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1BAbstract 

The aims of the current research include developing new synthetic strategies to 

prepare structurally complex gold nanoparticles and new size sorting methods to separate 

nanoparticles of larger size, as well as studying the assembly of nanoparticles into novel 

hierarchical structures through both template-assisted and template-free strategies. 

In the synthesis section of this dissertation (Chapters 2 & 3), a size controllable 

synthesis of dendritic gold nanoparticles through a seed-mediated process in ethanol is 

described. The effect of seeds size and shape as well as the carbon chain length of 

alkylamines on the formation of dendritic structure was investigated. The synthetic 

strategy developed is capable of forming dendritic structure on various substrates, like 

flat or rod-like gold particles. In another work, the shape evolution of gold nanoparticles 

in a seed-mediated growth as well as the kinetics of reduction of HAuCl4 in the presence 

of seeds was studied. The reduction of the gold precursor by sodium citrate could be 

greatly accelerated in the presence of seed nanoparticles. Along with the enhanced 

reaction kinetics, dramatic shape evolution of gold nanoparticles was observed by 

changing ratios of precursors. 

 In the purification section (Chapter 4), a novel method of separating nanoparticles of 

different sizes in a viscosity gradient was developed. The viscosity gradient was created 

with polyvinylpyrrolidone (PVP) aqueous solutions. Previously, such size separation was 

all achieved in the density gradient, while the hidden contribution of viscosity difference 



 xx

inside the density gradient was not well recognized. Through this work, it is clarified that 

the viscosity can contribute as importantly as density in the size sorting of nanoparticles 

through rate zonal centrifuge. It was also demonstrated both experimentally and 

mathematically that the viscosity gradient is more effective in separation of larger sized 

nanoparticles. 

 In the assembly section (Chapter 5, 6 & 7), nanoparticles were assembled into three 

different hierachical structures through both template-assisted and template-free 

approaches. In the template-assisted assembly, gold nanorods were aligned into ordered 

1D linear pattern by using soft biological filamentous, namely bacteria flagella, as 

templates. Two different ways of assembling nanorods onto flagella were investigated. In 

another study, a highly commercialized polymer, polyvinylpyrrolidone (PVP), was 

discovered for the first time to be able to self-assemble into branched hollow fibers. 

Based on this discovery, two approaches (one through direct deposition of silica onto the 

PVP aggregate and the other through co-assembly of PVP covered gold nanoparticles 

with free PVP molecules) by which the self-assembly behavior of PVP could be 

exploited to template the formation of branched hollow inorganic fibers were 

demonstrated. In the template-free assembly, a general method for assembling 

nanoparticle into clusters (NPCs) in an oil-in-water emulsion system was investigated. 

Detailed studies on the mechanism of formation of NPCs structure, optimized conditions, 

scalable production and surface chemistry manipulation were carried out. Besides, 

comparison of the properties of individual and clustered iron oxide nanoparticles was 
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conducted. It was discovered that due to their collective properties, NPCs are more 

responsive to an external magnetic field and can potentially serve as better contrast 

enhancement agents than individually dispersed magnetic NPs in Magnetic Resonance 

Imaging (MRI). 
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CHAPTER 1 

2BIntroduction 

11B1.1 Historical Overview 

Nanoparticles are particles having at least one dimension between one and a hundred 

nanometers.[1,2] They are composed of limited number of atoms, and thus exhibit strong 

quantum confinement effect. For this reason, nanoparticles have optical, magnetic and 

electronic properties that are dramatically different from those of bulk solids.[3] Owing to 

these novel physical properties, nanoparticles have been playing essential roles in various 

applications, including molecular detection and sensing,[4] biological imaging and 

diagnostics,[5-7] targeted drug delivery and medical therapy,[8-12] catalysis,[13] 

electronics,[14,15] energy storage[16] et al. Among all inorganic materials, nanoparticles of 

gold have been one of the most actively studied nanoparticles. This is probably because: 

(1) benefiting from the surface plasmon resonance (SPR), gold nanoparticles have the 

size and shape dependent tunable optical properties, which can be applied in many 

research fields; (2) gold is a chemically inert and biologically compatible element; (3) 

synthesis of gold nanoparticles is relatively simple and well developed; (4) surface 

chemistry of gold nanoparticles can be readily manipulated by mercapto-containing 

functional molecules.  
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12B1.2 Morphology Control of AuNPs through Solution Phase Synthesis 

It is well known that the optical properties of gold nanoparticles are significantly 

dependent on their size and shape.[17-19] Many research efforts have been previously 

invested into controlling size and especially shape of gold nanoparticles in order to 

achieve fine tune of their optical properties. In all these attempts, solution phase synthesis 

has been exclusively successful in controlling the shape of gold nanoparticles. And 

various shapes, such as solid[20] and hollow spheres[21-23], rods,[24,25] triangular plates,[26-29] 

polyhedrons,[30-32] cubes[33,34] and flowers,[35] have been prepared (Fig. 1.1).  

The chemical nature of solution phase synthesis of gold nanoparticles is a simple 

inorganic reaction in which ionic gold gets reduced into atomic gold. The atomic gold 

will accumulate to form clusters, and further grow into particles. The surface of resulting 

particles is capped by ligands. These ligands will induce electrostatic repulsion or steric 

force among nanoparticles, so that they can be effectively prevented from aggregation 

and precipitation. Thus, in solution phase synthesis of gold nanoparticles, at least four 

chemicals are needed: ionic gold precursor, reducing agent, surface capping agent 

(ligands) and solvent. Tetrachloroauric acid (HAuCl4) has been almost exclusively used 

in synthesis of all types of gold nanoparticles as a precursor of gold. Typical examples of 

reducing agents includes sodium citrate,[20] ascorbic acid (and its sodium salt),[25] sodium 

borohydride,[36] ethylene glycol (EG),[30,31] amino acids[37] and proteins.[38,39] Small 

organic molecules (with and without charges), surfactants,[25] and polymers[1] have been 
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used actively as surface capping reagents to stabilize the nanoparticles. Water, ethylene 

glycol[1] and dimethylfuran (DMF)[40] are the common solvents employed for synthesis of 

hydrophilic gold nanoparticles. Generally, careful selection of these reagents can result in 

gold nanoparticles of different shapes. Besides, pH,[31] reaction temperature[31] and 

addition of trace amount of “shape-inducing” ions[1,41,42] are also important in the 

formation of desired shaped gold nanoparticles. The methods of manipulating the shapes 

of gold nanoparticles can be divided into four categories, which will be reviewed below. 

 

 

 

 

 



 4

 

Figure 1.1, Electron microscope images of some typical gold nanoparticles: (a) 

nanorods[41]; (b) triangular nanoplates[41]; (c) nanoshells — a layer of gold coating on 

silica nanoparticles[64]; (d) hollow spheres[21]; (e) star-like nanoparticles[35] and (f) 

nanocubes[32]. Images reprinted with permission from the references as indicated: (a, b) 

Copyright 2007 American Chemical Society; (c) Copyright 2003 American Chemical 

Society; (d) Copyright 2005 American Chemical Society; (e) Copyright 2008 American 

Institute of Physics; (f) Copyright 2006 American Chemical Society.  

42B1.2.1 One-Pot Direct Synthesis  

One-pot synthesis is the most straightforward method in preparation of gold 

nanoparticles. It is widely adopted in making spherical nanoparticles. And the resulting 

nanospheres are very stable and uniform. The one-pot method has a long history. The 

(c) 

(e) 
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first documented preparation of colloidal gold nanoparticles, which dated back to 1851 

by Michael Faraday, was done through a one-pot reaction of sodium tetrachloroaurate 

with phosphorous in carbon disulfide solvent.[43] The most popular reaction system used 

nowadays to make small, spherical gold nanoparticles was reported by Frens in 1973.[20] 

In that work, sodium citrate was used as both a reducing agent and a stabilizer of 

nanoparticles. The pioneer work of one-pot synthesis all featured fast nucleation and 

growth, which often preceded the anisotropic growth of different crystal planes and 

would inevitably result in spheres and undefined-shaped particles. It was not until the 

past decade did researchers start to turn their attention onto slow kinetic systems, where 

remarkable shape control of gold nanoparticles was discovered.[30-32,44] In these attempts, 

mild reducing agents, like EG and PVP were used. The formation of shape controlled 

gold nanoparticles was carried out under high temperature (150-200 oC) and relatively 

long reaction time. Gold nanoparticles of tetrahedrons,[30] octahedrons,[32] 

icosahedrons,[30] cubes[30,32] and triangular plates[27,39] have been reported. Polymeric 

surface capping reagents were proved to be crucial in controlling the shape of resulting 

gold nanoparticles, as they can specifically bind to a certain crystal plane and thus induce 

anisotropic growth during the enlargement of nanoparticles.[1] In addition, the 

introduction of foreign ions, like Ag+, could also greatly affect the growth of 

nanoparticles along certain directions.[40] The combined effects of surface capping 

polymers and foreign ions have generated gold polyhedrons with different number of 

faces.  
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43B1.2.2 Seed-Mediated Synthesis  

Unlike the one-pot synthesis, where gold nanoparticles can be obtained via a single 

step, seed-mediated synthesis could only be achieved through a two-step process. In the 

first step, tiny clusters of gold (2 – 4 nm) are prepared by reducing diluted HAuCl4 with 

strong reductant (normally NaBH4),
[45] the small size of gold nanoparticles is the result of 

explosive formation of numerous gold nuclei upon addition of NaBH4. In the second step, 

a small amount of tiny gold clusters will be added to a growth solution, which contains 

HAuCl4, a different reductant and the capping reagent. The gold clusters will act as 

nuclei (or “seeds” as commonly mentioned) and newly reduced atomic gold in the 

growth solution will deposit directly on them. The second step is characterized by a slow 

reaction rate under mild reducing environment, which is favored for shape control of gold 

nanoparticles.  

So far, the most excited shape of particles obtained from the seed-mediated synthesis 

is gold nanorods or rod-like nanoparticles.[25,45-47] Gold nanorods have sophisticated 

optical absorption and scattering properties that are very sensitive to their aspect 

ratio.[18,19] Many biological applications, such as cell imaging, controlled drug release and 

photothermal therapy of cancer, have been explored based on gold nanorods.[8,34] 

Cetyltrimethylammonium bromide (CTAB) is the key reagent to the successful formation 

of rod-like nanoparticles. It contributes in at least three aspects: firstly, CTAB can 

significantly reduce the rate of reaction between gold chloride and ascorbic acid, which 

favors anisotropic growth of gold nanoparticles; secondly, as a surface capping reagent, 
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CTAB stabilizes the resulting gold nanoparticles; thirdly and also most importantly, 

CTAB defines the rod-like shape of gold nanoparticles. Addition of foreign ions can 

significantly influence the yield and shape of synthesized gold nanoparticles, which is 

similar to that in slow-kinetic one-pot synthesis. The yield of gold nanorods could be 

increased to a maximum of 97% in the presence of trace amount of Ag+,[48] and 

furthermore, their aspect ratios can be manipulated by the amount of Ag+ added to the 

growth solution.[49] When I- is added as foreign ions, triangular plates rather than 

nanorods can be obtained.[26] In addition, the concentration of CTAB and ascorbic acid,[28] 

the stirring during reaction[50] and the types of seeds[45] all impact greatly on the final 

shape of gold nanoparticles, although the underlying mechanism has not been uncovered 

clearly up to date.  

Another seed-mediated synthetic system that has been intensively studied involves 

the reduction of HAuCl4 by DMF in the presence of PVP stabilizer and seeds. Several 

different shapes of gold nanoparticles have been reported under different reaction 

conditions. When 2-3 nm spherical seeds are used, and the reaction takes place under 

sonication, uniform decahedral gold nanoparticles are obtained;[51] however, without 

sonication, larger spheres[52] and flower-like nanoparticles[35] are produced under low and 

high PVP concentration respectively. In another report, pre-synthesized gold nanorods, 

instead of 2-3 nm spherical nanoparticles, were used as seeds, and this lead to the 

formation of tip-sharpened nanorods as well as octahedral particles under different 

HAuCl4 concentrations.[53]   



 8

44B1.2.3 Templating Synthesis  

In both one-pot and seed-mediated synthesis, the shapes of gold nanoparticles are 

controlled by functional molecules and ions, which can induce anisotropic growth of 

nanoparticles. However, in templating synthesis, the shape of nanoparticles is determined 

by the shape of template particles. The fundamental principle lying in the templating 

synthesis is the galvanic replacement reaction between HAuCl4 and another more 

chemically active metal in the form of nanoparticles. The resulting gold nanoparticles are 

featured with hollow interior and shapes similar to those of the templates.[21,22,54] 

Although simple, the templating approach makes it possible to synthesize gold 

nanoparticles with shapes that are difficult to obtain through direct synthesis. Hollow 

gold nanospheres have optical absorption at near infrared (NIR) region, and thus they can 

be used in the photothermal therapy of cancer.[22,55] However, direct synthesis has so far 

only resulted in solid gold nanoparticles. Through templating synthesis, hollow spherical 

gold nanoparticles can be prepared by simply adding controlled amount of HAuCl4 into 

colloidal solution of Ag or Co.[54,55] Besides hollow nanospheres, ultrathin gold nanorods, 

which could not be obtained through seed-mediated synthesis in CTAB, have also been 

made from the corresponding ultrathin Fe nanorods.[56] 

The galvanic replacement reaction between Ag nanocubes and HAuCl4 has resulted 

in different types of Au/Ag alloy nanoparticles that exhibit tunable optical properties.[34] 

The most interesting structure is the hollow-porous-cubic nanoparticle. The nanoparticles 

have not only the hollow interior but also pores on the surface, which provides a pathway 
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to load drug molecules into the hollow space. Even more importantly, these 

hollow-porous nanocubes can be tuned to absorb at NIR region, which has lead to the 

recent success of controlled drug release through on/off of laser irradiation.[57]   

13B1.3 Optical Properties of Gold Nanoparticles 

Gold has been used as a pigment for staining glass and ceramics ever since ancient 

Roman time. But it was not clear where the color of gold originates from. In 1857, 

Faraday first prepared the pure reddish gold colloidal, which had the same color as ruby 

glass, in solution phase. He recognized that the color was due to the minute size of the 

gold particles, which were so small that were not able to be seen by any of the 

microscopes developed at that time. In 1898, Richard Zsigmondy successfully observed 

the tiny colloidal gold with his ultramicroscope. In 1908, Mie first explained the physical 

origin of colors in gold colloidal solution by using the classical electromagnetic theory 

and his work is now known as “Mie theory”. 

Mie theory can be used to calculate the absorption and scattering properties of 

spherical nanoparticles of various materials. For gold and other electron rich metallic 

nanoparticles, Mie theory describes the interaction of nanoparticles with light as induced 

oscillation of nanoparticles’ free surface electrons in the electromagnetic wave.[18,19] 

When nanoparticles are placed in the electric field of the incident light, their surface free 

electrons (also known as surface plasmon) will be dislocated relative to the core of 

nanoparticles. However, the Coulomb force between the ionic core and electrons will 
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generate a restoring force to pull back the electrons. Such interaction will result in the 

oscillation of surface plasmon in an alternative electric field of light. According to Mie 

theory, the oscillation frequency of surface plasmon is dependent on the size and shape of 

the metallic nanoparticles as well as the dielectric constant of the corresponding bulk 

solid metal and of the medium surrounding them. When the frequency of incident light is 

equal to that of surface plasmon oscillation, a strong absorption of light will be observed 

in the spectrum. And this is known as Surface Plasmon Resonance (SPR).[58] 

 

Figure 1.2, Schematic of surface plasmon oscillation in the electric field of incident light. 

Image reprinted with permission from ref. 18, Copyright 2003 American Chemical 

Society. 

    

45B1.3.1 Nanospheres 

Small spherical gold nanoparticles (< 20 nm) typically have a single narrow 

absorption peak in the visible range.[17] As the nanoparticles become larger, the 

absorption peak will be widened due to the inhomogeneous polarization of surface 

plasmon in the electric field of light. The extinction coefficient of gold nanoparticles is of 
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a few orders of magnitudes higher than that of conventional dyes.[59] Due to such a high 

extinction coefficient, spherical gold nanoparticles have been used extensively in 

detection and sensing applications with very high sensitivity. Nevertheless, the optical 

spectra of spherical gold nanoparticles are only limited in visible ranges, which makes 

them not suitable for many in vivo biological applications.  

46B1.3.2 Nanorods  

Rod-like gold nanoparticles demonstrate strong tunability in the optical spectrum. 

Gold nanorods have two absorption peaks, corresponding to the two directions of surface 

plasmon oscillation, one is along the transverse direction (at around 520 nm) and the 

other is along the longitudinal direction. The longitudinal SPR band is greatly dependent 

on the aspect ratio (R) of gold nanorods, which is the ratio of length along longitudinal 

direction over that of transverse direction.[18,60] For example, for nanorods of R=3.1, 3.9 

and 4.6, their SPR bands are located at 730, 800 and 870 nm respectively.[19] Generally, 

by sophisticated control of the aspect ratio, the SPR bands of gold nanorods can be 

regulated from around 600 nm all the way to about 1500 nm. Such tunability in optical 

spectrum of gold nanorods has directly contributions in several important applications, 

like controlled release of multiple drugs[61] and polarization dependent multi-dimensional 

optical recording and image readout.[62] Besides, their absorption in the NIR region has 

attracted intensive research interest in the photothermal therapy of cancers.[6] 

47B1.3.3 Nanoshells 
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Another way to achieve fine tune of optical properties of gold nanoparticles is to use 

the nanoshell structure. Similar to that of gold nanorods, the extinction spectrum of 

nanoshells can also tuned from visible to NIR regions.[63] The most common gold 

nanoshells have a solid spherical silica nanoparticular core coated by a gold shell. Both 

the inner diameter of silica core and the thickness of gold shell are tunable in the 

synthesis and the extinction spectrum of nanoshells will change correspondingly.[64] The 

SPR frequency of gold nanoshell increases almost exponentially with increasing ratio of 

shell thickness to core diameter.[65,66] For example, for a 40 nm silica core, when the gold 

shell thickness increase from 4 nm to 20 nm, the SPR band will shift from 860 nm to 520 

nm.[19] Thus, for biological photothermal applications, a thin gold shell is always 

preferred.[67,68] 
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Figure 1.3, Optical tunability of gold nanoparticles of different size and shapes. (a) 

nanospheres of different sizes; (b) nanorods of different aspect ratios; (c) nanoshells of 

different shell thicknesses. Images reprinted with permission from ref. 17, Copyright 

1999 American Chemical Society, ref. 49, Copyright 2003 American Chemical Society, 

and ref. 68, Copyright 2004 Adenine Press. 
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14B1.4 Biological Detection, Imaging and Therapy Based on Gold 

Nanoparticles 

Due to their fascinating optical properties and good biocompatibility, gold 

nanoparticles have garnered plenty of research interest in exploring their biological 

applications. While the simple, well-developed synthesis protocols and the associating 

optical tunability as well as the uncomplicated surface modification has greatly facilitated 

such research attempts. Several different aspects relating to optical response of gold 

nanoparticles have been extensively studied for different applications, which will be 

reviewed below. 

48B1.4.1 Surface Modification of Gold Nanoparticles  

During the solution phase synthesis, the surface of gold nanoparticles is capped by 

some charged small molecules or polymers to achieve stabilization. Most of these 

capping molecules do not have biological functionality. However, in the biological 

applications, functional molecules or moieties, like site targeting peptides and antibodies, 

are often required to present on the surface of gold nanoparticles. For this reason, surface 

modification of as-prepared gold nanoparticles would be the first step before they can be 

readily applied for biological research. 

Generally, two types of interactions can be employed to modify the surface of gold 

nanoparticles: electrostatic and covalent bonding. Electrostatic interaction first involves 

the layer-by-layer assembly of polyelectrolytes (ionic polymers) onto the nanoparticles, 
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and the functional molecules are electrostatically immobilized onto the surface that has 

the opposite charges.[69,70] Electrostatic approach is a simple, universal and highly 

efficient way to modify the surface chemistry of nanoparticles. However, the 

immobilized molecules can be easily detached from the surface in mediums of high ionic 

strength. Besides, since there is no selection in the sites of interaction, the configuration 

of some moieties may be destroyed upon immobilization onto the nanoparticles, which 

may further result in a loss of expected functionality. As an alternative to electrostatic 

interaction, conjugation through covalent bonding is considered as a more stable and 

selective method to manipulate the surface chemistry of nanoparticles. This method is 

normally done in two steps. In the first step, the nanoparticles surface is modified by 

molecules containing a thiol group on one end and a conjugatible group, typically 

–COOH and –NH2, on the other end.[70,71] The thiol group will link firmly to gold 

nanoparticles by Au-S covalent bond. After the first modification, the desired functional 

moieties can be reacted with the conjugatible groups on the nanoparticle surface to form 

another covalent bond with the assistance of coupling reagents. Although giving stable 

conjugation products, this method could be very costly for functional moieties that do not 

initially have conjugatible groups, for it takes another step of tedious modification.    

49B1.4.2 Optical Detection and Sensing 

This application utilizes optical shift effect, caused by surface plasmon coupling, in 

aggregated or assembled gold colloidal particles. Spherical gold nanoparticles of 10-20 
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nm, which show intensive wind-red color in the solution phase, are often used. The 

surface of gold nanoparticles is first modified with molecules that can specifically 

recognize target molecules or ions. The interaction of surface modified nanoparticles 

with targets results in a close approach of several nanoparticles, which further causes an 

optical shift detectable either by naked eyes or a spectrometer.  

A proof-of-concept research was first reported by Chad Mirkin in 1996 with DNA.[72] 

Single-strand DNA, which is complemental to the target DNA, is linked onto gold 

nanoparticles through Au-S chemistry. Since there is no interaction between the 

oligonucleotides after modification, gold nanoparticles can still exist as homogeneous, 

individual dispersion that shows a wine-red color. Upon addition of the target 

oligonucleotides to the colloidal solution, gold nanoparticles start to hybridize, under 

proper temperature, with the target sequence. Since there are multiple targeting 

oligonucleotides on one nanoparticle, the hybridization will result in an aggregation of a 

few nanoparticles, which will lead to a solution color change from red to purple or blue. 

