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ABSTRACT 

Anisotropic Gold Nanostars: Seedless Growth Mechanism, Post-Synthetic Separation, and 

Ligand Distribution Quantification 

Kavita Chandra 

Metal particles at the nanoscale display unique physical, chemical, and optical properties 

corresponding to their size, shape, and ligands. These factors can be manipulated to target specific 

biomedical applications, such as drug delivery and sensing, through functionalized surfaces. The 

development of specialized synthetic methods for the precise control of nanoparticle size and 

morphology enables the desired ligand distribution. Nanoparticle curvature has a significant effect 

on ligand loading; understanding this relationship is critical in determining particle-cell 

interactions. This work focused on the factors affecting the synthesis mechanism and post-

synthetic separation of anisotropic gold nanostars (AuNS) and the quantification of ligand 

distribution on varying nanoparticle morphologies. 

The seedless synthesis of AuNS requires two precursors, but the methodology often resulted 

in poor yield of branched particles. In Chapter 2, we described four critical factors affecting the 

final nanoparticle morphology: mechanical agitation, concentration ratio, buffer type, and 

chemical environment. We established a set of design considerations to increase the homogeneity 

of nanoparticle shape and anisotropic particle yield and expanded the library of precursors used 

for anisotropic growth to include a morpholine-based buffer. This work led to the creation and 

classification of a collection of nanoparticles with tunable optical properties.  
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While synthesizing AuNS with a morpholine-based buffer was possible, the buffer created 

unstable and heterogenous particles. In Chapter 3, we showed a robust strategy to obtain highly 

homogenous AuNS populations through a stabilization and sorting method. By altering the storage 

conditions, particle stability increased three-fold. The stable AuNS were separated through density 

gradient centrifugation (DGC) based on branch length and number. We demonstrated that one 

round of DGC efficiently separated AuNS populations and additional rounds did not improve 

homogeneity. 

In Chapter 4, we used our optimized separation methodology to obtain DNA-functionalized 

particles. Specifically, we probed how curvature of individual particles impacted ligand 

distribution through time-of-flight secondary ion mass spectrometry. AuNS with a medium density 

of branches had six-fold more ligands per particle than a spherical nanoparticle of comparable size. 

As branch number increased beyond this point, the negative curvature increased and hindered 

additional ligand loading. This fundamental tool allowed for the simultaneously probing of an 

inorganic core and unlabeled-ligands on the single particle level. 

Finally, in chapter 5, we explored the mechanism of the seedless growth of anisotropic AuNS 

through evaluating the intermediate species of the reaction. By repurposing electron paramagnetic 

resonance spectroscopy, we studied the radical concentration in situ during the reaction and 

determined the effect of buffer concentration and type. We correlated the trend in radical intensity 

to the ensemble optical properties and individual particle morphology.  
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1.1 Introduction to Noble Metal Nanoparticles 

1.1.1 Historical Background 

Nanotechnology, particularly the development of novel nanomaterials with desirable 

properties, has accelerated significantly in the last few decades. During this period, the explanation 

of the relationships between structure and function has opened new areas of applications for 

nanomaterials. The use of these materials on the nanoscale, however, predates our understanding 

of their structure-function relationships. For example, noble metals have been used dating back to 

the Vedic period of ancient India; the presence of gold bhasma – gold particles containing ashes –

were prepared for medicinal purposes.1 Ancient Egyptian cultures used gold for mental, physical, 

and spiritual cleansings. Drinkable, soluble gold in a slightly pink solution, characteristic of gold 

nanoparticles, was hailed in medieval Europe for having curative properties for several diseases.2 

Outside of medicinal purposes, the oldest well-documented example of nanoparticles is their 

utilization for decorative purposes in glass ware, ceramics, and pottery coloration (e.g. the pink 

pigment created from gold nanoparticles known as Purple of Cassius).3 A famous, existing 

example is the Lycurgus cup, a Roman artifact from the 4th century A.D. (Figure 1.1).4 The 

composition is similar to modern day glass but with small amounts of gold and silver nanoparticles. 

Due to these nanoparticles, the cup presents different colors in reflected (green) and transmitted 

(red) light. Due to this aesthetic quality, nanoparticles were a standard inclusion in stained glass 

for cathedral windows throughout medieval Europe. While many early scholars understood and 

theorized the concept of “solutions containing gold in the finest degree of subdivision,”5 very few 

formal studies systematically explored the nature of nanoparticles until Michael Faraday.  
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Figure 1.1: Photographs of the Lycurgus cup. The Lycurgus cup in (a) reflected and (b) 

transmitted light. Adapted from the Department of Prehistory and Europe, The British Museum, 

Higgit et. al.4 with permission under the Creative Commons CC-BY license as published 

through Springer Nature. 
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In 1857, Faraday conducted one of the first scientific experiments to explore the properties of 

nanoparticles.6-7 He synthesized gold colloids in solution which created gold seeds known as “sols.” 

He found that nanoparticle size changed due to the addition of different salts at varying 

concentrations. Notably, he recognized that the characteristic color change to ruby-red was due to 

the size of the gold particles and not due to any additional chemicals or materials. Furthermore, he 

discovered that the different sized gold nanoparticles suspended in solution had different colors 

due to their light scattering properties, called the Faraday-Tyndall effect. Although Faraday could 

not wholly explain the origin of these optical properties, his seminal work created a field of 

structure-function nanoparticle studies that have continued till this day. 

Our understanding of noble metal nanomaterials unique properties has since increased due to 

the advancement of modern techniques, enabling analysis of single, distinct nanoparticles rather 

than the entire ensemble. Particularly, the visualization of nanoparticles through transmission 

electron microscopy (TEM)8 coupled with studies of their optical properties have deepened our 

understanding of the structure-function relationship of nanoparticles. Recent studies show that the 

optical properties of nanoparticles can be explained by the physical phenomena of localized 

surface plasmon (LSP) resonances. LSP occurs in small nanoparticles due to the oscillation of 

surface plasmons (coherent delocalized electrons) which have been excited by light (Figure 1.2).9 

The LSP of gold nanoparticles is in the visible light range (400 – 700 nm). Due to this LSP 

wavelength, gold nanoparticles absorb visible light, resulting in the bright colors exhibited by the 

solutions. These properties cause gold nanoparticles to be extensively exploited for many 

applications. These properties are dependent on the size and shape, which is not the case for their 

corresponding bulk materials. Understanding the fundamental structure- 
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Figure 1.2: Scheme of localized surface plasmons for metal nanoparticles. Schematic of 

plasmon oscillation for a sphere, showing the displacement of the conduction electron charge 

cloud relative to the nuclei. Adapted with permission from Schatz et. al.9 Copyright 2003 

American Chemical Society. 
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function relationship and developing the synthetic techniques to tune desirable properties have 

accelerated the number of applications for nanoparticles. 

1.1.2 Applications of Metal Nanoparticles 

Metal particles with nanometer-scale dimensions demonstrate tunable properties distinct from 

their bulk form, which has enabled numerous, wide-ranging applications including catalysis, 

therapeutics, bioimaging, sensing, and nanoelectronics. For a metal at room temperature, the mean 

free path of an electron is on the order of 10 – 100 nm and as the particle approaches this size, 

unusual effects are observed.5, 10 For example, gold nanoparticles of a diameter ≤ 3 nm are no 

longer inert and can catalyze chemical reactions quickly, unlike their bulk counterparts.11-12 These 

gold nanoparticles can oxidize extremely toxic CO into a less toxic CO2 efficiently and quickly, 

which illustrate just one of many potential applications of this property. Many factors play a role 

in the catalytic rates of nanoparticles, among which are shape, crystal structure, and composition. 

Noble metal nanoparticles such as gold and silver have long been used for therapeutic 

applications and more recently their use has been extended to other biomedical applications as a 

result of their low cytotoxicity and high biocompatibility in vivo.13 The surface of these 

nanoparticles provides an easy template for functionalization with various biological molecules, 

such as aptamers used for targeting and delivery of therapeutic drugs to cancer cells.14 Furthermore, 

nanoparticles have tunable LSP wavelengths in the NIR region, which is where blood and tissues 

are relatively transparent to irradiation.15 Additionally, the strong LSP of metal nanoparticles 

allows for imaging of individual particle locations with the advent of advanced optical microscopy 

techniques, such as dark-field and two-photon luminescence microscopy.16-17 Specifically, for 

anisotropic nanoparticles, NIR absorption and photothermal effects allow for dual therapy as well 
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as imaging functionality, which has been demonstrated for nanorods, nanocages, and nanostars.18-

19 Additionally, colloidal gold particles have been used as contrast agents for electron microscopy 

because of their electron-dense nature. This use as a contrast agent has now expanded into optical 

imaging and sensing applications, which rely on the elastic light scattering properties of metal 

nanoparticles.20-25 

In addition to functional ligands that bind to nanoparticles for biomedical purposes, certain 

molecules that adsorb to the surface of metal nanoparticles undergo surface-enhanced Raman 

scattering (SERS) effects because of the coupling of the plasmon band of the irradiated metal with 

the electronic states of the molecule.26-28 Thus, one emerging application of metallic nanoparticles 

is single-molecule detection through SERS.29-30 Surface-enhanced fluorescence is also similar to 

SERS, although the molecule must be 10 – 100 nm away from the metal surface to prevent 

quenching.31-33 Metal nanoparticles have been used to detect trace amounts of pesticides,34-35 

biomolecules,36-37 viruses,38-39 glucose,40-42 or DNA43-45 among many other molecules.  

Gold and silver nanoparticles have been used for optical applications as well, including optical 

communications and information processing. Optical nonlinearity, as explored through the Z-scan 

technique, has been demonstrated for nanoparticles composed of a single-material46 as well as 

alloys containing two metals.47 The nanoparticles behave as saturable absorbers or reverse 

saturable absorbers, depending on the excitation. Thus, they can be used in logic gating and pattern 

recognition in optical computers. 

Size and shape direct the physical and chemical properties of noble metal nanoparticles; thus, 

creating studies on how to optimize these structural parameters for a variety of potential 

applications is crucial. To address this need, many systematic studies have been dedicated to 
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develop methods to produce monodisperse noble metal nanoparticles with a desirable size and 

shape, in particular those composed of gold. 

1.2 Structure and Morphology of Gold Nanoparticles 

Variations in properties of matter at the nanoscale is one of the most fascinating aspects of 

nanoscience. Properties of gold nanoparticles can be varied by altering the size, shape, aggregation, 

and local environment. This dissertation will focus on the factors that control the size and 

morphology of gold nanostars (AuNS) and specific applications of these particles. Before delving 

into the synthetic factors and fundamental mechanism, a framework for elucidating nanoparticle 

morphology will be explored. 

Two main factors control nanoparticle size and shape: crystal structure and surface facets. 

Crystal structure develops during particle nucleation and formation, and the surface facets are 

defined during particle growth.48 Nanoparticles can either be monocrystalline (no defects), 

polycrystalline (many defects), or contain a distinct number of defects. Monocrystalline particles 

are difficult to synthesize because defects are common in metallic particles (Figure 1.3a). The 

most common defect in FCC (face-centered cubic) metals, such as gold, is a twin defect (Figure 

1.3b-c), since the energy barrier for their formation is low.49 A specific type is a crystal twin defect 

where two distinct crystals have overlapping lattice points in a symmetrical way. For gold 

nanoparticles, many twin defects can occur in a single particle, particularly for spherical 

nanoparticles that are often used as seeds. For spherical Au nanoparticles, penta-twinned (5 twin 

boundaries from one central point) and multiply-twinned (intersection of many twin planes) are 

the most common (Figure 1.3d-f). The final morphology of the resulting nanoparticle is defined 
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Figure 1.3: HR-TEM images of spherical noble metal nanocrystals with different crystal 

structures: (a) a single-crystalline, (b) a singly twinned, (c) a multiple planar-twinned, (d) a 

cyclic penta-twinned gold, and (e, f) a multiple-twinned icosahedral gold nanocrystal. Adapted 

with permission from Xu et. al.50 Copyright 2011 American Chemical Society. 
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not only by the crystal structure (i.e. defects) formed during the nucleation phase but also the 

surface structure. 

A metal nanoparticle has exposed surfaces with a specific arrangement of atoms, named facets. 

The structure of these atoms changes based on the alignment of the exposed surface arrangement 

compared with the lattice structure of the FCC unit cell for gold. These facets can be defined 

through Miller indices, a notation system for planes determined by three integers ({h k l}) all 

consisting of either 0 or 1. For gold, three low index facets exist: {111}, {100}, and {110}. In 

particular, {111} has a closed-packed arrangement of atoms and is the most thermodynamically 

favorable.51 Several approaches, such as physical templating52 and kinetic control,48, 53 have been 

developed to favor growth on specific facets. The directed growth of exposed facets coupled with 

the defects created during the nucleation phase leads to the final nanoparticle morphology. 

1.2.1 Size 

Nanoparticles are of particular interest because their optical properties can be tuned depending 

on their size, unlike the bulk form. Specifically, for small (≤ 30 nm) spherical gold nanoparticles, 

the LSP absorbs light in the blue-green portion of the spectrum (ca. 500 nm) while red light (ca. 

700 nm) is reflected. Due to these optical properties, the characteristic color of spherical gold 

nanoparticles is a rich-ruby color, first systematically studied by Faraday (Figure 1.4a-d). As the 

particle diameter increases, the peak LSP wavelength, related to the optical absorption, shifts to 

longer wavelengths. As this increase occurs, more red light is absorbed as blue light is reflected 

which produces solutions with a pale blue or purple color. For spherical nanoparticles, the particle 

size reaches a bulk limit where the wavelengths move into the IR portion of the spectrum and most 

visible wavelengths are reflected, which corresponds to a clear or translucent color. This 
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Figure 1.4: Photographs of aqueous solutions of gold nanospheres (4- 40 nm, top) and gold 

nanorods (bottom) as a function of increasing dimensions. Corresponding TEM images of 

the nanoparticles are shown (all scale bars 100 nm). For the nanorods, the aspect ratio varies 

from 1.3 to 5 for short rods (TEMs f-j) and 20 (TEM k) for long rods. Adapted with permission 

from Mody et. al.54 Copyright 2010 American Chemical Society. 
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absorption shift is also observed when excess salts are added into the gold solution. The surface 

charge of the nanoparticles changes from slightly negative to neutral, which causes the 

nanoparticles to aggregate in solution, resulting in a color change from red to blue. Gold 

nanoparticles have a versatile surface chemistry and can be functionalized with small molecules, 

which prevents aggregation. Changing only the size of spherical gold nanoparticles, however, 

allows for minimal tunability in their optical properties. 

1.2.2 Shape 

In the past twenty years, many advances in synthetic techniques of non-spherical gold 

nanoparticles, especially nanorods, have paved the way for even more promising applications 

because of their unique properties. Specifically, gold nanorods have two LSP peaks — one in the 

visible and another in either the visible or near-infrared (NIR) range — which correspond to the 

short axis (transverse) and long axis (longitudinal) of the nanorod.9-10, 55-57 These peaks are tunable 

depending on the dimensions of the nanorods. Therefore, gold nanorods can be synthesized at 

specific aspect ratios that correspond to the absorption of light at certain wavelengths in the visible 

and NIR (Figure 1.4f-k). 

This dissertation will focus on AuNS, which are of particular interest among anisotropic 

nanoparticles. Since shape modifications, such as number of branches, aspect ratio, and length of 

branches58 enable tunability of the position and number of LSP resonances.59-61 Strong electric 

field enhancements can occur on multiple sharp tips of AuNS,62 making them high-performing 

substrate materials for a variety of appliations.14, 59, 63-67 Additionally, regions of negative curvature 

between the branches can alter the physicochemical properties of molecules tethered to the Au 
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surface (e.g. For example, the relaxivity of a Gd(III)-based MRI contrast agent was tripled when 

bound to the surface of AuNS compared to spherical nanoparticles).68 

1.3 Overview of Synthetic Approaches for Anisotropic Gold Nanoparticles 

For anisotropic nanoparticles, the size and shape dependence of the physical and optical 

properties make them useful in current materials research. To create particles with desirable 

properties, specialized synthetic strategies are needed to enable precise control over size and shape 

of particles. Chemically growing either bulk or nanometer-sized materials involves precipitation 

of a solid phase from solution. Fundamental understanding of the mechanism underlying this 

precipitation can improve the engineering of the nanoparticle growth to the desired size and shape. 

