°@ 8ter bath and stirred
at 500 rpm for 5 min to have the majority of the hexane evaporated. Alternatieefne
evaporation can be done by stirring under the ambient condition for Iskwara. The

solution was then removed from the heat and stirred under a vacuum fom3® m
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completely remove the hexane. In the preparation of Au-CdSchbiCs, 5Qul AUNPs
was mixed with 15@l CdS nanoparticles and sonicated before being added to the CTAB

solution.

7.2.3 Synthesis of NPCs Using Polymer s as Stabilizers

A volume of 200ul of hexane-dispersed iron oxide nanoparticles (2 mg/ml) was
added to 4 ml of 12 wt% polymer solution. The mixture was then sonicatéidwously
for 2 h. The water bath of the sonicator was initially sed@t°C, however, the
temperature was increased to around®ZOafter 1 h due to the heating effect of
ultrasound. After sonication, the solution was also treated by vatmuB0 min. The
molecular weights of the polymers used are as follows: polyaacid (PAA, 15 kK,
sodium salt, 35 wt%), polyethyleneimine (PEI, 25 k, branched) ang@sppignesulfonate)

(PSS, 70 k).

7.2.4 Silica Coating of CTAB Stabilized Fe;O4 NPCs

The process of coating NPCs with silica was modified froennhethod described in
literature!®®® Generally, the as-prepared CTAB covered NPCs (1 ml) wereifaged at
15,000 rpm for 20 min, and redispersed into 4 ml of 0.02 M CTAB aqueous solution. The
pH of the solution was adjusted to around 11 by 0.1 M NaOH. Finallgethyl
orthosilicate (TEOS, 2Ql) was added and the resultant solution was stirred for 24 h for

complete hydrolysis and condensation of TEOS.
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7.2.5 Preparation of Aqueous Individually Dispersed NPs

The hexane-dispersed 6 nm iron oxide NPs were resuspended into tdlugne a

concentration of 10 mg/ml. In a three-neck flask, 500 mg of polyvingdpgione (PVP,

10 K) was dissolved into 8 ml of DMSO, followed by adding 2 ml of todudispersed
NPs. A homogeneous clear solution could then be obtained. This solutiothemas
heated, under Nflow, to 189°C at a temperature increase rate of abolE/min. The
temperature was remained at 189 for another 30 min, and then cooled to room
temperature. The resulting transparent solution was then dialgagtsbwater (cutoff of

the dialysis membrane, 5 kDa) for 24 h, after which agueous individuaherdied,
PVP-stabilized iron oxide NPs could be obtained. Silica-coated indivilPs were
prepared by NEDH catalyzed hydrolysis of TEOS in an ethanol/water mixed sblve

(4:1 viv).

7.2.6 Characterization

The size and morphology of as-prepared NPCs were characterizZigdrimission
Electron Microscope (TEM). All the TEM images were obtained BOL) 2000FX
microscope, operated at an accelerating voltage of 200 kV. Tfeeesunorphology of
NPCs was examined on a Nano-R2 Atomic Force Microscope (ARMPdrific
Nanotechnology. The magnetic properties of individual and clustered NPs waseret

on a Quantum Designs MPMS2 cryogenic susceptometer. The T2-vielRemages
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were obtained on a Bruker Biospec 7.0 T, 30 cm horizontal-bore imaging speetromet

7.3 Results and Discussions

7.3.1 Synthesis of NPCsin CTAB Emulsion

The experimental design is shown in Scheme 7.1. The idea of makiGg Was
inspired by the concept of emulsion in which two immiscible liquids c@exist as a
stable dispersion under the assistance of an emulsifier or smtfaot the form of
micelles, either oil-in-water (used in this work) or watenih Oil will appear as tiny
droplet suspended in bulk water. In oil-in-water emulsion, the surfactatecules
(CTAB in this work) will line up at the oil/water interface teduce the surface tension of
the tiny oil droplets which would otherwise assemble themselvedarge drop&®® If
there are NPs initially dispersed in the bulk oil phase, thelyraihain inside the oil
droplet after emulsification due to their hydrophobic nature. Duis fow boiling point,
the oil phase can be removed by evaporation, leading to the condensatiea wishde
the micelles. When oil is completely evaporated, NPs insidie eacelle will form a
larger cluster. However, the NPs within the cluster will betfused because the long
carbon chains on the NPs surface give rise to a steric bidnaieeffectively leaves each
particle isolated®’ The surface of the resultant clusters is fully covered bfastant
molecules, with the charged head groups in direct contact with \@aterthe tails

interacting with the long carbon chains of NPs in the outer I@ler statement will be
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validated by the water compatibility and surface charge of NR@se next paragraph),
similar to the interaction involved when using surfactant to teansfydrophobic
nanoparticles into individual dispersions in w&&f. In this manner, the NPCs are
prevented from aggregation and precipitation in the same way asizstaiml of

individual NPs in aqueous solution.