Such targeting through hybridization of complemental oligonucleotides is very accurate, 

the optical shift of gold nanoparticles solution will not happen even there is only one base 

pair mismatched in the sequences.[73] 

Following Mirkin’s work, many research works were carried out based on the 

colorimetric detection of gold nanoparticles and various targets, including DNA,[74-76] 

amino acid[77] and metallic ions,[78,79] have been detected both qualitatively and 

quantitatively. Generally, gold nanoparticle based colorimetric detection has at least three 
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advantages that count for its long lasting attraction of research. First, the optical shift of 

the gold colloidal solution is highly sensitive. Within rationally designed system, as low 

as 1 pM target can be detected by naked eyes.[80] Second, the detection is very 

time-efficient. Normally, a color change in the gold nanoparticles solution can be 

observed a few minutes after addition of targets. Finally, unlike other detection methods, 

which depends heavily on the use of sophisticated instruments, colorimetric detection 

merely needs a UV-Vis spectrometer, and in most cases, naked eyes are quite enough to 

see the color change.  

50B1.4.3 Biological Imaging 

When the frequency of light is equal to the SPR frequency of gold nanoparticles, 

strong light scattering will take place. This optical property has greatly inspired the use of 

gold nanoparticles for biological imaging purposes. The degree of light scattering is 

significantly dependent on the size of gold nanoparticles. For small nanoparticles (<20 

nm), the contribution of scattering is neglectable in the overall extinction of light. 

However, the light scattered is quite comparable to that absorbed for 80 nm gold 

nanoparticles.[19] For this reason, in biological imaging, larger gold nanoparticles are 

more commonly used. In comparison to the conventional dyes, the intensity of light 

scattered by a gold nanoparticle is about five orders of magnitude higher than that 

emitted by a dye molecule, making gold nanoparticles a potentially better option for 

biological imaging applications.[19] 
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Biological imaging with gold nanoparticles can be simply carried out under a regular 

optical microscope capable of doing dark-field imaging. The binding and internalization 

of nanoparticles to cells is achieved by culturing cells in the medium containing gold 

nanoparticles for a few hours. Unbound nanoparticles can then be washed away, leaving 

clean background for imaging. The incident white light is irradiated at a high angle to the 

vertical direction of cell culture plate in the dark field imaging, so that only light 

scattered by gold nanoparticles will be collected by the microscope objective. Each 

nanoparticle will appear as a colored bright spot under the microscope, and collection of 

spots from multiple nanoparticles inside each cell will result in the visualization of the 

whole cells. 

When gold nanoparticles are incorporated with target specific molecules, dark field 

imaging can be used as a tool for diagnosis of diseases. Such targeting-enabled 

nanoparticles will bind densely onto the target cells generating a dark-field image with 

well-defined shape of cells. While for non-specific cells, gold nanoparticles will only 

randomly dispersed in a much lower density inside the cells and no clear cell images can 

be observed.[5,81,82] 

51B1.4.4 Heat Based Therapy and Controlled Drug Release  

The incident light will be absorbed strongly at the frequency equal to that of SPR of 

nanoparticles. The absorbed light will cause a heating effect to the nanoparticles lattice, 

from which the heat will further diffuse into the surrounding medium, resulting in a local 
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temperature increase around the nanoparticles.[83] Such property of gold nanoparticles has 

directly led to their application in the photothermal therapy of cancers and the controlled 

release of molecules. 

Although heat generation is a universal phenomenon for gold nanoparticles having 

different SPR frequencies, biological applications, especially in vivo studies, prefer 

nanoparticles that can absorb at NIR region. The depth of penetration of light into skin is 

highly dependent on its wavelength, the longer the deeper. While most visible light can 

not penetrate through the skin, and light beyond the IR region is too low in energy, the 

desired wavelength range of light is from 650- 900 nm in the thermal application of gold 

nanoparticles.[83] Three different shaped gold nanoparticles, including nanorods,[6] 

nanoshells,[67] nanocages[84] and hollow spheres,[55] are often employed in the studies for 

their optical tunability in the NIR range.  

Photothermal Therapy. The viability of cells is quite temperature sensitive. Exposure 

to temperature of a few degrees higher than 37 oC will cause death of cells. In the 

photothermal therapy of cancers, the nanoparticles are conjugated with cancer-targeting 

molecules, like anti-EGFR, so that they will specifically accumulate on the cancer 

cells.[5,81,82] Monochromatic laser that has the same wavelength as nanoparticles’ 

absorption is used to destruct the cells as a result of localized heating effect from gold 

nanoparticles. The power of laser applied is so low that healthy cells, which have no 

affinity to the nanoparticles, will not be killed. 

Controlled Drug Release. The heat energy produced by photo-irradiation of gold 
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nanoparticles is capable of breaking covalent bonds on their surface.[85] Thus, drug 

molecules conjugated through Au-S bond can be triggered to release.[86,87] Reminding 

that the photothermal effect only takes place when the frequency of incident laser is equal 

to that of the SPR of nanoparticles, in a mixture of several different types of 

nanoparticles, only one of them can be heated at one time. By conjugating each type of 

drug onto nanoparticles of a certain SPR frequency, selective release of drugs can be 

realized by using laser of corresponding frequencies.[61] 

Photothermal effect of nanoparticles can also be used to induce phase transition of 

thermal sensitive polymer in a metal/polymer core/shell nanostructure. Gold 

nanoparticles employed in this kind of study are most often porous, like nanocages, so 

that their inner cavities can be used to accommodate drug molecules.[57] When the 

solution temperature is below the low critical solution temperature (LCST) of the 

selected polymer, its long chains are highly water compatible and fully extended. As a 

result, the pores on gold nanoparticles are covered by the polymer chains and drug 

molecules are confined inside the cavities. However, once the core/shell nanoparticles are 

irradiated by a proper laser, photothermal effect will cause an increase in the local 

temperature to above the LCST of the polymer.[57] A conformation change of the polymer 

from extended state to contracted state takes place immediately. And simultaneously 

pores on gold nanoparticles are exposed to the solution, resulting in the release of drug 

molecules. By switching on/off of the laser, drug release can be controlled to be on/off 

respectively. 
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15B1.5 Assembly of Nanoparticles into Hierarchical Structures 

Approaches of fabricating microstructures based on nanomaterials generally fall into 

two categories: top-down etching and bottom-up assembly. The top-down etching 

involves selective sculpture of a bulk piece of material into nanostructured pattern. It is 

generally a multiple-step physical process. The top-down approach can be used to 

fabricate highly ordered nanostructures; however, it requires sophisticated equipments 

and suffers from high experimental cost and low productivity. The bottom-up assembly 

utilizes nano-sized particles as building blocks to make hierarchical structures. Chemical 

interaction is the major contributor in the assembly of nanoparticles. In rationally 

designed systems, nanoparticles can be assembled into highly ordered structures. And the 

desired nanostructures can be prepared in large quantity in both time- and cost- efficient 

manner. This part of introduction will focus on the bottom-up assembly approach of 

making hierarchical nanostructures. 

During the assembly of nanoparticles, the chemical interaction mainly takes place 

through the molecules capping the surface of nanoparticles. Thus, proper manipulation of 

surface chemistry is critically important in the assembly of nanoparticles. And since the 

solid core of nanoparticles is not involved, strategies developed for assembling 

nanoparticles of one type of material should be readily applied to those of other materials 

as long as they have the same surface chemistry. The intensive study of bottom-up 

approach has resulted in various strategies to assemble nanoparticles into 1-D, 2-D and 
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3-D structures. Depending on whether templates are employed to assist assembly or not, 

these strategies can be divided into two groups: template-assisted assembly strategy and 

self-assembly strategy. 

52B1.5.1 Template-Assisted Assembly 

For many types of macromolecules, like block copolymers, DNA and proteins, they 

can self assemble to form highly organized structures under proper conditions. Because 

the nanoparticles are so small, when integrated with these functional macromolecules, 

they can be co-assembled into exactly the same ordered structures. These 

macromolecules are normally known as soft templates. In addition, due to the success in 

preparation of inorganic nanowires, 1-D assembly of nanoparticles has also been 

explored base on such linear structures. These inorganic nanowires are generally 

considered as hard templates. 

1.5.1.1 Block Copolymers  

Block copolymers are a type of polymer composed of two or more covalently linked 

homopolymers with various chain length. Each homopolymer can be considered as one 

segment. When a thin film (a few nm in thickness) is casted from the solution of a block 

copolymer that contains both hydrophilic and hydrophobic segments, micro-phase 

separation will take place under proper annealing conditions, resulting in an organized 

array (hexagonal or horizontally cylindrical) of microdomains.[88,89] Each microdomain is 

assembled from the same homopolymers, either hydrophilic or hydrophobic.[90] The 
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co-assembly of nanoparticles with block copolymers is normally carried out by mixing 

them into a homogeneous solution and being casted together into a film. Prior to mixing, 

the nanoparticles are surface modified with the same block copolymers or the 

corresponding homopolymers to improve the compatibility with the phase. Such 

modification will directly affect the location of nanoparticles in the microdomain after 

phase separation of block copolymers. If their surface is covered by hydrophobic 

homopolymers, the nanoparticles will be assembled into the microdomain composed of 

hydrophobic segment of the block copolymers, and vice versa.[91-94] More interestingly, 

when block copolymers, rather than homopolymers, are capping the surface of 

nanoparticles, the assembly will take place at the interface of hydrophobic and 

hydrophilic microdomains.[91,95] The modification of nanoparticles surface chemistry 

with different molecules provides more flexibility in manipulating the relative location of 

nanoparticles during the co-assembly process. 

100B1.5.1.2 Protein Cages  

Protein cages are self-assembled three-dimensional structures of proteins.[96] These 

spherical nanoparticles are characterized by having hollow cavities in the center. 

Benefiting from the naturally occurring self-assembly process, these 

supermacromolecules are quite uniform in both inner and outer diameters. When 

deposited onto a substrate, protein cages can organize themselves into ordered hexagonal 

2-D arrays;[97] while induced crystallization in the solution phase will result in 3-D 
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ordered packing of protein cages.[98]  

The self-organizing capability of protein cages can be applied to assemble other 

types of nanoparticles by incorporating them inside the cavities of the 

supermacromolecules.[99] The proteins, from which cage structure is assembled, can be 

modified and functionalized through genetic engineering to have specified interaction 

with a certain type of material. The pre-synthesized nanoparticles can then be directly 

intake into the hollow cavities of genetically modified protein cages.[97,100] Alternatively, 

ions of the corresponding nanoparticles can be adsorbed and reduced directly inside the 

cavities of the supermacromolecules.[101-103] Besides, without genetic modification, by 

mimicking the formation of virus, proteins can be induced to assemble onto 

pre-synthesized nanoparticles, the surface chemistry of which has been modified with the 

RNA sequence initiating the assembly of proteins during the formation of virus.[104] This 

mimicking approach also produces protein encapsulated nanoparticles that can 

self-assemble into ordered structures. 

101B1.5.1.3 DNA  

It has been reviewed in 1.3 that highly sensitive colorimetric detection of 

oligonucleotides can be achieved by linking gold nanoparticles with a complementary 

sequence to the target DNA. The high detection limit is a result of high selectivity in the 

hybridization of DNA oligonucleotides. Such self-recognition behavior of two 

complementary DNA oligonucleotides has also greatly facilitated the assembly of 
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nanoparticles. The thought of using DNA as building blocks to construct periodic 

structures had been raised ever since 1982.[105] Up to date, many types of periodic 1-D, 

2-D and 3-D structures have been successfully fabricated based on DNA.[106-108] 

Generally, two fundamental components are involved to assemble DNA into patterned 

structures: tiles and overhung sticky ends.[109-111] Tiles are the smallest repeating units 

that compose the body of DNA patterns. Tiles are normally branched in structure and are 

self-assembled from several different ssDNA molecules. None of these ssDNA molecules 

are completely complementary, but one ssDNA can be divided into two or more segments 

that are complementary to part of the sequence on several ssDNA. The interlocking of 

these ssDNA oligonucleotides will result in tiles of many different shapes. At each end of 

the branches in a tile, there hangs a short piece of free ssDNA motif (sticky ends) that 

will link together the tiles to form the patterned structures. 

In order to apply the patterned DNA structures as templates to achieve ordered 

assembly of nanoparticles, each tile is designed to have another free sticky end that will 

not be used as a structural linker but as an interaction site for nanoparticles.[112-115] The 

surface of nanoparticles, most often gold, will be modified with a corresponding 

complementary oligonucleotide so that the nanoparticles will only interact with the 

designated sites on the templates. Such approach of assembling nanoparticles through 

templating patterned DNA structures provides flexibility in controlling both the 

inter-particle distance and the pattern of nanoparticle arrays.[116] 
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102B1.5.1.4 Inorganic Nanowires 

Nanowires of most inorganic materials are prepared under 50 nm in diameter and 

with length of a few micrometers. Their well-defined 1-D structures as well as the rigid 

mechanical property are considered to be good templates for linear assembly of 

nanoparticles. Unlike the assembly through soft templates, where nanoparticles are 

confined to a specific phase or site, interactions between nanoparticles and inorganic 

nanowires are non-specific. And thus, the assembled patterns are generally not as uniform 

as those based on the soft templates. The force inducing attachment of nanoparticles onto 

nanowire templates originates from electrostatic interaction or covalent bonding.[117-119] 

For either one, the templating nanowires are usually pre-treated with a multi-step surface 

modification to introduce necessary functional groups on their surface. The nanowire 

templates are structurally unique in oriented alignment of rod-like nanoparticles. When 

interacting with the templates, nanorods will selectively align their long axis with the 

longitudinal direction of the nanowires to achieve the strongest binding to the templates. 

And as a result of this selective interaction, rod-like nanoparticles can be unidirectionally 

aligned along the nanowire templates.[120]  

53B1.5.2 Template-Free Assembly  

The template-assisted assembly of nanoparticles emphasizes greatly the importance 

of templates in determining the final pattern of assembled structures. And the assembly of 

nanoparticles takes place through the interaction of their surface capping molecules with 
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the specific sites or spots on the templates. In the template-free approach, however, the 

assembly is through the externally stimulated interaction among the surface molecules on 

different nanoparticles. Thus, both the external stimulation and the surface capping 

molecules determine the arrangement of nanoparticles in the assembled structures. Most 

often, for a certain type of capping molecules, only a specific stimulation will induce the 

assembly. The typical stimulus involved in the template-free assembly of nanoparticles 

includes pH, temperature and solvents. 

103B1.5.2.1 pH  

When the surface of nanoparticles is capped by molecules that have functional 

groups, such as amine and carboxylic groups, capable of forming hydrogen bonds, pH 

values of the solution will significantly impact the nanoparticles’ dispersion state.[121] For 

carboxylic groups, they are neutral under low pH and become charged at high hydroxide 

ions concentration. The charges on the nanoparticles surface will create a repulsive force 

to prevent their assembly. While in neutral state, strong hydrogen bonding effect among 

carboxylic groups on the surface of different nanoparticles will link them together. Such 

pH dependent assembly of nanoparticles is usually reversible. When the pH is adjusted 

back, nanoparticles aggregate can be disassembled to form a stable dispersion 

again.[122,123] 
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104B1.5.2.2 Temperature  

It has been reviewed previously that free target DNA oligonucleotides can induce the 

aggregation of nanoparticles that have complementary sequence on the surface. The 

optical shift rising from the aggregation of gold nanoparticles can be used to detect the 

DNA sequence of interest. Similarly, when two types of nanoparticles that are coated by 

complementary DNA are mixed in the solution, assembly of nanoparticles will take place 

along with the hybridization of DNA. 

It is well-known that the stability of DNA duplexes is highly temperature sensitive. 

Low temperature favors the formation of duplex structure; While if the temperature is 

above their melting point, the duplexes will be denatured and disassembled into two 

single strands. Thus, the complementary DNA coated nanoparticles will assemble at 

temperature below the melting point of DNA and disassemble at higher temperature.[124] 

Such temperature-induced assemble and disassemble of nanoparticles is highly reversible 

and is accurately correlated with the melting temperature of DNA.[125] 

105B1.5.2.3 Solvent 

Solvents have great effect on solubility of almost all chemicals. For macromolecules, 

like polymers, a change in solvent polarity usually causes a molecular conformation 

change. In a completely compatible solvent, polymer chains are fully extended and 

correspondingly, a homogeneous, transparent solution is observed. When an unfavored 

solvent is added gradually, the homogeneous solution will first become turbid and 
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eventually undergo a phase separation due to the contraction and anchoring of the 

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

nanoparticles surface, their behaviors in unfavored solvent will result in the assembly of 

nanoparticles. In well-designed systems, the structure of assembled nanoparticles can be 

tuned by the percentage of unfavored solvent added.[126]  

16B1.6 Overview of Dissertation 

Great accomplishments have been achieved in the synthesis and assembly of 

nanoparticles during the past decade. Nanoparticles with controlled size and well-defined 

shapes have been synthesized through careful selection of surface capping molecules and 

addition of trace amount of foreign ions in slow-kinetic reactions. The availability of 

shape-controlled nanoparticles has significantly facilitated the study of nanoparticles’ 

optical properties both theoretically and experimentally. As a result, many optical-based 

biological applications have been explored successfully by using gold nanoparticles. In 

terms of bottom-up assembly of nanoparticles into hierarchical structures, a variety of 

research work that can be generalized into template-assisted and template-free 

approaches have been conducted. 

However, synthesis of structurally complex gold nanoparticles, such as branched and 

dendritic nanoparticles, is still remaining a challenge. The structurally complex gold 

nanoparticles may possess both high surface area and interesting optical properties that 

could potentially be better suited for applications, such as highly-loaded drug delivery 
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and release, catalysis and optical-related biological treatments. Besides, not all 

nanoparticles can be synthesized uniformly, while current density gradient based size 

sorting of nanoparticles can only applied to separate small nanoparticles, a purification 

method that can be employed to achieve size selection of larger nanoparticles is in 

demand. Although many strategies have been reported to assemble nanoparticles into 

various hierarchical structures, developing new methodologies that can generate novel 

assembled structures or improve the assembly of a previously revealed structure is still 

necessary. 

The current research aims at developing new synthetic strategy to prepare 

structurally complex gold nanoparticles and new size sorting method to separate 

nanoparticles of larger size, as well as studying the assembly of nanoparticles into novel 

hierarchical structures through both template-assisted and template-free strategies. 

In Chapter 2, dendritic gold nanoparticles were prepared through a seed-mediated 

process in ethanol. Size control of the nanodendrites could be achieved by simply 

adjusting the ratio of HAuCl4 to total number of seeds added. The surface of 

nanoparticles is capped by the hexadecylamine (C16H33NH2). The carbon chain length of 

alkylamines (CnH2n+1NH2) has great effect on the generation of gold nanodendrites. The 

dendritic structure can be observed only when n ≥12. In the hexadecylamine-ethanol 

system, the dendritic structure could be produced on seeds of different shapes, 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 of HAuCl4 in the presence of 

seeds. The reduction of the gold precursor by sodium citrate was accelerated due to the 

addition of pre-synthesized seed nanoparticles. The investigation of shape evolution was 

carried out by manipulating the molar ratio (R) of sodium citrate to the gold precursor, 

HAuCl4. Nearly single-crystalline gold nanowires were formed at a very low R value (R 

= 0.16) in the presence of the seeds as a result of the oriented attachment of the growing 

gold nanoparticles. At a higher R value (R = 0.33), gold nanochains were formed due to 

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

only larger spherical gold nanoparticles grown from the seeds were found. In the absence 

of gold seeds, no single-crystalline nanowires were formed at the same R value. Our 

results indicate that the formation of the 1D nanostructures (nanochains and nanowires) 

at low R values is due to the attachment of gold nanoparticles along one direction, which 

is driven by the surface energy reduction, nanoparticle attraction, and dipole–dipole 

interaction between adjacent nanoparticles. 

In Chapter 4, we developed a novel method of separating nanoparticles of different 

sizes in a viscosity gradient. The viscosity gradient was created by stacking gradient 

concentration of polyvinylpyrrolidone (PVP) aqueous solutions. Previously, such size 

separation was all achieved in the density gradient, while the hidden contribution of 

viscosity difference inside the density gradient was not well recognized. Through this 

work, it is clarified that the viscosity can contribute as importantly as density in the size 

sorting of nanoparticles through rate zonal centrifuge. It was also demonstrated both 
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experimentally and mathematically that the viscosity gradient is more effective in 

separation of larger sized nanoparticles. 

In Chapter 5, we investigated the oriented 1-D assembly of gold nanorods by using 

bacteria flagella as templates. This biological filamentous template was purified from the 

Escherichia coli bacteria. The assembly took place through electrostatic interaction 

between the positively charged gold nanorods and the negatively charged flagella. Two 

approaches were carried out to obtain the assembled structures. In one approach, 

nanorods and flagella were mixed directly in the solution phase; while in the other one, 

flagella were first immobilized onto a TEM grid, which was then floated on a drop of 

nanorods solution to allow adsorption. Both approaches generated well aligned gold 

nanorods structures. The optical shift of aligned gold nanorods was also studied. The 

flagella could potentially be a better template than the previously used carbon nanotubes, 

since carbon nanotubes involve tedious surface modification to get charges, while 

flagella are naturally charged and the charges could also be manipulated through genetic 

engineering. 

In Chapter 6, novel branched hollow microfibers that were co-assembled from PVP 

stabilized gold nanoparticles and free PVP molecules in the solution were revealed. 