A certain solubility for a solute exists for any given solvent. If excess solute is added into the 

solvent, nucleation and formation of nanocrystals will occur. Therefore, to induce nucleation and 

synthesize nanoparticles, the solution needs to be supersaturated either by (1) dissolving a high 

concentration solute at a high temperature and then cooling the solution; or (2) producing a 

supersaturated solution with the required precursors during the growth stages. After precipitation 

and nucleation, the nanoparticle growth stage occurs. The nucleation and growth stages can occur 

in two ways: (1) a multi-step, seed-mediated process or (2) a one-pot, seedless method. 

1.3.1 Seed-Mediated Synthetic Methods 

In seed-mediated growth, the conditions for nucleation and growth are dissimilar and thus the 

process is usually done through a multi-step process. A simple reaction usually involves a two-

step process: (1) preparation of isotropic seeds and (2) addition of the seeds to a growth solution 

containing a shape-directing agent (Figure 1.5). 
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Figure 1.5: General methodology for the generation of gold nanorods. Adapted with 

permission from Murphy et. al.69 Copyright 2004 American Chemical Society. 

 

  



 47 

A simple reduction of metal salts by reducing agents in a controlled fashion generally produces 

spherical nanoparticles, because spheres are the most thermodynamically favorable shape. Some 

of the most well-known and frequently used methods to synthesize spherical gold nanoparticles 

include: (a) the Turkevich method involving the reduction of gold chloride by citrate;70-71 (b) the 

related Frens method;72 and (c) the Brust method in 1994 involving gold ions reduced with 

borohydride.73 Nucleation of spheres requires high chemical supersaturation, allowing for 

indiscriminate growth of all crystal facets creating a relatively isotropic, uniform spherical seed.74 

When the size of the aggregates reaches a critical threshold (ca. 2 nm), a nucleus of gold atoms is 

formed, most of which are not monocrystalline but twinned.75 This structure forms when two 1-

nm seeds coalesce to form a single particle and grow in all directions into a larger particle. These 

isotropic, twinned nanoparticles are used as a precursor for anisotropic particle growth. After the 

seeds are fully formed, the reaction conditions are altered to create anisotropic particles either by 

introducing more gold salt with a different reductant or by adding a shape determining surfactant. 

The directed growth of seed nanoparticles into the desired morphology happens in the shape-

directing solution, which contains excess metal ions, a surfactant, and a mild reducing agent. 

Enough reducing agent is added to reduce the gold salt to an ionic phase but not enough to nucleate 

particles without the seed. The key to developing anisotropic particles instead of even larger 

spherical particles is the use of a shape-directing agent, such as cetrimonium bromide (CTAB).76-

77 The shape-directing agent promotes anisotropic growth in one crystallographic direction by 

preferentially binding to certain crystal facets.78-79 Due to the presence of the surfactant, only 

certain facets of the seed are bare, which facilitates the reduction of the metal salts preferentially 
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onto the surface of the exposed seeds causing directed growth. Additional reagents, such as silver 

nitrate, are used during nanoparticle synthesis to increase the yield of anisotropic particles.80 

Of anisotropic gold nanoparticles, nanorods are the most commonly used and have an 

established protocol to tune the size and shape as explored by Murphy69, 76, 81-83 and El-Sayed.79, 

84-86 Since the synthetic process of nanorods has been widely established and fundamentally 

studied, nanorods are a useful model system to understand the mechanism for directed growth in 

seed-mediated synthesis. For nanorods, sodium borohydride (NaBH4) reduces gold to form seeds 

in the nucleation solution and, in a separate solution, CTAB preferentially binds to the {110} facet 

of the seeds causing directed growth in the [111] direction.79 Noble metal nanoparticles of diverse 

structures – rods, wires, triangles, stars, and flowers – can be synthesized using the seed-mediated 

method as well.87 A disadvantage to many seed-mediated syntheses is that the strongly-bound 

surfactants create a highly cytotoxic bilayer,88-90 which is challenging to replace with other 

functional ligands.89, 91 Additionally, seed purity determines the quality of the resulting structures. 

1.3.2 Seedless Synthetic Methods 

Anisotropic gold nanoparticles can also be synthesized by “seedless” methods, where the 

reducing agent, shape-directing agent, and gold salt (HAuCl4) are added to one pot, and the 

nucleation and directed growth occur simultaneously. These syntheses require fewer precursors 

and steps and can result in morphologies beyond those of polyhedral or perfectly symmetrical 

geometries, such as concave gold nanocrystals.61, 92 93 

Jana and Pradeep separately showed that gold nanoparticles can be formed without seeds. Jana 

demonstrated that monodisperse gold and silver nanorods, spheroids, nanowires, platelets, or cubes 

of 4 – 50 nm dimension and controllable aspect ratio can be prepared by introducing a mixture of 
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strong and weak reducing agents into the micellar solution of a metal salt without using seeds.94 

Here, the strong reducing agent initiates nucleation and the weak reducing agent induces the 

nanoparticle growth. Pradeep found that addition of a calculated amount of NaBH4 directly into 

the growth solution leads to the formation of uniform gold nanorods. They hypothesized that the  

addition of NaBH4 led to in situ formation of the seed particles, which enabled the growth of gold 

nanorods.95 Variations on seedless syntheses, such as tuning the type and concentration of 

precursors, pH, temperature, and stirring speeds have been used to produce a wide variety of 

anisotropic shapes, such as AuNS.58, 96-100 

1.3.3 Seedless Synthesis of Gold Nanostars 

In this dissertation, the anisotropic nanoparticles studied are AuNS synthesized through a 

seedless reduction of HAuCl4 by a Good’s buffer — e.g., 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES).58, 96, 100 HEPES contains three chemical moieties: a 

hydroxyl, an alkane sulfonate, and a nitrogen-centered piperazine ring. Due to this combination of 

groups, HEPES acts as both the reducing and shape-directing agent. When exposed to HAuCl4, 

the two tertiary amines of HEPES reduce Au(III) ions to Au(0) and produce nitrogen-centered 

cationic free radicals.101-102 The ethane sulfonate group of HEPES preferentially directs the growth 

of the branches along the [111] direction.103 Additionally, the weakly-bound ethane sulfonate 

group of HEPES and the hydroxyl group facilitate self-assembly and bilayer formation via 

hydrogen bonding to allow for shape stability.103 Due to this simplistic, two-precursor synthetic 

approach, the preparation of AuNS is highly scalable and we have demonstrated the preparation 

of multiple liter batches within 30 minutes.104  
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An advantage of the AuNS synthesized with Good’s buffers is that they can be easily 

functionalized with a variety of ligands through Au-thiol chemistry. We and others have 

demonstrated that biomolecules, such as DNA and proteins, can be conjugated to AuNS.60, 68, 104-

107 Good’s buffers are biologically compatible and gold is inherently inert, resulting in AuNS that 

do not elicit a toxic response in vivo. Also, this synthesis technique results in a negative surface 

charge on the nanoparticles, mitigating aggregation.108 Finally, compared to conventional convex 

particle geometries, such as spheres and nanorods, multi-branched AuNS have unique 3D 

geometries with multiple sharp tips and concave features.100 Thus, structure-property relationships 

of AuNS are interesting to study for a variety of applications such as imaging,68, 92, 109 sensing,110 

and photothermal effects.58, 92 

1.4 Dissertation Overview 

This dissertation strives to provide an enhanced understanding of the chemical and physical 

factors which control the seedless growth of anisotropic AuNS. Additionally, we study the effect 

of final AuNS morphology on the ligand distribution by single-particle analysis. The study of how 

nucleation and directed growth occur in one pot can contribute to the fundamental understanding 

of the synthetic factors affecting the growth of the nanoparticles, which will allow for tunability 

of nanoparticle with a desired shape and size for applications. 

Chapter 2 reported the synthetic factors affecting the seedless growth of AuNS synthesized 

with Good’s buffers. Through exploration of mechanical agitation, concentration ratio, buffer type, 

and pH of the solution we tuned branch length, branch direction, and overall size of AuNS. The 

overall homogeneity of the solution increased and the percentage of unwanted spherical by-

products was reduced by stirring at a high-speed during the growth reaction. Varying the buffer 
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concentration changed the overall size and branch length of the AuNS, which lead to tunable LSP 

resonances from visible to NIR. The size and stability were dramatically affected by the pH of the 

growth solution. Furthermore, the two distinct alkane sulfonate groups of the Good’s buffers 

induced branched growth in different crystallographic directions. The synthetic insights of this 

chapter created set of design considerations for controlling the growth and final shape of AuNS 

prepared by seedless syntheses. This work represents the first reported synthesis of anisotropic 

gold nanoparticles synthesized with a Good’s Buffer containing a morpholine ring. 

Chapter 3 describes a strategy to obtain highly homogenous populations of AuNS by 

combining stabilization and sorting processes. After establishing that a morpholine-based buffer 

induced anisotropic growth, additional challenges needed to be addressed, specifically 

homogeneity and stability. We improved the stability over time and reduced the percentage of by-

products by adjusting the storage conditions. By centrifuging the as-synthesized, unsorted mixtures 

through a sucrose density gradient, we isolated AuNS based on branch length and number. We 

demonstrated that only a single round of post-synthetic density gradient centrifugation (DGC) 

separation was necessary to sort AuNS efficiently by size and shape. Any additional rounds of 

DGC did not significantly improve separation. This work demonstrated certain fundamental limits 

of separation for rate-zonal DGC. 

Chapter 4 used this optimized DGC strategy to obtain homogeneous AuNS to determine how 

particle curvature affected steric and conformational hindrance of ligands. Time-of-flight 

secondary ion mass spectroscopy was used to precisely quantify the number and position of ligands 

on non-spherical nanoparticle surfaces in different regions of curvature (positive, negative, or 

neutral). AuNS with a medium density of branches (3 – 5) showed the highest amount of DNA 
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loading. As the number of branches increased beyond this, the negative curvature where the branch 

meets the core sterically hindered the attachment of additional DNA. Direct, simultaneous 

measurements of an inorganic core and unlabeled-ligands was achieved on the single particle level 

for the first time. 

Chapter 5 further probed the fundamental mechanism of the seedless synthesis of anisotropic 

AuNS. We identified the reaction through radical generation in situ based on electron 

paramagnetic resonance spectroscopy. The radical trend was correlated to ensemble optical 

properties and single particle morphology. Depending on buffer type and concentration, one or 

two increases in radical intensity occurred, which corresponded to the initial particle formation 

and an increase in branch length, respectively. Thus, the radical intensity trend is an indicator of 

the resulting nanoparticle shape and properties. We revealed insights about the seedless growth 

mechanism of AuNS and developed a robust way to study the mechanism of growth for 

nanoparticles.  

This dissertation significantly enhanced the understanding of the seedless synthesis mechanism, 

post-synthetic separation, and ligand distribution for anisotropic gold nanostars. This work 

represents an important step toward the fundamental understanding of directed synthesis of gold 

nanoparticles. Additionally, the effect of shape on ligand distribution will greatly impact future 

design criteria for nanoparticles. This, in turn, can enable the direct synthesis of a range of desirable 

nanoparticle shapes and expand their applications.  
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MANIPULATING THE ANISOTROPIC STRUCTURE 

OF GOLD NANOSTARS USING GOOD’S BUFFERS 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is based, in part, on the research described in the following publication: 

Chandra, K.; Culver, K.S.B.; Werner, S.E.; Lee, R.C.; Odom, T.W.; Manipulating the 

Anisotropic Structure of Gold Nanostars using Good’s Buffers. Chemistry of Materials 2016, 28 

(18) 6763-6769  
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2.1 Introduction 

Anisotropic gold nanoparticles (Au NPs) have plasmon resonances that can be tuned by their 

size and morphology.111 The seed-mediated synthesis of anisotropic Au NPs, such as nanorods or 

nano-bipyramids,79-80 typically begins with the nucleation of isotropic seeds74, 112 that are then 

added to a separate solution containing shape-directing agents. In contrast, seedless syntheses can 

create anisotropic particles where both nucleation and directed growth occur in a one-pot 

solution.96, 113 These syntheses require only two precursors and can result in Au NP morphologies 

beyond those of polyhedral or perfectly symmetrical geometries, such as concave Au nanocrystals. 

61, 92-93 

 Gold nanostars (AuNS) are of particular interest among anisotropic NPs because shape 

modifications, such as number of branches, aspect ratio, and length of branches58 have enabled 

tunability of the position and number of localized surface plasmon (LSP) resonances.59-61, 97 Strong 

electric field enhancements can occur on multiple sharp tips of AuNS,62 making AuNS high-

performing substrate materials for SERS,59, 63-65 photothermal therapy,66, 14 and photoacoustic 

imaging.67 Additionally, the regions of negative curvature between the branches can alter the 

physicochemical properties of molecules tethered to the Au surface. For example, the relaxivity of 

a Gd(III)-based magnetic resonance imaging contrast agent was tripled when bound to the surface 

of AuNS compared spherical NPs because of the elongated residence times of water near the 

Gd(III).68 

The most commonly used seedless synthesis method for AuNS involves two precursors: gold 

salt (HAuCl4) and a biocompatible Good’s buffer, e.g. 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES).58, 60, 96 AuNS synthesized with Good’s buffers do not 
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require additional surfactants for stabilization and are thus easy to functionalize60, 107 compared to 

anisotropic particles prepared by strongly bound surfactants such as CTAB.76, 89, 91 HEPES buffer 

acts as both a reducing and shape-directing agent to produce AuNS. In the presence of HAuCl4, 

the two tertiary amines of the piperazine group in HEPES create cationic free radicals that can 

reduce Au ions and lead to the formation of NPs.101-102, 114 The alkane sulfonate group in HEPES 

has been proposed to facilitate the anisotropic growth of branches.103 Another Good’s buffer with 

a piperazine ring, 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS), has also been 

used to synthesize AuNS with sizes similar that of HEPES AuNS.103, 115 Although Good’s buffers 

with a morpholine ring, such as 2-(N-morpholino)ethanesulfonic acid (MES) and 3-(N-

morpholino)propanesulfonic acid (MOPS), have been able to reduce Au ions via radical formation 

to produce spherical NPs,101-102 they have not yet demonstrated shape-directing properties. 

Other factors that affect the growth of seedless Au NPs include the concentration ratio of the 

precursors, pH of the growth solution, and mechanical agitation or stirring.58, 61, 116-117 Changing 

the concentration of either the buffer or HAuCl4 can tune particle size and shape.58, 114 Adjusting 

the pH of the growth solution can affect the yield of anisotropic Au NPs and the colloidal stability 

of particles.82 Additionally, stirring the growth solution can uniformly distribute the precursors.118 

High-speed stirring has improved the yield and homogeneity of seed-mediated Au nanorods;118 

however, agitation and stirring are typically avoided in seedless AuNS synthesis.58, 96, 115 AuNS 

have only been synthesized with Good’s buffers containing a piperazine moiety, but there have 

been no systematic studies on how to control this seedless, anisotropic growth.  

Here we describe a seedless synthesis using Good’s buffers that can tune branch length, branch 

direction, and overall size of AuNS. Mechanical agitation, concentration ratio, buffer type, and pH 
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of solution were the four parameters that were used to manipulate specific features of AuNS. We 

improved homogeneity and reduced the percentage of unwanted spherical byproducts by stirring 

the reaction. Changing the concentration ratio of Good’s buffer to gold salt altered the overall size 

and branch length of AuNS, which lead to tunable LSP resonances from the visible to near-infrared 

wavelengths. We found that the size and stability of AuNS were also sensitive to the type of Good’s 

buffer and pH during synthesis. By testing over the entire buffering range, we expanded the family 

of Good’s buffers that could produce AuNS. Furthermore, the different alkane sulfonate groups 

induced branched growth in different crystallographic directions. 

2.2 Results and Discussion 

2.2.1 Stirring During Synthesis Improved Yield of AuNS 

Previously, AuNS have been synthesized by adding HAuCl4 to HEPES buffer (RHEPES = 700 

and pH 7.2) without stirring.107-108 Since varying buffer or HAuCl4 concentration can tune the 

particles, we refer to the ratio Rbuffer between the buffer to Au salt to demonstrate tunability. 