Hydrophobic
interaction

l Sonication 1/6 of a cross-sectionI

R

&% Qil Evap.

‘500z
£ .

Scheme 7.1, Schematic diagram of the formation of NPCs. Image reprintegtd wi

NPCs in H,O

permission from ref. 204, Copyright 2010 American Chemical Society.
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Figure 7.1, Left: (A-F) TEM images of low and high magnification aobr oxide NPCs
using CTAB as an emulsifier. The initial sizes of nanopagiatethe organic phase
were: (A, B) 3nm, (C, D) 6 nm, and (E, F) 12 nm respectively. daake A, C, 150 nm;
B, D 20 nm; E, 300 nm; F, 40 nm. Right: top: AFM image of NPCs made & nm iron
oxide NPs; bottom: extracted height information from two isolatesters (line 1) and
four contacting clusters in a row (line 2). The TEM images @lavith AFM
characterization indicate that the NPCs were spheres composddnsély packed
individual nanopatrticles. Image reprinted with permission from ref. @8gyright 2010

American Chemical Society.
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NPCs made from BE®,; NPs with an initial individual particle size of 3 nm, 6 nm
and 12 nm respectively are shown in Fig. 7.1. The morphology of NPCstudasd by
the atomic force microscope (AFM). As it can be seen fronTHEM images in Fig.7.1,
the individual NPs could be differentiated clearly inside the aisisted no fusion is
observed in any of the three different sized NPs. The line praiftained from AFM
contains the height information which has been widely used to shmlysurface
morphology of materials. We collected line profiles across two isoléustecs as well as
four contacting clusters in a row. In both cases, smooth curvesltypior spherical
particles were observed (Fig. 7.1 right). The NPCs obtained inrC#aB-mediated
emulsion could be suspended very stably in water, and no aggregatiorrb&REs
was observed once they were centrifuged and resuspended into weaigdedng the
hydrophobic nature of NPCs, their high water compatibility should raigi from the
surface protection of the CTAB molecules, which is the only hydnapéilecies in the
solution. Moreover, the NPCs have a zeta potential of +49 mV, which prdudber
evidence that the NPCs are stabilized by CTAB, the only pebitcharged species in
the solution. It should be pointed out that although previous micelles &i@atdiblock
copolymers were used to make NPCs, the structure reported hmeuehismore closely
packed and thus, has a much higher nanoparticle density.

The number density of NPs in the organic phase which is defintek amimber of
nanoparticles in a unit volume of solution is very important for dneation of NPCs as

well as the morphology of clusters. For iron oxide NPs with 6 ramédier, the NPCs
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could hardly be seen at a concentration of 1 mg/ml. When the conaantveis
increased to 4 mg/ml, about 80% of NPs, which was estimated frodatkeess of the
supernatant after centrifuge, were in the form of clusters. Mavgloallly, however, the
clusters contained both spheres and large film-like multilaydredtsres (Fig. 7.2a). At
the concentration of 20 mg/ml, more than 98% of NPs existed as splotusters after
the phase transfer process (Fig. 7.2b). In contrast, for 20 mg/miroh NPs, where the
number density was calculated to be 16 times less than that oMNg”smnder the same
mass concentration, only a small portion were seen to be cl(iSigrg.2c). Therefore,
in order to form NPCs during the phase transfer, the number dengit<in the oil
phase has to reach a certain high level which is dependent onz¢hefsihe NPs.
However, in previously reported works where CTAB was used as the plaaséer
reagent, relatively low concentrations of hydrophobic NPs wegd. uBhis provides an
explanation as to why no clusters of NPs were obtained previously though the

experiments were carried out through a similar method as used in this work.
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Figure 7.2, Dependence of NPCs yield and morphology on the number density of NPs
dispersed in the oil phase. (A) NPCs made from 6 nm NPs at 4lrmyare than 80%
were clusters, however, non-spherical assembly was also obs@y&PCs made from

6 nm iron oxide NPs at 20 mg/ml, all spherical with more than 9&J;y(C) NPCs
made from 15 nm NPs at 20 mg/ml, which is calculated to have abdirmés$ lower
number density than that of 6 nm NPs. NPCs were produced at aoweryeld with

many individual NPs. Scale bars: 100 nm. Image reprinted with permission fra204ef

Copyright 2010 American Chemical Society.

7.3.2 Size Selection, Scalable Production and Silica Coating of NPCs

The resultant spherical NPCs obtained through selective phaperawvan were
widely distributed from several nm up to 150 nm in diameter. Howewer size
distribution of NPCs can be narrowed by using differential degttion in a pure water
medium. Clusters assembled from 3 nm@ze\NPs were given here as a demonstration.