Initially, we discovered that PVP could self-assemble into branched hollow fibers in an 

aqueous solution after aging under room temperature for about two weeks. On the basis 

of this finding, we demonstrated two approaches (one is through direct deposition of 

silica onto the PVP aggregate and the other is through co-assembly of PVP covered gold 
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nanoparticles with free PVP molecules) by which the self-assembly behavior of PVP 

could be exploited to template the formation of branched hollow inorganic fibers. Our 

work suggests that the self-assembly of the PVP molecules in the solution can serve as a 

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

In Chapter 7, a general method for template free assembly of nanoparticle into 

clusters (NPCs) in an oil-in-water emulsion system was investigated. The assembly was 

mediated by cetyl trimethylammonium bromide (CTAB) where previously, only 

individual nanoparticles were obtained. NPCs of magnetic, metallic and semiconductor 

nanoparticles have been prepared to demonstrate the generality of the method. The NPCs 

were spherical and composed of densely packed individual nanoparticles. The number 

density of nanoparticles in the oil phase was found to be critical for the formation, 

morphology and yield of NPCs. The method developed here is scalable and can produce 

NPCs in about 98% yield at a concentration of 5 mg/ml in water which is approximately 

5 times higher than the highest value reported in literature. The surface chemistry of 

NPCs can also be controlled by replacing CTAB with polymers containing different 

functional groups via a similar procedure. The reproducible production of NPCs with 

well defined shapes has allowed us to compare the properties of individual and clustered 

iron oxide nanoparticles including magnetization, magnetic moments and contrast 

enhancement in magnetic resonance imaging (MRI). We found that due to their 

collective properties, NPCs are more responsive to an external magnetic field and can 

potentially serve as better contrast enhancement agents than individually dispersed 

magnetic NPs in MRI. 
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Chapter 8 is a summarization of all the research work conducted and outlooks of the 

future directions. 
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CHAPTER 2 

3BA Facile Synthesis of Gold Nanodendrites via a Seed-Mediated Process 

17B2.1 Introduction 

Gold nanoparticles (AuNPs) have size- and shape-dependent surface plasmon 

resonance (SPR) spectra, which have been actively exploited in many research fields, 

including biological imaging and therapy,[127,128] signal enhancement,[129] 

detecting/sensing,[130] waveguides[131] and enhancement of light absorption in solar 

cells.[132] These applications require successful synthesis of AuNPs with controllable size 

and shape. Recent advances in the synthesis of structurally complex AuNPs allow for 

further tuning of the optical spectrum and endow more functionality on an individual 

particle.[35,133-136] As a typical example, star-shaped AuNPs (nanostars), which consist of a 

spherical core and several tips, exhibit multiple plasmon bands arising from the 

hybridization of individual tip and core plasmons.[50,136] And the gold nanostars have 

shown an extremely high Raman enhancement factor on the single-nanoparticle level due 

to the plasmon coupling effect.[137] However, the chemical synthesis of AuNPs complex 

is still challenging up to date and reported synthetic methods are suffering from low yield 

of interested structures. Here we developed a new strategy of preparing three dimensional 

(3D) gold nanodendrites (AuNDs), in 100% yield, through a seed-mediated overgrowth 

process.  
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Currently, only dendritic platinum nanoparticles (DPNs) have been successfully 

synthesized with controllable size. Song et al. reported the first synthesis of DPNs by 

using a photocatalytic seeding method in surfactant solution (SDS or Brij-35).[138] In their 

work, the tin-porphyrin photocatalyst can generate rapidly a huge number of small Pt 

nanoparticle seeds in the initial state of reaction. Following that, Pt complex was reduced 

through an autocatalytic growth approach on the seed surface.[138,139] Simpler synthetic 

strategies of DPNs and Pd-Pt bimetallic nanodendrites were revealed later in aqueous 

solutions of CTAB,[140] Pluronic F127 block copolymer[141] and PVP[142,143] either in the 

presence or absence of seeds. Though these synthetic approaches can produce 

finely-structured Pt nanodendrites, they are generally not suitable for making AuNDs. 

For example, in the aqueous solutions of PVP and CTAB, only spherical Au 

nanoparticles can be obtained under the same reaction condition. 

18B2.2 Experimental Methods 

54B2.2.1 Synthesis of PVP Covered Seed Nanoparticles  

Gold nanoparticles of around 13 nm were synthesized by reduction of 5 ml 5.9 mM 

HAuCl4 with 7 ml 38.8 mM sodium citrate in a total of 50 ml aqueous solution. The 

ligand exchange was done by adding 500 mg of PVP (10 K) into the cooled AuNPs 

solution and stirred for 24 h under the room temperature. The AuNPs were then 

concentrated by centrifuge and redispersed into 5 ml ethanol.  

Gold nanoparticles of 2-3 nm were synthesized as follows: 600 µl 5.9 mM HAuCl4 
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was mixed with 4 ml 2 wt. % PVP 10k aqueous solution, then 1 mg of solid NaBH4 was 

added into the solution and mixed immediately by vigorous hand shaking for 10 s. The 

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

55B2.2.2 Synthesis of Gold Nanodendrites 

Typically, various volume of above seed solution was added to 4 ml 0.1 M 

hexadecylamine ethanol solution, followed by adding 20 µl 60 mM HAuCl4. When the 

solution was thoroughly mixed, 20 µl 0.788 M ascorbic acid was injected and mixed by 

hand shaking. The vial was then placed on a rocking shaker for about 2 h. After that, the 

particles were centrifuged and redispersed into chloroform for further analyze. The 

amount of seeds (13 nm) added in Fig. 2.1 are 40, 20, 10, 5, 2, 0.5 µl from a to c. For 

control experiments, HAuCl4 and ascorbic acid were used in the same amount as above. 

Octadecylamine, dodecylamine, octylamine and butylamine were all used in 0.1 M and in 

ethanol. 

19B2.3 Results and Discussions 

56B2.3.1 Characterization of Gold Nanodendrites 

The size of AuNDs can be readily tuned by varying the ratio of HAuCl4 to seeds 

(PVP stabilized). Fig. 2.1 shows a continuous increase in AuNDs size while fixing the 

amount of HAuCl4 and decreasing the quantity of seeds. Here, we will describe the 

AuND as a core, which is a solid nanosphere, decorated by many nanohairs. The number 
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of nanohairs on an individual particle increases greatly with the enlargement of 

nanodendrites; however, the diameter of the core does not change significantly. 

Considering that the core only has surface area for a few hairs, the additional nanohairs 

observed on AuNDs should grow by forming branches on existing hairs, resulting in the 

formation of 3D dendritic structures. It should also be noted that although the particle 

sizes vary remarkably in Fig. 2.1 a-f, the diameter of nanohairs on each particle remains 

the same. 

 

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

µl 13 nm seeds respectively. Scale bars: a-d, 20 nm; e-f, 50 nm. 
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57B2.3.2 Effect of Seeds Size and Shapes on the Formation of Dendritic Structure 

The effect of seed size on the formation of dendritic structure was studied. Instead of 

using 13 nm seeds, we prepared seeds of 2-3 nm (Fig. 2.2a). We found that when much 

smaller seeds were used, the dendritic structure could only be observed above a certain 

particle size. The 2-3 nm seeds can grow freely into larger nanospheres up to 8 nm (Fig. 

2.2b); however, slightly beyond 8 nm, isotropic growth of spherical nanoparticles is 

prohibited and only elongated rod-like nanoparticles can be obtained (Fig. 2.2c). When 

the particles size was further increased, branches started to form onto the elongated 

nanoparticles, resulting in the formation of dendritic structure (Fig 2.2d). Further 

increasing nanoparticles size produced gold nanodendrites with much more complicated 

branched structures (Fig. 2.2d).  

Besides the size of seeds nanoparticles, the effect of shape of seeds on the formation 

of dendritic structure was also investigated. The spherical 13 nm AuNPs seeds were 

replaced by rod-like (20 nm in diameter) and flat triangular shaped (250 nm in edge 

length) nanoparticles. Through a similar overgrowth process, many tiny nanohairs were 

generated onto the smooth surface of the seeds nanoparticles (Fig. 2.3). Thus, the 

formation of dendritic structure should be independent from the shape of seeds 

employed. 

2.3.3 Effect of Alkylamines on the Formation of Dendritic Structure 

The effect of carbon chain length of the alkylamines (CnH2n+1NH2) on the formation 
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of dendritic structure was studied. The hexadecylamine (n=16) was replaced by 

alkylamines of varying carbon chain length, including octadecylamine (n=18), 

dodecylamine (n=12), octylamine (n=8) and butylamine (n=4). The concentration of 

these alkylamines remained as 0.1 M in ethanol. At n=18, gold nanodendrites with 

clearly identifiable branches were produced (Fig. 2.4). However, at decreasing carbon 

chain length, the resultant nanoparticles had much less characters of dendrites. At n=12, a 

number of branches could still be observed on the nanoparticles, but the solid cores had 

become much larger than those produced by hexadecylamines (Fig. 2.5). At n=8, there 

are only a few branches on large solid cores (Fig. 2.6), and at n=4, the seeded growth 

only resulted in large solid spherical nanoparticles (Fig. 2.7). Thus, it could be concluded 

that in the alkylamine-ethanol system, the formation of dendritic structure is favored by 

long carbon chain length (n ≥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) Particles resulted from 200, 100, 

20 and 2 µl tiny seeds, respectively.  



 42

  

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. 

58B2.3.4 Optical Properties of Gold Dendritic Nanoparticles 

The AuNDs exhibit broad extinction in the optical spectra (Fig. 2.8). There are two 

factors that contribute to such complicated spectra. First, the AuNDs are uniform in 

overall size but not in morphology. Since AuNDs are structurally complex, the number 

and symmetry of nanohairs, as well as the sites of branch growth are quite different from 

one particle to another. Due to the sensitive correlation between shape and optical 

property in AuNPs, even slight morphological difference will result in a significant 

variation in the spectrum.[150] The measurement was done in the solution phase with 

signals from billions of individual nanoparticles, so the sum puts together all the 

difference and gives a broad extinction. Second, the surface plasmon coupling of 

core/nanohairs and nanohair/nanohair further broadened the extinction spectrum. The 
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individual gold nanostars have multiple plasmon bands arising from the plasmon 

hybridization of the spherical core and each tip.[50] The AuNDs, complex of spherical 

core and nanohairs, are structurally similar to nanostars, so the individual nanodendrite 

should also possess multiple plasmon bands. However, the nanostars only have a few tips 

(typically less than 6),[136] while the AuNDs generally have numerous nanohairs. 

According to plasmon hybridization theory,[50,151] assuming that each of nanohairs on the 

same core is different, the individual AuNDs are expected to exhibit plasmon bands 

corresponding to the number of nanohairs. Besides, on one particle, especially large 

AuNDs (Figs. 2.1e and 2.1f), the neighboring nanohairs are sitting very close to each 

other, which will cause the extra plasmon coupling, adding more characters to the optical 

spectrum. 
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Figure 2.8, Extinction spectrum of as synthesized AuNDs with increasing particle size 

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

 

20B2.4 Conclusion 

To conclude, we have synthesized the dendritic AuNPs through a seed-mediated 

approach in the HDA-ethanol solution. The effect of seed size and shape, as well as the 

carbon chain length of the alkylamines on the formation of dendritic structure was 

studied. The broad extinction spectra of the AuNDs are attributed to both the structural 

nonuniformity of AuNDs and the plasmon coupling of core/nanohairs and 

nanohair/nanohair. Compared to solid nanoparticles, the dramatically increased surface 

area of AuNDs makes them better suited for a variety of applications, such as drug 
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delivery, catalysis, and electrochemisty. Also the individual AuNDs demonstrated here 

own the most complicated structure revealed on AuNPs up to date, which could act as a 

model for better understanding plasmon coupling/hybridization of complex 

nanostructures. Not only can the overgrowth of dendritic structure occur on the spherical 

seeds, but also on many other kinds of AuNPs surface, such as nanorods and nanoprisms, 

providing a general way of increasing nanoparticle surface area and tuning of optical 

properties. 
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CHAPTER 3 

4BSeed-Mediated Shape Evolution of Gold Nanomaterials: from Spherical 

Nanoparticles to Polycrystalline Nanochains and Single-Crystalline 

Nanowires 

21B3.1 Introduction 

In the recent years, one-dimensional (1-D) metal nanostructures have stimulated 

fundamental and practical interests in nanotechnology.[152] For instance, due to the 

near-field coupling of the plasmons of adjacent metal nanoparticles, electromagnetic 

energy can be guided coherently along the 1-D nanostructures.[131,153-156] Apart from the 

optical and electronic properties, the 1-D nanostructures make them ideal choices as 

building blocks in fabricating nanoelectronic devices.[157-161] This interest has driven the 

development of new methods for the synthesis of 1-D metal nanomaterials, especially the 

1-D gold nanostructures. Soft templates such as cetyltrimethylammonium bromide 

(CTAB) have been employed by Murphy and other groups in the synthesis of gold 

nanorods through a seed-mediated process.[41,149] In this approach, surfactant molecule 

CTAB formed rod-like micelles in the solution, which act as templates to direct the 

growth of gold nanorods and control of their aspect ratios. By an ultrasound irradiation in 

the presence of a biological directing agent, a simple and convenient approach to prepare 
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single-crystalline gold nanobelts has been recently reported.[162] Xia et al. reported the 

synthesis of silver nanobelts or triangular nanoplates by refluxing an aqueous dispersion 

of spherical colloids of silver with an average diameter of 3.5 nm.[163] Thermal treatment 

in their approach is assumed to facilitate the transport of atoms from the spherical 

colloids to the anisotropic plates in a process similar to the Ostwald ripening. Among 

these approaches, the solution-phase synthesis of nanostructures received much attention 

due to its potential to process metals into nanostructures with a range of well-defined 

morphologies and in bulk quantities. By simply adjusting the reaction conditions such as 

temperature,[164] capping reagent,[165] concentration,[166] or reaction time,[167] the 

morphologies of the final products can change from one to another. For instance, Pei et al. 

have demonstrated a simple method to prepare polycrystalline gold nanochains by 

directly reducing tetrachloroauric acid (HAuCl4) with sodium citrate.[168] The formation 

of gold nanochains was attributed to the small amount of reducing agent used. The 

insufficient capping of citrate ions on the surface of gold nanoparticles makes them 

absorb AuCl4
- preferentially, which results in an attracting force between gold 

nanoparticles.[169,170] Recently, Kreiter et al. reported that polycrystalline gold nanowires 

were formed under very limited amount of 2-mercaptosuccinic acid (MSA), which, 

similar to sodium citrate, acted as both reductant and capping agent in the reaction.[171] 

Seed-mediated process is extremely interesting and attractive in the synthesis of gold 

nanomaterials. It has been applied to synthesize various gold nanostructures such as 

nanorods,[172-174] nanoprisms,[29,175] and nanoparticles.[176,177] It was found that preformed 
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gold nanoparticles as seeds could increase the reducing ability of ascorbic acid, which 

was otherwise not able to reduce AuCl4
- at the room temperature.[172,173] Biggs et al. 

mentioned in their paper that gold particles might accelerate the reduction reaction rate of 

HAuCl4 at the room temperature.[169] However, so far, no detail on seed-mediated 

reaction rates have been published.   

It was reported that polycrystalline nanochains were transitional products, which 

would break into spherical gold nanoparticles, during the synthesis of spherical gold 

nanoparticles in the absence of gold seeds. We expect that in the presence of gold 

nanoparticles as nucleation seeds, when the amount of nanoparticle capping agent (e.g. 

citrate ions) is insufficient for fully capping nanoparticles, breakup of the aggregated 

nanoparticles will increase the surface energy and thus is not thermodynamically 

favorable, so they still adopt linear nanochain or nanowire morphology. Therefore, in this 

work, we study the kinetics of the reduction of the gold precursor (HAuCl4) and the 

effect of the molar ratio (R) of the surface capping agent (i.e., citrate ions) and the gold 

precursor (i.e., HAuCl4 ) on the shape evolution of gold nanomaterials in the presence of 

pre-formed 13 nm gold nanoparticles as nucleation seeds. For the first time, we found 

that at a particular low R value (R=0.16), nearly single-crystalline gold nanowires can be 

formed through the oriented attachment of growing gold nanoparticles.   
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22B3.2 Experimental Methods 

59B3.2.1 Materials  

Tetrachloroauric acid (HAuCl4) solution (0.2 wt%, 5.9 mM), sodium citrate, sodium 

bromide and sodium borohydride were purchased from Sigma-Aldrich. All chemicals 

were used as received without further purification. 

60B3.2.2 Preparation of Gold Nanoparticle Seeds 

Gold nanoparticle seeds with 13 nm size were synthesized as follows. In a 10 ml vial, 

600 µl 38.8 mM sodium citrate solution, 850 µl 5.9 mM HAuCl4 solution and 3550 µl 

distilled water were mixed together. To this mixture 1 ml 2.2 mM freshly prepared 

NaBH4 solution (placed less than two minutes after NaBH4 dissolution) was added 

dropwise in the ice water bath under vigorous magnetic stirring. Under this low 

temperature condition, sodium citrate and NaBH4 served as a nanoparticle surface 

capping agent and a reductant, respectively.[173,178] The stirring was continued for 15 min, 

and then the mixture was left standing at the room temperature for at least one week to 

allow the excess NaBH4 to be hydrolyzed completely. For the sake of safety, the vial was 

loosened from time to time to release the hydrogen gas produced from the hydrolysis of 

NaBH4. Average size of the obtained particles is 13 ± 2 nm by transmission electron 

microscopy (TEM) measurement (Fig. 3.1). 

61B3.2.3 Seeded Growth of the Gold Nanomaterials 
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Different molar ratios (R = Ncitrate/NAu) of sodium citrate to HAuCl4 were used in the 

seeded growth of gold nanomaterials. We chose three R values for the mixture of the seed 

solution and HAuCl4 solution: 1.32, 0.33, and 0.16. The final gold nanomaterials 

corresponding to these different R values are termed S1, S2 and S3, respectively. In a 

typical procedure for preparing sample S1, 5 ml of 0.059 mM HAuCl4 solution (prepared 

by diluting 50 µl 5.9 mM HAuCl4 stock solution to 5 ml with DI water) was added to a 

10 ml sealed vial. The solution was then placed in a boiling water bath. During heating, 

100 µl as-prepared gold nanoparticle seed (13 nm) solution was injected into the vial. At 

this time point, the concentration of sodium citrate that was introduced from the seed 

solution is 0.078 mM, resulting in a R value of 1.32 in the resulting reaction mixture. In 

the boiling water, citrate functioned both as a capping agent and a mild reductant.[20] 

After about one hour, the vial was placed into an ice water bath immediately. Similarly, 

two other initial concentrations of HAuCl4 (0.236 and 0.472 mM) were used to prepare 

samples S2 and S3 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.  

62B3.2.4 Acceleration Effect of the Preformed Seeds 

To study the seed acceleration effect on the formation of the gold nanomaterials, 

control experiments without preformed seeds were carried out with the same protocol 

except that instead of injecting 100 µl seed solution, 100 µl sodium citrate solution was 

injected to the vial. The injected sodium citrate solution had the same amount of sodium 
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citrate as in the seed solution, that is, R values in the control experiment were kept the 

same as the seeded growth experiment.    

63B3.2.5 Measurement of the Remained HAuCl4  

The concentration of HAuCl4 remained in the solution at different reaction times was 

measured by the colorimetric method.[179] During the measurement, 20 mg of NaBr was 

first added to the reaction solution, which was then subjected to centrifugation at 12000 

rpm for 10 min to remove all Au0 species. The concentration of HAuCl4 in the 

supernatant was determined by measuring the absorption at 381 nm, which was assigned 

to the absorption of AuBr4
-, formed by ion exchange of Br- with AuCl4

-.  

64B3.2.6 Characterization 

UV-visible spectra were acquired on a Shimadzu UV-2200 spectrometer, using the 

software supplied by the manufacturer. TEM samples were prepared by dropping 3 µl of 

a gold nanomaterial solution onto the carbon-coated copper grid, and let dry in the 

ambient air. TEM images were taken in a JEOL 2000 Transition Electron Microscope 

operated at 200 kV accelerating voltage.  

23B3.3 Results 

65B3.3.1 Shape Evolution of Gold Nanomaterials in the Presence of Gold Seeds  

Gold nanoparticle seeds with an average diameter of 13 ± 2 nm were obtained after 

reduction of HAuCl4 with NaBH4 in the presence of citrate which serves as a surface 
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ligand for the nanoparticles (Fig. 3.1). We expect that at low R values (i.e., low citrate 

amount) and in the presence of seeds, gold nanoparticles will grow and tend to form 

aggregated nanostructures because gold nanoparticles are not fully capped by citrate ions 

and Au atoms can be directly added to the surface of the growing gold nanoparticles.[169] 

To examine the effect of the R values on the seed-mediated growth of gold nanoparticles, 

different R values have been used in the synthesis. Fig. 3.2 shows typical TEM images of 

the resulting gold nanomaterials prepared from the mixtures with different R values. It 

can be seen that the shapes of the final products depend significantly on the R values. 

When R = 1.32, separated gold nanoparticles larger than gold seeds were obtained (Fig. 

3.2a). Decrease of the R values favored the formation of 1-D nanostructures (Figs. 2b-c). 

When the R value was decreased to 0.33, polycrystalline gold nanochains were formed 

(Fig. 3.2b) as a result of the attachment of gold nanoparticles grown from the seeds, 

which are crystallographically randomly oriented according to electron diffraction 

analysis (Fig. 3.2b inset). The obtained nanochains were similar to those reported by Pei 

et al. although they obtained the gold nanochains without the addition of seeds to the 

reaction mixture.[168] These results indicated that at a higher R value (R > 1) the seeds did 

not have a predominant effect on the morphology of the final products. After further 

decrease of the R value to 0.16, gold nanowires, which are fused from gold nanoparticles, 

were observed to be the main products as shown in Fig. 3.2c and d. Most importantly, the 

electron diffraction pattern (Fig. 3.2d inset) taken from a long section of the nanowires 

can be indexed by a gold single crystal structure. The electron diffraction pattern shown 
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in Fig. 3.2d inset is a [1U11U] zone axis spot pattern, that is, the incident electron beam is 

along the [1U11U] direction of a gold single crystal, which is perpendicular to the nanowire. 

Thus the nanowires have a single-crystalline structure, indicating that the gold 

nanoparticles have aggregated into nanowires through a recently discovered crystal 

growth mechanism called oriented attachment. It should be noted that several smaller 

nanoparticles are still attached to the end of the nanowires (Fig. 3.2d). This fact indicates 

that the nanowires were grown from the fusion of the smaller nanoparticles along the 

long axis of the nanowires. In addition, two neighboring nanowires tend to join together 

at the end, which is probably because the smaller nanoparticles originally present at the 

ends of the two nanowires are further fused when the ends of the two nanowires are close 

enough. 

   

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 seeds to 

the boiling solution with different ratio of sodium citrate and HAuCl4 (R): (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 diffraction patterns of the framed 

section of the nanochain (b) and nanowire (d), respectively. The diffraction pattern in (b) 

can be indexed by a polycrystalline gold crystal. The diffraction pattern in (d) can be 

indexed by a [1U11U] zone axis-oriented single crystalline gold crystal. All of the gold 
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nanomaterials were prepared after the solution was boiled for one hour. Image reprinted 

with permission from ref. 36, Copyright 2009 Springer Science + Business Media. 

66B3.3.2 UV-visible Spectra of Seed-Mediated Gold Nanomaterials 

Gold nanomaterials show unique optical properties as a result of surface plasmon 

resonance. In Fig. 3.3a, from left to right, the solution colors are pink, blue and sea green, 

which are corresponding to nanoparticles, nanochains and nanowires shown in Figs. 