Although mechanical agitation has been explicitly avoided seedless syntheses,58, 92, 96 we found 

that AuNS could also be formed by shaking the solution after the addition of HAuCl4.
14 Figure 

2.1 highlights the differences between stirred and unstirred reactions, where unstirred growth 

solutions produced heterogeneous AuNS shapes and ca. 15% spheres (Figure 2.1a). Thus, we 

systematically stirred the growth solution to study effects on AuNS formation. The growth solution 

was stirred at 200 – 1400 rotations per minute (RPM) based on protocols that have aided Au 

nanorod formation.118 We found that stirring for ≥ 1 minute improved the percentage of branched 

particles over spherical particles.  
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Figure 2.1: Stirring the reaction caused red shift in AuNS peak absorbance and improved 

yield of branched particles. (a) TEM images of HEPES AuNS that were unstirred (left) or 

stirred for 30 min at 200 RPM. (b) The absorbance spectra of HEPES AuNS that were unstirred 

(blue line) or stirred at 200 RPM from 1 (cyan line) up to 30 min (red line). The absorbance was 

measured 24 h after the reaction completed and indicated that increasing stirring time resulted 

in a red-shifted absorbance. The inset highlights the decrease in the peak near 500 nm 

corresponding to the spherical byproducts. 
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At the shortest time point of stirring (1 min) at the lowest speed (200 RPM), the solution had 

a 67% decrease in spherical by-products compared to the unstirred solution. The percentage of 

spheres was calculated by analyzing TEM images for ≥ 300 particles for each stirring time and 

stirring speed. The ensemble optical properties were compared to confirm the decrease in spherical 

by-products (Figure 2.1b), indicated by a reduction in absorbance near the LSP peak of spherical 

Au NPs (ca. 520 nm). Although the core of AuNS prepared by different methods has shown a 

weak LSP resonance around 520-560 nm,119-121 we found that the peak around 520 nm is primarily 

due to spherical NPs based on TEM analysis (Figure 2.2). This intensity decreased by half in 

AuNS solutions that had been stirred for only 1 minute, which demonstrated that even short periods 

of stirring decreased the number of spherical NPs (Figure 2.1b inset). Because as-synthesized 

AuNS exhibit heterogeneity, their ensemble absorbance spectra have broad spectral widths but 

still well-defined peaks at visible and NIR wavelengths. For HEPES AuNS, only one primary peak 

around 800 nm formed. With increased stirring time, regardless of stirring speed, a red shift in the 

peak absorbance occurred, and an overall increase in the percentage of branched NPs formed up 

until ca. 6 min of stirring (Figure 2.3). No clear increase in percentage of branched AuNS occurred, 

however, with increased stirring speed. We attribute this improved shape yield to the more uniform 

distribution of precursors at the initial stages of growth and to shear forces enhancing the branched 

growth. 
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Figure 2.2: Percent of AuNS particles in solution increased with stirring speed. Growth 

solutions were stirred for 30 min at the designated RPM and then left in the dark overnight. 

TEM grids were made and particle analysis was conducted through ImageJ. For each stirring 

time point, 300 – 400 particles were measured. For all three buffers, an overall increase in the 

percentage of AuNS occurred. MOPS had the greatest heterogeneity (ca. 65%) 
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Figure 2.3: LSP shifted with stirring speed. The final primary peak wavelength of (a) HEPES, 

(b) EPPS, and (c) MOPS AuNS after being stirred for varying lengths of time at 200 – 1400 

RPM. The growth solutions were stirred for 0 – 30 min and then left overnight to allow for the 

reaction to complete. The spectra were taken 24 h after stirring. With an increase in stirring time, 

a red shift in the absorbance peak for all three buffers occurred. For HEPES and EPPS AuNS, a 

plateau in the LSP resonance occurred around 6 min of stirring. There was no clear effect of the 

different stirring speeds on the peak wavelength. 
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2.2.2 Reaction Kinetics and Stability Depended on Good’s Buffer Type 

Optimized agitation conditions may aid in AuNS syntheses using other Good’s buffers that 

previously did not form such shapes. We used these stirring conditions (5 min at 1400 RPM after 

addition of gold salt) to test whether other buffers — EPPS, MOPS, and MES — with chemical 

moieties similar to HEPES could produce AuNS (Table 2.1). EPPS contains a piperazine ring, a 

hydroxyl group, and a propane sulfonate group, and MOPS and MES contain a morpholine group 

with one tertiary amine, alkane sulfonate groups, and no hydroxyl groups. Morpholine has 

produced cationic free radicals in the presence of HAuCl4,
101 but neither MES nor MOPS has been 

used previously to synthesize AuNS. Morpholine has only one tertiary amine, so the reaction rate 

may be slowed compared with buffers that contain the piperazine ring. 

To compare the reaction rates among the buffers that produced AuNS, a ratio Rbuffer = 700 at 

pH 7.2 was used for all Good’s buffers. We measured the optical absorbance of the growth solution 

every two min until the peak absorbance stabilized (± 1%) for at least 10 min. The absorbance was 

measured again after 24 h to ensure that the reaction had completed. MES did not produce 

anisotropic particles at these conditions or any concentration ratio or pH within the buffering range 

(Figure 2.4). HEPES, EPPS, and MOPS all produced AuNS at the Rbuffer = 700. Our observation 

that a morpholine-containing buffer (MOPS) could show reducing and shape-directing properties 

opens the phase space for seedless nanoparticle synthesis. 
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Table 2.1: Molecular structure of Good’s buffers (HEPES, EPPS, MOPS, and MES). 

Molecular structure of HEPES and EPPS, containing a piperazine ring and a hydroxyl group, 

and MES and MOPS, containing a morpholine ring. HEPES and MES have an ethane 

sulfonate group, where EPPS and MOPS have a propane sulfonate group with an additional 

carbon (dashed circle). 
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Figure 2.4: MES buffer did not produce AuNS at any pH or concentration. MES absorption 

spectra (a, b) and corresponding particle size (c, d) for 100 to 2500 RMES were collected at two 

pHs: 6.7 and 5.65. MES was tested through the entire buffering range from 5.5 – 6.7. Two 

representative spectra are shown above and below the pKa of MES. At a high pH, the solutions 

were unable to form particles in solution except at the lowest [MES] of 20 mM. At pH < pKa, 

MES formed spherical particles in solution. 
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The primary absorption LSP peak (λ1) for HEPES AuNS and EPPS AuNS did not change after 

ca. 15 – 20 min, which indicated the end of the reaction, while MOPS AuNS stabilized at ca. 30 

min (Figure 2.5a, Figure 2.6). HEPES and EPPS have one more tertiary amine than MOPS and 

subsequently had a faster reaction time. At Rbuffer = 700, HEPES solutions had one primary LSP 

peak, at λ1 = 800 nm and a very low intensity peak at 1100 nm, and EPPS and MOPS solutions 

had two peak resonances at λ1 ~ 700 nm and λ2 ~ 1000 nm of similar intensity. These two LSP 

modes were likely from the longer branch lengths and larger overall size of EPPS and MOPS 

AuNS (Figure 2.5a inset, Table 2.2). The λ2 peak for both EPPS and MOPS AuNS developed 

around 10 min, which suggests the λ2 peak did not develop during the initial growth (Figure 2.5b). 

The structural and optical stability of AuNS solutions were tested for one month. AuNS were 

stored in the buffer growth solution at 4 °C to minimize peak wavelength shift (Figure 2.7). MOPS 

AuNS turned into spheres after 12 days, while the structure of HEPES and EPPS AuNS were 

maintained. Specific functional groups in the buffers may play a role in shape stability over time. 

For example, the ethane sulfonate group of HEPES can bind to the Au surface, and the hydroxyl 

group can facilitate self-assembly and bilayer formation via hydrogen bonding to allow for shape 

stability.103 Unlike HEPES and EPPS, MOPS does not have a hydroxyl group and cannot form 

hydrogen bonding necessary to stabilize the self-assembled bilayer. MOPS AuNS did not maintain 

their shape (Figure 2.5c, Figure 2.8); thus, we hypothesize that the lack of bilayer caused the 

MOPS AuNS to turn into spheres within two weeks of synthesis. In contrast, we attribute the 

stability of the HEPES and EPPS AuNS to the bilayer formation that is facilitated by the hydroxyl 

group.  

  



 65 

 

Figure 2.5: Reaction rates of HEPES, EPPS, and MOPS AuNS synthesis at Rbuffer = 700. 

(a) The final spectra of AuNS formed by HEPES, EPPS, and MOPS at Rbuffer = 700. TEM images 

indicate general shape of AuNS solutions from different buffers with box size 200 nm × 200 

nm. (b) Peak absorbance wavelength of HEPES, EPPS, and MOPS AuNS as the reaction 

progressed. The solid symbols correspond to λ1, the peak ca. 700 nm, and the open symbols 

correspond to λ2, the peak ca. 1000 nm. (c) The λ1 peak of the absorbance spectra was recorded 

over 30 days for AuNS synthesized at 700 Rbuffer. HEPES and EPPS AuNS peak wavelength 

was maintained, while MOPS AuNS peak wavelength blue shifted. 
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Table 2.2: AuNS particle size at the highest Rbuffer ratio. The overall particle size was 

measured through DLS and branch length was measured by analyzing TEM images through 

ImageJ. Approximately 200 – 250 branches were measured manually to obtain the average 

branch length. Representative images were taken across the entire TEM grid. 

Buffer Type Rbuffer Hydrodynamic diameter (nm) Average branch length (nm) 

HEPES 700 50 nm ± 6 nm 21 ± 2 nm 

EPPS 2500 75 nm ± 10 nm 43 ± 2 nm 

MOPS 1100 60 nm ± 8 nm 36 ± 4 nm 
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Figure 2.6: Reaction rate spectra of AuNS. Absorbance spectra of (a) HEPES, (b) EPPS, and 

(c) MOPS AuNS during the synthesis at Rbuffer = 700. Spectra were taken every two min until 

the reaction completed. EPPS and MOPS AuNS had two LSP peaks, and HEPES AuNS had one 

peak. The reaction time for MOPS was longer than that of HEPES and EPPS. 

 

  



 68 

 

Figure 2.7: Stability of the LSP peak of HEPES AuNS under different storage conditions. 

HEPES AuNS were stored either in the growth solution or resuspended in water. These solutions 

were either then stored at 4°C or at room temperature. The storage conditions that caused the 

smallest shift in LSP peak was in the original growth solution at 4 °C. Only a 9-nm LSP shift 

occurred after 20 days and 15-nm over 40 days, which indicated excellent structural and 

colloidal stability. Blue-shifts in the LSP under other storage conditions are due to AuNS re-

shaping, similarly seen with MOPS AuNS solutions blue-shift over a month corresponding to 

particle shape changing (Figure 2.8). Particle aggregation was not affected by storage 

conditions. 
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Figure 2.8: TEM images of AuNS from different buffers after a month. TEM images of 

HEPES, EPPS, and MOPS particles one and 30 days after synthesis. HEPES and EPPS particles 

maintained the morphology over time; however, the MOPS particles mostly turned into spheres. 
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2.2.3 pH Crucial for AuNS Formation 

Another chemical factor that affects stability of AuNS is the pH of the synthesis solution. All 

solutions were adjusted to pH 7.2, which is the pKa of MOPS (7.2) and below the pKa of HEPES 

(7.5) and EPPS (8.0). The pH relative to the pKa affected the charge of the buffer and thus the 

formation of AuNS. We used a concentration ratio of Rbuffer = 700 and varied the pH of each buffer 

solution within their buffering range. To adjust pH, concentrated NaOH was added to the buffer, 

which also increased the ionic strength (Na+
 ions).101 Since the repulsive forces between negatively 

charged Au NPs are responsible for colloidal stability, the presence of positively charged ions can 

lead to aggregation at high Na+
 concentration. 

HEPES produced AuNS throughout the entire buffering range (6.9-8.2) with only a slight red 

shift in the peak wavelength (Figure 2.9). Increasing the pH above the pKa caused a decrease in 

absorbance and broadening of the LSP peak, which corresponded to greater heterogeneity of NP 

shape (Figure 2.10). For both EPPS and MOPS AuNS, the pH needed to be below or at the pKa 

of the buffer to form stable AuNS solutions (Figure 2.9b). At a pH above the buffer pKa, EPPS 

and MOPS particles aggregated and crashed out a few days later. The syntheses of MOPS and 

EPPS AuNS were limited to a buffering range smaller than HEPES AuNS. 
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Figure 2.9: pH dependence of HEPES, EPPS, and MOPS AuNS formation throughout 

their respective buffering range. (a) Photographs of the solutions at varying pH conditions, 

pKa ± 0.7. (b) Corresponding peak wavelength of the absorbance spectra. The solid symbols 

corresponded to λ1, and the open symbols corresponded to λ2 
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Figure 2.10: Spectra of AuNS synthesized at varying pH. Absorbance spectra of (a) HEPES, 

(b) EPPS, and (c) MOPS AuNS synthesized at varying pH within the buffering range of each 

buffer. HEPES AuNS were formed throughout the buffering range but with decreased 

absorbance with increased pH. EPPS AuNS formed below and slightly above the pKa of the 

buffer. When the pH was much greater than the pKa of the buffer, EPPS AuNS were unable to 

form. MOPS solutions showed the lowest tolerance to changes in pH and were unable to form 

AuNS above the pKa of the buffer 
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2.2.4 Structure and Corresponding Optical Properties of AuNS 

After confirming that pH = 7.2 could form AuNS for all buffers, we established the buffer 

concentration range to produce AuNS. Rbuffer was changed with a fixed gold salt concentration (0.2 

mM) and constant pH (7.2), conditions that have produced AuNS with HEPES.58 At concentration 

ratios that produced AuNS, HEPES had one LSP peak λ1, but EPPS and MOPS AuNS had two 

peaks λ1 and λ2 (Figure 2.11). HEPES AuNS were synthesized in the range of RHEPES = 250 – 750, 

which tuned the LSP peak wavelength from 650 to 900 nm (Figure 2.11a, Figure 2.12). The 

average tip-to-tip distance for HEPES AuNS at RHEPES = 700 was ca. 50 nm with averages branch 

length of 21 ± 2 nm. At low RHEPES, fewer HEPES molecules were available to bind and direct 

growth, which lead to shorter branches. With increased Rbuffer, more Au ions reduced onto specific 

facets of the NP surface to produce structures with longer branches,58 and hence a red-shift of the 

LSP. At higher RHEPES, HEPES AuNS produced a secondary peak ca. 1100 nm with low intensity. 

In general, any λ2 peak was less pronounced for HEPES AuNS because of shorter branches 

compared with EPPS and MOPS AuNS (Figure 2.13). The spectral width of the λ1 peak from 

HEPES AuNS was narrower than those of EPPS and MOPS AuNS due to greater homogeneity of 

the solution (Figure 2.11, Figure 2.2). HEPES was unable to form AuNS at RHEPES > 750 (Figure 

2.11a). 

EPPS buffer produced branched particles in a wider concentration range, REPPS = 400 – 2500, 

compared to HEPES (Figure 2.11b). At REPPS = 600, EPPS AuNS were approximately the same 

overall tip-to-tip size as AuNS at RHEPES = 700. Similar to HEPES, EPPS adsorbed preferentially 

and exposed only certain facets for gold salt reduction, which caused longer branches with 

increased concentration. EPPS solutions above REPPS = 600 produced AuNS with long branches 
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(ca. 30 – 80 nm) that correlated with the spectra having two LSP peaks. Due to an increase in 

branch length with increasing REPPS, both λ1 and λ2 resonances red shifted. As the red-shifted λ2 

absorbance peak grew in intensity and broadened, the λ1 LSP peak decreased in absorbance. At 

high EPPS concentrations, the λ2 peak broadened because of heterogeneity of shape122-123 in the 

solution (Figure 2.14). At REPPS > 1250, AuNS had an average tip-to-tip distance of ca. 85 nm and 

branch lengths (43 ± 2 nm) longer than HEPES could achieve at any concentration ratio (Figure 

2.11a-b, Figure 2.13). This result suggests that the propane sulfonate group on EPPS could add 

additional stability to the branched structure of the particles.103 

Similar to EPPS, all MOPS solutions that produced AuNS had two LSP peaks: λ1 around 650 

nm and λ2 around 950 nm (Figure 2.11c). MOPS buffer, which contains a morpholine ring and a 

propane sulfonate group, created AuNS in a range between RMOPS = 500 – 1100. MOPS AuNS 

also had longer branches (ca. 25 – 35 nm) compared to HEPES AuNS. We propose that the propane 

sulfonate group103 could promote the growth of longer branches than the ethane sulfonate group. 