In the first centrifugation run at 10,000 rpm for 5 min, NPCs latigen 50 nm could
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generally be separated (Figs. 7.3a&b) and the average diaphdtes fraction was 78
nm. Smaller clusters could then be spun down from the supernatant dirsthe
centrifugation run at 15,000 rpm for 20 min, resulting in a fractibiNIBCs with an
average diameter of 33 nm (Figs. 7.3c&d). A very small portion of ewaller NPCs
remained in the supernatant and could not be spun down. The size of nalespaaisc
been one of the greater concernsiforivo applications. The exclusion and capture of
nanoparticles by organs have a great impact on their cimulat the blood.
Nanoparticles that are smaller than 10 nm will be filterethieykidney. In addition, they
will be captured by the liver, if they are larger than 100 nm. Thous optimum
nanoparticle size required is 10-100 nmifowivo applicationd?*’2** The NPCs should
be suitable fom vivo applications after the size selection procedures. We believthéha
size distribution of NPCs could be further narrowed down by usingnaity gradient

centrifugatiorf:°"1%!
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Figure 7.3, Size selection of E®,; NPCs by differential centrifuge. (A, B), low and high
magnification TEM images of NPCs made from 3 nm NPs, shothiagNPCs larger
than 50 nm can be collected in the first centrifuge run at 10,000 rpmnfam;5C, D),

low and high magnification TEM images of NPCs showing thatllemanes will be
spun down in the second round centrifuge at 15,000 rpm for 20 min. Imagee@print

with permission from ref. 204, Copyright 2010 American Chemical Society.

Mass production of hierarchical nanostructures of interest hasysalWween a

challenge in nanoparticles assembly. Most often, the assemliigysstrom either low
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yields or poor reproducibility. In this work, the potential for a dalalgproduction of
NPCs via the CTAB-based emulsion method was investigated. Wehieepblume ratio
of hexane to water at a constant value of 0.2 ml over 4 ml but chamgedricentration
of nanoparticles in the oil phase. Several different concentratiohsee 20 to 100
mg/ml) of 3 nm iron oxide NPs were tried. In all of thesddyiNPCs were produced in a
nearly 100% vyield indicated by the supernatants being alncosdrless after
centrifugation at 15000 rpm. A TEM study showed that all of theeaisistere composed
of closely-packed nanoparticles where no coagulation was observedithdsowas not
a significant increase of cluster size even at a highealicitincentration. When the total
volume was expanded by 10 times (100 mg/ml iron oxide NPs in 2 mhéexal 40 ml
water), we generally did not observe any remarkable differemcthe NPC size
distribution and morphology compared to clusters formed in the 4 mt wydéem. It
should be noted that in current literature, relatively low conagairs of iron oxide NPs
were used to synthesize NPCs. Mostly, the initial concentratiddPaf in the organic
phase was below 10 mg/ml while the final concentration of NP@seimqueous phase
was less than 1 mg/MiP” The initial and final concentrations can reach up to 100 and 5
mg/ml respectively in the current work, which makes it momamnising for the scalable
production of NPCs.

The as-prepared NPCs were very stable for further surface fication.
Polyelectrolyte wrapping through electrostatic interactions lteen one method for

manipulating the surface charge of nanoparti¢f8$°Y The CTAB capped NPCs can be
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wrapped with multiple layers of polyelectrolytes without destroying ttiaster structure.
Moreover, silica can be coated uniformly around the NPCs in a $alsiitcon (Fig. 7.4).

The NPCs/silica core/shell structure enables greater &unadily on the particles by the
well-developed silica modification chemistif?*°® For example, fluorescent dyes have
been linked onto silica through covalent bonding between amine groups from
3-aminopropyltriethoxysilane (APTES) and isothiocyanate or sumigi-ester groups

on the dyes; the dye-silica-magnetic NP complex partielashe used as dual probes for

both fluorescent imaging and MRi%43%!
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Figure 7.4, Silica coating of 3 nm iron oxide NPCs derived from CTABsadactant.
No size selection was applied to the NPCs before silica godtimage reprinted with

permission from ref. 204, Copyright 2010 American Chemical Society.

7.3.3 Generality of the Method

The method we developed here can readily be applied to produce NR&ying
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materials from their hydrophobic nanopatrticles. As representatives miosetactive and
metallic materials, CdS and gold NPCs are prepared in CTABIlles through the same
procedures as making NPCs of magnetic particles. In ordexgiore the potential of
preparing multiple-component particles by our method, hydrophobic Cd&wamiPs
were first mixed together in hexane followed by selectivesprevaporation in CTAB
micelles. In all three types of NPCs, a spherical morphologydande packing of NPs,
similar to those of F#©, NPCs, were observed (Figs. 7.5, 7.6 & 7.7). The fluorescent
property of CdS nanoparticles was retained after the formatioriusfers. The size
distribution of CdS NPCs could also be narrowed by the differesgiatrifugation (Fig.
7.5). The absorption spectrum of gold NPCs was red shifted compatkdt tof the
individually dispersed AuNPs (Fig. 7.6).