3.2a-c, respectively. This result is consistent with the well-known fact that the optical 

appearance of a gold nanomaterial solution is strongly dependent on the shape of its 

content. Spherical gold nanoparticles often exhibit a single size-dependent absorption 

band between 520 to 580 nm, while anisotropic gold particles show two surface plasmon 

resonance absorption peaks: transverse band and longitudinal bands.[180] The UV-Vis 

spectra of the gold nanomaterials shown in Fig. 3.2 (i.e., obtained under different R 

values) are shown in Fig. 3.3b. The gold nanomaterials prepared under a larger R value 

(R = 1.32) shows a relatively narrow band at 524 nm, which was attributed to the 

absorption of spherical gold nanoparticles (Fig. 3.2a). With the decrease of the R value, 

both transverse and longitudinal absorption band were expected due to the formation of 

anisotropic nanochains and nanowires. It is reported that when a 1D gold nanostructure 

reached a length of more than about 60 nm, a longitudinal absorption band would be 

expected at a wavelength above 1000 nm.[181] Since the nanochains and nanowires in Fig. 

3.2 are much longer than 60 nm, the long axis surface plasmon absorption (i.e., the 
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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 UV-visible 

spectrophotometer. As shown in Fig. 3.3b, the absorption along the short axes of the 

nanowires (i.e., the transverse absorption band) appears within this range (300-900 nm) 

as expected. Fig. 3.3b also shows a general red shift of the plasmon absorbance in the 

range of the 520-600 nm with the decrease of the R values, which was attributed to the 

coupling of the plasmon absorbance of the aggregated nanoparticles.[182,183] Therefore, a 

tunable optical property can be realized by simply changing the molar ratio of citrate and 

HAuCl4 in the reaction mixtures in the presence of gold nanoparticle seeds.  



 59

    

Figure 3.3, Photographs (a) and UV-Visible absorption spectra (b) of the gold 

nanomaterial solutions prepared under different R values (black curve: R=1.32; red 

curve: R=0.33; blue curve: R=0.16). Image reprinted with permission from ref. 36, 

Copyright 2009 Springer Science + Business Media. 

67B3.3.3 Effect of Seeds on the Reaction Kinetics: Acceleration of the Reduction of 

Gold Precursor  

To quantitatively measure the effect of the gold nanoparticle seeds on the citrate 

reduction of HAuCl4, the reaction rates were evaluated by the consumption of HAuCl4 in 
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the reaction mixture. We found that the preformed gold seeds accelerated the reduction of 

HAuCl4 and thus the formation of gold nanomaterials (Fig. 3.4). In the presence of 

pre-synthesized gold nanoparticles, a significantly accelerated reduction of HAuCl4 was 

observed, especially at the early stage (first 3 minutes). In other words, HAuCl4 was 

consumed faster in the presence of gold seeds than without the preformed seeds. There 

was a fast and continuous color change in the first 3 min in the reaction with the 

preformed seeds, which was corresponding to the production of nanoscale Au0 

species.[20,168] However, in the reaction mixture without the preformed seeds, there was 

no color change even after the reaction mixture was boiling for 30 minutes, indicating no 

nanoparticles were formed, which was confirmed by TEM observation. The colorimetric 

method showed that the concentration of HAuCl4 was decreased from the original 0.47 

mM to about 0.22 mM in the first 30 minutes in the absence of gold seeds (Fig. 3.4). We 

believe that the decrease of the concentration of HAuCl4 in the absence of the gold seeds 

was due to the reduction of the Au3+ to the colorless Au+ but not Au0 due to the limited 

amount of citrate used in the reaction system (R=0.16). The reaction mixture in the 

presence of the gold seeds was changed from colorless to light blue under refluxing after 

30 min, which is consistent with the TEM observation that single-crystalline gold 

nanowires were formed (Fig. 3.2c).  
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Figure 3.4, The concentration of remained HAuCl4 as a function of time in the absence 

or presence of gold seeds. Initial concentration of the reagents for the reaction at t=0 min: 

[HAuCl4] = 0.472 mM, [Citrate] = 0.078 mM; that is, R=0.16. (t=0 min is defined as the 

point of injecting seed solution into the vial.) Image reprinted with permission from ref. 

36, Copyright 2009 Springer Science + Business Media. 

 

24B3.4 Discussion 

Our experimental results clearly showed that, with the same amount of sodium 

citrate, the preformed gold nanoparticle seeds can significantly accelerate the reduction 

of AuCl4
-. More importantly, the morphologies of the final products (nanoparticles, 

nanochains and nanowires) are dependent on the R values. It is well accepted that 

nucleation is the initial step in the formation of nanoparticles.[184] Small clusters of metal, 
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more likely charged, are first formed by coalescence of evenly distributed atoms in the 

solution; larger nanoparticles are then successively growing from these clusters by the 

addition of atoms. According to Murphy et al., nucleation is a slow step, followed by a 

much faster, self-accelerated growth of nanoparticles.[149] Their work suggests that if 

pre-synthesized gold clusters are added to the reaction solution before nucleation, the 

growth rate of nanoparticles will be tremendously raised, and meanwhile, an expansion in 

the particle size should be observed. This process can clearly explain the accelerated 

reaction of citrate and HAuCl4 in the presence of gold seeds. This was also confirmed by 

the TEM results (Fig. 3.2), which show that, in all of the samples derived from the 

pre-synthesized gold nanoparticles (~13 nm), no particles in the final product are smaller 

than the seeds. Therefore, we believe that the gold nanomaterials were grown on the basis 

of the pre-synthesized seeds that served as nuclei, thereby accelerating the nanomaterial 

growth process. However, in the absence of preformed seeds, the nucleation that was the 

rate-limiting step was necessary, which would result in a slower reaction and growth rate. 

By changing the R values from 1.32, 0.33, to 0.16 and in the presence of gold seeds, 

we obtained three different morphologies of gold nanomaterials (Fig. 3.2). When R= 1.32, 

the sodium citrate, which acted as both reducing agent and surface ligands, was in excess, 

and thus larger gold nanoparticles were grown from the gold seeds. When R=0.33 or 0.16, 

the sodium citrate was in deficiency (i.e., limited) with respect to HAuCl4 and 1D 

nanostructures (nanochains or nanowires) were formed through the attachment of the 

growing nanoparticles. The effect of R values on the morphologies of the final products 
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could be explained by the change in surface energy at different R values as well as 

directional dipole-dipole interaction between adjacent nanoparticles. It was first 

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

into a semi-continuous network when exposed in the ambient air for several months. One 

of the reasons they suggested was that due to the degradation of alkanethiol molecules 

(i.e., the surface ligands) over the period, the surface energy of the nanoparticles would 

increase, so that each particle was connected to particles that were sitting 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 limited amount of citrate 

ions available for coating the surface of nanoparticles, e.g., R=0.33), the surface energy 

of the nanoparticles would also increase, thus the nanoparticles would attach to each 

other to form a nanochain in order to reduce the surface energy. That is, the surface 

energy reduction will drive the attachment of nanoparticles to form nanochains. At an 

even lower R value (0.16), the citrate ions will be more deficient for coating the 

nanoparticle surface and thus the surface energy of the nanoparticles will be even higher. 

Therefore, the interface between two adjacent nanoparticles will tend to disappear in 

order to minimize the surface energy, which will drive the fusion of attached 

nanoparticles into a single crystalline nanowire (i.e., oriented attachment). The single 

crystalline gold nanowires (Fig. 3.2c-d) are straighter and have larger diameters than the 

polycrystalline nanochains (Fig. 3.2b). This is probably because the HAuCl4 

concentration in S3 (R=0.16) was two times of that in S2 (R=0.33) while both S2 and S3 
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had the same amount of sodium citrate and preformed seeds. Therefore, citrate ions in S3 

were consumed faster than those in S2, which may lead to a more dramatic increase of 

surface energy in a unit time and thereby a larger driving force for nanomaterial growth 

for S3 than S2. 

We believe that the dipole–dipole interaction is one of the driving forces for the 

formation of 1D nanostructures observed in our work (Fig. 3.2). It was reported that 

small quantum dots or silver nanoparticles could self-assemble into nanowires, which 

was driven by strong dipole–dipole interaction between adjacent nanoparticles.[163,185] 

Most recently, a combination of theoretical and experimental work demonstrates that 

negatively charged gold nanoparticles (14 nm) in aqueous solution could self-assemble to 

form a 1D nanochain under a proper ionic strength, and the nanochain formation was 

triggered by short-range anisotropic dipolar interactions between the adjacent 

nanoparticles.[186] The same work also demonstrates that under some solution conditions, 

the negatively charged gold nanoparticles will be isolated from each other to unfavor the 

nanochain formation due to the electrostatic inter-particle repulsion. We believe that in 

our experiment, at lower R values, the solution condition may favor the aggregation of 

gold nanoparticles into 1D nanostructures due to the dipolar interaction between adjacent 

nanoparticles.  

The excess AuCl4
- ions at low R values is a second factor in promoting aggregation 

of nanoparticles into 1D nanochains and nanowires. It was found that AuCl4
- ions could 

preferentially bind to the gold surface in the presence of citrate ions.[187] Earlier detailed 

study also indicated that the adsorption of AuCl4
- ions onto the Au particle surfaces 

would result in an attraction force between two neighboring gold particles.[169] At the 
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lower R value (R<1, e.g., 0.33 or 0.16), AuCl4
- ions were in excess amount. As a result, 

the excess of AuCl4
- ions in the reaction system will cause the preferential adsorption of 

AuCl4
- on the Au nanoparticles and subsequently favor their aggregation into nanowires 

or nanochains. This explanation could also be supported by the fact that upon addition of 

AuCl4
- ions into citrate stabilized gold nanoparticles solution, nanoparticle aggregation 

occurred.[187] At the higher R values (R>1, e.g., 1.32), at the early stage, the AuCl4
- ions 

are not completely consumed and will preferentially bind to the nanoparticle surface. 

Consequently, the nanoparticles will be aggregated into nanochains temporarily. When 

reaction is completed, the AuCl4
- ions will be almost consumed, and the citrate ions will 

be in excess and bind to the nanoparticle surface as ligands. However, earlier study found 

that once the citrate ions were coated on the gold, two neighboring gold surfaces will 

repel each other.[169] Therefore, the temporarily formed nanochains will break up into 

spherical nanoparticles. This explanation is consistent with the fact that in the reaction of 

sodium citrate with AuCl4
- ions, even when the final product was spherical gold 

nanoparticles, nanochains were found to be a transitional product.[168] Hence, one can see 

a continuous color change in the preparation of spherical gold nanoparticles by citrate 

reduction.  

Lastly, along with the above two factors, the reduction of surface energy will further 

drive the aggregation of nanoparticles into 1D nanostructures. It was discovered that 

spherical gold nanoparticles could fuse into a semi-continuous network driven by the 

reduction of surface energy in the nanoparticle system.[188] Namely, each particle was 

connected to particles that were sitting around it to reduce the surface area, consequently 

reducing the surface energy. In our experiments, as indicated above, at the low R values 
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(e.g., R = 0.33), gold nanoparticles will tend to aggregate due to the attraction between 

nanoparticle surfaces. The aggregation of nanoparticles into a nanochain will reduce the 

surface energy and thus is thermodynamically favorable. Therefore, the surface energy 

reduction will further drive the attachment of nanoparticles to form nanochains. At an 

even lower R value (0.16), more excess AuCl4
- ions will be coated on the gold 

nanoparticle surfaces to bring the nanoparticles together. Therefore, the interface between 

two adjacent nanoparticles will tend to disappear in order to minimize the surface energy, 

which will drive the fusion of attached nanoparticles into a single crystalline 

nanowire.[189,190] The single crystalline gold nanowires (Fig. 3.2 c&d) are longer and 

wider than the polycrystalline nanochains (Fig. 3.2b). This is because the HAuCl4 

concentration in S3 (R = 0.16) was two times of that in S2 (R = 0.33) while both S2 and 

S3 had the same amount of sodium citrate and preformed seeds, resulting in the 

availability of more excess AuCl4
- ions on the nanoparticles to drive nanoparticle 

attachment into longer and wider nanowires in S3.  

Overall, the aggregation of nanoparticles into the nanochains and nanowires at lower 

R values is driven by the dipolar interaction, enhanced nanoparticle attraction, and 

reduction of surface energy. The nanoparticles in the nanochains may further fuse to form 

the single-crystalline nanowire structures at very low R values. The continuous 

aggregation of gold nanoparticles at the end of most of the gold nanowires observed (Fig. 

3.2c&d) also confirmed this mechanism. In addition, we found that at R = 0.66, rod-like 

nanoparticles were formed due to the fusion of fewer nanoparticles (Fig. 3.5a). This is 

probably because when R = 0.66 (i.e., AuCl4
- ions are just slightly excessive), that is, 

higher than the R value for the nanochain formation (e.g., R = 0.33, Fig. 3.2b) but lower 
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than the R value for the spherical nanoparticle formation (e.g., R = 1.33, Fig. 3.2a), there 

may not be enough excess AuCl4
- ions to cover the surface of spherical nanoparticles 

after the reduction of AuCl4
- ions to Au. When R is reduced to an even lower value (e.g., 

0.33 and 0.16), more AuCl4
- ions will be available to favor the aggregation of 

nanoparticles,[169] which further enhances the aggregation of nanoparticles into 

nanochains and nanowires (Figs. 3.2c&d, 3.5b). These results agree with the above 

explanations. 

 

Figure 3.5, TEM images of gold nanomaterials with different citrate/HAuCl4 ratio: (a) R 

= 0.66, (b) R = 0.33. Image reprinted with permission from ref. 36, Copyright 2009 

Springer Science + Business Media. 

 

25B3.5 Conclusion 

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

nm gold nanoparticles as seeds. We found that gold seeds can accelerate the reduction of 
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the gold precursor by sodium citrate that serves as both reducing agent and binding 

ligand. By tuning the molar ratio of sodium citrate to the gold precursor, different gold 

nanomaterials can be obtained including spherical nanoparticles, polycrystalline 

nanochains and single-crystalline nanowires. Without the preformed gold nanoparticles, 

single-crystalline gold nanowires cannot be formed under a limited amount of citrate. 

Furthermore, the formation of nanowires was driven by the surface energy reduction and 

dipole-dipole interaction. Our results indicate that different morphologies of gold 

nanomaterials can be obtained by simply adjusting the R values in the presence of 

preformed gold nanoparticle seeds. 
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CHAPTER 4 

5BSeparation of Nanoparticles in a Viscosity Gradient Created by 

Aqueous Polyvinylpyrrolidone Solution 

26B4.1 Introduction 

Non-uniform size distribution can be observed in the chemical synthesis of many 

types of nanoparticles. To get uniformly distributed nanoparticles, it is necessary to 

separate them by size. Several size sorting methods have been developed in literature, 

including size exclusion chromatography,[191] filtration,[192,193] electrophoresis[194,195] and 

solvent/antisolvent selective precipitation.[196] Recently, direct size separation of 

nanoparticles in complete liquid phase through centrifugation has been proved to be a 

more effective method due to its high efficiency, capability of scalable production and 

free of nanoparticles aggregation.[197-199] Both density based isopycnic centrifugation and 

velocity related rate zonal centrifugation have been reported. For small nanoparticles 

(less than 10 nm), their overall density after solvation falls into the density range of 

gradient medium, thus isopycnic centrifugation can be used to achieve separation. Larger 

nanoparticles are generally denser than the liquid medium, so they could only be 

separated by the difference of sedimentation velocity.[197,198] Previously, density gradient, 

created by iodixanol and CsCl,[197,198] has been employed to differentiate the 

sedimentation velocity of small and large nanoparticles. In this work, for the first time, 
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we use a pure viscosity gradient built from polymer aqueous solution to achieve 

separation of nanoparticles by size. 

27B4.2 Experimental Methods 

68B4.2.1 Preparation of Seed Solution    

AuNPs seeds of 10 nm were synthesized by the classic sodium citrate reduction of 

HAuCl4 in a boiling water bath. The amount of each reagent used are 6 ml 5.9 mM 

HAuCl4, 45 ml H2O 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 HAuCl4, but changing the amount 

of seed during the reaction. To a total volume of 5 ml solution, containing 300 mg PVP 

10K, 0.5 ml 5.9 mM HAuCl4 and various volumes of seeds solution (4, 2, 1, 0.5, 0.25, 

0.10 and 0.04 ml), 50 µl 78.8 mM ascorbic acid was added under vigorous stirring. The 

reaction will finish in about 10 min. The larger NPs were pre-treated to remove some 

small nanoparticles that are not nucleated on the seeds, by PVP viscosity gradient. The 

resultant AuNPs sizes are 15, 18, 21, 27, 31, 44 and 50 nm corresponding to each amount 

of seeds above.  

69B4.2.3 Preparation of PVP Viscosity Gradient 
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 The PVP aqueous solution of different concentrations was prepared by directly 

dissolving calculated amount of PVP into water. The dissolution of PVP was assisted by 

vigorous vortexing and sonication to enhance the homogeneity of the solution. The 

viscosity gradient was created by loading PVP solutions of high to low concentration 

consequently into a 15 ml conical centrifuge tube. For example, in the viscosity gradient 

used in Fig. 4.1, 2 ml 30 wt% PVP was loaded first to the bottom of the centrifuge tube 

by a Pasteur pipette, following that 25, 20, 15 and 10 wt% PVP solutions were loaded 

very carefully one after another in 1.5 ml of each. The centrifuge tube was maintained at 

about a 45o angle during addition of different layers. Concentrated solution of gold 

nanoparticles of mixed sizes was loaded carefully onto the top of the PVP viscosity 

gradient and the tube was subjected to centrifuge shortly after the loading. To take digital 

photos of different time points, the centrifuge was interrupted, and continued with the 

same sample after the photos were taken. 

28B4.3 Results and Discussions 

70B4.3.1 A Case Study of Separation of Five Different Sized AuNPs in PVP Viscosity 

Gradient    

Polyvinylpyrrolidone (PVP, M.W. 10 K) is a highly water soluble polymer and can be 

obtained in a relatively low cost, thus it is chosen here to make the viscosity gradient. 

The gold nanoparticles (AuNPs) of different sizes are synthesized through a 
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seed-mediated method. To avoid aggregation of NPs during centrifugation separation, 

PVP is used to stabilize the NPs. The PVP coated AuNPs can maintain the highest 

stability in the gradient medium, which is highly concentrated PVP, so that the NPs will 

remain their physical properties after the size separation. As shown in Fig. 4.1a that a 

small volume of concentrated AuNPs mixture solution, which contains 15, 18, 21, 27 and 

31 nm five different sized NPs, was placed on top of the polymer gradient medium that is 

built up by 10, 15, 20, 25 and 30 wt% aqueous PVP. After centrifuge at 3,400 g for 2.5 h, 

five fractions of NPs can be seen clearly in the gradient medium. The TEM examination 

(Fig. 4.1b-f) shows that each fraction contains uniformly distributed NPs, with increasing 

size from top to bottom layers. In the isopycnic centrifuge, NPs of a particular size and 

density will stop moving once reaching a liquid layer with a density equal to theirs, and 

extended centrifuge time will not further shift the relative position of the NPs fractions in 

the liquid medium. While in the zonal rate centrifuge, because the density of NPs is 

larger than the highest density of the medium, as long as there is a centrifugal force, NPs 

will continue moving downwards even after they have been well separated into several 

fractions by their sizes. In our approach, it can be seen from photos taken at 30 min 

intervals (Fig. 4.1a) that all NPs had been moving downward continuously during the 2.5 

h centrifuge time. Therefore, the separation of AuNPs in the PVP viscosity gradient 

should be through the rate zonal centrifuge, which is by the settling velocity 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 AuNPs 

The densities of PVP are only slightly higher than water (1.064 g/ml at 30 wt%) and 

are very close to each other among different concentrations.[200] The 30 wt% PVP is only 

about 5% denser than the 10 wt% solution, and there is merely around 1% difference 

between neighboring layers (Table 4.1). However, the viscosity changes dramatically 

when the polymer concentration varies. The viscosity of 30 wt% PVP is almost 8 times 

higher than that of 10 wt% PVP solution.[201] For neighboring layers, the lower layer is 

1.6-1.8 times more viscous than the above layer (Table 4.1). Hence, one can find that the 

aqueous PVP concentration gradient will only lead to the formation of viscosity gradient, 

rather than the density gradient as may happen in many other cases, such as iodixanol, 

CsCl and sucrose (although both density and viscosity increase along with increasing 

concentration in these examples, they are normally referred as density gradient). The PVP 

viscosity gradient contributes in at least two ways to the successful size partition of 

AuNPs. First, the significant increase of viscosity at layer interfaces can effectively 

impede the small NPs from entering the next layer; while larger NPs, although also 

slowed down, can pass through the interface easily and move toward next layer to 

achieve separation. Second, the viscosity gradient narrows the band width of each NPs 

fraction, so that a good separation resolution can be obtained. Practically, when NPs of 

similar size are travelling in the same PVP layer, where the viscosity is not too harsh for 

particles to move smoothly, only a very wide fraction can be observed. However, when 
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the frontier NPs reach the harsh PVP layer, they will experience a sudden decrease of 

settling velocity; while the following NPs are still moving in the same speed, so at the 

layer interfaces, same sized NPs will tend to accumulate to form a narrow band (Fig. 4.2). 

In addition to the viscosity gradient, in a swing arm centrifuge rotor, once the large NPs 

are slightly separated from the small ones, they will go through a higher centrifugal force 

g, due to the increase of actual radius of rotation, which will raise the settling velocity of 

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

Photographs taken at 0.5 h intervals. Gradient thickness has been indicated by black lines 

on the leftmost tube. Five NPs fractions, indicated by arrows, can be seen clearly after 

2.5 h centrifuge; B-F) TEM images, corresponding to fractions from top to 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 effectively narrow 

down the band width of nanoparticles fraction. Uniform 31 nm AuNPs can travel 

smoothly in 15 wt% PVP 10K under centrifugal force, however, it only resulted in a wide 

NPs fraction (12 & 18 min). When the frontier AuNPs reach the interface of 15 wt% and 

30 wt% gradients, they experienced a sudden decrease of settling velocity, while the 

following NPs (in 15 wt% gradient, have not yet reach the interface) were still moving 

down at the same speed, therefore, at the gradient interface, NPs accumulated to form a 

narrow band, which makes it possible to obtain sharp separation between different sized 

NPs. 