The large peak around 550 nm in the MOPS absorbance spectra corresponded to spheres (ca. 47%) 

in the solutions (Figure 2.14). Ultimately, without hydroxyl and subsequent bilayer formation, 

MOPS produced more spheres initially, and then the AuNS also changed into spheres over time 

(Figure 2. 5). These chemical differences also led to larger overall sizes of EPPS and MOPS AuNS 

compared to HEPES AuNS (Figure 2.13). 
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Figure 2.11: Absorbance spectra of HEPES, EPPS, and MOPS through the concentration 

ranges that produced AuNS. Absorbance spectra and TEM images of AuNS synthesized with 

(a) 250 to 750 RHEPES, (b) 400 to 2500 REPPS, and (c) 500 to 1100 RMOPS. The lowest 

concentration (black) starts on the left and increases to the right to the highest concentration (red 

or cyan). The number in the upper RH corner of each image is the corresponding Rbuffer value 
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Figure 2.12: Photographs of AuNS at varying buffer concentrations. AuNS solutions 

synthesized with (a) HEPES, (b) EPPS, and (c) MOPS at varying concentrations. MOPS 

produced AuNS in the smallest concentration range compare with EPPS and HEPES. EPPS was 

able to produce AuNS in the largest concentration range from REPPS = 400 to 2500 
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Figure 2.13: DLS of AuNS synthesized at varying concentrations. AuNS were synthesized 

from 100 to 2500 Rbuffer. With an increase in REPPS, AuNS particle size increased whereas 

HEPES and MOPS AuNS particle size plateaued or solutions aggregated. These measurements 

were taken through DLS, which determines the size distribution of particles (typically spheres) 

in solution. Since our particles are anisotropic, the hydrodynamic diameter measurements serve 

only as an estimate of their overall size. 
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Figure 2.14: Low magnification images of AuNS. Zoomed-out TEM images of (a) HEPES, 

(b) EPPS, and (c) MOPS AuNS. HEPES and EPPS solutions had fewer spheres. These images 

demonstrate the large distribution of particle shapes for MOPS AuNS solutions. Based on ≥ 300 

particles, we found MOPS AuNS solutions contained 53% spherical byproducts. 
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Due to varying branch lengths between AuNS synthesized with different buffers, we explored 

whether variations in the chemical moieties affected the crystallographic direction of branch 

growth. Because as-synthesized AuNS are heterogeneous, and the structures depended on 

concentration, we reported branch directions based on HR-TEM analysis of AuNS synthesized at 

a single (highest) Rbuffer. To obtain high resolution images with lattice fringes, the orientation of 

the branches needed to be perpendicular to the direction of the electron beam. Because of the 3D 

structure of AuNS and random distribution on the TEM grid, however, few branches were so 

aligned. For a single AuNS with multiple branches, typically only one of the branches was 

perpendicular to the electron beam, which is necessary to resolve Au lattice fringes. Therefore, we 

based our assignment on Fast Fourier Transform (FFT) analysis of the lattice fringes on 10 – 15 

branches from separate particles from each type of AuNS (Figure 2.15-17).  

Figure 2.18 shows the lattice spacing between adjacent planes, indicated with two parallel 

white lines, and the direction of the branches of HEPES, EPPS, and MOPS AuNS. The lattice 

spacing (d) between the {111} planes and between the {110} planes in the Au face-centered cubic 

(FCC) lattice are 0.236 nm and 0.288 nm, respectively. We measured a lattice spacing of 0.234 

± .003 nm along the branches of HEPES AuNS, which corresponded to Au {111} planes. This 

result confirmed previous reports58, 96 that the branches of HEPES AuNS grew in the [111] 

direction (Figure 2.18a, Figure 2.15). HEPES particles had shorter branches (ca. 20 nm) than the 

AuNS synthesized in other buffers. Since the branches of the particles were shorter, we could also 

resolve the central region where the branches intersected. Twin boundaries occurred between the 

branches, and all grew in the [111] direction.  
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Interestingly, the small difference in chemical structure between EPPS and HEPES (an 

additional carbon in the alkane sulfonate chain) had a large effect on the direction of branches. 

EPPS AuNS had branches with lattice spacing of 0.289 ± .002 nm (Figure 2.18b), which indicated 

that the branches grew in the [110] direction. EPPS AuNS had much longer branches than HEPES 

AuNS. All the branches on EPPS AuNS (REPPS = 2500) that were analyzed were in the [110] 

direction (Figure 2.16). Similar to EPPS AuNS, the spacing between lattice planes of MOPS AuNS 

was 0.286 ± .009 nm, which indicated branched growth along the [110] direction (Figure 2.18c, 

Figure 2.17). During the anisotropic growth of branches, gold ions are preferentially reduced along 

open deposition sites: {111} for HEPES and {110} for EPPS and MOPS. The branch direction 

was distinct between AuNS formed in buffers containing propane sulfonate groups (EPPS, MOPS) 

versus ethane sulfonate (HEPES). Previously, the alkane sulfonate group was thought to form a 

bilayer to stabilize AuNS;103 however, we found that a small change in alkane sulfonate chain 

length could also influence branch direction. 

2.3 Summary 

We reported a set of design rules for a seedless synthesis method based on Good’s buffers that 

can be used to tailor the dimensions, shape, and optical properties of AuNS. This synthesis is 

scalable and uses biocompatible reagents instead of more cytotoxic shape-directing agents. Stirring 

the growth solution during the reaction increased the yield of AuNS and reduced unwanted 

spherical byproducts. Significantly, we expanded the library of precursors that could form AuNS 

to include morpholine-containing Good’s buffers. We also found that EPPS and MOPS buffers 

produced AuNS with larger hydrodynamic diameters and branch lengths and promoted branch 

growth in a different crystallographic direction compared to HEPES buffer. Thus, we hypothesize 
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Figure 2.15: HR-TEM images of HEPES AuNS synthesized at 700 RHEPES. HEPES AuNS 

branches grew in the [111] direction. The dotted white boxes indicate the area analyzed by FFT 

(bottom). AuNS particles were on an amorphous carbon mesh grid that produced the ring-like 

structure in the FFT. The presence of the ring depended on the sample thickness (i.e. AuNS 

branch thickness) and the electron beam intensity. 
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Figure 2.16: HR-TEM images of EPPS AuNS synthesized at 2500 REPPS. EPPS AuNS grew 

in the [110] direction. The dotted white boxes indicate the area analyzed by FFT (bottom). AuNS 

particles were on an amorphous carbon mesh grid that produced the ring-like structure in the 

FFT. The presence of the ring depended on the sample thickness (i.e. AuNS branch thickness) 

and the electron beam intensity. 
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Figure 2.17: HR-TEM images of MOPS AuNS synthesized at 1100 RMOPS. MOPS AuNS 

grew in the [110] direction. The dotted white boxes indicate the area analyzed by FFT (bottom). 

AuNS particles were on an amorphous carbon mesh grid that produced the ring-like structure in 

the FFT. The presence of the ring depended on the sample thickness (i.e. AuNS branch 

thickness) and the electron beam intensity. 
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Figure 2.18: HR-TEM images of HEPES, EPPS, and MOPS AuNS. HR-TEM images were 

taken of AuNS synthesized at the highest Rbuffer for each buffer. The solid white box on the 

particle (left) indicates where the zoomed-in HR-TEM image (center) was acquired. The lattice 

spacing (d) and the direction perpendicular to the corresponding lattice planes (white arrow) 

were determined through FFT analysis. The FFT (right) was taken from the area outlined with 

a dotted white box. (a) HEPES AuNS have branches in the [111] direction indicated by d ~ 

0.235 nm between lattice planes and the electron diffraction pattern. (b) EPPS and (c) MOPS 

AuNS have branches in the [110] direction, as evidenced by the 0.289 nm distance between 

lattice planes. 
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that the alkane length of the sulfonate group may play a significant role in the anisotropic growth 

of AuNS. AuNS with specific nanoscale features are now possible and their plasmonic properties 

can be implemented in a variety of applications, from single particle bio-sensing to surface-

sensitive catalytic reactions. Our expanded synthetic phase space for the structure and properties 

of AuNS provides further insight into the mechanism of seedless growth of anisotropic particles. 

2.4 Experimental Methods 

2.4.1 Gold Nanostar Synthesis 

The four Good’s buffers used were: 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES buffer, Sigma Aldrich), 4-(2-hydroxyethyl)-1piperazinepropanesulfonic acid (EPPS 

buffer, Sigma Aldrich), 2-(N-morpholino) ethanesulfonic acid (MES buffer, Sigma Aldrich), and 

3-(N-morpholino)propanesulfonic acid (MOPS buffer, Sigma Aldrich). The 1-M stock solutions 

were made by dissolving the buffer salt in Millipore water (18.2 MΩ·cm) using a stir bar to ensure 

thorough mixing. The pH of the buffer solutions was measured using a Thermo Scientific pH meter 

while being adjusted using concentrated solutions of NaOH. For fine pH adjustments, HCl was 

added dropwise.  

AuNS were synthesized by adding 0.2 mM (final concentration) gold (III) chloride trihydrate 

(HAuCl4) (Sigma Aldrich) to varying concentrations of each Good’s buffer. Each solution was 

stirred in a 250-mL round bottom flask for one minute before addition of gold and for 1 to 30 min 

afterwards. After stirring was stopped at different time points, each solution was left undisturbed 

at room temperature for 24 h. The zero-minute time point indicates an unstirred solution after the 

addition of HAuCl4. The concentration ratio of the precursors are reported in [buffer]:[HAuCl4] 

or Rbuffer units. 
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2.4.2 Particle Characterization Techniques 

3-mL of AuNS solution was placed in a 1-cm plastic Brookhaven cuvette, and the absorbance 

spectra was measured from 400 nm to 1200 nm using a LAMBDA 1050 spectrophotometer (Perkin 

Elmer) or Cary 5000 UV-vis-NIR spectrophotometer (Agilent Technologies). For transmission 

electron microscopy (TEM) grid preparation, the NPs were concentrated 10 times. Then, 40 µL of 

concentrated Au NP solutions were left to rest on carbon Type B, 300 mesh copper grids (Ted 

Pella) for 20 min and then wicked away with filter paper. A JEOL 1230 TEM and a JEOL 2100F 

high resolution (HR) TEM were used for imaging the particles. Structural features such as 

circularity and Feret diameter of AuNS TEM images were characterized using the Analyze 

Particles plugin on ImageJ for ≥ 300 particles per sample. Images were collected from different 

areas on the grid to ensure representative imaging of particle shape. A circular threshold of 0.8 

was used to define spherical particles. The Feret diameter corresponded to the largest tip-to-tip 

distance on a particle. Branch lengths were measured manually from the branch tip to the base of 

the branch from the core of the particle. The crystallographic direction of branch growth was 

determined by measuring the lattice spacing through Fast Fourier Transform (FFT) analysis of the 

lattice fringes observed in HR-TEM images. 
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NANOSTARS BY DENSITY GRADIENT CENTRIFUGATION 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is based, in part, on the research described in the following publication: 

Chandra, K.; Kumar, V.; Werner, S.E.; Odom, T.W.; Separation of Stabilized MOPS Gold 

Nanostars by Density Gradient Centrifugation. ACS Omega 2017, 2 (8) 4878-4884 
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3.1 Introduction 

The physical and chemical properties of anisotropic gold nanoparticles are controlled by their 

dimension and shape.111 Gold nanostars (AuNS) are high-performing substrate materials for 

surface-enhanced Raman spectroscopy,59, 63-65, 124 photothermal therapy,66 and photoacoustic 

imaging61 because they exhibit strong electric field enhancements on multiple sharp tips.62 AuNS 

are of interest among anisotropic nanoparticles because minor shape modifications, such as aspect 

ratio and branch length,58, 100 enable tunability of the localized surface plasmon (LSP) 

resonances.59-61, 97 Accessing specific structural features of AuNS has driven synthetic techniques 

that can control the chemical environment by introducing different reactants.87, 125-126 Typically, 

AuNS are prepared by seed-mediated syntheses;127-128 however, these methods require strongly 

bound, cytotoxic surfactants that limit biological applications. A commonly used seedless 

synthesis method for AuNS that avoids additional surfactants only involves two precursors: a Au 

salt (HAuCl4) and a biocompatible Good’s buffer, usually 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES).58, 60, 96, 103, 115 The Good’s buffer acts as both a reducing 

and shape-directing agent, with the ethane sulfonate group of HEPES binding to the Au surface 

and the hydroxyl group facilitating the assembly and bilayer formation to stabilize AuNS.103 

Recently, we reported the preparation of AuNS with disparate branch lengths, branch tips with a 

small radius of curvature (3 – 5 nm), and multiple LSP resonances in the near infrared (NIR) and 

second NIR window using a Good’s buffer with a morpholine ring, 3-(N-morpholino) propane 

sulfonic acid (MOPS).100  

To exploit the unique structural properties of MOPS AuNS, challenges specific to the buffer 

must be overcome: (1) the morpholine moiety degrades once exposed to HAuCl4, which causes 
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colloidal instability;102 and, (2) MOPS cannot form a stable bilayer without a hydroxyl group, 

which leads to heterogeneous solutions.103 Adjusting synthetic conditions is a common strategy to 

obtain stable and homogenous Au nanoparticle solutions, but exquisite control over room-

temperature reaction conditions is limited;129 hence, post-synthetic separation offers an approach 

to obtain purer solutions of anisotropic particles. Centrifugation,130 size exclusion 

chromatography,131 filtration or diafiltration,132-133 and electrophoresis134 have been used to 

produce metal nanoparticle solutions with narrow shape and size distributions. In particular, 

density gradient centrifugation (DGC) is a post-synthetic sorting technique that can refine 

structural distributions of metal nanoparticles by rate-zonal separation.135 In this method, the 

sorting of particles primarily depends on sedimentation rate, which is a function of their size and 

shape. Standard gradient media are deleterious to anisotropic metallic nanoparticles with weakly 

bound surface ligands,109 however, sucrose shows excellent compatibility.136-137  

Here we describe a strategy to obtain highly-enriched populations of AuNS by combining 

stabilization and sorting processes. We improved the homogeneity of MOPS AuNS and reduced 

the percentage of unwanted spherical byproducts by adjusting storage conditions. By centrifuging 

as-synthesized, unsorted mixtures through a sucrose density gradient, we isolated solutions of 

AuNS based on branch length and number. We demonstrated that only a single round of DGC was 

needed to sort AuNS solutions by size and shape; an additional round did not significantly improve 

separation of the sorted samples. 

3.2 Results and Discussion 

3.2.1 Establishing MOPS AuNS Stability 
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Figure 3.1 summarizes the stabilization and separation of heterogeneous MOPS AuNS 

populations. AuNS solutions stored in ultra-pure, deionized water maintained shape integrity 

compared to those stored in the MOPS buffer. To overcome particle heterogeneity, we sorted 

AuNS first by layering a concentrated solution on top of a sucrose density gradient and then by 

performing DGC. In subsequent rounds of DGC, the original (O) fractions were concentrated and 

centrifuged through a shallow linear gradient. 

AuNS were synthesized using a modified version of our previously established procedure100 

with 150 mM of the Good’s buffer MOPS and 0.2 mM HAuCl4. We selected these conditions 

since this MOPS concentration produced AuNS with two distinct LSP peaks (Figure 3.2). The as-

synthesized solutions were characterized by UV-Vis spectroscopy to measure the bulk optical 

properties and transmission electron microscopy (TEM) to visualize individual AuNS. The zero-

minute time point indicates an unstirred solution after the addition of HAuCl4. After one minute 

of vortexing, one LSP peak at shorter wavelengths, λ1, formed between 700 and 750 nm (Figure 

3.1a). Throughout the reaction, a LSP peak at longer wavelengths, λ2, formed at 800 nm and red 

shifted to ca. 1100 nm. After 24 h, both LSP peaks blue shifted and decreased in absorbance as the 

520-nm LSP peak intensity increased (Figure 3.2b, Figure 3.3), possibly due to a decrease in 

particle size and average branch length as well as an increase in number of spherical particles 

(Table 3.1). We hypothesize the MOPS buffer was displaced from the surface of the particles, 

which resulted in a change in shape. 
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Figure 3.1: Stabilization and separation of MOPS AuNS scheme. 
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Figure 3.2: Absorbance peak of MOPS AuNS in growth solution blue shifted over 30 days. 

(a) The absorbance was measured 24 h (red line) after the addition of HAuCl4 up to 30 days 

(black line) in 5-day increments. (b) TEM images of MOPS AuNS after 1, 15, and 30 days after 

the addition of HAuCl4. 
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Figure 3.3: Absorbance spectra of AuNS stored in growth solution for initial 24 h. The λ1 

and λ2 peak do not decrease in intensity nor shift in wavelength 24 h after the addition of gold. 

The maximum peak absorbance was reached after 60 min, which indicated that the reaction 

completed. Only minimal shifts in the LSP and absorbance occurred between 1 and 24 h. 
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Table 3.1: Particle size, average branch length, and percentage of spherical particles at 

different time points. The overall particle size was measured using DLS and branch lengths 

were measured through analysis of TEM images. ≥ 500 branches were measured manually to 

obtain average branch length. Representative images were taken across the entire TEM grid. 

At initial time points, larger particles (> 80 nm) remained in solution, with an average branch 

length 45 ± 9 nm. At longer time points (30 days), particle size decreased by 35 ± 10 nm, and 

branch length shortened by 20 ± 4 nm compared to the day-1 solution. Additionally, spherical 

particles percentage increased from 35% to 54% over 30 days, which was corroborated by an 

increase in the 520-nm LSP peak. 