For CdS and many other semiconductor nanocrystals, the size-dependent
fluorescence due to a quantum confinement effect can only be albsémea the size of
the particles is smaller than the exciton Bohr rdifftls which is the characteristic
distance between the electrons and the holes in a bulk semiconduttoiaima.g.,
below 10 nm for commonly used CdSe nanocrystals). Howavesivo imaging and
diagnostics prefers NPs of larger sizes (10-100f#°® For instance, blood vessels in
tumor tissue are leakier and have larger pores than those inlnissue. A larger
particle can be selectively delivered to tumor tissue faaffeutic or diagnosis purposes
due to enhanced permeability and retention (EPR) éffécherefore, it is difficult to

obtain semiconductor NPs having both fluorescence and a desired sige Vimo
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applications simultaneously. NPC structure provides a means feasiog the particle
size, while still retaining the fluorescence capability tloaly belongs to smaller
nanoparticles. Forming NPCs from NPs could potentially be arbstlution than
surface modifications of NPs, which only slightly increases Hrégte size, as a means
for solving the size-fluorescence paradox of semiconductor nanosrysta red shift in
the absorption spectrum of Au NPCs is contributed by the surfacegiasoupling of
adjacent NPs inside the clusters. Such a coupling effect canetiefarsenhancing the
signal intensity of analytes in surface enhanced Ramanrsogt(SERS) detection. The
composite clusters that contain more than one type of nanoparticlee more
functionalities, and thus can be used for multiple purposes. For exadmejide,and CdSe
nanoparticles were successfully embedded into a silica pasibieh makes it possess
both magnetic and fluorescent properties that could be potentially yadpio MRI and

fluorescent imagin§®’%®!
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Figure 7.5, CdS NPCs can be prepared in the same way from hexane disfense
CdS NPs. TEM images show size selection of CdS NPCs byaethffal centrifuge. (A,
C) and (B, D) are corresponding to low and high magnification of Nff@n the first
centrifuge run at 10,000 rpm for 5min and the second run at 15,000 rpm for 20 min
respectively. Photograph shows fluorescence of CdS NPCs imagel reprinted with

permission from ref. 204, Copyright 2010 American Chemical Society.
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Figure 7.6, Gold NPCs: (A, B) low and high magnification of TEM images; (iI8)-Vis
spectrum of individual AuNPs (red line) and Au NPCs (black line) atdig the
coupling of surface plasmon upon the formation of clusters. Imagentexgbrivith

permission from ref. 204, Copyright 2010 American Chemical Society.
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Figure 7.7, Hybrid NPCs containing both AuNPs (black spots) and CdS NPs (self
assembled to form the gray area in the image). Image repviittegermission from ref.

204, Copyright 2010 American Chemical Society.

7.3.4 Control of Surface Chemistry of NPCs

In practice, especially for biological applications, NPs ofteguire further
modifications with functional molecules. For example, in targetetveidg) the drug
molecules will be immobilized onto the NPs surfé€eTypically, two strategies can be
employed for the immobilization of desired molecules onto NPs: electcastaractions
between two oppositely charged species and chemical bonding (covalent tonjuga

with surface functional groups, like —NHand —COOHJ*Y Both methods require

154



sophisticated control over the surface chemistry of NPs. Forrg¢hson, it is always
interesting to prepare NPs with controllable surface charge antioiualcgroups. Here,
we demonstrate our ability to manipulate the surface chenaétNPCs by employing
functional polymers, including PEI, PAA, and PSS, instead of CTARidace capping
reagents. Morphologically, the polymer stabilized NPCs werdasirto those obtained
from CTAB emulsion (Figs. 7.8, 7.9 & 7.10). The PEI stabilized NPCs stigwsitive
charges; while NPCs covered by PAA and PSS exhibited negative chargesate iy
the zeta potential measurement. In addition, amine (from PErboxylic acid (from
PAA) groups were also present on the surface of the NPCs. Zbeokipolymer
stabilized NPCs could also be regulated by differential cagatfon (Table 7.1). In the
CTAB micelles, small NPCs (below 100 nm) can be prepared evan datitial NPs
concentration of 100 mg/ml. In the polymers solution, however, small NB@d only
be produced when the initial NPs concentration was much lower (2 rag/uded in the
experiment). At a higher NPs concentration (20 mg/ml), most ofsNiA&e greater than
500 nm in diameter, which makes them unsuitable for biological apphsatiThese
polymers are not emulsifiers, so no stable oil-in-water dispersian be formed.
Therefore, it was necessary to place the mixture solution uodeasion throughout the
entire experiment in order to prevent the coagulation of oil droplets. Howevermm aé
stabilization of NPCs, the polymers behave similar to the CTAeir hydrophobic
backbone can interact with long carbon chains on the NPCs and tdedphiic side

groups can provide compatibility with the aqueous pHas&® The controllable surface
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chemistry of NPCs makes them capable of linking molecules thrbatfhelectrostatic

interaction and covalent bonding.