72B4.3.3 Unique Advantage of Viscosity Gradient in Separation of Larger 

Nanoparticles 

The density gradient has been demonstrated as a very effective method in separation 
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of small NPs through isopycnic centrifuge, in which the density difference among 

gradients mainly contributes to the separation. For large NPs, for instance 30 nm or larger 

AuNPs, their overall density will be much higher than that of the liquid. Separation of 

NPs can only be realized through rate zonal centrifuge. In such circumstances, the 

density gradient may not be sufficient to retard particle sedimentation or regulate the 

fraction band width.  
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The settling velocity of nanoparticles in a viscous medium can be described by 

Stokes’ law in equation (1) above.[202] According to the work by Falabella et al. it is very 

reasonable to assume large AuNPs (more than 10 nm) having density of 5 g/cm3 or even 

higher.[203] Since the discussion here is about the contribution of density gradient versus 

viscosity gradient in separation of larger NPs, the viscosity of liquid in a density gradient 

is considered as constant and vice versa. Therefore, for same NPs, under same g, the 

settling velocity ratio in different density medium will be:    
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While in viscosity gradient, the equation will be:  
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Through a simple calculation, it could be found from equation (2) that the ratio of settling 

velocity of 5 g/cm3 NPs in 2 g/ml liquid to that of 1 g/ml liquid will be 1
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Reminding that 2 g/ml is about the highest density for a typical liquid and 1 g/ml is the 

lowest for aqueous solution, thus the largest settling velocity difference of 5 g/cm3 NPs in 

a density gradient will be about 25%. 

Now let’s consider the situation in viscosity gradient. The viscosity data of 30 wt% 

and 10 wt% PVP can be found in Table 1 above (20.5 and 2.6 mPa·s respectively). As 

calculated from equation (3), the settling velocity ratio will be 1
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other words, the velocity will be reduced by 87.3% in a 30 wt% PVP solution compared 

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 different time points. Three 

distinct fractions can be obtained after 90 min of centrifuge. TEM images 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, that the size separation of NPs 

is primarily because of the sharp decrease of NPs’ settling velocity at the gradient 

interface. Therefore, the viscosity gradient is more likely capable of partitioning 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, three fractions 

corresponding to each size of NPs can be obtained after centrifuge (Fig. 4.3). It should be 

noted that previously in literature, all approaches on size separation had focused on NPs 

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

73B4.3.4 Extended Study of Viscosity Gradient Created by PVP of a Different 

Molecular Weight 

The viscosity of polymer is dependent on its molecular weight (M.W.). Under the 

same concentration, polymer of higher M.W. will have a higher viscosity. In other words, 

to obtain the same viscosity, less concentrated high M.W. polymer can be used; this 

provides more flexibility to minimize the cost of separation through viscosity gradient. 

Here, besides using PVP 10K, we also tried to employ PVP 40K for separation of AuNPs 

(see Table 4.2 for viscosity and density profile). For five sized NPs (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 finally five NPs fractions that are 

similar to Fig. 4.1 were obtained (Fig. 4.4). More importantly, no destabilization of NPs 

was found under higher M.W. polymer solution. Similarly, when everything else was 

remained identical to Fig. 4.3, but the polymer concentration changed to 11.8, 14.8, 18.7, 

22.8 and 27.0 wt% PVP 40K, three fractions of larger AuNPs can be observed (Fig. 4.5). 
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It is expected that with even higher PVP M.W., the concentration needed to build 

viscosity gradient could be further reduced.  

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

 

Concentration  

(wt %) 

Viscosity * 

(mPa·s) 

Density **  (g/ml) 

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. 

  

*   Viscosity and equivalent PVP 40K concentration data were determined 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, with R2 = 0.999.  

*** No density information of aqueous PVP 40K is available in literature, so this set of 

data was measured by us in the current work. Due to the low accuracy, 10, 20, 30 

and 40 wt% concentrations were purposely chosen to get significantly different 

values. Yet, it can still be deduced that the densities of PVP 40K in the viscosity 

gradient used for actual NPs separation are very close to each other.    

 

Concentration *  

(wt %) 

Viscosity *  

(mPa·s) 

 Concentration  

(wt %) 

Density ***  

(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 
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Figure 4.4, A set of photographs taken at different centrifuge time points of the same 

sample, showing separation of five different sized AuNPs in 5.8, 8.7, 11.8, 14.8 and 18.7 

wt% PVP 40K viscosity gradient. From left to right, taken at 0.5, 1.0, 1.5, 2.0 and 2.5 h 

centrifuge time. NPs sizes and viscosities of each gradient are the same as in Fig. 4.1. 

The viscosity gradient is built identical to the structure in leftmost of Fig. 4.1A. 
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Figure 4.5, A set of photographs taken at different centrifuge time points of the 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, 2.0 and 2.5 h 

centrifuge time. NPs sizes and viscosities of each gradient are the same as in Fig. 4.3. 

The viscosity gradient is built identical to the structure in leftmost of Fig. 4.1. 

 

29B4.4 Conclusion 

The weight of 18 nm AuNPs is only 1.73 times of that of 15 nm particles, and 31 nm 
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particles are merely 1.51 times as heavy as 27 nm particles. The precise separation of tiny 

size different NPs makes the viscosity gradient very promising in purification of NPs 

dimers and trimers from individual ones without using high ionic-strength medium, 

which will destabilize NPs in most cases.[197] Also, many types of NPs have been 

synthesized with PVP coating and some other sorts of NPs have been stabilized by PVP 

through ligand exchange or layer-by-layer coating, our unique viscosity gradient should 

be powerful for purification of those NPs. 
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CHAPTER 5 

6BOrdered Alignment of Gold Nanorods along Filamentous Biological 

Templates  

30B5.1 Introduction 

Research on gold nanoparticles has recently shifted from their preparation towards 

their assembly into highly hierarchical and functional structures, due to the unique optical 

and electronic properties arising from the coupling of individual nanoparticles.[131,204,205] 

These properties offer potential applications in future waveguides,[206,207] cancer 

diagnostics,[208] selective detectors[209] and nanoelectronic devices. Among these research 

work, alignment of gold nanorods (NRs) became particularly interesting because the 

anisotropic plasmon resonance of gold nanorods along the longitudinal and transversal 

directions,[48,181,210-212] which could be further used to control the optical response by 

selectively exciting the long and short axes with polarized light.[213]  

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

In this strategy, the thiolated capping reagents were selectively bound to the tips of gold 

NRs as the thiol groups in the capping reagents have much higher affinity to the tips than 

the side walls of NRs. The interaction between the thiolated capping reagents allows the 

end-to-end one dimensional alignment of gold NRs. For example, aligned gold NRs 

patterns have been achieved by thioalkylcarboxylic acid,[204] cysteine,[214] glutathione,[215] 

DNA,[216] block copolymer,[217] biotin,[218] and biorecognition molecules.[219]  However, 

the length of aligned gold NR chains from these approaches could hardly go beyond 
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micrometer scale; most of the current NR chains are less than 1 µm long. The limitation 

of nanorod chain length will seriously limit the applications when long range plasma 

coupling is needed. Recently, direct alignment of gold NRs along carbon nanotubes has 

been developed by Lizmarzán et al.[120] However, further modification of carbon 

nanotubes by using lay-by-layer (LBL) techniques was required in their approach. In this 

work, we introduced a simple method of assembling gold nanorods into oriented 

structure by using the biological filaments, namely bacteria flagella, as templates. 

31B5.2 Experimental Methods 

74B5.2.1 Purification of Bacteria Flagella 

The flagella were purified from wild type Escherichia coli (E. coli) bacteria (strain 

SL5928).[258] The cells were cultured in the autoclaved LB broth medium at 37 oC to OD 

value around 0.5~0.6 and collected by centrifugation at 2500 × g for 10min. The bacteria 

were subsequently washed in PBS buffer and water. Following this step, the cells were 

suspended in distilled water in high concentration (1/100 original volume) and 

transferred to 1.5 ml eppendorf tube. The tube was subjected to vortex at the highest 

speed for 3 min, during which sheared flagella were detached from the bacteria surface. 

Finally, the suspension was centrifuged at 10000 × g for 10 min, leaving bacteria debris 

as sediment and flagella in the supernatant. The supernatant was collect carefully and 

stored under -20 oC.  

75B5.2.2 Preparation of Gold Nanorods Solution 
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Gold NRs were synthesized following the procedures developed by El-Sayed et 

al.[211] Seed solution was prepared by injecting 600 µl of 100 mM NaBH4 into 10 ml 

mixture solution which contained 0.25 mM HAuCl4 and 0.1 M CTAB under vigorous 

stirring. 30 ml gold NRs solution was prepared at each time. Briefly, to a 30 ml growth 

solution, which contained 0.5 mM HAuCl4 and 0.1 M CTAB, 1050 µl of 4 mM AgNO3 

solution and 210 µl of 78.8mM ascorbic acid solution were added in sequence. After 

gentle shaking, 36 µl 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.  

76B5.2.3 Alignment of Gold Nanorods by Flagella Directly in Solution Phase 

Gold NRs solution was centrifuged at 13000 rpm, for 6 min for 2 cycles to remove 

excess CTAB and re-dissolved into same volume of distilled H2O. To align gold NRs, 

various volumes (10-300 µl) of flagella were added to gold NRs solutions that contain 

same number of particles and placed under room temperature for overnight. The gold 

NRs/flagella solution was then centrifuged at 2000 rpm for 6 min, the supernatant was 

removed by pipetting and the sediment was redispersed into distilled H2O. TEM samples 

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

77B5.2.4 Pre-Immobilization Approach of Assembling Nanorods 

A drop of flagella solution was cast onto a TEM grid and allowed to concentrate in 

the air for about 15 min. After that the remaining liquid was wicked by a piece of filter 

paper. By this process flagella can be immobilized onto the grid. Following that the grid 

was floated on a drop of gold NRs solution with the side containing flagella in contact 
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with the liquid. This step last for about 30 min, during which gold NRs were absorbed 

and assembled along the flagella template. The grid was then washed by floating it on a 

drop of DI water to get rid of unbound gold NRs. After drying, the grid was directly used 

for TEM examination. 

32B5.3 Results and Discussions 

78B5.3.1 The Structure of Flagella Templated Nanorods Assembly 

Typical TEM images of aligned AuNRs at different magnifications are shown in Fig. 

5.1. It can be seen that most of the nanorods have been aligned orderly along flagella into 

a two string pattern. The nanorods are arranged in a tip-to-tip manner with their 

longitudinal direction oriented with the long axis of the flagella templates. The 

inter-particle distance varies dramatically at different sites. Such alignment is highly 

reproducible and can be prepared in relatively large amount. The electrostatic interaction 

should be the main source of force that induces the assembly. The gold NRs are 

synthesized with a bilayer cationic CTAB coating on the surface, thus they are positively 

charged; while flagella, like many other naturally self-assembled supermacromoleucles, 

are negatively charged in neutral solution.[220] When the surface charges of gold NRs are 

reversed by applying a polyelectrolyte wrapping process with PSS (sodium polystyrene 

sulfonate),[221] no assembly was observed in multiple trials of different conditions. The 

electrostatic force, as demonstrated in the literature, is strong enough to induce the 

immobilization, aggregation and assembly of nanoparticles. 
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 Theoretically, in the electrostatic force induced assembly, the rod-like nanoparticles 

could have either their tips or the long sides in contact with the template. However, in 

this work, nanorods are predominated with their sides interacting with the flagella. This 

might be because the surface area of nanorods along the long axes is much higher than 

that at the tips. Under the same surface charge density, larger are of interaction will likely 

result in a stronger binding of nanorods onto the template. And thus, the gold nanorods 

will prefer to assemble into a more stable structure. 

In the assembly of nanoparticles into 1D hierarchical structure, inorganic nanowires, 

especially carbon nanotubes, have been used widely as hard templates. The pristine 

carbon nanotubes have no charge on the surface and they are not even dispersible in 

water. A tedious surface modification, including oxidization (by nitric and sulfuric acids) 

and polymer wrapping (by a multi-step layer-by-layer assembly of polyelectrolytes) has 

to be carried out to make the nanotubes charged.[120] The biological filamentous templates, 

flagella, are about 20 nm in diameter and up to 15 µm in length,[222] thus they have 

dimensions comparable to that of the carbon nanotubes and are suitable to be employed 

as template for nanoparticles assembly. The flagella can be prepared in relatively large 

amount through bacteria culture. More importantly they are natively charged, and 

therefore can be used directly to induce the assembly of nanoparticles. The surface 

charge density on the flagella can also be manipulated through the well developed 

genetic engineering process.[223] 
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Figure 5.1, TEM images of low and high magnification showing the structure of gold 

NRs that were aligned by flagella directly in solution phase. 

 

79B5.3.2 Interaction of Gold Nanorods with Flagella at Different Ratios 

From our experience, to obtain the highly ordered alignment of gold nanorods, the 
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ratio between rods and flagella has to be finely tuned. As shown in Fig. 5.2, we used the 

same amount of AuNRs, but 300, 100, 20 and 10 µl of flagella solution (named sample A, 

B, C, and D respectively); after placed on benchtop for overnight, the four tubes appeared 

very differently. With reducing amount of flagella, they formed stable suspension, 

flocculation, precipitation and aggregation respectively; the first three samples can be 

redispersed simply by hand shaking while the last one remained as tiny visible particles. 

We further investigated the difference among these samples by examining the 

flagella-AuNRs hybrid structure under the TEM. The typical TEM images are shown in 

Fig. 5.3, no alignment was observed in samples A and B, most flagella only have a few 

nanorods standing by them (Fig. 5.3 A&B). Relatively, sample B has slightly more 

nanorods on each flagellum and nanorods-flagella network like structure was seen on the 

grid. Sample C showed highly ordered two string alignment of nanorods along the 

flagella (Fig. 5.3C). Sample D only contained large dense aggregates, without any 

obvious pattern; however, at the edge of nanorods aggregate, linear arrangement of 

nanorods could still be seen clearly (Fig. 5.3D). 

Based on the above observation, we further interpret the interaction between rods 

and flagella by the model sketched in Fig. 5.4. The flagella should be in large excess 

amount in samples A and B. There might be more than one flagellum interacting with 

single nanorod, which resulted in the network like rods-flagella hybrid structure (Fig. 5.4 

A&B). However, due to the strong repulsive force among the charged flagella, the hybrid 

structure could be stabilized. When the amount of flagella was reduced from 300 µl to 
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100 µl, the total repulsive force decreased correspondingly; besides, more rods were on 

average interacting with one flagellum, which increased the density of the hybrid 

structure, so they slowly flocculated. At the right ratio, nanorods can be assembled along 

flagella (Fig. 5.4C). Further reducing the amount of flagella turned nanorods into excess. 

Ideally, the rods would first form ordered alignment, same as in Fig. 5.4C, the excess 

amount of rods would still interact with the exposed surface of flagella, and bridged 

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

    

Figure 5.2, Photographs of AuNRs-flagella mixed solution at different ratio of the two 

species: after placed on benchtop for overnight (top) and resuspended by hand shaking 

(bottom). 

Top: Placed overnight on benchtop 

Bottom: Resuspended by hand shaking 
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Figure 5.3, TEM images of AuNRs-flagella hybrid structure at different ratios of the two 

species. (A-D) are corresponding to 300, 100, 20, 10 µl of flagella as in the photographs 

in Fig. 5.2 respectively. 

 

A B 

C D 
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Figure 5.4, Proposed mechanism of interaction between AuNRs and flagella at different 

amount ratios. 

 

80B5.3.3 Optical Shift Effect in Assembled Gold Nanorods 

The optical property is one of the most important properties on gold nanoparticles.[4,7] 

Many optical related biological applications, including molecular detection and sensing,[4] 

biological imaging and diagnostics,[5-7] targeted drug delivery and medical therapy,[8-12] 

have been explored based on the gold nanoparticles. The optical shift effect associating 

with the assembly of gold nanoparticles is also an interesting phenomenon that has 

A B 

C D 
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attracted intensive studies.[205,224] When gold nanoparticles approach each other within a 

certain distance, interaction or coupling of their surface plasmon will result in a solution 

color change, which is reflected as a blue shift in the optical spectrum. Such optical shift 

is highly dependent on the distance of neighboring nanoparticles, the smaller the distance, 

the longer the shift. In linearly assembled gold nanoparticles, the surface plasmon 

coupling has directly led to the propagation of light in spaces where the dimension is 

smaller than the reflection limit of light.[131] 

When the flagella solution was added into gold NRs suspension, the color of the 

nanoparticles solution was changed immediately. In the absorption spectrum measured 

before and after addition of flagella, the SPR band corresponding to the transverse 

direction of nanorods generally remained at the same wavelength (528 nm), but the 

longitudinal SPR band shifted from 832 nm to 880 nm (Fig. 5.5). In the meanwhile, a 

significant broaden of the peak was observed at the longer wavelength. As it could be 

seen from Fig. 5.1 that the tip-to-tip distance between most adjacent nanorods are small 

enough to induce the plasmon coupling effect, so the solution color change should be the 

result of assembly of nanorods onto the template. While the gold nanorods are assembled 

in a tip-to-tip style, plasmon coupling will only take place along the longitudinal 

direction, rather than the transverse direction.[225] This explains why the absorption peak 

shift was only observed at the longer wavelength but not at the short wavelength. It has 

been mentioned that the surface plasmon coupling induced absorption peak shift is highly 

distance dependent, while the gaps between the tips of adjacent nanoparticles were not 
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uniform along the template, thus the shifted SPR band would be inevitably widened.[120] 
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Figure 5.5, UV-Vis spectrum of gold nanorods before (blue line) and after (red line) 

alignment.  

 

81B5.3.4 Assembling of Nanorods onto Flagella through the Pre-Immobilized Process  

As we discussed above, in order to have nanorods aligned highly ordered along 

flagella, we had to play carefully with the ratio between them, which is a time-consuming 

process. This will be especially problematic when nanorods used are not synthesized 

from the same pot (we have the experience of getting rods of different aspect ratios in 

two synthesis trials, even all the precursors were added in the exactly same amount). 

Because of the above reasons, exploring a process that depends less on the amount ratio 
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of nanorods and flagella is very necessary.  

Here, we employed a pre-immobilized process, as described in Fig. 5.6A. Basically, 

in this process, the flagella will be first immobilized onto the formvar (polyvinyl formal) 

side of the TEM grid. Following this step, the super-light grid will be floated onto a 

droplet of AuNRs solution. The formvar itself has no charge on the surface, thus when 

the TEM grid is floated onto the nanoparticle solution, the pre-immobilized flagella will 

be the only attractive sites that can uptake nanoparticles through electrostatic force and 

assemble them along the template into a linear structure. As it can be seen in Fig. 5.6B 

that AuNRs can also be aligned into two string highly ordered structure which is pretty 

similar to that made in the solution phase (Fig. 5.1). The assembly of nanorods onto 

pre-immobilized flagella can take place in a wide concentration range of both the 

nanoparticles and the template. And thus it is much simpler than the direct assembly in 

the solution phase as described in 5.2.2. Through the same process, nanorods could be 

aligned directly onto the flagella of living bacteria (Fig. 5.6C). The flagella on living 

bacteria are generally longer than those isolated, as in the isolation the vortex force used 

to detach flagella from the bacteria body would simultaneously break the long fibers into 

many shorter rods. Thus, direct assembly of nanorods onto the flagella of living bacteria 

is more likely to produce longer 1D pattern of aligned nanorods. Besides, the direct 

assembly also enables more manipulation to the hybrid structure, especially in the 

fabrication of devices. Because the body of bacteria has an overall size on micron scale, 

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

 

Figure 5.6, (A) Schematic diagram of float grid approach to align AuNRs. (B, C) TEM 

images of aligned AuNRs onto free flagella and flagella of living bacteria through the 

pre-immobilization process. 

 

A 

B C 
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33B5.4 Conclusion 

 Oriented assembly of gold nanorods has been achieved by using biological filaments, 

namely bacteria flagella, as templates. The electrostatic interaction between the positively 

charge gold nanorods and negatively charged flagella is considered to be the main driving 

force for the assembly. The effect of concentration ratio of nanoparticles to templates on 

the final assembled structure was discussed. The optical shift effect arising from the 

surface plasmon coupling in the tip-to-tip assembly of nanorods along flagella has been 

investigated. In addition, the pre-immobilized method developed was proved to be a 

simpler method than the direct mixing in solution phase to assemble nanorods. 
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CHAPTER 6 

7BBiomimetic Branched Hollow Fibers Templated by Self-Assembled 

Fibrous Polyvinylpyrrolidone (PVP) Structures in Aqueous Solution 

34B6.1 Introduction 

Branched hollow fibers can be found in nature and play a significant role in the 

functioning of biological bodies. For example, as the most important vessels, capillaries 

in the blood vessel system own an abundance of branches, which enable the exchange of 

chemicals and water between the blood and body tissues. Without the bronchial tree in 

the respiration system, oxygen transportation will be extremely slow and any intensive 

body movement will need great effort or even become impossible. Branched hollow 

fibers are also adopted by many types of birds in their feathers.[226,227] The branched 

structure of feathers can reduce the weight and increase the friction with air, and also act 

as a thermal insulator.[226] Mimicking unique branched hollow structures in nature will 

help us to produce novel advanced materials that can find potential technological and 

medical applications such as microfluidics,[228] artificial blood vessel generation,[229,230] 

and lung tissue engineering.[231,232] However, synthesis of branched hollow fibers remains 

a challenge up to date. Non-branched solid and hollow fibers of many types of materials 

have been prepared in different ways, such as chemical vapor deposition (CVD),[233-235] 

anodic aluminum oxide (AAO) templating,[236] electrospinning[237,238] and many other wet 
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chemical synthetic methods.[152] So far, branched hollow fibers were only reported in the 

fabrication of carbon nanotubes[239,240] and polyaniline nanotubes.[241] The branched 

carbon nanotubes were prepared by directly templating Y-branched nanochannel alumina 

using CVD, and self-assembled doped polyaniline was formed from the fusion of 

micelles containing polyaniline and dopants. 

The polymer polyvinylpyrrolidone (PVP) has found its application in many scientific 

areas. For example, in adhesive industry, PVP offers a unique combination of desired 

properties including good initial tack, transparency, chemical and biological inertness, 

and very low toxicity. In material science, PVP has acted as a key factor in the shape 

controlled synthesis of silver and platinum nanocrystals.[242-244] For the synthesis of these 

nanomaterials, PVP serves as a polymeric capping agent, which can selectively interact 

with the {100} facets of Ag and Pt, and shape control was realized through the 

preferential adsorption of atoms onto poorly protected facets such as {111}. [245] PVP has 

also been widely used as an additive to manipulate solution viscosity in the production of 

nanofibers through electrospinning. In addition, in the fabrication of various membrane 

products, PVP is added to increase the hydrophilicity of the membranes.[246-249] In this 

work, we discovered that, after a relatively long period of aging at room temperature, 

PVP could self-assemble to form a macroscopic matrix made of a branched hollow 

polymer nanofibers in an aqueous solution. By directly templating the silica formation on 

the self-assembled fibrous network, branched hollow silica fibers were synthesized. 