Time Point Hydrodynamic diameter (nm) Average branch length (nm) Sphere  

1 day 71 ± 9 nm 45 ± 9 nm 35% 

30 days 36 ± 10 nm 25 ± 8 nm 54% 
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3.2.2 Exchanging Solvent Storage Conditions 

In earlier work, we observed that AuNS synthesized with MOPS transformed into spheres over 

12 days when stored in the buffer growth solution.100 Here, we resuspended the as-synthesized 

solution in ultra-pure water either one (1× solution) or two (2× solution) times (Figure 3.4). We 

tracked the changes in bulk optical properties at the two LSP peaks to determine whether AuNS 

shape changed; within the first five days, λ1 and λ2 shifted blue-shifted by 15 nm for 1× and 2× 

solutions. After 10 days, the LSP resonances of the 2× solution did not change, and the branch 

lengths decreased minimally (by 5 ± 3 nm). Larger AuNS (≥ 80 nm) remained in solution over 30 

days compared with as-synthesized particles. The LSP peaks of the 1× solution, however, shifted 

to shorter wavelengths by an additional 10 nm and 20 nm, and the particle size decreased. The 

percentage of spherical particles increased for the 1× solution from 35% to 47%, while the 

percentage remained the same for the 2× solution. We hypothesize that exchanging buffered 

growth solutions for ultra-pure water stabilized AuNS, in contrast to similar systems that are 

stabilized by excess buffer solution, since excess MOPS degrades over time in the presence of Au 

salt.138 

3.2.3 Comparing Linear and Step Gradients 

Even with improved storage conditions, MOPS AuNS solutions still contained ca. 37% 

undesirable spherical particles. Because as-synthesized AuNS showed a broad distribution of 

shapes (0 – 8 branches) and sizes (20 – 80 nm),100 we used DGC to sort branched nanoparticles.109 

We compared two different types of gradient densities: linear and step (Figure 3.5). A linear 

gradient contains a single continuous zone while a step gradient has multiple density zones. Both 

gradients can enrich solutions by sorting nanoparticles into distinct bands.135 Changing the gradient  
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Figure 3.4: Shape stability of AuNS increased due to water resuspensions. (a) Plot of the 

LSP resonance shift over time for solutions at one (black) and two (red) resuspensions. Filled 

markers correspond to the λ1 peak and open markers correspond to λ2 peak. (b) TEM images of 

AuNS 30 days after one or two resuspensions in water. 
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Figure 3.5: Linear gradient allowed for greater separation than step gradient. The control 

(no AuNS) was used to establish the linear and step gradients and contained the coloring agent 

Trypan blue. Once the gradients were established, AuNS were centrifuged through a gradient 

with without Trypan blue (Sorted AuNS). A linear gradient with increasing viscosity and density 

produced two bands: red and blue. The particles had a greater spatial separation over a step 

gradient. The step gradient produced two bands, but within the bands particles were not further 

separated. 
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composition and centrifugation time can improve both dispersion through the gradient and 

nanoparticle yield. Since sorting of particles with similar sizes but different shapes requires a 

shallow gradient (10%),109 we started with an 50 – 60% (w/v) gradient of sucrose. 

To monitor the gradients, we added a standard coloring agent, Trypan blue, to the denser 60% 

(w/v) solution. For the linear gradient, the dense, blue solution was layered below the clear 50% 

(w/v) solution. Using a custom mixing program (Methods), the two sucrose solutions were mixed 

at an angle without AuNS to create a continuous linear gradient (Figure 3.5, control no AuNS). 

We determined the linearity of the sucrose gradients by fractionating the control gradient and 

calculated the concentration of sucrose in each fraction using the following equation:139 

 
𝑐𝑖 = (𝑥 − 𝑦)

𝐴𝑓𝑛

𝐴60%
+ 𝑦 (3.1)  

where ci is the concentration of sucrose at point i; x is the concentration of the heavier solution 

(60%); y is the concentration of the lighter solution (50%); Afn is the absorbance of fraction n; and, 

A60% is the absorbance of 60% sucrose dye. The concentration of sucrose over the gradient was 

linear and contained an r2-value of 0.9998. For the step gradient, we layered five different density 

sucrose solutions into zones: 50%, 52.5%, 55%, 57.5%, and 60% (w/v). 

We created linear and step gradients without Trypan blue and then layered 500 µL of AuNS 

solutions (8 – 10 nM) and centrifuged samples at 4400 × g (Figure 3.5, sorted AuNS). DGC is 

limited intrinsically by the sample volume that can be layered on top of the gradient;140 however, 

we found that the starting concentration of the layered sample had no effect on the degree of 

separation (Figure 3.6). In the linear gradient, two distinct bands formed: (1) a thin red band of 

spherical nanoparticles and (2) a long blue/gray band of sorted AuNS. TEM analysis verified that 

the red band contained 80 – 85% spherical nanoparticles and the blue/gray band had enriched  
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Figure 3.6: Varying concentration of layered sample did not affect separation. The layered 

sample for DGC is typically limited to 200 – 500 µL; however, the concentration of the sample 

can be increased. We changed the concentration of the 500-µL layered solution to 20×, 40×, and 

60× the as-synthesized solution concentration. The concentration of the layered solution did not 

affect the quality of AuNS separation. 
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populations of AuNS. For the step gradient, centrifugation of AuNS produced bands in the top 

three zones and resulted in reduced spreading of the particle distributions compared to the linear 

gradient. Moreover, each step-gradient band contained nanoparticles with mixed particle shapes 

and size. Hence, linear density gradients can separate similarly sized nanoparticles with small 

structural differences (i.e. AuNS with varying branch length and number), and step gradients are 

more useful for sorting a few, distinct populations of nanoparticles. 

3.2.4 Characterizing Separation of AuNS in a Linear Gradient 

After centrifuging AuNS through the linear gradient, samples were fractionated at intervals of 

4 mm from the meniscus 30 times. The corresponding fractions were collected in different tubes 

and labelled F1 to F30. F1 indicates the top-most fraction, and F30 is the bottom-most fraction. 

We found the best separation of particles, without forming a pellet at the bottom, occurred for 

centrifugation times of 1.5 h at 4400 × g (Figure 3.7a). To characterize the sorted AuNS fractions 

(F1 – F30), we measured the absorbance spectra and correlated optical properties with TEM 

images (Figure 3.7b-c). F1 – F4 produced a peak only at 520 nm that corresponded to spherical 

nanoparticles. F5 – F19 contained AuNS with a LSP at λ1 between 700 – 720 nm with high 

intensity absorbance (> 0.3), which was the minimum absorbance needed to image particles and 

to measure bulk optical properties. The second LSP at λ2 shifted from 800 nm to 1150 nm in 

fractions F5 to F19; this shift indicated an increase in branch length. In fractions > F19, the 

absorbance decreased by half, which indicated a low concentration of particles. Although particles 

with the same mass or shape may have similar sedimentation rates,109 sorted AuNS showed 

improved particle homogeneity in each fraction compared with the unsorted solution. 
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Figure 3.7: Separation of AuNS through a linear density gradient by size and shape. (a) 

Photographs of F5 – F23 of the AuNS (top) layered on top of the gradient and (bottom) 

centrifuged through the linear sucrose gradient. (b) Absorbance spectra for every odd-numbered 

fraction from F5 – F23. (c) Representative TEM images from F5, F13, and F17 show branched 

particles in all the different fractions. 
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3.2.5 Sorting AuNS by Branch Length and Number 

To quantify particle size, branch length, and branch number of AuNS, more than 500 branches 

of every other fraction from F5 – F19 were analyzed manually by ImageJ (Figure 3.8a, Figure 

3.9). We omitted F1 – F4 since they contained mostly spherical particles. For F5 to F19, the 

average tip-to-tip particle size increased from 21 ± 5 nm to 100 ± 17 nm, which also corresponded 

with an increase in branch length from 18 ± 10 nm to 32 ± 18 nm (Figure 3.8b). We observed two 

populations of AuNS: shorter (< 30 nm) and longer (> 30 nm) branched particles. In all fractions, 

most branches were less than 30 nm. With an increase in fraction number, the number of short 

branches decreased as the number of long branches increased. In F5 – F11, the population 

consisted of particles that had lower masses and hence remained closer to the top of the density 

gradient. In higher fractions (F13 – F19), AuNS had longer branches with larger particle sizes and 

greater mass per particle.  

Rate-zonal separation efficiency depends on shape or number of branches (0 – 8) per particle 

(Figure 3.10). We categorized fractions into branch-number populations: spheres (0), low (1 – 2), 

medium (3 – 4), and high (> 5). We observed a decrease in percentage of spheres from 20% to < 

1% from F5 to F13. This low percentage of spheres (< 1% of the population) remained in F13 – 

F19, which created highly enriched populations of branched AuNS. Each fraction showed greater 

particle homogeneity than as-synthesized solutions. From fractions F5 to F19, high branch-number 

populations increased while low branch-number decreased. Particles with a greater number of 

branches, longer branches, and larger sizes tended to sediment to the bottom of the gradient. These 

characteristic differences between spherical nanoparticles and heterogeneous AuNS allowed for 

sorting based on nanoscale structural features. 
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Figure 3.8: Branch length increased with fraction number. (a) TEM images for odd 

numbered fractions in F5 – F19. (b) The percentage of branches that are short (< 30 nm) or long 

(> 30 nm) for each fraction. 
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Figure 3.9: Zoomed-out TEM images from each fraction after one round of DGC. Images 

were collected from different areas of the grid and analysis was performed on ≥ 500 branches 

per fraction. 
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Figure 3.10: Analyzing the AuNS branch number population for each fraction. (a) TEM 

images of high, medium, and low number of branches. The dimensions of all the images are 150 

nm × 200 nm. (b) The percentage of the AuNS population that have low (1 – 2), medium (3 – 

4) or high (> 5) number of branches. 
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3.2.6 Sorting AuNS through a Second Round of Separation 

To achieve more refined populations of AuNS, we processed the original (O) fractions by DGC 

for a second time (Figure 3.11a). During round 1 of DGC, AuNS dispersed throughout the top 

half of the tube; therefore, for round 2, we created a second linear 50 – 55% (w/v) sucrose gradient. 

AuNS in the top (T), middle (M), and bottom (B) regions of each gradient were analyzed for 

branch-number, but no differences were found between the three fractions compared to the original 

population (Figure 3.11b). We found that a single round of rate-zonal DGC efficiently enriched 

AuNS populations based on differences in size and shape, and additional rounds did not improve 

particle homogeneity. 

3.3 Summary 

In summary, we established techniques to stabilize and separate heterogeneous solutions of 

AuNS synthesized with a morpholine-based Good’s buffer. The modified storage conditions can 

be generalized to other metal nanoparticles that change shape in solution over time. We found that 

linear gradients are better suited to sort similarly sized particles with small differences such as 

branch length and number. The robust techniques described herein can produce highly-enriched 

populations of anisotropic nanoparticles that can be exploited for different shape-dependent 

applications, such as surface-enhanced spectroscopies, sensing of chemical and biological analytes, 

bio-imaging and therapeutics. 
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Figure 3.11: Round 2 of DGC fractions did not enrich branch populations. (a) Odd-

numbered original fractions were layered on top of a 50 – 55 wt% sucrose gradient and 

centrifuged for 45 min at 4400 × g. Top (T), middle (M), and bottom (B) fractions of the each 

of the round 2 fractionated samples were collected. (b) The branch number distribution for each 

of the T, M, and B samples was analyzed manually. The population distribution was similar 

among the original fractions (O) and re-fractionated samples. 
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3.4 Experimental Methods 

3.4.1 Gold Nanostar Synthesis 

The Good’s buffer used was 3-(N-morpholino)propanesulfonic acid (MOPS buffer, Sigma 

Aldrich). The 1-M stock MOPS solution was made by dissolving the buffer salt in Millipore water 

(18.2 MΩ·cm) using a medium-sized stir bar to ensure thorough mixing. The pH of the MOPS 

solution was measured using a Thermo Scientific pH meter and was adjusted using concentrated 

solutions of NaOH. For fine pH adjustments, HCl was added dropwise.  

AuNS were synthesized by adding 0.2 mM (final concentration) gold (III) chloride trihydrate 

(HAuCl4, Sigma Aldrich) to 150 mM of MOPS buffer. Each solution was vortexed in a 50-mL 

Falcon tube for one minute before addition of HAuCl4 and for 1 min afterwards. After vortexing, 

the growth solution was left undisturbed at room temperature for 24 h. The zero-minute time point 

indicates an unstirred growth solution after the addition of HAuCl4. 

3.4.2 Particle Characterization Techniques 

3 mL of AuNS solution was placed in a 1-cm plastic Brookhaven cuvette and the absorbance 

spectra was measured from 400 to 1400 nm using a Cary 5000 UV-vis-NIR spectrophotometer 

(Agilent Technologies).  

For TEM grid preparation, carbon Type B, 300 mesh copper grids (Ted Pella) were treated 

with 0.1% (w/v) poly-l-lysine (Sigma Aldrich) for 5 minutes. 40 µL of 10× concentrated Au 

nanoparticle solution was left to rest on the treated grids for 30 – 60 seconds and then wicked away 

with filter paper. A JEOL 1230 TEM was used for imaging the particles. Representative images 

were collected from different areas of the grid. Structural features, such as circularity and Feret 

diameter, were characterized using the Analyze Particles plugin on ImageJ for ≥ 500 particles per 
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sample. A circularity threshold of 0.85 was used to define spherical particles and the Feret diameter 

corresponds to the largest tip-to-tip distance on a particle. Branch length was measured manually 

from the tip to the base of the branch. 

3.4.3 Density Gradient Centrifugation 

Linear sucrose density gradients were formed using a gradient maker (BioComp Instruments) 

with 9 mL starting solutions of 50% and 60% (w/v) sucrose in water. A custom mixing program 

alternated 5 times between the following two steps: (1) time: 5 seconds, angle: 76°, speed: 30 RPM; 

(2) time: 15 seconds, angle: 76°, speed: 0 RPM. Step gradients were layered by hand using 

solutions of 50%, 52.5%, 55%, 57.5% and 60% w/v sucrose in water. For the first round of DGC, 

500 µL of a concentrated solution of bare AuNS (8 – 10 nM) was layered on top of the density 

gradient in an Ultra-Clear SW28 centrifuge tube (Beckman Coulter), then centrifuged at 4400 × g 

for 90 min using a Thermo Fisher Scientific Sorvall Legend XT 120v Benchtop centrifuge. The 

samples were fractionated at intervals of 4 mm from the meniscus (BioComp Instruments). Each 

fraction was dialyzed in Thermo Fisher 20K Slide-A-Lyzer™ Dialysis Cassettes for 24 h to 

remove sucrose from the solution.  

For round 2 of DGC, we repeated round 1 DGC 20 times and odd-numbered fractions were 

combined and concentrated to form 400 µL of 8 – 10 nM solution. We collected each fraction over 

the 20 individual rounds of DGC and analyzed only the final distributions of branch number and 

length of the combined fractions. Each of the combined fractions was layered on top of a linear 50 

– 55% (w/v) sucrose gradient and the centrifugation time was set to be 45 min at 4400 × g. We 

note that reproducibility and scalability of this technique is demonstrated by the uniformity of the 

fractions which were combined from 20 rounds of DGC.  
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4.1 Introduction  

An emerging application area of gold (Au) nanoparticles is their use in biological systems due 

to their various attractive properties. Attaching molecules like DNA to the surface of nanoparticles 

gives the particles stability in culture media141-142 and functionality.143-146 The chemical properties 

of molecules tethered onto non-spherical nanoparticle depend on the local curvature and shape of 

the particles.147-148 Nanoparticle curvature has been shown to affect the structure of absorbed 

proteins149 and change ligand distribution and concentration.148, 150-151 The latter alters the 

therapeutic efficacy of each nanoparticle.107, 152 Specifically, nanoparticles with high surface area 

to volume ratios have a greater number of ligands per particle, which changes how the nanoparticle 

interacts with a cellular system.152-155 Therefore, studying the fundamental interactions between 

single nanoparticles and ligands could reveal new information on multivalent effects and energy-

charge transfer.156-158 

Since the contrast between the heavy metal nanoparticle and low-Z elements of the ligand159 

is too large to visualize both through electron microscopy, quantifying the ligand distribution on 

the single-particle level has proven challenging. Consequently, current quantification of ligand 

distribution on metal nanoparticle surfaces is limited to: (1) indirect measurements (e.g. unbound 

ligand SERS detection160); (2) labeling the ligands (e.g. fluorescently tagged ligands161-163 or dye 

molecules164); or, (3) elemental analysis (e.g. Au and S via inductively coupled plasma mass 

spectrometry, ICPMS165). These ensemble quantification methods average differences between 

heterogenous and anisotropic particles. For accurate analyses, nanoconstructs should be analyzed 

particle-by-particle. While single particle measurements of fluorophore-labeled ligands have been 

achieved,161, 166 quantifying a large number of particles with such methods is limited. To gain 
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statistically relevant data and determine how curvature influences ligand properties, high 

throughput measurements should be taken on intact, individual particles. 