Table 7.1, Surface charge density and average diameter of NPCs usingeriffe

stabilizers.*
Zeta Potential Ave. Dia. (nm)
Stabilizer
(mV) First** | Secondary**
CTAB +49 78 33
PEI +33 88 42
PAA -56 72 30
PSS -64 65 28

* The NPCs were made from 3 nm hydrophobic iron oxide nanoparticles in hexane.

** First= first centrifuge run at 10,000 rpm for 5 min; Second= secandat 15,000 rpm

for 20 min.

Table reprinted with permission from ref. 204, Copyright 2010 Americhantal

Society.
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Figure7.8, F&O4 NPCs using PAA as emulsifier. Clusters were collecte@®@§00 rpm
for 5 min. Image reprinted with permission from ref. 204, Copyrigft02American

Chemical Society.

Figure 7.9, FeO4 NPCs using PEI as emulsifier. Clusters were collectetioh000 rpm
for 5 min. Image reprinted with permission from ref. 204, CopyridltO2American

Chemical Society.
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Figure 7.10, FeO4 NPCs using PSS as emulsifier. Clusters were collectetiO300
rpm for 5 min. Image reprinted with permission from ref. 204, Copy@g0 American

Chemical Society.

7.3.5 Comparison of Behaviors of Individual and Clustered Iron Oxide NPs

In order to make comparisons between NPs in both individual andreldigtems,
hydrophobic iron oxide NPs (i.e., those used for preparing cluster®) traesferred into
water as individually dispersed particles (Fig. 7.11a). Theigneidc response to an
external field was measured at 5 K and 300 K sweeping betw8ekOe and 10 kOe.
Both types of particles showed superparamagnetic behavior at 30théutmcoercivity.
At 5 K, a typical ferromagnetic-like hysteresis loop was ol (Fig. 7.12a). The NPCs
and individual NPs had very close coercivity (31 vs. 27 Oe). In thefisdd-cooled/

field-cooled (ZFC/FC) magnetization measurements, the blockingpetature
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significantly increased from 111 K (corresponding to individual NBg)81 K after the
cluster formation (Fig. 7.12b). It is well accepted that for mbéed nanoparticulate
structures, magnetic dipole-dipole interactions are much strongethtbse of individual
nanoparticles as a result of the distance dependent nature of ralctiond®'® The
anisotropy coupling of dipoles, such as nanoparticles densely packed in 1-D suies, re
in a ferromagnetic effect which strongly enhances the cosrciowever, non-oriented
dipole-dipole interactions, as in most random nanoparticle aggredzes, been
demonstrated both experimentally and theoretically to result ineased coercivity
because of the antiferromagnetic coupling eff&&£*? In our work, neither a significant
increase nor decrease of coercivity of NPCs as compared vadunali NPs was observed.
This is likely due to the presence of both anisotropic and random digpakedi
interactions within the clusters, which makes NPCs behave like-ateyacting system.
During the formation of NPCs, the kinetically fast condensation du¢hé quick
evaporation of hexane inside the micelles as well as thetlmgginal energy originating
from the high experimental temperature could inevitably cause raagsembly. On the
other hand, since the liquid was homogenized under magnetic sthroggh the entire
process, the NPs were magnetized, which could have introduced s@oieogyi to the
assembly through the partial alignment of magnetic momentPst**31®! Thus, the
sum of the negative contributions from the random assembly and posititrédbations
from anisotropic assembly within the NPCs may result in anetagation curve similar

to that of non-interacting individually dispersed NPs. The blocking teatyre shifting
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effect in the ZFC/FC measurement is consistent with thetsegdorted in the literature,
which show that inter-particle magnetic coupling can suppreshdnmal fluctuation of

magnetic spins and raise the ferromagnetic to superparamatyaasiion to a higher

g12,316-318]

temperatur

Figure 7.11, Comparison between NPCs and individually dispersed iron oxide NPs of
their response to an external magnetic field. (A) TEM imagesdividually dispersed 6
nm iron oxide NPs, identical to those used to form clusters ladiag transferred from
oil to water; (B) Photos show that no visible movement of individuad W&s observed
in 12 h, indicating a very weak magnetic moment of individual N€¥;Photos show

that all the NPCs were attracted to the magnet in jstvaminutes, indicating a strong
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magnetic moment resulting from the collective effect of narimpes in NPCs. Image

reprinted with permission from ref. 204, Copyright 2010 American Chemical Society.
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Figure 7.12, Magnetization curves of NPCs and individual iron oxide NPs. TopsMas
magnetization as a function of field strength measured at 32@k5 K. At 300 K, both
NPCs and individual NPs showed superparamagnetic behavior. Typstaldsis loops
were observed at 5 K, and NPCs exhibited coercivity very clotigetindividual NPs,
probably because of the coexistence of anisotropic and random assémibly during

the cluster formation process; Bottom: ZFC/FC measured at &0tl@ blocking
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temperature had shifted from 111 K to 181 K aftaster formation, which indicates that
strong dipole —dipole interactions had taken plaoeong nanoparticles inside the
clusters. Image reprinted with permission from 204, Copyright 2010 American

Chemical Society.