Inspired from the self-assembly of PVP into fibrous structures in the solution, we also 
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studied the self-assembly of PVP-coated nanoparticles into branched fibers. We believe 

that the self-assembled fibrous PVP structures could be potentially used as a universal 

template for preparing branched hollow fibers through the synergistic assembly of 

nanoparticles and PVP in the solution phase. 

 

35B6.2 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 ml distilled water 

(PVP 5.7 wt. %). The solution was then sonicated for 10 min to ensure homogeneous 

distribution of the polymer. After this step, the vial was capped and the solution was 

placed on the bench top at room temperature for about two weeks. During this period of 

time, tiny polymeric aggregates were found at the bottom of the vial in one week and 

slowly grew larger and larger in the following week. 

82B6.2.2 Growth of Silica on Self-Assembled Hollow Fibrous PVP Structures 

The polymer aggregate made of self-assembled hollow PVP fibers was transferred to 

a 5 ml vial by Pasteur pipette and washed with distilled water twice to remove free 

polymer molecules in the solution. The aggregate was then suspended in a 1 ml 

ethanol-water (4: 1 v/v) solution. To the resultant suspension were added 50 µl 
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tetraethoxysilane (TEOS) and 50 µl NH4OH. The suspension was further mixed by 

gently inverting the vial for several times. In order to form a uniform silica layer onto the 

polymer aggregate, during the reaction, the vial was placed onto an aliquot mixer rocker 

for about 2 h. The as-grown silica microfibers were washed twice with ethanol to get rid 

of the products that might be formed in the hydrolysis reaction other than the silica 

microfibers.  

83B6.2.3 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 gold chloride 

(HAuCl4) by sodium citrate. The synthesis system included 5 ml 5.9 mM HAuCl4, 3 ml 

38.8 mM sodium citrate and 42 ml distilled water. Ligand replacement of citrate ions by 

PVP on the surface of gold nanoparticles was carried out according to the procedure 

reported in the literature. 50 ml PVP stabilized gold nanoparticles  were centrifuged and 

re-dispersed into 10 ml or 50 ml PVP aqueous solution (PVP 5.7 wt. %). The mixture 

was then allowed to stay on the bench top at room temperature for 2 weeks. Gold 

microfibers were formed through the co-assembly of the PVP-coated gold nanoparticles 

and PVP. 

84B6.2.4 Characterization     



 105

Silica and gold microfibers were characterized by Scanning Electron Microscope 

(SEM) JEOL 880 at 15 kV in both bundled and individual fibers. The bundles of fibers 

were prepared by directly placing a bulk piece of as-synthesized silica onto a piece of 

freshly cleaved mica. Individual fibers were prepared by sonicating the bundles for 2 -3 

min, and then casting a drop of suspension onto mica. Gold microfibers were prepared in 

the same way, except that instead of using mica, silicon wafer was employed as a 

substrate. Samples of silica were coated with a thin layer of gold platinum by sputter 

coating prior to SEM imaging; while gold microfibers samples were directly subjected to 

SEM examination without any additional coating.   

36B6.3 Results and Discussions 

85B6.3.1 Structure of PVP Jellyfish-Like Aggregate  

The self-assembled fibrous PVP structure formed in the aqueous solution was a 

jellyfish-like three-dimensional aggregate with a centimeter scale (Fig. 6.1a). However, 

when taken out of the solution, the aggregate was collapsed immediately into a 

semitransparent thin film. The SEM imaging of the film revealed that the aggregate was 

constructed from a network of branched hollow PVP fibers of micron size (Fig. 6.2a). 

The collapsed morphology indicated that the fibers formed might be hollow when in the 

solution. A closer look at the ends of the polymer fibers shows that the fibers are indeed 

hollow (Fig. 6.2b). The hollow nature of the PVP fibers was also proved by TEM 
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imaging (Fig. 6.3). To the best of our knowledge, the self-assembled fibrous structure 

resulting from the self-assembly of PVP in the aqueous solution has never been reported, 

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

structure.  

 

 

Figure 6.1, Photographs of (a) PVP jelly-fish like aggregate; (b) PVP-gold aggregate 

co-assembled from PVP and gold nanoparticles with a high concentration; (c) PVP-gold 

aggregate co-assembled from PVP and gold nanoparticles with a concentration 5 times 

lower than that in b. Image reprinted with permission from ref. 310, Copyright 2010 

American Chemical Society. 
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Figure 6.2, SEM images of self-assembled hollow branched PVP fibers. a) An aggregate 

of branched fibers that may be collapsed upon drying on substrate; b) higher 

magnification image of the tips of the fibers, showing the hollow nature of the fibers. 

Image reprinted with permission from ref. 310, Copyright 2010 American Chemical 

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

varies, which can be judged from the nonuniform contrast along the axes. Some segments 

of the fibers have dark contrast at the magnification shown here, but hollow channels can 

still be observed from these segments under high brightness electron beam. However, 

images can hardly be taken due to the lack of stability of PVP fibers under high energy 

beam. A black arrow shows a hollow junction at the branch. Image reprinted with 

permission from ref. 310, Copyright 2010 American Chemical Society. 

 

86B 
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6.3.2 The Mechanism of Formation of PVP Aggregate  

The association behavior of polymers in a solution phase has been extensively 

studied for decades. Generally, van de Waals force, hydrophobic and electrostatic 

interactions as well as hydrogen bonding are the major driving forces responsible for 

inter- and intra- molecular interaction among polymer molecules.[250] In PVP, both the 

polymer backbone and methylene groups in the five-member ring provide good sites for 

hydrophobic interaction, enabling the association of PVP through hydrophobic 

interaction. In addition, polymer chains with highly electronegative amide groups could 

be strongly linked together through solvent-mediated H-bonding interaction.[250,251]  

Earlier, an aggregate of around 100 nm nanoparticles was found to form in a freshly 

prepared PVP aqueous solution by dynamic light scattering (DLS), however, the detailed 

structure of the aggregate was not mentioned.[252] Actually, not only PVP, but also other 

amide containing polymers, such as poly(N,N-diethylacrylamide) (PDEA), could 

self-assemble to form aggregates, due to their structural similarity.[253]  

We believe that the macroscopic PVP structures shown in Fig. 6.2 result from a 

self-assembly process in which individual polymer chains interact with 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 common reagent used 

to break H-bonding in protein science. After one week, we observed a dramatic decrease 

in the dimension of polymer aggregates, indicating that some polymer chains had been 
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disassembled from the major aggregated structures due to the loss of H-bonding 

interactions. More detailed mechanism was analyzed by a combination of DLS 

measurement and SEM imaging.  

By using DLS to measure the size distribution of the particles formed during the 

aging of the aqueous PVP solution, we found that even in the freshly prepared PVP 

solution, there were particles ranging from 40-80 nm (Fig. 6.4). Given that the individual 

polymer chain length (M.W. 10 kDa, 91 monomers) should be less than 15 nm, the 

nanoparticles detected by DLS must be generated from the association of polymer chains. 

However, after 1 and 4 days, the particle size was increased to 90-160 nm and 210-490 

nm, respectively (Fig. 6.4). These facts indicate that the polymer molecules gradually 

self-assemble into larger particles in the solution.  At day 6, the PVP aggregates became 

visible by naked eyes at the bottom of the vial (around 1 mm in diameter). We further 

examined the tiny aggregates by SEM (Fig. 6.5). It could be seen clearly that in the 

center of the aggregates there was a core made of chains of PVP microspheres, from 

which polymer fibers were grown and stretched toward all directions (Fig. 6.5a). A closer 

look at the core reveals that hollow microspheres are fused into the chains (Figs. 6.5b&c). 

Longer hollow fibers were grown from the microspheres at the end of such chains (Fig. 

6.5d).  
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Figure 6.4, Particle size distributions in 5.7 wt. % PVP aqueous solution determined by 

Dynamic Light Scattering (DLS) measurement. (A) Freshly prepared solution, (B) 

Solution aged for 1 day, (C) Solution aged for 4 days. The mean diameters for these three 

time points are 22.0 nm, 39.0 nm and 156.6 nm, respectively. The particles of around 5 

nm are corresponding to the individual polymer chains (M.W. 10 kDa). The particles 

around 50 nm or larger are corresponding to the aggregates formed as a result of the 
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self-assembly of polymer chains. Image reprinted with permission from ref. 310, 

Copyright 2010 American Chemical Society. 

Based on the DLS and SEM analysis of the early stage during the formation of the 

jellyfish-like PVP aggregate, the aggregate formation process can be divided into two 

steps: formation and fusion of PVP microspheres into pearl-necklace-like chains and 

growth of hollow fibers from the chains. In the chain formation step, the polymer 

molecules, in the aqueous solution, first interacted with each other to form hollow 

spheres; when the hollow spheres reached a critical size (typically larger than 2 µm as 

seen from SEM images), they started to aggregate and fuse into a pearl-necklace-like 

chain (Fig. 6.5b). Subsequent outgrowth of longer fibers from the chain can be realized 

through the assembly of free polymer molecules in the solution onto the microspheres at 

the end of the pearl-necklace-like chains (Fig. 6.5d), rather than through continuous 

attachment of microspheres, as there was a dramatic morphological difference between 

the chains (rough, Figs. 6.5b & 6.6a) and outgrowing fibers (smooth, Figs. 6.5d & 6.6b). 

However, the microspheres at the end of the chains might have been elongated first to 

facilitate the assembly of PVP molecules (Fig. 6.7). A continuous morphological 

transition from spherical particles into smooth fibers was observed at the interface of 

pearl-necklace-like chains and outgrowth fibers. With increasing distance from the 

central chains, the PVP hollow microspheres underwent the change into ellipsoids, rods 

and eventually smooth fibers. The hollow microspheres (Fig. 6.5c) constituting the chains 
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may eventually be fused into hollow fibers, which might be the same process of hollow 

nanoparticles fusing into nanotubes.[241] The branched character of the fibers was 

originated from the attachment of microspheres, which did not take part in the chain 

formation or was generated after the formation of the chain, onto the sidewall of outside 

fibers (Fig. 6.8). Once the attached microspheres were fused with long fibers (i.e., stems), 

free polymer molecules in the solution would also assemble onto the new site, 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 stage. (a) An overall 

view of an aggregate with a core (made of pearl-necklace-like linear chains) from which 

all the fibers were grown; (b) A closer view of the core from the aggregate shown in (a), 

highlighting that the formation and fusion of PVP microspheres into pearl-necklace-like 

chains (It should be noted that the branched structures are found in the core, as indicated 

by the arrow); (c) The pearl-necklace-like chains with some broken microspheres 

highlighting the hollow nature of PVP microspheres; d) A closer view of the area 

highlighted by a white square highlighted in (a), showing that free PVP molecules in the 

aqueous solutions continued to assemble onto the microspheres at the end of the 

pearl-necklace-like chains, and finally resulted in the formation of jellyfish-like large 

aggregate. Image reprinted with permission from ref. 310, Copyright 2010 American 

Chemical Society. 
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Figure 6.6, PVP fibers imaged directly in the solution phase under optical microscope. 

(a) Fibers which are formed at the early stage and later become the core (corresponding 

to Fig. 6.5b). The image shows that the fibers were initially formed as a result of the 

aggregation of PVP microspheres and appeared to be pearl-necklace-like chains. (b) 

Fibers formed at later stage and outgrown from the core. The outgrown fibers have a 

smoother surface, indicating that outgrowth occurs through the assembly of free PVP 

molecules in the solution onto the end of pearl-necklace-like chains, rather than through 

the continuous aggregation of PVP microspheres. Image reprinted with permission from 

ref. 310, Copyright 2010 American Chemical Society. 



 116

 

Figure 6.7, A continuous morphological transition of PVP microspheres at the end of 

pearl-necklace-like chains. (a) At the center of the chain (same image as Fig. 6.5b); (b) 

Slightly away from the center, spheres became ellipsoids (green arrows), red arrow 

shows an ellipsoid further elongating into rods; (c) further away, ellipsoids became rods, 

green arrows show the junction of each rods; (d) rods finally transited into smooth hollow 

fibers (green arrows) at even further distance from the central chains. (b-d) were imaged 

at the same fiber but different spots of interest. Image reprinted with 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. (a) A PVP 

microsphere highlighted by an arrow that has just settled onto the sidewall of a fiber and 

a PVP branch may grow from this microsphere; (b) Branches indicated by arrows that 

have grown longer. Image reprinted with permission from ref. 310, Copyright 2010 

American Chemical Society. 

 

The self-assembly behavior of PVP in the aqueous solution should be a general 

phenomenon, independent of their molecular weight. To prove this claim, we tried the 

same experiment with PVP of a higher molecular weight (40 kDa). Interestingly, same 

branched hollow structures were observed by SEM (Fig. 6.9). However, the average 

diameter had been increased from 2-3 µm to around 5 µm. Such increase is reasonable 

because polymers with an increased polymer chain length may lead to a larger dimension 

of self-assembled microspheres and the consequent larger diameter of the resultant 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 of PVP with a 

molecular weight of 40 kDa. Compared to PVP with a lower molecular weight (10 kDa), 

their average diameter had been increased from 2-3 µm to around 5 µm. (a) Low 

magnification; (b) Higher magnification. A branched structure is highlighted by an arrow 

in (a). It should be noted that the aggregate has been sonicated to get isolated fibers for 

imaging purpose and during this process the branches may be separated from the stems. 

Image reprinted with permission from ref. 310, Copyright 2010 American Chemical 

Society. 

 

87B6.3.3 Silica Branched Hollow Fibers by Directly Templating the PVP Aggregate 

Structure 

The formation of self-assembled branched hollow PVP fibers encouraged us to use 

them as a template to synthesize inorganic branched hollow fibers. Templating methods 

using chemical or biological templates have been actively used in the synthesis of various 
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nanomaterials, including nanowires,[254,255] nanotubes,[256-258] and hollow spheres,[259] and 

in the ordering of nanoparticles.[97] The idea is that a molecule or material with a high 

affinity to PVP, when added to the branched hollow PVP fiber networks in the 

suspension, should attach to the walls of networked PVP fibers and form a uniform 

coating layer, which will result in the replication of branched hollow fibrous PVP 

structure. Silica was chosen for this attempt for two reasons: first, silica is a 

biocompatible biomineral existing in many mineralized biological systems,[260] and thus 

the synthesis of branched hollow silica fibers may find application in biomedicine; 

second, silica is known to have strong hydrogen-bonding interaction with PVP[261] and 

silica formation on PVP coated nanoparticles has been demonstrated in the synthesis of 

core/shell nanoparticles[262] and core/sheath nanowires.[263] 

The self-assembled fibrous PVP structure was stable, with no visible destruction of 

the jellyfish-like bulk structure, when transferred from pure aqueous to ethanol aqueous 

solution (see experimental section). After silica deposition on the hollow PVP fibers, the 

mechanical strength of self-assembled PVP structures was enhanced. This was evidenced 

by significantly reduced collapse of the structures upon drying on the mica substrate. 

Also, unlike pure PVP hollow fibers in the semitransparent film, silica-coated PVP fibers 

appeared as a large white aggregate on mica. As shown in Fig. 6.10a, large bundles of 

silica fibers were produced by using self-assembled branched PVP fibers as templates. In 

contrast to PVP fibers in Fig. 6.2, most silica fibers maintained their cylindrical 

morphology, which is consistent with the above observation that the silica-coated PVP 
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fibers had a much less structural collapse than the self-assembled pure PVP fibers when 

transferred from a solution phase to a solid substrate. The hollow character of PVP fibers 

was also duplicated by the silica fibers due to the formation of silica on the hollow PVP 

fiber surface (Fig. 6.10b). Our investigation on the growth mechanism of silica onto PVP 

fibers demonstrated that the silica coating was actually occurring simultaneously on both 

outer and inner walls of the PVP fibers, though the silica growth rate on the outside 

surface might be faster than on the inner surface as the diffusion of the precursor to the 

outside surface is easier. This was evidenced directly from the fact that when the 

concentration of the silica precursor (TEOS) was increased, solid fibers without hollow 

channels were observed, suggesting the complete occupation of silica in the 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 on the branched 

hollow PVP fibers shown in Fig.6.2. a) bundles of silica fibers; b) higher magnification 

showing that these fibers are hollow. The branched structures of individual fibers are not 

obvious due to the close packing of the branched fibers. Image reprinted with permission 

from ref. 310, Copyright 2010 American Chemical Society. 
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Figure 6.11, SEM images of individual silica fibers separated from the samples shown in 

Fig. 6.10 by sonication. a) low magnification image showing two branched fibers; b-d) 

higher magnification of three branches of the fiber in upper center of image shown in a; 

e, f) higher magnification of two branches of the fiber on the left side of image shown in 

a. Branches are indicated by arrows in image a. Image reprinted with permission from 

ref. 310, Copyright 2010 American Chemical Society. 
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The silica fibers in Fig.6.10 are closely packed, which prevents us from visualizing 

the actual branched structure easily. For this reason the silica coated PVP aggregate was 

treated with ultrasound in order to break up the bundles into individual fibers for 

verifying the branched structures of the silica fibers by SEM (see experimental section). 

It turned out that the branched nature was ubiquitous for long fibers. Fig. 6.11a showed a 

typical image of branched long silica fibers. A three-branched fiber and a two-branched 

one are highlighted by arrows in the image. The angles between branches and main fiber 

axes were not fixed, but almost exclusively fell into a range of 45°~ 90° (Figs. 6.11b-f). 

This is of dramatic difference from the branched polyaniline and carbon nanotubes, in 

which angles between the branches and stems were all less than 45o.[239,240] Non-branched 

fibers were also observed when the fibers were short, which indicates that they might be 

derived from the breaking of branched long fibers at the connection point between the 

branches and the stems. It should be noted that some non-fibrous silica products and flat 

fibers (Fig. 6.11b) also exist on the mica substrate but they are very uncommon. They 

might arise from the negative effect of ultrasound, which caused the detachment of silica 

from some fibers and further disassociation of the fibers into tiny particles. 

88B6.3.4 Co-Assembly of PVP-Covered Gold Nanoparticles with Free PVP Molecules 

to Form Branched Hollow Fibers 

Although direct templating of the preformed self-assembled fibrous PVP structures 

can produce nice branched hollow fibers, unlike silica, most materials do not have such 
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strong interaction with PVP in solution phase. For example, in an attempt to use the 

branched hollow PVP fibers as a template to form gold, HAuCl4 was added to the PVP 

fibers and reduced with either sodium citrate or NaBH4. However, no gold was formed 

on the inner or outer walls of the PVP fibers. In order to take advantage of the 

self-assembly of PVP and extend the use of the self-assembled PVP structures as a 

universal template for synthesizing branched hollow fibers, self-assembly of PVP-coated 

nanoparticles was adopted as an alternative. We hypothesize that PVP-coated 

nanoparticles, when dissolved in PVP solution, will co-assemble with the free PVP 

molecules to form branched hollow fibers with the nanoparticles embedded in the solid 

walls of the fibers. Generally, in the co-assembly of nanoparticles with PVP, the surface 

coat of the pre-synthesized nanoparticles (which could be any type of inorganic 

nanoparticles) was ligand replaced by PVP and the resultant PVP-coated nanoparticles 

were re-dispersed into a PVP aqueous solution (typically 5.7 wt. % in this work). Since 

PVP can self-assemble to form a network of nanofibers (Fig. 6.2), PVP on the surface of 

nanoparticles and the free PVP molecules in the solution will co-self-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 co-assembly process. 

The PVP-coated gold nanoparticles were prepared by following a reported procedure.[262] 

The self-assembled structure formed through the co-self-assembly of the PVP-coated 

gold nanoparticles and the free PVP in the solution was similar to that in the case of only 

PVP, but it was black (Fig. 6.1b) when in solution and golden in color when dried on 
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silicon wafer. As shown in Fig. 6.12, gold fibers were very similar to the PVP nanofibers 

shown in Fig. 6.2 in terms of hollow and branched character, indicating that they were 

formed under a similar self-assembly mechanism. The Energy Dispersive X-ray 

Spectrum (EDS) (Fig. 6.12d) showed an intensive peak corresponding to gold (The 

highest silicon peak was from the silicon wafer substrate; due to the limitation of X-ray 

detector used in our work, only elements beyond oxygen can be detected, so PVP was 

“invisible” under EDS). 
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Figure 6.12, SEM images of hollow gold fibers formed throught the co-self-assembly of 

PVP-coated gold nanoparticles with free PVP in a solution. a) low magnification; b) 

higher magnification showing the branched nature of fibers (branches are indicated by 

arrows); c) higher magnification of the tip of the fibers showing that the fibers are hollow 

and have smooth cross section; d) EDS spectrum showing the existence of gold in the 

fibers (inset is an amplification of the gold peak, the highest peak is from silicon 

substrate). Image reprinted with permission from ref. 310, Copyright 2010 American 

Chemical Society. 

We found that the original gold nanoparticles solution was wine red in color whereas 

the fibrous PVP-gold aggregate showed a black color (Fig. 6.2b). So we believe that the 

gold nanoparticles in the fibers are in close proximity, which will lead to strong plasmon 
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coupling between neighboring nanoparticles.[224] To further confirm this, we sonicated 

the PVP-gold aggregate for 15 min. After this treatment, the remained visible aggregate 

was discarded and a TEM sample was prepared from the solution containing fiber debris. 

As can be seen from Fig. 6.13a, the fibers are still composed of nano-sized gold particles. 

Therefore, the black color of the PVP-gold aggregates must have arisen from the close 

packing of nanoparticles. Further evidence could also be found directly from the end of a 

broken fiber where only a few layers of gold nanoparticles were left (Fig. 6.13b) and 

from debris that were stripped from the fiber sidewalls (Fig. 6.13c). In addition, when the 

concentration of gold nanoparticles was decreased by 5 times, we could only obtain a 

red-colored jelly-fish like PVP-gold aggregate, which was of the same color as the initial 

nanoparticle solution (Fig. 6.1c; Fig. 6.14). This fact is consistent with the explanation 

given above. Namely, a lower concentration of gold nanoparticles increased inter-particle 

spacing of gold nanoparticles in the PVP fibers, which further weakened or cancelled the 

plasmon coupling between nanoparticles.[129] 
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Figure 6.13, TEM images of debris of PVP-gold fibers after the fibers were sonicated for 

15 min. a) The fibers were still composed of nano-sized gold particles, which were not 

fused into larger particles; b, c) Higher magnification showing dense packing of gold 

nanoparticles in the fibers highlighted by a square in top left and bottom, respectively. 