Time of flight secondary ion mass spectrometry, TOF-SIMS, is uniquely suited for analyzing 

nanoscale surfaces due to high lateral (ca. 100-400 nm) and depth resolution (ca. 5-10 nm).167-168 

To analyze single nanoparticles we used a variant of TOF-SIMS with individual projectiles termed 

event-by-event bombardment/detection mode. The method has two innovative features: (1) the 

mode of bombardment, and (2) the recording of the secondary ions. This technique bombards a 

surface with relatively massive 2-nm projectiles (Au400
4+), which produces abundant emissions of 

secondary ions from the sample.169 Bombarding with one projectile at a time and recording the 

secondary ions from each impact separately allows for evaluation of ions co-emitted from 10 – 15 

nm in diameter and up to 10 nm in depth. This one-of-a-kind tool is suited for the quantification 

of ligand distribution on an individual metal nanoparticle, regardless of nanoparticle morphology 

and method of ligand attachment.170 By stochastically sampling with a few million projectile 

impacts, statistical tools can be used to evaluate correlations among co-emitted species and the 

ligand distribution. 

In this work, we directly quantified label-free ligands on single nanoparticles of different 

morphologies, specifically Au nanostars (AuNS) and nanospheres. TOF-SIMS with individual 

projectiles was used to quantify the number and position of bound ligands in positive, negative or 

neutral nanoconstruct surfaces. The ligand loading on the AuNS was compared to spherical 

particles with similar surface area. We determined that negative particle curvature caused steric 

and conformational hindrance of the ligands and prevented high loading efficiency. Through these 

methods, we simultaneously collected information about the attached ligands and inorganic core. 
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4.2 Results and Discussion 

4.2.1 Separation and Characterization of Sorted HEPES AuNS 

AuNS were synthesized using 100 mM of the Good’s buffer 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and 0.2 mM HAuCl4. We selected these conditions since 

this HEPES concentration produced heterogenous AuNS with 0 – 8 branches and varying negative 

curvature (Figure 4.1, Figure 4.2). We quantified the DNA distribution on a 50-nm nanosphere 

due to the similar average volume and surface area. AuNS were sorted through rate-zonal density 

gradient centrifugation (DGC) using our previously established methods109 based on differences 

in sedimentation rates, which are due to particle size and shape. Particles with a greater number of 

branches, longer branches, and larger overall size tended to sediment to the bottom of the gradient, 

while particles closer in shape to a small sphere moved more slowly through the gradient. These 

characteristic differences between nanospheres and heterogeneous AuNS allowed for sorting 

based on structural features. 

After centrifuging AuNS through the linear gradient, samples were fractionated at intervals of 

4 mm (ca. 2 mL) from the meniscus 15 times. The corresponding fractions were collected and 

labeled F1 to F15. Rate-zonal separation efficiency depended on particle shape, characterized by 

number of branches per particle for AuNS. F2 through F10 contained a high intensity of AuNS in 

the fractions. We categorized fractions into branch-number populations: low (0 – 2), medium (3 – 

5), and high (≥ 6). We observed a decrease in the percentage of spheres from 18% to 3% from F2 

to F10 and an increase in high branch-number populations. Rate-zonal separation created enriched 

populations of AuNS; each fraction showed greater particle homogeneity than the unsorted 

solution. Additionally, the fractions exhibited different surface area per volume of particles, which  
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Figure 4.1: Density gradient centrifugation (DGC) isolates populations of AuNS with 

similar morphologies. (a) Photographs of a centrifuge tube before (top) and after (bottom) 

centrifugation of a concentrated AuNS solution in a sucrose linear density gradient. (b) Branch 

number distribution within each fraction based on manual branch counting of ≥ 400 particles 

per fraction. (c) TEM images of unsorted AuNS (top) and different fractions after DGC 

(bottom). The cartoon scheme denotes different areas of curvature (i.e. positive, negative, or 

neutral) on a AuNS. 
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Figure 4.2: Low-magnification TEM images of sorted HEPES AuNS. Zoomed-out images 

of 100 mM HEPES AuNS sorted through DGC in fractions (a) 2, (b) 4, (c) 6, (d) 8, and (e)10. 

All scale bars are 100 nm. These images demonstrate the difference in particle shape of the 

sorted AuNS. 
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demonstrated curvature change between the fractions (Figure 4.3, Figure 4.4). With an increase 

in fraction number, an increase in branch number, branch length, and overall volume of the 

particles increased. On a per particle basis, the volume increased at a greater rate than the surface 

area with an increase in fraction number. 

4.2.2 Quantification of Co-Emitted Species 

We functionalized every other AuNS fraction (F2 - F10) and 50-nm nanospheres with a single 

strand poly-T DNA and analyzed them with TOF-SIMS with individual projectiles. As described 

previously, each mass spectrum was composed of chemical information from isolated individual 

particles (event-by-event bombardment/detection mode) (Figure 4.5, Figure 4.6). From these 

mass spectra, characteristic ions were grouped together based on type of species: carbon (purple), 

the silicon support (orange), AuNS (black), DNA (pink), and salt (green) (Figure 4.7, Figure 4.8). 

From the silicon support, two silicon oxide clusters were observed: SiO3H
- and Si2O5H

-. Salt 

clusters formed due to preparation in aqueous conditions, NaxCly
-. Three types of ions related to 

the nanoconstruct were observed: nine peaks related to the AuNS (Aun
-n = 1 to 9), seven peaks 

related to the DNA ligands (PO2
-, PO3

-, CN-, CNO-, C5H5N2O2
-, C5H5N2O2PO2C4H6O

-, and 

C5H6N2O2PO4C5H7O
-) and four peaks related to the Au-DNA adducts (AuCN-, Au(CN)2

-, Au2CN-, 

and AuPO2
-). 

To evaluate the co-localization of species on the sample, we measured ions that were co-

emitted and correlated the rate of simultaneous occurrence. Figure 4.9 – 4.14 displays heat maps 

for F2, F4, F6, F8, F10, and 50-nm spheres; all the evaluated ions were correlated with their co-

emitted species (coincidence ions). Positive correlation indicated co-localization (red) and 

negative correlation indicated segregation (blue). Using Equation 1, the correlation coefficient  
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Figure 4.3: The surface area and volume per particle in each AuNS fraction.  
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Figure 4.4: Gd-nanoparticle surface area standard curve. Gold nanospheres (2 – 150 nm in 

diameter) with known surface area were functionalized with Gd-chelate. Through ICPMS, the 

amount of Gd per particle was determined. This standard curve was used to determine the 

surface area of the sorted AuNS particles. 
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Figure 4.5: SEM image of F4 AuNS as prepared for SIMS analysis. (a) At 12 K, the images 

show that the nanoparticles organize on to the surface in small groups after deposition. (b) At 

65 K, higher resolution reveals the distribution of individual particles on the surface. AuNS 

connect in long chains with a few particles completely isolated on the substrate. 
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Figure 4.6: Schematic of cluster SIMS experiment. Each projectile is separated in time and 

space, and upon impacting the sample causes emission from a volume 10-15 nm in diameter. 

For each projectile impact the co-emitted ions are mass analyzed by TOF and collected in a mass 

spectrum. 
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Figure 4.7: Mass spectra identified notable peaks of functionalized AuNS. Notable peaks 

are identified and color coded: purple are carbon clusters, pink are DNA related, orange are 

silicon related, green are salt, and black are Au clusters. 
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Figure 4.8: Mass spectrum of F4 AuNS. Each panel shows a different mass range and the y-

axis is the intensity divided by the number of projectile impacts. Notable peaks are identified 

and color coded. Pink peaks are related to the DNA, black are gold clusters, orange are related 

to the silicon support, green are sodium chloride clusters, and blue are carbon clusters. 
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Figure 4.9: Two-dimensional correlation heat map for F2 AuNS. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 
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Figure 4.10: Two-dimensional correlation heat map for F4 AuNS. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 
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Figure 4.11: Two-dimensional correlation heat map for F6 AuNS. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 
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Figure 4.12: Two-dimensional correlation heat map for F8 AuNS. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 

 
  



 127 

 

Figure 4.13: Two-dimensional correlation heat map for F10 AuNS. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 
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Figure 4.14: Two-dimensional correlation heat map for 50-nm spheres. The color scale is 

correlation coefficient, with red corresponding to positive correlation and blue to negative 

correlation. Ions which do not have a significant correlation were not plotted. The evaluated ions 

are listed on the y-axis, the coincidental mass spectrum is listed on the x-axis. 
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between two ions (a, b) was determined and tested against a random correlation and with a 99% 

confidence interval: 

 𝐼𝑎,𝑏

𝐼𝑎 ∗ 𝐼𝑏
= 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (4.1)  

Where 𝐼𝑎 is the intensity of a; 𝐼𝑏 is the intensity of b; and 𝐼𝑎,𝑏 is the intensity of the co-emission of 

a with b. This correlation test was performed pair wise on all characteristic ions. To demonstrate 

that all DNA co-emissions were captured, all regions of the sample were identified and displayed, 

including the silicon wafer and salt crystals. All types of ions were negatively correlated with the 

silicon oxide clusters, which indicated open regions of the wafers where only silicon species were 

co-localized. This illustrated that the nanoconstructs were isolated on the surface, which ensured 

measurements occurred on individual particles. Additionally, we found that NaCl clusters were 

positively correlated with one another due to salt crystal formation; however, they exhibited 

negative correlation with all other species. This correlation demonstrated that the salt crystals were 

not involved in the DNA or AuNS measurements but were still included in the sample evaluation. 

Since all regions of the sample were identified, the plot shows where DNA was localized on the 

sample. 

AuNS are represented by the small Au clusters (Aun, n= 1-9) in the lower left corner of the 

heat map. AuNS and DNA-related ions were positively correlated to one another and to themselves. 

Overall, DNA related species and Au clusters exhibit the same correlation coefficients and have 

similar relationships to salt and silicon related ions. Since positive correlation means the secondary 

ions were co-emitted in the same impacts, the DNA and AuNS were within 10 – 15 nm of one 

another. These results definitively demonstrate that the DNA was co-localized on the surface with 

the AuNS. By examining these impacts, we evaluated the extent of ligand loading on the AuNS. 
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In SIMS, the observed intensity of an ion is a product of the number of ejected molecules, the 

chance that a molecule or fragment will become charged (ionization probability), the transmission 

of the mass spectrometer, and the detection efficiency; thus, the intensity does not directly reflect 

the species concentration. Comparing the intensity of an ion between different samples proves 

challenging, because changes in the chemical environment may affect ionization probability and 

skew the results. In equation 1 (correlation coefficient) and equation 2 (homogeneity), the 

ionization probability of each ion appears in both the numerator and denominator and therefore 

does not affect the calculation.171 Therefore a comparison of the homogeneity or correlation 

coefficient between samples can be performed.170 We evaluated the homogeneity of each 

component by identifying ions which originate from the same types of impacts, i.e. ones which 

have a positive correlation coefficient. We then determined the fraction of impacts containing the 

two species together using the following equation: 

 𝐼𝑎 ∗ 𝐼𝑏

𝐼𝑎,𝑏 ∗ 𝑁0
= ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦 (4.2)  

Where 𝐼𝑎 is the intensity of a; 𝐼𝑏 is the intensity of b; 𝐼𝑎,𝑏 is the intensity of the co-emission of a 

with b; and N0 is the number of measurements. The sum of the silicon, salt, DNA, and Au on each 

sample gives 1.0 ± 0.1, indicating that all regions of the sample were identified (Figure 6). The 

DNA homogeneity was in good agreement with the DNA/Au homogeneity, which verified little 

free DNA not attached to AuNS.  

AuNS homogeneity was calculated for all samples by selecting impacts where two Au species 

were co-emitted. The results for F4 are presented in Figure 6 and all others are presented in the 

supporting information. For all samples, we note that the AuNS homogeneity is approximately 65% 

that of Au with DNA. This underestimation was due to two effects. First, AuNS coated with a  
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Figure 4.15: Emission homogeneity demonstrated 100% surface coverage. The sum of the 

silicon, salt and DNA/gold on all samples gives ca. 1 ± .1 (100 %), which indicates all the regions 

of the sample surface were identified. Good agreement between the DNA + Gold and DNA 

homogeneity was found, signifying most of the DNA was bound to the particles. This is a 

representative homogeneity graph for the F4 AuNS sample. 
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Figure 4.16: Homogeneity of each nanoparticle sample. The surface composition was 

determined for each sample using the methodology described in the article. In each sample the 

composition of the surface is composed of exposed silicon, sodium chloride, and gold particles. 

In all cases there is good agreement between DNA and DNA plus gold, indicating little or no 

unbound DNA was deposited on the surface. Additionally, the summation of silicon, sodium 

chloride and DNA plus gold gives 1.0 ± 0.1 showing all regions of the surface were identified. 

The absolute number of deposited gold particles depends on the initial concentration in solution 

and the deposition area. 
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single-stranded 15mer Poly-T DNA may result in decreased emissions from underlying regions. 

For areas where ligands were bound to the nanoparticle, the Au400
4+ projectile interacts with the 

ligand before striking the AuNS surface, resulting in decreased Au emission. Second, the emission 

of Au clusters was affected by the asymmetric shape of the AuNS. The core of a particle has a 

greater density of Au atoms than the branches. Therefore, impacts occurring on the core emit more 

gold than those occurring on the branches.172 These two effects, ligand coating and anisotropic 

shape, resulted in fewer impacts where two or more Au clusters were co-emitted. Hence, to 

compare the relative DNA distribution on different AuNS samples, we measured the relative 

coincidence yield and normalized it to the 50-nm nanospheres. 

4.2.3 Determination of DNA Distribution Per Particle on Varying Morphologies 

To determine the DNA distribution on the particles, we selected a gold cluster that was detected 

in all nanoconstruct samples. Then, measured the number of DNA ions that were co-emitted with 

the cluster; therefore, differences in DNA loading among nanospheres and sorted AuNS were 

evaluated. The approach only evaluates impacts occurring on the nanoconstructs, while avoiding 

ones containing the silicon support or salt. Using equation 3, we evaluated the coincidental yield 

of DNA ions when a gold cluster was detected to determine DNA loading per particle: 

 𝐼𝑎,𝑏

𝑁𝑖,𝑏
= 𝐶𝑌𝑎,𝑏 (4.3)  

Where 𝐼𝑎,𝑏 is the intensity of the co-emission of a with b; 𝑁𝑖,𝑏 is the number of impacts where b 

was detected; and 𝐶𝑌𝑎,𝑏 is the coincidental yield of a in impacts where b was detected. The CY is 

correlated to the ligand loading per particle. 
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The DNA loading of each AuNS fraction, represented through CY, was compared to the 50-

nm nanospheres to determine shape or curvature effects, by dividing the CYAuNS by the CY50-nm 

spheres. The CYAuNS/CY50 nm spheres ratio for C5H6N2O2PO4C5H7O
- co-detected with Au7

- is presented 

in Figure 4.17. The dashed line at 1.0 represents the loading of a 50-nm sphere. The results showed 

that the CY (i.e. ligand loading per particle) was higher in all AuNS fractions compared to the 

spheres, potentially due to branches allowing for additional DNA molecules to be attached per 

particle, thereby increasing loading efficiency. A similar trend was found for all DNA related 

species.  

F4 AuNS displayed the highest relative CY, i.e. the most DNA functionalized on a single 

particle. F4 AuNS contained on average 3 branches, which increased the surface area per particle 

compared to a 50-nm sphere but limited negative curvature; this morphology optimized DNA 

functionalization on the particles. F2 had an average of 1 branch per particle and a higher 

percentage of nanospheres (diameter ~10 nm), which limited overall surface area per particle, 

leading to the lowest loading. Above F4, the number of branches increased and formed more 

regions of negative curvature where the branch meets the core. We hypothesize that an increase in 

negative curvature causes a decrease in DNA loading, due to steric hinderance.  