The single cluster has a much higher magnetic montam individual iron oxide
NPs, which was theoretically predicated earlieGayet al?®” In this work, since we are
able to transfer the hydrophobic ;P2 NPs into stable aqueous dispersions in both
clustered and individual forms, direct comparisoi tike magnetization difference
between both forms (and hence their response txtmnal field) could be made more
straightforward. Both F#©,NPCs and individually dispersed NPs solutions weaeed
beside a magnet and observations were periodicetle. For individually dispersed iron
oxide NPs, we did not observe any visible movenoéMPs towards the magnet in 12 h
(Fig. 7.11b). However, all the NPCs could be ca#dcby the magnet within just a few
minutes (Fig. 7.11c). In order to be able to malafe the movement of particles in
solution by a magnet, the magnetic energy on thécfe should be larger than the
thermal energy, which is the cause of Brownian omdf® This behavior for
individually dispersed R®,; NPs in an external magnetic field is consistenthwi
theoretical result that the magnetic moment of IsiidPs is so weak that it could not
even overcome the random Brownian motion in satutiince a cluster is made of many

individual NPs, the magnetic moment is a collectiesult of the individuals; therefore,

162



the magnetic force on a cluster is increased mangst than that on non-clustered
NPs[?®! Consequently, there will be a net positive magnfgtice driving the clusters
toward the magnét’® From this comparison, NPCs could be better suftad
applications like drug delivery and molecular safian compared to individual NPs. In
these applications, target molecules are oftenetinlonto the particle surface and
transported or collected by the movement of magneirticles in the external
fi6|d.[315'319_323]

Superparamagnetic iron oxide NPs are well knoambieing able to shorten the
transverse relaxation time of water protons ancehasen used as a negative contrast
agent in MRIZ?® Recently, aggregated or assembled iron oxide N&@sdrawing
greater attention in MRI applications because ttay provide even higher contrast than
individually dispersed magnetic NB&2°13%!|n order to test the contrast enhancement
effect from the clustering of NPs, we measured Theveighted MR images with
different iron concentrations in aqueous dispersiBoth individual and clustered
particles exhibited a sensitive concentration-ddpah darkness in MR images, where
the higher the concentration, the darker the imags. However, under the same iron
concentration, darker contrast was observed wittCNRFig. 7.13). Moreover, the
clustered nanoparticles showed a transverse réfiaxiy) value of 277.6 SmM™ Fe,
which is remarkably higher than that of individt®s (15.4 $mM™ Fe). This suggests

that NPCs could likely be used as a better congmalsancer in Fweighted MR imaging

than individual magnetic NPs.

163



DOm
olo®

H20 5
Hg/m

D 10 20
40 50

Figure 7.13, MRI images of NPCs and individual NPs with differeoncentrations in
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water. The darker contrast shown at a lower conagomn for NPCs indicates that in the
clustered form, a lower concentration of Fe is eeeid obtain a desired contrast. Image

reprinted with permission from ref. 204, Copyri@®L0 American Chemical Society.

7.4 Conclusion

In summary, a general method for making NPCs wasldped in a CTAB-mediated
oil-in-water emulsion system, where previously omglividual NPs were obtained, by
increasing the concentration of NPs dispersedearotiganic phase. Although NPCs have
a wide range of diameters, differential centrifugiatcan be used to narrow their size
distribution. The final concentration of NPCs prodd by our method is about 5 times
higher than the highest value reported in liteativloreover, NPCs can be obtained in

nearly 100% yield. Therefore, our method for prodgd\PCs is scalable. The surface
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chemistry of NPCs can be manipulated by employiiftgrént polymers rather than

CTAB, to stabilize them under constant sonicatioon oxide NPCs have a much higher
magnetic moment than individual NPs, making thettebsuited for separation and drug
delivery purposes. In MRI, a significant increasdransverse relaxivity from NPCs also

indicates that a lower concentration of iron camuged to give a reasonable contrast.
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CHAPTER 8

Summary and Outlooks

The current research aims at developing new syoth&tategy to prepare
structurally complex gold nanoparticles and newe ssorting method to separate
nanoparticles of larger size, as well as studyirgassembly of nanoparticles into novel
hierarchical structures through both template-gssiand template-free strategies.