The gold aggregate shown in the bottom in (a) was detached from the PVP-gold fibers 

due to sonication. All scale bars are 200 nm. Image reprinted with permission 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 solution, in which 

the gold nanoparticles concentration was 5 times lower than that used in Fig. 6.12. (a) 

Low magnification view; (b) higher magnification view showing branches of the fibers; 

(c) A 60o 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 oven at 220 oC for 

24 h. a) fiber structure is not destroyed by heating upon the glass transition temperature 

of PVP; b) after PVP has been melted away, the cross sections of the fibers become 

porous. Image reprinted with permission from ref. 310, Copyright 2010 American 

Chemical Society. 
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To investigate whether gold can form a fibrous structure when PVP matrix was 

damaged, PVP-gold fibers shown in Fig. 6.12 were treated in an oven at 220 oC for 24 h, 

which was far above the glass transition temperature of the polymer. Under this condition, 

pure self-assembled fibrous PVP structure was found to be completely deformed into a 

continuous film without any fibrous character. A polymer film was also observed after 

heating the gold fibers, indicating that there was phase separation of melted PVP matrix 

from gold. Nevertheless, the main structure of gold fibers was intact. As shown in Fig. 

6.15a, hollow character was maintained in almost all the fibers, although they were 

slightly collapsed from cylindrical into elliptical shape. A significant difference was seen 

at a higher magnification. Before heating, the gold-PVP fibers had a smooth cross section 

(Fig. 6.12c), which became porous after heating (Fig. 6.15b). Based on the above 

observations, it is reasonable to conclude that (1) PVP-coated nanoparticles co-assemble 

with PVP to form branched hollow fibers in the solution phase; (2) in the as-prepared 

gold fibers, gold nanoparticles had a very high density in the PVP matrix; and (3) upon 

heating above the glass transition temperature of PVP, PVP was gradually melted away, 

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

 

37B6.4 Conclusion 

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

relative long-term aging of PVP solution under room temperature. By directly templating 
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the formation of silica on the self-assembled fibrous PVP structure, branched hollow 

silica fibers were synthesized for the first time. To demonstrate that PVP can be 

potentially employed as a universal template to prepare branched hollow fibers of various 

materials, branched hollow gold fibers were synthesized from PVP-coated gold 

nanoparticles through the synergistic self-assembly of PVP-coated gold nanoparticles and 

the free PVP molecules in the solution phase. The gold fibers were structurally stable 

when heated above the glass transition temperature of the polymer. The branched fibers 

produced in this work may serve as new templates for the synthesis of fibers or tubes of 

other materials. 
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CHAPTER 7 

8BOil Phase Evaporation Induced Self-Assembly of Hydrophobic 

Nanoparticles into Spherical Clusters with Controlled Surface 

Chemistry in an Oil-in-Water Dispersion and Comparison of Behaviors 

of Individual and Clustered Iron Oxide Nanoparticles 

38B7.1 Introduction 

The self-assembly of nanoparticles into hierarchical 2-D or 3-D structures has been 

extensively studied for potential applications in various fields.[206,264-267] The 

self-assembly behavior can take place both at the interfaces and in situ. Assembly at the 

interfaces of liquid-air and liquid-liquid often results in mono- or multi-layered 

nanostructures.[268-271] In situ aggregation results in the formation of nanoparticle clusters 

(NPCs) which are larger particles containing a finite number of nanoparticles.[26,272,273] In 

literature, the in situ assembly of nanoparticles has been almost exclusively induced by 

introducing specifically designed stimulating molecules into the nanoparticles suspension. 

For example, by adding dodecanethiol into oleylamine capped gold nanoparticles in 

cholorform, clusters of gold nanoparticles can be assembled due to their reduced stability 

after ligand exchange.[273] However, a particular type of stimulus may only be good for 

specific nanoparticles having certain surface ligands. Here we report a simple and general 

method of assembling hydrophobic nanoparticles into water-dispersed spherical NPCs. In 

this method, the formation of NPCs is achieved without adding any stimulating reagents 
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by selective evaporation of the organic phase in an oil-in-water micelle system. The 

surface chemistry of NPCs can be readily tuned by using different polymers. The method 

used here can also be extended to make NPCs containing multiple types of nanoparticles. 

CTAB is a well-known surfactant and has been widely used in nanoscience. CTAB 

can aid in the synthesis of many types of nanoparticles with controlled 

morphologies.[48,136,274-276] One important application in nanoscience is its use as a phase 

transfer reagent. Many types of nanoparticles have been transferred from the organic to 

aqueous phase with the assistance of CTAB.[264,277-281] However, in all of these works, 

only individually dispersed nanoparticles could be obtained after the phase transfer 

process and no cluster structure has so far been reported under similar CTAB 

concentration. In this work, we found that if the concentration of nanoparticles is 

increased to a certain level within CTAB micelles, the NPCs can be formed via 

evaporation of the organic phase during the phase transfer process. 

NPCs exhibit collective properties which individual nanoparticles do not have. 

Clusters of metallic nanoparticles that are rich in surface plasmon such as gold and silver 

can create Raman hotspots in between the closely spaced particles due to local 

electromagnetic coupling.[129,282] Such an effect results in an enhancement of Raman 

signals from analytes in orders of magnitude.[282-285] Unlike single superparamagnetic 

iron oxide nanoparticles which exhibit low magnetization and are thus difficult to 

manipulate with a magnet, NPCs have a much higher response to magnetic fields and are 

therefore better suited for drug delivery and separation.[286] In addition, clusters of 

superparamagnetic iron oxide nanoparticles have shown improved contrast enhancement 
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compared to individual nanoparticles in magnetic resonance imaging (MRI).[26,287-290] 

Various methods have been employed for synthesizing iron oxide NPCs for MRI 

applications. Generally, these methods fall into two categories. One type involves block 

copolymers, either bihydrophilic or amphiphilic.[288,291,292] The other category utilizes 

simultaneous cluster formation with a silica coating process.[26,289,290] In most of these 

reported works, a relatively low concentration of iron oxide nanoparticles was used for 

cluster formation which may prevent them from scalable production. The micelle system 

we have selected in this current work can result in a final NPCs concentration of 5 mg/ml 

in an aqueous phase, which is approximately 5 times higher than the highest reported 

concentrations from previous works.[287,289,290] In addition, the density of iron oxide 

nanoparticles inside the cluster is much higher than reported values. 

39B7.2 Experimental Methods 

89B7.2.1 Synthesis of Oil Dispersed Fe3O4, CdS and Au Nanoparticles 

Fe3O4 nanoparticles were synthesized and purified following the procedure done by 

Sun et al.[293] Nanoparticles of 3 nm and 6 nm in diameter could be obtained directly by 

controlling the solvent and reaction temperature. Larger Fe3O4 nanoparticles (12 nm and 

15 nm in diameter) were produced by seeded growth based on the 6 nm nanoparticles. 

Nanoparticles derived from 2 mmol iron acetylacetonate were redispersed into hexane at 

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

CdS nanoparticles were synthesized following the reported method in literature with 

slight modifications.[294] A mixture of cadmium chloride (91.66 mg, 0.5 mM) and 

oleylamine (5 ml) was heated to 150 oC under N2 flow. When CdCl2 was completely 

dissolved (in about 20 min), 0.5 mM elemental sulfur dissolved in 2.5 ml of oleylamine 

was quickly added into the hot solution. The reaction was maintained at 150 oC for an 

additional 8 hours. Next, it was quenched by quickly adding 15 ml of toluene. 

Nanoparticles were purified by washing three times with ethanol. Finally, they were 

suspended into 2 ml of hexane and used for NPCs formation. 

Au nanoparticles were synthesized by mixing 100 µl 0.1 M HAuCl4 with 5 ml 

oleylamine and heated at 150 oC for about 25 min. The nanoparticles were then washed 

twice with ethanol and finally dispersed into 0.2 ml hexane. 

90B7.2.2 Synthesis of NPCs Using CTAB as an Emulsifier 

A small volume of hexane-dispersed nanoparticles (200 µl, concentration varies from 

1-100 mg/ml) was added to 4 ml of 0.1 M CTAB aqueous solution. All of the liquid was 

then gently mixed by hand shaking followed by sonication for 2 min to form a stable 

micelle suspension. Afterwards, the mixture was heated in a 80 oC water bath and stirred 

at 500 rpm for 5 min to have the majority of the hexane evaporated. Alternatively, hexane 

evaporation can be done by stirring under the ambient condition for several hours. The 

solution was then removed from the heat and stirred under a vacuum for 30 min to 
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completely remove the hexane. In the preparation of Au-CdS hybrid NPCs, 50 µl AuNPs 

was mixed with 150 µl CdS nanoparticles and sonicated before being added to the CTAB 

solution. 

91B7.2.3 Synthesis of NPCs Using Polymers as Stabilizers 

A volume of 200 µl of hexane-dispersed iron oxide nanoparticles (2 mg/ml) was 

added to 4 ml of 12 wt% polymer solution. The mixture was then sonicated continuously 

for 2 h. The water bath of the sonicator was initially set at 40 oC, however, the 

temperature was increased to around 70 oC after 1 h due to the heating effect of 

ultrasound. After sonication, the solution was also treated by vacuum for 30 min. The 

molecular weights of the polymers used are as follows: polyacrylic acid (PAA, 15 k, 

sodium salt, 35 wt%), polyethyleneimine (PEI, 25 k, branched) and poly(styrenesulfonate) 

(PSS, 70 k). 

92B7.2.4 Silica Coating of CTAB Stabilized Fe3O4 NPCs 

The process of coating NPCs with silica was modified from the method described in 

literature.[295] Generally, the as-prepared CTAB covered NPCs (1 ml) were centrifuged 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. Finally, tetraethyl 

orthosilicate (TEOS, 20 µl) was added and the resultant solution was stirred for 24 h for 

complete hydrolysis and condensation of TEOS.  
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93B7.2.5 Preparation of Aqueous Individually Dispersed NPs 

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

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

10 K) was dissolved into 8 ml of DMSO, followed by adding 2 ml of toluene-dispersed 

NPs.  A homogeneous clear solution could then be obtained. This solution was then 

heated, under N2 flow, to 189 oC at a temperature increase rate of about 4 oC/min. The 

temperature was remained at 189 oC for another 30 min, and then cooled to room 

temperature. The resulting transparent solution was then dialyzed against water (cutoff of 

the dialysis membrane, 5 kDa) for 24 h, after which aqueous individually dispersed, 

PVP-stabilized iron oxide NPs could be obtained. Silica-coated individual NPs were 

prepared by NH4OH catalyzed hydrolysis of TEOS in an ethanol/water mixed solvent 

(4:1 v/v). 

94B7.2.6 Characterization 

The size and morphology of as-prepared NPCs were characterized by Transmission 

Electron Microscope (TEM). All the TEM images were obtained on JEOL 2000FX 

microscope, operated at an accelerating voltage of 200 kV. The surface morphology of 

NPCs was examined on a Nano-R2 Atomic Force Microscope (AFM) by Pacific 

Nanotechnology. The magnetic properties of individual and clustered NPs were measured 

on a Quantum Designs MPMS2 cryogenic susceptometer. The T2-weighted MR images 
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were obtained on a Bruker Biospec 7.0 T, 30 cm horizontal-bore imaging spectrometer. 

40B7.3 Results and Discussions 

95B7.3.1 Synthesis of NPCs in CTAB Emulsion  

The experimental design is shown in Scheme 7.1. The idea of making NPCs was 

inspired by the concept of emulsion in which two immiscible liquids can coexist as a 

stable dispersion under the assistance of an emulsifier or surfactant in the form of 

micelles, either oil-in-water (used in this work) or water-in-oil. Oil will appear as tiny 

droplet suspended in bulk water. In oil-in-water emulsion, the surfactant molecules 

(CTAB in this work) will line up at the oil/water interface to reduce the surface tension of 

the tiny oil droplets which would otherwise assemble themselves into large drops.[296] If 

there are NPs initially dispersed in the bulk oil phase, they will remain inside the oil 

droplet after emulsification due to their hydrophobic nature. Due to its low boiling point, 

the oil phase can be removed by evaporation, leading to the condensation of NPs inside 

the micelles. When oil is completely evaporated, NPs inside each micelle will form a 

larger cluster. However, the NPs within the cluster will not be fused because the long 

carbon chains on the NPs surface give rise to a steric barrier that effectively leaves each 

particle isolated.[271] The surface of the resultant clusters is fully covered by surfactant 

molecules, with the charged head groups in direct contact with water and the tails 

interacting with the long carbon chains of NPs in the outer layer (this statement will be 
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validated by the water compatibility and surface charge of NPCs in the next paragraph), 

similar to the interaction involved when using surfactant to transfer hydrophobic 

nanoparticles into individual dispersions in water.[281] In this manner, the NPCs are 

prevented from aggregation and precipitation in the same way as stabilization of 

individual NPs in aqueous solution. 

 

 

Scheme 7.1, Schematic diagram of the formation of NPCs. Image reprinted with 

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 of iron oxide NPCs 

using CTAB as an emulsifier.  The initial sizes of nanoparticles in the organic phase 

were: (A, B) 3 nm, (C, D) 6 nm, and (E, F) 12 nm respectively. Scale bars: A, C, 150 nm; 

B, D 20 nm; E, 300 nm; F, 40 nm. Right: top: AFM image of NPCs made from 6 nm iron 

oxide NPs; bottom: extracted height information from two isolated clusters (line 1) and 

four contacting clusters in a row (line 2). The TEM images along with AFM 

characterization indicate that the NPCs were spheres composed of densely packed 

individual nanoparticles. Image reprinted with permission from ref. 204, Copyright 2010 

American Chemical Society. 
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NPCs made from Fe3O4 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 NPCs was studied by 

the atomic force microscope (AFM). As it can be seen from the TEM images in Fig.7.1, 

the individual NPs could be differentiated clearly inside the clusters and no fusion is 

observed in any of the three different sized NPs. The line profile obtained from AFM 

contains the height information which has been widely used to study the surface 

morphology of materials. We collected line profiles across two isolated clusters as well as 

four contacting clusters in a row. In both cases, smooth curves typically for spherical 

particles were observed (Fig. 7.1 right). The NPCs obtained in the CTAB-mediated 

emulsion could be suspended very stably in water, and no aggregation between NPCs 

was observed once they were centrifuged and resuspended into water. Considering the 

hydrophobic nature of NPCs, their high water compatibility should originate from the 

surface protection of the CTAB molecules, which is the only hydrophilic species in the 

solution. Moreover, the NPCs have a zeta potential of +49 mV, which provides further 

evidence that the NPCs are stabilized by CTAB, the only positively charged species in 

the solution. It should be pointed out that although previous micelles created by diblock 

copolymers were used to make NPCs, the structure reported here is much more closely 

packed and thus, has a much higher nanoparticle density.   

The number density of NPs in the organic phase which is defined as the number of 

nanoparticles in a unit volume of solution is very important for the formation of NPCs as 

well as the morphology of clusters. For iron oxide NPs with 6 nm diameter, the NPCs 
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could hardly be seen at a concentration of 1 mg/ml. When the concentration was 

increased to 4 mg/ml, about 80% of NPs, which was estimated from the darkness of the 

supernatant after centrifuge, were in the form of clusters. Morphologically, however, the 

clusters contained both spheres and large film-like multilayered structures (Fig. 7.2a). At 

the concentration of 20 mg/ml, more than 98% of NPs existed as spherical clusters after 

the phase transfer process (Fig. 7.2b). In contrast, for 20 mg/ml of 15 nm NPs, where the 

number density was calculated to be 16 times less than that of 6 nm NPs under the same 

mass concentration, only a small portion were seen to be clusters (Fig. 7.2c). Therefore, 

in order to form NPCs during the phase transfer, the number density of NPs in the oil 

phase has to reach a certain high level which is dependent on the size of the NPs. 

However, in previously reported works where CTAB was used as the phase transfer 

reagent, relatively low concentrations of hydrophobic NPs were used. This provides an 

explanation as to why no clusters of NPs were obtained previously even 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 4 mg/ml, more than 80% 

were clusters, however, non-spherical assembly was also observed; (B) NPCs made from 

6 nm iron oxide NPs at 20 mg/ml, all spherical with more than 98% yield; (C) NPCs 

made from 15 nm NPs at 20 mg/ml, which is calculated to have about 16 times lower 

number density than that of 6 nm NPs. NPCs were produced at a very low yield with 

many individual NPs. Scale bars: 100 nm. Image reprinted with permission from ref. 204, 

Copyright 2010 American Chemical Society. 

96B7.3.2 Size Selection, Scalable Production and Silica Coating of NPCs  

The resultant spherical NPCs obtained through selective phase evaporation were 

widely distributed from several nm up to 150 nm in diameter. However, the size 

distribution of NPCs can be narrowed by using differential centrifugation in a pure water 

medium. Clusters assembled from 3 nm Fe3O4 NPs were given here as a demonstration. 

In the first centrifugation run at 10,000 rpm for 5 min, NPCs larger than 50 nm could 
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generally be separated (Figs. 7.3a&b) and the average diameter of this fraction was 78 

nm. Smaller clusters could then be spun down from the supernatant of the first 

centrifugation run at 15,000 rpm for 20 min, resulting in a fraction of NPCs with an 

average diameter of 33 nm (Figs. 7.3c&d). A very small portion of even smaller NPCs 

remained in the supernatant and could not be spun down. The size of nanoparticles has 

been one of the greater concerns for in vivo applications. The exclusion and capture of 

nanoparticles by organs have a great impact on their circulation in the blood. 

Nanoparticles that are smaller than 10 nm will be filtered by the kidney. In addition, they 

will be captured by the liver, if they are larger than 100 nm. Thus, the optimum 

nanoparticle size required is 10-100 nm for in vivo applications.[297-299] The NPCs should 

be suitable for in vivo applications after the size selection procedures. We believe that the 

size distribution of NPCs could be further narrowed down by using a density gradient 

centrifugation.[197,198]  
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Figure 7.3, Size selection of Fe3O4 NPCs by differential centrifuge. (A, B), low and high 

magnification TEM images of NPCs made from 3 nm NPs, showing that NPCs larger 

than 50 nm can be collected in the first centrifuge run at 10,000 rpm for 5 min; (C, D), 

low and high magnification TEM images of NPCs showing that smaller ones will be 

spun down in the second round centrifuge at 15,000 rpm for 20 min. Image reprinted 

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

 

Mass production of hierarchical nanostructures of interest has always been a 

challenge in nanoparticles assembly. Most often, the assembly suffers from either low 
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yields or poor reproducibility. In this work, the potential for a scalable production of 

NPCs via the CTAB-based emulsion method was investigated. We kept the volume ratio 

of hexane to water at a constant value of 0.2 ml over 4 ml but changed the concentration 

of nanoparticles in the oil phase. Several different concentrations (between 20 to 100 

mg/ml) of 3 nm iron oxide NPs were tried. In all of these trials, NPCs were produced in a 

nearly 100% yield indicated by the supernatants being almost colorless after 

centrifugation at 15000 rpm. A TEM study showed that all of the clusters were composed 

of closely-packed nanoparticles where no coagulation was observed. Also, there was not 

a significant increase of cluster size even at a higher initial concentration. When the total 

volume was expanded by 10 times (100 mg/ml iron oxide NPs in 2 ml hexane and 40 ml 

water), we generally did not observe any remarkable difference in the NPC size 

distribution and morphology compared to clusters formed in the 4 ml water system. It 

should be noted that in current literature, relatively low concentrations of iron oxide NPs 

were used to synthesize NPCs. Mostly, the initial concentration of NPs in the organic 

phase was below 10 mg/ml while the final concentration of NPCs in the aqueous phase 

was less than 1 mg/ml.[290] The initial and final concentrations can reach up to 100 and 5 

mg/ml respectively in the current work, which makes it more promising for the scalable 

production of NPCs. 

The as-prepared NPCs were very stable for further surface modification. 

Polyelectrolyte wrapping through electrostatic interactions has been one method for 

manipulating the surface charge of nanoparticles.[300,301] The CTAB capped NPCs can be 
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wrapped with multiple layers of polyelectrolytes without destroying their cluster structure. 

Moreover, silica can be coated uniformly around the NPCs in a basic solution (Fig. 7.4). 

The NPCs/silica core/shell structure enables greater functionality on the particles by the 

well-developed silica modification chemistry.[302,303] For example, fluorescent dyes have 

been linked onto silica through covalent bonding between amine groups from 

3-aminopropyltriethoxysilane (APTES) and isothiocyanate or succinimidyl-ester groups 

on the dyes; the dye-silica-magnetic NP complex particles can be used as dual probes for 

both fluorescent imaging and MRI. [304,305]  
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Figure 7.4, Silica coating of 3 nm iron oxide NPCs derived from CTAB as surfactant. 

No size selection was applied to the NPCs before silica coating. Image reprinted with 

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

97B7.3.3 Generality of the Method 

  The method we developed here can readily be applied to produce NPCs of varying 
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materials from their hydrophobic nanoparticles. As representatives of semiconductive and 

metallic materials, CdS and gold NPCs are prepared in CTAB micelles through the same 

procedures as making NPCs of magnetic particles. In order to explore the potential of 

preparing multiple-component particles by our method, hydrophobic CdS and Au NPs 

were first mixed together in hexane followed by selective phase evaporation in CTAB 

micelles. In all three types of NPCs, a spherical morphology and dense packing of NPs, 

similar to those of Fe3O4 NPCs, were observed (Figs. 7.5, 7.6 & 7.7). The fluorescent 

property of CdS nanoparticles was retained after the formation of clusters. The size 

distribution of CdS NPCs could also be narrowed by the differential centrifugation (Fig. 