The results presented show that particle size and curvature influence ligand loading, 

specifically the abundance of positive and negative curvature. To optimize ligand loading, particle 

geometries with an abundance of positive curvature should be considered. The size and length of 

target ligand would also need to be considered when determining the size and curvature of the 

nanoconstruct. 
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  We have shown that by using event-by-event bombardment/detection TOF SIMS the extent 

of ligand loading can be evaluated on sorted nanoparticles. Previous experiments have shown that 

particle size and shape alters the intensity and relative abundance of metal clusters emitted from 

metal particles.173-174 Therefore identifying impacts on particles with similar size and shape from 

a mixture of particles should be feasible.  
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Figure 4.17: Coincidental yield for particles of varying morphology. The CY ratio for the 

for the deprotonated thymine nucleotide and a fragment of the nucleotide at m/z 248 compared 

to the 50-nm spheres. F4 demonstrated 6× enhancement of loading compared with spheres as 

shown through ratio of the CY of deprotonated nucleotide. 
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4.3 Summary 

This study carried out on size-selected AuNS demonstrates the ability of event-by-event 

bombardment/detection TOF-SIMS to determine shape dictated DNA loading. We found that the 

amount of functionalized DNA on the nanoparticles depended on their size and curvature. AuNS 

with branches increased the amount of loaded DNA versus 50-nm Au nanospheres. However, a 

greater branch-number sterically hindered additional attachment, especially in regions of negative 

curvature where the branch meets the core. This methodology can be universally applied to probe 

any ligand-nanoparticle interaction and may be further developed to evaluate ligand loading with 

the concurrent identification of an individual particle's size and shape.  

4.4 Experimental Methods 

4.4.1 Nanoparticle Synthesis 

The Good’s buffer used was 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES 

buffer, Sigma Aldrich, St. Louis, MO, USA). The 1-M stock HEPES solution was made by 

dissolving the buffer salt in Millipore water (18.2 MΩ·cm) using a medium-sized stir bar to ensure 

thorough mixing. The pH of the HEPES solution was measured using a Thermo Scientific pH 

meter and was adjusted using concentrated solutions of NaOH. For fine pH adjustments, HCl was 

added dropwise. AuNS were synthesized by adding 0.2 mM (final concentration) gold (III) 

chloride trihydrate (HAuCl4, Sigma Aldrich) to 100 mM of HEPES buffer. Each solution was 

vortexed in a 50-mL Falcon tube for one minute before addition of HAuCl4 and for 1 minute 

afterwards. After vortexing, the growth solution was left undisturbed at room temperature for 24 

hours. Au nanospheres of varying diameters (5, 10, 20, 30, 40, 60, 80, 100, and 150 nm) were 

purchased from Sigma Aldrich. 
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4.4.2 Particle Characterization Techniques 

3 mL of AuNS solution was placed in a 1-cm plastic Brookhaven cuvette and the absorbance 

spectra was measured from 400 nm to 1400 nm using a Cary 5000 UV-vis-NIR spectrophotometer 

(Agilent Technologies, Santa Clara, CA, USA).  

For TEM grid preparation, carbon Type B, 300 mesh copper grids (Ted Pella, Redding, CA, 

US ) were treated with 0.1% (w/v) poly-l-lysine (Sigma Aldrich) for 5 minutes. 40 µL of 10 times 

concentrated Au nanoparticle solution was left to rest on the treated grids for 30 – 60 seconds and 

then wicked away with filter paper. A JEOL 1230 TEM was used to image the particles with an 

80 kV accelerating potential. Representative images were collected from different areas of the grid. 

Structural features, such as circularity and Feret diameter, were characterized using the Analyze 

Particles plugin on ImageJ for ≥ 500 particles per sample. A circularity threshold of 0.8 was used 

to define spherical particles. The Feret diameter, which corresponds to the largest tip-to-tip 

distance on a particle, was also measured. Branch length and number of branches were measured 

manually from the tip to the base of the branch. 

4.4.3 Density Gradient Centrifugation 

DGC was used to separate AuNS based on size and shape. The sorted AuNS were analyzed 

separately to understand how differences in shape and curvature (positive, negative, and neutral) 

affected DNA loading. Sucrose density gradients were formed using a gradient maker (BioComp 

Instruments) with 9 mL starting solutions of 50% and 60% w/v sucrose in water. Based on previous 

methods,175 we created a linear gradient through a custom mixing program alternated 5 times 

between the following two steps: (1) time: 5 seconds, angle: 76°, speed: 30 rpm; (2) time: 15 

seconds, angle: 76°, speed: 0 rpm. For DGC, 500 µL of a concentrated solution of bare AuNS (35 
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– 40 nM) was layered on top of the density gradient in an Ultra-Clear SW28 centrifuge tube 

(Beckman Coulter), and then centrifuged at 4400g for 3 hours using a Thermo Fisher Scientific 

Sorvall Legend XT 120v Benchtop centrifuge. The samples were fractionated at intervals of 4 mm 

from the meniscus (BioComp Instruments). Each fraction was dialyzed in Thermo Fisher 20K 

Slide-A-Lyzer™ Dialysis Cassettes for 24 hours to remove sucrose from the solution. The as-

synthesized and sorted solutions were characterized by UV-Vis spectroscopy to measure the bulk 

optical properties and by transmission electron microscopy (TEM) to visualize individual AuNS. 

4.4.4 Functionalization of DNA to Nanoparticles 

Each AuNS fraction and 50-nm Au nanospheres were functionalized with single-stranded 

15mer Poly-T DNA by deprotection of the disulfide and salt-aging.105 Functionalized 

nanoparticles were purified by three rounds of centrifugation (10 000 RPM, 10 min) and 

resuspension in Milli-Q water with 0.01% TWEEN. 

4.4.5 Surface Area and Volume Characterization 

We created a standard curve of surface area using 9 Au nanospheres (5, 10, 20, 30, 40, 60, 80, 

100, and 150 nm) which were functionalized with Gd-chelates.109 The Gd-chelate is a heavy metal 

that can be easily measured through by inductively coupled plasma mass spectrometry (ICP-MS). 

The nanosphere solutions and sorted AuNS fractions were vortexed with 100 × excess Gd-chelate 

for 12 – 24 hours with 0.01% TWEEN. The Gd-nanoparticle solutions were purified through three 

rounds of centrifugation (10 000 rpm, 10 minutes) and resuspension in Milli-Q water. 

Au and Gd-chelate quantification was performed by acid digestion of samples followed by 

ICP-MS analysis on a Thermo iCap QC ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA). 

ICP-MS samples were digested in 1:1 nitric acid:hydrocholoric acid (Nitric acid, >69% ; 
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TraceSelect HCl, 37%). Milli-Q water and a multielement internal standard containing Bi, Ho, In, 

Li, Sc, Tb, and Y (Inorganic Ventures, Christiansburg, VA, USA) were added to produce a solution 

of 2% nitric acid (v/v), 2% HCl (v/v), and 5.0 ng/mL internal standard up to a final volume of 

either 3 or 10 ml. Serial dilutions of Gd and Au standards (Inorganic Ventures) were prepared in 

the same matrix as the samples. The Gd/AuNS were then interpolated on the Au nanoparticle 

standard to determine the surface area per particle.  

Structural characterization was based on analysis of TEM images of AuNS which were taken 

from several areas on the grid to obtain representative populations. The branch number was 

manually counted from at least 10 different zoomed-out images for ≥ 400 particles in each fraction. 

AuNS volumes were approximated from TEM images of ≥ 300 particles per fraction using the 

Analyze Particles plugin of ImageJ. 

4.4.6 Secondary Ion Mass Spectroscopy 

Samples were stored at 4° C after synthesis. AuNS samples were prepared for SIMS analysis 

using the MarangoniFlow-Assisted method on cleaned 1 cm x 1 cm silicon wafers.176 This method 

ensured sufficient isolation between individual particles to allow for single particle measurements, 

see supporting information. 

SIMS analysis was done using a custom-built instrumentation. A simplified schematic of the 

experimental approach is presented in Figure 1, as detailed instrumental schematic has been 

presented previously.170 A brief description of the instrumentation follows, the Au clusters were 

produced by a Au liquid metal ion source, LMIS, installed on a 120kV platform. From the range 

of Au projectiles produced by the LMIS, Au400
4+ was mass selected by a Wien filter. After exiting 

the platform, the beam of projectiles was pulsed a rate of 1000 impacts per second. Each projectile 
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then impacted the sample (biased to -10kV). From each impact the emitted electrons and secondary 

ions were extracted concurrently. The electrons were deviated by a weak magnetic field to a MCP-

based detector and were the start of the time of flight (TOF) measurement. The secondary ions 

were mass analyzed by a reflectron TOF mass spectrometer equipped with a MCP-based eight 

anode detectors, which allows for up to eight isobaric ions to be detected from a single impact. 

The start and stop signals were collected by a multi-stop time to digital converter and stored in the 

PC as an individual mass spectrum. Samples were stochastically analyzed with 2 – 4 x 106 Au400
4+ 

projectiles on an area ca.125 µm in radius, corresponding to 2 – 4 x 106 individual mass spectra 

for each sample. In the SIMS analysis ca. 0.3% of the surface was analyzed, thus each projectile 

impacts an unperturbed portion of the sample (super static regime). 
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DETECTING AND VISUALIZING REACTION INTERMEDIATES 
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This chapter is based, in part, on the research described in the following publication: 

Chandra, K.; Rugg, B.; Ratner, M.; Wasielewski, M.; Odom, T.W.; Detecting and Visualizing 

Reaction Intermediates of Anisotropic Nanoparticle Growth. J. Am. Chem. Soc., 2018, 140 (9), 

3219–3222 
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5.1 Introduction  

The physical and chemical properties of anisotropic gold (Au) nanoparticles are determined by 

their size and shape.56, 153 Conventional anisotropic Au nanoparticle syntheses occur in two steps: 

(1) nucleation of 2 – 5 nm spherical particles called seeds using a reducing agent; and (2) addition 

of these seeds to a separate solution containing a shape-directing agent for preferential growth.70 

The mechanism underpinning seed-based synthesis for Au nanorods and bipyramids using the 

shape-directing agent cetyltrimethylammonium bromide has been studied through in situ high-

resolution transmission electron microscopy (TEM).79-80 In contrast, little is known how seedless 

syntheses allow for anisotropic nanoparticle growth in a one-pot solution.  

Recently, a surfactant-less, seedless synthesis of Au nanostars (AuNS) has received increasing 

attention because only two precursors are required: Au salt (HAuCl4) and a biocompatible Good’s 

buffer, e.g. HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid] or EPPS [4-(2-

hydroxyethyl) piperazine-1-propanesulfonic acid].58, 96, 100 Although HEPES and EPPS show only 

a small difference in chemical structure (an additional carbon in the alkanesulfonate chain), the 

different buffers produced different branch-growth directions and a drastic differences in branch 

length (3 – 5 times).100 HEPES acts as a shape-directing agent through the alkanesulfonate group 

that binds to the Au surface103 as well as a reducing agent from the two nitrogen atoms. The 

reduction of Au(III) to Au(0) produces nitrogen-centered cationic free radicals.101 Based on the 

production of EPPS radicals in the presence of Fe(III) that created iron oxide nanoparticles,102 the 

mechanism for AuNS synthesis using EPPS is expected to be similar. Comparing the radical 

generation between HEPES and EPPS in the presence of HAuCl4 could elucidate mechanistic 

differences that result in the final nanoparticle morphology. Additionally, outside of this specific 
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reaction, other seed-mediated177-179 and seedless180-182 nanoparticle syntheses use radicals to reduce 

metal ions. Although widely used to study paramagnetic species,183 electron paramagnetic 

resonance (EPR) spectroscopy has not been applied to characterize radical-based nanoparticle 

syntheses.  

Here we report a correlative approach to detect and characterize intermediate species during 

the seedless growth of anisotropic AuNS. We integrated the intensity of the EPR signal resulting 

from radical generation and compared it with intermediate optical and structural properties of 

AuNS as a function of time. We found that type and concentration of Good’s buffer determined 

whether one or two increases in radical generation were observed. The first increase in EPR signal 

related to the initial formation of particles, and the second corresponded to extended growth in 

branch length. EPR spectroscopy measurements of radical production during the reaction enable 

insight into key factors that contribute to seedless nanoparticle syntheses. 

5.2 Results and Discussion 

5.2.1 Proposed Mechanism for Radical Generation 

Figure 5.1 depicts AuNS synthesis using two Good’s buffers, HEPES or EPPS, in a single 

solution. The electron-rich piperazine group reduces the Au(III) to inert Au(0), which leads to 

particle formation.184 Both buffers produced AuNS with 1 – 8 branches that were stable for ≥ 12 

h from 100 – 500 mM buffer concentration (Figure 5.2). Above 500 mM, HEPES did not produce 

AuNS in solution, while EPPS could produce AuNS with high aspect ratio particles. To explain 

differences in particle shape, we compared HEPES and EPPS radicals at varying concentrations 

and correlated the results to optical properties and structure through UV-Vis and TEM.  
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Figure 5.1: A chemical reaction scheme for the synthesis of AuNS with a Good’s buffer 

(HEPES or EPPS), measured by EPR. 
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Figure 5.2: Absorption spectra of HEPES and EPPS at varying concentrations. (a) One 

injection of HAuCl4 into 100 – 1000 mM HEPES produced solutions with one LSP peak, λ1. 

Above 500 mM [HEPES], the particles were unstable in solution and did not produce AuNS. 

(b) One injection of HAuCl4 into 100 – 1000 mM EPPS produced solutions with two LSP peaks, 

λ1 and λ2. For all [EPPS], the particles were stable in solution and produced AuNS. 
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5.2.2 Radical Generation Corresponded to a Plasmon Peak Shift and Particle Size Increase 

First, we examined the reaction of 100-mM HEPES and 0.2-mM HAuCl4 since these 

concentrations produced the smallest, stable AuNS (Figure S1a). This HAuCl4 concentration was 

used in all subsequent reactions. Pure HEPES and aqueous HAuCl4 produced no radical signal 

(Figure 5.3a, Figure 5.4). HEPES injected with HAuCl4 immediately produced a strong EPR 

signal similar to radicals formed from the reaction of HEPES or EPPS in other conditions.102 We 

monitored the change in radical concentration through a continuous-wave EPR every 20 s 

(Experimental Methods). The radical intensity increased sharply in the first 10 min and decreased 

for the rest of the reaction (Figure 5.3b, Figure 5.5, Figure 5.6). Through UV-Vis spectroscopy, 

we also measured the change in localized surface plasmon (LSP) resonance, which depends on the 

particle size, aspect ratio,58 and branch length.97 The change in optical properties over the reaction 

time (one LSP peak λ1, Figure 5.7) showed a similar trend to the radical intensity; λ1 formed and 

had a sharp increase in the first 11 – 13 min of the reaction and then stabilized at 780 nm. The 

initial increase in radical concentration at time t1 and shift in λ1 is consistent with reduction of 

Au(III). To develop a better understanding of particle characteristics, we quenched the growth 

reaction with a thiolated, low-molecular-weight polyethylene glycol and visualized intermediate 

particles using TEM (Figure 5.3c, Figure 5.8, Figure 5.9). At 3 min, the nanoparticles had no 

branches and were 3 – 5 nm in diameter. At longer reaction times, the average particle volume, 

branch number, and branch length increased (Figure 5.10). At 12 min, after λ1 and radical 

concentration reached a maximum, the reaction completed and the particle morphology stopped 

evolving.  
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Figure 5.3: Characterization of intermediate species of HEPES + HAuCl4. (a) Initial EPR 

signal of 100 mM HEPES before (inset) and after the addition of HAuCl4. (b) Integrated radical 

concentration and LSP (λ1) of the absorbance spectra over the reaction time. t1 indicates the time 

of the initial increase in radical concentration. (c) TEM images of the quenched growth reaction 

at 3, 6, and 10 min. 
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Figure 5.4: EPR spectra of pure HAuCl4 and EPPS. No radical signal was produced for pure 

(a) HAuCl4 or (b) EPPS. 
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Figure 5.5: EPR spectra of HAuCl4 + HEPES. (a) The radical signal peaked at 10 minutes 

and decayed over the rest of the reaction. (b) At 60 minutes, the signal was weak. 
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Figure 5.6: Raw HEPES and EPPS EPR spectra. Raw spectra for (a) 100, (b) 250, (c) 500, 

(d) 750, and (e) 1000 mM EPPS and HEPES concentrations at varying time points. 
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Figure 5.7: Reaction Rate Spectra for HEPES. Absorbance spectra of HEPES AuNS during 

the course of the synthesis at 100 mM. Spectra were taken every 1 min until the reaction was 

completed. 100 mM HEPES AuNS solutions had one LSP peak (λ1). 
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Figure 5.8: Quenched spectra compared to reaction rate spectra. The LSP peak of the real-

time reaction rate spectra (solid) compare well with the quenched solutions (dashed). 
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Figure 5.9: Low magnification images of quenched HEPES AuNS. Zoomed-out TEM 

images of 100 mM HEPES AuNS in the growth solution quenched at (a) 3, (b) 5, (c) 10, and 

(d) 60 minutes. These images demonstrate the change in particle shape over the reaction. After 

ca. 10 minutes, the reaction completed and the particles did not grow further in solution. 
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Figure 5.10:  Average branch length, particle volume, and branch length of HEPES AuNS. 