Dendritic gold nanoparticles were prepared throaglseed-mediated process in
ethanol inChapter 2. Size control of the nanodendrites could be addey simply
adjusting the ratio of HAu@lto total number of seeds added. The surface of
nanoparticles is capped by the hexadecylamingHg&ENH,). The carbon chain length of
alkylamines (GH2n+1NHy) has great effect on the generation of gold nandidies. The
dendritic structure can be observed only wherl@. In the hexadecylamine-ethanol
system, the dendritic structure could be produacedewrds of different shapes, including
spherical, rod-like and flat triangular nanopagscl The future direction of this work
should emphasize on both synthesis and applicafidhe dendritic gold nanoparticles.
In the current synthetic system, ethanol was usexsblent for the seeded growth of gold
nanodendrites. However, the polarity of solvent mhaye impact on the assembly of
shape-defining reagent, hexadecylamine, and coesdlguon the structure of the
resulting gold nanopatrticles. Therefore, the sdlveifiect on the formation of gold
nanodendrites should be studied. Compared to tlhe seherical nanoparticles of the
similar size, the dendritic gold nanoparticles hawech higher surface area, thus they

can be used to enhance the loading of drug mokeanléhe drug delivery applications.
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Besides, light absorbed by the gold nanopartickes lze converted into heat, which is
high enough to trigger the release of drug molecole the surface of the nanoparticles.
The dendritic gold nanopatrticles have absorptiothennear infrared range, and light of
this range is capable of penetrating the humandssgshusn vivo controlled drug release
can be achieved by using laser of the correspondiagelength. Finally, the large
surface-to-volume ratio of the dendritic gold naaicles makes them better suited for
catalysis applications than the solid nanopatrticles

We studied the shape evolution of gold nanopagiotea seed-mediated growth as
well as the kinetics of reduction of HAuGh the presence of seedsGmapter 3. The
reduction of the gold precursor by sodium citratessvaccelerated due to the addition of
pre-synthesized seed nanoparticles. The invegiigati shape evolution was carried out
by manipulating the molar ratio (R) of sodium dérdo the gold precursor, HAuCI
Nearly single-crystalline gold nanowires were fodhat a very low R value (R = 0.16) in
the presence of the seeds as a result of the edieattachment of the growing gold
nanoparticles. At a higher R value (R = 0.33), gudshochains were formed due to the
non-oriented attachment of gold nanoparticles. Atugh higher R value (R = 1.32), only
larger spherical gold nanoparticles grown from ¢keds were found. In the absence of
gold seeds, no single-crystalline nanowires werméal at the same R value. Our results
indicate that the formation of the 1D nanostrugyrenochains and nanowires) at low R
values is due to the attachment of gold nanopestialong one direction, which is driven
by the surface energy reduction, nanoparticle cttma, and dipole—dipole interaction
between adjacent nanopatrticles.

We developed a novel method of separating nancfestiof different sizes in a

167



viscosity gradient irChapter 4. The viscosity gradient was created by stackiraglignt
concentration of polyvinylpyrrolidone (PVP) aquecgdutions. Previously, such size
separation was all achieved in the density gradiehile the hidden contribution of
viscosity difference inside the density gradientswet well recognized. Through this
work, it is clarified that the viscosity can cobtrite as importantly as density in the size
sorting of nanoparticles through rate zonal camgef It was also demonstrated both
experimentally and mathematically that the visgogjtadient is more effective in
separation of larger sized nanoparticles. In theeot work, all the demonstrations of
nanoparticles size separation were based on thecevéted AuNPs, which are very
stable in the PVP viscosity gradient. In practit@oparticles are synthesized with many
different surface capping molecules in the solupbiase; while most of these non-PVP
covered nanoparticles will be destabilized in tMPRiscosity gradient. The future work
should aim to extend the viscosity gradient to glze separation of non-PVP stabilized
nanoparticles without destabilization. A possigp@@ach that can be employed to solve
this issue is to use different polymers. Beside®,Pdr many other polymers, such as
polyethylene glycol (PEG), polyacrylic acid (PAA)dpoly (diallyl dimethyl ammonium
chloride) (PDDA), their agueous solutions of diffet concentrations have similar
densities, but significantly different viscositigbus they are also suitable to build the
viscosity gradient. These polymers contain typfoaictional groups that appear on the
surface of nanopatrticles. Therefore, it is possiblénd a suitable polymer solution in
which nanopatrticles capped by a certain type oeawdes can be dispersed stably.