7.5). The absorption spectrum of gold NPCs was red shifted compared to that of 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 observed when the size of 

the particles is smaller than the exciton Bohr radius[306], which is the characteristic 

distance between the electrons and the holes in a bulk semiconductor material (e.g., 

below 10 nm for commonly used CdSe nanocrystals). However, in vivo imaging and 

diagnostics prefers NPs of larger sizes (10-100 nm).[297,299] For instance, blood vessels in 

tumor tissue are leakier and have larger pores than those in normal tissue. A larger 

particle can be selectively delivered to tumor tissue for therapeutic or diagnosis purposes 

due to enhanced permeability and retention (EPR) effect.[299] Therefore, it is difficult to 

obtain semiconductor NPs having both fluorescence and a desired size for in vivo 
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applications simultaneously. NPC structure provides a means for increasing the particle 

size, while still retaining the fluorescence capability that only belongs to smaller 

nanoparticles. Forming NPCs from NPs could potentially be a better solution than 

surface modifications of NPs, which only slightly increases the particle size, as a means 

for solving the size-fluorescence paradox of semiconductor nanocrystals. The red shift in 

the absorption spectrum of Au NPCs is contributed by the surface plasmon coupling of 

adjacent NPs inside the clusters. Such a coupling effect can be used for enhancing the 

signal intensity of analytes in surface enhanced Raman scattering (SERS) detection. The 

composite clusters that contain more than one type of nanoparticles have more 

functionalities, and thus can be used for multiple purposes. For example, Fe3O4 and CdSe 

nanoparticles were successfully embedded into a silica particle, which makes it possess 

both magnetic and fluorescent properties that could be potentially employed in MRI and 

fluorescent imaging.[307,308]  
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Figure 7.5, CdS NPCs can be prepared in the same way from hexane dispersed 3 nm 

CdS NPs. TEM images show size selection of CdS NPCs by differential centrifuge. (A, 

C) and (B, D) are corresponding to low and high magnification of NPCs from 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 in C. Image 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; (C) UV-Vis 

spectrum of individual AuNPs (red line) and Au NPCs (black line) indicating the 

coupling of surface plasmon upon the formation of clusters. Image reprinted with 

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 reprinted with permission from ref. 

204, Copyright 2010 American Chemical Society. 

 

98B7.3.4 Control of Surface Chemistry of NPCs  

In practice, especially for biological applications, NPs often require further 

modifications with functional molecules. For example, in targeted delivery, the drug 

molecules will be immobilized onto the NPs surface.[11] Typically, two strategies can be 

employed for the immobilization of desired molecules onto NPs: electrostatic interactions 

between two oppositely charged species and chemical bonding (covalent conjugation 

with surface functional groups, like –NH2 and –COOH).[11] Both methods require 
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sophisticated control over the surface chemistry of NPs. For this reason, it is always 

interesting to prepare NPs with controllable surface charge and functional groups. Here, 

we demonstrate our ability to manipulate the surface chemistry of NPCs by employing 

functional polymers, including PEI, PAA, and PSS, instead of CTAB as surface capping 

reagents. Morphologically, the polymer stabilized NPCs were similar to those obtained 

from CTAB emulsion (Figs. 7.8, 7.9 & 7.10). The PEI stabilized NPCs showed positive 

charges; while NPCs covered by PAA and PSS exhibited negative charges as indicated by 

the zeta potential measurement. In addition, amine (from PEI) or carboxylic acid (from 

PAA) groups were also present on the surface of the NPCs. The size of polymer 

stabilized NPCs could also be regulated by differential centrifugation (Table 7.1). In the 

CTAB micelles, small NPCs (below 100 nm) can be prepared even at an initial NPs 

concentration of 100 mg/ml. In the polymers solution, however, small NPCs could only 

be produced when the initial NPs concentration was much lower (2 mg/ml as used in the 

experiment). At a higher NPs concentration (20 mg/ml), most of NPCs were greater than 

500 nm in diameter, which makes them unsuitable for biological applications. These 

polymers are not emulsifiers, so no stable oil-in-water dispersion can be formed. 

Therefore, it was necessary to place the mixture solution under sonication throughout the 

entire experiment in order to prevent the coagulation of oil droplets. However, in terms of 

stabilization of NPCs, the polymers behave similar to the CTAB. Their hydrophobic 

backbone can interact with long carbon chains on the NPCs and their hydrophilic side 

groups can provide compatibility with the aqueous phase.[251,309] The controllable surface 
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chemistry of NPCs makes them capable of linking molecules through both electrostatic 

interaction and covalent bonding.   

 

Table 7.1, Surface charge density and average diameter of NPCs using different 

stabilizers.* 

Stabilizer 
Zeta Potential 

(mV) 

Ave. Dia. (nm) 

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= second run at 15,000 rpm 

for 20 min. 

Table reprinted with permission from ref. 204, Copyright 2010 American Chemical 

Society. 
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Figure7.8, Fe3O4 NPCs using PAA as emulsifier. Clusters were collected by 10,000 rpm 

for 5 min. Image reprinted with permission from ref. 204, Copyright 2010 American 

Chemical Society. 

 

Figure 7.9, Fe3O4 NPCs using PEI as emulsifier. Clusters were collected by 10,000 rpm 

for 5 min. Image reprinted with permission from ref. 204, Copyright 2010 American 

Chemical Society. 
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Figure 7.10, Fe3O4 NPCs using PSS as emulsifier. Clusters were collected by 10,000 

rpm for 5 min. Image reprinted with permission from ref. 204, Copyright 2010 American 

Chemical Society. 

99B7.3.5 Comparison of Behaviors of Individual and Clustered Iron Oxide NPs 

In order to make comparisons between NPs in both individual and clustered forms, 

hydrophobic iron oxide NPs (i.e., those used for preparing clusters), were transferred into 

water as individually dispersed particles (Fig. 7.11a). Their magnetic response to an 

external field was measured at 5 K and 300 K sweeping between -10 kOe and 10 kOe. 

Both types of particles showed superparamagnetic behavior at 300 K without coercivity. 

At 5 K, a typical ferromagnetic-like hysteresis loop was observed (Fig. 7.12a). The NPCs 

and individual NPs had very close coercivity (31 vs. 27 Oe). In the zero-field-cooled/ 

field-cooled (ZFC/FC) magnetization measurements, the blocking temperature 
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significantly increased from 111 K (corresponding to individual NPs) to 181 K after the 

cluster formation (Fig. 7.12b). It is well accepted that for assembled nanoparticulate 

structures, magnetic dipole-dipole interactions are much stronger than those of individual 

nanoparticles as a result of the distance dependent nature of such interactions.[310] The 

anisotropy coupling of dipoles, such as nanoparticles densely packed in 1-D pores, results 

in a ferromagnetic effect which strongly enhances the coercivity. However, non-oriented 

dipole-dipole interactions, as in most random nanoparticle aggregates, have been 

demonstrated both experimentally and theoretically to result in decreased coercivity 

because of the antiferromagnetic coupling effect.[311,312] In our work, neither a significant 

increase nor decrease of coercivity of NPCs as compared to individual NPs was observed. 

This is likely due to the presence of both anisotropic and random dipole-dipole 

interactions within the clusters, which makes NPCs behave like a non-interacting system. 

During the formation of NPCs, the kinetically fast condensation due to the quick 

evaporation of hexane inside the micelles as well as the high thermal energy originating 

from the high experimental temperature could inevitably cause random assembly. On the 

other hand, since the liquid was homogenized under magnetic stirring through the entire 

process, the NPs were magnetized, which could have introduced some anisotropy to the 

assembly through the partial alignment of magnetic moments of NPs.[313-315] Thus, the 

sum of the negative contributions from the random assembly and positive contributions 

from anisotropic assembly within the NPCs may result in a magnetization curve similar 

to that of non-interacting individually dispersed NPs. The blocking temperature shifting 
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effect in the ZFC/FC measurement is consistent with the results reported in the literature, 

which show that inter-particle magnetic coupling can suppress the thermal fluctuation of 

magnetic spins and raise the ferromagnetic to superparamagnetic transition to a higher 

temperature.[312,316-318]  

   

Figure 7.11, Comparison between NPCs and individually dispersed iron oxide NPs of 

their response to an external magnetic field. (A) TEM images of individually dispersed 6 

nm iron oxide NPs, identical to those used to form clusters after being transferred from 

oil to water; (B) Photos show that no visible movement of individual NPs was observed 

in 12 h, indicating a very weak magnetic moment of individual NPs; (C) Photos show 

that all the NPCs were attracted to the magnet in just a few minutes, indicating a strong 
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magnetic moment resulting from the collective effect of nanoparticles in NPCs. Image 

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

 

Figure 7.12, Magnetization curves of NPCs and individual iron oxide NPs. Top: Mass 

magnetization as a function of field strength measured at 300 K and 5 K. At 300 K, both 

NPCs and individual NPs showed superparamagnetic behavior. Typical hysteresis loops 

were observed at 5 K, and NPCs exhibited coercivity very close to the individual NPs, 

probably because of the coexistence of anisotropic and random assembly of NPs during 

the cluster formation process; Bottom: ZFC/FC measured at 50 Oe, the blocking 
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temperature had shifted from 111 K to 181 K after cluster formation, which indicates that 

strong dipole –dipole interactions had taken place among nanoparticles inside the 

clusters. Image reprinted with permission from ref. 204, Copyright 2010 American 

Chemical Society. 

The single cluster has a much higher magnetic moment than individual iron oxide 

NPs, which was theoretically predicated earlier by Ge et al.[286] In this work, since we are 

able to transfer the hydrophobic Fe3O4 NPs into stable aqueous dispersions in both 

clustered and individual forms, direct comparison of the magnetization difference 

between both forms (and hence their response to an external field) could be made more 

straightforward. Both Fe3O4 NPCs and individually dispersed NPs solutions were placed 

beside a magnet and observations were periodically made. For individually dispersed iron 

oxide NPs, we did not observe any visible movement of NPs towards the magnet in 12 h 

(Fig. 7.11b). However, all the NPCs could be collected by the magnet within just a few 

minutes (Fig. 7.11c).  In order to be able to manipulate the movement of particles in 

solution by a magnet, the magnetic energy on the particle should be larger than the 

thermal energy, which is the cause of Brownian motion.[310] This behavior for 

individually dispersed Fe3O4 NPs in an external magnetic field is consistent with 

theoretical result that the magnetic moment of single NPs is so weak that it could not 

even overcome the random Brownian motion in solution. Since a cluster is made of many 

individual NPs, the magnetic moment is a collective result of the individuals; therefore, 
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the magnetic force on a cluster is increased many times than that on non-clustered 

NPs.[286] Consequently, there will be a net positive magnetic force driving the clusters 

toward the magnet.[310]  From this comparison, NPCs could be better suited for 

applications like drug delivery and molecular separation compared to individual NPs. In 

these applications, target molecules are often linked onto the particle surface and 

transported or collected by the movement of magnetic particles in the external 

field.[315,319-323]  

  Superparamagnetic iron oxide NPs are well known for being able to shorten the 

transverse relaxation time of water protons and have been used as a negative contrast 

agent in MRI.[323] Recently, aggregated or assembled iron oxide NPCs are drawing 

greater attention in MRI applications because they can provide even higher contrast than 

individually dispersed magnetic NPs.[287-291,305] In order to test the contrast enhancement 

effect from the clustering of NPs, we measured the T2-weighted MR images with 

different iron concentrations in aqueous dispersion. Both individual and clustered 

particles exhibited a sensitive concentration-dependent darkness in MR images, where 

the higher the concentration, the darker the image was. However, under the same iron 

concentration, darker contrast was observed with NPCs (Fig. 7.13). Moreover, the 

clustered nanoparticles showed a transverse relaxivity (r2) value of 277.6 s-1 mM-1 Fe, 

which is remarkably higher than that of individual NPs (15.4 s-1 mM-1 Fe). This suggests 

that NPCs could likely be used as a better contrast enhancer in T2-weighted MR imaging 

than individual magnetic NPs. 
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Figure 7.13, MRI images of NPCs and individual NPs with different concentrations in 

water. The darker contrast shown at a lower concentration for NPCs indicates that in the 

clustered form, a lower concentration of Fe is needed to obtain a desired contrast. Image 

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

 

41B7.4 Conclusion 

In summary, a general method for making NPCs was developed in a CTAB-mediated 

oil-in-water emulsion system, where previously only individual NPs were obtained, by 

increasing the concentration of NPs dispersed in the organic phase. Although NPCs have 

a wide range of diameters, differential centrifugation can be used to narrow their size 

distribution. The final concentration of NPCs produced by our method is about 5 times 

higher than the highest value reported in literature. Moreover, NPCs can be obtained in 

nearly 100% yield. Therefore, our method for producing NPCs is scalable. The surface 
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chemistry of NPCs can be manipulated by employing different polymers rather than 

CTAB, to stabilize them under constant sonication. Iron oxide NPCs have a much higher 

magnetic moment than individual NPs, making them better suited for separation and drug 

delivery purposes. In MRI, a significant increase in transverse relaxivity from NPCs also 

indicates that a lower concentration of iron can be used to give a reasonable contrast. 
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CHAPTER 8 

Summary and Outlooks 

The current research aims at developing new synthetic strategy to prepare 

structurally complex gold nanoparticles and new size sorting method to separate 

nanoparticles of larger size, as well as studying the assembly of nanoparticles into novel 

hierarchical structures through both template-assisted and template-free strategies. 

Dendritic gold nanoparticles were prepared through a seed-mediated process in 

ethanol in Chapter 2. Size control of the nanodendrites could be achieved by simply 

adjusting the ratio of HAuCl4 to total number of seeds added. The surface of 

nanoparticles is capped by the hexadecylamine (C16H33NH2). The carbon chain length of 

alkylamines (CnH2n+1NH2) has great effect on the generation of gold nanodendrites. The 

dendritic structure can be observed only when n ≥12. In the hexadecylamine-ethanol 

system, the dendritic structure could be produced on seeds of different shapes, including 

spherical, rod-like and flat triangular nanoparticles. The future direction of this work 

should emphasize on both synthesis and application of the dendritic gold nanoparticles. 

In the current synthetic system, ethanol was used as solvent for the seeded growth of gold 

nanodendrites. However, the polarity of solvent may have impact on the assembly of 

shape-defining reagent, hexadecylamine, and consequently on the structure of the 

resulting gold nanoparticles. Therefore, the solvent effect on the formation of gold 

nanodendrites should be studied. Compared to the solid spherical nanoparticles of the 

similar size, the dendritic gold nanoparticles have much higher surface area, thus they 

can be used to enhance the loading of drug molecules in the drug delivery applications. 
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Besides, light absorbed by the gold nanoparticles can be converted into heat, which is 

high enough to trigger the release of drug molecules on the surface of the nanoparticles. 

The dendritic gold nanoparticles have absorption in the near infrared range, and light of 

this range is capable of penetrating the human tissues, thus in vivo controlled drug release 

can be achieved by using laser of the corresponding wavelength. Finally, the large 

surface-to-volume ratio of the dendritic gold nanoparticles makes them better suited for 

catalysis applications than the solid nanoparticles. 

We studied the shape evolution of gold nanoparticles in a seed-mediated growth as 

well as the kinetics of reduction of HAuCl4 in the presence of seeds in Chapter 3. The 

reduction of the gold precursor by sodium citrate was accelerated due to the addition of 

pre-synthesized seed nanoparticles. The investigation of shape evolution was carried out 

by manipulating the molar ratio (R) of sodium citrate to the gold precursor, HAuCl4. 

Nearly single-crystalline gold nanowires were formed at a very low R value (R = 0.16) in 

the presence of the seeds as a result of the oriented attachment of the growing gold 

nanoparticles. At a higher R value (R = 0.33), gold nanochains were formed due to the 

non-oriented attachment of gold nanoparticles. At a much higher R value (R = 1.32), only 

larger spherical gold nanoparticles grown from the seeds were found. In the absence of 

gold seeds, no single-crystalline nanowires were formed at the same R value. Our results 

indicate that the formation of the 1D nanostructures (nanochains and nanowires) at low R 

values is due to the attachment of gold nanoparticles along one direction, which is driven 

by the surface energy reduction, nanoparticle attraction, and dipole–dipole interaction 

between adjacent nanoparticles.  

We developed a novel method of separating nanoparticles of different sizes in a 
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viscosity gradient in Chapter 4. The viscosity gradient was created by stacking gradient 

concentration of polyvinylpyrrolidone (PVP) aqueous solutions. Previously, such size 

separation was all achieved in the density gradient, while the hidden contribution of 

viscosity difference inside the density gradient was not well recognized. Through this 

work, it is clarified that the viscosity can contribute as importantly as density in the size 

sorting of nanoparticles through rate zonal centrifuge. It was also demonstrated both 

experimentally and mathematically that the viscosity gradient is more effective in 

separation of larger sized nanoparticles. In the current work, all the demonstrations of 

nanoparticles size separation were based on the PVP-covered AuNPs, which are very 

stable in the PVP viscosity gradient. In practice, nanoparticles are synthesized with many 

different surface capping molecules in the solution phase; while most of these non-PVP 

covered nanoparticles will be destabilized in the PVP viscosity gradient. The future work 

should aim to extend the viscosity gradient to the size separation of non-PVP stabilized 

nanoparticles without destabilization. A possible approach that can be employed to solve 

this issue is to use different polymers. Besides PVP, for many other polymers, such as 

polyethylene glycol (PEG), polyacrylic acid (PAA) and poly (diallyl dimethyl ammonium 

chloride) (PDDA), their aqueous solutions of different concentrations have similar 

densities, but significantly different viscosities, thus they are also suitable to build the 

viscosity gradient. These polymers contain typical functional groups that appear on the 

surface of nanoparticles. Therefore, it is possible to find a suitable polymer solution in 

which nanoparticles capped by a certain type of molecules can be dispersed stably.  

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

flagella as templates in Chapter 5. This biological filamentous template was purified 
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from the Escherichia coli bacteria. The assembly took place through electrostatic 

interaction between the positively charged gold nanorods and the negatively charged 

flagella. Two approaches were carried out to obtain the assembled structures. In one 

approach, nanorods and flagella were mixed directly in the solution phase; while in the 

other one, flagella were first immobilized onto a TEM grid, which was then floated on a 

drop of nanorods solution to allow adsorption. Both approaches generated well aligned 

gold nanorods structures. The optical shift of aligned gold nanorods was also studied. The 

flagella could potentially be a better template than the previously used carbon nanotubes, 

since carbon nanotubes involve tedious surface modification to get charges, while 

flagella are naturally charged and the charges could also be manipulated through genetic 

engineering. The future work will focus on the large scale oriented assembly of gold 

nanorods on a substrate and the assembly of other nanoparticles, like gold/silica 

core/shell nanoparticles, into 1-D structure based on the flagella templates. To assemble 

gold nanorods into large scale oriented structure, the template, flagella, should first form 

ordered pattern on a substrate, which could possibly be achieved by the shear force or by 

an external electric field. And nanorods can then be assembled onto the patterned 

substrate to form a large scale oriented assembly. The gold/silica core/shell nanoparticles 

can be synthesized with well-controlled silica shell thickness. When the core/shell 

nanoparticles are assembled into 1-D arrays, the core-to-core distance can be manipulated 

by controlling the thickness of the shell. For gold nanoparticles, the manipulability in the 

inter-particle distance provides a means to control the optical shifting of the assembled 

1-D structure.      

Novel branched hollow microfibers that were co-assembled from PVP stabilized 
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gold nanoparticles and free PVP molecules in the solution were revealed in Chapter 6. 

Initially, we discovered that PVP could self-assemble into branched hollow fibers in an 

aqueous solution after aging under room temperature for about two weeks. On the basis 

of this finding, we demonstrated two approaches (one is through direct deposition of 

silica onto the PVP aggregate and the other is through co-assembly of PVP covered gold 

nanoparticles with free PVP molecules) by which the self-assembly behavior of PVP 

could be exploited to template the formation of branched hollow inorganic fibers. Our 

work suggests that the self-assembly of the PVP molecules in the solution can serve as a 

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

future work includes both the fabrication of branched hollow fibers of other functional 

materials and the application of current silica and gold based branched hollow fibers. 

Besides silica, other inorganic oxide materials, like ZnO and TiO2, can also be prepared 

by the base-catalyzed hydrolysis reaction of their corresponding organic alkoxides 

compounds. Thus, branched hollow ZnO and TiO2 fibers could be prepared in the same 

way as the fabrication of silica fibers. Silica is a bio-compatible and bio-decomposable 

material, the overall size of the fibrous structure is on the centimeter scale and the 

diameter of the individual fibers is comparable to the size of cells, therefore, the silica 

branched hollow fibers can be used as 3-D substrates, as substituents to the conventional 

2-D substrates, for the cell culture. The gold nanoparticles in the co-assembled fibers are 

very close to each other, resulting in a strong surface plasmon coupling between adjacent 

nanoparticles. Thus, the gold branched hollow fibers are suitable as substrates for the 

surface enhanced Raman scattering (SERS) based highly sensitive molecular detection. 
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A general method for template free assembly of nanoparticle into clusters (NPCs) in 

an oil-in-water emulsion system was investigated in Chapter 7. The assembly was 

mediated by cetyl trimethylammonium bromide (CTAB) where previously, only 

individual nanoparticles were obtained. NPCs of magnetic, metallic and semiconductor 

nanoparticles have been prepared to demonstrate the generality of the method. The NPCs 

were spherical and composed of densely packed individual nanoparticles. The number 

density of nanoparticles in the oil phase was found to be critical for the formation, 

morphology and yield of NPCs. The method developed here is scalable and can produce 

NPCs in nearly 100% yield at a concentration of 5 mg/ml in water which is 

approximately 5 times higher than the highest value reported in literature. The surface 

chemistry of NPCs can also be controlled by replacing CTAB with polymers containing 

different functional groups via a similar procedure. The reproducible production of NPCs 

with well defined shapes has allowed us to compare the properties of individual and 

clustered iron oxide nanoparticles including magnetization, magnetic moments and 

contrast enhancement in magnetic resonance imaging (MRI). We found that due to their 

collective properties, NPCs are more responsive to an external magnetic field and can 

potentially serve as better contrast enhancement agents than individually dispersed 

magnetic NPs in MRI. The future work will focus on the in vivo application of the iron 

oxide NPCs as MRI contrast enhancing reagent. The surface of the NPCs should be 

modified so that they can bind specifically to a target, for instance, a tumor site. 

Considering the simplicity in the surface modification, silica coated NPCs will be better 

than the as prepared NPCs. In addition, through nanoparticles engineering, the NPCs can 

be functionalized for multi-mode in vivo imaging purposes. For example, gold 



 172

nanoparticles can be immobilized onto the silica shell through electrostatic interaction 

and fluorescent dye molecules can be linked onto silica through covalent bonding. Both 

these modification methods are well developed. The gold nanoparticles and dye 

functionalized iron oxide NPCs are capable of imaging the target site through three 

different modes, including magnetic resonance (magnetic nanoparticles), light scattering 

(gold nanoparticles) and light emission (dye) modes. 
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