100 mM HEPES + HAuCl4 was quenched at 6, 8, 9, 10, and 12 minutes with PEG. Using ImageJ, 

particle morphology was analyzed at each time point based on ≥ 300 particles. (a) The average 

branch length increased to ca. 14 nm during the first 10 minutes of the reaction. The branch 

length did not increase significantly after that time. The large error bars are due to the 

heterogeneity of branch number for HEPES AuNS. (b) The average particle volume remained 

low below 8 minutes, due to the formation of small particles. After 8 minutes, the particle grew 

in average particle volume which corresponded to the large growth in branch length and branch 

number. (c) From 6 to 10 minutes during the reaction, the branch number increased from ca. 2 

to ca. 4 branches.  

 

  



 156 

5.2.3 Second Radical Concentration Increase Indicated Higher Aspect Ratio AuNS 

The branch length of 100-mM HEPES AuNS never exceeded 30 nm, unlike 500-mM EPPS 

that produced 50% larger particle sizes (80 nm) and up to five times the branch length (≥ 30 nm).100 

Because of these higher aspect ratios, EPPS AuNS produced an optical spectrum with 2 LSP peaks: 

λ1 at 800 nm and λ2 at 1200 nm (Figure 5.11a, Figure 5.2). EPPS was injected with HAuCl4 and 

exhibited two increases in radical generation. Similar to HEPES, the radical concentration 

increased immediately after HAuCl4 injection at a starting time t1. The first radical increase 

correlated to the formation and shift of the λ1 peak; this indicated particle formation and the initial 

reduction of Au. At t1, the particles were similar to 2 – 5 nm seeds but contained protrusions 

(Figure 5.11b, Figure 5.12, Figure 5.13). From 5 to 30 min, the branch number increased from 

approximately 1 to 3 branches per particle, and the branch length remained constant between 7 – 

10 nm. The radical signal decreased slightly at 20 min, but unlike HEPES, had a slow second 

increase in intensity at t2. At t2, the branch length increased two-fold, but the branch number 

remained constant (Figure 5.11c). Additionally, the formation of a λ2 peak occurred at t2, which 

indicated branch lengths > 30 nm. Thus, we conclude that the particles and branches formed in the 

first 30 min and, starting at t2, the branches increased more in length. 
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Figure 5.11: Two increases in radical generation for EPPS AuNS. (a) 2 LSP peaks (λ1 - 

filled and λ2 - open) and radical concentration over the reaction. Two increases in radical 

intensity occur at t1 and t2. (b) TEM images of the quenched growth at 5, 15, 30, 40, 60, and 75 

min. (c) The percentage of particles with no branches (spheres), short branches (< 30 nm), or 

long branches (≥ 30 nm) at different time points during the reaction. 
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Figure 5.12: Low magnification images of quenched EPPS AuNS. Zoomed-out TEM images 

of 500 mM HEPES AuNS in the growth solution quenched at (a) 5, (b) 15, (c) 30, (d) 40, (e) 

60, and (f) 75 minutes. The scale bars for (a) and (b) are 40 and 50 nm, respectively, due to the 

small size of the particles. All remaining scale bars are 100 nm. These images demonstrate the 

change in particle shape over the EPPS AuNS reaction. A significant increase in branch length 

occurs between (c) 30 and (d) 45 minutes. 
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Figure 5.13: Average branch length, particle volume, and branch length of EPPS AuNS. 

500 mM EPPS + HAuCl4 was quenched at 5, 10, 15, 20, 25, 30, 40, 45, 50, and 60 minutes with 

PEG. Using ImageJ, particle morphology was analyzed at each time point based on ≥ 300 

particles. (a) The average branch length increased to ca. 12 nm during the first 30 minutes of 

the reaction. The branch length increased significantly to ca. 30 nm between 30 and 40 minutes. 

The error bars increased between 30 and 40 minutes, because not every particle branch length 

increased, which created a greater distribution of branch length. (b) The average particle volume 

grew steadily up to 50 minutes. Initially, during the first 30 minutes, the particle volume was 

due to an increase in branch number. After 30 minutes, the increase in particle volume was due 

to an increase in branch length. (c) During the reaction, from 5 to 30 minutes, the branch number 

increased from ca. 1 to ca. 3 branches, and remained around 3 – 4 for the remainder of the 

reaction. The standard deviation of branch number was due to particle heterogeneity. 
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5.2.4 Radical Generation Depended on Buffer Concentration 

Besides buffer type, buffer concentration also affected particle morphology. Figure 5.14 

shows HEPES and EPPS radical production and intermediate particle shape during the reaction at 

varying concentrations (Figure S4). The integrated intensity represents radical concentration in 

solution and allows comparison of between samples. Note: the two radical intensity plots from 

Figures 1 – 2 are redisplayed in Figure 3 to compare buffer concentration trends. HEPES 

concentration ≤ 500 mM produced AuNS and generated radicals; however, the intensity and trend 

changed with buffer concentration (Figure 5.14a-b, Figure 5.15). For all concentrations, an 

increase in radical concentration of varying intensities occurred at t1, which corresponded to the 

initial formation of the particles. For 100-mM HEPES, the particles were fully formed at 12 min. 

At 500-mM HEPES, a second radical increase occurred but at a low intensity that correlated with 

the late formation and shift of λ2 (Figure 5.16). The branch length for HEPES was ca. 15 nm but 

still a third of the length of 500-mM EPPS AuNS. Above this concentration, HEPES could not 

produce AuNS (Figure S1) and a very low intensity of radicals was generated, which indicated 

little Au (III) reduction.  

EPPS produced stable AuNS and generated radicals up to 1000 mM (Figure 5.14c-d, Figure 

5.2). For all concentrations, a high-intensity radical concentration increase occurred at t1 along 

with the formation and shift of λ1. Above 100 mM, a second increase occurred at different times 

and intensities and was associated with longer branch lengths (> 30 nm). The time of the second 

increase, t2, correlated with the formation and shift of λ2 for higher EPPS concentrations (Figure 

5.15). We observed that branch length and overall particle size were influenced by the intensity 

and duration of the second radical increase. We hypothesize that the multi-step AuNS reaction   
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Figure 5.14: Radical generation depends on buffer concentration and type. (a) HEPES and 

(c) EPPS radical intensity at 3 different [buffer]. Each line scan is offset by 40 (a.u.). A dashed 

line was placed at 20 min to distinguish the relative radical increases at t1 and t2. Thinner dashed 

lines demonstrate the temporal shift for t2 of different [EPPS]. Corresponding TEM images of 

AuNS quenched at different time points during the reaction (in the upper LH corner of each 

image) for (b) HEPES and (d) EPPS. 
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Figure 5.15: Radical generation depends on buffer concentration and type. (a) HEPES and 

(b) EPPS line scans at 5 different [buffer] (100, 250, 500, 750, and 1000 mM). Green and pink 

radical scans represent additional concentrations to demonstrate the trend continuity. Each line 

scan is offset by 30 (a.u.). HEPES AuNS only produced a significant second rise at 250 and 500 

mM. EPPS AuNS produced a second rise of varying intensities at varying times. 
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Figure 5.16: LSP peak shift during the AuNS reaction. (a) HEPES AuNS formed 1 LSP peak 

for all concentrations except for 500 mM which formed 2 LSP peaks. For concentrations > 500 

mM, the absorbance spectra did not have any defined peaks (Fig. S1). (b) EPPS AuNS > 100 

mM had absorbance spectra with 2 LSP peaks. 
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may be rate-limited by exposure of the more reactive crystalline planes on the nanoparticle surface. 

EPPS samples produced a stronger radical signal than HEPES at both t1 and t2 at any concentration. 

Since the only difference between HEPES and EPPS is an additional carbon in the alkane sulfonate 

group, the isolation of the piperazine ring, which allows for a more electron-rich environment, may 

cause an increase in the reducing ability for EPPS. 

5.2.5 Visualizing AuNS Growth through In Situ TEM 

We visualized the morphological evolution of AuNS through an ex situ protocol, i.e. the 

quenching of the synthesis at different times. Liquid-TEM has been developed over the last decade 

as an in situ alternative tool.185 This technique allows direct visualization of the crystals in solution 

as they grow. To visualize the particle growth (100 mM HEPES + HAuCl4) in real-time, we used 

in situ and liquid TEM. We completed two experimental methods: (1) in situ TEM – flowing the 

precursor solution through a SiN transparent chip and (2) liquid TEM – depositing the growth 

solution in a graphene grid at varying time points in the reaction.  

The SiN chip had a 50 µm × 200 µm transparent window that the e- beam can transmitted 

through. The spacing between the top and bottom chip was 250 nm, which allowed for a volume 

of < 1 µL in the viewing area. Initially, we loaded the SiN window with water and ex situ mixed 

100 mM HEPES with HAuCl4. We slowly flowed the growth solution through the SiN chip using 

a turbo pump. Initially, under a high accelerating voltage, the beam interacted with the buffer salt 

in solution and created 500-nm artifacts which impeded particle visualization (Figure 5.17a). 

After lowering the accelerating voltage, we still could not visualize particles due to the flow of the 

growth solution. 
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Next, we tried direct deposition of the growth solution onto the SiN chip without any flow of 

the precursors. We ex situ mixed the precursors and transferred the growth solution into the SiN 

window at varying time points. After the chip was loaded in the TEM, we began imaging within 5 

minutes. We captured particles at different time points depending on the deposition time (Figure 

5.17b). In the initial 10 minutes, small particles at the beginning stages of growth formed, similar 

to seeds formed. After 10 minutes, the particle branches formed and did not significantly grow 

with time. These results matched well with our ex situ quenching experiments (Figure 5.9). Two 

major issues arose from imaging AuNS in situ. First, capturing the AuNS growth in one continuous 

video was difficult due to the minute time-scale growth. Secondly, the limited viewing area 

coupled with the dynamic motion of the AuNS caused continuous viewing of the same particle 

challenging (Figure 5.17c).  
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Figure 5.17: Morphological evolution of HEPES AuNS through in situ TEM using a SiN 

cell. (a) HEPES interacting with a high-kV caused large artifacts in the cell, which preventing 

imaging of the AuNS. (b) After direct deposition of the growth solution, images of AuNS at 5, 

25, and 45 minutes were taken. (c) Two snaps of a movie collected of the growth solution in 

situ, spaced 1.2 seconds apart. The movement of the particles in solution was too rapidly to 

allow for imaging of one particle over an extended time period. 
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To resolve high resolution images of the growing particles, we used a liquid graphene cell as 

described in Alvisatos et. al.186 Briefly, the AuNS growth solution is sandwiched between two 

laminated graphene layers suspend over holes in a conventional mesh, copper TEM grid. Due to 

van der Waals interactions between the graphene sheet, the solution is encapsulated in the center. 

Liquid droplets from 6 – 200 nm can be securely trapped between the double-membrane liquid 

pocket. Due to the small thickness of graphene and the copper grid, high resolution of the particles 

in liquid is possible. After mixing the precursors, we immediately placed the growth solution on 

the graphene cell. We found that 2 – 5 nm particles formed within 5 minutes (Figure 5.18a). These 

contained slight protrusions but the majority were spherical (circularity > 0.8). High resolution 

imaging revealed that the initial particles had twin boundaries form in the <111> direction (Figure 

5.18b). The twin boundaries on the initial particle allowed for growth of the branches in the <111> 

direction. As previously published, the branches of HEPES AuNS grow in the <111> direction.96, 

100 Thus, the seeds we visualized through liquid TEM show the initial particles determined the 

branch growth direction. 
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Figure 5.18: Crystallographic structure of initial HEPES particles. (a) Initial particle 

formation during the first 5 minutes of the reaction. (b) HR-TEM images were taken of initial 

particles during the AuNS growth reaction in a liquid graphene cell. The lattice spacing (d) was 

determined through FFT analysis. The FFT (inset) was taken from the area outlined with a dotted 

white box. The initial particles had twinned boundaries (solid white line) between the <111> 

direction. 
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5.3 Summary 

In summary, we showed how EPR signals of intermediates during a nanoparticle reaction can 

be combined with optical and structural properties of particles at specific time points to provide 

insight into the mechanism of seedless nanoparticle growth. This correlative approach can be used 

as a multi-faceted method to determine intermediate species during synthesis and reveal new 

information about radical-based nanoparticle formation.  

5.4 Experimental methods 

5.4.1 Nanostar synthesis and characterization 

The Good’s buffers used were 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES 

buffer, Sigma Aldrich) and 4-(2-hydroxyethyl)-1piperazinepropanesulfonic acid (EPPS buffer, 

Sigma Aldrich). The 1-M stock HEPES and EPPS solution was made by dissolving the buffer salt 

in Millipore water (18.2 MΩ·cm) using a medium-sized stir bar to ensure thorough mixing. The 

pH of the buffer solution was measured using a Thermo Scientific pH meter and was adjusted 

using concentrated solutions of NaOH. For fine pH adjustments, HCl was added dropwise.  

AuNS were synthesized by adding 0.2 mM (final concentration) Au (III) chloride trihydrate 

(HAuCl4, Sigma Aldrich) to 100 - 1000 mM of each buffer. Each solution was vortexed in a 50-

mL Falcon tube for one minute before addition of HAuCl4 and for 30 seconds afterwards. After 

vortexing, the growth solution was measured through UV-Vis.  

5.4.2 Particle Characterization Technique 

3 mL of AuNS solution was placed in a 1-cm plastic Brookhaven cuvette and the absorbance 

spectra was measured from 400 nm to 1400 nm using a Cary 5000 UV-vis-NIR spectrophotometer 
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(Agilent Technologies). The spectra were measured every minute for 60 minutes or until the 

reaction had completed. 

For TEM grid preparation, carbon Type B, 300 mesh copper grids (Ted Pella) were treated 

with 0.1% (w/v) poly-l-lysine (Sigma Aldrich) for 5 minutes. Then, 40 µL of 10× concentrated Au 

nanoparticle solution was left to rest on the treated grids for 30 – 60 seconds and then wicked away 

with filter paper. A JEOL 1230 TEM was used for imaging the particles. Representative images 

were collected from different areas of the grid. Structural features, such as circularity and Feret 

diameter, were characterized using the Analyze Particles plugin on ImageJ for at least 500 particles 

per sample. A circularity threshold of 0.9 was used to define spherical particles and the Feret 

diameter corresponds to the largest tip-to-tip distance on a particle. Branch length for ≥ 300 

particles was measured manually from the tip to the base of the branch. 

5.4.3 Growth Solution Quenching 

The growth solutions were prepared by adding 0.2 mM (final concentration) Au (III) chloride 

trihydrate (HAuCl4, Sigma Aldrich) to 20 mL of each buffer concentration, which indicated the 0-

minute time point. Each solution was measured in real-time through UV-Vis spectroscopy every 

minute until 100 minutes. 

Throughout the reaction, 1-mL aliquots were pipetted at varying time points to 2-mL 

Eppendorf tubes of 20 uL of 40 mM thiolated, 0.5 kDa polyethylene glycol (Sigma Aldrich). Each 

PEG + growth solution aliquot was vortexed for 30 seconds and then centrifuged for 10,000 RPM 

for 10 – 15 minutes. The supernatant was removed and the pellet was re-dispersed in the 

corresponding concentration of the buffer, either HEPES or EPPS. The absorbance spectra were 
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taken of the re-dispersed quenched solution and matched with the real-time absorbance spectra to 

ensure that the growth solution had been quenched. 

5.4.4 Electron Paramagnetic Resonance Spectroscopy  

Continuous wave electron paramagnetic resonance (EPR) spectra were obtained at X-band (9.5 

GHz) fields using a Bruker Elexsys E680 spectrometer equipped with a 4122SHQE resonator. 

Scans were performed with magnetic field modulation amplitude of 1 G and non-saturating 

microwave power between 0.4 and 0.6 mW. Samples were contained in quartz tubes with I.D. 1.50 

mm and O.D. 1.80 mm. Scans of approximately 20 s in length were performed continually to 

monitor the concentration of the radical. To compensate for the relatively weak signal, the absolute 

values of the resulting spectra were integrated across the field range. 
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