We investigated the oriented 1-D assembly of gadeshanods by using bacteria

flagella as templates i€@hapter 5. This biological filamentous template was purified
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from the Escherichia colibacteria. The assembly took place through eldeiios
interaction between the positively charged goldonads and the negatively charged
flagella. Two approaches were carried out to obthan assembled structures. In one
approach, nanorods and flagella were mixed dirantiyhe solution phase; while in the
other one, flagella were first immobilized onto BM grid, which was then floated on a
drop of nanorods solution to allow adsorption. Bafiproaches generated well aligned
gold nanorods structures. The optical shift ofradid) gold nanorods was also studied. The
flagella could potentially be a better templatentki@e previously used carbon nanotubes,
since carbon nanotubes involve tedious surface finatlon to get charges, while
flagella are naturally charged and the chargesdcalsio be manipulated through genetic
engineering. The future work will focus on the kargcale oriented assembly of gold
nanorods on a substrate and the assembly of otheoparticles, like gold/silica
core/shell nanopatrticles, into 1-D structure basedhe flagella templates. To assemble
gold nanorods into large scale oriented structine template, flagella, should first form
ordered pattern on a substrate, which could posbiblachieved by the shear force or by
an external electric field. And nanorods can thenassembled onto the patterned
substrate to form a large scale oriented assembby.gold/silica core/shell nanoparticles
can be synthesized with well-controlled silica shbickness. When the core/shell
nanoparticles are assembled into 1-D arrays, theetoecore distance can be manipulated
by controlling the thickness of the shell. For golthoparticles, the manipulability in the
inter-particle distance provides a means to cortreloptical shifting of the assembled
1-D structure.

Novel branched hollow microfibers that were co-agded from PVP stabilized
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gold nanopatrticles and free PVP molecules in thatisn were revealed i€hapter 6.
Initially, we discovered that PVP could self-ass@mhbto branched hollow fibers in an
agueous solution after aging under room temperdturabout two weeks. On the basis
of this finding, we demonstrated two approaches (@nthrough direct deposition of
silica onto the PVP aggregate and the other isutfiraco-assembly of PVP covered gold
nanoparticles with free PVP molecules) by which $ledf-assembly behavior of PVP
could be exploited to template the formation ofnlateed hollow inorganic fibers. Our
work suggests that the self-assembly of the PVRecutgs in the solution can serve as a
general method for directing the formation of biaeat hollow inorganic fibers. The
future work includes both the fabrication of braedhollow fibers of other functional
materials and the application of current silica godd based branched hollow fibers.
Besides silica, other inorganic oxide materialee ZnO and TiQ, can also be prepared
by the base-catalyzed hydrolysis reaction of therresponding organic alkoxides
compounds. Thus, branched hollow ZnO and;TiBers could be prepared in the same
way as the fabrication of silica fibers. Silicaasio-compatible and bio-decomposable
material, the overall size of the fibrous structiseon the centimeter scale and the
diameter of the individual fibers is comparablethe size of cells, therefore, the silica
branched hollow fibers can be used as 3-D subsfrasesubstituents to the conventional
2-D substrates, for the cell culture. The gold meambcles in the co-assembled fibers are
very close to each other, resulting in a strongaserplasmon coupling between adjacent
nanoparticles. Thus, the gold branched hollow §bare suitable as substrates for the

surface enhanced Raman scattering (SERS) basdg bagtsitive molecular detection.
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A general method for template free assembly of par@le into clusters (NPCSs) in
an oil-in-water emulsion system was investigatedCimapter 7. The assembly was
mediated by cetyl trimethylammonium bromide (CTAB)here previously, only
individual nanoparticles were obtained. NPCs of netig, metallic and semiconductor
nanoparticles have been prepared to demonstratgetierality of the method. The NPCs
were spherical and composed of densely packedithdil nanoparticles. The number
density of nanoparticles in the oil phase was fotmde critical for the formation,
morphology and yield of NPCs. The method develdpe@ is scalable and can produce
NPCs in nearly 100% vyield at a concentration of §/mt in water which is
approximately 5 times higher than the highest vakpmorted in literature. The surface
chemistry of NPCs can also be controlled by repia&€TAB with polymers containing
different functional groups via a similar procedufee reproducible production of NPCs
with well defined shapes has allowed us to complaeeproperties of individual and
clustered iron oxide nanoparticles including maigaéibn, magnetic moments and
contrast enhancement in magnetic resonance imgliRd). We found that due to their
collective properties, NPCs are more responsivant@xternal magnetic field and can
potentially serve as better contrast enhancemeeantagthan individually dispersed
magnetic NPs in MRI. The future work will focus trein vivo application of the iron
oxide NPCs as MRI contrast enhancing reagent. Tinlace of the NPCs should be
modified so that they can bind specifically to agéd, for instance, a tumor site.
Considering the simplicity in the surface modifioat silica coated NPCs will be better
than the as prepared NPCs. In addition, througlopeaticles engineering, the NPCs can

be functionalized for multi-modean vivo imaging purposes. For example, gold
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nanoparticles can be immobilized onto the silicallsthrough electrostatic interaction
and fluorescent dye molecules can be linked oniwaghrough covalent bonding. Both
these modification methods are well developed. Dodd nanoparticles and dye
functionalized iron oxide NPCs are capable of imggthe target site through three
different modes, including magnetic resonance (raagmanoparticles), light scattering

(gold nanoparticles) and light emission (dye) modes
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